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ABSTRACT: We report the synthesis and characterization of a
series of BNP-incorporated borafluorenate heterocycles formed via
thermolysis reactions of pyridylphosphine and bis(phosphine)-
coordinated borafluorene azides. The use of diphenyl-2-pyridyl-
phosphine (PyPh2P), trans-1,2-bis(diphenylphosphino)ethylene
(Ph2P(H)C�C(H)PPh2), and bis(diphenylphosphino)methane
(Ph2PC(H2)PPh2) as stabilizing ligands resulted in Staudinger
reactions to form complex heterocycles with four- (BN2P, BNPC,
P2N2) and five-membered (BNP2C and BN2PC) rings, which were
successfully isolated and fully characterized by multinuclear NMR
and X-ray crystallography. However, when bis(diphenylphos-
phino)benzene (Ph2P-Ph-PPh2) was used as the ligand in a
reaction with 9-bromo-9-borafluorene (BF-Br), due to the close
proximity of the donor P atoms, the diphosphine-stabilized borafluoronium ion with an unusual borafluorene dibromide anion was
formed. Reaction of the borafluoronium ion with trimethylsilyl azide left the cation intact, and the dibromide anion was substituted
by a diazide. Density functional theory calculations were used to provide mechanistic insight into the formation of these new
boracyclic compounds. This work highlights a new method in which donor phosphine ligands may be used to promote dimerization,
cyclization, and ring contraction reactions to produce boracycles via Staudinger reactions.

■ INTRODUCTION

9-Borafluorenes are a popular class of boron-centered
polycyclic molecules which feature a central 5-membered
boron-containing heterocycle with a phenyl ring fused to each
side.1−6 In recent years, there have been a substantial number
of key advances toward their fundamental reaction chem-
istry,7−14 optical properties,15−19 and use as chemical synthons
for more complex molecules.3,20−37 While investigations of
tricoordinate borafluorenes are well-established,38 less is
known regarding the reactivity of tetracoordinate borafluorene
compounds despite the fact that a significant number of
suitable precursors exist.1 Our laboratory has used carbene-
coordinated borafluorene halides to access rare examples of
cationic39,40 and anionic borafluorenes,41−45 as well as stable
radicals46 with spin density delocalized throughout the
polycyclic aromatic hydrocarbon (PAH) framework.47 More
recently, we synthesized a series of mono(phosphine)-
coordinated borafluorene azides which, under thermal or
photochemical conditions, a;orded an array of compounds
containing 4-membered B2N2 rings with an exocyclic
phosphinimine moiety (Figure 1A).48 While organic azides
participating in Staudinger ligation reactions are well-
established,49 examples of phosphine-promoted N2 loss at

boron are rare.50−53 The chemistry depicted in Figure 1A
represents an unusual example in which an intramolecular
Staudinger reaction has been used to produce boracycles. We
hypothesized that using a linker which has two L-type donors
(Lewis base) that are available to bind tricoordinate
borafluorenes (Lewis acid) may serve as a simple method to
obtain extended bis(borafluorene) precursors en route to new
B and BNP heterocycles. Thus far, strategies to incorporate
multiple borafluorene moieties in a single molecule have
involved prelinking borafluorenes through fusion or via direct
bonding at the boron center.1,27,54−57 The use of multiple
coordination reactions to prepare borafluorene precursors
provides a new strategy that requires minimal synthetic
demand.
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Herein, we disclose the synthesis, molecular structures, and
computational analysis of boron-, nitrogen-, and phosphorus-
containing borafluorenate hereterocycles (Figure 1B). Com-
pounds containing four- (BN2P, BNPC, P2N2) and five-
membered (BNP2C and BN2PC) rings were formed in a facile
manner using inexpensive and commercially available pyridyl-
phosphine and bis(phosphine) ligands. Depending on the
ligand employed and the orientation of the phosphine donors,
heterocycles with varying substitution patterns were obtained.
Notably, while mono(phosphine) ligands led to compounds
with an exocyclic phosphinimine moiety (Figure 1A), the use
of bis(phosphine) or pyridylphosphine results in compounds
with endocyclic phosphorus atoms (Figure 1B), leading to a
new method to obtain BNP-containing heterocycles. In
addition to smaller fused ring compounds, a planar, multi-
heterocyclic system fused in a 6−5−4−5−6 fashion was
obtained when diphenyl-2-pyridylphosphine was used as the
coordinating ligand. Theoretical studies were carried out to
understand the reaction mechanism as well as the electronic
structures of all new compounds.

■ RESULTS AND DISCUSSION

Diphenyl-2-pyridylphosphine (PyPh2P) is a commonly utilized
phosphine ligand that is able to bind transition metal and main
group elements in a monodentate (P-bound) or bidentate (P-
and N-bound) fashion.58−60 Due to this coordinative flexibility,
we sought to understand how PyPh2P would react with the
Lewis acidic 9-bromo-9-borafluorene (BF-Br). When the two
reagents were combined in toluene (1:1 ratio), the
corresponding PyPh2P-borafluorene-bromide adduct 1 was
obtained as a white solid in 95% isolated yield (Scheme 1).
Although pyridine has been shown to form stable adducts with
tricoordinate borafluorenes,7,56,61,62 the more strongly donat-
ing phosphine preferentially binds to borafluorene and the
coordination of the pyridine moiety to a second 9-bromo-9-
borafluorene is disfavored by steric limitations. However, when
compound 1 and trimethylsilyl azide (TMS-N3) reacted in
toluene, a new B−N�P heterocycle 2 was generated as a light
yellow solid in 95% isolated yield via an intramolecular
Staudinger-type reaction (Scheme 1). Compound 2 was also
obtained by reacting 9-azido-9-borafluorene (BF-N3) and

Figure 1. (A) Synthesis of BN-borafluorenate heterocycles with an exocyclic phosphinimine moiety. (B) Synthesis of BNP-borafluorenate
heterocycles with an endocyclic phosphinimine moiety; synthesis of boronium ion [(Ph2P-Ph-PPh2)-(BF)][(BF)-X2] X = Br, N3; BF =
borafluorene (this work).

