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









          

       



  









           











        

  

         

  





             

          













           



      



 

      

  −     

−

−Konzept der Pseudohalogenide mit dem des „schweren

Protons“. Während  − 

−−

−

        







          

         







−

−

−−

−

  −         











 

 

 

 

 

 
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 als „schweres organometallisches Proton“
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 

 

 

 

 

 

 

 











 

 

 



 

 

 

 

 

 

 

 

 

 





 



 

 



 

 

 

 

 

–

 



 



 



 

 

 

 

 

 

 



 



 



 



 



 

 

 

 

 

 

 

 

 



 

− 









     





   

   ×−1

   −1

   ×−10

   ×−3−1

   ϑ−

   ×−

   ×−2

 −1  −−1

   ×
   

   









 

 







































 
















































 





        



       

−−





        











        



„schweren Protons“ soll auf die planaren Pseudohalogenide übertragen 

          

         





         



         



    

     









 

 

         

  











            



      

      

      

       

      





Basen kationisch, neutral oder auch anionisch sein („NeutralSäure“: HCl, „AnionenSäure“: 

−, „KationenSäure“: [NH; „NeutralBase“: NH, „AnionenBase“: [ClO]−

„KationenBase“: [Al(OH











             

        

–

  ‘        

         

          

            
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

              





        

        

      



    



−







      



 

     Bezeichnung „“ bereits 

         



ährend sich „Pseudohalogen“ immer auf 

        Endung „id“ 





      – 



 –

–



       

        

     

       



 

         











          

        

−−−−

−−

−−



   

–

−−







−

–

−–

 

          

−



          

           

           



          





       
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

          





−  −      





          



          

         



        

  −   −   −0.04

–



H. Köhler 1978: „Wir wissen 

   

vorliegend, (…).“



            







  







      



           

 














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π–



–

 −−−− −

       

          

−−−−



 −−−− −

−−−−−−–

−



als „silylierte “ bezeichnet werden soll. Es sei explizit darauf 

         

     



        











 

  









         

          





         





          



           

     und in der Kälte (min. −40







 





N2‘

N1‘

N3‘


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           

      

         





          





       

         





       





         

         



−

−

  ν̃

ν̃       




  



−

  



     
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 







          









bei möglichst niedrigen Temperaturen (−60

          

           





 

     



  



            



          

          

  





     

      





 





          

   −    







−

         

   



          







          

          



Unter C−σ







          

      



       

















        



              

   „−“     

 

–

 






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     

   

−



   –     

         



           






 

→


–
–

–
–

→


–
–




→


–


–








 

 













   











           







        





 

     







 

    








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









         











−

         

  −       

−

       



      ν̃− 

  ∢(N1−C1−N2−N3)

   ∢(C−C−N)    

∢(N−C−N)

∢(C−N−Si)



−−−−−−−−

          

–











 



          π

π

          
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



−



        −   − 



−–









 

 



 



 –

              



 



 –

 –

 –

 –

 –

 –

 

–

           



 –

 –

 –

           







 

–

 



 –

 –

 –

 –

 –

 –

 –



 –

 –

               

–

 –

 –

 –

 

–

 –

 

–

 –

 –

 –

 –





 

–

 –

 –

 

 –

 

–

 

–

  



 

–

 



 

–

       –



 –

 –

 –

 –

 –

 –

 –

 –





 –

 –

 –

 –

 –

 –

 

–

 –

 –

 

–

 

 –

           



 –

 –

 –

 –

 –

 –

 

–

 –

 –

 –





 –

  





 –

 –

 –

 –

 –
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 –

 ö

–

 –



 –

 –

 

 















     



   



 –

 

          



 –

   





–

             



 –

 –

 –

 –

 

 –

 –

 

 –

 –

 –

 

 

–

 



 –

 –

 –

 –

 –

 –

 

–





  

–

 –

 



–









 

          



           

           

        

            



           



   





          
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Abstract: Electrophilic aromatic substitution (EAS) can provide
a straightforward approach to the efficient synthesis of
functionalized complex aromatic molecules. In general, Lewis
acids serve as a beneficial stimulus for the formation of a
Wheland complex, the intermediate in the classical SEAr
mechanism of EAS, which is responsible for H/E (E=electro-
phile) substitution under formal H+ elimination. Herein, we
report an unusual variant of EAS, in which a complex
molecule such as the tricyanomethane, HC(CN)3, is activated

with a strong Lewis acid (B(C6F5)3) to the point where it can
finally be used in an EAS. However, the Lewis acid here causes
the isomerization of the tricyanomethane to the ketenimine,
HN=C=C(CN)2, which in turn directly attacks the aromatic
species in the EAS, with simultaneous proton migration of the
aromatic proton to the imino group, so that no elimination
occurs that is otherwise observed in the SEAr mechanism. By
this method, it is possible to build up amino-malononitrile-
substituted aromatic compounds in one step.

Introduction

Tricyanomethane (HC(CN)3, also called cyanoform, 1a) is one of
the strongest organic acids[1,2] and the corresponding anion,
[C(CN)3]

�, can be considered a planar resonance-stabilized
pseudohalide that forms water soluble alkali metal salts and an
insoluble silver salt (Scheme 1).[3–7] The chemistry of the
pseudohalide tricyanomethanide [C(CN)3]

� dates back to the
late 19th century when Schmidtmann first published the
synthesis of sodium tricyanomethanide Na[C(CN)3] in 1896
(Scheme 2, reaction A).[8] The original synthesis begins with the
reaction of cyanogen chloride with the sodium salt of
malononitrile leading to the formation of Na[C(CN)3]. Sodium
tricyanomethanide is then treated with diluted sulfuric acid and
the resulting tricyanomethane (1a) is extracted with ether.

Hantzsch and Osswald modified Schmidtmann’s synthesis
by using the more readily available cyanogen bromide, BrCN,
instead of the cyanogen chloride in the reaction with the
disodium salt of methylene cyanide (Scheme 2, reaction B).[9]

Due to its tendency to polymerize, tricyanomethane 1a was
said to be stable only as a pure substance or in anhydrous
solvents. They also noted a significant acid strength for 1 but
were unable to determine its pKa value.[9] In 1979, Köhler and
Golub finally published a pKa value for 1 in water ðpKH2O

a (1)
¼ �5:1),[2,11,12] which puts it in the range of mineral acids (cf.
pKH2O

a HClð Þ ¼ �5:9, see below).[13]

Especially in the 1960s and early 1970s, the chemistry of
[C(CN)3]

� salts has been expanded to include many new classes
of compounds such as covalent tricyanomethanides of the
main groups, organometallic tricyanomethanides, or d-metal
complexes with donor atoms of the 14th to 16th groups of the
periodic table.[14,15] In 2017, Banert et al. finally published a
crystal structure data set for isolated HC(CN)3 proving unequiv-
ocally the existence of tricyanomethane 1a rather than its
tautomeric form, dicyanoketenimine 1b (Scheme 1). This X-ray
study revealed strong hydrogen bonds that exist in the
crystalline solid between the hydrogen atom and three nitrogen
atoms of various neighbouring molecules, making 1a signifi-
cantly more stable as a crystalline pure substance than in
solution.[10]

Here we report the use of tricyanomethane borane adducts
in an unusual variant of electrophilic aromatic substitution.

Results and Discussion

Overview

In recent years, our group has been using the strong Lewis acid
B(C6F5)3 to stabilize highly labile pseudohalide entities, such as a
HCN dimer, HN3 and HNSO.[16–18] As part of this project, we also
investigated the stabilization of tricyanomethane with B(C6F5)3.
In the reaction of 1a with B(C6F5)3 in toluene, we observed that
1a reacted with B(C6F5)3 as expected forming the desired
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mono- and di-adducts HC(CN)3·nB(C6F5)3 (1a ·nB, n=1–2) in
solution depending on the stoichiometry used. However, such
adduct solutions were not stable for a long time according to
1H, 13C, 11B and 15N NMR studies, but a rather fast reaction with
the aromatic solvent was observed, which occurred only when
the Lewis acid was present in the system (Scheme 3 bottom).

The formal reaction of the ketenimine adduct 1b · 2B
(formed upon treatment of 1a with B(C6F6)3) with aromatic
solvents such as benzene or toluene affording amino-malononi-
trile-substituted arenes (Scheme 3 bottom) corresponds to a
classical electrophilic aromatic substitution (EAS) reaction: The
classic SEAr mechanism starts with the fast formation of π-
complex and the attack of an electrophile E+ on the aromatic
system, forming a σ-(Wheland)-complex stabilized by mesomer-

ism. A deprotonation-protonation reaction step results in the
restoration of the aromatic system (Scheme 3 top).[19–32] The SEAr
mechanism has been intensively studied recently and is used to
explain halogenations, nitration, sulfonation, Friedel-Crafts sub-
stitutions, and others mechanistically.[19–33] Often a catalyst
(Lewis acid) is needed to form the electrophile. Just recently, a
variety of concerted mechanisms have been found that
surprisingly do not involve the formation of σ-complex
intermediates, which is in apparent contradiction to the
generally accepted textbook mechanism. For example, Galabov,
Schleyer and co-workers investigated the possibility of two
alternative mechanisms for the electrophilic chlorination of
arenes in the gas phase and in a nonpolar solvent: the addition-
elimination mechanism and the direct concerted substitution

Scheme 1. Top: Tricyanomethane (1a) and its tautomer dicyanoketenimine (1b); bottom: Lewis resonance formulae of tricyanomethanide which can be
regarded as a resonance-stabilized pseudohalide.

Scheme 2. Reaction A: Synthesis of HC(CN)3 (1a) according to Schmidtmann,[8] reaction B: Synthesis of 1a according to Hantzsch und Osswald,[9] and reaction
C: Synthesis of 1a according to Banert et al.[10]

Chemistry—A European Journal 
Research Article

doi.org/10.1002/chem.202201905

Chem. Eur. J. 2022, 28, e202201905 (2 of 11) © 2022 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH

 15213765, 2022, 67, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/chem
.202201905 by U

niversitaet R
ostock U

niversitätsbibliothek R
ostock, W

iley O
nline Library on [02/08/2024]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License



mechanism.[30] Stuyver, Shaik and co-workers explain the
existence of both the concerted and stepwise mechanisms
using VB considerations, as well as their causes and necessary
conditions such as a low-lying charge transfer state that give
rise to a stepwise pathway with the formation of a σ-
complex.[26]

As shown in Scheme 3 (bottom), our system works some-
what differently because the neutral species HC(CN)3 stabilized
by one or two B(C6F5)3 molecules isomerizes to a ketenimine
adduct (notation 1b ·B and 1b · 2B, Scheme 3), which is already
a very strong electrophile so that no catalyst or (hidden) E+

ions are needed and no elimination step is observed. We think
it could be regarded as an unusual variant of the classical
electrophilic aromatic substitution that allows the facile
formation of amino-malononitrile-substituted aromatics, which
we want to show here in detail.

Synthesis of tricyanomethane and cyanoketenimine adducts

We started the project with a detailed study of the synthesis of
1a and its properties in solution. According to Banert,[10] 1a can
be prepared in high purity by treatment of Na[C(CN)3] with
sulfuric acid and subsequent sublimation of the crude product
(Scheme 2, reaction C, see Supporting Information). As a
crystalline solid, tricyanomethane is stable at temperatures
below �35 °C and can be stored for a limited period (3 months).
As X-ray studies show, 1a is stabilized in the solid by a large
number of intermolecular hydrogen bonds (Figure S3). In
(diluted) solution, formation of these �CH···N�C� hydrogen

bonds is almost impossible. As a result, 1 tends to polymerize
quickly in solution. The polymerization product usually remains
as a red, viscous oil during sublimation and subsequent
reactions. To inhibit polymerization of the cyano groups, the
synthesis of 1a is carried out at 0 °C.

