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A series of a fully conjugated ferrocene-containing coumarins and B,0-chelated coumarins was prepared
and characterized by a variety of spectroscopic (UV—vis, NMR, and mass spectrometry), electrochemical
(CV and DPV) and spectroelectrochemical methods. The photophysical properties of the target com-
pounds were investigated by steady-state fluorescence and ultrafast transient absorption spectroscopy
methods. Selective photoexcitation of the coumarin core was followed by ultrafast electron transfer from

the ferrocene fragment, resulting in formation of a charge-separated Fct-coumarin™ state. This charge-
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separated state undergoes ultrafast ground state recovery in 20—25 ps, shortening the excited state
lifetime of the organic coumarin precursors (1.2—1.5 ns) by almost two orders of magnitude. Formation of
the charge-separated states was supported by the experimental (steady-state fluorescence oxidative
titrations) and theoretical DFT and TDDFT calculations.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

Coumarin dyes are frequently employed as fluorescent bio-
markers due to high fluorescence quantum yields, and optical sta-
bility and tunability [ 1—3]. The coumarin core is readily amenable to
functionalization, leading to an array of specifically tuned bright
fluorophores that are soluble in organic solvents and water as well as
sensitive to the pH and redox environments [4—7]. Functionalization
of the 4-hydroxycoumarin core with the variety of acyl groups at the
third position leads to formation of the HO—C=C—C=0 fragment,
which resembles a chelating B-diketone functional group [8—11].
Metal complexation to these coumarin-based platforms was
explored during the last several decades [12—16]. Interaction of the
boron trifluoride with B-diketones leads to formation of BF,
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complexes, first reported in 1984 [17]. However, such boron
difluoride complexes have not been prepared for the coumarin
chromophore until recently [18—24]. During the previous decade, it
has been shown that the introduction of conjugated ferrocene
group(s) into organic chromophores such as porphyrins [25—28],
BODIPYs [29—35], aza-BODIPYs [36,37], and BOPHYs [38,39] results
in substantial quenching of the fluorescence that, in some cases, can
be partially restored under oxidative conditions. These compounds
have received attention as prospective redox-switchable platforms
for a range of imaging applications. Although several ferrocene-
coumarin dyads have been reported in the literature [40—48], to
the best of our knowledge, 4-hydroxycoumarin-based systems with
full conjugation between the coumarin core and ferrocene fragments
have yet to be reported. In this paper, we discuss preparation and
characterization of the ferrocene-coumarin and BF,-chelated
ferrocene-coumarin donor-acceptor dyads 2 and 5 in which the
ferrocene group is conjugated to the coumarin core (Scheme 1).

2. Results and discussion

Target ferrocene-containing compounds 2 and 5 were prepared
as shown in Scheme 1. First, the condensation reaction between


Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
mailto:blank@umn.edu
mailto:kovtun@ioch.kiev.ua
mailto:Viktor.Nemykin@umanitoba.ca
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jorganchem.2019.03.004&domain=pdf
www.sciencedirect.com/science/journal/0022328X
http://www.elsevier.com/locate/jorganchem
https://doi.org/10.1016/j.jorganchem.2019.03.004
https://doi.org/10.1016/j.jorganchem.2019.03.004
https://doi.org/10.1016/j.jorganchem.2019.03.004

AlJ. King et al. / Journal of Organometallic Chemistry 887 (2019) 86—97

CHO
F, F RF RS
/B R _B. (N
o o , o o i _B..
\ i \ oo
AN _ > A = _ > |
O > NS
PN PN O =
N o~ ~o N o~ o Fe
) < N 0”0 Fe

(e} (e}
Q\)IKHH DOAR=
-
N o~ o /)\1 o Yo Fe

Scheme 1. Synthesis of the target ferrocene-coumarin dyads 2 and 5.

