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The formation of a rhodium pincer-type complex with a boron-based donor ligand and its reactivity are

reported. The starting complex contains a formal borylene moiety, stabilised by two pyridine substituents.

Quantum chemical investigations indicate the possibility of deprotonation of the central donor group of

Received 26th October 2024,
Accepted 28th October 2024

DOI: 10.1039/d4dt02997f

rsc.li/dalton

Tricoordinate boron compounds usually show electrophilic
and Lewis acidic properties, but in the past two decades an
increasing number of nucleophilic, formally reduced boron
species have been reported.’™ Starting with the first report of
a boryl anion in 2006,>® important milestones include
dimetalloborylenes,” " ligand-stabilised borylenes’>™"® and
boroles'” as well as the tricyanoboryle dianion, [B(CN),]*~."%*°
A common feature these compounds share is the stabilisation
of a reduced, nucleophilic boron species by neutral or anionic
m-accepting substituents (ligands) or metal fragments. In turn,
the presence of such substituents or ‘ligands’ results in a
rather acidic character of boron-bound hydrogen atoms in
neutral borohydrides (I)*° and anionic borohydrides (II),**
which consequently can be deprotonated (Fig. 1a).
Nucleophilic boron compounds can serve as versatile
ligands in transition®” and main group metal complexes.**°
In particular, nucleophilic tri-coordinate boron compounds
were demonstrated to act as anionic (III) or neutral (IV) donor
ligands (Fig. 1b, L = neutral stabilising substituent, R = H,
alkyl, aryl). Neutral ligand-stabilised borylenes are formally
related to amines,® but do not show the same tendency to act
as an internal base in cooperative bond activation and
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the type py,BH in this complex. Efforts to isolate the resulting formal boride species, however, led to a
boryl complex with concomitant formation of a new C-C-bond, accompanied by a loss of aromaticity.
Mechanistic investigations indicate the presence of tautomerism between two deprotonated species,
giving rise to a ligand-stabilised boride and a ligand-stabilised borylene motif.

catalysis.”®*” Nucleophilic boron compounds with less stabilis-

ing substituents L are usually difficult to isolate, but are still
accessible by oxidative addition of ligand-stabilised boronium
salts in tri-dentate pre-ligands, leading to pincer-type com-

plexes with a central boron-based donor group (V).>” !
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Fig. 1 Previously reported electron rich boron species.
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In analogy to the deprotonation of I and II, ligand-stabilised
borylenes of the type L,BH might be prone to deprotonation in
the coordination sphere of a suitable transition metal frag-
ment as well, resulting in a ligand-stabilised boride with a
formal negative oxidation state of the central boron atom.
While such boron-based ligand types are unprecedented so
far, trinuclear metalla boride complexes (VI and VII in Fig. 1c)
were reported by the group of Braunschweig.’>** Also, larger
metal boride clusters are known.>**’ In this study, we report
our efforts towards the deprotonation of coordinated ligand-
stabilised borylenes.

In a previous report we found for iridium complexes that
complexes of type V, with [M] being an Ir'"(Cl)(CO)(H)-frag-
ment, do not get straightforwardly deprotonated at the central
boron-based donor group.®* Alternative suitable ligands and
metal centres, potentially capable of hosting a ligand stabil-
ised boride, were evaluated by calculation of proton affinities
of different deprotonated species using density functional
theory (DFT). With respect to the calculated proton affinity
(PA) of the hypothetically deprotonated iridium species with a
(R3P),B-ligand (1257 kJ mol™"),*" it was reasoned that a cat-
ionic complex with a metal centre in a low oxidation state and
a m-accepting ligand in trans-position to the targeted boron-
based ligand, as well as a more suitable set of stabilising
ligands, would lead to a significantly reduced PA. We therefore
targeted the corresponding rhodium(r) complexes with a
square planar environment, a m-accepting carbonyl ligand in
trans-position to the central donor group and an overall posi-
tive charge. For the established ligand system in V, the PA of
the L,B-species was too high (1230 kJ mol™") with respect to
the undesired deprotonation at the methylene group of the
(Ph,P),CH, ‘arm’ (1171 kJ mol™*) in rhodium(i) carbonyl com-
plexes. An increased capability for m-acceptance in the analo-
gous arsenic-based ligand with (Ph,As),CH, ‘arms’ gave
similar results and ‘arm’ deprotonation is more facile. We
therefore turned to carbene substituents, which are capable of
stabilising  uncoordinated  borylene  species  L,BH.'?
N-heterocyclic (NHC) as well as cyclic alkyl amino carbene
(CAAC) substituents decorated with PPh,-groups resulted in
lower PA values of the L,B-anionic species of 1167 kJ mol ™"
(NHC) and 1128 kJ mol™" (CAAC). An even lower PA value of
1123 kJ mol™" was calculated for stabilising pyridine groups.
Considering the accessibility of pyridine-stabilised boronium
precursors and the strength of the B-N-bond, the corres-

View Article Online

Dalton Transactions

ponding rhodium complexes were therefore targeted for
synthesis.

