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Abstract

The development of ligands capable of effectively stabilizing highly reactive main-

group species has led to the experimental realization of a variety of systems with fas-

cinating properties. In this work, we computationally investigate the electronic, struc-

tural, energetic, and bonding features of proximity-enforced group 13–15

homodimers stabilized by a rigid expanded pincer ligand based on the 1,8-naphthyri-

dine (napy) core. We show that the redox-active naphthyridine diimine (NDI) ligand

enables a wide variety of structural motifs and element-element interaction modes,

the latter ranging from isolated, element-centered lone pairs (e.g., E = Si, Ge) to cases

where through-space π bonds (E = Pb), element-element multiple bonds (E = P, As)

and biradical ground states (E = N) are observed. Our results hint at the feasibility of

NDI-E2 species as viable synthetic targets, highlighting the versatility and potential

applications of napy-based ligands in main-group chemistry.

K E YWORD S

bond theory, computational chemistry, density functional calculations, main group elements, N
ligands

1 | INTRODUCTION

The last few decades have witnessed significant advances in the syn-

thesis and isolation of persistent molecular compounds featuring

highly reactive element–element (E–E) single and multiple bonds.

The interest in such systems is very broad, ranging from the investi-

gation of fundamental aspects related to electronic structure and

bonding situation of molecules1 to applications in various fields, such

as small-molecule activation2 and catalysis.3 The success in the

experimental realization of such intriguing main-group systems was

made possible through the development of ligands capable of stabi-

lizing highly reactive bonding motifs. Particularly, N-heterocyclic car-

benes (NHCs)4 and related systems, such as cyclic alkyl(amino)

carbenes (CAACs),5 have been successfully employed for this task,

and their use in main-group chemistry has paved the way for the

discovery of new classes of compounds and bonding arrangements.

These include, but are not limited to, diborenes (B B),6 diborynes

(B B),2c,7 a diborabutatriene (C B B C),8 an L Si2H2 L com-

pound9 (L = Lewis base), a diphosphabutadiene (C P P C),10 tetra-

phosphatrienes (P P P P),11 as well as DipNHC–PN–CAAC

(Dip = diisopropylphenyl), the first experimentally characterized

base-stabilized heterodiatomic compound.12

Remarkably, these ligands have also been used as molecular plat-

forms for stabilizing compounds with unusual metal–metal bonds,13

as well as biradicals and biradicaloids,14 findings that have motivated

recent computational investigations.15 The outstanding performance

of NHCs and CAACs in facilitating the synthesis of compounds featur-

ing unusual E E bonds has stimulated the search for new potential

ligands in main-group chemistry. For example, Hermann and Frenk-

ing16 applied density functional theory (DFT) and energy

Received: 3 April 2022 Revised: 1 August 2022 Accepted: 3 August 2022

DOI: 10.1002/jcc.26994

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,

provided the original work is properly cited.

© 2022 The Authors. Journal of Computational Chemistry published by Wiley Periodicals LLC.

J Comput Chem. 2022;1–12. wileyonlinelibrary.com/journal/jcc 1

 1096987x, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jcc.26994 by T

est, W
iley O

nline L
ibrary on [30/11/2022]. See the T

erm
s and C

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

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://orcid.org/0000-0001-6698-2519
https://orcid.org/0000-0001-5978-811X
https://orcid.org/0000-0001-9264-1726
https://orcid.org/0000-0003-3057-389X
https://orcid.org/0000-0002-8200-8262
mailto:f.fantuzzi@kent.ac.uk
http://creativecommons.org/licenses/by/4.0/
http://wileyonlinelibrary.com/journal/jcc
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fjcc.26994&domain=pdf&date_stamp=2022-09-01


decomposition analysis with natural orbitals for chemical valence

(EDA-NOCV)17 calculations to investigate the use of carbones (CL2),

which can be portrayed as four-electron, double Lewis-base donors,

in the formation of E[CL2]2 (E = Be, B+, C2+, N3+, Mg, Al+, Si2+, P3+)

