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Near-IR Excitation Transfer and Electron Transfer in a BF,-Chelated
Dipyrromethane-Azadipyrromethane Dyad and Triad
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Shunichi Fukuzumi,*™ ‘! and Francis D’Souza*!™ %

Abstract: A molecular dyad and triad,
comprised of a known photosensitizer,
BF,-chelated dipyrromethane (BDP),
covalently linked to its structural
analog and near-IR emitting sensitizer,
BF,-chelated tetraarylazadipyrrometh-
ane (ADP), have been newly synthe-
sized and the photoinduced energy and
electron transfer were examined by
femtosecond and nanosecond laser
flash photolysis. The structural integrity
of the newly synthesized compounds

tial pulse voltammetry studies have re-
vealed the redox states, allowing esti-
mation of the energies of the charge-
separated states. Such calculations re-
vealed a charge separation from the
singlet excited BDP ('BDP*) to ADP
(BDP'*-ADP") to be energetically fa-
vorable in nonpolar toluene and in
polar benzonitrile. In addition, the ex-
citation transfer from the singlet BDP
to ADP is also envisioned due to good
spectral overlap of the BDP emission

currence of energy transfer from
'BDP* to ADP (in benzonitrile and
toluene) and electron transfer from
BDP to 'ADP* (in benzonitrile, but
not in toluene). The kinetic study of
energy transfer was measured by moni-
toring the rise of the ADP emission
and revealed fast energy transfer
(ca. 10"s™") in these molecular sys-
tems. The kinetics of electron transfer
via 'ADP*, measured by monitoring
the decay of the singlet ADP at A=

has been established by spectroscopic,
electrochemical, and computational
methods. The DFT calculations re-
vealed a molecular-clip-type structure
for the triad, in which the BDP and
ADP entities are separated by about
14 A with a dihedral angle between the
fluorophores of around 70°. Differen-

Introduction

Molecular and supramolecular systems linked to two or
more fluorophores have attracted increased interest from
the scientific community due to their potential applications,
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and ADP absorption spectra. Femto-
second laser flash photolysis studies
provided concrete evidence for the oc-
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820 nm, revealed a relatively fast
charge-separation process from BDP to
'ADP*. These findings suggest the po-
tential of the examined ADP-BDP
molecules to be efficient photosynthet-
ic antenna and reaction center models.

which range from solar-energy harvesting and energy con-
version to molecular logic gates and optoelectronic devi-
ces.'” Tetrapyrrole macrocycles, such as porphyrins and
phthalocyanines, have widely been used for these applica-
tions due to their structural similarity to natural photosyn-
thetic pigments, established synthesis protocols, and tunable
redox and photophysical properties.®! Interestingly, another
class of fluorophores, BF,-chelated dipyrromethanes
(BODIPY or BDP),”! have also recently been employed to
perform the functionalities of antennas and electron donors
or acceptors in a number of molecular systems.'"*¥! This is
because the BDP macrocycle can be easily modified at the
meso and (-carbon positions and exhibits attractive photo-
physical characteristics with strong absorption and emission
bands in the visible region. "]

A structural analog of BDP, BF,-chelated tetraarylazadi-
pyrromethanes (Aza-BODIPY or ADP), which have a nitro-
gen in the meso position of the macrocycle, have attracted
increased attention because of their high extinction coeffi-
cients (7-8x10°M~'cm™), large fluorescence quantum yields
above 4A=700 nm, and facile one-electron reduction poten-
tials.”! Thus, they have been used in applications ranging
from photosensitizers to photodynamic therapy agents.!!
Recently, we reported on donor-acceptor dyads and triads
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that feature ferrocene and ADP and demonstrated efficient
photoinduced electron transfer from ferrocene to singlet ex-
cited ADP?! By using transient absorption techniques, it
was possible to spectrally characterize the one-electron-re-
duced product of ADP and monitor the photoinduced elec-
tron-transfer dynamics. In a parallel study, ADP was cova-
lently linked to a known electron acceptor, fullerene, and ul-
trafast photoinduced electron transfer leading into the for-
mation of a radical ion pair (ADP"*—Cg ) was successfully
demonstrated.”?"!