parent coumarin 1 and ferrocenecarboxaldehyde exploits the
acidity of the protons on the acetyl group of 1, and results in for-
mation of ferrocene-coumarin 2 (Scheme 1). Ferrocene-coumarin 2
can be reacted with 3,4-dihydroxybenzaldehyde, which results in
the formation of aldehyde 3. This aldehyde was thought to be

reactive under Prato reaction conditions [49,50] to form ferrocene- [

coumarin-fullerene triad 4 (Scheme 1). However, the Prato reaction 9 1 e 2

with aldehyde 3 results in formation of unexpected ferrocene- —
coumarin 5, which is not accessible from ferrocene-coumarin 2 or =

parent coumarin 6. e

Structures of all ferrocene-coumarin compounds were ‘_U

confirmed by the standard spectroscopic methods such as NMR and 'z
-

o

XN

S—

w

N

high-resolution mass spectrometry (Supporting Information
Figures S1—S8). UV—vis spectra of ferrocene-coumarins 2 and 5 are
shown in Fig. 1 along with the spectra of corresponding parent
coumarins 1 and 6, while the numerical values for the molar
extinction coefficients are listed in the Experimental Section. In the
case of parent compounds 1 and 6, UV—vis spectra are dominated
by a single intense band observed at 389 (6) and 428 (1) nm, which
can be tentatively assigned to the lowest energy w—* transition of O 58

coumarin core. Similar to the previous report [24], the shift of ' 2 2
~30 nm to lower energy of the most intense transition in 1 when 400 600 800
compared to 6 can be associated with the formation of BF,-chelated Wavelength , hm

fragment. Presence of the extended mw-system in ferrocene-

containing 2 and 5, compared to the parent 1 and 6, results in Fig. 1. UV—vis absorption spectra of coumarins 1, 2, 5, and 6 in DCM.
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the low-energy shift of the coumarin-centered transition observed
at479 (2) and 420 (5) nm. In addition, a new, broad band at 541 and
626 nm was observed in the UV—vis spectra of 2 and 5, respectively
(Fig.1). Based on the similarity of the UV—vis absorption spectra for
2 and 5 with those reported for ferrocene-containing Fc-CH=CH-
BODIPY dyads [32], the broad, lower intensity bands observed for
dyads 2 and 5 were tentatively assigned to the metal(Fe)-to-
ligand(coumarin) charge-transfer (MLCT) transition.

Since the hydroxy groups in compounds 5 and 6 could be
deprotonated at high pH, and the protonation of the diethylamino
group in 1, 2, 5, and 6 can disrupt conjugation of this substituent
with the coumarin core, we conducted UV—vis pH titrations of all
target molecules to elucidate the influence of the protonation or
deprotonation on their optical properties. When parent coumarin 6
was deprotonated using NBuyOH as the base to form [6-H], its
most intense w—m* transition at 389 nm was replaced with a
higher-energy band at 333 nm that had ~50% of the original in-
tensity (Fig. 2). Deprotonation of the ferrocene-containing
coumarin 5 resulted in disappearance of the MLCT band at
541 nm and w— 7" transition at 420 nm, and the appearance of a
higher-energy band at 359 nm (Fig. 2). In contrast, titrations of the
BF,-containing coumarins 1 and 2 with NBusOH as the base
resulted in only minor reductions in intensity of all major

absorption bands. This was attributed to slow hydrolysis of the BF
group.

Protonation of the parent coumarins 1 and 6 with a strong acid
led to the similar transformation of their UV—vis spectra (Fig. 2). In
both cases, the intense w—7* transition observed at 389 and
429 nm for 6 and 1, respectively, was replaced with a series of a
low-intensity, higher-energy bands. Such a shift to higher energy is
expected, as the protonation of diethylamino group in 1 and 6
removes conjugation of the nitrogen atom lone-pair with the
coumarin core. A similar higher-energy shift of the most intense
T— 7" transition upon protonation was also observed in the
ferrocene-containing coumarines 2 and 5 (Fig. 2). However, for both
compounds, the intensity of the low-energy MLCT transition was
decreased and formation of lower- and higher-energy bands adja-
cent to the MLCT transition was observed. As shown below, in
conjunction with the spectroelectrochemical and TDDFT data,
transformation of the UV—vis spectra of 2 and 5 upon protonation
can only be explained by simultaneous protonation of the dieth-
ylamino group and oxidation of ferrocene fragment by oxygen,
which is similar to the oxidation of the parent ferrocene by oxygen
in acidic media [51,52].