ligands. Saha et al.18 computationally explored the electronic structure

and stability of B2(MIC)2 complexes (MIC = mesoionic carbene),

whose high endergonicity for the dissociation of the B B and B L

bonds hints at their experimental feasibility. Some of us also examined

the potential use of biscarbenes to stabilize oligomers, nanowires, and

nanowheels featuring boron–boron triple bonds.19 Similar investiga-

tions have been performed for analyzing hitherto unknown NHC-sta-

bilized main-group heterodimers, such as Si C,20 P Si,21 and P Al.22

Another important class of systems with applications in the fixa-

tion and stabilization of main group elements and dimers is that

based on tetradentate ligands. These include tetrapyrrolic macro-

cycles from the porphyrinoid family, such as porphyrins,23 phthalo-

cyanines,24 and corroles,25 as well as expanded pincer ligands.26

Some systems of the latter category feature non-rigid, acyclic struc-

tures based on for example bis-imide groups, while others contain

cyclic, rigid backbones, such as those related to the 1,8 naphthyri-

dine (napy) core. Indeed, napy derivatives are known to be capable of

forming diverse coordination patterns with transition metals and

main-group Lewis acids.27 These systems have been applied in dis-

tinct fields, including as fluorescence,28 two-photon absorption,29

photoluminescence,30 and sensing materials.31 Recently, some of us

reported that the diphosphino-functionalized 1,8-naphthyridine

(NDP) ligand can be used as a ligand platform for boranes and dibor-

anes.32 Furthermore, by employing the redox-active, rigid naphthyri-

dine diimine (NDI) ligand (Figure 1A), we were able to isolate a

geometry-constrained bis(germylene) species by the reduction of its

dichloro precursor.33

The NDI ligand has proven to be a very promising platform

for supporting bimetallic cooperation. An NDI-Ni2 complex was

found to be able to catalyze [4 + 1] cycloaddition reactions of

1,3-dienes and vinylidenes, thus providing a direct synthetic

entry into polysubstituted cyclopentenes.34 Inspired by these

recent achievements and aiming at identifying potential targets

for experimental realization, we herein investigate the electronic

structure, bonding situation, and stability of group 13, 14, and

15 main-group element homodimers coordinated to NDI. We are

particularly interested in describing the proximity-enforced E���E
interaction (Figure 1B), which is analyzed in detail using distinct

computational approaches.

2 | METHODS

Initially, we performed DFT geometry optimizations and frequency

calculations at the M0635-D336/def2-SVP37 level of theory. This DFT

functional was chosen since it provided the best structural agreement

with the available experimental x-ray data according to our prelimi-

nary benchmark investigation. For all cases, we investigated the possi-

bility of open-shell singlets by performing unrestricted DFT

computations and selected multiconfigurational calculations at the

CASSCF level.38 The def2-ECP effective core potential was used for

all elements heavier than Kr. All optimized structures were character-

ized as minimum energy geometries by vibrational frequency analyses.

The bonding situation of the systems, particularly the proximity-

enforced E���E interaction, was investigated using distinct approaches,

namely the Mayer bond order (MBO),39 quantum theory of atoms in

molecules (QTAIM),40 electron localization function (ELF),41 intrinsic

bond orbital (IBO),42 and natural bond orbital (NBO)43 techniques.

Furthermore, the aromaticity of the compounds was investigated by

means of the anisotropy of the current-induced density (ACID)44 and

nucleus-independent chemical shift (NICS)45 methods, the latter using

the def2-TZVP basis set. Finally, we also extended our analysis to the

characterization of various stability parameters (vide infra). The geom-

etry optimizations, vibrational frequencies and NICS calculations were

done in Gaussian 16, revision C.01.46 Multiconfigurational calculations

were performed with Orca 5.0.3,47 while the MBO, QTAIM, and ELF

analyses were done with Multiwfn 3.8.48 IBOs were obtained with

the IBOview software.

