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Abstract

For 30 C,GeHX germylenic isomers, one cyclic structure, X-germacyclopropenylidene, and three acyclics are considered, which
include: ethynyl-X-germylene, X-vinylidenegermylene, and (X-ethynyl)germylene (X = H, F, Cl, and Br). The global minimum among
six isomeric C,GeH, (where X = H), is found to be cyclic, aromatic, singlet germacyclopropenylidene. In contrast, among the 24 cor-
responding halogermylenes, C,GeHX (where X = F, Cl, and Br), the global minima switch to acyclic, singlet ethynylhalogermylenes,
at eight reasonably high ab initio and DFT levels. The direct resonance interaction between X and the divalent center Ge in the singlet
acyclic ethynylhalogermylene structures, is claimed to justify switching of the calculated global minima in the halo derivatives. GIAO—
NICS calculations indicate that the X-germacyclopropenylidene isomer is more aromatic for X = H than X =F, Cl, or Br. The angle

/XGeC bending potential energy curves show the singlet and triplet ethynylgermylene crossing at ~146°, for X = H.
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1. Introduction

During the past two decades, much attention has been
devoted to the heavier carbene analogues consisting of sil-
ylenes R,Si [1,2] and germylenes R,Ge [3]. In these cases
the ground state electronic configurations can be either sin-
glet or triplet, depending on many factors. An excellent
review describing silylene and germylene electronic struc-
ture and reactivity has been published by Nefedov et al.
[4], wherein the main features of these carbene-like mole-
cules on going from carbon to lead are discussed in detail
from the available experimental data. There have been a
large number of theoretical studies to examine the low-
lying electronic states of methylene [5], halogenated carb-
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enes [6] and unsaturated carbenes [7]. The major aim of
these works is to ascertain the nature of the ground state,
to calculate the singlet—triplet ('A;—’B;) energy separations
(AEg ), and to compare the theoretical and experimental
results. Similar studies are also reported on the simplest sil-
ylene (SiH;) [8-10] and silicondifluoride (SiF5) [11,12].
The initial theoretical investigations on R,Ge have
shown a strong propensity for germylenes to have singlet
ground states, where the AE,  are much higher than those
of carbenes, but are not very much higher than the silylenes
[13]. Moreover, the higher AE; ( of GeF, compared to
GeMe, and/or GeH, is consistent with the stronger electro-
philic activity of GeF,. With respect to ground-state multi-
plicity of group 14 divalent compounds, the main change
seems to occur from second row (C) to third row (Si) ele-
ments [14]. Changing the group IV atom does not seem
to lead to major structural differences in silylenes and
germylenes. A subtle and interesting difference occurs, for
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Scheme 1. A general structure for imidazol-2-ylidene derivatives.

instance, in the structure of the difluoride dimer which is
bridged for GeF, [15] and n-bonded for SiF, [16].

Unsaturated carbenes, silylenes and germylenes, with
imidazol-2-ylidene structures (Scheme 1), have been syn-
thesized and theoretically investigated [17-20]. The
enhanced p.—p, delocalization of these structures, leads
to a significant electronic charge in the formally “empty”
pr orbital of the divalent atom and strong stabilization
by electron donation from the nitrogen lone pairs into
the formally “empty” p, orbital.

To gain more comprehensive insights into the elec-
tronic structures and energetics of divalent group 14 spe-
cies we recently studied the derivatives of C3H, carbenes
[21-24] and C,H,Si silylenes [25,26]. Following on our
previous studies, the primary goal of the present work
is the use of reasonable high-level theoretical procedures
to determine the singlet—triplet splittings and relative sta-
bilities in the isomeric forms of halo-substituted
C,GeHX germylenes, for X=H, F, CI, and Br (1-4,
Fig. 1).

2. Computational methods

All calculations are performed using the Gaussian 98
program package [27]. The geometries and energies of sin-
glet and triplet germylenes are fully optimized without
imposing any symmetry constraints. For Hartree-Fock
(HF) level, 6-311++G™ basis set is used. For DFT calcu-
lations the Becke’s hybrid one-parameter and three-param-
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Fig. 1. Singlet (s) and triplet (t) states for possible germylenic structures of
GeC,HX (1, 2, 3 and 4, where X = H, F, Cl, and Br).

eter functional using the non-local LYP correlation [28,29]
with the 6-311++G™ and 6-311++G™ basis sets are
employed. For B3LYP method the LANL2DZ basis set
is also employed [30]. For the second-order M@ller—Plesset
(MP2) method the 6-3114+-+G™ basis sets is used [31]. The
MP2/6-311++G™" optimized geometries are submitted as
inputs for single-point calculations at the MP4, QCISD
(T) [32-34] and CCSD (T) levels [35] with 6-311++G™*
basis set. Singlet states are calculated with spin-restricted
wave functions, while the spin projected wave functions
are employed for triplet states. Harmonic vibrational fre-
quencies were computed at the HF, BILYP and B3LYP
levels. This was done to characterize the isomers as minima
(no imaginary frequencies), transition state (one imaginary
frequency), or saddle point of second order (two imaginary
frequencies). The vibrational frequencies and ZPE data at
the HF and DFT are scaled by 0.89 and 0.98, respectively
[36,37]. The NBO population analysis are accomplished at
the B3LYP/6-311++G™* level [38]. Nucleus independent
chemical shifts, NICS values [39], are calculated by the
gauge-independent atomic orbital (GIAO) method [40,41]
at the BBLYP/6-311++G™". NICS values are measured at
the ring center (defined as simple average of Cartesian
coordinates for all atoms of three membered ring) as well
as 0.5, 1, 1.5, 2, 2.5, and 3 A above the plane of ring.
Gaussian input format requires Cartesian coordinates in
order to compute NICS values at various points at and
above the center of rings. To input the mass weighted geo-
metrical center is a possibility which is not explored in this
manuscript. The keyword “Scan” in Gaussian is used for
scanning the bending potential energy curves of ZCGeX
angles, from 60° to 180° with 10° increments, for 25.x and
2.x at B3LYP/6-311++G™.