Redox properties of coumarins 1, 2, 5, and 6 were investigated
by cyclic voltammetry (CV) and differential pulse voltammetry
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Fig. 2. UV—vis titrations of coumarins 2 and 5 with NBu4OH in MeOH (top) and UV—vis spectra changes upon titration of coumarins 1, 2, 5, and 6 with trifluoroacetic acid in DCM

(middle and bottom).
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Fig. 3. Electrochemical (CV) data for ferrocene-containing coumarins 2 and 5 in DCM/0.1M TBAP system.

(DPV) (Fig. 3 and Table S1). In the case of parent coumarins 1 and 6,
one irreversible oxidation process was observed along with one (1)
or two (6) irreversible reductions. In the case of ferrocene-
containing systems 2 and 5, one reversible oxidation process was
observed in the range typical for ferrocene group oxidation [53]. No
coumarin oxidation was observed in 2 or 5, while reduction pro-
cesses similar to parent compounds 1 and 6, respectively, were
observed.

Spectroelectrochemical oxidation of the ferrocene-containing
coumarins 2 and 5 reveal similar spectroscopic signatures (Fig. 4).
In particular, upon oxidation of these compounds, the most intense
coumarin-centered w—7* transitions at 479 (2) and 420 nm (5) get
reduced in intensity with a higher energy band observed at 362 (2)
and 359 (5) nm appearing in the spectra. The MLCT band at 626 (2)
and 541 nm (5) was reduced in intensity and shifted to higher-
energy. These changes are typical for ferrocene-chromophore
dyads with ferrocene groups conjugated into the chromophore -
system and are indicative of ferrocene group oxidation. It should be
noted, however, that the final spectra of [2]" and [5]" are different
from the UV—vis spectra observed upon protonation of 2 and 5 by
trifluoroacetic acid (Fig. 2).

Similar to the other coumarins, parent compound 1 is highly
fluorescent [24,54,55]. The steady-state fluorescence is quenched in
the ferrocene-containing systems 2 and 5. Oxidation of the
ferrocene-coumarin dyad 2 by Fe(ClO4)s in THF results in a partial
restoration of the fluorescence in this compound (Fig. 5), which is
suggesting that static quenching in 2 and 5 occurred because of the
typical electron-transfer process from the ferrocene donor to the
photoexcited coumarin acceptor core [32]. Transient absorption
spectra of the target coumarins are shown in Fig. 6. In the case of
organic chromophores 1 and 6, the transient absorption spectra
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Fig. 5. Partial fluorescence recovery upon oxidation of ferrocene coumarin 2 with
Fe(Cl04); in DCM/MeOH mixture.

reflect relaxation of the optically excited state with lifetimes of
1.50+0.02 4, lines and 1.3 +0.1 ns respectively (data shown in
Fig. S9), typical for a slightly fluorescent (because of the presence of
diethylamino group) coumarin derivatives. Pump probe spectra for
2 and 5 are presented in Fig. 6. They both have absorption features
on the long wavelength side of the ground state bleach that are not
present in the parent compounds. These features are indicative of
formation of an Fct-coumarin™ charge-separated state, originating
from the ultrafast (<200 fs) photo-induced electron-transfer from
the ferrocene donor fragment to the coumarin acceptor core. Fig. 6
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Fig. 4. Oxidation of the ferrocene-containing coumarins 2 and 5 under spectroelectrochemical conditions in DCM/0.3 TBAP system.
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Fig. 6. Pump probe spectra for 2 and 5 in toluene following excitation at 405 nm. The
inset shows time evolution of the transient absorption features at the wavelengths
indicated by the dashed arrows in the main figure.

