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We designed and synthesized cinchona alkaloid derivates PMI-BnCPD, 1 and PMI-dHQD, 2, in which a fluo-
rescent perylene monoimide unit is linked to the quinuclidine fragment. The latter acts as an electron donor,

quenching the perylene imide fluorescence in polar solvents. In the organocatalytic application of these com-

pounds, the electron donor is deactivated by binding to an electrophile, e.g. H*. We show that this restores

the fluorescence, allowing the compounds to signal the electrophile binding step that occurs in many cata-
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1 Introduction

Quinine and other cinchona alkaloids that can be extracted
from the bark of the cinchona ledgeriana tree have played a
pivotal medicinal role in human society for a long time."
Nowadays, cinchona alkaloids (quinine, quinidine, cincho-
nine, and cinchonidine) are also well established powerful
chiral auxiliaries and catalysts, successfully employed in
numerous asymmetric chemical transformations.”®

Perylene monoimide (PMI) is a chromophore with strong
absorption and efficient fluorescence in the visible spectral range,
and it has a high photochemical stability.">™* PMI derivatives are
widely applied in (supra)molecular dye chemistry as photo- and
electro-active units connected to e.g. oligothiophene,'*'> polyphe-
nylene oligomers'®"” or dendrimers,"®"® triphenylamine
derivatives,”®* zinc porphyrin®2° or Cgy-derivatives.”” Their
brightness and photostability also makes perylene bisimides
useful for applications in single molecule chemistry.**>°

In the past years, widespread usage of cinchona alkaloid
derived organocatalysts has been reported, and a classical reac-
tion model for hydrogen bonding in organocatalysis was pro-
posed by Wynberg as early as in 1977.>"*? Later, many mecha-
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lytic reactions. In order to demonstrate that charge transfer is indeed the fluorescence quenching mechanism,
we detected the charge separated state by means of transient absorption spectroscopy. Incidentally, the
excited state absorption bands of the locally excited and charge transfer states are very similar. The activity of
the fluorophore labeled organocatalyst 1 in a fluorogenic Michael addition reaction is demonstrated.

nisms for this kind of reactions were investigated, most of
them based on computational methodology.®**** 1t would be
interesting to use the native fluorescence of the cinchona
alkaloids®*~® to gain insight into the mechanisms of cinchona
organocatalysis, but the short wavelengths of absorption
renders them unsuitable for the most powerful single mole-
cule techniques, which require absorption and fluorescence in
the visible to near IR range. In the present work we designed
two new fluorescent probes: cinchona alkaloid -catalysts
(BnCPD and dHQD) functionalized with a perylene mono-
imide (PMI) fluorophore. This can be excited with visible light
and has strong fluorescence, allowing for future single mole-
cule experiments on organocatalysis. In such experiments, the
fluorophore can be used simply as a marker, e.g. to signal tran-
sient binding to a glass slide to which a reactant has been
attached.®® In the PMI derivatives studied here, an additional
possibility is the detection of the binding of electrophilic
reagents to the quinuclidine nitrogen atom. This is a nucleo-
philic or basic catalytic site, and it can interact as an electron
donor quenching the fluorescence of the PMI unit. Binding/
unbinding of electrophilic agents thus leads to fluorescence
modulation in polar solvents. More generally, molecular
systems in which photoinduced intramolecular electron trans-
fer efficiently quenches the excited state of the chromophore
form an important class of chemosensory materials.**™*®

In this paper we describe and analyze the photophysical
processes of compounds 1 and 2 (Scheme 1), in solvents of
different polarities, ranging from toluene to acetonitrile. The
dynamics of excited state electron transfer of 1 and 2 are
studied using fluorescence spectroscopy.

This journal is © The Royal Society of Chemistry and Owner Societies 2019
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Scheme 1 Structure diagrams of the systems used in this study.
PMI-BnCPD, 1 consists of a PMI (orange) and a 9-benzylcupreidine
moiety (black). PMI-dHQD, 2 consists of PMI and dehydroquinidine
(black).

Femtosecond transient absorption spectroscopy was used
to further characterize the excited-state dynamics of
PMI-BnCPD 1 in a series of solvents. The relaxation processes
in the first ~10 ps are reflected by shifts in the transient
absorption spectra. In polar solvents the absorption bands of
charge-transfer states are detected. These are quite similar to
those of the locally excited state, but still can be distinguished
using a global spectrotemporal analysis. Organocatalytic
activity of PMI-BnCPD 1 is demonstrated using benzylthiol
and a fluorogenic BODIPY dye.

