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BE-doped polycyclic aromatic hydrocarbons (PAHs; E = NR, O) often exhibit superior optoelectronic properties compared to
their carbonaceous congeners. Herein, we report an efficient and convenient synthetic route to this compound class, based
on the intramolecular addition of aryl(Mes)BE—-H bonds to ortho-positioned butadiyne substituents. The reactions can
proceed either under Au(l) or NEt; catalysis, with the same substrate giving rise to distinct addition patterns. Treatment of
0-MesB(OH)-diphenylbutadiyne or 0,0’-bis[MesB(OH)]-diphenylbutadiyne with [Au(PPh;)(NTf,)] furnishes an ethynyl-
substituted BO-naphthalene or a (BO),-binaphthyl (B,0,; via 2,3-OC-addition), respectively. In contrast, NEt;-catalyzed
double cyclization of 0,0’-bis[MesB(OH)]-diphenylbutadiyne affords the corresponding (BO),-naphthylbenzofulvene (iso-
B,0,; via 1,3-OC-addition). Replacement of NEt; with ethylenediamine generates the analogous (BN),-doped PAH (iso-B,N,).
Notably, both B,0, and iso-B,N, show high photoluminescence quantum yields of @, = 80% and 93%, respectively. Using
the formation of iso-B,0, as a model reaction, a plausible mechanistic scenario was elucidated through quantum-chemical
calculations and systematic probe experiments, providing further novel BE-doped PAHs.
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pz
Introduction - &. N
g-EH g E
Incorporating  p-block elements into polycyclic aromatic Mes Mes
hydrocarbons (PAHs) is a powerful strategy for generating new ) l@E=0 laE=0
. ) o ) Men(SiMes); ((
molecules with diverse applications in drug development, Ib:E = Me lib: E = NMe
catalysis, and materials science.’3 A particularly successful
approach is to replace selected nonpolar RC=CR; bonds with b) =
isosteric, polar R:B=ER units (E = NR, O), thereby reshaping g = o7 s
electronic properties by modulating m-electron distributions =
and frontier-orbital energies.*8 Systematically varying the B B
position, orientation, and number of incorporated R:B=ER % 0 g O
groups further expands the range of accessible architectures o
& with physical properties that can differ substantially from those n v
of their carbo.n analo.gues.f’—12 M.oreover, -the symmetry Bam Doy aX Pre—
breaking associated with R:B=ER incorporation frequently Ll
enhances regioselectivity in late-stage functionalization and A DpL ki

alters intermolecular interactions in supramolecular assemblies
and the solid state.1314

We have recently disclosed an atom-economical synthetic
approach to singly or multiply (BE)s,-doped PAHs from readily
available, easy-to-handle ortho-alkynyl-substituted phenyl-
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tSupplementary Information available: Synthetic procedures, NMR spectra,

Fig. 1 (a) Au(l)-catalyzed cyclization of ortho-alkynyl-substituted phenylborinic acids
(1a) and aminoboranes (Ib) to afford (BE)-naphthalenes (lla,b; E = NMe, O; R = alkyj,
aryl).1516 (b) Representative examples of (BO),doped PAHs without (lll) and with

photophysical and electrochemical data, X-ray crystallographic data and alkynyl substituents (IV), highlighting the beneficial impact of the latter on key
computational details. CCDC2523153-2523170. For Sl and crystallographic data in photoluminescence properties.1519 (c) Effect of (BE),-doping on the conformational
CIF or another electronic format see DOI: 10.1039/x0xx00000x characteristics of 2,2'-binaphthyl derivatives (V-VII).
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borinic acids I (Fig. 1a).1516 In the key step, the Au(l) complex
[Au(PPh3)NTf;] catalyzes the intramolecular 6-endo-dig addition

of the BO-H bonds across the C=C units, generating six-
membered  (BO)-heterocycles  (Tf: SO2CF3). Remarkable
modularity is achieved by converting the borinic acids into

aminoborane intermediates via reaction with silylated amines.
These  aminoboranes likewise  undergo  Au(l)-catalyzed
cyclization, thereby providing access to (BN)-heterocycles (Fig.
1a).15.16

