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® Phosphorus-Boron Multiple Bonding in the t Radical HBP

Lina Wang,*™ Xin Jiang,” Guanjun Wang,” Xiaoging Zeng,* and Mingfei Zhou*®

Abstract: The HBP radical was generated via the reaction of
laser ablated boron atom with PH; in a solid neon matrix,
which is identified via IR spectroscopy with isotopic sub-
stitutions and quantum chemical calculations. The results
show that HBP has a T electronic ground state with a short
B—P bond. Bonding analysis indicates that besides an

~

electron-sharing o bond, there are two degenerate & bonding
orbitals that are occupied by three electrons, resulting in a
bond order of two and half between P and B. This is in sharp
contrast to the bonding properties of the isovalent HNB,
which was characterized to be a N=B triply bonded o radical
with the unpaired electron locating on the B atom. D

Introduction

Heteroatomic multiple bonds between group 13 and group 15
elements are of interest due to their valence isoelectronic
relationship with C=C and C=C bonds.!" The polarity of such
bonds, a result of the electronegativity difference between the
elements of group 13 and group 15, imparts chemical charac-
teristics to molecules that differ significantly from their carbon-
containing analogues.” Despite of its electron deficiency, the
lightest group 13 element boron is capable of forming B=B
triple bonds® as well as multiple bonds with various
elements."¥ The first iminoborane HNBH was formed from the
photolysis of H;B-NH; in an argon matrix.! Later on, HNBH and
the HNB radical were produced by the reactions of laser-ablated
B atoms with NH; in a solid noble gas matrix.”! Both HNBH and
HNB were characterized to have linear structures with B=N
triple bond character (Scheme 1). Note that the higher BN
stretching frequency and larger force constant of HNB than
HNBH indicate that the former contains a stronger B=N bond.
The first stable iminoborane tBu—N=B-C(F; with a B=N triple
bond was synthesized in 1979 (Scheme 1).' Since then,
numerous compounds containing B=N triple bond with short
B—N bond lengths (1.23 to 1.26 A) have been synthesized and
characterized.” In sharp contrast, the heavy analogues contain-
ing BP, ® BAs®¥ and BSb® multiple bonds have been much less
explored. Although compounds containing B=P double bonds
have been reported (Scheme 1), molecules with B=P triple
bond remain elusive. Recently, multiple bonds between B and
Bi were identified in the linear clusters BiB,O~ ([Bi=B—B=0]")
and Bi,B™ ([Bi=B=Bi]"), which were produced by laser vapor-
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ization of a mixed B/Bi target and characterized by anion
photoelectron spectroscopy.!""”

The chemistry of iminoboranes is dominated by the polarity
of the B=N bond due to the large electronegativity difference
between N and B (N=3.07, B=2.01)."7 In contrast, B and P
have very similar electronegativity (B=2.01, P=2.06), phosphi-
nidene boranes should thus display significantly different
reactivity. Unlike the linear iminoboranes, comprehensive
theoretical studies of the XPBY (X, Y=H, HO, H,C, H,Si, X=F and
Y=Cl) molecules predicted a bent geometry with X—P-B angles
close to 90° and B—P bond lengths in the range of 1.72-1.78 A
(Scheme 1).1" The unusual bent structures have stimulated
debates on fundamental questions concerning the B—P bond
orders in the XBPY compounds.>" It was proposed that the
bent structure results from the localization of the lone pair
electrons at the phosphorus center, enforcing similar frontier
molecular orbitals to the heavier group 14 alkyne analogues
and resulting in a maximum P=B bond order of 2.3 On the
contrary, according to the valence bond theory, recent theoret-
ical studies concluded B=P triple bond nature.* Interpreta-
tion of the bent geometry for the XBPY compounds is mainly
due to the coupling between the lone pair electrons in P—Y and
the empty p orbital of boron."* In contrast to these theoretical
studies, there are still no experimental reports on the prototype
BP multiple bonding molecules such as HBPH, HBP, and HPB.'"
Herein, we report the generation and spectroscopic detection
of HBP, H,BPH, and H,BPH, in cryogenic neon matrix, and the
BP multiple bonding properties in HBP and H,BPH have been
disclosed.

