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A general synthesis and the characterization of novel alkyl-
substituted NHC-stabilized pnictogenylboranes NHC·BH2ER2

(NHC=N-heterocyclic carbene, E=P, As; R2=Me2, Ph2,
tBuH,

Cy2, (SiMe3)2) are reported. These compounds were reacted with
Ni(CO)4 to the corresponding complexes of the type
[(NHC ·BH2ER2)Ni(CO)3] to determine their donor strength by
Tolman Electronic Parameters (TEPs) and their steric demand as
ligands compared to classical phosphines, superbasic phos-
phines and other commonly applied donor systems. The results

show that the NHC-stabilized pnictogenyltrielanes can be
considered as being highly basic, while their steric influence
depends strongly on the organic residues as well as the donor
attached to the {BH2} moiety. Although weaker than commonly
used superbasic phosphines, the donor strength of pnictogenyl-
trielanes in general can be classified as of similar strength as
NHCs. The steric and electronic properties can easily be
modified by alkyl substitution as evident from the TEP trends.

Introduction

Phosphines and especially trivalent phosphorus ligands have
become ubiquitous compounds in synthetic chemistry and
homogeneous catalysis.[1,2] Compared to amines or arsines,
phosphines offer versatile advantages that make them ideal
ligands in many cases. By strong σ-donation and moderate π-
acceptor abilities, the soft phosphines bind excellently to soft
metal centers and their ligand properties can readily be
modified by adjusting the attached organic residues.[1] In that
regard, chiral phosphines play a significant role especially in
asymmetric catalysis, as the high inversion barrier prevents their
racemization.[1,3] Furthermore, the highly abundant 31P nucleus
allows for facile reaction monitoring by NMR spectroscopy.[4]

The sterics and electronics of phosphines can easily be modified
by varying the organic substituents. Although disputed
nowadays,[5] the traditional and still highly relevant classification

of donor strength is represented by the Tolman Electronic
Parameter (TEP), formally introduced by C. Tolman as the
magnitude of the A1 vibration mode in [Ni(CO)3L].

[6,7,8] Due to
the dangerous toxicity of the required Ni(CO)4, alternative
carbonyl complexes of Rh, Cr, Au and Ir were used in the past.[9]

Today, however, computational methods are able to provide
reliable theoretical values for any ligands by frequency analysis
of the respective carbonyl complexes.[10]

In many applications, phosphines were replaced by N-
heterocyclic carbenes (NHCs)[11] or cyclic (alkyl)(amino)carbenes
(CAACs)[12] as stronger σ-donors.[13] However, during more
recent years, new and highly basic classes of phosphines have
been developed that are often referred to as “superbasic
phosphines”.[14] An overview of selected examples of mono-
substituted “superbasic” phosphines is given in Figure 1. In
general, electron-donating substituents are introduced to
increase the basicity of the P atom.[15,16]

Most commonly, amine- or imine-based substituents are
used (e.g. PyAPs I, IAPs II),[17–20] but it is also possible to increase[a] R. Szlosek, A. S. Niefanger, Dr. G. Balázs, Prof. Dr. M. Scheer
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Figure 1. Selected examples of mono-substituted “superbasic” phosphines
(L)PR2.
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the basicity with e.g. carborane residues (B9-Phos, III).[21]

Furthermore, the Gessner group developed phosphines carrying
an ylidic substituent (YPhos, IV), finding broad application as
ligands in transition metal-catalyzed cross coupling reactions.[22]

Alternatively, [(NHC)Au]-substituted terminal phosphines were
developed by the groups of Toste, Bergman, Corrigan and Liu
(AuPhos, V).[23,24] Based on a π-repulsion between dAu and pP

orbitals, AuPhos ligands are highly electron-rich and can be
further tuned regarding the steric and electronic nature at the
NHC or by having multiple [(NHC)Au] substituents surrounding
the P atom.[23] The d-p repulsion is further enhanced as NHCs
only show comparatively low π-acceptor capabilities. Significant
contributions to the field of superbasic phosphines were also
made by the Dielmann group who developed several novel
types of superbasic phosphines including pyridinylidenamino-
phosphines (PyAPs, I),[20] imidazolin-2-ylidenaminophosphines
(IAPs, II),[17–19] 1,2,5 trimethylpyrrolyl-phosphines P(tmp)3

[25] and
tris(1,1,3,3-tetramethylguanidinyl)-phosphine (Ptmg)3.

[26] These
compounds have shown remarkable reactivity and basicity
while still being easy to access in larger quantities. Typically,
these superbasic phosphines are used as ligands in catalysis
including reactions such as hydroaminations, coupling reac-
tions, decarbonylations, and many more.[14,27] As shown by
Dielmann and co-workers, however, by the splitting of CO2, the
superbasic phosphines are powerful enough to activate small
molecules.[19]

A different class of phosphines is represented by phos-
phines containing a {D ·BH2} (D=NHC, NMe3) residue, namely
phosphanylboranes.[28–31] The same accounts for the heavier
homolog containing arsenic D ·BH2AsR2.

[32–34] In recent years, the
stabilization of 13/15 monomers containing the heavy group 13
homologs Ga, Al and In by an NHC could be reported in several
studies as well.[35,36] These monomers have been the subject of
numerous studies and proved to be suitable building blocks
towards 13/15 oligo- and polymeric compounds induced by
thermal or transition metal-catalyzed pathways.[37] Furthermore,
the reactivity towards main group electrophiles, nucleophiles
and transition metals was extensively investigated, as well as
the oxidation of the pnictogen atom with chalcogens.[28,29,31–33,38]

Despite known for almost two decades, neither a clear
determination of the electronic and steric properties of these
13/15 compounds nor a comparison towards classic phosphines
and modern superbasic phosphines have been reported so far.
Herein, we report the first systematic study of the donor
strength and steric demand of NHC- and NMe3-stabilized
pnictogenyltrielanes by the evaluation of the TEPs of the
corresponding Ni carbonyl complexes which have been synthe-
sized by the reactions with Ni(CO)4. Furthermore, a general
synthetic access towards E-alkyl (E=P, As)-substituted NHC-
stabilized pnictogenylboranes NHC·BH2ER2 is described, and
the effects of the substitution are discussed.

Results and Discussion

Prior to the determination of TEPs, a suitable substrate scope
was needed. As the NHC-stabilized 13/15 monomers display the

highest stability and accessibility, these compounds were
chosen as the first candidates for the reactions with Ni(CO)4.
However, since substituted NHC ·BH2ER2 (E=P, As; R=alkyl)
were not reported in the literature, the aim was to synthesize a
broad scope of alkyl-substituted NHC-stabilized pnictogenylbor-
anes. By salt metathesis reactions of NHC ·BH2I with alkalimetal-
phosphanides and arsanides, several novel NHC-stabilized
pnictogenylboranes were obtained in moderate to good yields
(eq. 1). Surprisingly, in these reactions, the choice of solvent
played a crucial role, when, for example, tetrahydrofuran was
used instead of Et2O under the same reaction conditions, only
intractable product mixtures were obtained as oily residues.
Therefore, Et2O is necessary to isolate pure products.

Compounds 1a–2 were obtained as colorless to yellowish
solids which could be stored under an inert atmosphere for at
least several months without any signs of decomposition.
Characteristic heteronuclear NMR data are summarized in
Table 1. It was possible to crystallize compounds 1a, 1d, 1e and
2 as single crystals suitable for X-ray diffraction studies and
determine their solid-state structure (Figure 2, top row). The
B� E bond lengths lie within the range of regular single bonds
and the bond angles reveal (pseudo)tetrahedral geometries at
the atoms of the element 13/15 core motifs. Remarkably, 1d,
containing a chiral P atom, crystallizes as a racemic mixture
with both (R/S) enantiomers present in the asymmetric unit (cf.
Supporting Information).

