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ABSTRACT: Unlike the conventional polymeric boron-phosphide-based
(BP) semiconductors, which exhibit limited reactivity, the neutral monomeric
BP motif (1) is extremely reactive and nonexistent under ambient conditions.
Herein, we depict the ligand-engineering strategies for stabilizing the elusive
species 1, initially by employing stereoelectronically tuned donor-based ligands,
followed by their successive incorporation into the smallest metallacycles with
induced aromaticity, and hence excellent stability. The electron density
distribution and chemical bonding of homo- and heterobileptic ligand-
stabilized monomers [(L')BP(L)] (2—7) [L’, L = singlet carbenes], and the
corresponding neutral 3-membered metal(Il)dihalide complexes [BP(MX,)]
(8=9) and [((L")BP(L))(MX,)] (10-17) [M = Pd/Pt, X = Cl, Br], are
investigated by various quantum chemical methods. The remarkable ligand-
switched o and 7 aromaticity in the unprecedented mixed d- and p-block planar
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metallacycles is unambiguously confirmed by NICS_, calculations, ELF, AANDP, GIMIC, and EDDB analyses.

B INTRODUCTION

The robust inorganic polymeric material, boron phosphide
(BP), has gained significant industrial importance due to its
exciting semiconductor and optoelectronic properties. In
contrast, the corresponding molecular species have remained
elusive under ambient conditions, which could only be
identified either in a gaseous state above 900 °C or in a
condensed phase at temperatures below 40K." In 2020,
Gilliard and coworkers reported the stabilization of the BP
moiety embedded in an aromatic six-membered heterocycle by
introducing cyclic alkyl(amino) carbenes (cAACs) via
photolysis of the bora-phosphaketene precursor.” The
aromaticity of the compound was confirmed by nucleus-
independent chemical shift (NICS) analysis, exemplifying the
first successful incorporation of a highly reactive BP motif into
a stable extended z-system, thereby broadening the scope of
heteroaromatic chemistry in the stabilization of reactive
intermediates. Aromaticity is one of the most intriguing
concepts in chemistry, offering deeper insights into the stability
and electronic structure of cyclic compounds. Traditionally
believed to be an exclusive feature of organic molecules, the
experimental observation of MAL~ (M = Li, Na, Cu),
possessing an all metal aromatic inorganic ring, Al42_,3 with a
square planar structure and two delocalized 7 electrons, and
thus satisfying the (4n+2) z-electron rule of aromaticity,
marked a transformative milestone in broadening the
boundaries of chemical bonding and aromaticity. While planar
carbocycles and other organocycles stand out through their
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specific way of overcoming electron deficiency by a non-
localizable set of (4n+2) x electrons, all-metal and mixed-main-
group element/transition-metal-based aromatic monocycles
are scarce in the literature, as metal atoms prefer to form
clusters with typical multicentered bonds, narrowing the vivid
knowledge of their electronic structures and potential usage as
chemical synthons. In 2005, Tsipis et al. reported the presence
of all-metal aromaticity in computationally predicted ligand-
stabilized cyclic 3-membered Au; complexes, relying primarily
on the magnetic criterion of the NICS(0) parameter (Figure
1).* In 2014, Maestri and coworkers reported the synthesis of
the first cationic C;-symmetric 44-valence-electron triangular
Pd; cluster, analogous to the cyclopropenyl cation [C;H;]*
featuring a delocalized metal—metal bonding framework with a
calculated NICS value of —9.7 ppm (Figure 1).’

In 2022, Hu and colleagues expanded this field by exploring
the aromatic nature of an anionic 4f-metalla-aromatic
molecule, PrB,~ (Figure 1).° In 2013, Braunschweig’s group
reported the stabilization of the first neutral 3-membered
metallacycle, comprising a z-diborene and a Pt(0) species
(Figure 1).” However, to the best of our knowledge, there have
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Figure 1. Representative laboratory-isolated and computationally
predicted 3-membered metallacycles with cationic (a), anionic (b),
and neutral (c) variations. (d) Present work, depicting stabilization of
unprecedented mixed d- and p-block neutral planar metallacycles.

been no theoretical or experimental precedents on a
monomeric low-coordinate heterodinuclear BP motif incorpo-
rated into neutral 3-membered aromatic metallacycles.

Herein, we unravel the stability and chemical bonding of
homo- and heterobileptic donor-base-stabilized neutral mono-
meric two-coordinate boron-phosphides® [(L')B—P(L)] (2—
7): [L, L = cAACM® (2); L’ = NHCM¢, L = cAACMe (3); L' =
cAACM, L = NHCM* (4); L', L = NHCM® (5); L, L = acyclic
alkyl(amino) carbene (aAAC) (6); L' = 2,4,6-trimethylphenyl
(Mes); and L = 2,4,6-tri-isopropylphenyl (Tipp) (7)],
followed by their subsequent reactivity with metal(II)halides
to design the first neutral planar 3-membered cyclic metalla-
boronphosphide complexes with the general formula [(BP)-
MX,] (8-9") and [((L")BP(L))(MCL)] (10-17) [L/, L =
cAACMe/NHCMe, M = Pd/Pt] (Figure 2). The bonding
situation is thoroughly analyzed through the natural bond
orbital (NBO), atoms in molecules (AIM), and energy
decomposition analysis coupled with natural orbitals for
chemical valence (EDA-NOCV) calculations. The unique
ligand-switched aromaticity of the predicted metallacycles 8—
17 was confirmed by the nucleus-independent chemical shift
(NICS)” calculations, topological analysis of the electron
localization function (ELF),'® adaptive natural density
partitioning (AANDP) analysis, gauge-including magnetically
induced currents (GIMIC),"" and analyses of the electron
density of delocalized bonds (EDDB)."”