Scheme 1. Synthesis of (Pyridyl)(diphenyl)phosphine-borafluorene-bromide Adduct 1, 5-Membered BN2PC Ring-Containing
Bis(borafluorene) Complex 2 and BN2PC and P2N2 Ring-Containing Bis(borafluorene) 3a

aBF-N3 = 9-azido-9-borafluorene; TMS = trimethylsilyl; Py = pyridyl.
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PyPh2P in toluene, albeit in a slightly lower yield (87%). The
reactions involved release of dinitrogen (N2), phosphine
transfer from B to N, and formation of a new five-membered
BN2PC ring. Concomitantly, the remaining azide N atom
coordinates to a second BF-N3 unit. Compound 2 shows a
strong IR spectroscopic absorption band at 2095 cm−1,

corresponding to the -N3 asymmetric stretching vibrations,
which are comparable to our reported monodentate
phosphine-stabilized borafluorene azides (2095−2105
cm−1)48,63 and Bettinger’s pyridine- and t-butylpyridine-
coordinated borafluorene azides (2125 and 2116 cm−1,
respectively).7

Figure 2. Molecular structures of 1 (a), 2 (b), and 3 (c). Alternate view of 3 in (c) highlights the planarity of the pentaheterocyclic ring system and
its orthogonality to the borafluorene moieties. Thermal ellipsoids were set at 50% probability. H atoms and solvent molecules were omitted for the
sake of clarity. Selected bond distances [Å] and angles [°]: 1: B1−P1 2.002(3), B1−Br1 2.051(3), B1−C1 1.597(4); 2: B1−N1 1.637(5), B1−N2
1.560(5), B2−N2 1.599(5), B2−N3 1.605(5), P1−N2 1.587(3), N1−B1−N2 100.7(3), B1−N2−P1 114.7(3), B2−N2−P1 122.5(2), B1−N2−B2
122.8(3), N2−B2−N3 103.2(3); 3: B1−N1 1.529(4), B1−N2 1.607(4), P1−N1 1.654(2), P1−N1′ 1.814(2).

Figure 3. Calculated reaction pathway (ΔG, kJ mol−1) for the thermolysis reaction from 1 to 3. PBE0-D3(BJ)/def2-TZVPP(CPCM,toluene)//
PBE0-D3(BJ)/def2-SVP(CPCM,toluene) results were relative to PyPh2P-BF-Br. Results for Me3P are provided in parentheses (relative to those for
Me3P-BF-Br).
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Analysis of the product by single crystal X-ray di;raction
revealed a short P−N bond [1.587(3) Å]. The P−N bond in 2
is consistent with known boron-phosphinimine compounds
(1.578−1.607 Å and bond orders of 1.37−1.57),48,50−53 which
is indicative of P�N double-bond character in 2. PBE0-
D3(BJ)/def2-TZVPP(CPCM,toluene)//PBE0-D3(BJ)/def2-
SVP(CPCM,toluene) yields a B−

PyN distance of 1.610 Å
(Mayer bond order of 0.73) with a P−N distance of 1.608 Å
(bond order of 1.49). Natural Bond Orbital (NBO) calculated
Wiberg bond indices (WBI) underestimate the P−N bond
order (1.02−1.05). The presence of a P�N double bond
evidenced by the crystal structure and the calculated bond
order supports the oxidation of PIII to PV (Figure 2).

When a C6D6 solution of complex 2 was refluxed for 4 days,
the solution changed from light yellow to brown. The 9-azido-
9-borafluorene unit dissociated from the cyclic BNPN atom and
a novel BNP-doped bis(borafluorene) heterocycle 3 was
obtained in 60% isolated yield (Scheme 1). 1H and 11B{1H}
NMR spectroscopic analysis of the reaction mixture confirmed
the loss of one equivalent of 9-azido-9-borafluorene followed
by further oligomerization. Confirmation of oligomerization
was completed by refluxing free 9-azido-9-borafluorene for 4
days in C6D6 and comparing the corresponding spectroscopic
data (1H and 11B{1H}) with the reaction mixture obtained
during the synthesis of compound 3. It is noteworthy that
compound 3 is air-stable. This was confirmed by exposing the
solid to air for 2 days and then collecting the solution NMR
spectra (1H, 13C, 11B{1H}, and 31P) of the air-exposed
compound. No major change was observed compared to the
original spectra. Compound 3 was characterized by single
crystal X-ray di;raction (Figure 2). The plane of the two
borafluorene moieties is orthogonal to the planar BNP penta-
heterocyclic core, and the pyridyl rings display displaced π−π

stacking with a neighboring molecule of 3 (Figure S38).
Moreover, the phosphorus center changes from a tetrahedral
geometry in 2 to a distorted trigonal bipyramidal geometry in 3
(Figure 2c). A PBE0-D3(BJ)/def2-TZVPP(CPCM,toluene)//
PBE0-D3(BJ)/def2-SVP(CPCM,toluene) optimized geometry
of 3 yields a rhomboid P2N2 cycle with short (P1−N1 1.667)
and long (P1−N1′ 1.834 Å) phosphorus−nitrogen bonds,
consistent with that in the experimental structure [P1−N1
1.654(2) Å; P1−N1′ 1.814(2) Å]. The Mayer bond orders are
1.26 and 0.81 (cf. 1.49 in 2), which suggest significant P�N
character in the shorter P−N bonds, although the bond order
is lower than in 2.

A PBE0-D3(BJ)/def2-TZVPP(CPCM,toluene)//PBE0-
D3(BJ)/def2-SVP(CPCM,toluene) mechanistic study was
carried out for the formation of 2 and 3 (Scheme 1), including
a comparison to phosphines (PR3) with noncoordinating R
groups.48 The calculated reaction energy pathway is illustrated
in Figure 3 using both PyPh2P and Me3P. The fact that 2 is
produced from either BF-N3 or 1, together with the structure
of 2, is suggestive of intramolecular Staudinger reactivity. In
our previous study of R3P reactivity, no products analogous to
2 and 3 were isolated; here, we have investigated the di;erent
reactivity observed with a coordinating Py group in PyPh2P.
While not shown in Figure 3, ΔG for the initial addition of
PyPh2P to BF-Br is favorable, calculated to be −65.0 kJ mol−1

(−101.2 kJ mol−1 with PMe3). While subsequent replacement
of Br by N3 to form PyPh2P-BF-N3 is also favorable, it is only
marginally so at −3.6 kJ mol−1 (PMe3 −0.8 kJ mol−1). The
overall formation of 2 from 1 is very favorable, with an ΔG of
−334.1 kJ mol−1 (−398.9 kJ mol−1 if starting from BF-Br).

