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Abstract: Three new molecular dyads, comprising a bora-3a,4a-diaza-s-indacene (Bodipy) dye linked to
two aromatic polycycles via the boron center, have been synthesized and fully characterized. The polycyclic
compounds are either pyrene or perylene, or a mixture of both. Whereas the absorption spectral profiles
contain important contributions from each of the subunits, fluorescence occurs exclusively from the Bodipy
fragment. Intramolecular excitation energy transfer is extremely efficient in each case, even though spectral
overlap integrals for the pyrene-based system are modest. Although these polycycles are sterically
congested, molecular dynamics simulations indicate that they are in dynamic motion, and this hinders proper
computation of the orientation factors for Forster-type energy transfer. These new dyes, especially the
mixed polycycle system, greatly extend the range of excitation wavelengths that can be used for fluorescence
microscopy.

Introduction presents problems when using the dye as a fluorescent reagent
in biotechnology*? Indeed, it has become increasingly clear that
dyes based on a single chromophore are inadequate for purposes
such as flow cytometry, fluorescence labeling, and chemical
sensing because of the closeness between excitation and
detection wavelengths.This realization has led to the develop-
ment of dual-chromophore dyes that possess extended “virtual”

for all such applications concerns the intense fluorescence and>tokes' shiftsi* Several Bodipy-based dual-chromophore dyes
favorable photophysics of the Bodipy family of dy&s noted have been reported in recent years wherein aromatic polycycles

weakness of Bodipy dyes, and indeed most other classes of1ave been appended to the organic framework. These reagents

intensely fluorescent dyes, is the small Stokes' shift, which operate by virtue of efficient intramolecular excitation energy
transfer from the polycycle to the Bodipy dye, followed by

T University of Newcastle. _ regular fluorescence from the dye. In this way, the energy gap
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4-bora-3a,4a-diazaindacené (abbreviated herein a&-Bodipy),
1-ethynylpyrené? and 1-ethynylperylerfwere prepared and purified
according to literature procedurasButyl lithium was titrated prior

to use according to a literature procedirdll reactions were carried

out under dry argon using Schlenk-tube and vacuum-line techniques.

Experimental Procedure and Characterization. The pyrene and
perylene lithio derivatives were prepared in two separate Schlenk flasks
at —78 °C. To a stirred, degassed solution of 1-ethynylpyrene (0.154
g, 0.680 mmol) in anhydrous THF (10 mL), n-BulLi titrated at 1.49 N
(0.460 mL, 0.680 mmol) was added dropwise, and the mixture was
stirred at—78 °C for 1.5 h. In a separate Schlenk tube, 1-ethynyl-
perylene (0.188 g, 0.680 mmol) was dissolved in anhydrous THF (10
mL), n-Buli titrated at 1.49 N (0.460 mL, 0.680 mmol) was added
dropwise, and the mixture was stirred-a¥8 °C for 1 h. After that
time, the resulting pyrene anion was transferred via cannula to the
perylene solution kept at 78 °C. The resulting solution was transferred
rapidly to the difluoroboradiazaindacene precursor (0.180 g, 0.566
mmol) dissolved in anhydrous THF (10 mL) and maintained at room
temperature. The mixture was stirred at room temperature for 5 min,
until complete consumption of the starting material was observed by
TLC. Water (1 mL) was then added, and the solution was extracted
with CH,Cl, (3 x 50 mL). The organic phase was dried over cotton-
wool. After evaporation, the crude mixture was purified by column
Figure 1. Structural formulas and abbreviations used for the Bodipy-based chromatography on flash silica using cyclohexane and increasing
cascade-type dyes studied in this work. amounts of ethyl acetate {20%). The crude reaction mixture was

dispersed on neutral alumina and deposited as a solid on the top of the
cycle being attached at different sites on the indacene back-column. The pure compounds were isolated by slow evaporation of
bonel6 Many of these dual-chromophore dyes have connected dichloromethane from a mixture of dichloromethane, methanol (trace),
the subunits by way of ethynylene linkers so as to ensure goodand hexane.
electronic communicatiol. We now seek to expand on this Characterization of the Compounds. 4,4Bis(pyrenyl-1-ethynyl)-
subject by introducing a new class of dual-chromophore dyes 1.3,5,7,8-pentamethyl-2,6-diethyl-4-bora-3a,4a-diazaindacene (1).
in which the polycycles replace the fluorine atoms. This strategy 'solated yield: 20%, 0.099 gH NMR (CDCL): 6 = 8.75 (d, 2H,%J
places the substituent close to the indacene core and allows for 9'30 Hz), 8.16-7.96 (m, 16H), 3.11 (s, 6H), 2.74 (s, 31")* 21'56 @
facile synthesis of asymmetrical derivatives bearing two different 4H, %) = 7.5 Hz), 2.45 (s, 6H), 1.17 (t, 6H) = 7.5 Hz). "C {*H}

olycycles. For the compounds described herein, connection toNMR(CDC|3’ 100 MHz): 6 =152.1, 140.0,134.7, 132.8, 132.1, 131.4,
polycycles. P ’ 131.3, 130.5, 130.4, 129.7, 127.8, 127.43, 127.38, 126.4, 126.0, 125.3,