3 | RESULTS AND DISCUSSION

3.1 | Analysis of structural and bonding properties

The geometry optimizations revealed that all NDI-E2 systems (except

E = P) possess only one low-lying equilibrium structure. Trends for

the E1–N5–N4–E2 dihedral angles (see Figure 1 for the atom num-

bering) and the E–E bonding distance are given in Figure 2, which also

contains the computed MBOs of the E–E bond. The computed equi-

librium structures are depicted in Figures S1–S3 while Tables S1 and

S2 contain the corresponding geometrical parameters. The QTAIM

data is summarized in Table S3, while selected plots are depicted in

Figure S4. Figure 3 depicts the ELF basins and attractors for selected

compounds and Table S4 lists the corresponding values (ELF, N, σ2,

and λ). Finally, NBO and IBO analyses of the interaction between the

main-group elements E are given in Figures 4 and 5 and Figure S5.

The pyridine moiety of NDI shows aromaticity, which is strongly mod-

ified in the NDI complexes; Figure 6A and Figures S8–S10 conse-

quently give the variations in the minimum of the NICSzz curves while

Figure 6B and Figures S12–S14 give the π-ACID plots for the

compounds.

The strong variations in the bonding situation of the NDI-E2 com-

plexes are already reflected in their geometries (Figure 2 and

Figure S1–S3, Tables S1 and S2). Going from E = B to E = Tl, the E1–
F IGURE 1 Structure of (A) naphthyridine diimine (NDI) and (B) a
generalized NDI-E2 complex (E = group 13–15 element).
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F IGURE 2 E1–N5–N4–E2 dihedral angle (A), deviation of E–E distance from sum of covalent single bond radii in Ångstrøm (B) and E–E
Mayer bond order (C) of all compounds.

F IGURE 3 Electron localization function basins and attractors for E = B, Al, Pb, P, As, Sb, and Bi complexes with respective population
numbers.

WEISER ET AL. 3
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N5–N4–E2 dihedral angle and the distance between both element

centers each increase strongly. While E = B and E = Al are in the

range of the sum of covalent single bond radii,49 E = Ga–Tl exhibit

much larger distances, though still ranging below the sum of the cor-

responding van der Waals radii (Table S1). This behavior is in line with

the MBOs, which decrease from 0.99 for B and 0.95 for Al to 0.12 for

Tl. This situation is reversed for the group 14 elements: For E = C, the

dihedral angle is about 20� while planar geometries are found for

E = Si–Pb. Additionally, the E–E distance approaches the sum of the

covalent single bond radii with progression toward the heavier ele-

ments of group 14: the computed Si–Si distance is 2.94 Å which com-

pares with 2.32 Å for the sum of covalent single bond radii. The

corresponding values for E = Pb are 3.10 and 2.88 Å, respectively.

Only for E = C is the E–E distance (2.87 Å) much larger than the sum

of the covalent single bond radii. The geometrical variations again cor-

relate with the MBOs, which increase from 0.21 (E = Si) to 0.55

(E = Pb). The E = N compound differs from the others in that it pos-

sesses a triplet ground state, while all other systems exhibit singlet

ground states (see Figure 8 and Table S8). This was independently

confirmed by a complementary state-specific CASSCF(2,2) calculation

(SOMOs in Figure S15). For group 15 the data obtained for E = Sb

and Bi resemble each other but notably differ from those computed

for E = P and As. The differences become clear when looking at the

corresponding equilibrium geometries depicted in Figure S3. For

E = N the molecule is twisted and the E–E distance (2.72 Å) is consid-

erably larger than the sum of the covalent single bond radii (1.42 Å),

which can be rationalized by its triplet ground state. While non-planar

structures are found for E = Sb and Bi, the E–E distances agree with

the single bond distances. The differences are reflected in the Mayer

bond order, which is negligible for E = N but is slightly larger than 1

for E = Sb and Bi. Hence, the deviations from planarity found for

E = Sb and Bi result from the increasing steric demands of the main

group element centers. For the E = P and As systems we predict

nearly planar structures. The Mayer bond orders are 1.42 and 1.45,

respectively, which is reflected in E–E bond distances that are slightly

smaller than the sum of the covalent single bond radii, even approach-

ing the sum of covalent double bond radii50 (2.04 Å for P and 2.28 Å

for As). These two compounds differ from all others because the ele-

ment centers do not form bonds with N6 (R[P1–N6] = 2.57 Å, R

[As1–N6] = 2.57 Å) or N3 (R[P2–N3] = 2.57 Å, R[As2–N3] = 2.57 Å)

