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ABSTRACT: The reactivity of 9-phenyl-9-borafluorene with
a series of 12-dipolar organic molecules is investigated,
revealing that either adducts or seven-membered heterocycles
are generated. A nitrile, imine, and isonitrile formed the
corresponding coordination complexes that showed no
evidence of conversion to ring expanded products. An
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imine, nitrile, isonitrile aldehyde, ketone, ketene, isocyanate

aldehyde, ketone, and ketene inserted the C=O moiety into the endocyclic B—C bond resulting in BOC; boracycles.
Isocyanates inserted either C=N or C=O0O depending on the polarization of the substrate with the former being the only
substrate to generate a BNC;j ring system. The results demonstrate the potential of 9-borafluorenes as effective reagents to

generate seven-membered boracycles with a biphenyl backbone.

B INTRODUCTION

9-Borafluorenes (1) are boron-containing analogues of the
ubiquitous polycyclic aromatic hydrocarbon, fluorene.' The
presence of the tricoordinate boron atom permits conjugation
with the benzo-fused rings, which has led to these compounds
being explored as electron-transporting materials and sensors
and used in optoelectronic devices.” Although 9-borafluorenes
have been known since 1963,% research devoted to these
species has recently increased due to the emergence of the
aforementioned applications. An appealing feature of 9-
borafluorenes is the opportunity for structural diversity by
varying substitution on boron as well as on the biphenyl
backbone. This presents the ability to tune the electrochemical
potential, Lewis acidity, photophysical properties, and
stability.”*8™* The stability can be significantly increased by
installing a sterically encumbering substituent on the boron
center, even to the extent of making the 9-borafluorene air
stable.”>*>° Although the stability is commented on and
eluded to in several publications, a void in the literature is the
presence of studies documenting which functionalities are
susceptible to reaction with 9-borafluorenes. To advance the
chemistry of 9-borafluorenes, understanding the reactivity of
these species is imperative.

In regard to reactivity, the endocyclic B—C bond is the most
susceptible to cleavage. The first report of B—C bond cleavage
was by Késter® upon reaction with hydride sources which was
later elaborated in further work by Wagner.® Bettinger was the
first to report that 9-borafluorenes are able to insert atoms in
the ring to generate unsaturated boracycles. This was
accomplished by utilizing 9-borafluorenes with specific
substitution on boron that promoted an intramolecular ring
insertion incorporating nitrogen into the core of the
borafluorene. Specifically, an NH(OTMS) group on boron
[INH(OTMS)] generated 9,10-B,N-phenanthrene™’ A, and
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the B-azido substituted 9-borafluorene INj; resulted in the
expulsion of N, to furnish the corresponding B,N-phenan-
thryne B that could be tragped or ultimately underwent
tetramerization (Scheme 1).”>® Wagner demonstrated that
reduction of the dimeric 9-H-9-borafluorene (1H,) resulted in
dehydrogenation and formation of six-membered B,C, rings
with the two boron atoms in the bridging positions ()’
Wagner, Wang, and coworkers'® studied the photolysis of
tetra-coordinate anionic 9-borafluorenes 1Mes(Ar) that
resulted in selective insertion of the a-carbon of one of the
aryl groups to form boratanorcaradienes (D).

Recently, Fukushima and co-workers reported an inter-
molecular insertion protocol to dibenzoborepin species via the
insertion of aryl- or alkyl-substituted alkynes into the B—C
bond of 9-chloro-9-borafluorene (E, Scheme 2).'" The scope
was broad for alkyl- and aryl-substituted alkynes, but
bis(trimethylsilyl)acetylene reacted in a 2:1 fashion to give a
7-membered ring with an exocyclic allene (F). This year, our
group, and subsequently He, described the intermolecular
reaction of 9-borafluorenes with organic azides generating
9,10-B,N-phenanthrenes (G and H) by insertion of the a- or y-
nitrogen into the B—C bond."?

With respect to 1,2-dipolar substrates, the only report of an
insertion is the reaction of 1-adamantylphosphaalkyne into 9-
phenyl-9-borafluorene (1Ph) to furnish the 1,3-phosphabor-
epin I (Scheme 3)."* Provided that 1-adamantylphosphaalkyne
inserted into 9-borafluorenes, we postulated that reactions with
1,2-dipolar substrates may be an efficient means to access
unsaturated seven-membered rings. Although limited studies
have been reported on intermolecular insertion reactivity for 9-
boraflourenes, the chemistry is somewhat reminiscent of their
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Scheme 1. Intramolecular Insertion Reactions of N- and H-
Substituted 9-Borafluorenes”
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nonaryl-fused relatives, boroles, which readily inserted a variety
substrates, including 1,2- and 1,3-dipolar molecules, to

. 14
generate a wealth of seven and eight-membered rings. ™ In
this context, we herein report a reactivity study of 1Ph with a
series of 1,2-dipolar organic molecules.

B RESULTS AND DISCUSSION

A stoichiometric amount of benzaldehyde was added to a
CDCl, solution of 1Ph at room temperature (Scheme 4). The
singlet for the C, proton of benzaldehyde enabled monitoring
of the reaction by 'H NMR spectroscopy revealing the
emergence of product with a significant upfield shift (6 = 6.12
cf. benzaldehyde & = 10.01, Figure 1), which converged to a
single product after 48 h. Acquiring a ''B{'H} NMR spectrum
of the product revealed an upfield shift from 1Ph (45.3 ppm vs
1Ph 64.0 ppm). An X-ray diffraction study on crystals grown
identified the compound as the BOC; heterocycle 2 with the
C=O0 unit inserted into one of the endocyclic B—C bonds
(Figure 2, Table 1). The compound crystallized with two
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Scheme 3. Insertion Reactions of Polar Molecules into 9-
Borafluorenes”
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Scheme 4. Carbon—oxygen Insertion Reactions of 1Ph with
Benzaldehyde, Benzophenone, and Diphenylketene”
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“Reaction conditions: 2: rt, CH,Cl,, 48 h; 3: 100 °C, toluene, 10 d; 4:
100 °C, toluene, 7 d.

molecules in the asymmetric unit representing each of the R
and S-enantiomers with the chiral center derived from the a-
carbon of benzaldehyde. Scaling up the reaction in CH,Cl, and
following work up, 2 was isolated as a white powder in 76%
yield.

The corresponding reaction with benzophenone in toluene
was monitored by 'B{'"H} NMR spectroscopy (Figure S-7).
At room temperature, no change was observed. However,
heating the reaction to 100 °C for 10 days led to the
convergence to a single resonance in the tricoordinate region
at 45.5 ppm. X-ray diffraction studies identified the complex as
the C=0O insertion product 3, which following workup, was
obtained as a white solid in 66% yield.

Diphenylketene presents additional complexity as it bears an
olefin adjacent to the carbon—oxygen double bond. A toluene
solution of diphenylketene was added to 1Ph, and no change
was detected at room temperature by "B{'H} NMR
spectroscopy. Heating at 100 °C for 7 days resulted in the
convergence to a single peak at 45.5 ppm, reminiscent of 2 and
3 (2: 45.3 ppm, 3: 45.5 ppm). The aforementioned shift and
obtaining a solid-state structure confirmed the product as the

BOC; heterocycle akin to the benzaldehyde and benzophe-
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Figure 1. In situ "H NMR stack plot of the reaction of 1Ph with benzaldehyde. ® = C, proton of benzaldehyde (10.01 ppm), B = C, proton of 2

(6.12 ppm).

Figure 2. Solid-state structures of 2—4 (left to right). Hydrogen atoms are omitted for clarity (except the proton on the sp* carbon), and ellipsoids
are drawn at the 50% probability level. Compound 2 crystallizes with two independent molecules in the asymmetric unit, and one molecule is
shown and discussed as the metrical parameters are comparable for both molecules. Metrical parameters common to the three structures are listed

in Table 1. Notable bond length in 4: C(14)—C(15) 1.339(2) A.

none C=O insertion reactions, with the exception of an
exocyclic C=C double bond.

The aforementioned C=O chemistry to access BOC;
heterocycles clearly demonstrates the potential of 1Ph
inserting 1,2-dipolar substrates into the endocyclic B—C
bond. We turned our attention to unsaturated carbon—
nitrogen systems to determine their propensity to form
BNC; ring systems. The only reported reaction is by Piers
and co-workers of acetonitrile with the fully fluorinated version
of 1Ph that formed an adduct, but heating was not attempted
to induce seven-membered ring formation.”™ A CH,Cl,
solution of benzylideneaniline was added to a solution of
1Ph in the same solvent. In situ "'B{'H} NMR spectroscopy
indicated that after S min the tricoordinate boron signal from

the starting 9-borafluorene (5 = 64.0) disappeared giving rise
to a peak at 3.2 ppm, indicative of an sp® boron center (Figure
S-20). X-ray diffraction studies identified the compound as the
aldimine adduct 1Ph-N(Ph)CH(Ph) with an isomerization of
the aldimine from the E to the Z isomer upon coordination,
which has been observed in other aldimines coordinating to
boron."*”'> After workup, 1Ph-N(Ph)CH(Ph) was obtained
in 94% yield (Scheme 5). Acquiring an 'H NMR spectrum in
CDCl; revealed the diagnostic aldimine proton shifted
downfield from 8.45 to 9.11 ppm. Stirring or heating solutions
of 1Ph-N(Ph)CH(Ph) for extended periods of time did not
induce further reactivity (100 °C for 14 days).