the boron center is made via a single ethyne group. It will be 15c 11 155 08 12461 12457 1244 944 17.6 17.4. 15.2. 14.8
shown that intramolecular singlet energy transfer is extremely 145 |R (KBr mull): v — 2960 (s), 2293 (m), 2169 (w), 1599 (s),
efficient and that, in the case of a mixed pyrene/perylene system, 1430 (s), 1184 (s), 978 (s) cth FAB* (m/z, nature of peak, relative
the fluorescence excitation spectrum covers most of the regionintensity): 731.2, [M+ H]*, 100. Anal. Calcd for §H4sBN; (M, =
between 200 and 540 nm. 730.74): C, 88.76; H, 5.93; N, 3.83. Found: C, 88.57; H, 5.77; N,
3.65.
4,4-Bis(perylen-3-ethynyl)-1,3,5,7,8-pentamethyl-2,6-diethyl-4-
Structural formulas for the molecular systems studied herein are bora-3a,4a-diazas-indacene (2). Isolated yield: 16%, 0.066 g.
given in Figure 1. The new compounds were synthesized and characterPrepared according to the general procedure with 1-ethynylperylene
ized by NMR, fast-atom bombardment mass spectra in positive mode (0.045 g, 0.16 mmol) in 5 mL of THF, 98L of n-butyl lithium (1.74
(FAB™), Fourier transform infrared (FT-IR), UVvisible spectroscopy, M in n-hexane), andl (0.026 g, 0.082 mmol) in 10 mL of THF.
and elemental analysis. Complete consumption of the starting material was observed after 30
Synthesis. General MethodsThe 400 {H) and 100.3 *C) MHz min. The chromatography was performed on silica {Ckcyclohex-
NMR spectra were recorded at room temperature using perdeuteratedane, 20:80), and recrystallization gave 0.02 6 (f5% yield)."H NMR
solvents as internal standard:(H) in ppm relative to residual protiated ~ (CDClg): 6 = 8.37 (d, 2H,2J = 8.1 Hz), 8.21-8.13 (m, 6H), 8.08 (d,
solvent;o (C) in ppm relative to the solvent. A fast-atom bombardment 2H,3J = 8.1 Hz), 7.677.65 (m, 4H), 7.61 (d, 2HJ = 7.9 Hz), 7.5}
ZAB-HF-VB analytical apparatus, operated in positive mode, was used 7.43 (m, 6H), 3.00 (s, 6H), 2.71 (s, 3H), 2.52 (g, /4,= 7.5 Hz),
for mass spectral studies witftnitrobenzyl alcoholifrNBA) as matrix. 2.43 (s, 6H), 1.13 (t, 6HJ = 7.5 Hz).13C{*H} NMR (CDCl): 6 =
FT-IR spectra were recorded on the neat liquids or as thin films, 152.1, 135.4, 134.8, 134.7, 132.9, 131.5, 131.4, 131.3, 130.6, 130.5,
prepared with a drop of dichloromethane and evaporated to dryness128.7, 127.9, 127.1, 127.0, 126.7, 123.0, 120.63, 120.57, 120.4, 119.9,
on KBr pellets. Chromatographic purification was conducted using 17.6, 17.5, 15.3, 14.9, 14.5. IR (KBr) = 2922 (m), 2125 (m), 2172
standardized flash silica gel. Thin-layer chromatography (TLC) was (w), 1618 (m), 1554 (m), 1430 (s), 1184 (s), 1122 (s), 977 (m), 876
performed on aluminum oxide or silica plates coated with fluorescent (m), 767 (m). FAB (m/z, nature of peak, relative intensity): 831.1,
indicator. All mixtures of solvents are given as volume/volume (v/v)
ratios. (18) Shah, M.; Thangaraj, K.; Soong, M. L.; Wolford, L.; Boyer, J. H.; Politzer,
Materials. Tetrahydrofuran was distilled over sodium and ben- I. R.; Pavlopoulos, T. GHeteroat. Chem199Q 1, 389.
zophenone. Samples of 4,4-difluoro-1,3,5,7,8-pentamethyl-2,4-diethyl- (19) %)5'."?5'”&?3”3@&? H’fsﬁe&r%ﬁf‘ffkﬁé tf/'r‘?ssf"z?ehsirgl" Commui999
1999 11, 3366.

(17) Ziessel, R.; Goze, C.; Ulrich, G.;"€ario, M.; Retailleau, P.; Harriman, (20) Inouye, M.; Hyodo, Y.; Nakazumi, Hl. Org. Chem1999 64, 2704.
A.; Rostron, J. PChem. Eur. J2005 11, 7366. (21) Suffert, JJ. Org. Chem1989 54, 509.
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[M + H]*, 100. Anal. Calcd for @H47BN2-/,CH,Cl, (M, = 830.86 beam was combined with the excitation pulse and used as the diagnostic
+ 42.46): C, 85.96; H, 5.54; N, 3.21. Found: C, 85.42; H, 5.51; N, beam. The two beams were directed to different parts of the entrance

