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ABSTRACT: We have probed a series of multicomponent electron donor,-donor;-acceptor; conjugates, both experimentally and
computationally. The conjugates are based on the light harvester and primary electron-donor zinc-porphyrin (ZnP, donor;), to whose
[S-positions a secondary electron-donor ferrocene (Fc, donor,) and the primary electron-acceptor Cyo-fullerene (Cg, acceptor;). Novel
is linking all of them via p-phenylene-acetylene/acetylene bridges of different lengths to gain full control over shuttling electrons and
holes between Cg, ZnP, and Fc Different charge-separation, charge-transfer, and charge-recombination routes have been
demonstrated, both by transient absorption spectroscopy measurements on the femto, pico-, nano-, and microsecond time scales and
by multi-wavelength and target analyses. The molecular wire-like nature of the p-phenylene-acetylene bridges as a function of Cgg-
ZnP and ZnP-Fc distances is decisive in the context of generating distant and long-lived Cgy"-ZnP-Fc™* charge-separated states. For
the first time, we confirm the presence of two adjacent charge-transfer states, a Cg-ZnP*-Fc¢'* intermediate in addition to Cgy'-ZnP**-
Fc, en route to the distant Cgy'-ZnP-Fc™* charge-separated state. Our studies demonstrate how the interplay of changes in the
reorganization energy and the damping factor of the molecular bridges, in addition to variation in the solvent polarity, affect the
outcome of charge-transfer and the corresponding rate constants. The different regions of the Marcus parabola are highly relevant are
highly relevant in this matter: The charge-recombination of, for example, the adjacent Cg"-ZnP"*-Fc charge-separated state is located
in the inverted region, while that of the distant Cg"-ZnP-Fc¢'* charge-separated state lies in the normal region. Here, the larger
reorganization energy of Fc relative to ZnP makes the difference.

INTRODUCTION charge-recombination are found in the normal and the inverted
region of the Marcus parabola, respectively. This is independent

The natural photosynthetic reaction centers have served as of the electron donor-acceptor distance.”'* A different picture

blueprints for solar light harvesting technology, and thus
provided a major driving force for studying and characterizing
a myriad of artificial electron donor-acceptor systems.!> The
distinct light harvesting and electron-donation properties of
(metallo)porphyrins render them perfect building blocks for
electron donor-acceptor conjugates. Electron-accepting
fullerenes provide the perfect counterpart to (metallo)porphyrin
electron donors.

Important groundwork has already been laid with respect to
both the reorganization energy of Cg in electron-transfer
reactions and the damping factor of m-conjugated molecular
bridges.*® The small reorganization energy of fullerenes in
electron transfer reactions means that, in combination with
(metallo)porphyrins such as that of zinc (ZnP) in Cgy-ZnP
electron donor-acceptor conjugates, charge-separation and

evolves, however, for the corresponding ferrocene Cgp-Fc
electron donor-acceptor conjugates, in which charge-separation
and charge-recombination are both found in the normal region
of the Marcus parabola. The only notable exception of a Marcus
inverted behavior for the charge-recombination is caused by
very short electron donor-acceptor distances between Cg and
Fc. 9,15-17

An important physico-chemical parameter that assists in
regulating the interplay between electron-donor and -acceptor
is the damping factor of the molecular bridge. Ideally,
molecular bridges with small damping factors enable electronic
coupling and, in turn, electron transfer over large distances.!3-22
Thus, recent attention has been focused on m-conjugated oligo-
phenylene-vinylenes?*26, polyacetylenes!'?, oligo-
phenylenes?”?°, oligo-phenylene-ethynylenes?-36, and oligo-
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thiophenes®”-38. Importantly, they feature damping factors from
as small as 0.03 A-! to as large as 0.2 A-! for oligo-phenylene-
vinylenes and oligo-phenylenes, respectively. Such a broad
range of values is key in modulating the rates of short- and long-
range electron transfer by orders of magnitude.

We have now investigated how the interplay of changes in
the reorganization energy and the damping factor affect short-
and long-range electron transfer dynamics in a series of
multicomponent electron donor-acceptor conjugates. Cgy is
common to all conjugates and serves as the electron-acceptor.
Notable differences in their oxidation potentials and
reorganization energies were incentives to use ZnP and Fc as

primary and secondary electron-donors, respectively. The most
important feature of the electron donor-acceptor conjugates is
the linkage of the secondary electron-donor Fc and the electron-
acceptor Cg to the primary electron-donor ZnP: f-positioning
activates the unprecedented pathway of forming the Cgp-ZnP*—-
Fc* intermediate en-route to the Cgy'-ZnP-Fc™* charge-
separated state. Overall, the resulting electron donor-acceptor
separations in the corresponding Cg-ZnP-Fc span the range
from 12 to 40 A. In addition, p-phenylene-acetylenes/acetylene
were employed as bridges to tune the shuttling electrons and
holes between Cgy, ZnP, and Fc, which, to the best of our
knowledge, has never be done before.
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Figure 1. Synthetic routes towards Cg-ZnP-Fc electron donor-acceptor conjugates.

2

ACS Paragon Plus Environment

Page 2 of 18



Page 30f 18

Journal of the American Chemical Society

RESULTS AND DISCUSSION

Design and Synthesis

Lately, we have reported on the f-functionalization of H,TPP
by one or two ferrocenes in the 2- and 3-positions through either
ethynyl or phenylethynyl functionalities.®® At the time, it was
employed as a novel use of the Sonogashira reaction to enable
investigations of the intramolecular energy and/or electron
transfer following light excitation.?”

In the following years, we set our focus on the synthesis of £
modified porphyrins that feature electron-accepting Cg. For
example, a series of different molecular bridges were used to
connect the porphyrins and the fullerenes and to study the
impact of substituents on the intramolecular transduction of
energy and/or electrons.’> 40 Soon after that, several reports
from other groups with the focus on the synthesis and
characterization of different tetraphenylporphyrins bearing
electron donating ferrocenes at the f-, meso-, or 4-phenyl
positions followed.!!> 12 14-17. 22. 26 We_ on the other hand, have
functionalized the 2,12 positions of H,TPP with fullerenes and
ferrocenes as electron-acceptors and -donors, respectively. By
employing either ethynyls or ethynylphenylenes, we realized
new hybrid materials with push-pull character3?34, using, for
example, new carbon material (Carbon Spheres-CSs) as
acceptor unit.*! The possibility to place different substituents at
the f-pyrrole positions constitutes a powerful approach towards
the fine-tuning of tetrapyrroles, in general, and the modulation
of electron donor-acceptor interactions, in particular.

In this paper, we synthetized two new molecular electron-
donor acceptor systems. They are based on the extension of the
conjugation via f-substitution resulting in push-pull effects.
They are a combination of electron-donors (i.e., ferrocene),
light-harvester (i.e., porphyrin) and electron-acceptors (i.e.,
Cgo) connected to each other through “molecular wires” of
variable lengths. On one hand, a meso-tetraphenylporphyrin
was connected to a ferrocene in its f-position through oligo p-
phenyleneethynylenes using the Sonogashira reaction. On the
other hand, C4 was linked to the S-position of the meso-
tetraphenylporphyrin using the Prato—Maggini reaction.*?
Importantly, the different molecular bridges have been directly
linked to the p-pyrrolic positions to create, in turn, a set of a
novel electron donor-acceptor system.

Figure 1 summarizes the synthetic pathways for obtaining the
different multicomponent electron donor-acceptor conjugates.
The first step involved a Sonogashira coupling of H,Br, with
1.5 equivalents of the different p-phenyleneethynylenes (1-3)
and afforded porphyrins 1-3H,Br.3>3* The stereochemistry of
2,12-dibromo TPP as starting material was recently
elucidated.®® The next step was again a Sonogashira coupling
reaction between 1-3H,Br and two equivalents of different
ferrocenes (a-c¢) to afford the corresponding intermediates
CHOI1-3H,(a-c). For the functionalization of Cg with
intermediates CHO1-3H,(a-c), we used the Prato-Maggini
reaction’?3* en route to 1-3H,(a-c). In the final step, zinc was
inserted following a literature procedure to yield 1-3(a-c)
quantitatively.

The photophysical properties of the 1-3(a-c¢) conjugates were
then investigated by comparing them at different stages with the
relevant references.** The references used include the
commercially available ZnTPP, Cg-ref., f-ZnP-ref. (Mass

and NMR spectra, and the structureof f-ZnP-ref. available in
Figures S25-26), and already published ZnP-Fc conjugates®
HZnPa, HZnPb (Figure S27).

