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ABSTRACT: Experimentally unreachable reactive intermediates of triplet and quintet 

(nitrenoethynyl)-X-methylenes, (nitrenoethynyl)-X-silylenes, and (nitrenoethynyl)-X-germylenes 

were compared and contrasted at B3LYP, M06-2X, WB97XD, HF, MP2, MP4, CCSD, and 

QCISD(T) levels with 6-311++G(d,p) basis set (X–M–C≡C–N; M=C, Si, and Ge; X = H (1),  

Me (2), Et (3), Pr (4), i-Pr (5),  and t-Bu (6)). The effect of small and bulky groups on these 

acetylene linked reactive intermediates were studied. All triplet (nitrenoethynyl)-X-methylene 

species were identified as ground states with one local open-shell singlet carbene (δ1π1) and other 

local triplet nitrene moiety (π1π1) with 47.75-55.70 kcal/mol quintet-triplet energy gap (ΔEq-t). 

Silylene and germylene substitutions caused the reduction of ΔEq-t. One local closed-shell  

singlet silylene or germylene moiety (δ2π0) and one local triplet nitrene moiety (π1π1) were 

connected to make triplet (nitrenoethynyl)silylenes, and (nitrenoethynyl)germylenes. The species  

of (nitrenoethynyl)silylenes, and (nitrenoethynyl)germylenes could be applied as dipolar 

intermediates in mechanism identification of chemical reactions. Quintet states were found  

as ground states with one local triplet divalency moiety (π 1π1) and also other local triplet nitrene 

moiety (π1π1). 
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INTRODUCTION 

The calculated chemistry has always been one of  

the most important aspects to have a deep understanding 

of the performance of chemical reactions. Reactive 

intermediates and transition states, with their unstable 

structure, have had an important role in kinetic and 

 

 

 

thermodynamic properties of chemical reactions. 

intermediates are richer and also more intricate than their 

carbenes, nitrenes, silylenes, and also germylenes [6-18]. 

Hence, many researchers have focused on the study  

of carbenonitrenes, biscarbenes, as well as bisnitrenes. 
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The result of some studies presented 20 singlets,  

15 triplets, and one quintet for biscarbenes, while only 

one triplet state and three singlet states were found  

for carbenes as a diradical species [19, 20]. 

Linkers, which caused to connect reactive centers, 

were introduced as one of the most effective agents  

in structure, stability, multiplicity, and properties of these 

types of intermediates [10]. Theoretical and also experimental 

studies were declared orto-phenylene, para-phenylene, 

and meta-phenylene as valuable linkers [21-28]. Quintet 

ground state of meta-phenylene-bis-phenylmethylene, 

with two carbenic centers was formed by the photolysis 

of 1,3-bis-(α-diazobenzyl)-benzene [21]. Also, photolysis 

of 1,3-diazidobenzene at 77°K yielded quintet meta-

phenylenedinitrene that was found according to the previous 

theoretical study [22]. In addition singlet para-benzyne 

diradicals, singlet para-phenylenebis(chloromethylene), 

and phenylene-1,4-dinitrene were introduced through 

photolysis of their relative diazirine by experimental  

and theoretical chemistry [24, 25, 28]. Photolysis of  

bis-diazirine in a matrix-isolated in Ar at 10 K underwent 

elimination of two equivalent N2 to generate  

para-phenylene-bis(chloromethylene) [27]. 

Intermediates with two reactive centers, which 

connected through p-phenylene linker, were produced  

in an inert matrix at low temperatures. They were also 

investigated by different levels of theory [24-28].  

In this regards, singlet ground state was found for  parent  

p-phenylenebiscarbene and p-phenylenebisnitrene [24, 28]. 

Since p-phenylene linker caused the conjugative 

interaction between the diradical centers, singlet ground 

states were expected to promote antiferromagnetic 

couplings [7]. While, quintet ground states were 

introduced form-phenylene biscarbenes [21, 22]. Hence 

m-phenylene linker was more considered due to 

generation of high-spin organic species [23]. In spite of 

this fact that p-phenylene and o-phenylene reported  

very similar, o-phenylene linker could show some 

different behavior due to neighbor reactive centers [10]. 

Nonetheless, a few studies have been reported  

on o-phenylene linker [8]. 

Also besides linkers, various groups on divalency 

centers could display fundamental effect on their 

structures and properties [12, 25, 26, 28]. 

Notwithstanding that CC double bond or CC triple bond 

linkers could be an appropriate linker for the coupling of 

two reactive centers, a few studies were reported in this 

regard [9, 29-31]. Accordingly,  and following our 

previous study on (nitrenoethynyl)halomethylenes and 

(nitrenoethynyl)halosilylenes [30, 31], in this study  

(nitrenoethynyl)-X-methylenes, (nitrenoethynyl)-X-

silylenes, and (nitrenoethynyl)-X-germylenes were 

scrutinized at eight theoretical levels (X–M–C≡C–N;  

X = H (1), Me (2), Et (3), Pr (4), i-Pr (5),  and t-Bu (6)); 

M=C, Si, and Ge) (Fig. 1). Their theoretical study 

appeared to be imperative owing to the fact that  

they were experimentally unreachable. 