Exploring the chemistry of 1Ph with C=N systems, namely
acetonitrile and tert-butylisonitrile, 1Ph was reacted with
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Table 1. Bond Lengths (A) and Angles (deg) for the BOC;
Ring System in Heterocycles 2—4

2 3 4
B(1)-0(1) 1.358(2) 1.366(3) 1.366(2)
0(1)-C(14) 1.444(19) 1.450(2) 1.399(18)
C(14)—C(1) 1.520(2) 1.537(3) 1.487(2)
C(1)-C(6) 1.407(2) 1.415(3) 1.408(2)
C(6)—C(7) 1.494(2) 1.491(3) 1.489(2)
C(7)-C(12) 1.413(2) 1.412(3) 1.413(2)
C(12)-B(1) 1.565(3) 1.564(3) 1.566(2)
B(1)-C(13) 1.557(2) 1.564(3) 1.564(2)
C(14)-C(15) 1.512(2) 1.542(3) 1.339(2)
0(1)-B(1)-C(12) 121.09(15) 121.47(19) 120.76(15)
C(13)-B(1)-0(1) 116.30(16) 113.71(18) 114.92(14)
C(13)-B(1)-C(12) 122.48(16) 124.81(18) 124.30(15)
B(1)—0(1)-C(14) 120.26(13) 124.77(16) 120.76(15)
biphenyl torsion angle 44.6(2) 43.0(2) 43.1(2)

Scheme 5. Reactions of 1Ph with Unsaturated Carbon—
Nitrogen Molecules”
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“Reaction conditions are all at room temperature in CH,Cl, with a
reaction time of 5 min. The reaction to form 1Ph-NCCH; is
reversible based on 'B{'H} NMR spectroscopy.

acetonitrile in a 1:1 ratio at room temperature which
converged to a single resonance in the "B{'H} NMR
spectrum at 47.7 ppm within S min. Growing X-ray diffraction
quality crystals identified this compound as the nitrogen-
coordinated adduct 1Ph-NCCH; (Scheme S). The singlet
corresponding to the methyl peak of acetonitrile is shifted
slightly downfield to 2.14 ppm from free acetonitrile at 2.10
ppm. The slight downfield shift signifies a weak complex,
which is further supported by the acetonitrile adduct of the
more Lewis acidic fully fluorinated variant of 1Ph by Piers and
co-workers which has a methyl shift at 2.66 ppm.4h Upon
workup, compound 1Ph-NCCHj; was obtained in 85% yield.
The FT-IR spectrum of the solid featured a diagnostic C=N
stretching mode at 2346 cm™, consistent with an acetonitrile—
borane adduct.*™'¢ Upon heating, no ring-expansion reaction
occurred, although variable-temperature "'B{'H} NMR spec-
troscopy indicated a chemical-shift dependence on temper-
ature. At higher temperatures, the resonance is further
downfield approaching free borafluorene (Figure S-60), and
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at lower temperatures the peak shifts upfield in the four-
coordinate region, suggesting reversible adduct formation.

The reaction of 1Ph with tert-butylisonitrile was monitored
by "B{'H} NMR spectroscopy that indicated the resonance
for the tricoordinate boron center disappeared within 5 min
giving rise to a new peak at 6 = —15.1 indicating quaternization
of the boron center (Figure S-33). The identity of the product
was determined by X-ray crystallography as the C-coordinated
adduct, 1Ph-CN'Bu (Figure 3, Table 2). The 'H NMR
spectrum showed the singlet corresponding to the tert-butyl
protons of the isonitrile shifted downfield from 1.44 to 1.55
ppm. The FT-IR spectrum of the solid featured a diagnostic
C=N stretching mode at 2252 cm™" shifted significantly from
the free isonitrile (2140 cm™)."” Compound 1Ph-CN'Bu was
isolated in 90% yield. Heating the complex gave rise to an
indiscernible mixture.

Although BOC; seven-membered heterocycles were gen-
erated with 1,2 dipolar C=0 substrates, namely an aldehyde,
ketone, and ketene, carbon—nitrogen 1,2-dipolar substrates
formed Lewis acid—base adducts that do not readily convert to
BNC; seven-membered rings. Prompted by these observations,
we were curious about the reactivity of dipolar molecules
containing both C=0 and C=N, namely, isocyanates. An
appealing feature of isocyanates is a second electron with-
drawing atom on carbon, enhancing the electrophilicity that
may enable the formation of BNC; heterocycles.

The reaction of 1Ph with an equimolar amount of 1-
adamantyl isocyanate in CH,Cl, at room temperature was
monitored by "B{'H} NMR spectroscopy that indicated the
consumption of the starting material (§ = 64.0) and exclusive
formation of a single product (§ = 50.8) with a tricoordinate
boron center within S min (Figure S-40). X-ray diffraction
studies identified the compound as the BNC; heterocycle S,
revealing that C—N insertion into the B—C bond of 1Ph is
possible (Figure 4). A C=0 stretch at 1696 cm™" in the FT-
IR spectrum confirmed the amido group. Following workup,
white solids were obtained that were isolated in 97% vyield
(Scheme 6).

4-Methoxyphenyl isocyanate was reacted with 1Ph (1:1
ratio) in CH,Cl, at room temperature. In situ ''B{'H}
spectroscopy NMR showed that the signal corresponding to
1Ph (6 = 64.0) disappeared, giving rise to a new signal
corresponding to a tricoordinate boron center (§ = 47.4). X-
ray diffraction studies on crystals grown identified the
compound as the BOC; complex 6 resulting from the C=0
moiety inserting into the ring. The compound crystallizes as
the dimer formed by coordination of the nitrogen atom of the
exocyclic imidate group to the boron center of a second
monomer due to the lack of bulky substituents on boron and
nitrogen (Figure $). It is notable that in solution only the
monomeric species was observed by 'B{'H} NMR spectros-
copy as evidenced by the tricoordinate resonance (Figure S-
47). This reaction proved to be high yielding as 6 was isolated
in a 93% yield (Scheme 7). The carbon—oxygen insertion
observed in the 4-methoxyphenyl isocyanate reaction rather
than the carbon—nitrogen insertion of 1-adamantyl isocyanate
can be rationalized by the differing polarity of the two
isocyanates. In the l-adamantyl-substituted derivative the
nitrogen is the electron-rich center, whereas in 4-methox-
yphenyl, the oxygen is the electron-rich center.

The UV—vis absorption data for all compounds have been
measured (Figure S-61). The absorbance maxima for all of the
reported compounds range between 233 and 238 nm which
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Figure 3. Solid-state structures of 1Ph-N(Ph)CH(Ph), 1Ph-NCCHj, and 1Ph-CN'Bu (left to right). Hydrogen atoms are omitted for clarity
(except the proton on the carbon of the C=N unit of the aldimine), and ellipsoids are drawn at the 50% probability level. For 1Ph-CN'Bu, only
one of the two molecules in the asymmetric unit is shown and representative bond lengths are reported from the molecule depicted. Metrical
parameters in the borafluorene core are in listed in Table 2. Other notable bond lengths (A) and angles (deg): 1Ph-N(Ph)CH(Ph), B(1)—N(1)
1.641(2), N(1)—C(15) 1.2883(18); 1Ph-NCCH,, B(1)—N(1) 1.598(4), N(1)—C(14) 1.128(4), B(1)—N(1)—C(14) 173.3(3); 1Ph-CN'Bu,
B(1)—C(14) 1.608(6), N(1)—C(14) 1.137(4), B(1)—C(14)-N(1) 173.7(4).

Table 2. Bond Lengths (A) and Angles (deg) of the
Borafluorene moiety in 1Ph-N(Ph)CH(Ph), 1Ph-NCCH,,
1Ph-CN‘Bu-1Ph

1Ph-N(Ph)
CH(Ph) 1Ph'NCCH;  1Ph-CN'Bu 1Ph?
B(1)-C(1) 1.622(2) 1.620(4) 1.635(6) 1.580(10)
C(1)—C(6) 1.415(2) 1.405(4) 1.400(6) 1.430(10)
C(6)—C(7) 1.479(2) 1.484(5) 1.477(6) 1.512(11)
C(7)—-C(12) 1.413(2) 1.406(4) 1.411(5) 1.430(9)
C(12)-B(1) 1.622(2) 1.625(4) 1.610(6) 1.592(10)
B(1)-C(13) 1.6192(2) 1.601(4) 1.620(7) 1.572(9)
C(l(Z))—B(l)— 99.95(13) 99.8(2) 99.8(3) 104.2(6)
Cc(1
B(1)-C(1)- 109.02(13) 109.3(3) 108.9(3) 108.1(6)
C(6)
C(1)-C(6)— 110.97(14) 110.9(2) 110.8(3) 109.7(6)
C(7)
C(6)-C(7)- 110.75(14) 110.7(3) 111.1(3) 110.8(6)
C(12)
C(7()—)C(12)— 109.31(13) 109.2(3) 108.9(3) 107.1(6)
B(1

are very similar to those of 1Ph (4., = 241 nm) and other
related 9-borafluorenes.”**** The adducts 1Ph-NCCH, and
1Ph-CN'Bu display a second intense peak at 268 and 281 nm,
respectively, as well as a third peak at 317 nm for both. The
fluorescence spectra of the compounds with detectable
emislssions have peaks in the 344—371 nm range (Figure S-
62).