The reaction pathway represents intramolecular Staudinger
reactivity, with initial migration of PyPh2P to the terminal
azideN (Int1) followed by migration of P to the αN and ejection
of N2 leading to Int2. With PyPh2P, the barrier of P migration
to αN and ejection of N2 is only 13.0 kJ mol−1, which is
significantly reduced compared to Me3P (50.0 kJ mol−1) due
to the stabilizing e;ect of the PyN−B interaction. Interestingly,
the initial structures PyPh2P-BF-Br and PyPh2P-BF-N3 do not
exhibit PyN−B coordination that is present in Int1 and all
subsequent species. Reaction of Int2 with BF-N3 readily yields
2. Int2 could potentially dimerize to Int2 dimer as was
observed with R3P,48 which yields a stable minima and is
favorable for both R3P and PyPh2P. However, with PyPh2P,
formation of 2 is calculated to be thermodynamically favored
over dimerization by 55.3 kJ mol−1 in contrast to PMe3, where
dimerization is favored by 21.2 kJ mol−1 (43.8 kJ mol−1 with
def2-TZVPPD that was used in our previous study48,63). The
di;erent reactivity of R3P and PyPh2P is a result of reaction
thermodynamics, which arises due to the stabilizing PyN−B
interaction with PyPh2P that is absent in R3P. The impact of
PyN−B coordination is evidenced in the similarity of PyPh2P-
BF-Br and PyPh2P-BF-N3 reaction energetics for Me3P and
PyPh2P where there is no PyN−B coordination, while for
subsequent steps, the PyPh2P pathway yields a lower barrier
and more stable Int2 and 2. The reaction from 2 to 3 is
calculated to be endergonic (+66.6 kJ mol−1) by using BF-N3

as the other product. However, BF-N3 was observed to
oligomerize in the synthetic study, which together with the
endergonic calculated reaction energy, indicates that using
molecular BF-N3 in this final step does not yield the true
thermodynamics. It is not feasible to reliably model the
thermodynamics of oligomerization of BF-N3; however, it must
be thermodynamically favorable by at least 67 kJ mol−1 to
furnish the observed products. Overall, the reaction pathway is
indeed consistent with an intramolecular Staudinger-type
reaction, where the novel reactivity is driven by the strong
PyN−B coordination that is evident in both BF-N�PPh2Py
and 2. Di;erent reactivities may be expected with alkyl/aryl
R3P phosphine ligands.

With the goal of isolating di;erent classes of BNP-doped
borafluorenate heterocycles, we explored reactions of bis-
phosphine trans-1,2-bis(diphenylphosphino)ethylene, bis-
(diphenylphosphino)methane, and bis(diphenylphosphino)-
benzene in similar borafluorene-based reaction sequences.
Addition of two equivalents of BF-Br in toluene to trans-1,2-
bis(diphenylphosphino)ethylene yielded the corresponding
bis(phosphine-stabilized borafluorene-bromide adduct) 4 as a
white solid in 92% isolated yield (Scheme 2). The reaction of 4
with trimethylsilyl azide in toluene at 110 °C generated a new
4-membered BN2P-spirocyclic complex 5, which may be
described by three possible resonance structures 5a, 5b, and
5c (Scheme 2). As a result, there is a delocalization of electrons
over the N−P−N moiety. The reaction proceeds via release of
N2, the presumed release of trans-1,2-dibromoethene, and the
cleavage of the P−C bond. Compounds 4 and 5 were
characterized by single crystal X-ray di;raction (Figure 4).
Structure 4 shows a trans-orientation of both B−Br bonds. In
structure 5, the plane of the borafluorene moiety is orthogonal
to the 4-membered BN2P ring, and the spiro-boron atom
adopts a tetrahedral geometry.

PBE0-D3(BJ)/def2-TZVPP(CPCM,toluene)//PBE0-
D3(BJ)/def2-SVP(CPCM,toluene) results for 5 yields Mayer
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bond orders of 0.75 (B−N), 1.01 (Si−N), and 1.27 (P−N
bonds) (cf. 1.49 in 2), which is consistent with less P−N
double-bond character compared to 2, yet substantial P−N
double-bond character remains that is very similar to the case
of the shorter P−N bonds in 3 (bond order 1.26). NBO
indicates an absence of any covalent Si−N bonding NBOs;
however, lone pair (LP*) NBOs on Si have significant
population (0.37 e), and the donor−acceptor interaction
(from second order perturbation) from the N lone pair NBO
to Si lone pair is 219 kcal/mol, which is suggestive of an ionic
N−Si bonding interaction. Natural resonance theory (NRT)
analysis yields all single bonds equivalent to 5c (Scheme 2),
although the ionic bonding preference with NBO suggests that
the NRT results may not provide a reliable description of the
bonding. The optimized P−N bond distances (1.627−1.628
Å) are in agreement with Pyykko and Atsumi’s empirical
covalent double-bond radii for P�N (1.62 Å).64,65 Similarly,
the B−N bond distances (1.611−1.612 Å) are longer than the
empirical single bond radii (1.56 Å), while the optimized Si−N
bond distances (1.755−1.756 Å) lie between Pyykko and
Atsumi’s empirical values for double (1.67 Å) and single (1.87
Å) bonds. The longer B−N bonds (with smaller bond order)
are suggestive of a weaker B−N interaction because of the
substantial P�N character. Hirshfeld atomic charges of P
(+0.41), B (+0.06), N (−0.27), and Si (+0.34) with a negative
charge on N indicate some electron density accumulation,
consistent with partial lone pair presence. It is suggested that
all resonance structures 5a-5c contribute to the description of
bonding, with the P−N Mayer bond order of 1.27 (cf. 1.29 in
3) indicating that 5a-5b (with P�N) are the dominant
resonance structures. Calculated ΔG for the formation of 4 and
5 according to Scheme 2 is calculated to be very favorable:
−154.2 kJ mol−1 for the formation of 4 and −899.5 kJ mol−1

