nature chemistry

Article

https://doi.org/10.1038/s41557-024-01569-y

Hydrogen splitting at asingle phosphorus
centre and itsusefor hydrogenation

Received: 26 July 2023

Accepted: 30 May 2024

Deependra Bawari ® "2, Donia Toami ® "2, Kuldeep Jaiswal ®*?
& Roman Dobrovetsky ®'

Published online: 27 June 2024

W Check for updates

Catalytic processes are largely dominated by transition-metal
complexes. Main-group compounds that can mimic the behaviour of the

transition-metal complexes are of great interest due to their potential

to substitute or complement transition metals in catalysis. While a few
main-group molecular centres were shown to activate dihydrogen via the
oxidative addition process, catalytic hydrogenation using these species

has remained challenging. Here we report the synthesis, isolation and full
characterization of the geometrically constrained phosphenium cation with
the 2,6-bis(o-carborano)pyridine pincer-type ligand. Notably, this cation
can activate the H-H bond by oxidative addition to a single P" cationic
centre, producing a dihydrophosphonium cation. This phosphenium cation
isalso capable of catalysing hydrogenation reactions of C=C double bonds
and fused aromatic systems, making it amain-group compound that can
both activate H, at a single molecular main-group centre and be used for
catalytic hydrogenation. This finding shows the potential of main-group
compounds, in particular phosphorus-based compounds, to serve as
metallomimetic hydrogenation catalysts.

Main-group compounds capable of mimicking transition-metal reactiv-
ityintheactivation of smallmolecules, suchas dihydrogen, attract much
interest from the scientific community due to their potential to serve as
alternatives to noble transition-metal catalysts' . The basic principle
for the design of main-group compounds capable of activating small
molecules at a single main-group centre is that they have to possess a
high-lying highest occupied molecular orbital (HOMO) and alow-lying
lowest unoccupied molecular orbital (LUMO). This was achieved in
certain low-valent compounds such as carbenes’®™, borylenes®® and
their heavier analogues*'°™. Alternatively, two main-group centresin
the bimolecular or unimolecular system, inwhich one centreisastrong
Lewis base (highHOMO) and the otheris astrong Lewis acid (low LUMO)
known as frustrated Lewis pairs were also shown to activate small mol-
ecules between these two centres'>'¢, Recently, the activation of small
molecules by phosphorus-based species gained a lot of attention due
to their ability to cycle between two stable oxidation states P" and P¥
(refs.17,18). The strategy to obtain an ambiphilic (both nucleophilic
and electrophilic) P" centre, which can activate small molecules, is to

geometrically constrain it by a rigid pincer-type ligand"**. This con-
straint causes the rehybridization of the molecular orbitals (MOs) at the
Pcentreandasaresultadecreaseinthe HOMO-LUMO gap''¢. Ambiphi-
lic, geometrically constrained P" centres were shown to activate O-H
(refs.19-22), N-H (refs. 23-25), Ar-F (refs. 26,27) and Si-H (ref. 28)
bonds by their formal oxidative addition, producing new P" species.
In some cases, these activation processes were reversible and the ini-
tial P" compounds could be obtained back as a result of the reductive
elimination-type reaction® . Despite recent progress in the activation
of small molecules at the ambiphilic P" centres and participation of some
Pcentresintheactivation of H, (refs.29-33), ahighly desirable activation
ofthe H-Hbond by aformal oxidative addition to the P" centre was never
reported. Infact, only recently an example of the oxidative addition of
H, to presumably transient stibinidene, formed from distibene, was
reported®, which untilnowis the only Group 15 molecular centre capable
of such reactivity. Furthermore, while the activation of the H-H bond
by a few ambiphilic single main-group centres was shown®™, catalytic
hydrogenation using these species was never reported.
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Fig.1|Synthesis and structures of 1-Cl, 1-OTfand [1'][B(C(F;),]. a, The synthesis
of1-Cl,1-0Tf and [1"][B(C,F;),]. Reaction conditions: (i) 2.3 equiv. "BulLi, 0 °C,
Et,0, 2 days stirring at RT; (ii) 10 equiv. PCl;, —20 °C, C¢H,, 18 hreflux at 110 °C;

(i) AgOTf, CH,Cl,, 12 hstirring at RT; (iv) [Et;Sil[B(C4Fs),], toluene, 20 hstirring
atRT. b, Persistence of Vision Raytracer (POV-ray) depictions of 1-OTf (left), 1-CI
(centre) and 1' (right), thermal ellipsoids at the 30% probability level, hydrogens
and [B(C¢F;),]” were omitted for clarity.