Table 1. Heteronuclear NMR chemical shifts [ppm], coupling constants
[Hz] and signal multiplicities of compounds 1a–f and 2 (298 K, C6D6; s=

singlet, d=doublet, t= triplet, q=quartet, m=multiplet, br=broad).

Entry 31P{1H} NMR 31P NMR 11B{1H} NMR 11B NMR

1a � 213.2
(s, br)

� 213.2
(t, br)

� 34.3
(s, br)

� 34.3
(t, br)

1b � 38.1
(m, br)

� 38.1
(m, br)

� 26.9
(s, br)

� 26.9
(t, br)

1c � 104.0
(q, br)

� 104.0
(q, br)

� 24.8
(d, br)

� 24.8
(td, br)

1d � 67.3
(s, br)

� 67.3
(d, br)

� 33.0
(s, br)

� 33.0
(t, br)

1e � 37.8
(m, br)

37.8
(m, br)

� 30.0
(s, br)

� 30.0
(t, br)

1f � 265.0
(s, br)

� 265.0
(s, br)

� 33.3
(s, br)

� 33.3
(t, br)

2 – – � 26.7
(s, br)

� 26.7
(t, br)
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Following the successful synthesis of suitable substrates,
reactions with Ni(CO)4 were carried out to prepare the
corresponding [(NHC ·BH2ER2)Ni(CO)3] complexes and determine
the TEPs. Thus, Ni(CO)4 was added to solutions of 1a–2 in
toluene and the solutions stirred for one hour (eq. 2). According
to NMR spectroscopic investigations of the reaction mixtures,
full conversion is already achieved after one hour in all cases.
Noteworthily, no evidence of sequential CO substitutions at
Ni(CO)4 can be found, as no product mixtures are observed,
which can largely be attributed to the bulkiness of IDipp

preventing a second substitution step of CO. After work-up, the
complexes 3a–4 were isolated in moderate yields as brown
powders. The brown color can likely be attributed to the
presence of Ni nanoparticles which could not be fully separated
by filtration.[45] Characteristic heteronuclear NMR data are
summarized in Table 2. Compounds 3a–3h show a characteristic
large downfield shift in the 31P{1H}/31P NMR spectra compared
to their uncoordinated counterparts. Furthermore, it was
possible to crystallize compounds 3a, 3g and 4a and determine
their structure by single-crystal X-ray structure determination
(Figure 2, bottom row). The compounds crystallized from Et2O/
n-hexane (3a, 3g) or toluene/n-hexane (4a) mixtures at � 30 °C
as clear colorless blocks (3a, 3g) or plates in the monoclinic
space group P21/c. All structures show a regular tetrahedral
coordination of the Ni atom by three CO molecules and one
pnictogenylborane. All bonds within the compounds are within
the expected range of the respective single bonds.

To address the influence of the donor molecule attached to
boron, the same reactions were performed with the NMe3-
stabilized compounds Me3N ·BH2PR2 (R2=Ph2, HtBu, H2). As
NMe3 significantly decreases the steric bulk of the reactants, the
reaction principle was reversed by adding the phosphanylbor-
anes dropwise to solutions of Ni(CO)4 (eq. 3). After 10 min, all

Figure 2. Molecular structures of 1a, 1e, 1d, 2 and 3a, 3g, 4a, 5a in the solid state. Anisotropic displacement ellipsoids are shown at 50% probability level.
Hydrogen atoms bound to carbon are omitted for clarity. Dipp groups are displayed as stick models for clarity. Selected bond lengths [Å] and angles [°]: 1a:
N1-C1 1.356(6), N2-C1 1.340(6), C1-B1 1.579(8), B1-P1 2.038(6), N1-C1-N2 108.6(4), C1-B1-P1 111.6(4); 1e: N1-C1 1.361(2), N2-C1 1.362(2), C1-B1 1.605(2), B1-P1
1.9944(19), N1-C1-N2 104.12(14), N1-C1-B1 126.97(15), N2-C1-B1 128.69(14), C1-B1-P1 115.45(12); 1d (only one enantiomer shown): N1-C1 1.360(4), N2-C1
1.360(4), C1-B1 1.596(4), B1-P1 1.993(3), P1-C4 1.867(4), N1-C1-N2 104.2(2), N1-C1-B1 126.7(3), N2-C1-B1 128.9(3), C1-B1-P1 112.3(2), B1-P1-C4 102.85(15); 2: N1-
C1 1.3556(17), N2-C1 1.3594(16), C1-B1 1.5957(19), B1-As1 2.1109(14), N1-C1-N2 104.19(11), N1-C1-B1 128.64(11), N2-C1-B1 127.16(11), C1-B1-P1 108.94(9); 3a:
N1-C1 1.344(2), N2-C1 1.336(2), C1-B1 1.598(2), B1-P1 1.966(2), P1-Ni 2.2500(5), N1-C1-N2 104.19(11), N1-C1-B1 126.87(14), N2-C1-B1 124.32(14), C1-B1-P1
111.70(11), B1-P1-Ni1 115.56(6); 4a: N1-C1 1.359(4), N2-C1 1.355(4), C1-B1 1.597(4), B1-As1 2.072(4), As1-Ni 2.3445(6), N1-C1-N2 105.1(2), N1-C1-B1 128.6(2), N2-
C1-B1 126.3(3), C1-B1-As1 113.3(2), B1-As1-Ni1 116.03(10); 3g: N1-C1 1.356(2), N2-C1 1.360(2), C1-B1 1.597(2), B1-P1 1.966(2), P1-Ni 2.2605(5), N1-C1-N2
104.21(14), N1-C1-B1 128.96(14), N2-C1-B1 126.82(14), C1-B1-P1 114.48(12), B1-P1-Ni1 115.59(6); 5a: N1-B1 1.611(2), B1-P1 1.977(2), P1-Ni1 2.2581(5), N1-B1-P1
116.21(12), B1-P1-Ni1 121.12(6).
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volatiles were removed and the reaction outcomes investigated
by multinuclear NMR spectroscopy. The reactions showed full
conversion and small amounts of the inseparable side products
[(Me3N ·BH2PR2)xNi(CO)4-x] (x=2, 3; cf. Supporting Information).
After filtration, 5a–c were obtained as brown solids or oils in
moderate yields, respectively. Characteristic heteronuclear NMR
data for 5a–c are given in Table 2.

Compound 5a also crystallized from a saturated toluene
solution at � 30 °C as colorless blocks suitable for X-ray structure
determination (Figure 2). 5a crystallizes in the monoclinic space
group P21/n. The solid-state structure of 5a shows a tetrahedral
coordination of the phosphanylborane to the {Ni(CO)3} unit
with a B-P-Ni angle of 121.12(6)°. The bond lengths of
2.2581(5) Å (P-Ni) and 1.977(2) (B-P) lie within the range of usual
single bonds.

In this context, the question arose if it was also possible to
synthesize the corresponding Ni complex of NHC-stabilized
phosphanylgallanes and determine the donor strength, despite
the high sensitivity of the compound due to the lability of the
Ga� P bond. Thus, freshly prepared IDipp ·GaH2PH2

[36] was
reacted with Ni(CO)4 (eq. 4). The reaction mixture showed full
conversion already after 10 minutes with a downfield shift of
the 31P resonance signal of +55 ppm. After work-up,
[(IDipp ·GaH2PH2)Ni(CO)3] (6) is obtained in moderate yields as a
brown powder. 6 represents the first example of a coordination
compound of the highly unstable parent compound
IDipp ·GaH2PH2. The

31P NMR spectrum of 6 shows a distinct
sharp triplet of triplets at � 222.5 ppm (1JHP=172 Hz, 3JHP=

19 Hz) that merges into a singlet in the 31P{1H} NMR spectrum.

After the successful synthesis of the complexes 3a–5a, IR
spectra of the solid products were recorded to evaluate the
TEPs and compare the donor strength of the different

Table 2. Heteronuclear NMR chemical shifts and multiplicities of com-
pounds 3a–5c [ppm] (298 K, C6D6; d=doublet, t= triplet, q=quartet, m=

multiplet, br=broad).