2 Experimental details

All experimental details are provided in the ESL{

3 Results and discussion
3.1 Optical properties

3.1.1 UV-vis absorption and emission spectroscopy.
Representative absorption and fluorescence spectra of 1 and 2
are shown in Fig. 1. Spectra in other solvents are in the ESLT
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Numerical data are presented in Table 1. The absorption
maxima are not very solvent dependent, but the red shift of
the emission maximum with solvent polarity indicates solvent
relaxation, as discussed below.

For both systems 1 and 2, the fluorescence quantum yields
and decay times show a strong solvent dependence. As can be
seen from Table 1, with the increase of solvent polarity, the
quantum yields (@) of 1 and 2 decrease. Those of 2 are rela-
tively lower in the polar solvents. In non-polar solvents, all &
values are larger and reach a maximum of 0.76 in toluene. A
similar trend with solvent polarity can also be observed for the
fluorescence lifetimes (z¢) of the two compounds.

They decrease with increasing solvent polarity as seen in
Table 1. The lifetimes of 2 are shorter than those of 1 in all
polar solvents, and a small extent of quenching is already
observed in THF. In the polar solvents, in addition to the
dominant short-lived species, a long-lived component was
detected, with a relative amplitude <3% (see ESI, Table S17)
and a decay time of ~4 ns. This small component is attributed
to a PMI-containing impurity that lacks the electron donor
group, and this was confirmed means of HPLC analysis (see
Fig. S1, ESIt). The radiative rate constant is practically the
same in all cases: k¢ = (1.8 + 0.2) x 10° s™". Only in the case of 2
in polar solvents the calculated radiative rate is a bit higher,
but this is probably due to the overestimation of @; due to the
contribution of the impurity. The quenching of the fluo-
rescence of 1 and 2 in more polar solvents can be attributed to
electron transfer from the quinuclidine electron donor to the
PMI acceptor, as discussed below.

The addition of trifluoroacetic acid (TFA) has a very large
effect on & and 7 of the two compounds in polar solvents:
under these acidic conditions, all of the values are restored to
the high emission level as in non-polar solvents (see Table 1).
Protonation of the amine by the strong acid suppresses the
electron transfer process of 1 and 2 in polar solvents and
restores the local PMI emission. This response could be
reversed by the addition of base.

The driving force for excited state intramolecular electron
transfer (charge separation, CS) can be estimated using
eqn (1)."
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Fig. 1 Static absorption (solid lines) and emission spectra (dashed lines; Aeyxc = 488 nm) of PMI-BNnCPD 1 (A) and PMI-dHQD 2 (B) in various solvents.
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Table 1 Absorption and fluorescence properties of PMI-BNnCPD 1 and PMI-dHQD 2 in different solvents with and without trifluoroacetic acid (TFA)

Fluorescence emission

UV/vis absorption

Solvent  Dielectric constant  Amax, abs” (M) ex107* P M7 em™)  Amax, em’ (nm) B¢ 7% (ns) &P (TFA) 7/ (ns) (TFA)
1 Tol 2.38 528 6.03 550 0.76 3.9 0.77 3.8
DCM 9.1 522 6.27 563 0.75 4.3 0.77 4.2
THF 7.5 523 5.56 559 0.73 4.0 0.73 4.1
PrCN 20.7 521 6.92 570 0.21 1.3 0.72 4.1
MeCN 37.5 520 5.70 578 0.07 0.38 0.71 4.4
DMF 38 524 5.23 578 0.05 0.25 0.70 4.2
2 Tol 2.38 527 6.11 548 0.75 3.9 0.77 3.9
DCM 9.1 522 6.23 561 0.75 4.2 0.78 4.2
THF 7.5 522 5.64 557 0.67 3.9 0.73 4.1
PrCN 20.7 520 6.51 567 0.10 0.48 0.72 4.2
MeCN 37.5 518 5.67 566 0.05 0.15 0.69 4.4
DMF 38 524 5.46 575 0.03 0.10 0.72 4.2

