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Abstract: An unprecedented family of three- and five-
membered substituted anionic derivatives of parent pnicto-
genylboranes is herein reported. Reacting various combina-
tions of the pnictogenylboranes H2E’� BH2� NMe3 (E’=P, As)
with pnictogen-based nucleophiles MER1R2 (E=P, As; R1=H,
R2= tBu; R1=R2=Ph; M=Na, K) allows for the isolation of
the unsymmetrical products [Na(18-crown-
6)][H2E’� BH2� EH

tBu] (3: E=E’=P; 4: E=E’=As; 5: E=As, E’=
P) and [M(C)][H2E’� BH2� EPh2] (7: E=E’=P, M=Na, C=18-
crown-6; 8: E=E’=As; M=K, C= [2.2.2]cryptand; 9: E=P, E’=
As, M=Na, C= [2.2.2]cryptand; 10: E=As, E’=P, M=K, C=

[2.2.2]cryptand). [Na(18-crown-6)][H2As� BH2-
tBuPH� BH3] (6) is

only accessible by a different pathway, using tBuPH2,
BH3 · SMe2 and NaNH2 as starting materials. Additionally, the
synthesis of symmetrical diphenyl-substituted compounds

[M(18-crown-6)][Ph2E� BH2� EPh2] (11: E=P, M=Na; 12: E=As,
M=K) is reported which can be regarded as isostructural
inorganic, negatively charged analogs of dppm (1,1-
bis(diphenylphosphino)methane) and dpam (1,1-
bis(diphenylarsino)methane). Furthermore, an elongation of
the pnictogen boron backbone in compounds 3, 7 and 9’
(similar compound to 9, stabilized however by 18-crown-6), is
attainable by reacting them with the pnictogenylboranes
H2E’� BH2� NMe3 leading to corresponding five-membered
chain-like compounds [Na(18-crown-
6)][H2E� BH2� R1R2P� BH2� E’H2] (E=E’=P, R1=H, R2= tBu (13);
E=E’=P, R1=R2=Ph (14); E=E’=As, R1=R2=Ph (15); E=

P, E’=As, R1=R2=Ph (16)). Finally, the thermodynamics of
the reaction pathways were evaluated by quantum chemical
computations.

Introduction

During the last two decades, phosphine-borane derivatives
have witnessed significant progress due to their facile accessi-
bility, high modularity and fascinating reactivity.[1,2] Besides
being common in synthetic and stereochemical studies,[2] they
have been used as precursors/catalysts in hydroboration[3] and

hydrophosphination[4] reactions. Moreover, these compounds
exhibit potential as cell-permeable drugs[5] and in the activation
and transfer of H2 and other small molecules.[6] With the P� B
bonds being isoelectronic to C� C single bonds, poly(phosphine-
boranes) with P� B backbones are viewed as an alternative class
of inorganic analogs to organic polymers such as polyolefins,
possessing, however, significantly different properties.[7] These
compounds are commonly obtained via metal-catalyzed dehy-
drocoupling processes of the corresponding phosphine-borane
monomers RH2P ·BH3 (R=alkyl, aryl).[8] Recently, an expansion of
improved catalytic[7a,b,9] and non-catalytic[10] procedures was
achieved. This progress allowed for enlarging the library of high
molar mass polyphosphinoboranes and, to some extent, for the
control over their molar mass paving the path for further
investigation directions in this research area. In this field, our
group is actively involved in the synthesis and reactivity of
Lewis base-stabilized pnictogenylboranes R2E� BH2 ·NMe3 (E=P,
As; R=H, alkyl, aryl).[11] The coordination behavior of these
compounds towards coinage metal salts,[12] their oxidation with
chalcogens[13] and their use as building blocks for the synthesis
of oligomeric[14] and polymeric compounds[15] were investigated.
Not long ago, we synthesized the first hydrogen- and tert-butyl-
substituted anionic pnictogenylboranes [M-
(C12H24O6)][H2E� BH2� EH2] (E=P, As; M=Na, K),
[Na(C12H24O6)][H2As� BH2� PH2� BH2� AsH2]

[16] and
[Na(C12H24O6)(THF)2][

tBuHE� BH2� EH
tBu] (E=P, As)[17] and studied
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their coordination chemistry towards tungsten and copper
metal salts. These reactions allowed for the formation of
unprecedented metallacycles and 3D inorganic MOF-like
aggregates.[17] Based on these results, in addition to a reported
investigation on enriching the versatility of phosphine-boron
properties by introducing a variety of substituents on
phosphorus and boron,[18] we were increasingly motivated to
enlarge the library of anionic pnictogenylboranes which will
consequently open the door to their future use as building
units in the construction of supramolecular aggregates with
unique properties. Herein we report on the synthesis and
characterization of novel unsymmetrical anionic three-mem-
bered substituted pnictogenylboranes in addition to unique
five-membered anionic chain-like compounds containing termi-
nal parent phosphine and arsine groups. Further, a synthetic
route to inorganic, anionic dppm (1,1-
bis(diphenylphosphino)methane) and dpam (1,1-
bis(diphenylarsino)methane) analogs is presented.

