Journal of Molecular Modeling (2020) 26: 325
https://doi.org/10.1007/s00894-020-04570-7

ORIGINAL PAPER @

Check for
updates

A theoretical investigation into novel germylenes: effects of nitrogen
substitution on stability and multiplicity

Nastaran Abedini' - Mohammad Z. Kassaee'

Received: 13 August 2020 /Accepted: 8 October 2020 / Published online: 31 October 2020
© Springer-Verlag GmbH Germany, part of Springer Nature 2020

Abstract

The effects of substituting nitrogen atoms on the stability of novel singlet (s) and triplet (t) forms of germylenes (1-20) are
compared and contrasted, at BALYP/AUG-cc-pVTZ level of theory. Every one of the 40 new divalents scrutinized appears as a
minimum on its energy surface, for showing no negative force constant. Also, every singlet (1,-205) appears more stable than
its corresponding triplet (1,-20,). The highest stability (AE.) is achieved by germylene (11) where all the three nitrogens are
bonded to the central boron atom. The Eyonmo slightly decreases when the number of electronegative, o-acceptor nitrogen
atoms increases, and also causes it to be less electron-rich. Germylene 16, with low stability (AE, (= 17.19 kcal/mol), bond
gap (AExomo-Lumo = 57.46 keal/mol ™), and atomic charge on -Ge- (+0.9012), has high electrophilicity (w=3.78 eV) and
nucleophilicity (N=3.87 ¢V). Germylenes 8, 14, and 19, with coordinate covalent bond between nitrogen (N(Y)) and
germylene center have low w and high AEyonmo-Lumo- The purpose of the present work was, therefore, to assess the influence
of nitrogen substituents on the stability (AE,_,), band gaps (AEzomo-Lumo), N, w, and heat of hydrogenation (AFEy). This

investigation is aimed to introduce novel germylenes that can be applied as cumulated multi-dentate NHGe ligands.

Keywords Germylene - Band gap - Coordinate covalent bond - DFT

Introduction

The divalent germylenes, GeR,, have gained much attention
over the last four decades because of their electron-deficient
radicals applied in chemical vapor deposition, semiconductor
manufacturing, the photonics, and aerospace industries and
other roles [1-3].

NHGe derivatives with the coordination of electronegative
and 7-electron-donating heteroatoms have high reactivity
[3-10]. The NHGe has a weaker p,.-p, interaction between
nitrogen and germylene center than the corresponding NHC
because germanium is less electronegative and larger than
carbon. This leads to a reduction in the 7t electron density on
the germylene center which makes the NHGe to be a better 7t
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acceptor [11, 12]. In 1982, the first N-heterocyclic germylene
with four-membered ring was reported by M. Veith [13]. The
systematic theoretical studies employing correlated wave
functions on R,Ge have shown a strong tendency for
germylenes to have singlet ground states and a substantial
electronic effect of different substituents on the AE ; of diva-
lent species [14—17]. The electronegative substituents at
germylenes increase the AE,  gap, whereas the electroposi-
tive ones reduce it [18].

Interestingly, many organogermanium compounds have
biological activities that have attracted much attention. In
addition, Heremann reported saturated and unsaturated
five-membered NHGe compounds, [19] which could be used
as the original body to prepare the Ge-film by chemical va-
por deposition (VCD) [20]. Therefore, the studies on
germylenes and germylene reactions have important theoret-
ical as well as practical significance. The aim of our work is
to answer the question that arises whether novel singlet and
triplet germylenes are researchable and how nitrogen substi-
tutions may influence their stability, multiplicity (singlet (s)
vs. triplet (t)), band gap (AEnomo-rumo), nucleophilicity
(N), and electrophilicity (w) at B3LYP/AUG-cc-pVTZ//
B3LYP/6-311++G** level of theory. In addition, a number
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Table 1
germylenes, at B3LYP/6-311++G** level

Optimized bond length (A), carbenic angle (.ZGeV/deg), and dihedral angle (-GeVBZ/deg) for novel singlet (1,-20,) and triplet (1,-20,)

