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Abstract: A missing family of the extremely air sensitive
tripentelyltrielanes was discovered. Their stabilisation was
achieved by using the bulky NHC IDipp (NHC = N-heterocyclic
carbene, IDipp=1,3-bis(2,6-diisopropylphenyl)-imidazolin-2-
ylidene). The tripentelylgallanes and tripentelylalanes IDipp -
Ga(PH,); (1), IDipp - Ga(AsH,); (1b), IDipp - Al(PH,); (2a) and
IDipp - Al(AsH,); (2b) were synthesised by salt metathesis of
IDipp - ECl; (E=Al, Ga, In) with alkali metal pnictogenides such
as NaPH,/LiPH, - DME and KAsH,, respectively. Moreover, the
detection of the first NHC-stabilised tripentelylindiumane

IDipp - In(PH,); (3) was possible by multinuclear NMR
spectroscopy. Initial investigations of the coordination ability
of these compounds resulted in the successful isolation of the
coordination compound [IDipp - Ga(PH,),(us-PH,{HgC4F.}5)] (4)
by reaction of 1a with (HgC¢F,);. The compounds were
characterised by multinuclear NMR spectroscopy as well as
single crystal X-ray diffraction studies. Supporting computa-
tional studies highlight the electronic features of the prod-
ucts.

/

Introduction

Hydrocarbon compounds are the most basic materials used as
fuels and for the production of specialised chemicals. However,
already hundreds of years ago, chemists discovered the
inorganic equivalents made up by elements of the groups 13
and 15, forming the so-called group 13/15 compounds. Starting
with the preparation of H;N - BF; by Gay-Lussac in 1809, many
milestone discoveries such as borazine B;N;H, and Me;N - BH;
followed.™ Although isoelectronic towards their organic coun-
terparts, these compounds differ drastically from them in terms
of reactivity and physical properties due to their different bond
polarity. In the last years, the focus has more and more shifted
towards the heavier homologues, mainly phosphorus/arsenic
on the group 15 side and aluminium/gallium on the group 13
side, partially owing to practical applications of 13/15 com-
pounds such as GaAs in the semiconductor industry.?® The
demand for stable precursor compounds of this type has
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increased accordingly, for their use in, for example MOCVD
processes (metal-organic chemical vapor deposition).*”

Several stabilisation strategies for the parent 13/15 mono-
mers H,E-PnH, (E=AI/Ga, Pn=P, As) or disubstituted HE-(PnH,),
compounds are known today, usually involving the use of
donor molecules or a combination with a suitable Lewis acid.”’
Most examples include borane compounds, although simulta-
neous stabilisation of GaH,PH, and AIH,PH, by {W(CO);} and
NMe; was already reported several years ago.® When no
additional Lewis acid is provided, the most common examples
for the stabilisation of the parent monomers of the heavier
homologues of group 13 are provided by [-diketiminates
(Nacnac, Figure 1, I, Il and Ill) or N-heterocyclic carbenes (NHC)
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Figure 1. Examples for donor-stabilised parent pentelyltrielanes of Al, Ga and
In (dipp = 2,6-diisopropylphenyl).
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(Figure 1, IV). In particular, by employing the bulky NHC 1,3-bis-
(2,6-diisopropylphenyl)-imidazolin-2-ylidene (IDipp),"”” our group
synthesised the first examples of the stable mono- and
disubstituted compounds IDipp - EH,PnH, and IDipp - EH(PnH,),
(E=Al, Ga; Pn=P, As).®® Recently, especially S-diketiminates
have been experiencing a tremendous gain in popularity in the
field of group 13/15 element chemistry."” Pioneering works by
S. Schulz et al. investigated the synthesis, characterisation and
reactivity of Ga=Pn (Pn=P, As, Sb) multiple bonded species
stabilised by Nacnac systems, resulting in a fascinating variety
of structural motifs ranging from gallapnictenes to
distibiranes.""” Goicoechea et al. showed the successful syn-
thesis of (Nacnac)-stabilised phosphanyl-phosphagallene and
demonstrated its reactivity as a frustrated Lewis pair by
conversions with H, and CO,."? Furthermore, (Nacnac)EHPnH,
(E=Ga, Al, In; Pn=P, As, Sb) and (Nacnac)E(PnH,), were
reported by our own group as well as by the von Hanisch
group.® Von Hanisch etal. were also able to synthesise
neutral 13/(15/14)/13 chain compounds by oxidative addition
of (Nacnac)GaHPnH, or silyl(di)phosphanes with
(Nacnac)Ga."™™