B COMPUTATIONAL METHODS

Geometry optimizations of monomeric boron-phosphides 2—7: [L'—
BP-L] [L’, L = cAACM® (2); L' = NHCM®, L = cAACM* (3); L' =
cAACMe L = NHCM® (4); L', L = NHCM® (§); L, L = aAAC (6); L’
= Mes, L = Tipp (7)] were performed at the BP86-D3(BJ)/def2-
TZVP'3*** level. The subsequent cyclic metalla-boron-phosphides
8—9' [(BP)MX,] [M = Pd: X= CI (8), Br (8'); M = Pt: X = Cl (9),
Br (9')]; and 10-17 [((L")BP(L))(MCL)] [L/, L = cAACM¢/
NHCM¢, M = Pd/Pt] were optimized at the BP86-D3(BJ)/def2-
TZVP,"**>* M06-L/def2-TZVP,"** and PBE0-D3(B])/def2-TZVP'*
levels using Gaussian 16."* For both M06-L and PBEO functionals,
def2-TZVP was chosen as the basis set for main-group atoms, while
def2-TZVP effective core potentials (ECPs) were applied for
transition metals (Pd/Pt)."* The minima on the potential energy
surface were confirmed in each case by the absence of imaginary
frequencies. We further conducted CCSD(T) single-point energy
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Figure 2. Structures of studied nonligated BP (1), ligand-stabilized
BP monomers 2—7 [(L)B-P(L)] [L/, L = cAACM™ (2); L’ =
NHCM, L = cAACM® (3); L' = cAACM, L = NHC™ (4); L', L =
NHCM® (5); L', L = aAAC (6); L' = Mes, L = Tipp (7)], and
metallacycles 8—9’ [(BP)MCl,], 10—17 [((L')BP(L))(MCL)] [L/, L
= cAACM/NHCM*]; M = Pd/Pt.

corrections'® on the M06-L/def2-TZVP optimized geometries (using
def2-TZVP for main-group atoms and def2-TZVP ECPs for Pd/Pt,
without reoptimization) to refine the relative energy estimations. All
DFT calculations were performed with dispersion corrections. To
compute Wiberg bond indices (WBI), partial charges (q) on the
atoms, and the natural bond orbitals, the NBO 6.0'°*" program was
used. The ADF 2020.102 software package was utilized to perform
the energy decomposition analysis (EDA), coupled with natural
orbitals for chemical valence (NOCV). The adaptive natural density
partitioning (AANDP) analyses for 8—11 were performed by
Multiwfn''*" at the BP86-D3(BJ)/def2-TZVP level. The induced
ring current densities of 8—11 were calculated at the BP86-D3(BJ)/
def2-SVP level using the GIMIC 2.0'7 program. The nucleus-
independent chemical shift (NICS) calculations were performed” at
the M06-L/def2-TZVP level. Topological analysis of the electron
localization function (ELF)'® was done at the BP86-D3(BJ)/def2-
TZVP level, and topological analysis of the electron density of
delocalized bonds (EDDB)'* was performed at the MO6-L/def2-
TZVP level.

B RESULTS AND DISCUSSION

Elusive Monomeric BP Species

Optimization of the elusive monomeric BP species 1 in both its
singlet and triplet states was carried out at the BP86 and
CCSD(T) levels in combination with the def2-TZVPP basis
set. The triplet state is 7.6 and 12.3 kcal/mol more stable than
the singlet state at the CCSD(T) and BP86 levels, respectively.
The corresponding higher-lying molecular orbitals (MOs) are
given in Figure S1. The MO correlation diagram for the singlet
state of BP is displayed in Figure S2 that shows a typical 8-
valence electronic MO diagram, where four electrons are
located in one ¢ and ¢* orbital, and four electrons are located
in two degenerate 7 orbitals. In the triplet state, one electron
from a sm-orbital is shifted to a o-orbital. Qualitatively, both
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Figure 3. Optimized geometries of 2—7 [(L')B—P(L)] in the singlet ground state [L’, L = cAACM® (2); L’ = NHC™, L = cAAC™ (3); L' =
cAACM, L = NHC™ (4); L', L = NHC™® (5); L', L = aAAC (6); L’ = Mes, L = Tipp (7)] at the BP86-D3(BJ)/def2-TZVP">*"* level of theory.

All bond lengths are given in A.

singlet and triplet states should have a double bond order as &
and o* will cancel each other. But, for polar bonds, bonding
and antibonding orbitals do not have exactly equal weightage.
Consequently, the WBI values for BP in the singlet and triplet
states are found to be 3.14 and 2.20, respectively (see Figure
S3). We also performed EDA-NOCV with the triplet BP
molecule to check the bonding situation. When several
fragmentation schemes are possible, the general prescription
to get the most reasonable scheme is to check the size of the
orbital interaction (AE,;) value. Usually, the smallest value is
the best, as it suggests that the charge and electronic states of
the chosen fragments are very close to those in the molecule.
The numerical values in Table S1 show that B (2s*2p,°2p,') in
the doublet state binds with P (3s*3p,'3p,'3p,') in the quartet
state, forming an electron-sharing #-bond, which is accom-
panied by one electron B« P dative o- and z-bonds (see Figure
S4 for the deformation densities and the corresponding
interacting fragment orbitals). Despite the o-bond being
formed by just one electron, it is even stronger than the
combined effect of the two z-bonds. More importantly,
SOMO-1 of BP in the triplet state (and LUMO of singlet
BP) is appropriate to act as an acceptor orbital for in-phase
electron dation from the ligands in the L—-BP«L complex
(see Figure S2). Therefore, singlet BP should act as a better
acceptor than the triplet state, and consequently, we expect
that for the ligated monomers, L=>BP<«L, the singlet state
would be more stable than the triplet state, providing better
stability and possible synthetic viability in the laboratory
compared to the nonligated BP species.