Herein, we report on the application of both ADP and
BDP in excitation-transfer and electron-transfer model com-
pounds. For this purpose we have covalently linked one or
two units of BDP to ADP and formed molecular dyad and
triad systems, as shown in Scheme 1. Although structurally
similar, the BDP and ADP macrocycles differ substantially
in their optical absorption and emission properties in such
a fashion that energy transfer from singlet excited BDP to
ADP (a near-IR emitter) is achievable. This has been dem-
onstrated herein by employing both steady-state and time-
resolved studies at different time scales. In the examined
BDP-ADP and (BDP),-ADP molecules, the BDP acts both
as antenna and electron-donor unit, whereas the ADP acts
as a promising energy and electron acceptor. Therefore, we
have successfully demonstrated the ability of singlet excited
BDP to be an energy donor and an electron donor within
a molecular dyad or triad. This is in contrast to the previous
studies in which 'BDP* was primarily deactivated by either
one of the two photochemical processes but not both.18

Results and Discussion

Syntheses of the BDP-ADP
dyad and (BDP),-ADP triad:
The synthesis of the donor-ac-
ceptor systems involved a multi-
step approach, as shown in
Scheme 2; the details are given
in the Experimental Section.
Briefly, the BF,-chelated [5-(4-
hydroxyphenyl)-3-phenyl-1H-

pyrrol-2-yl]-[5-(4-hydroxyphen-
yl)-3-phenylpyrrol-2-ylidene]-

amine was synthesized accord-
ing our earlier reported proce-
dure.”! Next, this compound
was treated with 4-formylcar- HO
boxylic acid in the presence of
EDCI to introduce one or two
formyl groups on the ADP pe-
riphery. The formyl groups
were reacted with 2,4-dimethyl-
pyrrole to generate one or two
dipyrromethane entities. Final-
ly, the dipyrromethane entities
were treated with BF;OEt, to

OH
CHO
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BDP-ADP (BDP),-ADP

Scheme 1. Structures of the newly synthesized BDP-ADP dyad and
(BDP),-ADP triad and the ADP(OH), and tolyl-BDP control com-
pounds.

convert them to BDP entities. The structural integrity of the
newly synthesized compounds was established from
"H NMR spectroscopy, mass spectrometry (see Figure S1,
Supporting Information), and optical techniques.

Steady-state absorption and fluorescence measurements:

The optical absorption spectra of the dyad and the triad
along with the control compounds, that is, BDP and
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Scheme 2. Synthetic procedure adapted for the BDP-ADP dyad and (BDP),-ADP triad.
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Figure 1. Normalized absorption spectra of tolyl-BDP (---), ADP(OH),
(——), BDP-ADP (-+---+), and (BDP),-ADP (-----) in toluene. The spectra
of tolyl-BDP, BDP-ADP, and (BDP),-ADP were normalized at A=
505 nm.

ADP(OH),, are shown in Figure 1 in toluene and Figure S2
in the Supporting Information in benzonitrile. BDP exhibits
a visible band at =503 nm, whereas for ADP(OH), this
band is located at A =670 nm, along with a less intense band
at A=462 nm. When pristine ADP with no peripheral OH
groups is used, this band is found to be located at A=
658 nm. The 12 nm red shift in the spectrum of ADP(OH),
could be ascribed to a bathochromic effect caused by the
OH groups. For the BDP-ADP dyad, BDP and ADP bands
are located at =505 and 676 nm, with similar peak charac-
teristics (molar extinction coefficient (¢) and broadness). In-
terestingly, for the (BDP),-ADP triad, the absorption bands
are located at A=507 and 665 nm, and the peak intensity of
the =665 nm band corresponding to ADP is almost half of
that of the BDP band at A=507 nm.

Figure 2 shows the fluorescence emission spectra of the
investigated compounds in toluene when excited at A=
505 nm, which corresponds to the absorption maxima of the
BDP entity. Pristine BDP revealed a strong emission located
at 2=517nm (&;=0.89 for 'BDP* and &;=0.12 for
'ADP*). However, in the dyad and triad this band was
quantitatively quenched with the appearance of a new weak
band at 1=674 nm for the dyad and A=663 nm for the
triad, respectively. The intensity of the formed BDP-'ADP*
was found to be almost the same as that obtained by the
direct excitation of BDP-ADP at A=680nm in toluene,
which selectively excited the ADP entity (Figure S3, Sup-
porting Information). Further, excitation spectra for both
the dyad and triad were recorded by fixing the emission
monochromator to the ADP emission peak maxima. The ex-
citation spectrum revealed the absorption band of not only
ADP at =671 nm but also BDP at A=506 nm, which pro-
vides direct proof for singlet-singlet energy transfer (Fig-
ure S4, Supporting Information). These results show energy
transfer from the singlet-excited BDP to the covalently
linked ADP in both the dyad and the triad.” The ratio of
peak intensities was found to be 0.44, which suggests an effi-
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Figure 2. Fluorescence spectra of tolyl-BDP (——) and BDP-ADP dyad
in toluene (se«++) and benzonitrile (-----). Inset: Fluorescence spectra of
the BDP-ADP dyad and (BDP),-ADP triad in toluene (TN) and benzo-
nitrile (PhCN) to demonstrate quenched emission of ADP in benzonitrile
compared with that in toluene. The spectra were recorded at the same
optical density at A=505 nm; 4., =505 nm.