In view of tripentelyltrielanes E(PnH,);, however, only
tris(dialkylphosphanyl)boranes B(PR,); are known so far, as the
strong bonds between phosphorus and boron in combination
with bulky organic residues keep the molecules together as
monomers despite lacking external stabilisation."® Still, the
parent compound B(PH,); currently remains unknown. The
same accounts for reports on tripentelyltrielanes of the heavier
group 13 homologues, which is not surprising given the highly
labile nature of the bonding between the heavier group 13
and group 15 elements.!"”

As the f5-diketiminate ligand occupies two binding sites on
the group 13 element, a tripentelyltrielane pattern is difficult
to achieve by stabilisation from Nacnac substituents only. One
possibility is provided by a strong 2-electron donor such as a
NHC,"® a cyclic (alkyl)(amino)carbene (CAAQ)" or a tertiary
amine.”” But no such adducts have been reported to our
knowledge to this date.

Herein we report the synthesis and characterisation of the
first monomeric parent tripentelyltrielanes stabilised by the
Lewis base IDipp. These include the elements Al, Ga and In on
the group 13 and P and As on the group 15 side. Moreover,
the first results of the reactivity of these compounds are
presented and specific electronic features are discussed, high-
lighted by quantum chemical calculations.

Results and Discussion

As shown in previous work both experimentally and theoret-
ically, hydrogen elimination from a mixture of PH; or AsH; and
IDipp - PnH; (Pn=Al, Ga) does not lead all the way to the
desired tripentelyltrielane, but instead ends at the first or
second substitution step, respectively, as the intermediates
become less and less prone to hydrogen elimination after
each substitution step.®® Therefore, salt metathesis provides a
better synthetic pathway towards these 13/15-compounds.
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Thus, the reactions of IDipp - GaCl;®" with 3.5 equivalents of
LiPH, - DME™ and KAsH,* [Equation (1)] were performed.

Z 3.5 LiPH, - DME ; 2
(:'[\i or 3.I5 K2 H, (\

N
GaCl  THF, 2h Ga Prit,
CI *Cl -80°C > r.t. anP"HZ

1a: Pn=P, 70%
1b: Pn= As, 47%

That way, the NHC-stabilised parent tripentelylgallanes
IDipp - Ga(PH,); (1a) and IDipp - Ga(AsH,); (1 b) were obtained
analytically pure in good isolated yields of 70% and 47 %,
respectively. Alternatively, 1a can also be synthesised by using
NaPH,”" instead of LiPH, - DME, however with slightly lowered
yields. Both products are colourless solids that display high
sensitivity towards air and decompose slowly at room temper-
ature. Thus, they can be stored for at least several months
under an inert atmosphere at —30°C. Simultaneously with
presenting the salt metathesis in Equation (1), we investigated
a possible one-pot reaction of formally generating [M(PnH,)],
(M=Ga, Al; Pn=P, As) in situ and then adding the NHC to the
reaction mixture in a simple one-pot reaction to break up the
oligomers into NHC-stabilised monomers. Although possible,
the route in Equation (1) proved to be far cleaner and higher
yielding (cf. Supporting Information).

The *P{'H} NMR spectrum of 1a shows a singlet at
—231.7 ppm that is split into a triplet in the P NMR spectrum
("Jp=173 Hz). This concurs with a doublet in the '"H NMR
spectrum at 0.99 ppm (6 H, 'Jo =173 Hz). The 'H NMR spectrum
of 1b displays a distinct sharp singlet at 0.75 ppm for the AsH,
moieties bound to Ga (6 H). Attempts to obtain LIFDI-MS data
were unsuccessful due to the rapid decomposition of 1a and
1b upon ionisation, leading only to fragment peaks of [IDipp-
H]* at m/z=398.29. In case of 1b, a fragment peak of [IDipp -
Ga(AsH,),]" was detected at m/z=611.09. The purity of 1a and
1b was confirmed by elemental analysis. Single crystals of 1a/b
were obtained from a saturated n-hexane solution at —28°C as
small colourless needles and examined by single-crystal X-ray
structure determination (Figure 2).