 

Computational methods 

The singlet (s), triplet (t), and quintet (q) states of 

(nitrenoethynyl)methylenes, (nitrenoethynyl)silylenes, 

and (nitrenoethynyl)germylenes were fully optimized at 

eight ab initio and DFT levels (Fig. 1). All calculations 

were carried out using the Gaussian 09 program  

package [32]. The standard 6-311++G(d,p) basis set used 

for ab initio included Hartree-Fock (HF) and the  

second-order Møller-Plesset (MP2) and also for density 

functional theory DFT with B3LYP, M06-2X, and 

WB97XD [33-36]. The MP2/6-311++G(d,p) optimized 

structures were used as input for single-point calculation 

at MP4, CCSD(T), and QCISD(T) levels with the same 

basis set due to improving the level of confidence of 

predictions [37-40]. All singlet states were computed 

with spin restricted wave functions, while the triplet and 

quintet states were computed using the unrestricted 

formalism. The harmonic vibrational frequencies and 

Zero Point Energies (ZPE) were computed for all DFT 

and HF optimized structures which weren’t included 

because of briefness. The Zero Point Energies (ZPE)  

at the HF and B3LYP were scaled by 0.89 and 0.98, 

respectively [41, 42]. 

Minimum structures displayed no imaginary 

frequency value while transition states showed just  

one imaginary frequency value. The natural bond orbital 

(NBO) population analysis was performed at the 

B3LYP/6-311++G(d,p) level [43]. In addition, HOMO-

LUMO calculations were obtained using the above 

method and basis set. 

 

RESULTS AND DISCUSSION 

Following our quest for new carbenonitrenes [30, 31], 

the steric effects on structure, dipole moment, atomic
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Fig. 1: The input structure for (nitrenoethynyl)-X-methylenes, 

(nitrenoethynyl)-X-silylenes, and (nitrenoethynyl)-X-

germylene with initially anticipated singlet(s), triplet(t),  

and quintet(q) states, (X-M-C≡C-N; M=C, Si, Ge;  X= H (1), 

Me (2), Et (3), Pr (4), i-Pr (5) and t-Bu (6)). 

 

charge, hybridization of atoms, stability, HOMO-LUMO 

band gap, and chemical reactivity of (nitrenoethynyl)-X-

methylenes, (nitrenoethynyl)-X-silylenes, and 

(nitrenoethynyl)-X-germylenes were compared and 

contrasted at B3LYP, M06-2X, WB97XD, HF, MP2, 

MP4, CCSD(T), and QCISD(T) levels using  

6-311++G(d,p) basis set (X–M–C≡C–N; M=C, Si, and Ge; 

X = H (1), Me (2), Et (3), Pr (4), i-Pr (5),  and t-Bu (6)) 

(Figs. S1-S2, Tables 1–5, S1-S5).  

All using levels of theory to the exclusion of HF/6-

311++G(d,p) introduced singlet ground states (were taken 

as references and set at 0.00 kcal/mol), while triplet and 

quintets were found at the second and at the least ranking 

of stability, in turn (Table 1).  

Among eight different levels of theory, B3LYP found 

quite reliable due to insignificant spin contamination than 

their corresponding levels (<S2>= 2.0 for triplet and 

<S2>= 6.0 for quintet states) (Table S1) [29, 30, 44-46]. 

Calculations introduced all singlet 

(nitrenoethynyl)alkylmethylenes, 

(nitrenoethynyl)alkylsilylenes, and 

(nitrenoethynyl)alkylgermylenes as neutral molecules 

with no carbene/silylene/germylene and nitrene moiety. 

(Nitrenoethynyl)alkylmethylenes (1Cs-6Cs) were made  

of one local open-shell singlet carbene moiety (π1π1)  

and other local open-shell singlet nitrene moiety (π1π1) 

that was completely agree with ‘‘c’’ canonical form (Fig. S1, 

Tables S2-S4). While their Si and Ge derivatives 

displayed one local closed-shell singlet silylene or 

germylene moiety (δ2π0) and the other local closed-shell 

singlet nitrene moiety (π2π0) (Fig. S1, Table S4).  

In addition, the regular population analysis including 

shapes and energies of the highest occupied molecular 

orbital (HOMO) and the lowest unoccupied molecular 

orbital (LUMO) was also performed at B3LYP/6-

311++G(d,p) (Fig. S2).  The C3-M4 bond indicated the 

highest contribution in their relative HOMO orbitals, 

while C2-C3 bond and M4 atomic orbitals revealed  

the highest contribution in their relative LUMOs.  

The HOMO–LUMO energy gap (ΔELUMO-HOMO) has been 

a conventional measure of kinetic stability [47]. 

Narrow HOMO–LUMO gap resulted to low kinetic 

stability and high chemical reactivity. While 

(nitrenoethynyl)-X-methylenes displayed larger HOMO–

LUMO gap (about 0.244-0.253 eV), (nitrenoethynyl)-X-

silylenes and (nitrenoethynyl)-X-germylenes 

demonstrated lower bandgap (about 0.101-0.103eV and 

0.095-0.102eV respectively) (Fig. S2). A smaller bandgap 

led to lower stability against electronic excitations and also 

lower hardness but higher chemical reactivity. 

Indeed the stable cyanoacetylenes and their Si and  

Ge derivatives were distinguished for all singlet species 

(X–M≡C-C≡N; M=C, Si, and Ge; X = H (1), Me (2),  

Et (3), Pr (4), i-Pr (5),  and t-Bu (6))  

(Fig. S1, Table S2-S4). Hence, we concentrated just  

on triplet and quintet (nitrenoethynyl)alkylmethylenes, 

(nitrenoethynyl)alkylsilylenes, and 

(nitrenoethynyl)alkylgermylenes. 

 
Triplet states 

Triplet states of the carbenonitrenes (1Ct-3Ct, 6Ct), 

silylenonitrenes (1Sit-4Sit, 6Sit), and germylenonitrenes 

(1Get, 2Get, 6Get) were found planar with Cs symmetry 

(Table 2). 