cient excitation transfer from the singlet BDP to ADP. By
changing the solvent from toluene to benzonitrile, similar
energy transfer from the singlet BDP to the attached ADP
was clearly observed. The only difference is the considerably
higher quenching of the singlet-excited states of
BDP-'ADP* and (BDP),-' ADP* compared to that in tolu-
ene (Figure S4, Supporting Information). These results in
polar benzonitrile suggest that the 'ADP* of the dyad and
triad, formed by excitation transfer from the singlet-excited
state of BDP, is further quenched by electron transfer from
the attached BDP.

Electrochemistry and energy levels: To establish the energy
levels, electrochemical studies by using differential pulse
voltammetry (DPV) were performed. Figure 3 shows the
DPV of the dyad and triad along with the reference com-
pounds in o-dichlorobenzene (0o-DCB), 0.10Mm (nBu,N)CIO,.
The one-electron reduction of ADP(OH), was located at
—0.99 V, whereas the one-electron reduction for tolyl-BDP
is located at —1.75V vs. Fc/Fc*. The first one-electron re-
duction of the BDP-ADP dyad located at —0.93 V can be
ascribed to the reduction of the ADP moiety, which is anod-
ically shifted by 50 to 60 mV compared with ADP(OH),.
The second one-electron reduction at —1.64 V can be as-
cribed to the reduction of the BDP entity, which is found to
be anodically shifted by about 106 mV compared with tolyl-
BDP. Similar shifts in the reduction potentials were ob-
served for (BDP),-ADP triad, with the first one-electron re-
duction being at —0.85 V and the second one-electron reduc-
tion at —1.65 V, which can be attributed to reduction of the
ADP and BDP entities, respectively. The one-electron oxi-
dation potential of the tolyl-BDP is located at 0.73 V, where-
as the one-electron oxidation potential corresponding to the
BDP entity in (BDP),-ADP and BDP-ADP are located at
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Figure 3. Differential pulse voltammograms of the indicated compounds
in o-dichlorobenzene, 0.1m (nBu,N)CIO,. Scan rate=5mVs~, pulse
width=0.25s, pulse height=0.025 V. The asterisk indicates the oxidation
process of ferrocene used as an internal standard.

0.78 and 0.81 V versus Fc/Fc*, respectively. These anodic
shifts of approximately 50 to 80 mV can be attributed to the
chemical functionalization of the BDP entity. Also, in the
case of the triad the current for the BDP oxidation was
twice as large as that of the current of the ADP reduction.
In the case of compounds with OH substituents, an addition-
al peak near 0.7 V was observed which could be ascribed to
the oxidation of phenolate substituents.

The thermodynamic driving forces for the charge-recom-
bination (—AGR) and charge-separation (—AGcs) processes
were calculated by using Equations (1) and (2):*¥

~AGey = E, ,(BDP** /BDP)—E, ,(ADP/ADP"") + AG,

_AGCS = AE"O—O_ (_AGCR) (2)

in which E,,(BDP*/BDP) is the first oxidation potential of
BDP, E,,(ADP/ADP") is the first reduction potential of
ADP, AE,_, is the energy of the 0-0 transition energy gap
between the lowest excited state and the ground state of
BDP and ADP, and AG;, refers to the static Coulombic
energy, calculated by using the dielectric continuum
model® according to Equation (3):

AGq :_62/47550[(1/(2R+) +1/2R_)—(1/Rcc)/es)

3

—((1/(2R;) +1/(2R_))/ex) e

The symbols ¢, &, and ez represent vacuum permittivity
and the dielectric constants of solvent used for photochemi-
cal and electrochemical studies, respectively. R is the
center-to-center distance between BDP and ADP entities.
The AGg values are summarized in Table 1. Together with
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Table 1. Electrochemical redox potentials (V' vs. Fc/Fct) and driving
forces of charge recombination (AGg) and charge separation (AGs) for
the (BDP),-ADP dyad (n=1) and triad (n=2) via 'BDP* and 'ADP* in
benzonitrile and toluene.

