Please do not adjust margins

ROYAL SOCIETY
OF CHEMISTRY

Journal Name

ARTICLE

Efficient crystallization-induced emission in fluorenyl-tethered
carboranest

Received 00th January 20xx, Zhaojin Wang,? Tianyu Wang?, Chi Zhang®* and Mark G. Humphrey®®”

Accepted 00th January 20xx
Fluorenyl-tethered o-carborane derivatives (FI-Cb) as both mono- and di-aryl Cb assemblies were synthesized from the

DOI: 10.1039/x0xx00000x corresponding alkyne and BioH12(Et2S)2 in ca. 60% yields. Crystallographic studies of di-aryl examples show rigid head-to-tail
www.rsc.org/ or tail-to-tail packing, while for the mono-aryl examples, only loose packing was observed. In solution, the FI-Cb compounds
exhibit strong quenching of their emission, while aggregation in a mixed solvent results in an enhanced, but still weak,
emission [0.11 quantum efficiency (®)]. Crystallization-induced emission was observed with the di-aryl examples [® up to
0.95]. The excitation spectra are broadened, consistent with considerable orbital degeneracy within the crystals. Theoretical
calculations suggest that the inherent orbital degeneracy and the highly-ordered crystalline aggregates contribute to the

excellent crystallization-induced emission in these FI-Cb compounds.

For example, pyrenyl-Cb compounds show excellent
Introduction photoluminescence (PL) with quantum efficiencies (®p) > 0.8 in the

solid state,'? and anthracenyl-Cb affords a @p_ value of 0.38 as a

crystal,’® which can be increased to 0.81 on proceeding to Cb-
Carborane derivatives with electron donor-acceptor substituents anthracenyl-Cb.14 However, functionalized anthracene exhibits poor
have attracted considerable interest in recent yea;s, due to their o5 tivity towards Cb derivatives and effecting functionalization of
widespread applications in molecular electronics,” light-emitting 1, rane is difficult, limiting the further applications of these systems.
diodes,? and nonlinear optics.3 Compared to carbon-based materials, D-Cb-A triads (D = N-containing donors, A = phenyltriazine) can
carboranes possess improved thermal and chemical stabilities and | 5 yest light with @ up to 0.97,2® but AIE/CIE-active examples are
biocompatibility, and the additional prospect of BNCT (boron |5 king and few structure-property studies exploring emission as a
neutron capture therapy) applications.* Luminescence is necessary  f,nction of extent of aggregation’® have been promulgated. In view
to achieve many of these applications. o-Carborane (Cb, ortho- i the ease of modification and the aromaticity of fluorene, we have

CiBioH1) is characterized by electron-deficiency and highly  argeted FI-Cb (FI = fluorenyl) analogues as potentially emissive Ch-
polarizable o-aromaticity, and permits electronic interaction with - o<y materials, and report herein the enhanced emission induced

conjugated systems,® but because of flexibility in cage C-C bonds, Cb by crystallization exhibited by our initial examples, together with

derivatives suffer from non-radiative decay during electronic  ihaoretical modelling of highly-ordered crystalline aggregates to
transitions,® leading to weak or effectively zero emission. Although

intense emission has been reported in solution,’ a reliable source of
highly emissive solid Cb derivatives remains a major challenge.

rationalize the observed behaviour.

In previous studies, some Cb derivatives have been reported to glow
as solids, due to the suppression of the aforementioned C-C bond
flexibility.”*® Moderate to strong emission is achievable from
aggregation-induced emission (AIE) or crystallization-induced
emission (CIE), by tethering Cb to rigid aromatic chromophores.®>!
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Results and discussion

Previous studies have evidenced large differences in emission of
mono- and di-aryl Cb derivatives.27%16 As a result of this dependence
on the extent of arylation, a systematically-varied range of FI-Cb
examples, including 9,9-dimethylfluorenyl- (mFl)- tethered mFI-Cb-
H, mFI-Cb-Ph, and DmFI-Cb, and 9,9-diphenylfluorenyl- (pFl)-
tethered pFI-Cb-H and pFI-Cb-Ph, were synthesized in good yields
(Scheme 1: see the Experimental Section for synthesis details).