In this Article, we report the synthesis, isolation and full charac-
terization of the ambiphilic, geometrically constrained phosphenium
cation (1) (Fig. 1). The reaction of 1* with dihydrogen produces the
dihydrophosphonium cation (1'-H,) via a formal oxidative addition of
H-Hbond to P" centrein1* (Fig. 3). Experimental studies and density
functional theory (DFT) calculations of the possible mechanism of this
activation (Fig.3), aswell as the use of 1" in the catalytic hydrogenation
reactions of C=C double bonds and fused aromatic systems, are also
described (Fig. 4).

Results and discussion

To design a molecule with a highly reactive, ambiphilic P" cationic
centre, a pincer-type ligand bearing two ortho-carborane (oCb) ‘arms’
and aneutral central pyridine donor (2) was chosen (Fig. 1a)*. We envi-
sioned that 2 would provide the necessary rigidity and robustness to
structurally constrain the P" cationic centre, the pyridine donorwould
stabilize this cationic centre, while the strongly electron-withdrawing
0Cb ‘arms”*** would make this P" centre highly electrophilic (low-lying
LUMO). Thus, 2was doubly deprotonated by "BuLiand reacted withan
excess of PCl; (10 equiv.) producing chlorophosphine 1-Cl (Fig. 1a). Col-
ourless crystals of 1-Cl were obtained from a mixture of CH,Cl,/n-hexane
(10:1) and measured using X-ray crystallography (Fig.1b).In an attempt
toobtainthedesired1’,1-Clwasreacted with AgOTf (1 equiv.); however,
instead of aseparated [1'][OTf]ion pair,1-OTfwas obtained (Fig.1a). The
1-OTfwas crystallized from CH,Cl, at room temperature (RT), and its
X-ray molecular structure is shown in Fig. 1b. The P nuclear magnetic
resonance (NMR) chemical shift of 1-OTfat 6 = 36.0 ppm resembles the
chemical shift of 1-Cl (6 = 33.8 ppm), indicating that, despite the trans
influence fromthe pyridine donor, nodissociationto1*and TfO” occurs
insolution at RT onthe NMR timescale. This points to the highly electro-
philic P" centre in 1-OTf. To obtain a non-coordinated, ‘free’ 1" cation,
the chloridein1-Clwas abstracted by [Et;Sil[B(C(Fs),], giving the desired
[T7][B(C4F5) ] (Fig.1a). The [1*][B(C(F;),] was crystallized from CHCl; as
light-yellow crystals and its molecular structure was determined by X-ray

crystallography (Fig.1b). The [1*][B(C4F),] is a separated ion pair both
insolid and solution with a low-field signal in P NMR at 6§ =132.2 ppm.
ThePcentrein1’is pyramidalized and strongly deviated fromalocal G,
symmetry, which is typical to trigonal pyramidal ¢°P centres, with bond
angles around phosphorus atombeing ZC1-P1-C2 =124.1°, ZN1-P1-C1
and ZN1-P1-C2 =87.2°. Thus, ligand 2 enforces a distorted trigonal
pyramidal geometry of the P1centre in1* witha C;local symmetry, which
could be described as a cis-divacant pseudo trigonal bipyramid inwhich
Cland C2atomsofthe oCb units are at the equatorial positions and the
central N1is at the axial one.