A series of different 1D and 2D NMR experiments in CD2Cl2
(see Figures S4) clearly indicates the exclusive presence of
tricyanomethane 1a (δ[1H]=5.27, δ[13C]=15.7 (Ccentral) and
104.5 (CN) and δ[15N]=�115.1 ppm). We could not find any
signals associated with the presence of the tautomeric
ketenimine species 1b (Scheme 1, Scheme 4), consistent with
coupled-cluster calculations that clearly favour the tricyano-
methane over the ketenimine species (ΔRG°=15.8 kcalmol�1,
see section Thermodynamic and Kinetic Aspects).

When one equivalent of B(C6F5)3 is added to a solution of
1a in CH2Cl2, the situation changes abruptly (Scheme 4). Besides
a signal for the adduct 1a ·B (5.31 ppm), now a new very broad
signal for a second species appeared downfield at 9.15 ppm
(Δ~v=279 Hz, �40 °C), which can be attributed to the H�N
proton in the ketenimine adduct 1b ·B (Scheme 4). The
intensity ratio of about 30 :70 indicates a slightly increased
concentration of 1b ·B compared to 1a ·B. A 2D-1H-1H-EXSY
NMR experiment, which is a simple method to obtain
information about chemical exchange processes, clearly shows
an H�C···N/C···H�N exchange process as indicated by a corre-
sponding cross peak between both signals (9.15 and 5.31 ppm).
Due to the highly dynamic system and fast decomposition, it
was impossible to obtain meaningful 15N and 13C NMR data, but
the 11B NMR spectrum of 1a ·B clearly indicates adduct
formation (�10.5 ppm) by a strong upfield shift with respect to

Scheme 3. Top: A typical electrophilic aromatic substitution (EAS) reaction (SEAr mechanism) with a dihalogen as electrophile, bottom: EAS reaction with an
activated dicyanoketenimine 1b · 2B (R=C6F5, B=B(C6F5)3).
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the bare Lewis acid B(C6F5)3 (60.0 ppm, Δν1/2=710 Hz).[16,34–37]

Also, in the 19F{1H} NMR spectrum, two groups of signals (see
Supporting Information) for two differently bound B(C6F5)3
species (1a ·B/1b ·B) are found in the intensity ratio 40 :60,
which are very close to each other. Note: Similar NMR data were
obtained at higher concentrations of B(C6F5)3 (2–3 equivalents,
see Supporting Information), although mono- and di-adducts
cannot be distinguished due to the high dynamics (very broad
signals), temperature dependence, and rapid decomposition
(oligomerization).

When a solution of tricyanomethane (1a) with one equiv-
alent of B(C6F5)3 in CH2Cl2 is concentrated, a yellow-orange solid
(1 ·B) is obtained, whose IR spectrum is clearly different from
that of the pure tricyanomethane. For example, bands in the
region 2257–2290 cm�1 can be assigned to the CN stretching
modes in the adduct, while these stretching modes are not
observed in naked tricyanomethane in accord with
computations.[34] As previously shown, coordination of B(C6F5)3
to a NC�R species causes a significant band shift to higher
wavenumbers.[34,37,38] Therefore, vibrational spectroscopy is also
particularly well suited to distinguish between B(C6F5)3 adducts
and the naked uncoordinated species. Further evidence for the
presence of a mono-adduct can be provided by follow-up
chemistry. Thus, the reaction of isolated 1 ·B with arenes such
as mesitylene led always to mono-borane adducts of type
4Mes ·B in an EAS reaction (see Scheme 5 top, Section EAS).
Furthermore, when a solution of tricyanomethane 1a with two
equivalents of B(C6F5)3 was used, again a highly moisture
sensitive yellow (but not single-crystalline) compound 1 · 2B
could be isolated, which gave in reaction with mesitylene (Ar=

mesitylene in 4Ar) the corresponding borane di-adduct of the
formed 2-(amino(2,4,6-trimethylphenyl)methylene)malononitrile
(4Mes · 2B). Both 4Mes ·B and 4Mes · 2B could be obtained as
single-crystalline compounds suitable for X-ray structure analy-
sis which revealed unequivocally the presence of 4Mes ·B and
4Mes · 2B (Scheme 5). Moreover, attempts to re-crystallize 1 · 2B
from diethyl ether led to protonation of the diethyl ether
affording colourless crystals of a [(Et2O)2H]

+[C(CN){CN·B-
(C6F5)3}2]

� salt in good yields (Figure 1, see Supporting Informa-
tion). This means that an adduct such as 1 · 2B is so strongly
acidic that diethyl ether is protonated and that the correspond-
ing anion, [C(CN){CN·B(C6F5)3}2]

�, is a weak base and can be
formally regarded as weakly coordinating anion (wca).[38,39] Salts
possessing the oxonium cation [(Et2O)2H]

+ but with other
weakly coordinating anions have been known for almost
30 years.[40–42] Salts with borane adduct anions, for example
[C(CN){CN ·B(C6F5)3}2]

�, have also been described. For example,
we reported on the triple adduct anion [C{CN·B(C6F5)3}3]

� as
silver and imidazolium salt[38] obtained from the reaction of the
corresponding tricyanomethanide salts and three equivalents of
B(C6F5)3 in diethyl ether.

A brief comment on the acidity of 1a and 1b and their
borane adducts in different reaction media: As can be seen
from Table 1, the formation of adducts leads to a dramatic
increase in the acidity of both tricyanomethane 1a ·nB and
ketenimine 1b ·nB (n=1, 2) compared to the naked species. In
both cases, the acidity in DCE (1,2-dichloroethane) or CH2Cl2
increases by about 10–12 pKa units for the mono-adduct
formation and again by about 7–8 pKa units with the second
adduct formation step, so that all of these borane-adduct-acids

Scheme 4. Possible equilibria between tricyanomethane 1a and ketenimine 1b and their B(C6F5)3 mono- and di-adducts.
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are more acidic than, for example, H2SO4 (pK
DCE
a H2SO4ð Þ ¼ 42:8)

or HI (pKDCE
a HIð Þ ¼ 37:7), but similarly acidic as HB(CN)4

ðpKDCE
a HBðCNÞ4ð Þ ¼ 31:7).[43] Such an effect has been found by

Beckmann and co-workers for water and other weak acids.[44]

Both 1 ·B and 1 · 2B can be considered as superacids, since their
acid strength is greater than that of H2SO4.

In conclusion, since both the pure tricyanomethane 1a and
the corresponding mono- or di-adducts of 1a (and 1b) are very
labile in solutions with respect to oligomerization (at RT within
a few minutes), it is very difficult to perform NMR studies. We
performed various 1D and 2D experiments as well as temper-
ature dependent measurements, but it was not possible to
elucidate the adduct equilibria accurately. When we found that
the acid strength of the adducts is much higher than that of the
pure tricyanomethane, so that, for example, even diethyl ether
is protonated, we decided to perform the adduct formation
reaction in benzene and toluene, which led to the observation
of an EAS process (see next section).

Electrophilic aromatic substitution (EAS) – synthesis of

amino-malononitrile-substituted arenes

Since tricyanomethane (1a) formed substitution products such
as 4Mes · 2B with mesitylene in an EAS reaction (Scheme 3 and
Scheme 5), we began systematic studies. For this purpose, we

Scheme 5. Synthesis of 2-(aminophenylmethylene)malononitrile-borane-mono- (4Ar ·B) and di-adducts (4Ar · 2B) with Ar=arene=benzene, toluene, xylene,
mesitylene and durene.

Figure 1. Ball-and-Stick representation of the oxonium salt [(Et2O)2H][C(CN)-
{CN·B(C6F5)3}2] in the crystal. An ORTEP can be found in the Supporting
Information. Selected bond lengths (Å) and angles (°): C4�C3 1.41(1), C4�C2
1.398(6), B1�N1 1.587(6), O1···O2 2.51(2); B1�N1�C1 179.6(5), N1�C1�C4
177.3(5), C1�C4�C2 120.8(6), C4�C3�N3 177(2), C1�C4�C2�C3 170.1(9).

Table 1. Calculated pKa values[a] of HC(CN)3 and its B(C6F5)3 adducts in
different media.

H2O H3CCN DCE CH2Cl2 C6H6

HC(CN)3
[b] 1a �5.4 5.2 40.6 45.3 56.6

HC(CN)3 · B(C6F5)3 1a ·B �13.3 �5.2 28.5 32.9 38.4
HC(CN)3 · 2B(C6F5)3 1a ·2B �21.3 �13.0 21.1 25.2 26.5
HNCC(CN)2 1b �5.0 6.0 41.5 46.2 57.6
HNCC(CN)2 · B(C6F5)3 1b ·B �11.8 �1.0 33.2 37.6 43.7
HNCC(CN)2 · 2B(C6F5)3 1b · 2B �12.1 �3.5 30.9 35.1 36.3

[a] SMD continuum solvation model is used, for further details see
Supporting Information; [b] For comparison, the experimentally deter-
mined pKa values are pKH2O

a HC CNð Þ3ð Þ ¼ �5:1 and
pKDCE

a HC CNð Þ3ð Þ ¼ 38:6.[43]
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varied the aromatics and Lewis acids and changed the
stoichiometry of the Lewis acid used (1 equiv., 2 equiv. and
catalytic amounts). It should be noted that so-called 2-
(aminoarylmethylene)malononitriles (4Ar) have been reported
before, however, they are usually generated in multistep
reactions from malononitrile and activated aromatics, for
example, trimethylorthobenzoate, followed by reactions with
ammonia or amines.[45–49]

Variation of the aromatics. In a series of experiments
(Scheme 3) we treated different aromatics (benzene, toluene,
o,m,p-xylene, mesitylene, and durene) with 1a and two
equivalents of B(C6F5)3 as Lewis acid, first at slightly elevated
temperatures (40–80 °C) and then ambient temperatures or
even at 0 °C. In all cases, complete conversion of 1a was
observed after ca. 0.5–4 h affording the corresponding amino-
malononitrile-substituted arenes of the type 4Ar · 2B as the
main product in good yields (60–90% for the raw product,
Table 2). The arenes were used in excess in each case, as they
also served as solvents. However, since partial oligomerization
always occurred (oily by-products), recrystallization was neces-
sary to obtain single-crystalline material, which often drastically
reduced yields. The reaction can be carried out in a one-pot
procedure or stepwise, that is, by isolating the borane di-adduct
from a dichloromethane solution, followed by the reaction with
the arene using the arene as solvent. Both processes led to the
same products.

Variation of the stoichiometry of the Lewis acid. In a
second series of experiments, the stoichiometry of the Lewis
acid B(C6F5)3 was varied. We carried out these example reactions
using arene=mesitylene. Since the reaction had previously
been carried out with two equivalents of Lewis acid affording
4Ar · 2B, only one equivalent was now used. In this case, the
reaction also worked, except that instead of the di-adduct, only
the mono-adduct 4Ar ·B was observed as the final product. The
mono-adducts can also be prepared from the di-adducts by
removal of one B(C6F5)3 with the help of a strong base (see
below). Finally, we tried to determine to what extent catalytic
amounts of B(C6F5)3 were sufficient to ensure EAS. Unfortu-
nately, these reactions always proceeded stoichiometrically,
that is, only the amount of Lewis acid added was also converted
into the corresponding product 4Ar ·B.

Variation of the Lewis acid. In addition to the very bulky
and at the same time very strong Lewis acid B(C6F5)3, we also
used significantly smaller and weaker Lewis acids (BPh3, BCl3,
GaCl3) in the EAS. Although GaCl3 and BPh3 formed adducts
with 1, while BCl3 did not, their utilization did not lead to the
desired EAS when an arene was added. Thus, the very strong
Lewis acid B(C6F5)3 is indeed required for the reaction.

