[olelyy CHINESE ™ L OYAL SOCIETY
INORGANIC CHE[\/HSTRY — ggg"é'_%“— ~OF CHEMISTRY

FRONTIERS

View Article Online

RESEARCH ARTICLE

View Journal | View Issue

Synthesis and characterization of neutral and
cationic 1-tris(pyrazolyl)borate organo-beryllium
complexest

’ M) Check for updates ‘

Cite this: /norg. Chem. Front., 2025,
12, 2844

Chantsalmaa Berthold, Gilles Stebens,® Burkhard Butschke, (2 °
Inga-Alexandra Bischoff,® André Schafer, () ¢ Chengxiang Ding,® Sudip Pan
Magnus R. Buchner (2 %@

*d and

The neutral and cationic 1-tris(pyrazolyl)borate (Tp) organo-beryllium complexes TpBe(R) (R = Ph, nBu,
Me, Cp, Cp*) and [TpBe(carbene)l* (carbene = IMe, liPr, IDipp, CAAC(Dipp)) have been synthesized. These
compounds were analyzed via NMR and IR spectroscopy, mass spectrometry as well as X-ray diffraction.
A comparison of the Be—C bonds in solution and the solid state revealed no significant differences in the

Received 20th December 2024,
Accepted 16th February 2025

DOI: 10.1039/d4qi03234a nature of this bond. Extensive quantum chemical evaluation of the bonding within the DFT framework

Open Access Article. Published on 17 February 2025. Downloaded on 4/2/2026 7:09:29 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

rsc.li/frontiers-inorganic

Introduction

The first organo-beryllium compounds were synthesized and
investigated almost a century ago, yet this class of chemistry
has been the subject of limited research.™? This is due to the
health hazards associated with the second-lightest metal in
the periodic table and its compounds.®>™® Apart from the per-
ceived toxicity, the production of the starting materials was
also dangerous and unreliable.” However, in recent years there
has been a resurgence of interest in the organometallic chem-
istry of this almost-forgotten metal,®** and a considerable
number of novel organo-beryllium compounds have been pre-
pared and characterized.>™” It is difficult to compare these
compounds and derive general trends of their structures, pro-
perties, and reactivity as these systems are structurally highly
diverse and various donors are coordinated to the central
atom. For example, the bond lengths and the °Be NMR chemi-
cal shifts of the compounds in Fig. 1>'*7923727 differ greatly
(see also below and Fig. 3). However, for a rational design of
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showed that the Be—C bonds in all cases are dative covalent.

organo-beryllium complexes and their directed application in
low valent main group chemistry, bond activation, catalysis or
material synthesis, a profound knowledge on the nature of
Be-C bonds is mandatory.?® For this reason, beryllium complexes
are needed, where only one coordination site is vacant, which
can be occupied by the C-donor ligand of choice. We have
already used beryllium complexes with the monoanionic scor-
pionate tris(pyrazolyl)borate (Tp)**® successfully to compare
the properties of pseudo-halido ligands.** We, therefore, pre-
pared neutral and cationic organo-beryllium complexes, in
which three coordination sites at the small beryllium atom are
occupied by the Tp ligand, so that at the fourth site the
C-donor ligand can be varied. This ensures good comparability
between different systems.

vV Np‘ . VI DiDDN U Vil N/ \
I >-Be . R=Be ] carbene-Bé ||
RN N N
Dipp )
R R R Mo iPros A Dipp Dipp
e / iPr~, —iPr/ Me N N
Ph  Pr Me R = NN "Me, nBu carbene = [ 5o .
Ph  Dipp H N
Me Dipp H A B ¢ ee s
Fig.1 Example of organo-beryllium compounds (Dipp = 2,6-
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Results and discussion

The neutral TpBe-organyl complexes (1-4, Fig. 2a and b) were
synthesized analogously to the TpBe-pseudo-halides,®" with
the exception of TpBe(Me) (3), which was synthesized via the
reaction of dimethylberyllium (BeMe,) with potassium tris
(pyrazolyl)borate (TpK), in accordance to the literature.** 1, 2
and 4 were synthesized through reaction of either the beryl-
lium Grignard compounds®®*® or the beryllium half-sandwich
complexes®® with TpK. Of the heteroleptic starting materials,
chlorides or bromides were the most suitable, as the iodides
often led to the formation of byproducts. The realization of
cyclopentadienyl (Cp) derivate TpBe(n'-Cp) (5) was difficult
because the products TpBeBr and 5 are in competition and
always form in equal proportions (Fig. S431). The reaction
could not be controlled by different stoichiometries or solvent
variation (Fig. 2c). The cationic TpBe-organyls 6-9[pf] were
obtained by removal of the chloride ligand from TpBeCl with a
lithium perfluoro-alkoxyaluminate ([Al(OC(CF3);)s]” = [pf])***°
and simultaneously providing carbenes to occupy the in situ
generated vacant coordination site at the beryllium atom
(Fig. 2d). In this one-pot approach, the target compounds are
separated from the reaction mixture as oily residues.