Results and Discussion

The reaction of pnictogenylboranes H2E� BH2 ·NMe3 (E=P (2a),
As(2b)) with organosubstituted pnictogenides 1a–1d allows
the synthesis of the unsymmetrical three-membered pnictoge-
nylborane derivatives 3–5 and 7–10 depending on the starting
materials involved in the reactions (Scheme 1, paths A and C).
The formed products can be crystallized only upon the addition
of stoichiometric equivalents of 18-crown-6 (C12H24O6=C1; 3–5,
7, 11, 12) or [2.2.2]cryptand (C18H36N2O6=C2; 8–10) to the
reaction solutions. Sonication of NatBuPH (1a) with
H2P� BH2� NMe3 (2a) leads to the formation of the correspond-
ing product Na[H2P� BH2�

tBuPH]. After addition of equimolar
amounts of 18-crown-6, [Na(C1)][H2P� BH2�

tBuPH] (3) can be
isolated. The analog arsenic-based [Na(C1)][H2As� BH2�

tBuAsH]
(4) and the mixed [Na(C1)][H2P� BH2� tBuAsH] (5) compounds are
accessible by the reaction of 1b with 2b and 2a respectively, at

room temperature. The reaction of NatBuPH (1a) with
H2As� BH2� NMe3 (2b) however, does not work similarly leading
to the expected product Na[H2As� BH2�

tBuPH]. Instead, the
formation of tBuPH2 and the decomposition of H2As� BH2� NMe3
(2b) were observed. Nevertheless, it is possible to obtain
compound 6 [Na(C1)][H2As� BH2� tBuPH� BH3] from the reaction
of the nucleophile Na[tBuPH� BH3] with H2As� BH2� NMe3 (2b)
after addition of equimolar amounts of 18-crown-6 (Scheme 1,
path B). The nucleophile Na[tBuPH� BH3] is accessible by the
coordination of BH3 towards tBuPH2 using BH3-SMe2 and
subsequent metalation with NaNH2.

[19]

Compounds [Na(C1)][H2P� BH2� PPh2] (7) and [Na-
(C2)][H2As� BH2� PPh2] (9) are obtained by performing the
reactions at room temperature, while [K(C2)][H2As� BH2� AsPh2]
(8) and [K(C2)][H2P� BH2� AsPh2] (10) are only accessible by the
reaction of the corresponding starting materials at 60 °C (8) and
70 °C (10), respectively (Scheme 1, path C, for further informa-
tion see Supporting Information). Compound 7 is obtained by
sonicating a solution of H2P� BH2� NMe3 (2a) with NaPPh2 (1c),
followed by the addition of 18-crown-6 to the reaction solution.
However, compounds 8–10 can be isolated from the reactions
of 1d+2b (8), 1c+2b (9) and 1d+2a (10) as crystalline
compounds only after the addition of [2.2.2]cryptand to their
reaction solutions, because adding 18-crown-6 instead results in
the formation of oily products which limits their character-
izations to only solution studies (Scheme 1).

The addition of diphenyl-pnictogenylboranes
Ph2E� BH2� NMe3 (E=P, As) to diphenyl-substituted pnictogen-
based nucleophiles MEPh2 (1c, E=P, M=Na; 1d, E=As, M=K)
does not allow any reaction even though various reaction
conditions were tested. Rather, the addition of IBH2� SMe2 to a
solution of 1c and 1d at � 80 °C using a 2 :1 stochiometric ratio
allowing the reaction mixture to react at room temperature
leads to the symmetrical three-membered products Na-
[Ph2P� BH2� PPh2] and K[Ph2As� BH2� AsPh2], respectively. The
addition of equimolar amounts of 18-crown-6 to the reaction

Scheme 1. Synthesis of unsymmetrical path (A–C) and symmetrical path (D) anionic pnictogenylborane chain compounds; Yields are given in parentheses.
*variable content of THF.
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solutions results in the formation of products 11 and 12
(Scheme 1, path D).

According to heteronuclear NMR spectroscopy of the crude
reaction solutions, compounds 4, 8, 9, 10 and 12 are selectively
obtained from the reactions of their corresponding starting
materials. In the crude reaction mixture of compound 6, the
additional formation of the anionic species [H3B�

tBuPH� BH3]
�

can be observed. During the synthesis of compounds 5 and 11,
signals related to minor impurities can be detected. Nonethe-
less, all compounds 3–12 could be smoothly isolated as pure
crystalline materials after crystallization in reasonable yields and
investigated by heteronuclear NMR spectroscopy summarized
in Table 1.[20] In the 31P NMR spectra of the tert-butyl-substituted
compounds 3 and 5, it is observed that the signals associated
to the PH2 groups are slightly upfield shifted (δ= � 188.8 ppm
(3); δ= � 189.3 ppm (5)) compared to that of the parent
compound ([H2P� BH2� PH2]

� , δ= � 175.0 ppm). This shift is more
distinct for the diphenyl-substituted compounds 7 (δ=

� 203.3 ppm) and 10 (δ= � 202.9 ppm). The 11B NMR spectra of
the derivatives 3–5 and 7–10 display signals which are down-
field shifted (δ= � 33.8 (3), � 32.6 (4), � 32.9 (5), � 29.1 (7), � 28.0
(8), � 28.9 (9) and � 28.0 (10) ppm) compared to those of the
parent compounds ([H2E� BH2� EH2]

� , δ= � 34.7 (E=P), � 34.5
(E=As) ppm). Clearly, these shifts are more pronounced in the
case of the diphenyl-substituted derivatives 7–10 in comparison
to those of the tert-butyl-substituted compounds 3–5. For
compound 6, the shift is reversed to the observed trend, in this
case, the signal of the BH2 group appears at � 36.6 ppm. For all
compounds 3–12, the 1JB,H coupling constants are similar to the
values reported for the parent compounds [H2E� BH2� EH2]