Removal of the Lewis acid. We attempted to remove the
coordinated Lewis acids from the products 4Ar · 2B to obtain
the Lewis acid-free products 4Ar (Figure 2). Since this is usually
done stepwise, some of the following procedures can also be
used to generate the mono-adducts (Figure 3). All procedures
were carried out using 4Mes · 2B as an example. First, 4Mes · 2B
was treated with an excess of acetonitrile, which was distilled
off afterwards, and the newly formed Lewis pair, H3CCN·B(C6F5)3,
was removed by sublimation. The remaining mono-adduct
4Mes ·B was obtained in 83% yield. Recrystallization from
benzene gave single crystals suitable for single-crystal structure
analysis (Figure 3). In a second procedure, we attempted to
convert 4Mes · 2B with an excess of DMAP (8 equivalents,
DMAP=4-(dimethylamino)pyridine) to the adduct-free com-
pound. However, only one molecule of B(C6F5)3 could be
separated, and again we could only obtain the mono-adduct
4Mes ·B. Also, treating 4Mes ·B obtained in this way with Et3N
as a further strong base did not lead to any further removal of

Table 2. Experimental details (yield of isolated substance η in %, Tdec. in °C,
shifts in ppm) of 4Ar · 2B.

η[a] Tdec.
11B 1H�N 15N�H

4Ph ·2B 19 74 �9.8 5.81 �259.6
4pTol ·2B 55 92 �8.6 5.83 �
4oXyl ·2B 76 87 �10.1 5.65 �
4mXyl ·2B 86 115 �9.8 7.16 �255.5
4pXyl ·2B 59 89 �10.0 6.63 �255.1
4Mes ·2B 74 125 �11.1 6.90 �253.6
4Dur ·2B 32 82 �9.9 6.90 �253.5

[a] always full conversion of 1, no starting material left, the rather low
yields for R=Ph, Dur can be attributed to the need for higher reaction
temperatures that leads to an increase of oligomerization/polymerization
products.

Figure 2. Ball-and-Stick representation of the molecular structure of 4Ph and
4Mes in the crystal. An ORTEP can be found in the Supporting Information.
Selected bond lengths and angles are listed in Table 3.

Figure 3. Ball-and-Stick representation of the molecular structure of 4pTol ·B
and 4Mes ·B in the crystal. An ORTEP can be found in the Supporting
Information. Selected bond lengths and angles are listed in Table 3.
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B(C6F5)3. Since all attempts to add a base did not lead to the
desired product, but always stopped at the mono-adduct stage,
we had to change our strategy. For this purpose, 4Mes · 2B was
dissolved in a small amount of diethyl ether and an excess of
water was added. After distilling off the solvents, the solids
obtained were dissolved in a mixture of ethyl acetate and
diethyl ether (2 :1) and the products were separated chromato-
graphically on a column. Recrystallization from MeOH gave the
B(C6F5)3 free product 4Mes in good yields (59%) as a single-
crystalline material (Figure 2). 4Mes is a thermally very stable
substance that melts at 247 °C. Other attempted methods (e.g.,
treatment of solid 4Mes · 2B with water or dissolving 4Mes · 2B
in a mixture of water/CH2Cl2) only resulted in product mixtures
like 4Mes ·B/4Mes+B(C6F5)3 ·H2O.

Changing the electrophile. In addition to the tricyano-
methane (1a), we also treated dicyanomethane (malononitrile)
and acetonitrile with B(C6F5)3 in arenes. Apart from the
corresponding adducts MeCN ·B(C6F5)3 and the mono- H2C-
(CN)[CN ·B(C6F5)3] and di-adducts H2C[CN ·B(C6F5)3]2 (X-ray struc-
ture see Supporting Information), no other products indicative
for an EAS were observed.

Single-crystal structure elucidation

X-ray structural analyses were performed for a range of starting
materials (re-determination of HC(CN)3), by-products
([(Et2O)2H][C(CN){CN·B(C6F5)3}2], [DMAP�H][C(CN){CN·B(C6F5)3}2],
H2C{CN·B(C6F5)3}2), decomposition products (cyclic μ-hydroxo-
borane), and some final products (4Ar, 4Ar ·B, and 4Ar · 2B).
Only the products 4Ar (Figure 2), 4Ar ·B (Figure 3) and 4Ar · 2B
(Figure 4) are discussed briefly here. Selected structural data are
listed in Table 3. With regard to the other structures, we would
like to refer to the Supporting Information.

While 4Ph crystallizes in the orthorhombic space group
P212121 with Z=4, a monoclinic cell with Z=8 is found for
4Mes (Figure 2). In both compounds, short intermolecular
�N�H⋯N�C distances (heavy atom distances 4Mes: d(N···N)=
2.97–3.07 Å, 4Ph: d(N···N)=3.02–3.17 Å) can be detected, imply-
ing intermolecular hydrogen bonds between the NH2 group
and two NC groups each from two different adjacent molecules.
That is, each free NC group forms exactly one H-bridge to a
neighbouring molecule. Probably the most interesting struc-
tural feature is the nearly planar H2N�C�C(CN)2 framework
(deviation from planarity <5°) with a short C3�C4 bond (4Ph:
1.395(2), 4Mes: 1.388(2), cf. Σrcov(C�C)=1.50, Σrcov(C=C)=

Figure 4. Ball-and-Stick representation of the molecular structure of 4Ph · 2B, 4pTol · 2B, 4oXyl · 2B and 4Dur · 2B in the crystal. An ORTEP can be found in the
Supporting Information. Selected bond lengths and angles are listed in Table 3.
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1.34 Å)[50] and C3�N3 bond (4Ph: 1.323(2), 4Mes: 1.322(2), cf.
Σrcov(C�N)=1.46 and Σrcov(C=N)=1.27 Å).[50] The aromatic ring is
rotated out of the plane of the amino-malononitrile framework
(4Ph: 49.5(2)° and 4Mes: 104.1(2)°). In agreement with NBO
analyses, the π-electron density of the C3�C4 double bond as
well as the nitrile triple bond is delocalized over the entire
amino-malononitrile unit, which is also evident from the
significantly shortened C4�C1 (4Ph: 1.419(2), 4Mes: 1.420(2) Å),
C4�C2 (4Ph: 1.422(2), 4Mes: 1.422(2) Å), and C3�N3 (4Ph:
1.323(2), 4Mes: 1.322(2) Å) bonds while the C3�C5 bond is
rather long (4Ph: 1.483(2), 4Mes: 1.495(2) Å).

4Mes ·B crystallizes in the triclinic space group P�1 with Z=4
and 4pTol ·B in the monoclinic space group P21/n (Z=4). In
both 4pTol ·B and 4Mes ·B, the B(C6F5)3 group is bound to the
N1 atom in the crystal and thus in a formal cis-position to the
aromatic ring (Figure 3). In the crystal, centrosymmetric dimers
are found (Figure S37 and S39), which are connected by a
�N�H···N�C� hydrogen bond (4pTol ·B: N3···N2 2.946(3),
4Mes ·B: 2.919(2) and 2.978(2) Å). The central structural motif,
the amino-malononitrile unit, deviates slightly more from
planarity (<10°), but the C�C and C�N bond lengths are in the
expected range (see below). The B�N lengths of 1.571(3)
(4pTol ·B) and 1.586(3) (4Mes ·B) Å, respectively, are within the
expected range (cf. Σrcov(B�N)=1.56 Å).[50]

The crystal structures of the di-adducts 4Ar · 2B are mainly
characterized by intramolecular�N�H···F�C� hydrogen bonding
(Figure 4), in contrast to the mono-adduct 4Ar ·B or uncoordi-
nated species 4Ar, in which intermolecular interactions be-
tween the NH2 protons and F�C� or N�C� donors are found.
The C3�C4 and B�N bonds are slightly elongated compared to
those of the mono-adduct or uncoordinated compounds
(Table 3). Moreover, a nearly planar H2N�C=C(CN)2 framework
with nearly linearly bound B(C6F5)3 molecules (a(C�N�B)
between 169–175°) is also found. The spatial arrangement of
both B(C6F5)3 groups as well as the aromatic ring in the
molecules of 4Ar · 2B shows that the amino-malononitrile frame-
work is sterically very well shielded, which explains the relative
stability toward bases (see above) and the problem to remove
the Lewis acids.

Thermodynamic and kinetic aspects

The reaction of tricyanomethane (1a) with arenes in the
presence of B(C6F5)3 can be divided into three steps: (i)

tautomerism between tricyanomethane (1a) and ketenimine
(1b), (ii) formation of a weakly bound van-der-Waals complex,
and (iii) the EAS, which in turn proceeds stepwise via a Wheland
σ-complex as an intermediate as illustrated in Scheme 3
(bottom). To describe the different steps quantitatively, differ-
ent quantum mechanical calculations were performed at the
DLPNO-CCSD(T)/def2-TZVP // PBE0-D3/def2-SVP level of theory.

Isomerization – tautomerism between tricyanomethane

and ketenimine. Experimentally, we observed that tricyano-
methane 1a dissolved in dichloromethane hardly tautomerizes
to ketenimine 1b at low temperatures, but this changes
abruptly upon addition of the Lewis acid B(C6F5)3 (Scheme 4),
since now both isomers are observed according to NMR data
(see above). This behaviour is also reflected in the calculated
data, which are summarized in Table 4. Both the gas phase data
and the values for the corresponding equilibrium reactions in
CH2Cl2 and benzene, respectively, show that the ketenimine
species 1b is clearly stabilized compared to 1a upon addition
of the Lewis acid (by ca. 5–10 for the mono- and 10–
16 kcalmol�1 for the di-adduct formation). That is, without Lewis
acid, tricyanomethane 1a is significantly more stable than the
ketenimine 1b in all three solvents (Table 4), while for the
mono-adduct and even more so for the di-adduct, true
equilibria between the adducts of 1a and 1b are to be
expected (e.g., 1a · 2B!1b · 2B in benzene with ΔRG°=

0.2 kcalmol�1 vs. 15.1 kcalmol�1 without Lewis acid). A deeper
look into the adduct formation indicates that there is a
significant charge transfer from the ketenimine to the Lewis
acid B(C6F5)3 (total charge transfer of 0.35 in the mono- and
0.53 e in the di-adduct, Tables S41), which is accompanied by a
significant larger positive partial charge of the imino carbon
atom in the ketenimine (q(C,1b)=0.54, q(C,1b ·B)=0.58, q-

(C,1b · 2B)=0.63 e). This is of particular importance for the EAS
(see below). That is, the bulky Lewis acid not only stabilizes the
ketenimine species thermodynamically as well as kinetically, but
also makes the imino carbon atom more electrophilic.

Table 3. Selected experimental bond lengths (Å) and angles (°) of uncoordinated molecules (4Ar), mono-adduct (4Ar ·B) and di-adduct species (4Ar · 2B)
that were synthesized in the EAS process.