2.1. General results

Force constant calculations suggest that among 30 ger-
mylenic isomers considered here, only triplet 1.y exists as
a transition state on the potential energy surface of
C,GeHX, for showing one negative force constant. Com-
puted harmonic frequencies are not provided for the sake
of brevity, but are available upon request. Moreover, the
cyclic triplet structures 1.y (at BALYP/6-311+4+G™), 1.y
(at MP2/6-311+G™), and 1.g, (at B3LYP/6-311++G™)
collapse to other structures on optimizations. The results
of the HF/6-311++G™, B3LYP/LANL2DZ, BILYP/
6-311++G™*, B3LYP/6-311++G™, MP2/6-311++G™,
MP4(SDTQ)/6-311++G™, QCISD(T)/6-311+G™, and
CCSD(T)/6-311++G™" energy calculations of all possible
structures of halogermylenes, (C,GeHX, 1-4, X =H, F,
Cl, and Br) are shown in Fig. 1 and Tables 1-4. We have
deliberately included data from eight levels of theory, since
reporting results of various levels may offer an opportunity
for comparison of different levels. B3LYP/6-311+4+G™*
calculated dipole moments and vibrational zero point ener-
gies (ZPE) for C,GeHX species are also presented (Tables
1-4). Energy results are dependent on the computational



Table 1
Relative energies (kcal/mol), with ZPE corrections, for singlet 14y, 2511, and 3,14 as well as triplet states 1¢py, 2.1, and 3¢y of germylenic C,GeH,, calculated at eight levels of theory; along with dipole
moments (Debye) and vibrational zero point energies (kcal/mol) calculated at BALYP/6-311++G™*

Structure  Relative energies (kcal/mol) Dipole moments (D)  Vibrational zero point energies
(kcal/mol)

HF/ B3LYP/ BILYP/ B3LYP/ “MP2/ “MP4(SDTQ)/ *QCISD(T)/ *CCSD(T)/ B3LYP/6-311++G™  B3LYP/6-311++G**
6-311++G** LANL2DZ* 6-311++G* 6-311++G*™  6-311++G*™  6-311++G™* 6-311++G**  6-311++G™

) 0.00! 0.002 0.00% 0.00* 0.00° 0.00° 0.007 0.008 0.50 17.96

len 22.47 41.95 40.50 40.97 41.78 41.29 40.77 40.80 1.91 16.45

2eH 10.15 15.62 13.64 14.07 18.71 17.18 16.86 16.94 0.39 14.93

2en 23.57 43.38 45.18 45.94 48.83 49.21 46.58 46.73 0.16 14.96

3eH 15.03 6.52 11.25 11.21 16.23 12.65 11.82 11.91 0.58 17.54

3cH 53.69 25.25 28.54 29.25 42.14 38.13 34.88 35.02 0.98 16.76

The original total energies (hartrees) corresponding to the lowest energy minimum 1y at various levels of theory: (1) —2152.16191, (2) —81.0847999, (3) —2154.298299, (4) —2154.369961, (5)
—2152.513367, (6) —2152.555555, (7) —2152.555472, (8) —2152.555091.

# ZPE not included.

® The lowest energy minimum is set at 0.00 kcal/mol.

Table 2
Relative energies (kcal/mol), with ZPE corrections, for singlet 1 g, 25, 3s.5, and 44 as well as triplet states 2¢g, 3., and 4¢p (1.p is not an isomer) of germylenic C,GeHF, calculated at eight levels of
theory; along with dipole moments (Debye) and vibrational zero point energies (kcal/mol) calculated at BSLYP/6-311++G**

Structure ~ Relative energies (kcal/mol) Dipole moments (D)  Vibrational zero point energies
(kcal/mol)

HF/ B3LYP/ BILYP/ B3LYP/ MP2/ MP4(SDTQ)/ QCISD(T)/ CCSD(T)/ B3LYP/6-311++G*™ B3LYP/6-311++G**
6-311++G*™ LANL2DZ* 6-311++G™ 6-311++G™  6-311++G™*  6-311++G™™  6-311++G™™  6-311++G™*

) 29.70 31.42 26.54 25.89 25.80 25.05 24.40 24.24 1.63 13.56

250 0.00! 0.00% 0.00° 0.00* 0.00° 0.00° 0.007 0.00® 2.69 12.36

2er 37.05 52.40 56.39 56.67 53.49 56.15 53.87 53.90 2.60 12.25

3sF 41.71 35.20 34.78 34.09 36.83 33.64 32.57 32.56 1.74 13.68

3cr 49.37 64.96 63.35 63.82 74.49 146.16 140.26 139.49 1.49 12.98

4 53.23 63.36 53.47 54.10 92.43 92.12 90.42 90.15 0.36 10.76

4§ 68.34 92.18 86.05 87.11 122.13 124.05 120.65 120.40 0.38 10.74

The original total energies (hartrees) corresponding to the lowest energy minimum 2y at various levels of theory: (1) —2251.084898, (2) —180.3791853, (3) —42253.589743, (4) —2253.677782, (5)
—2251.630866, (6) —2251.675705, (7) —2251.671919, (8) —2251.670671.

# ZPE not included.

® The lowest energy minimum is set at 0.00 kcal/mol.
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Table 3

Relative energies (kcal/mol), with ZPE corrections, for singlet 1¢.cy, 26.c1, 3s-c1, and 4g.¢y as well as triplet states 1.y, 2¢.c1» 3t.c1, and 4.y of germylenic C,GeHCI, calculated at eight levels; along with

dipole moments (Debye) and vibrational zero point energies (kcal/mol) calculated at B3LYP/6-311++G**

Structure  Relative energies (kcal/mol) Dipole moments (D)  Vibrational zero point energies
(kcal/mol)

HF/ B3LYP/ BILYP/ B3LYP/ MP2/ MP4(SDTQ)/ QCISD(T)/ CCSD(T)/ B3LYP/6-311++G*™  B3LYP/6-311++G**
6-311++G** LANL2DZ* 6-311++G** 6-311++G™  6-311++G*  6-311++G™*  6-311++G™  6-311++G™*

1 a 30.17 28.30 25.08 24.40 20.53 20.84 21.56 21.46 1.60 12.72

lea 55.86 75.36 74.16 73.84 72.58 72.50 72.85 72.76 1.34 11.36

2.af 0.00' 0.00° 0.00° 0.00* 0.00° 0.00° 0.007 0.00° 2.58 11.97

2l 31.20 46.53 49.74 50.06 47.73 49.59 47.36 47.39 1.91 11.91

3. 46.03 32.99 36.17 35.36 35.57 32.94 33.10 33.17 1.71 12.71

3ca 50.18 59.30 60.50 60.77 68.97 65.09 62.01 61.99 1.27 12.07

4.1 49.30 56.21 47.29 47.33 47.38 46.20 46.83 46.79 0.29 9.86

4.1 63.39 84.60 79.19 79.46 78.39 79.12 77.30 77.30 0.12 9.73

The original total energies (hartrees) corresponding to the lowest energy minimum 2, ¢ at various levels of theory: (1) —2611.136631,(2) —95.4734821, (3) —2613.95419, (4) —2614.03685, (5)
—2611.609137, (6) —2611.662824, (7) —2611.662688, (8) —2611.661914.
# ZPE not included.
° The lowest energy minimum is set at 0.00 kcal/mol.