Entry 31P{1H} NMR 31P NMR 11B{1H} NMR 11B NMR

3a � 164.5
(q, br)

� 164.5
(tq, br)

� 32.2
(d, br)

� 32.2
(td, br)

3b � 11.1
(q, br)

� 11.1
(m, br)

� 26.8
(m, br)

� 26.8
(br)

3c � 68.9
(m, br)

� 68.9
(m, br)

� 24.8
(d, br)

� 24.8
(dt, br)

3d � 38.7
(q, br)

� 38.7
(dm, br)

� 30.4
(d, br)

� 30.4
(dt, br)

3e � 37.8
(m, br)

� 37.8
(m, br)

� 30.0
(s, br)

� 30.0
(t, br)

3f � 241.8
(m, br)

� 241.8
(m, br)

� 33.2
(m, br)

� 33.2
(m, br)

3g � 163.5
(q, br)

� 163.5
(tq, br)

� 32.2
(d, br)

� 32.2
(m, br)

4a – – � 32.0
(s, br)

� 32.0
(t, br)

4b – – � 26.9
(s, br)

� 26.9
(t, br)

5a � 20.7
(q, br)

� 20.7
(m, br)

� 4.09
(d, br)

� 4.09
(m, br)

5b � 47.2
(q, br)

� 47.2
(dm, br)

� 7.3
(d, br)

� 7.3
(td, br)

5c � 155.6
(q, br)

� 155.6
(tq, br)

� 7.8
(d)

� 7.8
(d, br)

Figure 3. Schematic representation of the determined TEPs [cm� 1] in this work and comparison to selected phosphines and NHCs. TEPs were determined by
the magnitude of the A1 vibration mode in the corresponding IR spectra (ATR diamond crystal). TEPs of substance classes are represented by averaged areas.
As the YPhos ligand system can vary strongly depending on the substituents, the region of the highest donor strength is given in bold print.
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compounds by evaluating the A1 vibration modes (Figure 3). In
line with regular phosphines, the alkyl substituents on the
pnictogen atom generally increase the donor strength. Com-
pared to their substituted counterparts, the parent compounds
reveal the weakest donor strength of the herein investigated
compounds. Moreover, the group 13 element also strongly
influences the donor strength with e.g. phosphanylgallanes, as
they generally are stronger donors than phosphanylboranes (cf:
6: 2045 cm� 1, 3g: 2050 cm� 1). Just as arsines and phosphines,
arsanylboranes show higher TEPs and can be considered
slightly weaker donors than the respective phosphanylboranes
(4a: 2052 cm� 1, 3g: 2050 cm� 1). In general, exchanging NMe3 for
a stronger donor such as an NHC increases the overall donor
strength, as the 13/15 monomer becomes more electron-rich
(cf. 5c: 2059 cm� 1!3g: 2050 cm� 1).

With the common trend towards donor strength based on
the composition of the 13/15 monomer now established, a
comparison towards classic phosphines and other commonly
used 2e-σ-donors is now addressed. All compounds 3a–5b
(except for 5c) show lower TEPs and thus higher donor strength
than regular phosphines PR3 (cf. PtBu3: 2056 cm� 1), even the
measured arsanylboranes. Based on the magnitude of the
measured TEPs, a donor strength similar to that of NHCs can be
attributed to 3a–5c with some of them being significantly
stronger donors. Although modern superbasic phosphines such
as Sundermayer’s phosphazenylphosphines (2017 cm� 1),[16] Diel-
mann’s tris(imidzalolin-2-ylidenamino)phosphine (2030 cm� 1),[19]

Liu’s AuPhos ligands P[(NHC)Au]2R (2026 cm� 1) and P[(NHC)Au]3
(2025 cm� 1) commonly achieve higher donor strengths,[23] a
remarkable value for the pnictogenyltrielanes is set by
IDipp ·BH2PCy2 (3e) with a TEP as low as 2037 cm� 1, which is
comparable to P(NIMes)2

iPr (2039 cm� 1),[17] and P(tmg)3
(2037 cm� 1)[26] making 3e the strongest donor within the herein
presented series of pnictogenyltrielanes.[39] This is especially
intriguing, as 3e displays such a high donor strength while
having only one {NHC ·BH2} unit attached, which greatly
simplifies the synthesis of 3e.

With the solid-state structures of [(SIDipp ·BH2PH2)Ni(CO)3]
(3a), [(IDipp ·BH2PH2)Ni(CO)3] (3g), [(IDipp ·BH2AsH2)Ni(CO)3] (4a)
and [(Me3N ·BH2PPh2)Ni(CO)3] (5a) at hand, it was also possible
to calculate the Tolman Cone Angles (TCAs) and percent buried
volumes (%Vbur)

[41,42] directly from them to evaluate the steric
demand of the ligands (Table 3).[40] The TCAs for the parent
phosphanyl- and arsanylboranes (3a, 3g, 4a) are only slightly
larger than the value of PH3 and thus show that the steric

demand at the pnictogen atom is comparatively low. The TCA
for 5a (135°) is comparable to the one for PMePh2 (136°). This is
further supported by comparably low %Vbur values for all
compounds. Thus, the pnictogenyltrielanes can be considered
as significantly stronger donors than regular phosphines while
being sterically less hindered at the pnictogen atom. In

Table 3. Calculated averaged TCA [°][40] and percent buried volumes %Vbur [%][41,42] from the solid-state structures of 3a, 3g, 4a and 5a and comparison to
selected phosphines.[7] %Vbur values of 3a, 3g, 4a and 5a were calculated from the solid-state structures (r=3.5 Å, bond radii scaled by 1.17).

3a 3g 4a 5a PH3
[6a] PMe3

[6a] PMePh2
[6a]

TCA 94 95 93 135 87 118 136

%Vbur 22.5 23.0 14.8 31.0 – 22.2 –

PCy3*
[6a] P(tmp)3

[25] P(9-mCb)tBu2
[21] P(NIiPr)3

[19]

TCA 170 163 178 178

%Vbur 31.8 36.1 41.8 38.7

Figure 4. Correlation between the HOMO energy of the ligand L [eV] and PA
[kJ mol� 1]. Blue: P-containing L; red: As-containing L.

Figure 5. Correlation between the Tolman electronic parameter of the
ligands L Δν(CO) [cm� 1] and the PA (in kJmol� 1). Blue: P containing L; red: As
containing L.
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comparison, other superbasic phosphines of comparable donor
strength such as P(tmp)3, P(9-mCb)tBu2 and P(NIiPr)3 reveal a
higher steric demand (cf. Table 3).

To further investigate the electronic properties of the
compounds, quantum chemical calculations were performed
(B3LYP/def2-TZVP level of theory).[43] The prominent values of
computationally considered ligands L are summarized in
Table 4. There are satisfactory correlations between EHOMO,
Δν(CO) and proton affinity (PA) values (Figures 4–6). In contrast,

there is no correlation between the charges on the P and As
atoms and the PA values and dissociation enthalpies ΔdissH°298
and pKdiss(298) values for the studied complexes.

When considering Me3N ·BH2PH2 and Me3N ·BH2AsH2 with
the isoelectronic carbon compounds neopentylphosphine and
neopentylarsine (Me3CCH2PH2 and Me3CCH2AsH2), the higher
HOMO energy of the {Me3N ·BH2} derivative leads to much
larger PA (by 97 and 110 kJmol� 1), which is also reflected in the
Tolman electronic parameter (Table 4).

