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Barcelona, Spain
dServei de Ressonància Magnètica Nuclea

Bellaterra, 08193, Barcelona, Spain
eCentro de Innovación en Qúımica Avanzada
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ilitating agent for the synthesis of
3D structures: the paradigmatic case of BN-[4.4.4]
propellane

Guillem Sanz-Liarte, ac Josep Sauŕı, b Pau Nolis, d Ana B. Cuenca *be

and Alexandr Shafir *ae

Flat aromatic compounds containing a boron–nitrogen (BN) fragment have gained significant attention in

the field of organic optoelectronics. Unsurprisingly, therefore, an increasing number of synthetic

methodology groups have devoted efforts and creativity to developing new strategies for accessing

diverse structures incorporating a B]N unit, which is isosteric with the olefinic C]C bond. In contrast,

the potential of BN isosterism to expand the structural diversity of three-dimensional architectures based

on sp3-hybridized atoms remains largely underexplored. In this study, we introduce a strategy to

construct an alkane-type quaternary–quaternary Bsp3–Nsp3 molecular axis via double addition of

a carbon-based nucleophile/electrophile pair to a readily accessible olefin-type B]N moiety. The

approach is showcased through the synthesis of a BN-[4.4.4]-propellane, in which the rapidly assembled

tetrahydro-BN-naphthalene intermediate undergoes a polar double allylation of its B]N bond. Despite

the unfavorable trans preference in this addition step, efficient [4.4.4]-propellane formation was achieved

through a tandem metathesis-based trans-to-cis isomerization and ring-closing reaction. The resulting

BN-propellane exhibits a C3-symmetric helical arrangement in the solid state and shows fluxional

behavior in the 1H NMR spectrum at room temperature due to a helicity flip, for which variable-

temperature NMR measurements yielded an activation barrier (DG‡) of approximately 14.6 kcal mol−1.
BN-isosterism involves replacing a carbon–carbon (C–C) bond
with a boron–nitrogen (B–N) fragment, taking advantage of the
fact that both pairs possess eight valence electrons, which
allows for analogous Lewis structures and similar molecular
geometries. At the same time, the substitution transforms the
low-polarity CC unit into a strongly polarized BN bond, thereby
altering the compound's orbital energies, reactivity and physical
properties (Scheme 1A).1,2 Owing to its potential for electronic
tuning of polycyclic aromatic compounds,3 1,2-BN isosterism is
viewed as a transformative tool in the eld of organic opto-
electronics,4,5 prompting signicant synthetic efforts toward at
structures containing olen-type B]N units isosteric with
a C]C fragment.6 In contrast, very little systematic research
exists on the preparation and properties of non-trivial 3D
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molecules incorporating sp3–sp3 BN moieties mimicking satu-
rated alkane C–C bonds.

This disparity between the attention received by sp2-vs.-sp3

type BN compounds stands in sharp contrast to the growing
synthetic emphasis – outside of BN isosterism – on highly
Scheme 1 Precedents in the formation of the B]N bicycle 1, and the
relevant isosteric analogy between B–N and C–C sp3–sp3 cores. aRef.
8b; our unpublished work; bref. 10; cref. 9.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 3 Initial exploration of disrupting the B]N p-donation for
double functionalization.