Table 4

Relative energies (kcal/mol), with ZPE corrections, for singlet 1.g;, 2¢.pr, 3s.8r» and 4¢.g, as well as triplet states 1¢.gy, 2¢Br> 3¢-Br> and 4¢g; of germylenic C,GeHBr, calculated at eight levels of theory;
along with dipole moments (Debye) and vibrational zero point energies (kcal/mol) calculated at B3LYP/6-311++G™

Structure ~ Relative energies (kcal/mol) Dipole moments (D)  Vibrational zero point energies
(kcal/mol)

HF/ B3LYP/ BILYP/ B3LYP/ MP2/ MP4(SDTQ)/ QCISD(T)/ CCSD(T)/ B3LYP/6-311++G*™ B3LYP/6-311++G™
6-311++G*™ LANL2DZ® 6-311++G™  6-311++G*™  6-311++G*®  6-3114++G*®  6-311++G*®  6-311++G**°

| T 31.35 - 25.80 25.13 21.74 22.08 23.01 2291 1.69 12.40

1one 56.31 - 59.58 59.59 73.08 72.93 73.37 73.28 1.61 10.98

20p:° 0.00' 2 0.00° 0.00* 0.00° 0.00° 0.00’ 0.00® 2.44 11.79

2¢pr 29.44 - 47.27 47.59 46.08 47.69 45.38 45.40 1.49 11.69

3sBr 47.61 - 36.90 36.06 37.47 34.84 35.15 35.23 1.87 12.32

3eBr 51.04 - 60.26 60.48 69.40 77.76 62.60 62.61 1.15 11.67

4, g, 50.35 - 39.09 48.14 48.84 47.52 48.31 48.27 0.45 9.48

4 g, 64.20 - 70.92 80.21 80.22 80.72 78.81 78.81 0.31 9.43

The original total energies (hartrees) corresponding to the lowest energy minimum 3g_g, at various levels of theory: (1) —4724.001495, (2) —, (3) —4727.8733, (4) —4727.960662, (5) —4724.460457, (6)
—4724.512192, (7) —4724.511922, (8) —4724.511152.
* The calculations at BALYP/LANL2DZ are not converged.
° ZPE not included.
¢ The lowest energy minimum is set at 0.00 kcal/mol.
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Table 5

2937

The NICS (total) values (ppm) at the ring centers, NICS(0), and 0.5, 1, 1.5, 2, 2.5, and 3 A above the plane of the rings (NICS(0.5), NICS(1), NICS(1.5),
NICS(2), NICS(2.5), and NICS(3), respectively), for singlet (s) states of C;GeHX (15.x, X = H, F, CI, and Br) germylenes as well as the cyclopropenyl
cation, cyclopropenyl anion, cyclopropenyl radical, cyclopropenylidene (singlet), cyclopropenylidene (triplet) and germacyclopropenyl cation (which are
used for comparison), calculated at GIAO-B3LYP/6-311++G**//B3LYP/6-311++G** level

Structure NICS(0) NICS(0.5) NICS(1) NICS(1.5) NICS(2) NICS(2.5) NICS(3)
| I —14.18 —17.74 —13.16 -7.15 —3.81 —2.23 —1.45
1sr —18.83 —19.50 —12.17 —5.74 -2.71 —1.47 —0.92
i a —16.11 —18.28 —12.26 —6.10 -3.05 —1.74 —1.12
| —15.34 —17.75 —11.99 -5.97 -2.99 -1.71 —1.11
Cyclopropenyl cation —22.85 —28.50 —14.69 —6.11 -2.89 —1.60 —1.01
Cyclopropenyl anion 4.20 14.99 16.64 9.79 4.95 2.29 0.95
Cyclopropenyl radical -9.49 —0.51 5.2 3.25 1.49 0.61 0.21
Cyclopropenylidene (singlet) —16.76 —27.46 —-17.07 -7.79 —3.78 —2.09 —1.30
Cyclopropenylidene (triplet) —36.86 —20.32 -3.07 0.39 0.56 0.35 0.18
Germacyclopropenyl cation —14.72 —17.04 —10.28 —4.36 —1.93 —-1.07 —0.70

methods employed. Moreover, the energy results obtained
at HF level are remote, compared to other calculation
methods. Nevertheless, consistency is found between the
orders of calculated relative energies (Tables 1-4). The
magnitude of energies obtained at B3LYP appears to
depend on the applied basis sets. Hence, in contrast
to BALYP/LANL2DZ, the B3LYP/6-311++G™ appears
to be consistent with the higher level ab initio methods:
MP4(SDTQ), QCISD(T), and CCSD(T). The relative ener-
gies, calculated at QCISD(T) and CCSD(T) levels, are sim-
ilar to each other, while they appear somewhat different
from those of MP4. These differences are more pronounced
for triplet state species, due to the possible spin-contamina-
tion problem which has been encountered for MP4(SDTQ)
calculations [42,43].