Crystallography

Figure 1a shows the unit cell from the crystal structure of mFI-Cb-Ph,
in which two molecules are aligned antiparallel. In each molecule,
the carboranyl C-C distance is 1.74 A and the torsion angle between
the C-C bond and mFl is 86.50°, indicative of a large orbital overlap
between mFl and Cb.:3 Due to the influence of the Ph, the mFI-Cb-Ph
molecules are assembled in a “head-to-tail” mode, leading to the
construction of linear arrays, as depicted in Figure 2 and ESI Figure
S6. The distance between the stacked planes is 5.00 A for mFl...mFl
and 5.19 A for Ph...Ph, but several B-H and Cy,3-H moieties are in the
pockets between the planes, so the closest approach between the
molecules is 2.86 and 2.97 A. The carboranyl C-C bond vibration is
diminished, due to the sterically restricted environment.

Figure 1. Unit cells of mFI-Cb-Ph (a) and DmFI-Cb (b). Hydrogens have
been omitted for clarity. The trans- or cis- isomer of DmFI-Cb is
determined by the relative positions of the methyl groups.

Figure 2. Linear array in the crystal of mFI-Cb-Ph. Interplanar
mFl...mFl/Cb and Ph...Ph/Cb distances (A) are labelled in red and
green, respectively, and given in A.

The unit cell of DmFI-Cb contains four molecules, which can be
categorized as cis- and trans- conformers (see Figure 1b for
definition). In a similar fashion to mFI-Cb-Ph, the cis-conformers
stack to form linear arrays, but with a “tail-to-tail” mode (Figure 3a).
The Fl moieties in adjacent molecules maintain interplanar distances
of 3.43 A and 3.52 A, consistent with the presence of end-to-end ...t
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interactions (Figures S17-S19). For trans-DmFI-Cb, the m...1t stacking
is restricted to a dimeric unit, with a short mFl...mFl interplanar
distance of 3.16 A (Figure 3b). The trans-DmFI-Cb molecules are
embedded in linear arrays of cis-DmFI-Cb (ESI, Figure S7), leading to
restricted mobility of the mFl substituents of both conformers.
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Figure 3. Stacking of cis-DmFI-Cb (a) and trans-DmFI-Cb (b). The
interplanar mFl...mFl distances are given in A.

The crystal structure of mono-aryl pFI-Cb-H reveals stacking of the
pFI-Cb-H molecules and was modelled assuming solvent in the lattice
voids (ESI, Figure S8). Due to the absence of the additional steric
hindrance mentioned above, its carboranyl C-C bond is free to
vibrate in the crystal.

Photophysical properties in solution and AIE performance

The photophysical properties of the FI-Cb compounds were
measured in hexane, CH,Cl,, and CHsCN. The absorption spectra of
the compounds contain similar bands (Figure 4, left), with a slight
red-shift of the band centred in the region 307 to 320 nm for the pFl
derivatives; this band corresponds to the lowest Tg-Tt*fcb
transition.”® The emission spectra of the di-aryl examples exhibit
charge-transfer (CT) emission (Stoke shift > 90 nm), while the mono-
aryl examples exhibit only locally-excited emission due to quenching
of the CT emission (Figure 4, right). The emission is quenched, with a
®p_ less than 1% in hexane and lower in CH,Cl; or CHsCN (ESI, Figure
S9); non-radiative decay in solution is responsible for this quenching.

The aggregation of the FI-Cb compounds in mixed solvents was then
investigated. DmFI-Cb aggregates in CH3CN/H,0 (V/V= 4:6), with the
emission decreasing slightly with increasing water fraction, as seen
in Figure 5. The intensity of the aggregation-induced emission is
almost one hundred-fold that of the CHsCN solution, but the
resulting maximum emission is still low (@p. 11 % with quinine sulfate
as standard; see ESI Figure S10).

This journal is © The Royal Society of Chemistry 20xx
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Figure 4. Normalized absorption (left) and emission spectra (right:
excitation at 300 nm) of FI-Cb compounds in hexane.
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Figure 5. Relative PL intensities of DmFI-Cb in CH3CN/H,O with
varying water fractions. Inset: PL appearance under irradiation at 365
nm with different ratios of CHsCN/H,0 (V/V).

