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Phosphanylgallane with hydrogen and halogen substituents
(RXGa� PHR, R=organic substituent, X=halogen/hydrogen) are
regarded as putative suitable precursors for accessing Ga=P
doubly bonded species. Herein, we report on the synthesis,
structure, and bonding analysis of a series of Lewis base- and
Lewis acid/base-stabilized phosphanylgallane bearing P� H and
Ga� Cl/H substitution. To avoid oligomerization, the treatment
of IDip.GaCl3 and (IDip)GaH2Cl (IDip=1,3-bis(2,6-diisopropyl-
phenyl) imidazole-2-ylidene) with LiPHR or LiPHR(BH3) (R=Ph,
Tip, Mes, NiPr2, NCy2) affords the corresponding Lewis base and

Lewis acid/base coordinated H,Cl-functionalized monomeric
phosphanylgallane, respectively. The structure of these deriva-
tives were determined by spectroscopic and X-ray crystallo-
graphic analyses. The observed Ga� P bond lengths are
comparable to those previously reported phosphanylgallane
analogues. The nature of the CIDip-Ga coordination bond was
assessed with Energy Decomposition Analysis, suggesting a
relatively stable adduct. Reactions of the phosphanylgallane
with Brønsted bases were investigated.

Introduction

Unsaturated main group compounds containing a combination of
heavier group 13 (E13) and group 15 (E15) elements are interesting
precursors for preparing binary materials with applications in
opto- and microelectronic devices.[1] The pre-established 1:1
relationship between these elements has driven captivating
investigations to prove their value as single source precursors
using metal-organic chemical vapour deposition (MOCVD) or
molecular beam epitaxy (MBE) methods.[2] The intended E13=E15

functional groups are isoelectronic to C=C in alkenes, but their
electronegative difference provides a marked tendency to form
dimers, trimers, or tetramers (Scheme 1A). Nonetheless, particular
interest has been placed on synthesizing monomeric [R2E

13=E15R2]
species, over the oligomers, because of their increased volatility
and potentially simple deposition process.[3]

In contrast to the lightest E13=E15 combination (B=N), their
heavier congeners like Al=P or Ga=P have a significantly weak
π-bond, making the monomeric forms synthetically
challenging.[4] A common stabilization strategy involves the use
of sterically demanding organic substituents around the double
bond, which provides kinetic and thermodynamic stability, but
inevitably decreasing volatility.[5] Another strategy is based on
the stabilization provided through a Lewis base and/or acid

coordination, which essentially blocks the empty p-orbital on
E13 or the lone pair at E15 elements (Scheme 1B).[6]

The oligomeric heterocycles have served as starting com-
pounds for the generation of their monomeric forms
(Scheme 1C).[3,7] Despite some Lewis base stabilized adducts
have been reported in the past (Scheme 2, I), Schulz and co-
workers have introduced a general straightforward synthetic
route towards the monomeric species via E13-E15 bond cleavage
of the heterocycle with DMAP (4-dimethylamino-pyridine) as a
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Scheme 1. Phosphagallanes as example of group 13/15 multiple bonded
compounds: (A) dimerization process, (B) different types of stabilization, (C)
synthetic routes followed for the synthesis of monomeric species. LA=Lewis
acid, LB=Lewis base, R=organic substituent.
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Lewis base (Scheme 1C first reaction).[8] With many examples,
monomeric species (II) containing Al� P and Ga� P units have
been isolated and characterized with this strategy, even
involving a coordination transition metal on E15.[9] However, not
all the Lewis bases are able to cleave the heterocycles by
coordinating the E13. The group of von Hänisch has addressed a
thorough study to determine the limitations of the Lewis base
stabilization for Ga� P-containing molecules.[10] They have pre-
pared monomeric species of galliumsilylphosphanide derivates
for relatively small substitutions on the Ga atom using the
strong Lewis base IMes (1,3-bis-(2,4,6-trimeth-
ylphenyl)imidazole-2-ylidene, III).[10e] Their attempts to create a
doubly bonding Ga=P by thermal-induced elimination reactions
resulted in the formation of heterocubane structure, pointing

out the need for more demanding steric protection. However,
when the substituents on Ga are bulkier, they observed that
using a strong σ-donor Lewis base is not enough to cleave the
oligomeric heterocycle when the steric demand is high. Thus,
pyridine, DMAP and IPr (1,3-diisopropyl-4,5-dimethylimidazole-
2-ylidene) can coordinate (IV).[10c] Only IMes and IDip can
provide such stabilization after a rearrangement if the group at
the phosphorous terminal is large (V).[10a]

A different approach has been employed by the group of
Scheer, which essentially bypasses the generation of the hetero-
cycle by directly reacting the corresponding adduct by salt,
dihydrogen, and alkane elimination reactions, furnishing the Lewis
base or Lewis acid/base pair compounds directly.[11] In this manner,
Scheer and co-workers synthesized several unsubstituted group
13/15 compounds, for instance (VI).[11–12] Notably, this strategy
allows the use of bulky NHC-stabilized gallium chlorides, hydro-
chlorides, and hydrides,[13] giving access to the smallest stabilized
phosphanylalanes and phosphanylgallanes (VII).[12e]

The NHC as Lewis bases are very interesting not only for the
stabilization provided on the group 13 element but also to enforce
multiple chemical bonds in some cases.[14] The group of Rivard has
provided a detailed description of the synthesis of amido- and
azide-functionalized gallium hydrides as potential precursors for
Ga=N compounds.[15] Recently, Tokitoh and co-workers have
explored HBr elimination from Lewis base stabilized sterically
hindered phosphanylalumane adduct (VIII).[16] Herein, we report
the synthesis of Lewis base and Lewis acid/base stabilized H,H-,
and H,Cl-functionalized phosphanylgallane. Furthermore, we assess
their reactivity toward bases and the effect of the substituents at
gallium and phosphorous sites on the overall stability of the
monomeric compounds. These adducts have been fully charac-
terized, and their electronic structures have been described by
theoretical calculations.

Results and Discussion

We have selected the strong σ-donor Lewis base 1,3-bis(2,6-
diisopropylphenyl) imidazoline-2-ylidene (IDip) since it has been
demonstrated its value to provide thermodynamic and kinetic
stability to phosphagallanes.[12e] Thus, we started our investiga-
tion by reacting LiPPh2 with the Lewis base-stabilized trichloro-
(IDip.GaCl3) and mono-chlorogallane adducts (IDip.GaH2Cl) in
THF at � 78 °C. These reactions afforded the mono substituted
compounds 3 and 4. The crystals can be isolated as a white
solid stable at room temperatures in an inert atmosphere with
yields of 34%(3) and 21% (4). The low yields are a consequence
of the IDip elimination, similarly to the observations reported
elsewhere.[12e] 1H NMR spectrum of compound 4 shows a
doublet at 4.2 ppm (2JP,H=13.3 Hz) for the GaH2-unit, while the
31P NMR spectrum gives a broad singlet at � 59.1 ppm. This
value is slightly upfield shifted compared to the dicyclohex-
ylphophane analogue reported by the group of Scheer
(� 56.1 ppm).[12e] The chlorinated congener compound 3 shows
a downfield shifted phosphorus chemical shift (� 51.7 ppm),
compared to hydride phophagallane 4 (Scheme 3.