There are no significant changes for geometrical 

parameters of carbenonitrenes (Tables 2, 3). Replacement 

of C4 by silylene and germylene induced a smaller 

C3M4X5 bond angle through their atomic bigger size of Si 

and Ge. In addition, C3Si4X5 bond angle exposed upward 

trend owing to X5 growth: 6Sit (104.3°) > 5Sit (103.1°) >  

4Sit (102.5°) > 3Sit = 2Sit (102.4°) > 1Sit (96.5°). Also the same 

trend was observed for C3Ge4X5 bond angles:  

6Get (100.1°) > 5Get (99.3°) > 4Get (99.0°) > 3Get (98.9°) > 2Get 

(98.2°) > 1Get (93.6°) (Table 2). Moreover, larger bond 

length and smaller bond order were realized for C3-M4 

and M4-X5 than their corresponding in carbenonitrenes 

(Tables 2, 3). 

The lowest dipole moment was found for triplet 

species (Table 1). The highest dipole moment was 

allocated to the species with the largest X (t-Bu) and  

the lowest dipole moment was dedicated to the species
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Table 1: Relative energies (kcal/mol) and dipol moments (D) for anticipated singlet(s), triplet (t), and quintet (q)  

states of (nitrenoethynyl)-X-methylenes, (nitrenoethynyl)-X-silylenes and (nitrenoethynyl)-X-germylene  

(X-M-C≡C-N; M=C, Si, Ge;  X= H (1), Me (2), Et (3), Pr (4), i-Pr (5) and t-Bu (6)). 

S
p
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1Cs 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 3.92 