for the subsequent step to form 5.
Addition of bis(diphenylphosphino)methane to two equiv-

alents of 9-bromo-9-borafluorene in toluene yielded bis-
(phosphine-stabilized borafluorene-bromide adduct) 6 as a
white solid in 90% yield (Scheme 3). Compound 6 was
successfully characterized by single crystal X-ray di;raction,
and both B−Br bonds are oriented in a cis fashion (Figure 5).
It is noteworthy that this dramatically alters the solubility, with
adduct 4 having relatively poor solubility in organic solvents

such as hexanes, toluene, DCM, and THF compared to that of
6. When 6 reacts with trimethylsilyl azide at room temperature
in toluene for 15 h, a new BNPC-heterocycle 7 is formed
(Scheme 3). Compound 7 shows a strong IR absorption band
at 2095 cm−1 corresponding to the -N3 asymmetric stretching
vibrations, which is comparable to that in compound 2 and
reported boron azides.7,48,63 Additionally, it was fully
characterized by NMR spectroscopy (1H, 13C, 11B{1H}, and

Scheme 2. Synthesis of Bis(phosphine-borafluorene-bromide adduct) 4 and 4-Membered BN2P-Spirocyclic Complex 5
(Resonance Hybrid) and Resonance Structures 5a−5c

Figure 4. Molecular structures of 4 (a) and 5 (b). Thermal ellipsoids
set at 50% probability and H atoms were omitted for clarity. Selected
bond distances [Å]: 4: B1−Br1 2.054 (2), B1−P1 1.976(3). 5: B1−

N1 1.629(3), B1−N2 1.629(3), P1−N1 1.6112(17), P1−N2
1.6086(18).
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31P) and confirmed by elemental analysis (EA). The 11B{1H}
NMR spectrum gives two resonances at 15.0 and −4.1 ppm,
corresponding to two tetracoordinate boron centers. While the
structure of compound 7 indicates connectivity (Figure 5),
poor crystal quality prevents a detailed discussion of the
geometrical data. When complex 7 was heated at reflux in
toluene for 2 days, the chiral 4-membered BNPC-spirocyclic
compound 8 formed via ring contraction. The reaction may

have proceeded by the initial release of azide anion (-N3)
which then deprotonated one of the protons of the phosphine
ligand to produce hydrazoic acid (HN3). It is noteworthy that
this reaction needs to be run with careful attention due to the
presumed release of the explosive and highly toxic HN3 (see
Experimental Section for additional information). Complex 8
was successfully characterized by single crystal X-ray di;raction
(Figure 5). The tricoordinate borafluorene moiety is in the
same plane as the 4-membered BNPC ring, while the
tetracoordinate borafluorene is orthogonal to the BNPC ring.
We note that compound 8 is air-stable in the solid state. Its
stability was verified by allowing it to be in contact with air for
a period of 3 days. Subsequently, solution NMR data (1H, 13C,
11B{H}, and 31P) were collected from the exposed compounds,
revealing no significant change compared to their original
spectra.

The calculated energetics for the first step of Scheme 3 to
form 6 give a ΔG of −174.7 kJ mol−1. Subsequent replacement
of Br by N3 from 6 is only favorable by 11.2 kJ mol−1, although
subsequent loss of N2 to form 7 is very thermodynamically
favorable (−264.3 kJ mol−1). The calculated ΔG for the final
step to produce 8 is +95.9 kJ mol−1. While a TS could not be
located to confirm the reaction pathway, the energetics are
consistent with the required reaction conditions reported in
Scheme 3. It is noted that 7 has a similar structure to 2
(Scheme 1), with coordination of P to the B of borafluorene;
however, the formation of an analog of 3 with diphosphine is
not favored.

Unexpectedly, the addition of bis(diphenylphosphino)-
benzene to two equiv of 9-bromo-9-borafluorene in toluene
did not yield a Lewis acid−base adduct as was the case with
the other bis(phosphines) used in this study (Schemes 2 and
3). Instead, [bis(diphenylphosphino)benzene]-stabilized bora-
fluoronium ion 9 was formed, with an unusual borafluorene
dibromide ion pair (Scheme 4 and Figure 6). We attribute the
formation of the cationic borafluorene species to the cis-
orientation of the two phosphine ligands on the benzene
linker, which forces them to bind to the same electrophilic
boron center. When compound 9 reacts with two equivalents
of TMS-N3, the borafluoronium ion stays intact, while the
anion undergoes a double displacement reaction to form a
borafluorene diazide anion 10 (Scheme 4). The 11B{1H} NMR
spectrum of 9 gives two resonance peaks at −1.8 ppm (anion)
and −15.4 ppm (cation) in CD2Cl2. Due to the limited
solubility of 10 compared to that of 9, the 11B{1H} NMR
spectrum of 10 was taken in THF-D8 which shows two
resonances at 0.6 and −13.9 ppm. The 11B{1H} NMR spectra
of the borafluoronium ions in 9 (−15.4 ppm) and 10 (−13.9
ppm) are significantly di;erent compared to our reported
monodentate carbene- and carbone-stabilized borafluorenium
ions,39,40 where peaks are typically downfield in the range of
48−66 ppm. Both compounds 9 and 10 are air-stable in
solution and solid states. There were no changes as determined

Scheme 3. Synthesis of Bis(phosphine-borafluorene-bromide) Adduct 6, BN2PC-Heterocycle 7, and Chiral BNPC-Spirocyclic
Complex 8

Figure 5. Molecular structures of 6 (a), 7 (b), and 8 (c). Thermal
ellipsoids set at 50% probability. H atoms and solvent were omitted
for clarity, as was the minor position of the disordered atoms in 8.
While the atom connectivity in 7 is established by X-ray di;raction,
the geometrical parameters are not discussed due to insuPcient
crystal quality. Selected bond distances [Å]: 6: B1−Br1 2.065 (4),
B1−P1 1.970(5); 8: B1−N1 1.415(4), B1−C1 1.573(4), C25−P1
1.792(1), P1−N1 1.640(2), B2−N1 1.627(4).
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by NMR spectroscopy after solutions of 9 and 10 were
exposed to air for 3 days. When 10 undergoes thermolysis (120
°C) in a pressure tube for 2 days, a complex mixture of
products formed, which could not be separated to allow
characterization.