In the following discussion the high level CCSD (T) sin-
gle-point energy results are preferred while, B3LYP
appears reliable for computing geometrical parameters
[43]. The NICS values are calculated for singlet cyclic
germylenes, 1,.x (Table 5). Accordingly, the calculated
optimized geometries of 1-4 are reported, at B3LYP/6-
311++G™ and MP2/6-311++G™ levels (Tables 6-9). Geo-
metrical parameters do not appear to be sensitive to the
different levels of theory employed. Nearly similar results
are obtained for the geometrical parameters optimized
through methods other than B3LYP/6-311++G™ and
MP2/6-311++G™ which are not included in Tables 6-9.
All optimized structures are planar with at least C; symme-
try. Atomic charges and bond orders are derived from the
NBO population analysis at B3LYP/6-311++G™** (Table
10) [38]. The NBO method provides an orbital picture
which is closer to the classical Lewis structure. The energies
of the HOMO and LUMO orbitals are obtained for both
singlet and triplet isomers of C,GeHX. LUMO-HOMO
energy gaps of the singlet germylenes 1.x—4¢.x, show linear
correlations between their corresponding singlet-triplet
energy separations, calculated at B3LYP/6-311++G™" level
of theory (Fig. 2). Halogens increase the magnitude of
LUMO-HOMO energy gaps. The correlation coefficient
trend is: 3¢x (R*=0098)>4.x (R>=0.97)>2x

(R*=0.94) > 1,x (R*=0.70), where R? is the correlation
coefficient. The highest LUMO-HOMO energy gaps are
found for singlet cyclic structures 15x. While, due to the
distance of X from the divalent center, the lowest range
of LUMO-HOMO energy gaps as a function of substitu-
ents X, are encountered for 4¢ x species.

Table 6
Optimized geometrical parameters (bond distances (R) and bond angles
(A)) along with symmetry, for singlet (s) and triplet (t) X-germacyclo-
propenylidene (15, and 1), at two levels of theory: first line, B3LYP/6-
311++G™; second line, MP2/6-311++G"" in italics (where X = H, F, Cl,
and Br)

Ge

1
R/ A R,
A A
c=—Lc,
TR,
H/ \X
1
Structure/symmetry Bond distances (A) Bond angles (°)
R, R, R; A4, A> A3
1su1(Csy) 1.94 1.33 1.94 40.2 69.9 69.9
1.94 1.35 1.94 40.5 69.7 69.7
1,.5(Cy) 1.92 1.33 1.96 39.9 71.6 68.4
1.93 1.34 1.98 40.0 71.8 68.2
1L,.a(Cy) 1.93 1.33 1.95 39.9 71.0 69.0
1.93 1.34 1.96 40.3 70.6 69.0
15.8:(Cy) 1.94 1.33 1.96 39.8 71.1 69.0
1.94 1.34 1.96 40.3 70.7 69.0
1en(Ca)? 2.36 1.23 2.36 30.2 74.9 74.9
1er(Cy)* - - - - - _
2.28 1.25 2.35 31.3 77.1 71.4
1 a(Cy)? 2.39 1.26 2.14 31.6 63.1 85.2
2.30 125 2.33 31.3 75.9 72.8
1eg(Cy) - - - - - -
2.29 125 2.33 315 75.6 72.9

# Rupture upon optimization.
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Table 7
Optimized geometrical parameters (bond distances (R) and bond angles
(A)) along with symmetry, for singlet (s) and triplet (t) ethynyl-X-
germylene (24 and 2¢y), at two levels of theory: first line, B3LYP/6-
311++G™*; second line, MP2/6-311++G"* in italics (where X =H, F, Cl,
and Br)

A, .
N Ge
H— = T, N\
R, A, X

2
Structure/symmetry Bond distances (A) Bond angles (°)
R] R2 R3 AI AZ
2, u1(Cy) 1.59 1.94 1.22 92.8 171.8
1.58 1.94 1.23 93.5 170.8
2, ¢(Cy) 1.80 1.96 1.21 96.7 170.3
1.81 1.95 1.23 96.3 169.9
2. Cy) 2.23 1.95 1.21 97.5 170.1
2.19 1.94 1.23 97.2 168.5
2, g(Cy) 2.39 1.95 1.21 97.7 170.1
2.36 1.94 1.23 97.2 168.6
2cn (Cs) 1.54 1.87 1.22 118.3 173.2
1.53 1.92 1.19 117.1 175.9
2.x(Cy) 1.78 1.86 1.22 117.5 173.0
1.79 1.91 1.20 114.5 172.4
2ccl(Cy) 2.19 1.86 1.22 118.5 172.1
2.16 1.91 1.20 116.2 173.6
28 Cy) 2.35 1.87 1.22 119.1 173.1

2.31 1.92 1.20 117.1 173.5

2.2. Relative energies of isomers

The relative energy of C,GeH, isomers, calculated
at CCSD(T)/6-311++G™ is: 1¢ g (0.00 kcal/mol) > 3¢ g
(11.91 kcal/mol) > 2,y (16.94 kcal/mol) > 2.y (35.02
kcal/mol) > 1.y (40.8 kcal/mol) > 3.y (46.73 kcal/mol)
(Table 1). The structure of lowest energy (global minimum)
among the C,GeH, isomers appears as singlet germacyclo-
propenylidene, 14 g; which is in agreement with the previ-
ously reported results related to carbenic C;HX, C;HY,
C,PX, and C,NY as well as silylenic CNSiX, and C,HSiX
systems (where Y = NH,, OMe, and CN) [21-26]. One
may justify the above trend by considering the aromatic
character of 14y, caused by incorporating a 6> Ge center,
making the 7° of C,—Cs delocalize through the empty p-
orbital on Ge (Fig. 5).

In order to estimate the extent of aromaticity of the cyc-
lic species NICS method is employed. NICS is a computa-
tional method which provides an indirect theoretical probe
of ring currents to serve as an aromaticity criterion [39].
The NICS indices are based on the “absolute magnetic
shielding” taken at the center of a ring compound, where
the full effect of the induced ring current should be
observed. Also, NICS (1) (i.e., at points 1 A above the ring
center) was suggested to be a better measure of the m elec-
tron delocalization, compared to NICS(0) (i.e., at the ring
center) [44]. The calculated NICS indices with negative val-
ues are aromatic, and those with positive values are anti-

Table 8
Optimized geometrical parameters (bond distances (R) and bond angles
(A)) along with symmetry, for singlet (s) and triplet (t) X-vinilydeneg-
ermylene (3, and 3,), at two levels of theory: first line, B3LYP/6-
311++G™; second line, MP2/6-311++G** in italics (where X = H, F, Cl,
and Br)