The neutral and cationic compounds could be distin-
guished not only by their physical state, but also by their
chemical shifts in the °Be NMR spectra.>®*” Shifts in the range
of 4.76-7.18 ppm were observed for the neutral species
(Table 1). 3 has the highest resonance frequency with a chemi-
cal shift of 7.18 ppm. The lowest resonance frequencies were
observed for the pentamethylcyclopentadienyl (Cp*) and Cp
derivatives TpBe(n'-Cp*) (4) and 5. In the literature, high
upfield shifts in the range of —17 to —18 ppm have been
reported for beryllium cyclopentadiene species.?® These excep-
tional upfield shifts are caused by anisotropic shielding of the
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Fig. 2 Synthetic routes towards TpBe(R) (1-5) and [TpBe(R)I[pf] (6-9
[pf]) (n = 1, 2; Dipp = 2,6-diisopropylphenyl).
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Table 1 Observed °Be NMR spectra shifts (C¢Dg or CgDg: oDFBI3: 2)
and Be—C atomic distances derived from single crystal X-ray diffraction

°Be NMR [ppm] Be—C [A]
TpBe(Ph) (1) 5.83 (wq/, = 16.2 Hz) 1.7442(9)
TpBe(nBu) (2) 6.87 (w12 = 40.9 Hz) —
TpBe(Me) (3) 7.18 (w4, = 20.2 Hz) 1.708(6) *®
TpBe(n -Cp*) (@) 4.76 (w1, = 23.1 Hz) 1.8294(2)
TpBe(n'-Cp) (5) 4.02 (w1, = 5.4 Hz) —
[TpBe(IMe)][pf] (6[pf]) 3.78 (w1, =163 Hz)  —
[TpBe(1iPr)]|[ pf] (7[ pf]) 3.94 (wy, = 19.4 Hz) 1.8021(6)
[TpBe(IDipp)][pf] (8[pf]) 3.59 (wy), =142 Hz)  1.8231(1)
[TpBe(CAAC(DIpp))I[pf] (O[pf]) 518 (w1, =21.5Hz)  —

°Be nuclei, which are in the center of the n-system of the cyclo-
pentadienyl ligands. For this reason, Be NMR chemical shifts
are a direct indicator of the coordination mode of the Cp
ligands. Therefore, the °Be NMR chemical shift of 4.76 ppm in
4 is indicative for n'-coordination. Considering only four orbi-
tals of the Be atom are energetically accessible for molecular
bonding, of which three are occupied by the Tp-ligand, this
coordination mode is expected. TpBe(n'-Cp) also showed a
downfield shift to 4.02 ppm compared to Be(n’-Cp)Br
(-18 ppm), illustrating the different hapticities.>® However, in
the 'H and "*C NMR spectra of 4 and 5, all CH; or CH groups,
as well as ring carbon nuclei of the cyclopentadienyl ligands
are equivalent. We assume that a fast (on the NMR timescale)
sigmatropic and/or haptotropic rearrangement is accountable
for this observation. Though, low temperature NMR spec-
troscopy did not freeze this tautomerism (Fig. S377). The °Be
NMR signals of 4 and 5 are also more upfield shifted than the
phenyl and nBu compounds 1 and 2.

Compared to the neutral TpBe-organyls, the cationic com-
pounds exhibit significantly poorer solubility. A mixture of 1,2-
difluorobenzene (oDFB) and benzene-ds had to be used to dis-
solve these complexes. Within these cationic compounds, a
downfield shift of 3.59-5.18 ppm can be observed from [TpBe
(IDipp)][pf] (8[pf]) to [TpBe(CAAC(Dipp))][pf] (9[pf]). Among
the carbenes used, cyclic(alkyl)(amino)carbene (CAAC) shows
the largest deviation from the other carbenes with a °Be NMR
chemical shift of 5.18 ppm. Fig. 3 summarizes the Be NMR
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Fig. 3 Observed °Be NMR chemical shifts of 1-9 (orange) in compari-
son to the literature compounds from Fig. 1 (green).
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properties of various organo-beryllium compounds.”™® As
described in the literature, the double- and triple-coordinated
organo-beryllium compounds are the most downfield
shifted.?” The ¥®N coordinated beryllates® and the neutral ber-
yllium organyls'>?*® are easily distinguished from the k’N-
species of this study. The exception is the [k*N-Be(carbene)]
compounds of Gilliard et al., which are found in a similar shift
range. This might be due to the n-electron interactions found
in these systems.””