The electronic structure of 1" was studied by DFT calculations per-
formed at the BP86(D3)/def2-TZVP level of theory*~**. The optimized
geometry of1"isin good agreement with the experimentally obtained
structure (Fig. 1b). The MO analysis of 1* reveals that the HOMO is pri-
marily located on the P centre, while the LUMO is located on the P centre
with the expected delocalization into the pyridine m-system, with the
calculated HOMO-LUMO energy gap of 2.8 eV (Fig. 2a). The natural
bond orbital analysis shows that the lone pair at the P centre (occupancy
of 1.85 e) resides on an sp®*” hybrid with adominant s character. The nat-
ural population analysis exhibits charges of -0.47 and +1.26 onN and P
centres, respectively. An electron occupancy of the N1I-P1bond of 1.53 e
was calculated, with the bonding coefficients substantially polarized
towardsthe N1centre (92.76% and 7.24% on N1and P1, respectively). The
calculated Wiberg bond index value for N1-P1bondis 0.64. The nature
of the N-P bond in 1" was also analysed by Bader’s quantum theory of
atomsinmolecules (AIM)*. A positive Laplacian (V2p(rycp) = 0.075159),
low magnitude of electron density (p = 0.136520), the values of H,/p(r)
(-0.802680) < 0, G(r)/p(r) (0.940316) ~ 1.0 and G(r)«|V(r)| at the bond
critical point (BCP) of the N-P bond in 1" indicate the donor-accep-
tor interactions between these two atoms (Fig. 2b). Considering all
these factors, the nature of 1" can be most accurately described as a
pyridine-supported phosphenium cation.

The small HOMO-LUMO gap (2.8 eV) in1* suggests a high reactiv-
ity of this P" centre, which encouraged us to check its reactivity with H,.
Thus, aJ-Young NMR tube containing CHCI, solution of [1°][B(CFs),]
was pressurized with H, (4 atm), and the reaction was left at RT while the
reaction progress was monitored by multi-nuclear NMR spectroscopy.
After-7 days, the formation of [1'-H,][B(CF;),] (ca.15-20%), the formal
oxidative addition product of the H-Hbond to the P" cationic centrein1*
(Fig.3a), couldbe observed by thePNMR as atripletat 6 = -42.66 ppm
withJ(PH) of 504 Hz (Fig. 3b). The corresponding doublet with same cou-
pling constant was measured by 'HNMR at § = 7.35 ppm (Y/(PH) = 504 Hz).
The reaction time could be considerably reduced (18 h) by heating the
reactionto 50 °C. Prolonged heating at temperatures of 50 °C or higher
led to the formation of amore complex mixture, where notable amounts
of unidentified byproducts were also formed alongside the [1"-H,]
[B(C4F5),]. The [1*-H,][B(C(F;),] was crystallized from CH,Cl,/toluene
solution (3:1) as colourless crystals and its molecular structure was deter-
mined using X-ray crystallography (Fig.3c).Inthe solid state, the P centre
in1*-H, has aslightly distorted square pyramidal (SP) geometry withbond
angles around phosphorus atom being ZN1-P1-H2 =163.5°, ZN1-P1-
H1=89.1°, £C1-P1-C2143.1° and with P1-Hl and P1-H2 bond lengths of
1.19and 1.39 A, respectively. Interestingly, unlike the solid-state structure
of 1*-H, with two different H atoms attached to the P centre, in the solu-
tionof [1'-H,][B(C(F;),] only onetype of Hatom attached to the P centreis
observedby*Pand'HNMR in the range of 50 to -50 °C (Supplementary
Figs. 54-55), which can be explained by the fast isomerization between
the two SP isomers. This was also supported by the low DFT calculated
(BP86(D3)/def2-TZVP***in CHCl, using the conductor-like polarizable
continuum model (CPCM)*#°) activation barrier of AG*= 2.6 kcal mol™
of thisisomerization process (Supplementary Fig. 53).

To study this activation process, the reaction of [1'][B(C4F),] with
hydrogen deuteride (HD) gas was performed. As aresult,noHD scram-
blingtoH,and D, was observed by'HNMR, and only thetriplet (4.58 ppm
Jup =43 Hz) associated with HD was detected (Supplementary Fig. 58).
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Fig.2|Electronicstructure of 1'. a, DFT-calculated FMOs (isovalue of 0.05) and the HOMO-LUMO gap in1*. b, Atoms in molecules (AIM) analysis of 1*; the values of
electron density (p), Laplacian of electron density (Vf,), total energy density (H,), kinetic-energy density (G) and potential energy density (V) at the P-N bond critical

point (circled) are shown below the structure.

