
Regular Article     PHYSICAL 
                                      CHEMISTRY 
                                                                                                                                                                                                               RESEARCH 

                                                                                                                                                                                                                         Published by the 
                                                                                                                                                                                                                 Iranian Chemical Society 
                                                                                                                                                                                         www.physchemres.org 
                                                                                                                                                                                        info@physchemres.org 
 
Phys. Chem. Res., Vol. 7, No. 3, 511-521, September 2019 
 
 

Novel N-heterocyclic Stannylenes (NHSns) Using DFT  
 

A.H. Zamanzadeha, N. Mohebia, M.Z. Kassaeea,b,*, P.T. Cummingsb and K. Dongb,c 
aDepartment of Chemistry, Tarbiat Modares University, P. O. Box: 14115-175, Tehran, Iran 

bChemical and Biomolecular Engineering, Vanderbilt University, Nashville, TN 37240 
cInstitute of Process Engineering, Chinese Academy of Sciences, Beijing, 100190 

 (Received 18 February 2019, Accepted 25 July 2019) 
 
      Substitution effects are probed for novel N-heterocyclic stannylenes (NHSns), including 1,4-di(R)-tetrazole-5-stannylenes (1R), and  
1,3-di(R)-tetrazole-5-stannylenes (2R), using B3LYP/6-311++G** level of theory. Nucleophilicity, multiplicity, and stability are calculated 
for 1R and 2R; R = H, methyl, ethyl, i-propyl, t-butyl, Ph, OH, methoxy, NO2, CN and CF3. Asymmetric 2H appears to be more nucleophilic 
(N  ̴  4) than its corresponding symmetric 1H isomer (N  ̴  3), mostly due to the higher separation of charge in the former group. The            
N is more sensitive to electronic effects in 1R stannylenes than those in the 2R series. Electron donating R groups increase N with       
Hammett ρ constants of -3.3 and -2.7 for 1R and 2R, respectively. Stannylene 2H is slightly more aromatic (NICS (1) = -10.31) than             
1H (NICS (1) = -10.25). All 1R isomers are more stable than the corresponding 2R. However, all 2R structures are generally more 
nucleophilic and aromatic than the corresponding 1R. In addition, the former is less electrophilic with a larger band gap and narrower 
stannylene bond angle. Substituent effects are probed on N by devising proper isodesmic reactions. The trend for N is: 2t-buthyl > 2iso-propyl > 

2ethyl > 2methyl > 2ph > 2OMeth > 1t-buthyl > 2OH > 2H > 1Ph > 1iso-propyl > 1OH > 1ethyl > 1methyl > 1OMeth > 1H > 2CF3 > 2NO2 > 2CN > 1CF3 > 1CN > 1NO2. 
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INTRODUCTION 
 
      N-Heterocyclic stannylenes are a class of organotin (II) 
compounds that are analogues of N-heterocyclic carbenes 
(NHCs) and are mostly of interest as organocatalysts [1-7] 
and ligands in organometallic chemistry [8-11]. They are 
applied as spectator ligands [12-18], biologically relevant 
compounds [19-23], and in material sciences [24-27]. 
Unlike carbenes, which usually have a triplet ground state, 
stannylenes have a singlet ground state. So, in contrast to 
triplet H2C:, the ground state of H2Sn: is singlet [28-30]. 
This phenomenon is attributed to the valence orbitals of tin 
(Sn) that have less tendency to form hybrid orbitals and thus 
the electrons in 5s orbital are still paired up [31]. Free 
stannylenes  stabilized by steric protection  and adducts with  
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Lewis bases are acknowledged [32].  
      The coordination chemistry and synthesis of stannylene 
have been studied [33,34]. The NHSns are stabilized 
through coordination of π-electron-donating and 
electronegative heteroatoms to the Sn empty p-orbital [34]. 
The NHSns have the potential of replacing NHCs ligands in 
metal complexes. The type-A NHSns [35-37] may be used 
as ligands for transition metals [38-40] (Scheme 1). Similar 
to NHCs [12-14], NHSns may coordinate to metals and 
form active metal complexes (Scheme 2). 
      Here, we have chosen novel NHSns for their apparent 
compliance with the four criteria of aromaticity. 
Specifically, we have carried out the standard DFT 
calculations on normal (1R) and abnormal (2R), since they 
are cyclic, rather planar, and have six electrons that can be 
continuously conjugated while following the Hückel        
(4n + 2) rule (Fig. 1). Hence, thermodynamic parameters are 
assessed  for  stannylenes  1R  and  2R; R = H, methyl, ethyl,  
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 i-propyl, t-butyl, Ph, OH, methoxy, NO2, CN and CF3. In 
addition, steric effects are probed on N by devising proper 
isodesmic reactions. 
 