Enhanced emission in crystals or powder

Upon progressing from solution to the solid, crystalline mFI-Cb-Ph
and DmFI-Cb and powder pFl-Cb-Ph undergo significant emission
enhancement, while the mono-aryl species mFI-Cb-H and pFI-Cb-H
remain non-emissive (Figure 6, inset). Broadened peaks which are
centred around 500 nm and span the wavelength range from 400 to
650 nm are seen in the emission of all the luminous species, while
broadened peaks are also seen in the excitations. In the di-aryl
examples, excitation maxima are separated by 88 nm for mFI-Cb-Ph,
58 nm for DmFI-Cb, and 28 nm for pFI-Cb-Ph, but in all three cases
the wavelengths between the maxima afford emission comparable
in intensity to the maximal values. Because excitation occurs with no
relaxation, we propose that orbital degeneracies lead to a series of
closely separated energy levels inherent in the crystals, as illustrated
in Figure 7. Because of this degeneracy, electronic transition occurs
with a much lower excitation energy relative to the lowest
absorption in solution. The consistent ordering of crystallinity and
wavelength range of excitation (mFI-Cb-Ph > DmFI-Cb > pFI-Cb-Ph)
reveals that the more ordered aggregation the solid possesses, the
larger the orbital degeneracy that it undergoes.

This journal is © The Royal Society of Chemistry 20xx
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Figure 6. Excitation and emission spectra of FI-Cb compounds in
crystal or powder form. Inset: solid fluorescence in the dark
(wavelength of irradiation: 365 nm).
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Figure 7. A comparison of electronic transitions of di-aryl FI-Cb
derivatives in solution and in the crystal. So, So* and S; represent the
ground state, the original excited state and the charge-separated
excited state, respectively.

Table 1. Parameters from PL decay studies of the di-aryl examples

solid Aex [nm] o T[ns]® X
mFI-Cb-Ph 317/405 0.95/0.47 3.824 1.069
DmFI-Cb 330/388  0.75/0.35  3.426  1.120
pFl-Cb-Ph 321/349  0.94/0.87  4.082 1238

a. evaluated using an integrating sphere; the values before and after /
correspond to the Aex. b. evaluated with 330 nm excitation.

For the emissive di-aryl compounds, the @p_ and lifetime (t) have
been evaluated (Table 1). Crystalline mFI-Cb-Ph harvests light with a
®p of 0.95 (excitation at 317 nm) while DmFI-Cb is somewhat poorer
(@pL 0.75 at 330 nm). The @p. for the powder pFI-Cb-Ph is 0.94
(excitation at 321 nm), probably due to it possessing a similar micro-
crystalline structure to mFI-Cb-Ph. Interestingly, a lower excitation
energy leads to lower @p. for mFI-Cb-Ph and DmFI-Cb, but with a
negligible difference for pFI-Cb-Ph, which probably derives from
significantly fewer accessible degenerate states (So*) for the former
two examples compared to the latter. Nevertheless, in combination
with the afore-mentioned weak solution AIE for the di-aryl
compounds, the efficient CIE herein is consistent with orbital
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degeneracy offering more energy ladders for decay in the rigid
crystal structures, and thereby obviating non-radiative dissipation.

The requirements for CIE are not present with the non-emissive
mono-aryl examples; the cage C-C bonds have more flexibility, and
the narrow excitation profile is consistent with fewer degenerate
states.

Theoretical Calculations

To explore the effect of aggregating the FI-Cb compounds,
theoretical calculations were conducted on the representative mFl-
Cb-Ph using the wB97xD'” functional and a 6-31G(d,p) basis set.
Figure 8 shows the atomic charges of mFI-Cb-Ph from a natural
population analysis (NPA). The data suggest that the aromatic C
atoms are partially negatively charged and the H atoms, including
selected B-H and Csp3-H, are partially positively charged, facilitating
electrostatic interactions. Frequency modelling suggests moderate
intensity bending vibrations at the Fl and Ph moieties (ESI, Figure
$12), thereby producing new dipoles that may strengthen the weak
interactions with the adjacent B-Hs or C-Hs.”® Limited carboranyl
C-C vibrations are possible in the aggregates.