Analogous to the previously reported procedure for the
preparation of phosphine-stabilised boronium salts of the type
[(dppm),BH,]" (dppm = 1,1-bis(diphenylphosphinomethane))*®
we utilised pyridyldiphenylphosphane (PyPPh,) instead of
dppm under similar conditions. The resulting boronium salt
[(PyPPh,),BH,|Br (1-Br) was further subjected to a counter ion
exchange by addition of KPF, to the reaction mixture, yielding
1-PF¢ (Fig. 2). This adjustment mitigates the issue of having
multiple halide ions from different reactants in the reaction
solution, which can lead to an undesired scrambling of these
ions in the resulting complexes. Compared to PyPPh,, the elec-
tronic environment of the phosphorus nuclei in
[(PyPPh,),BH,]" (1) exhibits only a minor change indicated by
similar chemical shifts in the *'P{"H} NMR spectrum (—4.9 vs.
—7.1 ppm). A broadened resonance at —1.9 ppm in the 'B{'H}
NMR spectrum is consistent with the boronium salt stabilised
by two pyridine groups (2.1 ppm).*® The "H NMR spectrum of
1 displays all resonances associated with pyridyl and phenyl
rings as well as broadened two proton resonance for the
boron-bound hydrogen atoms. The structural identity of 1-X
was also confirmed by single-crystal X-ray diffraction.?”

The reaction of 1 with [RhCI(CO),], yields a mixture of pro-
ducts. With 1,4-diazabicyclo[2.2.2]octane (DABCO) as an auxiliary
base, the complex [(HB{PPh,Py},)Rh(CO),|PF; (2) is obtained as
the predominant product, as indicated by the *'P{'"H} NMR spec-
troscopy. Specifically, in addition to the typical septet associated
with the PF,~ counterion, only a doublet at 49.7 ppm is observed.
This indicates that both phosphorus atoms are chemically equi-
valent and are coupling to the rhodium with a coupling constant
of YJprn = 163.8 Hz, which is typical for rhodium(i) complexes.*®
A broad signal at 17.0 ppm is observed in the "'B{*"H} NMR spec-
trum. The "H NMR spectrum shows resonances of both, phenyl
and pyridyl protons. The shift of the boron-bound proton at
5.11 ppm is broadened with a peak integration corresponding to
one proton, indicating that the boronium species was deproto-
nated during the reaction, which is consistent with previously
published syntheses.””?®3%3!  Single-crystal X-ray diffraction
reveals a trigonal bipyramidal coordination geometry of the
rhodium centre in 2 with a tri-dentate PBP-type ligand and two
carbonyl ligands (z5 = 0.85).>° The central boron atom exhibits a
tetrahedral environment with a sum of angles between the sub-
stituents close to 300°.
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Fig. 2 Oxidative addition of the pyridine-stabilised boronium salt 1, resulting in the formation of complex 2, which can be deprotonated with

LiN(SiMe3).
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Utilisation of methyllithium as a base for the deprotonation
of 2 results in an unselective reaction and the formation of
numerous products is indicated by the *'P{'"H} NMR spectrum
of the reaction mixture. In situ high-resolution mass spec-
trometry (HR-MS) suggests that methylation takes place, rather
than deprotonation with MeLi. In accordance with reactions
known from the literature, this could have taken place in the
a-position of the pyridines.***?