but instead create a five membered ring including E1, E2, N5, N4 and

the adjacent carbon atom. For all other compounds, the distances of E

to the adjacent nitrogen atoms N5, N4, N6, and N3 are in the range

of single bonds. For E = P, the five-membered ring structure is

3.6 kcal mol�1 lower in energy than the expected form (bonding to

N6 and N3) and both represent minima. For E = As, the structure with

bonds to all adjacent nitrogen centers of the NDI moiety does not

represent a minimum (see Figure S16 and Table S10).

The computed geometries reflect the strong variations in the

bonding situation as a function of E. While various effects were

expected, the computations reveal some unexpected outcomes, for

example, the geometries of the E = P and As systems. To gain more

insight into the bonding situation, we computed the electron densities

ρ and their Laplacian (r2ρ) at the bond critical points (BCPs). These

are summarized in Table S3 while selected plots (E = B, Ga, Si, P, Bi)

are given in Figure S4. Table S3 shows that significant values relevant

for (covalent) bonding are only met for E = B, P, and As. All other

values are below 0.1, which does not allow for unambiguous interpre-

tation. For E = B, P, and As, the computed values of ρ and r2ρ indi-

cate concentration of electron density rather than depletion,

supporting the presence of classic covalent E–E bonds.

Complementary ELF analysis (see Table S4 for more details) also

yields bonding basins between the main-group element centers for

E = B, Al, P and As. In contrast, while E = Pb, Sb, and Bi possess large

MBO values, the corresponding ELF valence basins are much more

akin to lone pairs (Figure 3). Even though no formal bonding basins

can be found for E = Pb and especially E = Sb and Bi, there is still a

possibility of delocalized bonding interactions, which ELF fails to con-

sider by its very nature of providing basins only related to the local

pairing of electrons. Thus, further insight into the bonding situation of

these compounds is necessary.

To further illuminate the bonding in the various compounds, in

particular through the lens of localized, Lewis-like interaction, NBO

and IBO analyses are good choices. Evaluation of the Lewis-like inter-

actions between the main-group element centers yields bonding inter-

action for various compounds, pictured in Figures 4 and 5 (see

Table S5 for corresponding values and Figure S5 and Table S6 for

compounds not exhibiting binding E–E interaction).

Consistent with previous analyses, E = B and Al each show a

σ-type single bond localized between the main-group element centers

F IGURE 4 NBO (red and blue) and IBO (light red and pink)
analysis of the bonding interaction between main-group element
centers in E = B, Al and Pb complexes. IBO, intrinsic bond orbital;
NBO, natural bond orbital.
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in both NBO and IBO analyses. For group 14 compounds, both

methods point to non-interacting lone pairs at the element centers

(Figure S5), which is in line with the corresponding ELF results. Only

E = Pb shows an unusual through-space π-type bond51 without an

accompanying σ bond. The natural higher level of delocalization of

this π bond explains the lack of bonding basins in the ELF analysis as

well as the high electron fluctuation values of the respective valence

basins (Table S4). NDI-E2 systems where E = P and As exhibit a dou-

ble bond structure in NBO analysis, consisting of a dedicated σ- and

π-type bonding interaction. While this view is consistent with the

NBOs and IBOs of the E = P system, the IBO analysis of E = As sug-

gests a dative bond character with alternating donor–acceptor inter-

actions between the two As center atoms. The same inconsistency

can be observed for E = Sb and Bi, with IBO occupation numbers

pushing even further in the direction of dative interaction (Table S5).

Analysis of the adjacent N–E bonds further suggests a gradual shift

from (polar) covalent bonding to dative bonding as well, correlating

with the decreasing electronegativity of the element centers

(Figure S6).