In the "*C NMR spectra, the carbene C atoms were detected
with an upfield shift compared to the free carbenes (Table 2).
The chemical shifts in the ''B NMR spectra of 1-5 and 6-9[pf]
vary slightly (—4.43 to —5.11 ppm), as do the chemical shifts
for the aluminate anion in their >’Al and '°F NMR spectra
(35.11-35.51 ppm |-75.08 to —75.16 ppm) for the cationic Be
compounds 6-9[ pf].

Comparison of the neutral and cationic compounds shows
no significant difference in the °Be and *C NMR chemical
shifts of the beryllium nuclei (Table 1) or the beryllium co-
ordinated carbon nuclei (Table 2), respectively. This indicates
that no differences between formally dative or covalent/ionic
Be-C bonds can be detected NMR spectroscopically. This is in
line with solid state bond parameters and quantum chemical
calculations (see below). This observation is further supported
by the good agreement between the NMR spectroscopic para-
meters determined for the investigated compounds and pre-
viously described organo-beryllium species.”®

The molecule structures of 1, 4, 7[pf] and 8[pf] were veri-
fied by single crystal X-ray diffraction experiments. Attempts to
obtain single crystal data of the other complexes failed due to
intergrowth or data completeness issues. The single crystals of
1 and 4 were obtained from a concentrated benzene solution
at ambient temperature. 1 crystallizes in the monoclinic space
group C2/c with eight formula units per unit cell, while 4 crys-
tallizes in the orthorhombic space group P2,2,2; with four
formula units per unit cell. An ellipsoid representation of the
molecular structure of 1 in the solid state is shown in Fig. 4.
The complex 7[pf] crystallized in the monoclinic space group
P2,/c with four formula units per unit cell and was obtained
from a pentane layered benzene solution. The solid state struc-
ture of the [TpBe(TiPr)]" cation is shown in Fig. 4. Single crys-
tals of 8[ pf] were obtained by freezing the oily reaction residue
at —36 °C and subsequent thawing, which was repeated two
more times. The molecular structures of 1 and 8[pf] in the
solid state are depicted in Fig. S1 and S4.1 All crystal data and
details of the structure determination are summarized in ESI

Table 2 *C NMR spectra shifts [ppm] of coordinated and free carbene
carbon atoms in 6—9[pf] (C¢Dg : oDFB|3:2)

[TpBe(R)][pf] Free ligand R
[TpBe(1Me)][pf] (6[ pf]) 164.98 212.7 (CeDg)*®
[TpBe(1iPr)][ pf] (7[ pf]) 164.31 205.9 (CgDg)*
[TpBe(IDipp)][ pf] (8[pf]) 173.52 220.3 (CDCl,)*°
[TpBe(CAAC(Dipp))][pf] (9[pf]) 272.81 313.6 (C¢Dg)™"
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TpBe(Ph) (1): 178.5(2 TpBe(n'-Cp*) (4): 179.2(0
[TpBe(liPr)]* (7): 171.9(3 [TpBe(IDipp)]* (8): 170.4(1

Fig. 4 Top: Molecular structures of TpBe(n'-Cp*) (4) (left) and of the
[TpBe(liPr)]* cation 7 (right) in the solid state. Bottom: Molecular struc-
tures of 1, 4, 7 and 8 along the bonding axis B-Be—C. Displacement
ellipsoids are shown at 70% probability at 100 K. Hydrogen atoms are
shown at arbitrary radii, carbon bound hydrogen atoms are omitted and
selected carbon atoms shown as wireframe for clarity.

Tables S1 and S2.f In the solid state the metal center in
neutral and cationic TpBe-organyl complexes 1, 4, 7[pf] and
8[ pf] is pseudo tetrahedrally coordinated, as expected. Three
of the coordination sites are occupied by N-atoms from the
Tp ligand and the fourth is occupied by the C-donor ligand.
The n'-coordination of the Cp* group in complex 4 was con-
firmed by the single crystal X-ray structure (Fig. 4 left site).
The Be-C atomic distances become smaller with decreasing
steric bulk of the residue R (Table 1). The N-N, N-C, C-C
and B-N separations of the Tp ligand 1, 4, 7[pf] and 8[pf]
are in the range of 1.362(2)-1.375(4), 1.335(2)-1.460(2),
1.389(3)-1.394(5) and 1.542(2)-1.548(2) A, respectively. These
are within the standard uncertainty identical to other tris
(pyrazolyl)borate beryllium complexes.**>** The Be-N pyra-
zole distances 1.749(2) to 1.787(2) A are slightly longer than
those previously described for beryllium Tp complexes®'***3
and comparable to other Be-N separations in amine
complexes.**™*”

