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ABSTRACT: 9-H-9-Borafluorene (HgC;,BH; S) can be gen-
erated in situ from 9-Br-9-borafluorene and Et;SiH in benzene
or hexane. Monitoring of the reaction by NMR spectroscopy at
rtin C¢Dg reveals that S forms C;-symmetric dimers (5), under
these conditions. DFT calculations on conceivable isomers of
(5), and a comparison of calculated and experimentally

determined 'H, '°C, and ''B NMR shift values lead to the conclusion that (5), is not a classical dimer HgC1,B(u-H),BC,,Hs,
but contains one B—H—B three-center, two-electron bond together with a boron-bridging phenyl ring. Addition of 1 equiv of
pyridine to (5), leads to the clean formation of the pyridine adduct HgC,,BH(py) (5-py). Likewise, (5), can be employed in
hydroboration reactions, as evidenced by its transformation with 0.5 equiv of tert-butylacetylene, which gives the hydroboration
products tBuC(H),C(H)(BC,,Hs), (9) and tBuC(H)C(H)BC,,Hg in almost quantitative yield. (5), is not long-term stable in
benzene solution. Addition of pyridine to aged reaction mixtures allowed the isolation of the adduct (py)H,B-C4H,-
CgH4-(py)BC1,Hg (10:py,) of a ring-opened dimer of S. Storage of a hexane solution of 9-Br-9-borafluorene and Et;SiH for
1—2 weeks at rt leads to the formation of crystals of a ring-opened pentamer H[-(H)B-(C¢H,),-14BC1,Hg (11) of § (preparative
yields are obtained after 1—4 months). The polymer main chain of 11 is reinforced by four intrastrand B—H—B three-center, two-
electron bonds. Apart from the main product 11, we have also isolated minor amounts of closely related oligomers carrying different
chain ends, i.e., HgC,B-(CHy),[-(H)B-(CgH,),-,BC,Hg (12) and H[-(H)B-(C¢H,),-]sBH, (13). When the reaction between
9-Br-9-borafluorene and Et;SiH is carried out in refluxing toluene, the cyclic dimer [-(«-H)B-(CgH,),-], (14) can be obtained in a
crystalline yield 0of 25%. The compounds 9, 10- py,, 11, 12, 13, and 14 have been structurally characterized by X-ray crystallography.
The entire reaction pathway leading from $ to 10, 11, 12, 13, and 14 has been thoroughly elucidated by DFT calculations and we
propose a general mechanistic scenario applicable for ring-opening polymerization reactions of 9-borafluorenes.

B INTRODUCTION

Incorporation of the main group elements B, Si, N, P, or S into
organic 7T-electron materials is a powerful approach to modifying
the optical and electronic properties of the parent systems." The
consequent notion that classical inorganic solid-state materials
can be replaced by lightweight and highly tunable organo-
element compounds sparked a vibrant interest in this field of
research.” In this context, boron has lately moved to the center
stage of elements used as dopants for extended sT-conjugated
organic frameworks. Boron atoms can efliciently 1nteract with
organic 7T-systems through their vacant p-orbitals,>* and as a
result, the electronic structure of the material is modified with an
impact on its optical and charge transport properties. Moreover,
organoboranes possess a high Lewis acidity and can therefore
engage in Lewis acid—base reactions. As a result of adduct
formation, the local geometry about the boron center changes
from trigonal-planar to tetrahedral so that s7-conjugation path-
ways across the boron p-orbital are disrupted, which can
be exploited for the design of molecular switches. Today,
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boron-doped 7t-systems are relevant for a broad range of
applications as, e.g, luminophores and hole transporters in
organic light-emitting devices, as components of organic solar
cells, and as sensors for the detection of biologically or envir-
onmentally relevant anions.>>®

For the design of boron-containing sr-conjugated polymers,
two cases have to be distinguished, i.e., the boron atoms can
either be introduced as lateral substituents or are incorporated as
integral parts of the polymer main chain.”'® The dopant influ-
ence on the overall optoelectronic properties is maximized in the
latter class of compounds but only a few synthetic strategies exist
to prepare main-chain boron-containing 7- con)ugated systems
The most prominent are polycondensatlon approaches'' '® and
the hydroboration polymerization.'*™>

Our group has recently reported on a novel polyconden-
sation protocol, which takes advantage of the fact that
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Scheme 1. 7-Conjugated Polymers Synthesized by Polycon-
densation (2) and by Hydroboration Polymerization (4)
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bling reactions. In the particular case of 1,1’-bis(dibro-
moboryl)ferrocene (1; Scheme 1), a partial Br/H exchange with
Et;SiH induces the formation of the boron-bridged poly-
(ferrocenylene) 2 with concomitant liberation of diborane(6)
(Scheme 1)."*'*'7 In another approach, we have employed the
novel ditopic borane 9,10-dihydro-9,10-diboraanthracene [3],
for the hydroboration polymerization of aromatic dialkynes,
which leads to highly photoluminescent materials.”>™ >

On the basis of these previous investigations, we have now
studied the reactivity of 9-H-9-borafluorene (S; Figure 1). §
offers unique opportunities for the preparation of various new
classes of boron-doped 7t-electron materials, because the boron
atom is part of a formally antiaromatic central borole ring.>**’
Consequently, 9-borafluorenes are stronger Lewis acids than
acyclic analogs,”®*’ and they are readily reducible to their
corresponding  dianions.”” > These pronounced o- and
Jr-acceptor properties render 9-borafluorenes highly interesting
building blocks for anion sensors and electron-transporting
(n-type) materials.*”

So far, all experimental and theoretical work on the incorpora-
tion of 9-borafluorene moieties into larger 77-systems has focused
on the functionalization of their phenylene rings. A yet unex-
plored complementary concept would be to use the reactive
B—H bond in § (i) to attach lateral 9-borafluorenyl units to
conjugated polymer backbones via the hydroboration of pending
alkynyl substituents or (ii) to synthesize well-defined short-chain
4-type oligomers via the hydroboration of dialkynylarenes. Yet an
alternative option is the ring-opening polymerization of §, which
should lead to 1,1-boranediyl-bridged biphenylenes [-B(H)-
CgH4-CgHy-],. A driving force for such a polymerization se-
quence should be provided by the loss of antiaromaticity in the
monomer. One could envisage substituent scrambling as the
underlying reaction mechanism, similar to the reaction leading
from 1 to 2 (Scheme 1). In this context we note that the B—C
bonds in 9-borafluorene are known to insert BH; or BH,Et
under formation of 6°* or 7** (Figure 1), respectively, which is
precisely the kind of reactivity required for a ring-opening
polymerization of S.

In this paper, we make use of both, the B—H bond and the
B—C bond reactivity of 5. We will show that this compound can
be generated in situ and used immediately for hydroboration
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Figure 1. 9-H-9-Borafluorene ($) and the insertion products 6 and 7 of
BH; and BH,Et into one B—C bond of § and 9-Et-9-borafluorene;
numbering scheme used for the assignment of NMR resonances.

syntheses. In the absence of a suitable trapping reagent (e.g, a
Lewis base or an unsaturated organic molecule), however, §
undergoes ring-opening polymerization and the corresponding
pentamer has been characterized by X-ray crystallography. More-
over, we provide a thorough DFT study on the polymerization
mechanism and we elucidate the chain-termination processes
both by experimental and by theoretical means.

B RESULTS AND DISCUSSION

In situ Generation and a Hydroboration Reaction of 9-H-
9-Borafluorene. The parent compound 9-H-9-borafluorene
(5; Figure 1, Scheme 2) has so far remalned elusive and was
not available as a hydroboration reagent.** However, its pyridine
adduct 5-py as well as lithium 9,9-dihydrido-9-boratafluorene
(which can be regarded as the hydride adduct Li[S-H]) are
literature-known: S-py has been prepared by pyrolysis of pyr-
idine-2-biphenylylborane in liquid paraffin at 250 °C,** and
Li[5-H] is accessible from 9-Cl-9-borafluorene and LiH in
THE/ pentane.37

The major reason for the instability of free 5 is most likely a
consequence of the 477 antiaromatic nature of the central borole
ring, because the propensity to exclude the boron p-orbital from
the cyclic conjugation pathway increases the boron Lewis
acidity. In contrast to isolable derivatives of §, like 9-Ph-9-
borafluorene*** or 9-OMe-9-borafluorene,™ the parent com-
pound is neither stabilized kinetically nor by virtue of a
7r-donating exocyclic substituent.

