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Two novel styrene-containing meta-carborane derivatives substituted at the secorid
carbon cluster atom (C.) with either a methyl (Me), or a phenyl (Ph) group, are
introduced herein alongside with a new set of stilbene-containing ortho- (o-) and meta-
(m-) carborane dyads. The latter set of compounds has been prepared from styrene-
containing carborane derivatives via Heck coupling reaction. High regioselectivity has
been achieved for these compounds by using a combination of palladium complexes
[Pd2(dba)s]/[Pd(t-BusP),] as a catalytic system, yielding exclusively E isomers. All
compounds have been fully characterized and the crystal structures of seven of them
analyzed by X-ray diffraction. The absorption spectra of these compounds are similar to
those of their respective fluorophore groups (styrene or stilbene), showing very low
influence of the substituent (Me or Ph) linked to the second C. atom or the cluster
isomer (o- or m-). On the other hand, fluorescence spectroscopy revealed high emission
intensities for Me-o-carborane derivatives, whereas their Ph-o-carborane analogues
evidenced an almost total lack of fluorescence, confirming the significant role of the
substituent bound to the adjacent C. in o-carboranes. In contrast, all the m-carborane
derivatives display similar photoluminescence (PL) behavior regardless of the
substituent attached to the second C., demonstrating its small influence on the emission
properties. Additionally, m-carborane derivatives are significantly more fluorescent than
their o- counterparts, reaching quantum yield values as high as 30.2%. Regarding the
solid state emission, only stilbene-containing Ph-o-carborane derivatives, which showed
very low fluorescence in solution, exhibited a notable PL emission in films attributed to
the aggregation-induced emission. DFT calculations were performed to successfully
complement the photoluminescence studies, supporting the experimentally observed

photophysical behavior of the styrene and stilbene-containing carborane derivatives. In
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conclusion, in this work is proved that it is possible to tailor the PL properties of thie:

carborane-stilbene dyads by changing the C, substituent and the carborane isomer.
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Dicarba-closo-dodecaboranes or simply carboranes (C,BioHj,), are electron-deficient
boron clusters with three-dimensional electron delocalization inside the cage." * The
three isomers ortho (0-) (1,2-C,BoH12), meta (m-) (1,7-C,BoH12), and para (p-) (1,12-
C:B1oH12) possess different electron-withdrawing capacity,3 following the order: o- >>
m- > p-,4'6 attributed to a higher electronic delocalization and a lower distortion of the
cage in the opposite order, p- = m- >>> o-." The electron-acceptor capacity of the o-
carborane isomer has a key influence on the photoluminescence (PL) properties of a
particular fluorophore when this is directly linked to the C. atom, causing an efficient
quenching of the fluorescence emission.” ¥'° This quenching takes place due to a rapid
photoinduced electron-transfer (PET) process from the excited state S; of the
fluorophore to the lower energy excited state Sy of the cluster, which inhibits the

11

fluorescence emission of the fluorophore.”” In 2007, our group reported the PL

properties of o-carboranyl-functionalized large molecules based on poly(aryl-ether)

c 12,13
derivatives,

In these systems, the influence of the cluster (neutral closo clusters or
their conceptually derived anionic nido clusters that are formally obtained by the
removal of a B") on the fluorescence behavior was investigated. More recently, we
developed a set of fluorescent dyads based on carboranes (see compounds 1-2 in
Scheme 1) in which the styrene fragment is bound to at least one of the C. atoms
through a bridging methylene.'* The study of the emission properties of these
compounds revealed for the first time the significant role of the substituent linked to the
adjacent C. atom, demonstrating that if this substituent is an aromatic group, it can
cause a quenching of the fluorescence. Another remarkable feature that has been

previously reported for this kind of o-carborane derivatives is the significant

enlargement of the cluster’s C.-C. bond length.15 This fact seems to be directly related
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to the PET process observed in the fluorophore bound to a C. through the_ bridging:/rc«onre
methylene, when an aromatic group is linked to the adjacent C.."*'® The main objective
of adding a terminal styrene moiety to the carborane cluster was to have a suitable
group for further functionalization to develop conceptually different light-dependent

18

. . . . 17,
macromolecules, like dendrimers or octasilsesquioxanes, as well as small

16
fluorescent molecules.

Due to the interest generated by the application of stilbene derivatives'*?' in

2225 . . 126 27 . . 28
electro-optic materials,” LEDs,”" non-linear optics

fields such as biomedicine,
among others; we aimed to develop new carborane-stilbene compounds from our
previous styrene derivatives to study the influence of the C.-substituted cluster on their
photophysical properties. In a previous work, we synthesized stilbene-carborane triads
in which o- or m-carborane clusters are linked to two stilbene units through a methylene
spacer.29 It was found that the presence of boron clusters preserves the PL behavior of
the pristine stilbene in solution, but the exhibited fluorescence quantum yields were
relatively low. These results revealed no CT contributions in the lowest excited state,
since electronic communication is further diminished by the presence of the methylene

spacer.

Keeping this in mind, in this work we have carried out the synthesis of novel

Published on 13 December 2016. Downloaded by Instituto de Ciencia de Materiales de Barcelona (ICMAB) on 22/12/2016 09:59:23.

fluorophores, in which one stilbene is bound through a methylene to one or two C.-
substituted o- and m-carborane clusters and studied the influence of these substituents
and the cluster isomer on the PL properties. For this purpose, we started from the
appropriate styrenyl-containing carboranes (1-4) that successfully reacted with an
aryliodide or carboranyliodide (5-8) via Heck coupling reaction. Of special interest is to
establish a correlation between the photophysical behavior of the styrene/stilbene unit

and the electronic properties of the substituents at the second C. (Me or Ph) for both the
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ortho- and meta- cluster isomers. To this end, the photoluminescence behaviosoqgot_{)o%g%
compounds in both solution and solid state has been analyzed and its results are

discussed and contrasted with ground-state DFT calculations.

Results and Discussion

Synthesis of compounds 3-16. The synthesis of substituted o- and m-carborane
derivatives 3-8 has been achieved by nucleophilic substitution at the C. atoms.
Compounds 3 and 4 were prepared from 1-CH3-1,7-closo-C;BoH;; (Me-m-carborane)
and 1-C¢Hs-1,7-closo-C;BoH|; (Ph-m-carborane) in 67 and 40 % yield, respectively,
following the same procedure used for their homologous o-carborane derivatives 1 and
2.1 Compounds 5-8 were obtained in moderate yields (55-73%) from the reaction of
Me-o-carborane, Ph-o-carborane, Me-m-carborane and Ph-m-carborane with 1 equiv. of
4-iodobenzyl-bromide (see Experimental Section). From compounds 1-8, compounds 9-
12 were synthesized via Heck reaction,30’ 31 by reaction 1-4 with iodobenzene, whereas
13-16 were obtained from the reaction of 1-4 with 5-8 (Scheme 1). The Heck reaction
from an unsaturated halogen and a terminal alkene in the presence of a base and Pd(0)
catalysts is highly regioselective, producing trans coupling.”” Two different sets of
conditions were attempted for the Heck reaction to give 9-16 as trans-isomers (Table 1),
but the best yields were achieved using [Pd,(dba)s;], [Pd(t-BusP),], NCy,Me, 1,4-
dioxane, at 100 °C. Heck reactions were easily monitored by '"H NMR, following the
disappearance of the vinyl protons from 1-4. Compounds 3-16 were characterized by
using standard spectroscopic techniques: FT-IR, 'H, °C and "B NMR, UV-Vis and

fluorescence spectroscopies, MALDI-TOF MS, and elemental analysis (see ESI).
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Pdy(dba)s Pd(t-BusP),,
NCy,Me/1,4-dioxane

Scheme 1 Synthesis of stilbene-containing o- and m-carboranes 9-16.

Table 1 Reaction yields for the stilbene-containing o- and m-carboranes 9-16.
'Conditions: [PACL,(PPhs),], Cul, 2,6-lutidine, DMF, 140 °C.> *Conditions: [Pd,(dba)s],

[Pd(t-BusP),], NCy,Me, 1,4-dioxane, 100 °C.**

Published on 13 December 2016. Downloaded by Instituto de Ciencia de Materiales de Barcelona (ICMAB) on 22/12/2016 09:59:23.

Compound  Time (h)’ Yield (%)’ Time (h)’ Yield (%)*
9 24 22 16 88
10 48 27 16 78
11 - n/d 16 62
12 - n/d 16 47
13 24 21 16 53
14 24 6 16 53
15 - n/d 16 65
16 - n/d 16 62

X-ray structures of 6, 7,9, 12, 13, 14 and 15. Crystals of 6, 7 and 9 suitable for
X-ray analysis were obtained by slow evaporation of the corresponding compounds

from solutions of Et,0; crystals of 13 were grown by slow evaporation from a solution
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of CH,Cl,. Crystals of 12, 14 and 15 were obtained by slow evaporation of the: /rce onre
respective compounds from a mixture of THF/methanol (1:0.11) at 4 °C. In Table S1 are
listed some selected bond distances and Table 2 (see also Table S2) contains selected

crystals data for these compounds. The molecular structures of stilbene-containing

carboranes are presented in Fig. 1-5 (structures of compounds 6-7 in Fig. S1-S2).