3.21. slit of a cooled charge-coupled device (CCD) detector and used to
4-(Pyrenyl-1-ethynyl)-4-(perylen-3-ethynyl)-1,3,5,7,8-pentamethyl- calculate differential absorbance values. The CCD shutter was kept open
2,6-diethyl-4-bora-3a,4a-diazas-indacene (3).Isolated yield: 28%, for 1 s, and the accumulated spectra were averaged. This procedure

0.149 g.'H NMR (CDCl): 6 = 8.64 (d, 1H,3J = 9.0 Hz), 8.34 (d, was repeated until about 100 individual spectra had been averaged.
1H,3J = 8.0 Hz), 8.24 (t, 1H3J = 8.0 Hz), 8.26-8.02 (m, 10H), 7.85 Time-resolved spectra were recorded with a delay line stepped in
(d, 1H,%3 = 9.0 Hz), 7.62 (t, 1H3J = 8.0 Hz), 7.55-7.48 (m, 5H), increments of 100 fs. The sample, possessing an absorbance of ca. 1 at
3.05 (s, 3H), 3.01 (s, 3H), 2.80 (s, 3H), 2.60 (q, 2Bi= 7.4 Hz), 2.57 420 nm, was flowed through a quartz cuvette (optical path lergeh

(q, 2H,3 = 7.4 Hz), 2.51 (s, 3H), 2.49 (s, 3H), 1.19 (t, 3H,= 7.4 mm) and maintained under an atmosphere af N

Hz), 1.16 (t, 3H,%) = 7.4 Hz).°C{!H} NMR (CDCly): ¢ = 152.2, Electrochemical studies employed cyclic voltammetry with a con-
140.1, 137.9, 135.5, 134.7, 134.6, 132.9, 132.3, 131.5, 131.4, 131.3,ventional three-electrode system using a BAS CV-50W voltammetric
130.6, 130.5, 130.4, 129.7, 128.8, 127.8, 127.6, 127.4, 127.3, 126.7,analyzer equipped with a Pt microdisk (2 ®mvorking electrode and
126.4, 126.1, 125.3, 125.2, 125.0, 124.6, 124.5, 124.3, 124.2, 124.1,a platinum wire counter electrode. Ferrocene was used as an internal
119.8, 94.5, 17.7, 17.6, 17.4, 17.3, 15.3, 15.2, 14.8, 14.7, 14.5. IR standard and was calibrated against a saturated calomel reference
(KBr): v = 3043 (m), 2960 (m), 2926 (m), 2868 (m), 2161 (m), 1597 electrode (SCE) separated from the electrolysis cell by a glass frit
(m), 1555 (s), 1479 (s), 1386 (m), 1360 (m), 1323 (m), 1184 (s), 1122 presoaked with electrolyte solution. Solutions contained the electrode-
(m), 1062 (m), 977 (s), 846 (m). FAB(m/z, nature of peak, relative active substrate (ca. 156 102 M) in solvent previously deoxygenated

intensity): 781.2, [M+ H]", 100. Anal. Calcd for GHsBN, (M, = with anhydrous nitrogen and with tetrabutylammonium hexafluo-
780.80): C, 89.22; H, 5.81; N, 3.59. Found: C, 88.94; H, 5.67; N, rophosphate (0.1 M) as supporting electrolyte. The quoted half-wave
3.41. potentials were reproducible to withihl5 mV.

Spectroscopic Studies.Spectrophotometric grade solvents were Molecular orbital calculations were made on energy-minimized