9-H,10-H-9,10-dihydro-9,10-diboraanthracene (3; Scheme 1)
can be prepared in high yields usm§ 9-Br,10-Br-9,10-dihydro-
9,10-diboraanthracene and Et;SiH.*> The compound is stable
under inert conditions even though it contains a formally
antiaromatic central ring with an electronic structure comparable
to that of the borole ring in 9-H-9-borafluorene (5). Given
this background, we investigated also the reaction between
9-Br-9-borafluorene (8; Scheme 2)*** and Et;SiH in greater
detail.

'"H and “C{'H} NMR spectroscopy on a mixture of 8 and
Et;SiH (C¢Dg, rt) reproducibly revealed a quantitative decrease
of the reactant signals and a concom1tant appearance of a
complex pattern of well-resolved "H and '*C resonances which
correspond to one single primary product. We note that the
conversion rate strongly depends on the absolute concentration
and the stoichiometric ratio of the starting materials. If 8 and
Et;SiH are employed in a 1:1 ratio, it takes several hours until the
starting material is no longer detectable by NMR spectroscopy;
used in a 1:2 ratio, full conversion is achievable within minutes.
Since the primary product is subject to a slow follow-up reaction,
we found it most convenient to prepare it by the use of 2 equiv of
Et;SiH, because in this case we can reach a stage at which 8 has
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completely vanished while almost no products other than
the primary product have formed. This critical point of clean
transformation is clearly indicated by a color change from yellow-
green to almost colorless.

The "'B{'H} NMR spectrum of the primary product shows
two broad resonances at 8.5 ppm and 10.3 gpm, testifying to the
presence of four-coordinate boron nuclei;*** no multiplets can
be resolved upon proton coupling, but the signal at 10.3 ppm
becomes significantly broader in the ''B NMR spectrum.

A convincing proposal for the molecular structure of the
primary product was possible only after a quantum chemical
assessment of the initial stages of the reaction cascade, which
allowed us to compute 'H, "B, and "3C shift values of all
conceivable candidates. Comparison to the experimental data
led to the structural assignment presented in the corresponding
quantum chemical subsection below. At this point, it suffices to
state that (i) the observed NMR signature of Et;SiBr in the
reaction mixture indicates hydride transfer from silicon to boron,
(i) the "Hand *C signal pattern is in accord with the formation
of a C;-symmetric dimer (5),, which does, however, certainly not
possess the classical structure HgC,B(u-H),BC1,Hg (cf. [3],;
Scheme 1).

To investigate the reactivity of (5),, we repeated the transfor-
mation between 9-Br-9-borafluorene (8) and Et;SiH in an NMR
tube under the same conditions as before (stoichiometric ratio
=1:2) and quenched it at the stage of (5), with 1 equiv of pyridine
(experiment 1) or 0.5 equiv of tert-butylacetylene (BuCCH;
experiment 2). In both cases, an almost quantitative conversion
was finished within minutes. Experiment 1 gave exclusively the
known pyridine adduct 5+ py*® (Scheme 2; see the Supporting
Information (SI) for the full NMR data set). Experiment 2
resulted in the formation of the diborylmethane 9 (Scheme 2),
together with the monohydroboration product 9-tBuC(H)C-
(H)-9-borafluorene (product ratio =3:1; see the SI for the NMR
data and an X-ray crystal structure analysis of 9-tBuC(H)C(H)-
9-borafluorene).

The constitution of 9, which we have isolated in analytically
pure form in about 50% yield, has been confirmed by an X-ray
crystal structure analysis (see below), but is also evident from its
NMR spectra: (i) The ''B{'H} NMR spectrum shows one broad
signal at 71.0 ppm, which lies within the typical shift range of
triorganylboranes** (cf. 9-Et-9-borafluorene: & (''B) = 73.1%).
(ii) The proton integral ratio between the four 9-borafluorene
resonances on the one hand and the tert-butyl singlet on the
other indicates a 2:1 stoichiometry. (iii) We observe a doublet
integrating 2H at 2.82 ppm and a triplet integrating 1H at 3.87
ppm; in the HSQC spectrum, the doublet shows a cross peak to a
sharp °C signal at 46.6 ppm while the triplet is associated with a
very broad carbon resonance at 36.8 ppm. Since such line
broadening is typical for the signals of boron-bonded carbon
atoms, the HSQC spectrum leads to the conclusion that both
boryl substituents are attached to the same carbon center, which
necessarily has to be the terminal one.

The formation of 5 py and 9 from (5), is revealing in several
respects: With regard to the general reaction mechanism it
becomes evident that (5), can readily convert back to § in the
presence of Lewis bases or C=C triple bonds. With regard to
applications it is pleasing to see that 9-H-9-borafluorene (5) can
be generated in situ and used efficiently in hydroboration
reactions.

Compound 9 not only constitutes important proof for the
existence of 5, but it is also interesting in its own right, because it

Scheme 2. Synthesis of 5 and Trapping Reactions with Pyr-
idine (py) and tBuCCH at Different Points in Time"
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+05 tBuCCHl 0)

tBu

— A
& &

10-py;

“Reagents and conditions: (i) n = 2, C¢Hg, rt, 10—1S5 min. (i) 1.n =1,
hexane, rt—35 °C, 7d; 2. precipitate dissolved in CsHg, 4 exc. pyridine, rt.

represents a rigid bifunctional organoborane, in which the two
boron atoms are placed in close proximity. Compounds of this
kind have found numerous applications, *® for example as hydride
sponges,*’ as cocatalysts in ethylene polymerization,™ and as
catalysts for inverse electron-demand Diels—Alder reactions.*
In a more exotic context, the intramolecular interaction of the
boron p_-orbitals in 1,8-bis(diphenylboryl)naphthalene has been
exploited for the generation of a B—B one-electron o-bond.>®

Crystals of 9 suitable for X-ray analysis were grown from a
benzene solution (Figure 2; details of the X-ray crystal structure
analysis of 9 are compiled in the SI). As already deduced from the
NMR spectra, the compound contains two 9-borafluorenyl
moieties per alkyl fragment and both boryl groups are attached
to the same carbon atom. All key structural parameters of the
9-borafluorenyl substituents closely resemble those of 9-phenyl-
9-borafluorene.*

The alkyl bridge of 9 is disordered over two positions (C and
C’), which impedes an accurate determination of the B—C(1)
bond lengths as well as the B(1)—C(1)—B(2) bond angle (cf.
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Figure 2. Molecular structure of 9 in the solid state; the minor sites (C’)
of the disordered alkyl bridge are not shown (30% probability ellipsoids;
H atoms omitted for clarity). Selected bond lengths (A), atom - -atom
distance (A), bond angles (deg), and dihedral angle (deg): B(1)—
C(1)/C(1") 1.586(3)/1.614(7), B(1)—C(11) 1.570(3), B(1)—C(21)
1.585(3), B(2)—C(1)/C(1") 1.598(2)/1.612(7), B(2)—C(31)
1.569(2), B(2)—C(41) 1.571(2); B(1)---B(2) 2.534(2); C(11)—
B(1)—C(21) 103.2(1), C(31)—B(2)—C(41) 103.9(1), B(1)—C(1)/
C(1')—B(2) 105.5(2)/103.5(4); B(1)C(11)C(21)//B(2)C(31)C(41)
74.5.

Figure 2). The most important parameters are the B(1) - - +B(2)
distance of 2.534(2) A and the dihedral angle of 75° between the
two 9-borafluorenyl planes.