BDP”+ ADP"" AGRM AGu"  AGKP  AGM
[V] [V] [eV] [eV] [eV] [eV]
tolyl-BDP  0.74 - - - -
ADP(OH), - —0.99 - - -
(BDP),- 0.78 —093 —142  —098¢ -188  —0.520
ADP —0.434 —dl
(BDP),- 0.81 -0.85 —147  —093< _-193 —0.47
ADP —0.38 _al

[a] In benzonitrile. [b] In toluene. [c] Via 'BDP*. [d] Via 'ADP*.

the energy of 'BDP* (2.40 eV) and 'ADP* (1.85eV), the
driving forces for the charge-separation processes (—AGs)
were calculated as listed in Table 1. The negative AGcs
values of BDP-ADP and (BDP),-ADP in benzonitrile give
the charge separation from BDP to the singlet excited ADP
in benzonitrile. The values of AGs and AG suggest that
in the event of electron transfer from BDP to 'ADP* the
charge separation is in the Marcus normal region, whereas
the charge recombination in BDP*-ADP lies in the
Marcus inverted region.

B3LYP/3-21G(*) geometry optimization studies: Figure 4a

and b show the B3LYP/3-21G(*)-optimized structures of the
dyad and triad, respectively.”*?”! The structures are fully op-

a) b)

©)

bt
vy
e

Figure 4. B3LYP/3-21G(*) optimized structures of a) BDP-ADP and
b) (BDP),-ADP. The frontier HOMO and LUMO of the (BDP),-ADP
triad are shown in c) and d), respectively.

timized on a Born-Oppenheimer potential energy surface.
In the optimized structure, both the ADP and BDP macro-
cycles are found to be flat, whereas the peripheral aromatic
rings of ADP are slightly tilted. The boron-boron separation
in the BDP-ADP macrocycles is found to be 15.6 A, where-
as the distance from the closest carbon of BDP to the closet

Chem. Eur. J. 2012, 18, 52395247
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carbon of ADP (edge-to-edge distance) is about 12.1 A. The
two macrocycles were spatially disposed with a dihedral
angle of 54.7°.

Interestingly, for the (BDP),-ADP triad, the two coplanar-
ly positioned BDP entities linked to ADP formed a molecu-
lar-clip-type structure similar to the structure of the (Fc),-
ADP triad reported earlier.??! The two BDP macrocycles
are separated by a distance of 15.8 A. The B—B separation
and edge-to-edge distance are not significantly different
from that of dyad. The dihedral angles between the ADP
and BDP macrocycles are found to be 55.8 and 64.0° for the
two BDP entities, respectively. The frontier highest occupied
molecular orbital (HOMO) for both the dyad and triad are
found to be on the BDP entity, while the lowest unoccupied
molecular orbital (LUMO) is found to be on the ADP
entity. The location of the HOMO and LUMO are in agree-
ment with the electrochemical results, which predicted the
BDP entity to be an electron donor and the ADP entity to
be an electron acceptor.

Excited energy transfer mechanism: The observed excitation
transfer between singlet-excited BDP as a donor and ADP
as an acceptor could be explained either by Dexter’s ex-
change mechanism®! or Forster’s dipole-dipole mecha-
nism.” The former mechanism involves a double-electron
exchange involving one electron from the LUMO of the ex-
cited donor to the empty LUMO of the acceptor with a si-
multaneous transfer of another electron from the HOMO of
the acceptor to the half-filled HOMO of the donor. The
rate constant is given by Equation (4):

kp = 4n*H*Iy /h (4)

in which 4 is Plank’s constant, H is the electronic exchange
parameter, and Jp, is the Dexter spectral overlap integral.*®l
The frontier orbitals from the DFT studies (Figure 4) in con-
junction with the spectroscopic studies reveal that such elec-
tronic interactions are almost non-existent. Therefore, the
results of the present study have been analyzed according to
Forster’s mechanism.

According to Forster mechanism, the rate of excitation
energy transfer, kpger is given by Equation (5):

kFérster = [88 X 10725}62¢D]F6rsler]/[n4TDR6} (5)

in which 7 is the solvent refractive index, @, and 7, are the
fluorescence quantum yield (0.6) and the fluorescence life-
time (1.6 ns) of the isolated donor, Jgsy., is the Forster’s
overlap integral representing the emission of the donor and
absorption of the acceptor, R is the donor-acceptor center-
to-center distance (15.6 A). In Equation (5), ” is the orien-
tation factor and for flexible systems of the type discussed
here, a value of x*=2/3 is generally used.”™ The Jr;er SPeC-
tral overlap integral representing the emission of the donor
and absorption of the acceptor is given by Equation (6):

Chem. Eur. J. 2012, 18, 52395247
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Tronser = / Fo()ea(A)2td (6)

in which Fp(1) is the fluorescence intensity of the donor
with total intensity normalized to unity, €,(4) is the molar
extinction coefficient of the acceptor expressed in units of
M'em™' and A in nanometers. Analysis of the data accord-
ing to Equation (6) gave a J value of 9.1x10™"*m'cm® for
the BDP-ADP system.