purchased from Aldrich Chemical Co. and used as received. Absorption conformations calculated by Gaussian 03 using the parametrized
and fluorescence spectra were recorded using a Hitachi U3300 semiempirical AM1 method and checking for imaginary frequenties.
spectrophotometer and a fully corrected Yvon-Jobin Fluorolog Tau-3 Several different starting geometries were sampled. Such AM1 calcula-
spectrofluorimeter, respectively. Low-temperature emission spectra weretions are far from definitive for boron-containing compounds but have
taken using an immersion-well liquid ,NDewar. Emission quantum been found to adequately model cyclic boron etRéRarameters for
yields were measured inNurged 2-methyltetrahydrofuran (MeTHF)  boron were taken from the literatu#éThese calculations were used
relative to Rhodamine 6G (in metharf@l)or Coumarin 153 (in to generate energy-minimized geometries and transition dipole moments
cyclohexane or ethanol/water 12)Corrections were made for changes ~ for the dyes in vacuo. Molecular dynamics simulations (MDS) were
in refractive inde%* or density as required. Fluorescence lifetimes were performed with INSIGHT-#° running on a Silicon Graphics 02
recorded using the phase modulation method on an Yvon-Jobin workstation. Structures were drawn in the Builder module, and partial
Fluorolog Tau-3 Lifetime System, with the instrumental response charges were assigned using the ESFF force ffefithergy minimiza-
function being measured against a solution of Ludox in distilled water. tion was carried out with the Discover-3 module using the conjugate
Additional lifetime measurements were made with a PTI XenoFlash gradient method with a cutoff of 9.5 A until the maximum derivative
system. All solutions used for fluorescence spectral measurements werevas less than 0.0005 kcal/A. The energy-minimized geometries were
optically dilute and were used in conjunction with nonemissive glass used as the starting points for the MDS studies. Each MDS run consisted
cutoff filters. of an initial 10 ps of equilibration using the velocity scaling method,
Flash photolysis studies were made with an Applied Photophysics followed by 100 ps of production dynamics. During the latter stage,
Ltd. LKS60 instrument. Excitation was made with 4-ns pulses at 532 the temperature averaged 300 K, with a standard deviation of 4.8 K.
nm, delivered with a frequency-doubled, Q-switched Nd:YAG laser, Data points were sampled each 10 fs of simulation time.
while detection was made at 90Qsing a pulsed, high-intensity Xe arc
lamp. The signal was detected with a fast-response photomultiplier tube
after passage through a high-radiance monochromator. Transient Synthesis and CharacterizationThe three target compounds
differential absorption spectra were recorded point-by-point, with five \yere prepared in a single reaction using the difluoro derivative
individual records being average'd at eagh \_/vgvelength. Kmetu; measure-(F_BOdipy) and half an equivalent each of 1-lithioethynylpyrene
ments_were made after averaging 50 |nd|V|QUaI records using global and 1-lithioethynylperylene. Due to comparable reactivity, it
analysis methods. The sample was purged withé&lore use. For some L . .
studies, iodomethane (10% v/v) was added before photolysis. The laserVaS anticipated 'that a statistical ratio of the dyes would be
intensity was calibrated by reference to the triplet state of ziese formed. Separation of the three compounds was successfully
tetraphenylporphyrin in deoxygenated toluéhe. realized on several flash chromatography columns using ad-
Fast transient spectroscopy was made by pupipbe techniques ~ €duate mobile phases, followed by multiple recrystallizations.
using femtosecond pulses delivered from a Ti:sapphire generator The fingerprint of these molecules is given by the proton NMR
amplified with a multipass amplifier pumped via the second harmonic spectra. In particular, compountl exhibits a characteristic
of a Q-switched Nd:YAG laser. The amplified pulse energies varied doublet at 8.75 ppm, whereas f@dra doublet is found at 8.37
from 0.3 to 0.5 mJ, and the repetition rate was kept at 10 Hz. Part of ppm. In both cases, the integrations of these peaks correspond
the beam (ca. 20%) was focused onto a second harmonic generator in
order to produce the excitation pulse. The residual output was directed (26) Frisch, M. J.; et alGaussian 03revision C.02; Gaussian, Inc.: Wallingford,
onto a 4-mm sapphire plate so as to create a white light continuum for ) i}zﬁggﬁv, V. V1. Struct, Chem2001, 42, 494,
detection purposes. The continuum was collimated and split into two (2g) (a) Dewar, M. J.'S.: Reynolds, C. Bl. Comput. Chenl986 2, 140. (b)

equal beams. The first beam was used as reference, while the second  Dewar, M. J. S.; Zoebisch, E. G.; Healy, E. F.; Stewart, J. Am. Chem.
Soc 1985 107, 3902. (c) Dewar, M. J. S.; McKee, M. L.; Rzepa, H.JS.
Am. Chem. Sod978 100, 3607. (d) Dewar, M. J. S.; Thiel, W.. Am.

Results and Discussion

(22) Olmsted, J., 111.J. Phys. Chem1979 83, 2581. Chem. Soc1977, 99, 4899. (e) Dewar, M. J. S.; Jie, C.; Zoebisch, E. G.
(23) Jones, G., Il; Rahman, M. Al. Phys. Chem1994 98, 13028. Organometallics1988 7, 513.
(24) Eaton, D. FPure Appl. Chem1988 60, 1107. (29) INSIGHT-II; Accelrys Software Inc.: Cambridge, UK, 2062006.
(25) (a) Hurley, J. K.; Sinai, N.; Linschitz, HRhotochem. Photobiol 983 38, (30) Shi, S.; Yan, L.; Yang, Y.; Fisher-Shaulsky, J.; Thacher). TComput.
9. (b) Carmichael, I.; Hug, G. LJ. Phys. Chem. Ref. Datt986 15, 1. Chem 2003 24, 1059.
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to the two protons located at tleposition of the ethynyl tether perylene
and lying in the deshielding cone of the indacene core. As 8 4] pyrene [T 1
expected for the mixed pyrene/perylene @&/egwo doublets, 8 5

each integrating for one proton, were found at 8.64 and 8.34 2 10

ppm. Furthermore, owing to the asymmetry introduced by two © 0'8_

different polyaromatic nuclei, all methyl groups of the pyrrole '

rings are split, whereas the central methyl group resonates as a 061

singlet at 2.80 ppm. Also noteworthy is the quaternary ethynyl 041

carbon which resonates at 94.4 ppm fpat 119.9 ppm fog, g'i'

and as two singlets at 94.5 and 119.8 ppm3or 300 200 5
Electrochemistry. Cyclic voltammetry studies were carried A {nm)
out in deoxygenated dichloromethane containing excess tetra-SFg{gt’ii nZ-S gfg l?gf’goque:;;aag:;;d;i ;?]L\}vhneatsh;%ﬁdﬂ?/:ess icvn“ﬁeHF