Scheme 4 Formation and characterization of the bis-allyl structure 7.
(A) The double B]N allylation of 1 through B]N p-disruption with
allyl-lithium. (B) X-ray crystal structure (ORTEP-type) of trans-7 at 50%
thermal ellipsoids; H atoms omitted; (C) 13C NMR of 7.
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substituted sp3-hybridized carbon atoms underpinning three-
dimensional molecular architectures. Much of the latter
interest is fuelled by the escape-from-the-atland campaign,
where a shi away from planar aromatic scaffolds and toward
sp3-rich, 3D structures is seen as venturing to the under-
populated corners of chemical space and enhancing drug
discovery.7 In this regard, it would be compelling to readily map
diverse carbon-based 3D architectures onto their BN isosteres,
anywhere from simpler linear and cyclic molecular cores, to
more elaborate spirocycles, cages or propellanes. An interesting
possibility that got our attention is to generate saturated 3D
structures via di-functionalization of the more synthetically
available (vide supra) olen-like type B]N axes. This idea was
inspired by earlier work on the bicyclic aminoborane 1 (Scheme
1B), rst prepared by the Ashe and Fang groups on route to BN-
naphthalene 2,8 and recently revisited by our group through
a robust multigram synthesis featuring quantitative condensa-
tion of B(allyl)3 with N,N-diallylamine, followed by ring-closing
olen metathesis (Scheme 1B).9 Importantly, while 1 is gener-
ally handled under an inert atmosphere, reecting the general
challenge of working with non-aromatic (and, oen, even
aromatic) B]N derivatives, its B–N hydrate 38b proved to be air-
and moisture-stable, foreshadowing greater stability of the sp3–
sp3 BN derivatives. In terms of isosterism, while 1 maps onto
1,4,5,8-tetrahydronaphthalene, its hydrate 3 is isosteric with the
known decalinol 4 (Scheme 1C).10 Our studies also reveal the
potential for generating higher structural complexity, as illus-
trated by the air- and moisture-stable BN-pentacycle 5, formed
via intramolecular addition of a carboxylic acid across a B]N
bond in a Diels–Alder-derived tetracyclic B]N precursor; the
product is a BN isostere of the hitherto unreported pentacycle 6
(Scheme 1D).9 In the present study, the concise synthesis of air-
and moisture-stable BN-[4.4.4]-propellane is used to show that
B]N double functionalization represents a broader strategy for
BN-mapping of 3D structure (Scheme 1E).

Indeed, while compounds 3 and 5 shown in Scheme 1
represent a reaction between B]N and a [H+/OR−] pair, we
envisaged that analogous chemistry can potentially also extend
to C-based nucleophile/electrophile combinations. Given the
lower p-contribution11 and higher polarization in the B]N
moiety, disrupting its p component should be considerably
easier than in the non-activated C]C moiety. Thus, in light of
the appeal of the propellane structure motif, both as a synthetic
challenge and as a component of functional materials,12 this
report explores and validates the B]N p-disruption strategy
through rapid elaboration of the air- and moisture-stable BN-
[4.4.4]-propellane. The process entails a polar (Nu−/E+) di-
allylation of the B]N group followed by endgame ring-closing
metathesis of intermediate 7 (Scheme 2).
Scheme 2 The proposed double B]N allylation as a strategy towards
a propellane core.

© 2025 The Author(s). Published by the Royal Society of Chemistry
Multigram quantities of bicycle 1 required in this study were
readily procured via one-pot solvent-free condensation of
B(allyl)3 with the N,N-diallylamine, followed by ring closing
metathesis, as described earlier by our laboratory (see Scheme 1
and SI).9

Initial attempts to engage 1 either through N-alkylation with
allyl bromide, or through B-quaternization with allyl magne-
sium reagents, were unsuccessful (Scheme 3, le), reecting
a still considerable N-to-B p-donation. Nevertheless, taking note
of recent precedents from the Szymczak group13 and the labo-
ratory of Garćıa-Garćıa and Vaquero14 on the B-quaternization
of related BN-bicycles, we proceeded to test the more nucleo-
philic organolithium reagents. Indeed, control experiments
with MeLi did produce a quaternized B center, as evidenced by
the 11B NMR resonance shiing from 41 ppm to −12 ppm
(Scheme 3, right). The resulting B–Me anion 9 now readily
underwent N-alkylation with allylbromide to give the Bsp3–Nsp3

aminoborane 10 in 45% yield as a white solid.
Applying this approach to the target B,N-diallylation,

a treatment of 1 with freshly prepared allyllithium15 at−78 °C in
THF afforded the B-allyl anion 11, which was quenched with
allyl bromide to give the di-allyl target 7 (Scheme 4A).
Compound 7 could now be handled without special precau-
tions, and was isolated as a white crystalline solid in 75% yield
by conventional column chromatography on silica gel using
hexane as eluent. The structure was supported by 1H, 13C and
11B NMR, the lattermost giving a sharp peak at −3.30 ppm for
the quaternized boron center.