The kgsger Value estimated by using the parameters de-
scribed in Equation (5) is found to be of the order of 4 to
8x10" s™!, depending upon solvent conditions, which reveals
fast excitation transfer. As explained below, the rate of
energy transfer measured by using the transient absorption
technique agrees well with the theoretical predictions.

Photodynamics studies: Femtosecond transient absorption
spectroscopy was used to obtain further insight into the ex-
cited state interactions in BDP-ADP dyad and (BDP),-ADP
triad to corroborate the proposed energy-transfer and elec-
tron-transfer processes. Toward this end, the BDP-ADP
dyad and (BDP),-ADP triad were probed with excitation at
A=490 nm to selectively excite the BDP fluorophore. The
femtosecond transient absorption spectra of tolyl-BDP in
toluene (Figure 5) revealed the instantaneous formation of
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0.00 % ”'dm“;.’,"awﬁﬁ"m
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§ ool .;.Qr; § .
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Figure 5. Differential absorption spectra obtained upon femtosecond
flash photolysis (=480 nm) of tolyl-BDP in toluene with several time
delays between 1 and 1800 ps at room temperature. Inset: Decay profile
of the singlet BDP at A=>508 nm, monitoring the intersystem crossing dy-
namics.

BDP singlet-excited-state features. Here, the transient ab-
sorption spectra are dominated by pronounced bleaching
between 4=450 and 600 nm, which is due to depletion of
the singlet ground state. BDP singlet-excited-state features
are long lived (i.e., 4.2 ns). A slow intersystem crossing to
the corresponding triplet state of BDP is implicit.

The spectral features in the visible region, which are seen
immediately (i.e., 1 ps) upon excitation of BDP-ADP dyad
in toluene (Figure 6), are almost the same as those recorded
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cayed with a rate constant of
1.9%x10°s™', which is much
faster than that observed in tol-
uene. This observation indicates
occurrence of electron transfer
from BDP to 'ADP* in benzo-
nitrile with a rate constant of
1.40x10°s71 P as predicated
from the earlier steady-state
emission measurements and the
calculated negative AGg value
in benzonitrile. It should be
noted that the anticipated ab-
sorption band of the ADP radi-
cal anion (Figure S6, Support-
ing Information) was hidden
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under the strong bleaching of
the 'ADP*.

The spectral features of the
(BDP),-ADP triad in toluene
and benzonitrile (see Figure S7
and S8, Supporting Informa-
tion) were found to be similar
to those recorded for the BDP-
ADP dyad. The kgyr from
'BDP* to ADP was determined
to be 1.2x10" s, In benzoni-
trile, the 'ADP* of the (BDP),-
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Figure 6. Top: Differential absorption spectra obtained upon femtosecond flash photolysis (1., =490 nm) of
BDP-ADP in toluene at 1, 5, and 35 ps. Bottom: Time—absorption profiles of the singlet states of BDP (left,

A=508 nm) and ADP (right, =820 nm).

for the BDP singlet-excited state (‘BDP*). The absorption
of the singlet BDP at =508 nm is greatly diminished in in-
tensity over time, with concomitant increase of the ADP
emission at A=671 and 820 nm, which provides direct evi-
dence of excitation transfer between the photoexcited BDP
unit and the singlet ground state of ADP (see Figure S3 in
the Supporting Information for femtosecond transient spec-
tra of ADP(OH),). The kinetics of BDP to ADP energy
transfer was determined by exponential fitting of the rise
profile of the formed 'ADP* at 820 nm (kgnp=1.1x10"s71).
The decay rate of the formed 'ADP* was found to be 5.7 x
10® s™!, which is close to the decay of the singlet ADP refer-
ence compound, indicating that the 'ADP* is not quenched
by the attached BDP in toluene.

By changing the solvent from toluene to benzonitrile, sim-
ilar spectral features of the BDP-ADP dyad were observed
(Figure 7). From the rise profile of the formed 'ADP*, the
singlet BDP to ADP energy transfer in polar benzonitrile
determined as 1.2x10" s™'. The finding that the kgyr value
in benzonitrile is nearly as same as the value in toluene indi-
cates that the energy transfer from 'BDP* to ADP is insen-
sitive to the solvent polarity. On the other hand, 'ADP* de-
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ADP triad decayed with a rate
constant of 6.9x10°s™!, which
corresponds to the ke The
faster k¢g of the triad with a rel-
atively higher AG¢s (—0.43 eV)
than the dyad (AGgs=
—0.38 eV) can be understood if
charge separation is occurring in the Marcus normal
region.”!