Large deviations can be observed in the Be-N and Be-C
bond lengths. The larger the C-donor ligand on the Be atom,
the shorter two Be-N bonds are, while the third Be-N bond is
elongated. This leads to a reduction of two N-Be-N angles,
while the third is widened. In these compounds, the B-Be-C

This journal is © the Partner Organisations 2025
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atoms no longer lie on a straight line and the angle moves
further away from 180° (Fig. 4). The Be-C atomic distances
overlap for the neutral and the cationic TpBe-organic com-
pounds. The decisive factor here is also the steric requirement
of the C-donor. The more space is occupied, the larger the dis-
tances between these two atoms become.

The cationic TpBe organyls 6[pf], 7[pf], and 9[pf] were
also analyzed by electrospray-ionization mass-spectrometry
(ESI-MS). Upon collision-induced dissociation (CID), the Be-
C bond is broken more easily for the more bulky carbene
ligands. For the smallest congener, [TpBe(IMe)]" (6) (m/z =
346, Fig. 5), the loss of pyrazole is observed at lower collision
energies than the loss of the IMe ligand, and the latter
process requires a very high normalized collision energy
(NCE) of 40.

By contrast, for the cations [TpBe(liPr)]" (7) and [TpBe
(CAAC(Dipp))]" (9), carbene loss is easier than pyrazole loss.
While the pyrazole loss from 6 causes the formation of a
cation at m/z = 278, it is not unequivocal if the necessary
hydrogen atom stems from the boron atom of the Tp ligand or
if C-H-bond activation of the CH; group of the NHC ligand
takes place. However, CID of the formed cation ([(pz,B)Be
(Me)]" or [(pz,BH)Be(IMe-H)]") causes the release of a neutral
fragment with 124 u, which corresponds to intact IMe, and
thus the formation of [(pz,B)Be]" (m/z = 154). This observation
indicates that the initial pyrazole loss probably causes the for-
mation of [(pz,B)Be(IMe)]" rather than C-H-bond activation of
the carbene ligand. In contrast to [TpBe(IMe)]", CID of 7 (m/z =
346) causes the elimination of an iso-propyl group as an
additional fragmentation channel followed by further fragmen-
tation of the carbene unit into a fragment with m/z = 292
(Fig. S621). Also [TpBe]" and [(pz,B)Be]' are formed
(Fig. S627%). CID of 9 (m/z = 507) mainly causes the generations
of [TpBe]" and [(pz,B)Be]" as well as the elimination of 1,1,2,2-
tetramethylcyclopropane. As a minor fragmentation product,
the formation of [(pz,B)Be(CAAC(Dipp))]" (m/z = 439) is
observed (Fig. S787).
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Fig. 5 CID mass spectrum of the mass-selected cation [TpBe(IMe)]* (6)
at a normalized collision energy of 40 together with the expected isoto-
pologue distributions.
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Theoretical results

Quantum chemical calculations at the BP86-D3(B]J)/def2-
TZVPP level*® " were carried out to study the structures, stabi-
lity, and bonding in the title complexes. Fig. S791 shows the
minimum energy geometries of [TpBeR]? (g = 0, +1) complexes
in the singlet spin state. It is found that in all cases triplet spin
state is significantly higher in energy (by 74-86 kcal mol™*)
than the corresponding singlet electronic state. [TpBeR]? for R
= Ph, nBu, Cp*, Cp and IiPr has a C; symmetry and 'A’ elec-
tronic ground state, whereas TpBeMe has a C;, symmetry and
A, electronic state. On the other hand, [TpBeR]" (R = CAAC
(Dipp), IDipp and IMe) lacks any symmetry. The computed
geometrical parameters match closely with the experimental
values, which indicates the suitability of the chosen level of
theory to analyze the stability and bonding of the studied com-
plexes. The computed Be-Cy bond distances (Table 3) in these
complexes match quite well with the typical Be-C single bond,
computed from the sum of their covalent radii reported by
Pyykké and Atsumi.®® In all investigated compounds the
formal oxidation state of beryllium is +2. Calculated natural
charges of 1.58-1.60 on Be in these complexes also support
the assignment of +2 oxidation state of Be. However, there is
significant debate on how oxidation states should be inter-
preted in beryllium organic compounds.>>® Therefore, it is
important to gain an in depth insight into the nature of the
Be-C bond with neutral and anionic C-ligands to assess this
interpretation problem. Thus, we investigated this Be-C inter-
action in detail.

