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Metal borohydride complexes have long been the subject of intense fundamental interest because of their

unconventional metal–ligand bonding that occurs via three-center, two-electron M–H–B bonds. This type

of bonding implies significant delocalization of electron density over all three atoms, but the degree of

orbital mixing between the metal and boron has been difficult to assess by direct experimental means.

Herein, we demonstrate how ligand K-edge X-ray absorption spectroscopy (XAS) conducted at the B K-

edge yields evidence of significant covalent M–H–B bonding with Zr and Hf. To accommodate the B K-

edge XAS studies, which were conducted under ultra-high vacuum (<10−8 torr), we prepared a series of

new [Zr(RBH3)4] and [Hf(RBH3)4] complexes with substituents that attenuate volatility (R = benzyl, phenyl,

mesityl, 2,4,6-triisopropylphenyl, and anthryl). 1H and 11B NMR spectroscopy, IR spectroscopy, and

single-crystal X-ray diffraction (XRD) studies revealed metal and ligand dependent differences in the BH3

chemical shifts that correlate to changes in M−B distances and select B–H vibrational stretching modes.

The B K-edge XAS spectra of the Zr and Hf complexes yielded a pre-edge feature that was assigned as B

1s / M–H–B p* based on comparison to time-dependent density functional theory (TDDFT)

calculations. The pre-edge transitions appear due to covalent mixing between boron and the metal,

thereby demonstrating how B K-edge XAS can provide direct evidence of covalent three-center, two

electron M–H–B bonding in borohydride complexes using boron as a spectroscopic reporter.
Introduction

[M(BH4)4] complexes with M = Zr and Hf have inner coordi-
nation spheres comprised exclusively of M–H–B bonds and
remarkable properties such as high volatility and solubility in
non-polar solvents.1–5 These properties are similar to those
observed with simple covalent molecules encountered in
organic and main-group chemistry, which prompted Marks and
Kolb to refer to these and related d- and f-block complexes as
‘covalent’ in their seminal review of the eld in 1977.6 Though
they were not explicitly referring to the nature of the metal–
ligand bonds, group theory assessments at the time revealed the
likelihood of signicant orbital mixing (i.e. covalency)7 between
the metal, hydrogen, and boron orbitals. The M–H–B bonds in
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these complexes are oen described as three-center, two-
electron (3c–2e) bonds to emphasize how electron delocaliza-
tion between boron and the metal is oen facilitated by the
bridging H atoms.8 A more rened assessment of this bonding
is afforded by molecular orbital theory, which accounts for how
electron density can be delocalized over more than three atoms
in accordance with the inherent point group symmetry of the
complex.9,10

Most of the experimental electronic structure assessments in
d- and f-block borohydride complexes to date have relied on UV-
vis-NIR,11–16 electron paramagnetic resonance (EPR),12–14,17

NMR,18,19 and photoelectron spectroscopy (PES)
measurements.20–23 PES has provided the most orbital specic
information about metal–borohydride bonding as this tech-
nique quanties orbital energies by ionizing electrons in
occupied molecular orbitals. Moreover, evidence of covalency
can be inferred based on branching ratios and changes in
occupied MO energies, especially via comparison to electronic
structure calculations.21

An alternative spectroscopic method that could provide
a more direct experimental measure of covalency in metal–
borohydride bonds is ligand K-edge X-ray absorption spectros-
copy (XAS).24,25 Ligand K-edge XAS uses synchrotron generated
Chem. Sci., 2025, 16, 22333–22347 | 22333
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light to excite core 1s electrons localized on the ligand atom
bound to the metal. Because the orbital selection rule permits
1s/ np transitions (Dl=±1), transitions to unlled or partially
lled molecular orbitals (MOs) containing metal d- or f-
character are permitted if ligand np character is also present.
Most importantly, the transition intensity is governed by the
extent of ligand np character mixing in the wavefunction of the
associated orbitals, thereby providing a spectroscopic handle to
quantify variations in metal–ligand covalency. These transitions
typically appear as pre-edge features in the X-ray absorption
near edge structure (XANES; also called NEXAFS) region of the
XAS spectrum.

Ligand K-edge XAS has been used successfully to quantify
metal–ligand covalency in metal complexes containing a wide
range of ligand donors, but to our knowledge, it has never been
used to assess covalent bonding with transition metal borohy-
dride complexes. B K-edge XAS and related methods like B K-
edge X-ray Raman spectroscopy (XRS) and energy electron loss
spectroscopy (EELS) has been used to investigate alkali and
alkaline earth metal borohydrides.26–31 Aside from borohy-
drides, the only B K-edge data reported on molecular transition
metal complexes appears to be XAS and inner-shell electron
energy loss spectroscopy (ISEELS) results described for Ni and
Fe dicarbollide complexes.32

There are several reasons that likely account for the dearth of
B K-edge XAS spectra for metal–borohydride complexes. The
rst reason is that most of these complexes are very air sensi-
tive, making them difficult to handle at synchrotron facilities
where XAS measurements are made. [Zr(BH4)4] and [Hf(BH4)4],
for example, are especially pyrophoric and ename in air. The
second reason has to do with the energy of the B K-edge (ca. 188
eV). At this energy, any gas or material that could be used to
protect the sample would effectively block the beam. This is why
B K-edge XAS measurements are carried out in ultra-high
vacuum chambers (<10−8 torr) on exposed samples. This limi-
tation creates another problem: the ultra-high vacuum envi-
ronment required for B K-edge XAS data collection precludes
the use of volatile metal borohydride complexes like [Zr(BH4)4]
and [Hf(BH4)4], which have vapor pressures of 15 torr at 25 °C.1

Here we describe our initial efforts to overcome these issues
and collect B K-edge XAS data on homoleptic Zr and Hf boro-
hydride complexes. To address the need for non-volatile
complexes, as required to collect data on solid samples in
Fig. 1 General synthesis and structures of Zr and Hf trihydroborates
investigated in this work.

22334 | Chem. Sci., 2025, 16, 22333–22347
ultra-high vacuum, we rst report a series of homoleptic Zr and
Hf complexes with trihydroborate ligands containing large
benzyl and aryl substituents with intermolecular forces needed
to adequately suppress volatility (Fig. 1). We then describe B K-
edge XAS and time-dependent density functional theory
(TDDFT) analysis of these complexes. The results demonstrate
how boron can be used as a spectroscopic reporter of covalent
three-center, two-electron M–H–B bonding using ligand K-edge
XAS. This is notable given that ligand K-edge XAS has been used
almost exclusively to study complexes where the absorbing
ligand atom is coordinated directly to the metal.
Results and discussion
Synthesis and characterization

The benzyl and aryl boron substituents shown in Fig. 1 were
targeted to attenuate the volatility of Zr and Hf complexes for
subsequent XAS studies. The trihydroborate starting materials
Li(RBH3) with R = phenyl (Ph),33 mesityl (Mes),34 2,4,6-tri-
isopropylphenyl (Trip),35 and anthryl (Anth)36 have been re-
ported previously, and they were synthesized by reduction of the
corresponding boronic acid with LiAlH4 in Et2O. The related
mixed salt Li/K(BnBH3) (Bn = benzyl) was synthesized by
reducing K(BnBF3) with LiAlH4 using the method described by
Bateman and coworkers.37 The 11B NMR spectra of the tri-
hydroborate salts revealed diagnostic quartets with chemical
shis ranging between dB −26.4 and−32.5 ppm consistent with
their literature values.33–38 The salts were evaporated to dryness
and le under dynamic vacuum for extended periods before
use, sometimes with heating. We note that they retain small
amounts of etherates used in their preparation (Et2O or thf), but
they are not denoted explicitly in the formulas shown
throughout.