H
\ R, R, .
R, GG
/ A, A
X
3
Structure/symmetry Bond distances (A) Bond angles (°)
Ry R, R; Ay A
3. 1(Ca) 1.79 1.32 1.09 180.0 1223
1.79 1.34 1.09 179.9 121.9
3.r(Cy) 1.77 1.32 1.36 178.7 123.2
1.78 1.33 1.35 176.2 122.9
3e.ci(Cy) 1.78 1.31 1.78 177.9 124.1
1.79 1.33 1.74 176.4 123.9
3eB(Cy) 1.78 1.31 1.96 178.0 124.0
1.79 1.33 1.92 177.5 123.5
3en(Cay) 1.89 1.31 1.09 179.9 121.6
1.93 1.30 1.09 180.0 1214
3cr(Cy) 1.90 1.32 1.36 179.6 122.1
1.95 1.30 1.35 179.6 123.2
3c.a(Cy) 1.89 1.32 1.78 179.1 121.8
1.94 1.30 1.75 179.8 122.9
3end(Cy) 1.90 1.31 1.94 178.4 120.1
1.94 1.30 1.92 179.3 120.9
Table 9

Optimized geometrical parameters (bond distances (R) and bond angles
(A)) along with symmetry, for singlet (s) and triplet (t) (X-ethynyl)germ-
ylene (4¢ and 4¢.), at two levels of theory: first line, BALYP/6-311++G™*;
second line, MP2/6-311++G** in ita{ics (where X =H, F, Cl, and Br)

5 -

— > <Y
X C3 Cz/R,&/\
3 A
2 1 H
4

Structure/symmetry Bond distances (A) Bond angles (°)

R] R2 R3 Al A2
4, ¢ (Cy) 1.94 1.21 1.28 92.9 171.4

1.97 1.23 1.28 93.7 168.1
4. ci(Cy) 1.93 1.22 1.64 92.9 170.2

1.94 1.24 1.64 93.8 165.9
4 5.(Cy) 1.93 1.22 1.79 92.8 170.9

1.94 1.24 1.79 93.7 167.1
4. 5(Cy) 1.87 1.21 1.28 117.7 172.3

1.91 1.20 1.28 118.1 176.6
4 ci(Cy) 1.86 1.22 1.64 117.8 170.3

1.91 1.20 1.64 117.1 172.9
4 p(Cy) 1.86 1.22 1.79 117.7 170.6

1.91 1.19 1.79 117.1 174.2
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NBO analyses including atomic charges and bond orders of C,GeHX germylenes, 1-4, calculated at BA3LYP/6-311++G** (X = H, F, Cl, and Br)

Structure Atomic charge Bond order
Ge Cz C3 H X GC—CZ Ge—C3 Cz—C_—; Cz—X C3—H
1on 0.73 —0.57 —0.57 0.20 0.20 1.05 1.05 1.93 1.00 1.00
len 0.14 —0.31 —0.33 0.25 0.25 - - - - -
1 0.75 0.01 —0.63 0.22 —0.34 1.00 1.01 1.90 0.90 0.99
ler 0.50 —0.16 —0.19 0.21 —0.35 0.99 0.36 2.10 0.89 1.00
1y a 0.81 —0.49 —0.57 0.22 0.03 - - - - -
lea 0.33 —0.18 —0.55 0.25 0.14 0.61 0.79 2.28 1.33 0.99
j 0.83 —0.57 —0.56 0.22 0.09 1.02 0.99 1.96 1.22 0.99
lene 0.51 —0.52 —0.13 0.23 —0.10 0.93 0.17 2.49 0.53 1.00
Ge-C, C-C; Cs-H Ge-X
2n 0.77 —0.56 —0.17 0.22 —0.26 0.92 2.76 1.01 0.89
2en 0.60 —0.55 —0.16 0.23 —0.11 1.16 2.74 1.01 1.04
2 F 1.22 —0.62 —0.15 0.22 —0.67 0.85 2.76 1.00 0.81
2r 1.11 —0.60 —0.14 0.23 —0.61 1.23 2.77 1.00 0.89
25q 0.96 —0.59 —0.14 0.22 —0.45 0.88 2.76 1.00 0.99
2. q 0.81 —0.56 —0.14 0.23 —0.33 1.21 2.76 1.00 1.13
2 pr 0.89 —0.59 —0.15 0.23 —0.38 0.89 2.75 1.00 1.05
2 pr 0.72 —0.56 —0.15 0.23 —0.24 1.19 2.75 1.00 1.20
GC*CZ CQ*C3 C3*X C37H
3en 0.73 —0.81 —0.31 0.19 0.19 1.80 1.91 0.98 0.98
3cH —0.26 —0.53 —0.39 0.09 0.09 1.46 2.00 0.96 0.96
R 0.84 —0.96 0.31 0.17 —0.35 1.72 1.88 0.88 0.95
3¢F —0.20 —0.61 —0.07 0.08 —0.20 1.33 1.93 0.87 0.95
3sa 0.83 —0.87 —0.14 0.21 —0.02 1.70 1.94 1.15 0.97
3cal —0.19 —0.57 —0.29 0.10 —0.05 1.37 1.98 1.14 0.96
3eBr 0.83 —0.87 —0.20 0.21 0.02 1.68 1.96 1.18 0.97
3¢Br 0.57 —0.44 —0.42 0.24 0.06 1.37 2.01 1.14 0.97
GC*CZ C2*C3 C}*X Ge-H
4, ¢ 0.77 —0.70 0.46 —0.27 —0.26 - - - -
4 0.58 —0.67 0.46 —0.11 —0.26 1.11 2.58 0.93 1.04
4 0.77 —0.56 —0.10 —0.26 0.15 0.91 2.67 1.33 0.89
41 0.59 —0.55 —0.09 —0.11 0.16 1.16 2.66 1.34 1.04
4, g, 0.77 —0.55 —0.19 —0.26 0.23 0.91 2.71 1.37 0.89
4y r 0.59 —0.54 —0.18 —0.11 0.24 1.16 2.70 1.38 1.04