Absorption Spectroscopy

In order to provide insight into the ground-state
characteristics of the conjugates, the absorption spectra of 1a
and 1b are compared in Figure 2. The spectra feature in the UV
region absorptions of Cgy and the characteristic Soret- and Q-
band absorptions of ZnP in the visible region with extinction
coefficients as high as 1.4 x 10° and 1.5 x 10* M! cm’,
respectively. In addition, the acetylene-phenylene/phenylene-
acetylene bridges absorb in the 330 to 350 nm range.?> Due to
the relatively low extinction coefficient of Fc, that is,
approximately 90 M-! cm! no direct absorption is observed.’

At first glance, a comparison with the ZnTPP references
(Figure SP1) reveals broadened and red-shifted Soret-band
absorptions in HZnPa, HZnPb, 1-3a, 1-3b, and 2c¢ (Figures
SP2-3, SP5-8). Relative to the ZnP-Fc conjugates all conjugates
baring Cgy as electron-acceptor, that is, 1-3a, 1-3b and 2c,
exhibit even more broadened and red-shifted absorption bands
(Figure SP4). All of the changes stem from the substitution at
the f-pyrrole- rather than meso-positions and, in turn, perturb
the ZnP ground state. The lower symmetry of the porphyrin also
contributes to the broadening and red shifts. These changes get
stronger with the integration of the phenylene-acetylene bridges
between Cgq and ZnP or the phenylene/ acetylene-phenylene
bridges between ZnP and Fc.
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Figure 2. Absorption spectra of 1a (navy blue) and 1b (orange)
in chlorobenzene under ambient conditions, inset shows the Q-
band absorption.

A closer inspection of the Q(0,0) to Q(1,0) ratio sheds light
onto the energetic differences between the two degenerate 'E
(a2, €,) and E (ay,, €,) levels. Ratios of around 0.50 in HZnPa
and HZnPb and 0.9 in 1-3a, 1-3b and 2c¢ are considerably
larger than that of 0.19 found for the ZnTPP reference. These
values indicate a perpetual effect on the degeneracy of the
energy levels with consecutive fS-pyrrole substitution. The
reason behind this is a non-zero electron density of the aj,
orbital at the f-position relative to the a,, orbitals. It perturbs
the two m a;, and a,, orbitals differently and, in turn, leads to a
larger energy difference in the conjugates than in ZnTPP.#
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Fluorescence Spectroscopy

The only meaningful fluorescent probe in the series of Cgo-
ZnP-Fc conjugates 1-3a, 1-3b, and 2c¢ is that of ZnP. For
example, fluorescence spectra of the ZnTPP reference feature
maxima at 595 and 645 nm and a quantum yield of 0.33 in
toluene (Figure SP9). Cy fluoresces, but its low quantum yield
of 10 hampers accurate analyses, especially in the presence of
the electron-donating ZnP and Fc. In the corresponding
conjugates, we note red shifts and significant quenching of the
ZnP fluorescence relative to ZnTPP; the quantum yields are in
the range of 6.7 x 10-3to 1.9 x 10-2. A closer look at the quantum
yields reveals that they increase as a function of the Cq-ZnP
distance, the non-polar character of the solvent, and the ZnP-Fc
distance. First, placing one, two, or three phenylene-acetylene
units between Cgy and ZnP with distances of 12.6, 19.5, and 26.4
A, respectively, leads to quantum yields of 1.3 x 10+, 2.0 x 10
3, and 6.4 x 1073 in benzonitrile, respectively. Second, in toluene
the corresponding quantum yields are 5.6 x 104, 9.4 x 103, and
1.9 x 102, Third, an increase in the ZnP-Fc distance from 12.6
A to 19.5 A by increasing the number of acetylene-phenylene
units from one to two changes the quantum yields from 2.0 X
103to 3.5 x 10 (Figures SP11-16).
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Figure 3. Fluorescence spectra of 1b measured in solvents of
different polarity, that is, toluene (red), chlorobenzene (vellow),
and benzonitrile (blue), with an excitation wavelength of 435
nm.

At this point, the thermodynamic driving forces for charge-
separation and the underlying solvent dependence suggest that
the ZnP fluorescence quenching is due to a charge transfer
evolving between the ZnP singlet excited state and Cg., which
involves ZnP as the electron donor. A reasonable charge-
transfer alternative is the charge-transfer pathway between the
ZnP singlet excited state and Fc, which implies that ZnP acts as
an electron acceptor. This notion is not only supported
thermodynamically, but also the 90% ZnP fluorescence
quenching observed in the HZnPa and HZnPb implies excited
state interactions between ZnP and Fc (Figure SP9-10). Energy
transfer, for example, from the ZnP singlet excited state to Cgg
cannot be ruled out, especially in the non-polar solvent toluene,
where the Cy, fluorescence at 708 and 790 nm is noticed. In non-
polar solvents, the excitation spectra of the Cg, fluorescence are
in sound agreement with the ZnP absorption spectra (shown for
1b in Figure SP17). As the solvent polarity is, however,

increased, the energy-transfer pathway is deactivated (Figure
3).

X-ray Photoelectron Spectroscopy

(b)

Fe 2p32.1

Intensity / a, u.
Intensity /a. u.

P eyt T dngeneay ey
Figure 4. (@) N Is (left) and Fe 2p (b) photoemission spectra of
1b. Experimental data points and theoretically reconstructed
spectra are presented by dots and solid lines, respectively.

XPS analyses of 1a and 1b enable not only corroborating the
presence of Fe, Zn, and N, but also their relative atomic ratios
by means of probing the presence and intensity of their 2p, 2p,
and 1s peaks, respectively. A leading example is presented in
Figure 4 for the N /s and Fe 2p spectra of 1b. A 1.0:1.2:5.0
atomic ratio between Fe, Zn, and N is derived for 1b. The
atomic ratio of 4:1 for the N 1s peaks at 398.9 and 401.0 eV
confirms the presence of the (metallo)porphyrin and the
fullerene. Importantly, the presence of Fe(II) and Fe(Ill) in a 4:1
ratio, derived from the two 2p;, peaks at 708.1 and 711.5 eV
(weak intensity) suggests a partial electron-transfer with
ferrocene.

Electrochemistry

The redox potentials of Cgo-ref., Fe-ref. (for structures see
Figure S28) and f#-ZnP-ref. which were used as references, and
the corresponding Cg-ZnP-Fc conjugates were determined
next to the absorption and fluorescence characteristics. This is
done to rationalize the electron-transfer events, both between
ZnP and Cg, and between ZnP and Fc. The thermodynamic
driving forces for any electron-transfer processes in the
electron-donor-acceptor conjugates were based on the
differential pulse voltammograms. These were recorded in
dichloromethane by using
tetrabutylammoniumhexafluorophosphate ~ (NBu,PF¢)  as
supporting electrolyte - Table 1.4¢ In the case of Cy its first and
second reductions occur at —1.09 and —1.41 V, respectively.
When turning to f-ZnP-ref, in addition to the first reduction at
—1.55V, the first and second oxidations are noted at +0.43 and
+0.74 V, respectively. For Fc, only a single oxidation is seen at
+0.39 V. (Figure S18) For la of the 1-3a series, the first
reduction at —0.95 V and the second reduction at —1.33 V are
Cgo-centered, while the first oxidation at +0.15 V and the
second oxidation at +0.49 V take place on Fc and ZnP,
respectively (Figure SP19).

Table 1. Redox potentials (corrected against Fc/Fc* internal
standard) of the references and conjugates la and 1b recorded
in argon-saturated dichloromethane with NBu,PFs as
supporting electrolyte, Ag/Ag* as reference electrode, Pt as
counter electrode, and glassy carbon as working electrode at a
scan rate of 0.01 Vs
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ZnP F
Cso Reduction re dur::tion Oxi d':tion ZnP Oxidation
S-ZnP-ref. - - -1.55 - +0.43 +0.74
Cgo-ref. -1.41 -1.09 - - - -
la -133 -095] -142 +0.15 |+0.49 +0.83
1b -1.42 -1.03] -1.50 +0.05 |+0.42 +0.86

Similarly, for 1b of the 1-3b series, two reductions at —1.03
and —1.42 V are centered on Cg, while oxidations at +0.05 and
+0.42 V involve Fc and ZnP, respectively.