Trapping of a Ring-Opened Dimer of 9-H-9-Borafluorene.
The reaction mixture of 8 and Et;SiH in C4Dg was monitored by
NMR spectroscopy at rt over a period of several days. Thereby, it
became obvious that the initial intermediate (5), is not long-term
stable under these conditions, because the 'H and *C NMR
spectra gradually changed with time. Noticeably, more and more
proton resonances overlapped in the chemical shift interval
6.6 ppm — 7.5 ppm to such an extent that an identification of
individual multiplets was no longer possible.

In a series of subsequent experiments, we therefore tried again
to trap important constituents of the aged reaction mixtures. We
assumed that any higher molecular weight species should be less
soluble in aliphatic hydrocarbons than in benzene and therefore
switched to hexane as the reaction solvent. We also reduced the
reaction temperature to S °C to slow down the conversion rate of
(5),. In this way, we obtained a pale yellow precipitate from a
hexane solution of 8 and Et;SiH, which had been stored at 5 °C
for 7 d. Since the material was not suitable for single crystal X-ray
analysis, we dissolved it at rt in CsHy and treated the solution
with excess pyridine. Gas-phase diffusion of hexane into this
mixture led to the growth of a few single crystals of the double
pyridine adduct 10-py, of a 2-biphenylylborane bearing a
9-borafluorenyl substituent (Scheme 2 and Figure 3; details of
the X-ray crystal structure analysis of 10 - py, are compiled in the
SI). It is important to note at this stage that the borane H,B—
Ce¢H,—CgH,—BC ,Hg (10), which has been trapped in the
form of 10-py,, is not identical with (5),, because the latter
compound converts to S+ py when treated with pyridine.

The B(1)—N(21) = 1.619(4) A bond length in 10+ py, agrees
with the B—N bond length in the pyridine adduct of 9-Cl-9-
borafluorene®' (average value =1.613(3) A; two crystallographi-
cally independent molecules in the asymmetric unit). The
exocyclicbond in 10+ py, (B(1)—C(31) = 1.632(4) A) possesses
the same length as the two endocyclic bonds (B(1)—C(1) =
1.637(4) A, B(1)—C(11) = 1.632(4) A). Most likely as a result
of reduced steric congestion, the pyridine ligand as well as
the phenyl ring can approach B(2) more closely than in the

Figure 3. Molecular structure of 10-py, in the solid state (30%
probability ellipsoids; H atoms on carbon omitted for clarity). Selected
bond lengths (A), bond angles (deg), and dihedral angle (deg): B(1)—
N(21) 1.619(4), B(1)—C(1) 1.637(4), B(1)—C(11) 1.632(4), B(1)—
C(31) 1.632(4), B(2)—N(51) 1.599(4), B(2)—C(42) 1.617(4);
N(Q1)=B(1)—C(31) 113.1(2), C(1)—B(1)—C(11) 98.9(2),
N(51)—B(2)—C(42) 109.5(2); Ar(C(31))//Ar(C(41)) 59.5.

case of B(1) (cf. B(2)—N(51) = 1.599(4) A, B(2)—C(42) =
1.617(4) A).

The formation of 10 is reminiscent of the ligand redistribution
leading from 1,1-fc(B(H)Br), to the polyferrocenylene [-fc-
B(Br)-], (2) and B,Hg (Scheme 1). At the same time, it is a ring-
opening process, which lends support to our initial supposition
that 9-H-9-borafluorene (5) may undergo a ring-opening po-
lymerization to boron-bridged oligophenylenes.

Ring-Opening Oligomerization of 9-H-9-Borafluorene. In
the absence of a trapping reagent, storage of a mixture of 8 and
Et;SiH (1:1) in hexane at rt results in the formation of thin
yellow crystal plates suitable for X-ray crystallography (details of
the X-ray crystal structure analysis are compiled in the SI). Under
the conditions specified in the Experimental Section, the first
crystals were typically observed after about 7 d, but the crop was
usually not harvested earlier than after 1 month. The crystals
consist of a remarkable main-chain boron-containing oligophe-
nylene 11 (Figure 4 top), which is a formal ring-opened
pentamer (Scheme 3) of 9-H-9-borafluorene (5). The molecule
bears one BH, headgroup (i.e,, B(1)) as part of a B,H; terminus
and one 9-borafluorenyl end-group (i.e., B(S)). This structural
motif is reminiscent of the borane H,B—C4H,—CsH,—
BC;,Hjg, which we have isolated as pyridine diadduct 10-py,.
All four H-bearing boron atoms, B(1) to B(4), of 11 are engaged
in intramolecular B—H—B 3c-2e bonding, thereby establishing
two intrastrand cross-links. The tricyclic fragments B(1)-Ar(C-
(1))-Ar(C(11))-B(2) and B(3)-Ar(C(41))-Ar(C(51))-B(4)
closely resemble the literature-known compounds 6 and 7
(Figure 1), which form upon insertion of 0.5 (H,BR), into
one endocyclic B—C bond of 9-R-9-borafluorene (R = H,
Et).33’34

The molecular structure of 7 in the solid state has been
published.” All key metrical parameters of 7 are very similar to
those of B(1)-Ar(C(1))-Ar(C(11))-B(2) and B(3)-Ar(C(41))-
Ar(C(51))-B(4): The endocyclic B—C* bond lengths fall in the
interval between 1.548(6) A (11) and 1.582(4) A (11), the
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Figure 4. (Top) Molecular structure of 11 in the solid state (30%
probability ellipsoids; H atoms on carbon omitted for clarity, one
terminal H atom is hidden behind B(1); for schematic views illustrating
the boron environments cf. Scheme 3). (Bottom) Superposition of the
molecular structures of 11 and 12, which cocrystallize in the same crystal
lattice (stoichiometric ratio: 11:12 & 3:1). Selected bond lengths (A),
atom- « -atom distances (A), and dihedral angles (deg) of 11: B(1)—
C(1) 1.548(6), B(2)—C(11) 1.570(5), B(2)—C(21) 1.590(4), B(3)—
C(31) 1.572(4), B(3)—C(41) 1.582(4), B(4)—C(51) 1.561(4), B(4)—
C(61) 1.579(4), B(5)—C(71) 1.571(5), B(5)—C(81) 1.581(5), B(5)—
C(91) 1.560(5), B(1)- - +B(2) 1.806(6), B(3)- - -B(4) 1.800(4); Ar-
(C(1))//Ar(C(11)) 7.7, Ar(C(21))//Ar(C(31)) 53.5, Ar(C(41))//
Ar(C(51)) 7.0, Ar(C(61))//Ar(C(71)) 53.7, Ar(C(21))//Ar(C(61))
4.9, Ar(C(31))//Ar(C(71)) S.1.

B- - -B distances cover the range between 1.800(4) A (11) and
1.839(4) A (7). Remarkably, 11 cocrystallizes with the closely
related oligomer 12 (Scheme 3), which bears two 9-borafluorene
end-groups (stoichiometric ratio of 11 and 12 in the crystal
~3:1). A superposition of the two structures is shown in Figure 4
(bottom).

Compound 12 contains five biphenyl moieties, but only four
boron atoms. Formally, it can be generated from the pentamer 11
in a chain-termination step by the extrusion of BH;. We never
detected the ''B resonance of B,Hg during monitoring NMR
studies of the reaction between 8 and Et;SiH in sealed NMR
tubes. However, we take the isolation of compound 13, which
bears two B,Hj-termini (Scheme 3), as evidence that the
extruded BH; can be reinserted into the 9-borafluorene tail-
group of another molecule of pentamer 11.