N-butylammonium hexafluorophosphate as supportl_ng elgctrp- pyrene bar?ds being due ?loand the perylene bands being dué2toThe
lyte. Electrode processes observed for the asymmetric derivativespectrum recorded f@is shown as a dotted line. Concentrations were ca.
3 could be assigned on the basis of studies made with the 10uM.

symmetrical compoundsand2, and with the parerf-Bodipy

00 600

dye. On oxidative scans, three reversible steps could be resolved 1.00-

with half-wave potentialsH;) of 0.81, 0.91, and 1.32 V vs

SCE, respectively. The first process corresponds to one-electron 0.751

oxidation of the Bodipy unit! whereas the second one-electron g 0.50

oxidation refers to removal of an electron from the perylene £

unit32 The pyrene unit undergoes one-electron oxidation at " 0251

higher potentials and is responsible for the third oxidative

wavel? 19 For3, it was possible to re;olve two rt_aver5|ble, one- 000 1 250 6t om0 700
electron reduction processes. The first step, \Eith = —1.54 % (nm)

V vs SCE, is due t(? redl.JCt'On of the Bodipy unlt,. while the Figure 3. Normalized fluorescence spectra recorded for the three dyes in
second step, occurring witky, = —1.76 V vs SCE, is due to  MeTHF solution. Individual spectra are overlaid to show their close
reduction of the perylene group. It was not possible to observed comparability. The excitation wavelength was 480 nm in each case, and
reduction of the pyrene unit within the given electrochemical Soncentrations were arounda.

window. lowest-energy transition associated with the Bodipy residue

The electrochemical behavior is in keeping with the relative (Figure 2). In each case, this feature appears as a stiong S
electron densities and delocalization abilities of the polycycles. S, transition centeredi(n;x) at 525 nm émax = 80 000 M1

Relative to the parer-Bodipy dye, it is notable thd-Bodipy cmY). For 1, there is also a weaker, broag S- S, band
derivatives (referring to ethynyl-substituted Bodipy dyes) are entered at 375 nm, but this transition is obscured in the other
easier to oxidize by about 100 mV but more difficult to reduce compound$* Each polycycle shows a series of well-resolved
by about 120 mV. It is alsg significant to note that these absorption bands at higher energy, wilelisplays both sets
electrochemical results predict that both the HOMO and the ¢ pands. There is no obvious sign of electronic coupling

LUMO will be centered on the Bodipy unit. Used in conjunction  paryeen the subunits, and the absorption spectrum recorded for
with the photophysical data (see later), thEsevalues indicate 3 ig exactly as expected on the basis of spectra recordet! for

that intramolecular electron transfer from or to the Bodipy 4,42 (Figure 2). Fluorescence, centered at 530 nm, is readily
excited singlet state is thermodynamically unfavorable for both caned in fluid solution at ambient temperature and shows
polycycles. Minor thermodynamic driving forces are available good mirror symmetry with the S— S, absorption transition
for both oxidation and reduction of the Bodipy unit by the (Figure 3). The small Stokes’ shift (ca. 550 chimplies there
perylene excited singlet state and for reduction of the Bodipy g |ittje change in geometry or polarity between ground and
unit by the excited singlet state of the pyrene fragniént. excited states.

Photophysical Studies Absorption spectra recorded for the - The fluorescence spectra are identical throughout the series
three new dyes display a common feature representative of theg,q entirely consistent with fluorescence from the Bodipy
subunit (Figure 3§° For each dye, the fluorescence signal was

(31) (a) Ulrich, G.; Ziessel, RSynlett2004 439. (b) Ulrich, G.; Ziessel, RI.

Org. Chem 2004 69, 2070, (c) Ulrich, G.; Ziessel, Rretrahedron Leit  found to decay by way of first-order kinetics with a lifetime
é004éf, 19;(?(56((17)12'3%3??" R.; Bonardi, L.; Retailleau, P.; Ulrich, I5. (ze) of 6.5+ 0.1 ns in deoxygenated MeTHF solution at room
rg. Chem , . .
(32) Salbeck, J.; Kunkely, H.; Langhals, H.; Saalfrank, R. W.; DauBhimia temperature. The fluorescence quantum yidhg)(was found
1989 43, 6. to be 0.90+ 0.05 under these conditions, in each case. It is

(33) The oxidation and reduction potentials, respectively, for the first excited
singlet state of the Bodipy unit are calculated to-5&55 and 0.82 V vs clear that the appended polycycle does not perturb the photo-
SCE. On this basis, we can rule out light-induced electron-transfer processes i i i
involving the Bodipy excited state and either of the polycycles. The physma}l propertles of the Bodipy dye. For these (?ompounds,
reduction potential for the excited singlet state of the perylene unit is the radiative rate constants calculated from the StriekBarg
calculated to be 0.89 V vs SCE, such that this species might be expected ; ; ; ;
to oxidize the Bodipy unitAG° = —0.08 eV, ignoring electrostatic effects). expressm?f’ agree well with those derived by experiment. Both
The corresponding oxidation potential for the perylene unitis73 V vs

SCE, such that reduction of the Bodipy unit is a possibilitys¢ = —0.19 (34) Karolin, J.; Johansson, L. B.-A.; Strandberg, L.; Ny,JTAm. Chem. Soc
eV, ignoring electrostatic effects). For pyrene, the oxidation potential for 1994 116 7801.

the excited singlet state is estimated to-b&89 V vs SCE, such that, in (35) Lopez Arbeloa, F.; Barelos, J.; Martinez, V.; Arbeloa, T.; lpez Arbeloa,
principle, this species might be expected to reduce both the Bodi§ ( I. Int. Rev. Phys. Chem2005 24, 339.