The formation of [1*-HD][B(CF;),] was confirmed by the appearance
of adoublet of triplet at —42.9 ppm (J,_, =495 Hz, Jy_, = 81 Hz) in the 3'P
NMR spectrum (Supplementary Figs. 59 and 60). The failure torelease
H, from [1"-H,][B(CF;),] by heating it under vacuumindicated that the
H, activation by [1"][B(C(F),] isirreversible.

Next, the pseudo-first-order kinetic studies were conducted on
theactivation of H, by [1'][B(CFs),]. An NMR tube was charged with [1]
[B(C¢Fs),] in CHCI; and H, gas was introduced. The reaction progress
was monitored by NMR, with the concentration of [H,] in solution
determined from the 'HNMR signal (4.61 ppm), assuming 25% of the H,
is parahydrogen.”” NMR measurements showed that the [H,] remained
constant throughout the reaction, while the amount of H, in the NMR
tube exceeded that of [1'][B(C4F;),] by at least tenfold, enabling the
determination of the pseudo-first-order rate for the consumption
of [1'][B(CF;),]. Consequently, the pseudo-first-order behaviour in
[17][B(C(Fs),] is evidenced by the fact that every reaction profile can
be fitted to a pseudo-first-order plot (Supplementary Fig. 67). Sub-
sequently, the order in [H,] was elucidated by varying the pressure of
H, between1and 4 atm. The observed rate constant (k) exhibited a
direct proportionality to [H,]. The In[k,,]-versus-In[H,] plot yielded a
slope of 0.97 (Supplementary Fig. 68), indicating the order in [H,] to
be 1. Thus, the obtained results are consistent with the second-order
formation of the [1*-H,][B(C¢F;),].

Onthebasis of these experiments, we suggest that the activation of
the H-D (and the H-H) bond most probably occurs at asingle P" centre
via an oxidative addition type reaction. To the best of our knowledge,
the oxidative addition of an H-H bond to a single, well-defined phos-
phorus centre has not yet been reported.

To get a deeper insight into the mechanism of H, activation by
1*, DFT computations were carried out at the previously used level
of theory (vide supra) in CHCI, using the CPCM**¢, These calcula-
tions show that the oxidative addition of the H-H bond to P" centre
in1" producing 1'-H, is both exothermic and exergonic (AH =-16.4
and AG =-7.8 kcal mol™) (Fig. 3d). The Gibbs free energy barrier of
AG*=32.5 kcal mol™ (transition state (TS)) of this H, activation reac-
tion is reasonable and can explain long reaction times and/or heat-
ing requirements. Importantly, alternative modes of H, activation,
including those involving the pyridinyl moiety were also considered;
however, calculations showed that all of these pathways are notably
higherin energy (Supplementary Figs. 57 and 65-66). The geometry of
the (TS) suggests that thisactivationis most probably an electrophili-
cally driven process, as the H-H o bond approaches the P centre from
the direction in which the LUMO points (Fig. 3d and Supplementary
Fig. 70). The frontier molecular orbital (FMO) analysis*® of 1 and H,,

a

Hy, 4 atm

50 °C, 18 h o
CHCl,
"B(CsFs)a
[1*-H,][B(CgFs5)4]

b [1*-H,] c

|"

[11
.
170 120 70 30 -10 -60
ppm

d

Fig.3|Activation ofH, by 1'. a, Formal oxidative addition of H-H bond to P"
cationic centrein1’.b, Stacked*'P NMR spectra showing the formation of [1*-H,]
from [1*]and H,. ¢, POV-ray depiction of [1*-H,], thermal ellipsoids at the 30%
probability level, non-relevant hydrogens and [B(C4F;),]” were omitted for clarity.
d, DFT-calculated mechanism for the activation of H, by 1". Free Gibbs energies
(enthalpies) are given relative to the starting materials.