With LiN(SiMe;), or KO¢Bu as the base, a new complex (3)
selectively formed and was isolated via crystallisation. Single-
crystal X-ray diffraction reveals distinct differences with respect
to complex 2: a new C-C-bond is formed between the two
N-heterocycles at positions « and o with a length of 1.533 A,
which is a typical distance for a C-C single bond. One of the
rings, along with its adjacent atoms, remains a planar pyridine
moiety with a new C-C-instead of a C-H-bond, indicating a
deprotonation at this position during the reaction. The C-C-
bond distances of 1.379-1.393 A are consistent with those
observed for the pyridyl groups in 2 (1.363-1.391 A). In the
second ring, the planar structure of the former pyridine
moiety is disturbed. Only four carbon atoms are located in a
slightly distorted plane, resulting in a butadiene-like system.
This is supported by the ene-bond distances (1.333-1.350 A),
which are showing the only n-conjugation in this heterocycle.
Compared to the pyridine system in 2, the other C-C-bonds in
the cycle are elongated (1.449-1.501 A); this also applies for
the C-N-bonds (1.388-1.485 A). The carbon at the a-position is
tetrahedrally bound as a result of the newly formed C-C-bond.
The neighbouring nitrogen atom is pyramidalised, indicating
the presence of a non-coordinating lone pair. The corres-
ponding B-N-bond is shortened (1.543 A) compared to the
donating pyridyl groups in 2 (1.613-1.628 A) as well as the
bond formed by the planar pyridyl group in 3 (1.609 A). As the
ligand in 3 is formed by deprotonation and is formally
anionic, the non-planar, de-aromatised structure of the second
N-heterocycle indicates the formation of an anionic amido
substituent. These findings are in line with an overall anionic
ligand- or base-stabilised boryl ligand in 3 that has been
formed upon deprotonation. A spectrum of higher order is
observed by *'P{'H} NMR spectroscopy, implying that the
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phosphorus atoms are no longer chemically equivalent. In the
'H NMR spectrum, the peak integrals for the aromatic reso-
nances of the pyridyl group are consistent with three protons
in the remaining pyridine ring. The four resonances between
4.69 and 6.14 ppm, each with a peak integral corresponding to
one proton, point to the de-aromatised N-heterocycle, the
former pyridine group in 2. Notably, the proton in a-position
to the nitrogen atom gives rise to a chemical shift of 5.22 ppm,
which is an unusually low field shift for an aliphatic proton.
This can be attributed to the delocalised n-systems of the adja-
cent carbon and nitrogen atoms. A resonance for the boron-
bound hydrogen atom is observed at 4.51 ppm in the "H NMR
spectrum and the 'B{'"H} NMR spectrum of 3 exhibits a reso-
nance at 13.3 ppm.

The C-C-bond formation between two coordinated pyridyl
groups has already been reported in the coordination sphere
of thenium.”*** In these cases, the deprotonation and bond
formation lead to unstable products, which are only isolatable
after oxidative re-aromatisation or protonation in the case of
steric hindrance. The observation of this reaction in the
coordination sphere of the main group element boron under-
lines the ability of reduced boron species to mimic the reactiv-
ity of transition metals, such as the recently reported activation
of N,.*°

Complex 3 turns out to be surprisingly stable and attempts
to abstract dihydrogen using common hydrogen acceptors like
FLPs (frustrated Lewis pair) and acetylenes showed no reac-
tion. This is particularly notable, as restoring the aromaticity
of the heterocycle is typically a strong driving force in similar
systems.*>** As the elimination of dihydrogen is thermo-
dynamically feasible, according to our DFT calculations, the
observed stability appears to originate from a Kkinetic
stabilisation.

Comparing 2 and 3, the similarity in their structures is
striking. Single-crystal X-ray diffraction reveals that the distor-
tion in the ligand backbone, caused by C-C-bond formation,
has only a minor effect on the overall geometric arrangement
(Fig. 3). In both cases, the boron species exhibits a tetrahedral
arrangement. Remarkably, the metal centres show only slight
differences in their geometric arrangement, as the positions of

Fig. 3 Molecular structure of 2 (left) and 3 (middle) and a previous work by Conifer 4 (right) measured by X-ray single crystal diffraction in the solid
state. Phenyl rings are reduced to their frame, and solvents from crystallisation and counter ions are omitted for clarity.