The NMR of 7 showed a mixture of two stereoisomers in an
85/15 ratio, with the X-ray crystal structure of the major
component revealing a trans-BN-decalin disposition (Scheme
4B and C). With only the minor cis isomer correctly disposed for
Chem. Sci., 2025, 16, 22970–22975 | 22971
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Scheme 5 (A) Initial test to form propellane 8, (B) ORTEP diagram of the X-ray structure of 8 at 50% thermal ellipsoids. (C) 1H NMR of 8.

Scheme 6 Top: Mechanistic proposal for the trans-to-cis isomeri-
zation in 7; Bottom: initial test for the isomerization-ring closing
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ring closing, this stereochemical outcome posed a challenge to
our endgame strategy. To test if at least the minor cis fraction is
effective under ROM conditions, 7 – used as an isomermixture –
was subjected to the 1st generation Grubbs catalyst (G-I,
5 mol%) in CH2Cl2. Aer 16 h at room temperature, the cis
isomer was selectively consumed, leading to the formation of
the target BN-[4.4.4]propellane 8, while the trans-7 remained
unreacted (Scheme 5A). Compound 8 was identied by its GC-
MS molecular ion at m/z = 187, and was isolated as a stable,
colorless crystalline solid in 13% yield—consistent with the
15% initial abundance of the reactive cis isomer in the mixture.
The C3 symmetry of 8 is reected in its four-resonance 13C NMR
spectrum, where the two olenic peaks at 133 and 118 ppm are
complemented by the two aliphatic resonances at 56 (NCH2)
and 21 ppm (BCH2).

Crystals of 8 suitable for X-ray diffraction were grown by slow
evaporation of a hexane solution. The X-ray crystal structure of 8
(Scheme 5B) conrms the expectedmolecular C3-symmetry with
a helical propeller-like arrangement of the three 6-membered
lobes around the saturated B–N axis. While each individual
molecule is thus chiral due to its propeller twist, the non-chiral
(centrosymmetric) space group of P2a/c leads to the unit cell
containing both enantiomers. Applying the helix chirality
descriptorsM and P, we can see that the le structure in Scheme
5B possesses a le-handed screw arrangement, thus giving it an
M conguration, while the structure on the right is P due to its
right-handed screw arrangement. The twist is duly reected by
the 1H NMR of 8, as shown in Scheme 5C, where the chair-like
geometry of each 6-membered blade leads to distinguishable
axial and equatorial CH positions in the CH2 groups. The
spectrum features two CH2 groups, each as a diastereotopic pair
of broad singlets: at 4.12 and 2.61 ppm for NCH2, and at 1.19
and 0.69 ppm for BCH2. Considering the helicity of the pro-
pellane core, this uxional behaviour, as evidenced by such
peak broadening, signals an interconversion (via a ring ip) of
the two enantiomeric forms on the NMR timescale, leading to
an exchange between axial and equatorial C–H positions, also
illustrated in the lower part of Scheme 5B. For the 3D structure,
a comparison with the crystal structure of the carbocyclic
22972 | Chem. Sci., 2025, 16, 22970–22975
analogue SI-1 (see the SI), synthesized by Altman and co-
workers in 1967 and analyzed by the Dunitz laboratory in
1971,16,17 revealed subtle structural differences between the two
isosteres, most notably in the elongation of the central axis from
1.55 Å for C–C to 1.66 Å for the B–N.

Seeking to overcome the unfavorable stereochemistry
produced in the B–N diallylation of 1, we explored the possi-
bility of implementing a metathesis-based cis–trans isomeriza-
tion of 7. We envisioned that a sufficiently potent metathesis
catalyst could both perform the ring closing in cis-7, and also
catalyse an intramolecular metathesis between an allyl group
and a ring olen moiety in trans-7 yielding the Cs-symmetric
intermediate 12 (Scheme 6),18 which could then undergo
a second metathesis step to form the cis-7. The cis–trans equi-
librium could then be driven by the ring closing of the cis
component to propellane 8.