1a and 1b crystallise in the monoclinic space group P2,/c.
The Ga—P and Ga—As bond distances of 2.3608(8)-2.3649(9) A
(Ga—P) and 2.4437(7)-2.4550(7) A (Ga—As) are within the range of
Ga—P and Ga—As single bonds (cf. IDipp - GaH,PH,: 2.3373(6) A,
IDipp - GaH,AsH,: 2.4503(12) A).® The central {CGaPs} and
{CGaAs;} units adopt tetrahedral geometries with P—Ga-P and
Al-Ga-As bond angles of 109.86(13)°-110.87(14)° (P—Ga-P) and
109.40(3)°-111.83(3)° (As—Ga-As), respectively.

o e 007

AI‘C| THR2n ﬁ';iz:z @)
CI ke -80°C »r.t. PnH; " 2

2a: Pn =P, 39%
2b: Pn = As, few crystals
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Figure 2. Molecular structure of 1a and 1b in the solid state. Anisotropic
displacement ellipsoids are shown at 50% probability level. Disordered parts
and hydrogen atoms bound to carbon atoms are omitted for clarity. Selected
bond lengths [A] and angles [°]: 1a: C—Ga 2.064(9), Ga—P1 2.3514(7), Ga—P2
2.3554(8), Ga—P3 2.3609(7), C—-Ga—P1 109.67(6), C—Ga—P2 105.68(7),
C—Ga—P3 110.85(6), P1-Ga—P3 105.41(3), P1-Ga—P2 115.31(3), P2—Ga—P3
109.99(3). 1b: C—Ga 2.068(3), Ga—As1 2.4526(8), Ga—As2 2.4634(9), Ga—As3
2.4583(8), C—Ga—As1 109.30(9), C—Ga—As2 108.75(10), C—Ga—As3 107.2(1),
As1-Ga—As3 110.22(3), As1—Ga—As2 111.83(3), As2—Ga—As3 109.40(3).

After the successful synthesis of the gallium compounds, we
turned our attention to aluminium, which displays even greater
sensitivity towards decomposition in this type of compounds.®”
In addition to the apparent sensitivity, the weak bonding
between the pnictogen atoms and aluminium complicate this
chemistry further. Nevertheless, the salt elimination reactions of
IDipp - AICI; with LiPH, - DME and KAsH, were carried out
[Equation (2)], yielding the novel branched compounds IDipp -
AI(PH,); (2a) and IDipp - Al(AsH,); (2b). The tripentelylalanes are
obtained as colourless solids (2a: 39%; 2b: few crystals) that
show extreme sensitivity towards air, and crystalline samples of
2a and 2b also decompose quickly in degassed mineral oil or
perfluorinated oil. 2a and 2b are also rather unstable at room
temperature in both solution and in the solid state and
decompose fast and quantitatively under release of IDipp and
PH; or AsH,, respectively. The *'P{'"H} NMR spectrum of a freshly
prepared solution of 2a at room temperature (C,D,) displays a
sharp singlet at —252.0 ppm split into a triplet ("Jy, =175 Hz) in
the 3'P NMR spectrum. This coincides with a broadened doublet
in the '"H NMR spectrum at 0.66 ppm (J;p=175Hz, 6 H). The
synthesis of 2b is accompanied by several side products that
were impossible to be separated or washed away due to a
solubility that is very similar to that of the product. Separation
of crystals under the microscope was not possible due to the
fast thermal decomposition of 2b. All variations of the reaction
conditions (temperature, addition of reagents, stoichiometry)
did not prevent the formation of these side products. Attempts
to obtain MS data were unsuccessful due to the rapid
decomposition of 2a and 2b upon ionisation, leading only to
fragment peaks of [IDipp-H] ™ at m/z=389.28. However, despite
the extraordinary sensitivity of 2a and 2b, by quick and careful
manipulation, it was also possible to determine the structures
of 2a and 2b by single-crystal X-ray structure analysis (Fig-
ure 3).