COMPUTATIONAL METHODS 
 
      Geometry   optimization    were   carried   using  B3LYP 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
hybrid functional [54,55], with 6-311++G(d,p) [56] in 
Gaussian 03 [57]. Minima and transition states appeared 
with zero and one imaginary frequency, respectively. Based 
on these measurements, Gibbs free energy, thermal 
correction, zero-point vibrational energy, enthalpy, and 
entropy at 298.15 K and 1.0 atm were measured.  
The nucleophilicity index (N) [58] is measured as follows:  

 
Scheme 1. Examples of mono- and bi-dentate N-heterocyclic stannylenes A35-37, B41-48, C49-51 and D53 

 

 
Scheme 2. A possible example of an active metal complex of N-heterocyclic stannylene coordinated  

                              to a transition metal12-14 

 

     
Fig. 1. Scrutinized normal 1,4-dihydrotetrazastannole (1H), and abnormal 1,3-dihydrotetrazastannole (2H), at DFT. 
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      N = EHOMO(Nu) - EHOMO(TCNE)  
 
where HOMO(Nu) is that of NHSns and HOMO(TCNE) 
representing  the  reference tetracyanoethylene. In  addition, 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
for determining global electrophilicity (ω) [59], the 
following formula is used: 
 
      ω = (µ2/2η) 

             Table 1. The Highest Occupied Molecular Orbital  Energies (EHOMO/eV)  and  the Lowest 
                            Unoccupied Molecular Orbital Energies (ELUMO/eV), along with HOMO-LUMO 
                            Energy   Differences   (ΔΕHOMO-LUMO,  kcal mol-1),  Singlet-triplet  Energy  Gaps  
                            (ΔΕS-T, kcal mol-1),  Nucleophilicity (N), and  Global Electrophilicity (ω) for the  
                            Singlet States of Scrutinized NHSns, at the B3LYP/6-311++G** Level 
 

NHSns EHOMO ELUMO ΔΕS-T ∆EH-L N ω 

1H -6.51 -2.06 51.07 102.4 2.99 -4.13 

1methyl -6.06 -1.94 43.95 95.00 3.44 -3.88 

1ethyl -6.02 -1.91 44.9 94.68 3.48 -3.83 

1iso-propyl -5.95 -1.85 44.47 94.66 3.55 -3.71 

1t-buthyl -5.91 -1.80 45.84 94.74 3.59 -3.62 

1Ph -5.93 -2.47 38.73 79.75 3.56 -5.11 

1OH -5.95 -2.22 36.74 86.16 3.54 -4.47 

1OMeth -6.25 -2.22 38.5 92.72 3.25 -4.46 

1NO2 -8.20 -4.13 50.66 93.92 1.29 -9.34 

1CN -7.99 -3.90 52.25 94.34 1.51 -8.63 

1CF3 -7.88 -3.30 55.79 105.6 1.61 -6.83 

2H -5.93 -1.68 46.29 98.11 3.57 -3.40 

2methyl -5.61 -1.52 43.84 94.49 3.88 -3.10 

2ethyl -5.56 -1.48 43.93 94.10 3.94 -3.03 

2iso-propyl -5.48 -1.42 42.1 93.59 4.02 -2.93 

2t-buthyl -5.47 -1.38 44.28 94.33 4.03 -2.87 

2ph -5.63 -2.02 39.23 83.14 3.87 -4.06 

2OH -5.92 -2.01 37.04 90.26 3.58 -4.02 

2OMeth -5.78 -1.88 37.39 89.97 3.72 -3.75 

2NO2 -7.24 -3.65 36.21 82.90 2.26 -8.25 

2CN -7.37 -3.46 40.28 90.19 2.13 -7.50 

2CF3 -6.98 -2.75 45.65 97.54 2.52 -5.59 
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where µ (µ = (EHOMO + ELUMO)/2) is chemical potential and 
η (η = (EHOMO - ELUMO) is hardness [60]. 
 