-

Bond length Germylene Dihedral
Structures Germylenes ~ Symmetry A) angle (deg)  angle (deg)
Z-Ge Ge-V 2ZGeV ¢£GeVBZ
.G.
Hg(f\/ q\\ CH, 1, Cs 2.03  2.03 83.60 -27.72
i X X1
HC, X /" CH
\\\ \Cfl /,/‘
S b 7 1; Cs 2.13  2.13 78.48 -15.61
\l;/
Ge
HC 7 N\ SH: 2 C; 1.96 2.04 76.66 -5.32
HE, N & N
CI—I /
N\ 2, C 1.98 235 73.42 -14.10
B
Ge
HC 7 N\ WH 3 C; 2.05 2.00 83.78 -33.39
- To i N o
\. CH ~
3; C 1.99 2.14 80.56 -17.06

of them show prospects of being employed as multi-dentate
NHGe ligands.

Computational methods

Our computational study, due to its excellent performance-to-
cost ratio as compared with the correlated wave function the-
ory, is confined to B3LYP calculations [21], while some re-
cent reports have questioned the reliability of the most popular
density functional, B3LYP [22]. We used B3LYP with the 6—
311++G** basis set that is prevalent in many other papers on

@ Springer

germylenes [11, 23, 24]. Triplet states were calculated using
the unrestricted broken spin-symmetry UB3LYP/6-311++
G** method implemented in the GAMESS software package
[25, 26]. The vibrational frequency computations are applied
to characterize the nature of stationary points, as true minima
only real frequency values (with a positive sign) or the transi-
tion states only one imaginary frequency value (with a nega-
tive sign) is accepted respectively [27, 28].

The reactivity parameters are estimated via following the ex-
pressions: N = Epyomomu — Enomocrrene);(tetracyanoethylene
(TCNE) is preferred as the reference); w = (1°/21), where 1 is
the chemical potential (1= (Eyomo + ELumo)/2) and 7 is
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Ge
HC. CH, 4, C 205  2.05 83.45 -22.29
HC CH
N
}~ 4, C, 211 2.11 80.43 -13.55
3
Ge
HyC CH, 5 Cs 198 1.96 78.48 -0.48
N N
CH
' 5, Cs 212 212 67.29 9.95
B
Ge
HN. CH, 6, C; 2.03  2.00 75.96 -4.26
N CH
CH
| 6 C; 214 227 69.03 -13.96
He. N CH, 7, C 2.05 198 78.06 3.15
N CH
N
7, C 206  2.04 77.12 -14.93
B
me. N NH 8, C 204 2.02 76.32 4.17
N CH
CH
— 8, C 2.64 196 68.83 -21.80
B
Ge
HN, CH, 9, C; 203 2.08 82.51 -23.80
HC, “CH
N
) 9, C, 213 2.03 80.02 -19.72
B
_Ge
HN. 7 S NH 10, C 203 2.03 83.35 -35.85
H( » ‘(‘H
ci
; 10, C; 202 2.82 67.74 -20.95
B
He. N CH, 11, C; 198 1.98 78.87 0.97
N N
N
11, C; 216 2.15 67.71 -11.69
B
N N CH, 12, C, 204 201 77.13 -1.47
N Pl i
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12, C, 208 2.52 69.79 13.07
me. N NH 13, C; 206  2.00 77.47 0.32
N CH
§ 13, C 251 2.00 71.27 -19.98
B
N, N NH 14, C, 203 2.09 75.60 4.36
N CH
I 14, C 250 1.99 69.27 20.24
B
N N o, 15, C 195  2.04 77.82 3.24
N N
T 15, C 199 2.44 67.42 _13.41
B
. N NE 16, C 205 2.05 82.35 3211
H(‘. CH
N
16, C 217 2.17 77.42 22250
B
me N w17, C, 204 197 7173 4.50
N N
N
r 17, C 197 2.19 72.11 -10.23
B
NN 18, C 206 2.09 76.47 5.22
1;11 _ xu
Y 18, C 248 2,01 70.65 -18.07
Eﬂ'.
my O 19, C 205 1.93 77.62 6.25
L\IJ/. N N:
ral 19, c, 216 215 68.83 -13.79
B
HN. N NH 20, C 206 2.05 76.73 8.12
N N
Y 20, C 200 220 70.62 _14.16
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Table 2 Calculated second-order perturbation stabilization energies
(E®), for the intermolecular interactions (donor/acceptor NBO) of singlet
(1-205) germylenes, at the BALYP/6-3114++G** level of theory