“Wavelength of maximum absorbance. ? Molar absorption coefficient
¢ Fluorescence decay time./ In the presence of TFA.

eZ

AGes = e[Eox (D/D") — Ereq(A/AT)] — Ego

e (1 1 1 1
"~ 8meq (F - r——) (—f B —)
For compounds 1 and 2, the standard electrode potentials
(Ereq (D/D) and E,.q (A/A7)) of the donor (D) and acceptor (A)
are +1.13 V (Quinuclidine/Quinuclidine’; for cyclic voltam-
metry see ESI, Fig. S61) and —1.14 V vs. Ag/Ag" (PMI/PMI),"°
respectively, in the reference solvent butyronitrile with a rela-
tive permittivity &.f = 20.7. The zero-zero transition energy Eoo
of the chromophore varies slightly with solvent. The distance
(Rec) between the center of the donor (the tertiary amine in the
quinuclidine ring) and that of the acceptor (PMI) is 9.85 A
from a molecular model (see ESI Fig. S8t). The effective radii
of the donor (') radical cation and acceptor (r~) radical anion
are obtained from the estimated volumes,*® giving 3.5 A and
4.3 A, respectively. The results are shown in Table 2. The free
energies for full CS, AGgs, in PMI-quinuclidine calculated
from eqn (1) are —0.117, —0.116 and —0.057 eV in DMF, MeCN
and PrCN, respectively. In Tol, DCM and THF, AGcs is positive:
0.958, 0.111 and 0.175 eV, in agreement with the absence of
intramolecular charge transfer. The energy level scheme per-
taining to the CS dynamics in the PMI-cinchona system in
different solvents is illustrated in Fig. 2. The energy level of the
CS state in PrCN is close to that of the S; state, in principle
allowing equilibration, but the AGgs, —0.057 eV, is still
sufficient to shift the equilibrium mostly to the CS form.*® As
a consequence, the reverse charge transfer from the CS state to
the LE state can be ignored.

47[80 SSRCC

(1)

. “Wavelength of fluorescence maximum.  Fluorescence quantum yield.
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Fig. 2 Energy level scheme for PMI-BnCPD 1 in different solvents cal-
culated with eqn (1) and the parameters given in Table 2 and the Egpo
values for each solvent. LES = locally excited state, CSS = charge separ-
ated state. LES levels of 1 in different solvents are in the range
2.26-2.31eV.

3.1.2 Femtosecond transient absorption (fs-TA) spec-
troscopy. To further investigate the intramolecular fluo-
rescence quenching process in PMI-BnCPD 1 in different
polarity solvents (TOL, DCM, THF, PrCN, MeCN and DMF),
femtosecond transient absorption spectroscopy was applied
(see Fig. 3). Such experiments were also carried out with
PMI-dHQD 2, but since the results are very similar to those
obtained with 1, they are not reported here.

Table 2 Reduction potentials of quinuclidine (D) and perylene imide (A) in PrCN (in V vs. Ag/Ag*), excitation energy of PMI, and estimation of the
driving force (eqn (1)) for charge separation in the excited state using ion radii r and center-to-center distance R,

Eox D/D* (V) Erea AIA™ (V) Ego (V) r[D'T(4)

r[A7](A) Rec (A) Dielectric constant AGgs (eV)

1.13 -1.14 2.279 3.5

526 | Photochem. Photobiol. Sci,, 2019, 18, 524-533

4.3 9.85 20.7 —0.057
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Fig. 3 A-F: fs-TA spectra obtained for compound 1 at the specified
time delays in the solvents indicated after photo-excitation at 488 nm at
room temperature. G—L: 2D representation of the full data sets. Intensity
is represented by colors: AA < 0 yellow — red; AA > 0 blue — purple.

Considering the steady-state spectral data (Table 1, Fig. 1
and Fig. S27), the negative peaks at ~500 nm and ~525 nm,
can be attributed to ground state depopulation of the PMI
chromophore. The negative signals at ~550 nm and ~575 nm
come from the stimulated emission of the PMI chromophore.
The strong positive absorption bands (between 600 and
800 nm) can be assigned to the S; to S, excited state absorp-
tion (ESA) of the perylene monoimide in the locally excited
state (LES) or to the charge separated state (CSS) (see below).
Overall, the decay rate of the transient spectral features is
faster in more polar solvents.