We computed the zero-point energy corrected bond dis-
sociation energies (BDE) at 0 K (D,) and free energy changes at
298 K (AG*®® X) for two alternative dissociation processes:
TpBeR — TpBe + R and TpBeR — TpBe' + R~ for neutral com-
plexes, and [TpBeR]" — TpBe' + R and [TpBeR]" — TpBe + R"
for cationic complexes (Table 3). For all these complexes, both
types of dissociation processes are highly unlikely as reflected
by the very high D, and AG*® ¥ values. These values justify the
high thermal stability of the reported complexes.
Competitively, for neutral systems, the homolytic cleavage
leading to TpBeR — TpBe + R is energetically less expensive
than the heterolytic cleavage, TpBeR — TpBe' + R™, whereas
for cationic complexes, the fragmentation leading to a positive
charge on more electropositive Be center, [TpBeR]" — TpBe' +
R is energetically more favorable than the one, imposing the
positive charge on R, [TpBeR]" — TpBe + R". The BDE value in
neutral systems is the maximum for R = Ph (D, = 101.8 kcal
mol ™) and the minimum for R = Cp* (D, = 74.3 kcal mol %),
following the order as Ph > Me > nBu ~ Cp > Cp*. For the cat-
ionic compounds, the BDE value is the largest for R = IDipp
(Do = 86.4 kecal mol ™), followed by CAAC(Dipp), IiPr and IMe.

The electronic stability of the title complexes can also be
roughly understood by the energy gap (Ay-1) between the
highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO). In general, a com-
pound with a high Ay ; value shows high electronic stability
and low reactivity according to the maximum hardness
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Table 3 TpBe-R bond dissociation energy at 0 K (Do, kcal mol™) and 298 K (AG??® K, kcal mol™) for the process, TpBeR? (g = 0, +1) — TpBe? + R,
the HOMO-LUMO energy gap (A, eV), Wiberg (WBO) and Mayer (MBO) bond order (P) of Be—Cg bond, the net natural charge on R (g, €) and the
bond length (r(Be—Cg), A) computed at the BP86-D3(BJ)/def2-TZVPP level

TpBeR — TpBe + R TpBeR — TpBe' + R~ P(Be-Cg)
Complex D, AG*8 X Dy AG*® K Ay WBO MBO qr r(Be-Cg)
TpBe(Ph) (1) 101.8 90.0 180.9 169.8 3.89 0.28 1.01 —0.80 1.740
TpBe(nBu) (2) 84.4 71.9 188.9 178.0 3.48 0.29 0.87 -0.81 1.745
TpBe(Me) (3) 88.8 78.5 193.8 184.3 3.93 0.32 0.82 -0.79 1.741
TpBe(n-Cp*) (4) 74.3 58.8 145.3 132.1 2.21 0.19 0.39 —0.84 1.823
TpBe(n'-Cp) (5) 84.9 71.6 146.1 134.2 2.70 0.19 0.47 -0.83 1.818
[TpBeR]" — TpBe' + R [TpBeR]" — TpBe + R
|:TpBe(IMe):|Jr (6) 76.9 64.8 142.0 128.5 4.40 0.27 0.81 0.19 1.787
[TpBe(IiPr)]+ (7) 79.4 65.9 139.0 124.7 4.23 0.27 0.85 0.18 1.795
|:TpBe(IDipp):|Jr (8) 86.4 71.7 148.2 135.6 4.05 0.25 1.07 0.16 1.798
[TpBe(CAAC(Dipp))]* 9) 81.7 66.2 132.1 114.7 3.31 0.22 1.08 0.13 1.810

principle.>®™° In the present cases, Ay_; values are quite large,

ranging within 3.31-4.40 eV, except for TpBeR (R = Cp and
Cp*) (Table 3). Even in the latter two cases, the Ay_;, value is
reasonably high, being 2.70 (Cp) and 2.21 (Cp*) eV. But on a
comparative note, TpBeR (R = Cp and Cp*) is expected to show
higher reactivity than the other complexes. Lower electronic
stability of TpBeR (R = Cp and Cp*) can be understood by
examining the related MOs. Fig. S807 displays the shape of the
LUMO, HOMO and other MOs that are responsible for the Be-
Cg interactions in these complexes. In the neutral complexes,
LUMO mainly reflects N---N interaction in the Tp moiety.
HOMO-2 for TpBe(Ph), HOMO for TpBe(Me) and TpBe(Bu)
and HOMO-1 for TpBeR (R = Cp and Cp*) are responsible for
the TpBe-R c-interaction. A closer look on the shape of the
HOMO-1 for TpBeR (R = Cp and Cp*) reveals that this is actu-
ally a m-orbital of six m-electronic aromatic Cp~ and Cp*-frag-
ments. Therefore, the electronic donation from one such =«
orbital of Cp and Cp* to TpBe moiety disturbs the aromaticity,
and therefore, makes these complexes less electronic stable
which is reflected from their corresponding low Ay, values. In
the cationic complexes, LUMO in 8 and 9 is a w-orbital on the
ligand, while for 6 and 7, it is located mainly on the Tp moiety.
In these complexes, HOMO-8 represents the TpBe-R o©-
bonding, except for complex 8 where it is located quite deep in
energy (HOMO-22). The other relevant MOs responsible for
weak TpBe-R r-interactions are also shown in Fig. S80.f