13 crystallizes in very small amounts as yellow blocks that can
easily be overlooked in the crop of crystals of 11/12 (an X-ray
powder diffractogram of the sample containing 11/12 and 13
showed an excellent match with the simulated powder diffracto-
gram calculated from the single crystal data of 11/12). A plot of
the molecular structure of 13 is presented in Figure S (details of

Figure 5. Molecular structure of 13 in the solid state (30% probability
ellipsoids; H atoms on carbon omitted for clarity; for a schematic view
illustrating the boron environments cf. Scheme 3). Selected bond
lengths (A), atom: - -atom distances (A), and dihedral angles (deg):
B(1)—C(1) 1.531(8), B(2)—C(11) 1.556(7), B(2)—C(21) 1.578(7),
B(3)—C(31) 1.574(6), B(3)—C(41) 1.571(6), B(4)—C(51) 1.569(6),
B(4)—C(61) 1.582(6), B(5)—C(71) 1.583(6), B(5)—C(81) 1.548(7),
B(6)—C(91) 1.526(8), B(1):---B(2) 1.847(9), B(3):--B(4)
1.792(6), B(S)- - +-B(6) 1.849(9); Ar(C(1))//Ar(C(11)) 1.8, Ar(C-
(21))//Ar(C(31)) 57.3, Ar(C(41))//Ar(C(51)) 13.6, Ar(C(61))//
Ar(C(71)) $6.5, Ar(C(81))//Ar(C(91)) 1.0.

the X-ray crystal structure analysis are compiled in the SI). As to
be expected, 13 shows similar structural characteristics as 11,
both with regard to the B---B distances and the overall
conformation of the oligomer chain.

Ring-Opening Dimerization of 9-H-9-Borafluorene. As
already outlined above, the 'H NMR spectrum of a mixture of
9-Br-9-borafluorene (8) and Et;SiH in CgDg first shows the
signature of (5), and after some time develops an increasingly
complex pattern of multiple overlapping resonances, which
most likely correspond to higher oligomers. At an even later
stage, however, we observed the appearance of two very well-
resolved doublets of multiplets exhibiting an unusually strong
low-field shift (8.30 ppm, 8.63 ppm). Parallel to that, colorless
needle-shaped crystals grew in the NMR tube. Colorless
needles were also observed on the surface of the crystal cake
of 11-13 after prolonged storage of hexane solutions of 8 and
Et,SiH.

An X-ray crystal structure analysis of the needles revealed the
cyclic dimer 14 (Scheme 3; Figure 6).>?

All B—C™ bond lengths are very close to the corresponding
values in 7;*° however, the B - -B distance in 14 amounts to
1.780(3) A, compared to a distance of 1.839(4) A in 7.
Compound 14 adopts a twisted conformation. The dihedral
angles between C4H, rings belonging to the same biphenyl unit
are 21.1° and 22.4°, while the dihedral angles Ar(C(1))//
Ar(C(21)) and Ar(C(11))//Ar(C(31)) are 30.4° and 31.3°,
respectively.

Compound 14 is already literature-known and has been
synthesized in 15% yield by the reaction of 7 with BF;-OEt,
(xylene, rt to 130 °C, 4 h).** Since these conditions indicate that
14 is a thermodynamically favored molecule, we investigated the
reaction between 9-Br-9-borafluorene and Et;SiH also at ele-
vated temperature (toluene, reflux temperature, 3 h). Already
when the mixture was allowed to cool to rt again, crystals of 14
started to grow, and finally we obtained a crystalline yield of 25%.
Thus, our synthesis protocol not only provided an authentic
sample of 14, but it also gave access to a compound that
has promising potential as building block for two-dimensional
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Figure 6. Molecular structure of 14 in the solid state (30% prob-
ability ellipsoids). Selected bond lengths (A), atom - « -atom distance
(A), bond angles (deg), and dihedral angles (deg): B(1)—C(1)
1.566(3), B(1)—C(21) 1.569(3), B(2)—C(11) 1.570(3), B(2)—
C(31) 1.568(3), B(1)- - -B(2) 1.780(3); C(1)—B(1)—C(21) 132.2(2),
C(11)—B(2)—C(31) 131.6(2), B(1)—C(1)—C(2) 120.8(2), B(1)—
C(21)—C(22) 120.6(2), B(2)—C(11)—C(12) 120.5(2), B(2)—C(31)—
C(32) 1202(2); Ar(C(1))//Ar(C(11)) 21.1, Ar(C(1))//Ar(C(21))
30.4, Ar(C(21))//Ar(C(31)) 22.4, Ar(C(11))//Ar(C(31)) 31.3.

boron-doped 77-systems. The NMR spectroscopic investigation
of 14 confirmed that the signals at 8.30 ppm and 8.63 ppm, which
appeared last in the spectrum of the long-term monitoring study
(see above), indeed correspond to H-4 and H-1 of the ring-
opened cyclic dimer. We therefore conclude that oligomers like
11 (Scheme 3) are the kinetically favored products of the ring-
opening reaction of 5. At elevated temperatures, however, 14 is
formed preferentially.

Quantum Chemical Calculations. To provide further in-
sight into the details of the reaction mechanism underlying the
experimental observation and to propose a molecular structure
for the primary reaction intermediate (5),, we now turn to the
discussion of quantum chemical results.

Dimerization Pathways. Conceptually, the formation of
covalently bonded dimers of 9-borafluorene (A) can be induced
by three independent elementary steps, i.e, B—H/B—H (the
B—H bond of the first monomer adds across the B—H bond of
the second monomer), and the corresponding B—H/B—C and
B—C/B—C addition reactions. We will show in the following
that the same three elementary steps are essential also for
chain initiation, propagation, and chain termination of higher
oligomers.

B—H/B—H reaction between two monomers results in the
slightly exoergic formation of the C,;-symmetric dlborane B with
two B—H—B 3c-2e bonds (AGg = —3.3 kcal mol ™ '; Figure 7).
The structural motif of B is reminiscent of the unique B—H—B
bridged coordination polymer [3], formed by 9,10-dihydro-
9,10-diboraanthracene in the crystal lattice.”® In the 9-borafluor-
ene case, however, we have so far not obtained experimental
evidence for the existence of a dimer B.

B—H/B—C addition of two monomers leads to intermediate
C (Figure 8), which features a bridging phenyl ring. The
formation of C is exoergic but its kinetic stability is limited under
the experimental conditions applied: opening of the four-mem-
bered BHBC ring is feasible by simultaneous breaking of two
]uxtaposed bonds, either leading back to A with a barrier of 8.7
kcal mol ™, or going forth via TS¢p to D with a slightly higher
barrier of 11.3 kcal mol '. D contains an intact 9-borafluorene
ring and a BH, fragment linked by a biphenyl moiety. As we will

Scheme 3. Ring-Opened Pentamer 11 of S, the Corre-
sponding Oligomers 12 and 13, Which Can Formally Be
Generated by Extrusion/Insertion of BH; from/into 11, and
the Ring-Opened Dimer 14, Which Forms at Elevated
Temperatures

. QPUXD
b&d-d
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Figure 7. Dimer formation through B—H/B—H addition of 9-bora-
fluorene monomers (Gibbs free energies in keal mol ! relative to two
separate molecules of A).
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Figure 8. Dimer formation through B—H/B—C addition (Gibbs free
energies in kcal mol ™" relative to two independent molecules of A).
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Figure 9. Dimer formation through endo-B—C/B—C addition (Gibbs free energies in kcal mol ™" relative to two independent molecules of A).

illustrate further below, our computed reaction paths indicate
that D represents a key structure for the build-up of higher
9-borafluorene oligomers for it provides two essential reaction
centers, ie., a primary and a tertiary boron atom. Thus, the
experimental proof of the presence of D in the reaction mixture
(cf. compound 10+ py,; Scheme 2) is an important validation of
this pivotal constituent of the complex overall reaction cascades.

Dimerization through B—C/B—C addition can proceed either
in an endo- or in an exo-approach of the monomers A. The initial
barrier of the endo-B—C/B—C addition (TS,g, AG*= 8.7 keal
mol ") is of comparable height to the processes investigated so
far. Dimer E features two boron-bridging phenyl rings (Figure 9).
A subsequent, almost barrierless ring-opening step through TSgx
leads to the essentially thermoneutral formation of intermediate
F. Only a small conformational adjustment is required for an
intramolecular B—H/B—C addition via TSgg to yield the
phenyl-bridged intermediate G with a moderate barrier. Opening
of the BHBC ring in G via TSgp provides a second viable path to
D. In addition, we located TSgy, a transition state which
connects G with H, a particularly interesting product because
not only D (as pyridine adduct 10-py,), but also H has been
characterized experimentally (cf. 14; Scheme 3). Yet, although H
is thermodynamically favored over D, the path G—TSgy—H
cannot compete kinetically (AG® = 29.6 kcal mol '), and H
must form via an alternative route.

