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We designed a cyclic tripyrrin “locked” by a bridging benzene-1,4-diol-moiety which is perpendicular to
the tripyrrin plane. The cyclic structures promote the scaffold rigidity and enhance the fluorescence.
While the halogen-substitution of the bridging moiety was found to slightly affect the fluorescence of
1-3 in solution, such substitution significantly affects the aggregation behaviour and solid emission. 1 and
2 exhibit typical J-aggregate emission but 3 does not. The analysis of crystal packing combined with the
reduced density gradient (RDG) analysis suggests that the bridging moieties of 1-3 play an important role
in inducing the different crystal packing by tuning intermolecular interactions in the solid state. The
energy decomposition analysis using symmetry adapted perturbation theory (SAPT) revealed that such
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Introduction

Tripyrrin and their derivatives are important core components
of naturally occurring linear oligopyrroles such as biopyrrins
and biotripyrrins a and b, which are regarded as the bio-
degradation products of hemin and chlorophylls." The unique
T-shaped tripyrrin structures attracted increasing attention in
coordination chemistry as non-innocent ligands,'®? in medic-
inal chemistry as biological ion acceptors or transporters,® and
in synthetic chemistry as building blocks for expanded por-
phyrins.* Despite tremendous progress made in recent years,
the photophysical properties of tripyrrins have been much less
studied, probably due to the conformational flexibility. It is
evident that chelating Zn** ions to a-tripyrrinone significantly
enhances the fluorescence, which is assumed to increase the
structural rigidity, as reported by Xie and co-workers.” Thus,
with the target to construct the rigid tripyrrins, we believe that
using the covalent bond to “lock” pyrrolic terminals is an
effective approach. It is envisaged that the use of the bridging
moiety would enhance the rigidity, while fine-tuning of the
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weak intermolecular interactions mainly consist of halogen bonds and n—x interactions.

substitution of the bridging moiety can impart steric conges-
tion and thus the alignment of intermolecular interactions.

The alignment of organic molecules through inter-
molecular interactions has pivotal effects on their macroscopic
properties.® Commonly, organic fluorophores are highly emis-
sive in dilute solutions, but become weakly luminescent or
even non-emissive in the aggregate state due to the aggrega-
tion-caused quenching (ACQ) effect, which has limited the
practical application of organic fluorophores.” Introducing
sterically hindered groups vertical to chromophores can
achieve J-aggregation for some classic dye molecules such as
cyanine, squaraines, and perylene bisimide derivatives.®
J-Aggregation leads to the couplings of transition dipoles and
facilitates the delocalization of the excited state over multiple
chromophores and thus bathochromically shifts the absorp-
tion/emission spectra, which have attracted much attention for
fundamental studies and potential applications.®””> However,
designing molecular structures to form slipped stacks is not
enough, fine-tuning of weak intermolecular interactions such
as hydrogen bonds, halogen bonds and n-n stacking is also
significant in designing and even controlling molecular
aggregation.®>1°

Herein, we report the synthesis of fluorescent cyclic tripyr-
rins bridged by benzene-1,4-diol, which is perpendicular to
the tripyrrin plane. Notably, with the enhanced rigidity offered
by annulation, this work represents the first report of enhan-
cing luminescence without metal chelation in tripyrrin and its
derivatives.”®*! Other than the emission in solution, the sub-
stitution of the bridging benzyl moiety plays a critical role in
tuning the aggregation and emission in the solid state,'?
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which is highly related to intermolecular n-n stacking and
halogen bond interactions. This work opens a new access to
design functional cyclic oligopyrroles by incorporating a per-
pendicular bridging moiety, which shows the prospective to
modulate functions in the solid state by tuning weak inter-
molecular interactions.