2a and 2b crystallise as small, clear, colourless needles
from saturated n-hexane solutions at —28°C in the monoclinic
space group P2,/c. The Al-P and Al-As bond lengths of
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Figure 3. Molecular structure of 2a and 2b in the solid state. Anisotropic
displacement ellipsoids are shown at 50% probability level. Hydrogen atoms
bound to carbon atoms are omitted for clarity. Selected bond lengths [A]
and angles [°]: 2a: C—Al 2.0672(19), Al-P1 2.3672(8), Al-P2 2.3720(8), AI-P3
2.3616(8), C—Al-P1 107.94(6), C—Al—P2 111.23(5), C—AI-P3 109.50(6),
P1—-AI-P3 115.24(3), P1-Al-P2 108.43(3), P2—AI-P3 104.49(3). 2b: C-Al
2.063(3), Al-As1 2.4631(9), Al-As2 2.4638(9), Al—As3 2.4583(9), C—Al-As1
108.48(8), C—Al—As2 111.10(8), C—Al-As3 110.21(8), As1—Al—-As3 114.43(3),
As1—-Al-As2 108.39(4), As2—Al—As3 104.18(3).

2.3616(8)-2.3720(8) A (P—Al) and 2.4583(9)-2.4638(9) A (As—Al)
are within the range of Al-P and Al-As single bonds,
respectively (cf. IDipp AlH,PH,: 2.3131(10) A, IDipp
AIH(AsH,),: 2.46 A)®% The P—Al-P and As—Al—As bond angles
lie between 104.49(3)°-115.24(3)° (P—AI-P) and 104.18(3)°-
114.43(3)° (As—Al—As) and reveal tetrahedral geometries at the
{CAIP;} and {CAIAs;} units. Overall, the structural parameters of
2a/b are almost identical to 1a/b, as the d-block contraction
of gallium causes a bonding feature that is very similar to that
of its aluminium counterparts.

In all the above-mentioned reactions, an excess amount
of LiPH,-DME/NaPH, or KAsH, was necessary to ensure the
completeness of the reaction, as otherwise a mixture of IDipp
- ECl5(PnH,), (E=Ga, Al; Pn=P, As) is formed, according to
NMR data. However, we observed that this causes the partial
NHC substitution by the pnictogenide reagent, as a lot of
unbound IDipp is obtained, as identified by 'H NMR
spectroscopy. This prompted us to take a closer look at the
reaction mixtures. And indeed, NMR spectroscopic investiga-
tions on the reaction between IDipp - AlCl; and NaPH, show
the formation of [AI(PH,),]” by a strongly broadened triplet of
multiplets in the P NMR spectrum at —247.5 ppm which
explains the lowered yields of these reactions in general.
Moreover, the controlled substitution of one or two chlorides
from IDipp - GaCl; was also tested, which unfortunately
resulted in inseparable mixtures of IDipp - GaCl;_(PH,), in all
attempts.

Furthermore, the question came up whether a similar
reaction pattern is also possible with the even heavier
group 13 homologues. Hence, it was tested to perform the
triple salt metathesis reaction on a suitable NHC - InCl;
precursor. Since IDipp - InCl; (A) has not been described in
literature, it was synthesised by direct synthesis from IDipp
and InCl; [Equation (3)]. A is obtained as a white-greyish solid
that can be stored under an inert atmosphere at room
temperature for at least several months.

© 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH

85U8017 SUOLIWIOD BAIIEs.D) 8|qedt|dde ayy Aq pausencb ake sapie YO ‘88N Jo ss|nl 1oy Ariqi]8UlUO 8|1 UO (SUOTHPUOD-PUR-SLLIB)/LI0O" A3 1M ARe.q 1[I |UO//SANLY) SUORIPUOD PUe SWe 18U} 89S *[£202/70/2T] uo AriqiTauljuo /|1 ‘Bingsusbey e1seAluN Aq 0vE00£Z0Z WRYD/Z00T OT/I0p/Woo A3 M Akeiq i juljuo adoune-Ansiweydy/sdny wouy pepeojumod] ‘0 ‘G9/ETZST



Chemistry
Europe

European Chemical
Societies Publishing

Research Article

Chemistry—A European Journal doi.org/10.1002/chem.202300340

IDipp (\N

InCI3 o N
PhMe, rt, 2 h InZC! 3)
1 ¢l
cl
A (T7%)

The 'H NMR spectrum of A shows a characteristic set of
signals for IDipp adducts with two separate doublets at
1.18 ppm and 1.38 ppm for the diastereotopic isopropyl CH;
protons (cf. detailed data in the Supporting Information).
Crystals suitable for single crystal X-ray structure determina-
tion were grown by slow evaporation of a solution of A in
CH,Cl,. The molecular structure in the solid state (Figure 4)
shows a tetrahedral geometry at the {CInCl;} unit with
Cl—In—Cl bond angles between 105.37(8)° and 115.16(8)°. The
In—Cl bonds lie between 2.3557(3)-2.3689(9) A and are
significantly shorter than the In—Br bonds in IDipp - InBr;
(2.500 A).