Fig. 1 ORTEP plot of the solid-state structure of 9. Ellipsoids at 50% probability

level.

Fig. 2 ORTEP plot of the solid-state structure of 12. Ellipsoids at 50% probability

level.
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Fig. 3 ORTEP plot of the solid-state structure of 13. Ellipsoids at 50% probability

level.

Fig. 4 ORTEP plot of the solid-state structure of 14. Ellipsoids at 50% probability

level.

Fig. 5 ORTEP plot of the solid-state structure of 15. Ellipsoids at 50% probability

level.
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Table 2 Selected crystallographic data for compounds 6, 7,9 and 12-15, Ve rodeonne

39/C6DT04003A

6 7 9 12 13 14 15
empirical formula  CisHy;Bjol CioHi9B ol CisHa6B 1o Ca3HasB 1o CHioBao C3HysBoy CaHyoBoo
fw 436.32 374.25 350.49 412.55 520.74 644.87 520.74
AMA) 0.71073 1.54184 0.71073 1.54178 0.71073 1.54184 A 1.54184
cryst syst Orthorhombic ~ Monoclinic Monoclinic Monoclinic Monoclinic ~ Monoclinic Monoclinic
space group Pbca P2y/n P2i/n P2, P2y/n P2,/c P2,/c
a () 8.0897(2) 7.75300(10)  11.9556(3) 11.4530(10)  6.6255(2) 14.4906(3) 12.0182(2)
b(A) 21.1818(5) 17.9867(3) 7.5223(2) 7.2953(6) 28.5036(10)  12.2981(2) 12.79780(10)
cA) 22.1298(4) 11.8559(2) 45.029909) 27.575(2) 8.0673(3) 10.38440(10)  10.95890(10)
S (deg) 90 98.493(2) 92.6080(10)  97.317(8) 95.529(2) 91.1570(10) 113.436(2)
V(A% 3792.04(15) 1635.19(4) 4045.51(17)  2285.2(3) 1516.43(9) 1850.19(5) 1546.50(4)
RI1* (I220) 0.0226 0.0287 0.0541 0.0980 0.0487 0.0627 0.0430

“Ri= E”Fol - IFc”/ZIFol'

In the crystal structures of compounds 6, 7, 12, 13, 14, and 15, weak interactions

between carborane moieties are observed. Other secondary contacts (m-interactions,

hydrogen bonds) between the substituents are more likely to be mainly van der Waals

interactions. Additional data and figures of the packing for compounds 12-15 are given

in the ESL

Photophysical properties.

The photophysical behavior of the styrene-carboranyl derivatives 1-4 and stilbene-

carboranyl derivatives

9-16 was

determined by

UV-Vis

and fluorescence

spectroscopy in CH,Cl, (Fig. 6 and Table 3). Absorption spectra of compounds 1-4

show similar A, maxima at around 255 nm due to the styrene group, which are very

close to the values previously reported for 1-2 in CH;CN."* Moreover, they show molar

extinction coefficients in a close range, between 1.7-10* and 1.9-10* M‘l'cm'l,

10
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independently of the isomer, o- or m-carborane. Compound 1 shows flugrescence:
emission maximum at around 309 nm with a quantum yield (@) of 15.4 %, whereas a
quenching of the fluorescence was observed for 2 (®r < 1 %), confirming the charge
transfer (CT) process from the styrene moiety to the Ph-o-carborane cluster in the
excited state, as was previously reported in CH;CN solution." Contrary to the o-
carborane derivatives, for m-isomers no differences in the emission behavior between
the Me-m-carborane derivative 3 and the Ph-m-carborane 4 were observed, which show
emission maxima at 310 nm and higher ®: values of 29.1% and 30.2%, respectively.
These results confirm that for m-carborane derivatives, the nature of the substituent
attached to the second C. does not make any influence on the emission intensity;
nevertheless the bonding of both m-isomers to the styrene has produced an enhancement

of the emission intensity compared to the pristine styrene.35’ 36

For compounds 9-16, the absorption maxima were expectedly red-shifted due to the
increase of conjugation37 after coupling reactions between their parent compounds 1-4
with iodobenzene or iodobenzyl-carboranyl derivatives 5-8 (Fig. 6). The vibronic
structures of 9-16 include the three well-defined shoulders characteristic of stilbene, and
the Aabs values are in good agreement with reported absorption data of trans-stilbene
derivatives.”® Remarkably, it can be observed that compounds bearing two carborane
clusters are 5 nm red-shifted with regards to those containing one cluster, which is the
first dissimilarity in the photophysical behavior between both groups of compounds.
Molar extinction coefficients for 9-16 are in the range 2.2-10*-3.2-10* M™"-cm™ (Table
3). In the emission spectra, the A, maxima for compounds with two carborane clusters,
13-16, was red-shifted 6-16 nm with respect to compounds 9-12 that contain one cluster
(Fig. 6 and Table 3). Stokes shifts collected in Table 3 (in nm) are in the 178571-
243902 cm’' range. o-Carborane derivatives 9 and 13 bearing a C.-Me group displayed

11
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@y values of 7.1 and 16.2%, respectively, which were higher to that of trang(ﬁtglgggfg%
(5% in methylcyclohexane),39 suggesting that the grafting of Me-o-carborane to the
stilbene group produces an important enhancement of the PL intensity. In contrast,
compounds containing Ph-o-carborane 10 and 14 show much lower @ values (2.4 and
2.9%, respectively), following the same trend previously observed for other Ph-o-
carborane derivatives.'* ' When Me-m-carborane derivatives 11 and 15 were compared
with their o-carborane counterparts 9 and 13, it was observed that the former exhibited
slightly higher ®; values (8.2 and 19.1%, respectively), very similar to their
homologous Ph-m-carborane derivatives 12 and 16 (9.8 and 19.3% respectively). A
general noteworthy feature of this set of compounds is the increase of the PL intensity
for those stilbene bearing two carborane clusters with regards to those containing one,
independently of the carborane isomer, with the exception of compounds 10 and 14. In
fact, emission intensities of 13, 15 and 16 are more than twice of 9, 11 and 12 (Table 3
and Fig. 6). It is reported that the presence of the bulky boron cages bound to conjugate
systems should avoid m-m stacking formation in solution.”” For our systems the
hypothesis would be that the carborane clusters help to avoid the intermolecular w-7t
interactions, and additionally they may causes a decrease of the intramolecular rotation,®
leading to higher emissions. In fact, it is reported the modification in the efficiency of
PL deactivation by trans-cis photoisomerization of stilbene, by the presence of different
substituents.*' In any case, this phenomenon requires more understanding. To this aim

more advances on the synthesis of new carboranyl-stilbene derivatives are underway.

Noticeably, for o-carborane derivatives with aromatic groups directly attached to the Ce,
a particular correlation between @ values and the C.-C.bond distance is observed: the
larger the C.-C, distances, the lower the quantum yields in solution (Table 3).'° The

presence of aromatic groups causes an enlargement of the C.-C. distance due to the

12
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partial electronic filling of the cluster’s LUMO located in c* C.-C.,1> # Sfrom, the foes oot
aromatic systems, generating a slightly positive charge that attracts the excited electron
from the donor fragment to induce the quenching. In the present work, according to the
data from the crystal structures, this phenomenon is also observed in the Ph-o-carborane
derivatives 2 and 14, as their C.-C. bond distances are considerably larger (0.28 and
0.26 A, respectively) than those found for their counterparts with Me-o-carborane, 1 and
13 (Table 3). Simultaneously, @ of 2 and 14 are much lower than those of 1 and 13,
fact that strongly supports this correlation and clearly confirms the important role of the
substituent on the C.-C. distance, which is reflected on the PL properties.
Unfortunately, the crystal structure of 10 was not determined, and its C.-C,. distance
could not be compared with the Me-o-carborane derivative 9 that has a very similar

value to those of 1 and 13. Prominently, 9 show larger emission intensity than 10 (Table

3).