Results and discussion
Synthesis and characterization

Starting from pentafluorophenyltripyrrane, 1-3 were obtained
in the overall yields of ca. 40% via a two-step process. Firstly,
tripyrrane was treated with 2 equiv. of N-bromosuccinimide
(NBS) in THF at —78 °C for 1 h. After the treatment of Na,S,03
solution, the brominated intermediates were obtained. Further
oxidation together with cross-link coupling was achieved by
the treatment of different quinones in CH;CN at r.t. or 80 °C,
as shown in Scheme 1. The crude products were subjected to
silica gel column chromatographic purification, which
afforded the desired products 1-3 as orange solids. 1-3 were
characterized using HR ESI-MS, 'H, °C and '’F NMR, FT-IR
spectrometry and spectroscopy (Fig. S1-S127). The steric con-
figurations were further confirmed by single crystal X-ray
diffraction. The "H-NMR spectra of 1-3 exhibiting p-proton
signals appear as three peaks in the range of 5.8-6.8 ppm
(Fig. S1-S31). 1 and 2 only downfield shifted the p-protons
about 0.05 ppm compared with 3, indicating the slight effect
of electron-withdrawing cyano-substitution of the bridged
moiety. The *C- and '’F-NMR spectra showed the similar
signal patterns of 1 and 2, but slightly different from those of
3 (Fig. S4-S91).

X-ray crystallography

Single crystals of 1 (CCDC 1581723+) and 2 (CCDC 15817247)
were obtained by slow diffusion of hexane into a tetrahydro-
furan solution, and the crystal of 3 (CCDC 1581725%) was
obtained by the diffusion of methanol into a chloroform solu-
tion. Importantly, these crystal structures show a larger tilt of
the benzene ring compared with the reported p-benzipor-
phyrin (Fig. S13-S15 and Tables S1-S31)."* Taking 1 as an

quinone
-BuOK
—_—

MeCN
rt or reflux

Scheme 1 Synthetic method of cyclic tripyrrins 1-3.
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Fig. 1 X-ray crystal structures of 1-3 (a)—(c). Top view (top) and side
view (bottom). The thermal ellipsoids are set to 50% probability.

example, the tripyrrole part (Ns-plane) is “locked” to be a flat
plane. As shown in Fig. 1a, the phenyl ring is almost perpen-
dicular to the N;-plane with a dihedral angle of 83°. 2 and 3
possess similar configurations with a dihedral angle of 86°
and 85° between the bridged phenyl ring and the Nj-plane
(Fig. 1b and c). Notably, the cavity of a macrocycle is consider-
ably larger than p-benziporphyrin. The N1-N2, N2-N3 and
N1-N3 distances are 3.012, 3.012 and 4.371 A, respectively.
These large cavities are disadvantageous for metal coordi-
nation. These results clearly suggest the rigidity and unique-
ness of cyclic tripyrrins arising from benzene-1,4-diol co-
valently “locked” terminal pyrroles, different from the pre-
viously reported benziporphyrin analogues.

Electrochemical properties

To investigate the electrochemical properties of 1-3, we per-
formed cyclic voltammograms in CH,Cl, using 0.10 M
n-BuyNPF as the supporting electrolyte. As shown in Fig. S16-
S18,f all three compounds have two distinct reversible
reductions at ca. —1.24 and —1.53 V, and one reversible oxi-
dation around ca. 1.05 V, referenced to the standard potential
of F¢'/Fe. This indicated that the bridging phenyl moiety, even
with different electronic effects arising from the substitution,
is irrelevant to the frontier molecular orbitals. To gain further
insight into their electronic structures, density functional
theory (DFT) calculations have been performed to optimize the
structures of 1-3 and calculate the energy at the B3LYP' level
with a 6-31G(d) basis set'” using the Gaussian 09 package."®
The HOMO and LUMO of 1-3 localize in the tripyrrin part.
While the LUMO+1 of 3 still persists in the tripyrrin side, the
orbitals of 1 and 2 shift to the benzene ring due to the elec-
tron-withdrawing nature of substituents (Fig. S19f). The
energy difference between the HOMO and LUMO levels of 1
and 2 remains at 0.03 eV, and this value is elevated to 0.2 eV
for 3 (Table S47). These results clearly demonstrate that the
bridging phenyl moiety only endows the structures of tripyrrin
with more rigidity and slightly changes the energy levels or
electronic structures.