Diego M. Andrada studied chemistry at the
National University of Córdoba, Argentina,
where he obtained his PhD degree under the
supervision of Prof. Alejandro M. Granados. In
2012, he joined the group of Prof. Ricardo A.
Mata at the Georg-August University of
Göttingen, Germany. After a second postdoc-
toral stay at Philipps-University of Marburg
with Prof. Gernot Frenking, he initiated his
independent research career in 2018 at Saar-
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Scheme 2. Previously reported examples of Lewis stabilized group 13/15
species. Py=pyridine, DMAP=4-dimethylamino-pyridine, IMe=1,3,4,5-tetra
methyl imidazole-2-ylidene, IPr=1,3-diisopropyl-4,5-dimethylimidazole-2-
ylidene, IMes=1,3-bis-(2,4,6-trimethylphenyl) imidazole-2-ylidene, IDip=1,3-
bis(2,6-diisopropylphenyl) imidazole-2-ylidene, aIMes=abnormal IMes, aIDi-
p=abnormal IDip, Mes =2,4,6-Me3C6H2, Tip=2,4,6-iPr3C6H2, Bbp=2,6-[CH-
(SiMe3)2]2C6H3.
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Likewise, with the aim to prepare the precursors for
generating monomeric Lewis base stabilized phosphagallene
compounds bearing Ga=P, we followed with the synthesis of
1,2 H,H/H,Cl-functionalized phosphanylgallane 1 and 2 ana-
logues. The reactions have been carried out in a similar fashion
as with compounds 3 and 4. Treatment of LiHPPh with IDip
gallium hydrochlorides and chlorides adduct afforded products
1 and 2 in poor to moderate yields. The compounds were
immediately isolated since longer reaction times led to an
increasing amount of free IDip in the mixture together with
unidentified side products. The 1H NMR spectrum of 1 and 2
shows a doublet at 2.66 ppm (1JP,H=196.6 Hz) and a doublet of
triplets at 2.8 (2JH,P =188.7 Hz, 3JH,H=4.5 Hz) for the PH moiety,
respectively. In the case of compound 2, the signal correspond-
ing to the GaH2 moiety cannot be observed. The 31P NMR
spectrum reveals a doublet at � 130.3 ppm (1JP,H=197.0 Hz) and
a doublet of triplets at � 142.9 ppm (1JP,H=189.6 Hz, 2JP,H=

16.4 Hz) for compound 1 and 2, respectively. Additionally, the
13C{1H} NMR spectra of all compounds 1–4 exhibit a doublet at
168.1 (1), 179.2 (2), 168.3 (3), and 178.8 (4) ppm assigned to the
carbene carbon coordinated to the Ga center, which is high-
field shifted compared to free IDip (220.6 ppm)[17] and in good
agreement with previously reported (IDip.GaH3 205.9 ppm,
IDip.GaH2Cl 181.6 ppm and IDip.GaHCl2 167.9 ppm).[13c]

The IR spectra of compounds 2 and 4 display a strong,
broad absorbance at 1825 and 1809 cm� 1 (Figures S30 and S32
in the ESI), respectively, which are ascribed to the Ga� H
stretching vibrational mode. These values are in good agree-
ment with previously reported gallane adducts NMe3.GaH3

(1853 cm� 1),[18] IPr.GaH3 (1775 cm� 1, IPr),[19] IDip.GaH3

(1790 cm� 1), and IDip.GaH2Cl (1877 cm� 1).[13c] Notably, it has
been suggested elsewhere that lower wavenumbers reflect a
stronger donation from the Lewis base.[19]

The solid-state structures of 1–4 were determined by single-
crystal X-ray diffraction. Figure 1 shows the molecular structure,
and the most important structural features are summarized in
Table 1. The obtained Ga� P bond lengths are close to the sum
of covalent radii (2.35 Å)[20] and in accordance with the other
representative adducts, i. e. IDip.GaH2PCy2 (2.3724(6) Å),
IDip.GaH2PH2 (2.3373(6) Å),[12e] and IMes.GaEt2P(H)SitBuPh2

(2.4051(2) Å).[10e] The Ga� C bond lengths are noticeably longer
than the expected values for a single bond (Ga� C 1.99 Å).[20]

Moreover, these bond lengths are within the range of
previously reported gallium complexes IDip.GaH3 (2.076(2) Å),
IDip.GaHCl2 (2.034(2) Å),[13c] IDip.GaH2PCy2 (2.090(2) Å), and
IDip.GaH2PH2 (2.0507(2) Å),[12e] but slightly shorter than the
IMes.GaEt2P(H)SitBuPh2 (2.1254(7) Å).

[10e]

The coordination of the Lewis base results in a different
degree of pyramidalization of the gallium atom depending on
the substituents, being the chlorinated adducts those with the
lower sum of bond angles: 325.2 (1), 330.9 (2), 328.0 (3), and
336.5 (4). In the same vein, the phosphorus atoms are also
pyramidal 281.2 (1), 245.4 (2), 304.3 (3), and 307.0 (4), which
suggest that the coordination with the Lewis base precludes
optimal π-conjugation.

To gain deeper insight into the electronic structure of
compounds 1–4, we carried out DFT calculations at the B3LYP-

Scheme 3. Synthesis of compounds 1–4.

Figure 1. Molecular structures of Lewis base-stabilized phosphanylgallane
compounds 1 (a), 2 (b), 3 (c), and 4 (d). Ellipsoids set at 50% probability
level. Hydrogen atoms, with the exception of those attached to gallium and
phosphorous atoms, are omitted for clarity.

Table 1. Selected experimental and theoretical bond lengths (Å) and
angles (°) for compounds 1–8.[a]

Ga� Ccarb Ga� P P� B ΣffGa[b] ΣffP[b]

1 2.032(2)
(2.082)

2.3258(6)
(2.352)

— 325.2
(331.1)

281.2
(286.3)

2 2.057(2)
(2.100)

2.334(1)
(2.395)

— 330.9
(343.0)

245.4
(292.7)

3 2.047(2)
(2.129)

2.3438(7)
(2.388)

— 328.0
(328.6)

304.3
(310.2)

4 2.069(1)
(2.139)

2.3738(4)
(2.407)

— 338.5
(340.7)

307.0
(309.1)

5 2.042(2)
(2.072)

2.3547(6)
(2.369)

1.933(2)
(1.944)

326.8
(324.7)

322.6
(312.8)

6 2.042(3)
2.116(6)
(2.078)

2.353(1)
2.29(1)
(2.386)

1.935(6)
1.91(2)
(1.938)

328.3
323.9
(318.3)

322.6
319.2
(306.6)

7 2.060(1)
(2.076)

2.3694(3)
(2.392)

1.959(2)
(1.988)

336.5
(335.8)

318.6
(303.8)

8 2.052(2)
(2.089)

2.3739(5)
(2.405)

1.954(2)
(1.974)

337.6
(338.6)

314.8
(311.3)

[a] All calculations were performed at the B3LYP-D3(BJ)/def2-SVP level of
theory. [b] Sum of angles around Ga/P atom, disregarding the Lewis Acid
or Base molecule.
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D3(BJ)/def2-SVP level of theory (see Computational Details). The
optimized geometries are in good agreement with the exper-
imentally determined structures, as summarized in the Table 1.
As a general observation, the computed bond lengths are
slightly longer than the experimental ones.[21] Inspection of the
frontier Kohn-Sham molecular orbitals (KS-MO) identifies the
HOMO as the lone pair located at the phosphorus atom, while
LUMO is located at the π-system of the IDip ligand (Figures S38-
S41 in the ESI).