Looking at the broader geometrical structure of these com-

pounds, it is also of interest how the formation of new ring structures

influences the aromaticity of the whole system in comparison to the

lone NDI ligand. Insights can be obtained by analyzing the minima of

NICSzz scans as well as π ACID plots.

Figure 6 depicts the overall trends for the minima of the NICSzz

curves together with the values obtained for the “naked” NDI

(Figure 6A) and π ACID plots for E = P and As (Figure 6B). The corre-

sponding data for all other compounds is given in Figures S8–S10,

S12–14, and Table S7. For comparison, Figure S7 gives the NICSzz

curves of the NDI while Figure S11 gives the π ACID plot of the NDI.

The NICS calculations revealed the newly formed five-membered

rings to be highly aromatic, at the cost of losing aromaticity within the

napy moiety relative to that of the unbound NDI ligand. For the sake

of this discussion, the minimum values of the NICSzz curve for the

marked orange and purple regions are sufficient for evaluation of

overall aromaticity, a full breakdown of the NICS curves can be found

in the SI (Figures S8–S10). Interestingly, even the nominally open

pseudo-ring structures (see Figures S8–S10 for details) exhibit signifi-

cant minima of the NICSzz curve, which are considered to be artifacts

caused by the presence of strong neighboring aromatic rings.52 The

NICSzz values generally decline with progression toward heavier ele-

ment centers, meaning a decrease of overall aromaticity, especially in

group 13 and 15 compounds. NICSzz alone cannot distinguish

between non-aromatic and antiaromatic behavior, however, this over-

all decline of aromaticity is also observed in complementary π ACID

plots with the clockwise diatropic π electron ring current similarly fad-

ing alongside the progression toward heavier elements E, the napy

moiety ultimately becoming non or even antiaromatic in case of

E = Sb and Bi (see Figures S12–S14). Due to their unusual geometry,

E = P and As also exhibit antiaromaticity alongside the napy moiety,

this stands in contrast to the expected aromatic behavior of the antici-

pated geometries (Figure 6B).

F IGURE 5 NBO (red and blue) and IBO (light red and pink) analysis of the bonding interaction between main-group element centers in E = P,
As, Sb and Bi complexes. IBO, intrinsic bond orbital; NBO, natural bond orbital.
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3.2 | Interpretation of bonding features

The Lewis structures depicted in Figure 7 give plausible bonding situa-

tions for the various NDI-E2 systems. For group 13, E possesses three

valence electrons, which could allow the formation of up to three

covalent bonds. In principle, the E–E bond multiplicity could have any

value between 0 and 3. For E = B, all bonding descriptors indicate the

singly bound, left Lewis structure to be the major one. We predict a

planar structure with an E–E distance equal to the sum of the covalent

single bond radii and a Mayer bond order of ca. 1. Additionally,

QTAIM analysis finds a concentration of density for the BCP of the

B–B bond that is consistent with the ELF values. Finally, both NBO

and IBO also predict a single σ bond. In contrast, for E = Ga, In and Tl,

the descriptors indicate that the right Lewis structure, with no E–E

bond, includes the most important binding effects. NBO and IBO

clearly depict lone pairs (Figure S5), which is in line with negligible

electron densities between both centers. Lone pairs are also indicated

by the ELF values (Table S4), which find only one valence basin for

each element center. Indeed, due to the decreasing ability to form

multiple bonds and the expectedly lower E–E σ bond strength, the

formation of lone pairs is preferred for these heavier elements. While

the situation is quite clear for E = B, Ga, In, and Tl, it is somewhat

more ambiguous for E = Al. Even though the E–E distance, Mayer

bond order, NBOs and IBOs clearly indicate a bonding interaction sim-

ilar to E = B, the QTAIM and ELF data are not that distinct. Neverthe-

less, based on the geometries, the NBO and the IBO data, we assume

an E–E σ bond for E = Al.