Thermodynamic analysis of the mFI-Cb-Ph aggregates reveals a stark
difference in the energies of the mFl and Ph stackings. Relative to the
monomer, the free-energy change proceeding to the mFl-stacked
dimer is -0.95 kcal/mol, whereas the corresponding change for the
Ph-stacked dimer is 1.58 kcal/mol (Figure 9), the negative value
consistent with a proclivity for aggregation of the mFlI moieties.
Although the simple combination of mFl- and Ph-stacks is not
energetically favourable, a stabilization is seen on proceeding to the
trimer (free energy change -0.053 kcal/mol), and so crystallization
(with aggregation beyond the calculated trimer) employing such
thermodynamically-favourable m-stacking is a not-unexpected
outcome.

To further probe the nature of the CIE, computational studies of the
excited states of mFI-Cb-Ph were undertaken. Initially, we simulated
the different excited-state (S;) structures of the monomer by varying
the cage C-C bond lengths in the range from 1.75 A to 2.30 A (ESI
Figure S13). Although the oscillator strengths of the transitions (S; to
So) corresponding to each structure gradually increase on C-C bond
elongation, the extent of the increment is less than 50%; the
reduction in molecular vibration is therefore insufficient to account
for the CIE. In view of the diversity of repeating units in the crystal,
we examined different aggregates from monomer to tetramer.
Figure 10 shows the results of modelling the electronic transitions of
the tetramer corresponding to the lowest-energy absorption band.
The electrons in such an extended system appear to be significantly
delocalized, as (for example) seen in the transitions from H-3/H-2 to
L/L+1 which are distributed over two molecules. Another significant
feature in the tetramer is that higher-lying unoccupied orbitals are
close in energy to L (e.g. L+3, 0.057 eV higher), while the difference
is around 0.6 eV in the dimer or trimer and 1.2 eV in the monomer.
In other words, larger aggregates result in smaller energy gaps. Since
the crystal is constructed of much larger aggregates, the energy gap
will be even smaller. This density of states means that relaxation

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

from higher-lying excited states can readily proceed via lower excited
states and thereby afford emission, rather than a non-radiative
decay. This may be a key factor in the remarkable CIE in mFI-Cb-Ph.
Consistent with this suggestion, the DmFI-Cb tetramer shows the
same trend, with a small energy gap (< 0.15 eV in a limited system)
between the contiguous orbitals, as seen in ESI Table S5.
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Figure 8. Calculated NPA charges of mFI-Cb-Ph and the derived
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Figure 9. Enthalpy and free energy changes (in parentheses) for
different aggregates of mFI-Cb-Ph; the values are given in kcal/mol.

\ g\ ',‘ \ A_;,(;" 7
AR LA
j@ﬁfﬁ

f=22075

— 0,467 e\

— 0,452 e\

\ K\ MR 1K
}"/ } Vb.‘ \//%\‘ 0.410 eV
‘/g‘ \\ ) A \ 0.410 eV

. v\ ~N = |8
\‘wé\ R o V‘“\/ﬁ
TSN X% N /R
TS T

L —T:BSZEV . .
\ 5 5K \ 5 &8 77-wev% )5‘ \ A- "
W\ e\ \
(. S/ \ ' \
H-3 L

Figure 10. Contributing electronic transitions for the lowest-energy
absorption band of the mFI-Cb-Ph tetramer. H/L represent the
highest-occupied/lowest-unoccupied molecular orbitals.

This journal is © The Royal Society of Chemistry 20xx



Conclusion

In summary, we have reported fluorenyl-tethered o-carborane
derivatives, the three di-aryl analogues exhibiting good crystal-
induced emission with quantum efficiencies varying from 0.35
to 0.95. The fluorenyl chromophores have been shown to allow
different types of stacking, both leading to the generation of
highly-ordered aggregates, with di-aryl substitution leading to
diminished carboranyl C-C bond Vvibration following
crystallization. This structural advantage and the extensive
orbital degeneracy suggested by the spectroscopic data and
corroborated by the theoretical calculations are proposed to be
key factors in the enhanced emission. Considering the feasible
modifications of the fluorenyl moiety, this study offers new
prospects for the design of highly emissive solid o-carborane
derivatives.