aromatic. Our calculated NICS values indicate that all sin-
glet cyclic germylenes, 14x, show aromatic character with
negative NICS values (Table 5). The aromatic characters
of 15.x are less than those of singlet cyclopropenylidene
(NICS(1)=—17.07 ppm), cyclopropenyl cation (NICS(1)=
—14.69 ppm), but higher than that of benzene ring
(NICS(1) = —10.6 ppm) [44,45]. Moreover, based on calcu-
lated NICS values for germacyclopropenyl cation
(C,GeHj3-three member cyclic structure); this cation is less
aromatic than the 15 x germylenes (Table 5). Halogens
appear to somewhat decrease the aromaticity of singlet
germylenes 1¢x. Since, change in NICS values is often
translated into considerable aromatic and thereby stabiliza-
tion differences. For example, judging from NICS(2.0) val-
ues, a di-zert-butylaminosilylene (—2.7 ppm) is reported to
be significantly less aromatic than benzene (—5.3 ppm) [46].
3. 1s less stable than 14y, as indicated by the lack of aro-
matic character (Table 1). The stabilizing affects of an addi-
tional Ge-C bond in 34 g, as a replacement for Ge-H bond
in 24 g, makes the former more stable than the latter. 3.y is
the most stable triplet isomer in C,GeH, germylenes, which
in turn is less stable that 2,y. An allylic resonance hybrid

contributor justifies higher stability of 3.y over 2. More-
over, a less significant vinylic resonance hybrid contributor
indicates the lower resonance role in stabilizing 2,y com-
pared to 3. y. Finally, due to the considerable angle strains,
cyclic 1.y turns out to be a very unstable isomer in the
C,GeH, series.

The CCSD(T)/6-311++G™ calculated relative stability
of C,GeHF species is: 2.p (0.00 kcal/mol) > 14 p
(24.24 kcal/mol) > 3, (32.56 kcal/mol) > 2. (53.9 kcal/
mol) > 4 g (90.15 kcal/mol) > 4¢p (120.4 kcal/mol) > 3¢
(139.5 kcal/mol) (Table 2). Obviously, the stability order
of C,GeHF appears quite different from that of C,GeH,,
and is in clear contrast to analogous C3HF carbenes [21].
The global minimum for the set of C,GeHF switches to
singlet ethynylfluorogermylene, 24 ; which is highly stabi-
lized by the electronegative fluorine atom directly attached
to the divalent center [26]. Such a phenomenon apparently
has more stabilizing effect than the aromaticity anticipated
in 14 (Table 5). Nevertheless, aromaticity may justify the
higher stability of 1 g over 3¢_g. In turn, 3, being a singlet
state germylene, is more stabilized by the electron-with-
drawing fluorine, than 2. which is a triplet germylene.
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Fig. 2. Correlations between the LUMO-HOMO energy gaps of the singlet C,GeHX germylenes (14.x, 2¢.x, 3s.x and 4 x), and their corresponding
singlet—triplet energy separations, AEs,, for X = H, F, Cl, and Br calculated at B3LYP/6-311++G** (R? is the correlation coefficient); *For 4. data for

X =H are not included.

The latter appears more stable than 4, . Hence, fluorine
attached to the C=C in 4y fails to show much of stabiliz-
ing effect on germylenic center. Singlet 4, appears more
stable than the triplet states 4 and 3. Finally, 1 g is a
transition state on the potential energy surface of C,GeHF
(Table 2). The CCSD(T)/6-311++G"* calculated relative
stability order for the isomers of C,GeHCI is: 2, ¢
(0.00 kcal/mol) > 1. ¢ (21.46 kcal/mol) > 34, (33.17 keal/
mol) >4y (46.79 kcal/mol) > 2.y (47.39 kcal/mol) >
3ca (61.99 kcal/mol) > 1. (72.76 kcal/mol) > 4¢ ¢y
(77.30 kcal/mol) (Table 3). This is nearly the same trend
found for C,GeHF, but with a shorter range of energy dif-
ferences between the isomers involved; due to lower stabi-
lizing effect of chlorine, than fluorine, on the singlet states.
The same justifications for the relative stability of C,GeHF
may be applied to C,GeHCI [26]. The global minimum for
the set of C,GeHCI appears to be singlet ethynylchloro-
germylene, 24 ¢

The CCSD(T)/6-311++G™ calculated relative stability
of C,GeHBr isomers is: 2pe (0.00 kcal/mol) > 14 g,
(22.91 kcal/mol) > 3¢ g, (35.23 kcal/mol) > 2., (45.4 kcal/
mol) > 4, g, (48.4 kcal/mol) > 3.g, (62.61 kcal/mol) > 1,g,
(73.28 kcal/mol) > 4, g, (78.81 kcal/mol) (Table 4). Again,
this is the same trend found for both C,GeHF and
C,GeHCI. Interestingly, the range of energy differences
between C,GeHCl and C,GeHBr is similar. This finding
indicates that both the electro-negativity as well as the res-
onance effects of the halogen atoms is important for the
stabilization of germylenic centers [47]. Again, the global
minimum for the set of C,GeHBr appears to be singlet
2, gr- Resonance effects of halogens are dissimilar on differ-
ent structures. Inspection of halogen—carbon or halogen—

germanium bond orders indicate that halogen—carbon
bond orders vary between 0.53 (1¢p,) to 1.38 (4¢g,). Halo-
gen—germanium bond orders vary between 0.81 (2,.5) to 1.2
(2¢.gr) (Table 10).

2.3. Singlet—triplet, HOMO-LUMO, energy separations

This section starts with the examination of cyclic germ-
ylenes 14 x and 1,x. The CCSD(T)/6-311++G™ calculated
order of singlet-triplet energy gaps (AEqx), between 14.x
and 1.x isomers is: AEgic1 (51.30 kcal/mol) > AE ¢ g,
(50.37 kcal/mol) > AFEg g (40.80 kcal/mol). Excluding the
fluorine which has a transition state structure for 1., chlo-
rine shows the highest stabilizing effect on the singlet states
among cyclic 14.x. This is in contrast to the case of C,SiHX
silylenes, where hydrogen had the highest AE x. When
X = ClI and/or Br; variations between their corresponding
AE, ¢ x is little, since in cyclic species 15 x and 1¢x, the hal-
ogen atoms are not directly bonded to the divalent center
(Fig. 1).

