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ABSTRACT: Previously unknown 1,2-dihydro-1-aza-2-boraphenanthrene has been synthesized in only three steps from 2-
bromo-i-vinylnaphthalene. The reactivity of this new BN-phenanthrene, and of several substituted derivatives, has been
tested against bromine and organolithium compounds. Bromination proceeded with complete regioselectivity, affording
bromo-substituted compounds suitable for further functionalization via cross coupling reactions. This new family of BN-

phenanthrenes exhibits a substantial increase in the quantum yield (up to ¢r = 0.93) with respect to phenanthrene.

Formal replacement of a C=C bond in an aromatic ring
by an isoelectronic B-N bond leads to BN-aromatic com-
pounds.! This polarized BN unit in the structure enables
the modulation of their properties and provides a great op-
portunity for the design and production of new materials.>
Thus, BN-polycyclic aromatic hydrocarbons (BN-PAHs)
have been explored as promising components for im-
proved optoelectronic devices.3 Moreover, the azaborine
unit has also recently been investigated in the develop-
ment of new ligands for transition-metal-based catalysis*
and as a new pharmacophore in medicinal chemistry.>

Significant advances have been made in the field of BN-
PAHs in the last decade.® Despite this, these compounds
are still hampered by the lack of general and mild method-
ologies for preparing them in sufficient quantities and the
need for a better understanding of the effects that replace-
ment of a C=C bond by a B-N bond have on the properties
of BN-aromatic compounds. As such, the basic knowledge
obtained from the simplest systems is highly valuable, as

shown in a recent comparative analysis of different BN
isosteres of naphthalene.”

With regard to phenanthrene 1, another simple polycy-
clic aromatic hydrocarbon, four BN-isosteres, namely 2,2
3,5 49 and 5," have been described and the reactivity of 5
with activated electrophiles and organolithium com-
pounds studied.*®" Their optical properties, which differ
markedly depending on the position of the B-N bond, have
also been evaluated. For instance, the fluorescence emis-
sion maxima and quantum efficiency are highly influenced
by this structural difference (Figure 1).

As the reasons for these experimental findings remain
unclear, a systematic investigation into how the position
and orientation of the BN bond pair affects the reactivity
and optical properties of these BN-phenanthrene analogs
would be desirable. A study of this nature is not yet possi-
ble, however, due to the lack of available synthetic meth-



ods to access various permutations of this substitution pat-
tern. In this context, herein we report an efficient synthesis
of an unknown BN-phenanthrene, namely 1,2-dihydro-1-
aza-2-boraphenanthrene (6), as well as an examination of
its reactivity and a study of its main optical properties.
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Figure 1. Known BN-phenanthrenes and their fluorescence
properties.

Scheme 1. Synthesis of BN-phenanthrenes 6a-6g
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Our first aim was the preparation of BN-phenanthrene
6a and its substituted derivatives 6b-6g (Scheme 1). Both
non-boron substituted compounds 6a and 6b were synthe-
sized in three steps from easily accessible 2-bromo-1-vi-
nylnaphthalene (7). The first step involved a Buchwald-
Hartwig amination using either ammonium sulfate as an
ammonia surrogate and Pd[P(o-tol);], and CyPF-t-Bu as

catalytic system® to produce 8a, or aniline, [PdCl(allyl)],
and JohnPhos“ to give 8b. After treatment of these inter-
mediates with boron trichloride to force a borylative cy-
clization and a subsequent reaction with lithium alumin-
ium hydride,’> BN-phenanthrene 6a and 6b were isolated
in excellent overall yields. Intermediates 8a and 8b were
also used to synthesize boron-substituted derivatives 6c-
6g, this time via a highly efficient annulation/aromatiza-
tion process using potassium organotrifluoroborates.'

Scheme 2. Reactivity with organolithium compounds
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In order to gain insight into the properties of this new
family of BN-phenanthrenes, their reactivity was evalu-
ated. We began our investigation by exploring the addition
of organolithium compounds and electrophiles to BN-
phenanthrene 6a (Scheme 2). Addition of two equivalents
of MeLi or nBuli led to the formation of 6¢ or 6h in excel-
lent yields via a nucleophilic aromatic substitution in
which the hydride on boron acts as a leaving group.*® The
same products were achieved when an electrophile such as
iodomethane or benzyl bromide was also added to the re-
action medium; substitution at nitrogen was never ob-
served. This kind of reaction only took place when a boron-
substituted derivative (6¢) was directly used as starting
material, although total conversion was not achieved and
reaction yields never exceeded the 49% found for 6i. The
use of sodium hydride and DMF instead of nBuLi and THF
did not improve this result.