In both series and for 2¢ the number of p-phenylene-
acetylenes between the electron-accepting Cg and the electron-
donating ZnP/Fc has no appreciable impact on neither the
reductions nor the oxidations (Table SP1) (Figure SP20). From
this finding, we conclude the absence of appreciable electronic
couplings in the ground state; a postulate which is
independently confirmed by the electrochemical behavior of the
references.

Thermodynamic Driving Forces

From the redox potentials in dichloromethane, the
thermodynamic driving forces for the charge-separation
(Equation 1), charge- recombination (Equation 2), and even
charge-shift were determined in different solvents using the
Rehm-Weller equation.*’” The approach takes the Gibbs free
energy of the charge-separated state in solvents of different
dielectric constants & into account. Here, e is the elementary
charge, Eox(D/D"*) and Ergp(A/A*) are the first oxidation of the
electron-donor and the first reduction of the electron-acceptor
in dichloromethane (g, = 8.93), respectively. Ey, is the energy

Journal of the American Chemical Society

of the ZnP first singlet excited state (2.04 eV) and AGsq is the
solvent correction term, which accounts for Coulombic
interactions in the charge-separated state in solvents of different
polarity #7438

AGep = [e(E(D/D" %) — E™(A/A"7))] — AGso, (1)

AGes = [e(E*(D/D**) — E"**(A/A" 7)) — Eqo (ZnP)] — AGsor
2

et 1 e? 1 1 1 1
AGSOL = 4megesRpa + F&‘U[(ZT‘D{» + ZrA—)(Ere/ - ;S)] (3)

In equation 3, g, is the permittivity of the vacuum, Rp, is the
electron donor-acceptor distance, and rp. and r,. are the ionic
radii of the electron-donor and -acceptor, respectively. From
Table 2 we conclude that all thermodynamic driving forces are
sufficiently exergonic. In turn, all charge-separation, charge-
recombination, and charge-shift reactions should occur.
Increasing the solvent polarity from toluene to benzonitrile
decreases the energies and results in even further increased
driving forces. For example, the energies of the charge-
separated states in benzonitrile are 1.37 and 1.03 eV for Cgy"-
ZnP**-Fc and Cg¢y"-ZnP-Fc™, respectively, and 1.52 eV for Cg-
ZnP*--Fc™. For the pathway via the C¢p"~-ZnP**-Fc intermediate,
the values in benzonitrile are -0.67, -0.34, and -1.37 ¢V,
respectively. For the pathway involving the Cgy-ZnP-Fc™*
intermediate, charge-separation, charge-shift, and charge-
recombination are exothermic in benzonitrile by -0.52, -0.49,
and -1.52 eV, respectively.

Table 2. Thermodynamic driving forces (-AG° in eV) for the charge-separation (CS), charge-recombination (CR), and charge-shift
(CSh) reactions in solvents of different polarities determined for 1b using the Rehm-Weller equation

—AGes/cr jcsh | eV
Initial State Final State toluene chlorobenzene benzonitrile dimethylformamide
(g,=2.28) (e,=15.62) (e,=25.2) (g,=36.7)
Cg—""ZnP-Fc Cg—ZnP*—Fc** 0.22 0.41 0.52 0.52
Cg—""ZnP-Fc Cg—ZnP"—Fc 0.37 0.56 0.67 0.68
Ce—ZnP—Fc™* Cgp'—ZnP-Fc™* 0.37 0.47 0.49 0.49
Cgo'—ZnP**—Fc Cgo'—ZnP-Fc'* 0.22 0.32 0.34 0.35
Ce—ZnP—Fc'* Cq—ZnP-Fc 1.82 1.63 1.52 1.52
Coo'—ZnP**—Fc Cy~ZnP-Fe 1.67 1.48 1.37 1.36
Ce'—ZnP—Fe™* Cer—ZnP-Fec 1.41 112 0.99 0.98

Molecular Modeling

The series of Cg-ZnP-Fc conjugates and the individual
building blocks, Cg, ZnP, and Fc, were investigated with
density functional theory (DFT) at the B3LYP and Cam-
B3LYP//cc-pVDZ level of theory using the Gaussianl6

program.*-32 Geometries were optimized using the PCM
solvation model with benzonitrile as solvent.*>° For all
conjugates, linear arrangements proved to be the
thermodynamically most stable configuration. Interestingly, all
bridges, which link Cg and Fc with ZnP are planar, although
the a-substituted phenylenes cause steric hindrance and result
in an 8° offset from linearity in the C-C-C angle. 1a shows two
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rotational barriers, which are placed along the rotation of the
cyclopentadienyl planes relative to the ZnP-plane. They are
found to be 4.2 and 0.6 kcal-mol! at the orthogonal positions of
Fc with respect to the ZnP plane (Figure ST1). Bridge
elongation, like in 1b, leads to reduced steric hindrance and 0.6
kcal mol! for both transition structures. The ZnP to Fc distances
(Table ST1) are 8.3, 12.6 and 19.5 A in 1a, 2a, and 3a,
respectively, while the Cg to ZnP distances are 12.6, 19.5 and
26.4 Ain1a, 1b, and 1c, respectively.

To understand the effect of f-pyrrole substitution on ZnP, the
corresponding molecular orbitals were plotted and analyzed
(see Figure ST2-6). Energetically, the highest occupied
molecular orbital (HOMO) is hardly affected and shows a less
than 10 meV change with respect to the ZnTPP reference. This
is interesting, as the former a,, orbital is changed significantly
and gives rise to a significant bridge-centered contribution. In
contrast, the former a;, orbital remains localized on ZnP,
despite a stabilization of up to 95 meV. A similar picture
evolves for the degenerated lowest unoccupied molecular
orbitals (LUMOs), e, and e,. For ey, a rather large
contribution is found on the bridge, which assists in stabilizing
it. The e,y is local and only weakly stabilized. Overall, the
HOMO-LUMO gap is lowered by 0.3 eV relative to that in the
ZnP reference. Notably, the impact of different bridge lengths
is minor. A conclusion that is consistent with the
electrochemical and spectroscopic results.

Next, time-dependent DFT (TD-DFT) single-point
calculations were carried out to obtain the vertical excitation
energies (Figure ST8, Table ST2). In all cases, two low lying
singlet-excited states S; and S, are present. The energy of S;
ranges from 2.14 — 2.15 eV, independent of the ZnP-Cq,
distance, but dependent on the distance between Fc and ZnP.
Equally weak is the stabilization of S,, which depends,
however, on both distances. For both singlet-excited states, a
dipole moment is found that is larger than that in the ground
state. Moreover, it depends on the ZnP-Fc distance (Table ST3).
These observations suggest charge-
transfer character for S; and S,. The changes in electrostatic
potential between ground and the first six singlet-excited states
are shown in Figure ST9. In S, and S,, the electron density is
increased on ZnP and decreased on Fc, resulting in a ZnP8—Fc8*
charge-transfer state. S; and S, are mainly ZnP-centered and
feature a strong coupling into the bridges. Compared to a ZnP
reference, the degeneracy is cancelled and the molecular orbital
energies are stabilized by up to 0.15 eV. This is consistent with
the spectroscopic studies. Analyses of the natural transition
orbitals (B3LYP, Figure ST10-T13) proof the strong interplay
of all three building blocks, yielding multiple excited states with
charge transfer character.

Figure 5. Electrostatic potential difference between excited and
ground state for la, mapped on the ground state electron
density isosurface (isovalue = 0.015): (a) fully optimized
charge transfer state Cg—ZnP—Fc*t (E=1.63 eV, dipole
moment 5.3 D, blue= -0.025, red= 0.025), (b) partially
optimized charge separated states Cqy'—ZnP*—Fc (E=1.59 eV,
dipole moment 78.1 D, middle, -0.1 — 0.1) and (¢
Cso™—ZnP—Fc™* (Ey=1.50 eV, dipole moment 88.2 D, bottom, -
0.1-0.1).