Further nanosecond transient absorption spectra were re-
corded to check whether the charge-separated state (BDP'*
-ADP"") returns to the ground state via the triplet decay
path. Upon excitation with =490 nm laser light, the transi-
ent spectra of tolyl-BDP exhibited an extremely weak ab-
sorption in the 4=400 to 450 nm range, which corresponds
to triplet BDP with a lifetime of 71 ps (Figure S9 in the Sup-
porting Information). By exciting the ADP(OH), control at
A=490 nm, a weak absorption of the triplet ADP was ob-
served in the A=400 to 550 nm range, with a maximum at
A=440 nm (Figure S10 in the Supporting Information). The
decay rate of triplet ADP was found to be 5.7x10° s}, from
which a lifetime of 175 us was deduced. Because the energy
levels of the charge-separated states of the dyad and triad
are found to be higher than that of the low-lying triplet
state of ADP, the charge recombination of the radical-ion
pairs can be expected to populate the triplet ADP and the
ground state. The finding that the transient spectrum of
(BDP),-ADP in benzonitrile exhibited rather weak signals
in the A =400 to 500 nm range, which corresponds to the for-
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Figure 7. Top: Differential absorption spectra obtained upon femtosecond
flash photolysis (4.,=490 nm) of BDP-ADP in benzonitrile at 5, 160, and
2500 ps. Bottom: Time—absorption profile of the singlet state of ADP at
A=2820 nm, monitoring the energy-transfer and electron-transfer dynam-
ics.

mation of triplet ADP (Figure S11, Supporting Informa-
tion), suggests that the transient species of both dyad and
triad decayed mainly to populate the ground state.

Figure 8 summarizes the photochemical events in the
form of an energy-level diagram for the investigated dyad;
a similar diagram can be envisioned for the triad as well. Se-
lective excitation of the BDP entity of the dyad populates
the singlet-excited state of BDP, which transfers its energy

IBDP*-ADP
“ 240 eV ‘\ kENT
\\‘ (:lolls-l)
‘&
BDP-!ADP*
T 185eV
: lkcs (=10%s71)
E BDP'+-ADP*- 3BDP*-ADP
E 147V 140V
. : BDP-3ADP*
(Z-SIO8 s P | ker< 1095 “1ooev
hv E —> in benzonitrile
H ---% intoluene
AR
BDP-ADP

Figure 8. Energy-level diagram depicting photoinduced energy-transfer
and electron-transfer processes in the BDP-ADP dyad in benzonitrile
and toluene.
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to the attached ADP. In toluene, the formed 'ADP* de-
cayed to its ground state without evidence of additional sub-
sequent energy-transfer and/or electron-transfer reactions.
However, an electron transfer from BDP to !ADP* in ben-
zonitrile was clearly observed to give (BDP''-ADP"") in
both dyad and triad. It is worth noting that deactivation of
the electron-transfer product, BDP""-ADP"~ leads to the
ground state without the intermediate formation of either
SBDP* or *ADP*, as indicated by the photochemical meas-
urements.

Conclusion

The synthesis and characterization of a new type of dyad
and triad featuring BF,-chelated dipyrromethane covalently
linked to its structural analog, BF,-chelated tetraarylazadi-
pyrromethane, have been accomplished. The structural in-
tegrity of the newly synthesized dyad and triad has been es-
tablished by spectroscopic, electrochemical, and computa-
tional methods. DFT calculations revealed a molecular-clip-
type structure for the triad, in which the two coplanar BDP
entities are separated by about 16 A. The redox states were
examined by using voltammetry studies, and the free-energy
calculations suggested the possibility of charge separation
via the singlet-excited states of BDP and ADP entities.
However, selective excitation of the BDP entity in the dyad
and triad revealed quantitative quenching of the BDP fluo-
rescence with simultaneous emission from the ADP entity
in the near-IR region in both polar and nonpolar solvents.
The energy-transfer and electron-transfer products were
characterized by the femtosecond laser flash photolysis stud-
ies. The kinetics of energy transfer, measured by monitoring
either the decay of BDP emission or the rise of the ADP
emission, revealed fast energy transfer (=10"s™) in these
molecular systems in both polar and nonpolar solvents,
which agrees well with the theoretical estimations. In con-
trast to the results obtained in toluene, further photochemi-
cal events from BDP to 'ADP* that lead to electron transfer
are observed in polar benzonitrile. The kinetics of this pro-
cess were found to be relatively fast. The present study suc-
cessfully demonstrates utilization of a near-IR emitting sen-
sitizer, BF,-chelated tetraarylazadipyrromethane, as a suit-
able candidate to build new types of donor-acceptor dyads
for excitation-transfer and electron-transfer studies.