1Ct 69.36 97.32 90.13 79.59 82.16 78.02 85.17 83.97 2.76 

1Cq 74.11 161.73 152.32 133.58 140.27 131.73 139.21 139.21 2.90 

2Cs 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 5.41 

2Ct 70.14 100.96 94.28 82.25 85.54 83.24 84.74 77.18 4.15 

2Cq 76.51 162.52 152.64 133.62 140.06 131.58 139.41 139.41 3.89 

3Cs 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 5.54 

3Ct 70.29 110.84 101.96 91.37 93.31 83.23 92.57 79.29 4.75 

3Cq 76.71 162.68 152.55 133.29 139.65 131.58 139.40 139.40 4.11 

4Cs 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 5.59 

4Ct 69.09 110.75 101.80 91.23 93.13 83.23 92.44 73.58 4.84 

4Cq 77.01 162.59 152.39 133.12 139.43 131.71 139.38 139.38 3.55 

5Cs 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 5.61 

5Ct 70.39 101.74 94.64 82.13 85.20 83.87 92.30 88.23 4.92 

5Cq 77.12 163.38 153.09 133.51 139.94 131.63 138.79 153.01 4.13 

6Cs 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 5.66 

6Ct 71.08 110.98 101.97 91.16 92.92 76.27 83.76 79.61 5.00 

6Cq 7.70 164.00 153.31 133.26 139.55 131.97 138.32 134.34 4.19 

1Sis 31.95 0.00 0.00 0.00 0.00 0.00 0.00 0.00 4.59 

1Sit 0.00 41.36 33.37 12.30 20.43 12.87 12.48 10.60 3.25 

1Siq 19.73 77.26 72.73 51.12 60.61 57.02 53.87 53.43 3.42 

2Sis 27.05 0.00 0.00 0.00 0.00 0.00 0.00 0.00 6.76 

2Sit 0.00 41.88 33.81 12.91 20.85 11.90 12.76 23.70 4.20 

2Siq 21.90 80.06 75.20 53.63 62.29 57.45 55.63 54.61 4.17 

3Sis 27.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 7.15 

3Sit 0 42.84 34.75 13.44 21.11 12.11 12.93 10.54 4.43 

3Siq 22.02 81.00 76.01 53.98 63.06 57.46 55.76 54.65 4.45 

4Sis 26.83 0.00 0.00 0.00 0.00 0.00 0.00 0.00 7.40 

4Sit 0.00 43.18 35.01 13.60 22.57 12.25 13.14 10.75 4.57 

4Siq 21.99 80.21 75.09 53.02 62.43 57.00 54.95 54.04 4.61 

5Sis 26.31 0.00 0.00 0.00 0.00 0.00 0.00 0.00 7.35 

5Sit 0.00 43.44 35.41 13.87 22.00 13.08 13.52 11.31 4.55 

5Siq 20.65 80.35 75.23 52.89 62.41 56.83 54.91 53.98 4.49 

6Sis 26.23 0.00 0.00 0.00 0.00 0.00 0.00 0.00 7.50 

6Sit 0.00 43.53 35.54 13.60 21.77 13.27 13.50 11.46 4.63 

6Siq 20.32 80.26 75.09 52.35 61.91 56.60 54.48 53.78 4.58 

1Ges 28.28 0.00 0.00 0.00 0.00 0.00 0.00 0.00 4.44 

1Get 0.00 34.65 26.73 4.77 13.44 6.38 3.51 3.70 2.94 

1Geq 24.00 73.10 67.93 45.25 55.04 55.12 43.49 54.34 3.67 

2Ges 32.27 0.00 0.00 0.00 0.00 0.00 0.00 0.00 6.47 

2Get 0.00 35.37 27.62 5.66 14.27 5.79 3.59 3.39 4.26 

2Geq 25.85 75.89 70.43 47.64 57.35 49.21 41.51 51.18 4.54 

3Ges 31.78 0.00 0.00 0.00 0.00 0.00 0.00 0.00 6.88 

3Get 0.00 36.18 28.43 14.75 14.75 7.20 4.40 4.43 4.44 

3Geq 24.30 75.20 69.62 46.83 56.27 53.60 44.21 53.44 4.81 

4Ges 31.57 0.00 0.00 0.00 0.00 0.00 0.00 0.00 7.02 

4Get 0.00 36.24 28.45 6.22 14.74 7.32 4.62 4.62 4.46 

4Geq 24.21 75.25 69.65 46.69 56.26 46.53 39.67 48.98 4.87 

5Ges 31.64 0.00 0.00 0.00 0.00 0.00 0.00 0.00 7.17 

5Get 0.00 36.92 29.22 6.57 15.23 7.85 4.55 4.87 4.61 

5Geq 23.82 75.51 69.75 46.42 56.09 52.58 43.51 52.46 5.12 

6Ges 31.72 0.00 0.00 0.00 0.00 0.00 0.00 0.00 7.45 

6Get 0.00 37.52 29.96 7.06 15.79 8.17 4.75 5.23 4.62 

6Geq 23.18 75.30 69.50 45.98 55.68 51.02 43.11 51.02 5.59 

a) ZPE corrections not included. 
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Table 2: Selected B3LYP/6-311++G(d,p) optimized geometrical parameters of triplet(t), and quintet(q) states of (nitrenoethynyl)-X-

methylenes, (nitrenoethynyl)-X-silylenes, and (nitrenoethynyl)-X-germylene where bond lengths (Å) and bond angles in degrees (°), 

and point groups in parenthesis are given (X-M-C≡C-N; M=C, Si, Ge;  X= H (1), Me (2), Et (3), Pr (4), i-Pr (5) and t-Bu (6)). 

 

A sample molecule of triplet and quintet (nitrenoethynyl)-X-methylenes, (nitrenoethynyl)-X-silylenes and (nitrenoethynyl)-X-germylene 

species 
Bond Length (Å) Bond angles(ᵒ)  

N1-C2 C2-C3 C3-M4 M4-X5 N1C2C3 C2C3M4 C3M4X5 Point Group 

1Ct 1.18 1.35 1.33 1.09 171.749 142.251 130.282 Cs 

1Cq 1.25 1.26 1.47 1.09 174.713 159.736 128.688 Cs 

2Ct 1.18 1.35 1.33 1.47 171.499 144.222 133.554 Cs 

2Cq 1.24 1.27 1.47 1.46 174.522 157.753 128.087 C1 

3Ct 1.18 1.35 1.35 1.47 172.845 136.173 128.361 Cs 

3Cq 1.24 1.27 1.47 1.47 174.498 157.785 128.112 Cs 

4Ct 1.18 1.35 1.35 1.47 172.831 136.309 128.549 C1 

4Cq 1.24 1.27 1.47 1.47 174.525 158.329 128.140 C1 

5Ct 1.18 1.35 1.36 1.47 172.853 135.896 128.538 C1 

5Cq 1.24 1.27 1.47 1.47 174.625 159.011 128.260 C1 

6Ct 1.18 1.35 1.33 1.49 171.348 147.124 135.146 Cs 

6Cq 1.24 1.27 1.47 1.48 174.819 160.519 128.730 Cs 

1Sit 1.19 1.32 1.81 1.52 177.688 157.315 96.466 Cs 

1Siq 1.21 1.30 1.88 1.49 177.722 160.455 116.899 Cs 

2Sit 1.19 1.33 1.82 1.91 177.304 152.320 102.433 Cs 

2Siq 1.21 1.30 1.89 1.90 177.983 162.283 116.304 Cs 

3Sit 1.19 1.33 1.81 1.92 177.414 153.235 102.441 Cs 

3Siq 1.21 1.30 1.89 1.92 177.996 162.258 115.062 Cs 

4Sit 1.19 1.33 1.81 1.92 177.396 153.334 102.461 Cs 

4Siq 1.21 1.30 1.89 1.92 177.978 162.013 115.610 C1 

5Sit 1.19 1.33 1.81 1.94 177.410 153.393 103.143 C1 

5Siq 1.21 1.30 1.89 1.94 178.031 162.757 114.749 C1 

6Sit 1.19 1.33 1.80 1.95 177.437 153.041 104.264 Cs 

6Siq 1.21 1.30 1.90 1.97 178.097 163.142 114.211 Cs 

1Get 1.19 1.32 1.93 1.59 177.679 155.689 93.597 Cs 

1Geq 1.21 1.30 1.98 1.56 177.489 153.639 117.416 Cs 

2Get 1.19 1.33 1.94 2.01 177.453 152.038 98.173 Cs 

2Geq 1.21 1.30 1.99 2.02 177.902 154.693 115.872 Cs 

3Get 1.19 1.33 1.93 2.02 177.465 151.828 98.907 C1 

3Geq 1.21 1.31 2.00 2.06 177.862 154.741 113.928 C1 

4Get 1.19 1.33 1.93 2.02 177.440 151.505 99.020 C1 

4Geq 1.21 1.31 2.00 2.05 177.881 154.608 113.887 C1 

5Get 1.19 1.33 1.93 2.04 177.509 151.984 99.296 C1 

5Geq 1.21 1.31 2.01 2.11 178.002 156.017 111.545 Cs 

6Get 1.19 1.33 1.92 2.06 177.546 152.733 100.081 Cs 

6Geq 1.21 1.31 2.02 2.19 178.222 157.951 109.085 Cs 
 



Iran. J. Chem. Chem. Eng. Soleimani-Amiri S. et al. Vol. 39, No. 4, 2020 

 

44                                                                                                                                                                    Research Article 

Table 3: Bond orders of anticipated triplet (t), and quintet (q) states of (nitrenoethynyl)-X-methylenes, 

(nitrenoethynyl)-X-silylenes and (nitrenoethynyl)-X-germylene at B3LYP/6-311++G(d,p) (X-M-C≡C-N; M=C, Si,  

Ge;  X= H (1), Me (2), Et (3), Pr (4), i-Pr (5) and t-Bu (6)). 