= —0.35 eV) and peryleneAG° = —0.13 eV) units. (36) Strickler, S. J.; Berg, R. Al. Chem. Physl962 37, 814.
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@ and 7 were found to be independent of temperature in Table 1. Parameters Used To Calculate the Rate Constants for
deoxygenated MeTHF over the range from 300 to 80 K. Triplet ~Orster-Type Energy Transfer in the Three New Dyes

state formation remains highly inefficient under these conditions, parameter 12 2 3
and, in the absence of a perturbing heavy-atom solvent, <1>pd§ 0.86 0.63 0.86
intergystem 'crossi'ng does not compgte with radiativg decay of E{c/g;\e ?57 g:é ﬁ’s
the first-excited singlet state. The triplet quantum vyields are  J:/10-*mol~tcnf 1.4 13.0 3.5

; ; KO 0.20 0.14 0.95
gséllnated from nanosecond laser flash photolysis to be less than ke /st 27 % 100 17 102 50 % 1010

The corrected fluorescence excitation spectra recorded for _° Refers to singjet energy transfer from pyrene to thatate localized
. . on the Bodipy unit? Refers to singlet energy transfer from perylene to the
compoundsl—3 were found to be in excellent agreement with s, state localized on the Bodipy unitRefers to singlet energy transfer
the corresponding absorption spectra over the range-230 from pyrene to perylené! Fluorescence quantum yield and lifetime for
. 1-trimethylsilylacetylenepyrene and 1-triethylsilylacetyleneperyl@ne-

nm. No fluorescence could be detected from either of the grage center-to-center separation distance derived from the MDS runs.
polycycles, and, compared to suitable reference materials, it is
clear that®¢ for the pyrene and perylene units in these
compounds is<10-4. Time-resolved fluorescence studies made
with near-UV excitation confirmed that the fluorescent states
associated with the polycycles have lifetimes less than 50 ps.
On this basis, it appears that photons collected by the appended
polycycles are transferred quantitatively to the Bodipy unit. The
rate constants for intramolecular excitation energy transfer must
exceed 2x 10°s1, Such behavior has been noted befér¥,
especially with anthracene and pyrene appendages. With pyrene
attached at the pseudo-meso position, it was concluded that
intramolecular energy transfer occurred by a through-space
process, with the overlap integral being increased due to transfer
to the S state localized on the Bodipy urditThe situation was
not so clear with a series of anthracene-based dual-chromophore
dyes, and both through-space and through-bond interactionsrigure 4. lllustration of the relevant transition dipole moments involved
were considereéf in the calculation of the orientation factor far The dipole momentga

Forster-Type Energy Transfer. The close proximity be- ~ @ndup are indicated.
tween the Bodipy and polycyclic units should favor dipele
dipole energy transfer, although the ethynylene connector coul
act as a good conduit for through-bond interacti®nEhe rate
constant kg) for Forster-type energy transfer can be expresse
in terms of eq 1,

dsynthetic protocols and involve pyrene and perylene units
bearing a single ethyne group at the relevant site. Photophysical
d properties were measured for these compounds in deoxygenated
MeTHF at room temperature and are given in Table 1. The
spectral overlap integral refers to the reduced fluorescence
(8.8 x 10725)¢FK2 spectra Fp) for the reference compounds, converted into
= . (1) wavenumber 1), and the normalized absorption spectrum of
n* Te RCC6 the Bodipy unit displayed in terms of the molar absorption
coefficient €a). The derived)g values are collected in Table 1,
where together with the correspondinBcc values obtained from
molecular modeling studies.
‘/(‘)“FD(V) ea(v) v A dv It is seen that the photophysical properties of the reference
= - donors are remarkably different, especially the fluorescence
j(; Fpo(v) dv lifetimes. The more extended perylene-based compound, which
emits at longer wavelength, gives the larger center-to-center
n is the refractive index of the surrounding solvent and both separation and the higher overlap integral. This latter value refers
®r andy refer to the polycyclic donor when isolated from the to spectral overlap with the,S— S; absorption transition of
Bodipy acceptor. HereRec is the center-to-center separation the Bodipy unit for2 but to the $— $; transition for the pyrene-
distance between the reactarisjs their mutual orientation ~ based systerf. This difference accounts for the large discrep-
factor, andJg is the spectral overlap integré The key factors ~ ancy between the derivell values. To compute the orientation
involved in evaluating this expression are (i) identifying an factors, itis necessary to establish the geometries for the isolated

appropriate reference compound with which to comutéii) molecules. Indeed( can be expressed in terms of eq 2,
determining a realistic separation distance, and (iii) predicting
the orientation factor. Given the fact that the rates of intramo- K = cos¢ — 3 costl, cosb, 2)

lecular energy transfer are very fast, the main problem concerns

calculating appropriate values fé. Suitable reference com-  wherefp and 6, are the angles between the transition dipole

pounds, used to measufer and , are available from the =~ moments of the donor and acceptor, respectively, with the
. . . molecular axis andp is the angle between the two dipoles