The substitution of the H atom in the EH2 group by tBu and
two hydrogen atoms by two phenyl substituents further
increases the HOMO energy and the PA by 58–82 kJmol� 1 for
E=P and 54–68 kJmol� 1 for E=As. Despite the PA of the
Me3N ·BH2EPh2 derivatives being larger than the PA of
Me3N ·BH2EH

tBu, the Tolman electronic parameter is smaller for
E=P and As, which may be attributed to the steric demand of
tertiary phosphines and arsines. Replacing NMe3 by an NHC
generally increases the PA by 51–77 kJmol� 1; the values of the
PA for SIDipp and IDipp are very close. The substitution of the
boron atom in IDipp ·BH2PH2 by aluminium and gallium leads to
a decrease of the PA by 8–10 kJmol� 1.

Overall, the computed order of the PA of the studied
phosphines is: Me3CCH2PH2<Me3N ·BH2PH2<Me3N ·BH2PH

tBu<
IDipp ·GaH2PH2< IDipp ·AlH2PH2< IDipp ·BH2PH2<

SIDipp ·BH2PH2<Me3N ·BH2PPh2< IDipp ·BH2PMe2<

IDipp ·BH2PH
tBu< IDipp ·BH2P(SiMe3)2< IDipp ·BH2PPh2<

IDipp ·BH2PCy2, with the NHC-stabilized phosphanylboranes
displaying the highest PA. The computed order of the PA of the
studied arsines reveals an analogous trend in this regard:

Table 4. Proton affinities (PA), HOMO energies (EHOMO), Mulliken charges on the donor atom q(P/As), the shift in the symmetric stretching CO vibration upon
complex formation with {Ni(CO)3} (Δν(CO) with respect to free CO), dissociation enthalpies (ΔdissH°298), dissociation constants (pKdiss(298)) and the donor-
acceptor bond distance (R(Ni� P/As)) for complexes of ligands L with {Ni(CO)3} (B3LYP/def2-TZVP level of theory).

L PA/kJmol� 1 EHOMO/eV q(P/As) Δν(CO)/cm� 1 ΔdissH°298/kJmol� 1 pKdiss(298) RNi-P/As/Å

Me3CCH2PH2 909 � 0.251 � 0.068 70.8 53.9 2.01 2.2769

Me3N ·BH2PH2 1006 � 0.209 � 0.297 84.1 74.5 4.54 2.3179

Me3N ·BH2PH
tBu 1064 � 0.195 � 0.216 90.7 69.1 3.18 2.3500

Me3N ·BH2PPh2 1086 � 0.186 � 0.104 89.8 74.6 3.47 2.3390

SIDipp ·BH2PH2 1083 � 0.201 � 0.217 89.0 78.4 6.33 2.3058

IDipp ·BH2PH2 1082 � 0.197 � 0.217 89.7 79.6 6.05 2.3057

IDipp ·AlH2PH2 1074 � 0.199 � 0.310 87.4 70.1 4.96 2.3252

IDipp ·GaH2PH2 1072 � 0.198 � 0.345 86.9 67.2 4.24 2.3191

IDipp ·BH2PH
tBu 1129 � 0.181 � 0.156 99.8 66.5 1.50 2.3311

IDipp ·BH2PPh2 1137 � 0.174 � 0.061 98.3 50.9 � 1.51 2.3320

IDipp ·BH2PMe2 1127 � 0.169 � 0.015 102.9 80.4 4.15 2.3260

IDipp ·BH2PCy2 1167 � 0.169 � 0.030 105.9 51.8 0.34 2.3591

IDipp ·BH2P(SiMe3)2 1130 � 0.179 � 0.283 103.3 43.7 � 2.53 2.4156

Me3CCH2AsH2 863 � 0.252 � 0.005 70.9 43.1 � 0.50 2.4168

Me3N ·BH2AsH2 973 � 0.206 � 0.221 84.8 63.8 3.18 2.4412

Me3N ·BH2AsH
tBu 1027 � 0.194 � 0.107 90.9 64.9 3.03 2.4636

Me3N ·BH2AsPh2 1041 � 0.190 0.066 88.9 68.5 3.51 2.4488

IDipp ·BH2AsH2 1040 � 0.195 � 0.166 89.7 64.2 3.68 2.4341

IDipp ·BH2AsPh2 1088 � 0.178 0.172 96.3 45.2 � 1.96 2.4529

Figure 6. Correlation between the HOMO energy of the ligands L [eV] and
the Tolman electronic parameter Δν(CO) [cm� 1]. Blue: P containing L; red: As
containing L.
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Me3CCH2AsH2<Me3N ·BH2AsH2<Me3N ·BH2AsH
tBu<

IDipp ·BH2AsH2<Me3N ·BH2AsPh2< IDipp ·BH2AsPh2.

Conclusions

In summary, we expanded the range of NHC-stabilized
pnictogenylboranes by synthesizing novel compounds of the
type NHC·BH2ER2 (1a: NHC=SIDipp, ER2=PH2; 1b: NHC= IDipp,
ER2=PPh2; 1c: NHC= IDipp, ER2=PMe2; 1d: NHC= IDipp, ER2=

PHtBu; 1e: NHC= IDipp, ER2=PCy2; 1f: NHC= IDipp, ER2=

P(SiMe3)2, 2: NHC= IDipp, ER2=AsPh2). The convenient general
synthetic procedure allows for easy fine tuning of the donor
properties of the compounds. Alongside the respective parent
compounds, these compounds were reacted with Ni(CO)4 to
give the mono-substitution complexes [(NHC ·BH2ER2)Ni(CO)3]
(3a: NHC=SIDipp, ER2=PH2; 3b: NHC= IDipp, ER2=PPh2; 3c:
NHC= IDipp, ER2=PMe2; 3d: NHC= IDipp, ER2=PHtBu; 3e:
NHC= IDipp, ER2=PCy2; 3f: NHC= IDipp, ER2=P(SiMe3)2, 3g:
NHC= IDipp, ER2=PH2; 4a: NHC= IDipp, ER2=PH2; 4b: NHC=

IDipp, ER2=AsPh2). Similarly, the reaction of IDipp ·GaH2PH2

with Ni(CO)4 yielded the unprecedented complex [Ni-
(CO)3(IDipp ·GaH2PH2)] (6) which represents the first example of
stable coordination of IDipp ·GaH2PH2 to a metal center.
Analogous reactions of Me3N ·BH2PR2 yielded the corresponding
compounds [(Me3N ·BH2PR2)Ni(CO)3] (5a: R2=Ph2; 5b: R2=HtBu,
5c: R2=H2). Evaluation of the Tolman Electronic Parameters and
percent buried volumes %Vbur showed that 3a–5c can in general
be considered as of similar donor strength as NHCs, albeit
weaker than modern superbasic phosphines. 3a–5c reveal
similar trends compared to phosphines, with the alkyl sub-
stitution strongly increasing the donor strength. Exchanging
boron for gallium increases the donor strength, while replacing
phosphorus with arsenic decreases it accordingly. Analysis of
the Tolman Cone Angles revealed the steric demand of the
pnictogen atoms within the pnictogenyltrielanes to be com-
paratively low, with the parent compounds exhibiting a similar
steric demand at the pnictogen atom as to PH3. Quantum
chemical calculations highlight the electronic nature and
explain the observed trends in donor strength by examining
the theoretical TEPs and comparison with the proton affinities.

Experimental Section
Experimental procedures, full analytical data and details regarding
quantum chemical calculations are described in the Supporting
Information.