H—N=B- P
(Andrews, 1995) - LN
IBiEB—BEOl (Cowley, 1986) AT H—B=:p
H—N=B—H _B=R
(Porter, 1973) Bi=—B=RBi - H N H H
- [(Wang. 20171) (Watts, 1996) H >B";P/
tBU_N=B_C6F5 H—-B=P H
(Paetzold,1979) | -
(Su, 2018) H this work

theoretical prediction

Scheme 1. Selected compounds containing multiple bonds between
group 13 and group 15 elements (tmp = 2,2,6,6-tetramethylpiperidino;
Ar=2,4,6-(tBu);C¢H,).
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Results and Discussion

The HBP and H,BPH complexes were produced by the reaction
of laser-evaporated boron atoms and PH; in solid neon
matrix."™ The infrared spectra in the 2750-2250 and 1175-
950 cm™' regions using an '°B-enriched boron target and 0.2%
PH,/Ne sample are shown in Figure 1. After 30 min of sample
deposition at 4 K, product absorptions (labeled as A and B)
were observed. The absorptions of species A increase upon
sample annealing to 11 K but decrease under irradiation at
625 nm. The absorptions of species B disappear under irradi-
ation at 365 nm, while the absorption bands of species C
appear. Reverse conversion of C—B can be induced by the
irradiation at 625 nm. Similar experiments were performed with
the isotopically labeled samples PD; and a naturally abundant
boron target. The spectra are shown in Figure S1 of Supporting
Information.

The group A absorptions are assigned to the fundamental
vibrational modes of HBP (Table 1). The experiments using

different isotopically-labeled mixture samples confirm that A
contains only one B and one H atoms. The strongest band at
2708.5 cm™' shows large ''B (—13.8 cm™) and D (—649.2cm™)
isotopic shifts. The band position and isotopic shifts imply that
it corresponds to a terminal B—H stretching vibration. The
frequency is lower than those in BNBH (2826.9cm™, Ar-
matrix)®® and HBNH (2796.9 cm™', Ar-matrix),*® but is higher
than those of HBBH (2691.3 cm™', Ar-matrix),"® HB (2268.3 cm ™',
Ar-matrix),”® CH,BH (2575.3 cm™', Ar-matrix),"” and HBNCO
(2574.1 cm™', Ne-matrix).'¥ The band at 1008.3 cm~' shows ''B
isotopic shift of —29.2 cm™' and D isotopic shift of —65.5cm™'
(Table 1), and can be assigned to the BP stretching vibration.
The identification of HBP is supported by the good agree-
ment with the calculations at the B3LYP/6-311 + G(3df) level of
theory (Table 1). Besides the B—P and B—H stretching modes,
the bending modes were calculated for H'°BP at 654.1 and
620.6 cm™' with low IR intensities of 8 and 7 kmmol™,
respectively, and they were not observed in the spectrum
(Table S1). The cyclic-HBP and HPB isomers were also calculated.
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Figure 1. Infrared spectra in the 2750-2250 cm™' and 1175-950 cm™' regions from codeposition of laser-ablated °B-enriched boron atoms with 0.2% PH; in
neon. a) 30 min of sample deposition at 4 K, b) 11 K annealing, c) 10 min of 625 nm irradiation, d) 5 min of 365 nm light irradiation, €) 11 K annealing, f)
15 min of 625 nm irradiation, and g) 5 min of 365 nm light irradiation. A: HBP, B: H,BPH, C: H,BPH,, and unknown species (+) are marked.

Table 1. Observed and calculated IR frequencies (cm™') and isotopic shifts (Av, cm™') of HBP (A) and H,BPH (B).