Experimental Section
Materials & Methods

The preparative work was carried out under a nitrogen
atmosphere using standard Schlenk techniques. Solvents used for
reaction were freshly distilled under nitrogen from either sodium or
hydride prior to use. Reactants 6,9-bis(1,1'-
thiobis(ethane))decaborane  (BioH1»(Et:S),),*®  9,9-dimethyl-2-(2-
phenylethynyl)-9H-Fluorene?® (1a) and 2,2'-(1,2-ethynediyl)bis[9,9-
dimethyl-9H-Fluorene]?° (1c) were prepared according to literature
methods. Other chemicals such as 2-iodo-9,9-dimethylfluorene and

calcium

2-bromo-9,9-diphenylfluorene were commercial products and were
used as received. The NMR data were obtained on a Bruker DRX 400
spectrometer; chemical shifts are given with respect to CHCl;/CDCl;
(6 *H =7.26 ppm, & 3C = 77.00 ppm) and external BFs-Et,O (6 'B =0
ppm). Mass spectral data were recorded on Micromass/Waters GCT
premier with a high-resolution gas chromatography/time-of-flight
Elemental

mass spectrometer. analyses were performed on

Elementar vario MICRO cube (Germany). The absorption and
photoluminescence spectra were recorded on an UV-Vis-NIR
spectrophotometer (Shimadzu UV-3600 Plus) and a fluorescence
spectrophotometer (Hitachi F-4600) high

performance R928 photomultiplier detector.

equipped with a

Synthesis of Fluorene-tethered ortho-Carborane Derivatives

5

In a 100 mL Schlenk tube, 2-iodo-9,9-dimethylfluorene (4.99 g,
15.6 mmol) and phenylacetylene (2.50 g, 2.69 mL, 24.5 mmol) were
dissolved in a mixed solvent of THF/NEts (30 mL/10 mL) and the
solution degassed using freeze-pump-thaw cycles. Subsequently, the

Pd(PPh3)2Clo/Cul
THF/NEtj, reflux

mixture was frozen and the tube was backfilled with nitrogen.
PdCly(PPhs); (219 mg, 0.31 mmol) and Cul (119 mg, 0.62 mmol) were
added and the N, atmosphere was evacuated-backfilled twice. The
reaction mixture was then warmed and refluxed for 10 h. After

This journal is © The Royal Society of Chemistry 20xx

evaporation of the solvent, the residue was purified by silica gel
chromatography using hexane as eluent. Recrystallization of the
crude product from hot hexane gave 1a as a colourless solid (4.06 g,

yield 88%).

. B10H12(Etzs)z : l
@ mFI'Cb Ph

Alkyne 1a(1.90 g, 6.45 mmol) and BoH12(Et,S), (2.91 g, 9.68 mmol)
were dissolved in 30 mL anhydrous toluene, and the resulting
mixture was degassed by freeze-pump-thaw. After backfilling with a
N, flow, the mixture was heated to 110 °C for 3 days. Upon cooling,
the unreacted B1oH12(Et2S); was quenched by methanol. The solvent
was then evaporated under reduced pressure and the residue was
passed through a basic alumina column using hexane/CH,Cl, (v/v =
10:1) as eluent. Recrystallization of the crude product from hot
ethanol afforded mFI-Cb-Ph (1.62 g, 61% yield) as a colorless solid.
14 NMR (400 MHz, CDCls): & (ppm) 7.63 (1H, m, Ph), 7.49 (2H, s, Ph),
7.45~7.31 (6H, m, Ph), 7.16 (1H, t, Ph), 7.09 (2H, t, Ph), 4.1~1.6 (10H,
br, B-H), 1.27 (6H, s, CHs); 3C NMR (101 MHz, CDCl5): & (ppm)
154.08, 153.27, 141.01, 137.56, 130.75, 130.63, 130.25, 130.05,
129.28, 128.17, 127.16, 124.45, 122.66, 120.55, 119.55 (18C, Ph),
85.97 (Cb), 85.34 (Cb), 46.76 (C(Me),), 26.69 (CHs); 1B NMR (128
MHz, CDCl3): & (ppm) -1.91 (1B), -3.00 (1B), -8.68 (2B), -9.89 (4B), -
11.00 (2B); HRMS (El+): m/z calcd for Cy3H»sB10 412.3205 (100%),
found 412.3224 (100%). Anal. Calcd for Cy3H,sB1o (%): C, 66.96; H,
6.84. Found: C, 66.92; H, 6.81.