Ligand-Stabilized Monomeric BP Compounds

Next, we investigated the stabilization of the BP moiety by
introducing stable singlet carbenes and bulky aromatic ligands
to explore the viability of laboratory isolation (Figure 3).
Optimizations of compounds 2—7 were performed at the
BP86-D3(BJ)/def2-TZVP level in both singlet and triplet
states. As expected, the singlet state was found to be more
stable than the triplet state, with singlet—triplet energy gaps

lying in the range of 7.4 to 37.1 kcal/mol (see Tables S2 and
S3). All the complexes are energetically stable with respect to
the dissociation of two ligands (see Table S4 and related
discussion in the SI). NBO analysis was performed on the
optimized geometries of 2—7 at the BP86-D3(BJ)/def2-TZVP
level to investigate the electron density distribution and
chemical bonding. Structural variations were introduced by
systematically modifying the terminal ligands on the PB
framework.

The bonding interactions were further quantified by Mayer
bond orders (MBO) and WBL The C.yzc—P bond in 2
exhibited two natural orbitals: one polarized toward P (62.5%)
and another toward C.yac (37.5%), consistent with partial
double bond character (WBI = 1.27; MBO = 1.27). In
contrast, the C.yac—B interaction showed two distinct
contributions: a donor—acceptor type interaction, strongly
polarized toward carbon (70.6%) and a more delocalized
component (59.7% C, 40.1% B). The higher MBO (1.82)
value compared to that of WBI (1.51) indicates a bond
approaching double bond character. Overall, the B—C_y,c
bond exhibited stronger multiple bond character than the
P—C.yac bond, attributable to the greater electron deficiency
of B, which enhances m-acceptance. In compound 3,
replacement of the cAAC ligand at B with NHC leads to a
single bond occupancy with polarization toward the carbene
carbon (69.1%), and corresponding WBI (1.30) and MBO
(1.42) values indicative of partial double bond character. For
the C.yac—P bond, a single occupancy is observed with
polarization toward C ¢ (65.5%), which is lower than that of
the C—B interaction. Unlike compound 2, the dual o-donor
and z-acceptor interactions observed in the P—C_,,c bonds
are absent in compound 3, reflecting a reduced extent of 7-
interaction upon ligand substitution. Moving from compounds
2 to §, where ligands are changed to NHC on both sides of the
PB motif.

In compound S, where both termini are substituted with
NHC ligands, the Cyyc—P bond exhibited a single occupancy
with the least MBO (0.99), indicative of a pure single bond
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character and polarization predominantly toward the Cyyc.
The P—B bond showed polarization toward P (55.8%),
indicating an uneven electron density distribution. In contrast,
the B—Cyyc bond displayed two occupancies: one strongly
polarized toward the carbene carbon and the other more
polarized toward B, reflecting a combination of donor—
acceptor and shared bonding interactions. Among all the
compounds analyzed, compound $ has the least P—Cyyyc and
B—Cyuc MBO values and the highest P—B MBO (1.97). The
P—B bond exhibited two natural orbitals in compounds 4, 6,
and 7, whereas a single occupancy is noted in compounds 2, 3,
and . It should be noted that the NBO program uses a cutoff
value for the occupation to get the 2c—2e (two-centered-two-
electron) natural orbitals. So, for any orbital, which has slightly
smaller electron occupation than the cutoff value, the program
would not categorize them as a 2c—2e natural orbital.
However, this does not mean that the double bond character
is not there. Nevertheless, the NBO results can at least be used
as a first guess about the bonding situation.

The MBO for the P—B interaction increases in the order of
3<2<6<5<4<7(1.56to 1.97), while the WBI follows the
trend of 3 <2 <5< 4<6<7 (147 to 1.98). These values are
consistent with significant double-bond character, further
supported by EDA-NOCV analyses. For the P—C bonds,
partial double-bond character is observed, with MBO values
increasing in the order of 7 < § < 4 < 6 < 3 <2 (0.99 to 1.27).
Similarly, the B—C bonds exhibit partial double-bond
character, with MBO values following the trend of 7 < § < 3
<6 <4 <2 (119 to 1.82). In both cases, the lowest and
highest bond orders are consistent; however, these trends are
opposite to those observed for the P—B bond. Further NBO
analysis revealed that HOMO=—2 represents the lone pair on
the P atom in general. The HOMO-1 illustrates a z-cloud in
compounds 2—6, while in compound 7, it represents a lone
pair on P. The HOMO of all the compounds primarily features
the 7 bond between L’ and B, along with a lone pair on P,
except in compound 7, where it corresponds to the # bond
between P and B. The LUMO displays the 7* orbitals of the
C=N bond in the P-bonded ligand for compounds 2—6, while
in compound 7, it represents the 7 bond between the aryl
group and B. The natural charge analysis reveals notable
variations, as shown in Tables S6, S10 (see SI). For the B
atom, a distinct shift is observed with ligand changes: the
cAAC-bonded B exhibits a positive charge, whereas the NHC-
bonded B displays a negative charge. This indicates that cAAC
is a better m-acceptor than NHC, influencing the electronic
distribution and stability of the P—B bonds across the series.

The state-of-the-art EDA-NOCV'® analyses have been
performed on compounds 2—7 at the BP86-D3(BJ)/TZ2P
level to determine the best bonding scenario between B and P
atoms (see Tables S25 and S26 in SI). Our studies indicated
that the best bonding scenarios'* for compounds 2—6 involve
a dative (D) and electron-sharing (E) interaction between
neutral [L-B] and [L-P] in the doublet state, forming an
electron-sharing o-bond and a 7 dative bond from P to B
(Scheme 1).