4Ar ·nB C3�C4 C3�C5 B1�N1 B2�N2 B1�N1�C1 N1�C1�C4 B2�N2�C2 N2�C2�C4

4Ph · 2B 1.405(2) 1.425(5) 1.582(5) 1.589(5) 174.3(4) 178.3(4) 177.8(3) 172.7(4)
4Ph 1.395(2) 1.483(2) – – – 179.2(2) – 179.8(2)
4pTol · 2B 1.398(5) 1.466(5) 1.590(5) 1.585(5) 169.0(3) 176.5(4) 170.7(3) 178.4(4)
4pTol ·B 1.398(3) 1.480(3) 1.571(3) – 165.0(2) 177.8(2) – 179.1(2)
4oXyl · 2B 1.421(9) 1.47(1) 1.579(9) 1.585(9) 171.8(7) 173.4(7) 171.7(7) 178.6(7)
4Mes ·B 1.398(2) 1.492(2) 1.579(2) – 168.0(2) 176.7(2) – 177.2(2)
4Mes 1.388(2) 1.495(2) – – – 178.7(2) – 177.7(2)
4Dur · 2B 1.40(2) 1.47(2) 1.59(3) 1.55(3) 175(2) 174(2) 176(2) 172(2)

Table 4. Gibbs energies in kcalmol�1 (DLPNO-CCSD(T)/def2-TZVP // PBE0-
D3/def2-SVP including solvent effects) for the tautomerization: 1a ·nB!
1b ·nB

n gas phase in CH2Cl2 in C6H6

0 (uncoordinated) 10.6 15.8 15.1
1 (mono-adduct) 5.0 6.0 4.5
2 (di-adduct) 2.5 0.8 0.2

Chemistry—A European Journal 
Research Article

doi.org/10.1002/chem.202201905

Chem. Eur. J. 2022, 28, e202201905 (8 of 11) © 2022 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH

 15213765, 2022, 67, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/chem
.202201905 by U

niversitaet R
ostock U

niversitätsbibliothek R
ostock, W

iley O
nline Library on [02/08/2024]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License



Van-der-Waals adducts. When benzene is added to 1b ·nB
(see Scheme 1, Figure 5), in the first step prior to the EAS a
weakly bound van-der-Waals complex 2Ph ·nB forms with
benzene, which can be formally conceptualized as a donor-
acceptor (push-pull) or even FLP system (frustrated Lewis pair)
with benzene as weak π-donor, the Lewis acid B(C6F5)3 as the
electron acceptor and the ketenimine placed in between.
However, the donor strength of the benzene molecule is very
low (only 0.003 e is donated, Table S41). These van-der-Waals
complexes can also be considered as η-bonded “coordination”
compounds, where the shortest distance between a Cbenzene

atom and the Cimino atom is found in the di-adduct (Figure 5,
d(Ci···Cb): 3.419 (2Ph), 3.341 (2Ph ·B), and 3.244 Å (2Ph · 2B), cf.
ΣrvdW(C···C)=3.4 Å).[51,52] All van-der-Waals complexes 2Ph,
2Ph ·B, and 2Ph · 2B are stable minima on the potential energy
surface, although the interaction between the benzene mole-
cule and the ketenimine is very weak. Only the formation of
2Ph · 2B is exergonic (ΔRG°=�3.4 kcalmol�1, Scheme 6). It
should be noted that there are other van-der-Waals complexes,
for example, those in which the N�H proton points to the
benzene ring. However, these must first isomerize to the
complexes 2Ph ·nB shown in Figure 5 to allow EAS.

Electrophilic aromatic substitution (without elimination
step). Starting from the Lewis-acid-free van-der-Waals complex
2Ph (Scheme 6), the EAS begins with a shortening of the Ci�Cb

distance (Figure 5), which leads via the transition state TS1 to
the intermediate 3Ph. This is linked to an activation barrier of
45.1 kcalmol�1 that must be overcome. An intrinsic bond orbital
(IBO) analysis[53] shows the formation of the Ci�Cb bond when
the ketenimine approaches the arene (Figure 6). The energeti-
cally high-lying intermediate 3Ph corresponds to a classical
Wheland σ-complex[26,27,30] and lies in a shallow trough. Re-
aromatization takes place via TS2 (ΔrelG

#
=50.6 kcalmol�1) by

proton migration from the phenyl ring to the imino nitrogen
with formation of the final thermodynamic product 4Ph. The
overall reaction is strongly exergonic with �29.0 kcalmol�1.
However, since both activation energies (for TS1 and TS2) are
very high they cannot be overcome thermally at RT or slightly
elevated temperatures. Thus, it is not surprising that the EAS
reaction is not observed experimentally, because it is kinetically
hindered. When one or two Lewis acid molecules are now
added, all stationary points along the reaction path are
energetically stabilised, so that the activation barriers, for
example TS1 · 2B and TS2 · 2B, now lie in a range (18.2 and
25.1 kcalmol�1) that can be overcome thermally at RT, in accord
with experimental observations. This means that the very strong
Lewis acid B(C6F5)3, in addition to stabilising the ketenimine 1b

(see above) or shifting the tautomeric equilibrium in favour of
the ketenimine 1b · 2B, is also needed to significantly lower the
activation energies for the EAS, which make the EAS possible in
the first place. The reactions leading to the products 4Ph ·B and
4Ph · 2B, respectively, are strongly exergonic with �37.9 and
�45.6 kcalmol�1.

Conclusions

A new one-pot method is presented for the synthesis of 2-
(aminoarylmethylene)malononitriles (4Ar), which are normally
prepared via multistep syntheses starting from malononitrile.
This one-pot process begins from tricyanomethane that
tautomerizes to a dicyanoketenimine upon addition of the
strong Lewis acid B(C6F5)3. The resulting ketenimine borane di-
adduct reacts with aromatics in an unusual variant of an
electrophilic aromatic substitution in one step to give the
corresponding 2-(aminoarylmethylene)malononitriles via an
energetically high-lying Wheland σ-complex. Quantum chem-
ical calculations show that the formation of the borane adducts
is mandatory because, on the one hand, the ketenimine is
significantly stabilized energetically in an equilibrium reaction
with the tricyanomethane and, on the other hand, the adduct
formation significantly reduces the energy barrier for the
formation of the Wheland σ-complex, so that this barrier can
now be overcome already at ambient temperatures. Moreover,
the formation of the borane adduct has two further advantages:
Firstly, the acidity or positive charge on the imino carbon atom
of the ketenimine is increased, which facilitates the electrophilic
attack on the aromatic compound, and secondly, the bulky
Lewis acids also provide kinetic protection to prevent oligome-

Figure 5. Computed van-der-Waals complexes of 1b ·nB (n=0, 1, 2) with
benzene (= 2Ph ·nB) depicting the possible electrophilic attack of the imino
carbon atom (Ci) at the nearest carbon atom of the benzene ring (Cb).
d(Ci···Cb): 3.419 (2Ph), 3.341 (2Ph ·B), and 3.244 Å (2Ph · 2B).

Figure 6. Computed intrinsic bond orbital (IBO) of the Ci�Cb bond based on
the structure of TS1.
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rization of the CN groups. Finally, the adduct-free EAS products
are obtained in good yields after removal of the borane by
adding a mixture of water/diethyl ether.

Experimental Section

Caution! Danger of release of hydrocyanic acid or other cyanide
containing compounds. Due to the high toxicity, suitable safety
precautions must always be taken (HCN detector, closed fume
hood, gas mask ready to hand). Likewise, cyanide ions may still be
present in the separated aqueous phase.

Experimental details and full characterization for all considered
species, additional spectroscopic data for mechanistic studies, and
details of theoretical calculations can be found in the Supporting
Information.

Deposition Number(s) 2158912 (for 1a), 2158913 (for 4Ph · 2B),
215891 (for 4pTol · 2B), 2158915 (for (E)-4pTol ·B), 2158916 (for m,p-4
oXyl · 2B), 2158917 (for (E)-4Mes ·B), 2158918 (for 4Ph), 2158919 (for
4Mes), 2158920 (for [Et2O�H�OEt2][C(CN)3 · 2B(C6F5)3]), 2158921 (for
H2C(CN)2 · B(C6F5)3), 2158922 (for H2C(CN)2 · 2B(C6F5)3) contain(s) the
supplementary crystallographic data for this paper. These data are
provided free of charge by the joint Cambridge Crystallographic
Data Centre and Fachinformationszentrum Karlsruhe Access Struc-
tures service.
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Scheme 6. An unusual variant of EAS proceeding from the van der Waals complex 2Ph ·nB via the formation of a Wheland σ-complex 3Ph ·nB (n=0, 1, 2) as
an intermediate, which converts to the product 4Ph ·nB under re-aromatization and proton migration. Gibbs free energy values (in kcalmol�1, DLPNO-
CCSD(T)/def2-TZVP//PBE0-D3/def2-SVP) for the reaction path are computed for T = 298.15 K.
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On the Keto-Enol-Tautomerism of 2-(1-
Hydroxyethylidene)malononitrile and Its Lewis Adduct
Formation with B(C6F5)3
Jonas Surkau,[a] Jonas Bresien,[a] Dirk Michalik,[a, b] Mara Elén Rohregger,[a]

Alexander Villinger,[a] and Axel Schulz*[a, b]

2-(1-Hydroxyethylidene)malononitrile (4) is commercially sold as
the keto isomer and is described in the literature as either a
keto (4b) or enol (4a) species. Using NMR techniques and
single crystal X-ray diffraction, we were able to show that 4

exists exclusively as the enol isomer (4a) in solution as well as
in the solid state, which agrees with quantum chemical

calculations. By adding one or two equivalents of the Lewis acid
B(C6F5)3, the mono- or diadducts are formed in exergonic
reactions, in which the enol form is further thermodynamically
stabilized. The structure and acidity of enol 4a and its borane
adducts are discussed based on experimental and theoretical
results.

Introduction

Cyanides have played a vital role in organic and inorganic
chemistry since the discovery of HCN by Scheele in 1782.[1] In
addition to hydrocyanic acid, nitriles and dinitriles are also
important starting materials in synthetic chemistry. Malononi-
trile (H2C(CN)2), for example, is a commonly used chemical for
the synthesis of precursors to form N-heterocycles. On the other
hand, it fills the gap between acetonitrile (MeCN), a common
solvent, and tricyanomethane (HC(CN)3), a very strong Brønsted
and pseudohalogen acid,[2] and is thus part of a “homologous
series” of carbon-centered cyanide / nitrile compounds, e.g.
HxC(CN)4-x (x=1–4). However, the successive substitution of H
by CN in methane (pKa(H2O)=40) leads to an increasing C�H
acidity (smaller pKa value) along the series H3CCN (25)<
H2C(CN)2 (12)<HC(CN)3 (0).[3] Newer studies releveled even
smaller pKa(H2O) values for tricyanomethane (�5.1),[4–7] which
can be considered a very strong Brønsted acid in water.
Recently, we could show that adduct formation with a strong
Lewis acid such as B(C6F5)3 (B) can even further increase the
C�H acidity (pKa(H2O): �13.3 HC(CN)3 · B(C6F5)3 and �21.3
HC(CN)3 · 2B(C6F5)3).

[8] Brønsted-Lewis-acid coupled systems such

as HC(CN)3 ·nB(C6F5)3 (n=1–3) can be considered super acids,
which, additionally, display unusual chemistry. For example, for
HC(CN)3 only the tricyanomethane (1a) can be observed in
solution (H2O, CH2Cl2, benzene, Figure 1). Isomerization to
dicyanoketenimine (1b) is rather endergonic with
Δ298G°=15–16 kcal/mol (at the DLPNO-CCSD(T)/def2-TZVP//
PBE0-D3/def2-SVP level of theory). The situation changes
immediately upon addition of B(C6F5)3. In this case, a true
equilibrium between the two isomers tricyanomethane (1a ·nB-
(C6F5)3) and dicyanoketenimine (1b ·nB(C6F5)3, n=1–2) was
observed (Figure 1, Δ298G°<1 kcal/mol), which was demon-
strated by 2D-1H,1H-EXSY NMR experiments.[8]
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Figure 1. Equilibrium between the two isomers tricyanomethane (1a) and
dicyanoketenimine (1b) shown for 1 and 1 · 2B(C6F5)3 and the keto-enol
tautomerism of 2-(1-hydroxyethylidene)malononitrile studied in this work.
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Furthermore, the increased acidity and the stabilization of
the dicyanoketenimine isomer 1b · 2B leads to an unusual
variant of the electrophilic aromatic substitution reaction (EAS,
Figure 2). That is, B(C6F5)3 activates HC(CN)3 triggering the
isomerization of the tricyanomethane to the ketenimine,
HN=C=C(CN)2, which, in turn, can directly attack aromatic rings,
e.g. benzene, toluene etc., with simultaneous proton migration
of the aromatic proton to the imino group.[8] The electrophilic
aromatic substitution in the case of HC(CN)3 with 1 or 2 eq. of
B(C6F5)3 works for a number of aromatics Ar-H (Ar=Ph, Tol, Xyl,
Mes, and Dur), but has the disadvantage that HC(CN)3 is not
stable with respect to oligomerization in such a solution.