With a suitable precursor at hand, the analogous salt
metathesis reactions with LiPH, - DME and KAsH, were
investigated. To prevent decomposition by reduction to-
wards an In(l) species, these reactions were performed under
exclusion of light and careful temperature monitoring. Solid
LiPH, - DME was added to a solution of A at —80°C and the
solution was allowed to reach 0°C over the course of three
hours [Equation (4)]. After work-up by extraction with
toluene, small amounts of IDipp - In(PH,); (3) could be
obtained and characterised by multinuclear NMR spectro-
scopy. Despite several washing steps with cold n-hexane
(—60°C), unbound IDipp could not be completely separated
from the final product.

Figure 4. Molecular structure of A in the solid state. Anisotropic displace-
ment ellipsoids are shown at 50% probability level. Hydrogen atoms are
omitted for clarity. Selected bond lengths [A] and angles [°]: C1—In 2.187(3),
In—CI1 2.3585(8), In—CI2 2.3557(8), In—CI3 2.3689(9), C1—In—Cl1 115.16(8),
C1-In—CI2 113.84(8), C1—In—CI3 105.37(8).
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3 was obtained by this reaction in very small amounts as
colourless solids that decompose at room temperature and
under ambient light. The reaction suffers from significant
product loss due to decomposition by thermal pathways and
especially IDipp substitution, as the IDipp-In bond is com-
parably weak and causes the release of large amounts of
unbound IDipp. The *'P{"H} NMR spectrum of 3 in C,Ds shows
a sharp singlet at —264.7 ppm (*'P NMR: triplet, 'J» =167 Hz)
for the {PH,} moieties besides a small amount of PH; as the
result of decomposition already at r.t. (Figure 5). The '"H NMR
spectrum shows a characteristic doublet at 0.65 ppm for the
{PH,} protons ('J,, =167 Hz) with an integral ratio of overall 6
protons (Figure 6), thus confirming the existence of 3.

When using KAsH, in the reaction (4), it could be visually
confirmed that a reaction is taking place by precipitation of
solid KCl, accompanied by a slight colour change of the
solution. However, despite all our efforts, the presence of
IDipp - In(AsH,); could not be confirmed by 'H NMR
spectroscopy, which always showed the presence of a
product mixture. It was also not possible to grow crystals of
any of the products for identification purposes, as the
inseparable mixture decomposes quickly at —30°C already
under exclusion of light. However, according to DFT
calculations (B3LYP—D4/def2-TZVP),?*25 |Dipp - In(AsH,);
indeed represents a minimum on the potential energy
surface that unfortunately still remains experimentally
elusive.

* L
1 J

T T T T T
-240 -245 -250 -255 -260

T
-265 ppm

Figure 5.°'P NMR (top) and *'P{'H} NMR (bottom) spectra of 3
(298 K, * =PH, resulting from sample decomposition).
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Figure 6. Section of the 'H NMR spectrum of 3 revealing a doublet for the
PH, protons (C,Dg, 298 K).

The electronic structure and nature of bonding within the
synthesised compounds was evaluated by NBOB” analysis,
employing density functional theory. NPA charge analysis
(TPSSh/def2-TZVP)®3 revealed the polar nature of the
interatomic bonds, which is largest for the triphosphanyl-
and triarsanylalane (Figure 7a). The Wiberg Bond Indices for
the pnictogen-triel bonds lie between 0.79-0.85 (1a), 0.80-
0.84 (1b), 0.74-0.78 (2a), and 0.76-0.81 (2b). These com-
bined DFT analyses indicate polarised albeit weak single
bonds for these compounds.