With the ligand salts in hand, [M(RBH3)4] complexes with M
= Zr or Hf were prepared by mixing MCl4 with four equivalents
of the corresponding ligand salt in pentane (Fig. 1). The
complexes were isolated as single crystals by cooling concen-
trated pentane solutions or vapor diffusion of concentrated
Fig. 2 Molecular structure of [Zr(PhBH3)4]. Ellipsoids are drawn at the
35% probability level. Hydrogen atoms on carbon are omitted from the
figure.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Molecular structure of [Hf(AnthBH3)4]. Ellipsoids are drawn at
the 35% probability level. Hydrogen atoms on carbon and co-crys-
tallized toluene are omitted from the figure.
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toluene solutions with pentane. The complexes did not exhibit
any appreciable volatility when sublimation was attempted up
to 100 °C at 10−2 torr. Related group 4 complexes were not
pursued with titanium because Ti4+ is known to be unstable
with respect to reduction to Ti3+ in the presence of borohydride
ligands.39,40

Single-crystal X-ray diffraction (XRD) studies revealed the
expected tetrahedral coordination geometries based on the
arrangement of the boron atoms around the metal (represen-
tative structures shown in Fig. 2 and 3). Metal–ligand bond
distances from XRD are oen used as a rst assessment of
bonding and electronic structure changes in coordination
complexes, but this can be a challenge with borohydride
ligands. As is the case here, hydrides can sometimes be
observed in XRD difference maps, but the positions usually
suffer from high uncertainties due to the low X-ray scattering
cross-section of hydrogen. Other techniques like neutron
diffraction are oen required to identify hydrogen positions,
but even this can be challenging for borohydride complexes
given the high neutron absorption cross-section of 10B in
naturally occurring boron.41 These challenges highlight the
Table 1 Spectroscopic data for BH3 groups (NMR and IR) and M−B dis
obtained in C6D6 at 20 °C. The identity of the [M(RBH3)4] complexes are
boron

Complex

1H
shi (ppm)

11B
shi (ppm) B–

Zr-Ph 2.8 −2.1 21
Hf-Ph 3.5 −4.2 21
Zr-Bn 1.7 −0.4 21
Hf-Bn 2.4 −3.7 21
Zr-Mes 2.9 −1.6 21
Hf-Mes 3.7 −3.7 21
Zr-Trip 3.4 −0.8 21
Hf-Trip 4.2 −3.3 21
Zr-Anth 4.1 −0.4 21
Hf-Anth 4.9 −2.9 21

a ESD's denote the standard deviation of the averaged M−B distances. b C

© 2025 The Author(s). Published by the Royal Society of Chemistry
need for developing new spectroscopic approaches like B K-
edge XAS to interrogate metal–borohydride bonding. This is
also why M−B distances obtained from XRD continue to be the
most useful structural assessment of bonding differences in
metal borohydride complexes.

The M–B bond distances and modeled hydrogen positions
(xed with B–H = 1.20 Å; see experimental details) were
consistent with the expected 12-coordinate structures with
tridentate-bound ligands. The average M−B distances of
[Zr(PhBH3)4] and [Hf(PhBH3)4] were 2.325(5) Å and 2.295(7) Å,
respectively (Table 1), similar to other Zr and Hf complexes with
k3 trihydroborates.42–44 For comparison, Zr–B distances in
[Cp2Zr(PhBH3)2] with equivalent k2-bound PhBH3

1− were
signicantly longer at 2.628(6) Å.45 To quantify the coordination
geometry of these complexes, the four-coordinate geometry
index (s4) was employed.46 The s4 values for all the structures
ranged from 0.96 to 0.99, indicating only small deviations from
rigorously tetrahedral coordination geometry (s4 = 1) based on
boron positioning.

1H and 11B NMR data collected for the [M(RBH3)4] complexes
in C6D6 corroborated the formulations and revealed differences
in chemical shis that can be attributed to metal and boron
substituent identity (Table 1). The 1H NMR resonances assigned
to the BH3 groups appear as a broad feature in each spectrum
with shis ranging from dH 1.7 ppm for [Zr(BnBH3)4] to dH

4.9 ppm for [Hf(AnthBH3)4]. The 11B NMR spectra similarly
revealed a single broad resonance with shis ranging from dB

−4.2 ppm for [Hf(PhBH3)4] to dB −0.4 ppm for [Zr(BnBH3)4] and
[Zr(AnthBH3)4].

Plotting the BH3 chemical shis for the [Zr(RBH3)4]
complexes with R = aryl revealed a clear stepwise shi down-
eld for both the 1H and 11B resonances in accordance with the
increasing sterics of Ph to Mes to Trip to Anth (Fig. 4a). The BH3

resonances for the [Hf(RBH3)4] complexes with the same aryl
substituents show an identical trend, albeit with points shied
down and to the right on the plot due to the change in metal
identity. The 1H NMR resonances for the [Hf(RBH3)4] complexes
are shied more downeld compared to their Zr analogs,
whereas the 11B NMR resonances are shied more upeld.
tances and s4 values from single-crystal XRD studies. NMR data were
abbreviated as M–R where M = metal and R = substituent attached to

H stretch (cm−1) Avg. M−B distance (Å)a s4
46

34, 2075 2.325(5) 0.99
46, 2086 2.295(7) 0.98
29, 2077 2.327(3) 0.99
36, 2087 2.309(7) 0.99
45, 2036 b *

43, 2055 b *

44, 2034 b *

53, 2044 2.313(8) 0.97
50, 2092 2.328(11) 0.96
68, 2090 2.311(9) 0.98

rystals obtained were not of sufficient quality for XRD analysis.

Chem. Sci., 2025, 16, 22333–22347 | 22335
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Fig. 4 Spectroscopic comparisons for [M(RBH3)4] complexes with M = Zr (blue circles) or Hf (red squares). (a) Comparison of 1H and 11B NMR
shifts assigned to BH3 resonances in C6D6 at RT. The dashed lines are shown to emphasize the trends between the data points for complexes
with different aryl substituents. (b) Comparison of 11B NMR shifts to M−B distances from single-crystal XRD studies. Error bars denote the
standard deviation of the average M−B distances. (c) Comparison of the higher energy B–H stretches obtained from the IR spectra to 1H NMR
shifts for the BH3 resonances. The black dashed line in panels (b) and (c) is the linear fit to all data points shown.
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Perhaps unsurprisingly, the chemical shis for the complexes
with R= benzyl (an alkyl) deviate signicantly from those with R
= aryl, but the inuence of metal identity is maintained with the
data point for [Hf(BnBH3)4] again trending down and to the
right in the plot relative to [Zr(BnBH3)4]. Incidentally, these
metal dependent trends in the 1H and 11B NMR data follow
those reported for [Zr(BH4)4] (dH= 1.5 ppm; dB=−8.2 ppm) and
[Hf(BH4)4] (dH = 2.7 ppm; dB = −11.3 ppm).47