inset presents decay of the transient absorption features at 520 nm
(2) and 460 nm (5). Each of the decays were well fitted by a sum of
two exponential decays, and the resulting optimized time con-
stants are presented in Table S2. The shorter time constant in the
decay, 1-5 ps, is assigned to reorganization of the charge transfer
state and solvent. The longer time constant, 22 + 4 ps (2) and 23 + 3
ps (5), returns the transient absorption to the baseline. This is
assigned to decay of the charge-separated state back to the ground
state of the complex. We note that this recombination of the charge
separated state is ~5 times faster than the analogous ferrocene-
BODIPY systems [32].

To provide additional support for the spectroscopic and elec-
trochemical assignments for the target coumarins 1, 2, 5, and 6, we
have conducted Density Functional Theory (DFT) and time-
dependent DFT (TDDFT) calculations. The DFT-predicted energy
level diagram (Fig. 7), frontier orbitals (Fig. 8) and orbital compo-
sitions (Table 1) correlate well with the experimental redox and
photophysical properties. In particular, the DFT-predicted HOMO in
1 and 6 consists of nearly identical contributions from the coumarin
m-system and the conjugated diethylamino group. The DFT-
predicted LUMO in 1 and 6 has only a ~10% contribution from the
diethylamino group and is dominated by the coumarin w-system. In
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Fig. 7. DFT predicted energy diagram for the target coumarines.

contrast, the HOMO in 2 and 5 is dominated by the ferrocene with
the LUMO being coumarin-centered. Such electronic structure
agrees well with the ferrocene-centered first oxidation process
observed in 2 and 5 and opens a pathway for the low-energy MLCT
transition in these compounds.

TDDFT calculations are indicative of the presence of the low-
energy MLCT bands in 2 and 5, which have lower energies and
oscillator strengths than the coumarin-centered, T—7* transitions,
while the UV—vis spectra of the parent systems 1 and 6 can be
accounted for by the coumarin-centered w—m* transitions alone
(Fig. 9). TDDFT results for the deprotonated coumarins [1-H]™ and
[5-H] correlate well with the experimental data (Fig. 9). Deproto-
nation of the parent coumarin 1 does not significantly change the
composition of its HOMO and LUMO, but it does lead to a larger
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Fig. 8. DFT-predicted frontier MOs for the target coumarins.

HOMO-LUMO energy gap in [1-H] (3.92 eV) compared to that in 1 excitation. TDDFT correctly predicted a ~50% loss in intensity
(3.18 eV). The agreement with the measured shift to higher energy compared to the parent coumarin 1 for the most intense band in [1-
of the most intense w— m* transition upon deprotonation indicates H]". TDDFT also explains transformation of the UV—vis spectrum for
that it is dominated by the HOMO—LUMO single-electron 5 upon deprotonation (Fig. 9). The deprotonation of 5 results in
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Table 1

DFT-predicted molecular orbital compositions for the target coumarins.
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% Composition
MO

73
74
Co’ o

B A S AN
N 0o
)
122
123
124
125

A COH oD
B XX
/\HJ\/LO/ No

E (eV)