The solid-state structures of the BOC; heterocycles 2—4 are
all nonplanar seven-membered rings that adopt boat
conformations (Figure S-63—68). The biphenyl moiety twists
with interplanar angles ranging from 43.0(2)° to 44.6(2)° to
accommodate the boat structure. The boron—oxygen bond
lengths are all similar [2: 1.358(2) A, 3: 1.366(3) A, 4:
1.366(2) A] and comparable to known oxoboranes indicating
delocalization of the electron density on oxygen to
boron.'***'? Compound 4 has an exocyclic C(1)—C(15)
bond length of 1.339(2) A that confirms the double bond from
the ketene is retained in the product. The BNC; ring in § also
adopts a boat conformation with a slightly smaller contortion
in the diphenyl backbone of 37.5(2)°. The endocyclic B—N
bond [1.417(4) A] is shorter than a typical B—N single bond

indicating delocalization of the pi-electron density on nitrogen

2921

———

(5)

Figure 4. Solid-state structure of 5. Hydrogen atoms are omitted for
clarity, and ellipsoids are drawn at the 50% probability level. Selected
bond lengths (A) and angles (deg): B(1)—N(1) 1.417(4), N(1)—
C(14) 1.445(3), C(14)—0(1) 1.209(3), C(14)—C(1) 1.485(4),
C(1)—C(6) 1.395(4), C(6)—C(7) 1.483(4), C(7)—C(12) 1.415(4),
C(12)-B(1) 1.586(4), B(1)—C(13) 1.579(4), C(12)—B(1)—C(13)
113.2(2), C(12)-B(1)-N(1) 123.0(2), C(13)—B(1)-N(1)
123.6(2), C(15)—N(1)-C(14) 113.3(2), C(15)-N(1)-B(1)
129.2(2), B(1)-N(1)—C(14) 116.7(2).

Scheme 6. Reaction of 1Ph with 1-adamantyl isocyanate

Ad
Ph Ph\B/,{‘ o}
B . AdN e CHCh

5 min, RT O Q
1Ph 5:97%

to the boron center'”'*? and the short carbon—oxygen

bond [1.209(3) A] is consistent with an amido group.l4a In the
dimeric structure 6, the short C—N and C—O bond lengths
[1.300(3) and 1.307(3), respectively] are consistent with
delocalization in the amidate moiety. *
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Figure S. Solid-state structure of 6. Hydrogen atoms are omitted for clarity and ellipsoids are drawn at the 50% probability level. 6 crystallizes with
two independent molecules in the asymmetric unit; for clarity, only one molecule is shown and discussed. The 4-methoxyphenyl group of one
molecule in the asymmetric unit exhibits crystallographic disorder (positional) and is therefore not displayed. Selected bond lengths (A) and angles
(deg): B(1)—O(1) 1.528(3), O(1)—C(14) 1.307(3), C(14)—N(1) 1.300(3), C(14)—C(1) 1.488(3), C(1)—C(6) 1.403(3), C(6)—C(7) 1.491(3),
C(7)-C(12) 1.418(3), C(12)-B(1) 1.612(3), B(1)—C(13) 1.602(3), C(13)-B(1)—0(1) 109.51(18), C(12)~B(1)-C(13) 113.58(19),

C(12)-B(1)—0(1) 113.05(18), B(1)—O(1)—C(14) 120.44(17).

Scheme 7. Reaction of 1Ph with 4-Methoxyphenyl Isocyanate

O
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1Ph 6: 93% O O
(solution) (solid state)

The Lewis acid—base adducts 1Ph*N(Ph)CH(Ph), 1Ph-
NCCH;, and 1Ph*CN’Bu retain the 9-borafluorene framework
and can be compared to the free species. Upon coordination,
the B—C bond lengths in the BC, ring elongate slightly
[1.620(4)—1.635(6) A vs 1.580(10) and 1.592(10) A]¥ as a
consequence of the quaternization of the boron center and
change in hybridization from sp” to sp>. The C—C bonds in the
boracycle all shorten marginally [C(1)—C(6) 1.400(6)—
1.415(2) A vs 1.430(10) A; C(6)—C(7) 1.477(6)—1.484(5)
A vs 1.512(11) A; C(7)-C(12) 1.406(4)—1.413(2) A vs
1.430(9) A] presumably due to the disruption of the
conjugation and antiaromaticity in the ring.¥ The carbon—
nitrogen multiple bonds of the aldimine, nitrile, and isonitrile
are all retained upon coordination [1Ph-N(Ph)CH(Ph):
1.2883(18) A, 1Ph'-NCCHj: 1.128(4) A, and 1Ph-CN'Bu:
1.137(4), respectively].%’17

As mentioned prior, 9-borafluorenes are related to boroles
with the difference being the fused aryl groups to the central
BC, ring. It is documented that this feature decreases the
antiaromatic character, Lewis acidity, and hence, the
reactivity.4d’f’5']23 Conveniently, all of the reactions described,
with the exception of diphenylketene, have been conducted
with pentaphenylborole'**" (7), the borole most similar to
1Ph. The reaction of 7 with diphenylketene proceeded at room
temperature going to completion in S days as indicated by
UB{I1H} NMR spectroscopy converging to a product with a
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signal at 45.1 ppm (Scheme 8). X-ray diffraction studies
confirmed the species to be the C=0 insertion product also

Scheme 8. Insertion of Diphenylketene into 7

Ph
Ph Ph
o Q Ng-O~Z ™ Ph
Ph Ph Toluene
+ (03
\S\_z/ P 54,RT  Ph—\ /~Ph
Ph” “Ph
PH Ph Ph  Ph
7 8: 75%

with an exocyclic C=C double bond (Figure 6). This, and
prior results, indicate that benzaldehyde, benzophenone, and
diphenylketene react with both 1Ph and 7 to generate BOC;
heterocycles via C=O insertion. A striking difference is the
more sluggish reactions for 1Ph. In many cases reactions with
1Ph required heating whereas the borole reactions all
proceeded at room temperature (benzaldehyde < 20 min, rt
vs 2 d, rt; benzophenone <30 min, rt; vs 10 d, 100 °C,
diphenylketene S d, rt vs 7 d, 100 °C). The reactions for both
isocyantes inserted a C=N or C=0 moiety for 1-adamantyl-
and 4-methoxyphenyl-substituted isocyanates, respectively,
with transformations to both boracycles being completed
rapidly (within S min).

In the benzylideneaniline reaction, for 7, the adduct could be
observed and crystallized but converted to the BNCj
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Figure 6. Solid-state structure of 8. Hydrogen atoms are omitted for
clarity and ellipsoids are drawn at the 50% probability level. Selected
bond lengths (A) angles (deg): B(1)—0(1) 1.376(3), O(1)—C(1)
1.402(2), C(1)—C(2) 1.489(3), C(2)—C(3) 1.349(3), C(3)—C(4)
1.494(3), C(4)—C(S) 1.353(3), C(5)—B(1) 1.570(3), C(1)—C(6)
1.329(3), B(1)=C(43) 1.553(3), C(43)—B(1)=0(1) 117.00(19),
C(43)-B(1)—C(5) 124.01(19), C(5)-B(1)—0O(1) 118.95(18),
B(1)—0(1)—C(1) 119.58(16).

heterocycle upon stirring at room temperature. The bora-
fluorene reaction generates the adduct but without conversion
to the BNC; ring system at room temperature or heating to
100 °C. Similarly, acetonitrile forms a weak adduct with 1Ph
that does not undergo insertion, in comparison the isolated
borole—acetonitrile adduct converted to the insertion product
upon heating to 80 °C for 24 h. Both 1Ph and 7 readily formed
tert-butylisonitrile adducts. Heating adduct 1Ph-CN‘Bu
produced a complex mixture while heating the isonitrile
adduct of 7 led to the isolation of a small amount of an unusual
cyano-bridged tetramer. In all cases, the benzofused variant,
1Ph is less reactive than 7 which is attributed to its lower
degree of antiaromaticity. It is notable that no adduct
intermediates were observed en route to the seven membered
rings for 1Ph which were observed in the aldimine and nitrile
ring expansion reactions with pentaphenylborole.