RESULTS AND DISCUSSION 
 
      Theoretical measurements were employed to compare 
substitution effects on thermodynamic parameters of 1R and 
2R at DFT.Optimized structure of 1H and 2H are shown as 
the examples (Fig. 1).  
      Here, we have calculated stability (ΔΕS-T = ΕT - ES), 
nucleophilicity (N), electrophilicity (ω), and band gap 
(ΔΕHOMO-LUMO), for stannylenes with various groups 
including R = H, methyl, t-butyl, ethyl, i-propyl, Ph, OH, 
methoxy, NO2, CN, and CF3.  
      The nucleophilicity index (N) was first reported by 
Domingo  and  colleagues  [57].  Generally,   all  2R  isomers 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
show a greater N compared to 1R isomers (Table 1). As the 
results indicate, 2t-butyl (N = 4.03 eV) shows a greater N in 
comparison with its 1t-butyl isomer (N = 3.59 eV) (Table 1). 
This finding has many implications. First, asymmetric 2R 

stannylenes exhibit more kinetic accessibility in comparison 
with their corresponding symmetric 1R isomers, which have 
a greater steric hindrance. Second, stannylene angle for 
every 2R exceeds that of the corresponding 1R (Table 2). For 
instance, the stannylene angle is nearly 2.26° wider for 
2methyl, compared to 1methyl (Table 2). Third, for all 2R 
(except for 2Ph and 2OH) structures, the band gap appears to 
be narrower than the corresponding 1R (Table 1). 
      Fourth, all 2R isomers exhibit less stability than the 
corresponding 1R due to a smaller ΔΕS-T. Fifth, every singlet 
2R emerges at a higher energy level than its corresponding 
1R. Sixth,   every   triplet  2R  has  a  lower  energy  than  the 

       Table 2. Geometrical   Parameters   Including   Stannylenes   Bond  Angles  (N- nS ̂ -N)   (deg),  and  
                      Dihedral Angle (Sn-N1-N2-N3, D) in Degrees, at the B3LYP/6-311++G** Level of Theory 
 

Normal 

NHSns 
N- nS ̂ -N D 

Abnormal 

NHSns 
N- nS ̂ -N D 

1H 72.21 0.000 2H 75.46 0.000 

1methyl 73.52 0.001 2methyl 75.78 0.004 

1ethyl 73.64 0.455 2ethyl 75.85 0.268 

1iso-propyl 73.7 0.377 2iso-propyl 75.85 0.442 

1t-buthyl 73.97 0.007 2t-buthyl 75.8 0.002 

1Ph 73.46 0.861 2ph 75.34 1.586 

1OH 68.84 0.000 2OH 73.44 0.653 

1OMeth 69.95 0.836 2OMeth 73.74 0.091 

1NO2 67.47 0.059 2NO2 72.56 0.021 

1CN 71.57 0.000 2CN 74.1 0.023 

1CF3 71.09 0.007 2CF3 74.1 0.025 
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corresponding triplet 1R. 
      All 2R (except 2H) species are more nucleophilic than   
the corresponding 1R. In both 1R and  2R series,  N  increases 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
with an increase in the size of R. The π-electron-donating   
R groups exert more nucleophilicity than the electron-
withdrawing    groups.   For   instance,  2t-butyl   is   the   most 

 Table 3. The Nucleus  Independent  Chemical  Shift (NICS) Calculated at 0.5, 1, 1.5 and 2 Å above the Ring Center  
                for Singlet Stannylenes Normal (1R) and Abnormal (2R), at the B3LYP/6-311++G** Level of Theory 
 