Photophysical properties

As shown in Fig. 2a, the UV-vis spectra of 1-3 in CH,Cl, exhibi-
ted three intense absorbances centered at ca. 319, 500 and

This journal is © the Partner Organisations 2018
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Fig. 2 (a) Absorption and emission spectra of 1-3 in CH,Cl, solution;
(b) emission spectra of 1-3 in the solid state. Insert: Photographs taken
under the 365 nm UV lamp.

530 nm, which are slightly affected by the substitution of the
bridging moiety. The absorption spectra of compounds 1-3
were also recorded in poly(methyl methacrylate) (PMMA) films,
which are similar to those in dilute solution. As shown in
Fig. S20,7 1-3 displayed two intense absorption bands cen-
tered 318 nm in the range of 300-400 nm and 530 nm with
two shoulders at 466 and 500 nm in the range of 410-650 nm
in PMMA films. TDDFT computational data indicate that the
vertical excitation at 530 nm of 1-3 from the S, to S, state is a
local excitation of -n* (HOMO — LUMO, 100%), and the exci-
tation of 1-3 at 319 nm has contributions from several other
excitation configurations (Tables S5-S77). For 1 and 2, the exci-
tation at 500 nm should be a charge transfer transition
(HOMO — L+1, 99.8%) from the S, to S, state with essentially
near zero oscillator strength. For 1 and 2, the vertical tran-
sition involves mainly the HOMO to LUMO transition localized
on the tripyrrin core, while the LUMO+1 involved in the S, to
S, transition is localized in the phenyl which is perpendicular
to the tripyrrin plane (Fig. S191). However, for 3, the excitation
at 500 nm cannot be assigned according to TDDFT
calculations.

Upon excitation in the dilute solution of CH,Cl,, 1-2
display strong emission with a maximum of 560 nm with a
shoulder at ca. 590 nm, while 3 shows a slight blue-shift of

This journal is © the Partner Organisations 2018
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9 nm compared with 1 and 2. No apparent difference was
observed on their photoluminescence in solution, as shown in
the inserted photographs of Fig. 2a. The quantum yields (QYs)
of 1-3 are 8.2, 7.3 and 8.5%, respectively, referred to fluor-
escein, considerably higher than the previously reported tripyr-
rin ligands (non- fluorescence or weak fluorescence).>>'"'”
The fluorescence lifetimes for 1-3 are about 0.7 ns (Fig. S21-
S23 and Table S8t). A more prominent increase in fluorescence
is attributed to the rigid structures of cyclic tripyrrins, compar-
able to the effect arising from chelating metal ions.>® It is
worth noting that similar spectroscopic changes observed for
1-3 suggest that the electronic structures in both ground and
excited states are much less dependent on the choice of the
bridging moiety.

Significantly, unlike conventional organic fluorophores that
are usually non-emissive in the solid state, 1 and 2 emit red
fluorescence in the solid state with A, at 622 and 627 nm
and a shoulder at ca. 680 nm (with QYs of 3.8 and 2.4%
respectively, Fig. S24 and S25%). However, 3 shows orange
emission centered at 582 nm and two shoulders at 629 and
682 nm with a QY of 3.1% (Fig. S267), as shown in Table 1 and
Fig. 2b. The Amaxs of solid-state emission are bathochromically
shifted by 68 nm and 62 nm for 1 and 2, while only 31 nm for
3 relatively to those of the dilute solution (Fig. 3a-c). Under
the irradiation of a 365 nm UV lamp, 1 and 2 are red emission
solids and 3 emits orange as shown in the inset photographs
in Fig. 2. Other than solid states, 1-3 also show concentration-
dependent emissions in CH,Cl,. As shown in Fig. 3d, e and f,
1-3 undergo bathochromic shifts along with the concentration
increasing from 107> M to 10~ M in CH,Cl,. These results
clearly suggest that intermolecular interactions play an impor-
tant role in influencing aggregation and photophysical pro-
perties through comparison of 1-3.