B CONCLUSIONS

The reactions of 9-phenyl-9-borafluorene with 1,2-dipolar
molecules are described, revealing that either adducts or seven-
membered rings are generated. An aldimine, nitrile, and
isonitrile all formed adducts which were resilient or resulted in
complex mixtures after heating. Benzophenone, benzaldehyde,
diphenylketene, and 4-methoxyphenyl isocyanate inserted a
C=0 unit into the endocyclic B—C bond to furnish BOCj,
heterocycles whereas 1-adamantyl isocyanate inserted C=N to
provide the BNC; boracycle. The latter represents the only
substrate that yielded a BNCg boracycle. It is surprising that
this simple insertion reactivity of 9-borafluorenes has not been
developed given that these molecules have been known for 55
years. These observations offer insight into a potential
methodology to insert atoms into the endocyclic B—C bond
of 9-borafluorenes to generate boracycles with extended
conjugation.
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B EXPERIMENTAL SECTION

General Considerations. All manipulations were performed
under an inert atmosphere in a nitrogen-filled MBraun Unilab
glovebox. Solvents were purchased from commercial sources as
anhydrous grade, dried further using a JC Meyer Solvent System with
dual columns packed with solvent-appropriate drying agents and
stored over 4 A molecular sieves (acetonitrile, CH,Cl,, toluene,
hexanes, n-pentane, diethyl ether). lPh,4f 7 diphenylketene,22 and
benzylideneaniline®® were prepared via the literature procedures.
Benzophenone was purchased from Acros Organics and used as
received. Benzaldehyde was purchased from Sigma-Aldrich and
distilled prior to use. tert-Butylisonitrile was purchased from Alfa
Aesar and used as received. 1-Adamantyl isocyanate and 4-
methoxyphenyl isocyanate were purchased from Sigma-Aldrich and
used as received. CDCI; for NMR spectroscopy was purchased from
Cambridge Isotope Laboratories and dried by stirring for 3 days over
CaH,, distilled, and stored over 4 A molecular sieves. Multinuclear
NMR spectra were recorded on Bruker 400 or 600 MHz
spectrometers. FT-IR spectra were recorded on a Bruker Alpha
ATR FT-IR spectrometer on solid samples. High-resolution mass
spectra (HRMS) were acquired at the Baylor University Mass
Spectrometry Center on a Thermo Scientific LTQ Orbitrap Discovery
spectrometer using +ESI. Melting points were measured with a
Thomas-Hoover Unimelt capillary melting point apparatus and are
uncorrected. UV—vis spectra were recorded using an Agilent 8453
UV—vis spectrophotometer. Fluorescence spectra were recorded on a
Cary Eclipse fluorescence spectrophotometer with excitation at the
absorbance A,,,,. Solutions were prepared in a N,-filled glovebox and
measured in screw capped quartz cuvettes for both UV—vis and
fluorescence. Single crystal X-ray diffraction data were collected on a
Bruker Apex II-CCD detector using Mo Ka radiation (4 = 0.71073
A). Crystals were selected under paratone oil, mounted on
micromounts, and immediately placed in a cold stream of N,.
Structures were solved and refined using SHELXTL** and figures
produced using OLEX2.>® The purity of all compounds was
determined by "H NMR spectroscopy to be on the order of 95% or
higher, and the corresponding spectra are in the Supporting
Information.

We have exposed CDCI; solutions in S mm NMR tubes of all of
the compounds, in the same concentrations, to ambient conditions for
24 h. Acquiring 'H and "B{'H} NMR spectra revealed that
compounds 2—4 do not show any signs of decomposition, while §
and 6 give rise to a mixture of decomposition products. Adducts 1Ph-
N(Ph)CH(Ph) and 1Ph-NCCHj, decomposed to a new single broad
"B{’H} NMR resonance at ~47 ppm and a mixture of compounds by
'H NMR spectroscopy. 1Ph-CN‘Bu underwent slight decomposition
(~10%) by both 'H and "B{'H} NMR spectroscopy with the new
boron resonance also at ~47 ppm. Under a nitrogen atmosphere all
compounds have not shown any sign of decomposition over a 3
month period.

Synthesis of 2. At room temperature, benzaldehyde (42.0 uL,
0.417 mmol) was added to a CH,Cl, solution of 1Ph (100.0 mg,
0.417 mmol; 1 mL). The yellow solution was stirred for 2 d at room
temperature resulting in a colorless solution. The volatiles were
removed in vacuo to obtain a white residue. The residue was dissolved
in n-pentane (1 mL) and stored overnight at room temperature to
give a white precipitate that was filtered and dried in vacuo to give a
white solid. Single crystals for X-ray diffraction studies were grown by
vapor diffusion of a n-pentane solution of 2 into toluene: yield 109.0
mg, 76%; mp 155—158 °C; '"H NMR (600 MHz, CDCL;) 5 7.91 (d, |
=12.0 Hz, 2H), 7.79 (dd, ] = 6.0, 18.0 Hz, 2H), 7.73—7.62 (m, 4H),
7.55—7.45 (m, 4H), 7.44—7.35 (m, 4H), 7.21-7.15 (m, 1H), 6.78 (d,
J =12.0 Hz, 1H), 6.10 (s, 1H); *C{'"H } NMR (151 MHz, CDCl,) §
145.19, 142.34, 141.4S, 139.96, 136.80, 136.46, 136.19, 131.30,
130.84, 129.71, 129.28, 128.60, 128.49, 127.79, 127.75, 127.51,
127.30, 127.01, 126.64, 77.31; "'B{'"H} NMR (193 MHz, CDCl,) §
45.3; FT-IR (cm™ (ranked intensity)) 1595 (14), 1437 (7), 1334
(12), 1272 (3), 1246 (13), 975 (11), 918 (6), 762 (5), 743 (2), 728
(10), 694 (1), 649 (4), 603 (9), 576 (15), 509 (8); high-resolution
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mass spectroscopy (HRMS) electrospray ionization (ESI) calcd for
C,sH,BO [M + H]* 347.1606, found 347.1606; UV—vis (CH,Cl,)
Amax (236 nm) £ = 26400 L mol™ cm™, (390 nm): & = 2900 L mol™*
cm™.

Synthesis of 3. At room temperature, a solution of benzophenone
in toluene (76.0 mg, 0.417 mmol; 1 mL) was added to a solution of
1Ph (100.0 mg, 0.417 mmol; 1 mL) in toluene. The solution was
stirred for 10 d at 100 °C with no observable color change. The
volatiles were removed in vacuo to obtain a yellow residue. The
residue was dissolved in n-pentane (1 mL) and stored overnight at
room temperature to give a precipitate that was collected and dried in
vacuo to give a white solid. Single crystals for X-ray diffraction studies
were grown by vapor diffusion of a n-pentane solution of 3 into
toluene: yield 116.0 mg, 66%; mp 170—173 °C; '"H NMR (600 MHz,
CDCL) 5 8.42 (d, ] = 6.0 Hz, 1H), 8.03 (d, ] = 6.0 Hz, 2H), 7.65—
7.57 (m, 2H), 7.51 (t, ] = 6.0 Hz, 1H), 7.47—7.40 (m, 3H), 7.39—
7.32 (m, 4H), 7.29 (t, ] = 6.0 Hz, 1H), 7.21 (t, ] = 6.0 Hz, 1H), 7.19—
7.13 (m, 1H), 7.08—7.02 (m, 1H), 6.97—6.92 (m, 1H), 6.88 (t, ] =
6.0 Hz, 1H), 6.83 (t, ] = 6.0 Hz, 1H), 6.75 (d, J = 12.0 Hz, 1H),
6.72—6.65 (m, 2H); “C{'H} NMR (151 MHz, CDCl;) § 146.81,
146.40, 145.00, 144.81, 141.70, 136.4S5, 135.68, 131.62, 131.26,
13029, 129.92, 129.53, 128.92, 128.72, 12847, 12824, 127.86,
127.68, 127.62, 127.32, 127.24, 126.75, 126.62, 126.57, 125.74, 87.01;
UB{*H} NMR (193 MHz, CDCl;) & 45.5; FT-IR (cm™ (ranked
intensity)): 1595 (10), 1489 (14), 1439 (5), 1331 (7), 1265 (4), 989
(6), 947 (12), 910 (9), 766 (8), 740 (3), 697 (1), 647 (2), 592 (11),
535 (13), 503 (15); high-resolution mass spectroscopy (HRMS)
electrospray ionization (ESI) caled for C;H,;BONa [M + Na]*
445.1739, found 445.1731; UV—vis (CH,CL) A, (235 nm) € =
6,700 L mol™ em™; fluorescence (CH,CL,) A, 344 nm.

Synthesis of 4. At room temperature, a toluene solution of
diphenylketene (110.0 yL, 0.625 mmol; 1 mL) was added to a
solution of 1Ph (150.0 mg, 0.625 mmol; 1 mL) in toluene. The
solution was stirred for 7 d at 100 °C at which point the volatiles were
removed in vacuo to obtain a yellow residue. The solid was dissolved
in n-pentane (1 mL) and stored overnight at room temperature,
resulting in the growth of colorless crystals that were suitable for X-ray
diffraction studies: yield 190.0 mg, 70%; mp 90—93 °C; 'H NMR
(400 MHz, CDCL) 6 7.71-7.63 (m, 3H), 7.60~7.51 (m, 3H), 7.40
(d, J = 8.0 Hz, 2H), 7.38—7.29 (m, 2H), 7.29—-7.20 (m, SH), 7.16 (t,
] =8.0 Hz, 1H), 7.08 (d, ] = 8.0 Hz, 1H), 7.04—6.97 (m, 1H), 6.94 (%,
] = 4.0 Hz, 3H), 6.77—6.70 (m, 2H); “C{'H} NMR (101 MHz,
CDCL) & 148.17, 145.94, 141.42, 140.34, 139.49, 139.05, 137.25,
136.55, 13149, 13121, 130.82, 130.57, 128.98, 128.87, 127.93,
127.75, 127.73, 127.44, 127.10, 127.00, 126.55; 'B{'H} NMR (128
MHz, CDCl;) § 45.6; FT-IR (cm™ (ranked intensity)) 2095 (4),
1594 (6), 1493 (10), 1436 (5), 1275 (2), 1184 (15), 1130 (12), 1028
(11), 910 (9), 739 (3), 694 (1), 647 (8), 603 (7), S11 (14), 481
(13); high-resolution mass spectroscopy (HRMS) electrospray
ionization (ESI) caled for C3,H,,BO [M + H]" 435.1920, found
435.1914; UV—vis (CH,CL,) 1., (234 nm) € = 35200 L mol™! cm™);
fluorescence (CH,CL) A, 351 nm.