Given the apparent steric inuence of the R substituents on
the NMR data, we postulated that the 11B NMR shis would
likely correlate to structural data obtained from the single-
crystal XRD studies. Indeed, plots of the 11B NMR shis to
average M−B distances reveal a good correlation with R2 = 0.83
(Fig. 4b). Unfortunately, a similar comparison could not be
made with the hydrides due to the above-mentioned challenges
effectively modeling hydrogen positions using single-crystal
XRD. The average M−H distances for all the complexes were
effectively identical at 2.2(1) Å aer accounting for the relatively
high standard deviation and uncertainties. However, we
reasoned that the 1H NMR data may correlate to another
hydride reporter, namely B–H stretches obtained from IR
spectra. The IR spectra of the Zr and Hf complexes yield two
absorptions assigned to B–H stretching around 2100 cm−1

(Table 1). In the Td point group, these would be assigned as IR-
allowed absorptions of T2 symmetry,48–50 but the point group
symmetry is lower and better approximated as S4 (see group
theory analysis below). Collectively, the IR absorptions are
consistent with the bridging B–H stretching modes and k3

coordination of the trihydroborate ligands. For comparison, the
B–H stretching frequencies reported previously for
[Zr(MeBH3)4] were 2140 and 2080 cm−1.42

The higher energy B–H stretches from the IR spectra show
subtle metal and substituent-dependent differences that
correlate well when plotted against the 1H NMR shis (R2 =

0.87; Fig. 4c). Interestingly, the lower energy B–H stretching
absorptions showed no correlation when plotted the same way,
but there may be additional underlying vibrational modes or
overtones contributing to these absorptions. In this context, we
note that some of these IR features exhibited shoulders and
were less resolved than others.
22336 | Chem. Sci., 2025, 16, 22333–22347
The correlation between B–H stretches and the 1H NMR
shis for the BH3 groups is perhaps unsurprising given that
both spectroscopic techniques are known to be inuenced by
changes in metal–ligand covalency. It is well understood that
ligand bonds such as B–H weaken and vibrate at lower
frequencies when they donate electron density to metals. It is
also known that NMR chemical shis are sensitive to changes in
metal–ligand covalency.51 The correlation in Fig. 4c suggests
that upeld 1H shis like that observed for [Zr(BnBH3)4] are
indicative of increased covalent M–H–B bonds and downeld
shis correspond to those that are less covalent. If true, these
data would suggest that Zr–H–B bonds are generally more
covalent than those with Hf when the identity of the substituent
attached to boron is the same. Interestingly, this assessment is
consistent with prior quasi-relativistic Xa-SW calculations
comparing [Zr(BH4)4] and [Hf(BH4)4], which suggested that
metal–ligand bonding is more ionic in the Hf complex.52
B K-edge XAS studies

B K-edge XAS experiments were conducted on the Zr and Hf
complexes, as well as some of their lithium salts, to investigate
the presence of covalent M–H–B bonding. The XAS experiments
were performed at the Canadian Light Source using the Variable
Line Spacing Plane Grating Monochromator (VLS-PGM)
beamline.53

Given the notoriously high air and water sensitivity of tran-
sition metal borohydride complexes, initial efforts were aimed
at optimizing the sample preparation and loading to ensure
that sample hydrolysis was minimized. XAS samples of the
borohydride complexes were prepared in an Ar-lled glovebox
using equipment dried in a muffle furnace at 150 °C (see
experimental section) and loaded using an Ar purge box
attached to the sample chamber. Upon loading, the samples
were immediately evacuated to ∼10−6 torr before being trans-
ported under vacuum using actuating arms to the main sample
chamber for measurement at 10−8–10−10 torr. Features
assigned to hydrolysis were determined by measuring samples
that were allowed to sit in air for 20–30 min. The hydrolyzed
samples revealed no B K-edge transitions below 192 eV where
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Representative comparison of the B K-edge XAS spectra for
a sample of [Zr(BnBH3)4] before (solid red) and after (dashed blue)
exposure to air.
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pre-edge features associated with M–H–B bonding are observed
(Fig. 5). The hydrolyzed samples instead revealed two prom-
inent features at higher energy consistent with B–O bond con-
taining species.54–56

Aside from hydrolysis, another challenge that became
apparent in our initial data collection efforts was beam-induced
photodecomposition. This was evident with visual charring of
the sample even aer relatively short scans, though changes in
the spectra due to photodecomposition were relatively subtle
and too fast to be observed unless beam exposure was limited
when collecting data on the same spot. Similar issues associ-
ated with photo-induced decomposition features were also
observed by us previously for B K-edge XAS spectra collected on
the bis(dicarbollide) complex [Ni(C2B9H11)2].32

To characterize the ingrowth of photodecomposition
features, multiple scans were collected for each complex at the
same sample position. A representative example of these
spectra is shown in Fig. 6 for [Hf(AnthBH3)4], and spectra for all
the complexes investigated are provided in the SI. The rst scan
collected on [Hf(AnthBH3)4] (depicted in red in Fig. 6) revealed
a broad pre-edge feature centered at 190.3 eV and two higher
energy features at 192.3 and 193.9 eV. Aer the rst scan on
[Hf(AnthBH3)4], the intensity of the broad feature at 190.3 eV
begins to decrease stepwise and a new feature grows in at
189.3 eV, as determined by analysis of the second derivative
traces (see the SI). The identity of the decomposition products
Fig. 6 B K-edge XAS spectrum of [Hf(AnthBH3)4] as more fast scan
measurements are collected on a single sample spot.

© 2025 The Author(s). Published by the Royal Society of Chemistry
are unknown, but we note that the energies of these features are
similar to where absorptions have been observed in B K-edge
XAS studies of ZrB2, which appear at around 188 eV.57 The two
features beyond 192 eV could be associated with small amounts
of hydrolysis, which may account for why they appear relatively
unchanged from scan to scan. However, as we will show below
in the following sections, simulated spectra from TDDFT
calculations suggest features in this higher energy region,
indicating that they could be associated with the sample.

Collectively, our hydrolysis and photodecomposition studies
illustrate the signicant challenges collecting B K-edge XAS data
on homoleptic borohydride complexes. It is difficult to elimi-
nate these contributions completely from the spectra for all the
complexes described here given the facilities currently avail-
able. Spectra collected on the benzyl-substituted complexes
were too reactive to obtain reproducible data when moving
between different sample positions. The spectrum of
[Zr(BnBH3)4] provided in Fig. 5, for example, reveals signicant
photodecomposition even aer the rst scan. Similar problems
were encountered for the (TripBH3)

1− complexes. In a related
observation, it appears that the Zr complexes undergo photo-
decomposition faster than the Hf complexes, which is evident
in the Zr and Hf spectral comparisons shown in Fig. 7. Despite
these inherent challenges, reproducible spectra were success-
fully collected on the phenyl, mesityl, and anthryl-substituted
Fig. 7 B K-edge XAS spectra of [M(RBH3)4] complexes with M = Zr
(blue) and Hf (red) and comparison to their corresponding Li(RBH3)
salts (black). Labeled positions indicate peak maxima in the spectra or
peak positions identified by analysis of the second derivate traces
(Fig. S51–S53; SI).
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borohydride complexes. Some photodecomposition is still
observed despite minimizing beam exposure and moving the
sample position aer each scan, but the data clearly reveal
spectral features that can be attributed to covalent three-center,
two-electron M–H–B bonding.