Compound 7 featured a neutral triplet [L-B] and [L-P]
fragments forming an electron-sharing ¢ and 7 B—P bond (see
Tables S25 and S27). There is also a TippP<BMes o-
backdonation, accounting for 9.6% of the total orbital term,
which is significantly less important than the other two
bonding contributions of 58.0% and 27.1%, respectively. For
2—6, among the attractive energies, the electrostatic con-

Scheme 1. Possible Bonding Scenarios of Compounds 2—7
[(L")B—P(L)], Cleaving the B—P Bonds’

(a) Dative(D) + Electron sharing(E)
" Neutral doublet (D) Neutral triplet (T)

LP| fBUL 7 el el

@ LP-BL 2-6)

(c) Dative (D) (d) Dative (D)
lonic singlet (S) / \ lonic singlet (S)

€] ® S ® ©
LPAf ffeL L =L'=Ligands LP4} JfBL

\/ (b) Electron sharing (E)

‘[LP] and [BL'] fragments in doublet states (a); in neutral electronic
triplet states (b); singly charged [LP]™ and [BL']" fragments in
singlet states (c); and singly charged [LP]* and [BL']™ fragments in
singlet states (d).

tribution (AE.q,.) accounts for 40.7—47.4%, while the orbital
contribution (AE,;) is the most significant, reaching up to
57.1% (see Table S26, Figure 4). The dispersion contribution
(AEg,) is found to be minimal, ranging from 1.9% to 3.9%.
Decomposition of the orbital interactions highlights the
dominance of the o-sharing interaction (AE,(;)), contributing
63.9—73.2% of the total orbital interactions. This reflects the
strong covalent interaction between the fragments [LP] and
[BL'], driven by the interaction of unpaired electrons residing
on the singly occupied orbitals of these fragments. The second
orbital contribution (AE,(,)), which accounts for 13.3—18.3%
of the total, involves n-backdonation from [LP] to [BL’].
Specifically, in compound 2, this z-backdonation is charac-
terized by electron donation from the HOMO of [LP] to the
LUMO of [BL'], emphasizing the role of z-bonding in
stabilizing these systems.

To study the bonding between ligands and the central BP
moiety, the respective bonds were cleaved, resulting in the
fragments [L'L] and [BP]. Our studies revealed the best
bonding scenario involving an electron-sharing quintet state,
forming two o-sharing and two #-sharing bonds (see SI).
Among the attractive energies, the electrostatic contribution
(AE,) is 36.8—41.8%, and the dispersion energy (AEg,)
contributes minimally, ranging from 1.6%—2.1%, indicating
that van der Waals interactions play a minor role. The orbital
interaction energy (AE,,), contributing the most at $6.5—
61.6%, emphasizes the dominance of covalent bonding in these
systems. Decomposing AE_y reveals specific contributions
from orbital interactions, AE,y,;_4). The oc-electron sharing
(AE, 1,3y and AE,,4)) accounts for the majority of the orbital
interactions, ranging from 54.5% to 61.3%, indicating strong
covalent bonds. The 7-electron sharing between the fragments
(AEorb(l), AEorb(Z)) contributes 12.3—29.3%, with compound 6
showing the highest 7-interaction contribution (29.3%).

Neutral Metallacycles of BP Monomers

Next, we attempted to explore the availability and reactivity of
the monomeric boron-phosphides (2—5) to illustrate the
nature of coordination in the presence of group metal(II)-
halides (Pd/PtX,, X = Cl, Br). The optimized geometries of
hypothetical nonligated cyclic 3-membered complexes [(BP)-
PdX,] (X = Cl (8), Br (8")); [(BP)PtX,] (X = CI (9), Br
(97)); and [((L")BP(L))(MCL,)] [L’, L = cAACM/NHCM:,
M = Pd/Pt (10-17)] at BP86-D3 (BJ])/def2-TZVP are
represented in Figure 5, Top. To validate the reliability of
the DFT-optimized geometries, single-point CCSD calcula-
tions were performed on 8—9’. The corrected energies and T
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Figure 4. Shapes of the deformation densities Ap(;).() that correspond to AE, 41y (2), the associated MOs of (cAAC)B—P(cAAC) (2), and the
fragment orbitals of [B-cAAC] and [cAAC-P] in the doublet state (D) at the BP86-D3(BJ)/TZ2P"*** level. Isosurface values are 0.001 au for
Ap(1_3)- The eigenvalues lv, | give the size of the charge migration in e. The direction of the charge flow of the deformation densities is blue—gray.

Energies are in kcal/mol.
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Figure 5. Top: Optimized geometries of 8—11 in the singlet ground
state, calculated at the BP86-D3(BJ)/def2-TZVP"? level of theory. All
bond lengths are given in A. See SI for 12—17. Bottom: Selected
Kohn—Sham orbitals of 10 (a) and 11 (b), calculated at the BP86-
D3(BJ)/def2-TZVP"? level of theory. See SI for 12—17.

diagnostic values are summarized in Table S11 (see SI). The
T, diagnostic values for all complexes were found to be below
0.04, which is generally considered acceptable for transition
metal complexes, indicating that the single-reference CCSD

approach is valid and multireference effects are minimal.'®
The calculated B—P bond lengths in the above molecules were
found to be in the range of 1.776 A-1.877 A, which are larger
than those of the parent molecules 2—5. NBO analysis revealed
two occupancies for the B—P bonds when coordinated with
Pd, while it shows one occupancy with Pt. The presence of a 3-
centered bond was found in 8—9. The corresponding WBI
values (1.50 and 1.37, respectively) suggested that the B—P
bond has a partial double bond character in both cases.