Regarding the PL properties of compounds 9-16 in the solid state, it is noticed that only
Ph-o-carboranes 10 and 14, which are almost non-emissive in solution, exhibit a
remarkable emission behavior in powder (Fig. S8 in ESI) and thin films (Fig. 7). Both

compounds show a similar profile in solid state with a second red-shifted emission band

Published on 13 December 2016. Downloaded by Instituto de Ciencia de Materiales de Barcelona (ICMAB) on 22/12/2016 09:59:23.

with a maximum at A, ~ 540 nm and 520 nm respectively, attributed to the formation

of an intermolecular excimer induced by aggregation effects. ™

To prove the
aggregation-induced emission, solutions of compounds 10 and 14 in THF were treated
with increasing amounts of water, leading to an aggregation of several molecules and
inducing fluorescence emission in the same range of wavelength than for solids (Fig. 7).
As it can be observed, for compound 10 the excimer emission is only visible when the

water/THF ratio is higher than 95:5 (Fig. S9), whereas the excimer emission for 14 is

detected with water/THF ratio higher than 99:1 (Fig. 7). This is due to the lower

13
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solubility of compound 14 compared to 10. Finally, the comparison of the absorptig/ic« onre
spectra of both 10 and 14 with their respective fluorescence excitation spectra show

bands that overlap, may explain the excimer origin of this emission (Fig. S10).

These results reveal that for stilbene derivatives 9-16 the type of carborane isomer (o- or
m-) plays a relevant role on the fluorescence in CH,Cl, solution, so that m-carborane
derivatives produce an enhancement of the fluorescence intensity, whereas o-carborane
derivatives are regulated by electronic nature of the second substituent (Me or Ph).
Hence the electronic nature of the substituent is a decisive factor in PL modulation in o-
carborane derivatives; i.e. the Me group enhances the PL intensity, whereas the Ph

group causes an important fluorescence decrease or even a total quenching.

14


http://dx.doi.org/10.1039/C6DT04003A

Page 15 of 38 Dalton Transactions

Table 3 Selected data of photophysical properties of compounds 1-4 and 9-16 ig/rceonre

6DT04003A

CH,Cl,. The C.-C, distances were determined from the crystal structures

Aabs € Aem Stqkes Dy o
Compound Cluster (nm) (M em™) (nm) s(l:lllflt)s rures M) d(C.-C, A)
1 0-Me 255 19720 309 54 0.154" (255) 1.684
2 o-Ph 255 18337 309 56 0.007" (255) 1.712
3 m-Me 255 19522 310 54 0.291% (255) n/a
4 m-Ph 255 17078 310 56 0.302° (255) n/a
9 0-Me 315 29070 352 43 0.071° (310) 1.680
10 o-Ph 315 26837 355 41 0.024° (310) n/a
11 m-Me 315 27091 354 40 0.082" (310) n/a
12 m-Ph 315 31078 354 42 0.098" (310) n/a
13 2 x0-Me 320 28800 358 42 0.162° (310) 1.676
14 2 x 0-Ph 320 22336 371 43 0.029" (310) 1.702
15 2 x m-Me 320 27764 361 43 0.191° (310) n/a
16 2 x m-Ph 320 31547 361 43 0.193" (310) n/a

“Styrene (®r = 0.24 in cyclohexane)™ or "Stilbene (®r = 0.05 in methylcyclohexane)®” were used as
reference standards. n/a: data not available for unresolved crystal structures or not applicable for
meta isomers.

Published on 13 December 2016. Downloaded by Instituto de Ciencia de Materiales de Barcelona (ICMAB) on 22/12/2016 09:59:23.
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Fig. 6 Absorption and emission spectra (Aexc = 255 nm for 1-4; Aexe = 310 nm for 9-16)
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carborane derivatives 3-4, 11-12 and 15-16 (bottom row).

[4)]

s
- (=] (2] o
[ PR N T | 1

N
L

Fluorescence Intensity / a.u.

o

—— 14 solution

1 —— 14 thin film

— 14 solid

N

Fluorescence Intensity / a.u.

— —— T
350 400 450 500 550

Wavelength / nm

B

w

e

| — 14 THF

| — 14 water/THF 70:30
—— 14 water/THF 90:10

1 —— 14 water/THF 99:1

350 400 450 500 550
Wavelength / nm

Fig. 7 Emission spectra of 14 in solution (THF), solid and thin film at A = 310 nm

(left). Fluorescence emission of 14 in different THF:H,O ratio at Acx. = 320 nm (right).

16


http://dx.doi.org/10.1039/C6DT04003A

Page 17 of 38

Published on 13 December 2016. Downloaded by Instituto de Ciencia de Materiales de Barcelona (ICMAB) on 22/12/2016 09:59:23.

Dalton Transactions

. . . View Article Online
Theoretical interpretation. DOI: 10.1039/C6DTO4003A

As previously reported by our group,14 the Ph-o-carborane derivative 2 experiences a
strong quenching of the fluorescence due to a CT process, whereas the Me-o-carborane
derivative 1 exhibits high fluorescence intensity, which was corroborated by theoretical
calculations. In this work, their homologous m-carborane styrenyl compounds 3 and 4
have been examined and some predictions on emission properties for the counterpart p-
carborane styrenyl (never synthesized because of lack of commercial supply) have been
performed. Stilbene derivatives with one carborane cluster (9-12), and two carborane

clusters (13-16) have also been analysed by DFT methods.

The molecular orbital composition analysis of compounds 1-4 and 9-16 determines
where the most important molecular orbitals of the fluorophore moiety (HOMO/
LUMO) are located in the molecular structure. In our previous work,'* such simple
analysis was helpful to find out why the emission of the styrenyl moiety in Ph-o-
carborane derivative 2 was quenched. As a rule of thumb, it can be established that if
the LUMO is not placed in the fluorophore moiety, the fluorescence emission will be
quenched. Calculations for all compounds (1 and 2 have been remade to match the same
level of theory used in this work to discard any inconsistency in occupation percentage)
have been carried out, as well as the corresponding p-derivative for comparison. Fig. 8
shows the partial density of states (PDOS) of the optimized ground state structures of 1-

4 and its p-isomer counterpart, according to the different fragments of the molecules.
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Fig. 8 PDOS and HOMO (left)/LUMO (right) density plots for styrene-containing
carborane derivatives 1-4 and their theoretical p- counterparts. PDOS are shown in
different colours for the different moieties; carboranyl (red), styrenyl moiety (black) and

methyl or phenyl moiety attached in the remaining C. (green).
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It can be observed that only 2 has a significant portion of the LUMO in the phenyl:/iceonre
fragment, which implies a CT upon light excitation of the molecule continued by a
radiationless de-excitation to the ground state. Importantly, this particular location of
the LUMO is not observed for both Ph-m-carborane (3) and the p-isomer, which show
low percentages of occupation on the carboranyl and substituent fragment, suggesting
that the CT processes do not occur in these compounds and they should exhibit
fluorescence emission, as experimentally observed. Table S4 collects the numerical
percentage of occupation of these orbitals for the styrenyl compounds, which confirms
the PL behaviour for compounds 3 and 4. In fact, all styrenyl compounds but 2 exhibit
fluorescence at room temperature in solution. Moreover, it must be highlighted that

styrenyl derivatives have a calculated band gap of ~5 eV except compound 2, for which

1s ~0.1 eV lower.

Ground-state DFT calculations were also performed to elucidate the energies of both
HOMO and LUMO in all stilbene-containing derivatives 9-16, and their PDOS plots are
grouped in Fig. 9. A summary of the numerical percentage of occupation of LUMO
orbitals for the stilbene-containing compounds is also available in the Table S4. From

the theoretical point of view, contrary to styrene derivatives (Fig. 8), in which the

Published on 13 December 2016. Downloaded by Instituto de Ciencia de Materiales de Barcelona (ICMAB) on 22/12/2016 09:59:23.

HOMO and LUMO are different depending on the substituent, for stilbene derivatives
minor differences can be observed on them. From Fig. 9 and it can be appreciate that
both HOMO and LUMO are mainly located in the stilbene fragment for compounds 9-
16, suggesting that all of them should exhibit some fluorescence emission in solution.
So that, it can be predicted that the fluorescence emission of stilbene-substitued Ph-o-
carborane derivatives 10 and 14 should not be totally quenched by the CT process as

was the case of compound 2

19


http://dx.doi.org/10.1039/C6DT04003A

Published on 13 December 2016. Downloaded by Instituto de Ciencia de Materiales de Barcelona (ICMAB) on 22/12/2016 09:59:23.