Finally, the excited states were optimized for 1a and 2c¢ to
estimate the driving forces for the excited-state deactivation.
Particular focus was placed on the first CT-excited state (Figure
5a). Reduction of ZnP in conjugates of C¢y, ZnP, and Fc is rather
unusual and the main deactivation involves the Cgy-ZnP**-Fc
intermediate prior to any charge-shift en route to the C¢y"-ZnP-
Fc'* charge-separated state. Importantly, the driving force,
which was determined for the S; deactivation in, for example,
la is —0.53 eV; in excellent agreement with the
electrochemically based value of —0.51 eV. In other words, we
expect a competition between the formation of the Cyy"-ZnP"*-
Fc and C4-ZnP—-Fc* intermediates in the overall ZnP
deactivation. The full charge-separated states (Figure 5b and c)
were not directly accessible from excited-state calculations at
the ground state geometry. To access them we partially
optimized the excited state based on the preoptimized anion
geometry. The high dipole moment of 78 and 88 Debye for b
and c confirm the fully charge-separated state character of these
states. Although overestimated due the partial optimization
procedure, the derived energies of 1.59 and 1.50 eV for Cg™-
ZnP**-Fc and the Cg"-ZnP-Fc™, respectively, are in line with
the proposed redox cascade.
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Transient Absorption Measurements

To shed light onto the photoexcited state deactivation, the
characterization of the photoproducts, and the determination of
the rate constants, we turned to pump-probe experiments in the
femto-, pico-, nano-, and microsecond regimes. In particular,
transient absorption spectra were recorded after exciting ZnP in
the electron donor-acceptor conjugates 1a-3a, 1b-3b and 2c at
568 nm. The ZnP singlet-excited state features evolve
immediately after excitation and include maxima at 480-490,
600, and 650 nm, together with ground state bleaching of the
Soret- and Q-band absorptions at 450 and 620 nm. Unlike f-
ZnP-ref. (Figures SP23-24), these singlet excited-state features
transform into a new transient species within 2 to 10 ps. This
species is characterized by fingerprints in the visible range,
around 415 and 650 nm, and in the near-infrared at 1010 nm;

Journal of the American Chemical Society

they relate to the one-electron oxidized form of ZnP (Figure
SP21) and to the one-electron reduced form of Cy, respectively.
We, therefore, conclude that the ZnP singlet-excited state
transforms into the Cg'-ZnP*-Fc charge-separated state.
Importantly, multi-wavelength analysis of the decay of the
Coo'-ZnP*-Fc charge-separated state shows that it is
monophasic for the one-electron oxidized form of ZnP and
biphasic for the one-electron reduced form of Cg (see Figure
6a,b). In addition, the short lifetime of the former matches that
of the latter. We postulate the involvement of Fc in a charge-
shift reaction and, in turn, the generation of the C¢y"-ZnP-Fc™*
charge-separated state. Unambiguous proof for the presence of
the one-electron oxidized form of Fc is made difficult by its low
extinction coefficient of 90 M- cm™!. However, the calculations
support our conclusions — vide supra.
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Figure 6 (a). Femtosecond-transient absorption spectroscopy fs-TAS of 1b recorded with several time delays between 0.5 and 7500
ps in the visible and near-infrared region (... = 568 nm) in argon-saturated benzonitrile at room temperature. (b). Time absorption
profiles of ZnP™ at 415 nm (green), and Cgy'~ at 1010 nm (navy blue), obtained in f$-TAS (Aee = 568 nm) in argon-saturated
benzonitrile illustrating the decay of the excited states with the corresponding fits and the residual of the fits. (c). Deconvoluted
transient absorption species associated spectra of 1b in argon-saturated benzonitrile with Csy—""ZnP—Fc (SASI — blue), Csy—ZnP—
Fct (SAS2 — green), Cyp—ZnP*—Fc (SAS4 — red), Cgy'—ZnP—Fc*t (SAS5 — brown) obtained via target analysis in GloTaran. (d).

Population dynamics of SAS1,

SA4S2, SAS3, and SAS4.
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In addition to multi-wavelength analysis, we subjected the
transient absorption data to global target analysis, which is
based on an excited-state deactivation kinetic model and
involves the R-package TIMP and the graphical user interface
GloTarAn.®® The energies for the excited states and the one-
electron oxidized and reduced of the respective component
constitute the basis for the kinetic model - (Figure 7) - and
involve four species in benzonitrile. Figure 6¢, d shows the
species associated spectra and the associated population
dynamics for 1b obtained upon global-target analysis.

The deconvoluted species relate well to the kinetic model.
For example, the first species is the ZnP singlet-excited state,
which is formed instantaneously upon photoexcitation featuring
maxima at 495, 593 and 644 nm and minima at 611 nm. It
transforms in a parallel fashion into the second and the third
species, which are the Cgo-ZnP-Fc'*and Cgy"-ZnP**-Fc charge-
separated states, respectively, via two competitive charge-
separation steps with rate constants kcs; and kcsp. The two
charge-separated states both exhibit the fingerprint absorptions
due to the one-electron oxidized and the one-electron reduced
forms of the respective components.

4 2.20 eV
Cg—"*ZnP-Fc

1.52 eV A K
Cep—ZnP—Fcy” “osz €t 1.37eV

—I\ Ceo——ZnP*—Fc
1 3
kCSh1

3 ! N :

> : o N # Cav—ZnP—Fc|

s I s 0.99eV |
1k

w 1 CR2 :
I kcna kCR1 :
! I
H i
1 i !
{ Cep-2ZnP—Fclvy 4 H

Figure 7: The kinetic model applied to deconvolute excited
state species of the conjugates in benzonitrile via target
analysis in GloTaran.

SAS2, which is referred to as the Cgp-ZnP*~-Fc** charge-
separated state, features the same spectral characteristics, which
is gathered for the ZnP-Fc conjugate HZnPb. It exhibits a
distinct shoulder at 550 nm and the excited state absorption
features are  broadened in  comparison to the
spectroelctrochemically — generated one-electron reduced
form of ZnP (Figure SP29). For 1-3a, SAS2, next to its
similarity with the differential absorption of the corresponding
ZnP-Fc conjugate HZnPa, agrees well with the differential
absorption spectra of the spectroelctrochemically one-electron
reduced form of ZnP (Figure SP33). Features, which are
observed for SAS3, comprise the one-electron oxidized form of
the ZnP transients at 415 nm and broad maxima spanning from
630 to 700 nm in the visible region (Figures SP30, SP34). In the
near-infrared region, the characteristic 1010 nm fingerprint of
the one-electron reduced form of Cg, implies the formation of
the Cgp"-ZnP**-Fc charge-separated state.*%14-17
The fate of both charge-separated states involves either the
ground state recovery via charge-recombination with rate

constants kcg; and kcr, or the population of the fourth state, the
Cego-ZnP-Fc'* charge-separated state via charge-shift with rate
constants kcsyy and kcspp.®! Finally, the Cgy—-ZnP-Fc** charge-
separated state converts into the ground state via charge
recombination with the rate constant kcgs.

In the 1-3a series, the conjugate., which features the shortest
electron donor-acceptor separations, both between Cgy and ZnP
and between ZnP and Fc, the parallel formation of the Cqy-
ZnP**-Fc and Cgp-ZnP*--Fc™* charge-separated state takes place
with rate constants kcg; and kcgp 0f2.80 x 101 and 3.11 x 10!
I, respectively. For the subsequent charge-shift reactions to
populate accordingly the Cg™-ZnP-Fc** charge-separated state
we determined kcsy; and kcgp to be 7.50 x 102 and 7.40 x 1010
s71, respectively, before the ground state is recovered with kcg3
=6.21 x 108s! (Figures SP31-32). In the 1-3b series and 2¢, the
larger ZnP-Fc separation in 1b slows down kcg, to 2.30 x 10!
S_l, kCSHZ t0 3.90 x IOIOS'I, and kCR} to 1.01 x 103!, Relative to
either 1a or 1b, increasing the Cg to ZnP distance in 2a and 3a,
on one hand, or 2b, 3b, and 2¢, on the other, leads to subtle
changes in the kinetic model. Rather than seeing the parallel
formation of the Cg-ZnP*-Fc'* and Cg¢"-ZnP**-Fc charge-
separated state, the latter is mediated by the population of a
vibrationally relaxed ZnP singlet-excited state - Figure SP22.
Evidence is given by small blue shifts of the ground state
bleaching of the Soret-band absorption. In 2a and 3a, only the
kcgis are different but not the kcgos: 1.07 x 100 57! for 2a and
9.60 x 108 s'! for 3a. In 2b and 3b, the kcg;s are 9.10 x 10° and
1.25 x 10° 7, respectively. In light of the aforementioned,
charge-shift kcsyi, that is, the Cgp'-ZnP**-Fc to Cgp"-ZnP-Fc™*
charge-separated state transformation is rather inefficient in 2a,
3a, 2b, and 3b; instead the Cq"-ZnP-Fc* charge-separated
state is mainly populated in these cases via charge-shift at rates
kcsn, comparable to those in 1a and 1b. Also, in the conjugates
2a, 3a, 2b, and 3b, due to a slower kcg;, a significant
contribution of the 3*ZnP is seen at longer time delays. Notably,
kcrs decreases from 6.21 x 108s!in 1a, to 1.23 x 108s! in 2a,
and to 7.70 x 10° s in 3a and from 1.01 x 108s!in 1b t02.58 x
10%s!in 2b and to 4.76 x 10° s''in 3b. (see Figures SP35-42)