Synthesis of 1Ph-N(Ph)CH(Ph). At room temperature, a solution
of benzylideneaniline (19.0 mg, 0.105 mmol, 1 mL) in CH,Cl, was
added to a CH,Cl, solution of 1Ph (25.0 mg, 0.104 mmol, 1 mL) and
stirred for S min. The volatiles were removed in vacuo to afford a
yellow residue. The solid was washed with n-pentane (1 X 1 mL) and
dried in vacuo to give 1Ph-N(Ph)CH(Ph) as a light-yellow powder.
Single crystals for X-ray diffraction studies were grown by vapor
diffusion of a CH,Cl, solution of 1Ph-N(Ph)CH(Ph) into toluene:
yield 43.0 mg, 94%; mp 183—186 °C; 'H NMR (600 MHz, CDCL,) &
9.11 (s, 1H), 7.66 (d, ] = 12.0 Hz, 2H), 7.61 (d, ] = 6.0 Hz, 2H), 7.43
(t, ] = 6.0 Hz, 1H), 7.33 (d, ] = 6.0 Hz, 2H), 7.26—7.16 (m, 10H),
7.08 (t, ] = 6.0 Hz, 2H), 697 (d, ] = 12.0 Hz, 2H), 6.65 (d, ] = 12.0
Hz, 2H); BC{'H} NMR (151 MHz, CDCl;) § 166.80, 160.55,
152.26, 149.46, 145.86, 143.37, 143.25, 136.29, 133.99, 133.37,
132.84, 132.78, 131.94, 131.60, 131.53, 129.85, 129.30, 129.12,
128.96, 128.61, 12847, 12831, 127.77, 127.52, 12697, 126.84,
126.07, 126.01, 124.20, 121.01, 119.37; "B{'"H} NMR (193 MHz,
CDCl;) 6 3.2; FT-IR (cm™ (ranked intensity)) 1595 (7), 1490 (11),
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1438 (5), 1331 (8), 1267 (3), 1246 (15), 989 (6), 947 (12), 910
(10), 763 (9), 739 (2), 696 (1), 648 (4), 592 (13), 506 (14); high-
resolution mass spectroscopy (HRMS) electrospray ionization (ESI)
caled for C;;H,,BNNa [M + Na]* 444.1899, found 444.1891.; UV—
vis (CH,Cl,) Ay (238 nm) £ = 31600 L mol™ cm™, (316 nm): € =
12800 L mol™" cm™; fluorescence (CH,CL,) Ay, 371 nm.

Synthesis of 1Ph-NCCH;. At room temperature, acetonitrile
(11.0 uL, 0.208 mmol) was added to a CH,Cl, solution of 1Ph (50.0
mg, 0.208 mmol) and stirred for S min. The CH,Cl, solution was
purified by vapor diftusion of a CH,Cl, solution of 1Ph-NCCH; into
hexanes and isolated. Subsequent n-pentane washes (3 X 1 mL) gave
1Ph:NCCH; as yellow needles. Single crystals for X-ray diffraction
studies were grown by vapor diffusion from a CHCI, solution of 1Ph-
NCCH; into hexanes: yield 50.0 mg, 85%; mp 114 °C; "H NMR (400
MHz, CDCL,) § 7.90—7.88 (m, 2H), 7.71 (d, J = 8.0 Hz, 2H), 7.54
(d, ] = 8.0 Hz, 2H), 7.44 (t, ] = 4.0 Hz, 3H), 7.33 (t, ] = 8.0 Hz, 2H),
7.18 (t, ] = 8.0 Hz, 2H), 2.14 (s, 3H); “C{'H} NMR (151 MHg,
CDCl,) & 151.37, 133.45, 132.37, 130.12, 128.54, 127.95, 127.32,
119.67, 112.75, 2.41; "'B{'"H} NMR (128 MHz, CDCl;) § 47.7; FT-
IR (cm™ (ranked intensity)) 3044 (9), 1592 (2), 1470 (15), 1433
(4), 1240 (1), 1182 (13), 1027 (7), 890 (3), 860 (11), 781 (10), 648
(6), 620 (8), 599 (5), 506 (12), 415 (14); high-resolution mass
spectroscopy (HRMS) electrospray ionization (+ESI) caled for
CyoH,BN [M + H]* 282.1454, found 282.1451; UV—vis (CH,CL,)
Amax (236 nm) € = 13700 L mol™ cm™, (268 nm) & = 11200 L mol™*
cm™), (317 nm): & = 4000 L mol™" cm™.

Synthesis of 1Ph-CN'Bu. At room temperature, fert-butylisoni-
trile (94.0 uL, 0.833 mmol) was added to a CH,Cl, solution of 1Ph
(200.0 mg, 0.8330 mmol) and stirred for S min. The volatiles were
removed in vacuo to give IPh-CN'Bu as an off-white powder. Single
crystals for X-ray diffraction studies were grown by vapor diffusion
from a CHCI, solution of 1Ph-CN'Bu into hexanes: yield 241.0 mg,
90%; dp 124 °C; 'H NMR (600 MHz, CDCL,): 5 7.83 (d, ] = 6.0 Hz,
2H), 7.70 (d, ] = 6.0 Hz, 2H), 7.50 (d, ] = 6.0 Hz, 2H), 7.39 (t, ] = 6.0
Hz, 2H), 7.33—7.28 (m, 4H), 7.24 (t, ] = 12.0 Hz, 1H), 1.55 (s, 9H);
BC{’H} NMR (151 MHz, CDCL,) § 150.14, 132.87, 131.47, 128.24,
127.30, 126.90, 126.13, 120.01, 59.64, 30.20; "'B{'"H} NMR (193
MHz, CDCl;) 6 —15.1; FT-IR (cm™ (ranked intensity)) 2984 (13),
2252 (3), 1431 (4), 1373 (12), 1236 (15), 1183 (5), 887 (8), 746
(1), 731 (14), 702 (2), 649 (11), 624 (7), 531 (6), 494 (9), 428
(10); high-resolution mass spectroscopy (HRMS) electrospray
ionization (+ESI) caled for C,;H,3BN [M + H]' 324.1922, found
324.1920; UV—vis (CH,Cl,) A, (233 nm) & = 33700 L mol™ cm™,
(281 nm) & = 8200 L mol™! cm™, (317 nm) & = 6200 L mol™ ecm™.

Synthesis of 5. A solution of 1-adamantyl isocyanate (18.0 mg,
0.104 mmol; 1 mL) in CH,Cl, was dropwise added to a solution of
1Ph (25.0 mg, 0.104 mmol; 1 mL) in CH,Cl, at room temperature.
After being stirred for 5 min, a color change was observed from bright
yellow to colorless. The solvent was removed in vacuo, and the
residue was washed with hexanes (2 X 0.5 mL) to give S as a white
solid. Single crystals for X-ray diffraction studies were grown by vapor
diffusion of a diethyl ether solution of $ into hexanes: yield 42.0 mg,
97%; mp 151—156 °C; 'H NMR (600 MHz, CDCly) § 7.62 (d, J =
6.0 Hz, 2H), 7.60 (d, J = 12.0 Hz, 1H), 7.55 (dd, J = 12.0, 6.0 Hz,
2H), 7.45—7.42 (m, 2H), 7.43—7.38 (m, 2H), 7.37—7.33 (m, 3H),
729 (t, J = 6.0 Hz, 1H), 2.19 (s, 6H), 2.02 (s, 3H), 1.58 (s, 6H);
BC{'H} NMR (151 MHz, CDCL,) § 176.41, 141.02, 140.30, 137.40,
136.99, 134.05, 133.60, 130.28, 129.85, 129.50, 128.36, 128.14,
127.77, 127.66, 127.47, 126.68, 61.83, 45.40, 43.05, 42.58, 36.79,
36.25, 35.89, 30.34, 29.92, 29.42; "B{'H} NMR (193 MHz, CDCl,)
5 50.9 (br); FT-IR (cm™ (ranked intensity)) 2903 (6), 2849 (10),
1696 (13), 1594 (11), 1436 (8), 1304 (7), 1275 (4), 1241 (3), 1091
(12), 1010 (9), 737 (2), 697 (1), 642 (5), 617 (15), 594 (14); high-
resolution mass spectrometry (HRMS) electrospray ionization (ESI)
caled for C,4H,,BNO [M + H]* 418.2342, found 418.2338; UV—vis
(CH,CL,) Apy (236 nm) & = 4300 L mol™ cm™.