Species 

Bond orders 

Species 

Bond orders 

N1-C2 C2-C3 C3-C4 M4-X5 N1-C2 C2-C3 C3-C4 M4-X5 

1Ct 2.53 1.38 1.90 0.91 4Sit 2.36 1.56 0.99 0.75 

1Cq 1.84 2.00 1.05 0.93 4Siq 2.15 1.74 0.74 0.74 

2Ct 2.52 1.39 1.83 1.10 5Sit 2.37 1.56 1.00 0.70 

2Cq 1.91 1.93 1.03 1.11 5Siq 2.15 1.74 0.73 0.69 

3Ct 2.47 1.42 1.54 1.12 6Sit 2.37 1.55 1.00 0.65 

3Cq 1.91 1.93 1.04 1.09 6Siq 2.15 1.74 0.72 0.64 

4Ct 2.47 1.42 1.55 1.12 1Get 2.34 1.58 0.93 0.86 

4Cq 1.91 1.93 1.04 1.09 1Geq 2.20 1.70 0.72 0.79 

5Ct 2.47 1.42 1.54 1.08 2Get 2.34 1.57 0.90 0.79 

5Cq 1.90 1.94 1.04 1.06 2Geq 2.19 1.70 0.71 0.73 

6Ct 2.47 1.42 1.54 1.05 3Get 2.35 1.57 0.91 0.76 

6Cq 1.88 1.95 1.04 1.03 3Geq 2.19 1.70 0.70 0.67 

1Sit 2.35 1.57 1.00 0.85 4Get 2.35 1.57 0.91 0.76 

1Siq 2.15 1.74 0.75 0.83 4Geq 2.20 1.70 0.70 0.67 

2Sit 2.36 1.56 0.98 0.78 5Get 2.35 1.57 0.92 0.71 

2Siq 2.15 1.74 0.74 0.78 5Geq 2.19 1.70 0.69 0.59 

3Sit 2.36 1.56 0.99 0.75 6Get 2.35 1.57 0.92 0.66 

3Siq 2.15 1.74 0.74 0.74 6Geq 2.19 1.70 0.69 0.48 

 

with the smallest X (H) for all triplet carbenonitrnres, 

silylenonitrene, and germylenonitrenes. 

The NBO atomic charges exhibited no substantial 

varieties of N1, and C2 atomic charges through variation 

of X and M (X= H (1), Me (2), Et (3), Pr (4), i-Pr (5),  

t-Bu (6); M= C, Si, Ge) (Table 4). The NBO calculation 

also offered a more positive charge for Si4 (0.78-1.05) 

and then Ge4 (0.73-0.97) than their corresponding C4 (0-

0.18). While 6Ct, 6Sit, and 6Get species showed more positive 

charge on C4, Si4, and Ge4, the species of 1Ct, 1Sit,  

and 1Get displayed the least positive charge. As well, 

negative charges on X5 were observed especially in 2Ct, 

2Sit, and 2Get species. The 1Ct was reported as lone species 

with a positive charge on X5. 

Therefore silylenonitenes and germylenonitrens  

with Si4 or Ge4 as an electrophilic center and N1 as  

a nucleophilic center could apply as important 

intermediates in some chemical reactions. While,  

the carbenonitrenes showed no important nucleophilic  

or electrophilic centers. 

Regarding hybridization data, N1C2 triple bond, C2C3 

single bond, and C3C4 double bond along with one singly 

occupied p orbital on C3 and also the other singly 

occupied p orbital on C4 were detected for 1Ct- 6Ct 

species, which was according to ‘‘c’’ canonical form 

(Fig. 2, Table 5). This canonical form was in a good 

harmony with their geometrical parameters and bond 

orders (Table 2). Accordingly, one local open-shell 
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Table 4: The NBO atomic charge analyses for triplet(t) and quintet(q) states of (nitrenoethynyl)-X-methylenes,  

(nitrenoethynyl)-X-silylenes and (nitrenoethynyl)-X-germylene at B3LYP/6-311++G(d,p) (X-M-C≡C-N; M=C, Si,  

Ge;  X= H (1), Me (2), Et (3), Pr (4), i-Pr (5), and t-Bu (6)). 