Deposition numbers CCDC 2304605 (1a), 2304606 (1e), 2304607
(1d), 2304608 (2), 2304609 (3a), 2304610 (3g), 2304611 (4a), and
2304612 (5a) contain the supplementary crystallographic data for
this paper. These data can be obtained free of charge at www.ccdc.
cam.ac.uk/conts/retrieving.html (or from the Cambridge Crystallo-
graphic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK; Fax:
+44-1223-336-033; e-mail: deposit@ccdc.cam.ac.uk).
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Acknowledgements

This work was supported by a joint DFG-RSF project (DFG Sche
384/41-1, RSF grant 21-43-04404). The use of computational
resources of the research center “Computing Center” of the St.
Petersburg State University is acknowledged. R.S. is grateful to
the Fonds der Chemischen Industrie (FCI) for a PhD fellowship.
Lisa Zimmermann and Sophie Woick are acknowledged for
assistance in IR measurements. Stephan Reichl (KAsPh2), Martin
Weber (LiPMe2), and Matthias T. Ackermann (NaPPh2) are
acknowledged for the preparation of the corresponding
reagents. Open Access funding enabled and organized by
Projekt DEAL.

Conflict of Interests

The authors declare no conflict of interest.

Data Availability Statement

The data that support the findings of this study are available in
the supplementary material of this article.

Keywords: 13/15 compounds · ligand properties · pnictogen ·
tolman electronic parameter · triels

[1] J. F. Hartwig, Organotransition Metal Chemistry. From bonding to
catalysis, University Science Books, Sausalito, California, 2010.

[2] a) S. L. Buchwald, C. Mauger, G. Mignani, U. Scholz, Adv. Synth. Catal.
2006, 348, 23–39; b) R. Dorel, C. P. Grugel, A. M. Haydl, Angew. Chem.
Int. Ed. 2019, 58, 17118–17129; c) N. Miyaura, K. Yamada, A. Suzuki,
Tetrahedron Lett. 1979, 20, 3437–3440; d) J. P. Wolfe, S. Wagaw, S. L.
Buchwald, J. Am. Chem. Soc. 1996, 118, 7215–7216; e) P. Ruiz-Castillo,
S. L. Buchwald, Chem. Rev. 2016, 116, 12564–12649.

[3] a) G. Erre, S. Enthaler, K. Junge, S. Gladiali, M. Beller, Coord. Chem. Rev.
2008, 252, 471–491; b) T. Hayashi, Acc. Chem. Res. 2000, 33, 354–362;
c) I. G. Rios, A. Rosas-Hernandez, E. Martin, Molecules 2011, 16, 970–
1010; d) Y. Xiao, Z. Sun, H. Guo, O. Kwon, Beilstein J. Org. Chem. 2014,
10, 2089–2121.

[4] O. Kühl, Phosphorus-31 NMR Spectroscopy, Springer Berlin Heidelberg,
Berlin, Heidelberg, 2009.

[5] D. Setiawan, R. Kalescky, E. Kraka, D. Cremer, Inorg. Chem. 2016, 55,
2332–2344.

[6] a) C. A. Tolman, Chem. Rev. 1977, 77, 313–348; b) W. Strohmeier, F.-J.
Müller, Chem. Ber. 1967, 100, 2812–2821.

[7] H. Clavier, S. P. Nolan, Chem. Commun. 2010, 46, 841–861.
[8] C. A. Tolman, J. Am. Chem. Soc. 1970, 92, 2953–2956.
[9] a) Y. Canac, C. Lepetit, M. Abdalilah, C. Duhayon, R. Chauvin, J. Am.

Chem. Soc. 2008, 130, 8406–8413; b) A. R. Chianese, X. Li, M. C. Janzen,
J. W. Faller, R. H. Crabtree, Organometallics 2003, 22, 1663–1667; c) A.
Fürstner, M. Alcarazo, H. Krause, C. W. Lehmann, J. Am. Chem. Soc. 2007,
129, 12676–12677; d) R. A. Kelly III, H. Clavier, S. Giudice, N. M. Scott,
E. D. Stevens, J. Bordner, I. Samardjiev, C. D. Hoff, L. Cavallo, S. P. Nolan,
Organometallics 2008, 27, 202–210; e) M. Mayr, K. Wurst, K.-H. Ongania,
M. R. Buchmeiser, Chem. Eur. J. 2004, 10, 1256–1266.

Wiley VCH Mittwoch, 10.01.2024

2499 / 335061 [S. 7/10] 1

Chem. Eur. J. 2024, e202303603 (7 of 9) © 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH

Chemistry—A European Journal 
Research Article
doi.org/10.1002/chem.202303603

 15213765, 0, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/chem
.202303603 by U

niversitaet R
egensburg, W

iley O
nline L

ibrary on [17/01/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.ccdc.cam.ac.uk/conts/retrieving.html
http://www.ccdc.cam.ac.uk/conts/retrieving.html
https://doi.org/10.1002/adsc.200505158
https://doi.org/10.1002/adsc.200505158
https://doi.org/10.1002/anie.201904795
https://doi.org/10.1002/anie.201904795
https://doi.org/10.1016/S0040-4039(01)95429-2
https://doi.org/10.1021/ja9608306
https://doi.org/10.1021/acs.chemrev.6b00512
https://doi.org/10.1016/j.ccr.2007.09.021
https://doi.org/10.1016/j.ccr.2007.09.021
https://doi.org/10.1021/ar990080f
https://doi.org/10.3762/bjoc.10.218
https://doi.org/10.3762/bjoc.10.218
https://doi.org/10.1021/acs.inorgchem.5b02711
https://doi.org/10.1021/acs.inorgchem.5b02711
https://doi.org/10.1021/cr60307a002
https://doi.org/10.1002/cber.19671000907
https://doi.org/10.1039/b922984a
https://doi.org/10.1021/ja00713a006
https://doi.org/10.1021/ja801159v
https://doi.org/10.1021/ja801159v
https://doi.org/10.1021/om021029+
https://doi.org/10.1021/ja076028t
https://doi.org/10.1021/ja076028t
https://doi.org/10.1002/chem.200305437


[10] a) G. A. Ardizzoia, S. Brenna, Phys. Chem. Chem. Phys. 2017, 19, 5971–
5978; b) R. Kalescky, E. Kraka, D. Cremer, Inorg. Chem. 2014, 53, 478–
495; c) T. R. Kégl, R. M. B. Carrilho, T. Kégl, J. Organomet. Chem. 2020,
924, 121462; d) T. R. Kégl, N. Pálinkás, L. Kollár, T. Kégl, Molecules 2018,
23, 3176; e) O. Kuhl, Chem. Rev. 2005, 249, 693–704; f) R. Tonner, G.
Frenking, Organometallics 2009, 28, 3901–3905.

[11] A. J. Arduengo, R. L. Harlow, M. Kline, J. Am. Chem. Soc. 1991, 113, 361–
363.

[12] V. Lavallo, Y. Canac, C. Präsang, B. Donnadieu, G. Bertrand, Angew.
Chem. Int. Ed. 2005, 44, 5705–5709.

[13] a) F. Wang, L. Liu, W. Wang, S. Li, M. Shi, Coord. Chem. Rev. 2012, 256,
804–853; b) M. S. Sanford, M. Ulman, R. H. Grubbs, J. Am. Chem. Soc.
2001, 123, 749–750; c) A. Jayaraj, A. V. Raveedran, A. T. Latha, D.
Priyadarshini, P. C. A. Swamy, Coord. Chem. Rev. 2023, 478, 214922;
d) S. H. Hong, M. W. Day, R. H. Grubbs, J. Am. Chem. Soc. 2004, 126,
7414–7415; e) R. H. Grubbs, T. M. Trnka in Ruthenium in Organic
Synthesis (Hrsg.: S.-I. Murahashi), Wiley-VCH Verlag GmbH & Co. KGaA,
Weinheim, FRG, 2004, pp. 153–177; f) C. Chen, F.-S. Liu, M. Szostak,
Chem. Eur. J. 2021, 27, 4478–4499.

[14] R. F. Weitkamp, B. Neumann, H.-G. Stammler, B. Hoge, Chem. Eur. J.
2021, 27, 10807–10825.