� (E=

P, As). Notably, the values of the 1JP,H and 1JB,P coupling
constants of 6 are larger compared to the other compounds as
well as the parent compounds. This deviation can be explained
by the coordination of the additional BH3 group on the P atom
in 6. In the room temperature 1H NMR spectra of 7 and 10, the
signals attributed to the terminal PH2 moieties occur each as a
broad doublet (1JH,P=173 Hz (7), 174 Hz (10)). Such signals
appear as two sets of multiplets in each of the 1H NMR spectra
of 3 and 5. This effect is caused by the chiral center located at
the tert-butyl-substituted pnictogen atom in 3 and 5, indicating
the presence of two isomers. The signals of the terminal AsH2
groups in the compounds 4, 6, 8 and 9 occur as multiplets in a
slightly negative ppm range (� 0.16 ppm (4), � 0.08 ppm (6),

� 0.23 ppm (8), � 0.26 ppm (9)), indicating the hydridic character
of the hydrogen atoms (for further information see Supporting
Information).

All compounds can be isolated in the solid state as
crystalline materials by storing the corresponding saturated
THF-solutions layered with n-hexane (3, 4, 5, 6) or diethyl ether
(8, 9, 10, 11, 12) or storing a saturated THF/n-hexane solution
(7) at � 28 °C. Single crystals suitable for X-ray structure analysis
could be obtained for compounds 3, 4, 6, 7, 9, 11 and 12
(Figures 1 and 2.[22]

Compounds 3, 4 and 6 crystalize in the centrosymmetric
space group P�1. Their solid-state structures show in each case
the presence of a disorder revealing two isomers (Figure 1). The
bond lengths between the BH2 groups and the terminal
pnictogen atoms in 3, 4 and 6 are found to be similar ranging
between 1.972(2) and 2.076(3) Å. These values are slightly
longer than those reported for the parent compounds
([H2P� BH2� PH2]

� ; 1.960(3) and 1.963(3) Å) and
([H2As� BH2� AsH2]

� ; 2.062(2) and 2.069(2) Å).[16] In contrast, the
B� E bonds (E=central pnictogen atom) vary over a wide range
between 1.919(5) and 2.124(9) Å. The E’� B� E angles in 3, 4 and
6 are in the range 108.88(2)–112.44(2)° which are similar to
those of the parent compounds ([H2E� BH2� EH2]

� ; 109.47(2)–

Table 1. NMR data of compounds 3–12 and [H2E� BH2� EH2]
� (E=P, As).[16]

Compound δ(31P) PaH2 [ppm] δ(31P) PbR1R2 [ppm] 1JP,H
a/b [Hz] δ(11B) BH2 [ppm] δ(11B) BH3 [ppm]

1JB,H [Hz]
1JB,P

a/b [Hz]

[H2P� BH2� PH2]
� � 175.0 – 172.0 � 34.7 – 99 26

[H2As� BH2� AsH2]
� – – – � 34.5 – 106 –

3 � 188.8 � 32.9 173/177 � 33.8 – 97 27
4 – – – � 32.6 – 105 –
5 � 189.3 – 174/– � 32.9 – 100 26
6 – 5.7 –/302 � 36.6 � 40.5 93, 102 56/ 69
7 � 203.3 � 15.2 173/– � 29.1 – 98 –
8 – – – � 28.0 – 106 –
9 – � 16.7 – � 28.9 – 100 –
10 � 202.9 – 174/– � 28.0 – 99 23
11 – � 27.7 – � 21.1 – 95 –
12 – – – � 19.6 – 102 –

Figure 1. Molecular structures of the anions in 3, 4 and 6. Hydrogen atoms
bonded to carbon atoms as well as cations are omitted for clarity. Thermal
ellipsoids are drawn with 50% probability. Only the major part of the
disorder is depicted.
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110.99(2)°)[16] but larger than those of the substituted deriva-
tives ([tBuEH� BH2�

tBuEH]� (E=P, As); 100.2(3)–107.9(6)°).[17]

In 7, the P2� B bond length (1.973(2) Å) is similar to that
found in 3 and slightly elongated compared to that found in
[H2P� BH2� PH2]

� . The Ph2P� BH2 bond lengths in compounds 7
(1.964(2) Å) and 11 (1.976(3)–1.983(3) Å) are only slightly longer
compared to those reported for Ph2P� BH2� NMe3 (1.975(2) Å).

[10b]

The E� B� E angle in 7 (111.39(8)°) is slightly larger than those of
the parent compounds [H2E� BH2� EH2]

� (109.47(1)–
110.99(2)°).[16] For 11, the P� B� P angle (118.3(1)°) is even wider
than that in [H2P� BH2� PH2]

� (110.4(1)°), however, in 12, the
As� B� As angles (106.6(6)–107.2(2)°) are slightly smaller than
those in [H2As� BH2� AsH2]

� (109.47(2)–110.99(2)°).
In the solid-state structures of the compounds 3, 4, 7, 9, 11

and 12 for the BH2� ER1R2 fragments, a synclinal arrangement
of the pnictogen atom lone pair and the backbone of the
molecule can be observed (Figures 1 and 2>).[23] Also in 6,
where the lone pair of the phosphorus atom coordinates a BH3
group, a staggered conformation is found. For 3–4, 6 and 7, an
antiperiplanar arrangement of the pnictogen atom lone pair
and backbone of the molecule in the EH2� BH2 moiety is
observed, while the solid-state structure of 9 reveals a synclinal
conformation instead.