Germylenes Donor — acceptor E® (kcal/mol )
1 LPs.— o *C(V)fC(W) and C(Y)-C(Z) 2.95
2 LPyez) — LP'¢e 13.65
35 LP(_*,e — Uic(v),c(w) 2.60
LPge — 0 nevyc 3.20
4q LPge = 0 C(v)-CoW) and COV-C@) 1.96
5 LPyey) = LP 6 428
LPy@z) — LP ¢e 1.80
6, LP¢. — 0 NevyB 1.34
75 LPnyy — LP Ge 10.70
8, LPg. — 0 Nv)-B 432
95 LPge — U: C(Y)-C(2) 1.59
LPg. — 0 covynew) 1.09
10; LPge — U*T\j‘(Y)—C(Z) and C(V)-N(W) 2.48
LPn@z) = 0 c@yée 231
11, LP N(V) and N(Z) — LP *Gc 2.69
12, LPney) — LP Ge 9.65
13, LPyey) — LP 6. 6.72
14, - -
15, LPyey) — LP ¢, 0.60
LPyz — LP e 9.15
16, LPge — 0 c(v)NOW) and NOY-C@) 3.03
17, LPney) — LP Ge 7.88
18, LPney) — LP Ge 4725
19S LP(";e - LP*N(V)— B 1.29
20, LPnez) — LP e 3.01
LPyv) — LP G 132
LPnew) — LP "G 42.73

chemical hardness (1= E; ymo — Enomo) at the same level of
theory [29].

To reach more accurate energetic data, single point calcu-
lations are accomplished B3LYP/AUG-cc-pVTZ (correlation
consistent polarized valence triple zeta) based on the B3LYP/
6-311++G**geometries [30].

Results and discussion

We have compared and contrasted novel singlet (s) and triplet
(t) germylenes (1,20, vs. 1,-20,) with regard to their geomet-
rical parameters (Table 1); second-order perturbation stabili-
zation energies (E®) (Table 2); occupancy numbers (Table 3);
relative stability (AE = E—E,) and AEy (Table 4); the fron-
tier molecular orbital energies (HOMO and LUMO) for sin-
glet germylenes along with their band gaps (AEzomo-Lumo)
(Table 5) at B3LYP/AUG-cc-pVTZ//B3LYP/6-311++G**
level of theory.

The range of bond angle ~ZGeV for our germylenes is
from 67.29° to 83.78°. The singlet state of our germylenes
has longer bond angle (£ZGeV) than their corresponding
triplets. The optimized bond lengths for (Z-Ge or Ge-V)
1,20, vs. 1,20, vary in a range of 1.93 to 2.82 A. The Z-
Ge or Ge-V bond lengths of our singlet germylenes, ex-
cept 18;, depend on the m-bonds and 7t-donor interactions
(LPn — LP"g.) nature of the nitrogen adjacent to
germylene center. For instance, the Ge—C bond lengths
in germylene 6, with Ge=N bond and 2, with high
LPN(Z)—>LP*Ge interaction (E® =13.65 kcal/mol™') are
0.03 A and 0.08 A longer than Ge-N bond lengths, re-
spectively (Tables 1 and 2).

Germylenes 6y, 8;, 14, and 19, have coordinate covalent
bonds between nitrogen and boron or germylene atoms. They
do not show any occupancy number for a lone pair on nitrogen
at situation V or Y but display occupancy number for mv)-s)
Or O(&e-N(Y)) bonds (Table 3).

Our germylenes have singlet ground state, so every triplet
germylene (1,-20,) appears at a higher level of energy than its
corresponding singlet (1,-20,). For instance, 15 appears at al-
most 26.52 kcal/mol ' lower in energy than its corresponding
1,. Our highest and lowest stable germylenes are 11 (AE, (=
34.27 keal/mol ') and 15 (AE, = 14.87 kcal/mol ), respec-
tively. The overall stability order of our germylenes based on
their AE,valuesis11>7>5>4>18>9>20>3>2>1>
14>17>12>8>6>19>10> 13 > 16 > 15. This stability
can be related to our imposed structures. Germylene 18 have
high stability (AE,_ = 32.29 kcal/mol "), vibrational frequen-
cies (Upin =220.60 cm™ ), and dipole moment (D=3.71).
Interestingly, germylene 164 with low stability (AE, =
17.19 kcal/mol™ ') has high dipole moment (D =3.80)
(Table 4).