The fast blue shift of the positive absorption band in the
first ~10 ps is due to relaxation processes, including
vibrational cooling and solvation (Fig. 4).>°® By fitting the
position of the absorption maximum vs. time to a sum of two

This journal is © The Royal Society of Chemistry and Owner Societies 2019
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Fig. 4 Shift of the position of the excited state absorption maximum in
time of PMI-BnCPD 1 in different solvents.

exponentials, we can characterize the relaxation dynamics of 1
in 6 solvents with the time constants 7; and 7, with amplitudes
a; and a, (em™"), and the average relaxation time z,, = (Xa;;)/
(Xa;;) (Table 3).>%367°°

Fig. 4 and Table 3 show that the peak of the ESA band is shift-
ing more to the blue in more polar solvents, indicating that the
S, state is more polar (more solvated) than the S, state (see also
Fig. 7). Consistently, the total shift in the first 10 ps increases
with increasing solvent polarity. The relaxation is complete
within 20 ps after optical excitation, depending on the solvent
used. For instance, it is extremely fast in MeCN (0.8 ps, see
Table 3) compared to that in toluene. In non-polar solvents, the
solvation process has a minor effect on the spectral dynamics of
the ESA band. Vibrational cooling effects on the spectra are not
expected to depend much on the solvent polarity. Consequently,
for compound 1, in polar solvents the solvation process is the
dominant factor in the spectral dynamics of the ESA signal, and
the vibrational cooling has a minor contribution.

The fluorescence results clearly point to the occurrence of a
quenching process in 1 and 2 in polar solvents, most likely
electron transfer, but the transient absorption spectra at first
sight give no evidence for this. As reported by Lindsey et al.,"!
however, the absorption spectrum of the radical anion of the
perylenemonoimide (PMI ") shows an absorption maximum at
~650 nm, very similar to the S; — S, absorption. In order to
disentangle the spectra of the different electronic states, a
more detailed analysis is required.

Table 3 Time constants and amplitudes describing the shift of the
excited state absorption maxima and corresponding average relaxation
time t,, for PMI-BNnCPD 1 in 6 solvents

7, (ps)la; X 107> 7, (ps)la, x 107> 7,  Total shift x 107>

Solvent (ecm™) (em™) (ps) (em™)
TOL 5.0/1.3 16/40 7.6 1.6
DCM 0.9/4.3 4.3/1.7 1.9 6.0
THF 1.6/4.1 9.1/0.7 2.7 4.8
PrCN 1.4/4.7 5.5/3.3 3.1 7.9
DMF 2.2/5.4 6.6/3.3 3.9 8.7
MeCN 0.4/7.9 2.5/2.0 0.8 9.9

Photochem. Photobiol. Sci., 2019, 18, 524-533 | 527
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Global and Target Analysis was performed with Glotaran®
to obtain a more in-depth view of the photophysical pro-
cesses.®’ In this way, the time information at all wavelengths
of the TA data is analyzed and the kinetic profiles as well as
the component spectra are obtained.***?

From the fluorescence experiments we know that there is
no intramolecular charge transfer process in compounds 1
and 2 in non-polar solvents. Thus, the global analysis with a
sequential model (LES* — LES — GS) is adequate to analyze
the TA spectra of compound 1 in the three non-polar solvents.
Two decay components are observed, with time constants of
8.4 ps and 3.9 ns in toluene, 2.0 ps and 4.2 ns in DCM, 2.8 ps
and 3.9 ns in THF. In agreement with the solvation dynamics
study above (Fig. 4 and Table 3), we assign the first lifetime to
the fast solvation processes.’*®"*%> The LES* species, which
corresponds to the black line of EADS in Fig. 5, is converted to
the LES (red line in Fig. 5), which has a lifetime of ~4 ns, and
decays only the ground state. These longer decay times are in
good agreement with TCSPC measurement (Table 1). Because
the time window of the TA measurement is rather small, the
time constants derived from TCSPC are more accurate. The
spectrum of the ESA of the LES of compound 1 in toluene
matches the corresponding spectrum of a perylene imide
reported by Lindsey et al. with a maximum at ~710 nm (S; — S,
absorption)."’