To further expand the accessible chemical space,
turned from ortho-alkynyl- to ortho-butadiynyl-substituted
starting materials. This modification promises several benefits:
(i) monocyclization at a butadiyne unit should directly afford
ethynyl-substituted (BE),-heterocycles (Fig. 1a; R: C=CR’),
typically associated with bathochromic emission shifts and
enhanced photoluminescence quantum vyields (@, cf.
compounds Il vs. IV in Fig. 1b).27-1% (i) A butadiyne bridge
between two phenylborinic acid moieties should enable double

we now

cyclization, potentially providing two directly connected (BO)-
or (BN)-PAHSs in a single step (cf. Vand VI in Fig. 1c). Comparison
with their carbonaceous congener binaphthyl VII furthermore
allows one to investigate how (BE)-doping influences the
conformational preferences of biaryls (e.g., twisted vs. planar,
syn vs. anti; Fig. 1c) and to study the resulting effects on their
optoelectronic properties.20-23 (iii) The binaphthyl scaffold VII
represents a prominent lead structure for important classes of
pharmaceuticals, such as gossypol-type drugs.2425 Given the
emerging role of boron as a ‘magic element’ in biomedical
science,26 facile access to (BN)2- and (BO).-doped gossypol
analogs could prove particularly valuable.27.28

Experimentally, the Au(l)-catalyzed cyclization of the ortho-
butadiynyl-substituted phenylborinic acid Bi proceeds as
envisioned, affording the BO-naphthalene BO with enhanced
optoelectronic properties (Fig. 2a). The butadiyne-bridged
precursor Bz likewise undergoes the anticipated twofold
cycloaddition to give the (BO)2-binaphthyl B202 (V-type
compound with R = Mes) in high vyields. However, the
corresponding reaction in the presence of ethylenediamine
diverges markedly from the a priori expected selectivity, as it
generates the naphthylbenzofulvene isomer iso-B2N2 instead of
binaphthyl VI (Fig. 1 and 3). Even more intriguingly, this
transformation proceeds spontaneously and is not influenced
by the presence or absence of the Au(l) complex. An important
lesson learned from this serendipitous finding is that B2 can also
undergo
furnishes not B202 but its isomer iso-B202 (Fig. 3). A major part
of this work is therefore devoted to elucidating these
contrasting pathways both experimentally
computationally.

an amine-catalyzed cyclization, which, however,

and

Results and Discussion

The synthesis and full characterization of the ortho-butadiynyI-
substituted arylborinic acid starting materials Bi (Fig. 2) and B2
(Fig. 3) are provided in the Supporting Information.
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Fig. 2 (a) Synthesis of phenylethynyl-substituted BO-naphthalene BO from the
butadiynyl-substituted borinic acid B;. Reagents and conditions: (i) 0.05 eq.
[Au(PPh3)(NTf,)], MTBE, rt, 12 h, 82%. (b) Molecular structures of B, (left) and BO
(right) in the solid state. H: white, B: green, C: black, O: red. For clarity, only the ipso-
C atoms of the Mes substituents are shown; C—H atoms are omitted. The bond
lengths are givenin [A]. (c) Normalized UV/Visabsorption (solid lines) and emissior
(dashed line) spectra of By and BO in CgH 1, (compound B, does not show detectable
photoluminescence). (d) Absorption and photoluminescence properties of By, BO,
and VIIIE6 in CgH1, (A,ps2"s: absorption onset; Ae,™2*: emission-band maximum; @y
photoluminescence quantum yield).3!

Synthesis and characterization of the alkynyl-substituted BO-
naphthalene BO

Treatment of the monoborinic acid Bi with 5 mol% of the
cyclization catalyst [Au(PPhs3)(NTf2)] in methyl tert-butyl ether
(MTBE) affords the phenylethynyl-substituted BO-naphthalene
BO in 82% yield (Fig. 2a; see the Sl for the analogous compound
BOS!, bearing a t-Bu substituent in place of the Ph ring). In the
1H and 13C{H} NMR spectra (CDCl3), successful cyclization to BO
is indicated by two features: (i) the O—H resonance of Bi (7.74—
7.60 ppm; br) vanishes, while a new singlet at 7.08 ppm
appears, attributable to the vinyl proton of BO; (ii) the number
of resonances assignable to 13C(sp) atoms decreases from four
in B1 to two in BO. The solid-state structures of Bi and BO reveal
B—O bond lengths of 1.357(2) and 1.385(1) A, respectively (Fig.
2b).