J-Aggregation

To illustrate the intermolecular interactions in 1-3, we ana-
lyzed the n-stacking and slip angles by comparing their crystal
packing, as shown in Fig. 4 and S27-S29.f For 1, the two head-
to-tail stacked molecules are separated by 5.72 A, while the
interplanar distances between the tripyrrin units of two par-
tially stacked neighbouring molecules are 3.19 and 2.53 A,
respectively. The slip angles of molecules 1 in the crystal
lattice are about 21.0 and 12.3°, much less than 54.7°.*% 2 has

Table 1 Fluorescent peak (FL/nm) and quantum yields (QY/%) of 1-3 in
different states

1 2 3
FL/nm and QY/% in CH,Cl, 560 (8.2%) 560 (7.3%) 551 (8.5%)
solution”
FL/nm and QY/% in crystals’ 627 (3.8%) 622 (2.4%) 582 (3.1%)
FL/nm in amorphous form 586 613 604, 666
FL/nm and QY/% doped in 615 (1.6%) 615 (5.1%) 615 (5.0%)
PMMA films

“ Fluorescein as a reference and excited at 470 nm. ? Absolute quantum
yields.

Org. Chem. Front, 2018, 5, 1877-1885 | 1879


http://dx.doi.org/10.1039/c8qo00313k

Published on 11 April 2018. Downloaded by Peking University on 10/9/2018 7:39:12 AM.

Research Article

' 150 ppvm—
1.00 -01m
@) .]1: . @) L
5 il 68nm . 2 —1mM
£ - 5 %o
2w | . 1wy §
: Lh N I
B o7 \ IV orss 8
H \ [} N 8 % 050
5 [ N 3
IRV / wf £
2 < ’ 2 =
025
025 ‘. ,I \ 025
N.s
000
300 400 500 600 700 550 600 650 700 750
lnm Alnm
K 1.50
—0.01mM
10
(b) .21 (e) |2 i
125 I 125 —05mM
5 \ 62nm . 2 —_—mM
§ . § % 08
5 100 IR 100 5
z . i g =
2 S oA § 3 os
2 o | | /-/ 075D 8
H] .i \ | & 05
s . s E
E os |, \ K wE 5 04
2 / 2
025 \ / " 025 02
~- .
000
X0 @0 o e 700 550 0 &0 00 750
Ainm A/nm
1 150
—o0.01mM
1.0
(c) ) =13 i)
7 1z 125 —05mM
g 5 2 0 ——1mM
g 10 1wy §
g 2
< & 5 06
B o7 075 .g
: .
E o5 050 £ 5°
2 2 =
025 025 02
000
300 400 500 600 700 800 550 600 650 700 ke
A/nm A /nm

Fig. 3 Absorption (dot dashed line) and emission spectra (solid line) of
1-3 (a)-(c) in CH,Cl, (blue) and as powder (red). Emission spectra of
1-3 (d)—(f) at concentrations of 107> M to 107> M in CH,Cl.

Fig. 4 Crystal packing and aggregation dimers in 1 (a), 2 (b) and 3 (c).
The bidirectional red arrows and dots indicate the transition dipole
moment in the left panel, and the black dash lines represent the N---Cl
contact.

a tilted aggregation dimer as 1 with slip angles of 21.1° and
interplanar distances of 3.41 A. However, the packing between
the dimers in the crystal of 2 is non-parallel, which is different
from 1 and 3. The slip angles in 3 are 19.0 and 6.0°, and the
interplanar distances are 4.14 and 1.58 A. But the inter-
molecular distance along the long axial direction (parallel to
the Nj-plane) is 3.58 A, which is significantly larger than that
in 1 and 2 and indicates that the units of the pair in 3 are
much separated. It is well-known that in order to form

1880 | Org. Chem. Front, 2018, 5, 1877-1885
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J-aggregates, the slip angle defined by the transition dipole
and the stacking axis is required to be less than 54.7°. Thus,
1 and 2 likely show J-aggregation behavior as the slip angles are
much less than 54.7°, while 3 may not show J-aggregation be-
havior due to the long intermolecular distance between dimers.