B K-edge XAS data collected on the [M(RBH3)4] complexes
with M = Zr and Hf, as well as their Li(RBH3) salts with R = Ph,
Mes, Anth are provided in Fig. 7. Beginning with the phenyl-
trihydroborate complexes, the spectra of [Zr(PhBH3)4] and
[Hf(PhBH3)4] each revealed a broad pre-edge feature dened by
two minima in the second derivative traces. The peak positions
were located at 189.2 and 190.3 eV for M = Zr, and these were
shied to slightly higher energy at 189.3 and 190.5 eV for M =

Hf. Both spectra revealed two higher energy absorptions on top
of the rising edge around 192 and 194 eV. For comparison, the
spectrum for Li(PhBH3) revealed a single pre-edge feature at
189.4 eV followed by a broad and relatively unresolved rising
edge feature. We note that peak intensities vary, but the rela-
tively short post-edge (which was truncated to help minimize
photodecomposition) does not allow for normalization of the
spectra at the level required for careful intensity comparisons.

The spectra for the Li, Zr, and Hf complexes with R = Mes
and Anth are similar to those for R = Ph, albeit with subtle
differences in the peak positions (Fig. 7). In general, the pre-
edge features for the Hf complexes are blue shied compared
to the those with Zr. As observed previously,58–61 this is attrib-
uted to orbital mixing with the higher energy 5d orbitals of Hf as
compared to 4d orbitals with Zr. However, we note that the
position of the rst pre-edge feature in most of the spectra
appears close to the same position for the features attributed to
photodecomposition. Density functional theory (DFT) and time-
dependent density functional theory (TDDFT) calculations were
therefore carried out to help delineate between features asso-
ciated with the complexes and those attributed to decomposi-
tion. To help guide the discussion of the DFT results, it is
Fig. 8 (a) Occupied (PhBH3)
1− MOs in Cs point group symmetry conta

(PhBH3)
1− arranged as shown with S4 point group symmetry. The coe

correlation diagram for [Zr(PhBH3)4] in S4 point group symmetry startin
shown in blue were obtained from DFT calculations for Li(PhBH3) and [
orbitals in black are approximated.

22338 | Chem. Sci., 2025, 16, 22333–22347
instructive to rst introduce the relevant frontier orbitals
responsible for metal–ligand bonding using group theory.

Group theory analysis

We have selected (PhBH3)
1− and [Zr(PhBH3)4] as examples for

the following analysis, but the results from this approach are
generally representative of all the ligands and complexes
described in this study given their similar structures and point
group symmetries. Like the other trihydroborate anions,
(PhBH3)

1− possesses Cs point group symmetry, which can be
attributed to the phenyl substituent eliminating the C3 axis
more commonly encountered in traditional borohydrides like
(BH4)

1− and (MeBH3)
1−. A notable consequence of Cs symmetry

is that it dictates the coordinate system for (PhBH3)
1− and

orients the z-axis perpendicular to the shmirror plane, as shown
in Fig. 8a.

With regards to the MOs expected for (PhBH3)
1−, we will

limit our discussion to the occupied and donor-capable orbitals
containing boron and hydrogen. In Cs symmetry, there are three
occupied MOs of B 2p parentage that can be assigned as a0, a0,
and a00 (total: 2a0 + a00; Fig. 8a). The a0 MO assigned as B–C s

involves mixing between the B 2px and C 2p orbital on the
attached phenyl substituent. As our DFT calculations will show,
this MO lacks signicant electron density on the hydrogen
atoms and is thus relatively non-bonding when combined with
metals. In contrast, the remaining a0 and a00 MOs have signi-
cant electron density located on the hydrogen atoms. These
MOs are best described as B–H s, and they arise from the B 2pz
and B 2py orbitals mixing with the symmetry adapted linear
combinations (SALCs) of H 1s orbitals of corresponding
symmetry (Fig. 8a). Consistent with the increased electron
density at hydrogen, the two B–H s MOs are those primarily
responsible for M–H–B bonding with Zr and Hf.

We next consider the point group symmetry of [Zr(PhBH3)4]
and the corresponding arrangement of (PhBH3)

1− ligands
ining B 2p character and the corresponding SALCs derived from four
fficients indicate the total number of each Mulliken symbol. (b) MO
g from occupied (PhBH3)

1− MOs depicted in part a. The MO energies
Zr(PhBH3)4]. The energies of the twelve (PhBH3)

1− SALCs and Zr4+ 4d

© 2025 The Author(s). Published by the Royal Society of Chemistry
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around the metal. The point group of [Zr(PhBH3)4] is relatively
low when considering the experimental and DFT-optimized
structures, but it can be approximated as S4 based on the can-
ted arrangement of the phenyl substituents (Fig. 8a). Expanding
the three occupiedMOs identied for (PhBH3)

1− in Cs symmetry
to an S4 arrangement of four ligands yields 12 SALCs that reduce
to 3a + 3b + 3e (coefficients indicate the total number of each
Mulliken symbol). These SALCs are of appropriate symmetry to
mix with the ve Zr 4d orbitals, which have Mulliken symbols of
a (dz2), b (dx2−y2 and dxy), and e (degenerate dxz and dyz) in S4
symmetry. Five bonding and antibonding combinations are
expected to arise due to M–H–B orbital mixing. The remaining
SALCs, particularly those that derive from B–C s MOs on the
ligand, are expected to be relatively non-bonding with respect to
the metal. Collectively, the resulting MOs from group theory
yield the MO diagram shown in Fig. 8b, which indeed matches
that obtained from the DFT calculations described in the
following section.
Fig. 9 Left – quantitative ligand field splitting diagram for [Zr(PhBH3)4]
Mulliken symbols provided are used to assign MOs and associated d-or
breaks the degeneracy of those assigned as 1e. Right – Kohn–Sham plot
corresponding d-orbital parentage and MO labels. MOs were plotted us

Table 2 Energy and composition of calculated M–H–B p* MOs for
[Zr(PhBH3)4] and [Hf(PhBH3)4].

a

Assignmentb
Energy
(eV) Metal nd Metal np B 2p H 1 s

[Zr(PhBH3)4] 2b (dxy) −1.44 66% 2% 17% 10%
1e (dxz) −1.51 53% 3% 19% 10%
1a (dz2) −1.56 63% 1% 15% 7%
1e (dyz) −1.66 53% 2% 18% 9%
1b (dx2−y2) −1.70 54% 1% 17% 7%

[Hf(PhBH3)4] 2b (dxy) −0.73 62% 3% 19% 9%
1a (dz2) −0.84 56% 1% 14% 5%
1e (dxz) −1.06 39% 5% 21% 8%
1b (dx2−y2) −1.14 41% 3% 18% 6%
1e (dyz) −1.21 36% 4% 21% 8%

a Energies and composition for the M–H–B pMOs and relevant MOs for
the other complexes can be found in the SI. b MO assignments were
made assuming S4 point group symmetry.