Synthesis of 6. A solution of 4-methoxyphenyl isocyanate (52.0
UL, 0.417 mmol; 2 mL) in CH,Cl, was added dropwise into a stirring
solution of 1Ph (100.0 mg, 0.417 mmol; 4 mL) in CH,Cl,. After the
solution was stirred for § min, a color change was observed from
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bright yellow to colorless. The solvent was removed in vacuo and the
residue was washed with hexanes (2 X 2 mL) to give 6 as a white
solid. Single crystals for X-ray diffraction studies were grown from a
diethyl ether solution at ambient temperature: yield 150.0 mg, 93%;
mp 99—103 °C; 'H NMR (600 MHz, CDCL,) & 7.75 (d, J = 12.0 Hz,
2H), 7.71 (d, J = 12.0 Hz, 1H), 7.63 (t, ] = 12.0 Hz, 1H), 7.59 (t, ] =
6.0 Hz, 1H), 7.47 (t, ] = 6.0 Hz, 1H), 7.41 (d, ] = 6.0 Hz, 1H), 7.34
(t, ] = 6.0 Hz, 1H), 7.22 (t, ] = 12.0 Hz, 1H), 7.12 (t, ] = 6.0 Hz, 2H),
7.06 (d, ] = 6.0 Hz, 2H), 7.01 (d, ] = 6.0 Hz, 2H,), 6.85 (d, ] = 6.0 Hz,
2H), 3.81 (s, 3H); “C{'H} NMR (151 MHz, CDCl;) § 177.69,
158.66, 143.61, 138.52, 138.01, 137.72, 136.28, 135.10, 134.13,
131.18, 130.70, 130.19, 129.35, 128.84, 127.86, 127.17, 127.01,
114.13, 55.56, 34.82, 31.74, 25.44, 22.81, 14.28; "'B{*H} NMR (193
MHz, CDCl;) § 47.4 (br); FT-IR (cm™ (ranked intensity)): 1606
(15), 1505 (2), 1431 (10), 1388 (4), 1294 (13), 1243 (3), 1145 (9),
1032 (6), 908 (12), 842 (5), 766 (14), 730 (11), 698 (1), 621 (8),
536 (7); high-resolution mass spectrometry (HRMS) electrospray
ionization (ESI) calcd for C,¢H,,BNO, [M + H]* 390.1664, found
390.1660; UV—vis (CH,Cl,) Ay, (237 nm) & = 4000 L mol™ cm™".

Synthesis of 8. At room temperature, a solution of diphenylke-
tene (22.0 mg, 0.113 mmol; 1 mL) in CH,Cl, was added to a solution
of 7 (50.0 mg, 0.113 mmol; 2 mL) in CH,Cl, The solution was
stirred for 5 d until the solution became light yellow. The solvent was
removed in vacuo to obtain a light yellow solid. The residue was
washed with hexanes (2 X 1 mL) and dried in vacuo to give 8 as a
white powder. Single crystals for X-ray diffraction studies were grown
from a CH,Cl, solution of 8 by vapor diffusion into hexanes: yield
540 mg, 75%; mp 187—189 °C; 'H NMR (600 MHz, CDCL,) &
7.82—7.79 (m, 2H), 7.73—7.69 (m, 2H), 7.47—7.39 (m, 3H), 7.37—
7.30 (m, SH), 7.25=7.21 (m, 3H), 7.15—=7.03 (m, 6H), 6.97—6.91
(m, 4H), 6.90—6.86 (m, 4H), 6.84—6.82 (m, 2H), 6.77—6.73 (m,
4H); BC{'H} NMR (151 MHz, CDCl,) § 153.52, 148.32, 145.62,
144.00, 141.70, 140.52, 139.67, 139.53, 139.22, 138.94, 138.32,
135.97, 131.36, 130.84, 130.69, 130.59, 130.38, 129.87, 129.59,
128.01, 127.90, 127.71, 127.28, 127.14, 127.06, 127.02, 126.81,
126.58, 126.31, 126.06, 125.73; "'B{'H} NMR (193 MHz, CDCl,) §
45.1 (br); FT-IR (cm™ (ranked intensity)) 1597 (9), 1487 (8), 1437
(6), 1275 (1), 1223 (13), 1177 (11), 1065 (15), 1016 (S), 760 (10),
747 (4), 661 (2), 640 (14), 604 (12), 570 (7), S41 (3); high-
resolution mass spectrometry (HRMS) electrospray ionization (ESI)
caled for CysHBO [M + H]* 639.2859, found 639.2857.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.organo-
met.8b00497.

X-ray data, NMR, UV/vis, fluorescence, and FT-IR
spectra (PDF)

Accession Codes

CCDC 1849479—1849487 contain the supplementary crys-
tallographic data for this paper. These data can be obtained
free of charge via www.ccdc.cam.ac.uk/data_request/cif, or by
emailing data_request@ccdc.cam.ac.uk, or by contacting The
Cambridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB2 1EZ, UK; fax: +44 1223 336033.

B AUTHOR INFORMATION
Corresponding Author

*E-mail: caleb_d martin@baylor.edu.
ORCID

Caleb D. Martin: 0000-0001-9681-0160

Author Contributions

KRB, LEL, and AP. contributed equally. The manuscript
was written through contributions of all authors. All authors
have given approval to the final version of the manuscript.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

We are grateful to the Welch Foundation (Grant No. AA-
1846) and the National Science Foundation for a CAREER
Award (Award No. 1753025) for their generous support of this
work.

B REFERENCES

(1) (a) Wrackmeyer, B.; Thoma, P.; Kempe, R; Glatz, G. 9-
Borafluorenes-NMR spectroscopy and DFT calculations. Molecular
structure of 1,2-(2,2-diphenylylene)-1,2-diethyldiborane. Collect.
Czech. Chem. Commun. 2010, 75, 743—756. (b) Matsumoto, T.;
Tanaka, K,; Tanaka, K;; Chujo, Y. Synthesis and characterization of
heterofluorenes containing four-coordinated group 13 elements:
theoretical and experimental analyses and comparison of structures,
optical properties and electronic states. Dalton Trans. 201S, 44,
8697—8707. (c) von Grotthuss, E.; John, A.; Kaese, T.; Wagner, M.
Doping Polycyclic Aromatics with Boron for Superior Performance in
Materials Science and Catalysis. Asian J. Org. Chem. 2018, 7, 37—53.

(2) (a) Yamaguchi, S.; Shirasaka, T.; Akiyama, S.; Tamao, K.
Dibenzoborole-Containing 7-Electron Systems: Remarkable Fluo-
rescence Change Based on the “On/Off” Control of the pr—rx*
Conjugation. J. Am. Chem. Soc. 2002, 124, 8816—8817. (b) Yama-
guchi, S.; Wakamiya, A. Boron as a key component for new 7-electron
materials. Pure Appl. Chem. 2006, 78, 1413. (c) Adams, 1. A.; Rupar,
P. A. A Poly(9-Borafluorene) Homopolymer: An Electron-Deficient
Polyfluorene with “Turn-On” Fluorescence Sensing of NH; Vapor.
Macromol. Rapid Commun. 2018, 36, 1336—1340. (d) Escande, A;
Ingleson, M. J. Fused polycyclic aromatics incorporating boron in the
core: fundamentals and applications. Chem. Commun. 201S, S,
6257—6274. (e) Lorenz-Rothe, M.; Schellhammer, K. S.; Jageler-
Hobheisel, T.; Meerheim, R.; Kraner, S.; Hein, M. P.; Schiinemann, C,;
Tietze, M. L.; Hummert, M.; Ortmann, F.; Cuniberti, G.; Korner, C.;
Leo, K. From Fluorine to Fluorene-A Route to Thermally Stable aza-
BODIPYs for Organic Solar Cell Application. Adv. Electron. Mater.
2016, 2, 1600152. (f) Matsumoto, T.; Takamine, H.; Tanaka, K.;
Chujo, Y. Design of bond-cleavage-induced intramolecular charge
transfer emission with dibenzoboroles and their application to
ratiometric sensors for discriminating chain lengths of alkanes.
Mater. Chem. Front. 2017, 1, 2368—2375. (g) Briére, J.-F.; Coté, M.
Electronic, Structural, and Optical Properties of Conjugated Polymers
Based on Carbazole, Fluorene, and Borafluorene. J. Phys. Chem. B
2004, 108, 3123—3129. (h) Thanthiriwatte, K. S.; Gwaltney, S. R.
Excitation Spectra of Dibenzoborole Containing 7-Electron Systems:
Controlling the Electronic Spectra by Changing the pr—z*
Conjugation. J. Phys. Chem. A 2006, 110, 2434—2439. (i) Muhammad,
S.; Janjua, M. R. S. A; Su, Z. Investigation of Dibenzoboroles Having
7-Electrons: Toward a New Type of Two-Dimensional NLO
Molecular Switch? J. Phys. Chem. C 2009, 113, 12551.

(3) Koster, R; Benedikt, G. 9-Borafluorenes. Angew. Chem., Int. Ed.
Engl. 1963, 2, 323—-324.