DFT computations were performed at the B3LYP/6-311+ <

C+G** level of theory. Due to large computational costs, the
bulky counterions MC1+ and MC2+ were omitted for the
computations and only the reactions with anionic counterparts
were computed in the gas phase. For all [E’H2BH2EH(

tBu)]�

compounds, the conformer in which the E’BEC atoms in the
chain are approximately on the same plane are lowest in energy
for all considered E, E’-containing compounds. The isomer
[AsH2BH2PH(

tBu)]� is more stable than [PH2BH2AsH(
tBu)]� with

an energy difference of only 2.1 kJmol� 1. Upon complex
formation with BH3, the difference in energy between
[PH2BH2AsH(

tBu) ·BH3]
� and [AsH2BH2PH(

tBu) ·BH3]
� isomers in-

creases to 28.2 kJmol� 1 in favor of the latter, due to stronger
donor ability of the phosphorus atom as compared to arsenic.
Thermodynamic characteristics for the reaction pathways A–C
(see Supporting Information for details) reveal that all these
reaction pathways are exothermic and exergonic in the gas
phase at room temperature for all considered compounds,
which indicates that the practical difficulties in the preparation
of 6 via pathway A do not arise from the thermodynamic point
of view (possibly caused by side reactions). Since the anionic
compounds [EPh2BH2EPh2]

� are isoelectronic to the well-known
neutral 1,1-bis(diphenylphosphino)methane (dppm) and 1,1-
bis(diphenylarsino)methane (dpam), it is of interest to compare
their donor properties. BH3 was chosen as a model Lewis acid.
Reactions with BH3NMe3 are slightly endergonic for dppm and
dpam, but exergonic for their anionic boron-containing analogs
[PPh2BH2PPh2]

� and [AsPh2BH2AsPh2]
� . Expectedly, mono tert-

butyl-substituted compounds are more basic than the diphenyl
derivatives. The donor properties of all studied compounds
with respect to BH3 (standard dissociation enthalpies of
complexes, in kJmol� 1) increase in the order: dpam (85)<dppm
(116)< [AsPh2BH2AsPh2]

� (128)< [AsH2BH2AsH(
tBu)]� (137)<

[PH2BH2AsH(
tBu)]� (139)< [PPh2BH2PPh2]

� (147)<
[AsH2BH2PH(

tBu)]� (165)< [PH2BH2PH(
tBu)]� (167). Thus, the new

anionic analogs of dpam and dppm presented in this work
have stronger donor properties than their organic derivatives
and might be suitable as perspective ligands in coordination
chemistry.

The synthesis of the three-membered anionic compounds
3–5 and 7–10 from the reaction of the pnictogenylboranes
H2E� BH2 ·NMe3 2a and 2b with substituted pnictogenide salts
1a–1d reveals a substitution of NMe3 by [ER1R2]

� groups. This
process led to the question of whether it is possible to involve
the obtained anionic three-membered salts in reactions with
the pnictogenylboranes H2E� BH2 ·NMe3 2a and 2b in order to
obtain longer chains of such anionic derivatives. Accordingly,
compounds 3, 7 and 9’ ([Na(18-crown-6)][H2As� BH2� PPh2]) were
prepared “in situ” from the reaction of the corresponding
starting materials and by adding equimolar amounts of
H2E� BH2� NMe3 (E=P, As) to their solutions. These reactions
allowed the formation of the novel five-membered anionic
derivatives 13–16 in moderate to excellent yields (Scheme 2).
Sonication of 7 and 9’ with one equivalent of 2a and 2b,
respectively, leads to the synthesis of compounds 14 and 15.
Stirring solutions of 7 and 3 with one equivalent of
H2As� BH2� NMe3 (2b) at room temperature is sufficient for the
formation of compounds 16 and 13 (Scheme 2).

According to heteronuclear NMR spectroscopy of the crude
reaction solutions, compounds 14–16 are generated very
selectively. During the synthesis of 13, the formation of minor
side products can be observed. The 31P NMR spectra of the
isolated products reveal that, compared to their three-mem-
bered precursors 3, 7 and 9’, the signals attributed to the PPh2
group of the compounds 14–16 are shifted to a lower field by
approximately 16 ppm. In case of the tert-butyl-substituted
derivative 13, the observed low field shift is more accentuated
(40 ppm).

Figure 2. Molecular structures of the anions in 7, 9, 11 and 12. Hydrogen
atoms bonded to carbon atoms as well as cations are omitted for clarity (not
for 9). Thermal ellipsoids are drawn with 50% probability, except for 9 which
is depicted in the ball and stick model.[22] In case of disorder, only the major
part is depicted.

Chemistry—A European Journal 
Research Article
doi.org/10.1002/chem.202203206

Chem. Eur. J. 2023, 29, e202203206 (4 of 9) © 2022 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH

Wiley VCH Donnerstag, 09.03.2023

2317 / 289262 [S. 85/90] 1

 15213765, 2023, 17, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/chem
.202203206 by U

niversitaet R
egensburg, W

iley O
nline L

ibrary on [29/03/2023]. 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



Reactions of 3, 7 and 9’ with equimolar amounts of
H2E� BH2� NMe3 (E=P, As) lead to the substitution of NMe3
under the formation of a new phosphorus-boron bond. Due to
this new bond, the electron density of the centered phosphorus
atom is lowered resulting in the observed low field shift of the
corresponding signal. Contrary to the shift of the signal
attributed to the central substituted phosphine, the signals of
the terminal PH2 groups of 14 and 16 are shifted to a higher
field (by approximately 16 and 18 ppm, respectively) in
comparison to starting material 7. The signal corresponding to
the PH2 group of 13 reveals a slightly reduced shift (approx-
imately 14 ppm) as compared to compounds 14 and 16. In the
11B NMR spectra for all products, a low field shift of the signals
related to the BH2 groups are detected (Table 2).