Dalton Transactions Page 20 of 38

This simple method analysis of the HOMO/LUMO composition using conyentional: /=« o
ground state DFT optimizations only allows doing qualitative predictions about the
fluorescence properties for these compounds. This method disregards any kind of

quenching due to third party molecules (excimer formation) or another mechanism

rather than its specific spatial structure conformation.
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Fig. 9 PDOS and HOMO (left)/LUMO (right) density plots for stilbene-containing Me-
0, Me-m, Ph-o and Ph-m-carborane derivatives 9-16. PDOS are shown in different
colours for the different moieties: carboranyl (red), stilbenyl moiety (black) and methyl

or phenyl moiety attached in the remaining C. (green).
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A new family of styrene and stilbene-containing o- and m-carborane dyads has been
successfully synthesized and characterized. In all of them the fluorophore was bonded
to the C. via a methylene unit, which is a key point for their final photophysical
properties. The crystal structures of seven compounds were analyzed by X-ray
diffraction. Crystal structures of o-carborane derivatives revealed that those that contain
a Ph group bonded to the C,, 2 and 14, have almost 0.3 A longer C.-C. bond distances
than their analogous 1 and 13 bearing a Me group. This phenomenon has been related
with the fluorescence behavior, confirming that compounds 1 and 13 show considerably
higher quantum yields than 2 and 14, which has been attributed to a partial filling of the
cluster’s LUMO (c* C.-C,) from the phenyl group and giving rise to the fluorescence
quenching. Concerning emission data, the main conclusions are the following: 1) Me-o-
carborane derivatives show higher fluorescence quantum yields than their analogous Ph-
o-carborane ones; 2) every stilbene derivative bearing m-carborane display fluorescence
properties regardless of the second C. substituent, with ®f values in the range 8.2-19.3
%; 3) a very small difference in the ®f values was observed between Me-o-carborane
and Me-m-carborane derivatives that contain the same number of clusters, being almost
the double for those compounds bearing two clusters; 4) large differences were detected
when comparing the @ values between Ph-o-carborane and Ph-m-carborane derivatives
having one cluster: (2.4 %) and (16.2 %), respectively, or two clusters: (2.9 %) and
(19.3 %), being particularly higher for the Ph-m-carborane derivatives; 5) remarkably,
m-carborane derivatives bearing two clusters exhibit the highest fluorescence emission
independently of the substituent at the second C. (Me or Ph), confirming their low
influence on the PL properties; 6) regarding the solid state emission, only Ph-o-
carborane derivatives 10 and 14, which were almost not fluorescent in solution, have
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exhibited a notable PL emission in the solid state. Both compounds show an jmportagt/«c« onre
emission red-shifted to around 540 nm attributed to the aggregation-induced excimer

emission.

Experimental

Instrumentation, X-Ray determination and Calculations details are available from
the ESL

Materials. All reactions were performed under an atmosphere of dinitrogen employing
standard Schlenk techniques. Tetrahydrofuran and 1,4-dioxane were purchased from
Merck and distilled from sodium benzophenone previously to use. DMF was purchased
from Aldrich and distilled over anhydrous calcium oxide prior use. Commercial grade
diethyl ether, ethyl acetate, hexane, chloroform and dichloromethane were used without
further purification.** Compounds 1-CgHs-1,2-closo-CoB1oH;; and 1-CHs-1,2-closo-
C,BoH;; were supplied by Katchem Ltd. (Prague) and used as received. 1-CH3-1,7-
closo-C,BgH;; and 1-C¢Hs-1,7-closo-C,B1oH ;1 were obtained by thermal isomerization

following the literature procedure.47 Compounds 1, 2 and 5 were obtained using

Published on 13 December 2016. Downloaded by Instituto de Ciencia de Materiales de Barcelona (ICMAB) on 22/12/2016 09:59:23.

literature procedures.M’ 48 [PdCI,(PPh3),] was synthesized according to the literature.*’
4-Vinylbenzyl chloride, n-BuLi solution (1.6 M in hexane), 4-iodobenzyl bromide,
[Pdy(dba);], [Pd(t-BusP),], Cul and 2,6-lutidine were purchased from Aldrich.

Iodobenzene was purchased from Alfa Aesar and NCy,Me from Acros.

Compound 3.- A dry 25 mL round-bottomed flask equipped with a condenser and a
magnetic stirring bar was charged under nitrogen with a solution of 1-CH3-1,7-C;B0H;;

(0.520 g, 3.30 mmol) in THF (10 mL) at 0°C. Then, a solution of nBuLi 1.6M in
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hexanes (2.3 mL, 3.70 mmol) was added dropwise to the mixture, which was %%9%%3‘5%
stir for 1 h at room temperature and cooled again at 0°C. Then, [4-(CH,=CH)-CsH4-
CH]CI (0.57 mL, 3.60 mmol) was added rapidly to the mixture under vigorous stirring
and it was reflux overnight. After that, the solvent was removed under vacuum and the
oily residue was extracted with Et;O (3x10 mL), transferred to a separating funnel and
washed with H,O (3 x 15 mL). The organic layer was dried over MgSO4 and the
volatiles were reduced under vacuum. The yellowish oil residue was purified by
preparative layer chromatography (dichloromethane/hexane 1:1) to give 3 as colorless
oil. Yield: 0.604 g, 67 %. '"H NMR (CDCls, TMS), &(ppm): 7.38 (d, 2H, *J(H,H) = 9
Hz, CeHy), 7.09 (d, 2H, *J(H,H) = 9 Hz, C¢Hy), 6.73 (dd, 1H, *J(H,H) = 18 Hz, *J(H,H)
= 9 Hz, CH=CH,), 5.77 (d,1H, *J(H,H) = 18 Hz, CH=CH,), 5.28 (d, 1H, *J(H,H) = 9
Hz, CH=CH>), 3.19 (s, 2H, CH.), 1.66 (s, 3H, CHz); "H{''B} NMR (CDCl;, TMS),
8(ppm): 7.38 (d, 2H, *J(H,H) = 6 Hz, C¢Hy), 7.09 (d, 2H, *J(H,H) = 9 Hz, C¢H,), 6.73
(dd, 2H, *J(H,H) = 18 Hz, *J(H,H) = 9 Hz, 1H, CH=CH.,), 5.77 (d, 14, *J(H,H) = 18
Hz, CH=CH,), 5.28 (d, 1H, *J(H,H) = 9Hz, CH=CH>), 3.20 (s, 2H, CH,), 2.62 (s, 2H,
B-H), 221 (s, 6H, B-H), 2.07 (s, 2H, B-H), 1.66 (s, 3H, CH;); "B NMR
(CD3COCD3,BF;-Et,0), 8(ppm): -5.09 (d, 1B, 'J(B,H) = 162 Hz), -6.78 (d, 1B, 'J(B,H)
= 224 Hz), -9.46 (d, 6B, 'J(B,H) = 165 Hz), -11.43 (d, 2B, 'J(B,H) = 188 Hz); “C{'H}
NMR (CD3;COCD3;, TMS), 8(ppm): 136.89 (s, CH-C¢Hy), 136.79 (s, CH,-CsHa), 136.47
(s, CH=CH,), 130.17 (s, CsHa), 126.13 (s, CsHa), 113.45 (s, CH=CH,), 77.28 (s, C.-
CH,), 71.15 (s, C-CHs), 42.09 (s, CHy), 23.86 (s, Ce-CH3); ATR-IR (Viae/cm™): 3089
(w, C-H st), 3007 (w, C-H st), 2937 (w, C-H st), 2586 (s, B-H st); Anal. calcd. for
Ci2H2Bio: C, 52.52; H, 8.08. Found: C, 52.80; H, 8.22.

Compound 4.- The procedure was the same as for 3, but using a solution of 1-CgHs-

1,7-C,B1oH11 (0.218 g, 0.99 mmol) in Et,O (3 mL), nBuLi 1.6M in hexanes (0.68 mL,
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1.10 mmol) and a solution of [4-(CH,=CH)-C¢H4-CH,]C1 (0.17 mL, 1.09 mmo&%él}ofgolgglfg
(2 mL). After work-up, the yellowish oil residue was purified by preparative layer
chromatography (dichloromethane/hexane 2:3) to give 4 as colorless oil. Yield: 0.133 g,
40 %. '"H NMR (CDCls, TMS), 8(ppm): 7.41-7.38 (m, 4H, C¢H, and CeHs), 7.30-7.25
(m, 3H, CsHs), 7.13 (d, 2H, *J(H,H) = 9 Hz, C¢H,), 6.74 (dd, 1H, *J(H,H) = 18 Hz,
SJ(H,H) = 9 Hz, CH=CH,), 5.79 (d, 1H, *J(H,H) = 18 Hz, CH=CH>), 5.29 (d, 1H,
J(H,H) = 9 Hz, CH=CH>), 3.29 (s, 2H, CH,); "H{"'B} NMR (CDCl3;, TMS), 8(ppm):
7.41-7.38 (m, 4H, C¢H, and C¢Hs), 7.30-7.25 (m, 3H, C¢Hs), 7.13 (d, 2H, *J(H,H) = 9
Hz, CsHy), 6.74 (dd, 2H, *J(H,H) = 18 Hz, *J(H,H) = 9 Hz, 1H, CH=CH,), 5.79 (d, 1H,
J(H,H) = 18 Hz, CH=CH,), 5.29 (d, 1H, *J(H,H) = 9 Hz, CH=CH,), 3.29 (s, 2H, CH>),
2.93 (s, 2H, B-H), 2.53 (s, 3H, B-H), 2.41 (s, 1H, B-H), 2.34 (s, 2H, B-H), 2.22 (s, 2H,
B-H); "B NMR (CDCl;, BF5-Et,0), § (ppm): -6.04 (d, 1B, 'J(B,H) = 101 Hz), -6.83 (d,
1B, 'J(B,H) = 111 Hz), -10.79 (d, 6B, 'J(B,H) = 154 Hz), -13.63 (d, 2B, 'J(B,H) = 175
Hz); “C{'H} NMR (CD;COCD;, TMS), & (ppm): 136.88 (s, CH-C¢Hy), 136.40 (s,
CH,-CgHy), 136.33 (s, CH=CH,), 135.28 (s, C-CsHs), 130.06 (s, Ce¢Hy), 128.54 (s,
CsHs), 128.25 (s, CsHs), 127.78 (s, CsHs), 126.28 (s, C¢Hy), 114.08 (s, CH=CH,), 78.15
(s, C-CeHs), 76.27 (s, C.-CH»), 42.93 (s, CH»); ATR-IR (vmax/cm‘l): 3029 (m, C-H st),
2928 (m, C-H st), 2854 (w, C-H st), 2585 (s, B-H st); Anal.Calcd. for C;7H»4B1o: C,
60.68; H, 7.19. Found: C, 60.92; H, 7.46.