The electrostatic potential (ESP) map is related to the
electronic density and is considered a fundamental deter-
minant of atomic and molecular properties [31].
Therefore, ESP has largely been used as a molecular de-
scriptor of the chemical reactivity, which takes part in
both electrophilic and nucleophilic reactions. For investi-
gation, ESP surfaces are plotted over the optimized elec-
tronic structures of our germylenes using density func-
tional B3LYP method with 6-311++G** basis set be-
cause the computationally or experimentally observed
ESP surface directly provides information about the elec-
trophilic (electronegative charge region) and nucleophilic
(most positive charge region) regions (Table 3). The ESP
map shows that the negative potential sites are on nitro-
gen atoms. The red and blue regions indicate the lowest
and highest electrostatic potential energy values, respec-
tively [31].

Germylene 5, with two nitrogens adjacent to its germylene
center has more positive atomic charges on -Ge- (+ 1.1876) and
B (+0.8576) than 2, which has one nitrogen (-Ge- =+ 1.0487
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Table 3  Calculated occupancy number of LP¢e, Tn-Ge) or (Ge-vp O(Ge-By LPNev.w.x.v,z) Using NBO analysis, and the ESP diagrams for singlet
germylenes, at the B3LYP/6-311++G** level of theory

Occupancy number
Germylenes ESP

Lps, OG- TNV LPnwv,wxy,z)
N(Y)) B)

N——B -
N " — 7‘ N(V)=-
" / e ) 199 - 18 \iwere
HN- C )
H
6s
> .G'eumum
S ; N
:N..e \B
i N(V)=-
198 1.94 1.84 N(Y)=-
HC C
H
8s
N(V)=-
1.99 196 1.86 N(W)=1.75
N(Y)=-
N(V)=1.88
N(W)=1.91
198 194 - gl
N(Z)=1.96
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Table4  Singlet—triplet energy gaps (AE, , kcal mol™"), heats of hydrogenation (AEy, kcal/mol ), along with dipole moments (D), and the smallest
calculated vibrational frequencies (Vpin, em 1) of our germylenes, at B3LYP/AUG-cc-pVTZ level of theory

Germylenes AE DP vﬁm AEg DP Ugm AEy,
1, 1, 26.52 0.90 169.80 —20.21 2.19 170.86 14.46
2, 2, 27.25 1.75 135.54 —18.19 2.51 96.62 12.98
3, 3; 27.58 0.87 174.87 —18.42 1.57 153.39 10.32
4, 4, 32.95 1.67 160.15 —19.45 0.44 213.83 1.36
56 5; 33.60 2.18 24.12 —15.01 347 110.25 -0.19
6,, 6, 23.09 3.24 142.61 —18.30 3.39 78.84 -3.36
Ts, 1¢ 33.70 2.11 166.42 —15.79 2.13 214.15 2.44
8, 8, 23.10 2.81 198.79 —11.00 2.65 82.94 13.08
9,9, 31.19 1.23 90.88 —18.68 1.34 187.92 —4.56
10,, 10, 22.32 1.26 180.02 -16.17 2.69 61.89 -0.97
11, 11, 34.27 2.75 117.33 —-11.33 1.59 112.99 8.59
12,, 12, 24.83 4.06 176.77 —14.47 243 83.22 —1.12
13, 13, 19.27 1.90 188.25 —12.20 2.48 93.65 6.00
14, 14, 26.15 3.77 249.14 -6.38 2.99 118.97 -1.97
15,, 15, 14.87 2.63 164.31 -11.76 3.05 71.50 6.18
16,, 16, 17.19 3.80 95.12 —20.88 1.16 75.09 -1.73
17, 17, 25.11 3.49 204.13 —7.43 2.11 181.39 9.92
18,, 18, 32.29 3.71 220.60 —3.87 3.79 11.60 4.18
19,, 19, 22.93 3.07 240.58 —4.25 242 149.55 0.72
20y, 20, 30.69 3.34 232.49 -1.79 1.04 151.94 3.07

aR,R,Ge + Hy, — RiR,GeH,
® At B3LYP/6-311++G**

Table 5 NBO charges on -Ge- and B atoms for singlet (1,-20,) and
triplet (1,20,) germylenes, at B3LYP/6-311++G** level of theory