Species 
Atomic charge 

N1 C2 C3 M4 X5 

1Ct -0.22 0.17 -0.10 0.00 0.16 

1Cq -0.15 0.02 0.00 0.00 0.13 

2Ct -0.24 0.16 -0.11 0.18 -0.69 

2Cq -0.17 0.01 0.03 0.17 -0.72 

3Ct -0.23 0.18 -0.14 0.16 -0.51 

3Cq -0.17 0.01 0.03 0.17 -0.52 

4Ct -0.23 0.18 -0.13 0.15 -0.51 

4Cq -0.18 0.01 0.03 0.16 -0.53 

5Ct -0.23 0.18 -0.14 0.17 -0.32 

5Cq -0.18 0.01 0.03 0.17 -0.34 

6Ct -0.24 0.19 -0.15 0.18 -0.15 

6Cq -0.18 0.01 0.03 0.17 -0.17 

1Sit -0.20 0.09 -0.45 0.78 -0.22 

1Siq -0.18 0.04 -0.32 0.64 -0.17 

2Sit -0.22 0.10 -0.47 0.99 -1.11 

2Siq -0.20 0.03 -0.32 0.85 -1.06 

3Sit -0.22 0.10 -0.48 1.00 -0.88 

3Siq -0.20 0.03 -0.32 0.83 -0.82 

4Sit -0.22 0.10 -0.48 1.00 -0.88 

4Siq -0.20 0.03 -0.32 0.84 -0.82 

5Sit -0.22 0.10 -0.50 1.02 -0.65 

5Siq -0.20 0.03 -0.33 0.83 -0.60 

6Sit -0.22 0.11 -0.51 1.05 -0.46 

6Siq -0.20 0.02 -0.33 0.84 -0.40 

1Get -0.20 0.07 -0.38 0.73 -0.22 

1Geq -0.19 0.03 -0.28 0.56 -0.12 

2Get -0.22 0.07 -0.40 0.93 -1.06 

2Geq -0.21 0.02 -0.28 0.73 -0.94 

3Get -0.22 0.07 -0.41 0.93 -0.82 

3Geq -0.21 0.02 -0.29 0.70 -0.68 

4Get -0.22 0.07 -0.41 0.94 -0.82 

4Geq -0.22 0.02 -0.29 0.71 -0.69 

5Get -0.22 0.08 -0.43 0.95 -0.59 

5Geq -0.22 0.01 -0.30 0.67 -0.43 

6Get -0.22 0.08 -0.43 0.97 -0.40 

6Geq -0.23 0.01 -0.31 0.64 -0.18 
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Fig. 2: The significant canonical forms for the anticipated triplet states (t) of (nitrenoethynyl)-X-methylenes,  

(nitrenoethynyl)-X-silylenes, and (nitrenoethynyl)-X-germylenes (a-h): (A) for open shell singlet carbenic center  

and triplet nitrene center;  (B) for closed-shell singlet  M center and triplet nitrene center (X-M-C≡C-N; M=C, Si, Ge;   

X= H (1), Me (2), Et (3), Pr (4), i-Pr (5), and t-Bu (6)). 

 

singlet carbene center (δ1π1) connected to the other local 

triplet nitrene moiety (π1π1) trough acetylene linker  

to produce 1Ct- 6Ct species (Fig. 2a).  

While both silylenonitrenes and germylenonitrenes 

were made of one local closed-shell singlet silylene or 

germylene moiety (δ2π0) and other local triplet nitrene 

center (π1π1). Hence, N1C2 triple bond, C2C3, and C3M4 

single bonds with two singly occupied p orbitals on C3, as 

well as one unoccupied p orbital and one fully occupied 

orbital on M4, which  showed ‘‘g’’ canonical form  

(M= Si, Ge) (Fig. 2). 

These findings could be helpful to better comprehension  

of their relative stabilities. The singlet carbenonitrenes 

(1Cs-6Cs) with all octet atoms in their structures  

were introduced as ground states. Their corresponding 

triplets of 1Ct-6Ct with two radically subunits in their 

structures set in the second stable level (Figs. 2, S1,  

Table 1).  

The singlet-triplet energy gap (ΔEs-t) were reduced  

by switching of divalency center to silylene and germylene 

due to their singlet instability and also triplet stability 

(Table 1). The stability of triplet silylenonitrenes and 

germylenonitrenes were owing to the most favorable 

electronic states of silylenes and germylenes (closed-shell 

singlet silylene or germylene (δ2π0)). Also, singlet 

silylenonitrenes and germylenonitrenes with their closed-

shell singlet silylene or germylene (δ2π0) were unable  

to create a perfect C3M4 triple bond that resulted in 

instability at 1Sis-6Sis and 1Ges-6Ges in contrast to their 

corresponding 1Cs-6Cs (Fig. S1, Table 1).  

 

Quintet states 

The species of 2Cq, 4Cq, 5Cq, 4Siq, 5Siq, 3Geq, 4Geq  

were optimized with C1 symmetry, whereas all other species 

showed Cs symmetry (Table 2). The bond length of C4-X5 

enlarged trough bigger X: 1Cq (1.09 Å) < 2Cq (1.46 Å) < 

3Cq = 3Cq = 4Cq (1.47 Å) < 6Cq (1.48 Å) (Table 2). 

Smaller bond angles of C2C3C4, and C3C4X5 would be 

found if H was swapped with alkyl group (2Cq-6Cq)  

due to longer C4-X5 bond length (Table 2). And also  

with the increasing steric hindrance of alkyl group (from 

Me to t-Bu) these angles became bigger expectedly. 
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Fig. 3: The significant canonical forms for the anticipated quintet states (q) of (nitrenoethynyl)-X-methylenes,  

(nitrenoethynyl)-X-silylenes, and (nitrenoethynyl)-X-germylenes (a-c) (X-M-C≡C-N; M=C, Si, Ge;  X= H (1), Me (2),  

Et (3), Pr (4), i-Pr (5), and t-Bu (6)). 

 

Carbon substitution with silicon and germanium 

caused longer bond length and also smaller bond order of 

Si4-X5 and Ge4-X5 in turn (Tables 2, 3). Hence, smaller 

bond angles of C3Si4X5 (114.2-116.9°) and C3Ge4X5 

(109.1-117.4°) were found. The species of 1Siq and 1Geq 

displayed the largest bond angle of C3M4X5 (116.9°, 

117.4°), while 6Siq and 6Geq species showed the smallest 

bond angle of C3M4X5 (114.2°, 109.1°). Similarly, 

smaller bond angles of C2C3Si4, and C2C3Ge4 were found 

through alkyl substations (Table 2).  

The optimized dipole moment of quintet species  

were located between singlet and triplet states. The species 

of 6Mq, and then 5Mq showed the highest dipole moments 

among quintet states (M= C, Si, Ge) (Table 1). 

The NBO calculations showed no important variations 

of the atomic charge due to X changing (Table 4). So that 

just the species of 1Cq was found a little different from 

2Cq-6Cq. The species of 2Cq-6Cq showed atomic charges of 

-0.17/-0.18, 0.01, 0.03, and 0.17/0.16 for N1, C2, C3, and 

C4 respectively, while the species of 1Cq showed -0.15, 

0.02, 0.00, and 0.00 atomic charges on N1, C2, C3, and C4. 