For PMI-BnCPD 1 in polar solvents, the additional CS state
comes into play. A sequential model (LES* — LES — CSS —
GS) is not adequate because the process LES — GS cannot be
neglected. Therefore, a target analysis of the excited-state pro-
cesses was applied.”"** The resulting SADS (species associ-
ated difference spectra), representing the true spectra of the
individual excited species, are shown in Fig. 6. The SADS of
the excited state (black line in Fig. 6) shows again the transi-
ent absorption features of the PMI* chromophore and fast
relaxation processes with time constants of 3.9 ps in PrCN,
3.5 ps in DMF and 0.91 ps in MeCN, respectively, leading to
the relaxed singlet LES (red line in Fig. 6), which has a blue-
shifted absorption (e.g. Amax 690 to 650 nm in DMF). The
time constants here are consistent with the solvation
dynamics data above (see Table 3). The LES has a lifetime of
1.2 ns in PrCN, 0.20 ns in DMF and 0.31 ns in MeCN, which
agree fairly well with the TCSPC results (see Table 1). The
SADS reveals the spectral features of the LES of compound 1
in different polar solvents. In the case of polar solvents, the
relaxed LE species not only decays to the CS state (with a high
rate), but also branches to the ground state relatively slowly,
~4 ns = (k¢ + ky)". The energy level diagram of compound 1
in DMF, with the transitions and the associated time con-
stants is depicted in Fig. 7. The SADS of the last stage (blue
line in Fig. 6) shows the spectrum of the CS state (lifetime
2.2 ns in PrCN, 1.9 ns in MeCN and 0.89 ns in DMF), in
which the stimulated emission at 575 nm is not observed any
longer. This clear spectral evidence further supports the for-
mation of the charge-separated state with the characteristic
absorption of the PMI radical anion in polar solvents (PrCN,
DMF and MeCN).

528 | Photochem. Photobiol. Sci,, 2019, 18, 524-533

View Article Online

Photochemical & Photobiological Sciences

90 - A
60 ——8.4pshotES
——3.9ns relaxed ES
°23 304
X
8 I e e
n
-304 PMI-BnCPD in TOL
-604

450 500 550 600 650 700 750 800
Wavelength (nm)

——2.0pshotES

——4.2ns relaxed ES

60 -

30

EADS x 10°

PMI-BnCPD in DCM
=304

'60 T T T T T T 1
450 500 5650 600 650 700 750 800

Wavelength (nm)

909 —2.8pshotES C
——3.9ns relaxed ES

60 -

EADS x 10°

PMI-BnCPD in THF
-304

-60 4

450 500 550 600 650 700 750 800
Wavelength (nm)

Fig. 5 Compound 1 in Tol (A), DCM (B) and THF (C). Evolution-associ-
ated difference spectra (EADS) obtained from the global fitting analysis
of femtosecond transient absorption spectra after photoexcitation at
488 nm.The black EADS represents the hot singlet locally excited state
LES* while the red one represents the relaxed locally excited state (LES).

To summarize the data on the excited-stated processes of
compound 1 in the different polar solvents, the relevant rate
constants are collected in Table 4. Because the charge recom-
bination is in the Marcus inverted region, the process becomes
faster with the increase of the polarity of the solvent,®®®”

which is consistent with the values in Table 4. We find no evi-

This journal is © The Royal Society of Chemistry and Owner Societies 2019
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488 nm. The black SADS represents the hot locally excited state (LES*),
the red SADS represents the relaxed excited state (LES) and the blue
SADS belong to the charge separated state (CSS). D—F: normalized
SADS.
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Fig. 7 Energy level diagram of compound 1 in DMF showing the elec-
tron-transfer pathway obtained with target analysis, together with the
respective decay times corresponding to the states. GSB = ground state
bleaching, SE = stimulated emission, ESA = excited state absorption.

dence of the formation of a triplet state, either from the LES or
from the CSS.