Experimental Section

Chemicals: All the reagents were from Aldrich Chemicals (Milwaukee,
WI), whereas the bulk solvents used in the syntheses were from Fischer
Chemicals. Tetra-n-butylammonium perchlorate, (nBu,N)CIO, used in
electrochemical studies were from Fluka Chemicals. The initial synthesis
of ADP macrocycle was performed according to the procedure reported
by O’Shea and co-workers®! with modifications.

The synthetic details of BF,-chelated [5-(4-hydroxyphenyl)-3-phenyl-1H-
pyrrol-2-yl]-[5-(4-hydroxyphenyl)-3-phenylpyrrol-2-ylidene]amine are
provided elsewhere.*!

www.chemeurj.org

— 5245


www.chemeurj.org

CHEMISTRY

F. D’Souza, S. Fukuzumi et al.

A EUROPEAN JOURNAL

Synthesis of ADP-(ALDEHYDE), and ADP-(ALDEHYDE),: 4-Car-
boxybenzaldehyde (200 mg, 1.3 mmol) was dissolved in DMF (20 cm®), to
which EDCI (255 mg, 1.3 mmol) was added at 0°C under N,, followed by
the addition of BF,-chelated [5-(4-hydroxyphenyl)-3-phenyl-1H-pyrrol-2-
yl]-[5-(4-hydroxyphenyl)-3-phenylpyrrol-2-ylidene ]Jamine (234.9 mg,
0.4 mmol; see Scheme 2 for structures of the abbreviated compounds),
after which the mixture was stirred for 24 h. Then the solvent was re-
moved under reduced pressure and the residue was dissolved in CH,Cl,
and washed with water. Then the organic layer was separated and dried
over Na,SO,, then the solvent was evaporated. The residue was purified
by column chromatography on silica gel with CH,Cly/hexanes (1:1) to
give ADP-(ALDEHYDE), (yield 80 mg, 22 %), and with CH,Cl, to give
ADP-(ALDEHYDE), (yield 50 mg, 17 %).

Data for ADP-(ALDEHYDE),: '"HNMR (400 MHz, CDCL,): 6=10.16
(s, 2H), 8.38 (d, /=8.14 Hz, 4H), 8.17 (d, J=8.98 Hz, 4H), 8.12-8.02 (m,
8H), 7.52-7.45 (m, 6H), 7.41 (d, J=8.96 Hz, 4H), 7.08 ppm (s, 2H)

Data for ADP-(ALDEHYDE),;: 'HNMR (400 MHz, CDCly): 6=10.17
(s, 1H), 8.39 (d, J=8.34 Hz, 2H), 8.14 (d, J=9.04 Hz, 2H), 8.11-8.03 (m,
10H), 7.52-7.41 (m, 8H), 7.38 (d, J=8.95 Hz, 2H), 7.11 (s, 1H), 7.01 (s,
1H), 6.96 ppm (d, J=8.88 Hz, 2H).

Synthesis of (BDP),-ADP: Compound ADP-(ALDEHYDE), (63 mg,
8x 107> mmol) and 2,4-dimethyl pyrrole (3.3x107%cm?, 0.32 mmol) were
dissolved in absolute methylene chloride (50 cm®) under N,. One drop of
trifluoroacetic acid was added to the reaction mixture, which was stirred
for 3 h. Then a solution of DDQ (36 mg, 0.16 mmol) in methylene chlo-
ride was added and the mixture was stirred for 1 h followed by the addi-
tion of diisopropylethylamine (0.12 cm?, 0.68 mmol) and borontrifluoride
diethyletherate (0.12 cm®, 0.97 mmol). The reaction mixture was stirred
for a further 1 h, after which it was washed with water. The organic layer
was dried over anhydrous Na,SO, and the solvent was evaporated. The
residue was purified by column chromatography on silica gel with
CH,Clyhexanes (1:1) to give (BDP),-ADP (Yield: 10 mg, 10%).
"HNMR (400 MHz, CDCl;): 6=8.35 (d, /=828 Hz, 4H), 8.18 (d, /=
8.82 Hz, 4H), 8.09 (d, /=9.59 Hz, 4H), 7.56-7.4 (m, 14H), 7.08 (s, 2H),
6.02 (s, 2H), 2.58 (s, 12H), 1.42 ppm (s, 12H); MALDI MS: m/z calcd for
C,,Hs¢N,O,B;F: 1229.7; found: 1236.07.

