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Few monobenzannulated 1-boraindene compounds have been
reported. Here we report the synthesis of two 1-boraindenes, accessed
by a bond-breaking and -making cascade from a secondary borane
and diolefin, mediated by a simple pentamethylcyclopentadienyl-
ligated rhodium(i) complex, [([Cp*)Rh(y%42-NBD)] (Cp* = CsMes~, NBD
= norbornadiene).

Main group heterocycles find diverse applications in medicine,
catalysis, and materials sciences." The introduction of heteroa-
toms into a cyclic core allows for compound tunability.” Het-
erocycles that include a group 13 element, for instance, provide
a vacant p-orbital that extends m-conjugation and alters mole-
cular properties.® Lewis acid incorporation additionally offers a
site for Lewis base binding, providing an axis for tuned physical
properties; this is notably absent for more canonical carbon-
and nitrogen-based rings.

Resembling indole and its carbon analogue, indene, 1-
boraindenes are fused six-five heterocycles featuring boron
within the smaller C,E ring (E = element). The electronic and
structural properties of these compounds can be tuned by
peripheral substitution. The chemistry of related six-five-six
borafluorene analogues has been extensively explored,* but con-
siderably less attention has been given to 1-boraindenes (e.g:, I,
Fig. 1).>° 1-Boraindenes display metallomimetic” reactivity, such
as reversible addition of H, and cyclohexene hydrogenation.®
They remain relatively neglected, as noted by Braunschweig, who
in 2024 described only the second example (II, Fig. 1).*° Devel-
oping creative and efficient synthetic routes to 1-boraindene
cores is paramount to unlocking new applications. Related work
on borafluorenes, for example,’ showcases their broad utility as
organic light-emitting diodes,"® medical imaging agents,""
sensors,' co-catalysts,"* and bifunctional ligands (III, Fig. 1)."*"

Herein we share an unusual route towards the 1-boraindene
core from a secondary borane and diolefin through a series of
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Rh-mediated C(sp®)-F and C(sp®)-H activations, C-C reductive
elimination, and alkene dehydrogenation and hydrogenation.
This complex transformation merges borane and olefin groups
to give a rhodium-bound 1-boraindene heterocycle, highlight-
ing the resourcefulness of [(Cp*)Rh'], resulting in an unprece-
dented approach to 1-boraindene cores. This report serves as a
rare opportunity to dissect and repurpose well-defined bond
activation pathways such as olefin functionalization and reduc-
tive elimination processes at Rh to rationally prepare new main
group heterocycles.

Ayellow-orange C¢Dg (or toluene) solution of [(Cp*)Rh'(3%,1*
NBD)] (1) (Cp* = CsMe5, NBD = norbornadiene), treated with
1 equiv. HB(CFs), (Piers’s borane) at 25 °C, changed color to
dark red (Fig. 1). By '’F NMR spectroscopy, HB(C4Fs), was
consumed to produce several -C¢F, (x = 3-5) fragments. Follow-
ing workup and extraction into pentane, this mixture consis-
tently deposited red blocks that were suitable for single crystal
X-ray diffraction analysis (25-30% isolated yield). The product,
[Cp*Rh(1-boraindene-R)] (2-R: R = H or F), is an 18e~ complex,
comprising a core #°>-BC, ligand system that links norbornadiene
and HB(CgF5), units (Scheme 1). In one resonance contributor,
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Scheme 1 (a) Synthesis of Cp*Rh-coordinated 1-boraindenes 2-H and 2-
F; (b) Molecular structure of 2-H/2-F with ellipsoids drawn at 40% prob-
ability. Major component: R = F shown only in both. A 60 : 40 substitutional
disorder at C(12) was found for 2-H/2-F. Hydrogen atoms, except those on
the norbornene ring, omitted for clarity; (c) Top view, with Cp*Rh fragment
omitted. Distances provided in A.

B(1)

Rh-B(1): 2.286(2)
Rh-C(1): 2.234(2)
Rh-C

these ligands can be considered dianionic 6n-electronic systems
analogous to Cp containing a Rh(m) center.'®"” By positive-mode
APCI-MS, molecular ions ([M]") for 2-H and 2-F were observed at
m/z = 638.089 (calc’d 638.090 for 2-H) and m/z = 656.079 (calc’d
656.080 for 2-F) of the appropriate isotope patterns. The trans-
formation requires 1 - no reaction is observed using (e.g)
[Rh'(NBD)(u-Cl)],. 2-R are the first examples of 1-boraindene
coordination complexes; a related phosphine-tethered bora-
fluorene-Au analogue (III, Fig. 1) is known.'*'* The formation
of 2-F formally involves the loss of one hydrogen and one
fluorine atom, whereas the formation of 2-H involves the loss
of two fluorine atoms; 2-H and 2-F differ by H/F exchange at
C(12) (vide infra). Although this cascade to give 1-boraindene
products is unprecedented, the overall transformation of coupling
a diene and triarylborane to give a borole has some precedent
using 1,3-butadiene and B(C¢Fs); at zirconium to give [Cp'Zr(i/®
C4H,BCgFs5)], from C-H activation.'®