Table 3 also provides Wiberg (WBO)*® and Mayer bond
order (MBO)®' for the Be-Cy bonds. WBO values of Be-Cg
bonds are quite small, ranging within 0.19-0.32, which contra-
dicts with high orbital involvement in 6 MOs and the obtained
Be-Cr bond lengths matching with the single Be-C covalent
bond distance. On the other hand, the MBO for the Be-Cy
bond has a significantly higher value than the corresponding
WBO value. MBO values are almost close to 1 for all cases,
except for TpBeR (R = Cp and Cp*). Somewhat smaller MBO
values for the latter two cases (0.4-0.5) can be associated with
the obtained longest Be-Cy bond distances in these complexes
among the neutral systems. Nonetheless, the present results
indicate that the MBO suits better than the WBO to describe

2848 | Inorg. Chem. Front.,, 2025, 12, 2844-2855

the bond order for the polar Be-C bonds. This observation
also corroborates the previously reported conclusion that the
MBO is a more reliable descriptor of bond order than the
WBO.%*"** In fact, the major shortcoming of the WBO is that it
neglects the overlap of atomic orbitals completely, whereas the
MBO considers the overlap matrix.

The very polar nature of the Be-Cg bond can also be under-
stood from the natural partial charge distribution, which
reveals that the apparently neutral complexes, in reality, exist
as charge-separated complexes, [TpBe]'[R]™ (Table 3). On the
other hand, the cationic complexes can be represented as
[TpBe]'[R] with a net electron donation of 0.13-0.19 e from R
to TpBe. Such high charge separation leads us to examine the
topology of the electron density distribution by quantum
theory of atoms-in-molecules (QTAIM) analysis.®® The contour
plots of the Laplacian of electron density, V() at the N-Be-
Cg plane of the studied complexes are provided in Fig. 6 and
Fig. S81.1 The solid blue lines show the electron density
depleted region, and the red dotted lines reveal the electron
density accumulated region. In all these complexes, there is a
large electron density accumulated region in between Be and
Cgr centers which reflects the covalent character. However,
because of the polarity of the bond, the bond critical point
(BCP) is located very close to the Be center and at the outside
of the electron concentrated region. This makes V?p(r.) for Be-
Cy bond positive in all cases. In fact, for polar covalent bonds,
the negative V?p(r.) criterion is not essentially valid.®®®” The
total energy density, H(r.) is a more reliable descriptor in these
cases where it is negative and positive for covalent and non-
covalent bonds, respectively.®® In all cases, H(r.) values are
negative, revealing the covalent character in the Be-Cg bonds,
and the covalent character is somewhat larger in neutral com-
plexes than in the cationic ones as understood from the rela-
tive size of H(r.) values.

To get more information about the Be-Cy bonding, we have
carried out energy decomposition analysis (EDA)®° in combi-
nation with natural orbital for chemical valence (NOCV)
theory.”””" The numerical values of different energy terms
obtained in EDA-NOCV depend largely on the chosen frag-
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plr) = 0.088 au; V2p(r,) = 0.285 au;
Hir,) =-0.027 au
TpBe(nBu) (2)

pr) = 0.088 au; V2p(r,) = 0.311 au;
H(r) =-0.024 au
TpBe(Ph) (1)

pr) = 0.073 au; Vp(r) = 0.294 au;
Hirc) =-0.014 au
[TpBediPr)]* (7)

pr) = 0.087 au; V2p(r.) = 0.290 au;
Hir) =-0.025 au
TpBe(Me) (3)

pr.) = 0.071 au; Vp(r) = 0.293 au;
H(r) =-0.013 au
[TpBe(Dipp)]~ (8)

pr) = 0.071 au; Vp(r,) =0.276 au;
H(rc) =-0.015 au
[TpBe(CAAC(Dipp))]* (9)