Obs.? Cal® Assignment
19B/PH, Av("'B) Av(D) 1°B/PH, Av("'B) Av(D)

HBP© 2708.5 —13.8 —649.2 2714.7 (34) —14.2 —673.4 v(HB)
1008.3 —29.2 —65.5 1000.9 (15) —30.0 —48.1 v(BP)

H,BPH 2578.8 —136 —620.4 2579.9 (85) —14.7 —642.3 Vasym(BH,)
2498.2 —52 —709.6 2491.1 (80) —54 —683.0 Veym(BH,)
2285.1 0.0 n.o. 2266.5 (40) 0.0 —638.8 v(HP)
1165.7 -73 n.o. 1136.1 (40) -7.7 —256.3 O(BH,)

(7) for H,BPH. [d] The abbreviation “n.o.” denotes “not observed”.

[a] Observed band positions (cm™") in neon matrix at 4 K. [b] Calculated IR frequencies (cm™"), intensities (kmmol ', in parentheses) and isotopic shifts Av
(em™) at the B3LYP/6-311+G(3df) level. The calculated frequencies are scaled by a factor of 0.967. [c] The remaining unobserved frequencies for the
calculations with low IR intensities are shown in Table S1, such as 654.1 (8) and 620.6 (7) for HBP and 930.0 (10), 716.9 (12), 632.0 (18), 555.1 (7) and 358.4
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The former is a local minimum lying above the HBP isomer by
32.5 kcalmol™', while the latter is a transition state. The BHP
deformation mode in cyclic-HBP at 716.0 cm™ is the strongest
mode (Table S2). The absence of this band in the spectrum
precludes its formation in the experiment. Therefore, the
reaction of B with PH, differs from the reaction with NH,, since
HNB rather than the less stable HBN was experimentally
observed in the NH; experiments.®™ We also calculated the UV-
visible absorption spectrum of HBP at the TD—B3LYP/6-311+
G(3df) level. The result shows that it has a strong absorption
band at 593 nm (oscillator strength f=0.0014, Table S3) corre-
sponding to the HOMO-1—LUMO transition, which is consistent
with the experimental observation that the IR absorptions of
HBP decrease under the irradiation at 625 nm.

Species B is assigned to H,BPH, possibly formed from the B
atom insertion into the P—H bond in PH; with subsequent
intramolecular hydrogen-migration. The IR frequencies and
isotopic shifts are listed in Table 1. The isotopic shifts clearly
demonstrate that the bands at 25788 and 24982 cm™'
correspond to the BH, antisymmetric and symmetric stretching
vibrations, respectively. The band at 1165.7cm ' with "B
isotope shift of —7.3 cm™' associates with the in-plane BH,
deformation mode. Its D isotope shift is not resolved in the
spectrum due to the overlap with the strong IR bands of the
starting material in the range of 923.5-902.6 cm . The band at
2285.1 cm™' neighbours the IR band at 2328.0 cm™' for PH; and
exhibits no isotopic splitting with the naturally abundant boron
target, which is indicative of a P—H stretching vibration. The
assignment of the IR spectrum for H,BPH is also supported by
the agreement with the B3LYP/6-311+G(3df) calculations
(Table 1). Note that H,BPH possesses two chiral conformations
with very similar IR features that are indistinguishable in our
experiment (Figure S3). The less stable isomers HBPH, and BPH,
were not observed (Table S4).

As shown in Figure 1, species C can interconvert with H,BPH
(B) under selective irradiations. The observed bands at
2599.7 cm™, 2503.6 cm™' and 1152.3 cm™' for C (Table S5) are
quite close to those of 25788 cm™', 24982cm~', and
1165.7 cm™' for B with similar isotopic shifts. This strongly
indicates that C has a similar structure with H,BPH. The
computed vibrational frequencies for the characteristic BH,
moiety in the most likely candidate H,BPH, are 2609.7 cm™,
2515.2cm™, and 1155.0 cm™' (Table S5), which nicely match to
the aforementioned three bands for C. Due to the overlap with
the IR bands for the reactant PH,, the predicted IR bands of
H,BPH, at 2370.4, 2354.2 and 1083.5cm™' for the Vasym(PH2),
Vym(PH,) and 6(PH,) modes could not be identified.