We analyzed the electronic structures of 1–4 by Natural Bond
Orbitals (NBO) analysis.[22] Table 2 gathers the calculated natural
atomic partial charges (Q) and Wiberg bond orders (P) of the Ga-
Ccarb and Ga� P bonds calculated at the B3LYP-D3(BJ)/def2-TZVPP
level of theory on the previous optimized geometries. The
localization of the orbitals shows the presence of a polarized Ga� P
σ-bonds (Figures S46-S49). The contribution of phosphorous is
between 66.07% and 70.41%, which is expected from Pauli
electronegativities. (Ga: 1.41, P: 2.19).[23] As a comparison, the
aluminium analogues bear slightly more polarized bond i.e. 74 to
77% contribution of the phosphorus atom.[7] Additionally, there is
a lone pair (LP) on the phosphorus atom with p-character of
around 50%, which is in agreement with the pyramidalization
observed in the crystal structures. Natural population analyses
(NPAs) indicate a positive charge of ca. +0.60e on the Ga atom for
the hydride derivatives, while chlorinated compounds bear a
positive charge of about +1.10e (Table 2). The charge on the full
carbene moiety (Q(IDip)) reveals no significant differences on
electron density donated, i.e. about +0.30 e. Notably, the WBI
between the gallium and the carbene carbon is slightly higher for
2 (0.54 au) and 4 (0.54 au) than for 1 (0.48 au) and 3 (0.49 au), in
contrast to the expected from the comparison in of experimental
bond lengths (Table 1).

We also analyzed the electron density distribution with
atoms in molecules (QTAIM) using the B3LYP-D3(BJ)/def2-TZVPP
electron density.[24] The Laplacian distribution r21(r) in the
Ccarb� Ga� P plane is depicted in Figure 2b for compounds 3 and
4. The Laplacian plot shows an electron accumulation on the
phosphorus atom localized on the σ-system and the electron
density of the Ga� P bond critical point (1BCP=0.54/0.51 e/Å3),
which is shifted towards the P. In the case of the IDip-Ga the
Laplacian distribution suggest a rather ionic bond with the
electron density of the bond critical point (1BCP=0.55/0.52 e/Å3).
A similar picture is observed for the remaining series of
compounds (Figure S54).

To examine the strength of the IDip-Ga bonds in series of
compounds 1–4, we have computed and compared the
dissociation energies (De). Table 3 gives the bond energies at
the BP86-D3(BJ)/TZ2P//B3LYP-D3(BJ)/def2-SVP level of theory.
These computed bond dissociation energies suggest a relatively
strong coordination of the Lewis base ligands to the phospha-
nylgallane moiety, which is comparable to those values
computed for the carbene-alane compounds.[7,12e,25] The values
range from 45.5 kcal/mol (4) to 57.8 kcal/mol (1), being the
chlorinated complexes those with larger dissociation energy
values. More detailed information about the nature of the
chemical bond is provided by the results of the Energy
Decomposition Analysis (EDA) method.[21] EDA has proven to be
a useful tool to assess the nature of the chemical bond in main
group compounds and transition metal compounds.[26] None-

Table 2. Natural Partial Charges (q in a.u.) and Wiberg bond orders (P in a.u.) of all compounds (1–8) at the B3LYP-D3(BJ)/def2-TZVPP//B3LYP-D3(BJ)/def2-
SVP level of theory.

Q(P) Q(Ga) Q(IDip) P (Ga� P) σ(Ga� P) contribution P (Ccarb� Ga) σ(Ccarb� Ga) contribution

1 � 0.03 1.13 0.29 0.79 Ga (33.93%)� P(66.07%) 0.48 Ccarb (83.11%)� Ga (16.89%)
2 � 0.02 0.62 0.29 0.78 Ga (29.59%)� P(70.41%) 0.54 Ccarb (83.15%)� Ga (16.85%)
3 0.25 1.12 0.30 0.78 Ga (33.23%)� P(66.77%) 0.49 Ccarb (82.51%)� Ga (17.49%)
4 0.26 0.60 0.31 0.78 Ga (30.50%)� P(69.50%) 0.54 Ccarb (82.79%)� Ga (17.21%)
5 0.73 1.13 0.30 0.71 Ga (30.59%)� P(69.41%) 0.49 Ccarb (82.44%)� Ga (17.56%)
6 0.73 1.11 0.33 0.71 Ga (31.00%)� P(69.00%) 0.50 Ccarb (81.86%)� Ga (18.14%)
7 0.45 0.64 0.33 0.72 Ga (26.18%)� P(73.82%) 0.56 Ccarb (82.14%)� Ga (17.86%)
8 0.47 0.63 0.33 0.73 Ga (26.67%)� P(73.33%) 0.56 Ccarb (82.06%)� Ga (17.94%)

Figure 2. Bonding analysis of 3 and 4 (B3LYP-D3(BJ)/def2-TZVPP//B3LYP-
D3(BJ)/def2-SVP). (a) NBOs. (b) 2D Laplacian distribution r21(r) in the P� Ga-
Ccarb plane. Dashed red lines indicate areas of charge concentration
(r21(r)<0) while solid blue lines show areas of charge depletion (r21(r)>0),
bond paths (black lines), and bcps (black dots).
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theless, a recent discussion has been placed about the path
function nature of the energy components.[26c,27] Within the EDA
scheme, the interaction energy (ΔEint) between two (or more)
structurally and electronically unrelaxed fragments of a mole-
cule is divided into four physical meaningful terms, namely,
Pauli repulsion (ΔEPauli), electrostatic interaction (ΔEelst), orbital
interaction (ΔEorb), and dispersion interaction (ΔEdisp). The
dissociation energy is related to the interaction energy by the
preparation energy (ΔEprep), which is the energy needed to
promote the fragments from their equilibrium geometry to the
geometry and electronic state in the compounds.

Table 3 summarizes the numerical results of the EDA
calculations performed for the heterolytic fragmentation result-
ing in IDip and the monomeric phosphagallane. The interaction
energies ΔEint follows the same trend as the dissociation energy,
leading to stronger interaction for compounds 1 and 3 than for
compounds 2 and 4. The preparation (ΔEprep) of IDip does not
carry particular energy penalties as the geometry is rather rigid,
giving similar results along the series. The phosphagallanes
moieties instead request more energy as a consequence of the
pyramidalization of the gallium atom upon coordination. The
dissection of the ΔEint reveals that the bonding interactions are
on average >50% ionic with an important contribution of the
dispersion interaction >10%. Noteworthy, the orbital interac-
tion values are higher for 1 and 3 than 2 and 4 by about
10 kcal/mol, given the higher effective acidity,[28] which is
partially compensated by the stronger Pauli repulsion.