This journal is © The Royal Society of Chemistry 2025
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all ligands remain largely unchanged. Both complexes display
a trigonal bipyramidal arrangement, with P-Rh-P angles of
114.06° in 2 and 124.12° in 3, which are close to the ideal tri-
gonal angle of 120°. The geometry index*® z of 0.85 for 2 and
0.80 for 3 supports this observation. The geometric arrange-
ment at the boron and rhodium centres indicates that neither
2 nor 3 exhibits characteristics of a Z-type complex, where
rhodium would donate electron density to the boron.*® To
illustrate this contrast, a similar complex [Rh(CO),(BPP)]|SbF,
(BPP = PhB(C¢H,4PPh,),) (4) with a related Z-type boron-based
ligand, reported by Conifer,”” is used for comparison to ident-
ify potential differences between the ligand types (Table 1).
Like complexes 2 and 3, complex 4 is a PBP-type rhodium(i)
pincer complex with two additional carbonyl ligands, however
with the boron covalently bonded to three carbon atoms,
making it a borane species. The geometrical arrangement of
the borane-based ligand is trigonal planar, with rhodium verti-
cally donating electron density to a vacant p-orbital at the
boron atom. This results in a square pyramidal arrangement at
the central rhodium atom with the borane at the apex (r =
0.03), consistent with an occupied d,. orbital of the rhodium
that forms the dative bond to the borane. Comparison of these
(PBP)Rh(CO), complexes (2-4) clearly shows that with L- and
X-type ligands, a trigonal bipyramidal arrangement is more
favourable, whereas the Z-type ligand gives rise to square pyra-
midal coordination geometry. The L-type ligand in 2 gives rise
to the shortest Rh-B-bond (2.198(5) A), which is in the range
of typical borylene metal bonds (2.115-2.342 A),>*27731:48:49 fg].
lowed by a slightly longer Rh-B-bond in 3 (2.229(2) A), whereas
the Rh-B-bond to the Z-type ligand in 4 is significantly longer
at 2.449(3) A°°® The different nature of the boron-based
ligands 2-4 is also reflected in a different degree of pyramidali-
sation of the central boron atom, which can be measured by
the sum of the angles between the organic substituents. In
line with a rather weak interaction and a long bond distance,
the Z-type ligand in 4 exhibits an almost trigonal planar
environment (Y ag = 351.7°), whereas the L- and X-type ligands
in 2 and 3 contain strongly pyramidalised boron atoms with
> ag below 300°.

"B{"H} NMR spectroscopy reveals a trend for the chemical
shifts for the coordinated boron-based ligands decreasing
from the L-type (17.0 ppm) to the X-type (13.3 ppm) and the

Table 1 Comparison of selected properties of L-, X- and Z-type boron-
based ligands rhodium complexes of the type [(PBP)Rh(CO),]”

Complex 2 3 4

Ligand type L X Z

drn_s/A 2.198(5) 2.229(2) 2.449(3)
drp p/A 2.285(1), 2.267(1)  2.305(1), 2.296(1)  2.312(1), 2.360(1)
Yag/© 298.6 296.5 351.7

T5 0.85 0.80 0.03
Ss/ppm 17.0 13.3 0.5
Sp/ppm 49.9 59.8 35.5
Yrnp/Hz 163.8 — 119.3

7 (CO)fem™ 2018, 1956 1986, 1934 2123, 2096
gs (NBO) 0.43 0.46 0.89
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Z-type (—0.5 ppm). The value of the “Jppp coupling constant is
sensitive to the s-orbital’s contribution to the Rh-P-bond and
provides information about formal oxidation states.>’®' The
value of 163.8 Hz in 2 is consistent with a rhodium(r) complex,
but the coupling constant in 4 is between the typical values for
rhodium(r) and rhodium(i).

Further insights into the bond situation in 2-4 were
obtained by quantum chemical investigations, using density
functional theory on the B97D3/def2-TZVPP level of theory.
Partial charges obtained by natural population analysis (NPA)
were calculated to be similar for the neutral ligand in 2 (gg =
0.43) and the anionic ligand in 3 (gp = 0.46), but a more posi-
tive value is obtained for the Z-type ligand in 4 (gg = 0.86). The
bonding situation was further analysed by the quantum theory
of atoms in molecules (QTAIM). Fig. 4 shows the Laplacian dis-
tribution of the electron density of the Rh-B-N/C-plane in 2-4.
It becomes evident that both the L- and the X-type ligands
show a charge accumulation located before the bond critical
point of the Rh-B-bond, clearly indicating the electron-donat-
ing nature of the boron-based ligands in both complexes. In
contrast, no charge accumulation is observed at the boron
atom for the Z-type ligand in 4. In addition, a curved bond
path was found, suggesting a comparably weak interaction
between rhodium and boron in 4. Overall, the trends observed
for rhodium complexes 2-4 reproduce well the findings in pre-
viously investigated palladium complexes and clearly show
differences between the ligand types according to the covalent
bond classification.”® The similarity of the charge distribution
in 2 and 3 is also underlined by cyclic voltammetry measure-
ments, where the oxidation potentials vs. Fc/Fe' of 2 (+0.16 V)
and 3 (+0.21 V) are quite alike.