Scheme 3. Formation of indole g

R

-~ B 1 n-BuLi
1
N EtCHO
OO BT
-78 to 25 °C
6f, 6g (R = Me, 58%)

(R Ph, 49%)

Very recently, our group has described the regioselective
C-H functionalization of BN-aromatics via coordination of
the organolithium to the boron atom followed by the addi-
tion of a carbonyl compound.” We tested the same reaction
conditions used in this previous work (2 equiv. of nBuLi



and an excess of propanal) with boron- and nitrogen-sub-
stituted BN-phenanthrenes 6f and 6g but did not achieve
the same reactivity. Indole g was the only reaction product
obtained in these experiments, together with varying
amounts of starting material (Scheme 3). A resembling re-
sult has recently been described in a similar substrate, al-
beit under oxidation reaction conditions.”

Scheme 4. Regioselective bromination of 6¢, 6e-6g
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Electrophilic aromatic substitution has proven to be a
useful tool for the functionalization of BN-aromatic com-
pounds.® In particular, several halogenations, generally
followed by cross-coupling reactions, have been re-
ported.’**9 In this sense, bromination of four different 1,2-
dihydro-1-aza-2-boraphenanthrene derivatives (6¢, 6e, 6f
and 6g) by treatment with 1.1 equivalents of bromine in
CH.CI, has been tested (Scheme 4). Under these condi-
tions, all the reactions occurred with complete regioselec-
tivity at C3, as confirmed by X-ray diffraction analysis of a
single crystal of 10b (see SI),>° no traces of other regioiso-
mers or dibrominated products were observed, and com-
pounds 10a-10d were isolated in excellent yields. It is wor-
thy to note that this position next to the boron has been
reported in related BN-aromatics as the most negative and,
therefore, the expected position for electrophilic at-
tacks.'>9d Moreover, X-ray analysis of 10b provides other
interesting data on its solid state structure, as the short
length of the bond Cg9-C10, 1,358 A, which is in accord with
a localized double bond in this position, in the manner that
it also occurs with phenanthrene.>

Scheme 5. Cross-coupling reactions
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Interestingly, these bromo-substituted derivatives are
suitable for further functionalization by different palla-
dium-catalyzed cross-coupling reactions (Scheme 5). Thus,
treatment of 10a and 10b under standard Suzuki coupling
conditions afforded 11a and 11b in good yields. Sonogashira
coupling also worked efficiently for 10b, with alkynyl-BN-
phenanthrene 12 being isolated in moderate yield. This was
not the case, however, for the Buchwald-Hartwig reaction,
as we were unable to achieve the expected aminated prod-
ucts under any of the reaction conditions tested.

Once we had developed a useful method for the synthesis
of various functionalized BN-phenanthrenes 6, and had
studied their reactivity, we focused on studying their main
photophysical properties. The absorption and emission
data for the parent compound 6a and a selection of'its sub-
stituted derivatives (6b-6g, 11b and 12) in cyclohexane are
summarized in table 1.

Table 1. UV/Vis and fluorescence data for BN-
phenanthrenes 6a-6g, 11b and 12.[

€ )\abs max )\em

compound (Ve () (m)  (om) 7
6a 14450 345(329) 364 0.30
6b 10160 349(333) 369 0.48
6¢ 9250 346 (331) 366 0.35
6d 14330 351 (335) 379 0.70
6e 13510 355(339) 377 0.93
6f 10060 350(334) 370 0.37
6g 9880 354 (339) 378 0.29
ub 18090 362 (346) 395 0.82
12 8570 388 (370) 416 0.88

[a] All experiments were performed in cyclohexane solu-
tion. [b] Quantum yields reported relative to 9,10-diphenyl-
anthracene (¢r = 0.93).

With respect to phenanthrene (Aem = 347 nm, ¢r = 0.09),
the emission spectrum of 6a was observed to undergo a



slight bathochromic shift, along with a substantial increase
in the quantum yield (¢r = 0.30). This is in accordance with
a general trend observed in all isomers of BN-
phenanthrene studied previously, except in 5, with the in-
troduction of a BN unit leading to increased fluorescence
quantum yields with regard to the all-carbon ana-
logue.8#9192 The alkyl- and aryl-substituted species 6b-6g
displayed similar slightly red-shifted emission maxima
with respect to phenanthrene but differed significantly in
their fluorescence quantum yield. Thus, while nitrogen-
substituted derivatives 6b, 6f and 6g showed a value com-
parable to that of the parent (6a), non-nitrogen substituted
derivatives 6d and 6e, in which boron was substituted by a
vinyl or phenyl group, exhibited remarkably higher quan-
tum yields.