Normal  

NHSns 
NICS (0) NICS (0.5) NICS (1) NICS (1.5) NICS (2) 

1H -12.18 -12.41 -10.25 -6.794 -4.196 

1methyl -9.54 -10.30 -9.01 -6.12 -3.80 

1ethyl -9.13 -10.10 -9.28 -6.46 -3.95 

1iso-propyl -8.09 -9.30 -8.76 -6.14 -3.76 

1t-buthyl -7.09 -8.20 -7.78 -5.55 -3.49 

1Ph -7.43 -7.63 -6.45 -4.85 -3.41 

1OH -12.20 -11.70 -8.96 -5.64 -3.34 

1OMeth -11.90 -12.00 -9.68 -5.80 -3.15 

1NO2 -8.01 -7.99 -6.55 -4.21 -2.41 

1CN -11.10 -10.80 -8.36 -5.31 -3.18 

1CF3 -8.33 -8.78 -7.37 -4.71 -2.76 
 

Abnormal 

NHSns 
NICS (0) NICS (0.5) NICS (1) NICS (1.5) NICS (2) 

2H -11.37 -11.86 -10.31 -7.17 -4.58 

2methyl -9.79 -10.60 -9.63 -6.89 -4.51 

2ethyl -9.66 -10.50 -9.59 -6.93 -4.57 

2iso-propyl -9.63 -10.60 -9.95 -7.10 -4.54 

2t-buthyl -10.40 -11.30 -10.20 -7.33 -4.86 

2Ph -8.46 -8.36 -7.45 -5.59 -3.79 

2OH -11.30 -10.90 -8.80 -6.02 -3.82 

2OMeth -10.90 -11.60 -9.97 -6.70 -4.01 

2NO2 -10.40 -9.87 -7.79 -5.37 -3.53 

2CN -11.10 -11.20 -9.41 -6.51 -4.17 

2CF3 -10.40 -10.90 -9.40 -6.48 -4.16 
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nucleophilic species (N = 4.03 eV), while                         
1NO2 (N = 1.29 eV) is the opposite. 
      The measured global electrophilicity (ω/eV) followed  
an opposing trend from N. Electrophilicity of every 1R is 
more than its corresponding 2R isomer. For instance,         
1NO2 (ω = -9.34 eV) shows the highest while                        
2t-butyl (ω = -2.87 eV) displays the lowest electrophilicity.  
      Stability (ΔΕS-T) of every 1R appeared to be more than 
that of 2R. Hence, 1CF3 (ΔΕS-T = 55.79 kcal mol-1) is more 
stable than 2CF3 (ΔΕS-T = 45.65 kcal mol-1). 
      The trend of ΔΕHOMO-LUMO showed that every 1R has a 
wider band gap than its corresponding 2R. Also, our 
calculations showed the trend of ΔΕHOMO-LUMO to be 
indirectly proportional to N (Table 1).  
      Our calculations indicate that every 2R has a larger  bond 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
angle and nucleophilicity relative to its corresponding 1R. 
Also, 1NO2 with a bond angle of 67.47° has the smallest 
bond angle in all scrutinized stannylenes (Table 2). 
      Nucleus-independent chemical shifts (NICS) were 
calculated at 0.5, 1, 1.5 and 2 Å above the ring                
center for every singlet stannylene 1R and 2R at the            
B3LYP/6-311++G** level of theory. Accordingly, every 2R 
(except 2OH) appears to be more aromatic than its 
corresponding 1R (Table 3). 
      Our findings also revealed that N is in direct association 
with the HOMO energy (ΕHOMO) for each species [61], 
showing a correlation factor of one (R2 = 1) (Figs. 1 and 2). 
      The order of N values in our analyses is congruent with 
the trend of substituents σ-donor abilities. In fact, a higher  
N  value  is  associated  with  a lesser σ Hammett substituent 