We further examined the role of stable singlet carbenes as
ligands (cAAC/NHC) for exploring the viability of future
laboratory isolation of the predicted 3-membered dihalo-
metallacycles (10—17). The calculated singlet—triplet energy
gaps were found to be highest for complex 11 (16.4S kcal/
mol) and lowest for complex 12 (0.58 kcal/mol). The B—P
bond lengths in complexes 10—17 were found to be in the
range of 1.859 A to 1.895 A, respectively (see Figure 5), which
are significantly larger than that in compound 2 (1.805 A). The
Ccaac—P bond length in complex 13 was found to be slightly
longer (1.829 A) compared to that of other ligated complexes
and monomer 2 (1.789 A). On the other hand, complexes 15
(1.533 A) and 17 (1.530 A) showed notable elongation of the
Ceanc—B bond lengths compared to that of 2 (1.424 A). To
assess the molecular stability of the ligated metallacycles (12—
17), we calculated the BDE at the M06-L/def2-TZVP (def2-
TZVP ECP for the metal) level of theory. The BDE values
were found to be significantly higher in all the complexes when
the central PBMCIl moiety is separated from the ligand,
indicating stronger ligand and PBMCI interactions. To study
the electronic structure and bonding, NBO analyses were
performed at the BP86-D3(BJ)/def2-TZVP level, and the
representative Kohn—Sham orbitals are depicted in Figure 5
(see SI for details).

The calculated P—Pd bond order in complex 10 was found
to be 045, indicating a weak single bond. However, EDA-
NOCYV analyses provided clearer insight into the electronic
structure during bond formation. When PdCl, is incorporated
into compound 2, it forms a stronger bond with the B atom
compared to P. In contrast, platinum chloride establishes
bonds with both P and B, leading to the formation of a 3-
membered (P—Pt—B) ring in complex 11. This observation is
corroborated by the contour plots of the Laplacian of electron
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density, which reveal no bond path between the P and Pd
atoms in complex 10 (see SI). In complexes 10—11, the
Ceaac—P bond occupancy decreased from two to one, with
respective WBI values of 1.14 and 1.10, respectively, when
compared to the monomer 2. The B—P bond in these
complexes exhibited single occupancy, with bond orders of
1.31 (10) and 1.01 (11). The B—P bond order in compound 2
was found to be 1.48, which is comparable to that of complex
10 (1.31), suggesting the presence of partial double-bond
character. However, replacing Pd with Pt reduced the bond
order to 1.10 in complex 11, indicating a transition to single
bond character. The B—C_ysc bond, which showed single
occupancy in 10—11, contrasts with compound 2. In both
complexes, the B—C.yyc bonds are polarized toward the
Cearbene center, with bond orders decreasing from 1.51 (2) to
0.96 (10) and 0.82 (11), further confirming the presence of
single bond character (Table S17). Significant variations are
also observed in the natural charges of the P and B atoms. The
natural charges change from 0.013 (P) and 0.215 (B) in 2 to
0.24 (P) and 0.27 (B) in complex 10, and 0.23 (P) and 0.13
(B) in complex 11. These changes highlight a notable shift in
the electronic environment around the P atom in complexes
10—11 compared to that of compound 2.

To obtain a clear insight into the molecule, we have
performed the EDA-NOCV calculation at BP86-D3(BJ)/def2-
TZVP level of theory, cleaving the complexes into two
fragments, with metal chlorides being one fragment and cAAC-
BP-cAAC as the other fragment (Scheme 2). Among these, the

Scheme 2. Possible Bonding Scenarios in 10—11
[(cAAC),BP(MCl,)], Cleaving Bonds between [MCl,] and
[cAAC,BP] Moieties’

(a) Dative (D) + Electronsharing (E)

@ 5 ©
MOl | YN 7 AT VI
5 chy

(b) Dative (D) + Electronsharing (E)

@
fLPBL M JLPBL
/8
. LP—B|S
(c) Dative (D) (d) Electronsharing (E)
f ~ I i
MCl, L =cAAC MCl,
LPeL M= Pd, Pt LPBEL

i

‘[cAAC,BP] and [MCL,] fragments in their singly charged doublet
states ((a) and (b)), in neutral singlet states (c), and electron-sharing
quintet states (d).

most favorable bonding arrangement was found to be the
combination of dative and electron-sharing bonds between the
fragments [MCl,]~ and [cAAC,BP]*. However, in the case of
complex 10, EDA analysis revealed three energy values of
AE,,, that are quite close in proximity (see SI). Two of these
correspond to dative and sharing possibilities, mirroring the
second bonding scenario, but with two different orbitals of
identical energy participating in bond formation while the
fragment is in its charged doublet state (Figure 6). The third
possibility involved a dative bond between the two fragments
in their neutral singlet state. Among the attractive energy
components, electrostatic interactions (AEgg,) contributed
the most, accounting for 62.72% and 62.5% of the total
attractive energy in complexes 10 and 11, respectively. The
dispersion interactions (AEdisp) were found to be relatively
small, contributing 4.31% (10) and 3.6% (11). The AE_,

accounted for 32.95% of the total attractive interaction in
complex 10 and 33.8% in complex 11, highlighting the
significant role of covalent bonding (see Tables S34 and S35).
The decomposition of AE_, revealed distinct bonding
contributions. Within the orbital interactions, z-sharing
between the (cAAC,BP) and (MCl,) fragments emerges as
the most significant contributor, with 38.9% in complex 10 and
36% in complex 11, underscoring the strong s-bonding
framework. The z-donation from (MCI,) to (cAAC,BP) also
played a substantial role, contributing 26.3% and 27.4% in
complexes 10 and 11, respectively, indicating effective z-back-
donation. The o-polarization, where electron density is
polarized from (cAAC,BP) to (MCl,), accounts for 12.9% of
the total orbital interaction in complex 10 and 13.5% in
complex 11, while o-donation from (MCL,) to (cAAC,BP)
contributes 4.87% in complex 10 and 8.4% in complex 11,
suggesting stronger o-donation in the platinum complex. The
remaining orbital interactions are relatively minor, at 17.1%
(10) and 14.6% (11) (Figure 6, Tables S33—S35).