To overcome the bottleneck of the charge-separation kcs; and
charge-shift kcgy; cascade, but without compromising the
overall Cg-Fc distance, we took, for example, 2¢ and decreased
the Cy to ZnP distance, on the one hand, and increased the ZnP
to Fc distance, on the other. In 2¢, kcg;, with 9.50 x 10° s'! is
indeed competitive with kcs, and, in turn, is followed by a kcsy;
of 7.50 x 108 s-! (Figures SP43-44). It is not surprising that the
Ceo-ZnP-Fc™* charge-separated state is formed in 2¢ with
higher quantum yields than in 3b. The slow-down of the charge
recombination leading to kcgss as low as 2.90 x 10°s”! is quite
remarkable.

A strong solvent polarity dependence was found
forconjugates 1-3a, 1-3b, and 2c¢, especially on going from non-
polar to moderately or highly polar solvents. The impact on both
the formation and decay kinetics of the charge-separated states
and the overall mechanism of deactivation is particularly
strong. In toluene, the energies of the Cyy"-ZnP**-Fc, Cyy-ZnP"-
Fc*, and Cgp'-ZnP-Fc*™* charge-separated states with values of
1.67, 1.82, and 1.45 eV favor a charge recombination into the
triplet-excited states of either ZnP (1.53 eV) or Cg (1.50 eV)?
(Figures SP45-51). As a result, the ZnP or Cg triplet-excited
states dominate the product of charge-recombination, before the
recovery of the ground state sets in. In both moderately polar
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chlorobenzene and  highly polar benzonitrile and
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states. In turn, the ground state recovery is direct rather than

1 dimethylformamide, the energies of stabilized charge-separated indirect. (Figures SP52-70)
2 states fall below those of either the ZnP or Cg, triplet-excited
3
4 Table 3. Rate constants for the different charge transfer processes in conjugates 1-3b in benzonitrile as obtained via target analysis
5 in GloTaran.
6
% k/s!
8
9 Initial State Final State 1b 2b 3b 2¢
Type
10 n=1,m=1 n=2,m=1 n=3,m=1 n=2,m=2
1; Cg—""ZnP-Fc Cgp'—ZnP"*—Fc Kesi 2.60 x 10! 9.10 x 10° 1.25 x10° 9.50 x 10°
13 Cg—""ZnP-Fc Cg—ZnP—Fc"* kesa 2.30 x 10" 2.0x 101 2.1 x 10" -
14 Ceq™—ZnP"*-Fc Cgq"—ZnP-Fe™* Kesni 1.80 x 10° - - 7.50 x 108
12 Cg—ZnP—Fc™* Ce"—ZnP-Fe™* Kesn 3.90 x 1010 2.20 x 1010 1.20 x 1010 -
17 Cgp'—ZnP"—Fc Cg—ZnP-Fc Kcri 2.80 x 10° 1.40 x 10° 2.56 x 108 1.10 x 10°
18 Ce—ZnP—Fc™* Ce—ZnP-Fc Kere 4.80 x 1010 4.30 x 101 2.25 x 1010 -
;g Cgp'—ZnP-Fc™* Cso—ZnP-Fc Kcrs 1.01 x 108 2.58 x 10¢ 4.76 x 10° 2.90 x 10°
21
22 ker /87!
Reorganization Energies, Damping Factors, and -

23 Electronic Couplings chioro- benzonitrile dimethy!-
24 In short, we have determined the electron-transfer benzene B formamide
25 mechanism in a series of Cg-ZnP-Fc conjugates with the help (&=562) &7252 (&=36.7)
26 of multi-wavelength, global, and target analyses and have Ce—ZnP"*—Fe¢ 3.12 % 108 1.00 x 10° 1.20 x 10°
27 determined the underlying rate constants, starting with the — - - . .
28 photoexcitation of ZnP all the way to the complete ground state Co —ZnP-Fc 133 x10 29010 L.64x 10
29 recovery. The lifetimes of the C¢y*-ZnP**-Fc and C¢y*~-ZnP-Fc"*
30 charge-separated states exhibit strong, but different correlations We next investigated the short- and long-range damping
31 with the solvent polarity. For example, with increasing solvent factors. For example, we used the charge-recombination Cgo'~-
32 polarity, the lifetimes of the Cg~-ZnP**-Fc charge-separated ZnP™*-Fc and charge-shift kinetics of Cg"-ZnP**-Fc and Cgy-
33 states decrease. In stark contrast, the lifetimes of the Cgy"-ZnP- ZnP-Fc™* to yield the Cqy'-ZnP-Fc™* charge-separated states.

Fc* charge-separated states increase with increasing solvent The corresponding values are 0.17 A-! for the phenylene-
34 polarity -Table 4. Based on equation 4 as part of the Marcus acetylene bridge and 0.13 A-! and 0.097 A-! for the acetylene-
35 theory,®® we gather a sound understanding of solvent polarity phenylene bridges (Figures SP72-75). Both values are in sound
36 effects by means of analyzing the plots of the driving forces vs. agreement with previous findings on p-phenylene-acetylene
37 rate constants charge recombination. In equation 4, ‘V” is the bridges.3%-3¢ They also confirm that the flow of charges is nearly
38 electronic coupling matrix element, k the Boltzmann constant, independent of the direction, i.e. phenylene-acetylene vs.
39 h the Planck constant, 7' the absolute temperature, and ‘A’ the acetylene-phenylene.
40 reorganization energy. Notably, we did not use equation 4 to The corresponding damping factors for the long-distance
41 obtain ‘V” and ‘A’ due to the fact that charge-separation and charge recombination are 0.43 and 0.37 A-! for the phenylene-
42 charge-recombination are two different processes and cannot be acetylene/acetylene combination and phenylene-
43 treated the same way. It is, however, safe to assume that the acetylene/acetylene-phenylene  combination,  respectively

trends observed for the charge-recombination in Cgy*-ZnP**-Fc (Figures SP76-77). Considering that both values are
44 are in the inverted region, while that in Cgy"-ZnP-Fc™ in the appreciably smaller than that found in meso-linked
45 normal region. (Figure 8). multicomponent arrays® with 0.6 A-!, we conclude that £
46 linking assists in reducing the distance dependence at room
47 4m \ /2 5 (AGzr + 1) temperature and, in turn, facilitates the overall flow of charges.
48 ker = [(hz}\kg) 4 exp( - W)} 4 Moreover, phenylene-acetylene-based bridges seem to be better
49 conductors than purely acetylene based ones.
50
51 Table 4. Rate constants for charge-recombination in 2c as a
52 function of solvent polarity.
53
54
55
56
57
58
59
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Figure 8. Driving force (—AGQET) dependence of intramolecular
charge-transfer rate constants in conjugates la and 1b. Purple
half full diamonds, green half full hexagons, yellow half full
circles, blue half full triangles represent the CS1, CR1, and CR3
in toluene, chlorobenzene, benzonitrile and
dimethylformamide, respectively, for 1a. Similarly, purple full
diamonds, green full hexagons, yellow full circles, blue full
triangles represent the CSI, CRI, and CR3 in toluene,
chlorobenzene,  benzonitrile  and  dimethylformamide,
respectively for 1b.

To separate the charge-recombination dynamics, one of the
obvious choices includes the combination of a low-damping-
factor bridge to connect the Cg/ZnP couple and a high-
damping-factor one to link the ZnP/Fc couple. We are currently
working on the design and synthesis of such novel electron
donor-acceptor conjugates.