To test this hypothesis, we compared the fluorescence of
the crystalline and amorphous states of 1-3, which are impor-
tant to investigate the effect of packing behavior on the photo-
physical properties of 1-3 (Table 1). As shown in Fig. S30 and
S31,7 the fluorescence of 1 and 2 was partially or completely
quenched after grinding in a crucible, and then recovered after
evaporating from CH,Cl, solution. However, grinding in a cru-
cible did not significantly change the fluorescence emission
of 3. The different fluorescence of 1 and 2 between crystalline
and amorphous states further indicates the importance of
aggregation (or J-aggregation) on their photophysical pro-
perties. 3 exhibited much smaller changes of fluorescence in
the amorphous state likely due to the different packing pattern
from that in 1. In addition, we also measured the fluorescence
of 1-3 doped with PMMA films (Fig. S32-S357), which might
reflect their photophysics by reducing intermolecular inter-
actions in the solid matrix. As shown in Table 1 and Fig. S32,7
the emission of 1-3 is ca. 615 nm and showed much less
difference than those in crystalline states, but similar to those
in solution.

To further confirm the formation of j-aggregation, we
studied the effect of aggregation by varying the fraction of
water ( fi, by volume) in DMSO-water mixed solvents. 1-3 have
good solubility in common organic solvents including
dimethyl sulfoxide (DMSO) but poor solubility in water. As
shown in Fig. 5a, for 1, at f,, of 0% to 30%, the absorption
spectrum shows almost no change by keeping the concen-
tration at ca. 50 pM. However, at f,, of 32%, the monomer
absorption peaks at 498 and 533 nm of 1 decrease dramatically
and a new broad absorption band at around 575 nm emerges.
Similarly, the monomer emission peaks of 2 decrease and a
new peak at 564 nm appears at f;, of 50% (Fig. 5b). The emis-
sion of 1 and 2 red-shifts from 570 to 600 nm with a shoulder
at 625 and 570 to 590 nm with a shoulder at 630 nm, respect-
ively (Fig. 5d and e), by increasing f,, from 0% to 100%. These
spectral changes indicated the typical formation of
J-aggregates due to the bathochromically shifted narrow
absorption or emission. In contrast, varying the fraction of
water did not change the shape of the absorption of 3, and
only quenches the emission intensity (Fig. 5¢ and f). These
spectral changes in absorption and emission suggested that
compound 3 does not form J-aggregates. The red-shifts in the
emission band of 3 in the solid state may be simply due
to reabsorption,'® which is a common phenomenon in
measuring fluorescence from molecular crystals, and the
bathochromically shifted value of 3 is also much smaller than
that of 1 and 2.

Weak interaction analysis

To further gain insight into intermolecular interactions from
the crystal packing of 1-3, we took the reduced density gradi-

This journal is © the Partner Organisations 2018
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Fig. 5 (a)-(c) Absorption and (d)-(f) normalized emission spectra of
1-3 at a concentration of 50 pM in DMSO—-water mixed solvents.

ent analysis (RDG)*° at the level of B3LYP'*/6-31G(d)."® In the
axial direction of crystals in 1 and 3, a weak contact was
observed between the N and Cl atoms of two stacked mole-
cules of 1 and 3 with a distance of 3.20, 3.56 A and 3.57,
3.64 A, respectively (Fig. 6a and c), and similar interactions
(3.57 A) between two Cl atoms were also found in 3 (Fig. 6c).
1 and 2 show the formation of n-n interactions in the j-type
aggregation dimers (Fig. 6a and b), and 1 also exhibits weak
n-n interactions between pentafluorophenyl groups (Fig. 6a).
The tilted stacking pattern of 1-3 results from the steric con-
gestion of the perpendicular bridging moiety. However, the
halogen bonds of N-Cl and CI-Cl in 1 and 3 shorten the dis-
tance (5.72 A) of head-to-tail stacked molecules from the per-
pendicular direction of the Nj-plane (Fig. 4a, ¢, 6a, ¢ and S367)
and thus form the parallel packing pattern. The n—x interaction
between the pentafluorophenyl groups of 1 shortens the inter-