The same trend was also observed for silylenonitrenes 

and germylenonitrenes.  The species of 1Ges-6Ges  

(-0.19 to -0.23) as well as 1Sis-6Sis (-0.18 to -0.20) enjoyed 

with more electron density on N1 than their relative 1Cs-6Cs 

(-0.19 to -0.23). They also benefited from a more 

positive charge on Si4 (0.64-0.85) and Ge4 (0.56-0.73) 

than their corresponding C4 (0.0-0.17). Due to the 

smaller bond order of Ge4-X5, more positive charges 

were found for Si4 than Ge4 (Tables 3, 4). The species of 

1Cq, 1Siq, and 1Geq indicated the lowest positive charge on 

C4, Si4, and Ge4 respectively, while 2Siq and 2Geq 

displayed the highest positive charge of M4 (0.85, 0.73) 

(M= Si, and Ge).  

Accordingly, as seen in singlet and triplet states,  

2Siq-6Siq and 2Geq-6Geq species could be an effective 

electrophilic center through their Si4, Ge4 moiety or  

as an effective nucleophilic center through their N1 moiety 

in the chemical reactions. 

Furthermore, N1C2 triple bond as well as C2C3, C3M4, 

and M4X5 single bonds along with two singly occupied  

p orbitals on C3 and two singly occupied p orbitals on M4 

(with the same spin) were distinguished for 2Cq-6Cq, 1Siq-

6Siq, and 1Geq-6Geq species (M= C, Si, Ge) (Fig. 3b, Table 5). 

While N1C2, C3C4, and C4H5 single bonds besides 

C2C3 triple bond along with two singly occupied  

p orbitals on N1 and two other singly occupied p  

orbitals on C4 were found for the species of 1Cq  

(Fig. 3a, Table 5). 

All  sigma bonds were created by sp orbitals 

overlapping of N1, C2, C3, and M4 atoms, in which  

one local triplet M4 moiety (π1π1) through acetylene linker 

was joined to the other local triplet N1 moiety (π1π1)  

that was completely agreed with ‘‘a’’ canonical form  

(Fig. 3, Tables 5, S5).  

Finally, quintet minima with two sextet moieties (two 

diradical centers) were introduced unstable than their 

corresponding triplet states.  

The highest quintet-triplet energy gap found for 1C-6C 

(47.75-55.70 kcal/mol), while 1Si-6Si and 1Ge-6Ge 

displayed smaller quintet-triplet energy gap due to  

their triplet stability (Table 1). Triplet silylenonitrenes 

and germylenonitrenes with their closed-shell singlet 

silylene or germylene (δ2π0) observed as the  

most favorable electronic state of silylenes and germylenes 

(Fig. 2, Table 1).  

 

CONCLUSIONS 

The steric effect of eighteen acetylene linked  

reactive intermediates were studied though B3LYP,  

M06-2X, WB97XD HF, MP2, MP4, CCSD, and 

QCISD(T) at 6-311++G(d,p) basis set (X–M–C≡C–N; 

M=C, Si, and Ge; X= H (1), Me (2), Et (3), Pr (4), i-Pr 

(5), t-Bu (6)). The relative energies, geometrical 
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Table 5: The NBO hybridizations for triplet(t) and quintet(q) states of (nitrenoethynyl)-X-methylenes,  

(nitrenoethynyl)-X-silylenes and (nitrenoethynyl)-X-germylene at B3LYP/6-311++G(d,p) (X-M-C≡C-N; M=C, Si,  

Ge;  X= H (1), Me (2), Et (3), Pr (4), i-Pr (5) and t-Bu (6)).a 

Species Hybridization for  bonds 

Hybridization for lone pairsb 

Triplet 

π(1) N1-C2 π(2) N1-C2 π(1) C3-M4 

N1 C2 N1 C2 C3 M4 Lp*1C3 Lp*1M4 

1Ct p1.00 p1.00 p99.99 d7.66 p99.99 d0.11 p1.00 p1.00 s4.24p22.56 s5.80p16.16d 

2Ct p1.00 p1.00 p99.84d6.66 p99.99d0.11 p1.00 p1.00 s3.76p25.53 s5.19p18.21 

3Ct p1.00 p99.99d0.24 p1.00 p1.00 s9.04p10.04 s13.37p6.46 p1.00 p1.00 

4Ct p1.00 p99.99d0.24 p1.00 p1.00 s8.98p10.12 s13.23p6.55 p1.00 p1.00 

5Ct p1.00 p99.99d0.25 p1.00 p1.00 s8.69p10.48 s13.52p6.38 p99.99d7.94 p99.99d3.55 