Ethynylgermylene (2) is the most energetically feasible
acyclic structure investigated (Fig. 1). 2 is more affected
by halogens than 1, 3, or 4 due to the direct attachment
of the halogens to its divalent center. Singlet states 2.
(X=H, F, Cl, and Br) are more stable than their corre-
sponding 2..x. The CCSD(T)/6-3114++G™" calculated order
of AEg(x, between 2, x and 2.x is: AEgr (53.90 kcal/
mol) > AEg ¢ (47.39 kcal/mol) > AEs (g,  (45.40 kcal/
mol) > AEg ¢ (29.79 kcal/mol) (Tables 1-4). Again, this
finding clearly demonstrates the stabilizing of germylenes,
due to the effect of electronegativity [1]. Among all the hal-
ogenated structures studied, acyclic singlet 2, x appears as
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Fig. 3. Bending potential energy curves (relative energies as a function of the divalent bond angle, A) of the singlet (s, A) and triplet (t, W) states of ethynyl-

X-germylene, 2,.x and 2.x (X =H, F, Cl, and Br).

the global minima, in agreement with the C,SiHX silylenes,
which was previously reported [26]. The magnitude of diva-
lent bond angle is one of the most significant parameters,
predicted to affect AE;, and/or the choice of electronic
ground states of the divalent group 14 species [48]. Bending
potential energy curves for 2¢x and 2.x, calculated with
B3LYP/6-311++G™, show the crossing of singlet 2¢.x
and triplet states 2.x curves, for only X =H, with a
/XGeC divalent angle of 146° (Fig. 3). In contrast, for
X =F, Cl, and Br, the singlet states appear more stable
than their corresponding triplet states, regardless of the
employed angle /XGeC. This is possibly due to the stabi-
lizing effects of halogens (X) on the singlet divalent centers
[49]. Atomic charges on divalent Ge atoms appear linearly
correlated with the Swain and Lupton resonance constants
(R) [50], for both acyclic germylenes 2,.x and 2.x (Fig. 4).

Another acyclic structure considered is vinylidengermyl-
ene (3) (Fig. 1). All calculations reveal that singlet states
3.« are more stable than their corresponding triplet states
3(x (Tables 1-4). The order of AE, between 3, x and 3;x,
calculated at CCSD(T)/6-311++G™, follows the electroneg-
ativity of X: AEg x (106.93 kcal/mol) > AE ¢ ¢y (28.82 kcal/
mol) > AFEg g, (27.37 keal/mol) > AEg i (23.11 kcal/mol).

The last acyclic structure considered is (X-ethynyl)germ-
ylene, 4 (Fig. 1). This structure is closely related to struc-
ture 2; besides, when X = H, structure 4 becomes exactly
the same as structure 2. Every 4., and/or 4, is less stable
than its corresponding 2., and/or 2. Again, all singlet
states 45, appear more stable than their corresponding
triplet states 4¢. The magnitudes of AEg,x between 4¢x
and 4.x, calculated at CCSD(T)/6-311++G™, are nearly
similar: AEg¢r (30.26 kcal/mol) ~ AEg ¢ (30.52 kcal/
mol) =~ AE, ¢ g, (30.54 kcal/mol) (Tables 2-4).

1.7 4
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— —_— /
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S 071 R2=0.99
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R

Fig. 4. Plots of atomic charges on the divalent center vs. resonance (R)
(Swain and Lupton constants [50]) for singlet (A) and triplet (H) states of
ethynyl-X-germylene, 2,x and 2.x, where X=H, F, Cl, and Br
(R? = correlation coefficient, m = curve slope).

2.4. Geometries, dipole moments, and atomic charges

During optimization, structures of cyclic triplet states
leg (MP2/6-3114++G™), 1.f (B3LYP/6-311++G™") and
1ep: (B3LYP/6-311++G™) transform into their corre-
sponding acyclic structures, due to the angle strains
involved (Tables 6-9). At MP2/6-311++G™" optimization,
both C,—Ge and C;-Ge bonds of 1,y cleave to form an
acetylenic acyclic structure (neither 2 nor 4). While, at
B3LYP/6-311++G™ optimization, 1.p rearranges to an
acyclic structure with Br atom bonded to Ge. However,
at B3LYP/6-311++G™* optimization, just the C;-~Ge bond
of 1¢p, cleaves. The R; and R; bond lengths in 15x struc-
tures are 0.30-0.35 A shorter than those of 1.x. In
contrast, R, bond lengths in 1,x structures are about
0.10-0.13 A longer than those of 1.x (Tables 6 and 10).
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Table 11

NBO calculated bond hybridizations for singlet (15.x and 24 x) and triplet states (1..x and 2..x) of C;GeHX germylenes as well as hybridizations for Ge

lone-pairs (L) of singlet 1,.x (X =H, F, Cl, and Br)

Structure Bond Structure Bond
0Ge-C2 0Ge-C3 Ge-L 0Ge-C 0Ge-X

lon §lp13-1540.04 §lp13-1540-04 s p0-1340-00 2on §1p7-9840-05 §1p10:0740.05
len §11567-8540-42 §17y08:4540-43 B 2on 1774002 13914001
lop S1p14A59do.07 slp13,64d0A06 s1p°‘13d0‘00 2o §1p2-7040-08 §lp11-7740-08
lor B B B 2or s p35¢003 s p? 183005
leay 5! p!3904005 s!p!42840.06 5! p0-140-00 2.0 §1p-0440-08 §lp!6:6340-24
lea s1p?9941-23 12243 40.15 B 2ear §1p5-38,40-03 slpl-1140.12
Lo S1p13.71do.05 Slp14.57d0A06 s p0A14doA00 2o §1p3:9940-07 §1p18:9440.02
1 e B B B 2o s'p>574003 s!p!263q0-10

The divalent bond angles ZA| or ZCGeC in 14 x are about
10° larger than their corresponding 1,x. This result is in
contrast to the reported findings on acyclic germylenes
and silylenes [47]. For instance, in the cyclic structures 1.
x and 1.x the strictly localized natural bond orbitals
(NBO) of the ¢ molecular orbitals have significant p char-
acter on divalent Ge centers (Table 11). Nevertheless, p
character of Ge in 1.x is greatly higher than those of 14 x
which cause the widening of divalent angle ZCGeC in cyc-
lic singlet states 15x, compared to the triplet states 1.x.
This is in clear contrast to the case of acyclic structures
2, x and 2.x, where divalent atoms Ge in 2,x possess
higher p character than 2.x (Table 11). Consequently,
divalent angles ZCGeX in 2,.x are smaller than those of

the triplet 2¢.x. The lone pairs on Ge atom in 14 x structures
have mainly s character. Interestingly, only a little germa-
nium d orbital valence participation is found for the cyclic
triplet structures 1,.x. 3D and 2D isosurface HOMO plots,
obtained for 1. ¢y and 1. ¢y, illustrate the 0'2(A1) configura-
tion for HOMO of the 14.¢y and partial participation of Ge
d-orbitals with a lower looseness of electrons for HOMO of
1ea (Fig. 5).