The fluorescence quantum yields and lifetimes in polar sol-
vents show that the charge separation process is somewhat
faster and more efficient in 2 than in 1 in the same solvent.
Because the chromophore and the electron donating group are
the same in both compounds, the difference is likely to be
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Table 4 Rate constants (x107° s™2) for decay of LES to GS (ko), charge

separation (kcs) and charge recombination (kcr) obtained from TCSPC
and fsTA experiments on PMI-BnCPD 1 in polar solvents

b

Compound Solvent it ko” kes kcr

PMI-BnCPD PrCN 0.78 0.24 0.54 0.46
MeCN 2.6 0.23 2.4 0.52
DMF 4.0 0.24 3.8 1.1

“From the fluorescence lifetime ¢ = k0 in polar solvent with TFA, in
which the CS process is suppressed. ”Rate of CS, derlved from the
fluorescence lifetimes with and without TFA: kes = 7¢ * — 750

caused by a difference in the electronic coupling, reflecting
subtle differences in the molecular geometry. We tried to
analyze the structures using DFT and TDDFT calculations, but
the number of low-energy conformations for both molecules
was so large that meaningful conclusions cannot be reason-
ably drawn. Details are given in the ESI (Fig. S8t).

3.2 Organocatalytic activity

The parent compound BnCPD is well known as an organo-
catalyst,*>°® but the added fluorophore in 1 could in principle
interfere with this function. To check the organocatalytic
activity of compound 1, we used a Michael addition reaction
with the fluorogenic BODIPY-maleimide 3, which consists of a
BODIPY fluorescent unit and a maleimide as thiol-reactive
quenching group.®® The fluorescence of this probe is very weak
(@ = 0.003) due to the quenching by intramolecular electron
transfer to the maleimide. The fluorescence of BODIPY is
restored when the maleimide has reacted with the thiol, which

PMI-BnCPD
—_—
Toluene
HS
3

B ;

—— 5045 min
50x10" T
5 40
2 | VIO
s
kS
o
=
w

700
Wavelength (nm)

Fig. 8 A: Michael addition of benzyl mercaptan to BODIPY-maleimide
3 catalyzed by 1. B: Static emission spectra (dashed lines; Aexc = 488 nm)
of BODIPY-maleimide 3 (dotted line) and the mixture of BODIPY-male-
imide 3, benzyl mercaptan and 1 as a function of time (solid lines) in
toluene leading to strong emission of 4.
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can be used to monitor the organocatalytic activity of com-
pound 1. As shown in Fig. 8, the fluorescence emission of
BODIPY-maleimide (1.1 mM) is very weak (dem, max = 528 nm)
in toluene. After adding benzyl mercaptan (11.7 mM) and com-
pound 1 (0.1 mM), we can see a strong signal immediately at
~550 NM (Aem, max) attributed to the compound 1. With the
progress of the reaction, the intensity at 528 nm (attributed to
the reaction product compound 4) increased much faster than
in the absence of 1. This demonstrates the organocatalytic
activity of compound 1 in the Michael additions of aromatic
thiols to maleimide.

4 Conclusions

Upon functionalization with a cinchona organocatalyst the
PMI fluorophore becomes very sensitive to its environment.
The excited-state lifetimes of PMI-BnCPD, 1 and PMI-dHQD, 2
are changed from approximately ~4 ns to ~0.2 ns and the
quantum yield is decreased from ~0.77 to ~0.03 with the
increase of solvent polarity. We show that the fluorescence of
the compounds is quenched by charge transfer in polar sol-
vents, in which the tertiary amine of the quinuclidine acts as
the electron donor and perylene monoimide acts as the accep-
tor. The CS species PMI"-BnCPD"" and PMI -dHQD" are
formed in polar solvents after photoexcitation. Global and
target analysis of the femtosecond transient absorption data of
PMI-BnCPD 1 were performed and depict spectrally distin-
guished photoinduced process in different polarity solvents.
The locally excited state is formed after rapid relaxation
(mostly of the solvent), and characterized by ground state
bleaching (450-550 nm), stimulated emission (550-600 nm)
and positive absorption features (600-750 nm). In polar sol-
vents, charge separation occurs. The ESA band of the CS state
is only slightly blue-shifted relative to that of the LE state. It
resembles the published spectrum of the PMI radical anion,
and the lack of the stimulated emission feature supports the
assignment. The charge separation process can be suppressed
when the catalyst binds to H', restoring the fluorescence. Both
LES and CSS decay to the ground state. We find no evidence of
formation of a triplet state. Fluorescently labeled cinchona
alkaloid 1 was shown to act as catalyst in a Michael addition.
Combined with single molecule techniques, this kind of mole-
cule will have broader application in mechanistic studies in
organocatalysis, which will be further elaborated on in our
future research.
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