© 2025 The Author(s). Published by the Royal Society of Chemistry
DFT calculations

Ground state density functional theory (DFT) calculations were
performed to quantify the energies and compositions of MOs
derived from group theory. The calculations were performed
using dispersion-corrected B3LYP62,63 with LANL08(f)64–66 and
double-z 6-31G(d,p)67 basis sets because we have shown that this
level of theory performs consistently well for modeling ligand K-
edge XAS spectra using time-dependent density functional
theory (TDDFT).68–79 The calculated bond distances and angles
were in good agreement with the experimental data obtained by
single-crystal XRD (Table S2; SI). The DFT optimized structures
allowed analysis of the hydride distances and angles, which
were less reliable from single-crystal XRD analysis due to the
low scattering cross-section of hydrogen. The average B–H
distances for each complex from theory were identical within
error, ranging from 1.247(8)–1.253(7) Å. The average M−H
distances were also similar for eachmetal with the Zr complexes
ranging from 2.10(2)–2.12(3) Å and the Hf complexes being
slightly shorter at 2.08(7)–2.09(2) Å due to the smaller radius of
Hf (Zr4+ = 0.59 Å and Hf4+ 0.58 Å; CN = 4).80

The DFT-optimized structures revealed Zr and Hf complexes
with distorted tetrahedral coordination geometries and
approximate S4 point group symmetry consistent with our
experimental results. The DFT calculations conrmed the
presence of the MOs predicted for [Zr(PhBH3)4] using group
theory and yielded their energies, which are shown in Fig. 8b
and compiled in Table 2. Analysis of the Kohn–Sham orbitals
revealed that the metal–ligand bonding and antibonding
orbitals are M–H–B p and p*, respectively (Fig. 9). These
orbitals are typically referred to as p bonding interactions based
on the relative arrangement of the B 2p and metal d-orbitals.9,10

The Kohn–Sham plots and orbital analysis do not yield signi-
cant evidence of direct M−B s* bonding, which has been
invoked previously for complexes such as [Hf(BH4)4].49

All ve M–H–B p* MOs have relatively consistent Zr 4d (53–
66%), B 2p (15–19%), and H 1s character (7–10%) and compa-
rable energies, as shown in Table 2 and Fig. 9. The window
and [Hf(PhBH3)4] using MO energies from the DFT calculations. The
bitals in idealized S4 symmetry, but the actual symmetry is lower and
s of the first five unoccupied MOs calculated for [Zr(PhBH3)4] with their
ing GuassView 5 (ref. 81) with an iso value of 0.03.
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Fig. 10 Comparison of experimental and simulated B K-edge XAS
data. The experimental spectra (solid lines), simulated spectra (dashed
lines), and calculated transitions (red bars) are shown. Calculated
oscillator strengths were multiplied by a factor of 22 to bring them on
scale with the experimental data. An energy shift of +9.6 eV was
applied to the calculated spectra so that relative differences in
calculated and experimental peak positions could be compared. The
simulated spectra were obtained by applying a Gaussian broadening
with FWHM = 0.45 to the individual transitions.
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containing all ve MOs is 0.26 eV (2100 cm−1). A similar picture
emerges when evaluating the compositions of the bonding
MOs. The M–H–B p orbitals have higher B 2p (18–24%) and H
1s (32–43%) character and lower Zr 4d (9–16%) (Table S5; SI), as
expected given that the MOs are derived from the (PhBH3)

1−

ligand SALCs. These results suggest that all ve d-orbitals
participate rather evenly in metal–borohydride bonding.

Consistent with the inherent energy differences between 4d
and 5d orbitals, the ve unoccupied M–H–B p* MOs for
[Hf(PhBH3)4] shi to higher energy as compared to those for
[Zr(PhBH3)4]. The ordering of the MOs also changes slightly and
the manifold of energies widens, which is attributed to the Hf
5d-character decreasing in the rst three MOs (36–41%), as
compared to the 4d-character in the same MOs for [Zr(PhBH3)4]
(53–63%). In contrast to the change in metal d-character, the
M–H–B p* MOs for [Hf(PhBH3)4] maintain percentages of B 2p
and H 1s character similar to those calculated for [Zr(PhBH3)4]
(Table 2). The decrease in M–H–B orbital mixing for Hf as
compared to Zr in the same MOs suggests that the M–H–B
bonding is less covalent in [Hf(PhBH3)4]. This appears to be
consistent with NMR and IR comparisons presented in Fig. 4
that imply that Zr–H–B bonds are more covalent than those with
Hf when the identity of the substituent attached to boron is the
same.

The calculated MO compositions and energies for
[Zr(MesBH3)4] and [Hf(MesBH3)4] follow the same general
trends as those observed for the phenyltrihydroborate
complexes (Table S6). Similar trends are also observed for
[Zr(AnthBH3)4] and [Hf(AnthBH3)4], but the MOs of metal
parentage are signicantly more delocalized due to the larger
manifold of p-based orbitals associated with the anthracenyl
backbone. The calculations revealed that the rst four unoc-
cupied orbitals for [Hf(AnthBH3)4] are primarily p-based
orbitals localized on the ligand. The LUMO for [Hf(AnthBH3)4],
for example, is comprised of only 8.0% Hf 5d and 5.9% B 2p
character. The primary MOs of 5d parentage begin at LUMO + 4
(Table S7; SI). The increased number of unoccupied MOs con-
taining B 2p character for [Zr(AnthBH3)4] and [Hf(AnthBH3)4] is
expected to give rise to a larger manifold of B K-edge XAS
transitions, which is indeed observed in simulated spectra
described in the following section.
TDDFT calculations

TDDFT calculations were performed to simulate the B K-edge
XAS spectra and provide spectral assignments. Plots
comparing the [M(RBH3)4] complexes with different metals and
the same R substituents (R = Ph with M = Zr and Hf) and the
same metal with different R substituents (M = Hf with R = Ph,
Mes, Anth) are shown in Fig. 10 (TDDFT comparisons for the
other complexes can be found in the SI). Along with the Zr and
Hf borohydride complexes, we also performed TDDFT calcula-
tions for Li(PhBH3) and Li(AnthBH3) to conrm the pre-edge
features observed in the ligand salt precursors were different
than those observed for the metal complexes (Fig. S54; SI).

In general, the simulated spectra reproduce the most salient
features of the experimental spectra aside from the rst pre-
22340 | Chem. Sci., 2025, 16, 22333–22347
edge shoulder where photodecomposition features were noted
to appear (see above). The simulated spectra for the Zr and Hf
complexes conrm that the rst feature is not associated with
the complexes and can indeed be attributed to photodecom-
position. The TDDFT calculations indicate three dominant
bands of transitions. The rst cluster of transitions calculated
for [Zr(PhBH3)4] are assigned as B 1s / Zr–H–B p*, and these
involve the rst ve unoccupied MOs shown in Fig. 8 and 9. The
higher-energy features above the rising edge are assigned to
ligand-based transitions associated with B-aryl bonds and
Rydberg states. Consistent with their assignment, the energy of
these higher energy features is similar for [Zr(PhBH3)4] and
[Hf(PhBH3)4]. By contrast, the rst feature assigned as B 1s /

M–H–B p* transitions for M = Zr shis to higher energy
for M=Hf, as expected based on the increased energy of the Hf–
H–B p*MOs (Fig. 9). The blue shi observed for the B 1s/Hf–
H–B p* transitions is wholly attributed to the differences in the
energy of theM–H–B p*MOs; the calculated energies of the B 1s
© 2025 The Author(s). Published by the Royal Society of Chemistry
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orbitals (where the promoted electrons originate) are nearly
identical for [Zr(PhBH3)4] and [Hf(PhBH3)4] (Table S5; SI).

The simulated spectra and transitions for the R = Mes
complexes are similar to those for the R = Ph complexes but
differ signicantly for R= Anth. We provide the comparisons of
[Hf(PhBH3)4], [Hf(MesBH3)4], and [Hf(AnthBH3)4] in Fig. 10 to
show how the differing aryl substituents with the same metal
inuence the simulated spectra (plots for the Zr complexes with
R = Mes and Anth are provided in Fig. S55; SI). The increased
conjugation of the anthracenyl backbone and more diffuse aryl
p orbitals lead to more unoccupied B 2p orbitals available for
transitions and a broader pre-edge feature. The pre-edge feature
includes B 1s / Hf–H–B p* transitions, but also ligand-
centered B 1s / B–C p* transitions that mix into the 5d
manifold. This makes it difficult to tease out how the calculated
spectral intensities correlate to suspected substituent-
dependent differences in M–H–B covalency.