In the case of H2C(CN)2, the Lewis acid adducts
H2C(CN)2 ·nB(C6F5)3 (n=1–2) could also be isolated, but no EAS
was observed in the presence of aromatics such as C6H6.
Therefore, we searched for a suitable compound HC(CN)2R with
a strong electron-withdrawing substituent R, which at the same
time has an easily delocalizable π electron system similar to that
of tricyanomethane, e.g. R=COMe (4). As shown in Scheme 1,
several different isomers can be discussed for species 4.
Interestingly, only the keto isomer 4b (CAS number 1187-11-
7)[9] is commercially available (abcr, Santa Cruz Biotechnology,
Merck, Th. Geyer, AK Scientific, Key Organics etc.) and in the
literature different melting points and some varying NMR data
have been reported.[10–13] The enol isomer 4a (and/or 4a’, CAS

number 5515-35-5), in turn, is not commercially available but
has also been described in literature.[14–16]

Therefore, the first task was to investigate which isomers
(4a and 4b) can be isolated or observed at all. In the next step,
the adduct formation with B(C6F5)3 in terms of acidity and a
possible EAS, as already discussed for tricyanomethane, had to
be studied.

Results and Discussion

Synthesis of 4

Most syntheses of 4 known from literature start with malononi-
trile, which is first deprotonated in situ.[14,15,17,18] We applied the
slightly modified synthesis of Cui et al. (Scheme 2).[19] That is,
sodium hydride, NaH, suspended in THF and cooled to �10 °C
was treated with malononitrile dissolved in THF. After addition
of the malononitrile solution, the reaction mixture was addition-
ally stirred for one hour at �10 °C. Acetyl chloride dissolved in
THF was slowly added over 1 h, yielding a yellow suspension,
which was again stirred for an additional hour at �10 °C. The
reaction mixture was then diluted with water leading to a
yellow solution. After work-up with petroleum ether and ethyl
acetate, the solvent was removed affording a yellow, solid
product (yield=33%). To obtain single crystals suitable for X-
ray structure elucidation, the solid material was dissolved in
small amounts of ethyl acetate and the yellow solution was
stored in a refrigerator overnight leading to the deposition of
yellow single crystals. To isolate larger amounts of highly pure
4, sublimation at 60 °C (water bath) in vacuo was carried out.
High purity 4 produced in this way did not have a melting point
but decomposed at 112 °C.

Isomerization of 4

With highly pure 4 in hand, we started to investigate a possible
isomerization process (Scheme 1) in solution by means of NMR
experiments. 1H NMR studies in D2O and CD3Cl revealed only
one signal for the methyl protons (2.23 and 2.39 ppm, Fig-
ure S2) but neither an OH proton of the enol isomer 4a nor a
possible CH proton of the keto isomer 4b (Scheme 2) could be
detected. Also, no signal for a ketenimine 4c was found.
However, when strongly Lewis basic solvents such as DMSO-d6

(δ1H OH=14.7 ppm, Table 1) or acetonitrile (10.2 ppm) were
used, the signal of the OH proton became detectable. Variable-
temperature 1H NMR measurements in DMSO-d6 revealed a
small shift of the OH signal at 14.7 ppm (25 °C) to 14.4 ppm

Figure 2. EAS reaction with an activated dicyanoketenimine 1b · 2B
(B=B(C6F5)3).

Scheme 1. Isomers of 4. Relative Gibbs energies (kJ/mol) (= isomerization
energies) at the DLPNO-CCSD(T)/def2-QZVP//PBE-D3/def2-QZVP level of
theory and including solvation in brackets (due to SMD model using PBE-D3/
def2-QZVP). Scheme 2. Synthesis of 2-(1-hydroxyethylidene)malononitrile.

Eur. J. Org. Chem. 2024, 27, e202301061 (2 of 7) © 2024 The Authors. European Journal of Organic Chemistry published by Wiley-VCH GmbH

Research Article

doi.org/10.1002/ejoc.202301061

 10990690, 2024, 7, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/ejoc.202301061 by U
niversitaet R

ostock U
niversitätsbibliothek R

ostock, W
iley O

nline Library on [02/08/2024]. See the Term
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons License



(80 °C, see Figure S3) and a broadening of the signal, but
neither in 1H nor in 13C spectra a second set of signals was
observed for the keto isomer 4b. In the 13C NMR spectra all
expected signals (e.g., D2O: δ13C=21.4 (s, CH3), 58.2 (s, C(CN)2),
115.5 (s, (E)-CN), 117.6 (s, (Z)-CN), 192.1 (s, COH)) were detected.
The 13C NMR shifts were similar in all solvents, indicating that
the enol isomer 4a was always observed in all investigated
solvents (Table S6). To further rule out possible isomerization
between the keto and enol forms of 4, 1H,13C-HSQC and 1H,1H-
NOESY NMR spectra were recorded in DMSO-d6. In both
experiments, no signals were found indicative of the presence
of the keto form. The 1H,13C-HSQC NMR spectrum showed an
interaction between methyl protons and the corresponding
carbon atom (Figure S2), while in the 1H,1H-NOESY NMR
spectrum cross peaks were observed between the Me- and OH
protons indicating the presence of the enol isomer (Figure S3).
It should be noted that the OH proton signal is only visible
when a very dry solvent was used. Moreover, we could not find
any evidence for the existence of a ketenimine species 4c.
Variable-temperature NMR experiments in CD2Cl2 displayed two
sets of signals, which are attributed to the presence of 4a and
4a’. Computations also indicate a quite small energy difference
between both isomers in solution (DLPNO-CCSD(T)/def2-QZVP//
PBE-D3/def2-QZVP+ solvation (DCM) based on the SMD model
using PBE-D3/def2-QZVP: ΔG°(4a!4a’)=4.9 kJ/mol, Table S9).
It is worth noting that at low temperatures, two NMR signals of
the OH proton (10.41 to 10.70 ppm, Figure S3) could be
detected in CD2Cl2, contrary to our observations at ambient
temperature.

In ATR-IR and Raman spectra of solid 4, the absence of a
vibrational band at ~1800 cm�1 (C=O double bond) and the
presence of a band at ~1600 cm�1 (C=C double bond) indicate
the exclusive presence of the enol isomer 4a in the solid state.
This is further corroborated by SCXRD (Figure 3). Yellow single
crystals of 4 crystallized in the orthorhombic space group Pnma

with Z=4. The OH proton was freely refined. As shown in
Figure 3, the SCXRD analysis clearly indicates the presence of
the enol isomer, as evidenced by the planar N2C5O framework,
the observation of the OH proton, and the structural parameters
such as the short C�C(OH) bond (C1-C4 1.369(2) Å, cf.
Σrcov(C�C)=1.50, Σrcov(C=C)=1.34 Å), displaying double bond
character, or a C�O single bond (C4-O1 1.315(2), cf.
Σrcov(C�O)=1.38, Σrcov(C=O)=1.24 Å).[20] Due to intermolecular
hydrogen bonds (heavy atom distance: N···O=2.74 Å, Figure 3
bottom), chains along 100 are formed with N2C5O moieties
parallel to each other. In agreement with quantum mechanical
calculations at the DLPNO-CCSD(T)/def2-QZVP//PBE-D3/def2-
QZVP level of theory (Scheme 1, Table S9, ESI), the enol isomer
4a is thermodynamically favoured over the keto form 4b by
�1.2 kJ/mol in the gas phase or �11.8 kJ/mol in DMSO,
respectively, which also underpins the absence of the keto form
in the NMR spectra (vide supra). Interestingly, the enol isomer
4a’, exhibiting an intramolecular hydrogen bond between the
OH group and the CN π bonding system, is favoured by
�14.3 kJ/mol in the gas phase. The inclusion of solvent effects
in the calculation (SMD model, PBE-D3/def2-QZVP level of
theory) changes the situation, as now 4a becomes more stable
(by 4.9 kJ/mol) compared to 4a’. Obviously, the formation of
intermolecular hydrogen bonds in the solid state leads to a
chain-like structure, as mentioned earlier, and therefore also
stabilizes the whole molecular system in the solid state.

Finally, we compared the enol isomer 4a produced by us
according to Scheme 2 with commercially available “keto
isomer 4b”. Since all analytical data of both substances agreed,
we concluded that the commercially available “keto isomer 4b”
is also the enol isomer 4a. Moreover, note that the ketenimine
isomer 4c is also much less thermodynamically favourable than

Table 1. Selected NMR data of 4a and the two adducts in DMSO-d6 at RT.

Nucleus Position 4a 4a ·B 4a · 2B

1H OH 14.67 14.55/14.65 13.99

CH3 2.21 2.15 2.13
11B B(C6F5)3 – �1.2 �1.0
13C CH3 21.3 21.7 22.3

COH 189.3 189.2 189.3

C(CN) 58.7 56.6 55.5

(E)-CN 114.0 115.0 115.7

(Z)-CN 116.0 116.8 117.8

i-C – 118.9 118.8

o-CF – 147.2 147.2

m-CF – 136.3 136.2

p-CF – 139.2 139.1
19F o-CF – �133.2 �133.2

m-CF – �164.0 �164.0

p-CF – �157.4 �157.4

Figure 3. Top: Molecular structure (ORTEP) of 4a in the crystal (T=123 K,
ellipsoids at 50% probability). Selected bond lengths [Å] and angles [°]: C1-
C2 1.424(2), C1-C3 1.426(2), N1-C2 1.143(2), N2-C3 1.147(2), C1-C4 1.369(2),
C4-O 1.315(2), C4-C5 1.488(2), C2-C1-C3 118.0(2), C1-C2-N1 178.9(2), C1-C3-
N2 179.5(2), C2-C1-C4 121.1(2), C3-C1-C4 120.8(2), C1-C4-O 117.1(2), C1-C4-
C5 122.7(2), C4-O-H1 109(2), N1-C1-C4-O 0.0(2), N1-C1-C4-C5 180.00(8).
Bottom: view along 001 displaying intermolecular hydrogen bonds that lead
to chains along the a axis. Color code: O red, C grey, N blue, H light grey.
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the enol isomer 4a (48.9 kJ/mol), in accord with experiment (no
observation).