Compound 5.- Following the literature procedure, compound 5 was obtained in 65%
from 1-CH3-1,2-C,BoH;; (0.325 g, 2.06 mmol) and 4-iodobenzyl bromide (0.606 g,
1.98 mmol) in THF. '"H NMR (CDCls, TMS), &(ppm): 7.70 (d, 2H, *J(H,H) = 9 Hz,
CeHy), 6.95 (d, 2H, *J(HH) = 9 Hz, CeH,), 3.42 (s, 2H, CH>), 2.17 (s, 3H, CHx);
"H{"'B} NMR (CDCl;, TMS), 8(ppm): 7.70 (d, 2H, *J(H,H) = 9 Hz, CsH3), 6.95 (d, 2H,

3J(H,H) = 9 Hz, CeHy), 3.42 (s, 2H, CH,), 2.29 (s, 3H, B-H), 2.19 (s, 2H, B-H), 2.17 (s,
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-4.15 (d, 1B, 'J(B,H) = 150 Hz), -5.78 (d, 1B, 'J(B,H) = 154 Hz), -9.91 (d, 4B, 'J(B,H)
= 100 Hz), -10.55 (d, 4B, 'J(B,H) = 117 Hz); “C{'H} NMR (CDCls, TMS), 8(ppm):
137.79 (s, CeHa), 134.54 (s, CcHa), 132.15 (s, C¢Hy), 93.85 (s, C-1), 74.81 (s, C-CH3),
40.75 (CHy), 23.66 (s, Cc-CH3); ATR-IR (Via/cm™): 3058 (w, C-H st), 2924 (m, C-H
st), 2852 (w, C-H st), 2604 (s, B-H st), 2566 (s, B-H st); Anal.Calcd. for C;oH19Bol: C,
32.09; H, 5.12. Found: C, 33.12; H, 5.15.

Compound 6.- A dry 25 mL round-bottomed flask equipped with a magnetic stirring
bar was charged under nitrogen with a solution of 1-C¢Hs-1,2-C,BoH;; (200 g, 0.909
mmol) in THF (5 mL) , at 0°C. Then, a solution of nBuLi 1.6M in hexane (0.63 mL, 1
mmol) was added dropwise to the mixture, which was allowed to stir for 1 h at room
temperature and then cooled to -84°C. After this, a solution of 4-iodobenzyl bromide
(293 g, 0.937 mmol) in THF (5 mL) was added dropwise to the mixture under vigorous
stirring and allowed to react at room temperature overnight. After that, the solvent was
removed under vacuum and the orange residue was extracted with ethyl acetate (3 x 10
mL), transferred to a separating funnel and washed with a saturated aqueous solution of
NaCl (3 x 10 mL). The organic layer was dried over MgSQO4 and the volatiles were
reduced under vacuum. The orange oil residue was purified by preparative layer
chromatography (ethyl acetate/hexane 15:85) leading to 6 as a colorless solid. Yield:
218 g, 55%. Crystal suitable for X-ray analysis was obtained by slow evaporation of a
solution of 6 in Et,O. 'H NMR (CDCls, TMS), o(ppm): 7.72 (d, 2H, 3J(H,H) = 6 Hz,
CeHs), 7.58 (d, 2H, *J(HH) = 9 Hz, C¢Hs), 7.45-7.55 (m, 3H, Ce¢Hs), 6.57 (d, 2H,
SJ(H,H) = 9 Hz, CeHy), 3.06 (s, 2H, CH>); 'H{"'B} NMR (CDCl;, TMS), 8(ppm): 7.72
(d, 2H, *J(H,H) = 6 Hz, CsHs), 7.58 (d, 2H, *J(H,H) = 9 Hz, CeH,), 7.45-7.55 (m, 3H,

CeHs), 6.57 (d, 2H, *J(H,H) = 9 Hz, CHy), 3.06 (s, 2H, CH,), 2.71 (s, 2H, B-H), 2.42 (s,
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3H, B-H), 2.33 (s, 1H, B-H), 2.25 (s, 2H, B-H), 2.21 (s, 2H, B-H); ''B NMR (CD
BF;-Et,0), 8(ppm): -3.55 (d, 2B, 'J(B,H) = 143 Hz), -10.15 (d, 8B, 'J(B,H) = 120 Hz);
BC{'H} NMR (CDCls, TMS), 8(ppm): 137.52 (s, C¢Hy), 134.74 (s, CsHy), 131.92 (s,
CeHy), 131.48 (s, CeHs), 130.97 (s, Ce¢Hs), 130.71 (s, C¢Hs), 129.13 (s, C¢Hs), 93.67 (s,
C-1), 83.72 (s, C-CgHs), 81.36 (s, C-CHy), 40.50 (s, CH,); ATR-IR (Vau/cm™): 3059
(w, C-H st), 2928 (w, C-H st), 2580 (s, B-H st), 2554 (s, B-H st); MALDI-TOF-MS
(m/z): Calcd: 436.34. Found: 434.67 [M-2]; Anal. Calcd. for C;sH1Bjol: C, 41.29; H,
4.85. Found: C, 41.33; H, 4.89.

Compound 7.- A dry 10 mL round-bottomed flask equipped with a magnetic stirring
bar was charged under nitrogen with a solution of 1-CHs-1,7-C,BoH;; (0.200 g, 1.27
mmol) in THF (3.5 mL) at 0°C. Then, a solution of nBuLi 1.6M in hexanes (0.87 mL,
1.39 mmol) was added dropwise to the mixture, which was allowed to stir for 1 h at
room temperature and cooled again at 0°C. Then, a solution of 4-iodobenzyl bromide
(0.400 g, 1.31 mmol) in THF (3 mL) was added dropwise to the mixture under vigorous
stirring. Then it was equilibrated at 0°C for 1 hour and then allowed to react at room
temperature overnight. After that, the solvent was removed under vacuum and the
residue was extracted with dichloromethane (3 x 10 mL), transferred to a separating
funnel and washed with a saturated aqueous solution of NaCl (3 x 10 mL). The organic
layer was dried over MgSO, and the volatiles were reduced under vacuum. The orange
oil residue was purified by preparative layer chromatography (dichloromethane/hexane
15:85) to give 7 as a colorless solid. Yield: 0.346 g, 74 %. Crystal suitable for X-ray
analysis was obtained by slow evaporation of a solution of 7 in Et,0. '"H NMR (CDCl;,
TMS), 8(ppm): 7.67 (d, 2H, *J(H,H) = 9 Hz, CsH.,), 6.87 (d, 2H, *J(H,H) = 9 Hz, CsH,),
3.15 (s, 2H, CH>), 1.66 (s, 3H, CH3); 'H{"'B} NMR (CDCl;, TMS), 8(ppm): 7.67 (d,

2H, *J(HH) = 9 Hz, CeH.), 6.87 (d, 2H, *J(H,H) = 9 Hz, C4H.), 3.15 (s, 2H, CH,), 2.60
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(s, 2H, B-H), 2.27 (s, 1H, B-H), 2.18 (s, 5H, B-H), 2.07 (s, 2H, B-H),1.66 (s, 3H, CHY)"
B NMR (CDCls, BF5-Et,0), 8(ppm):-6.42 (d, 1B, 'J(B,H) = 170 Hz), -8.25 (d, 1B,
'J(B,H) = 241 Hz), -10.67 (d, 6B, 'J(B,H) = 156 Hz), -13.33 (d, 2B, 'J(B,H) = 191 Hz);
BC{'H} NMR (CDCls, TMS), 8(ppm): 137.56 (s, CsHa), 136.50 (s, CsHa), 131.78 (s,
CsHa), 93.16 (s, C-I), 75.98 (s, C.-CH,), 70.84 (s, C.-CHs), 42.42 (CHy), 24.49, (s, C.-
CH3); ATR-IR (Vpa/em™): 3063 (w, C-H st), 2932 (m, C-H st), 2852 (w, C-H st), 2586
(s, B-H st); Anal.Calcd. for C10H9B1ol: C, 32.09; H, 5.12. Found: C, 32.32; H, 5.21.