In the 1H NMR spectra of 14 and 16, signals attributed to
the PH2 groups are found at approximately 0.74 ppm as broad
doublets with similar coupling constants (14: 1JH,P=181 Hz, 16:
1JH,P=179 Hz). The signals corresponding to the AsH2 groups of
15 and 16 are observed at approximately � 0.21 ppm indicating
a hydridic character. The signals attributed to the BH2 groups of
14 and 15 are detected at slightly different chemical shifts (14:
1.51 ppm, 15: 1.65 ppm). This difference is probably assigned to
the different terminal substituents in 14 (PH2) and 15 (AsH2).
Compound 16 shows two signals for the BH2 groups (1.51 ppm
and 1.63 ppm) as expected because it is composed of two
different BH2 moieties. Unsurprisingly, the shifts of these signals
are similar to those found for the BH2 groups in 14 and 15
thanks to the presence of both terminal PH2 and AsH2 groups in
16. Due to the chirality in compound 13, two sets of signals are
observed in its 1H NMR spectrum indicating the presence of two
isomers in solution. The signal ascribed to the PH2 group in 13
exists as two broad doublets with a slight downfield shift
compared to those of 14 and 16 (13: 0.9 and 1.03 ppm, 14:
0.74 ppm, 16: 0.75 ppm). Additionally, two multiplets are
observed for the AsH2 group in 13 which are as well downfield
shifted compared to 15 and 16 (13: 0.00 ppm, 15: � 0.20 ppm,
16: � 0.22 ppm). For the two signals attributed to the BH2
groups of 13, a slight upfield shift is detected (signals located at
1.1 ppm) compared to 14–16.

Single crystals suitable for X-ray diffraction experiments are
obtained for all those compounds by storing a saturated THF/n-
hexane solution (14), saturated THF solution (15) and THF
solutions layered with n-hexane (16, 13) at � 28 °C. The solid-
state structures of the anionic parts of compounds 13–16 are
shown in Figure 3. Compound 13 crystalizes in the centrosym-
metric space group C2/c. In the solid-state structure, two
isomers R :S with a 50 :50 ratio are observed. In Figure 3, only
the R isomer is shown. The determined geometrical parameters
including the bond lengths and angles of 14–16 are very similar
to those of 7. Compared to 3 as well as to compounds 14–16,
in 13, a shorter distance between the terminal phosphanyl
group and the neighboring BH2 group (P� B 2.001(2) Å) as well
as the terminal arsanyl group and its neighboring BH2 group
(As� B 2.034(1) Å) is observed. Additionally, the P� B� P angle in
13 is wider by approximately 6° and the As� B� P angle is
comparable to the values of 9, 15 and 16 (for further data see
Supporting Information). The solid-state structure of com-
pounds 14–16 reveal an antiperiplanar conformation of the
pnictogen atom lone pair and the backbone of the molecule for
the EH2� BH2 fragment (E=P, As). Additionally, a synclinal

Scheme 2. Reaction of the three-membered substituted chain-like com-
pounds 3, 7 and 9’ with Lewis base-stabilized pnictogenylboranes 2a and
2b. Formation of the five-membered substituted chain-like compounds 13–
16. Isolated yields are given in parentheses. 18-c-6=18-crown-6 (C12H24O6).

Table 2. NMR data of compounds 13–16 compared to 3, 7 and 9’; [H2P
b� BcH2� P

aR1R2� BdH2� AsH2]
� ; A: R1=R2=Ph; B: R1= tBu, R2=H.

Compound PaR1R2 [ppm] PbH2 [ppm]
1JP,H

a/b [Hz] Bc/dH2 [ppm]
1JB,H

c/d [Hz] 1JB,P
c/d [Hz]

A 7 � 15.2 � 203.3 173 � 29.1/– 98 –
9’ � 16.7 – – � 28.9/– 100 –
14 0.1 � 219.4 181 � 34.4/– – –
15 0.2 – – � 34.5/– 98 69
16 � 0.6 � 221.1 179 � 32.3–

� 36.7
– –

B 3 � 32.9 � 188.8 177/173 � 33.8/– 97 27
13 13.1 � 203.4 180 � 37.5/37.0 98/98 68/64
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arrangement of EH2 and the BH2� EH2 groups (E=P, As) is
observed for the BH2� PPh2 fragment.

In the ESI� MS (anion mode) spectra, the molecular ion peak
corresponding to the anion for each compound is detected.
Sonication or heating of 3 with one equivalent of Lewis base-
stabilized phosphanylborane does not lead to the desired
product [H2P� BH2�

tBuPH� BH2� PH2]
� . According to the 31P NMR

spectrum of the reaction mixture only the formation of side and
decomposition products could be observed. Despite using
various purification methods, the identification or isolation of
the reaction products were not successful. The experimental
approach proves that for the formation of 13 stirring of
H2As� BH2� NMe3 with 3 at room temperature is sufficient. Under
the same reaction conditions, no reaction can be observed with
the Lewis base-stabilized phosphanylborane. In order to gain a
deeper insight into the different reactivities of the phosphorus
and arsenic derivatives, DFT computations were performed. The
gas phase reactions of [PH2BH2PH

tBu]� both with PH2BH2NMe3
and AsH2BH2NMe3 are exothermic and exergonic by circa
55 kJmol� 1 (see Supporting Information for details). Thus, the
formation of [PH2BH2PH

tBuBH2PH2]
� is as thermodynamically

favorable as [PH2BH2PH
tBuBH2AsH2]

� . NMe3 elimination with
B� N bond breaking in PH2BH2NMe3 is by 14 kJmol� 1 less
energetically demanding as compared to its arsenic derivative,
which may facilitate side reactions of monomeric PH2BH2 unit.

