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® 1,7,9,10-Tetrasubstituted PMIs Accessible through
Decarboxylative Bromination: Synthesis, Characterization,
Photophysical Studies, and Hydrogen Evolution Catalysis
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Helmar Gorls, Dirk Ziegenbalg,' Yulian Zagranyarski,™ Carsten Streb,™

Felix H. Schacher,™? and Kalina Peneva*®? !

Abstract: In this work, we present a new synthetic strategy
for fourfold-substituted perylene monoimides via tetrabro-
minated perylene monoanhydrides. X-ray diffraction analysis
unveiled the intramolecular stacking orientation between
the substituents and semicircular packing behavior. We ob-
served the remarkable influence of the substituent on the

longevity and nature of the excited state upon visible light
excitation. In the presence of poly(dehydroalanine)-graft-
poly(ethylene glycol) graft copolymers as solubilizing tem-
plate, the chromophores are capable of sensitizing
[Mo,S,5]*~ clusters in aqueous solution for stable visible light
driven hydrogen evolution over three days.

Introduction

Organic photoactive materials are promising candidates for
molecular artificial photosynthetic systems because of their
low cost, earth abundance, and the chemical tunability of their
properties well-established synthetic procedures; however, to
date, most of these systems lack sufficient photostability."
Amongst photoactive materials, perylene-based chromophores
have received major interest due to their excellent visible light
absorption, photostability and earth abundant composition.
Furthermore, the different positions of the perylene framework
can be selectively addressed to tune the electrochemical and
photophysical properties so that they can match various cata-

lysts or semiconductor materials.>® These properties lead to a
variety of applications in the field of organic electronics like or-
ganic photovoltaics,® photocatalysis,"*"® organic field effect
transistors!"’'? as well as biomedical applications.”>-*! Perylene
monoimides (PMls) and perylene diimides (PDI) possess several
positions that are easily accessible for further chemical modifi-
cation and therefore provide a convenient way to further fine
tune the stability and photophysical properties of the chromo-
phore. The vast majority of perylenes applied so far as photo-
sensitizers are PDIs, which are rather electron poor and this
limits their application mainly electron acceptors.""#?>2% Nev-
ertheless, there is a large demand of stable photosensitizers
based on electron-rich organic molecules. The introduction of
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imide group

Figure 1. Chemical structure of perylene monoimide (left) and perylene di-
imide (right) and their different positions.

halogen atoms as substituents in the bay region has proven to
be one of the most versatile methods for chemical modifica-
tion of the rylene scaffold and has resulted in a myriad of sub-
stituted rylene mono- and diimides (Figure 1). Millen and co-
workers showed that the substitution of 1,6,9-tribromopery-
lene 3,4-monoimide with electron-donating groups establishes
“push-pull” chromophores with narrow band gaps below
1 eV.””"% The brominated building blocks are not only applied
in nucleophilic aromatic substitution and studies of substitu-
tion patterns,”? but they also allow the application of palladi-
um-catalyzed cross-coupling reactions such as Suzuki,***" So-
nogashira®3¥ or Buchwald-Hartwig cross-coupling.?*3 Va-
liyaveettil and co-worker later reported bromination of PMIs re-
sulting in mixtures of tribromo PMIs (81% yield) and 1,6,9,10-
tetrabromo PMI (13% yield) which underwent subsequent
Suzuki coupling.*® Koner et al. adopted the idea of using mul-
tiple brominated perylene monoimides (PMI) to introduce dif-
ferent electron-donating groups to the perylene scaffold by
synthesizing 1,6,9,10-tetrabromo PMI with 46 % yield followed
by nucleophilic aromatic substitutions with different substitut-
ed phenols and thiophenols.?”*¥ Although many of these earli-
er works have demonstrated the potential of the rylene scaf-
fold, some of the procedures use up to 200 equivalents of bro-
mine during the synthesis which could effectively prevent any
possible large-scale applications. Therefore, in the search for
novel photoactive materials, the discovery of straightforward
synthetic procedures that give the desired photosensitizers in
high yields and use more environmentally friendly procedures
is essential to be able to create safe and ecofriendly alterna-
tives to fossil fuels.