Synthesis and characterization of the

tris(pentafluorophenyl)borane monoadduct (4 ·B)

The synthesis of the tris(pentafluorophenyl)borane adduct (4 ·B)
started with dissolving 4a and the borane B in diethyl ether at
a slightly elevated temperature (50 °C, Scheme 3). The diethyl
ether was then slowly distilled off until crystallization was
observed. This solution was stored in a refrigerator. From such a
suspension, colorless crystals of the monoadduct 4a ·B ·OEt2
could be isolated as etherates in about 80% yield (Figure 4).
Other solvents were also tested to avoid hydrogen bond
formation with the diethyl ether, but the solubility in toluene
was too low and in the case of CH2Cl2 only an oily residue was
obtained. That is, so far, we have not succeeded in synthesizing
a diethyl ether-free monoadduct. However, the formation of the
monoadduct led to an increased acidity of 4a and thus to a
stronger polarization of the O�H bond, so that a strong
OH···OEt2 hydrogen bond was formed. This can also be under-
stood as a “transition” to salt formation in the sense of

Meerwein salt[21] formation of the type [HOEt2]
+[(C6F5)3B-NC-

C(CN)=C(Me)-O]�.
NMR measurements in DMSO-d6 as well as in CD2Cl2

indicated the exclusive formation of the enol-isomer-borane
monoadduct (4a ·B · Et2O, Table 1); so, all expected signals were
found in the 1H, 13C, 19F, and 11B NMR spectra. While hardly any
significant shift of the OH proton was observed in the 1H NMR
spectra for 4a ·B · Et2O (cf. 4a: 14.7, 4a ·B 14.6 ppm), a strong
high-field shift (�1.2 ppm, Δδ=60.9) appeared for the 11B
borane signal upon adduct formation, which was reported
previously (cf. B(C6F5)3: δ11B=59.7 ppm).[8,22–25] Surprisingly, the
1H NMR signal of the OH proton split at higher temperature, so
that two different species were observed. Presumably, the
equilibrium between the uncoordinated and the coordinated
Et2O to 4a ·B is responsible for this. The presence of 4a ·B · Et2O
in the solid state was unequivocally proven by SCXRD (Figure 4).
4a ·B · Et2O crystallized in the monoclinic space group P21/c with
Z=4. As illustrated in Figure 4, the Lewis acid B(C6F5)3 is
selectively attached to the (Z)-CN group and there are only
rather small deviations (<5°) from planarity of the C5O frame-
work of the 4a unit in 4a ·B · Et2O. There are no significant
intermolecular interactions between two or more 4a ·B · Et2O
molecular entities, such as a hydrogen bond as discussed in 4a

(vide supra). However, there is a strong C�O···H···OEt2 hydrogen
bond with a heavy atom distance of d(O1···O2)=2.500(2) Å.
Moreover, upon adduct formation the C1-C2 and C1-C3 bonds
are slightly shortened while the C1-C4 bond with 1.381(2) Å is
slightly elongated (cf. 4a: 1.369(2) Å). The B�N bond length
with 1.581(2) Å is in the typical range of a B�N single bond
(Σrcov(B�N) 1.56 Å).[20]

Monoadduct formation is an exergonic process (ca.
20 kJ/mol, Scheme S7, level of theory: PBE0-D3/def2-TZVP). The
relative Gibbs energies of the isomers in the gas phase indicate
that all enol species are thermodynamically favoured over the
keto form (Scheme 4). Both isomers that have an intramolecular
hydrogen bond ((E)-4a’ ·B and (Z)-4a’ ·B) are slightly thermody-
namically favoured over the (E)- and (Z)-4a ·B species, with the
(Z)-4a’ ·B isomer being the most stable isomer in the gas phase.

Scheme 3. Synthesis of tris(pentafluorophenyl)borane monoadduct as ether-
ate.

Figure 4. Molecular structure (ORTEP) of 4a ·B·Et2O in the crystal (T=123 K,
ellipsoids at 50% probability). Selected bond lengths [Å] and angles [°]: C1-
C2 1.408(2), C1-C3 1.424(2), N1-C2 1.141(2), N2-C3 1.144(2), C1-C4 1.381(2),
C4-O 1.295(2), N1-B1 1.581(2), C2-C1-C3 118.0(2), C1-C2-N1 177.6(2), C1-C3-
N2 179.2(2), C2-N1-B1 172.4(2), C2-C1-C4 119.2(2), C3-C1-C4 122.5(2), C1-C4-
O 116.9(2), C1-C4-C5 121.5(2), C4-O-H1 116(2), N1-C1-C4-O 6.0(2), N1-C1-C4-
C5 �173.5(2); Color code: O red, C grey, N blue, H light grey, B brown, F light
blue.

Scheme 4. Isomers of 4 ·B. Relative Gibbs energies (kJ/mol) (= isomerization
energies) at the DLPNO-CCSD(T)/def2-QZVP//PBE-D3/def2-QZVP level of
theory and including solvation in brackets (due to SMD model using PBE-D3/
def2-QZVP).

Eur. J. Org. Chem. 2024, 27, e202301061 (4 of 7) © 2024 The Authors. European Journal of Organic Chemistry published by Wiley-VCH GmbH

Research Article

doi.org/10.1002/ejoc.202301061

 10990690, 2024, 7, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/ejoc.202301061 by U
niversitaet R

ostock U
niversitätsbibliothek R

ostock, W
iley O

nline Library on [02/08/2024]. See the Term
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons License



In the solid state as well as in solution, however, hydrogen
bonding with the solvent is favoured over species featuring
intramolecular hydrogen bonds, in accord with the experiment
(Figure 4, Scheme 4).

Synthesis and characterization of the

tris(pentafluorophenyl)borane diadduct (4·2B)

The synthesis of 4a ·B · Et2O was slightly modified by combining
one equivalent of 4a and two equivalents of B(C6F5)3 in diethyl
ether (Scheme 5). Unfortunately, in this case the solubility was
too low to isolate a product or to grow crystals. Therefore,
different solvents were tested. In case of dichloromethane,
colorless single crystals were obtained, whereas the use of
fluorobenzene just led to the isolation of a colorless powder,
but not to the formation of single crystals.

After addition of CH2Cl2 to a solid mixture of 4a and two
equivalents of B(C6F5)3, the slightly yellow solution was
completely degassed, heated to 42 °C (water bath) and kept in a
water bath overnight leading to colorless crystals suitable for X-
ray structure elucidation. Further concentration of the solution
in vacuo and slowly cooling to �40 °C increased the overall
yield to about 70%.

As shown in Table 1, the 1H NMR spectrum showed a signal
for both the Me and the OH groups in both solvents and in a
region comparable to the monoadduct (e.g. δ1H
OH=13.99 ppm, cf. 14.55 ppm in 4a ·B). In the 11B spectrum,
however, only a very broad signal at �1.0 ppm was found,
which was also very strongly high-field shifted (δ11B B=

59.7 ppm). In the 13C spectrum, as expected, two signals were
again found for two inequivalent CN groups (due to hindered
rotation around the C=C double bond), while the 19F spectrum
displayed only three signals due to equivalent ortho, meta, and
para positions, respectively; however, it was impossible to
distinguish between the two borane units.

Structure elucidation of the colorless crystals revealed the
presence of the desired diadduct as CH2Cl2 solvate, 4a · 2B · 0.96
CH2Cl2, which crystallized in the monoclinic space group P2/c
with a disordered solvent molecule and a mirror plane along
the C1-C3 axis, resulting in disorder of the OH/Me groups
(Figure 5). Similar to the structure of the monoadduct, the
deviation from planarity of the C5O moiety in the diadduct is
small (<5°) and a double bond (1.369(7) Å) was found between
C1-C3 and a single bond (1.410(4) Å) between C1-C2. The C1-
C2-N1 and also the C2-N1-B1 units are nearly linear (178.5(3),
178.0(3)°) and the borane is linked by a typical B�N donor-
acceptor bond (1.593(4) Å, cf. 1.581(2) Å in the monoadduct).

Like the exergonic formation of the monoadduct (ca.
�20 kJ/mol, Scheme S7, level of theory: PBE0-D3/def2-TZVP),
the second step, the formation of the diadduct, is also an
exergonic process (ca. �10 kJ/mol), whereby the Gibbs energy
is almost halved. Computations at the DLPNO-CCSD(T)/def2-
TZVP//PBE-D3/def2-TZVP level of theory show again that the
enol isomers are thermodynamically favoured over the keto
form by 22.3 kJ/mol (Scheme 6). In the gas phase, isomer
4a’ · 2B, featuring an intramolecular hydrogen bond, is also
slightly favoured over 4a · 2B (�10.3 kJ/mol), which changes
when polar solvents are added in the computations
(9.5 kJ/mol), in agreement with experimental data.

Scheme 5. Synthesis of tris(pentafluorophenyl)borane diadduct.

Figure 5. Molecular structure (ORTEP) of 4a · 2B · 0.96 CH2Cl2 in the crystal
(T=123 K, ellipsoids at 50% probability). Selected bond lengths [Å] and
angles [°]: C1-C2 1.410(4), N1-C2 1.134(4), C1-C3 1.369(7), C3-O 1.39(3), N1-B1
1.593(4), C2-C1-C2’ 119.9(4), C1-C2-N1 178.5(3), C2-N1-B1 178.0(3), C2-C1-C3
123(2), C2’-C1-C3 117(2), C1-C3-O 120(2), N1-C1-C3-O �179(2), N1-C1-C3-C4
3(4); Color code: O red, C grey, N blue, H light grey, B brown, F light blue.
Symmetry code (‘): x, 1�y, 1=2+z. Disorder not shown.

Scheme 6. Isomers of 4 · 2B. Relative Gibbs energies (kJ/mol) (= isomer-
ization energies) at the DLPNO-CCSD(T)/def2-TZVP//PBE-D3/def2-TZVP level
of theory and including solvation in brackets (due to SMD model using PBE-
D3/def2-QZVP).
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Discussion of pKa values and EAS

The pKa values of 4 and its borane adducts in different reaction
media were calculated (see ESI, Table S25). Both the enol
isomers 4a and 4a’ and the keto form 4b are moderately
strong to strong acids in water (pKa(4a, H2O)=3.2, pKa(4a’,
H2O)=2.6, pKa(4b, H2O)=�3.2). As can be seen from Table 2,
adduct formation leads to a dramatic increase in the acidity of
4a ·B, 4a’ ·B and 4b ·B (�1.8, �3.2 and �9.3) compared to the
parent species. In both cases, the acidity in water (or CH2Cl2)
increases by about 6 (7–10) pKa units during monoadduct
formation and again by about 4 (5–8) pKa units during the
second adduct formation step, so that both borane-adduct
acids are more acidic than, e.g., H3O

+ but less strongly acidic
than the analogous HC(CN)3 adduct acids. That is, in each case
the adduct formation leads to a stronger polarization of the
O�H bond and thus to increased acidity. Such an effect was
already reported by Beckmann and co-workers for water and
other weak acids.[26]

As mentioned in the introduction, the borane adducts of
HC(CN)3 show electrophilic aromatic substitution reactions. To
obtain a more accessible and manageable compound (no
decomposition in solution), 4a should be used as a “linker”
between malononitrile and HC(CN)3 in such an EAS process. It
was known that the malononitrile adducts did not show EAS
like the HC(CN)3 adducts. For this reason, a mixture of 4a and
one or two equivalents of borane was stirred with benzene at
60 °C for 8 h to test the possibility of EAS. Unfortunately,
reactant 4a and its borane mono- and diadduct remained
unchanged and no EAS was observed as indicated by the NMR
spectra.

Conclusions

2-(1-Hydroxyethylidene)malononitrile (4) is a compound widely
used in synthetic chemistry and commercially available as a
putative keto isomer. In the literature, the compound is
discussed either as keto (4b) or enol form (4a, 4a’). We have
now shown by NMR and SCXRD experiments that 4 exists
exclusively as an enol both in solution and in the solid state,
which is also consistent with theoretical calculations, showing a
significant thermodynamic preference of the enol over the keto
form. Polar solvents such as Et2O or DMSO lead to an even
stronger preference for the enol form. Two isomers 4a and 4a’

can be considered for the enol form: one with (4a’) and one
without (4a) an intramolecular hydrogen bond. The former is
somewhat more thermodynamically stable in the gas phase,
while the latter becomes more stable when a polar solvent is
present due to the formation of a hydrogen bond with the
solvent.