Strong
attract interaction
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molecular distance from the parallel direction of the N;-plane
(Fig. 6a and S367), and forms J-aggregation in 1. However, for 3,
the lack of n—n interactions between the pentafluorophenyl
groups enlarges the intermolecular distance (3.58 A) in the
parallel direction (Fig. 6¢c and S367). Thus the molecules 3 are
too apart to form j-aggregation. In addition, the large distance
(5.72 A) between tripyrrin units from the perpendicular direc-
tion prevents the formation of H-aggregation (Fig. 4c and 6c).
For 2, bromine-substitution of the bridging moiety weaken the
formation of the halogen bond, and the lack of the halogen
bond in the perpendicular direction of the N;-plane and n-=n
interactions in the parallel direction induce a loose and non-
parallel crystal packing (Fig. 4b and 6b). But the n-=n inter-
action between tripyrrin units drives the formation of
J-aggregation in dimers (Fig. 6b). Thus, the detailed infor-
mation by the RDG analysis suggests that the different weak
interactions in 1-3 induced the different crystal packing and
thus photophysical properties in the solid state.

Quantitative results were also obtained by energy decompo-
sition analysis using symmetry adapted perturbation theory
(SAPT)*' on 1-3. As shown in Fig. 7, the dispersion force (ca.
-15 to —18 kcal mol™"), which is often attributed to the n-n
interaction, contributes most to the binding of 1 and 2, and
the electrostatic stabilization is about two-thirds of the former
(ca. =9 to —12 kecal mol ™). Induction, at —2 to —3 keal mol ™,
provides the remaining stabilization. These results confirm the
formation of J-aggregation in 1 and 2 again. In contrast, only
dispersion has a little effect (—0.8 kcal mol™") on 3, and the
total binding can also be neglected compared with 1 and 2,
which further indicate the negligible intermolecular inter-
action in the crystal of 3. Therefore, the quantitative analysis
of SAPT further suggests that different weak interactions
consist of halogen bonds and n—=n interactions.

Experimental section

Solvents and reagents were used as received. UV/Vis spectra
were recorded with an Agilent 8453 UV/Vis spectrometer
equipped with an Agilent 89090 A thermostat (+0.1 °C) at
25 °C. 'H, F, C NMR spectra and all the isomerization
experiments were recorded on Bruker ARX 400 instrument at

Strong
hindering effect

Fig. 6 Reduced density gradient (RDG) analysis with an isovalue of 0.50 in three axial directions for 1 (a), 2 (b) and 3 (c), which shows the weak
attractive interactions (green blocks in red cycles) of n—r stacking and the corresponding N---Cl (3.20 and 3.56 A) for 1, and only N---Cl (3.57 and

3.64 A) for 3.
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Fig. 7 Energy decomposition analysis to show the energy components
of aggregation dimers of 1-3.

298 K. High and low resolution mass spectra were provided by
the Mass Spectrometry Facilities at the University of
Connecticut and Peking University. IR spectra were acquired in
KBr pellets using a Bruker VECTOR22 FT-IR spectrometer.
Emission spectra and lifetime measurements were recorded
on an Edinburgh Analytical Instruments FLS920 lifetime and a
steady-state spectrometer (450 W Xe lamp/microsecond flash
lamp, PMT R928 for the visible emission spectrum). Quantum
yields in solution were determined using a comparative
method and the equation: @y/®; = (G¢/G;) x (15>/1:>), where the
subscripts r and s denote the reference and the sample,
respectively, @ is the quantum yield, G is the slope from the
plot of integrated emission intensity vs. absorbance, and 7 is
the refractive index of the solvent.>” The reference was fluo-
rescein 0.1 M NaOH solution (@, = 0.925, A, = 470 nm).** The
absolute quantum yields in the solid state and PMMA films
were determined on an Edinburgh Analytical Instrument
FLS-980 equipped with an integrating sphere. Intensity data of
crystals were collected on a Bruker Smart ApexII CCD diffrac-
tometer with graphite-monochromated Mo Ka radiation
(0.71073 A) at 180 K or 277 K. The structures were solved by
direct methods and refined with the full-matrix least-squares
technique based on F* using the SHELXL program. All non-
hydrogen atoms were refined anisotropically. Hydrogen atoms
were placed at the calculation positions.