Going to group 14 elements, each center possesses one addi-

tional electron. Consequently, for non-dative N–E bonds, carbene-like

structures can be formed (Lewis structure on the left hand side).

Assuming a dative N–E interaction, an additional single bond is possi-

ble. Based on the Mayer bond order and the E–E distance, mainly the

former is found for E = C, Si, and Ge. For these systems, the E–E bond

distance is considerably larger than the sum of the covalent single

bond radii and the NBO/IBO analyses point to lone pairs located at

the element centers. Such lone pairs are also indicated by the ELF. For

F IGURE 6 Minima of the NICSzz curve for the orange and purple regions for all compounds in comparison to the naked naphthyridine diimine
ligand (A). π ACID plots of the phosphorus and arsenic systems with their bidentate analogs for comparison (B).

6 WEISER ET AL.

 1096987x, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jcc.26994 by T

est, W
iley O

nline L
ibrary on [30/11/2022]. See the T

erm
s and C

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

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



E = Pb, the bonding situation reflects the right Lewis structure. Unex-

pectedly, the NBO/IBO results do not indicate the presence of a σ

bond but instead a π bond. This picture is supported by the ELF data

(Figure 3) which does not show bonding basins but high electron fluc-

tuation values of the respective valence basins. While the bonding sit-

uations are quite clear for E = C, Si, Ge, and Pb, the Sn derivative lies

somewhere between both Lewis structures. IBO and NBO analyses

clearly indicate a similar situation found for the lighter elements; the

Mayer bond order is closer to the value for E = Pb than to that of the

lighter elements. The same holds true for the ELF data. For groups 13

and 14, the variations in bonding can be explained by two Lewis struc-

tures that naturally result from the number of valence electrons at the

element centers assuming dative or non-dative N–E interaction,

though the observed gradual shift in the N–E interaction cannot be

properly expressed within the boundaries of the Lewis formalism. So

far, only the through-space π bond found for E = Pb is unexpected,

however it may result from suppressed hybridization typical for such

heavy elements. It is also worth mentioning that no biradicaloid char-

acter was found for this system, excluding an open-shell singlet

ground state. Looking at the computed geometries, the E–N bonds

might be formed from non-hybridized in-plane p orbitals. The remain-

ing out-of-plane p orbital would then form a formal π bond, which,

due to the E–E distance, is quite weak. This is in line with a Mayer

bond order of 0.55.

Except for E = Pb, the bonding situations found for groups 13

and 14 are expected, judging from the number of outer electrons and

possible dative E–N bonds. In contrast, for group 15 compounds, our

computations predict unexpected situations. Compound E = N pos-

sesses a triplet ground state, while closed-shell singlet ground states

were predicted for all other systems. E = P and As also differ from all

F IGURE 7 Possible Lewis
structures for the calculated
naphthyridine diimine compounds,
separated by group.
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other compounds in that the E–E bond is strengthened at the

expense of the outer E–N bonds. The E = P isomer in which the E1–

N6 (E2–N3) bond is broken but a E = E double bond is formed (iso-

mer I), is computed to be 3.6 kcal mol�1 lower in energy than the

corresponding bonded isomer in which E1 forms single bonds to N6

and N5 and E2 to N4 and N3 (isomer II). Nevertheless, II is still a

minimum for E = P. In contrast, for E = As the corresponding isomer

II is not a minimum energy structure. The NBO/IBO analyses indicate

a regular σ/π double bond for isomer I (E = P, As) in contrast to

E = Pb, for which only a π bond was found (vide supra). For E = Sb

and Bi, the outcome of the NBO and IBO analyses differ. While the

NBO analysis predicts σ/π bonding, IBO analysis clearly points to

dative bonds. Although the unexpected ring formation in E = P and

As compounds and the triplet ground state of E = N break the antici-

pated structural trend for group 15 compounds, they are not entirely

unexplainable: Considering the atomic radii of the element centers,

E = P and As occupy a unique window within group 15 compounds

where both isomers can (and in the case of E = P will) be formed.