Compound 8.- The procedure was the same as for 7, but using a solution of 1- C¢Hs-
1,7-C;B1oHy; (0.218 g, 0.99 mmol) in THF (3 mL), nBuLi 1.6M in hexanes (0.68 mL,
1.10 mmol) and a solution of 4-iodobenzyl bromide (0.315 g, 1.01 mmol) in THF (2
mL). After work-up, the orange oil residue was purified by preparative layer
chromatography (ethyl acetate/hexane 10:90) and the white layer was extracted and
purified again by preparative layer chromatography (dichloromethane/hexane 1:1) to
give 8 as a colorless solid. Yield: 0.262 g, 60%. 'H NMR (CDCl3, TMS), o(ppm): 7.68
(d, 2H, *J(H,H) = 9 Hz, C¢Hy,), 7.38 (d, 2H, *J(H,H) = 6 Hz, CeHs), 7.33-7.23 (m, 3H,
CeHs), 6.90 (d, 2H, *J(H,H) = 9 Hz, C¢Hy), 3.24 (s, 2H, CH,); "H{''B} NMR (CDCl;,
TMS), 8(ppm): 7.68 (d, 2H, *J(H,H) = 9 Hz, CsHs), 7.39 (d, 2H, *J(H,H) = 6 Hz, CsHs),
7.33-7.23 (m, 3H, CHs), 6.90 (d, 2H, *J(H,H) = 9 Hz, CsH.,), 3.24 (s, 2H, CH>), 2.90 (s,
2H, B-H), 2.53 (s, 3H, B-H), 2.37 (s, 1H, B-H), 2.31 (s, 2H, B-H), 2.22 (s, 2H, B-H);
"B NMR (CDCls, BF5-Et,0), 8(ppm): -6.16 (d, 2B, 'J(B,H) = 104 Hz), -10.71 (d, 6B,
'J(B,H) = 153 Hz), -13.62 (d, 2B, 'J(B,H) = 175 Hz); “C{'H} NMR (CDCl;, TMS),
d(ppm): 137.65 (s, CsHa), 136.40 (s, CsHa), 135.15 (s, CsHs), 131.81 (s, C¢Ha), 128.65
(s, Ce¢Hs), 128.33 (s, C¢Hs), 127.78 (s, C¢Hs), 93.32 (s, C-I), 78.37 (s, C.-C¢Hs), 75.55

(s, C.-CH,), 42.88 (s, CH,); ATR-IR (Vi /ecm™): 3055 (w, C-H st), 2925 (m, C-H st),
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2581 (s, B-H st);. Anal.Calcd. for C;5H»1Bol: C, 41.29; H, 4.85. Found: C, §g|?%o8l;03[gljggg§g4%g§§
5.09.

Compound 9.- A dry 5 mL round-bottomed flask equipped with a condenser and a
magnetic stirring bar was charged under nitrogen with a solution of 1 (100 mg, 0.36
mmol), iodobenzene (82 mg, 0.40 mmol), [Pdy(dba);] (3 mg, 0.004 mmol), [Pd(t-
BusP),] (3 mg, 0.006 mmol) and NCy,Me (0.1 mL, 0.48 mmol) in 2 mL of 1,4-dioxane.
The solution was stirred and refluxed at 100°C overnight. After that, the solution was
filtered through 1 cm of Celite, which was washed with 10 mL of THF. The solvent
mixture was removed in vacuo and then the residue was dissolved in 2 mL of THF. The
solution was precipitated with 50 mL of methanol and filtered to give 9 as a white solid.
Yield: 112 mg, 88 %. Crystal suitable for X-ray analysis was obtained by slow
evaporation of a solution of 9 in Et,0. '"H NMR (CDCl3, TMS), 6 (ppm): 7.57-7.50 (m,
4H, CeHs + CeHy), 7.40 (dd, 2H, *J(H,H)= 9 Hz, *J(H,H)= 7.5 Hz, C¢Hs), 7.32 (d, 1H,
*J(H,H)= 7.5 Hz, C¢Hs), 7.21 (d, 2H, *J(H,H)= 9 Hz, C¢H.), 7.14 (d, 2H, *J(H,H)= 3 Hz,
CH=CH), 3.49 (s, 2H, CH>), 2.19 (s, 3H, -CHz); '"H{''"B} NMR (CDCl;, TMS), §
(ppm): 7.57-7.50 (m, 4H, C¢Hs + CeH,), 7.40 (dd, 2H, *J(H,H)= 9 Hz, *J(H,H)= 7.5 Hz,
CsHs), 7.32 (d, 1H, *J(H,H)= 7.5 Hz, C¢Hs), 7.21 (d, 2H, *J(H,H)= 9 Hz, CsHy), 7.14 (d,
2H, *J(H,H)= 3 Hz, CH=CH), 3.49 (s, 2H, CH>), 2.32 (s, B-H), 2.27 (s, B-H), 2.19 (s,
3H, -CH3), 2.12 (s, B-H). "B NMR (CDCl;, BF5-E,0), § (ppm): -4.22 (d, 1B, 'I(B,
H)= 143 Hz), -5.76 (d, 1B, 'J(B,H)= 150 Hz), -10.47 (d, 8B, 'J(B,H)= 132 Hz); “C{'H}
NMR (CDCls, TMS), 8 (ppm): 137.21 (s, C¢Hy), 134.08 (s, C¢Ha), 130.72 (s, C¢Hy),
129.51 (s, C¢Hs), 128.77 (s, CH=CH), 127.89 (s, CH=CH), 126.65 (s, CsHs and C¢Hs),
74.65 (s, C.-CH3), 41.03 (s, CHy), 23.71 (s, -CH3); ATR-IR (Vipa/cm™): 3025 (w, C-H

st), 2919 (m, C-H st), 2850 (w, C-H st), 2572 (s, B-H st); MALDI-TOF-MS (m/z):
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Found: C, 61.36; H, 7.47.

Compound 10.- The procedure was the same as for 9, using 2 (100 mg, 0.30 mmol),
iodobenzene (67 mg, 0.33 mmol), [Pd,(dba)s] (3 mg, 0.004 mmol), [Pd(t-BusP),] (3 mg,
0.006 mmol) and NCy,Me (0.1 mL, 0.48 mmol) in 2 mL of 1,4-dioxane. After workup
compound 10 was obtained as a pure white solid. Yield: 95 mg, 78 %. 'H NMR
(CDCl3, TMS), & (ppm): 7.75 (d, 2H, *J(H,H)= 9 Hz, C¢Hs), 7.55-7.46 (m, 5H, C.-
CHs), 7.41-7.35 (m, 4H, , Cc-C¢Hs + CeHs), 7.30 (d, 1H, *J(H,H)= 3 Hz, C¢Hs), 7.08 (d,
2H, *J(H,H)= 3 Hz, CH=CH), 6.83 (d, 2H, *J(H,H)= 6 Hz, CHy), 3.11 (s, 2H, CH»);
"H{"'B} NMR (CDCls, TMS), & (ppm): 7.75 (d, 2H, *J(H,H)= 9 Hz, C¢Hs), 7.55-7.46
(m, 5H, C.-CeHs), 7.41-7.35 (m, 4H, C.-C¢Hs + CsHs), 7.30 (d, 1H, *J(H,H)= 3 Hz,
CsHs), 7.08 (d, 2H, *J(H,H)= 3 Hz, CH=CH), 6.83 (d, 2H, “J(H,H)= 6 Hz, CsHy), 3.11
(s, 2H, CHy), 2.74 (s, B-H), 2.41 (s, B-H), 2.32 (s, B-H), 2.24 (s, B-H); ''B NMR
(CDCls, BF3-Et,0), 8 (ppm): -3.68 (d, 2B, 'J(B, H)= 146 Hz), -10.30 (d, 8B, 'I(B,H)=
134 Hz); “C{'"H} NMR (CDCls, TMS), & (ppm): 137.17 (s, C¢H, and C¢Hs), 136.95 (s,
CH,-C¢Hy), 134.49(s, C.-CHs), 131.53 (s, C-CeHs), 130.87 (s, Cc-CeHs), 130.40 (s, Cc-
CeHs), 129.26 (s, CsHs), 129.07 (s, CeHa), 128.72 (s, C¢Hs), 127.96 (s, CH=CH), 127.79
(s, CH=CH), 126.56 (s, C¢Ha), 126.41 (s, CsHs), 83.72 (s, C.-C¢Hs), 82.06 (s, C.-CHa),
40.73 (s, CH,); ATR-IR (vmax/cm'l): 2988 (m, C-H st), 2902 (m, C-H st), 2582 (s, B-H
st), 2559 (s, B-H st); MALDI-TOF-MS (m/z): Calcd: 412.58. Found: 410.81 [M-2].
Anal. Calcd. for C»3BoHag: C, 66.96; H, 6.84. Found: C, 66.53; H, 7.05.