As discussed above (see Scheme 5), the catalyst G-I proved to
be ineffective for such isomerization, only showing activity for
ring closing of cis-7. Nevertheless, in a further exploration with
isolated trans-7, we became cautiously optimistic upon detect-
ing trace amounts of 8 when applying the Grubbs-II catalyst (G-
II), with even higher conversions (2–7%) observed using the 2nd
generation Hoveyda–Grubbs (HG-II) or the 3rd generation
Grubbs catalysts (G-III, Scheme 6, bottom).19,20 Returning to the
original trans/cis-7 (85/15) mixture, the best-performing HG-II
hypothesis. Using 5 mol% catalyst in CH2Cl2 at room temperature.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Optimization of the ring closing on trans/cis-7

Run Cat. % Cat. Solvent T [°C] Addit.a Yield

1 HG-II 5 mol% CH2Cl2 RT — 20%
2 HG-II 10 mol% CH2Cl2 RT — 20%
3 HG-II 15 mol% CH2Cl2 RT p-BQ 15%
4 HG-II 15 mol% Toluene 80 p-BQ 40%
5 HG-II 15 mol% Toluene 110 p-BQ 46%
6 HG-II 2 × 5 mol% Toluene 110 p-BQ 65%
7 G-III 2 × 5 mol% Toluene 110 p-BQ 80%
8 Mo-Ib 15 mol% Toluene 110 — 90%

a Using 20 mol% of para-benzoquinone when indicated. b The Mo-I
catalyst used in entry 8 refers to 2,6-
disopropylphenylimidoneophylidene molybdenum(VI) bis(hexauoro-t-
butoxide), CAS 139220-25-0.
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(CH2Cl2, room temp., 5–10% catalyst loading) afforded a ∼20%
yield of 8, i.e. just ∼5% above the precursor's cis content (Table
1, runs 1 and 2). The resulting product mixture also contained
species 13 arising via olen double bond migration,
a phenomenon associated with catalysis by Ru–H species or
Ru(0) nanoparticles stemming from the degradation of the Ru
carbene catalyst.21,22 Following literature precedents, the side
reaction could be suppressed through the addition of p-
benzoquinone,21 albeit initially without an increase in the yield
of 8 (run 3).

Nevertheless, up to 40–50% yields were achieved in toluene
at elevated temperatures (runs 4 and 5), reaching a 65% yield
through catalyst addition in two 5% batches at 110 °C (run 6).
To our delight, under the latter conditions the G-III catalyst,
originally somewhat less active than HG-II, now led to the BN-
[4.4.4]propellane 8 in 80% yield (run 7). A parallel study on
other catalyst types also revealed an excellent performance from
the Schrock Mo-based catalyst Mo-I,23 which led to 8 in 90%
yield, albeit with the need for rigorous air-free conditions
Scheme 7 Top: Transformation of 8 to the saturated BN-propellane
14, along with its DFT-based molecular geometry (B3LYP/6-
31+g(d,p)); Bottom: double epoxidation of 8 and the illustration of the
three isomeric epoxide products.

© 2025 The Author(s). Published by the Royal Society of Chemistry
(Table 1, run 8). The BN-[4.4.4]propellane 8 can thus be ob-
tained from the predominantly trans B,N-diallyl precursor 7,
either employing the bench-stable HG-II or G-III catalysts, or
with the air-sensitive but highly efficient Schrock-type Mo
catalyst. Further stability tests for 8, suggested by a referee,
revealed that in addition to being air-and moisture stable,
solutions of this propellane remain unchanged, as gauged by 1H
and 11B NMR, aer heating to 70 °C for 16 h, or aer irradiation
at 350 nm or 460 nm for 5 h (see the SI).

The tri-olen 8 could be converted to saturated [4.4.4]BN-
propellane 14 in 75% yield by smooth hydrogenation using
Pd/C (Scheme 7, top), where this compound formed along with
a minor unexpected isomer identied (see the SI) as [4.4.3]-BN-
propellane 15, ostensibly due to Pd/C-catalyzed isomerization.
As was previously observed for 8, compound 14 exhibits a ux-
ional 1H NMR spectrum, with the molecule's helical twist
(conrmed through DFT, see Scheme 7 and the SI) resulting in
eight broad resonances between +4 and −1 ppm for the four
chemically distinct CH2 groups (see the SI). Preliminary explo-
ration also reveals that the olenic double bonds in 8 can
undergo reactions such as cyclopropanation or epoxidation,
albeit leading to a mixture of mono-, bis- and tris-functionalized
species. For the sake of illustration, the epoxidation reaction,
which can be driven to the double epoxide 16 with moderate
selectivity, is shown in Scheme 7, bottom. The product is ob-
tained in three isomer forms, as reected by three peaks in the
GC-MS, with isomers designated using “up” and “down”
descriptors to indicate the direction of the epoxide units.