We report herein the synthesis of 1,6,9,10- and 1,7,9,10-tetra-
bromoperylene 3,4-dibutyl ester accomplished in three steps
from perylene 3,4,9,10-dianhydride with a total bromine excess
of only sevenfold, excellent control over the substitution pat-
tern by the first bromination step and an overall yield of more
than 55%. We used the decarboxylative bromination Huns-
diecker reaction, previously applied to different perylene dia-
nhydrides (PDA)®*“*" on either 1,6-dibromo PDA, 1,7-dibromo
PDA or isomeric mixtures. These compounds were esterified to
enhance the solubility and separate the two isomers (3a and
3b).*? Subsequently, different substituents like phenoxy (4),
thiophenoxy (5 and 5b) and selenophenoxy (6) were intro-
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duced in excellent yields (60-99%) and the resulting dyes
were converted by acidic hydrolysis and imidization to pery-
lene monoimides (10-12). UV/Vis absorption spectroscopy,
fluorescence spectroscopy (emission, lifetime, quantum yield)
and cyclic voltammetry have been employed to investigate the
electronic and photophysical properties of the new chromo-
phores. Furthermore, single crystals were obtained for the
PDEs and their structures were determined by single crystal X-
ray diffraction. Photocatalytic hydrogen evolution tests were
carried out in a custom-made, 3D printed photoreactor with
(NH,),[MosS;;] to determine the activity of the new dyes as
photosensitizers. The used photoreactor standardized reaction
conditions during the photocatalytic experiments and allowed
control over the used light source. Transient absorption spec-
troscopy was furthermore applied to gain insights to the excit-
ed states and their relaxation pathways.

Results and Discussion
Synthesis

Initially, perylene dianhydride (PDA) was brominated in sulfuric
acid and bromine in the presence of catalytic amounts of
iodine. As described earlier, this reaction led to a major prod-
uct 1,7-dibromo PDA (~80%, 1a) and 1,6-dibromo PDA as
side product (=20%, 1b; Figure 2).**! In the following step,
the introduction of two bromo-substituents in the peri posi-
tions 9 and 10 was performed as in the previously reported
procedure with the addition of tetrabutylammonium hydrox-
ide.®** Following esterification, the corresponding perylene
dibutyl esters (3a and 3b) were obtained. Column chromatog-
raphy was used to separate 1,7,9,10-tetrabromo PDE 3a from
1,6,9,10-tetrabromo PDE 3b, where the two chromophores
were isolated in 45 and 11% yield, respectively, over three
steps. Tetrabromo-substituted PMI derivatives have been previ-
ously described, however, the method described here gives
access to 1,6,9,10- and 1,7,9,10-isomers in high isomeric purity
and it uses a modest sevenfold excess of bromine combined
for both bromination steps.®” Subsequently, we introduced
four phenoxy- (4, 75 %), thiophenoxy- (5a; 5b, 99%) or seleno-
phenoxy-substituents (6, 60%) in DMF with Cs,CO; starting
from the respective dibutyl esters (3a; 3b). A further modifica-
tion addressed the carboxy-groups of the perylene scaffold.
Acidic hydrolysis of the ester moieties led to the corresponding
PMAs 7-9 (76-82%). Next, N-octyl PMIs (10-12, 84-87 %) were
synthesized from the different PMAs by imidizations in NMP
with different amounts of acetic acid. The chemical structure
of all novel compounds was identified by NMR spectroscopy
("H NMR, "*C{"H} NMR, "’Se{'H} NMR, 'H,"H COSY NMR), as well
as mass spectrometry (HR-APCI neg.).

Single-crystal X-ray diffraction

In addition, the diffusion of n-hexane into dichloromethane
solutions of compounds 3a, 3b, 4, 5 and 6 led to the forma-
tion of single crystals suitable for X-ray diffraction studies,
shown in Figure 3. The average torsion between the two naph-
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Figure 2. Synthetic procedure for PDEs 3a-6, PMAs 7-9 and PMIs 10-12. a) i: H,SO,, 55°C, 30 h; ii: l,, 5 h; iii: Br,, 85°C, 24 h; b) i: KOH, H,O, THF, 60°C, 1 h;
i nBUu,NOH, 1 h; iii: Br,, 3 h; ) i: nBuOH, DBU, DMF, 80°C, 1 h; ii: nBuBr, 4 h; d) HXPh, Cs,CO,;, DMF, 100°C, 14 h; e) pTsOH-H,0, toluene, 100°C, 30 h; f) H,N-

C8H17: 150°C, 15-60 min.