We attempted to promote the formation of the Lewis base
coordinated phosphagallene compounds bearing a Ga=P
double, by reacting Brønsted bases with 1 and 2. However, all
attempted reactions to induce elimination of HCl or H2 by the
addition of bases such as NEt3, morpholine, K[N(SiMe3)2], and
DBU (1,8-diazabicyclo[5.4.0]undeca-7-ene) were unsuccessful in
the regard that no abstraction reaction was observed. Instead,
either no reaction (NEt3) or decomposition with the formation
of phosphaalkene (IDipPH), as observed by Blum et al.[29] In
order to further corroborate the inertness towards deprotona-
tion, we have computed the proton affinity of compound 1–2.
Previous studies have shown that the proton affinities (PA) are
sensitive probe for the presence of chemically available or
accessible lone pairs of a molecule.[30] Scheme 4 gathers the
calculated PAs of 1–2 at the B3LYP-D3(BJ)/def2-SVP level of

theory. The PA of all compounds are higher than 350 kcal/mol
which suggest a highly basic nature of the elusive anion. Note
that the calculated PA values follow the trend of the gallium
Lewis acidity. The highest PA is for 2 (367.3 kcal/mol), while for
1 the PA is still high but there is a notable reduction of about
15 kcal/mol leading to 351.5 kcal/mol. In terms of Gibbs energy
considering the solvent polarity (THF), the deprotonation is
endergonic by 322.7 (1) and 332.8 (2) kcal/mol, which is
comparable to the values computed by Agou and coworkers for
the Lewis base stabilized phosphanylalumane congeners
(VIII),[16a] i.e 323.3 kcal/mol.

Since the phosphorus atom of compound 1–4 bears a lone
pair, we became interested to elucidate whether the HCl or H2

elimination of phosphagallane compounds can be accessed by
coordinated with a Lewis acid. Thus, we conducted the reaction of
IDip.GaH2Cl and IDip.GaCl3 with the mono-lithiated phosphine-
boranes (RPHLi.BH3)

[31] in THF at � 78°C afforded the compounds
5–8 (Scheme 5). The compounds were isolated immediately upon
the addition of RPHLi.BH3, since longer reaction times leads to an
increasing among of free phosphine H2PR.

Compounds 5–8 were obtained as colourless crystalline
solids, which are stable for weeks under inert gas atmosphere
at ambient temperature, but they decompose rapidly when
exposed to air. Indeed, the formation of side products are
observed at short reaction scales for the compound 8. All
compounds were fully characterized by multinuclear NMR,
elemental analysis, and IR spectroscopy. The 1H NMR spectra

Table 3. EDA-NOCV results of the Ccarb-Ga bond in Lewis Base and Lewis Acid/Base-stabilized phosphanylgallanes 1–8 at BP86-D3(BJ)/TZ2P.[a] All values are
in kcal/mol.

1 2 3 4 5 6 7 8

ΔEint � 72.8 � 62.3 � 75.8 � 60.7 � 78.3 � 77.2 � 77.2 � 73.7
ΔEPauli 157.2 126.0 136.9 116.3 173.9 168.5 140.2 131.0
ΔEelst

[b] � 125.8 (55%) � 107.0 (57%) � 111.2 (52%) � 93.2 (53%) � 133.9 (53%) � 128.9 (52%) � 117.6 (54%) � 112.7 (55%)
ΔEorb

[b] � 77.0 (33%) � 60.0 (32%) � 72.9 (34%) � 59.4 (34%) � 85.1 (34%) � 85.9 (35%) � 69.1 (32%) � 65.8 (32%)
ΔEdisp

[b] � 27.3 (12%) � 21.3 (11%) � 28.5 (12%) � 24.5 (13%) � 33.2 (13%) � 30.9 (13%) � 30.7 (14%) � 26.2 (13%)
ΔEprep GaP 11.6 10.2 14.3 7.1 11.1 13.9 11.4 19.2
ΔEprep IDip 3.4 1.8 6.3 3.5 3.6 3.9 2.4 2.2
ΔEprep tot 15.0 12.0 20.6 10.6 14.7 17.8 13.8 21.4
� De � 57.8 � 50.3 � 55.1 � 45.5 � 63.6 � 59.5 � 63.4 � 52.3

[a] All calculations were performed on the B3LYP-D3(BJ)/def2-SVP optimized structures. [b] The percentage values in the parentheses give the contribution
to the total attractive interactions ΔEelst+ΔEorb+ΔEdisp.

Scheme 4. Calculated Proton Affinities (in kcal/mol) and Gibbs energy (in
THF) of compounds 1–2. DFT calculations were performed at the B3LYP-
D3(BJ)/def2-SVP level of theory.
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exhibit two sets of resonances for the Dip groups for all
compounds. Additionally, the PH moiety in 5 and 6 can be
detected as doublet of quadruplets at 5.32 (1JH,P =339.8 Hz,
3JH,H=7.3 Hz) and 5.3 (1JH,P=337.0 Hz, 3JH,H=7.3 Hz), respectively.
The same functionally appears as a doublet of multiplet for 7 at
5.4 (1JH,P =310.2 Hz, 3JH,H=7.0 Hz), while 8 undergoes decom-
position during NMR measurements. The phosphorous chemical
shift is in general low-field shifted in comparison to compounds
1–4. The 31P NMR spectra display broad doublets at � 2.9 (1JP,H=

342.4 Hz), � 6.71 (1JP,H=339.1 Hz), � 110.7 (1JP,H=309.4 Hz), and
� 103.5 (1JP,H=316.8 Hz) for compound 5, 6, 7, and 8, respec-
tively. For all compounds, boron atoms appear in the 11B NMR
spectra as broad singlets in the range of � 34.1 and � 35.1 ppm.

In the IR spectra, both P� H and Ga� H stretching bands can
be detected as in the case of compounds 1–4. The Ga� H
stretching vibrations of 7 and 8 are observed at higher
wavenumbers than compound 2 and 4, i. e. 1869 and
1871 cm� 1. According to the discussion elsewhere this can be
associated to a weaker coordination of IDip.[19]

The molecular structures of the compounds 5–8 were
confirmed by single crystal X-ray diffraction. Figure 3 displays

the molecular structure and Table 1 collects the most important
structural parameters. The Lewis acid/base coordinated phos-
phagallane adducts possess a comparable degree of gallium
atom pyramidalization with values of 326.6° (5) to 337.5° (8),
while the phosphorus atom shows less pyramidalization leading
to wider sum of angles, i. e. 314.6° (8) to 322.6 (6). The Ga� P
bond lengths are in general longer for 5–8 than 1–4, indicating
the absence of π-conjugation. At the same time, the Ccarb� Ga
bond length is slightly shorter when the Lewis acid is
incorporated, suggesting a stronger coordination as a conse-
quence of the push-pull effect of the Lewis pair.[32]

It is interesting to remark the importance of the substituent
on the phosphorus terminal. We attempted to prepare less
sterically protected Lewis acid/base phophagallane compounds
such as R=Ph or tBu. However, the desired products could not
be isolated. Upon addition of the RPHLi.BH3, mixture of
compounds including IDip.GaX2PHR.BH3, IDip.GaX2PHR and
H2PR were detected in the reaction mixture. Longer reaction
times indeed does not lead to full conversion, instead
decomposition product into free phosphine is observed. This
indicates that the stability of the adducts are highly influenced
by the Lewis acidity of the phosphorus, which is enhanced by
the presence of the nitrogen of NCy2 and NiPr2 functional
groups in compound 5 and 6.[33] Alternatively, Mes and Tip
groups provides enough kinetic stability for isolation, however,
decomposition is observed in solution.