Due to the excellent fluorescence properties of 6e (Aem =
377 nm, ¢r = 0.93 in cyclohexane), we also evaluated 11b
and 12, which additionally contain a phenyl or an alkynyl
group at C3. Both compounds maintained a high quantum
yield but exhibited a larger bathochromic shift, with 12
having an emission maximum at 416 nm. Moreover, the
emission of 6e in different solvents was evaluated in order
to explore in greater depth the effect that solvent has on
the fluorescence: a quantum yield of 64% was found in
CH.Cl,, 68% in THF, 68% in CH;CN and 90% in DMSO.

In order to get a deeper insight into the photophysical
properties of the BN-phenantrenes, we performed a series
of theoretical calculations at the B3LYP/6-31+G** level on
all the compounds 1-6 shown in Figure 1. We focused on
the absorption and emission properties together with the
orbitals involved (see Table 2). Further data could be found
in the SI. While a detailed computational study is far from
the scope of this paper, some qualitative conclusions could
be drawn. The relevant absorption bands imply in all cases
a 1 -> n* transition. The inclusion of the BN moiety in the
phenantrene scaffold causes the breaking of the symmetry.
This is clearly shown in the orbitals involved in the relevant
transitions (see SI). For 2, 3, 4 and 6, BN substitution im-
plies a strengthening of the absorption bands while only in
5 a decrease in the oscillator strength value was observed.
Regarding, the band maxima, a bathochromic shift of var-
ying intensity for 2-6 was computed in agreement with the
experimental data. This is especially relevant for 4 (com-
puted band maximum 413 nm). This is due to a destabili-
zation of the HOMO and a stabilization of the LUMO com-
pared to phenantrene, in agreement with the general rules
recently reported for BN-tetracenes.> Upon light absorp-
tion, 1-6 evolve in the excited state to reach a planar mini-
mum (see SI) from which emission can take place. The
computed Stokes shift is 38 nm for 1 and vary from 24 nm
(2) to 9o nm (4) for the BN-substituted compounds. The
computed emission is in good agreement with the experi-
mental data. Interestingly, the emission of this type of
compounds could be shifted to both longer and shorter
wavelengths with respect to the parent 1. The different
shape of the potential energy surface and the availability of
non-radiative deactivation channels should affect the fluo-
rescence quantum yield. These effects have been discussed

before for 5.°2 Beyond the involved transitions, the com-
puted frontier orbitals can also provide a qualitative expla-
nation of the regioselective addition of Br, (Scheme 4). A
careful look at the computed HOMO reveals a large coeffi-
cient in C3 (see SI), which would suggest a preference for
the bromination at this position.

Table 2. Computed absorption and emission data for
phenantrene 1 and BN-analogues 2-6.[2

compound )\(";Sr:;x f Aem (nm)
1 298 0.14 336
2 301 0.22 325
3 402 0.32 458
4 413 0.30 503
5 314 0.06 354
6 325 0.24 356

[a] Computed at the B3LYP 6-31+G** level, using PCM (cyclo-
hexane).

In conclusion, the synthesis of a new family of BN-
phenanthrenes has been reported. We have achieved a re-
markably efficient preparation of the parent compound 6a,
in three steps, from easily accessible 2-bromo-1-vinylnaph-
thalene 7 (88% overall yield), along with several substi-
tuted derivatives. Moreover, this synthetic strategy could
potentially be applied for the synthesis of more complex
BN-PAHs by selecting appropriate starting materials. The
reactivity of this new family of BN-phenanthrenes with an
activated electrophile (bromine) and organolithium com-
pounds was evaluated in order to gain an insight into their
properties. Of particular interest is the introduction of a
bromo substituent, which allows straightforward derivati-
zation based on palladium-catalyzed cross-coupling reac-
tions. Bromination of four different derivatives showed
that this reaction proceeds with complete regioselectivity
at C3, and subsequent Suzuki and Sonogashira reactions
that these compounds are suitable for further functionali-
zation. These findings generate new possibilities for ob-
taining functionalized BN-aromatics with modulated
properties. Evaluation of the optical properties of this new
family of BN-phenanthrenes confirmed the previously ob-
served dramatic effect of the B-N unit. Indeed, the parent
compound 6a was observed to undergo a slight batho-
chromic shift along with a substantial increase in the quan-
tum yield (¢r = 0.30) with respect to phenanthrene. Non-
nitrogen substituted derivatives 6e, 11b and 12 exhibited re-
markably higher quantum yields (¢r = 0.82-0.93), thus
showing that this strategy of isoelectronic BN incorpora-
tion might provide an alternative method for tuning the
emissive properties of phenanthrene-based materials.
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