revealing asmallenergy gap of 5.05 eV between the LUMO of 1*and the
HOMO of H,compared with the large energy gap (9.62 eV) between the
HOMO of1*and the LUMO of H, (Supplementary Fig. 69), suggests the
electrophilically dominated nature of this reaction.
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Fig. 4| Catalysis with [1'][B(C(F;),]. a, The [1"][B(C,F;),] catalysed dimerization and isomerization reactions. b, The [1*][B(C(F;),] catalysed hydrogenation reactions of

unsaturated C-C systems (gas chromatography or isolated yields (NMRyields)).
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Fig. 5|Mechanism of the catalysis. a, The proposed catalytic cycle for the
hydrogenation of C=C doubly bonded system catalysed by [1']. OA, oxidative
addition. b, Experimental support for the protonation (reaction with Et,0)

and hydride abstraction (reaction with [Ph,C][B(CF;),]) steps of the proposed
catalytic cycle. ¢, P NMR of the reaction of [1'-H,][B(C,F),] with Et,0.d, *P NMR
ofthe reaction of 1-H with [Ph,C1[B(C,Fs),].

The ability of 1" to transfer hydrogen catalytically was tested with
various unsaturated C-Cbond-containing systems. First, the reaction of
highly active terminal alkene, 1,1-diphenylethylene (3) with H, (4 atm) and
10 mol% of [1'][B(CFs),] was probed. This reaction, however, led to the
1,1-diphenylethylene dimerization product (4) in minutes (-5 min) at RT*,
while the desired1,1-diphenylethane, ahydrogenation product, was not
obtained. A similar reaction was conducted with 1-hexene (5), H, (4 atm)
and [1][B(C¢Fs),] (10 mol%) at 40 °C, affording mostly isomerization
product (6)* after 6 h, and again no hydrogenation of the C=C double
bond occurred even after prolonged heating. Importantly, both reactions
of3andSinthe presence of 10 mol% of [1'][B(C(F;),] without the addition
of H, gave the same results, that is, formation of 4 and 6, respectively
(Fig.4a). Therefore, the dimerization of 3 as well asisomerization of 5are
catalysed by1*, indicating once again the high Lewis acidity of this cation®.

To overcome this obstacle, the unsaturated C-Cbond-containing
systems that are not capable of isomerization, dimerization or polym-
erization, which preclude the desired hydrogenation, were tested

next. Thus, a reaction of 1-methylcyclopentene (7) with H, (4 atm) in
the presence of 10 mol% of [1"][B(C4F;),] gave after 20 hat 50 °C quan-
titative formation of the hydrogenated product, methylcyclopentane
(7-H,) (Fig. 4b). A similar reaction with 1-methylcyclohexene (8) at
50 °C, after 24 h afforded the corresponding hydrogenated product,
methylcyclohexane (8-H,) in high yields (Fig. 4b). The hydrogena-
tion (H,, 4 atm) of indene (9) and acenaphthylene (10) catalysed by
[17][B(C¢Fs5),] (10 mol%) was also successful, leading to indane (9-H,)
and acenaphthene (10-H,), respectively, after 48 h at 50 °C (Fig. 4b).
The hydrogenation of fused aromatic systems anthracene (11) and
9,10-dimethylanthracene (12) was also attempted. Thus, the reaction
of 11 with H, (4 atm) and [1"][B(C,F;),] (10 mol%) at 50 °C afforded after
48 h9,10-dihydroanthracene (11-H,). A similar result was obtained for
the [1']1[B(C¢F;),] (10 mol%) catalysed hydrogenation (H,, 4 atm) of 12,
producing 12-H, after 40 hat 50 °C (Fig. 4b). Remarkably, 1" is capable
of splitting H, at a single main-group centre and transfer it catalytically
to unsaturated C-C bonds.
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Fig. 6| Computed hydrogenation mechanism. DFT-calculated PES for the
hydrogenation of methylcyclopentene (7) at the BP86(D3)/def2-TZVP level of
theory with CPCM(CHCL,). Free Gibbs energies (enthalpies) (in kcal mol™) are
givenrelative to the starting materials.