Conclusion

We have described what appears to be the rst B K-edge XAS
and TDDFT study of homoleptic transition metal borohydride
complexes. To facilitate the required measurements in ultra-
high vacuum, a series of relatively non-volatile [Zr(RBH3)4]
and [Hf(RBH3)4] complexes were prepared with different alkyl
and aryl groups attached to boron (R = Bn, Ph, Mes, Trip, and
Anth). The complexes were characterized by NMR and IR
spectroscopy and single-crystal XRD, and the data revealed
spectral and structural correlations suggestive of metal- and
substituent-dependent differences in metal–borohydride
bonding.

B K-edge XAS spectra collected on the Zr and Hf complexes
with R = Ph, Mes, and Anth revealed absorption features
indicative of covalent M–H–B bonding. These features could be
clearly discerned from those attributed to photodecomposition,
and they were assigned as B 1s / M–H–B p* based on group
theory analysis and comparison to supporting (TD)DFT calcu-
lations. The presence of photodecomposition did not permit
rigorously quantitative intensity comparisons, as needed to
assess the suspected inuence of metal and substituent identity
on metal–borohydride covalency. However, the pre-edge
features revealed the expected shi to higher energy from Zr
to Hf consistent with the change in 4d and 5d orbital
energies.58–61 This study shows that even though boron is not
directly bound to the metal, the delocalized nature of three-
center, two-electron bonds yields signicant M–H–B orbital
mixing that can be identied spectroscopically using boron as
a reporter. Moreover, these results establish how ligand K-edge
XAS may be used more generally to measure covalent three-
center, two-electron bonding in other complexes.

Experimental
General considerations

All reactions were carried out under an atmosphere of Ar or N2

using glovebox or standard Schlenk techniques. All glassware
was heated at 150 °C for at least 2 h and allowed to cool under
© 2025 The Author(s). Published by the Royal Society of Chemistry
vacuum before use. Solvents were dried and deoxygenated using
a Pure Process Technologies Solvent Purication System and
stored over 3 Å molecular sieves. Deuterated solvents were
deoxygenated with three freeze–pump–thaw cycles and stored
over 3 Å molecular sieves. The lithium borohydride salts
Li(PhBH3),33 Li(MesBH3),34 Li(TripBH3),35 Li(AnthBH3),36 and Li/
K(BnBH3)37 were prepared as described previously. Their
formulations were veried by NMR spectroscopy before use,
and representative spectra are shown for Li(MesBH3) in the SI.
The salts were isolated from Et2O or thf solutions and stored
under dynamic vacuum for at least several hours before use.
The salts retain small amounts of the corresponding ether used
in their preparation, but stoichiometry calculations used for the
following reactions assume that the amount is negligible.
Anhydrous ZrCl4 and HfCl4 were purchased from Strem
Chemicals and used as received.

1H NMR data were collected on a Brucker Avance-300 spec-
trometer at 300 MHz, a Bruker Avance-400 operating at 400
MHz, or a Bruker Avance-500 operating at 500 MHz. 11B NMR
data were collected on a Brucker Avance-300 spectrometer at 96
MHz, a Bruker Avance-400 operating at 128 MHz, or a Bruker
Avance-500 operating at 160 MHz. Chemical shis are reported
in d units relative to residual NMR solvent peaks (1H) and
BF3$Et2O (11B d 0.0 ppm). IR spectra were acquired with
a Thermo Scientic Nicolet iS5 in an N2-lled glovebox as KBr
pellets, Nujol mulls, or using an attenuated total reectance
(ATR) accessory equipped with a diamond crystal. Elemental
analysis data (C, H, N) were collected on an Exeter Analytical CE-
440 elemental analyzer at the University of Iowa MATFab
facility. The data were consistently low in carbon and hydrogen,
likely due to incomplete combustion and/or metal carbide
formation. Similarly low carbon and hydrogen values were re-
ported for Th and U complexes containing some of the same
borohydride ligands reported here.82 The elemental analysis
data that were collected are provided for transparency.

Tetrakis(phenyltrihydroborato)zirconium(IV), [Zr(PhBH3)4]

ZrCl4 (0.200 g, 0.862 mmol) and Li(PhBH3) (0.336 g, 3.43 mmol)
were stirred overnight in pentane (10 mL). The solution was
ltered through a pad of Celite, and the ltrate was evaporated
to dryness under vacuum. The light brown solid was dissolved
in the minimum amount of pentane and placed in a freezer at
−30 °C. Light brown needle-like crystals formed overnight.
Yield: 214 mg (55%). M.p.: 130 °C (dec). Anal. calcd for
C24H32B4Zr: C, 63.36; H, 7.09. Found (run 1): C, 53.70; H, 5.38.
Found (run 2): C, 53.64; H, 5.38. Found (run 3): C, 51.42; H, 5.00.
1H NMR (500 MHz, C6D6, d): 7.70–7.65 (m, 4H, CH), 7.43–7.19
(m, 16H, CH), 2.78 (br s, 12H, BH3).

11B NMR (128 MHz, C6D6,
d): −2.1 (br s, BH3). IR (KBr) �ymax (cm−1) 3070 (m), 3050 (m),
3016 (m), 2965 (m), 2137 (s), 2075 (s), 1601 (s), 1493 (w), 1434 (s),
1336 (s), 1302 (s), 1265 (s), 1240 (s), 1159 (m), 1099 (m), 1025 (s),
909 (w), 884 (w), 808 (s), 740 (s), 696 (s).

Tetrakis(phenyltrihydroborato)hafnium(IV), [Hf(PhBH3)4]

Prepared as described for [Zr(PhBH3)4] with HfCl4 (0.200 g,
0.624 mmol) and Li(PhBH3) (0.244 g, 2.50 mmol). Yield: 167 mg
Chem. Sci., 2025, 16, 22333–22347 | 22341
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(51%). M.p.: 130 °C (dec). Anal. calcd for C24H32B4Hf: C, 53.16;
H, 5.95. Found: C, 43.41; H, 5.32. 1H NMR (500 MHz, C6D6, d):
7.40–7.32 (m, 6H, CH), 7.272–7.17 (m, 14H, CH), 3.46 (br s, 12H,
BH3).

11B NMR (128 MHz, C6D6, d): −4.08 (br s, BH3) IR (KBr)
�ymax (cm

−1) 3071 (m), 3051 (m), 3010 (m), 2967 (w), 2925 (w),
2369 (m), 2346 (m), 2147 (s), 2089 (s), 1604 (m), 1494 (w), 1434
(s), 1336 (s), 1304 (s), 1290 (s), 1170 (s), 1028 (s), 910 (w), 835 (s),
737 (vs), 696 (vs).