thalene units was determined at 28.9(12)° for 3a and 27.7(14)°
for 3b, which is a result of the repulsion of the bromo sub-
stituents in the bay region compared to the respective pro-
tons. This 1-4 strain also causes the Br-C—C angles deviation
from its natural 120° (3a: 124.0(6)°; 3b: 124.4(7)°). The struc-
ture of 4 (Figure 3) however, showed a slightly disturbed pack-
ing of the butyl ester in position 4 of the perylene framework
and a smaller torsion (19.2(12)°) due to the smaller van der
Waals radius of oxygen compared to bromine. The torsion of
the perylene framework was found with 27.5(12)° (5a,
Figure 3) and 26.6(14)° (6, Figure 3). The smaller torsion for 6
compared to 5 is attributed to the enhanced van der Waals
radius (5a: 1.8(3) A, 6: 1.9(4) A) and less 1-4 strain. A noticea-
ble observation is the orientation of aryl substituents in posi-
tions 7 and 9 of the chromophore. For 5a and 6, the phenyl
rings face each other with centroid-centroid distances of 3.80
and 3.82 A, respectively, which are within the reported range
of m—m interactions.* As a result, the angle alongside the het-
eroatom phenyl axis deviates from 180° by a margin of 6.9°
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(5a) and 9.4° (6), respectively. However, this behavior was not
observed for compound 4. The structures of 5a and 6 display
ball-shaped overlapping of both the substituents and the dis-
torted perylene framework while the packing behavior for 4
was found to be squared. The molecular packing behavior can
play a major role in self-assembled photocatalytic systems.
Stupp and co-workers reported that the crystalline packing be-
havior of PMI-based photosensitizers can have an important
contribution to the photocatalytic performance in hydro-
gel s [46-48]

Spectroscopy

We investigated the optical properties of all compounds to get
an insight on the electron-donating influence of the different
substituents and the electron-withdrawing strength of the di-
butyl ester, monoanhydride, and N-octylimide moieties to the
chromophore. All measurements were carried out in dichloro-
methane at 25°C. Compared to 3a with A, ma 471 NM, com-

© 2020 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH


http://www.chemeurj.org

Chemistry
Europe

European Chemical
Societies Publishing

Full Paper

Chemistry—A European Journal doi.org/10.1002/chem.202004326

6.P1

Figure 3. Molecular structures of compound 3a (top right), 3b (top left), 4
(middle left), 5a (middle right), 6 (bottom left) and packing of 4, 5a, 6
(bottom right); bottom right), 60 % probability, hydrogen atoms are omitted
for clarity.

pounds 5 and 6 show a bathochromic shift in A, .« by 39
and 43 nm, respectively. In contrast, the difference in the ab-
sorption maximum of 3a and 4 is at a negligible value of
1 nm. The differences in the substitution pattern showed
almost no influence on the absorption maxima (3a: 471 nm,
3b: 474 nm; 5: 513 nm, 5b: 514 nm). The corresponding pery-
lene monoanhydrides 7-9 show bathochromic shifts in Z4,ps max
of 64 to 69 nm compared to their respective PDEs while PMls
10-12 have a hypsochromic shift of 12 to 16 nm in their
Aabs,maw COMpared to the corresponding PMAs. Emission of tet-
rabromo PDEs showed Stokes shift of 37 (3a) and 47 nm (3 b),
respectively, whereas phenoxy-, thiophenoxy- and selenophe-
noxy- substituted PDEs 4-6 had shifts between 100 and
123 nm. Thiophenoxy-substituted PMA 8a, 8b and PMI 11b
had the biggest bathochromically shifted ., at 737,
753 nm and 725 nm with shifts of 155 to 172 nm as a result of
the strong push-pull effect alongside the chromophore axis. In
contrast, PMA 7 and PMI 10 showed distinctively smaller
Stokes shifts between 91 and 95 nm due to the weaker elec-
tron donation ability of the phenoxy substituents. The influ-
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Figure 4. Absorption (solid) and emission (dashed) spectra in CH,Cl,. Left:
compounds 4 (black), 7 (blue) and 10 (red); right: compounds 5a (black),
8a (blue) and 11a (red).

ence of the ester, anhydride and imide moiety on absorption
and emission are displayed exemplarily in Figure 4 for the
phenoxy substituted compounds 4, 7 and 10 (left) as well as
for thiophenoxy substituted compounds 5a, 8a and 11a
(right). Perylene diester, anhydrides and monoimides are
known for their very high fluorescence quantum yields and
compounds 3a and 3b, 4, 7 and 10 are no exception to
that.*” Quantum yields ranging between 48 and 88 % were ob-
served. At the same time, the presence of strongly electron-do-
nating groups often leads to significant reduction of the emis-
sive relaxation pathways.?”>? Li and co-workers observed, that
a certain geometry of the electron-donating groups towards
the acceptor perylene monoimide framework favors spin-orbit
charge transfer intersystem crossing (SOCT-ISC)."*? This can
explain the decrease in fluorescence quantum yield for com-
pounds 5(a and b), 6, 8(a and b), 9 and 11(a and b), 12 which
did not display quantum yields above 4 %. In fact, the presence
of thiophenoxy or selenophenoxy substituents at the chromo-
phore quenched the emission for compounds 5(a and b), 6,
8(a and b), 9 and 11b to below 1%. For compounds 3(a and
b), 4, 7 and 10, lifetimes between 4.0 and 5.8 ns were obtained
in dichloromethane, which is in the reported range of compa-
rable perylene based dyes.””*” Due to the poor fluorescence
quantum yields of thiophenoxy- and selenophenoxy-substitut-
ed compounds, emission lifetime could not be determined.