This journal is © The Royal Society of Chemistry 20xx
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Fig. 3 (a) Synthesis of the (BO),-binaphthyl B,0, and the (BE),-naphthylbenzofulvenesiso-B,N, and iso-B,0,. Reagentsand conditions: (i) 0.05 eq. [Au(PPh3)(NTf,)], MTBE,
rt, 12 h, 93%. (ii) 1 eq. ethylenediamine, THF, rt, 12 h, 82%. (iii) 2 eq. i-Pr,NH, THF, 60 °C, 12 h, 61% (conversion according to H NMR spectroscopy = 90%). (b) Molecular
structures of B,0, (left), iso-B,0, (middle), iso-B,N,(right) in the solid state. B: green, C: black, N: cyan, O: red. For clarity, only the ipso-C atoms of the Mes substituents are
shown; H atoms are omitted. (c) Normalized UV/Visabsorption (solid lines) and emission (dashed lines) spectra of B,0, (top) and iso-B,0,/iso-B,;N, (bottom) in CgH,. (d)
Photophysical and electrochemical data of the compounds 2,2'-binaphthyl, B,0,, iso-B,0,, and iso-B,N,. Electronic spectra of B,0,, iso-B,0, and iso-B,N, wererecorded in
CgH1; (see the Sl for the measurementsin CgHg, CHCI3, THF solutions, or in a PMMA layer); the corresponding values for 2,2'-binaphthyl werereported in n-pentane (A,°"s)*
and Me-CgH 11 (Aem™);% cyclic voltammograms were recorded in THF and referenced to the FcH/FcH* couple (supporting electrolyte: 0.1 M [n-Bu,N][PFg], scan rate: 200 mV

s-1).31

This elongation (A(B-0) =0.028 A) upon cyclization is consistent
with partial delocalization of the m-electron density originally
localized between B and O in the ring-opened system. The C=C
bond length of the newly formed vinyl moiety [1.349(1) A] is
essentially identical to that of the C(9)=C(10) bond in
phenanthrene [1.351 A],2° which possesses a highly olefinic
nature.3® Borinic acid Bi is a colorless, non-fluorescent solid.
Upon cyclization to BO, the onset of the UV/Vis absorption band
remains largely unaffected, but fluorescence emerges at Aem™2*
= 373 nm (CeH12).3! The intended alkynyl substituent-induced
emission enhancement is achieved, with @ increasing from 6%
to 30% when comparing the phenyl-substituted BO-
naphthalene VIII with its phenylethynyl-substituted congener
BO (Fig. 2c,d).16

Synthesis and characterization of the (BO)2-binaphthyl B202 and
the (BE)2-naphthylbenzofulvenes iso-B20: and iso-B2N2

The butadiynylene-bridged bisborinic acid Bz undergoes double
cyclization in the presence of the Au(l) catalyst to furnish the
BO),-binaphthyl B202 (93% vyield; Fig. 3a). An analogous =-
extended (BO)2-bianthryl was obtained using the same
approach (B202%'; see the S| for details). In contrast, treating B2
with 1 eq. of ethylenediamine triggers a one-pot reaction

This journal is © The Royal Society of Che mistry 20xx

cascade that forms two B-N and two C-N bonds, even in the
absence of [Au(PPhs)(NTf2)] (Fig. 3a). The product iso-B2N2 (82%
yield) contains one six- and one five-membered B-containing
heterocycle, rather than the two six-membered heterocycles
found in B202 and originally anticipated for VI (Fig. 1c). The
ethylene bridge linking the two N atoms additionally generates
a central seven-membered ring (see the Sl for the analogous
compound iso-B2N2’', containing an eight-membered ring and a
propylene chain between the two N atoms). Notably, the
reaction outcome does not depend on the presence of the Au(l)
catalyst or the timing of its addition, as comparable yields of iso-
B2N2 were obtained in all cases. We therefore propose that,
beyond serving as a stoichiometric reagent, ethylenediamine
mediates its own hydroamination reaction,3? favoring six-/five-
over six-/six-membered ring formation and overriding the
intrinsic six/six-selectivity of the Au(l) catalyst (when present).

To test this assumption, we heated a mixture of B2 and i-ProNH
in THF at 60 °C for 12 h. After chromatographic workup, the
double-cyclization product iso-B;0. was isolated in 61% yield
(90% conversion by 'H NMR). In stark contrast to B202, iso-B202
features the same six-/five-membered heterocyclic motif as iso-
B2N2, again suggesting that the connectivity is governed

J. Name., 2013, 00,1-3 | 3
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primarily by the catalyst (Au(l) vs. amine), whereas the
nucleophilic moiety (NH vs. OH) is less influential.