Tetrakis(benzyltrihydroborato)zirconium(IV), [Zr(BnBH3)4]

Prepared as described for [Zr(PhBH3)4] with ZrCl4 (0.200 g, 0.858
mmol) and Li/K(BnBH3) (0.394 g, 3.52 mmol based on Li). Yield:
348 mg (79%). M.p.: 130 °C (dec). Anal. calcd for C28H40B4Zr: C,
65.80; H, 7.89. Found (run 1): C, 54.09; H, 7.23. Found (run 2): C,
53.94; H, 6.90. Found (run 3): C, 52.58; H, 6.96. 1H NMR (500
MHz, C6D6, d): 7.21–7.13 (m, 6H, CH), 7.08–6.99 (m, 14H, CH),
2.09 (s, 8H, CH2), 1.83 (br s, 12H, BH3)

11B NMR (128MHz, C6D6,
d): −0.36 (br s, BH3). IR (KBr) �ymax (cm−1) 3079 (m), 3068 (w),
3022 (s), 2962 (s), 2918 (s), 2895 (m), 2809 (w), 2130 (s), 2077 (s),
1894 (w), 1800 (w), 1744 (w), 1598 (s), 1492 (s), 1451 (s), 1414 (s),
1261 (s), 1177 (s), 1082 (s), 1027 (s), 900 (w), 799 (s), 746 (s), 696
(s).

Tetrakis(benzyltrihydroborato)hafnium(IV), [Hf(BnBH3)4]

Prepared as described for [Zr(PhBH3)4] with HfCl4 (0.200 g,
0.624 mmol) and Li/K(BnBH3) (0.287 g, 2.56 mmol based on Li).
Yield: 307 mg (82%). M.p.: 130 °C (dec). Anal. calcd for
C28H40B4Hf: C, 56.21; H, 6.74. Found (run 1): C, 51.43; H, 5.36.
Found (run 2): C, 54.43; H, 5.46. Found (run 3): C, 52.36; H, 5.17.
1H NMR (500 MHz, C6D6, d): 7.21–7.14 (m, 6H, CH), 7.10–7.00
(m, 14H, CH), 2.49 (br s, 12H, BH3), 2.04 (s, 8H, CH2).

11B NMR
(128 MHz, C6D6, d): −4.07 (br s. BH3) IR (KBr) �ymax (cm

−1) 3079
(m), 3060 (m), 3021 (s), 2920 (m), 2897 (m), 2811 (w), 2138 (s),
2093 (s), 1943 (w), 1867 (w), 1802 (w), 1745 (w), 1599 (vs), 1588
(m), 1491 (vs), 1451 (s), 1419 (w), 1283 (s), 1180 (s), 1084 (s), 1027
(w), 1003 (w), 902 (w), 77 (w), 748 (s), 695 (vs).

Tetrakis(2,4,6-trimethylphenyltrihydroborato)zirconium(IV),
[Zr(MesBH3)4]

Prepared as described for [Zr(PhBH3)4] with ZrCl4 (0.104 g, 0.44
mmol) and Li(MesBH3) (0.250 g, 1.8 mmol). Yield: 101 mg
(36%). Anal. calcd for C36H56B4Zr: C, 69.37; H, 9.06. Found: C,
56.51; H, 6.46. 1H NMR (500 MHz, C6D6, d): 6.82 (s, 8H, CH),
2.94 (br s, 12H, BH3), 2.45 (s, 24H, CH3), 2.19 (s, 12H, CH3).

11B
NMR (128 MHz, C6D6, d): −1.61 (s, BH3). IR (Nujol) �ymax (cm

−1):
2955 (s), 2925 (s), 2853 (s), 2144 (s), 2032 (s), 1605 (s), 1456 (s),
1377 (s), 1284 (m), 1177 (s), 1130 (s), 1039 (m), 846 (s), 802 (s),
718 (s).

Tetrakis(2,4,6-trimethylphenyltrihydroborato)hafnium(IV),
[Hf(MesBH3)4]

Prepared as described for [Zr(PhBH3)4] with HfCl4 (0.147 g, 0.31
mmol) and Li(MesBH3) (0.250 g, 1.8 mmol). Yield: 77.5 mg
(16%). 1H NMR (500 MHz, C6D6, d): 6.85 (s, 8H, CH), 3.70 (br s,
12H, BH3), 2.45 (s, 24H, CH3), 2.19 (s, 12H, CH3).

11B NMR (128
22342 | Chem. Sci., 2025, 16, 22333–22347
MHz, C6D6, , d): −3.67 (s, BH3). IR (ATR) �ymax (cm
−1): 2956 (s),

2908 (s), 2850 (s), 2139 (s), 2059 (s), 1606 (s), 1552 (s), 1436 (s),
1422 (s), 1300 (s), 1273 (s), 1236 (s), 1183 (s), 1133 (s), 1031 (s),
1011 (s), 955 (s), 919 (s), 546 (s), 801 (s), 717 (s), 686 (s).

Tetrakis(2,4,6-triisopropylphenyltrihydroborato)
zirconium(IV), [Zr(TripBH3)4]

Prepared as described for [Zr(PhBH3)4] with ZrCl4 (0.104 g, 0.44
mmol) and Li(TripBH3) (0.400 g, 1.8 mmol). Yield: 226 mg
(53%). 1H NMR (300 MHz, C6D6, d): 7.14 (s, 8H, CH), 3.62 (sep,
8H, CH), 3.39 (br s, 12H, BH3), 2.81 (sep, 4H, CH), 1.37–1.34 (d,
48H, CH3), 1.25–1.22 (d, 24H, CH3).

11B NMR (96MHz, C6D6, , d):
−0.81 (s, BH3). IR (Nujol) �ymax (cm

−1): 2955 (s), 2905 (s), 2853 (s),
2143 (s), 2031 (s), 1601 (s), 1554 (s), 1461 (s), 1377 (s), 1291 (s),
1251 (s), 1215 (s), 1191 (s), 1158 (s), 1109 (s), 1066 (s), 930 (s), 873
(s), 784 (s), 758 (s), 721 (s), 544 (s).

Tetrakis(2,4,6-triisopropylphenyltrihydroborato)hafnium(IV),
[Hf(TripBH3)4]

Prepared as described for [Zr(PhBH3)4] with HfCl4 (0.143 g, 0.45
mmol) and Li(TripBH3) (0.400 g, 1.8 mmol). Yield: 190 mg
(47%). 1H NMR (300 MHz, C6D6, d): 7.18 (s, 8H, CH), 3.62 (sep,
8H, CH), 4.18 (br s, 12H, BH3), 2.83 (sep, 4H, CH), 1.38–1.35 (d,
48H, CH3), 1.26–1.24 (d, 24H, CH3).

11B NMR (96MHz, C6D6, , d):
−3.31 (s, BH3). IR (Nujol) �ymax (cm

−1): 2956(s), 2925 (s), 2853 (s),
2153 (s), 2043 (s), 1601 (s), 1556 (s), 1458 (s), 1377 (s), 1292 (m),
1254 (s), 1159 (s), 1106 (s), 1068 (s), 930 (s), 873 (s), 783 (s), 757
(s), 721 (s), 520 (s).

Tetrakis(9-anthryltrihydroborato)zirconium(IV),
[Zr(AnthBH3)4]

ZrCl4 (0.050 g, 0.21 mmol) and Li(AnthBH3) (0.28 g, 0.83 mmol)
were added to a 20 mL scintillation vial with pentane (20 mL),
which resulted in a light green suspension. The suspension
remained the same color aer stirring overnight and the
colorless pentane was decanted. Aer evaporating the pentane
under reduced pressure, the green powder was extracted with
toluene (2 × 20 mL) and ltered through a pad of Celite. The
combined toluene extracts were evaporated to dryness under
vacuum to reveal a green residue adhered to the sides of the vial.
This residue was washed once with pentane (10 mL) and di-
ssolved in toluene (5–8 mL). Vapor diffusion with pentane
overnight afforded green needle-like crystals that were isolated
by decanting the mother liquor and washing with pentane (5
mL). Yield: 73 mg (49%). 1H NMR (300 MHz, C6D6, d): 8.90 (d,
4H), 8.29 (s, 4H), 7.90 (d, 8H), 7.91 (m, 16H), 4.13 (br, s, 12H,
BH3).