As previously noted, the interconversion between the enan-
tiomeric helical forms of propellanes 8 and 14 results in
a positional exchange between the equatorial and axial C–H
sites in each CH2 group. For 8, this process was assessed by
variable temperature 1H NMR in toluene-d8. While the
compound's two unique CH2 groups appeared as four broad
resonances at room temperature, cooling to 228 K led to signal
sharpening, with each of the four signals displaying well-
resolved geminal 2J(HH) coupling constants (16 Hz for the
methylene protons a to nitrogen and 18.5 Hz for the methylene
protons a to boron). As the temperature was gradually raised to
350 K, the accelerated interconversion led to the coalescence of
Fig. 1 Exchange process and coalescence of the N-HH resonances.

Chem. Sci., 2025, 16, 22970–22975 | 22973
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Fig. 2 (A) Simulated 1H NMR spectrum obtained from DNMR at T =
263 K with a best overlap fitting obtained at 92.26%. vs. the experi-
mental 1H NMR spectrum at T = 263 K. (B) Eyring plot obtained for
NCHH from DNMR extracted kex values.
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diastereotopic pairs, initially for the more closely positioned B-
CHH resonances (316 K, see the SI), and then for the wider-
spaced N-CHH peaks (334 K, see Fig. 1). These coalescence
temperatures (Tc) were used with the Eyring equation to calcu-
late DG‡ for the helical ip in 8, yielding internally highly
consistent values of 14.64 and 14.73 kcal mol−1 (see the SI).

For an even more accurate analysis, the experimental DG‡

values were probed through a lineshape analysis using the
DNMR soware package in TopSpin (v. 4) to t experimental vs.
simulated spectra for each of the variable-temperature 1H-NMR
datapoints recorded. This procedure yielded an interconversion
rate constant (k) for the methylene groups at each studied
temperature (Fig. 2A). Based on these constants, Eyring plots
were constructed by representing ln(k/T) against 1/T. The
resulting plots showed a strong linear correlation, described by
the equation f(x) = a + bx, where the slope and the intercept
represent DH‡ and DS‡, respectively. Using these data and the
expression DG‡ = DH‡ − TDS‡ thus allowed for the DG‡ values
for NHH and BHH to be calculated.

For example, as shown in Fig. 2B, the Eyring plot corre-
sponding to the a protons to N yielded a linear regression with
an R2 value of 99.9981, from which a DG‡ value of 14.57 kcal
mol−1 was calculated. Following an analogous procedure, a DG‡

value of 14.89 kcal mol−1 was determined for the BHH protons
(see the SI). We were pleased to observe that these values closely
align with those obtained experimentally, further validating our
results. We note that analogous dynamic behavior had been
documented by Altman et al. for the carbonaceous propellane
SI-1, with the DG‡ for this “helical ip” in the BN-propellane 8
being approximately 2 kcal mol−1 higher than that of its all-
carbon isostere.24 In contrast, this experimental barrier is
almost 3 times higher than the 5–6 kcal mol−1 ring inversion
barrier in cyclohexene, a ring representing individual lobes in
propellane 8. This is likely the result of the coordination
required to ip all three rings within the same movement.25
22974 | Chem. Sci., 2025, 16, 22970–22975
In summary, this work explores the synthetic potential of the
B]N sp2–sp2 unit as a platform for constructing more complex
3D architectures via double B/N functionalization. While
previous studies demonstrated B]N derivatization through the
addition of a protic [H+/OR−] pair, we now show that two
carbon-based fragments can be introduced in a nucleophile/
electrophile sequence, enabled by an initial disruption of p-
donation using organolithium reagents. This approach allowed
the synthesis of BN-[4.4.4]-propellane as a model 3D B–N sp3–
sp3 target, where the inherently unfavorable trans-diallylation
was overcome through a metathesis-based isomerization and
ring-closing strategy. While the 2D BN compound will likely
continue to gain importance in organic opto-electronic design,
we envisage that this and other synthetic strategies may help
launch a new area of BN mapping of both known and unknown
3D cores.
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