Exergonic adduct formation with the Lewis acid B(C6F5)3
further increases the thermodynamic stability of the enol
species with regard to the keto form. Furthermore, upon adduct
formation the acid strength is drastically increased, so that, for
example, in the case of the monoadduct 4a ·B, it was possible
to isolate an etherate that exhibits very strong hydrogen
bonding with a diethyl ether molecule and can be regarded as
a transition to a Meerwein salt. The diadduct formation is also
exergonic, but the second borane addition step is slightly less
exergonic compared to the monoadduct formation.
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Table 2. Calculated pKa values of cyanide containing Brønsted acids.[a]

Compound Gas phase H2O CH2Cl2

HCN[b] 260.5 18.1 –

HCN·B[b] 210.9 1.9 –

H2C(CN)2
[b] 241.4 – –

H2C(CN)2 ·B
[b] 207.8 – –

H2C(CN)2 · 2B
[b] 187.3 – –

HC(CN)3 (1a)
[b] 214.8 �5.4 45.3

HC(CN)3 ·B (1a ·B)[b] 187.3 �13.3 32.9

HC(CN)3 · 2B (1a · 2B)[b] 169.8 �21.3 25.2

4a 224.0 3.2 55.2

4a’ 227.2 2.6 55.2

4b 222.2 �3.2 50.2

(Z)-4a ·B 201.9 �1.8 47.8

(Z)-4a’ ·B 205.2 �3.2 46.8

4b ·B 196.5 �9.3 40.9

4a · 2B 187.1 �5.2 41.0

4a’ · 2B 190.4 �6.9 41.6

4b · 2B 108.6 �13.4 33.2

[a] the full set of data including all three solvents (H2O, DMSO, CH2Cl2) is
given in Table S25 (see ESI); [b] taken from reference [8].
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Tricyanomethane or Dicyanoketenimine—Silylation makes the
Difference
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In memory of Prof. Dr. Andreas Kornath

Abstract: Pseudohalides such as tricyanomethanide,

[C(CN)3]
�, are well known in chemistry, biochemistry

and industrial chemistry. The protonated species HC-

(CN)3, a classic hydrogen pseudohalide Brønsted acid, is

a very strong acid with a pKa value of �5. However,

HC(CN)3 is difficult to handle as it tends to decompose

rapidly or, more precisely, to oligo- and polymerize.

Therefore, silylated pseudohalide compounds with the

[Me3Si]
+ as the “big organometallic proton” have

become interesting, exhibiting similar chemical proper-

ties but better kinetic protection. Here, the stepwise

silylation of the pseudohalide anion [C(CN)3]
� is

reported, forming the heavier homologue of HC(CN)3,

namely [Me3Si][C(CN)3], and in presence of two addi-

tional [Me3Si]
+ cations even the dicationic species

[(Me3Si�NC)3C]
2+ as stable [B(C6F5)4]

� salt. Surpris-

ingly, in contrast to the protonated species HC(CN)3, in

which the proton is bound to the central carbon atom of

[C(CN)3]
�, silylation of the [C(CN)3]

� anion occurs at

one of the three terminal nitrogen atoms, thus forming

the long-sought dicyanoketenimine [Me3Si�NC�C-

(CN)2]. All further silylation steps take place exclusively

on the terminal N atoms of the three CN groups and not

on the central carbon atom, until the intriguing, highly

symmetrical dication, [(Me3Si�NC)3C]
2+, is finally gen-

erated. The experimental data are supported by quan-

tum chemical calculations in terms of thermodynamics

and chemical bonding.

While the cyanide ion, CN�, is the smallest pseudohalide,

the cyanide derivatives [C(CN)3]
�, tricyanomethanide, and

[N(CN)2]
�, dicyanoamide, are referred to as non-linear,

resonance-stabilized pseudohalides.[1,2] They can be formally

derived as pseudohalides using Grimm’s hydride displace-

ment law starting from [CH3]
� and [NH2]

� by substituting

the hydrogen atoms for the CN group that allows delocaliza-

tion of the lone pair of the central carbon or nitrogen

atom.[3,4] The latter effect decreases the basicity of the anion

but strongly increases the acidity of the corresponding

protonated species (cf. pKa
H2O(CH4) = 44 vs. pKa

H2O(HC-

(CN)3) = �5).[5–7] In addition to reducing the basicity of the

[C(CN)3]
� anion, the introduction of the CN groups also

means that there is now competition between the central

carbon atom and the terminal nitrogen atoms, which also

have a free electron pair, so that both atoms are formally

available as a basic center for protonation (Scheme 1, top).

The π bonding system in [C(CN)3]
� can be formally

described as a delocalized 8π-electron-7-center bond (vide

infra). The tricyanomethane-dicyanoketenimine equilibrium

can be influenced; for example, when strong Lewis acids

such as B(C6F5)3 are added to one or more CN groups, the

equilibrium will be shifted to the side of the ketenimine.[8]

As Banert et al. were able to show experimentally,[9]

tricyanomethane (also called cyanoform, 1) is, in agreement

with calculations,[10] the thermodynamically more stable
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isomer compared to the ketenimine tautomer (2). This

applies both in solution and in the solid state.[9] One of the

first indications of the existence of cyanoform 1 came from

Kornath et al. who succeeded in producing 1 by protonation

of Ca[C(CN)3]2 with HF,[11] while Banert et al. pursued

several routes, with the reaction of [C(CN)3]
� alkali metal

salts with H2SO4 and subsequent sublimation being the best

variant.[9]

The tautomeric equilibrium between the tricyanome-

thane (1) and dicyanoketenimine (2) has already been

discussed by Kornath, Banert and others in solution

(Scheme 1).[12,13] This equilibrium is held responsible for the

thermodynamic instability of the Brønsted acid in solution,

as the dicyanoketenimine tends to oligomerize rapidly. In

contrast, 1 is stable as solid because it is additionally

stabilized by intermolecular hydrogen bonds (Figure S1).[9]

The dicyanoketenimine 2, formed by photolysis of dicyano-

vinyl azide, has so far only been detected in an argon

matrix,[9] but not as bulk material, as it polymerizes

immediately in solution. Here we want to report that the

substitution of H+ by the “big organometallic proton”[14–16]

[Me3Si]
+ leads to an exchange of carbon as donor atom to

nitrogen as donor atom in the [C(CN)3]
� anion, forming the

long-sought ketenimine tautomer (4), which was obtained as

single-crystalline material. This also applies to all further

silylation steps, which ultimately lead to a stable

[(Me3Si�NC)3C]
2+ dication, in which all three terminal

nitrogen atoms act exclusively as donor atoms.

We started this project with optimization of literature

syntheses of 1 and its silver salt, Ag[C(CN)3] (see ESI).

With highly pure Ag[C(CN)3], Na[C(CN)3] and HC(CN)3 in

hand, we tried different approaches to generate either

silylated tricyanomethane species [Me3Si�C(CN)3] (3) or

dicyanoketenimine [Me3Si�NC�C(CN)2] (4, Scheme 2, route

A - C). The syntheses starting from Na[C(CN)3] and

(Me3Si)2SO4 did not lead to good yields in the absence of

solvents or did not work at all in presence of DMSO-d6

(route B); the reaction of HC(CN)3 with Me3SiH also did

not work, although molecular hydrogen might be formed as

side product (route C). The best synthesis route in terms of

feasibility, yield and purity of the products is the reaction of

Ag[C(CN)3] with Me3Si�I in diethyl ether at �80 °C (route

A, X= I). After 4.5 h reaction time at �80 °C, all volatile

components were removed, and a pale-yellow residue

remained. Recrystallisation from diethyl ether between �40

and �80 °C led to the formation of colourless single crystals

with a yield of 54%. It should be noted that the yellow

colour is already caused by traces of oligomers. Even at

temperatures as low as �80 °C, the onset of oligomerization

cannot be completely prevented. SC-XRD unequivocally

proved the presence of the hitherto unknown dicyanoketeni-

mine tautomer, [Me3Si�NC�C(CN)2] (4), in the solid state

(Figure 1, middle). In contrast to HC(CN)3, ketenimine 4 is

already unstable in the solid state at room temperature, so

that it can only be stored for a few days in the refrigerator

below �40 °C. After this time, considerable polymerisation

can already be observed. In solution, 4 begins to oligomerize

immediately at RT; at lower temperature it proceeds more

slowly, i.e. the analytics in solution must be carried out very

Scheme 2. Silylation reactions of tricyanomethanide salts and HC(CN)3.

Figure 1. ORTEP diagram of 1 (top), 4 (middle) and 5[B(C6F5)4]2
(bottom, anions omitted for clarity) in the crystal. Thermal ellipsoids
set at 50 % (123 K). Selected structural data are listed in Table 1.
Intermolecular interactions in 1 and 4 as well as anions of 5[B(C6F5)4]2
are shown in Figures S1–S5.
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quickly. Nevertheless, 1H, 13C, 15N and 29Si NMR data could

be obtained (see ESI). As expected for a covalently bound

Me3Si group, the signal for Me3Si is observed at δ[29Si] =7.4

and for the nitrogen atoms a broad resonance at δ-
[15N] =�231.8 ppm [cf. 2.4 and �345 ppm in N(SiMe3)3].

[17]

The formation of the ketenimine tautomer can also be

confirmed by Raman spectroscopy. While two Raman bands

are observed for the C3v-symmetric HC(CN)3 (νs(CN,

A1) =2287, νas(CN, E) =2269 cm�1),[9] which would also be

expected for the silylated tricyanomethane (3, Scheme 1),

three CN bands (ν1(CN, A’) =2243, ν2(CN, A’’) =2207,

ν3(CN, A’) =2180 cm�1) are found in the Raman spectrum

for 4 due to the symmetry reduction from C3v to approx-

imate Cs symmetry in 4.

The successful synthesis of ketenimine 4 prompted us to

attempt further silylation reactions with the aim of generat-

ing the monocation [(Me3Si�NC)2C(CN)]+ (6+) and the

persilylated dication [(Me3Si�NC)3C]
2+ (52+) as [B(C6F5)4]

�

salts (Scheme 3). For this purpose, we treated the borate salt

[Me3Si�H�SiMe3][B(C6F5)4] dissolved in toluene with a

suspension of HC(CN)3 (1) in toluene at �80 °C. It is

important to note that the suspension of 1 in toluene

prepared at RT must be prepared and added to the borate

salt very quickly, otherwise oligomerization of 1 at RT will

occur rapidly. After a reaction time of two hours at �80 °C,

the work-up begins with a slow heating to 50 °C, during

which the formation of a yellow solution with an orange

precipitate is observed. Recrystallization from fluoroben-

zene/hexane led to the isolation of colourless crystals

(yield =77%), which were suitable for SC-XRD experi-

ments. These studies revealed the presence of a [B(C6F5)4]
�

salt with the unusual [(Me3Si�NC)3C]
2+ (52+) dication in

which all three silyl groups are attached to the nitrogen

atom of the three cyano groups (Figure 1, bottom). Dica-

tionic salt 5[B(C6F5)4]2 with its three silyl groups is signifi-

cantly more stable than the monosilylated neutral keteni-

mine 4; spontaneous decomposition only occurs in the solid

state above 105 °C. Solutions of 52+ can be handled at

ambient temperatures and are also more stable with respect

to oligomerization. The chemical shift at 42.4 ppm in the 29Si

NMR spectrum is slightly downfield shifted compared to

that of 4 (cf. 7.4 ppm). The same holds true for the 15N NMR

signal at �209.2 ppm (cf. �231.8 ppm for 4). IR spectro-

scopic experiments show a band at 2245 cm�1 which can be

assigned to the νas(CN) (E symmetry; cf. 2269 cm�1 in 1) for

C3v-symmetric 52+ in agreement with computations (see

ESI). Finally, we attempted the synthesis of the disilylated

monocationic species, [(Me3Si�NC)2C�CN]+ as [B(C6F5)4]
�

salt (6[B(C6F5)4], Scheme 3) by treating 5[B(C6F5)4]2 with

monosilylated ketenimine 4 at �60 °C in CH2Cl2. However,

reaction control experiments, using 1H and 29Si NMR

techniques, showed that a highly dynamic equilibrium is

established at ambient temperatures and decomposition is

observed at the same time, while the 5[B(C6F5)4]2 salt

crystallizes out at low temperatures as it has a significantly

lower solubility than the monocationic salt 6[B(C6F5)4].