11B NMR (96 MHz, C6D6, d):−0.46 (s, BH3). IR (Nujol) �ymax

(cm−1): 2921 (s), 2850 (s), 2150 (w), 2092 (w), 1508 (s), 1466 (s),
1375 (s), 1296 (s), 1216 (s), 889 (s), 839 (s), 734 (s).

Tetrakis(9-anthryltrihydroborato)hafnium(IV), [Hf(AnthBH3)4]

Prepared as described for [Zr(AnthBH3)4] withHfCl4 (0.076 g, 0.23
mmol) and Li(AnthBH3) (0.32 g, 0.95mmol). Vapor diffusionwith
pentane overnight afforded light green needle-like crystals that
were isolated by decanting the mother liquor and washing with
© 2025 The Author(s). Published by the Royal Society of Chemistry
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pentane (5 mL). Yield: 18 mg (11%). 1H NMR (300 MHz, C6D6, d):
8.91 (d, 8H), 8.33 (s, 4H), 7.93 (d, 8H), 7.34 (m, 16H), 4.91 (br, s,
12H, BH3)

11B NMR (96 MHz, C6D6, d): −2.89 (s, BH3). IR (Nujol)
�ymax (cm

−1): 3044 (s), 2960 (s), 2175 (s), 2083 (s), 1619 (s), 1514 (s),
1451 (s), 1304 (s), 1238 (s), 1092 (s), 1021 (s), 954 (s), 883 (s), 837
(s), 806 (s), 783 (s), 752 (s), 721 (s), 646 (s), 606 (s).

Single-crystal X-ray diffraction studies

Single crystals isolated from pentane/toluene were mounted on
a MiTeGen MicroLoop with ParatoneN/NVH oil. The data were
collected on a Bruker D8 Venture Duo equipped with a Bruker
Photon III detector. The samples were cooled to 100 K with an
Oxford Cryostreams 800 low-temperature device. All data were
collected with a graphite monochromatized Mo Ka X-ray source
(l = 0.71073). Data collections for each crystal were carried out
using a mixture of phi and omega scans. The data collection,
initial indexing, and cell renement were conducted using the
Bruker Apex6 suite. The data were corrected for absorption
using redundant reections and the SADABS program. Struc-
ture solution and renement were performed in Olex2 using
SHELXT and SHELXL. Hydrogen atoms bound to carbon atoms
were idealized and rened using a riding model. Hydrogen
atoms attached to boron were placed in idealized positions with
B–H distances = 1.20 Å and tetrahedral angles. The BH3 groups
were allowed to rotate about the B–C bond to nd the best
orientation to maximize the sum of the difference densities at
the three hydrogen positions. HKL reections with error/esd
values ± 10 were omitted from the models. The nal rene-
ment included anisotropic displacement parameters on all non-
hydrogen atoms. Isotropic extinction parameters were not
needed for the renements. Crystallographic details are
summarized in Table S1 in the SI.

Boron K-edge X-ray absorption spectroscopy

B K-edge XAS data were collected at the Canadian Light Source
(CLS) in Saskatoon, Saskatchewan, Canada at the Variable Line
Spacing Plane Grating Monochromator (VLS-PGM) beamline.
All measurements were performed in the Linear Horizontal
Polarization mode using the high-energy grating (98–250 eV).
The data were collected at room temperature in total uores-
cence yield (TFY) mode using a microchannel plate (MCP)
detector. Beamline slit sizes used for data collection were 100 ×

100 mm. The sample chamber was maintained between 10−8

and 10−10 torr for all measurements. Data were normalized to
the I0 current measured using a nickel mesh (90% trans-
mission) placed in front of the sample. The energy of the
beamline was calibrated using the B K-edge of elemental boron
at 188.0 eV. All data were collected at RT on at least three unique
sample points to minimize beam-induced decomposition.
Measurements were collected over the 184–210 eV energy range
with a step size of ca. 0.1 eV and a dwell time of 1.0 second.

Samples were prepared at CLS in an Ar-lled glovebox with
less than 1.0 ppm of O2 and H2O. Cu sample plates containing
a thin strip of double-sided copper tape (SPI Supplies), mortars,
pestles, sample plate covers, and glass jars were heated in
a furnace at 150 °C for at least 90 min before being transferred
© 2025 The Author(s). Published by the Royal Society of Chemistry
to the glovebox antechamber and allowed to cool under
vacuum. Single crystals of each complex were ground by hand in
a mortar and pestle for 30–60 seconds. The pestle was used to
paint the ground sample onto the Cu tape or press the sample
into In foil that was cut to size and adhered to the Cu sample
plate using the copper tape. The sample plate was then trans-
ported to the beamline under Ar in a sealed glass jar.

Sealed sample jars were loaded into the antechamber of
a purge box attached to the beamline loading chamber. The box
was congured so that the purge gas owed into the main
chamber on one side of the box and exited through a port on the
other side of the box through a tube connected to the ante-
chamber. This conguration allowed the purge gas to also pass
through and purge the antechamber via an exit valve located on
the top of the antechamber. The box was purged with argon for at
least 20 min prior to loading the jars into the antechamber. The
box was then purged through the antechamber for at least another
10 min prior to transferring the sample jars from the ante-
chamber into the main chamber for loading. Samples were
quickly transferred from the jars and placed in the sample loading
trays taking care to minimize sample exposure to <1 min. Once
loaded, the sample chamber was immediately evacuated to 10−6

torr so they could be transferred under vacuum to the main data
collection chamber maintained at ca. 10−9 torr.
Theoretical calculations

Density functional theory (DFT) and time-dependent density
functional theory (TDDFT) calculations were performed as
described previously using the Gaussian 09 computational
chemistry suite.83 All geometries were fully optimized, and the
conformational space was thoroughly examined for any addi-
tional geometric minima. Initial optimizations were performed
at the B3LYP-d3 level.62,63 Zr and Hf were modeled with the
effective core potential and uncontracted basis set of Hay and
Wadt augmented with a set of f-orbital polarization functions
collectively known as LANL08(f).64,66,84 All other atoms were
modeled with Pople's split-valence double-z 6-31G(d,p) plus
polarization basis set.67 Time-dependent density functional
theory (TDDFT) calculations were combined with information
on the charges, spin densities and relative orbital contributions
fromMulliken population analysis85 of the individual molecular
orbitals from the ground state structures in order to simulate
and interpret the XAS data.
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Data availability

CCDC 2463919, 2463920, 2463921, 2463922, 2463923, 2463924
and 2463925 contain the supplementary crystallographic data
for this paper.86a–g

The data supporting this article have been included in the
supporting information (SI). Supplementary information:
molecular structures from single-crystal XRD studies; NMR and
IR spectra; Full B K-edge XAS spectra and photodecomposition
studies. Tabulated molecular orbital compositions and energies
from DFT. XYZ coordinates of optimized structures. See DOI:
https://doi.org/10.1039/d5sc06254c.
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