Next, we have carried out DFT calculations to examine the
electronic structure effects produced by the Lewis acid
incorporation. The results are summarized in Table 2 and
Table 3. The atomic partial charges show no significant effect
on the gallium atom with a value of about +1.10 and +0.60 e
for the chlorinated and hydride derivatives, respectively. As
expected, the coordination to BH3 results in a phosphorus atom
bearing more positive charge. The Wiberg bond indices indicate
a small reduction of the Ga� P bond order together with an
increase in the polarization. Additionally, the coordination of
IDip to the gallium atom is not significantly affected in
polarization of bond order terms. We have applied EDA to gain
insight into the coordination strength origins. The bond
dissociation energy is in average 5 kcal/mol stronger for the
Lewis acid/base pair adducts than for the Lewis base ones. This
is reflected in the interaction energy (ΔEint) rather than in the
preparation energy (ΔEprep). The Lewis acid incorporation
increases mainly the electrostatic and orbital interaction, which
is also partially compensated the higher Pauli repulsion.

The calculation of the proton affinity and Gibbs free energy
of compound 5–8 are in agreement with the increase of the PH
acidity. The Lewis acid coordination represent a lowering of

Scheme 5. Synthesis of compounds 5–8.

Figure 3. Molecular structures of Lewis acid/base-stabilized phosphanylgal-
lane compounds 5 (a), 6 (b), 7 (c), and 8 (d). Ellipsoids set at 50% probability
level. Hydrogen atoms, with the exception of those attached to gallium and
phosphorous atoms, are omitted for clarity.
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about 10 kcal/mol (Scheme 6). However, our attempts to induce
H2 or HCl elimination by reaction with different Brønsted bases
were once more unsuccessful furnishing decomposition instead
the intended phosphagallene adducts.

Conclusions

In this contribution, we have presented eight derivatives of
monomeric phophanylgallanes stabilized by a strong σ-donor,
and sterically demanding Lewis base, namely 1,3-bis(2,6-
diisopropylphenyl) imidazoline-2-ylidene. In addition to the
species, which are only organosubstituted on the P atom, the
parent compounds bearing H,H or H,Cl-functionalization were
isolated coordinating to a Lewis base or a Lewis base/acid pair.
The products were characterized by means of spectroscopy,
single crystal X-ray diffraction and DFT methods. These
compounds exhibit Ga� P bond lengths typical for a single bond
and a slightly longer Ccarb� Ga bond length than a single bond.
The bonding analysis suggests a fairly stable interaction
between the Lewis base and the phosphagallane, which is
mainly dominated by the electrostatic interaction (>50%).
Notably, the introduction of a Lewis acid at the phosphorus
lone pair enhances the bond energy by 10 kcal/mol which is
mainly due to a stronger orbital interaction. The Lewis base and
Lewis acid/base-stabilized species do not show reactivity
towards Brønsted bases due to their high proton affinity.

Experimental Section
General considerations. All syntheses and manipulations were carried
out under argon atmosphere (Ar), using either Schlenk line techniques
or a glovebox (MBraun Unilan Plus). The glassware was pre-dried in
oven at 125°C and heated in vacuo prior to use. Organic solvents THF,
benzene and n-pentane were taken directly from solvent purification
system (Innovative Technology PureSolv MD5). Deuterated benzene
was dried over appropriate drying agents, distilled and, stored inside a
glovebox. NMR-spectra were recorded at 300 K on a Bruker Avance III
300 and a Bruker Avance IV HD 400 spectrometer. (1H: 400.13 MHz,13C:
100.61 MHz, 11B: 128.38 MHz, 31P: 121.5 MHz). Chemical shifts (in δ,
ppm) are referenced to the residual solvent signal(s): C6D6 (

1H, 7.16;
13C, 128.06).[34] Fourier-transform IR spectra were acquired on a Bruker
Vertex 70 spectrometer in attenuated total reflectance (ATR) mode.

Elemental analyses were performed on an elemental analyzer Leco
CHN-900 and/or an elementar 161vario Micro Cube. Single crystal X-
ray diffraction analysis were carried out at low temperatures on Bruker
AXS D8 Venture diffractometer operating with a microfocus sealed
tube and a Photon II detector. Monochromated MoKa radiation (l=
0.71073 Å) was used. Structure solution and refinement were
performed using SHELX.[35] These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre via http://
www.ccdc.cam.ac.uk. nBuLi (1.6 M in hexane, Alfa-Aesar), GaCl3 (Sigma
Aldrich), and PhPH2 (10% wt. in hexane) (ABCR GmbH) were
commercially available and used without further purification.
Phosphine-boranes RPH2.BH3,

[31] LiPPh2,
[36] IDip.GaCl3

[37] and
IDip.GaH2Cl

[38] were prepared according to the literature procedures.

Compound 1 (IDipGaCl2PHPh): 10% weight in hexane solution of
PhPH2 (0.5 mL, 0.49 mmol) was added in 2 mL of THF and 1.6 M of
nBuLi (0.3 mL, 0.49 mmol) was added dropwise to the solution at
� 78 °C. After stirring at � 78 °C for 30 minutes, it was added
dropwise to the THF solution of IDip.GaCl3 (250 mg, 0.44 mmol) at
� 78 °C. Upon addition, volatiles were evaporated under vacuum.
The product was then extracted with 8 mL of benzene. Benzene
was then removed under reduced pressure and the residue was
washed with n-pentane (2×5 mL), leading to mg (128 mg, 20%) of
a white solid. Colourless crystals were grown by slow evaporation
of saturated toluene solution at room temperature. 1H NMR
(400 MHz, C6D6) δ ppm: 7.59–7.54 (m, 1H, Ar), 7.32–7.18 (m, 6H, Ar),
7.14–7.07 (m, 4H, Ar), 6.44 (s, 2H, NCH), 2.76 (sep, 3H, CH(CH3)2), 2.71
(sep, 4H, CH(CH3)2), 2.66 (d,

1JH,P=196.6 Hz PHPh) 1.51–1.41 (m, 12H,
CH(CH3)2), 1–02–0.94 (m, 12H, CH(CH3)2) ppm. 13C{1H} NMR
(100.6 MHz, C6D6, 298 K): 168.1 (d, 2JC,P=14.9 Hz, NCN), 146.2 (Ar),
146.0 (Ar), 145.8 (Ar), 135.0 (d, 15.03 Hz), 131.7 (Ar), 126.4 (Ar), 125.7
(Ar), 125.3 (Ar), 124.9 (Ar), 124.6 (d, 5.43 Hz), 29.2 (CH(CH3)2), 25.9
(CH(CH3)2, 23.1 (CH(CH3)2) ppm. 31P NMR (161.9 MHz, C6D6, 298 K):
� 130.2 (d, 1JP,H =197.0 Hz) ppm. EA (%): calcd. C: 62.10 H: 6.63 N:
4.39; found: C: 62.57, H: 6.30, N: 4.00; MP: 187 °C(decomp.). APPI-MS
(m/z): 601.20 [M� Cl*+H]+.