Synthesis of 1

N-Bromosuccinimide (128.5 mg, 0.72 mmol) was dissolved in
dry THF (10 mL), and added dropwise to pentafluorophenyltri-
pyrrane (200 mg, 0.36 mmol) in dry THF (10 mL) at —78 °C.
The reaction was monitored by TLC and quenched with
aqueous Na,S,0;. The organic layer was extracted with DCM
and dried over anhydrous Na,SO,. After evaporation under
reduced pressure, the residue was dissolved in CH;CN (10 mL)
and DDQ (244.5 mg, 1.08 mmol) was added. The reaction was
continued for 12 h, monitored by TLC. After evaporation
under reduced pressure, the residue was subjected to a silica
column directly and separated with an eluent of PE: DCM =

1882 | Org. Chem. Front,, 2018, 5, 1877-1885
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3:1. The desired product 1 was obtained as a red powder
(90 mg, 32%). "H NMR (400 MHz, chloroform-d) § 10.30 (s,
1H), 6.73 (d, J = 4.8 Hz, 2H), 6.64 (d, J = 4.8 Hz, 2H), 5.99 (d, J =
2.4 Hz, 2H); "F NMR (377 MHz, chloroform-d) § —137.79
(ddd, J = 23.2, 8.7, 4.4 Hz), —138.70 (ddd, J = 23.4, 8.7, 4.4 Hz),
—-151.09 (t,J = 21.0 Hz), —159.99 (td, J = 22.2, 8.4 Hz), —160.39
(td, J = 22.2, 8.4 Hz); C NMR (101 MHz, chloroform-d)
5§ 175.28, 151.64, 146.20, 138.70, 136.27, 136.13,
121.56, 119.41, 119.00, 111.36, 110.56. UV-vis (CH,Cl,): Amax
[nm] (¢ x 107*) = 319 (5.09), 498 (3.07) and 533 (3.64); HRMS
(ESI) m/z found 777.98905, «caled 777.98899 for
C34HCLF;oN50, ([M + H]").

Synthesis of 2

N-Bromosuccinimide (128.5 mg, 0.72 mmol) was dissolved in
dry THF (10 mL), and added dropwise to pentafluorophenyltri-
pyrrane (200 mg, 0.36 mmol) in dry THF (10 mL) at —78 °C.
The reaction was monitored by TLC and quenched with
aqueous Na,S,03. The organic layer was extracted with DCM
and dried over anhydrous Na,SO,. After evaporation under
reduced pressure, the residue was dissolved in CH;CN (10 mL)
and 2,3-dibromo-5,6-dicyano-1,4-benzoquinone (340 mg,
1.08 mmol) and tBuOK (80 mg, 0.72 mmol) was added. The
reaction was continued for 2 h at 90 °C, and then chloranil
(177 mg, 0.72 mmol) was added to oxidize the material and
compound 2 appeared as an orange red point on the TLC
plate. The reaction was continued for further 5 h, and then
evaporated under reduced pressure. The residue was subjected
to the silica column directly and separated with the eluent of
PE:DCM = 5:1. The desired product 2 was obtained as a red
powder (136 mg, 43.5%). "H NMR (400 MHz, chloroform-d)
510.29 (s, 1H), 6.73 (d, J = 4.8 Hz, 2H), 6.64 (d, J = 4.8 Hz, 2H),
6.00 (d, J = 2.4 Hz, 2H); "F NMR (377 MHz, chloroform-d)
8 —137.75 (ddd, J = 23.5, 8.5, 4.5 Hz), —138.70 (ddd, J = 23.4,
8.8, 4.6 Hz), —151.17 (t, J = 20.8 Hz), —160.04 (td, J = 22.1,
8.5 Hz), —160.47 (td, J = 22.1, 8.5 Hz); ">’C NMR (101 MHz,
chloroform-d) § 175.35, 152.49, 146.29, 138.63, 136.28, 129.75,
121.50, 119.29, 119.15, 111.76, 110.79. UV-vis (CH,Cl,):
Amax [NM] (e x 107%) = 319 (4.90), 500 (2.88) and 533 (3.53);
HRMS (ESI) m/z found 865.88818, caled 865.88796 for
C34HgBr,F1,Ns0, ([M + H]").