To gain a deeper understanding of the catalytic hydrogenation
process, [1*-H,][B(C4F5),] was reacted with 10 equiv. of 11, which at RT
instantly resulted in the formation of 1-H and [1*-H,][B(CF;),] mixture
(1:0.7 ratio, respectively), as determined by *P NMR (Supplementary
Fig.74).To confirmthe formation of 1-H, it wasindependently prepared
by the reaction of 1-Cl with diisobutylaluminium hydride (Supplemen-
taryFigs.23-29). Heating this mixture to 50 °Cfor 3 hyielded 11-H, (Sup-
plementaryFig. 75). Onthe basis of these results, we propose a plausible
mechanism for the [1][B(C4F;),] catalysed hydrogenation of the C=C
doublybonded and fused aromatic systems. The catalysis begins with the
activationof H,to produce[1*-H,][B(CF;),]. Subsequently, an equilibrium
processinwhich the deprotonation of [1*-H,][B(CF),] by the unsaturated
carbonsystemoccurs producing1-Hand the corresponding carbocation
(Supplementary Fig. 73). Finally, in the last step of the catalysis, the car-
bocation abstracts the hydride from 1-H, leading to the hydrogenated
product and regeneration of the catalyst [1"][B(C,F;),] (Fig. 5a).

To further support this mechanism, the high acidity of [1*-H,]
[B(C4Fs) ] wasinvestigated compared with Et,0. The gradual addition
of Et,0 to [1"-H,][B(C4F;),] at RT and monitoring of the reaction mixture
by *PNMRrevealed an equilibrium between [1*-H,][B(C,F),], Et,0 and
1-H, [nEt,0-H][B(C(F;),] (Fig. 5b,c). This observation suggests that the
Bronsted acidity of [1'-H,][B(C4F;),] is comparable to that of Jutzi’s
acid*’. Additionally, 1-H was reacted with [Ph,C][B(CF5).], resulting
inthe formation of [1*][B(C¢F;),] and Ph,CH (Fig. 5b,d), demonstrating
the ability of 1-Hto act as a hydride donor.

Finally, the potential energy surface (PES) for the proposed mecha-
nism was calculated for the catalytic hydrogenation of 7 (Fig. 6) (see
Supplementary Information for the PES for the catalytic hydrogenation
of11) at the previously used level of theory (vide supra) in CHCl using
CPCM. Thefirststep, whichistheactivationof H,by 1" leading to1*-H,,
aswas shown previously, is exergonic and exothermic with the activa-
tion Gibbs free energy of 32.5 kcal mol™ (TS1). The protonation step
of 7 leading to 1-H and 7-H" is endergonic and endothermic (AG=7.6
and AH =24 .4 kcal mol™), with the activation barrier of AG* = 8.9 (TS2).
The next step, which is the abstraction of hydride from 1-H by 7-H*
leading to the hydrogenation product 7-H, (Fig. 6), is also exergonic
and exothermic (AG =-14.3 and AH=-30.8 kcal mol™). The activation
energy of the hydride abstraction step is AG* = 9.2 (TS3). Based on this
PES, the rate-determining step in this catalysis is the H,activation by 1".

In summary, we have synthesized an ambiphilic, geometrically
constrained phosphenium cation with a pincer-type ligand that is
capable of activating H, in a metallomimetic fashion by formal oxida-
tive addition of the H-H bond to the P" cationic centre. Preliminary
mechanistic studies suggest that this H, splitting, similarly to transition

metal-based H, activation, is an electrophilically driven process. Nota-
bly, the ability of this phosphenium cation to activate H, was used for
catalytic hydrogenation reactions of C=C doubly bonded and fused
aromatic systems. This finding shows the potential of phosphorus
and possibly other main-group elements in metallomimetic catalytic
hydrogenation reactions.
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Methods

Details of synthetic procedures, spectroscopic characterization, X-ray
structure determinations and computations are given in Supplemen-
tary Information.