The optimized structure of HBP is shown in Figure 2. The
calculations give a linear (C,,) geometry with a B—P bond
length of 1.719 A, which lies between the standard values for a
B—P triple bond (1.67 A) and a B—P double bond (1.80 A)." The
Adaptive Natural Density Partitioning (AdANDP) analysis, which
has the ability to recover simultaneously both localized and
delocalized bonding in chemical species is performed. The
results are shown in Figure 3. Besides the lone pair of
phosphorus, there are one 2c-2e B—P o bond, one 2c-2e &
bond as well as one 2c-Te & bond. Accordingly, the B—P bond
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Figure 2. Top: Calculated equilibrium geometries (left panel) and spin
density distributions (right panel) of HNB and HBP at the B3LYP/6-311

+ G(3df) level of theory. Bond lengths are in A, bond angles are in degrees.
The partial natural charges on each atom are given in square brackets. The
natural spin density is given in e units. The isovalue is 0.003 au. Bottom:
Calculated bond orders given by the Wiberg method (WBO) and the Mayer
approach (MBO).

a B
1c-2e on P, ON=1.98 |e| OO—' G O'
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Figure 3. Chemical bonding pattern of HBP by the AANDP analysis. ON
stands for occupation number.

2c-2e n bond, ON=2.00 |e|

2c-2e o bond, ON=2.00 |e| —O

2c-2e o bond, ON=2.00 |e|

has a bond order of 2.5. The calculated bond orders defined by
Wiberg®" and by Mayer® are also shown in Figure 2. The
Mayer and Wiberg bond orders were calculated to be 2.19 and
3.15, respectively, which are lower than the values for the B=N
triple bond in HNB (2.34 and 3.30). The first excited state of HBP
(A’=™) with a linear structure was predicted to be higher in
energy than the ground state by 1.97 eV at the B3LYP level.™” It
corresponds to an electronic configuration of
[10°20°30%40%11*50°60°70'2*], which associates with a B=P
triple bond. The valence isoelectronic analogue HNB exhibits
23" electronic ground state similar to the first excited state of
HBP. The unpaired electron in HNB is located at the boron atom
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Scheme 2. Reaction mechanism for laser ablated boron atom with PH,.
Relative energies (kcal mol™") calculated at the B3LYP/6-311 + G(3df) level of
theory are given in parentheses. The unpaired electron is represented by a
dot.

(Figure 2), and the nitrogen lone pair is involved in bonding to
boron giving a formal B=N triple bond.

The H,BPH (B) molecule was predicted to have a doublet
ground state with a non-planar structure. The B—P bond length
is 1.884 A, which lies between the standard values for a B—P
double bond (1.80 A) and a B—P single bond (1.96 A)." Bonding
analysis with ADNDP method indicates that there is a B-P o
bond and a one-electron m bond (Figure S4). The calculated
Mayer and Wiberg bond orders for B—P are 1.23 and 2.27,
respectively, which are lower than the values of HBP (2.19 and
3.15) calculated at the same level of theory.