Synthesis of 3

N-Bromosuccinimide (128.5 mg, 0.72 mmol) was dissolved in
dry THF (10 mL), and added dropwise to pentafluorophenyltri-
pyrrane (200 mg, 0.36 mmol) in dry THF (10 mL) at —78 °C.
The reaction was monitored by TLC and quenched with
aqueous Na,S,0;. The organic layer was extracted with DCM
and dried over anhydrous Na,SO,. After evaporation under
reduced pressure, the residue was dissolved in CH;CN (10 mL)
and chloranil (265 mg, 1.08 mmol) was added. The reaction
was continued for 12 h at 90 °C, monitored by TLC. After evap-
oration under reduced pressure, the residue was subjected to
the silica column directly and separated with the eluent of
PE:DCM = 8:1. The desired product 3 was obtained as an
orange powder (65 mg, 23%). "H NMR (400 MHz, chloroform-
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d) 6 10.42 (s, 1H), 6.67 (d, J = 4.8 Hz, 1H), 6.60 (d, J = 4.8 Hz,
1H), 5.93 (d, J = 2.4 Hz, 1H); '°F NMR (377 MHz, chloroform-d)
5 —138.30 to —138.51 (m), —151.78 (t, J = 20.8 Hz), —160.62 (td,
J =21.0, 6.3 Hz); *C NMR (101 MHz, chloroform-d) § 174.79,
146.77, 146.31, 137.98, 136.11, 127.71, 120.68, 119.53, 117.82.
UV-vis (CH,Cl,): Amax [nm] (e x 107%) = 317 (4.18), 495 (2.82)
and 528 (3.39); HRMS (ESI) m/z found 795.92330, calcd
795.92055 for C3,HgCLF1oN;0, ([M + H]").

Electrochemistry measurement

The electrochemical experimental procedures were conducted
with a standard three electrode configuration on a Shanghai
Chenhua CHI660C electrochemical workstation at room temp-
erature, 25 °C, under argon. Cyclic voltammetry experiments
were recorded using glassy-carbon working electrode disks of
3 mm diameter (Cypress Systems EE040). The working elec-
trode was treated between scans by means of a sequence of
polishing with diamond paste (Buehler) of decreasing sizes
(3 to 0.05 pm) interspersed by washings with purified H,O.
The auxiliary electrode was a platinum wire electrode and the
Ag/AgCl electrode was the reference electrode. All glassware for
electrochemical experiments was oven dried overnight and
allowed to cool to room temperature before use.

Calculation details

The Gaussian 09 software package (version D.01)'® was used
for all the geometry optimization at the B3LYP'*/6-31G(d)"
level, and the TDDFT calculations were performed for the opti-
mized structures of the ground state at the same level. The
reduced density gradient (RDG) analysis®® was performed for
selected dimers using Multiwfn 3.4.1>* and plotted using
VMD 1.9.3,>* and the selected dimers were pre-calculated at
the level of B3LYP'*/6-31G(d)"® in Gaussian 09'® to obtain
electron density. The energy decomposition analysis was
carried out using symmetry adapted perturbation theory
(SAPT)*" in the open-source ab initio Electronic Structure
Package PSI 4.0.0-beta5 driver (SAPTO, paired with the jun-
cc-pVDZ basis set).>

Conclusions

In summary, we reported the design and synthesis of cyclic tri-
pyrrins with benzene-1,4-diol as a bridging moiety. Single
crystal structures showed the bridging benzyl moiety perpen-
dicular to the tripyrrin plane, endowing the whole molecular
structures with rigidity. As expected, the fluorescence of tripyr-
rins is significantly enhanced, however, it is irrelevant to the
substitution of the bridging benzyl moiety. Interestingly, the
halogen-substitution of the bridging moiety significantly
affects the solid emission, which is related to the halogen
bonds and n-rn interactions. Both 1 and 2 exhibit typical
J-aggregate emission, while 3 emits fluorescence only due to
the different crystal packing in the solid state. Thus, RDG ana-
lysis suggests that the bridging moieties of 1-3 are important
to induce the different crystal packing and thus photophysical
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properties in the solid state. SAPT analysis suggests that there
are halogen bonds and n—n interactions involved in the crystal-
line states. Therefore, this work enriches the repertoire of oligo-
pyrrole and opens access to design functional oligopyrroles by
tuning weak intermolecular interactions by the perpendicular
bridging moiety.
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