Germylenes ~ Ge B Germylenes ~ Ge B

1 09100  0.5960 1, 0.5003  0.6697
2 1.0487  0.7724 2, 0.5626  0.7158
3 09062  0.4496 3, 0.5154  0.6524
4 09521  0.6660 4, 0.5566  0.7744
5 1.1876  0.8576 5, 0.5255  0.8108
6, 1.0398  0.7252 6, 0.4422  0.7801
Ts 1.0326  0.8493 7, 0.5875  0.8212
8, 09267  0.7525 8§, 0.5013  0.7332
9 09698  0.5733 9, 0.4614  0.7417
10, 0.9064  0.3363 10, 04212  0.6044
11, 1.1615 09043 11, 0.5491  0.9019
12 1.0144  0.8255 12, 0.4918  0.8823
13, 0.8916  0.8575 13, 0.4955  0.8139
14, 0.8998  0.7188 14, 04791  0.7292
15, 1.0396  0.8636 15, 0.5676  0.8645
16, 09012  0.5731 16, 04193  0.7182
17, 1.0076 09181 17, 0.5600 09218
18, 0.9008 0.8184 18, 0.4946  0.8154
19, 1.0372  0.8436 19, 0.5279  0.8705
20, 1.0248 09170 20, 0.5821  0.8908

and B =+0.7724). Also, germylene 11, with three nitrogens
adjacent to its boron has high positive atomic charge on its B
(+0.9043) than 1 which has no nitrogen (B =+ 0.5960). The
atomic charges of the singlet germylene centers are significantly
high positive compared to their corresponding triplets (Figure 1).
Germylene 5, with the lowest vibrational frequencies (U, =
24.12 ecm ') has high positive atomic charge on the B (+
0.8576) and -Ge- (1.1876) (Tables 4 and 5).

The crucial factor for stability of germylenes is nucleo-
philicity index, N, which was introduced by Domingo et al.
[29] The nucleophilicity of our germylenes is decreased
when their energy of the highest occupied molecular orbit-
al (Egomo) 1s decreased [32]. For instance, germylene 10,
has the highest nucleophilicity (3.98 ¢V) and Eyomo (—
5.48 eV) (Table 5).

As Epowmo slightly decreased, the number of o-
acceptor nitrogen atoms increased, also caused less elec-
tron-rich. For example, germylene 19, with four nitro-
gens has lower Epomo (—6.09 kcal/mol™!) than 2, (—
5.73 kcal/mol™") which has one nitrogen (Table 6).
Germylene 11 with high stability (34.27 kcal/mol ")
and w (3.56 eV) has the lowest N (2.98 eV) (Tables 5,
6, and Figure 1).

Germylenes 14, 3,, 10,, and 16, regardless of LPg. — o
interactions have high N because they do not have any

@ Springer
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LEna-3.29
¥ 3.07 3.36 324 2.96 2.90 313 435 2.97 3.16 3.28 3.27 3.05 447 h.94 2.49 Fp 456 422 414

-6.46

1y 2 3 4 Sy 64 7s 8 9 0 I l s 12, 35 15, 16, 17, 18, 19 20,
HOMO

Fig. 1 Schematic Eyonmos ELumo (€V), and AEgomo-Lumo (kcal/mol 1) for singlet silylenes at the B3LYP/6311++G** level of theory. IsoValue = 0.02
and the density = 0.0004

nitrogen adjacent to the germylene center. Germylene 2 de-

T:/I;Ie 16 Fr(?trllltifﬁ @c)Ak:gular orbitzl e(nlfrgli/es (lfffi)OMo/ TV aﬁ“li Et;UE\JI\(I))/ spite nitrogen adjacent to the germylene center has high N
eV), along wi eir AEyomo-Lumo (keal/mol ), nucleophilici R . OO . Q) _
and global electrophilicity (w) for the singlet (s) germylenes (1,-20y), at (3.72 eV) forillllgh LPn@z) — LP e interaction (£77 =
B3LYP/6-3114++G** 13.65 kcal/mol ). Two factors that have an effect on our w

and AEHOMOfLUMO are o —bond (O' (GefN(Y))) and LP N(W orY) —

Germylenes  Eomo  Erumo  ABowmo- N@V) w(@V)  p*, interactions. Hence, germylenes 8y, 14,, and 19, with o-