Synthesis of BDP-ADP: Compound ADP-(ALDEHYDE), (40 mg, 6x
107> mmol) and 2,4-dimethyl pyrrole (1.2x 1072 cm?, 0.12 mmol) were dis-
solved in (50 cm®) absolute methylene chloride under N, atmosphere. To
the reaction mixture one drop of trifluoroacetic acid was added and was
stirred for a period of 3h. Then a solution of DDQ (13.7mg, 6x
107> mmol) in methylene chloride was added, and the stirring was contin-
ued for 1 h followed by the addition of diisopropylethylamine (0.12 cm?,
0.68 mmol) and borontrifluoride diethyletherate (0.12 cm?, 0.97 mmol).
Stirring was further continued for 1 h, after which the reaction mixture
was washed with water. The organic layer was dried over anhydrous
Na,SO, and the solvent was evaporated. The residue was purified by
column chromatography on silica gel with CH,Cl, to give BDP-ADP
(yield 8 mg, 15%). 'HNMR (400 MHz, CDCl;): =835 (d, /=838 Hz,
2H), 8.13 (d, /=8.86 Hz, 2H), 8.02-8.10 (m, 8 H), 7.52-7.36 (m, 8H), 7.1
(s, 1H), 7.0 (s, 1H), 6.93 (d, /=87, 2H), 6.02 (s, 2H), 2.58 (s, 6H),
1.42 ppm (s, 6H); MALDI MS: m/z calcd for Cs,H,NsO;F,B,: 880.6;
found: 884.3.

Spectral measurements: The UV/Vis spectral measurements were carried
out with a Shimadzu Model 2550 double monochromator UV/Vis spec-
trophotometer. The fluorescence emission was monitored by using
a Varian Eclipse spectrometer. A right-angle detection method was used.
The "H NMR studies were carried out by using a Varian 400 MHz spec-
trometer. Tetramethylsilane (TMS) was used as an internal standard. Dif-
ferential pulse voltammograms were recorded by using an EG&G PAR-
STAT electrochemical analyzer equipped with a three electrode system.
A platinum button electrode was used as the working electrode. A plati-
num wire served as the counter electrode and an Ag/AgCl electrode was
used as the reference electrode. The ferrocene/ferrocenium redox couple
was used as an internal standard. All the solutions were purged prior to
electrochemical and spectral measurements using argon gas. Matrix-as-
sisted laser desorption/ionization time-of-flight mass spectra (MALDI-
TOF) were measured by using a Kratos Compact MALDI I (Shimadzu)
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for metal complexes in PhCN with dithranol as a matrix. The computa-
tional calculations were performed by using DFT B3LYP/3-21G* meth-
ods with the GAUSSIAN 03 software package®” on high-speed PCs. The
frontier HOMO and LUMO were generated by using GaussView soft-
ware.

The studied compounds were excited by a Panther OPO pumped by Nd/
YAG laser (Continuum, SLII-10, 4-6 ns fwhm) with the powers of 1.5
and 3.0 mJpulse”!. The transient absorption measurements were per-
formed by using a continuous xenon lamp (150 W) and an InGaAs-PIN
photodiode (Hamamatsu 2949) as a probe light and a detector, respec-
tively. The output from the photodiodes and a photomultiplier tube was
recorded with a digitizing oscilloscope (Tektronix, TDS3032, 300 MHz).
Femtosecond transient absorption spectroscopy experiments were con-
ducted by using an Integra-C (Quantronix Corp.) as an ultrafast source,
TOPAS (Light Conversion Ltd.) as an optical parametric amplifier, and
a commercially available optical detection system (Helios, provided by
Ultrafast Systems LLC). The source for the pump and probe pulses were
derived from the fundamental output of the Integra-C (780 nm,
2 mJpulse !, and fwhm =130 fs) at a repetition rate of 1 kHz. 75% of the
fundamental output of the laser was introduced into TOPAS, which has
optical frequency mixers that result in a tunable range from 1=285 to
1660 nm, whereas the rest of the output was used for white light genera-
tion. Typically, 2500 excitation pulses were averaged for 5 s to obtain the
transient spectrum at a set delay time. Kinetic traces at appropriate
wavelengths were assembled from the time-resolved spectral data. All
measurements were conducted at 298 K. The transient spectra were re-
corded using fresh solutions in each laser excitation.
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