Fig. 6 The contour plots of the Laplacian of electron density, V3p(r) at
the N—Be—Cg plane of the complexes at the BP86-D3(BJ)/def2-TZVPP
level. The blue solid lines indicate the region of V2p(r) > 0 and red dotted
lines show V2y(r) < O region. The blue dots indicate the bond critical
points.
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ments. Since for neutral complexes, the charge distribution
indicates the ionic description, [TpBe]'[R]™ but the BDE value
for neutral fragmentation is smaller than the ionic one, we
have carried out EDA using both schemes: (1) [TpBe]" + [R]”
and (2) [TpBe] + [R] (Table S31). In EDA, the prescribed way to
choose the best fragmentation scheme to describe a bond is
the one that yields the smallest orbital interaction (AEqp)
absolute value as it indicates that the electronic distribution in
the chosen fragments matches most nearly to those in the
complex.”>””® Table S3t shows that in all neutral systems, the
ionic scheme, [TpBe]” + [R]™ gives the smallest AE,, value,
corroborating with the charge analysis. Therefore, the bonding
situation in TpBeR is akin to the LiF molecule which gets dis-
sociated into the neutral Li and F but in the molecule, the
bonding can be represented as a polar covalent dative bond
Li+ - F_.66’76

The detailed numerical results for the EDA-NOCV calcu-
lations for TpBeR using the ionic scheme are provided in
Table 4. As expected from the ionic description, the electro-
static interaction energy (AEcse) iS the most dominating term
which accounts for 59-73% of the total attraction. The covalent
interaction is also quite significant which is responsible for
25-33% of total attractive energy. The dispersion interaction
makes up 1-7% of total stabilization. The most important
information comes from the decomposition of the total
covalent term into pair-wise orbital interactions, AEq(,). The
nature of such interactions can be understood from the corres-
ponding deformation densities depicted in Fig. 7 where the
electron density shifts from red to blue region. The strongest
orbital term, AE,m) originates from the TpBe' « R o
donation which is alone responsible for 59-67% of the total
covalent interaction. The remaining two weak orbital terms,
AE o2y and AEqm) come from the TpBe' — R™ n backdona-
tion, except for AE,p(2) of TpBe(Ph), which develops from the
n-polarization in the Ph unit followed by slight electron trans-
fer to Be. Rather large rest of the orbital interaction term,

Table 4 EDA-NOCV results of TpBeR complex at the BP86-D3(BJ)/TZ2P//BP86-D3(BJ)/def2-TZVPP level using the fragments TpBe* (S) and R™ (S).

Energy values are given in kcal mol™

1 TpBe' (S) + Ph™

2 TpBe' (S) + nBu~

3 TpBe' (S)+Me~ 4 TpBe' (S)+(Cp*)~ 5 TpBe' (S)+(Cp)”

Energies Interaction S) (S) S) (S) (S)

AEine —-198.3 —207.3 —211.3 —-174.9 -166.0

AEp.ui 90.2 95.2 96.2 70.5 60.0

AEgisp —8.6 (3.0%) —7.0 (2.3%) —4.4 (1.4%) —18.0 (7.3%) —10.8 (4.8%)

AEistat ¢ —203.9 (70.7%] —213.3 (70.5%) —224.5 (73.0%) —146.3 (59.6%) —141.5 (62.6%)

AEq,© ~75.9 (26.3%) —82.2 (27.2%) —78.5 (25.5%) —81.1 (33.0%) —73.7 (32.6%)

AEopm)”  TpBe' «R™ o —45.2 (59.6%) —53.4 (65.0%) —50.0 (63.7%) —51.8 (63.9%) —49.0 (66.5%)
donation

AEomz”  TpBe' - R = —8.1 (10.7%) 4.7 (5.7%) —5.0 (6.4%) —4.6 (5.7%) —4.8 (6.5%)
backdonation

AEoms”  TpBe' - R —3.0 (4.0%) 4.7 (5.7%) —5.0 (6.4%) —3.3 (4.1%) —3.3 (4.5%)
backdonation

AEorb[rest] b —-19.6 (25.8%] —-19.4 (23.6%) —18.5 (23.6%) —21.4 (26.4%) —-16.6 (22.5%)

“The values in parentheses give the percentage contribution to the total attractive interactions AEeiseac + AEorp + AEgisp. 5 The values in parenth-
eses give the percentage contribution to the total orbital interactions AE,,.
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TpBe(Ph) (1)
<

AEory=—45.2; [vi] = 0.49 AEorv2)=—8.1; [v2| = 0.25 AEov3)=—3.0; [v3| = 0.14

TpBe(nBu) (2)
0

AEo()=—53.4; [v1] = 0.57 AEob)=—4.7; [v2] = 0.17 AEo3)=—4.7; [v3| = 0.17

TpBe(Me) (3) &

AEow)=—50.0; |[vi] = 0.54 AEoe)=—5.0; [v2| = 0.18 AEon3)=—5.0; [v3| = 0.18

TpBe(n'-Cp*) (4)

AEom1y=—51.8; |vi| = 0.61 AEorb2)= —4.6; [v2| = 0.19 AEor3)=—3.3; [vs| = 0.14

TpBe(n'-Cp) (5) ?