Unexpectedly, changes are small in geometrical param-
eters of acyclic structure 2, where the X is directly
attached to divalent center (Table 7). The changes in R,
bond orders (Ge-C,), as a function of X in 24x follow
the trend: H > Br > Cl > F; while, the corresponding trip-
let 2.x follows the opposite trend: F> CI> Br>H. In

Lia

lear

Fig. 5. Isosurface visualization of the HOMO molecular orbitals showing the contribution of Ge d-orbitals of singlet 15 ¢ and triplet 1¢.¢; germylenes in

2D (bottom) and 3D (top) fashion.
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addition, R, bond orders in all triplet states 2.x are
larger than their corresponding singlet states 2,.x. Consid-
ering the intrinsic tendency of divalent Ge in acquiring
stable singlet states [1,47-49], the canonical form
H—C=C—Ge—X appears to carry a higher relative
weight for singlet states, 25 x. In contrast, since the triplet
state divalent Ge is rare, for being highly instable, the
canonical form H—C=C=Ge=X turns out to carry a
higher weight for triplet states, 2x. The calculated geo-
metrical parameters and atomic charges emerge consistent
with this argument. As expected for acyclic germylenes
and silylenes, the divalent bond angles ZA, in all singlet
2, x are about 20-30° smaller than their corresponding 2.
x (Table 7). Although, 2,y and 2y are nearly non-polar,
with low dipole moments, their halogenated derivatives
2, x and/or 2.x have the highest dipole moments among
1-4 (Tables 1-4).

In structure 3, the R; bond lengths of triplet 3. x are
about 0.10-0.14 A longer than their corresponding 3 x.
The changes in R, bond orders (Ge-C,), as a function of
X in 3¢.x follow the size: H > F > Cl > Br. However, the
order of changes in R, bond orders (C,—C3), as a function
of X is: Br > Cl> H > F. Replacing of H with X in both
3.x and 3.x, cause to a little deviation (0.5-2°) from
linearity of cumulenic moiety, C=C=Ge (Table 8).

The last acyclic structure considered is 4 which also
show negligible change in their geometrical parameters as
a function of X, regardless of the divalent bond angle
ZA;. In all singlet states 4¢x, the magnitude of LA, are
smaller than those of their corresponding 4,x (Table 9).
Moreover, among the four structural sets scrutinized,
(haloethynyl)germylenes, 4, have the lowest dipole
moments (Tables 1-4).

The results of NBO analysis for atomic charges reveal that
the atomic charges on the divalent centers (Ge), of 2,.x and 2.
x, appear to have linear relationships with the Swain and
Lupton [50] resonance constants (R), assuming comparable
weighting factors (f= r =~ 1) for X (Table 10, Fig. 3).

Switch of global minima from cyclic structure 1
(X = H) to acyclic structure 2 (X = halogen) is due to sev-
eral reasons including the following. (1) Halogens (X) sta-
bilize 2,x, compared to 2¢y. This is through electron
withdrawing effects, which increase the positive charge
on Ge [1,47-49]. The trend appears to follow electronega-
tivity: 1gp (1.22) > 2.1 (0.96) > 24 g, (0.89) > 2, (0.77)
(Table 10). The consistently higher positive (charge) char-
acter on Ge, when X =F, Cl, and/or Br, compared to
X =H, is further dispersed through resonance with the
adjacent triple bond C=C in 2,x. (2) Halogens also act
as electron pair donors and stabilize acyclic 2,.¢; and
2, g, through resonance, making the bond order of Ge—
Cl1 =0.99 and Ge-Br = 1.05 (Table 10). These halo bonds
are considerably shorter than Ge-H with a bond order of
0.89. (3) Finally, perturbation of aromaticity of cyclic 14 x,
through cross conjugation involving halogen and the three
member ring, reduce the relative stability of 14y, com-
pared to 2 x (Table 5).

3. Conclusion

Singlet-triplet energy separations (AEgx), and relative
stabilities of 30 new germylenes C,GeHX are compared
quantitatively (X = H, F, Cl and Br). Eight levels of calcu-
lations are employed including: HF/6-311++G™*, B3LYP/
LANL2DZ, BILYP/6-311++G™*, B3LYP/6-311++G™,
MP2/6-311++G™, MP4/6-311++G™,  QCISD(T)/6-
311+G™, and CCSD(T)/6-311++G"". The possible struc-
tures considered for each singlet (s) and triplet (t)
C,GeH-X, are: X-germacyclopropenylidene (lgx and
1¢x), ethynyl-X-germylene (25.x and 2.x), X-vinylideng-
ermylene (3,.x and 3;x), or (X-ethynyl)germylene, (4s.x
and 4 x). All singlet germylenes studied are lower in energy
than their corresponding triplet states. The global mini-
mum among six isomers of C,GeH-H appears to be cyclic
1,.x, nevertheless the global minima among 24 structures of
C,GeHF, C,GeHCI and C,GeHBr switch to acyclic 24 x.
Order of AEg¢x for 1-3 as a function of X is:
H>F>Cl> Br, while AE;x for structure 4 has little
changes as a function of X employed. LUMO-HOMO
energy gaps of the singlet germylenes, show linear correla-
tions to their corresponding singlet-triplet energy separa-
tions, calculated at B3LYP/6-3114++G™. Very little
germanium d orbital valence participation is found for
the cyclic triplet structures 1;x. Bending potential energy
curves show the crossing of singlet, 24y, and its corre-
sponding triplet, 2.y, at ZHGeC angle of 146°.
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