6Ct p1.00 p99.99 d0.26 p1.00 p1.00 s8.05p11.40 s13.92p6.17 p1.00 p1.00 

 π(1) N1-C2 π(2) N1-C2  

 N1 C2 N1 C2 Lp*1C3 Lp*2C3 Lp*1M4 

1Sit p1.00 p99.99d1.14 p1.00 p1.00 p99.99d0.20 p1.00 p1.00 

2Sit p1.00 p99.99d1.25 p1.00 p1.00 p99.99d0.43 p1.00 p1.00 

3Sit p1.00 p99.99d0.96 p1.00 p1.00 p99.99d0.46 p1.00 p1.00 

4Sit p1.00 p99.99d1.24 p1.00 p1.00 p99.99d0.45 p1.00 p1.00 

5Sit p1.00 p99.99d0.99 p1.00 p1.00 p99.99d0.60 p1.00 p99.99d3.37 

6Sit p1.00 p99.99d1.49 p1.00 p1.00 p99.99 d0.77 p1.00 p1.00 

1Get p1.00 p99.99d0.65 p1.00 p1.00 p99.99d0.11 p1.00 p1.00 

2Get p1.00 p99.99d0.62 p1.00 p1.00 p99.99d0.18 p1.00 p1.00 

3Get p1.00 p99.99d0.67 p1.00 p1.00 p99.99d0.21 p1.00 s1.09p89.46d1.55 

4Get p1.00 p99.99d0.65 p1.00 p1.00 p99.99d0.21 p1.00 p99.99d2.16 

5Get p1.00 p99.99d0.71 p1.00 p1.00 p99.99d0.22 p1.00 p1.00d0.01 

6Get p1.00 p99.99d0.76 p1.00 p1.00 p99.99d0.24 p1.00 p1.00 

 Hybridization for  bonds 

Hybridization for lone pairsb 

Quintet 

π(1) N1-C2 π(1) C2-C3 π(2) C2-C3 

N1 C2 C2 C3 C2 C3 Lp*1N1 Lp*2N1 
Lp*1C

3 
Lp*2C3 Lp*1M4 Lp*2M4 

1Cq - - p1.00 p1.00 p99.99 p99.99d0.

23 p1.00 p1.00 -  p1.00 s6.49p14.33 

2Cq 
p99.99 

d9.23 
p99.9 d0.17 - - - - - - p1.00 

s1.07p92.31 

d0.10 
p1.00 s6.79p13.68 

3Cq 
p99.99d9.1

6 p99.99d0.17 - - - - - - p1.00 p94.88d0.1 p1.00 s6.789p13.7 
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Table 5: The NBO hybridizations for triplet(t) and quintet(q) states of (nitrenoethynyl)-X-methylenes,  

(nitrenoethynyl)-X-silylenes and (nitrenoethynyl)-X-germylene at B3LYP/6-311++G(d,p) (X-M-C≡C-N; M=C, Si,  

Ge;  X= H (1), Me (2), Et (3), Pr (4), i-Pr (5) and t-Bu (6)).a 

4Cq 
p99.99d9.1

2 p99.99d0.17 - - - - - - p1.00 
p99.99d0.1

0 p99.99d2.29 s6.51p14.32 

5Cq 
p99.99d9.0

7 
p99.99d0.18 - - - - - - p1.00 

p99.99d0.1

1 

s1.69p58.13

d0.20 
s5.01 p18.89 

6Cq 
p99.99d9.0

2 p99.99d0.19 - - - - - - p1.00 
p99.99d0.1

2 
s6.66p13.96 p1.00 

 π(1) N1-C2 π(2) N1-C2     

 N1 C2 N1 C2 Lp*1C3 Lp*2C3 Lp*1M4 Lp*2M4 

1Siq p1.00 p99.99d1.15 p1.00 p1.00 p99.99d0.18 p1.00 s5.15p18.05d0.37 p1.00 

2Siq p1.00 p99.99d1.64 p1.00 p1.00 p99.99 d0.22 p1.00 s3.72p25.48d0.40 p1.00 

3Siq p1.00 p99.99d1.55 p1.00 p1.00 p99.99d0.21 p1.00 s3.10p30.91d0.34 p1.00 

4Siq p1.00 
p99.99 

d1.55 
p1.00 p1.00 p99.99d0.21 p1.00 s3.09p31.05d0.33 p1.00 

5Siq p1.00 
p99.99 
d1.65 

p1.00 p1.00 p99.99d0.22 p1.00 s2.67p36.14 d0.32 s1.74p54.98 d1.56 

6Siq p1.00 p99.99d1.62 p1.00 p1.00 p99.99d0.23 p1.00 s4.03p23.70d0.13 p1.00 

1Geq p1.00 p1.00 s0p1.00 p99.99d0.60 s1.34p73.53d0.12 p1.00 s3.62p26.30d0.29 p1.00 

2Geq p1.00 p99.99d0.80 p1.00 p1.00 s1.16p85.35d0.13 p1.00 s2.08p46.79d0.26 p1.00 

3Geq p1.00 p1.00 p1.00 p99.99d0.93 s1.14p86.58 d0.13 p1.00 s1.82p53.78d0.23 s1.74p55.18d1.26 

4Geq p1.00 p1.00 p1.00 p99.99d0.94 s1.14p86.30d0.13 p1.00 s1.75p56.01d0.21 s1.08p89.39d2.13 

5Geq p1.00 p1.00 p1.00 p99.99d0.81 s1.03p96.32d0.14 p1.00 s2.99p32.41 p1.00 

6Geq p1.00 p1.00 p1.00 p99.99d0.95 s0.88p99.99d0.16 p1.00 s2.66p36.54 p1.00 

a) Lower participation (<0.1) of d orbitals were negligible and were removed from the table. 

b) Anti-bonding molecular orbital. 

 

parameters, dipole moments, NBO atomic charges,  

and hybridization data were compared and contrasted.  

No carbene/silylene/germylene and nitrene moiety found 

for singlet carbenonitrenes, silylenotitrenes, and 

germylenonitrenes. Triplet carbenonitrenes displyed  

one local open-shell singlet carbene (δ1π1) and other local 

triplet nitrenes (π1π1). Triplet silylenonitrenes and 

germylenonitrenes were identified as locally closed-shell 

singlet silylene or germylene (δ2π0) coupled with local 

triplet nitrene (π1π1). The high-spin quintet minima with 

one local triplet divalency moiety (π1π1) and other local 

triplet nitrene moiety (π1π1) emerged 42.85-55.70 

kcal/mol higher in energy than their corresponding 

triplets. Finally, silylenonitrenes and germylenoniteres 

with their electrophilic centers (Si4, Ge4) and also 

nucleophilic centers (N1) could play an important role  

as an intermediate in mechanism identification of chemical 

reactions. While no important nucleophilic or 

electrophilic centers were found for carbenonitrenes.  
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