Compound 11.- The procedure was the same as for 9, but using 3 (110 mg, 0.40
mmol), iodobenzene (84 mg, 0.42 mmol), [Pdy(dba);] (3 mg, 0.004 mmol), [Pd(t-
BusP),] (3 mg, 0.006 mmol) and NCy,Me (0.1 mL, 0.48 mmol) in 1,4-dioxane (2 mL).

After workup compound 11 was obtained as a pure white solid. Yield: 87 mg, 62 %."H

30


http://dx.doi.org/10.1039/C6DT04003A

Page 31 of 38

Published on 13 December 2016. Downloaded by Instituto de Ciencia de Materiales de Barcelona (ICMAB) on 22/12/2016 09:59:23.

Dalton Transactions

NMR (CDCl;, TMS), 8(ppm): 7.55-7.47 (m, 4H, CsHs + CHy), 7.41-7.36, (m, QM poice e

T6DT04003A

CsHs), 7.30 (d, 1H, *J(H,H) = 6 Hz, CeHs), 7.13 (s, 2H, CH=CH), 7.12 (d, 2H, *J(H,H)
= 6 Hz, C4Hy), 3.22 (s, 2H, CH,), 1.66 (s, 3H, CH;); '"H{"'B} NMR (CDCl;, TMS),
8(ppm): 7.55-7.47 (m, 4H, CeHs + CHy), 7.41-7.36 (m, 2H, CeHs), 7.30 (d, 1H,>J(H,H)
= 6 Hz, C¢Hs), 7.13 (s, 2H, CH=CH), 7.12 (d, 2H, *J(H,H) = 6 Hz, C¢H,), 3.22 (s, 2H,
CH,), 2.64 (s, 2H, B-H), 2.22 (s, 6H, B-H), 2.08 (s, 2H, B-H), 1.66 (s, 3H, CH;); 'B
NMR (CDCl;, BF;-Et,0), 8(ppm): -6.52 (d, 1B, 'J(B,H) = 155 Hz), -8.21 (d, 1B,
'J(B,H) = 154 Hz), -10.77 (d, 6B, 'J(B,H) = 151 Hz), -13.32 (d, 2B, 'J(B,H) = 175 Hz);
BC{'H} NMR (CDCl;, TMS), & (ppm): 137.27 (s, CsHy), 136.62 (s, CsHa), 136.40 (s,
CsHs), 130.22 (s, C¢Hy), 129.00 (s, C¢Hs), 128.69 (s, C¢Hs), 128.14 (s, CH=CH), 127.69
(s, CH=CH), 126.51 (s, C¢H4 and C¢Hs), 70.74 (s, C.-CHs), 42.72 (s, CHy), 24.53 (s,
CH3); ATR-IR (Vpe/em™): 3026 (m, C-H st), 2942 (m, C-H st), 2852 (w, C-H st), 2584
(s, B-H st); ); MALDI-TOF-MS (m/z): Calcd: 350.51. Found: 351.34 [M+1];
Anal.Calcd. for CigH»6B10: C, 61.68; H, 7.48. Found: C, 61.73; H, 7.77.

Compound 12.- The procedure was the same as for 9, but using 4 (90 mg, 0.27 mmol),
iodobenzene (57 mg, 0.28 mmol), [Pd(dba)s] (3 mg, 0.004 mmol), [Pd(t-BusP),] (3 mg,
0.006 mmol) and NCy,Me (0.1 mL, 0.48 mmol) in 1,4-dioxane (2 mL). After workup
compound 12 was obtained as a pure white solid. Yield: 52 mg, 47 %. Crystal suitable
for X-ray analysis was obtained by slow evaporation of 12 in a mixture THF/methanol
(1:0.1) at 4 °C. '"H NMR (CDCls, TMS), 8(ppm): 7.55-7.48 (m, 4H, CsHs + CeHy),
7.41-7.37 (m, 4H, Ce¢Hs + C-CeHs), 7.30 (d, 1H,*J(H,H) = 6 Hz, C¢Hs), 7.28-7.24 (m,
3H, C.-CeHs), 7.15 (d, 2H, *J(H,H) = 6 Hz, C¢H.), 7.13 (s, 2H, CH=CH), 3.30 (s, 2H,
CH>); "H{"'B} NMR (CDCls, TMS), 8(ppm): 7.55-7.48 (m, 4H, CeHs + CeH.), 7.41-
7.37 (m, 4H, C¢Hs + Ce-CgHs), 7.30 (d, 1H, *J(H,H) = 6 Hz, C¢Hs), 7.28-7.24 (m, 3H,

C.-CeHs), 7.15 (d, 2H, *J(H,H) = 6 Hz, C¢H,), 7.13 (s, 2H, CH=CH), 3.30 (s, 2H, CH>),
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B-H); "B NMR (CDCLs, BFs-Et,0), 8(ppm): -6.24 (d, 2B, 'J(B,H) = 65 Hz), -10.90 (d,
6B, 'J(B,H) = 153 Hz), -13.73 (d, 2B, 'J(B,H) = 170 Hz); “C{'"H} NMR (CDCl;,
TMS), & (ppm): 137.26 (s, CsHy), 136.69 (s, C¢Hy), 136.27 (s, CsHs), 135.29 (s, C.-
CeHs), 130.24 (s, C¢Hy), 129.05 (s, CsHs), 128.70 (s, CsHs), 128.57 (s, C-CeHs), 128.27
(C-CgHs), 128.11 (s, CH=CH), 127.79 (s, C.-CsHs), 127.72 (s, CH=CH), 126.55 (s,
CeH, and CgHs), 78.11 (s, C-CsHs), 76.26 (s, C.-CHy), 42.95 (s, CH,); ATR-IR
(vmax/cm'l): 3029 (m, C-H st), 3922 (w, C-H st), 2850 (w, C-H st), 2585 (s, B-H st);
MALDI-TOF-MS (m/z): Calcd: 412.58 Found: 412.42; Anal.Calcd. for C,3HysB1o: C,
66.96; H, 6.84. Found: C, 66.63; H, 7.02.

Compound 13.- The procedure was the same as for 9, but using 1 (90 mg, 0.27 mmol),
5 (136 mg, 0.36 mmol), [Pd,(dba);] (5 mg, 0.006 mmol), [Pd(t-BusP),] (5 mg, 0.01
mmol) and NCy,Me (0.2 mL, 0.96 mmol) in 2 mL of 1,4-dioxane. After workup
compound 13 was obtained as a pure white solid. Yield: 101 mg, 53 %. Crystal suitable
for X-ray analysis was obtained by slow evaporation of a solution of 13 in CH,Cl. 'H
NMR (CDCls, TMS), & (ppm): 7.51 (d, 4H, *J(H,H)= 9 Hz, C¢H,), 7.21 (d, 4H,
T(H,H)= 9 Hz, C4Hy), 7.12 (s, 4H, CH=CH), 3.49 (s, 4H, CH,), 2.19 (s, 6H, -CH>);
"H{"'B} NMR (CDCl;, TMS), & (ppm): 7.51 (d, 4H, *J(H,H)= 9 Hz, CsHy), 7.21 (d, 4H,
’J(H,H)= 9 Hz, C4H,), 7.12 (s, 4H, CH=CH), 3.49 (s, 4H, CH,), 2.30 (s, B-H), 2.23 (s,
B-H), 2.19 (s, 6H, -CH3), 2.11 (s, B-H); ''"B NMR (CDCl;, BFs-Et,0), & (ppm): -4.21
(d, 1B, 'I(B, H)= 142 Hz), -5.71 (d, 1B, 'J(B,H)= 148 Hz), -10.41 (d, 8B, 'J(B,H)= 134
Hz); PC{'H} NMR (CDCl;, TMS), & (ppm): 136.94 (s, C¢Hy), 134.31 (s, CsHy), 130.59
(s, CeHy), 128.63 (s, CH=CH), 126.65 (s, CsHy,), 74.79 (s, C.-CHs), 41.00 (s, CH,),

23.75 (s, -CH3); ATR-IR (Vo /em™): 3028 (w, C-H st), 2925 (m, C-H st), 2853 (w, C-H
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st), 2565 (s, B-H st); MALDI-TOF-MS (m/z): Calcd: 520.77. Found: 518.97 M2}
Anal. Caled. for C2,BooHag: C, 50.74; H,7.74; Found: C, 50.64; H, 7.88.