Therefore, all attempts to isolate highly labile 6[B(C6F5)4]

failed.

All three formal [C(CN)3]
� derivatives (1, 4 and 5[B-

(C6F5)4]2) could be isolated and studied by SC-XRD, as

depicted in Figure 1. Ketenimine 4 and salt 5[B(C6F5)4]2
crystallize in monoclinic space groups C2/c and P21/n,

respectively, while the orthorhombic space group Pna21 is

found for crystals of 1.[9] Molecular species with a C(CN)3
unit as a structural core motif were found for all three

species. Furthermore, for 1 there are three hydrogen

(C�H···N) bonds per C�H bond with one nitrogen atom of

three neighbouring HC(CN)3 molecules (Figure S1). Short

Si�C(H2)�H···N contacts, indicating weak van der Waals

interactions, are also observed in 4, resulting in the

formation of a 3D network within the crystal (Figure S3),

while in 52+ no significant interionic interactions are

observed. The most prominent structural feature in all

considered species is the structure of the C(CN)3 moiety,

which is C3v-symmetric for 1 and 52+ but only approximate

Cs-symmetric for 4. However, while 1 has a strongly

distorted tetrahedral molecular structure, with a strong

deviation from planarity of the C(CN)3 unit (ΣaC1=

335.9(6)°), 4 adopts a nearly trigonal-planar environment

around the central carbon atom (ΣaC1=360.0(3)°), as does

52+ (ΣaC1=360.0(6)°). The planarity of the C(CN)3 unit as

well as the slightly shorter C�C and slightly longer C�N

distances in 4 and 52+ compared to 1 indicate a better

resonance stabilization of the π electrons within the C(CN)3
moiety in the silylated compounds (Table 1).

To shed some light into the thermodynamics and

bonding situation, in particular with respect to the tautomers

1/2 and 3/4, DFT (PBE(0)-D3 for structure optimization)

and ab-initio computations (DPLNO-CCSD(T) for accurate

energies) utilizing a def2-QZVP basis set were carried out.

For the tautomeric equilibrium in dichloromethane solution,

a clear preference for tricyanomethane 1 over dicyanokete-

nimine 2 with a Gibbs energy difference of 38.5 kJmol�1 wasScheme 3. Synthesis of 5[B(C6F5)4]2 and 6[B(C6F5)4].
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computed (Table S10). This situation changes when hydro-

gen is exchanged for Me3Si. In this case, the picture is

reversed and the ketenimine tautomer 4 is energetically

favoured by approx. 39.9 kJmol�1 in comparison with 3.

Interestingly, the distortion of the planar C(CN)3 unit is not

responsible for this trend reversal, as the difference in

distortion energy between methane and ketenimine is

surprisingly low with ca. 18 kJmol�1 (Table S15) and, above

all, is almost identical for the two systems 1/2 (17.6) and 3/4

(17.8 kJmol�1). This in turn means that the improved

delocalization of the π electrons in the ketenimine tautomer

is not responsible for these opposite trends in energy.

According to NBO analysis, the comparison of the steric

exchange energy shows that it is significantly smaller in the

ketenimine tautomers, however, this differrence increases

significantly at the transition from the H-substituted pair 1/2

to the silylated pair 3/4 (�174 kJmol�1, Table S13). It can

therefore be assumed that the significantly larger Me3Si

group leads to a significantly larger steric repulsion in the

methane tautomer, so that it becomes more favourable in

terms of energy when it adopts the ketenimine structure,

where steric repulsion is significantly lower (Table S13).

According to NBO analysis, the energetically most

favoured Lewis representations of [C(CN)3]
�, 1, 4 and 52+

are shown in Scheme 4, which show an 8π-electron-7-center

bond (a lone pair at the central carbon atom together with

three CN π bonds) for [C(CN)3]
�, 4, and 52+. The lone pair

localized at the central carbon atom is strongly delocalized

into the empty antibonding π*(CN) bonds, leading to a

resonance with Lewis formulae containing a Ccentral=C=N(�)

unit (Scheme 1 and Schemes S5 - S10). The delocalization of

the lone pair at the central carbon atom (pz-lone pair NBO)

can also be seen from its occupation numbers, which with

1.34 (4), 1.42 (52+), and 1.43 ([C(CN)3]
�) deviates signifi-

cantly from the ideal value of 2. In addition to the out-of-

plane π system, there is also an in-plane π system that leads

to the expected CN triple bond in all species. In the silylated

compounds, the π system is partially delocalized even

further into the Me3Si groups, although this hyperconjuga-

tive effect is only weakly pronounced (E2
NBO =1–8 kJmol�1,

Figures S7–S10). A closer inspection of the molecular

orbitals showed a similar picture (Figure 2). In case of the

silylated compounds the 8π electrons show an interaction

with the silyl groups resulting in additional stabilization.

Finally, the calculated partial charges show a negative

central carbon atom (approx. �0.5) and an alternating

polarity in the bonds along C(central)
(�)
�C(+)

�N(�). Protonation

or silylation increases the charge transfer from [C(CN)3]
� to

H+/Me3Si
+ along the series 4 (�0.38e) < 1(�0.66e) < 52+

(�0.71e).

In summary, we have succeeded for the first time in

synthesizing and characterizing the long-sought, highly labile

dicyanoketenimine (4) by replacing the proton in cyanoform

(1) with a trimethylsilyl cation, which now closes this gap in

the chemistry of methanides and cyanides. Calculations

show that the larger steric repulsion in the tricyanomethane

tautomer compared to the dicyanoketenimine causes the

change in stability when hydrogen is replaced by Me3Si.

Further silylation of the silylated ketenimine (4) leads to the

formation of a new persilylated dication of the type

[(Me3Si�NC)3C]
2+ (52+), which is further stabilized by a

Table 1: Selected structural bond lengths (Å) and angles (°).

1 4 52+

C1�C2 1.478(3) 1.417(2) 1.405(4)
C1�C3 1.477(3) 1.419(2) 1.401(4)
C1�C4 1.478(4) 1.372(2) 1.405(4)
C2�N1 1.134(3) 1.147(2) 1.146(3)
C3�N2 1.136(3) 1.145(2) 1.147(3)
C4�N3 1.130(4) 1.156(2) 1.141(3)
N1�Si1 – 1.8035(9) 1.863(2)[a]

C2�C1�C3 112.0(2) 119.63(9) 120.1(2)
ΣaC1[b] 335.9(6) 360.0(3) 360.0(6)
C4�N3�Si1 – 161.62(9) 173.4(5)[a]

C2�C1�C3�C4 127.1(3) 179.7(2) 176.8(5)
N1�C1�N2�N4 129.8(2) 178.9(1) 176.1(3)

[a] averaged value. [b] sum of angles around C1. Scheme 4. Best Lewis representations of 1, 4, and 52+ according to
NBO analysis in comparison with that of [C(CN)3]

�.

Figure 2. Molecular orbitals of [C(CN)3]
� and 52+ featuring the formal

8π electron bonding situation.
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weakly coordinating counterion, formally turning the single

negative anion, [C(CN)3]
�, into a dication.

Supporting Information

The authors have cited additional references within the

Supporting Information.[18–55] Deposition numbers 2158912

(for 1), 2370187 (for 4), and 2370188 (for 5[B(C6F5)4]2)

contain the supplementary crystallographic data for this

paper. These data are provided free of charge by the joint

Cambridge Crystallo-graphic Data Centre and Fachinforma-

tionszentrum Karlsruhe access structures service.
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

 




 



  

  

  

  

  



 





  δ  δ  δ





δ δ δ δ  

δ

 δ  δ δ δ

δ      δ  

δδδδ
     



 

       



        

         

       –  –

–––





 



   







        



 
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





 −

   



















          

−



        

        



−





 −     −   



δ



δ





  δ     


    

      




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

           



        





          





          







−



   δ      

      

δ



δ
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





 











          







         

          



−







       



  (−40      

           



 −           





−mbar, −80

 −60         



−





(−40−

           

min bei −60

(−40−40

−mbar, −40

       

          

          



wird durch Abdekantieren bei −40       



         

    −mbar, −40  (−40 









      −mbar, −40



δ

δ−
δ−
       
δ−−

− − −  


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



  



  −       

         

           

−mbar, −          

−mbar, −      





           





−

δ

   

δ



δ

        

δ

        

δ−





δ





        

δ−−

−δ


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       

         

 −

          

   


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

δ−−
      

   δ−    

δ−

             



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

  

  

  

  

  

  1

  

  

  

α  

β  

γ  

  

  

ρ  

μ−1  

  

  

  

σ  

  

  

σ  

  

  

  

  

  

 





 

        

–

–

    –    

        





        

„PBESVP(D)“ etc. gekennzeichnet. Die 

       



Gitter von ORCA („DefGrid2“) durchgeführt. D   

      

   Gitter („DefGrid2“) für die numerische 

         



        









–

     

   

  QZVP). Die „TightPNO“

        

einstellung „NormalPNO“). Thermodynamische Größen auf diesem Theorieniveau wurden 

      





Solvatationsenergien Δ





           

      





𝐺298 KLsg. (DFT) = 𝐺298 KGas (DFT) + 𝛥𝐺Solv.(DFT) = 𝐸tot(DFT) + 𝛥𝐺298 K(DFT) + 𝛥𝐺Solv.(DFT)
𝐺298 KLsg. (CC) = 𝐺298 KGas (CC) + 𝛥𝐺Solv.(DFT) = 𝐸tot(CC) + 𝛥𝐺298 K(DFT) + 𝛥𝐺Solv.(DFT)
–



  –    

σ         

σ   σ  σ 

σ−σ















𝐺Diss.,Gas = 𝐺298 K(H⁺) + 𝐺298 K(A⁻) − 𝐺298 K(HA) −26−



p𝐾S = Δ𝐺°Diss.,GasR𝑇 log𝑒
der Dissoziation in Lösung Δ

        

 Δ        





           
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Daher wird ΔΔ𝐺°Diss.,Solv. = Δ𝐺°Diss.,Gas + [Δ𝐺°Solv.(H⁺) + Δ𝐺°Solv.(A⁻) −  Δ𝐺°Solv.(HA)] + R𝑇 ln (24,5)
             
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Solvatationsenergie des Protons Δ
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


− −

  − −
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Energie in a.u.; [b] thermische Korrektur der Gibb’s Energie in a.u.
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    Δ

 




− −

  − −

  − −

  − −

  − −

Energie in a.u.; [b] thermische Korrektur der Gibb’s Energie in a.u.
  

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

 



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        











Δ−

 





















→


     

→


     

      




− − − −  




− − − −  




− − − −  




− − − −  




−  −   

      

      









 





 











    Δ

 




− −

  − −

  − −

  − −

  − −

  − −

−  − 

  − −

  − −

  − −

  − −

  − −

  − −

Energie in a.u.; [b] thermische Korrektur der Gibb’s Energie in a.u.





 





         



    Δ 

 




− − −

  − − −

  − − −

  − − −

  − − −

  − − −

−  −  

  − − −

  − − −

  − − −

  − − −

  − − −

  − − −

u.; [b] thermische Korrektur der Gibb’s Energie in a.u.; [c]






 









Δ−












→   −
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



−















































































 





 







   

„Protonierung, Silylierung und Lewis
Pseudohalogenide“ 





















 
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