(4) (a) Davidson, J. M.; French, C. M. 38. The synthesis and
structure of aromatic boron compounds. J. Chem. Soc. 1960, 191—
195. (b) Armstrong, D. R;; Perkins, P. G. The electronic structure of
the diphenylboron cation and the 9-borafluorenes. J. Chem. Soc. A
1966, 1026—1031. (c) Narula, C. K,; Noth, H. Contributions to the
chemistry of boron: CLVI. A convenient route to 9-borafluorenes. J.
Organomet. Chem. 1985, 281, 131—134. (d) Chase, P. A.; Piers, W. E.;
Patrick, B. O. New Fluorinated 9-Borafluorene Lewis Acids. J. Am.
Chem. Soc. 2000, 122, 12911—12912. (e) Wehmschulte, R. J.; Khan,
M. A,; Twamley, B.; Schiemenz, B. Synthesis and Characterization of

DOI: 10.1021/acs.organomet.8b00497
Organometallics 2018, 37, 2917-2927


http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.organomet.8b00497
http://pubs.acs.org/doi/abs/10.1021/acs.organomet.8b00497
http://pubs.acs.org/doi/suppl/10.1021/acs.organomet.8b00497/suppl_file/om8b00497_si_001.pdf
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:1849479&id=doi:10.1021/acs.organomet.8b00497
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:1849487&id=doi:10.1021/acs.organomet.8b00497
http://www.ccdc.cam.ac.uk/data_request/cif
mailto:data_request@ccdc.cam.ac.uk
mailto:caleb_d_martin@baylor.edu
http://orcid.org/0000-0001-9681-0160
http://dx.doi.org/10.1021/acs.organomet.8b00497

Organometallics

a Sterically Encumbered Unsymmetrical 9-Borafluorene, Its Pyridine
Adduct, and Its Dilithium Salt. Organometallics 2001, 20, 844—849.
(f) Romero, P. E.; Piers, W. E.; Decker, S. A.; Chau, D.; Woo, T. K;;
Parvez, M. 71 versus S Bonding Modes in Cp*Al(I) Adducts of 9-
Borafluorenes. Organometallics 2003, 22, 1266—1274. (g) Wehm-
schulte, R. J.; Diaz, A. A.; Khan, M. A. Unsymmetrical 9-Borafluorenes
via Low-Temperature C—H Activation of m-Terphenylboranes.
Organometallics 2003, 22, 83—92. (h) Chase, P. A.; Romero, P. E;
Piers, W. E.; Parvez, M,; Patrick, B. O. Fluorinated 9-borafluorenes vs.
conventional perfluoroaryl boranes Comparative Lewis acidity. Can. J.
Chem. 2005, 83, 2098—2105. (i) Wakamiya, A.; Mishima, K.; Ekawa,
K.; Yamaguchi, S. Kinetically stabilized dibenzoborole as an electron-
accepting building unit. Chem. Commun. 2008, 579—581. (j) Kauf-
mann, L.; Vitze, H; Bolte, M.; Lerner, H-W.,; Wagner, M. 9-
Ferrocenyl-9-borafluorene—A Redox-Switchable Main Group Lewis
Acid. Organometallics 2008, 27, 6215—6221. (k) Zheng, C.; Tao, Y.;
Cao, J.-Z.; Chen, R.-F; Zhao, P.; Wu, X.-].; Huang, W. The structural,
electronic, and optical properties of ladder-type polyheterofluorenes: a
theoretical study. J. Mol. Model. 2012, 18, 4929—4939. (1) Berger, C.
J; He, G; Merten, C; McDonald, R.; Ferguson, M. J.; Rivard, E.
Synthesis and Luminescent Properties of Lewis Base-Appended
Borafluorenes. Inorg. Chem. 2014, S3, 1475—1486. (m) Budanow,
A.; von Grotthuss, E.; Bolte, M.; Wagner, M.; Lerner, H.-W. 10,9-
Oxaboraphenanthrenes as luminescent fluorophores. Tetrahedron
2016, 72, 1477—1484. (n) Breunig, J. M.; Hiibner, A; Bolte, M,;
Wagner, M.; Lerner, H.-W. Reactivity of Phosphaboradibenzofulvene
toward Hydrogen, Acetonitrile, Benzophenone, and 2,3-Dimethylbu-
tadiene. Organometallics 2013, 32, 6792—6799. (o) Smith, M. F,;
Cassidy, S. J.; Adams, I. A.; Vasiliu, M.; Gerlach, D. L,; Dixon, D. A;;
Rupar, P. A. Substituent Effects on the Properties of Borafluorenes.
Organometallics 2016, 35, 3182—3191. (p) Noguchi, M; Suzuki, K;
Kobayashi, J.; Yurino, T.; Tsurugi, H.; Mashima, K.,; Yamashita, M.
Organometallics 2018, 37, 1833—1836.

(5) lida, A.; Sekioka, A.; Yamaguchi, S. Heteroarene-fused boroles:
what governs the antiaromaticity and Lewis acidity of the borole
skeleton? Chem. Sci. 2012, 3, 1461—1466.

(6) (a) Das, A.; Hubner, A.; Weber, M.; Bolte, M.; Lerner, H.-W.;
Wagner, M. 9-H-9-Borafluorene dimethyl sulfide adduct: a product of
a unique ring-contraction reaction and a useful hydroboration reagent.
Chem. Commun. 2011, 47, 11339—11341. (b) Hiibner, A,; Qu, Z.-W.;
Englert, U.; Bolte, M.; Lerner, H.-W.; Holthausen, M. C.; Wagner, M.
Main-Chain Boron-Containing Oligophenylenes via Ring-Opening
Polymerization of 9-H-9-Borafluorene. J. Am. Chem. Soc. 2011, 133,
4596—4609. (c) Hiibner, A.; Diehl, A. M.; Bolte, M.; Lerner, H.-W.;
Wagner, M. High-Temperature Reactivity of the Strongly Electro-
philic Pristine 9H-9-Borafluorene. Organometallics 2013, 32, 6827—
6833.

(7) (a) Biswas, S.; Maichle-Mossmer, C.; Bettinger, H. F.
Rearrangement from the heteroantiaromatic borole to the hetero-
aromatic azaborine motif. Chem. Commun. 2012, 48, 4564—4566.
(b) Biswas, S.; Oppel, I. M.; Bettinger, H. F. Synthesis and Structural
Characterization of 9-Azido-9-Borafluorene: Monomer and Cyclo-
trimer of a Borole Azide. Inorg. Chem. 2010, 49, 4499—4506.

(8) (a) Miiller, M; Maichle-Méssmer, C.; Bettinger, H. F. BN-
Phenanthryne: Cyclotetramerization of an 1,2-Azaborine Derivative.
Angew. Chem., Int. Ed. 2014, 53, 9380—9383. (b) Bettinger, H. F;
Miiller, M. Pathways for the cyclotetramerization of dibenz[c,e][1,2]-
azaborine, a BN-phenanthryne. J. Phys. Org. Chem. 2015, 28, 97—103.

(9) Hiibner, A,; Bolte, M.; Lerner, H. W.; Wagner, M. Extensive
Structural Rearrangements upon Reduction of 9-H-9-Borafluorene.
Angew. Chem., Int. Ed. 2014, 53, 10408—10411.

(10) Radtke, J.; Mellerup, S. K; Bolte, M.; Lerner, H.-W.; Wang, S.;
Wagner, M. Aryl Insertion vs Aryl—Aryl Coupling in C,C-Chelated
Organoborates: The “Missing Link” of Tetraarylborate Photo-
chemistry. Org. Lett. 2018, 20, 3966—3970.

(11) Shoji, Y.; Tanaka, N.; Muranaka, S.; Shigeno, N.; Sugiyama, H.;
Takenouchi, K.; Hajjaj, F.; Fukushima, T. Boron-mediated sequential
alkyne insertion and C—C coupling reactions affording extended 7-
conjugated molecules. Nat. Commun. 2016, 7, 12704.

2926

(12) (a) Yruegas, S; Martinez, J. J.; Martin, C. D. Intermolecular
insertion reactions of azides into 9-borafluorenes to generate 9,10-
B,N-phenanthrenes. Chem. Commun. 2018, 54, 6808—6811.
(b) Zhang, W.; Li, G;; Xu, L.; Zhuo, Y.; Wan, W.; Yan, N; He, G.
9,10-Azaboraphenanthrene-containing small molecules and conju-
gated polymers: synthesis and their application in chemodosimeters
for the ratiometric detection of fluoride ions. Chem. Sci. 2018, 9,
4444—4450.

(13) Yruegas, S.; Barnard, J. H.; Al-Furaiji, K.,; Dutton, J. L.; Wilson,
D. J. D,; Martin, C. D. Boraphosphaalkene Synthesis via
Phosphaalkyne Insertion into 9-Borafluorene. Organometallics 2018,
37, 1515—1518.