-5.462
-2.282

-5.747
-2.883

-5.616
-5.295
-3.128

-4.583
-0.663

-4.693
-4.557
-1.393
-0.504

-7.551
-7.252
-3.389

-7.991
-7.636
-3.908

48.0
57.0

44.2
44.1

45.2
25
26.6

38.8
5.9
25.3

534
61.9

6.6

513
17.2
48.1

28.6
84.2
69.6

76.0
91.5
55.9

0.3

47.0
10.1

47.5
94

443

5.3

414
12.0

4.6
335
13
8.2

0.0
1.8
6.8

1.8
1.8
4.2

0.0

0.9
9.0

2.6
84

0.9

5.6

0.1
9.9

2.2
0.2
22
4.8

10.3
3.9
81

7.8
0.2
9.7

0.1

4.1
239

54
374

4.1

484

5.1

484

51
16.2

7.7

51.8
6.2

61.1
10.1
15.5

114
59
29.6

35

0.3
0.7

5.5
91.8
14.1

0.2
0.0
0.6

78.9
9.7

27.5
32.7

3.0
0.6
0.6

96.1

133
86.2
16.0
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Table 1 (continued )
122 -5.431 0.0 0.0 0.0 0.3 99.7
123 -5.386 0.6 0.0 0.2 4.8 944
124 -3.378 533 53 73 26.7 74
RFE
¢ o’B*O D
4 . oo Fe_
) o
132 -6.287 14 0.0 0.4 0.1 44 93.7
133 -5.728 0.0 0.0 0.0 0.0 0.2 99.8
134 -5.669 1.9 0.1 0.6 0.1 5.5 91.8
135 -3.803 37.8 2.9 6.7 0.6 37.6 14.4
¢ oH oD
P\
N oo £e
P <
o, Set
122 -6.848 94.0 4.6 0.2 11 0.1
123 -5.719 46.5 46.6 14 49 0.6
124 -3.785 5.1 1.2 1.2 25.0 67.5
125 -3.369 0.1 0 0 04 99.5
B set
121 -6.846 93.9 46 0.2 1.1 0.1
122 -5.714 46.2 46.3 15 5.0 1.0
123 -4.732 1.1 04 0.1 44 94.0
124 -3.349 115 26 26 399 434
B
K
)
o. Set
122 -7.951 533 1.2 03 259 193
123 -7.785 38.7 0.8 35 223 34.7
124 -3.974 16.2 1.2 34 329 46.3
125 -3.428 03 0.0 0.0 0.6 99.1
B set
119 -8.125 14.8 03 1.0 25.0 589
120 -7.886 77.6 1.8 2.6 7.9 10.0
121 -7.71 0.1 0.0 0.0 0.2 99.7
122 -7.522 39 0.1 0.8 134 81.8
123 -4.818 0.3 0.0 0.1 2.6 97.0
124 -3.771 32.0 2.6 5.7 39.0 20.7
RF E
Cc O,B\o D
A X J =
= L2
N 0o Fe'!
) <
o, Set
133 -7.48 94.5 31 0.0 0.0 1.6 0.9
134 -6.303 44.7 44.5 2.6 0.3 6.2 1.7
135 -3.893 13.8 2.6 23 04 329 48.0
B set
130 -7.591 0.0 0.0 0.0 0.0 0.2 99.8
131 -7.485 92.8 21 0.2 0.1 13 3.5
132 -7.397 8.1 2.0 2.2 0.2 11.8 75.7
133 -6.301 44.7 443 25 03 6.0 22
134 -4.702 0.7 0.2 0.1 0.0 2.6 96.4
135 -3.647 19.9 3.7 3.5 0.5 44.6 27.8
RF E
Cc O,B\O D
B =
Hy ~ F
N 0 o Fe'
) <
o, Set
132 -8.668 45.2 14 14 1.7 144 35.9
133 -8.273 80.5 1.6 1.0 0.4 74 9.1
134 -7.986 331 0.7 29 0.2 23.0 40.1
135 -4.472 22.3 1.3 54 0.5 42.2 283
136 -3.555 2.6 0.2 0.3 0.0 13 95.6
B set

(continued on next page)
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Table 1 (continued )

130 -8.331 55.9 1.0
131 -8.158 58.5 1.3
132 -7.853 0.0 0.0
133 -7.683 6.0 0.1
134 -4.977 1.5 0.1
135 -4.308 279 1.8

2.8 0.4 111 28.8
0.9 0.2 8.6 30.5
0.0 0.0 0.2 99.8
1.0 0.1 9.5 833
04 0.1 52 92.7
6.2 0.5 429 20.7