MO bond between nitrogen (N(Y)) and germylene center have low
1, -559  —230 7597 3.86 236 w and high AEyomo-Lumo- This o-bond arose from a tenden-
2 -573 =266 70.69 372 287 cy of nonbonding electrons of nitrogen to empty p orbital of
3, ~562 —226 7137 3.83 232 the germylene center. Also, germylene 18, with LPNy), —
4, 597  -273 7465 349 292 LP ¢ (E®)=47.25 keal/mol ™) and 20, with LPycw, —
5, ~600 —3.05 6818 3.45 3.46 LP ¢ (E®=42.73 kcal/mol ") interaction have low w and
6, ~577 287 6688 368 321 high AEyomo-Lumo-
7, ~597 284 7216 349 309 Germylene 20, despite LPyw) — LP e (B =
8, ~575  —140 10032 370 1.47 42.73 keal/mol™") interaction has similar w with 3, which
9, 2583 —287 6847 3.62 319 do not have any LPn(z, and LPyy) — LP" . interactions
10, ~548  —232 7287 398 240  (Tables2and6).
11, 647 —3.19  75.60 208 356 Recently, we have reached novel borastannylenes that
12, ~632  —305 7549 313 335 have similar structures with our germylenes, but they have
13; _583 -278 7035 362 303 different properties at geometrical parameters, stability
14, 508  —151  103.03 348 157 (AE.,), the heat of hydrogenation (AFEy;), nucleophilicity
15, 500 -208 6781 153 337 (N), and electrophilicity (w). Such various properties have
16, C550  —300 5746 187 378 attributed to the effect of our imposed topology and LP v,
17, ~628 -321 7091 317 366 interactions [33]. _ ,

In fact, we have introduced 4,6-diaza-7-

18 JoA0 T LB 10305 205 186 boratricyclo[1.1.1.0"7.073.075Thexa-2-stannylene (10,) with
19 ~609 -187 9731 336 188 orafricyc oL1. 114 A & Y s) Wit
2 OZ _646 —231 9557 300 232 high stability and N that can be applied as accumulated multi-

dentate ligands. But, for this purpose, we found that singlet 5-

@ Springer
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Table7  Calculated occupancy number of LP7t ), and LPxov, w, x, v,
7y using NBO analysis for singlet hydrogenated germylenes, at the
B3LYP/6-311++G** level of theory

Hydrogenated Occupancy number
ermylenes
germy B LPnv,w.x Y, 2)
Hzg?mmnm ------------------- N' ‘
HO
] T CH2
/ 1.86 N(Z2)=-
H,C &
H
27
HZG§IIIIIIIIIIWW/MCH
N B
““““““““ CH, N(V)
/ 1.88 N(W)=1.93
HN C
H
6’
Hzge:lmmmummm/nmCH
N B
1.86 N(V)
N(X)=1.90
H,C———C
H
8%

aza-7-boratricyclo[1.1.1.0"7.072 0" ]hexa-2-germylene (4,) and
1,3-diraaza-7-boratricyclo[1.1.1 .01’7.07’3.07’5]hexa-2-gennylene
(5,) are suitable.

The heats of hydrogenation for our germylene were cal-
culated at B3LYP/AUG-cc-pVTZ level. The calculated
heat of hydrogenation [33] is a thermodynamic method to
estimate the relative stability of germylenes. For instance,
germylene 18 with high stability (AE,_=32.29 kcal/
mol™ ') has low heat of hydrogenation (AEyg - —
3.87 kcal/mol™!). Also, germylene 16, with low stability
(AE (=17.19 kcal/mol™") has the highest heat of hydro-
genation (AEy = —20.88 kcal/mol™'). Our triplet

H29¢|nuunuun ---------------- CH
e R CH, N(V)=-
1.85  N(W)=1.95
N(X)=1.92
HN———N
127
Hzg?lllllllll|lllhl ---------------- CH
N- B
“““““““ ~NH N(V)=-
7 1.84  N(X)=1.93
, # N(Y)=1.93
H,C—N
137
HZ\\ ¢Ill|l||l|1mm/waH
N——==F
o N(V)=-
/ 1.88  N(W)=1.91
N(Y=1.91
H,C C
H
147
Hzgelllllllllllll/ >
G | N(V)=-
"""""""" N o N(W=1.92
/ N(X)=1.95
- N N(Y)=1.94
18’

germylenes have higher heats of hydrogenation than their
corresponding singlets. For instance, the heat of hydroge-
nation 2, and 2, are —18.19 and + 12.98 kcal/mol ', re-
spectively (Table 4).