[15] a) J. Tang, J. Dopke, J. G. Verkade, J. Am. Chem. Soc. 1993, 115, 5015–
5020; b) Z. Thammavongsy, I. M. Kha, J. W. Ziller, J. Y. Yang, Dalton
Trans. 2016, 45, 9853–9859; c) J. Münchenberg, H. Thönnessen, P. G.
Jones, R. Schmutzler, Phosphorus Sulfur Silicon Relat. Elem. 1997, 123,
57–74; d) M. Freytag, V. Plack, P. G. Jones, R. Schmutzler, Z. Naturforsch.
B 2004, 59, 499–502.

[16] S. Ullrich, B. Kovačević, X. Xie, J. Sundermeyer, Angew. Chem. Int. Ed.
2019, 58, 10335–10339.

[17] T. Witteler, H. Darmandeh, P. Mehlmann, F. Dielmann, Organometallics
2018, 37, 3064–3072.

[18] M. A. Wünsche, P. Mehlmann, T. Witteler, F. Buß, P. Rathmann, F.
Dielmann, Angew. Chem. Int. Ed. 2015, 54, 11857–11860.

[19] P. Mehlmann, C. Mück-Lichtenfeld, T. T. Y. Tan, F. Dielmann, Chem. Eur.
J. 2017, 23, 5929–5933.

[20] P. Rotering, L. B. Wilm, J. A. Werra, F. Dielmann, Chem. Eur. J. 2020, 26,
406–411.

[21] J. Schulz, R. Clauss, A. Kazimir, S. Holzknecht, E. Hey-Hawkins, Angew.
Chem. Int. Ed. 2023, 62, e202218648.

[22] a) H. Darmandeh, J. Löffler, N. V. Tzouras, B. Dereli, T. Scherpf, K.-S.
Feichtner, S. Vanden Broeck, K. van Hecke, M. Saab, C. S. J. Cazin et al.,
Angew. Chem. Int. Ed. 2021, 60, 21014–21024; b) J. Handelmann, C. N.
Babu, H. Steinert, C. Schwarz, T. Scherpf, A. Kroll, V. H. Gessner, Chem.
Sci. 2021, 12, 4329–4337; c) X.-Q. Hu, D. Lichte, I. Rodstein, P. Weber, A.-
K. Seitz, T. Scherpf, V. H. Gessner, L. J. Gooßen, Org. Lett. 2019, 21, 7558–
7562; d) Z. Hu, X.-J. Wei, J. Handelmann, A.-K. Seitz, I. Rodstein, V. H.
Gessner, L. J. Gooßen, Angew. Chem. Int. Ed. 2021, 60, 6778–6783; e) S.
Lapointe, A. Sarbajna, V. H. Gessner, Acc. Chem. Res. 2022, 55, 770–782;
f) J. Löffler, R. M. Gauld, K.-S. Feichtner, I. Rodstein, J.-A. Zur, J.
Handelmann, C. Schwarz, V. H. Gessner, Organometallics 2021, 40, 2888–
2900; g) L. T. Scharf, I. Rodstein, M. Schmidt, T. Scherpf, V. H. Gessner,
ACS Catal. 2020, 10, 999–1009; h) T. Scherpf, C. Schwarz, L. T. Scharf, J.-
A. Zur, A. Helbig, V. H. Gessner, Angew. Chem. Int. Ed. 2018, 57, 12859–
12864; i) T. Scherpf, H. Steinert, A. Großjohann, K. Dilchert, J. Tappen, I.
Rodstein, V. H. Gessner, Angew. Chem. 2020, 132, 20777–20784; j) J.
Tappen, I. Rodstein, K. McGuire, A. Großjohann, J. Löffler, T. Scherpf,
V. H. Gessner, Chem. Eur. J. 2020, 26, 4281–4288; k) P. Weber, T. Scherpf,
I. Rodstein, D. Lichte, L. T. Scharf, L. J. Gooßen, V. H. Gessner, Angew.
Chem. Int. Ed. 2019, 58, 3203–3207; l) O. Planas, V. Peciukenas, M.
Leutzsch, N. Nöthling, D. A. Pantazis, J. Cornella, J. Am. Chem. Soc. 2022,
144, 14489–14504; m) T. Scherpf, H. Steinert, A. Großjohann, K. Dilchert,
J. Tappen, I. Rodstein, V. H. Gessner, Angew. Chem. Int. Ed. 2020, 59,
20596–20603.

[23] R. Wei, S. Ju, L. L. Liu, Angew. Chem. Int. Ed. 2022, 61, e202205618.
[24] a) M. W. Johnson, S. L. Shevick, F. D. Toste, R. G. Bergman, Chem. Sci.

2013, 4, 1023–1027; b) B. Khalili Najafabadi, J. F. Corrigan, Can. J. Chem.
2016, 94, 593–598; c) L. Liu, D. A. Ruiz, F. Dahcheh, G. Bertrand, R. Suter,
A. M. Tondreau, H. Grützmacher, Chem. Sci. 2016, 7, 2335–2341.

[25] J. A. Werra, K. Wurst, L. B. Wilm, P. Löwe, M. B. Röthel, F. Dielmann,
Organometallics 2023, 42, 597–605.

[26] F. Buß, M. B. Röthel, J. A. Werra, P. Rotering, L. F. B. Wilm, C. G. Daniliuc,
P. Löwe, F. Dielmann, Chem. Eur. J. 2022, 28, e202104021.

[27] F. Buß, M. Das, D. Janssen-Müller, A. Sietmann, A. Das, L. F. B. Wilm, M.
Freitag, M. Seidl, F. Glorius, F. Dielmann, Chem. Commun. 2023, 59,
12019–12022.

[28] K.-C. Schwan, A. Y. Timoskin, M. Zabel, M. Scheer, Chem. Eur. J. 2006, 12,
4900–4908.

[29] U. Vogel, P. Hoemensch, K.-C. Schwan, A. Y. Timoshkin, M. Scheer, Chem.
Eur. J. 2003, 9, 515–519.

[30] A. Adolf, M. Zabel, M. Scheer, Eur. J. Inorg. Chem. 2007, 2007, 2136–
2143.

[31] C. Marquardt, T. Kahoun, J. Baumann, A. Y. Timoshkin, M. Scheer, Z.
Anorg. Allg. Chem. 2017, 643, 1326–1330.

[32] C. Marquardt, A. Adolf, A. Stauber, M. Bodensteiner, A. V. Virovets, A. Y.
Timoshkin, M. Scheer, Chem. Eur. J. 2013, 19, 11887–11891.

[33] O. Hegen, A. V. Virovets, A. Y. Timoshkin, M. Scheer, Eur. J. Inorg. Chem.
2018, 24, 16521–16525.

[34] F. Lehnfeld, M. Seidl, A. Y. Timoshkin, M. Scheer, Eur. J. Inorg. Chem.
2022, 3, e202100930.

[35] a) B. Li, S. Bauer, M. Seidl, A. Y. Timoshkin, M. Scheer, Chem. Eur. J. 2019,
25, 13714–13718; b) R. Szlosek, M. A. K. Weinhart, G. Balázs, M. Seidl, L.
Zimmermann, M. Scheer, Chem. Eur. J. 2023, 29, e202300340; c) M. A. K.
Weinhart, M. Seidl, A. Y. Timoshkin, M. Scheer, Angew. Chem. 2021, 133,
3850–3855; Angew. Chem. Int. Ed. 2021, 60, 3806–3811.

[36] M. A. K. Weinhart, A. S. Lisovenko, A. Y. Timoshkin, M. Scheer, Angew.
Chem. Int. Ed. 2020, 59, 5541–5545; Angew. Chem. 2020, 132, 5586–
5590.