* Bold lines are HOMO’s
* Bold and italicized lines are LUMO’s

significant destabilization of the coumarin-centered HOMO-2
orbital, which becomes the HOMO in [5-H] (Table 1). In addition,
deprotonation also leads to a larger HOMO-LUMO energy gap in [5-
H] compared to the neutral 5. As a result, both MLCT and ©— *
transitions in [5-H]" have higher energy than similar bands in
neutral 5. This leads to the higher-energy shift of all bands in [5-H]"
compared to coumarin 5. TDDFT correctly predicts the ~50% drop in
intensity for the most intense m—m* transition upon
deprotonation.

Protonation of the diethylamino group in parent coumarins 1
and 6 results in localization of the HOMO at the coumarin core,
which leads to a loss of conjugation and a significant increase of the
HOMO-LUMO energy gap in [1 + H|" and [6 4+ H]' compared to the
respective neutral compounds (Table 1). TDDFT correctly predicts
the lower-intensity and higher-energy shifts for the most intense
coumarin-centered w—m* transitions (Fig. 9). In the case of
ferrocene-containing coumarin 5, TDDFT predicts that the either
protonation of the diethylamino group (formation of [5 + H]") or
oxidation of the ferrocene substituent (formation of [5]") should
result in the formation of an intense charge-transfer band at
~700nm, which contradicts the experimental data. However,
TDDFT-predicted UV—vis spectrum of both protonated and
oxidized complex [57+H1]** would result in only low-intensity
bands in the NIR region, and overall, the theoretical spectral pro-
file fits well with the experimental data (Fig. 9). Similarly, TDDFT-
predicted UV—vis spectra for either protonated [2 + H]|' or
oxidized [2]" coumarin are in disagreement with the experimen-
tally observed overall higher-energy shift of the most intense
transitions. However, TDDFT-predicted UV—vis spectrum of both
protonated and oxidized [2t+H*]?** compound agree well with
the experimental data (Fig. 9). It is also important to note that the
TDDFT-predicted UV—vis spectrum of the oxidized [2]" coumarin
correlates well with the spectroelectrochemical data, providing us
with more confidence that the acid titration data on interaction of
the ferrocene-containing coumarines 2 and 5 (Fig. 2) reflects both
protonation of the diethylamino group and oxidation of the ferro-
cene substituent by oxygen. Overall, DFT and TDDFT data explain
well experimental and photophysical properties of the target cou-
marins and provide additional insights into their pH-dependent
UV—vis spectra.

3. Conclusions

We have reported preparation and characterization of two fully
conjugated ferrocene-containing coumarins 2 and 5 with and
without the BF, chelating fragment. These new systems were
characterized by a variety of spectroscopic, electrochemical and
spectroelectrochemical methods. DFT calculations were indicative
of the predominantly ferrocene-centered HOMO and coumarin-
centered LUMO in coumarins 2 and 5. TDDFT calculations
correctly predicted the pH-dependence of the UV—vis spectra for
all the coumarins presented. The photophysical properties of the
target compounds were investigated by the steady-state fluores-
cence and ultrafast pump-probe spectroscopy. Selective photoex-
citation of the coumarin core followed ultrafast electron transfer

from the ferrocene fragment resulting in formation of a charge-
separated Fc-coumarin™ state. This charge-separated state un-
dergoes ultrafast ground state recovery in 22—23 ps, which con-
trasts with the photophysical behavior of the coumarin precursors
that have 1.3—1.5 ns excited state lifetimes. Support for ferrocene-
facilitated formation of the charge-separated states was provided
by steady-state fluorescence oxidative titrations, and DFT and
TDDFT computational predictions.

4. Experimental section
4.1. General information

Reagents and materials. Solvents were purified using standard
approaches: toluene was dried over sodium metal, DCM was dried
over calcium hydride. Ferrocene carboxaldehyde, fullerene-[Cgo],
and sarcosine were purchased from Sigma Aldrich. Coumarin 1 was
prepared as described earlier [24].