The optimized geometry of the free diphosphine-stabilized
borafluoronium ion common to 9 and 10 yields B−P bonds
with Mayer bond orders of 0.79 (1.966 Å) and 0.82 (1.969 Å),
respectively, which is comparable to 0.86 (1.991 Å) in 1. The
Mulliken charge on the B center is −0.038 e, which is similar
to −0.085 e in 1 and +0.035 e in 2, and much more positive
than −0.36 e in 5 and −0.33 e in 3. The unusual BF anions in
9 and 10 exhibit di;erent electronic environments, highlighted
by Mulliken charges for B of 0.23 (Br, 9) and −0.08 (N3, 10).
PBE0-D3(BJ)/def2-TZVPP(CPCM,toluene)//PBE0-D3(BJ)/
def2-SVP(CPCM,toluene) results for the reactivity in Scheme
4 indicate that the formation of [bis(diphenylphosphino)-
benzene]-stabilized borafluoronium 9 is thermodynamically
favorable by 41 kJ/mol, while further reaction with TMS-N3 to
form 10 is favorable by 19 kJ/mol.

We also investigated the molecular orbital plots of the boron
heterocyclic compounds 3, 5, and 8, and the common
diphosphine-stabilized borafluoronium ion shared by 9 and
10 (Figure 7). In 3, the HOMO is centered on the

borafluorene moieties, while the LUMO is centered on the
pyridyl substituents. As for 5, the HOMO is also located on the
borafluorene unit, and the LUMO is on the two phenyl
substituents attached to the phosphorus center. The HOMO
in 8 is centered on the tetracoordinate borafluorene moiety,
while the LUMO is centered on the tricoordinate borafluorene
moiety, which primarily involves the vacant p orbital of boron.
For the diphosphine-stabilized borafluoronium ion in 9 and 10,
the HOMO is centered on the borafluorene moiety with π

character, while the π* LUMO is distributed over both the
benzene ring and the phosphorus centers (Figure 7d). Overall,
it is noted that the HOMO centered on the borafluorene
moiety is common for all borafluorene compounds 3, 5, 8, and
9−10.

■ CONCLUSIONS

We highlight a versatile pyridylphosphine and bis(phosphine)
ligand strategy that has been used to synthesize an array of new
boron, nitrogen, and phosphorus-containing heterocycles via
intramolecular Staudinger-type reactions. The newly synthe-
sized compounds have diverse heteroatom substitution
patterns and ring fusions and/or connectivities. While
diphenyl-2-pyridylphosphine (PyPh2P), trans-1,2-bis-
(diphenylphosphino)ethylene (Ph2PHC�CHPPh2), and bis-
(diphenylphosphino)methane (Ph2PCH2PPh2) all led to
compounds where the phosphines bind in a bis(monodentate)
fashion, bis(diphenylphosphino)benzene exceptionally gener-
ated the bidentate diphosphine-stabilized borafluoronium ion
with unusual tetracoordinate borafluorene dibromide and
diazide anions. Theoretical calculations were conducted to
understand potential mechanisms for the formation and

Scheme 4. Synthesis of Diphosphine-Stabilized Borafluoronium Ions 9−10.

Figure 6. Molecular structures of 9 (a) and 10 (b). Thermal ellipsoids
set at 50% probability. H atoms and solvent molecules were omitted
for clarity. Selected bond distances [Å]: 9: B1−P1 1.979(3), B1−P2
1.972(3), B2−Br1 2.091(3), B2−Br2 2.056(3). 10: B1−P1 1.966 (3),
B1−P2 1.968(3), B2−N1 1.585(4), B2−N4 1.569(4).

Figure 7. Plots of the HOMO and LUMO of 3 (a), 5 (b), 8 (c), and
9/10 (d). PBE0-D3(BJ)/def2-TZVPP(CPCM,toluene)//PBE0-
D3(BJ)/def2-SVP(CPCM,toluene).
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electronics of the boracycles, which clearly showed unique
reaction pathways and configurations based on the specific
ligand employed. The use of the bis(monodentate) and
bidentate ligand approach to access new borafluorene
compounds may have broad implications in the design of
borafluorenes with extended π-systems and supramolecular
structures, which is an aspect of borafluorene chemistry that
remains underdeveloped.1

■ EXPERIMENTAL SECTION

General Procedures. All air- and moisture-sensitive reactions
were performed under an inert atmosphere of argon using standard
Schlenk techniques or in a MBRAUN LABmaster glovebox equipped
with a −37 °C freezer. Reaction solvents including toluene and
hexanes were purified by distillation over sodium, while ethereal
solvents such as diethyl ether and tetrahydrofuran (THF) were
purified by distillation over Na/benzophenone. Deuterated solvents
were purchased from Acros Organics and Cambridge Isotope
Laboratories and dried over sodium (C6D6) or Na/K alloy (THF-
d8). All glassware used for reactions was oven-dried at 190 °C
overnight. The NMR spectra were recorded at 298.15 K on a Varian
600 MHz spectrometer. Proton and carbon chemical shifts are
reported in ppm and are referenced using the residual proton and
carbon signals of the deuterated solvent (1H: C6D6 δ = 7.16, THF-d8

δ = 3.58, 1.72; 13C: C6D6 δ = 128.06, THF-d8 δ = 67.21, 25.31). All
boron signals are reported in ppm and were referenced to an external
standard, BF3·Et2O (11B: δ = 0.00). Due to a borosilicate NMR probe,
there is a broad signal observed from −25 to 25 ppm. 31P NMR
chemical shifts were referenced to an 85% phosphoric acid standard
(31P: δ = 0.00). Single crystal X-ray di;raction data collection and
structure refinement details are given in the X-ray crystallographic
section of the Supporting Information. Elemental analyses were
performed at the University of Virginia Department of Chemistry by
using a PerkinElmer 2400 Series II analyzer. The following
compounds were prepared according to literature procedures: 9-
halo-9-borafluorene7,40 and 9-azido-9-borafluorene.7,8,66 All other
compounds were purchased from Sigma-Aldrich and Fisher Scientific
and used without further purification.