 
Fig. 2. Nucleophilicity for all the studied stannylenes appears as a function of ΕHOMO with a correlation factor of one (R2 = 1). 
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Scheme 3. Isodesmic equation normal (1R) and abnormal (2R) stannylenes 

 
 

        Table 4. Substituent  Effect Stabilization  Energies (SESE) through Isodesmic Reactions for Normal (1R) 
                       and Abnormal (2R) Stannylenes 
 

Equation        Isodesmic      reactions    SESE 

Normal (1R)      

1 1methyl        + 1'H ¾ 1'methyl       + 1H -0.000763 

2 1ethyl            + 1'H ¾ 1'ethyl             + 1H 0.000555 

3 1iso-propyl     + 1'H ¾ 1'iso-propyl    + 1H -0.000592 

4 1t-buthyl        + 1'H ¾ 1't-buthyl      + 1H -0.000193 

5 1NO2            + 1'H ¾ 1'NO2         + 1H 0.003156 

6 1CN           + 1'H ¾ 1'CN           + 1H 0.005067 

7 1CF3          + 1'H ¾ 1'CF3          + 1H 0.003463 

Abnormal (2R)       

8 2methyl            + 2'H ¾ 2'methyl       + 2H -0.003855 

9 2ethyl            + 2'H ¾ 2'ethyl        + 2H -0.005388 

10 2iso-propyl       + 2'H ¾ 2'iso-propyl    + 2H -0.004675 

11 2t-buthyl       + 2'H ¾ 2't-buthyl      + 2H -0.004641 

12 2NO2            + 2'H ¾ 2'NO2          + 2H 0.001995 

13 2CN            + 2'H ¾ 2'CN          + 2H 0.002661 

14 2CF3           + 2'H ¾ 2'CF3         + 2H 0.000728 
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constant. For example, 2t-butyl and 1NO2 exhibit N values of 
4.03 and 1.29 with σp of -0.10 and 0.7, respectively        
(Table 1). 
      Also, we designed isodesmic reactions to examine steric 
effects of substituents on N of all the structures. Isodesmic 
reactions (Scheme 3) provide a measure of relative 
substituent effect stabilization energy (SESE) [62]. The 
SESE values indicate that a methyl group provides extra 
stabilization in 1R (Table 4, Eq. (1)). Equation (9) shows a 
significant stabilization in 2R (SESE -0.0054 kcal mol-1), 
where 2ethyl is the most nucleophilic structure. Also, every 2R 
is more nucleophilic than 1R because of the lower steric 
effect (Table 4). The results also indicate that electron-
donating groups (EDG) enhance nucleophilicity, while 
electron-withdrawing groups (EWG) reduce it. 
 
CONCLUSIONS 
 
      A comparison is made between N of 1,4-disubstituted 
tetrazastannole (1R) and 1,3-disubstituted tetrazastannole 
(2R) at the B3LYP/6-311++G** level, for R = H, methyl, 
ethyl, i-propyl, t-butyl, Ph, OH, methoxy, NO2, CN and 
CF3. All 2R structures are more nucleophilic than the 
corresponding 1R. In addition, N increases with electron 
donating groups, the 2t-butyl and 1NO2 appear as the most and 
the least nucleophilic species, respectively. Hence, among 
the species studied (1R and 2R), 2t-butyl is the most 
nucleophilic structure. The trend of N for 2R species is:       
2t-buthyl > 2iso-propyl > 2ethyl > 2methyl > 2ph > 2OMeth > 2OH > 2H > 
2CF3 > 2NO2 > 2CN. The global electrophilicity (ω/eV) shows 
an opposite trend for N. Stabilities of 1R and 2R are 
presumed to be related to their ΔΕS-T. All 1R (except 1Ph and 

1OH) species appear to be more stable, but less nucleophilic, 
than the corresponding 2R isomers. Hence, N of an isomeric 
stannylenes appears to be indirectly proportional to its          
ΔΕS-T. In another word, the less stable is a stannylene, the 
more nucleophilic it may be. According to our calculations, 
all 2R (except 2OH) isomers emerge more aromatic than the 
corresponding 1R. 
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