AEoiv1)=—49.0; [v1| = 0.58

AEorv@2)=—4.8; [v2| = 0.18 AEon3)=—3.3; [v3| = 0.14

Fig. 7 The plot of the deformation densities corresponding to AE,1)—(3) for TpBeR complexes at the BP86-D3(BJ)/TZ2P level. The isosurface value
is 0.0006 au. Electron density moves from red to blue region.
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Table 5 EDA-NOCYV results of [TpBe—RI* complex at the BP86-D3(BJ)/TZ2P//BP86-D3(BJ)/def2-TZVPP level using the fragments TpBe™ (S) and R

(S). Energy values are given in kcal mol™

6 TpBe' (S) +

7 TpBe' (S) +

8 TpBe' (S) +

9 TpBe' (S) +

Energies Interaction IMe (S) IiPr (S) IDipp (S) CAAC(Dipp) (S)
AEn, -91.6 —95.8 —-105.6 —-99.8

AEpayi 70.1 76.8 86.9 86.5

AEBgigp —12.0 (7.4%) -16.1 (9.3%) —34.2 (17.8%) ~27.9 (15.0%)
AEeigtac —93.8 (58.0%) —96.2 (55.8%) —92.9 (48.3%) -94.2 (50.6%)
ABo, * —55.9 (34.6%) —60.2 (34.9%) —65.4 (34.0%) —64.1 (34.4%)
ABorm)” TpBe' « R o donation —36.5 (65.3%) —-37.2 (61.8%) —36.5 (55.8%) —38.1 (59.4%)
AEq)” © polarization/TpBe" < R & donation -7.1(12.7%) -7.2 (12.0%) —6.4 (9.8%) —4.9 (7.6%)
ABorbirest)” —12.3 (22.0%) —15.8 (26.2%) —22.5 (34.4%) —21.1 (32.9%)

“The values in parentheses give the percentage contribution to the total attractive interactions AEeiseac + AEorp + AEgisp. 5 The values in parenth-
eses give the percentage contribution to the total orbital interactions AE,,.

9
[TpBe(IMe)]" (6)
° ©

AEow1)=—36.5; [vi| = 0.43 AEor@)=—7.1; |[v2| = 0.23

[TpBe(1iPr)]* (7)
©

AEow1y=—37.2; [vi| = 0.43 AEo@)=—7.2; |[v2| = 0.23

i

AEo@)=—6.4; |v2| = 0.20

[TpBe(IDipp)]* (8)

AEo(1y=—36.5; |vi| = 0.44

[TpBe(CAAC(Dipp))]* (9) ﬁ %

AEon(1y=—38.1; [vi| = 0.45 AEov2)=—4.9; [v2| =0.17

Fig. 8 The plot of the deformation densities corresponding to AE,pa)-(2) for [TpBeRl* complexes at the BP86-D3(BJ)/TZ2P level. The isosurface
value is 0.0006 au. Electron density moves from red to blue region.
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AFEob(resyy comes from the several small intra- and inter-frag-
ment polarization terms.

In cases of the cationic complexes, we have found that
[TpBe]" + [R] is a more reasonable scheme than [TpBe] + [R]"
(Table S4t). Table 5 presents the results of the EDA-NOCV
data for the cationic systems and the related deformation
densities are depicted in Fig. 8. In these cases, the electro-
statics contribute is around 48-58% and the covalent is
around 34-35% of total attraction. The strongest orbital term
comes from the TpBe' « R ¢ donation which is accountable
for 56-65% of total covalent character. There is another small
contribution that originates from the n-polarization in R fol-
lowed by the donation to some extent to the TpBe moiety.
Therefore, the present bonding analysis reveals that both
neutral and cationic complexes possess Be « Cg dative
covalent bonds.

Conclusions

In summary, we have prepared a set of neutral and cationic
Tp-beryllium complexes to evaluate the influence of anionic
and neutral C-donor ligands onto the Be-C bond. Neither
in solution via NMR spectroscopy nor in the solid state
via X-ray diffractometry could significant differences be
observed between the two types of complexes. Extensive
computational analyses of the Be-C bonds in the studied
compounds also reveal that in all cases the bond should be
described as a Be « Cy dative covalent bond and confirm
the experimental finding. Therefore, the distinction into
covalent, ionic or dative bonds is a pure formalism, which
is no longer warranted by experimental or theoretical tech-
niques. The findings of this case study should be applicable
at least to most main group metals and hopefully help
in rationalizing synthetic procedures for metal-organic
compounds.
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