CAUTION: The azides used and described in this report may be
shock-sensitive and/or explosive. With the exception of the air-
stability tests, they were handled under an inert atmosphere (i.e., a
glovebox or Schlenk line). Before attempting to synthesize or handle
these compounds, researchers should familiarize themselves with the
materials safety data sheets (MSDS) for azide compounds and adhere
to appropriate safety guidelines.
Synthesis of Compound 1. To a mixture of 9-bromo-9-

borafluorene (0.41 mmol, 128.00 mg) and diphenyl-2-pyridylphos-
phine (0.49 mmol, 129.00 mg), 20 mL of toluene was added. The
resulting mixture was allowed to stir for 4 h. All volatile components
were removed in vacuo, and the remaining solid was washed with 10
mL of hexanes and dried to a;ord the product was isolated as a white
solid (197.16 mg, 95% yield). 1H NMR (600 MHz, C6D6) δ 8.20 (d, J
= 2.2 Hz, 2H), 7.83 (d, J = 7.2 Hz, 2H), 7.71 (t, J = 9.2 Hz, 4H), 7.45
(d, J = 7.5 Hz, 2H), 7.14 (d, J = 7.5 Hz, 2H), 7.10 (t, J = 6.7 Hz, 2H),
6.92 (t, J = 7.4 Hz, 2H), 6.88−6.79 (m, 5H), 6.43−6.37 (d, 1H) ppm.
13C NMR (151 MHz, C6D6) δ 152.58 (ArC), 152.06 (ArC), 150.47
(ArC), 150.37 (ArC), 149.53 (ArC), 149.48 (ArC), 135.61 (ArC),
135.55 (ArC), 135.09 (ArC), 135.05 (ArC), 133.12 (ArC), 131.66
(ArC), 131.64 (ArC), 126.85 (ArC), 125.76 (ArC), 125.36 (ArC),
125.05 (ArC), 119.84 (ArC) ppm. 11B{1H} NMR (192 MHz, C6D6) δ

−7.4 ppm. 31P{1H} NMR (243 MHz, C6D6) δ 1.42 ppm. Anal. Calcd
For C29H22BBrNP: C, 68.81; H, 4.38; N, 2.77%. Found C, 68.90; H,
4.38; N, 2.73%.
Synthesis of Compound 2. Route 1: To a solution of PyPh2P-BF-

Br adduct 1 (0.220 mmol, 0.110 g) in toluene, pure trimethylsilyl
azide (7.60 mmol, 2.00 mL) was added. After the addition of TMS-
N3, the clear solution turned pale yellow. The reaction mixture was
stirred for 3 h. All volatile components were removed in vacuo, and

the remaining solid was washed with hexanes and toluene and then
dried to give the product as a light yellow solid (0.134 g, 95% yield).

Route 2: To a solution of 9-azido-9-borafluorene (0.83 mmol,
0.0780 g) in toluene, diphenyl-2-pyridylphosphine (1.24 mmol, 0.326
g) was added. The reaction mixture was stirred for 2 h. All volatile
components were removed in vacuo, and the remaining solid was
washed with hexanes and toluene and then dried to a;ord the product
as a light yellow solid (466 mg, 87% yield). 1H NMR (600 MHz,
C6D6) δ 8.49 (d, J = 4.8 Hz, 1H), 7.50 (t, J = 6.9 Hz, 3H), 7.15−7.14
(m, 2H), 7.13 (q, J = 1.2 Hz, 5H), 7.12−7.12 (m, 3H), 7.06 (d, J =
1.0 Hz, 4H), 7.05 (d, J = 0.7 Hz, 2H), 7.02−7.02 (m, 4H), 7.01−7.00
(m, 4H), 6.86 (t, J = 7.7 Hz, 1H), 6.50 (dd, J = 7.6, 4.7 Hz, 1H) ppm.
13C NMR (151 MHz, C6D6) δ 164.48 (ArC), 150.47 (ArC), 150.40
(ArC), 137.36 (ArC), 135.32 (ArC), 134.79 (ArC), 134.66 (ArC),
129.34 (ArC), 129.10 (ArC), 128.81 (ArC), 128.76 (ArC), 128.56
(ArC), 125.70 (ArC), 122.07(ArC) ppm. 11B{1H} NMR (192 MHz,
THF-d8) δ 10.1, 3.3 ppm. 31P{1H} NMR (243 MHz, C6D6) δ: −3.54
ppm. Anal. Calcd For C41H30B2N5P: C, 76.31; H, 4.69; N, 10.85%.
Found C, 76.62; H, 4.52; N, 10.73%.

Synthesis of Compound 3. A solution of compound 2 (0.0780
mmol, 50 mg) in C6D6 solvent was refluxed for 4 days in a J-Young
tube. The solution changed from light yellow to brown. The reaction
was tracked by using 11B{1H} and 31P{1H} NMR to confirm
conversion to the desired product after 4 days. The C6D6 solvent was
removed in vacuo, and the remaining solid was redissolved in THF
and then concentrated for recrystallization at room temperature to
obtain colorless crystals (20 mg, 60% yield). 1H NMR (600 MHz,
THF-d8) δ 8.69−8.58 (m, 3H), 8.27 (t, J = 9.3 Hz, 1H), 8.02−7.67
(m, 7H), 7.54 (s, 3H), 7.44−7.36 (m, 14H), 7.31 (d, J = 4.7 Hz,
10H), 7.16 (d, J = 12.8 Hz, 3H), 7.09 (d, J = 7.8 Hz, 3H). 13C NMR
(151 MHz, THF-D8) δ 151.10 (ArC), 138.23 (ArC), 136.34 (ArC),
135.23 (ArC), 133.16 (ArC), 131.61 (ArC), 129.69 (ArC), 129.32
(ArC), 129.27 (ArC), 128.89 (ArC), 128.73 (ArC), 122.98 (ArC).
11B{1H} NMR (192 MHz, C6D6) δ −6.5 ppm. 31P{1H} NMR (243
MHz, THF-d8) δ: 15.00 ppm. C58H44B2N4P2: C, 79.11; H, 5.04; N,
6.36%. Found C, 79.55; H, 5.40; N, 5.98%.