(14) (a) Huang, K; Martin, C. D. Ring Expansion Reactions of
Pentaphenylborole with Dipolar Molecules as a Route to Seven-
Membered Boron Heterocycles. Inorg. Chem. 2015, 54, 1869—1875.
(b) Huang, K;; Couchman, S. A;; Wilson, D. J. D.; Dutton, J. L,;
Martin, C. D. Reactions of Imines, Nitriles, and Isocyanides with
Pentaphenylborole: Coordination, Ring Expansion, C—H Bond
Activation, and Hydrogen Migration Reactions. Inorg. Chem. 20185,
54, 8957—8968. (c) Huang, K.; Martin, C. D. Peculiar Reactivity of
Isothiocyanates with Pentaphenylborole. Inorg. Chem. 2016, 55, 330—
337. (d) Adiraju, V. A. K; Martin, C. D. Isomer Dependence on the
Reactivity of Diazenes with Pentaphenylborole. Chem. - Eur. J. 2017,
23, 11437—11444. (e) Braunschweig, H.; Krummenacher, I;
Mailander, L.; Rauch, F. O,N,B-Containing eight-membered hetero-
cycles by ring expansion of boroles with nitrones. Chem. Commun.
2015, SI, 14513—1451S. (f) Yruegas, S; Wilson, C.; Dutton, J. L.;
Martin, C. D. Ring Opening of Epoxides Induced by Pentaphenylbor-
ole. Organometallics 2017, 36, 2581—2587. (g) Eisch, J. J.; Galle, J. E;
Shafii, B.; Rheingold, A. L. Thermal generation and transformation of
the borepin ring system; a paradigm of pericyclic processes.
Organometallics 1990, 9, 2342—2349. (h) Fan, C,; Piers, W. E;
Parvez, M.; McDonald, R. Divergent Reactivity of Perfluoropenta-
phenylborole with Alkynes. Organometallics 2010, 29, 5132—5139.
(i) Fukazawa, A.; Dutton, J. L.; Fan, C.; Mercier, L. G.; Houghton, A.
Y.; Wu, Q;; Piers, W. E; Parvez, M. Reaction of pentaarylboroles with
carbon monoxide: an isolable organoboron carbonyl complex. Chem.
Sci. 2012, 3, 1814—1818. (j) Braunschweig, H.; Maier, J.; Radacki, K;
Wabhler, J. Ring Expansion of 7-Boranorbornadienes by Coordination
with an N-Heterocyclic Carbene. Organometallics 2013, 32, 6353—
6359. (k) Couchman, S. A; Thompson, T. K,; Wilson, D. J. D,;
Dutton, J. L.; Martin, C. D. Investigating the ring expansion reaction
of pentaphenylborole and an azide. Chem. Commun. 2014, S0,
11724—11726. (1) Braunschweig, H.; Horl, C.; Mailinder, L.;
Radacki, K.; Wahler, J. Antiaromaticity to Aromaticity: From Boroles
to 1,2-Azaborinines by Ring Expansion with Azides. Chem. - Eur. J.
2014, 20, 9858—9861. (m) Braunschweig, H.; Celik, M. A.; Hupp, F.;
Krummenacher, 1; Mailander, L. Formation of BN Isosteres of Azo
Dyes by Ring Expansion of Boroles with Azides. Angew. Chem., Int. Ed.
2015, 54, 6347—6351. (n) Barnard, J. H.; Brown, P. A,; Shuford, K.
L.; Martin, C. D. 1,2-Phosphaborines: Hybrid Inorganic/Organic P—
B Analogues of Benzene. Angew. Chem., Int. Ed. 2015, 54, 12083—
12086. (o) Barnard, J. H.; Yruegas, S.; Couchman, S. A.; Wilson, D. J.
D.; Dutton, J. L.; Martin, C. D. Reactivity of a Phosphaalkyne with
Pentaarylboroles. Organometallics 2016, 35, 929—931. (p) Barnard, J.
H.; Yruegas, S.; Huang, K.; Martin, C. D. Ring expansion reactions of
anti-aromatic boroles: a promising synthetic avenue to unsaturated
boracycles. Chem. Commun. 2016, 52, 9985—9991. (q) Araneda, J. F.;
Piers, W. E,; Sgro, M. J,; Parvez, M. Ring Expansion Reactions of
Electron-Rich Boron-Containing Heterocycles. Organometallics 20185,
34, 3408—3413. (r) Yruegas, S.; Martin, C. D. Expedient Synthesis of
1,2-Thiaborines via Sulfur Insertion into Boroles. Chem. - Eur. J. 2016,
22, 18358—18361. (s) Yruegas, S.; Patterson, D. C.; Martin, C. D.
Oxygen insertion into boroles as a route to 1,2-oxaborines. Chem.
Commun. 2016, 52, 6658—6661. (t) Braunschweig, H.; Hupp, F.;
Krummenacher, I; Mailinder, L.; Rauch, F. Ring Expansions of
Boroles with Diazo Compounds: Steric Control of C or N Insertion
and Aromatic/Nonaromatic Products. Chem. - Eur. ]J. 2015, 21,
17844—17849. (u) Braunschweig, H; Celik, M. A.; Dellermann, T.;

DOI: 10.1021/acs.organomet.8b00497
Organometallics 2018, 37, 2917-2927


http://dx.doi.org/10.1021/acs.organomet.8b00497

Organometallics

Frenking, G.; Hammond, K.; Hupp, F.; Kelch, H.; Krummenacher, I;
Lindl, F.; Mailinder, L.; Miissig, J. H.; Ruppert, A. Scope of the
Thermal Ring-Expansion Reaction of Boroles with Organoazides.
Chem. - Eur. J. 2017, 23, 8006—8013.

(15) Fan, C.; Mercier, L. G.; Piers, W. E.; Tuononen, H. M,; Parvez,
M. Dihydrogen Activation by Antiaromatic Pentaarylboroles. J. Am.
Chem. Soc. 2010, 132, 9604—9606.

(16) (a) Jacobsen, H.; Berke, H.; Doring, S.; Kehr, G.; Erker, G.;
Frohlich, R.; Meyer, O. Lewis Acid Properties of Tris-
(pentafluorophenyl)borane. Structure and Bonding in L—B(C4F;);
Complexes. Organometallics 1999, 18, 1724—173S. (b) Metz, M. V.;
Schwartz, D. J; Stern, C. L.; Marks, T. J.; Nickias, P. N. New
Perfluoroarylborane Activators for Single-Site Olefin Polymerization.
Acidity and Cocatalytic Properties of a “Superacidic”Perfluorodibor-
aanthracene. Organometallics 2002, 21, 4159—4168. (c) Bergquist, C.;
Bridgewater, B. M,; Harlan, C. J.; Norton, J. R,; Friesner, R. A,;
Parkin, G. Aqua, Alcohol, and Acetonitrile Adducts of Tris-
(perfluorophenyl)borane: Evaluation of Bronsted Acidity and Ligand
Lability with Experimental and Computational Methods. J. Am. Chem.
Soc. 2000, 122, 10581—10590. (d) Bernsdorf, A.; Brand, H,;
Hellmann, R.; Kockerling, M.; Schulz, A; Villinger, A.; Voss, K.
Synthesis, Structure, and Bonding of Weakly Coordinating Anions
Based on CN Adducts. J. Am. Chem. Soc. 2009, 131, 8958—8970.
(e) Chase, P. A;; Henderson, L. D.; Piers, W. E.; Parvez, M.; Clegg,
W.; Elsegood, M. R. J. Bifunctional Perfluoroaryl Boranes: Synthesis
and Coordination Chemistry with Neutral Lewis Base Donors.
Organometallics 2006, 25, 349—357.

(17) Ekkert, O.; Miera, G. G.; Wiegand, T.; Eckert, H.; Schirmer, B.;
Petersen, J. L.; Daniliuc, C. G.; Frohlich, R;; Grimme, S.; Kehr, G,;
Erker, G. Remarkable coordination behavior of alkyl isocyanides
toward unsaturated vicinal frustrated P/B Lewis pairs. Chem. Sci.
2013, 4, 2657—-2664.

(18) Emission spectra for compounds 2, 1IPh"NCCHj;, 1Ph-CN'Bu,
S, and 6 did not have peaks at intensities greater than signal-to-noise
at 107* M concentrations.

(19) Sumida, Y.; Harada, R.; Kato-Sumida, T.; Johmoto, K.; Uekusa,
H.; Hosoya, T. Boron-Selective Biaryl Coupling Approach to Versatile
Dibenzoxaborins and Application to Concise Synthesis of Defuco-
gilvocarcin M. Org. Lett. 2014, 16, 6240—6243.

(20) Braunschweig, H.; Horl, C.; Mailander, L.; Radacki, K.; Wahler,
J. Antiaromaticity to Aromaticity: From Boroles to 1,2-Azaborinines
by Ring Expansion with Azides. Chem. - Eur. J. 2014, 20, 9858—9861.

(21) Eisch, J. J.; Hota, N. H.; Kozima, S. Synthesis of
pentaphenylborole, a potentially antiaromatic system. ]. Am. Chem.
Soc. 1969, 91, 4575—4577.

(22) Taylor, E. C.; McKillop, A.; Hawks, G. H. Diphenylketene. Org.
Synth. 1972, 52, 36.

(23) Eisenberger, P.; Bailey, A. M.; Crudden, C. M. Taking the F out
of FLP: Simple Lewis Acid—Base Pairs for Mild Reductions with
Neutral Boranes via Borenium Ion Catalysis. J. Am. Chem. Soc. 2012,
134, 17384—17387.

(24) Sheldrick, G. M. A short history of SHELX. Acta Crystallogr.,
Sect. A: Found. Crystallogr. 2008, 64, 112—122.

(25) Dolomanov, O. V.; Bourhis, L. J.; Gildea, R. J.; Howard, J. A.
K.; Puschmann, H. OLEX2: a complete structure solution, refinement
and analysis program. J. Appl. Crystallogr. 2009, 42, 339—341.

2927

DOI: 10.1021/acs.organomet.8b00497
Organometallics 2018, 37, 2917-2927


http://dx.doi.org/10.1021/acs.organomet.8b00497