@7) 'T*ﬁxmgz Q:?Rz_!eégzh \?\/iQﬁ/rcbg;]-S\I/%?nr?éjimf)%gg;ypalzeg' M. M., (Figure 4). Information about these angles was sought from

(38) Faster, T.Discuss. Faraday Sod.959 27, 7. molecular modeling studies made fbrand 2.
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t(ps)

Figure 6. Left: Representation of the main torsion angles of the pyrene units with respect to the molecular axis. Right: Varigtiandgf;, during a
MDS run (red,i = 1; blue,i = 2). The torsion angles are given in absolute values.

Molecular Modeling Studies Carried Out with 1. Semiem- In the MDS runs, attention was focused on the mutual ori-
pirical molecular orbital calculations made at the AM1 level entation of the pyrene and Bodipy units. The relative orientation
indicate thatl adopts many different conformations that vary of the pyrene fragment can be described by the anglad the
only slightly in energy (i.e., less than 0.1 eV). For each dihedral anglgs shown in Figure 6. The MDS results clearly
conformation, the energy-minimized structures for both ground indicate high internal flexibility around the ethynylene connec-
and first-excited singlet states were closely comparable. Con-tor, sincea andj vary over a wide range at 300 K, as shown
formational heterogeneity can be considered to arise from two in Figure 6. The barrier to rotation around an ethynylene con-
major internal rotations. The first grouping arises from twisting Necting bond is known to be very sméland the MDS results
of the ethyl group (represented in blue in Figure 5) and has no t€nd to confirm_ this realization. Despite the apparent stereo-
observable effect on the orientation factor or separation distance cheémical crowding caused by the bulky pyrene residue, internal
The second family of conformers arises from rotation around fotation is facile and might be expected to take place on a time
the connecting ethynylene group (represented in red in Figurescale comparable with that of intramolecular energy transfer.

5) and has a profound effect on the orientation factor, but not The actual center-to-center separation distance remains fairly

the center-to-center separation. In particular, this rotation al'[ers_ConStant at 7.7 A throughout the MDS run, and there is no

the orientation of the pyrene dipole moment with respect to the |nd|cgt|on fc_>r buck!mg_ of the indacene core, as happens for
. : certain Bodipy derivative® Here, the structural integrity of
molecular axis. This effect could be seen clearly from molecular

dynamics simulations. (39) Amini, A.; Harriman, A.Phys. Chem. Chem. Phy2003 5, 1344.
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304 three representative conformations2ére given in Figure 8.
Again, the computational studies found essentially the same
geometry for ground and first-excited singlet states, while MDS
20 runs confirmed the high degree of internal flexibility. The larger
polycycle reduces the variation in geometry relativel tdut
even so the orientation factor varies considerably (Figure 7).
The mearK value derived from these studies is 0.14, and this
allows calculation of the mean Eier rate constant as 1x
102 s71, The higherke with respect tdl (Table 1) arises from
the improved spectral overlap integral since perylene fluores-
1.0 cence overlaps with thegS> S; absorption transition localized
on the Bodipy unit. The very fast rate of intramolecular energy
transfer is fully consistent with the reported excitation spectra
and with the noted absence of perylene-like fluorescence. The
shorter singlet lifetime of the perylene-like reference compound
and the enhanced: value compensate for the longer center-
to-center distance. Excitation energy transfer from perylene to
Bodipy is expected to be quantitative, as found experimentally.
Excitation Energy Transfer in 2 and 3. The absorption
spectral profile characteristic of the pyrene-like unitliand3
is outside the range where the excited-state dynamics can be
0 probed by ultrafast laser spectroscopy. As such, it has not been
02 04 06 08 1.0 possible to confirm the fast rates of intramolecular energy
transfer from pyrene to Bodipy, or to perylene, by direct
observation. Perylene, however, absorbs at longer wavelength
and can be interrogated by subpicosecond laser pulses delivered
the compound is preserved, the indacene unit being planar, andat 420 nm. The experimental setup allowed excitatior2 of
the only serious geometrical changes are those depicted in FiguraMeTHF solution with short (fwhm= 130 fs) laser pulses at
5. 420 nm, where only the perylene unit absorbs. The course of
Twisting of the pyrene unit around the ethyne connector has reaction was monitored by following the rate of bleaching of
the effect of orienting the transition dipole moment of the donor the Bodipy $ — S; absorption transition at 535 nm. It was
and thereby has a major influence on the size of the orientation observed that bleaching of the Bodipy chromophore occurred
factor. Both semiempirical calculations and the MDS studies after the laser pulse and on a time scale of a few picoseconds
indicate that a wide variety of conformations should be expected (Figure 9). The kinetic trace did not correspond to a single-
at ambient temperature. Although these calculations were madeexponential curve, but the mean lifetini@[{j for the bleaching
in vacuo, it seems unlikely that solvent molecules will com- process was ca. 0.7 ps. This seems entirely consistent with the
pletely dampen the internal oscillations. As sudh, was results of the Fister calculations and confirms the observation
calculated for each conformation found in the MDS runs, that the perylene unit i2 does not fluoresce with appreciable
allowing for the frequency of occupation (Figure 7). The mean Yield. The same experiment carried out whgave a mean
value forK is 0.2, which when used in the"Fer equation lifetime of 0.8 ps. In each case, the bleaching curve gave a
predicts a mean rate of dipetelipole energy transfer of 4.2 reasonable fit to stretched exponential kinetics, as expressed in
10'°s1, This mean rate is high, given the rather limited overlap terms of eq 3,
integral, and consistent with the lack of fluorescence from the
pyrene unit. The Fster mechanism is insensitive to changes Alt) = Ay e WHF 3
in temperature; again, this is in agreement with the observation
that pyrene-like emission is not seen in a frozen glass at 77 K. suggesting that internal rotation of the perylene unit is slower
Molecular Modeling Studies Carried Out with 2. Semiem- than energy transfer. Here, the stretching exponehthés a
pirical calculations also indicate that many conformations are value of ca. 0.65 and presumably represents the distribution of
available for2 that differ by only minor variations in energy;  conformers that do not equilibrate on the relevant time scale.