Conclusion

Reacting Lewis base-stabilized pnictogenylboranes with sub-
stituted pnictogenide salts leads to the novel three-membered
anionic chain-like compounds 3–10 in good yields. Depending
on the combination of the starting materials, not only
phosphorus- or arsenic-containing compounds but also deriva-
tives containing both pnictogen atoms are easily accessible that
way. Additionally, the synthesis of the first 1,1-
bis(diphenylphosphino)borate (11) and 1,1-
bis(diphenylarsino)borate (12) are presented. Compounds 11
and 12 are isostructural to dppm (1,1-
bis(diphenylphosphino)methane) and dpam (1,1-
bis(diphenylarsino)methane), but reveal stronger donor abilities
as computations show. As negatively charged inorganic analogs
of these established ligands, compounds 11 and 12 are
promising alternatives offering different reactivities/properties.

Furthermore, a simple synthetic route is shown to obtain
organosubstituted five-membered oligomers with alternating
group 13/15 elements. Beside [Na(18-crown-
6)][H2P� BH2� Ph2P� BH2� PH2] (14) revealing a pure phosphorus
boron backbone, similar compounds are accessible bearing one
(16, 13) or two (15) terminal arsanyl groups. Due to the
presence of two coordination sites in the form of phosphine
and arsine groups, compounds 3, 4, 7–16 are interesting
candidates for a future coordination chemistry with their
coordination behavior already being in the focus of current
investigations. Finally, it is worth mentioning that compounds
3–16 are extremely sensitive, decompose easily and in corre-
sponding reactions they are very hard to handle. Thus, for each
compound several attempts were made in order to optimize
the experimental conditions for its synthesis and to obtain the
highest yields.

Experimental Section
Apparatus, materials and methods: All manipulations were
performed under an atmosphere of dry argon/ nitrogen using
standard glove-box and Schlenk techniques. All solvents were
degassed and purified by standard procedures. The compounds
H2E� BH2� NMe3 (E=P, As),[13c] KAsPh2,

[24] NaPPh2,
[10b] NatBuPH[10c] and

NatBuAsH[17] were prepared according to literature procedures.
Other chemicals were obtained from STREM Chemicals, INC.
(PPh2H). The NMR spectra were recorded either on an Avance 400
spectrometer (3–16) (1H: 400.13 MHz, 31P: 161.976 MHz, 11B:
128.378 MHz, 13C{1H}: 100.623 MHz) with δ [ppm] referenced to
external SiMe4 (

1H, 13C), H3PO4 (
31P), BF3 · Et2O (11B) or an Avance III

HD 600 spectrometer (4) (1H: 600.13 MHz). IR spectra were recorded
either on a DIGILAB (FTS 800) FT IR spectrometer (3, 5, 6, 7, 8, 14,
15) or a Thermo Scientific (NICOLET iS 5, iD1 Transmission) FT IR
spectrometer (4, 9, 10, 11, 12, 13, 16) with ~v [cm� 1]. Mass spectra
were recorded either on a ThermoQuest Finnigan TSQ 7000 (3, 7,
14, 15; Mass-Spectrometry-Department, University of Regensburg)
or a Waters/Micromass LCT-TOF classic (4, 5, 6, 8, 9, 10, 11, 12, 13,
16; Mass Spectrometer in the Working group) (Supporting
Information-MS). The C, H, N analyses were measured on an
Elementar Vario EL III apparatus (3–16). C, H, N analyses were
carried out repeatedly. Different amounts of coordinating THF have
been found in nearly all cases. Total removal of the THF was not
always possible, however, the C, H, N analyses are in good

Figure 3. Molecular structures of the anions in 13–16 in the solid state.
Hydrogen atoms bonded to carbon and counter ions are omitted for clarity.
Thermal ellipsoids are drawn with 50% probability. In case of disorder, only
the major part is depicted.
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agreement with the expected values considering a varying THF-
content (0.5% tolerance).

Experimental details

Synthesis of [Na(C12H24O6)(THF)2][H2P� BH2�
tBuPH] (3(THF)2): A

solution of 106 mg (1.00 mmol) H2P� BH2� NMe3 in 2 mL toluene is
added to a solution of 112 mg (1.00 mmol) NatBuPH in 20 ml THF at
room temperature. The reaction mixture is sonicated for 2.5 h after
which the solution is filtered onto 264 mg (1.00 mmol) solid
C12H24O6 (18-crown-6). The solution is layered with 60 mL of n-
hexane. 3(THF)2 crystallizes at 4 °C as colorless blocks. The super-
natant is decanted, the crystals are separated, washed with cold n-
hexane (0 °C, 3×5 mL) and dried in vacuo. Yield (3(THF)0.15): 374 mg
(86%).

Synthesis of [Na(C12H24O6)(THF)2][H2As� BH2�
tBuAsH] (4(THF)2): A

solution of 79 mg (0.50 mmol) H2As� BH2� NMe3 in 1 ml toluene is
added to a solution of 78 mg (0.50 mmol) NatBuAsH in 5 ml THF at
room temperature and stirred for 16 h. The solution is filtered onto
125 mg (0.47 mmol) solid C12H24O6 (18-crown-6) and layered with
25 ml n-hexane. 4(THF)2 crystallizes at � 28 °C as colorless blocks.
The supernatant is decanted, the crystals are separated, washed
with cold n-hexane (� 30 °C, 3×10 ml) and dried in vacuo. Yield
(4(THF)0.75): 186 mg (71%).