Synthetic methods

All preparations were carried out under an anhydrous N, atmosphere
using standard Schlenk and glove box techniques. All glassware was
ovendried and cooled under vacuum before use. Commercial reagents
were purchased from Yuanli Tech., Sigma-Aldrich, Strem or Apollo
Scientific and used without further purification unless indicated oth-
erwise. 2 and [Et,Si][B(CF;),] were prepared following the reported
procedures®?, All solvents were dried according to standard proce-
dures using either Vacuum Atmospheres Company solvent purification
system or distillation from drying agent such as P,O;, LiAlH, and CaH,,
and thenstorage over molecular sieves (3 A) followed by degassing via
freeze-pump-thaw cycling.

Analytical methods

NMR spectra were recorded at RT using a Bruker Avancelll 400 MHz
spectrometer. Data for'H NMR are reported as follows: chemical shift
(6 ppm), integration, multiplicity (sis singlet, dis doublet; tis triplet, q
isquartet, quinis quintet, sep is septet, mis multipletand bris broad),
coupling constant (Hz) and assignment. Gas chromatography-mass
spectrometry analyses were obtained ona7890B gas chromatography
system equipped with DB-5ms Ul column (30 m x 0.25 mm ID x 0.25 pm
film) and 5978A mass selective detector (Agilent Technologies). Ele-
mental analysis was carried out using an Elementar UNICUBE analyser,
which was standardized using acetanilide. High-resolution mass spec-
trometry was performed with a Waters SYNAPT system.

X-ray crystallographic methods

The crystals for all the reported compounds herein were mounted
on a cryoloop with paratone oil, and all data were collected at 100(2)
or 110(2) (for 1-Cl) K. Single-crystal X-ray diffraction data for 1-Cl,
1-0Tf and [1"][B(C¢F;),] were collected on a Bruker KAPPA APEXDuo
diffractometer equipped with an APEX Il CCD detector using a TRI-
UMPH monochromator with a MoKa X-ray source (a =0.71073 A).
Unit cell determination, refinement and data collection were done
using the Bruker APEX-Ill suite®?, data reduction and integration were
performed using SAINT v8.34A (Bruker)*and absorption corrections
and scaling were done using SADABS-2014/5 (Bruker)**. Single-crystal
X-ray diffraction data for [1*-H,][B(C¢F;) ] were collected on a Rigaku
Oxford Diffraction-XtaLAB Synergy-S diffractometer operated with
monochromated MoKa X-ray source (a = 0.71073 A) and the data collec-
tion, cell refinement, datareduction and analytical method absorption
correction were performed using CrysAlis*™. All the crystal structures
were solved through the OLEX2 (ref. 55) package using SHELXT*® and
the structures were refined using SHELXLY. All non-hydrogen atoms
were refined anisotropically. All the figures were generated using
Mercury 3.0.

Computational methods

DFT calculations were performed using Gaussian 09 (ref. 58). Geom-
etry optimization of all the molecules, intermediates and the transi-
tion states were carried out using the BP86(D3)/def2-TZVP level of
theory***in CHCI, using the CPCM model**¢, Thermal energy correc-
tions were extracted from the results of frequency analysis performed
at the same level of theory. Frequency analysis of all the molecules
and intermediates contained no imaginary frequency showing that
these are energy minima. The transition states geometries gave one
imaginary frequency at expected reaction coordinates confirming
thatitis a first-order saddle point. The AIM analysis was performed
using Multiwfn®’. The computational pictures were generated using,
Avagadro®®and CYLView®'.

Data availability

The data supporting the findings of this study are available within
the paper and its Supplementary Information (experimental proce-
dures, DFT calculations and characterization data). X-ray data are
available free of charge from the Cambridge Crystallographic Data
Centreunder references CCDC-2267545 (1-Cl), CCDC-2267548 (1-OTf),
CCDC-2267547 ([1'1[B(C4F5),]) and CCDC-2267546 ([1*-H,][B(C,Fs),]).
These data can be obtained free of charge from The Cambridge Crys-
tallographic Data Centre (www.ccdc.cam.ac.uk/data_request/cif).
The Cartesian coordinates and energies of all optimized molecules
areprovided as *.xyzfiles.