Structural analysis confirmed selective formation of the exo-
product where [Cp*Rh'] and the ~CH,~ bridgehead occupy the
same face (Rh. .. H(C){NBD} = ca. 3.01 A) (Scheme 1(b) and (c)). 2-
H and 2-F contain point chirality at both NBD methines and
planar chirality arising from the linkage of the 1-boraindene and
NBD rings. In principle, 2-R could form multiple diastereomers
but only one is observed experimentally. 2-H and 2-F contain a
saturated external NBD fragment with d[C(3)-C(4)] = 1.557(2) A
c.f, d[C(1)-C(7)] = 1.431(2) A, evidencing formal transfer hydro-
genation. With the B-(C¢F5) group front-facing, the Cp*Rh frag-
ment is rear-tilted with closer contacts to C(7) and C(8), when
compared to C(1) and C(13). A Rh-B(1) distance of 2.286(2) A is
well within the sum of van der Waals radii (3.80 A)'® and close to
the sum of covalent radii (2.26 A).?° These metrics can be
compared to Rh-B(1) for related borole compounds [CpRh(>-
C,H,BPh)***?> (2.304(4) A) and [Rh(PPh,),(Cl)(°-C,H,BPh)]**
(2.400(5) A). The structures of 2-R contain substitutional disorder,
best modelled as a 60 : 40 split between C-H and C-F substituents
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at C(12), consistent with some C(12)-H/F exchange.***> This
points to activation of both ortho C-F bonds of the pentafluor-
ophenyl ring: one undergoes C(sp®)-F activation and C-C ring
closure and another undergoes partial C(sp®)-F/C(sp*)-H
exchange, presumably due to C-H reductive elimination.

Crystalline 2 was characterized in solution (see the SI). By "°F
NMR spectroscopy, the 17 fluorine atoms observed in the crude
mixture were clearly identified. ['°F, '°F] COSY attributed ten of
these to two different B-C¢Fs rings (ca. 1:1 ratio; multiplets at dp =
—127.3/-127.4 (F,), —156.8/—157.1 (F,), and —163.7/—164.2 ppm
(Fm))- The difference in peak separation between F,, and Fy, (Adg
~ 6 ppm) suggests a four-coordinate borane,* also supported by
B NMR spectroscopy (0p = 4.6 ppm, 4y, = 250 Hz). Based on
scalar coupling, the remaining seven fluorines comprise —C¢F,
and -C¢F;H rings. "F{'"H} NMR spectroscopy shows the latter
coupling to an adjacent C(sp®)-H, as supported by the solid-state
structure of 2-H. The presence of two 1-boraindene molecules is
corroborated by "H NMR spectroscopy, which shows the expected
norbornyl-derived aliphatic signals and two sets of Cp*(CHj)
signals (0 = 1.25/1.21 ppm) in a 1:1 ratio. A characteristic
resonance at dy = 6.88 ppm shows coupling to three fluorine
atoms (¥ur = 11.2, YJur = 7.0, Jur = 1.5 Hz) that is removed
during F{'"H} NMR analysis of the ~C¢F;H ring.

The reaction between 1 and HB(CeFs), was repeated at
—78 °C (for 30 min) and then warmed to room temperature.
Analysis by "F{'H} NMR spectroscopy revealed that 2-H was
not formed (Fig. S16), suggesting that 2-F is the kinetic product,
while 2-H arises from a distinct, higher-energy pathway, possi-
bly after HF elimination. This demonstrates that formation of
2-F is viable under these conditions, with the reaction likely
proceeding upon warming to room temperature.

To gain further insight into this reaction we used DFT
calculations at the r’*SCAN0-D4*"*/MA-Def2-QZVP*°/SMD
(toluene)**//’SCAN-3¢*! level of theory (with ORCA).**** Full
details are in the Supporting Information. Free energies are
quoted in kecal mol *, relative to 1 and HB(C4F5), and include a
1.89 kecal mol™" per molecule correction to reflect a 1 mol L™*
concentration.** Transition state (TS) images were prepared
using CYLView.*’

A natural localized molecular orbital (NLMO) analysis of 2-F
(NBO7)*® reveals the nature of the bonding between rhodium
and the 1-boraindene fragment (Fig. 2). Visualization of the
NLMOs with ChemCraft®” identified occupied NLMOs 077 and
083 that each result from mixing of a Rh d,;, or d,, orbital with a
p-orbital on a C atom of the alkene. Unoccupied NLMOs 154
and 160 are consistent with an antibonding interaction between
the Rh d-orbitals and the C p-orbitals. Finally, unoccupied
NLMOs 227 and 228 indicate antibonding interactions between
the B p-orbital and C p-orbitals, with antibonding interactions
with Rh in each case.