As evident from NBO calculations, localised lone pairs can
be assigned to all pnictogen atoms within these compounds
(Figure 7b). Therefore, we assumed that the synthesised
tripentelyltrielanes would display a versatile coordination
chemistry as mono- or multidentate ligands towards main
group elements and transition metals despite their high
sensitivity. Due to displaying the best availability and
stability, 1a was used as the reagent of choice for the
following coordination attempts. Thus, reactions with many

IDipp IDipp IDipp
o Y /
+0.72 +1.03 +0.67
-0.31 Ga -0.45 Al -0.31,In
H,P”1 “PH, H,P”| "PH, H,P” | "PHy
HoP -0.29 H,P -0.40 H,P -0.28
-0.36 -0.44 -0.34
IDipp IDipp IDipp

Figure 7. a) Calculated Natural Charges for NHC-stabilised tripentelyltrielanes
of heavy group 13 elements (TPSSh/def2-TZVP // B3LYP—D4/def2-TZVP level
of theory). b) Depiction of calculated lone pair orbitals of 1a (NBO).
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main group electrophiles and transition metal complexes
such as BH;:::SMe,, AlMe;, Me(SO;CF;), AuCl(tht) (tht=
tetrahydrothiophene), [W(MeCN);(CO);], [W(CO),(nbd)] (nbd =
norbornadiene), [Pt(PhCN),Cl,], transition metal salts of
weakly coordinating anions and many more were performed.

Unfortunately, most of these reactions led to either
intractable mixtures or the breakage of one or more Ga—P
bonds rather than coordination. As the Ga—P bonds seemed
particularly sensitive to classic coordination chemistry, we
targeted to synthesise a more softly bound metal complex.
Therefore, the trimeric  o-perfluorophenylenemercury
(HgC4F,);%% was chosen as a Lewis-acidic compound known
to be available for weak interactions. (HgC¢F,); has been a
subject of many studies of coordination chemistry and has
shown versatile coordination modes, covalent as well as non-
covalent.?**%

(\ é (HQCaF4

H,P §|5H2
Ga PH,  T2DFB.rt 1h FoF (5)
BryPHe P
Fo__Hy ' Hg___F
—@—Hg—b—F
P F P YF
4

When a solution of 1a in 1,2-difluorobenzene is added
to a suspension (HgCgF,); in 1,2-difluorobenzene, the
immediate formation of a clear red solution is observed
[Equation (5)]. The *'P{'"H} spectrum of this reaction solution
showed a slightly broadened singlet at —220.7 ppm, which
is shifted downfield by roughly +12 ppm compared to the
starting material and is indicative of a dynamic coordination
of 1a to (HgC4F,);. After work-up, the colourless coordina-
tion compound [IDipp - Ga(PH,),(u;-PH,{HgC¢F,}5)] (4) could
be crystallised within a unidentifiable mixture of red-brown
amorphous solids as clear colourless plates (Figure 8). 4
displays a high sensitivity towards air and decomposes at
room temperature releasing PH;. Low temperature NMR
experiments to determine the dynamic binding situation
failed as dissolving the compound in CD,Cl, leads exclu-
sively to unbound 1a, because the excess of CD,Cl, causes
the replacement of IDipp - Ga(PH,)s, likely to be resulting in
the complex (HgC4F,); - CD,Cl,.2* Other solvents such as
THF-dg are deemed unsuitable due to the poor solubility of
4 as well as the possible coordination of THF towards
(HgCgF,);. DFT calculations (PWPB95-D4/def2-TZVPP//BP86-
D4/def2-TZVP, CPCM =CH,Cl,)?2833637 cyggest that the
dissociation process of the adduct 4 into 1a and (HgC4F,); is
slightly exergonic by —1.06 kcalmol™' at 298 K, further
indicating the facile dissociation of 4.

Single crystals suitable for X-ray structure determination
were grown by layering a solution of 4 in 1,2-difluorobenzene
with n-hexane at —30°C. 4 crystallises in the monoclinic
space group P2,/n as clear colourless plates (Figure 8). Its
crystal structure shows one molecule of IDipp - Ga(PH,);
coordinated to the mercury ring system by one {PH,} arm.
The P—Hg distances are very long and lie between
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Figure 8. Molecular structure of 4 in the solid state. Anisotropic displace-
ment ellipsoids are shown at 50 % probability level. Hydrogen atoms bound
to carbon are omitted for clarity. Selected bond lengths [A] and angles [°]:
P1-Hg1 3.2547(13), P1-Hg2 3.1809(13), P1—-Hg3 3.3169(13), Hg1-Hg2
3.5697(4), Hg2—Hg3 3.6002(4), Hg1—Hg3 3.5579(5, C1-Ga1 2.064(5), Ga1—-P1
2.3809(14), Ga1-P2 2.3719(15), Ga1—P3 2.3310(15), C1-Ga1-P1 113.95(13),
C1-Ga1-P2 105.74(12), C1-Ga1-P3 109.32(13), P1-Hg1—-Hg2 55.33(2),
P1-Hg2—Hg3 58.17(2), P1—Hg3—Hg2 56.38(2), Hg1—Hg2—Hg3 59.498(6),
Hg2—Hg3-Hg1 59.823(6), Hg3—Hg1-Hg2 60.679(6).