Indeed, the exo-B—C/B—C addition of two monomers A
provides an energetically favorable pathway to H (Figure 10).
Both, the first intermediate I and the corresponding transition
state TSy, are higher in energy than those of their exo-counter-
parts E and TS due to the lack of stabilizing 77— interactions.
However, subsequent ring-opening and a further B—H/B—H
addition leads in a strongly exoergic final step to H. Conse-
quently, with an overall forward barrier of AG* =174 keal mol !
and areaction free energy of AGg = —9.0 kecal mol " (relative to
two monomers A) the exo-B—C/B—C addition path results in
the thermodynamically most favored product identified so far
(H). With a reverse reaction barrier of AG" = 22.8 keal mol ™},

—
[""/ +A m
=0 T
e g 2
O
A (0.0) TS, (13.1, H48) 1(12.6)
Cay G &
)
= —p
= (O
TS, (17.4, 109) J(12.3)
(] CZ

S0 -
ﬁ.gﬁzﬁ

TS, (13.8, i43)

ta

H (-9.0)
D,

Figure 10. Dimer formation through exo-B—C/B—C addition (Gibbs
free energies in kcal mol ™ relative to two independent molecules of A).

H is also kinetically stable. In the sense of a dynamical least-
motion principle, all structures constituting this path are already
comfortably preorganized for the direct and exclusive formation
of the two stable B—H—B bonds present in H.

Thus, all reaction sequences along the B—H/B—H, the B—H/
B—C, and the endo-B—C/B—C paths involve low barriers and
no thermodynamic sinks occur. Only the exo-B—C/B—C path
yields a well-defined, thermodynamically and kinetically stable
product (H), provided that sufficient activation energy is avail-
able. Under our standard experimental conditions, however, the
reversible paths should be dominant and should lead to complex
dynamic equilibria. Accordingly, as shown in the NMR experi-
ments, only at very early stages the composition of the reaction
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mixture is dominated by one single species (5),. A comparison of
relative free energies of the intermediates along the reaction
pathways studied so far renders B, C, and G relevant candidates
to assign a structure to (5)2.

The experimental "H NMR spectrum of the primary product
(5), is characterized by eight doublets and eight virtual triplets/
doublets of doublets, all possessing the same integral value
(neglecting *J335 coupling in this description). The experimental
13C{IH} NMR spectrum contains 16 CH resonances together
with eight signals assignable to quaternary carbon nuclei, four of
which show the extreme signal broadening typical** of boron-
bonded carbon atoms. Hence, at this point, we can already
exclude B because of its high symmetry.

The two remaining structures (C and G; Figure 11), however,
possess C; symmetry and thus four magnetically inequivalent
CeHy rin§s I—IV. In line with that, all experimentally observed
'H and °C signals can be assigned to four different C4H, rings
with the help of H/H COSY and HSQC experiments; a HMBC
experiment revealed that rings I and II as well as III and IV are
tied together to form two o0,0’-diborylated biphenyl fragments.
We note that the "H chemical shift values of I to IV are spread
over the wide range between 6.14 ppm and 8.40 ppm, but that the
proton signals of the biphenyl unit I—II have rather similar
chemical shifts. The "*C chemical shifts of corresponding CH
and C-S (cf. Figure 1) nuclei in rings I to III fall within the narrow
range of £S5 ppm. In contrast, ring IV is characterized by several
abnormal NMR features: (i) one CH atom resonates at 151.6
ppm, which is 15—30 ppm downfield from all other CH signals;
(ii) the chemical shift value of the C-5 nucleus is 169.6 ppm, as
opposed to 140.9, 142.0, and 145.0 ppm for rings I to I1T; (iii) the
chemical shift value of the C-6 (cf. Figure 1) nucleus is 114.2
ppm, which has to be compared to values of 137.4, 139.1,
and 149.7 ppm for rings I—1III (see the SI for a plot of selected
NMR spectra and a detailed compilation of all chemical shift
values).

Computed 'H and *C NMR shifts of C and G show a
significantly better match of experimental and computed data
for the latter (the SI contains a full presentation of data, including
a calibration for the NMR computations). Figure 11 shows the
most revealing features of C and G. For both species the unusual
13C resonances (see above) can be attributed to the boron-
bridging phenyl rings. However, we can discriminate between C
and G using the "B shift values, as well as the ">*C NMR data for
C-5 (cf. Figure 1) and the corresponding 'H signals of the ortho
protons of rings I and IL In line with investigations of
Wrackmeyer,* fragments of type 5 show C-S shift values around
150 ppm, whereas in fragments of type 6 the C-S resonances
appear around 140 ppm. Also, the ortho 'H resonances appear
around 7.5 ppm in the former case, but around 8.5 ppm in the
latter. While (), reacts as a direct source of 5 (as shown in the
trapping experiments), the NMR spectroscopic evidence indi-
cates that it is structurally more closely related to the ring-opened
compound 6 (Figure 1). The NMR calculations on G reproduce
all experimental chemical shift values of (5), with a mean signed
deviation of 0.14 & 0.17 ppm (‘H), —0.6 + 1.9 ppm (°C),
or —1.1 & 1.1 ppm (*'B), and we feel safe to propose the identity
of (5), and G.>**

So far, we conclude that our quantum chemical predictions are
fully in line with our most compelling experimental observations:
(i) neither 9-H-9-borafluorene A (= §) nor its B—H—B-bridged
dimer B are detectable by in situ NMR spectroscopy; instead, we
observe clearly distinct signatures of a dimer (5),, and we identify

142.8

842
0.02
08 2

Figure 11. Selected computed 'H (red), "*C (black), and ''B (green)
NMR chemical shift values for C (top) and G (bottom; B97D/TZVP
GIAO calculations, deviations from experiment given in parentheses).

this compound as the phenyl-bridged species G. (ii) At room
temperature, a mixture of 9-Br-9-borafluorene (8) and Et;SiH in
CsDg has to be kept for weeks before the NMR signature of H
(= 14) occurs; from refluxing toluene, however, 14 precipitates in
yields of 25% within a few hours. (iii) D obviously exists in the
aged reaction mixture and can be isolated in relevant amounts by
trapping with pyridine (cf. 10+ py,).

Against this background, we investigated the fate of D in more
detail, focusing first on its BH, headgroup for its obvious
inherent reactivity.

Reactivity of the BH, Headgroup in D. Relevant reaction
partners of D include added Lewis bases such as pyridine as well
as 9-H-9-borafluorene A. Dimerization of D is not considered
given the supposedly low stationary concentration of this highly
reactive species under the experimental conditions applied.

In line with the successful isolation of the pyridine adduct
10-py,, we computed the B—N binding energies of D+ py and
D py, (which corresponds to 10-py,) and found a si%niﬁcant
thermodynamic driving force of AGg = —23.1 kcal mol ~ toward
the formation of D-py,. In comparison, the formation of the
pyridine adduct A - py (= 5 - py; Scheme 2) is thermodynamically
less favored (AGr = —15.0 keal mol ™ '; cf. SI).

As illustrated in Figure 12, K is readily formed from A and D
via B—H/B—H addition. Although this step represents a head-
group protection of D, we will demonstrate below that K still is
an important starting point of further reaction cascades.

Alternatively, D can also act as a hydride donor for a monomer
A through B—H/B—C addition. Figure 13 compiles the subse-
quent, surprisingly facile reaction cascade to N, which proceeds
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exclusively via the elementary steps already introduced above.
Trimer N is formed with a moderate overall barrier of AG" = 7.7
kcal mol™" and constitutes (apart from the pyridine diadduct
D-py,) the thermodynamically most favorable species

2 +A =
(_\ (barrierless) . X
— r 2 \_
= E= o,
D (0.0) K (-15.0)

Figure 12. Protection reaction of the BH, headgroup of D with A
(Gibbs free energies in kcal mol " relative to separated D plus A).