A high average symmetry of B20z in solution is evidenced by a
single set of 1H- and 13C NMR signals, corresponding to one half
of the molecule. In iso-B20;, however, all H and C atoms are
magnetically unique. The endocyclic vinylic CH units of B20:
resonate at J'H) = 7.61 and &3C) = 108.6. In contrast, iso-B202
features one endocyclic and one exocyclic vinylic CH moiety,
giving rise to signals at 7.92/113.6 ppm and 6.56/103.9 ppm,
respectively. Thus, the C atoms in 3 positions to the m-donating
O atoms are significantly shielded, reflecting considerable
accumulation of negative charge,33-36 which is slightly more
pronounced for the exocyclic CH fragment in iso-B202. The main
differences between the 13C{'H} NMR spectra of iso-B:N2 and
iso-B20> are (i) a lower degree of deshielding of the N-appended
vinylic C atoms compared to those attached to the more
electronegative O atoms (140.9/144.4 ppm vs. 149.3/155.7
ppm), and (ii) the presence of two signals at 48.9/51.9 ppm,
assignable to the ethylene bridge. Moreover, four Mes-o0-CH3s
resonances in the spectrum of iso-B2N2 vs. two in that of iso-
B,02 suggest sterically hindered rotation of both NB-Mes
substituents, while the OB—Mes groups remain freely rotating.

The proposed molecular structures of B20z, iso-B202, and iso-
B2N2 were confirmed by single-crystal X-ray diffraction (SCXRD;
Fig. 3b). The (BO)z-binaphthyl core of B202 is centrosymmetric
and perfectly planar. Its O atoms adopt an anti-arrangement
across the central C-C bond, thereby avoiding the electronic
and steric repulsions that would arise in syn-B.02 between the
O-atom lone pairs on the one hand and the C-H vectors
oriented toward the bay region on the other.

The B202 isomer iso-B20: is also planar in the solid state. NMR
spectroscopy had suggested a structure comprising a BO-
naphthyl unit linked via its exocyclic C atom to a BO-
benzofulvene fragment, which is now confirmed. With respect
to the central formal C-C single bond, iso-B.02 possesses an
anti-conformation, such that the two O atoms are again
maximally separated. Each Ci-symmetric molecule of iso-B202 is
positionally disordered about a crystallographically imposed
inversion center.

Similar to iso-B202, compound iso-B:N2 suffers from whole-
molecule disorder in the crystal lattice: two differently oriented
molecules, related by a pseudo-twofold axis, overlap in the
same position (see the S| for more details). Nevertheless, the
within  the
molecule’s heterocyclic core is unequivocally discernible. The
dihedral angle the two planar,
heterocycles is only av. 19.0[1]°;37 the ethylene bridge is twisted
out of the best-fit plane through the main molecular
framework. The two N—C(sp2?) bonds measure 1.410(8) A and
1.419(7) A, which markedly exceed the N—C bond lengths in,
e.g., the methylpyridinium salt [MeNCsHs][BPha] (av. 1.337[4]
A;37 CSD: ACINOP),38 and thus exhibit considerable single-bond
character. The key geometrical parameters of the formal C—C=C
fragment connecting the two BN-heterocycles are comparable
to those of the corresponding fragment in iso-B20,.

A primary motivation for synthesizing B202 was the expectation
that BO-doping would impart optoelectronic properties

sequence of six/seven/five-membered rings

between benzannulated

4 | J. Name., 2012, 00, 1-3

superior to those of the hydrocarbon 2,2'-binaphthyl, ,ewing,te
facilitated planarization and the concomit@ht0 &@R¥en0eflst
conjugation.29 According to quantum-chemical calculations
(wB97X-D/6-311+G(d,p), CPCM(THF)),3%40  planar anti-B202
indeed represents the global minimum not only in the solid
state but also in solution, while twisted syn-B;02 constitutes a
local minimum at higher energy (0—C-C-0 = 27°; AG(syn-anti)
= 4.3 kcal mol1). The carbonaceous 2,2"-binaphthyl is likewise
anti-planar in the crystal lattice (CSD: JAKROCO01),4! but its
ground-state torsional potential in solution shows two nearly
isoenergetic minima at dihedral angles of approximately +40°.
The higher computed rotational barrier of B2Oz2 (9.1 kcal mol-1)
compared to 2,2-binaphthyl (<2.5 kcal mol1)204243  |ikely
reflects a higher degree of m-delocalization in the planar
minimum of the former. In the excited state, m—= interactions
become more important, accounting for the tendency of biaryls
to adopt a upon
excitation.#* This tendency is observed also for B202: in the S;

more planar conformation electronic
state the syn/anti-energy difference decreases to 1.3 kcal mol-
1 whereas the rotational barrier triples to 27.2 kcal mol.