251

freq %

freq %

Figure 7. Statistical distribution of the orientation factor calculated from
MDS runs forl (top panel) an@® (bottom panel).

Figure 8. Representative conformations calculated 2dsy semiempirical methods.
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light harvester for near-UV photons. In this respect, the
asymmetric derivative8 is the most attractive dye, since it
collects photons across most of the accessible spectral range.
This compound fluoresces strongly when dispersed in polymeric
media and acts as a highly efficient solar concentrator. It also
provides for a large “virtual” Stokes’ shift, displaying several
clear absorption peaks that are useful as markers for chemical
sensors. The fluorescence quantum yield is independent of
0 ' PR S S temperature and excitation wavelength and relatively insensitive
0 20 40 60 80 100 to changes in the polarity of the surrounding medium. This dye
time / ps i . )

) ) o i ) ) looks to be a useful addition to the Bodipy family.
Figure 9. Typical kinetic trace showing bleaching of the Bodipy chro- L
mophore at 535 nm following laser excitation into the perylene unigfor Intramolecular excitation energy transfer appears to be
The signal has been normalized and fit to eq 3 witk 0.65 and#(= 0.7 consistent with the Fster dipole-dipole mechanisr®17 at
ps. The red line is the best fit according to a linear least-squares analysis.|egst for the perylene-based chromophore. It is possible that the
rate of energy transfer is augmented by Dexter-type through-
bond interactions, given the short separation and conjugated

The new dual-chromophore dyes introduced herein display ethynylene linker. The latter is known to be an effective bridge
extremely fast intramolecular energy transfer from the poly- for electron-exchange procességhe ability to tunnel through
cycles to the Bodipy residue. Similar behavior has been notedthe central boron atom is unknown, however, and it has not
before for polycycles attached to the indacene core, and the rated)een necessary to invoke the Dexter mechanism in our work.
appear comparable for the different systems. There are no The final point of interest concerns the possibility of setting
obvious indications for competing intramolecular electron up a cascade effect in the asymmetric derivadividere, photons
transfer, despite the modest thermodynamic driving forces for absorbed by the pyrene unit can be transferred directly to the
certain processé® .t is possible that the weak solvent polarity, Bodipy $ state, in accordance with our calculations, or to the
relatively long through-space distances, and/or poor conductivity perylene unit. The latter is perfectly placed to act as an energy
of the B atom inhibit electron transfer and thereby favor energy acceptor. The Fster-type overlap integral is high, the center-
transfer. The ease of synthesis and, in particular, the ability to to-center separation distance is modest, and the mean orientation
isolate asymmetrical derivatives are clear advantages of thefactor is acceptable (Table 1). Model calculations, using the
boron-substituted dyes. We have studied both pyrene- andreference compounds employed above, predict that thedte
perylene-based systems, each connected to the boron center vigype rate of energy transfer from pyrene to perylen8 is on
a single ethyne group; these dyes can be conveniently describedhe order of 5x 109 s1. As such, we might expect photons
as E-Bodipy dyes so as to readily distinguish them from the absorbed by the pyrene unit to be channeled to perylene or
more commorF-Bodipy dyes bearing two BF bonds. There Bodipy units with equal probability. Unfortunately, limited
is no reason why the synthesis cannot be extended to includeexperimental facilities, in terms of restricted excitation wave-
other polycyclic substituents nor why cross-functionalized dyes, lengths, prevent direct observation of any such cascade effect.
having additional substituents covalently linked at the indacene
backbone, cannot be prepared. An interesting feature of these Acknowledgment. We thank the EPSRC (EP/C007727/1),
E-Bodipy dyes is that the substituent does not affect the the CNRS, the University of Newcastle, and the Centre National
photophysical properties of the Bodipy unit; this is in marked de la Recherche Scientifique (CNRS) for financial support of
contrast to the correspondiifgBodipy dyes, where the absorp-  this work.
tion and fluorescence spectral profiles can be tuned over a wide
range. The ethynyl substituent merely functions as an ancillary
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