3.18109(13)-3.3168(13) A. These distances are well below the
sum of the Van der Waals radii of P and Hg (3.6 A) and are
indicative of at least weak attractive forces. Furthermore, the
Ga—P,, bond is slightly elongated with 2.3809(14) A and the
Ceamene—Ga—Py, bond angle is slightly widened towards
113.95(13)°. The lengthening of the Ga—P bond upon
coordination might explain the pronounced instability and
hence easy decomposition of the coordination compounds of
2a (see above).

The loose coordination mode of the ligand raised the
question as to whether the bonding situation could still be
described by covalent bonds or not. Therefore, quantum
chemical calculations were performed (ZORA—B3LYP—D4/
ZORA-def2-TZVPP (SARC on Hg)****% //BP86-D4/def2-
SVpR6-283339 |eye| of theory, Figure 9). The calculated struc-
ture is in good agreement with the solid-state structure. The
Wiberg Bond Indices for the P—Hg bonds lie between 0.0243-
0.0264 and do not indicate covalent bonding between these
atoms. This is further supported by an atoms-in-molecules
analysis®® with no bond-critical points being found along the
P—Hg coordination paths. By a non-covalent interaction
analysis (NCl), a surface of the reduced density gradient
between the three Hg atoms and the phosphorus atom
indicates strong electrostatic interactions (Figure 9, right).”
Furthermore, an NBO analysis (TPSSh/def2-TZVPP)?**" shows
that the lone pair (orbital contributions from P: s 0.42, p 0.58)
of the respective phosphorus atom points directly towards
the centre of the mercury ring system (Figure 9, left). Overall,
the applied computational methods suggest an electrostatic
attraction based on the interactions of the three mercury

Chem. Eur. J. 2023, e202300340 (6 of 8)

Figure 9. Occupied lone pair orbital (NBO) within 4 coordinating towards
the {Hg}; unit (left) and plot of the calculated reduced density gradient of
[IDipp---Ga(PH,),(us-PH,{HgCeF,}5)] (right). Hydrogen atoms bound to carbon
are omitted for clarity. The lined surfaces show regions of weak interactions
within the molecule. Colour scheme: blue (strong electrostatic interaction),
green (Van der Waals interaction), red (strong repulsion).

atoms with the electron density around an occupied, nearly
sp*-hybridised orbital of the phosphorus atom.

Conclusion

In summary, we were able to complete the series of NHC-
stabilised pentelylgallanes and alanes by synthesizing the
first branched tripnictogenyl-substituted NHC adducts IDipp
- Ga(PH,); (1a), IDipp - Ga(AsH,); (1b), IDipp - Al(PH,); (2a)
and IDipp - Al(AsH,); (2b) by triple salt metathesis reactions.
All these products decompose at ambient temperatures
under strictly inert conditions and display extraordinary
sensitivity towards air. In addition, the first NHC-stabilised
triphosphanylindiumane IDipp - In(PH,); (3) was accessible
by this pathway, as evident from its NMR spectroscopic
features. Investigations on the reactivity of these com-
pounds proved difficult due to very weak bonding between
the group 13 and group 15 elements, resulting in bond
cleavage in most cases. However, coordination towards
(HgC¢F,); could be realised in [IDipp Ga(PH,),(u5-
PH,{HgC.F,};)] (4) where one arm of the ligand is simulta-
neously coordinated to three Hg atoms by weak interaction.
Electronic structure calculations confirm mainly electrostatic
bonding within 4 and point out the highly polarised
bonding between the group 15 and 13 elements in the
obtained NHC-stabilised tripentelyltrielanes. In view of the
instability of the presented compounds, these could not act
as multidentate ligands so far, as bond breakage was
observed. By decreasing the size of the NHC and using
alkylated compounds instead of the parent compounds, this
reaction behaviour might be improved. Future studies will
also investigate catenation with suitable electrophiles and
the use of these compounds as single-source precursors in
chemical vapor deposition processes (CVD) towards the
synthesis of thin layers of 13/15 materials.
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