In line with theory, the onset of the lowest-energy UV/Vis
absorption band (Aabs°™) and the emission maximum (Aem™) of
B202 are bathochromically shifted by =39 nm (23150 cm™1)44
and =36 nm (=2590 cm™),%> respectively, relative to the
corresponding of 2,2'-binaphthyl (Fig. 3d).*¢ The
fluorescence of B202 extends into the visible region, rendering
it a blue emitter. Notably, its quantum vyield (@) reaches 80%,
about tenfold higher than that of its “monomer” VII (Fig.
2d).1647 The So — Si transitions of B202, iso-B202, and iso-B2N2
are dominated by HOMO — LUMO excitation (> 90%
contribution; fosc > 1), with the frontier orbitals delocalized over
the entire binaphthyl/naphthylbenzofulvene The
calculations consistently overestimate the transition energies;
however, the obtained relative energy values are in qualitative
agreement with the experimental data (computed Aaps©:
333 (B202°) < 373 (iso-B202¢) = 374 nm (iso-B2N;¢); see the
Supporting Information for details).

Absorption and emission of the mixed BO-naphthalene/BO-
benzofulvene iso-B202 occur at significantly lower energies than
those of B202, with A(Aabs®™) =52 nm (3300 cm™1) and A(Aem™2%)
= 61 nm (3450 cm~%; Fig. 3c). Exchange of O by N in iso-B202
induces only minor spectral changes (iso-B:N2 vs. iso-
B202: A(Aabs®) =9 nm (490 cm~?) and A(Aem™®) =7 nm (340 cm~
1. Fig. 3d). The quantum efficiency @ drops markedly from 80%
to 16%, but recovers to 93% along the series (B202 — iso-B202
— is0-B2N2). The diminished @p. of iso-B202 compared to that
of B202 is primarily due to its increased rotational degrees of
freedom.

values

cores.

Mechanistic insights into amine-promoted cyclization reactions on
the butadiyne Bz

As outlined in the synthesis section, the Au(l)-catalyzed twofold
ring-closing reaction on Bz furnishes exclusively (within
experimental detection limits) the (BO)2-binaphthyl B20:.
Conversely, i-ProNH-mediated addition of the two O-H bonds
across the C=C triple bonds affords the isomeric (BO),-doped
naphthylbenzofulvene iso-B202 in excellent yields. The same

This journal is © The Royal Society of Chemistry 20xx
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C(H)H C(H)H
=—H
H— H— wHR H— OR
Ry (H)R R,
IX X Xi
LP2: CH;

1,4-diazepine 1,4-diazaocine
deriv. / deriv. X

Fig. 4 LP1: N-H- and O—H-addition products IX—XI derived from butadiyne (GH,).
Typical reaction conditions: IX: neat HNR,, 30-40 °C; X: neat H,NR, rt; XI: 1) neat
HNR,, 30-40 °C, 2) HOR. LP2: the seven-membered, partially saturated
1,4-diazepine derivative obtained from ethylenediamine/GH,, and the isomeric
eight-membered 1,4-diazaocine derivative, which is not formed.

connectivity pattern as in iso-B202 is likewise observed in iso-
B2N2, where ethylenediamine either reacts spontaneously or
functions as both reactant and promoter. The role of the Au(l)
catalyst in alkyne hydroalkoxylations is well established: the soft
Lewis acid interacts with the substrate’s unsaturated bond in a
side-on fashion, reducing its m-electron density and thereby
activating it toward nucleophilic attack by the O atom.48-30
Beyond Au(l), a range of other transition metal ions catalyze
hydroalkoxylation and hydroamination reactions;31-55 in some
can also proceed under
strongly basic conditions without involvement of a d-block-
metal complex (e.g., KOR, LiNRz, Schwesinger superbases).>6-58
The role of the weakly basic amine in our reactions is less clear,

instances these transformations

as literature precedents (LP) are scarce and —to the best of our
knowledge — exclusively related to butadiyne substrates:

LP1: Butadiyne and monoamines. Schroth et al. reported>2.60
that the conversion of parent butadiyne (HC1=C2-C3=C“H) with
secondary (HNRz) is facile but terminates after
monoaddition at the 1,2-positions (cf. IX; Fig. 4). By contrast,
the analogous reaction with primary amines (H:NR) proceeds
with a second nucleophilic addition at the 3,4-positions (cf. X
and its tautomers; Fig. 4). Neither 1,4- nor 2,3-, but only 1,3-
disubstituted butadienes were observed. The olefinic products
were obtained in good yields and predominantly adopt the Z-
with nucleophilic trans-
hydroamination. Importantly, treatment of IX with excess HoNR
X-type bearing exclusively N(H)R
substituents, indicating partial reversibility of the initial
hydroamination by HNR2. Importantly for the subsequent
discussion, addition of alcohols (HOR) to IX furnishes 1-amino-
3-alkoxybuta-1,3-dienes Xl (Fig. 4).5!