Formation of an in-plane E = E double bond is accompanied by net

negative energetics relative to formation of two N–E bonds and a

possible out-of-plane E–E single bond. In comparison, Sb and Bi cen-

ters are too large for the rigid NDI cavity to not interact with N3 and

N6 so only one isomer is possible. An E = E double bond can still be

formed due to increased size of E and typical bonding distances.

E = N, at the other end of the spectrum, is too small and typical N–

N bonds are consequently too short to bridge the N–N gap without

significant distortion of the NDI ligand (NDI distortion due to E–E

bond formation can be observed in the E = B compound as an

extreme case). E = N then defaults to a triplet ground state because

of unpaired electrons at the element centers.

The size of the center atoms also defines the aromaticity: The

five-membered rings increasingly break planarity of the system due to

increasing size of E, much to the detriment of the overall aromaticity

of the plane established by the napy moiety of the NDI. It is also

worth noting that with progression toward heavier elements, the NDI

nitrogen lone pairs become increasingly involved in dative E–N bond-

ing as discussed above (Figure S6), relegating them toward the σ space

where they cannot participate in the aromatic π system. This can also

be observed in the ACID plots, where the ring current recedes along

the N–E bond axes with progression toward the heavier element

centers.

Although group 15 compounds yield a higher amount of unex-

pected structures, the generally observed trend of (gradual) change in

E–N interaction going from lighter to heavier elements of each group

still holds true. Correlating with the increasing electronegativity differ-

ence of E and N, this in turn changes the E–E interaction according to

the availability of outer electrons at the element centers.

3.3 | Predictions for dimer stability

With the characterization of the geometry and bonding situation for-

mally settled, we conducted a follow up investigation to gain more

insight into the stability of the compounds. Evaluation of the HOMO-

LUMO and singlet–triplet gaps proved to be a good starting point

(Figure 8 and Table S8): The dimers consisting of main group elements

from group 14 show the highest HOMO-LUMO and singlet–triplet

gaps, narrowing from lighter to heavier elements (3.74 eV and

39.8 kcal mol�1 for E = C and 2.30 eV and 22.9 kcal mol�1 for Pb,

respectively) while the dimers of groups 13 and 15 (with the excep-

tion of E = B) cluster around the lower end of the spectrum at ca.

2.25 eV and 10 kcal mol�1. E = N exhibits the previously mentioned

triplet ground state with a singlet–triplet gap of only �2.7 kcal mol�1

whereas E = B proves to be surprisingly stable in comparison to its

heavier homologs with a HOMO-LUMO and singlet–triplet gap rival-

ing those of E = C (3.72 eV and 42.0 kcal mol�1, respectively). E = P

shows a singlet–triplet gap ca. 15 kcal mol�1 above the values

observed for the majority of the group 15 dimers, placing itself in the

vicinity of E = Si and Ge.

To arrive at a more holistic understanding of stability in these

dimer compounds, one could additionally consider the dissociation

energies of the E–N bonds as another stability indicator. The problem

with this approach, however, lies with the extreme instability of some

of the unsupported E2 systems.53 For these cases, dissociation ener-

gies would consequently explode and therefore be of little physical

meaning and comparative value. Furthermore, since not all the E2 sys-

tems possess singlet ground states,54 the construction of a general

isodesmic reaction scheme involving these species is also insubstan-

tial. In order to circumvent these problems, we performed the stability

analysis utilizing the following reaction:

LGe2þ2EH3àLE2þGe2H6 ð1Þ

To avoid EH3-type radicals when involving group 14 com-

pounds, Equation (1) was slightly altered for the corresponding

dimers, giving

F IGURE 8 Singlet–triplet gaps in kcal mol�1 plotted against
HOMO-LUMO gaps in eV. A linear fit was applied.
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LGe2þ2E2H6àLE2þGe2H6 ð2Þ

This scheme essentially quantifies the tendency of any main-

group element E to favorably interact with the NDI ligand in direct

comparison to the experimentally realized NDI-Ge2 system.33 A nega-

tive net enthalpy of the reaction for a given E would then indicate

greater stability than that of the Ge system while a positive net

enthalpy would suggest the opposite.