TSun (0.5, 195) N (-19.8)

Figure 13. B—H/B—C addition of the BH, headgroup of D to A
(Gibbs free energies in kcal mol relative to separated D plus A).

encountered so far (AGg = —19.8 kcal mol ' with respect to
D plus A; AGg = —21.1 kcal mol " with respect to three
independent units of A). We note that N already features all
relevant structural characteristics of compound 11 (Figure 4),
the major constituent of the crystalline precipitate, i.e., a 9-phen-
yl-9-borafluorene tail-group, a biphenylene linker, and a biphe-
nylene-bridged B,H; moiety.

Reactivity of the 9-Borafluorenyl Tail-Group in K. B—H/
B—C addition of a monomer A to K can occur across all three
bonds about the tertiary boron atom in the 9-borafluorene tail-
group. B—H addition across the exocyclic B—C bond constitutes
an unproductive identity reaction. B—H/B—C addition across
either of the two endocyclic B—C bonds leads to chain propaga-
tion; however, the inherent chirality of a biphenyl bridge renders
the two B—C bonds inequivalent. We explicitly studied both
paths using the unprotected dimer D as a model system (see the
SI for details). Since both reaction sequences do not exhibit any
appreciable kinetic or thermodynamic differences, we only
investigated the energetically (slightly) favorable chain propaga-
tion steps for the more realistic intermediate K (Figure 14). The
reaction cascade involves the usual elementary steps with an
overall barrier of AG* = 13.9 kcal mol ™! and first leads to P,
which contains a valence-unsaturated central diorganyl borane
group. Subsequent rotation of this group about two B—C bonds
results in a conformation from which two intramolecular B—H—
B bonds are established in a concerted process with concomitant
extrusion of the protective group A. Most notably, the final
species resulting from this sequence is identical to the product N
formed by the B—H/B—C attack of the BH, headgroup of D ona
monomer A discussed above (Figure 13). N represents the
smallest oligomer of an entire series, comprising also the experi-
mentally characterized species 11 (Figure 4). We therefore focus
in the following section on chain propagation processes com-
mencing with N.

Chain Propagation. In principle, the transition from Kto N
is just an isomerization reaction and its driving force is provided
by the loss of antiaromaticity resulting from the (formal) ring
expansion of the BH,-protecting 9-H-9-borafluorene moiety.
It is therefore not surprising that the reactivity of the 9-bora-
fluorenyl tail-groups toward an incoming monomer A is essen-
tially the same in K and N (cf. Figures 14 and 15). With R
(Figure 15), we encounter an intermediate that bears close

B-H group
—_—

rotation

P'(0.5)

TSpn (13.9, 408)

TSqp (12.7, i154) P(5.2)

Figure 14. B—H/B—C addition of A to the tail-group of K (Gibbs free energies in kcal mol " relative to K).
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N (0.0) TSyq (5.0, i135) Q(1.0)

TSqe (12,6, 110)

R’ (-3.0)

TSqe (14.1,1171) R (5.5)

-—...f"‘—(_'
TSre (14.3, 1308) S (0.3)

Figure 15. B—H/B—C addition of A to the tail-group of N (Gibbs free energies in kcal mol ! relative to N plus A).

N (-21.1) NZ (-43.7) N2 (-67.1)
Figure 16. Oligomers N, N?, and N* (Gibbs free energies in kcal mol *

relative to the equivalent number of independent A).

resemblance to P (Figure 14), and it is again the unsaturated
nature of this species that governs the course of the subsequent
reactions.

As before, internal B—C rotation (TSgg’) orients the dangling
B—H bond such that the unsaturated active boron site is shifted
from its internal position (R/R’) to the periphery of the molecule
(S) in a concerted process. This shift generates a primary BH,
headgroup and thus substantially enhances the disposition of the
molecule for further intermolecular reactivity. S differs from D
only by the presence of an (innocent) internal spacer between
the two crucial functional groups, ie, a BH, head and a
9-borafluorenyl tail. The fate of S is readily deducible from the
reactivity patterns identified for D: both the headgroup reactivity
and the tail-group reactivity established before (Figure 13 and
Figure 14, respectively) will lead to the same N-type product
(N?; Figure 16), but now augmented by the first repeat unit of a
growing polymer chain. Because of the obvious structural and
energetic incremental behavior of the elementary steps involved,
we refrained from explicit calculations of the reaction pathway.

Our mechanistic proposal finds strong support by the success-
ful experimental characterization of N* (= 11; Figure 4). How-
ever, the list of potential reaction partners is obviously more
complex than explicitly considered above, e.g., headgroup attack
of D to the tail-group of N represents a short cut to the higher
oligomer N* (Figure 16). Yet, for a comprehensive description of
the general picture it suffices to focus on the few key elementary

@,f R A
S (0.0) TSer (6.1, i30) T (0.8)

>
= A

U (-2.8)

A4
) e,
—g

TSy, (16.2, 1158)

Figure 17. Chain termination by B—H/B—C addition of A to the BH,
headgroup of S and subsequent elimination of BH; (Gibbs free energies
in keal mol ™" relative to S plus A).

steps involved, rather than on the wealth of possible reaction
partners.

It remains to be elucidated whether thermodynamics pose a
natural limit to chain propagation. Figure 16 compiles the
computed structures along the sequence of oligomers from N
to N and the relative free energies with respect to the corre-
sponding numbers of free monomers A. We conclude that
already for low-molecular-weight oligomers the two chain ends
behave essentially as independent fragments and every repeating
unit added contributes an increment of about AG;,. = —23 kcal
mol ' to the thermodynamic stability of the resulting polymer.

Chain Termination. In this section we exclusively consider
the two species that have been characterized experimentally, i.e.,
12 and 13 (Figures 4 and S). Straightforward access would
formally involve BH; elimination from 11 (= N?) and subse-
quent insertion into the 9-borafluorenyl tail-group of another
molecule of 11. While we did not identify any energetically
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Figure 18. Chain termination by B—H/B—H addition of BHj to the tail-group of N (Gibbs free energies in kcal mol ™

W (0.0)

TSwy (17, i67) X (-19.2)

! relative to N plus BH3).

feasible direct process for BH; extrusion from N, we found that
species like S represent bifurcation points either for chain
propagation (e.g., S+A—N> = 11) or chain termination
(S+A—U = 12; Figure 17): B—H/B—C addition of A to the
BH, headgroup of S yields intermediate T and subsequent BH;
elimination generates U.

The insertion of BH; into an endocyclic B—C bond of the
9-borafluorene tail-group in N” is indeed a viable process to form
oligomers 13, carrying two B,Hj; termini. We studied the
corresponding reaction pathway for the smallest relevant model
system N (Figure 18). The highly exoergic reaction N+BH;—X
(AGg = —19.2 kcal mol™ ") commences with an almost barrier-
less B—H/B—C BH; addltlon step, followed by a rate-limiting
ring-opening via TSyw (AG 13.6 keal mol '), concerted
rotations about internal B—C and C—C bonds, and a subsequent
almost barrierless intramolecular B—H/B—H addition. Com-
pared to the series N to N> (Figure 16), we find the same
incremental behavior (AG;,c = —23 kcal mol™") of the relative
free energies along the series of corresponding products of this chain
termination step, X to X>(cf. SI). The computed moderate barrier
for this reaction sequence (AG" = 13.6 kcal mol ' with respect to
N) is fully in line with the fact that we did not observe any free B,Hg
in our monitoring NMR studies described above.

Il CONCLUSION

9-H-9-Borafluorene (HyC,,BH, 5), which can easily be gen-
erated by Br/H exchange between 9-Br-9-borafluorene and
Et;3SiH, is a versatile reagent for the preparation of boron-doped
7-conjugated materials. We have shown that (i) it readily
hydroborates tert-butylacetylene but also that (ii) in the absence of
a trapping reagent it undergoes a ring-opening polymerization
reaction leading to B(H)-bridged biphenylenes H[—(H)B—
(C¢H,)»—1,BC2Hg. The corresponding pentamer 11 (n = 4)
has been characterized in the solid state by X-ray crystallography;
the compound shows two intrastrand B—(x-H),—B cross-links.