Conclusions

Functionalization of a central ZnP in f-positions with two p-
phenylene-acetylene bridges with Cqy or Fc termini has been
used to synthesize a series of Cg-ZnP-Fc electron donor-
acceptor conjugates. By changing the reorganization energy,
the damping factor, the electron donor-acceptor distance, and
the solvent polarity, we gained full control over shuttling
electrons and holes between Cgy, ZnP, and Fc. Among the
aforementioned, the damping factor of p-phenylene-acetylene
bridges was the most important factor. On the one hand, two
different charge-separation pathways, the Cg"-ZnP**-Fc vs. the
Ceso-ZnP—-Fc'* charge-separated state route, were activated in
the initial deactivation of the ZnP singlet-excited state. On the
other hand, two different charge-recombination pathways,
Marcus inverted vs Marcus normal, evolved for the Cgy*-ZnP**-
Fc and Cgy'~-ZnP-Fc** charge-separated states, respectively. All
in all, a distant Cg"-ZnP-Fc™* charge-separated state is formed,
which is longer-lived than the adjacent Cgy'-ZnP**-Fc charge-
separated state.

EXPERIMENTAL SECTION

General method.

'"H NMR spectra were measured on a Bruker AM-400 and
Bruker 300 instruments. The chemical shifts were referenced to
the residual peaks of the deuterated solvents: chloroform (7.26
ppm) and benzene (7.15 ppm).

ESI spectra were acquired used two different instruments.
ESI-HRMS were performed with Orbitrap Q-Exactive (Thermo
Scientific) in positive ion full scan mode by adopting the
following parameters values: spray voltage between 5-6 kV
depending on the compound, S-lens RF level = 100, sheat gas
level = 50, auxiliary gas level = 10, capillary temperature = 320
°C, auxiliary gas heather = 300 °C, AGC target = 3x10e6, Max
inj. Time = 120 ms, resolution power = 100000. Calculation of
exact mass of each compound was performed by using Xcalibur
software (Thermo Scientific) with an accuracy < 5ppm. ESI-Q-
TOF was performed with Synapt Q (Waters) in positive
reflector mode. Acetonitrile was used as solvent. Capillary
voltage was set to 3 kV, source temperature was 120°C and
desolvation temperature was 150°C.

MALDI spectra were acquired using two different
instruments. The first is a MALDI-TOF MS 4800 (AB Sciex)
in positive reflector mode. The instrument is equipped with a
Nd:YAG laser operating at 355 nm (200 Hz). 2,5-
dihydroxybenzoic acid (2.5 mg/mL in CH;CN/0.1% TFA) was
used as matrix. Accelerating voltage was set to 20 kV and delay
extraction to 400 ns. Each registered spectrum is the sum of
1500 laser shots. The second is a MALDI-TOF Reflex IV
instrument (Bruker-Daltonics) in reflector mode, using a 337
nm nitrogen laser (8 Hz). A 2 mg/mL of a 2,5-dihydroxybenzoic
acid (gentisic acid) solution in CH3;CN/TFA (0.1% solution)
was used as matrix. It was used to detect the molecular weight
of compound 3b. Its m/z Calcd refers to average molecular
weight.

UV-visible absorption spectra were recorded on a Varian
Cary 50 Scan spectrophotometer in CH,Cl, and toluene
solution.

UV/Vis spectra were collected at room temperature using a
Perkin Elmer Lambda 2 spectrometer. The data were recorded
with the software UV WinLab using a slit width of 2 nm and a
scan rate of 480 nm/min.

Steady-state fluorescence studies were conducted using
Fluoromax 3 spectrometer (Horiba Scientific).

To determine the quantum yields (QYs) the comparative
method was used which involves the usage of well
characterized standard references.

Electrochemistry data was collected by performing
differential pulse voltammetry at room temperature.
Application of potential was controlled with pAutolab III/FRA2
potentiostat from METROHM. To record the current vs. the
applied potential voltammograms, NOVA 1.10 software was
used. A home-made cell was used to perform the measurements
in  Ar-saturated  dichloromethane  with 0.1 M
tetrabutylammonium hexafluorophosphate NBuyPFs as the
supporting electrolyte in a three-electrode configuration. Glassy
carbon was used as working electrode (3 mm diameter), Pt wire
acting as the counter electrode, and Ag wire as the quasi-
reference electrode. The Fc/Fc* redox couple was used as an
internal standard. The chemicals purchased from Acros
Organics, Sigma Aldrich, and Alfa Aesar were used without any
further treatment or purification.

Spectroelectrochemistry data was recorded with help
absorption spectrometer Carry 5000 using a home -made three-
electrode cell set up. The potential was applied to the cell using
potentiostat from METROHM.

Time-resolved absorption studies were performed by using
the Clark MXR CPA 2101 and CPA2110 Ti:sapphire amplifier
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(775nm, 1 kHz, 150 fs pulse width) as the laser source. Ultrafast
Systems HELIOS  femtosecond transient absorption
spectrometer was used to acquire time resolved transient
absorption spectra with 150 fs resolution and time delays from
0 to 5500 ps. The probe-visible white light (~400—770 nm)-
was generated by focusing a fraction of the fundamental 775 nm
output onto a 2 mm sapphire disk. And, for the (near) IR
(780—1500 nm), a 1 cm sapphire was used. Non-collinear
optical parameter (NOPA, Clark MXR) was used to generate
the excitation wavelength at 568 nm; a bandpass filter £ 10 nm
was used to exclude the fundamental 775 nm and 387 nm. All
measurements were conducted in 2 mm quartz cuvettes under
argon atmosphere.

An Ultrafast Systems EOS sub-nanosecond transient
absorption spectrometer was employed to measure transient
absorption spectra with time delays of ~1 ns to 400 ps with 1
ns time resolution. White light (~370 to >1600 nm) was
generated by a built-in photonic crystal fiber supercontinuum
laser source with a fundamental of 1064 nm at 2kHz output
frequency and pulse width of approximately 1 ns.

Multi-wavelength analyses were used to treat the obtained
data from pump-probe experiments by using the Origin 2016
and 2018. Kinetic traces were fit using multi-exponential
function. Additionally, the global-target analysis was
performed using the open-source Glotaran software. The data
points in the 765-790 nm regime was removed as they stem
from the fundamental excitation wavelength.

X-ray Photoelectron Spectroscopy measurements were
obtained from a modified Omicron NanoTechnology MXPS
system. The spectra were excited by achromatic Mg Ka and Al
Ko photons (hv = 1253.6 and 1486.6 eV, respectively),
generated operating the anode at 14-15 kV, 10-20 mA. All the
samples were mounted on metal tips as thin layers of pressed
powders. Experimental spectra were theoretically reconstructed
by fitting the peaks to symmetric pseudo-Voigt functions (linear
combination of gaussian and lorentzian peaks) and the
background to a Shirley or a linear function. XPS atomic ratios
(£10% associated error) between relevant core lines were
estimated from experimentally determined area ratios corrected
for the corresponding theoretical cross sections and for a square
root dependence of the photoelectron’s kinetic energies. All
binding energies were referenced to the lowest lying C 1s peak
component, taken at 285.0 eV, which was assumed to be related
to the aromatic C atoms.

Chemicals.

Silica gel 60 (70-230 mesh, Sigma Aldrich) was used for
column chromatography. High-purity-grade nitrogen and argon
gases were purchased from Rivoira. When anhydrous
conditions were required the solvents were freshly distilled
under nitrogen atmosphere and at ambient pressure, following
the literature procedures. Toluene was distilled over sodium and
THF over LiAlH,. Fullerene-C60 was purchased from Term-
USA. All the reagents and solvents were from Fluka Chem. Co.,
Aldrich Chem. Co. or Carlo Erba and were used as received.

H,Br, compound was obtained as reported in literature; 43 1,
1H,Br, CHO1H,a, CHO1H,b, 1H,a, 1H,b, 1a and 1b
compounds have been synthesized and reported in literature.®?
b’, b, 2, 2H,Br, CHO2H,a, CHO2H,b, 2H,a, 2H,b, 2a and 2b
compounds have been synthesized and reported in literature.®
Compound 3 has been synthesized and reported in literature.>?
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Compound ¢’.

580 mg (2 mmol) of 4-(ferrocenyl)-phenylacetylene, 500 mg
(1.67 mmol) of 1-iodo-4-(trimethylsilyl)ethynylbenzene and
165 mg (0.54 mmol) of AsPh; were dissolved in 230 mL of
anhydrous toluene and 45 mL of anhydrous triethylamine under
nitrogen atmosphere. The solution was deaerated using argon
bubbling for 30 min., then 74 mg (0.07 mmol) of Pd,(dba); were
added. The solution was deaerated for further 20 min., after that
the argon inlet was placed 1 cm above the solution. The flow
rate was increased slightly, and the reaction was left under
nitrogen at 40°C for 16 h. The solvent was evaporated and the
crude product was purified by column chromatography on silica
gel eluting with petroleum ether (40°-70°)/diethyl ether (98:2).
The fraction containing the desired product was collected and
the solvent was removed under vacuum to give compound ¢’
(160 mg, 0.35 mmol, 22%).