)

D= vt £

BigH12(Et2S)2
— 'toluene, heat, 3days” \
2 mFICb’H
1b

The synthesis of mFI-Cb-H followed that of mFI-Cb-Ph using alkyne
1b (1.50 g, 6.87 mmol) and BioH12(Et;S); (3.10 g, 10.3 mmol).
Recrystallization of the crude product from hot methanol afforded
mFI-Cbh-H 1.60 g (69% yield) as a white powder. *H NMR (400 MHz,
CDCl3): & (ppm) 7.72 (1H, m, Ph), 7.64 (1H, d, J = 8.0 Hz, Ph), 7.53 (1H,
d, J = 2.0 Hz, Ph), 7.46 (2H, m, Ph), 7.37 (1H, d, J = 8.0 Hz, Ph), 7.37
(1H, m, Ph), 4.03 (1H, s, Ces-H), 3.5-1.6 (10H, br, B—H), 1.49 (6H, s,
CHs); 3C NMR (101 MHz, CDCl3): & (ppm) 154.13, 153.99, 141.08,
137.43, 132.03, 128.29, 127.25, 126.73, 122.70, 122.00, 120.56,
119.95 (12C, Ph), 77.32 (Cb), 60.60 (Cb), 47.08 (C(CHs),), 26.96 (CHs);
118 NMR (128 MHz, CDCls): & (ppm) -1.96 (2B), -4.40 (1B), -8.99 (3B),
-11.58 (3B), -13.31 (1B). HRMS (El+): m/z calcd for C17H24B10 336.2889
(100%), found for Ci7H24Bi0 336.2896 (100%). Anal. Calcd for
Ci17H24B10 (%): C, 60.68; H, 7.19. Found: C, 60.60; H, 7.15.

J. Name., 2013, 00, 1-3 | 5
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The synthesis of DmFI-Cb followed that of mFI-Cb-Ph using alkyne
1c (1.00 g, 2.44 mmol) and BigH1,(Et.S), (1.10 g, 3.66 mmol).
Recrystallization of the crude product from hot methanol/ ethanol
(1:1) afforded DmFI-Cb 0.73g (57 %) as a colorless solid. *H NMR (400
MHz, CDCls): & (ppm); 7.56 (2H, m, Ph), 7.47 (2H, dd, J;= 8.0 Hz, J, =
1.5 Hz, Ph), 7.42 (2H, d, J = 8.0 Hz, Ph), 7.36 (2H, d, J = 1.5 Hz, Ph),
7.26 (6H, m, Ph), 4.0~1.6 (10H, B—H), 1.20 (12H, CH3); *C NMR (101
MHz, CDCl3): 6 (ppm) 153.97, 153.37,141.12,137.43,130.08, 129.45,
128.12, 127.09, 124.67, 122.56, 120.50, 119.40 (12C, Ph), 86.25 (2C,
Cb), 46.71 (C(Me)s), 26.70 (Me); 11B NMR (128 MHz, CDCl3): & (ppm)
-2.16 (1B), -2.93 (1B), -9.92 (5B), -11.13 (3B). HRMS (El+): m/z calcd
for C3,H36B10528.3835 (97%), found 528.3839 (100%). Anal. Calcd for
Cs3zH36B10 (%): C, 72.69; H, 6.86. Found: C, 72.72; H, 6.90.