The reaction mechanism underlying polymer formation has
been elucidated in a joint experimental and theoretical study.
Three elementary steps, i.e., addition of a B—H bond across
another B—H bond, B—H/B—C addition, and B—C/B—C
addition, are sufficient to explain chain initiation, chain propaga-
tion as well as chain termination. In situ NMR spectroscopy on
solutions of 9-Br-9-borafluorene and Et;SiH (C4Dg, rt) revealed
signals assignable to a C;- symmetrlc dimer (§), as primary
reaction intermediate. Computed 'H, *C, and "'B chemical
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shift values of various conceivable isomers of (5), gave an
excellent match for a structure featuring one B—H—B 3c-2e
bond and one boron-bridging phenyl ring. This species then ring-
opens to give the borane H,B—C4H,—CsH,—BC,H; (10). 10
can react with a monomer $ either via the BH, headgroup or via
the 9-borafluorenyl tail-group. In both cases, the final products are
identical, i.e., the trimer H[—(H)B—(C¢H,),— ,BC;,Hg, which
stabilizes itself by two intramolecular B—H—B 3c¢-2e bonds and is
a shorter congener of oligomer 11. Further chain growth can
readily proceed via (i) B—H attack of a monomer 5 on an
endocyclic B—C bond of oligomers H[—(H)B—(CgH,),—1,-
BC,,Hgif nis an even number, or (ii) B—C attack of a monomer $
on the free BH, headgroup of H[— (H)B—(C4H,),—],BC,,Hg if
n is an odd number. Chain termination occurs by BH; extrusion
during BH, headgroup attack of A and gives oligomers
HgC1,B—(CHy)o[—(H)B—(CsH4),—1,BCioHs bearing two
9-borafluorenyl termini (cf. the crystallographically characterized
compound 12; n = 2). Alternatively, BH; can insert into the
9-borafluorenyl tail groups of growing polymer chains, thereby
generating a H[—(H)B—(C4H,),—],,BH, species (cf. the crystal-
lographically characterized compound 13; n = S). At our present
stage of knowledge we have to assume that in the case of 11 the
chain length is mainly determined by the low solubility of the
compound in hexane, because theory has established that there is
no obvious thermodynamic limit to chain growth. We are pre-
sently evaluating possibilities to prepare higher oligomers or even
polymers by introduction of solubilizing side chains.
Our results indicate that it should be possible to transform
a mixture of, e.g, 11, 12, and 13 into pure 13 by treatment
with B,Hg. Moreover, hydroboration of alkynes with such
oligomers should lead to corresponding oligophenylenes
—(R)B—(Cg¢Hy),—], with three-coordinate boron bridges,
for which we expect highly interesting optoelectronic properties.
Finally, we note that intrastrand B—(u-H),—B cross-links as
in 11, 12, and 13 offer new ways to modulate the conformational
flexibility as well as the electronic structure of such macromole-
cules by, for example, temperature increase to thermally open the
B—H—B bonds.

B EXPERIMENTAL METHODS

General Remarks. All reactions were carried out under a nitrogen
atmosphere using Schlenk tube techniques or in an argon-filled glove-
box. Reaction solvents were either freshly distilled under argon from Na/
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Pb alloy (alkanes) and Na/benzophenone (benzene, toluene, CsDs) or
dried over molecular sieves (4 A; CDCls) prior to use. NMR: Bruker
Avance 300, Avance 400, and Avance 600. Chemical shifts are referenced
to (residual) solvent signals (‘H, *C{'H}) or external BF;-OEt,
(*'B{'H}). Abbreviations: s = singlet, d = doublet, t = triplet, vt =
virtual triplet, m = multiplet, br = broad, n.o. = signal not observed. 8 was
synthesized following a literature procedure.*

Synthesis of 9. Neat Et;SiH (390 uL, 285 mg, 2.45 mmol) was
added via syringe at rt to a slowly stirred solution of 8 (311 mg, 1.28
mmol) in C¢Hg (5.5 mL). After approximately 10 min, the color of the
mixture changed from yellow-green to almost colorless. This point
corresponds to the quantitative consumption of 8 with formation of (5),
(NMR spectroscopic control). Neat tBuCCH (90 mL, 60 mg, 0.73
mmol) was added via syringe and stirring was continued at rt for 15 min,
whereupon the color of the solution changed to an intense yellow; a
slight heat development was noticeable. The mixture was stored at 5 °C
in a refrigerator for 1 h, whereupon a yellow microcrystalline solid
precipitated. The mother liquor was removed via syringe, and the solid
product, which turned out to be analytically pure 9, was dried under
dynamic vacuum. Yield: 124 mg (0.30 mmol; 47%). Single cystals of 9
were grown by recrystallization from C¢He.

All volatiles were removed from the mother liquor under dynamic
vacuum to yield a yellow oily residue. After approximately 12 h, part of
the oily residue had transformed into yellow crystals, which turned out to
be a second crop of 9 (NMR spectroscopic control). A close inspection
of the crystalline material revealed the presence of very few yellow-green
needles that consisted of the monohydroboration product 9-tBuC-
(H)C(H)-9-borafluorene. According to '"H NMR spectroscopy, the
ratio of 9 and 9-tBuC(H)C(H)-9-borafluorene in the oily residue was
1:1; we found no evidence for the presence of significant amounts of
other products (see the SI for NMR data and an X-ray crystal structure
analysis of 9-tBuC(H)C(H)-9-borafluorene).

"H NMR (400.1 MHz, C¢Dg): 0 0.93 (s, 9H; CH,), 2.82 (d, *Jyyp; =
6.7 Hz, 2H; CH,), 3.87 (t, *Jyuy; = 6.7 Hz, 1H; CHCH,), 6.88 (vtd, iy =
1.3 Hz, 4H; H-2), 6.95 (vtd, *Jyyyy = 1.3 Hz, 4H; H-3), 6.99 (m, 4H;
H-4), 7.92 (dm, *Jyy = 6.9 Hz, 4H; H-1). "'B{"H} NMR (96.3 MHz,
CeDg): 6 71.0 (br). *C{'H} NMR (75.4 MHz, C¢Ds): 6 29.7 (CH3),
32.6 (CCH,), 36.8 (br, CHCHS,), 46.6 (CH,), 119.8 (C-4), 128.4 (C-2),
134.2 (C-3), 134.6 (C-1), 142.7 (br, C-6), 153.8 (C-S). Elemental
analysis caled (%) for C30H,sB, (410.14): C 87.86, H 6.88; found: C
87.65, H 6.90.

Synthesis of 10-py,. Astirred solution of 8 (160 mg, 0.66 mmol)
in hexane (17 mL) was treated at rt with neat Et;SiH (130 uL, 95 mg,
0.82 mmol). The mixture was stored at S °C in a refrigerator for 7 d,
whereupon a pale-yellow microcrystalline precipitate formed. The
mother liquor was removed via syringe. The solid residue was dried in
vacuo, dissolved in C¢Hg (5 mL), and treated with an excess of
neat pyridine (0.40 mL, 390 mg, 5.00 mmol). After 0.5 h stirring at rt,
the clear, pale-red solution was evaporated to dryness in vacuo in order
to remove unreacted pyridine. The resulting solid residue was redis-
solved in C4Hg (3 mL). Single crystals of 10-py, suitable for X-ray
analysis were obtained by gas-phase diffusion of hexane into this
solution.

Synthesis of 11, 12, and 13. Neat Et;SiH (200 4L, 146 mg, 1.26
mmol) was added via syringe at rt to an ampule containing a solution of 8
(271 mg, 1.12 mmol) in hexane (30 mL). The ampule was cooled to
liquid-nitrogen temperature, vacuum sealed, and allowed to warm to rt.
From the clear, yellow solution obtained, crystals grew over a period of
approximately 1 month. The ampule was opened in a glovebox, and the
mother liquor was removed from the crystalline material using a syringe.
The crystal crop was carefully examined with a microscope to determine
its homogeneity. The vast majority of crystals turned out to be thin
yellow platelets (i.e., 11/12), which were accompanied by very few
yellow crystals of slightly different habit (i.e, 13) and some colorless

needles (i.e., 14). An X-ray powder diffractogram of the crystal mixture
turned out to be a superposition of the powder diffractograms calculated
from the single-crystal data of 11/12 and 14; 11/12 were by far the
dominating species, and the signature of 13 could not be detected at all.