Compound 14.- The procedure was the same as for 9, but using 2 (77.5 mg, 0.23
mmol), 6 (100 mg, 0.23 mmol), [Pd,(dba);] (5 mg, 0.006 mmol), [Pd(t-BusP),] (5 mg,
0.01 mmol) and NCy,Me (0.2 mL, 0.96 mmol) in 2 mL of 1,4-dioxane. After workup
compound 14 was obtained as a pure white solid. Yield: 79 mg, 53%. Crystal suitable
for X-ray analysis was obtained by slow evaporation of 14 in a mixture THF/methanol
(1:0.1) at 4 °C. "H NMR (CDCl;, TMS), & (ppm): 7.74 (d, 4H, *J(H,H) = 9 Hz, C4Hs),
7.61-7.47 (m, 6H, Ce¢Hs), 7.37 (d, 4H, 3J(H,H)= 9 Hz, C¢H,4), 7.03 (s, 2H, CH=CH),
6.82 (d, 4H, 3J(H,H)= 9 Hz, CeHy), 3.11 (s, 4H, CH,); "H{"'B} NMR (CDCl;, TMS), §
(ppm): 7.74 (d, 4H, *J(HH) = 9 Hz, CsHs), 7.61-7.47 (m, 6H, CsHs), 7.37 (d, 4H,
J(H,H)= 9 Hz, CeH,), 7.03 (s, 2H, CH=CH), 6.82 (d, 4H, *J(H,H)= 9 Hz, CsHy), 3.11
(s, 4H, CH>), 2.75 (s, B-H), 2.41 (s, B-H), 2.24 (s, B-H); ''B NMR (CDCl;, BF;-Et,0),
8(ppm): -3.59 (d, 2B, 'J(B, H)= 134 Hz), -10.12 (d, 8B, 'J(B,H)= 125 Hz); “C{'H}
NMR (CDCls, TMS), 6 (ppm): 136.59 (s, CH=CH), 134.48 (s, CcHa), 131.25 (s, C¢Hs),
130.63 (s, CsHs), 130.14 (s, C¢Ha), 128.87 (s, CsHs), 128.17 (s, CsHs), 126.16 (s, CsHa),
83.58 (s, C-CgHs), 81.75 (C.-CH;) 40.34 (s, -CH,-). ATR-IR (vmax/cm-1): 3027 (w,
C-H st), 2919 (m, C-H st), 2851 (w, C-H st), 2565 (s, B-H st); MALDI-TOF-MS (m/z):
Calcd: 644.99. Found: 643.11 [M-2]; Anal. Calcd. for C3,B,0Has: C, 59.60; H, 6.88.
Found: C, 59.62; H, 7.17.

Compound 15.- The procedure was the same as for 9, but using 3 (100 mg, 0.36
mmol), 7 (73.3 mg, 0.36 mmol), [Pd,dbas] (5 mg, 0.006 mmol), [Pd(t-BusP),] (5 mg,
0.01 mmol) and NCy,Me (0.1 mL, 0.95 mmol) in 1,4-dioxane (2 mL). After work-up,
compound 15 was obtained as a pure white solid. Yield: 90 mg, 65%. Crystal suitable

for X-ray analysis was obtained by slow evaporation of 15 in a mixture THF/methanol
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7.12 (d, 4H, *J(H,H) = 9 Hz, CsHy), 7.10 (s, 2H, CH=CH), 3.21 (s, 4H, CH,), 1.66 (s,
6H, CHs); "H{"'B} NMR (CDCls, TMS), 8(ppm): 7.47 (d, 4H, *J(H,H) = 9 Hz, CsH,),
7.12 (d, 4H, *J(HH) = 9 Hz, CsHy), 7.10 (s, 2H, CH=CH), 3.21 (s, 4H, CH,), 2.64 (s,
4H, B-H), 2.22 (s, 12H, B-H), 2.08 (s, 4H, B-H), 1.66 (s, 6H, CH3); "B NMR (CDCl;,
BF;-Et,0), 8(ppm): -6.45 (d, 2B, 'J(B,H) = 147 Hz), -8.11 (d, 2B, 'J(B,H) = 148 Hz), -
10.66 (d, 12B, 'J(B,H) = 152 Hz), -13.22 (d, 4B, 'J(B,H) = 177 Hz); “C{'H} NMR
(CDCl3, TMS), 8(ppm): 136.52 (s, CsHy), 130.24 (s, CsHy), 128.42 (s, CH=CH), 126.50
(s, CeHy), 76.02 (s, C-CHy), 70.79 (s, C.-CH3), 42.72 (s, CHy), 24.52 (C.-CH3); ATR-
IR (vmax/cm‘l): 3024 (m, C-H st), 2938 (m, C-H st), 2589 (s, B-H st); MALDI-TOF-
MS (m/z): Calcd: 520.77 Found: 521.65 [M+1]; Anal.Calcd. for Cyy,H49B»o: C, 50.74;
H, 7.74. Found: C, 50.86; H, 7.89.

Compound 16.- The procedure was the same as for 9, but using 4 (68mg, 0.202mmol),
8 (88.2mg, 0.202mmol), [Pd,dbaz] (3 mg, 0.003mmol), [Pd(t-BusP);] (3 mg,
0.006mmol) and NCy,Me (0.1 mL, 0.95 mmol) in 1,4-dioxane (2 mL). After work-up,
compound 16 was obtained as a pure white solid. Yield: 81 mg, 62%. "H NMR (CDCl,,
TMS), 8(ppm): 7.47 (d, 4H, *J(H,H) = 9 Hz, CsH,), 7.38 (d, 4H, *J(H,H) = 6 Hz, CsHs),
7.26-7.21 (m, 6H, CeHs), 7.12 (d, 4H, *J(HH) = 9 Hz, C¢Hy), 7.10 (s, 2H, CH=CH),
3.29 (s, 4H, CH,); "H{"'B} NMR (CDCls, TMS), 8(ppm): 7.47 (d, 4H, *J(H,H) = 9 Hz,
CsHy), 7.38 (d, 4H, J(HH) = 6 Hz, C¢Hs), 7.26-7.21 (m, 6H, CsHs), 7.12 (d, 4H,
J(H,H) = 9 Hz, C¢Hy), 7.10 (s, 2H, CH=CH), 3.29 (s, 4H, CH,), 2.92 (s, 4H, B-H), 2.51
(s, 8H, B-H), 2.40 (s, 2H, B-H), 2.34 (s, 4H, B-H), 2.20 (s, 2H, B-H); "B NMR
(CDCl3, BF3-Et,0), 8(ppm): -6.01 (d, 4B, 'J(B,H) = 156 Hz), -10.79 (d, 12B, 'J(B,H) =
152 Hz), -13.50 (d, 4B, 'J(B,H) = 196 Hz); “C{'"H} NMR (CDCls, TMS), 8(ppm):

136.61 (s, CsHy), 136.39 (s, CsHa), 135.29 (s, CsHs), 130.24 (s, CsHa), 128.53 (s, C¢Hs),

34


http://dx.doi.org/10.1039/C6DT04003A

Page 35 of 38

Published on 13 December 2016. Downloaded by Instituto de Ciencia de Materiales de Barcelona (ICMAB) on 22/12/2016 09:59:23.

Dalton Transactions

128.44 (s, CeHs), 128.25 5, CgHs), 127.77 (s, CH=CH), 126.56 (s, CHa), 79.57 (5, Qe xice e

103%/C6DT04003A

C¢Hs), 75.67 (s, C.-CH,), 42.96 (s, CHy); ATR-IR (vmax/crn'l): 3024 (m, C-H st), 2928
(m, C-H st), 2854 (m, C-H st), 2592 (s, B-H st), 2557 (s, B-H st); MALDI-TOF-MS
(m/z): Calcd: 644.91 Found: 645.73 [M+1]; Anal.Calcd. for C3,H44B5: C, 59.60; H,

6.88. Found: C, 59.70; H, 7.17.
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Graphical abstract

Carborane-stilbene dyads: influence of substituents and

cluster 1somers on the photoluminescence properties

A. Ferrer-Ugalde,* J. Cabrera-Gonzalez,® E. J. Judrez-Pérez," F. Teixidor," E. Pérez-

Inestrosa,” J. M. Montenegro,™ R. Sillanpa4," M. Haukka and ¢ R. Nufiez**

The fluorescence emission of stilbenes can be tailored by changing the substituent at the
Censter I ortho-carborane derivatives, whereas in the analogous meta-carboranes, the
influence is much lower. Remarkably, incorporation of one or two carborane cages to

the stilbene group can produce an important increase of its fluorescence intensity.

HOMO LUMO HOMO LumMo HOMO LMo

e M a_; b 4
Tat T arese el ”“"_" Holels


http://dx.doi.org/10.1039/C6DT04003A