QO BE QO
Q‘Q Brz Bu,NF, 0°C Q‘Q _
2a

O Q0
o (O

B1oH12(Et23)z
Toluene, reflux,

DmFI Cb

A mixed solvent of THF/NEts (35 mL/15 mL) in a 100 mL Schlenk
tube was degassed by freeze-pump-thaw cycles twice and then
frozen and backfilled by N;. 2-Bromo-9,9-diphenylfluorene (4.00 g,
10.1 mmol), PdCl,(PPhs), (281 mg, 0.40 mmol), Cul (152 mg, 0.80
mmol), PPh; (210 mg , 0.80 mmol) were added and the tube was
again evacuated-backfilled with N,. Trimethylsilylacetylene (2.83 mL,
20 mmol) was injected and the reaction mixture was gradually
warmed to room temperature and heated to 60°C overnight. Upon
cooling, BusNF-3H,0 (4.733 g, 15.0 mmol) was added and the mixture
was stirred for 2 h. The alkyne 2a was obtained as a white powder
(2.77 g, 81%) after column chromatography. The synthesis of 2b
followed the procedure of 1a using 2a (1.50 g, 4.38 mmol) and
iodobenzene (0.894 g, 4.38 mmol) as reactants, to give the alkyne 2b
as a white powder (1.57 g, 85%).

2a 'H NMR (400 MHz, CDCls): & (ppm) 7.76 (1H, d, J = 7.5 Hz, Ph),
7.72 (1H, d, J = 8.0 Hz, Ph), 7.55 (1H, d, J = 1.5 Hz, Ph), 7.51 (1H, dd,
J1=1.5Hz, J,=8.0 Hz, Ph), 7.42 (1H, d, J = 7.5 Hz, Ph), 7.37 (1H, td, J1
= 1.0 Hz, J, = 7.5 Hz, Ph), 7.29 (1H, td, J; = 1.0 Hz, J, = 7.5 Hz, Ph),
7.26~7.16 (10H, m, Ph), 3.07 (1H, s, C=CH); 3C NMR (101 MHz,
CDCls): & (ppm) 151.53, 151.16, 145.30, 140.86, 139.22, 131.71,
129.92, 128.28, 128.04, 127.61, 126.78, 126.23, 120.96, 120.50,
120.05 (24C, Ph), 84.21 (C=C), 77.35 (C=CH), 65.41 (CPh,). HRMS
(El+): m/z calcd for Cy7H1g 342.1408 (100%), found 342.1405 (100%).
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2b 'H NMR (400 MHz, CDCls): & (ppm) 7.73 (2H, t, J = 7.0 Hz, Ph),
7.55 (1H, s, Ph), 7.52 (1H, d, 8.0 Hz, Ph), 7.48 (2H, m, Ph), 7.39 (1H, d,
8.0 Hz, Ph), 7.37~7.15 (15H, m, Ph); 3C NMR (101 MHz, CDCl3): &
(ppm) 151.61, 151.31, 145.44, 140.39, 139.45, 131.54, 131.24,
129.39, 128.31, 128.30, 128.19, 128.15, 127.62, 126.77, 126.26,
123.27, 122.26, 120.44, 120.12 (30C, Ph), 90.09 (C=C), 89.66 (C=C),
65.48 (CPh,). HRMS (El+): m/z calcd for CasHa, 418.1722 (100%),
found 418.1720 (100%).