Synthesis of Compound 4. To a solution of 9-bromo-9-
borafluorene (1.24 mmol, 0.300 g) in toluene, trans-1,2-bis-
(diphenylphosphino)ethylene (0.618 mmol, 0.255 g) was added.
The resulting mixture was allowed to stir for 8 h. All volatile
components were removed in vacuo, and the remaining solid was
washed with 10 mL of toluene and dried to give the product as a
white solid (0.528 g, 92% yield). 1H NMR (600 MHz, CD2Cl2) δ

7.65−7.52 (m, 2H, ArH), 7.45−7.41 (m, 6H, ArH), 7.36 (d, J = 8.5
Hz, 4H), 7.26−7.23 (m, 8H, ArH), 7.17 (d, J = 6.7 Hz, 12H, ArH),
7.14 (s, 4H, ArH), 6.97 (d, J = 8.1 Hz, 2H, HC�CH). 13C NMR
(151 MHz, TCE-d2) δ 148.34 (ArC), 138.02 (ArC), 133.78 (ArC),
132.60 (ArC), 131.89 (ArC), 129.19 (ArC), 128.36 (ArC), 125.46
(ArC), 119.82 (ArC), 21.62 (PHC�CHP) ppm. 11B{1H} NMR (192
MHz, TCE-d2) δ −16.1 ppm. 31P{1H} NMR (243 MHz, TCE-d2) δ

−0.66 ppm. Anal. Calcd For C50H38B2Br2P2:C, 68.07; H, 4.34%.
Found C, 68.32; H, 4.71%.

Synthesis of Compound 5. To a solution of compound 4 (0.164
mmol, 0.150 mg) in toluene was added an excess amount of
trimethylsilyl azide (1.64 mmol, 0.189 g, 0.220 mL). The reaction
mixture was heated at 110 °C for 1 day. All volatile components were
removed in vacuo, and the remaining solid was washed with hexanes
and then dried to a;ord the product as a light yellow solid (0.0642 g,
75% yield). 1H NMR (600 MHz, THF-d8) δ 8.12−7.94 (m, 3H,
ArH), 7.75 (m, 3H, ArH), 7.51−7.40 (m, 6H, ArH), 7.25 (m, 3H,
ArH), 7.11−7.01 (m, 3H, ArH), 0.22 − −0.22 (m, 18H, Si−CH). 13C
NMR (151 MHz, THF-d8) δ 133.38 (ArC), 132.30 (ArC), 129.34
(ArC), 128.72 (ArC), 126.52 (ArC), 118.96 (ArC), 1.13 (Si-C).
11B{1H} NMR (192 MHz, THF-d8) δ 1.0 ppm. 31P{1H} NMR (243
MHz, THF-d8) δ 52.87 ppm. Anal. Calcd For C30H36BN2PSi2: C,
68.95; H, 6.94; N, 5.36%. Found C, 68.78; H, 7.10; N, 5.92%.

Synthesis of Compound 6. To a solution of 9-bromo-9-
borafluorene (1.24 mmol , 0 .300 g) in toluene, bis -
(diphenylphosphino)methane (0.618 mmol, 0.237 g) was added.
The resulting mixture was allowed to stir for 8 h. All volatile
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components were removed in vacuo, and the remaining solid was
washed with 10 mL of toluene and then dried to a;ord the product as
a white solid (0.492 g, 90% yield). 1H NMR (600 MHz, C6D6) δ 7.86
(d, J = 7.0 Hz, 4H, BF-ArH), 7.35 (d, J = 6.9 Hz, 4H, BF-ArH), 7.20
(m, 6H, ArH), 7.15−7.12 (m, 8H, ArH), 7.08−6.99 (m, 4H, BF-
ArH), 6.69 (m, 4H, BF-ArH), 6.52 (m, 6H, ArH), 4.73 (s, 2H, P−

CH−P). 13C NMR (151 MHz, C6D6) δ 153.14 (ArC), 133.41 (ArC),
132.91 (ArC), 132.47 (ArC), 128.88 (ArC), 128.63 (ArC), 128.35
(ArC), 120.10 (ArC), 18.89 (P−CH−P) ppm. 11B{1H} NMR (192
MHz, C6D6) δ −6.0 ppm. 31P{1H} NMR (243 MHz, THF-d8) δ 2.51
ppm. Anal. Calcd For C49H38B2Br2P2:C, 67.63; H, 4.40%. Found C,
67.35; H, 4.23%.
Synthesis of Compound 7. To a solution of 6 (0.226 mmol, 0.200

g) in toluene was added an excess of trimethylsilyl azide (2.26 mmol,
0.260 g 0.300 mL). The reaction mixture was stirred for 15 h. All
volatile components were removed in vacuo, and the remaining solid
was washed with hexanes and then dried to give the product was
isolated as a light yellow solid (0.155 g, 90% yield). 1H NMR (600
MHz, C6D6) δ 7.62 (d, J = 7.2 Hz, 4H), 7.31 (d, J = 7.5 Hz, 4H), 7.19
(d, J = 7.9 Hz, 8H), 7.11 (d, J = 7.5 Hz, 4H), 7.01 (t, J = 7.7 Hz, 4H),
6.88 (t, J = 7.3 Hz, 4H), 6.79 (t, J = 7.6 Hz, 8H), 3.22 (s, 2H). 13C
NMR (151 MHz, C6D6) δ 150.88 (ArC), 133.39 (ArC), 133.29
(ArC), 131.90 (ArC), 131.85 (ArC), 130.44 (ArC), 130.37 (ArC),
128.57 (ArC), 128.52 (ArC), 127.32 (ArC), 120.07 (ArC), 19.75 (P−

CH−P) ppm. 11B{1H} NMR (192 MHz, C6D6) δ 15.0, −4.1 ppm.
31P{1H} NMR (243 MHz, THF-D8) δ 0.23, −28.33 ppm. Anal. Calcd
For C49H38B2N4P2: C, 76.79; H, 5.00; N, 7.31%. Found C, 76.75; H,
4.83; N, 7.47%.
Synthesis of Compound 8. A solution of 7 (0.131 mmol, 0.100 g)

in toluene was refluxed for 2 days in a pressure tube. The reaction was
tracked using 11B{1H} and 31P{1H}NMR spectroscopies to confirm
conversion to the desired product after 2 days. All volatile
components were removed in vacuo, and the remaining solid was
washed with hexanes and then dried to a;ord the product as a white
solid (0.663 g, 70% yield). Note: Due to presumed formation of HN3,

this reaction was conducted in a closed system or pressure tube
outside of the glovebox. Then, the pressure tube was brought in the
glovebox (inert atmosphere) after 2 days where the purification and
work up were conducted safely. 1H NMR (600 MHz, C6D6) δ 8.21
(m, 1H, ArH), 7.98−7.90 (m, 2H, ArH), 7.79 (m, 1H, ArH), 7.69−