Next, we have broken the [cAAC,]—[PB(MCL,)] bonds to
explore four relevant bonding scenarios to understand the
interactions between the corresponding fragments (see SI).
From our calculations, the best bonding scenario was observed
as a combination of dative and electron-sharing bonds (see SI).
The AE,; accounts for 51.4% of the total attractive interaction
in complex 10 and 49.3% in complex 11, emphasizing the
significant role of covalent bonding (Tables S36—540).

Investigation of Aromaticity for Metallacycles

We have further investigated possible aromaticity in 8—17.
The nucleus-independent chemical shift (NICS)™ calculations
were performed using the GIAO method at different levels of
theory for 8—11 (Table 1) and 12—17 (see SI, Table S48),
which revealed significantly negative NICS values at the ring
centers and at 1.5 A above (perpendicular to) the ring plane
(NICSy, NICS,s) (see SI). To obtain a more concise and
reliable measure of aromaticity, we evaluated the NICS,,”"
values along the molecular and perpendicular planes using
Multiwfn (Table 1). To further probe the modulation of
aromaticity, the P and B atoms were stabilized through
coordination in complexes of the type [(L')(L)BP(MCL,)]
(L', L = cAAC; M = Pd (10), Pt (11)). Both complexes 10
and 11 retained aromatic character, as reflected by their
negative NICS values, though the extent of aromatic
stabilization is weaker than in their corresponding nonligated
analogues. Notably, the sites located nearer to the bonds
exhibit relatively larger aromaticity values than the NICS(0),
consistent with enhanced electron delocalization along the
bonding regions. This trend is mainly observed in complexes
10—11, where NICS_,(0.5) is —53.4 ppm, while NICS_,(0) is
—36.79 ppm for complex 10, and NICS_,(0.5) is —74.74 ppm,
at the same time NICS_,(0) is —26.4S ppm for complex 11. In
this context, the previously reported metalla-aromatic system,
cyclo-PrB,” with an NICS value of —22.0 ppm at the ring
center,”® and RhB,” with an NICS value of —88 ppm with
Mbbius aromaticity are noteworthy.’ Although the NICS,,
values obtained for 8—11 in our study are less negative than
those reported for RhB, ™, the corresponding NICS_, values for
our systems are significantly larger in magnitude. This
observation strongly supports the presence of pronounced z-
aromaticity (Figure 7). The osma-pentalene reported by Zhu
et al.'"” showed a negative NICS,,(0) value of —11.3 ppm.
More recently, Peerless et al? investigated the influence of
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Figure 6. Shapes of the deformation densities Ap ) (,) that correspond to AE, (1 (4), the associated MOs of [(cAAC),BP(PdCl),] (10), and the
fragment orbitals of [(cAAC),BP] and [PdCL] in its singly charged doublet state (D) at the BP86-D3(BJ)/TZ2P"? level. Isosurface values are
0.001 au for Ap(;_4) The eigenvalues lv,| give the size of the charge migration in €. The direction of the charge flow of the deformation densities is

blue—gray. Energies are in kcal/mol.

Table 1. NICS,.” Values (In Ppm) for 8—11, Calculated at M06-L/def2-TZVP'*? (Def2-TZVP ECP"* for Metal) Level of
Theory along the Perpendicular and Molecular Planes. See SI for 12—17

Complex 8 8’
NICS0(..) —-96.38 —-88.93
NICS1.5(a)(,.) 1332 —12.69
NICSL.5(b)(,,) 831 —7.84

9 9’ 10 11
—95.04 —80.76 -36.79 —26.45
—12.90 —11.38 —13.42 —13.09

-7.97 =7.50 —11.25 —-13.73

Figure 7. Selected NICS,” values (ppm) for 10—11 in both
molecular and perpendicular planes with 0.5 A intervals, calculated at
the M06-L/def2-TZVP"*? (def2-TZVP ECP'* form metal) level of
theory. See SI for 12—17.

charge on the electronic structure and aromaticity of various
Big clusters.

The consistent negative NICS values indicated aromatic
behavior, with the most pronounced aromaticity observed for
the dianionic Bis*~ species, exhibiting a NICS(0) value of

—33.4 ppm. Whereas, our system displayed markedly stronger
aromatic character, as evidenced by a significantly more
negative NICS_,(0) value of —96.38 ppm for 8.

Next, we performed the GIMIC calculations on complexes
8—11 (Figure 8). The current densities, as calculated from the
net current strength (see SI, Table S53), are attributed to the
structural distortion. Compared to the nonligated species (8—
9), the complexes 10—11 approximate a planar structure more
closely, which leads to stronger Pd—Cl interactions with
delocalized electrons on the Pt/Pd—B—P 3-membered ring,
thus weakening the overall ring current density. The previously
reported Bi clusters” exhibited net ring current densities
exceeding +16.2 nAT ™, with the highest value of +31.1 nAT ™!
observed for the dianionic species Bis®~, exhibiting the most
negative NICS_(0) value, indicating a stronger correlation
between enhanced ring current density and magnetic
aromaticity descriptors. A similar trend is also observed in
our systems, where the compound exhibiting the largest
current density (+13.81 nAT ™!, compound 8) shows the most
negative NICS,,(0) value (—96.38 ppm, compound 8).
Recently, Yadav et al.”* reported a cationic c-aromatic Bi,**
cluster with a comparatively lower ring current density of 9.1
nAT™".
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Figure 8. Equivalent surfaces of modes of induced ring currents'” (diatropic: pale green, paratropic: pale blue) of complexes 8 (a), 9 (d), 10 (g),
and 11 (j). Streamline plots of induced current density in 8 (b), 9 (e), 10 (h), and 11 (k). Planar coloring streamline diagrams and arrow diagrams

for modes of induced currents in 8 (c), 9 (f), 10 (i), and 11 (1).