QL
-0~

2a

BioH12(Et2S)2

H
oluene,
°C, 3 days \C—

The synthesis of pFI-Cb-H followed that of mFI-Cb-Ph using alkyne
2a (1.20 g, 3.50 mmol) and BigH12(Et;S)2 (1.58 g, 5.26 mmol). After
evaporation of solvent, the residue was chromatographed on a basic
alumina column using hexane/CHyCl, (viv = 6:1) as eluent. Minor
impurities were removed by dispersion of the crude product in
boiling hexane, affording a white powder of pFI-Cb-H (1.05 g, 65%).
14 NMR (400 MHz, CDCls): & (ppm) 7.74 (1H, d, J = 7.5 Hz, Ph), 7.65
(1H, d, J = 8.0 Hz, Ph), 7.53 (1H, d, J = 2.0 Hz, Ph), 7.48 (1H, dd, J; =
2.0 Hz, J; = 8.0 Hz, Ph), 7.39 (1H, d, J = 7.5 Hz, Ph), 7.35 (1H, td, J; =
1.0 Hz, J, = 7.5 Hz, Ph), 7.30 (1H, td, J; = 1.0 Hz, J, = 7.5 Hz, Ph), 7.23
(6H, m, Ph), 7.14 (4H, m, Ph), 3.85 (1H, s, C-H), 3.4~1.6 (10H, br, B-H);
13C NMR (101 MHz, CDCl3): & (ppm) 151.81, 151.58, 145.07, 142.08,
138.37, 132.41, 128.76, 128.44, 127.89, 127.80, 127.28, 127.01,
126.38, 125.86, 120.77, 120.15 (24C, Ph), 77.04 (Cb), 65.63 (CPh;),
60.59 (Cb); 1B NMR (128 MHz, CDCls): & (ppm) -1.94 (d, 1B), -4.34
(1B, br), -9.08 (d, 3B), -11.53 (br, 5B). HRMS (El+): m/z calcd for
Cy7H28B10 460.3207 (99%), found 460.3215 (100%). Anal. Calcd for
Ca7H28B10 (%): C, 70.40; H, 6.13. Found: C, 70.35; H, 6.05.

J

QO Q Q.

)
(SN =) wwmmmmrar

pFI Cb Ph

The synthesis of pFI-Cb-Ph followed that of mFI-Cb-Ph using alkyne
2b (1.50 g, 3.58 mmol) and BioH12(Et2S), (1.62 g, 5.39 mmol). After
evaporation of solvent, the residue was chromatographed on a basic
alumina column using hexane/CH,Cl, (viv = 10:1) as eluent. The
targeted product pFIl-Cb-Ph was obtained as a fluffy white powder
(1.21 g, 63%). *H NMR (400 MHz, CDCls): & (ppm) 7.53 (1H, d, J = 7.0
Hz, Ph), 7.53 (1H, s, Ph), 7.40 (2H, s, Ph), 7.29~7.02 (12H, m, Ph), 6.98
(4H, m, Ph), 6.90 (2H, t, J = 7.5 Hz, Ph), 4.0 ~1.5 (10H, br, B-H); 13C
NMR (101 MHz, CDCls): 6 (ppm) 151.60, 151.09, 145.04, 142.11,
138.31, 130.40, 130.33, 129.91, 129.51, 128.84, 128.67, 128.31,
128.13, 127.73, 127.63, 126.84, 126.19, 120.77, 119.74 (30C, Ph),
86.06 (Cb), 85.49 (Cb), 65.38 (CPh,); 1'B NMR (128 MHz, CDCl3): &
(ppm) -2.27 (2B), -9.88 (8B). HRMS (El+): m/z calcd for Cs3H3,Bio
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536.3523 (97%), found 536.3520 (100%). Anal. Calcd for CssHs2Bio
(%): C, 73.85; H, 6.01. Found: C, 73.93; H, 5.94.

Computational Details

Density functional theory (DFT) computations were carried out using
the Gaussian 09 package.?! Ground state geometries, including the
different degrees of aggregation, were extracted from the crystal
structure without further optimization. Molecular orbital modelling
and single point energy (SPE) calculations based on these structures
were performed with the wB97XD functional using the 6-31G (d, p)
basis set for all atoms. Frequency analysis was conducted at the same
level of theory to obtain the vibration along with the thermodynamic
energy corrections. The excitation energies and oscillator strengths
for the lowest 5 singlet—singlet transitions (So—>S1) from the ground
state optimized geometry were obtained by time-dependent (TD)-
DFT calculations also using the wB97XD functional and the 6-31G(d,
p) basis set. Note that the excitation energy has been overestimated
due to the high content of Hartree-Fock (long-range 100%). The S;
structures with fixed Cb C-C bond length were obtained using
“modredundant” criteria under TD-DFT level.
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	In a 100 mL Schlenk tube, 2-iodo-9,9-dimethylfluorene (4.99 g, 15.6 mmol) and phenylacetylene (2.50 g, 2.69 mL, 24.5 mmol) were dissolved in a mixed solvent of THF/NEt3 (30 mL/10 mL) and the solution degassed using freeze-pump-thaw cycles. Subsequentl...