Despite the low PA-value of the targeted ligand with pyri-
dine substituents no deprotonation of the Py,BH-ligand could
be observed. To understand the reasons for the observed
selectivity, we calculated potential pathways for the deprotona-
tion of 2 by the N(SiMe;),-anion, using density functional
theory (DFT) at the B97D3/def2-TZVP level of theory (Fig. 5).
Ion pair formation from 2 and [N(SiMe;),|” in dichloro-

(@

Fig. 4 Laplacian distribution of the electron density in 2 (L-type), 3
(X-type) and 4 (L-type).

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 Calculated possible pathways for the deprotonation of 2. Left: The deprotonation at the boron leads to a boride species 5 via HN(SiMe3),-
stabilised intermediate 5a. Right: The deprotonation at position 6 at the pyridine ring results in HN(SiMe3z),-stabilised intermediate 3a, followed by
dissociation and C—~C-bond formation leading to 3 (AG values are given in kJ mol™).

methane (DCM) was calculated to be only slightly exergonic by
—1.6 k] mol ™. Starting from this ion pair, two potential pathways
for deprotonation were explored, one leading to a deprotonated
boron species (5a) and the other to a deprotonated pyridine
species (3a) as well as HN(SiMe3), in close proximity, respectively.
Our calculations show that deprotonation of the Py,BH-group in
2 and formation of 5a is thermodynamically preferred with a rela-
tive Gibbs free energy of AG = —47.9 k] mol™", whereas the
deprotonation in 6-position of one of the pyridine rings in 2 is
even slightly endergonic (AG. = —2.0 k] mol™). However,
although the barrier for BH-deprotonation in 2 via TS,s, is not
very high (AGfel = 48.1 k] mol™"), the barrier for pyridine ring
deprotonation via TS,/3, is significantly lower (AGfel =125 K
mol ™), showing a kinetic preference for pyridine ring deprotona-
tion. Overall, the calculated differences in Gibbs energy and reac-
tion barriers for the proton transfer via HN(SiMej;), are compar-
ably low, suggesting the possibility for a tautomeric equilibrium
between a ligand-stabilised boride ligand in 5a and a pyridyl-/pyr-
idinyl-stabilised boryl ligand in 3a.

The HN(SiMej;),-dissociation from 5a proceeds with a low
barrier of AGfel = 14.8 k] mol™" via TSs,5 with respect to 5a,
leading to 5. The dissociation of HN(SiMej;), from 3a via TSza/3
exhibits a higher barrier of AGfel = 34.9 k] mol™" and initiates
the formation of the C-C-bond between the pyridine rings in
3. The calculated difference in Gibbs energy of the two depro-
tonation products 3 and 5 is very small with AAG = 2.7 kJ
mol ™', suggesting that the formation of pyridine-stabilised
boride ligands should in principle be facile. However, in the

This journal is © The Royal Society of Chemistry 2025

current reported case the desired B-H deprotonation is kineti-
cally not favourable.

To obtain further insights into the deprotonation of 2, we
investigated the formation of 3 as a function of temperature
using in situ UV/vis spectroscopy. Solutions of 2 and LiHMDS
were mixed at —40 °C and allowed to warm up.?>” From —10 °C
onwards, the spectra began to change from the initial state. By
plotting the deviation from the starting spectrum, these plots
are proportional to the difference between the spectra of 2 and
3. This indicates that no intermediate species with significant
absorbance in the measured range is present, which would
otherwise affect this correlation. In comparison with other tau-
tomeric equilibria, such as the keto-enol-tautomerism, the
reaction barriers between 3a and 5a are small and the initial
deprotonation product 5a is even thermodynamically more
stable than 3a. Although in most cases the enol form is
thermodynamically less stable with respect to the keto form, it
is important for the reactivity of carbonyl compounds in
general. For this reason, a boride-based reactivity might be
possible for the ligand system reported herein as well.

Conclusions

In conclusion, a rationale for the stabilisation of donor-stabil-
ised boride (L,B") as a ligand was presented and pyridine was
identified as the preferential stabilising donor. The syn-
thesised electron-rich borylene complex 2 with two stabilising
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pyridine moieties can form two tautomeric products, 3a and
5a, upon deprotonation. Quantum chemical investigations
revealed that the irreversible formation of a remote C-C-bond
between the two pyridine substituents in 3 is kinetically
favoured. The possibility for the presence of a tautomerism
involving boron species has never been reported and the reac-
tivity observed for these species is unprecedented.
Furthermore, the comparison of different properties of the
obtained ligand types in the context of the covalent bond
classification revealed distinct differences between c-accepting
(z-type) and o-donating (L- and X-type) boron-based ligands.
Our study prompts us to make further ligand adjustments in
order to hamper pyridine deprotonation and drive the reaction
toward boride formation.
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