A proposed mechanism accounting for the formation of 2-F
from 1 and [Cp*Rh(NBD)] was explored by DFT. While several
pathways were identified, high computed barriers preclude defi-
nitive conclusions regarding the operative mechanism at this stage
(Fig. S33 and S34, see SI). We therefore provide only a summary of
the processes considered here, with a full discussion in the SI. Our

This journal is © The Royal Society of Chemistry 2026
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Fig. 2 Visualization of selected NLMOs for 2-F: NLMO 077 (occupied),
NLMO 083 (occupied), NLMO 154 (unoccupied), NLMO 160 (unoccupied),
NLMO 227 (unoccupied), and NLMO 228 (unoccupied).

(4]

investigation first considered hydroboration between NBD and
HB(CgFs),, which undergo a known exo-selective reaction®*™*° at
room temperature in the absence of a catalyst to give 3 (see the SI).
Subsequent steps considered include ortho-C-F bond activation, a
series of C-H bond activations, and scaffold rearrangement lead-
ing to formation of a new C-C bond via reductive elimination.
Finally, a hydrogenation/dehydrogenation sequence was examined
to account for formation of the observed product, 2-F. The key
issues at this stage are around the timing and mechanism of HF
elimination, which is difficult to track experimentally; the two
emerging pathways involve either: (i) HF elimination at an early
stage, therefore requiring a challenging C-C reductive elimination
from rhodium(m), or (ii) a more facile reductive elimination from
rhodium(v) but which then leads to highly stable intermediates
that will not readily eliminate HF.

Additional control experiments were next conducted. Con-
sistent with the calculated free energy difference between 1 +
HB(C4Fs), and its exo-hydroboration product (7.8 keal mol™ "), no
stoichiometric exchange is observed between 1 and exo-3 (prepared
via NBD hydroboration with 1 equiv. HB(C¢Fs),)*"** (Fig. 3a),
consistent with the calculated equilibrium constant (1.9 x 10~°).

It is likely that during the formation of 2-F, HF is expelled
where the ‘H’ is HB(C¢Fs),-derived. To experimentally probe
this, [DB(CeFs), ], was used, giving a 1: 3 ratio of 2-H to 2-F (c.f
1:1 from [HB(CeFs),]»). APCI-HRMS afforded an isotopic dis-
tribution envelope for 2-H and 2-F (Fig. S29 and S30). Unlike the
spectrum of 2-H and 2-F generated from [HB(C¢Fs),], (single
isotopologues), the spectrum from the [DB(CgFs),], reaction
was best modeled as a 60:40 ratio of 2-H-d, to 2-H-d,, and a
50:50 ratio of 2-F-d, to 2-F-d, (Fig. 3(b)). "H NMR spectroscopy
indicated no evidence of C(sp?)-D or methine C-D, but ’H NMR
spectroscopy showed deuterium in the —-CH,-CH,- fragment
(Fig. S24 and S25). This suggests that both B-syn and B-anti C-H
activation pathways operate, and that HF elimination is not
product-determining. TSs for syn (TS-EF) and anti C-H activa-
tion (anti-TS-EF) were examined for the d, and d, isotopolo-
gues, as outlined in the Supporting Information. For the d,
substrate, TS-EF is 1.9 kcal mol ' lower in energy than anti-TS-
EF; in the case of the d, substrate, anti-TS-EF is 0.3 kcal mol™*
lower in energy. These free energy differences are around the
limits of DFT accuracy, but the trend suggests that selective

This journal is © The Royal Society of Chemistry 2026
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deuteration of the hydroborated norbornadiene changes sub-
sequent C-H activation selectivity.

2-F does not convert into 2-H in solution, even in the
presence of excess HB(C4Fs), or B(CgFs)s, but trace B(C4Fs); -
used in the preparation of HB(CeFs), — alters the product
distribution in favour of 2-F in the reaction between 1 and
HB(CgFs),; a reaction in the presence of 1 equiv. B(C4Fs); in
CeDg at 25 °C afforded only 2-F (Fig. S24 and Fig. 3(c)). A new
broad resonance at Jr = —188 ppm was assigned to the
formation of a species such as [FB(C¢Fs);]” ** which might
arise from B(C¢Fs); trapping HF to give (HF),B(CcFs)s,"* which
decomposes to yield fluoroborate. Use of excess HB(C4Fs), (5
equiv.) also supresses 2-H formation, giving 2-H and 2-F in a
1:4 ratio. These observations support a mechanism in which
HF elimination precedes 2-H formation.

In sum, we have presented a unique approach towards an
understudied class of borane-based heterocycle by taking
advantage of a diolefin/secondary borane coupling strategy at
Rh(1). A new complex 2-F and its hydrodefluorinated analogue
2-H have been synthesized and characterized using multinuc-
lear NMR spectroscopy and single crystal X-ray diffraction. This
transformation illustrates a rare and conceptually rich example
of multi-step C-F and C-H bond making and breaking
mediated by Rh/B cooperativity. These results not only eluci-
date an unusual reaction manifold of fluorinated organobor-
anes and a ubiquitous diolefin precursor but also highlight the
broader potential of B-Rh cooperation in enabling multi-step
synthesis of an emergent main-group heterocycle class.
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