Synthesis of [Na(C12H24O6)(THF)2][H2P� BH2�
tBuAsH] (5(THF)2): A

solution of 52 mg (0.50 mmol) H2P� BH2� NMe3 in 1 ml toluene is
added to a solution of 78 mg (0.50 mmol) NatBuAsH in 5 ml THF at
room temperature and stirred for 16 h. The solution is filtered onto
127 mg (0.48 mmol) solid C12H24O6 (18-crown-6) and layered with
20 ml of n-hexane. 5(THF)2 crystallizes at � 28 °C as colorless blocks.
The supernatant is decanted, the crystals are separated, washed
with cold n-hexane (� 30 °C, 2×10 ml) and dried in vacuo. Yield
(5(THF)0.2): 150 mg (65%).

Synthesis of [Na(C12H24O6)(THF)2][H2As� BH2�
tBuPH� BH3]

(6(THF)2): 150 mg (1.00 mmol) H2As� BH2� NMe3 in 1 ml toluene are
added to a solution of 115 mg (0.91 mmol) Na[tBuPH� BH3] and
stirred for 16 h at room temperature. The solution is filtered onto
225 mg (0.85 mmol) C12H24O6 and all volatiles are removed in vacuo.
The residue is dissolved in 4 ml THF and layered with 20 ml of n-
hexane. 6(THF)2 crystallizes at � 30 °C as colorless blocks. The
supernatant is decanted, the crystals are separated, washed with
cold n-hexane (� 30 °C, 2×5 ml) and dried in vacuo. 6(THF)2 is an oil
at room temperature. The formation of Na[H3B�

tBuPH� BH3] as a
side product can be observed by 31P NMR spectroscopy. Yield
(6(THF)n): 237 mg (58%).

Synthesis of [Na(C12H24O6)(THF)2][H2P� BH2� PPh2] (7(THF)2): A
solution of 106 mg (1.00 mmol) H2P� BH2� NMe3 in 2 mL toluene is
added to a solution of 208 mg (1.00 mmol) NaPPh2 in 20 ml THF.
The mixture is sonicated for 2.5 h after which it is filtered onto
264 mg (1.00 mmol) solid C12H24O6 (18-crown-6). After the removal
of all volatiles in vacuo, 7 is dissolved in 5 mL THF and filtered
again. The solvent is removed in vacuo and 20 mL n-hexane are
added to the white solid. THF is added dropwise until a clear
colorless solution is obtained. 7(THF)2 crystallizes at � 28 °C as
colorless blocks. The supernatant is decanted, the crystals are
separated, washed with cold n-hexane (0 °C, 3×5 mL) and dried in
vacuo. 7(THF)2 is a colorless waxy solid/oil at room temperature.
Yield (7(THF)1.1): 310 mg (52%).

Synthesis of [K(C18H36N2O6)][H2As� BH2� AsPh2] (8): A solution of
75 mg (0.50 mmol) H2As� BH2� NMe3 in 1 ml toluene is added to a
solution of 156 mg (0.50 mmol) KAsPh2(C4H8O2)0.625 in 5 ml THF and
is stirred for 16 h at 60 °C. The reaction mixture is filtered on
170 mg (0.45 mmol) solid C18H26N2O6 ([2.2.2]cryptand) and layered

with 25 ml of diethyl ether. 8 crystallizes at � 28 °C as thin orange
plates. The supernatant is decanted, the crystals are separated,
washed with cold diethyl ether (� 30 °C, 3×5 ml) and dried in vacuo.
Yield (8): 233 mg (63%).

Synthesis of [Na(C18H36N2O6)][H2As� BH2� PPh2] (9): A solution of
177 mg (1.0 mmol) NaPPh2 in 1 ml THF is added to a solution of
148 mg (1.0 mmol) H2As� BH2� NMe3 in 4 ml THF. After stirring for
16 h at room temperature, the reaction solution is filtered onto
339 mg (0.9 mmol) solid C18H36N2O6 ([2.2.2]cryptand). The obtained
solution is layered with 20 ml diethyl ether. 9 crystallizes at � 30 °C
as colorless blocks. The supernatant is decanted, the crystals are
separated, washed with cold diethyl ether (� 30 °C, 2×10 ml) and
dried in vacuo. Yield (9): 368 mg (61%).

Synthesis of [K(C18N2H36O6)][H2P� BH2� AsPh2] (10): A solution of
105 mg (1.00 mmol) H2P� BH2� NMe3 in 2 ml toluene is added to a
solution of 323 mg (1.00 mmol) KAsPh2(C4H8O2)0.625 in 4 ml THF and
stirred for 16 h at 70 °C. The reaction solution is filtered on 370 mg
(0.98 mmol) solid C18N2H36O6 ([2.2.2]cryptand) and layered with
25 ml diethyl ether. 10 crystallizes at � 28 °C as thin red plates. The
supernatant is decanted, the crystals are separated, washed with
cold diethyl ether (� 30 °C, 3×5 ml) and dried in vacuo. Yield (10):
481 mg (71%).