In our study, a similar current density value (9.1 nAT™) is
obtained for compound 10, which represents the least aromatic
system among the series and features Pd coordination to the
ring. This comparison further supports the consistency
between current density values and the degree of aromatic
character inferred for our compounds.

The AANDP analysis was conducted to reveal the intrinsic
nature of aromaticity in complexes 8—11. The bonding
situation in the three-membered ring is listed in Figure 9.

The phase change Mobius phenomenon in the molecular
plane (o phase) as well as in the perpendicular plane (7 phase)
was observed in 3c—2e bonds of the complexes 8—11 (see
Figure 10). As shown in Figure 10, there are three lc—2e
bonds identified as lone pairs on the Pd/Pt atoms, three
localized 2c—2e bonds, and three delocalized 3c—2e bonds in
complexes 8—11. The occupation numbers of these bonds are
above 1.78 lel, indicating that this series of compounds consists
entirely of 16-electron species, which constitutes the 4n
electron rules for Mobius aromaticity. However, with respect
to the delocalized 3c—2e bonds, differences were observed

(a) dXZ (b) q dxy

pz \ py

.

(c) (d)

o-aromaticity

T-aromaticity

Mébius’ Hickel's
o-aromaticity T-aromaticity

Figure 9. Representation of Hiickel and Mobius-type aromaticity in
planar three-membered rings. Orbital topology for Mobius o-
aromaticity (a) and (c), and Hiickel z-aromaticity (b) and (d).

between the nonligated, and ligated species. In the case of 8—9,
there is one 3c—2e ¢ bond and one 3c—2e 7 bond, reflecting
the double Mobius aromaticity, which was first observed in 3-
membered metallacycles, while in the corresponding ligated
species (10—11), both the 3c—2e bonds show ¢ aromaticity.
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Figure 10. 1c—2e Pd/Pt lone pair, 2c—2e localized bonds, and 3c-2e delocalized bonds in the complexes 8 (a), 9 (b), 10 (c), and 11 (d).
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ELF. See SI for 12—17.
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The aromaticity in 8—9 is surprisingly different from that of
the previously reported RhB,” cluster, which is also a 3-
membered ring with 16 electrons, but no double Mobius
aromaticity was observed in it. We assume that this is due to
the expansion of the ring, resulting from the addition of the P
atom and Pt/Pd. The extended bond length inhibited the &
coupling among these three atoms, promoting the formation of
o-delocalized bonds and the double Mobius aromaticity. The
atomic substitution strategy achieves aromaticity transforma-
tion by regulating the size of the 3-membered ring. The
disappearance of the double Mobius aromaticity originates
from the regulation of the electronic structure of the P and B
atoms by ligands.

The presence of ligands enlarged the electron density on P
and B, and thus, the P—B distance increased due to the
enhanced repulsive forces, which significantly weakened the
overlapping 7-orbitals of P and B. As a result, 4 electrons were
located on one 3c—2e o bond and one 3c—2e 7 bond in 89,
respectively, while 4 electrons were located on the two 3c—2e
o bonds in the ligated complexes 10—11. Thus, ANDP
analysis revealed the presence of three 1c—2e localized bonds
(lone pair of Pt/Pd), three types of localized 2c—2e M—P/B
(M = Pt, Pd) bonds, and two delocalized 3c—2e bonds in 8—
10, which confirmed the M6bius aromaticity with a 16 electron
count, following the 4n rule. More importantly, the double
Mobius aromaticity was first observed in 3-membered
metallacycles, and aromaticity transfer was achieved through
ligand addition.

Next, we performed the Electron Localization Function
(ELF)'** analyses for complexes 8—17 at the BP86-D3(BJ)/
def2-TZVP level of theory using Multiwfn' ' software to
investigate the distribution of electron pairs (Figure 11, see
SI). For complexes 8 and 8’, two disynaptic basins, V(Pd, P)
(4.33 ¢) and V(Pd, B) (1.75 e), and a trisynaptic basin V(Pd, P,
B) (2.73, 2.78 ¢) were identified, highlighting the dominance
of the Pd—P interaction with additional, but weaker, Pd—B
participation. Complexes 9 and 9’ exhibited a similar
distribution, with two disynaptic basins, V(Pt, P) (4.44 e),
V(Pt, B) (2.03 ¢), and a trisynaptic basin V(P, B, Pt) (2.63 e in
9, 2.65 e in 9”), indicating that the Pt—P bond constitutes the
most localized interaction, supplemented by delocalization
across Pt, P, and B atoms (see SI, Figure 11). In contrast,
complex 10 displayed one disynaptic basin, V(Pd, P) (3.28 ¢)
of reduced population relative to complexes 8—8’, together
with two trisynaptic basins, V(Pd, P, B) (2.33 ¢), and V(Pd, C,
B) (2.62 e), suggesting that multicenter bonding becomes
more prominent when a C substituent is present. Complex 11
featured two disynaptic basins, V(Pt, P) (3.35 e), and V(Pt, B)
(0.78 ¢), along with three trisynaptic basins, reflecting a further
shift toward delocalized multicenter bonding. Overall, these
results demonstrate that in complexes 8—9’ the M—P bond is
the most strongly localized interaction, whereas in complexes
10—11, electron density is more evenly distributed across
multicenter basins, indicative of a more delocalized bonding
network.'%¢

As demonstrated by Fuentealba and coworkers,”' pro-
nounced aromatic character was observed for neutral BCOy,
and the anionic N5~ and Al,*~ species, with ELF bifurcation
values in the range of 0.7—0.9. To further assess the
aromaticity, we analyzed the ELF values at the bifurcation
points for both ELF, and ELF, for 8—17 (Figure 12, S46)
using Multiwfn.'*" Notably, all molecules investigated in our
studies exhibited bifurcation values within a comparable range

(a)
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Figure 12. EDDB(r)"**" iso-surfaces and values (lel) for nonligated
complexes 8 (a), 8’ (b), 9 (c), and 9’ (d), and the type of NOBD,
calculated at M06-L/def2-TZVP">® (def2-TZVP ECP™ for metal).
See SI for 10—17.