To add another dimension to our analysis, we also sought ways to

incorporate aspects of the synthesis of the NDI-Ge2 system33 into a

stability indicator. We consequently adapted the last reduction step

of the experimental procedure to our systems and calculated the net

enthalpy (referred to as ΔH reduction) of the reaction to use as a fur-

ther stability indicator:

LE2Cl2þ 1/4 Cp�Alð Þ4àLE2þ½ Cp�AlCl2ð Þ2 ð3Þ

Although this may not be as simple an endeavor from the per-

spective of an experimentalist, this indicator is an attempt to better

align our computational investigations with the actual experimental

procedure.

The results are shown in Figure 9 and Table S9, with the net

enthalpy of Equations (1) and (2) referred to as ΔH exchange (meaning

hypothetical exchange of the Ge atoms in the bis(germylene) system

with the respective elements E according to the reaction scheme).

Due to the higher extent of orbital hybridization resulting in deviating

properties in comparison to their heavier homologs, the compounds

with E = B, C, and N have been omitted from the exchange axis to

maintain close comparability to the Ge system. Furthermore, the

dichloro precursor systems (pictured in Figure 9) for E = C and N

unfortunately converged into dicationic structures with non-bound

chloride counteranions, so their respective position on the reduction

axis would be inaccurate.

The reduction of the dichloro precursor as described in Equa-

tion (3) is generally thermodynamically favored for all other

compounds, with E = Al being the sole exception. A direct comparison

with the reduction enthalpy of the bis(germylene) system shows that

elements from groups 13 and 15 (E = In, Tl, P, As, Sb, Bi) generally

possess more favorable ΔH reduction values, making them more sta-

ble than the NDI-Ge2 system in respect to this stability indicator.

Additional consideration of ΔH exchange (Equations 1 and 2) relative

to that of the bis(germylene) system leaves only four compounds with

overall lower net enthalpy, making the E = Sn, Pb, In and Tl systems

interesting candidates for further experimental investigation. The

E = Si and Ga systems also show some potential for synthesis since

their net enthalpies of reduction and exchange still almost cancel out.

Taking the HOMO-LUMO and singlet–triplet gaps into consideration,

the homologs of the NDI-Ge2 system (E = Si, Sn, and Pb) especially

show overall comparable, if not higher stability than the bis(germy-

lene). And while the E = B system shows exceptional stability through

its HOMO-LUMO and singlet-triplet gaps, we anticipate that the

strained geometry of NDI-B2 as imposed by the B–B σ bond

(Figure S1) might enforce additional challenges toward its experimen-

tal realization.

4 | CONCLUSIONS

In this work, we predicted the structures and bonding situations of 15

NDI-stabilized main-group dimers E2 from groups 13, 14 and 15, uti-

lizing various computational methods. Our analysis shows that a grad-

ual change of the N–E and E–E interactions, correlating with

decreasing electronegativity of the element centers, allow for differ-

ent E–E bonding modes within each group of compounds. From the

bonding situation perspective, notable compounds include the E = Pb

system, where an unusual Pb–Pb π-only bond is observed, the E = N

system which represents the only triplet ground state of our investiga-

tion, and the E = P and As systems. Due to the unique relation of their

atomic radii and the size of the rigid NDI cavity, the systems where

E = P and As have the ability to form an unexpected planar five-

F IGURE 9 Reduction enthalpy of dichloro precursor plotted against exchange enthalpy as defined in the figure.
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membered ring including both element centers. This isomer is more

stable than the formation of two five-membered rings containing one

element center each, which is the preferred configuration of all other

compounds. The analysis of aromaticity indices shows these newly

formed five-membered C2N2E rings to be highly aromatic, though aro-

maticity fades upon progression to heavier elements due to increasing

dative character of the interactions. The evaluation of distinct stability

parameters predicts the NDI-E2 systems wherein E = Ga, In, Tl, Si, Sn,

and Pb to be potential targets for further experimental investigation.
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