References

51. Connelly, S. J., Kaminsky, W. & Heinekey, D. M. Structure and
solution reactivity of (triethylsilylium)triethylsilane cations.
Organometallics 32, 7478-7481(2013).

52. Bruker APEX IlIl. Bruker AXS Inc. https://bruker.com/ (2019).

53. Bruker SAINT v8.34A. Bruker AXS Inc. https://bruker.com/ (2013).

54. Bruker Sadabs, 2014/5. Bruker AXS Inc. https://bruker.com/ (2015).

55. Dolomanoy, O. V., Bourhis, L. J., Gildea, R. J., Howard, J. A. K. &
Puschmann, H. OLEX2: a complete structure solution, refinement
and analysis program. J. Appl. Crystallogr. 42, 339-341(2009).

56. Sheldrick, G. M. SHELXT - Integrated space-group and
crystal-structure determination. Acta Cryst. A71, 3-8 (2015).

57. Sheldrick, G. M. Crystal structure refinement with SHELXL. Acta
Cryst. CT1, 3-8 (2015).

58. Frisch, M. J. et al. Gaussian 09, revision D.01. Gaussian, Inc.
https://gaussian.com/ (2010).

59. Lu, T. & Chen, F. Multiwfn: a multifunctional wavefunction
analyzer. J. Comput. Chem. 33, 580-592 (2012).

60. Hanwell, M. D. et al. Avogadro: an advanced semantic chemical
editor, visualization, and analysis platform. J. Cheminform. 4,1-17
(2012).

61. Legault, C.Y., CYLview20 Université de Sherbrooke
http://www.cylview.org (2020).

Acknowledgements

This work was supported by the Israeli Science Foundation, grant
195/22, the Israel Ministry of Science Technology & Space, grant
01032376, and the US-Israel Binational Science Foundation, grant
2018221. D.T. thanks the Ariane de Rothschild Women Doctoral
scholarship for outstanding female PhD students.

Author contributions

D.B., DT. and K.J. performed all the synthetic work. D.B. analysed and
solved all X-ray molecular structures and did all the computational
studies. R.D. supervised the project and wrote the paper with input
from all authors.

Competinginterests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary
material available at https://doi.org/10.1038/s41557-024-01569-y.

Correspondence and requests for materials should be addressed to
Roman Dobrovetsky.

Peer review information Nature Chemistry thanks Josh Abbenseth,
Shigeyoshi Inoue and the other, anonymous, reviewer for their
contribution to the peer review of this work.

Reprints and permissions information is available at
www.nature.com/reprints.

Nature Chemistry


http://www.nature.com/naturechemistry
https://www.ccdc.cam.ac.uk/structures/Search?access=referee&ccdc=2267545&Author=Roman+Dobrovetsky
https://www.ccdc.cam.ac.uk/structures/Search?access=referee&ccdc=2267548&Author=Roman+Dobrovetsky
https://www.ccdc.cam.ac.uk/structures/Search?access=referee&ccdc=2267547&Author=Roman+Dobrovetsky
https://www.ccdc.cam.ac.uk/structures/Search?access=referee&ccdc=2267546&Author=Roman+Dobrovetsky
http://www.ccdc.cam.ac.uk/data_request/cif
https://bruker.com/
https://bruker.com/
https://bruker.com/
https://gaussian.com/
http://www.cylview.org
https://doi.org/10.1038/s41557-024-01569-y
http://www.nature.com/reprints

	Hydrogen splitting at a single phosphorus centre and its use for hydrogenation

	Results and discussion

	Online content

	Fig. 1 Synthesis and structures of 1-Cl, 1-OTf and [1+][B(C6F5)4].
	Fig. 2 Electronic structure of 1+.
	Fig. 3 Activation of H2 by 1+.
	Fig. 4 Catalysis with [1+][B(C6F5)4].
	Fig. 5 Mechanism of the catalysis.
	Fig. 6 Computed hydrogenation mechanism.