Compound 2 (IDipGaH2PHPh). 10% weight in hexane solution of
PhPH2 (0.2 mL, 0.22 mmol) was added in 2 mL of THF and 1.6 M of
nBuLi (0.1 mL, 0.22 mmol) was added dropwise to the solution at
� 78 °C. After stirring at � 78 °C for 30 minutes, it was added
dropwise to the THF solution of IDip.GaH2Cl (100 mg, 0.20 mmol) at
� 78 °C. Upon addition, volatiles were evaporated under vacuum.
The product was then extracted with 8 mL of benzene. Benzene
was then removed under reduced pressure and the residue was
washed with n-pentane (2 x 5 mL) to afford the product as white
solid (59 mg, 51%). Colourless crystals were grown by slow
evaporation of saturated benzene solution at room temperature. 1H
NMR (400 MHz, C6D6) δ ppm: 7.44–7.39 (m, 2H, Ar), 7.29–7.24 (m,
3H, Ar), 7.14–7-11 (m, 6H, Ar), 6.45 (s, 2H, NCH), 2.77 (dt, 1JH,P
=188.7 Hz, 3JH,H=4.5 Hz 1H, PHPh), 2.69 (sep, 4H, CH(CH3)2), 1.44 (d,
12H, CH(CH3)2), 1.04 (d, 12H, CH(CH3)2) ppm. 13C{1H} NMR
(100.6 MHz, C6D6, 298 K): 179.2 (d, 2JC,P=19.9 Hz, NCN), 145.7 (Ar),
142.5 (d, 20.9 Hz, Ar), 134.76 (Ar), 133.6 (d, 13.0 Hz, NCHCHN), 130.9
(Ar), 124.7 (d, 7.8 Hz, Ar), 124.4 (Ar), 124.1 (d, 6.22 Hz, Ar), 123.7 (d,
5.1 Hz, Ar), 29.1 (CH(CH3)2), 25.4 (CH(CH3)2, 23.2 (d, 3.3 Hz, (CH(CH3)2))
ppm. 31P NMR (161.9 MHz, C6D6, 298 K): � 142.7 (d, 1JP,H=189.6 Hz,
2JP,H=16.4 Hz) ppm. EA (%): calcd. C: 69.61 H: 7.79 N: 4.92; found: C:
67.50, H: 7.22, N: 4.78; MP: 74 °C(decomp.). APPI-MS (m/z): 567.24
[M]+. Compound 2 consistently analyzed low for carbon over
repeated analyses.

Compound 3 (IDipGaCl2PPh2). 5 mL THF solution of LiPPh2 (70 mg,
0.36 mmol) was added dropwise to the solution of 5 mL THF
solution of IDip.GaCl3 (250 mg, 0.44 mmol) at � 78 °C. Upon
addition, volatiles were evaporated under vacuum. The product
was then extracted with 8 mL of benzene. Benzene was then
removed under reduced pressure and the remaining white solid is

Scheme 6. Calculated Proton Affinities (in kcal/mol) and Gibbs energy (in
THF) of compounds 5–8. DFT calculations were performed at the B3LYP-
D3(BJ)/def2-SVP level of theory.
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washed with n-pentane (2×5 mL) to afford the product as white
solid (97 mg, 34%). Colourless crystals were grown by slow
evaporation of saturated benzene solution at room temperature. 1H
NMR (400 MHz, C6D6, 298 K): 7.65–7.59 (m, 4H, Ar), 7.24–7.19 (m,
2H, Ar), 7.11–7.06 (m, 4H, Ar), 7.05–6.99 (m, 4H, Ar), 6.98–6.92 (m,
2H, Ar), 6.43 (s, 2H, NCHCHN), 2.85 (sep, 4H, CH(CH3)2), 1.40 (d, 12H,
CH(CH3)2), 0.96 (d, 12H, CH(CH3)2) ppm. 13C{1H} NMR (100.6 MHz,
C6D6, 298 K): 168.3 (d, 2JC,P=27.3 Hz, NCN), 145.9 (Ar), 138.0 (d,
21.0 Hz, Ar), 135.9 (d, 19.4 Hz, Ar), 134.3 (Ar), 134.0 (Ar), 131.5 (Ar),
127.1 (Ar), 125.6 (Ar), 124.7 (Ar), 29.2 (CH(CH3)2), 26.2 (CH(CH3)2),
22.9 (CH(CH3)2) ppm. 31P NMR (161.9 MHz, C6D6, 298 K):
� 51.7 ppm. EA (%): calcd. C: 65.57 H: 6.49 N: 3.92; found: C: 64.33,
H: 6.10, N: 3.69; MP: 248 °C(decomp.). APPI-MS (m/z): 713.21 [M]+.
Compound 3 consistently analyzed low for carbon over repeated
analyses.

Compound 4 (IDipGaH2PPh2). 5 mL THF solution of LiPPh2 (97 mg,
0.50 mmol) was added dropwise to the solution of 5 mL THF solution
of IDip.GaH2Cl (250 mg, 0.50 mmol) at � 78°C. Upon addition, volatiles
were evaporated under vacuum. The product was then extracted with
8 mL of benzene. Benzene was then removed under reduced pressure
and the remaining white solid is washed with n-pentane (2×5 mL) to
afford the product as white solid (67 mg, 21%). Colourless crystals
were grown by slow evaporation of saturated benzene solution at
room temperature. 1H NMR (400 MHz, C6D6) δ: 7.45–7.40 (m, 4H, Ar),
7.24–7.19 (m, 2H, Ar), 7.10–7.06 (m, 4H, Ar), 7.03–6.98 (m, 4H, Ar), 6.95–
6.88 (m, 2H, Ar), 6.48 (s, 2H, NCHCHN), 4.23 (d, 2JP,H=13.3 Hz, GaH2),
2.75 (sep, 4H, CH(CH3)2), 1.38 (d, 12H, CH(CH3)2), 1.01 (d, 12H, CH(CH3)2)
ppm. 13C{1H} NMR (100.6 MHz, C6D6, 298 K): 178.8 (d, 2JC,P=28.1 Hz,
NCN), 145.6 (Ar), 144.4 (Ar), 144.2 (Ar), 134.9 (d, 16.5 Hz, Ar), 130.9,
127.7 (d, 5.8 Hz, Ar), 125.2 (Ar), 128.8 (d, 6.0 Hz, Ar), 124.4 Hz (Ar), 29.1
(CH(CH3)2), 25.5 (CH(CH3)2), 23.0 (CH(CH3)2) ppm. 31P NMR (161.9 MHz,
C6D6, 298 K): � 59.1 ppm. EA (%): calcd. C: 72.57 H: 7.50 N: 4.34; found:
C: 69.98, H: 6.58, N: 3.71; MP: 196°C(decomp.). APPI-MS (m/z): 643.27
[M]+. Compound 4 consistently analyzed low for carbon over repeated
analyses.