We have employed the NBO analysis to stress the roles
of intermolecular orbital interactions through second-order
perturbation theory. The NBO analysis provides signifi-
cant evidence for the nature of our hydrogenated

@ Springer
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Table 8 Calculated second-order perturbation stabilization energies
(E®), for the intermolecular interactions (donor/acceptor NBO) of hydro-
genated germylenes, at the B3LYP/6-311++G** level of theory

H>

Hydrogenated
Donor—Acceptor E® (kcal/mol)
germylenes
4’ LPN(X)—>LP*B 11.64
5 LPyv andzy—LP B 5.45
LPxv)—LP5 5.69
7’
LPyx)—LP'g 4.93
9, LPnpo—LP g 7.06
LPnwv and zy—LP B 4.33
117
LPnxy—LP B 3.90
LPyv)—LP's 1.68
157
LPN(Z)_’LP*B 6.30
16, LPnox)—LP'g 2.89
LPyw)—LP'g 4.85
17 LPyx)—LP's 1.58
LPN(Z)_’LP*B 1.80
LPN(V)_’LP*B 1.26
19
LPnz—LP s 2.81
LP N(V)—>LP*B 1.47
20, LPyw)—LP's 3.17
LPN(Z)—’LP*B 1.89

germylenes. The nonbonding electrons at the nitrogen ap-
pear to have a tendency to make a coordinate covalent
bond with the empty p orbital of boron atom. This is dem-
onstrated by hydrogenated germylenes 2';, 6';, 8', 12,

@ Springer

13', 14',, and 18',, for showing m.p) 0occupancy number.
Interestingly, hydrogenated germylenes with the nitrogen
attached to boron have m.g) or LPy — LP";; interactions.
For example, hydrogenated germylenes 2'; with 7y_g) and
4'c with high LPy«x) — LP"g interactions (E® =
11.64 kcal/mol™") have one nitrogen attached to boron.
Hydrogenated germylene 20’ has the lowest AEy (—
1.79 kcal/mol ") for LPnew) — LP"y interaction. This in-
teraction has caused to decrease in the stability of 20’
(Tables 7 and 8).

Conclusions

In this research, we have studied thermodynamical and
geometrical parameters for investigation of the effects of
nitrogen substitution on the stability, multiplicity, and
reactivity of novel singlet and triplet germylenes (14—
204 and 1,20, respectively), all of which appear as min-
ima on their potential energy surfaces at B3LYP/AUG-
cc-pVTZ//B3LYP/6-311G** level of theory. The
germylene 11 with the enormous steric strain for their
cubic structure has the highest stability (AE =
34.27 kcal/molfl). The Enomo slightly decreases when
the number of electronegative, o-acceptor nitrogen atoms
increases, also causes it to be less electron-rich. We have
employed the NBO analysis to stress the roles of inter-
molecular orbital interactions through second-order per-
turbation theory. The NBO analysis provides significant
evidences for the nature of our germylenes. Based on the
following arguments, two factors that have the effect on
our w and AEpomo-Lumo are o-bond (o(ge-n(y)) and
LPnew or v) — LP"s. interactions. Germylenes 8, 14,
and 19, with o-bond between nitrogen (N(Y)) and
germylene center have low w and high AFxomo-Lumo-
Germylenes 18, and 20, with LPnw or v) — LP ¢ in-
teractions have low w and high AEyomo-Lumo- The nu-
cleophilicity index, A, is a crucial factor for showing the
aptitude of our germylenes for coordination to transition
metal complexes. So, we introduce germylenes 4¢ and 5,
with high stability (AE,;=32.95 and 33.60 kcal/mol !,
respectively) and N (3.49 and 3.45 eV) that can be ap-
plied as multi-dentate ligands.
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