[37] a) C. Thoms, C. Marquardt, A. Y. Timoshkin, M. Bodensteiner, M. Scheer,
Angew. Chem. Int. Ed. 2013, 52, 5150–5154; b) C. Marquardt, T. Jurca, K.-
C. Schwan, A. Stauber, A. V. Virovets, G. R. Whittell, I. Manners, M.
Scheer, Angew. Chem. Int. Ed. 2015, 54, 13782–13786; c) M. Boden-
steiner, U. Vogel, A. Y. Timoshkin, M. Scheer, Angew. Chem. Int. Ed. 2009,
48, 4629–4633; d) M. Bodensteiner, A. Y. Timoshkin, E. V. Peresypkina, U.
Vogel, M. Scheer, Chem. Eur. J. 2013, 19, 957–963; e) C. Marquardt, O.
Hegen, A. Vogel, A. Stauber, M. Bodensteiner, A. Y. Timoshkin, M.
Scheer, Chem. Eur. J. 2018, 24, 360–363; f) A. M. Belousova, A. Y.
Timoshkin, J. Phys. Chem. A 2023, 127, 7353–7363; g) J. Braese, F.
Lehnfeld, V. T. Annibale, T. Oswald, R. Beckhaus, I. Manners, M. Scheer,
Chem. Eur. J. 2023, 29, e202301741.

[38] a) F. Lehnfeld, M. Seidl, A. Y. Timoshkin, M. Scheer, Eur. J. Inorg. Chem.
2022, 3, e202100930; b) C. Marquardt, T. Kahoun, A. Stauber, G. Balázs,
M. Bodensteiner, A. Y. Timoshkin, M. Scheer, Angew. Chem. Int. Ed. 2016,
55, 14828–14832; c) M. Elsayed Moussa, T. Kahoun, M. T. Ackermann, M.
Seidl, M. Bodensteiner, A. Y. Timoshkin, M. Scheer, Organometallics
2022, 41, 1572–1578; d) J. Braese, A. Schinabeck, M. Bodensteiner, H.
Yersin, A. Y. Timoshkin, M. Scheer, Chem. Eur. J. 2018; e) M.
Elsayed Moussa, J. Braese, C. Marquardt, M. Seidl, M. Scheer, Eur. J. Inorg.
Chem. 2020, 26, 2501–2505; f) M. Elsayed Moussa, C. Marquardt, O.
Hegen, M. Seidl, M. Scheer, New J. Chem. 2021, 45, 14916–14919; g) K.-
C. Schwan, A. Adolf, M. Bodensteiner, M. Zabel, M. Scheer, Z. Anorg. Allg.
Chem. 2008, 634, 1383–1387; h) R. Szlosek, M. T. Ackermann, C.
Marquardt, M. Seidl, A. Y. Timoshkin, M. Scheer, Chem. Eur. J. 2023, 29,
e202202911; i) M. T. Ackermann, M. Seidl, F. Wen, M. J. Ferguson, A. Y.
Timoshkin, E. Rivard, M. Scheer, Chem. Eur. J. 2022, 28, e20210370;
j) M. T. Ackermann, M. Seidl, R. Grande, Y. Zhou, M. J. Ferguson, A. Y.
Timoshkin, E. Rivard, M. Scheer, Chem. Sci. 2023, 14, 2313–2317; k) C.
Marquardt, G. Balázs, J. Baumann, A. V. Virovets, M. Scheer, Chem. Eur. J.
2017, 23, 11423–11429; l) C. Marquardt, C. Thoms, A. Stauber, G. Balázs,
M. Bodensteiner, M. Scheer, Angew. Chem. Int. Ed. 2014, 53, 3727–3730;
m) C. Marquardt, O. Hegen, T. Kahoun, M. Scheer, Chem. Eur. J. 2017, 23,
4397–4404; n) F. Lehnfeld, M. Seidl, A. Timoshkin, M. Scheer, Eur. J.
Inorg. Chem. 2023, e202300338.

[39] a) R. Dorta, E. D. Stevens, N. M. Scott, C. Costabile, L. Cavallo, C. D. Hoff,
S. P. Nolan, J. Am. Chem. Soc. 2005, 127, 2485–2495; b) U. S. D. Paul, C.
Sieck, M. Haehnel, K. Hammond, T. B. Marder, U. Radius, Chem. Eur. J.
2016, 22, 11005–11014.

[40] T. E. Müller, D. M. P. Mingos, Transition Met. Chem. 1995, 20, 533–539.
[41] L. Falivene, R. Credendino, A. Poater, A. Petta, L. Serra, R. Oliva, V.

Scarano, L. Cavallo, Organometallics 2016, 35, 2286–2293.
[42] L. Falivene, Z. Cao, A. Petta, L. Serra, A. Poater, R. Oliva, V. Scarano, L.

Cavallo, Nat. Chem. 2019, 11, 872–879.
[43] a) A. D. Becke, J. Chem. Phys. 1993, 98, 5648–5652; b) C. Lee, W. Yang,

R. G. Parr, Phys. Rev. B 1988, 37, 785–789; c) F. Weigend, R. Ahlrichs,
Phys. Chem. Chem. Phys. 2005, 7, 3297–305.

[44] a) A. J. Arduengo, R. Krafczyk, R. Schmutzler, H. A. Craig, J. R. Goerlich,
W. J. Marshall, M. Unverzagt, Tetrahedron 1999, 55, 14523–14534; b) R.
Szlosek, M. Seidl, G. Balázs, M. Scheer, Chem. Eur. J. 2023, 29,
e202301752; c) O. V. Dolomanov, L. J. Bourhis, R. J. Gildea, J. A. K.
Howard, H. Puschmann, J. Appl. Crystallogr. 2009, 42, 339–341; d) G. M.
Sheldrick, Acta Crystallogr. Sect. C 2015, 71, 3–8; e) G. M. Sheldrick, Acta

Wiley VCH Mittwoch, 10.01.2024

2499 / 335061 [S. 8/10] 1

Chem. Eur. J. 2024, e202303603 (8 of 9) © 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH

Chemistry—A European Journal 
Research Article
doi.org/10.1002/chem.202303603

 15213765, 0, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/chem
.202303603 by U