LP2: Butadiyne and ethylenediamine. Schroth et al. and Paudler
et al. disclosed that the exothermic reaction of butadiyne with
excess ethylenediamine affords the seven-membered, partially
saturated 1,4-diazepine derivative in near-quantitative vyield,
rather than the corresponding eight-membered 1,4-diazaocine

amines

configuration, consistent

leads to derivatives

This journal is © The Royal Society of Che mistry 20xx
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derivative. This outcome mirrors the 1,3-regigselectivity
discussed above for reactions with mono&inEs16584D6DT00412A
The literature background leaves some open questions that are
key for developing a deeper mechanistic understanding of the
amine-promoted butadiyne-cyclization reactions investigated
here. To fill this gap, we conducted a systematic series of
probing experiments (PEI-PE4) under the conditions employed
for synthesizing iso-B202 and iso-B2N2 (Fig. 5):

PE1 probed whether an active amine catalyst must provide a
positively polarized NH-hydrogen atom in lieu of an Au(l) cation
to promote BO-heterocycle formation. It turned out that this
was not the case, as the tertiary amine NEts proved as effective
as the secondary amine i-PrNH in generating iso-B20:.

PE2 elucidated whether this type of amine catalysis extends to
related alkynyl species or is restricted to butadiyne substrates.
The latter is true, as the B analogue XIll, bearing an ortho-
i~-PraNH  or
ethylenediamine to furnish the ring-closed species VIII (Fig. 2d)

ethynyl substituent, does not react with either
or a hydroamination product, respectively.
PE3 investigated whether the presence of a borinic acid
substituent in the substrate is mandatory for a cyclization
Indeed, the decisive role of the MesBOH group was
since  the bis(2-bromophenyl)butadiyne  (Bo)
toward ethylenediamine at  room
temperature —even after addition of 2 eq. PhB(OH), (above 60
°C, progressive decomposition was observed).6> A 1:1 mixture
of the ortho-butadiynyl-substituted monoborinic acid Bi and
ethylenediamine furnished the double-hydroamination product
BN2OH (86%),%¢ which was structurally characterized by SCXRD
(Fig. 6).7 The N-bonded H atom was located in the difference
electron-density map. The 2B NMR spectrum of BN2OH displays
a signal at 7.8 ppm, consistent with the presence of a
tetracoordinate B nucleus.%8%  As noted previously,
introduction of two MesBOH substituents (Bz) leads to the
formation of the fully cyclized product iso-B:N2 (82%).
PE4 unveiled how N-methylation of ethylenediamine can be
used to mask part of its reactive N-H bonds and interrupt the
reaction cascade at strategic points. N,N-
dimethylethylenediamine (Me;NCH.CH2NH2; 2 eq.)’® reacts
with Bz without adding across the C=C bonds, giving the ditopic
aminoborane BzNs in 92% yield (Fig. 5). SCXRD analysis of B2Na
confirms the presence of two B—NH moieties and a linear
butadiyne core (Fig. 6). In solution, NMR spectroscopy revealed
an NH signal at §'H) =6.42 and C=C resonances at j3C) = 84.0
and  77.1 Reaction of  N,N'-dimethylethylenediamine
(Me(H)NCH2CH2N(H)Me; 1 eq. or 2 eq.) with Bz affords the
doubly cyclized compound B:N20. According to SCXRD B:N:20,
like BN20H, features one aminoborane moiety (Fig. 6).
Moreover, the boron-free N—H functionality underwent a cis-
hydroamination reaction with the adjacent C=C bond, while the
distal C=C bond participated in a corresponding trans-O—H-
addition reaction, generating a six-membered CsBO ring. The N-
appended C=C bond in B2N20 adopts the sterically favored E-
configuration. The eight-membered CsBN2-heterocycle, which
assumes a boat-like conformation, imparts a distinct three-
dimensional structure to Bz2N20.

reaction.
confirmed

remained inert
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Fig. 5 Probing experiments PE1-PE4 designed to elucidate key mechanistic aspects of the amine-promoted cyclization reactions of the butadiynylene-bridged bisborinic
acid B,, leading to iso-B,0, and iso-B;N,. All reactions were carried out in THF, either at temperatures up to 60 °C (PE1 and PE2) or at room temperature (PE3 and PE4).