MALDI-TOF MS C,HyFeSi [M]* m/z Caled: 458.115
Found: 458.082; "H NMR (400 MHz, C¢Ds, 25 °C) 8 =7.50 (d,
J=28.0 Hz, 2H), 7.31 (m, 4H), 7.25 (d, /= 8.0 Hz, 2H), 4.43 (s,
2H), 4.11 (s, 2H), 3.68 (s, 5SH), 0.25 (s, 9H) ppm.

Compound c.

500 mg (3.9 mmol) ¢’ were dissolved in 20 mL of THF, then
5 mL of saturated solution of K,CO; in CH;0H were added.
The mixture was left under nitrogen atmosphere and vigorous
stirring for 3 h. The organic phase was washed with water
(3x100 mL), dried over anhydrous Na,SO, and filtered. The
solvent was removed under vacuum to give compound ¢ (1.5 g,
3.86 mmol, >99%).

MALDI-TOF MS Cy¢H,sFe [M]* m/z Calcd: 386.075 Found:
386.035; 'H NMR (400 MHz, CDCl;, 25°C) 6 = 7.55 (s, 4H),
7.52 (s, 4H), 4.73 (s, 2H), 4.42 (s, 2H), 4.11 (s, 5H), 3.24 (s,
1H) ppm.

Compound CHO2H,c.

50 mg (0.054 mmol) of 2H,Br, 42 mg (0.11 mmol) of ¢ and
15 mg (0.047 mmol) of AsPh; were dissolved in 25 mL of
anhydrous toluene and 5 mL of anhydrous triethylamine under
nitrogen atmosphere. The solution was deaerated using argon
bubbling for 30 min., then 6.5 mg (0.0063 mmol) of Pd,(dba);
were added. The solution was deaerated for further 20 min.,
after that the argon inlet was placed 1 cm above the solution.
The flow rate was increased slightly, and the reaction was left
under nitrogen at 40°C for 16 h. The solvent was evaporated,
and the crude product was purified by column chromatography
on silica gel eluting with toluene. The fraction containing the
desired product was collected and the solvent was removed
under vacuum to give compound CHO2H,c (35 mg, 0.03
mmol, 53%).s

HRMS CgHsyNy,FeO [M]* m/z Caled: 1226.365 Found:
1226.364; '"H NMR (400 MHz, C¢Ds, 25°C) & = 9.55 (s, 1H),
9.41 (s, 2H), 8.91-8.65 (m, 5H), 8.16 (s, 4H), 8.05 (s, 5SH), 7.62-
7.32 (br m, 26H), 4.45 (s, 2H), 4.14 (s, 2H), 3.86 (s, SH), -2.13
(s, 2H) ppm; UV-vis (CH,Cl,) Apax (log €) = 433 (5.43), 532
(4.4), 573 (4.25), 608 (3.99), 664 (3.73) nm.

Compound 2H;c.

35 mg (0.028 mmol) of CHO2H,¢, 30 mg (0.042 mmol) of
C60 and 50 mg (0.56 mmol) N-methylglycine were refluxed for
72 hin 35 mL of anhydrous toluene under nitrogen atmosphere.
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The solvent was removed, and the crude product was purified
by column chromatography on silica gel eluting with toluene.
Recrystallization from toluene/petroleum ether (40°-70°) gave
compound 2H,¢ (10 mg, 0.005 mmol, 18%).

MALDI-TOF MS C]49H59F€N5 [IVI‘FH]Jr m/z Calcd:
1974.419. Found: 1974.347; '"H NMR (400 MHz, C¢Ds, 25°C)
8 =9.40 (s, 2H), 8.89-8.69 (m, 4H), 8.23-8.14 (m, 5H), 8.13-
8.05 (br m, SH), 7.76-7.25 (br m, 26H), 4.89 (d, J = 5Hz, 1H),
4.49 (s, 1H), 4.44 (s, 2H), 4.38 (d, J = 9Hz, 1H), 4.13 (s, 2H),
3.87 (s, 5H), 3.24 (s, 3H), -2.18 (s, 2H) ppm; UV-vis (CH,Cl,)
Amax (log €) =434 (4.56), 532 (4.11), 573 (4.04), 609 (3.80), 667
(3.53) nm.

Compound 2c.

32 mg (0.016 mmol) of 2H,¢ were dissolved in 35 mL of
CHCI; and 2 mL of saturated solution of Zn(AcO), in CH;0H
was added. Mixture was refluxed and stirred for 3 h. The solvent
was removed under vacuum and the crude product was purified
by a plug of silica gel eluting with chloroform. Recrystallized
from CH,Cl,/CH;0H gave compound 2¢ (33 mg, 0.016 mmol,
>99%).

ESI-Q-TOF MS Ci4Hs;FeNsZn [M]" m/z Calcd: 2035.325
Found: 2035.548; 'H NMR (400 MHz, C¢Dy, 25°C) 8 =9.55 (s,
2H), 9.02 (d, J = 1.8 Hz, 1H), 8.98 (s, 1H) 8.94-8.81 (m, 3H),
8.33-8.19 (m, 9H), 7.65-7.45 (br m, 14H), 7.38-7.28 (m, 6H),
7.06-6.94 (br m, 6H), 4.50 (s, 1H), 4.45 (s, 2H), 4.38 (d,/=9.4
Hz, 1H), 4.12 (s, 2H), 3.88 (s, 5H), 3.67 (d, J = 8.5 Hz, 1H),
2.43 (s, 3H) ppm; UV-vis (Toluene) A, (log €) = 444 (4.99),
568 (4.25), 608 (4.28) nm.

Compound 3H,Br.

194 mg (0.26 mmol) of H,Br,, 106 mg (0.32 mmol) of 3 and
115 mg (0.37 mmol) of AsPh; were dissolved in 50 mL of
anhydrous toluene and 10 mL of anhydrous triethylamine under
nitrogen atmosphere. The solution was deaerated using argon
bubbling for 30 min., then 52 mg (0.05 mmol) of Pd,(dba); were
added. The solution was deareated for further 20 min., after that
the argon inlet was placed 1 cm above the solution. The flow
rate was increased slightly and the reaction was left under
nitrogen at 40°C for 16 h. The solvent was evaporated and the
crude product was purified by column chromatography on silica
gel eluting with toluene. The compound was recrystallized from
CH,Cl,/CH;0H to give compound 3H,Br (50 mg, 0.049 mmol,
19%).

HRMS for CgHyN,OBr [M+H]" m/z Caled: 1021.254
Found: 1021.256; '"H NMR (400 MHz, CDCl;, 25°C) & = 10.05
(s, 1H), 9.20-7.30 (br m, 38 H), -2.65 (s, 1H), -2.78 (s, IH) ppm;
UV-vis (CH,Cly) Amax (log €) = 430 (5.15), 526 (4.25), 563
(3.88), 603 (3.75), 659 (3.63) nm.

Compound CHO3H,a.

100 mg (0.098 mmol) of 3H,Br, 41 mg (0.20 mmol) of a and
30 mg (0.1 mmol) of AsPh; were dissolved in 50 mL of
anhydrous toluene and 10 mL of anhydrous triethylamine under
nitrogen. The solution was deaerated using argon bubbling for
30 min., then 14 mg (0.014 mmol) of Pd,(dba); were added to
the solution. The mixture was deaerated again using argon
bubbling for 20 min. The solution was left under nitrogen
atmosphere and stirred at 40°C for 16 h. The solvent was
removed under vacuum and the crude product was purified by
column chromatography on silica gel eluting with toluene.

Recrystallization from CH,Cl/CH;0H gave compound
CHO3H;a (56 mg, 0.048 mmol, 50%).

HRMS for CgHs;oN,OFe [M+H]" m/z Calcd: 1151.341
Found: 1151.345; '"H NMR (400 MHz, C4Ds, 25°C) 6 =9.53 (s,
1H), 9.46-9.35 (br m, 6H), 8.89-8.70 (br m, 8H), 8.18-8.07 (br
m, 10H), 7.55-7.24 (br m, 23H), 4.40 (s, 2H), 4.16 (s, 5H), 4.05
(s, 2H), -2.09 (s, 2H) ppm; UV-vis (CH,Cl,) A« (log €) = 432
(7.95), 523 (7.30), 580 (6.90), 611 (6.70), 670 (6.60) nm.