niversitaet R
egensburg, W

iley O
nline L

ibrary on [17/01/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1039/C6CP07793E
https://doi.org/10.1039/C6CP07793E
https://doi.org/10.1021/ic4024663
https://doi.org/10.1021/ic4024663
https://doi.org/10.1016/j.jorganchem.2020.121462
https://doi.org/10.1016/j.jorganchem.2020.121462
https://doi.org/10.3390/molecules23123176
https://doi.org/10.3390/molecules23123176
https://doi.org/10.1021/om900206w
https://doi.org/10.1021/ja00001a054
https://doi.org/10.1021/ja00001a054
https://doi.org/10.1002/anie.200501841
https://doi.org/10.1002/anie.200501841
https://doi.org/10.1016/j.ccr.2011.11.013
https://doi.org/10.1016/j.ccr.2011.11.013
https://doi.org/10.1021/ja003582t
https://doi.org/10.1021/ja003582t
https://doi.org/10.1016/j.ccr.2022.214922
https://doi.org/10.1021/ja0488380
https://doi.org/10.1021/ja0488380
https://doi.org/10.1002/chem.202003923
https://doi.org/10.1002/chem.202101065
https://doi.org/10.1002/chem.202101065
https://doi.org/10.1021/ja00065a009
https://doi.org/10.1021/ja00065a009
https://doi.org/10.1039/C6DT00326E
https://doi.org/10.1039/C6DT00326E
https://doi.org/10.1080/10426509708044198
https://doi.org/10.1080/10426509708044198
https://doi.org/10.1515/znb-2004-0502
https://doi.org/10.1515/znb-2004-0502
https://doi.org/10.1002/anie.201903342
https://doi.org/10.1002/anie.201903342
https://doi.org/10.1021/acs.organomet.8b00439
https://doi.org/10.1021/acs.organomet.8b00439
https://doi.org/10.1002/anie.201504993
https://doi.org/10.1002/chem.201604971
https://doi.org/10.1002/chem.201604971
https://doi.org/10.1002/chem.201904621
https://doi.org/10.1002/chem.201904621
https://doi.org/10.1002/anie.202108581
https://doi.org/10.1039/D1SC00105A
https://doi.org/10.1039/D1SC00105A
https://doi.org/10.1021/acs.orglett.9b02830
https://doi.org/10.1021/acs.orglett.9b02830
https://doi.org/10.1002/anie.202016048
https://doi.org/10.1021/acs.accounts.1c00797
https://doi.org/10.1021/acs.organomet.1c00349
https://doi.org/10.1021/acs.organomet.1c00349
https://doi.org/10.1021/acscatal.9b04666
https://doi.org/10.1002/anie.201805372
https://doi.org/10.1002/anie.201805372
https://doi.org/10.1002/ange.202008866
https://doi.org/10.1002/chem.201905535
https://doi.org/10.1002/anie.201810696
https://doi.org/10.1002/anie.201810696
https://doi.org/10.1021/jacs.2c01072
https://doi.org/10.1021/jacs.2c01072
https://doi.org/10.1002/anie.202008866
https://doi.org/10.1002/anie.202008866
https://doi.org/10.1039/C2SC21519E
https://doi.org/10.1039/C2SC21519E
https://doi.org/10.1139/cjc-2016-0096
https://doi.org/10.1139/cjc-2016-0096
https://doi.org/10.1039/C5SC04504E
https://doi.org/10.1021/acs.organomet.3c00016
https://doi.org/10.1002/chem.200600185
https://doi.org/10.1002/chem.200600185
https://doi.org/10.1002/chem.200390054
https://doi.org/10.1002/chem.200390054
https://doi.org/10.1002/zaac.201700219
https://doi.org/10.1002/zaac.201700219
https://doi.org/10.1002/chem.201302110
https://doi.org/10.1002/chem.201903887
https://doi.org/10.1002/chem.201903887
https://doi.org/10.1002/ange.202013849
https://doi.org/10.1002/ange.202013849
https://doi.org/10.1002/anie.202013849
https://doi.org/10.1002/anie.201914046
https://doi.org/10.1002/anie.201914046
https://doi.org/10.1002/ange.201914046
https://doi.org/10.1002/ange.201914046
https://doi.org/10.1002/anie.201209703
https://doi.org/10.1002/anie.201507084
https://doi.org/10.1002/anie.200901064
https://doi.org/10.1002/anie.200901064
https://doi.org/10.1002/chem.201203074
https://doi.org/10.1002/chem.201705510
https://doi.org/10.1021/acs.jpca.3c04179
https://doi.org/10.1002/anie.201608875
https://doi.org/10.1002/anie.201608875
https://doi.org/10.1021/acs.organomet.2c00194
https://doi.org/10.1021/acs.organomet.2c00194
https://doi.org/10.1039/D0NJ01679A
https://doi.org/10.1002/zaac.200800079
https://doi.org/10.1002/zaac.200800079
https://doi.org/10.1039/D2SC06594K
https://doi.org/10.1002/chem.201702384
https://doi.org/10.1002/chem.201702384
https://doi.org/10.1002/anie.201310519
https://doi.org/10.1002/chem.201605625
https://doi.org/10.1002/chem.201605625
https://doi.org/10.1021/ja0438821
https://doi.org/10.1002/chem.201601406
https://doi.org/10.1002/chem.201601406
https://doi.org/10.1021/acs.organomet.6b00371
https://doi.org/10.1038/s41557-019-0319-5
https://doi.org/10.1063/1.464913
https://doi.org/10.1103/PhysRevB.37.785
https://doi.org/10.1039/b508541a
https://doi.org/10.1016/S0040-4020(99)00927-8
https://doi.org/10.1107/S0021889808042726
https://doi.org/10.1107/S2053229614024218
https://doi.org/10.1107/S2053273314026370


Crystallogr. Sect. A 2015, 71, 3–8; f) Gaussian 09, Revision E.01, M. J.
Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb, J. R.
Cheeseman, G. Scalmani, V. Barone, G. A. Petersson, H. Nakatsuji, X. Li,
M. Caricato, A. Marenich, J. Bloino, B. G. Janesko, R. Gomperts, B.
Mennucci, H. P. Hratchian, J. V. Ortiz, A. F. Izmaylov, J. L. Sonnenberg, D.
Williams-Young, F. Ding, F. Lipparini, F. Egidi, J. Goings, B. Peng, A.
Petrone, T. Henderson, D. Ranasinghe, V. G. Zakrzewski, J. Gao, N. Rega,
G. Zheng, W. Liang, M. Hada, M. Ehara, K. Toyota, R. Fukuda, J.
Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O. Kitao, H. Nakai, T. Vreven,
K. Throssell, J. A. Montgomery, Jr., J. E. Peralta, F. Ogliaro, M. Bearpark,
J. J. Heyd, E. Brothers, K. N. Kudin, V. N. Staroverov, T. Keith, R.
Kobayashi, J. Normand, K. Raghavachari, A. Rendell, J. C. Burant, S. S.
Iyengar, J. Tomasi, M. Cossi, J. M. Millam, M. Klene, C. Adamo, R. Cammi,
J. W. Ochterski, R. L. Martin, K. Morokuma, O. Farkas, J. B. Foresman, D. J.

Fox, Gaussian, Inc., Wallingford CT, 2016; g) National InstituteRelease 22,
May 2022, NIST Standard Reference Database 101, Internet: https://
cccbdb.nist.gov/vibscalejust.asp of Standards and Technology, Compu-
tational Chemistry Comparison and Benchmark DataBase.

[45] Further attempts by the amalgamation of the Ni particles by treating
the solutions with elemental Hg followed by filtration did not provide a
complete separation of the Ni particles either.

Manuscript received: October 31, 2023
Accepted manuscript online: December 22, 2023
Version of record online: ■■■, ■■■■

Wiley VCH Mittwoch, 10.01.2024

2499 / 335061 [S. 9/10] 1

Chem. Eur. J. 2024, e202303603 (9 of 9) © 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH

Chemistry—A European Journal 
Research Article
doi.org/10.1002/chem.202303603

 15213765, 0, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/chem
.202303603 by U

niversitaet R
egensburg, W

iley O
nline L

ibrary on [17/01/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1107/S2053273314026370
https://cccbdb.nist.gov/vibscalejust.asp
https://cccbdb.nist.gov/vibscalejust.asp


RESEARCH ARTICLE

The syntheses and characterizations
of alkyl-substituted compounds
IDipp ·BH2ER2 (E=P, As; R=alkyl) are
presented. Together with other
donor-stabilized pnictogenyltrielanes,
these compounds were reacted with
Ni(CO)4 and their ligand properties
evaluated regarding the steric and

electronic nature of this class of
compounds. According to the corre-
sponding Tolman Electronic Parame-
ters, the compounds are significantly
more electron-rich than regular phos-
phines and their steric and electronic
demands can be modified easily.

R. Szlosek, A. S. Niefanger, Dr. G. Balázs,
Dr. M. Seidl, Prof. A. Y. Timoshkin,
Prof. Dr. M. Scheer*

1 – 10

Characterization of the Ligand Prop-
erties of Donor-stabilized Pnictoge-
nyltrielanes

Wiley VCH Mittwoch, 10.01.2024

2499 / 335061 [S. 10/10] 1

 15213765, 0, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/chem
.202303603 by U

niversitaet R
egensburg, W

iley O
nline L

ibrary on [17/01/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense


	Characterization of the Ligand Properties of Donor-stabilized Pnictogenyltrielanes
	Introduction
	Results and Discussion
	Conclusions
	Experimental Section
	Supporting Information
	Acknowledgements
	Conflict of Interests
	Data Availability Statement