Synthesis of [Na(C12H24O6)(THF)2][Ph2P� BH2� PPh2] (11(THF)2): A
solution of 202 mg (1.00 mmol) IBH2� SMe2 in 1 ml toluene is added
to a solution of 410 mg (2.00 mmol) NaPPh2 in 8 ml THF at � 80 °C.
The solution is stirred for 16 h while being allowed to reach room
temperature. The yellow reaction solution is filtered on 185 mg
(0.70 mmol) solid C12H24O6 (18-crown-6) and layered with 25 ml
diethyl ether. 11(THF)2 crystallizes at � 30 °C as colorless blocks. The
supernatant is decanted, the crystals are separated, washed with
cold diethyl ether (� 30 °C, 2×5 ml) and dried in vacuo. Yield
(11(NaI)0.07): 405 mg (85%).

Synthesis of [K(C12H24O6)(THF)2][Ph2As� BH2� AsPh2] (12(THF)2): A
solution of 100 mg (0.50 mmol) IBH2-SMe2 in 1 ml toluene is added
to a solution of 326 mg (1.00 mmol) KAsPh2 · (C4H8O2)0.625 in 5 ml
THF at � 80 °C. The solution is stirred for 16 h while allowed to
reach room temperature. The reaction mixture is filtered on 264 mg
(1.00 mmol) solid C12H24O6 (18-crown-6) and layered with 30 ml
diethyl ether. 12(THF)2 crystallizes at � 30 °C as colorless blocks. The
supernatant is decanted, the crystals are separated, washed with
cold diethyl ether (� 30 °C, 2×4 ml) and dried in vacuo. Yield (12):
302 mg (78%).

Synthesis of [Na(C12H24O6)(THF)2][H2P� BH2�
tBuPH� BH2� AsH2]

(13(THF)2): A solution of 104 mg (0.70 mmol) H2As� BH2� NMe3 in
1 ml toluene is added to a solution of 295 mg (0.70 mmol) [Na(18-
crown-6)][H2P� BH2�

tBPH] (3) in 8 ml THF. The reaction mixture is
stirred for 16 h at room temperature, the solution is filtered and
layered with 20 mL of n-hexane. 13(THF)2 crystallizes at � 30 °C as
brown blocks. The supernatant is decanted, the remaining crystals
are washed with cold n-hexane (� 30 °C, 2×5 ml) and dried in
vacuo. 13 is an oil at room temperature. Yield (13): 252 mg (70%).

Synthesis of [Na(C12H24O6)(THF)2][H2P� BH2� Ph2P� BH2-PH2]
(14(THF)2): A solution of 27 mg (0.25 mmol) H2PBH2 ·NMe3 in 0.5 mL
toluene is added to a solution of 130 mg (0.25 mmol) [Na-
(C12H24O6)][H2P� BH2� PPh2] (7) in 8 ml THF. After sonication of the
mixture for 3 h, the solution is filtered and all volatiles are removed
under reduced pressure. The remaining solid is dissolved in 5 mL of
THF and filtered again. The solvent is removed and 20 mL of n-
hexane are added to the white solid. THF is added dropwise until a
clear colorless solution is obtained. 14(THF)2 crystallizes at � 28 °C
as colorless plates. The supernatant is decanted, the remaining
crystals are washed with cold n-hexane (0 °C, 3×5 mL) and dried in
vacuo. Yield (14): 70 mg (48%).
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Synthesis of [Na(C12H24O6)(THF)2][H2As� BH2� Ph2P� BH2� AsH2]
(15(THF)2): A solution of 521 mg (3.5 mmol) H2As� BH2 ·NMe3 in
3.5 mL toluene is added to a solution of 1.124 g (2.0 mmol)
[Na(C12O6H24)][H2As� BH2� PPh2] (9') in 10 mL THF. After sonication of
the mixture for 2.5 h, the colorless solution is filtered. After
concentration 15(THF)2 crystallizes at � 30 °C as colorless blocks.
The supernatant is decanted, the remaining crystals are washed
with cold n-hexane (� 30 °C, 7×5 mL) and dried in vacuo. Yield
(15(THF)0.45): 1.320 g (96%).

Synthesis of [Na(C12H24O6)(THF)2][H2P� BH2� Ph2P� BH2� AsH2]
(16(THF)2): A solution of 75 mg (0.50 mmol) H2As� BH2� NMe3 in
1 ml toluene is added to a solution of 130 mg (0.25 mmol)
[Na(C12H24O6)][H2P� BH2� PPh2] (7) in 8 ml THF and stirred for 16 h at
room temperature. The reaction liquid is filtered and layered with
25 ml of n-hexane. 16(THF)2 crystallizes at � 30 °C as colorless
blocks. The supernatant is decanted, the remaining crystals are
washed with cold n-hexane (� 30 °C, 2×5 ml) and dried in vacuo.
Yield (16(THF)0.2): 104 mg (33%).

DFT calculations: For all computations, the Gaussian 09 program
package[25] was used throughout. Density functional theory (DFT) in
the form of Becke’s three-parameter hybrid functional B3LYP[26]

with a 6-311+ +G** all-electron basis set was employed. The
geometries of the compounds were fully optimized and verified to
be true minima on their respective potential energy surface.

Crystallographic data: Deposition Number(s) 2207469 (3), 2207470
(4), 2207471(6), 2207472 (7), 2207473 (11), 2207474 (12), 2207475
(13), 2207476 (14), 2207477 (15) and 2207478 (16) contain(s) the
supplementary crystallographic data for this paper. These data are
provided free of charge by the joint Cambridge Crystallographic
Data Centre and Fachinformationszentrum Karlsruhe Access Struc-
tures service.
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