(0.8—0.9), indicating comparable aromatic delocalization.
While the highest ELF, bifurcation value for Al,*” reaches
0.99, our analysis reveals a closely related ELF, bifurcation
value of 0.92 for complex 14 (see SI, Figure S47), further
supporting its pronounced aromatic character. To further
assess the aromatic character, ELF values at the bifurcation
points for both ELF,, and ELF,, were analyzed for 8—9’ (Figure
12) and 10-17 (Figure S46) using Multiwfn software.''*"
Across all examined systems, the ELF, values are found to be
in the range of 0.70—0.90, exceeding the commonly accepted
aromaticity threshold of 0.70. Such consistently higher ELF,
values strongly support the presence of pronounced aromatic
character in the present complexes. For 8—9’, the ELF, and
ELF, bifurcation values are observed to be above the threshold
range.

For both 8—9, the ELF analysis revealed critical z (0.50)
and o (0.49) type isosurface values, indicating pronounced
electron delocalization involving the metal center as well as the
P and B atoms. This strong delocalization is fully consistent
with the ADNDP results, which identify corresponding 3c—2e
7 and ¢ bonding patterns. Upon increasing the ELF isosurface
value, bifurcation of the delocalized basins is observed in the
peripheral regions, leading to the emergence of localized
orbitals at ELF values of 0.7—0.9. At this stage, distinct 2c—2e
and 1c—2e bonding features become clearly visible. In parallel,
the AANDP analysis supports this localization trend by yielding
well-defined bonding elements with occupation numbers close
to 1.99 lel, confirming the transition from delocalized
multicenter bonding to localized bonding interactions. For
the ligated compounds 10 and 11, the ELF isosurfaces prior to
bifurcation at approximately 0.5 for the 7z-type and 0.37—-0.43
for the o-type signify the substantial electron delocalization,
analogous to that observed in compounds 8 and 9. This
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behavior is again corroborated by the AANDP analysis, which
identifies corresponding delocalized bonding orbitals. As
bifurcation sets in along the peripheral regions, the ELF basins
evolve into localized orbitals that closely mirror the bonding
patterns obtained from AdNDP, demonstrating a strong
correspondence between the two methodologies. Overall, the
combined ELF and AANDP analysis consistently depicts the
balance between delocalized multicenter bonding and localized
interactions across the complexes 8—11, highlighting the
robustness of the electronic structure description.

Next, we performed the analyses of electron density of
delocalized bonds (EDDB) on complexes 8—17 to evaluate
their aromatic nature and further visualized the molecular
orbitals in Avogadro (Figure 12),"**" which revealed that the
electron delocalization is dominated by the Hiickel channels.
The interpretation of the EDDB values is based on the findings
of Guha and Sarmah,'* who reported similar magnitudes for
related systems. Across the series, 7-Hiickel natural orbital for
delocalized bonds (NOBD) contributions (~1.11—1.24 lel)
are found to be slightly larger than those from o-Hiickel
NOBD (x0.97—1.11 lel), indicating that the z-framework
provides the main source of aromatic stabilization, with o-
delocalization playing a supporting role. The Mébius NOBD
contributions are observed to be weaker overall: while the 7-
Mobius aromaticity was found to be negligible (~0.08—0.17 |
el), the 6-Mobius pathway remains modest (~0.61—0.67 lel),
yet smaller than the o-Hiickel aromaticity. Zhu and coworkers
reported comparable NOBD values (~0.8—0.9 lel) for
cyclopropaosmapentalene systems,” which were likewise
characterized as exhibiting pronounced aromaticity. For the
compounds we investigated in our work, the calculated NOBD
values are of a similar range, indicating a comparable degree of
cyclic electron delocalization. Taken together, our studies
revealed the 3-membered Pd/Pt rings as predominantly
Hiickel z-aromatic systems, with secondary o-delocalization
and minor Mobius character. For the ligated molecules 10-17,
the EDDB analysis revealed a different balance of delocaliza-
tion channels, where the o-Hiickel contributions remain
appreciable (0.520 lel for Pd; 0.551 lel for Pt) but are now
accompanied by significant o-Mobius delocalization (0.805 lel
for Pd; 0.801 lel for Pt). Notably, the z-delocalization is
essentially quenched upon ligation, leaving the o-framework as
the dominant contributor to the overall aromatic stabilization.
This shift indicates that coordination at the metal center not
only preserves Hiickel-type o-aromaticity but also promotes
additional Mobius o-delocalization, leading to a mixed
aromatic character with a more pronounced o-component.
The EDDB and AdANDP results were found to be fully
consistent, which likewise showed the disappearance of 7-
delocalization and the emergence of o-dominated aromaticity
upon ligation of the predicted 3-membered metallacycles.

B CONCLUSION

In conclusion, we have investigated the chemical bonding and
reactivity of molecular boron-phosphides, stabilized by
electronically tuned homo- and heterobileptic donor-base
ligands via their incorporation into the 3-membered dihalo-
metallacycles by quantum chemical methods. Remarkably, our
studies unraveled the unique Hiickel and Mobius types of
profound ¢ aromaticity in the unprecedented neutral planar 3-
membered p-block-based heteronuclear metallacycles [(L’)-
(L)BP(MCL,)] (10—17) in the presence of stable singlet
carbenes as the ligands, even though the corresponding non-

ligated complexes [(BP)MCl,] (8—9) exhibited both ¢ and 7
aromaticity, as confirmed by the detailed NICS, ELF, AANDP,
and EDDB calculations. Our strategy opens up an efficient way
to modulate the electronic structures and thereby paves the
path for designing novel boron-phosphide-based heteroar-
omatic metallacycles.
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