Taken together, probe experiments and the literature
precedents lead to the following conclusions:

PE1 suggests that the amine catalysts act mainly as Brgnsted
bases, likely promoting deprotonation of the BO-H units in the
substrate and thereby lowering the barrier for nucleophilic
attack at the C=C bonds.”? In this context, it is pertinent to ask
why i-Pr2NH does not itself undergo hydroamination at the
diphenylbutadiyne core but instead mediates the BO-H
addition. A straightforward explanation lies in the substantial
steric demand of this amine (cf. LP1: even in the case of the
sterically unencumbered butadiyne, secondary amines add
once at most). Itis also conceivable that intermolecular i-ProNH
addition is reversible to such an extent that intramolecular
cyclization reactions ultimately prevail (cf. LP1: facile exchange
of an NR2 substituent for an N(H)R substituent).”2

PE2 indicates that the reactive’374 butadiyne core is essential as
the substrate in the cyclization reactions. Differing from the
cases where very strong added bases shift the RE-H-
deprotonation  equilibrium  markedly the RE-
nucleophile (E = RN, O), the weaker bases employed in the
present study exert a less pronounced activating effect.
Consequently, the C=C bond to be attacked must possess a
higher degree of electrophilicity, which is conferred by the
adjacent, electron-withdrawing C=C moiety in the butadiynyl
substituent.

PE3 shows that the absence of MesBOH substituents in the
diphenylbutadiyne starting material suppresses
hydroamination—a remarkable contrast to the behavior of
parent butadiyne, CyHs (cf. LP2). The lack of Bo reactivity has
probably steric reasons and cannot be remedied by the addition
of external PhB(OH).. It therefore appears plausible that the
reaction cascade from B to iso-B:N2 is initiated by the

toward

6 | J. Name., 2012, 00, 1-3

formation of at least one B—N bond, rendering subsequent
hydroamination a kinetically and entropically favored
intramolecular process.”> Indeed, after the introduction of a
single MesBOH moiety into the diphenylbutadiyne scaffold, the
resulting compound Bs reacts readily with ethylenediamine to
yield BN20H, whose N-C-bond pattern matches that in iso-
Bz2N2.%8 An important overall conclusion from PE3 is thus that a
single MesBOH substituent in the starting material is sufficient

B,N,O
Fig. 6 Solid-state structures of BN,OH (left), B,N, (right), and B,N,O (bottom). H:

white, B: green, C: black, N: cyan, O:red. For clarity, only the ipso-Catoms of the
Mes substituents are shown; C—H atoms are omitted.

This journal is © The Royal Society of Chemistry 20xx
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to drive the entire the
diphenylbutadiyne core.

PE4 demonstrates that B-N-bond formation proceeds in high
yields in our system. The free NMe; substituent in B2Ns, which
could in principle act as a hydroamination catalyst similar to
NEts, does not induce cyclization at the two remaining N-H
bonds. A possible explanation is that a B-bonded N-H
functionality is no longer capable of addition across a C=C bond,
as the nucleophilicity of its N atom is now diminished by N=B -
donation. This implies that, in the formation of iso-B2N2, the
remote NH2 group remaining after aminoborane formation
adds to the diphenylbutadiyne unit—an outcome not possible
for B2Ns, where the pendant substituent is NMe,. The overall
addition pattern in B:N20 differs markedly from that in B202
which exhibits C—E bonds in vicinal positions), but resembles
that in iso-B202 and iso-B:N2 (C—E bonds separated by a
C(sp2)-H unit), reflecting the trend established in LP1, LP2, and
in our previous amine-catalyzed cyclization reactions [cf. PE3].
Bz2N20 is not a naphthylbenzofulvene derivative, ruling out the
possibility that the observed 1,3-bisaddition pattern arises from
a preference for this structural motif. The presence of the mixed
BO/BN heterocyclic scaffold can, in light of LP1, be attributed to
the fact that Me(H)NCH2CH2N(H)Me contains secondary amines
at both positions that add only once to butadiyne (and then at
the terminal position). This leaves one C=C bond available for
the formation of the C4BO ring.

1,3-bisaddition  sequence on

This journal is © The Royal Society of Che mistry 20xx

Quantum-chemical study of the amine-catalyzed cyclization of B
leading to iso-B20>

with
leads

Treatment of B2 amines i-PraNH,  or
ethylenediamine) N-addition,

forming one five- and one six-membered ring (cf. iso-B202 and

(NEts,
to asymmetric O- or

iso-B2N2). For a quantum-chemical assessment of the relevant
elementary steps leading to the observed structural motif, we
selected the NEts-catalyzed cyclization of Bz as a representative

model system, thus bypassing complexities arising from
preceding aminoborane formation, as would need to be
considered in the case of iso-B:N2. Various mechanisms were
examined, while the most favorable pathway, both

thermodynamically and kinetically, is depicted in Fig. 7 and
discussed below:

Consistent with the conclusions drawn from PE1, the BO-H
moiety of B¢ initially forms a hydrogen bond with NEts in a
barrierless, weakly exergonic process furnishing INT-1. The
subsequent transition state TSi-» for the 5-exo-dig cyclization is
accessible at room temperature (AG* = 17.3 kcal mol) and
involves simultaneous abstraction of the BO-H proton,
formation of an O-C-bond, and generation of a (formally)
deprotonated 1,3-enyne unit.”® The resulting [HNEts]* cation
remains associated with the endocyclic O atom through an N—
H---O hydrogen bond in the ensuing five-membered-ring
intermediate INT-2 (AG = 9.1 kcal mol1). In comparison, the
barrier for the conceivable alternative formation of a six-
membered-ring compound is significantly  higher (25.2
kcal mol? vs. 17.3 kcal mol?), consistent with LP1, which

J. Name., 2013, 00, 1-3 | 7
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reports that parent butadiyne reacts with primary or secondary
amines preferentially in 1-position (cf. IX in Fig. 4).77 In a
subsequent slightly exergonic isomerization step, the enyne
anion INT-2 is converted into a cumulene anion, which acquires
a proton from the nearby second borinic acid substituent to
afford INT-3 via the energetically low-lying transition state
TS2-3.7% A facile approximate 180° flip of the borylated phenyl
ring brings its [B—O]- group into proximity with [HNEts]*,
enabling H* transfer and the pronouncedly exergonic formation
of cumulene INT-4 (AG = -12.8 kcal mol1). Stabilization of the
enyne anion generated in the first cyclization step via cumulene
formation, which concomitantly places the carbanionic center
near the proton source BO-H, is possible only for butadiyne
substrates but not for simple alkynes, thereby rationalizing the
experimental findings of PE2. The second cyclization step via
TSa-s has the highest activation barrier of AG* = 24.4 kcal mol-?,
which explains why the reaction had to be performed at 60 °C
to obtain iso-B202 in reasonable vyields within a practical
timespan. From INT-4, nucleophilic attack of the O nucleophile
at the cumulene affords the deprotonated butadiene INT-5 in a
mildly endergonic step.”® Subsequently, the [HNEts]* cation
migrates beneath the anion plane from the O atom toward the
carbanion, followed by N-to-C proton transfer. This process
provides a strong thermodynamic driving force for the
formation of iso-B202¢ (AG =-50.1 kcal mol-1; details of this final
step, as well as the thermodynamics and kinetics of syn/anti
interconversion, are provided in Fig. S134).

Conclusions

Single- and double-Au(l)-catalyzed of ortho-
butadiynyl-substituted arylborinic acids provide efficient access
to BO-doped polycyclic aromatic hydrocarbons bearing
fluorescence-enhancing alkynyl (cf. BO) and to
(BO)2-doped biaryls, respectively (cf. B202). Remarkably, this
approach can be extended beyond the precious-metal ion, as
simple amines such as NEts are also capable of catalyzing the
reaction, while steering it toward a distinct connectivity
pattern: the 2,3-OC-addition in B202 is
characteristic of the Au(l)-catalyzed double cyclization of o0,0’-
bis[MesB(OH)]-diphenylbutadiyne (Bz2), the NEts-promoted
pathway leads to 1,3-OC-addition, furnishing the isomeric
(BO)2-naphthylbenzofulvene iso-B202. Even more strikingly,
treatment of Bz with ethylenediamine generates the
corresponding (BN)z-doped framework iso-B2Nz in the absence
of any additional catalyst. A plausible mechanistic scenario for
the formation of iso-B202 was established through a
of probe experiments and quantum-chemical
calculations: in a concerted process, the Brgnsted base NEts
engages the proton of the first borinic acid group, thereby
enhancing the nucleophilicity of the appended O atom, which
simultaneously adds to the adjacent C=C bond. We
demonstrated that (i) the C=C bond becomes sufficiently
electrophilic for this attack due to the electron-withdrawing
effect of the attached ethynyl moiety, and (ii) the BO-
benzofulvene unit preferentially forms instead of a BO-naphthy!|
group due to more favorable kinetics. This step is followed by

cyclizations

substituents

whereas realized

combination

8 | J. Name., 2012, 00, 1-3

the formation of a cumulene intermediate, which subsequently
reacts with the second borinic acid groupPtHisl&iHREfBRMING 4iké
BO-naphthyl unit of iso-B202. The mechanistic understanding
gained in this study builds a foundation for the development of
novel and versatile synthetic tools to access (BE),-doped PAHs
with desirable optoelectronic properties.
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