Spectroscopy Measurements. Jasco-720 spectrophotometer
was used to collect UV—Vis data. Electrochemical cyclic voltam-
metry (CV) and differential pulse voltammetry (DPV) measure-
ments were conducted using a CH Instruments electrochemical
analyzer utilizing a three-electrode scheme with platinum working,
auxiliary and Ag/AgCl reference electrodes. DCM was used as sol-
vents and 0.1 M solution of tetrabutylammonium perchlorate
(TBAP) was used as supporting electrolyte. In all cases, experi-
mental redox potentials were corrected using decamethylferrocene
(Fc*H) as an internal standard. NMR spectra were recorded on a
Bruker Avance instrument with a 300 MHz frequency for protons
and 75 MHz frequency for carbons. Chemical shifts are reported in
parts per million (ppm) and referenced to tetramethylsilane
(Si(CH3)4) as an internal standard. High-resolution mass spectra of
compounds 3, 4, and 5 were recorded using a Bruker micrOTOF-
QIIL

Computational Details. The starting geometry of compounds 3,
5 were optimized using a TPSSh exchange-correlation functional
[56]. Energy minima in optimized geometry was confirmed by the
frequency calculations (absence of the imaginary frequencies).
Solvent effect was calculated using the polarized continuum model
(PCM) [57]. In all calculations, DCM was used as the solvent. In
PCM-TDDFT calculation, the first 50 states were calculated. Full-
electron Wachter's basis set [58] was utilized for iron atoms,
while all other atoms were modeled using 6-31G(d) [59] basis set.
Gaussian 09 software was used in all calculations [60]. QMForge
program was used for molecular orbital analysis [61].

Pump-probe spectroscopy. A home-built laser system con-
sisting of a Ti:sapphire oscillator (powered by a Spectra Physics
Millenia Pro) and regenerative amplifier (powered by a Spectra
Physics Empower 15 or Evolution) generated ~60 to 80 fs (FWHM),
0.8—1.0 mJ, 810 nm pulses at a repetition rate of 1 kHz. A portion of
this light was directed into a home-built noncollinear optical
parametric amplifier (NOPA) to create excitation pulses at 530 nm,
570 nm and 650 nm. Continuum probe pulses of 420—750 nm, and
8501400 nm, were created by focusing a small fraction of the
805 nm—815 nm light (~20 pW) into a 2 mm sapphire window and
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Yttrium Aluminum Garnet (YAG) crystal, respectively. The excita-
tion light was polarized at 54.7° relative to the probe polarization
(the magic angle) to isolate the isotropic dynamics of the excited
state. Time delay between the excitation and probe pulses was
controlled by a mechanical delay stage (Newport UTM150PP.1).
Pump and probe pulses were focused and spatially overlapped in
1mm quartz cuvette containing the sample. The probe beam
emerging from the sample was collimated, directed through a
monochromator and detected on an array. A Princeton Instruments
SP2150i monochromator (150 lines/mm, 500 nm blaze) with an
attached 256 pixel diode array (Hamamatsu S3902-256Q) was used
for visible light. A Princeton Instruments SP2150 monochrometer
(150 lines/mm, 1200 nm blaze) with an attached 256 linear pixel
InGaAs diode array (Hamamatsu G9213-256S) was used for infra-
red light. The pump beam was chopped at half the laser repeti-
tion rate while each laser pulse of the probe beam was measured to
yield the change in optical density, AOD. The AOD was determined
for each pulse pair. Typically, 20,000—40,000 pulse pairs were
averaged for each time point presented in the pump-probe data.
Data shown was collected with pump energies typically between
60nJ and 150n] per pulse. Samples had an optical density of
0.25—0.35 at the excitation wavelength. Absorption spectra taken
before and after the pump probe experiments were indistinguish-
able, indicating no evidence of sample degradation.