Compound 5 (IDipGaCl2PHNCy2.BH3). (NCy2)PH2.BH3 (111 mg,
0.49 mmol) was dissolved in 3 mL of dry THF and cooled down to
� 78 °C. To this solution, 1.6 M of nBuLi (0.3 mL, 0.49 mmol) solution
in hexane was added dropwise. After stirring at � 78 °C for 30
minutes, it was added dropwise to the THF solution of IDip.GaCl3
(278 mg, 0.44 mmol) at � 78 °C. After the addition is complete,
volatiles were under vacuum. The products were then extracted
with 10 mL of benzene and washed with n-pentane (2×10 mL) to
yield the product as white powder (128 mg, 34%). Single crystals
were grown by slow evaporation of saturated benzene solution at
room temperature. 1H NMR (400 MHz, C6D6, 298 K): 7.28–7.24 (m,
3H, Ar), 7.14–7.11(m, 3H, Ar), 6.51 (s, 2H, NCH), 5.32 (dq, 1JH,P
=339.8 Hz, 3JH,H=7.3 Hz 1H, � PH), 3.00–2.90 (m, 2H, CyH), 2.82 (sep,
4H, CH(CH3)2), 1.97–1.79 (m, 6H, CyH), 1.60–1.51 (m, 17H, CH(CH3)2,
CyH), 1.44–1.40 (m, 4H, CyH), 0.99–0.92 (m, 17H, CH(CH3)2, CyH) δ
ppm. 13C{1H} NMR (100.6 MHz, C6D6, 298 K): 165.8 (d, 2JC,P=32.0,
NCN), 146.4 (d, 48.6 Hz, Ar), 133.8 (Ar), 131.8 (Ar), 126.0 (Ar), 124.6
(d, 26.7 Hz, Ar), 57.1 (d, 3.5 Hz, NCHCHN), 33.9 (NCHCH2CH2CH2),
33.1(NCHCH2CH2CH2), 29.3 (d, 19.9 Hz, NCHCH2CH2CH2), 26.6 (d,
4.2 Hz, (NCHCH2CH2CH2), 26.3 (d, 19.6 Hz, CH(CH3)2), 26.0 (CH(CH3)2),
23.0 (d, 22.1 Hz, CH(CH3)2) δ ppm. 31P NMR (161.9 MHz, C6D6,
298 K): � 2.9 ppm (bd, 1JP,H=342.4 Hz), 11B{1H} NMR (128.4 MHz,
C6D6, 298 K) δ: � 34.1 ppm. EA (%): calcd. C:62.01 H:8.27 N:5.56;
found: C:62.05, H:7.77, N:5.13. MP: 108 °C(decomp.).

Compound 6 (IDipGaCl2PHNiPr2.BH3). (NiPr2)PH2.BH3 (65 mg,
0.43 mmol) was dissolved in 3 mL of dry THF and cooled down to
� 78°C. To this solution, 1.6 M of nBuLi (0.3 mL, 0.48 mmol) solution in
hexane was added dropwise. After stirring at � 78°C for 30 minutes, it
was added dropwise to the THF solution of IDip.GaCl3 (250 mg,
0.44 mmol) at � 78°C. After the addition is complete, volatiles were

under vacuum. The products were then extracted with 10 mL of
benzene and washed with n-pentane (2×10 mL) to yield the product
as white powder (124 mg, 41%). Single crystals were grown by slow
evaporation of saturated benzene solution at room temperature. 1H
NMR (400 MHz, C6D6, 298 K) δ ppm: 7.27–7.23 (m, 2H, Ar), 7.15–1.11
(m, 4H, Ar), 5.28 (dq, 1JH,P=337.0 Hz, 3JH,H=7.3 Hz,1H, � PH), 3.33 (sep,
2H, CH(CH3)2), 2.95–2.73 (m, 4H, CH(CH3)2), 1.57 (t, 12H, CH(CH3)2), 1.03
(d, 6H, CH(CH3)2), 0.96 (t, 18H, CH(CH3)2) ppm. 13C{1H} NMR
(100.6 MHz, C6D6, 298 K): 146.4 (d, 2JC,P=38.7 Hz, NCN), 133.8 (Ar),
131.7 (Ar), 126.0 (Ar), 124.6 (d, 24.7 Hz, Ar), 48.2 (d, 3.96 Hz, NCHCH2),
29.3 (d, 16.8 Hz, CH(CH3)2), 26.3 (d, 13.5 Hz, CH(CH3)2), 23.1 (d, 10.3 Hz,
CH(CH3)2), 22.8 (d, 2.4 Hz, NCH(CH3)2), 22.5 (d, 2.7 Hz, NCH(CH3)2) δ
ppm. 31P NMR (161.9 MHz, C6D6, 298 K): � 6.7 (bd, 1JP,H=339.1 Hz)
ppm. 11B{1H} NMR (128.4 MHz, C6D6, 298 K) δ: � 34.2 ppm. EA (%):
calcd. C:58.70 H:8.06 N: 6.22; found: C:57.27, H:7.77, N:5.86; MP:
132°C(decomp.) Compound 6 consistently analyzed low for carbon
over repeated analyses.

Compound 7 (IDipGaH2PHTip.BH3). TipPH2.BH3 (41 mg, 0.16 mmol)
was dissolved in 3 mL of dry THF and cooled down to � 78 °C. To
this solution, 1.6 M of nBuLi (0.1 mL, 0.16 mmol) solution in hexane
was added dropwise. After stirring at � 78 °C for 30 minutes, it was
added dropwise to the THF solution of IDip.GaH2Cl (100 mg,
0.20 mmol) at � 78 °C. After the addition is complete, volatiles were
under vacuum. The products were then extracted with 10 mL of
benzene and washed with n-pentane (2×10 mL) to yield the
product as white powder (30 mg, 26%). Single crystals were grown
by vapour diffusion into a saturated toluene solution at room
temperature. 1H NMR (400 MHz, C6D6, 298 K) δ ppm: 7.29–7.21 (m,
2H, Ar), 7.15–7.09 (m, 4H, Ar), 7.02 (s, 2H, Ar), 6.50 (s, 2H, NCH), 4.28
(dt, 1JH,P=310.2 Hz, 3JH,H=7.0 Hz 1H, -PH), 3.31 (sept, 2H, CH(CH3)2),
2.93 (sept, 2H, CH(CH3)2), 2.77–2.51 (m, 3H, CH(CH3)2), 1.45 (d, 12H,
CH(CH3)2), 1.31 (d, 6H, CH(CH3)2), 1.24 (d, 6H, CH(CH3)2), 1.12 (d, 6H,
CH(CH3)2), 1.04–0.93 (m, 12H, CH(CH3)2) ppm. 13C{1H} NMR
(100.6 MHz, C6D6, 298 K): 174.8 (d, 2JC,P=13.1 Hz, NCN), 152.1 (d,
8.4 Hz, Ar),148.4 (d, 2.4 Hz, Ar), 145.9 (d, 17.5 Hz, Ar), 134.7 (Ar),
131.1 (Ar), 125.0 (Ar), 124.6 (Ar), 124.4 (Ar), 121.7 (d, 7.0 Hz, Ar), 34.5
(CH(CH3)2), 32.7 (d, 8.2 Hz, CH(CH3)2), 29.0 (d, 22.1 Hz, CH(CH3)2), 25.9
(CH(CH3)2), 25.7 (d, 15.0 Hz, CH(CH3)2), 24.7 (CH(CH3)2), 24.1 (d,
3.6 Hz, CH(CH3)2), 23.5 (CH(CH3)2), 23.0 (CH(CH3)2) ppm. 31P NMR
(161.9 MHz, C6D6, 298 K): � 110.7 (bd, 1JP,H=309.4 Hz) ppm. 11B{1H}
NMR (128.4 MHz, C6D6, 298 K): � 33.10 δ ppm. EA (%): calcd.
C:71.10 H:9.23 N:3.95 ; found: C:67.17, H:7.96, N:3.55; MP: 180 °C-
(decomp.). APPI-MS (m/z): 693.38 [M-BH3]

+. Compound 7 consis-
tently analyzed low for carbon over repeated analyses.