We note that crystallization of 11—14 is a continuous process. After
one month, an overall yield of about 20% (with respect to 8) can be
harvested; if the ampule is stored for 3—4 months, the oligomer yield
reproducibly exceeds 50%.

The colorless needles of 14 were manually removed from the sample
used for the elemental analysis. Elemental analysis calcd (%) for 0.75
CeoHusBs X 025 CeoHaBy X 0.5 CgHy, (859.64): C 88.02, H 6.01;
found: C 87.88, H 5.76.

Synthesis of 14. A stirred solution of 8 (336 mg, 1.38 mmol) in
toluene (20 mL) was heated to reflux temperature. A solution of Et;SiH
(350 uL, 255 mg, 2.19 mmol) in toluene (20 mL) was added dropwise
over a period of 1 h. After the addition was complete, heating was
continued for another 2 h. The clear yellow solution obtained was
allowed to cool to rt, whereupon thin colorless needles formed. The
mixture was stored at rt for 16 h, the mother liquor was removed using a
syringe, and the crystal crop was dried under vacuum. Yield: 56 mg (0.17
mmol; 25%). X-ray-quality crystals were obtained by recrystallization
from C4Hg.

"H NMR (400.1 MHz, C¢Dy): 6 3.12 (br, 2H; BH), 7.38 (vtd, *Jiy11 =
1.2 Hz, 4H; H-2), 7.48 (vtd, *Jy = 1.5 Hz, 4H; H-3), 8.30 (dm, *Ji34 =
8.2 Hz, 4H; H-4), 8.63 (dd, >y = 7.5 Hz, *Juy = 1.5 Hz, 4H; H-1). 'H
NMR (300.0 MHz, CDCl,): 6 7.59 (vtd, *Jyy; = 1.2 Hz, 4H; H-2), 7.70
(ddd, *Jiyiy = 8.1, 8.2 Hz, *Jyyy = 1.6 Hz, 4H; H-3), 8.52 (dm, *Jiy11 = 8.2
Hz, 4H; H-4), 8.76 (dd, *Juu = 7.6 Hz, “Juy = 1.6 Hz, 4H; H-1).
"B{'"H} NMR (96.3 MHz, CDCl;): 6 11.0 (h,/, = 300 Hz). *C{'H}
NMR (75.4 MHz, CDCl;): 6 126.8 (C-2), 127.6 (C-4), 129.8 (C-3),
132.9 (C-1), 142.6 (C-5), n.o. (C-6).

Crystal Structure Analyses. Crystals of 9, 9-tBuC(H)C(H)-9-
borafluorene, and 10+ py, were measured on a STOE IPDS-II diffract-
ometer with graphite-monochromated Mo Ka radiation. Crystals of 11/
12, 13, and 14 were measured on a Bruker CCD three-circle diffract-
ometer equipped with an INCOATEC microsource generator with
multilayer optics. The structures were solved by direct methods using
the program SHELXS®® and refined with full-matrix least-squares on F*
using the program SHELXL97.% Hydrogen atoms bonded to C were
placed on ideal positions and refined with fixed isotropic displacement
parameters using a riding model. In 10-py, the H atoms bonded to B
were found in a difference map and were freely refined. The H atoms
bonded to B in 11/12 were found in a difference map; the fully occupied
ones were freely refined, the partially occupied ones were refined using a
riding model. The H atoms bonded to B in 13 were found in a difference
map; the coordinates of six of the eight H atoms were refined, whereas
the remaining two were refined using a riding model. In 14, the H atoms
bonded to B were found in a difference map and were freely refined.

In 9, the neohexyl residue is disordered over two positions. The site
occupation factor of the major occupied sites is 0.748(4). The minor
occupied atoms were isotropically refined. Similarity restraints were
used for the two different sites.

9-tBuC(H)C(H)-9-borafluorene formed nonmerohedrally twinned
crystals. The fractional contribution of the major domain was 0.655(5).
Hydrogen atoms were placed on ideal positions and refined with fixed
isotropic displacement parameters using a riding model.

10 py, crystallizes with half a benzene molecule (located on a 2-fold
rotation axis) in the asymmetric unit.

Compounds 11 and 12 crystallize together in the same crystal. The
site occupation factor of 11 refined to 0.734(4) and was fixed to 0.75 in
order to avoid correlations between occupancy factors and displacement
parameters. The 1,2 and 1,3 distances between the minor occupied C
atoms were restrained to be equal, respectively, and these atoms were
refined with a common isotropic displacement parameter. 11/12 crystallizes
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with half a hexane molecule in the asymmetric unit, which is disordered
about a center of inversion over two equally occupied sites.

13 crystallizes with half a hexane molecule in the asymmetric unit,
located on a center of inversion. One of its CH, groups is disordered
over two equally occupied sites.

CCDC reference numbers: 802380 (9), 802381 (9-tBuC(H)C(H)-
9-borafluorene), 802382 (10-py,), 802383 (11/12), 802384 (13),
802385 (14).

Computational Details. Geometry optimizations, analytic har-
monic frequency analyses, and intrinsic reaction coordinate (IRC)
calculations have been performed with the Gaussian09 program.®” Initial
geometry optimizations were performed employing the MOGL
functional®® in combination with the small D95V basis.>” To speed up
the computations, we made use of the RI procedure® employing the
DGALI fitting basis®' as implemented in Gaussian09. The resulting,
rather moderate MO6L/D95V/DGA1 level of density functional
theory allowed for efficient explorations of potential reaction pathways,
and it was found to provide very reasonable structures for minima
and transition states. This level was also used for IRC calculations, which
we performed to validate connectivities between minima and transition
structures implied above. The resulting structures were subsequently
reoptimized at the BALYP(V)-D/TZVP level of DFT. In these calcula-
tions the B3LYP hybrid functional® was employed incorporating the
VWNS5 local correlation functional.”® Empirical dispersion corrections
devised by Grimme®* were employed, and the TZVP basis set®® was
used. The resulting B3LYP(V)-D/TZVP level of density functional
theory was recently identified as pleasingly accurate for related investiga-
tions.®® The nature of all stationary points reported in the following has
been characterized by the number of negative eigenvalues in the respective
diagonalized force constant matrices (0 for minima, 1 for transition states;
the wavenumbers of the imaginary modes of all transition states are given in
the figures below). Unscaled zero-point vibrational energies as well as
thermal and entropy corrections were obtained from computed Hessians
using the standard procedures in Gaussian09 and were used to obtain Gibbs
free energies, which relate to 298.15 K and ideal gas conditions (i.e, 0.04 mol
1719 All structures have been optimized within the highest possible
molecular symmetry. All resulting nontrivial point groups are given in the
figures below and all atoms involved in the chemical transformations have
been highlighted by a ball-and-stick representation; all other hydrogen
atoms have been omitted for clarity.

NMR isotropic shieldings 0 were computed at the B97D/TZVP level
of theory® within the GIAO®® framework on structures reoptimized at
this level of DFT. Tetramethylsilane (o0('H) = 31.73, 0(**C) = 182.96)
was chosen as internal standard to calculate the 'H and *C chemical
shift values 0. Diborane(6) (o(''B) = 85.78) was chosen as internal
standard to calculate 0(*'B); the values obtained were corrected for the
experimentally used standard BF;-OEt, (0(B,Hs) = 18.0 ppm vs
BF;- OEt,). We validated this method by comparison of computed and
measured 'H, *C, and ''B chemical shifts for compounds S+ py, 6, 8,9, and
14 and found very good agreement within 0.08 % 0.32 ppm (‘H), —0.7 &
1.6 ppm (**C), and —3.1 & 3.4 ppm ("'B, mean signed deviations).
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