7.63 (m, 4H, ArH), 7.50−7.42 (m, 2H, ArH), 7.38−7.32 (m, 2H,
ArH), 7.24−7.20 (m, 2H, ArH), 7.13 (d, J = 1.4 Hz, 2H, ArH), 7.10−

7.07 (m, 2H, ArH), 7.06 (d, J = 1.6 Hz, 2H, ArH), 7.01 (d, J = 6.9 Hz,
4H, ArH), 6.97−6.95 (m, 2H, ArH), 6.91 (s, 2H, ArH), 6.82 (s, 4H,
ArH), 6.77−6.73 (m, 2H, ArH), 6.70−6.67 (m, 2H, ArH), 3.26 (d, J
= 13.5 Hz, 1H, PCH). 11B{1H} NMR (192 MHz, C6D6) δ 12.6,
−10.8 ppm. 31P{1H} NMR (243 MHz, C6D6) δ 28.32, −22.23 ppm.
C49H37B2NP2: C, 81.36; H, 5.16; N, 1.94%. Found C, 81.74; H, 5.25;
N, 2.05%.
Synthesis of Compound 9. To a solution of 9-bromo-9-

borafluorene (0.823 mmol, 0.200 g) in toluene was added
bis(diphenylphosphino)benzene (0.412 mmol, 0.184 g). The
resulting mixture was allowed to stir for 8 h. All volatile components
were removed in vacuo, and the remaining solid was washed with 10
mL of a hexanes/toluene (1:1) mixture and then dried to give the
product a white solid (357 mg, 93% yield). 1H NMR (600 MHz,
CD2Cl2) δ 8.20 (m, 2H), 8.14 (m, 2H, ArH), 7.88 (d, J = 7.6 Hz, 2H,
ArH), 7.63−7.56 (m, 1H, ArH), 7.49 (m, 7H, ArH), 7.29 (t, J = 8.1
Hz, 8H, ArH), 7.24 (t, J = 7.8 Hz, 2H, ArH), 7.20−7.12 (m, 2H,
ArH), 7.09 (q, J = 5.7 Hz, 12H, ArH), 6.83 (d, J = 7.3 Hz, 2H, ArH)
ppm. 13C NMR (151 MHz, CD2Cl2) δ 150.97 (ArC), 136.07 (ArC),
135.72 (ArC), 133.76 (ArC), 133.08 (ArC), 130.93 (ArC), 129.72
(ArC), 129.35 (ArC), 128.54 (ArC), 127.21 (ArC), 126.96 (ArC),
126.78 (ArC), 125.62 (ArC), 122.32 (ArC), 121.85 (ArC), 121.50
(ArC) ppm. 11B NMR (192 MHz, CD2Cl2) δ −1.8, −15.4 ppm. 31P
NMR (243 MHz, CD2Cl2) δ 10.29 ppm. Anal. Calcd For
C54H40B2Br2P2:C, 69.57; H, 4.32%. Found C, 69.96; H, 4.50%.
Synthesis of Compound 10. To a solution of compound 9 (0.333

mmol, 0.300 g) in toluene was added excess trimethylsilyl azide (3.33
mmol, 0.40 mL). The reaction mixture was stirred for 4 h. All volatile

components were removed in vacuo, and the remaining solid was
washed with hexanes and then dried to a;ord the product as a white
solid (274 mg, 95% yield). 1H NMR (400 MHz, C6D6) δ 8.00 (m,
2H, ArH), 7.72 (d, J = 7.7 Hz, 2H, ArH), 7.65 (m, 2H), 7.54 (m, 2H,
ArH), 7.36 (m, 6H, ArH), 7.23 (m, 6H, ArH), 7.00 (m, 4H, ArH),
6.96 (m, 2H, ArH), 6.92 (m, 4H, ArH), 6.78 (m, 10H, ArH). 13C
NMR (101 MHz, THF-D8) δ 134.83 (ArC), 134.21 (ArC), 130.83
(ArC), 130.48 (ArC), 130.42 (ArC), 130.36 (ArC), 130.07 (ArC),
129.25 (ArC), 127.63 (ArC), 126.68 (ArC), 126.32 (ArC), 123.70
(ArC), 123.34 (ArC), 121.93 (ArC), 118.95(ArC). 11B{1H} NMR
(128 MHz, THF-D8) δ: −13.9, 0.6 ppm. 31P NMR (162 MHz,
CD2Cl2) δ 9.32 ppm. Anal. Calcd For C54H40B2N6P2: C, 75.72; H,
4.71; N, 9.81%. Found C, 75.90; H, 4.69; N, 10.01%.

Theoretical Calculations. All calculations were performed using
Orca 5.0.3,67 using the PBE0 density functional,68,69 Grimme’s D3
dispersion correction with Becke-Johnson damping,70,71 and the def2-
SVP basis set72

− labeled PBE0-D3(BJ)/def2-SVP. All calculations
employed the conductor-like polarizable continuum model (CPCM)
for solvation with parameters for toluene.73 The RIJCOSX
approximation with a def2/J fitting set was employed for all
calculations.74 Minima were confirmed with vibration frequency
calculations performed analytically at the same level of theory. Single-
point energies, MOs, bond orders, and NBOs were calculated at the
PBE0-D3(BJ)/def2-TZVPP72 level of theory at the PBE0-D3(BJ)/
def2-SVP geometries (all inclusive of solvation). All reported ΔG
values are PBE0-D3(BJ)/def2-TZVPP electronic energies, together
with PBE0-D3(BJ)/def2-SVP free energy corrections. Transition state
optimizations employed the NEB-TS approach.75 All transition states
were confirmed to connect relevant minima with intrinsic reaction
coordinate (IRC) calculations.
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