Compound CHO3H,b.

47 mg (0.046 mmol) of 3H,Br, 26 mg (0.092 mmol) of b and
12 mg (0.04 mmol) of AsPh; were dissolved in 25 mL of
anhydrous toluene and 5 mL of dried triethylamine under
nitrogen atmosphere. The solution was deaerated using argon
bubbling for 30 min., then 6 mg (0.0054 mmol) of Pd,(dba);
were added. The solution was deareated for further 15 min.,
after that the argon inlet was placed 1 cm above the solution.
The flow rate was turned up slightly and the reaction was stirred
and under nitrogen at 40°C for 16 h. The solvent was removed
under vacuum and the crude product was purified by column
chromatography on silica gel eluting with toluene.
Recrystallization from CH,Cl,/CH;OH gave compound
CHO3H;b (30 mg, 0.024 mmol, 53%).

HRMS for Cg;Hs,N,OFe [M]" m/z Calced: 1226.365 Found:
1226.369; 'H NMR (400 MHz, C4Ds, 25°C) & = 10.06 (s, 1H),
9.10- 8.35 (m, 6H), 8.30-8.15 (m, 5H), 8.12-7.95 (m, 4H), 7.92-
7.80 (m, 3H), 7.85-7.65 (m, 14H), 7.62-7.55 (m, 3H), 7.53-7.35
(m, 4H), 7.15-7.00 (m, 3H), 4.70 (d, J = 19.1 Hz, 2H), 4.40 (s,
2H), 4.10 (s, SH), -2.60 (s, 1H), -2.65 (s, 1H) ppm; UV-vis
(CH,Cly) Aax (log €) =432 (5.13), 528 (4.22), 572 (3.97), 606
(3.83), 665 (3.54) nm.

Compound 3H,a.

70 mg (0.061 mmol) of CHO3H,a, 66 mg (0.091 mmol) of
C60 and 108 mg (1.2 mmol) N-methylglycine were refluxed for
72 h in anhydrous toluene under nitrogen atmosphere. The
solvent was removed and the crude product was purified by
column chromatography on silica gel eluting with toluene.
Recrystallization from toluene/petroleum ether (40°-70°) gave
compound 3H,a (29 mg, 0.015 mmol, 25%).

MALDI-TOF MS C;sHssFeNs [M+H]* m/z Caled:
1898.388. Found: 1898.382; '"H NMR (400 MHz, C4D, 25°C)
6 =9.47-9.37 (br m, 6H), 8.90-8.67 (br m, 5H), 8.30-8.02 (br
m, 9H), 7.65-7.26 (br m, 18 H), 4.89 (d, J = 4.6Hz, 1H), 4.41
(s, 3H), 4.32 (d, J=4.6Hz, 1H), 4.14 (s, SH), 4.05 (s, 2H), 3.23
(s, 3H), -2.13 (

s, 2H) ppm; UV-vis (Toluene) An.x (log €) =336 (5.35), 433
(5.54), 526 (4.42), 577 (4.17), 610 (4.17), 668 (3.75) nm.

Compound 3H,b.

80 mg (0.065 mmol) of CHO3H,b, 70 mg (0.098 mmol) of
C60 and 115 mg (1.3 mmol) N-methylglycine were refluxed for
72 h in anhydrous toluene under nitrogen atmosphere. The
solvent was removed, and the crude product was purified by
column chromatography on silica gel eluting with toluene.
Recrystallization from toluene/petroleum ether (40°-70°) gave
compound 3H,b (35 mg, 0.018 mmol, 27%).

MALDI-TOF MS CigHsoFeNs [M+H]* m/z Calcd:
1974.419. Found: 1974.612; '"H NMR (400 MHz, C¢Ds, 25°C)
8 =9.47-9.40 (br m, 6H), 8.89-8.70 (br m, 10H), 8.28-8.03 (br
m, 6H), 7.61-7.27 (br m, 20), 4.89 (d, J = 4.6 Hz, 1H), 4.54 (s,
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2H), 4.41 (s, 1H), 4.32 (d, J=4.6 Hz, 1H), 4.17 (s, 2H), 3.93 (s,
5H), 3.23 (s, 3H), -2.15 (s, 2H) ppm; UV-vis (Toluene) A, (log
€) =333 (4.52), 431 (4.74), 525 (3.83), 572 (3.58), 607 (3.44),
664 (3.20) nm.

Compound 3a.

29 mg (0.0153 mmol) of 3H,a were dissolved in 10 mL of
CHCI; and 2 mL of saturated solution of Zn(AcO), in CH;0H
were added. The mixture was refluxed for 3 h under nitrogen.
The solvent was removed under vacuum and the crude product
was purified by a plug of silica gel eluting with CHCl;.
Recrystallization from CH,Cl,/CH;OH gave compound 3a (30
mg, 0.0152 mmol, >99%).

MALDI-TOF MS C,4Hs3FeNsZn [M]* m/z Calcd: 1959.294.
Found: 1959.156;'H NMR (400 MHz, C¢Ds, 25°C) & = 9.45-
9.35 (br m, 6H), 8.93-8.65 (br m, 8H), 8.30-8.02 (br m, 9H),
7.65-7.26 (br m, 15 H), 4.52 (s, 1H), 4.46 (s, 2H), 4.39 (d, J =
9.2 Hz, 1H), 4.17 (s, SH), 4.07 (s, 2H), 3.68 (d, J=9.2 Hz, 1H),
3.0 (s, 3H) ppm; UV-vis (Toluene) Ay, (log €) = 334 (4.80),
440 (4.97), 567 (3.92), 610 (3.93) nm.

Compound 3b.

30 mg (0.0154 mmol) of 3H,b were dissolved in 10 mL of
CHCI; and 2 mL of saturated solution of Zn(AcO), in CH;0H
were added. The mixture was refluxed for 3 h under nitrogen.
The solvent was removed under vacuum and the crude product
was purified by a plug of silica gel eluting with chloroform.
Recrystallization from CH,Cl,/CH;0H gave compound 3b (31
mg, 0.0152 mmol, >99% yield).

MALDI-TOF MS C4Hs;FeNsZn [M]* m/z Calcd: 2038.33
Found:2037.68; '"H NMR (400 MHz, C¢Ds, 25°C) 6 =9.61-9.53
(br m, 6H), 9.05-8.81 (br m, 8H), 8.42-8.08 (br m, 8H), 7.67-
7.32 (br m, 20H), 4.74 (d, J= 4.7 Hz, 1H), 4.55 (s, 2H), 4.45 (s,
1H), 4.35 (d, J=4.7 Hz, 1H), 4.17 (s, 2H), 3.94 (s, SH), 3.16 (s,
3H) ppm; UV-vis (Toluene) An.x (log €) = 334 (5.06), 442
(5.45), 567 (4.34), 607 (4.36) nm.

Compound f-ZnP-ref.

30 mg of (0.032 mmol) of 2H,Br, 15 mg (0.064 mmol) of 2
and 11 mg (0.035 mmol) of AsPh; were dissolved in 20 mL of
anhydrous toluene and 5 mL of anhydrous triethylamine under
nitrogen atmosphere. The solution was deaerated using argon
bubbling for 30 min., then 5.2 mg (0.005 mmol) of Pd,(dba);
were added. The solution was deaerated for further 20 min.,
after that the argon inlet was placed 1 cm above the solution.
The flow rate was increased slightly, and the reaction was left
under nitrogen at 40°C for 16 h. The solvent was evaporated,
and the crude product was purified by column chromatography
on silica gel eluting with toluene. The fraction containing the
desired product was collected and the solvent was removed
under vacuum to give compound f-ZnP-ref. (20 mg, 0.02
mmol, 65%).

MALDI-TOF MS C;,H4oN;0,Zn [M]" m/z Calcd: 1032.244

Found: 1032.192; 'TH NMR (400 MHz, CDCl;, 25°C) & =
10.10 (s, 2H), 9.30 (s, 1H), 9.27 (s, 1H), 9.05-8.7.68 (br m, 4H),
8.26 (br m, SH), 7.98-7.64 (br m, 19H), 7.58 (br m, 5H), 7.44
(br m, 3H), ppm; UV-vis (CH,Cl) Apax (log €) =448 (5.43), 573
(4.4), 615 (4.4) nm.
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