4.2. Synthesis

Compound 2: To the mixture of coumarin 1 (200 mg,
0.619 mmol) and ferrocenecarboxaldehyde (159 mg, 0.74 mmol) in
dry toluene (15 mL) the mixture of piperidine (263 mg, 3.09 mmol)
and acetic acid (520 mg, 8.66 mmol) was added. The resulting so-
lution was heated under reflux for 20 min. Then the solution was
cooled down to room temperature, evaporated, washed with water,
filtered and air dried. The crude product was stirred in cold
methanol for 30 min and filtered to give 300 mg (93%) of pure dyad
2. '"H NMR (500 MHz, CDCl3) 6 845 (d, 3Jyny=15.0Hz, 1H),
8.00—7.96 (m, 2H), 6.66 (dd, 3= 9.0 Hz, 4Jy = 2.5 Hz, 1H), 6.38
(d, Yyu=25Hz, 1H), 4.79 (s, 4H), 427 (s, 5H), 3.52 (q,
3Jun=7.0Hz, 2H), 1.27 (t, 3Jyy = 7.0 Hz, 3H); 3C NMR (125 MHz,
CDCl3) 6 159.54, 158.40, 156.87, 155.25, 128.66, 116.09, 109.97, 96.38,
79.15, 74.47, 70.98, 70.89, 45.41, 12.41; HRMS (APCI negative) calcd
for Co6H24BF2NO4 [M]: 519.1115, found 519.1202.

Compound 3: The mixture of compound 2 (150 mg, 0.29 mmol)
and aluminum chloride (115 mg, 0.86 mmol) in dry DCM was
refluxed for 3min and then treated with the solution of 3,4-
dihydroxybenzaldehyde (200mg, 1.45mmol). The resulting
mixture was stirred for 2 h at room temperature. Then the insoluble
particles were filtered off and the resulting DCM solution was
washed with water (2 x 50 mL), the organic layer was dried
(NazS04) and evaporated to dryness. The crude product was puri-
fied by column chromatography on silica gel using hexane —ethyl
acetate (1:1) system to give 72mg (40%) of dyad 3. 'H NMR
(500 MHz, CDCl3) 6 10.33 (s, 1H), 8.41 (d, 3Jyn = 15.0 Hz, 1H), 8.05
(d, ¥y = 15.0Hz, 1H), 7.92 (d, }Jyu = 7.6 Hz, 1H), 7.26 (s, 1H), 7.03
(s, 1H), 6.87 (s, 1H), 6.61 (d, }Jyy=76Hz, 1H), 639 (s, 1H),
4.80—4.78 (m, 4H), 4.26 (s, 5H), 3.49—3.47 (m, 4H), 1.27—1.24 (m,
6H); HRMS (APCI positive) calcd for CszHpgBFeNO; [M+H]:
618.1381, found 618.1406.

Compound 5: The mixture of compound 3 (130 mg, 0.21 mmol),
fullerene-Cgp(302 mg, 0.42mmol), and sarcosine (2.1 mmol,
187 mg) was refluxed in dry toluene (40 mL) for 2h. Then the so-
lution was cooled down to room temperature, the unreacted
fullerene and sarcosine were filtered off, and the toluene solution
was evaporated to dryness. The crude product was purified by
column chromatography on silica gel using toluene as a solvent to

give 49 mg (50%) of compound 5. 'H NMR (500 MHz, CDCl3) 6 8.10
(s, 1H), 8.03—7.95 (m, 2H), 7.85 (m, 1H), 6.60 (m, 1H), 6.37 (s, 1H),
4.68 (s, 2H), 4.54 (s, 2H), 4.20 (s, 5H), 3.47 (m, 4H), 1.27 (m, 6H); 3C
NMR (125 MHz, CDCl3) 6 161.62, 157.31, 153.77, 148.66, 129.59,
127.28,120.10,108.97, 96.49, 79.68, 72.21, 70.19, 45.18, 12.63; HRMS
(APCI negative) calcd for CogH24NO4 [M]: 470.1061, found 470.1143.
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