Scheme 2 outlines the possible pathways for the formation
of the observed species in the reaction of B and PH;. The
insertion of B atom into a P—H bond requires activation energy,
which can be provided by the laser ablated B atoms. The
unobserved intermediate HBPH, contains large excess energy,
which may either decompose to give HBP by H,-elimiation
(12.6 kcalmol™") or isomerize to the more stable isomer H,BPH
(—19.5 kcalmol™") through a barrier of 14.1 kcalmol™". Similar
dehydrogenation from the PH, moiety has been reported for
ethynylphosphine HCCPH,, which leads to the formation of
ethynylphosphinidene HCCP.?®! Note that elimination of one
hydrogen atom from HBPH, to generate HBPH requires more
energy input (39.3 kcalmol™) than the aforementioned H,-
elimiation (12.6 kcal mol™), which may explain the absence of
HBPH in the experiment. The observation here differs from the
reactions between laser-ablated B and NH,, in which product
species including HBNH,, HBNH and HNB were produced. It
mainly results from the stronger bond of H-N (D%g=
338.9 kymol™") than H—P (D% =297.0 kJmol~").2¥

Conclusions

In summary, the elusive m-radical HBP along with H,BPH and
H,BPH were generated via the reactions of laser-ablated B
atoms with PH; in solid neon, which were characterized by IR
spectroscopy and quantum-chemical calculations. The HBP
molecule possesses a linear structure with the unpaired
electron occupying one of the doubly degenerate  bonding
MOs, resulting in a B—P bond order of 2.5. The bonding

Chem. Eur. J. 2023, 29, e202203704 (4 of 5)

property is distinct from the valence isoelectronic analogue
HNB, which is a o-radical with a formal N=B triple bond.

Experimental Section

The 1064 nm fundamental of a Nd:YAG laser (Continuum, Minilite II,
10 Hz repetition rate and 6 ns pulse width) was used to ablate
rotating bulk boron target to produce boron atoms. The laser-
evaporated boron atoms were co-deposited with premixed PH; in
excess neon onto a cryogenic gold-plated copper block matrix
support, which was maintained at 4 K by means of a closed-cycle
helium refrigerator. The PH,/Ne mixtures were prepared in a
stainless-steel vacuum line by using a standard manometric
technique. Natural-abundance boron (19.8% '°B, 80.2% ''B) and
'%B-enriched (97 %) targets were used in different experiments. After
30 min of sample deposition at 4 K, IR absorption spectra in the
middle-infrared region (4000-500 cm™') were recorded with a
Bruker Vertex 70V spectrometer at 0.5 cm™' resolution using a
liquid nitrogen cooled broad band HgCdTe (MCT) detector. Bare
mirror backgrounds, recorded prior to sample deposition were used
as references in processing the sample spectra. The spectra were
subjected to baseline correction to compensate for infrared light
scattering and interference patterns. Samples were annealed to the
desired temperatures and cooled back to 4 K for spectral acquis-
ition. For selected samples, photo-excitations were performed
through a quartz window mounted on the assembly.

Phosphine (PH;) was prepared according to the published
protocols.”” 3.4 g (0.041 mol) of dry crystalline phosphorous acid
was placed in a 100 mL round-bottomed flask which was connected
to a vacuum line. The flask was evacuated through three cold U-
traps, and then slowly heated in an oil bath. The temperature of the
flask maintained at 210°C for about 30 minutes. Then the volatile
products were separated by passing through three successive cold
U-traps at —110, —120, and —196°C. Pure PH; was retained in the
last trap. For the D-labelling experiments, D-phosphorous acid was
prepared according to the literature procedure by using PCl; and
D,0 (99% D, Aldrich).” The quality of PH, was checked with gas
phase IR spectroscopy (INSA OPTICS, FOLI10-R).

Structures and IR frequencies were calculated using B3LYP/6-311 +
G(3df).?*?" Calculated harmonic frequencies were scaled by a factor
of 0.967.%% Time-dependent TD-DFT*** B3LYP/6-311+G(3df) cal-
culations were performed for the UV-Vis transitions. These calcu-
lations were carried out with Gaussian 16.*" The NBO calculations
were carried out with the version 6.0.°” Bonding analysis was
performed using the adaptive natural density partitioning (AdNDP)
method.” The color-mapped AdNDP isosurface (0.5 au) graphs are
rendered by the VMD 1.9.3 program.?*
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