Compound 8 (IDipGaH2PHMes.BH3). MesPH2.BH3 (83.7 mg,
0.50 mmol) was dissolved in 3 mL of dry THF and cooled down to
� 78 °C. To this solution, 1.6 M of nBuLi (0.4 mL, 0.64 mmol) solution
in hexane was added dropwise. After stirring at � 78 °C for 30
minutes, it was added dropwise to the THF solution of IDip.GaH2Cl
(250 mg, 0.50 mmol) at � 78 °C. After the addition is complete,
volatiles were under vacuum. The products were then extracted
with 10 mL of benzene and washed with n-pentane (2×10 mL) to
yield the product as white powder (97 mg, 31%). Single crystals
were grown by slow evaporation of saturated benzene solution at
room temperature. 1H NMR (400 MHz, C6D6) δ ppm: 7.26–7.21 (m,
3H), 7.13–7.09 (m, 5H), 6.48 (s, 2H), 2.88 (sept, 2H), 2.68 (sept, 2H),
2.34 (s, 6H), 1.96 (s, 3H), 1.48–1.44 (m, 12H), 1.01–0.95 (m, 12H)
ppm. 13C{1H} NMR (100.6 MHz, C6D6, 298 K):174.4 (d, 2JC,P=10.2 Hz.
NCN), 145.9 (Ar, d, 18.0 Hz), 141.1.1 (Ar, d, 7.2 Hz), 136.9 (Ar), 134.6
(Ar), 131.2 (Ar), 129.2 (Ar, d, 7.1 Hz), 125.1 (Ar), 124.7 (Ar), 124.4 (Ar),
34.4 (NCHCHN), 29.2 (CH(CH3)2, d, 15.0), 25.7 (o-PhCH3, d, 23.5 Hz),
23.6 (p-PhCH3, d, 6.0 Hz), 23.4 (CH(CH3)2), 23.1 ppm (CH(CH3)2).

31P
NMR (161.9 MHz, C6D6, 298 K): � 103.5 ppm (d, 1JP,H=316.8 Hz)
ppm. 11B{1H} NMR (128.4 MHz, C6D6, 298 K): � 35.1 δ ppm. EA (%):
calcd. C:69.15 H:8.54 N:4.48; found: C:67.01, H:7.31, N:3.83; MP:
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98 °C(decomp.). APPI-MS (m/z): 609.29 [M-BH3]
+. Compound 8

consistently analyzed low for carbon over repeated analyses.

Computational Details. All geometry optimizations were performed
using the Gaussian 16.C01 software.[39] All geometry optimizations
were computed using the functional B3LYP[40] functional with Grimme
dispersion corrections D3[41] and the Becke-Jonson damping
function[42] in combination with the def2-SVP basis set.[43] The
stationary points were located with the Berny algorithm[44] using
redundant internal coordinates. Analytical Hessians were computed to
determine the nature of stationary points (one and zero imaginary
frequencies for transition states and minima, respectively)[45] and to
calculate unscaled zero-point energies (ZPEs) as well as thermal
corrections and entropy effects using the standard statistical-mechan-
ics relationships for an ideal gas.

The atomic partial charges were estimated with the natural bond
orbital (NBO)[22] method using NBO 7.0.[46] The topological quantum
theory of atoms in molecules (QTAIM),[24] and Laplacian of the electron
density analyses were carried out with AIMAII.[47] The calculations were
performed at the B3LYP-D3(BJ)/def2-TZVPP level of theory.

The nature of the chemical bonds were investigated by means of
the Energy Decomposition Analysis (EDA) method, which was
developed by Morokuma[48] and by Ziegler and Rauk.[49] The
bonding analysis focuses on the instantaneous interaction energy
ΔEint of a bond A� B between two fragments A and B in the
particular electronic reference state and in the frozen geometry AB.
This energy is divided into four main components (Eq 1).

DEint ¼ DEelst þ DEPauli þ DEorb þ DEdisp (1)

The term ΔEelst corresponds to the classical electrostatic interaction
between the unperturbed charge distributions of the prepared
atoms (or fragments) and it is usually attractive. The Pauli repulsion
ΔEPauli is the energy change associated with the transformation
from the superposition of the unperturbed wave functions (Slater
determinant of the Kohn-Sham orbitals) of the isolated fragments
to the wave function Ψ0=NÂ[ΨAΨB], which properly obeys the
Pauli principle through explicit antisymmetrization (Â operator) and
renormalization (N=constant) of the product wave function. It
comprises the destabilizing interactions between electrons of the
same spin on either fragment. The orbital interaction ΔEorb accounts
for charge transfer and polarization effects.[50] In the case that the
Grimme dispersion corrections[41–42] are computed the term ΔEdisp is
added to equation 1. Further details on the EDA method can be
found in the literature.[51] In the case of the dimers, relaxation of the
fragments to their equilibrium geometries at the electronic ground
state is termed ΔEprep, because it may be considered as preparation
energy for chemical bonding. The addition of ΔEprep to the intrinsic
interaction energy ΔEint gives the total energy ΔE, which is, by
definition, the opposite sign of the bond dissociation energy De:

DE � Deð Þ ¼ DEint þ DEprep (2)

The EDA� NOCV method combines the EDA with the natural orbitals
for chemical valence (NOCV) to decompose the orbital interaction
term ΔEorb into pairwise contributions. The NOCVs Ψi are defined
as the eigenvector of the valence operator, bV, given by Equation (3).

V
_

Yi ¼ niYi (3)

In the EDA� NOCV scheme the orbital interaction term, DEorb, is
given by Equation (4),

DEorb ¼
X

k
DEk ¼

XN=2

k¼1
nk � F

TS
� k;k þ � F

TS
k;k

h i

(4)

in which FTS� k;� k and FTSk;k are diagonal transition state Kohn� Sham
matrix elements corresponding to NOCVs with the eigenvalues � νk
and νk, respectively. The DEorbk term for a particular type of bond is
assigned by visual inspection of the shape of the deformation
density Δ1k. The latter term is a measure of the size of the charge
deformation and it provides a visual notion of the charge flow that
is associated with the pairwise orbital interaction. The EDA-NOCV
scheme thus provides both qualitative and quantitative information
about the strength of orbital interactions in chemical bonds. The
EDA-NOCV calculations were carried out with ADF2019. The basis
sets for all elements have triple-ζ quality augmented by two sets of
polarizations functions and one set of diffuse function. Core
electrons were treated by the frozen-core approximation. This level
of theory is denoted BP86-D3(BJ)/TZ2P.[52] Scalar relativistic effects
have been incorporated by applying the zeroth-order regular
approximation (ZORA).[53]

Deposition Numbers 2182156 (for 1), 2182157 (for 2), 2182158 (for 3),
2182159 (for 4), 2182160 (for 5), 2182162 (for 6), 2182163 (for 7),
2182165 (for 8) contain the supplementary crystallographic data for
this paper. These data are provided free of charge by the joint
Cambridge Crystallographic Data Centre and Fachinformationszen-
trum Karlsruhe Access Structures service www.ccdc.cam.ac.uk/struc-
tures.
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