Electrochemistry

Reduction and oxidation potentials of the dyes were investi-
gated using cyclic voltammetry. The redox potentials were des-
ignated against the Fc/Fct couple and thereof, the energetic
positions of the frontier molecular orbitals were calculated.
The cyclic voltammogram of 3a showed a reversible oxidation
process at 1.08 V (halfwave) representing the formation of a
radical cation. Three reduction processes were observed in the
cathodic direction at —1.6, —1.7, and —1.8 V (peak potentials),
which shows a wide shift to more negative potentials when
compared to 1,7-dibromoperylene tetrabutyl ester. In contrast
to the latter compound, the reduction processes were not
found to be reversible in the anodic sweep.*? This indicates re-
ductive degradation of the compound which was found exclu-
sively for 3(a and b) implying that this process is strongly relat-
ed to the bromo substituents. PDEs 4 to 6 show their first oxi-
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dation value at lower potentials (0.44, 0.47, 0.52 V) and 5(a and
b) and 6 have their first reduction event at —1.66 and —1.68 V
respectively. In contrast, the reduction of 4 —1.87 V and its esti-
mated LUMO is at —2.93 eV displaying both a higher LUMO
and a bigger band gap compared to 5(a and b) and 6 which is
in agreement with the minor electron donation in compound
4. As expected, due to the electron withdrawing nature of the
anhydride, the first reduction events of PMAs 7-9 are observed
at considerably less negative potentials, compared to their re-
spective PDEs. Additionally, PMA 8a showed the lowest elec-
trochemical band gap with 1.85eV which illustrates the de-
sired push-pull behavior. PMIs 10 and 11(a and b) expressed a
comparable electrochemical behavior. Unlike in the literature,
10 displayed redox potentials in the range of reported
1,6,9,10-tetra(4-tert-octylphenoxy) PMI, while the first reduction
event of 11a at —1.38V was shifted by 0.48 V to more nega-
tive potential compared to its reported 1,6-derivative (—0.9 V).
A proportionate shift to lower potentials was observed for the
oxidation of 11a.5”

Transient absorption spectroscopy

Nanosecond transient absorption (TA) spectroscopy was per-
formed to investigate the PMI photosensitizers’ excited state.
Figure 5 exemplarily shows the ns TA spectra of 10 and 11a
upon excitation at 525 nm in aerated CH,Cl, (for 11b and 12,
see Figures S21 and S23). At 30 ns, the TA spectrum displays
the characteristics of the singlet PMI excited-state:*"*? a posi-
tive differential absorption band below 450 (for 10, Figure 5a)
or 500 nm (for 11 a, Figure 5b), a negative band at the position
of the ground-state absorption, and a strong negative feature
above 550 (for 10, Figure 5a) or 600 nm (for 11a, Figure 5b)

associated with residual emission assigned by a comparison
with the steady state emission spectra and additional measure-
ments at the ns transient absorption setup only detecting
emission (Figure S18c). However, the evolution of the ns TA
spectra for 11a qualitatively differs from 10. For 10, the ns TA
spectra have decayed entirely within the first 60 ns (Figure 5a),
while for 11a, the decay involves two distinct processes: be-
tween 30 and 60 ns the negative, emission associated band at
700 nm decays, while a positive differential absorption at
650 nm appears. Afterwards, the ns TA features decay without
further spectral changes on a sub-microsecond timescale. 11b
and 12 (Figure S21 and S23) behave similarly to 11a. This ob-
servation points to a long-lived state being formed after pho-
toexcitation of the thiophenoxy or selenophenoxy substituted
PMI chromophores, which is not present in 10.

A global fit of the ns TA data of 10 yields a monoexponen-
tial decay with a short-lived component, 7., <10 ns in agree-
ment with the fluorescence lifetime determined in the streak
camera measurements of 4.8 ns (Table 1). The associated short-
lived state is emissive (Figure S18c) and its emission resembles
the spectral shape of the steady-state fluorescence. Thus, it
represents the decay of the singlet excited state. For 11a (and
also for 11b and 12, see Figures S21b and S23b), a global fit
yields a biexponential decay (Table 2) with a short-lived emis-
sive component (z,,, <10 ns, Figure S19b) and a longer-lived
nonemissive component (7., =350 ns, Figure S19b). The sub-
10 ns component is again attributed to the decay of the sin-
glet excited state in 11a. However, a larger fraction of the ex-
cited molecules populates a long-lived dark state, which
decays back to the ground state with .. Furthermore, it is
found that the lifetime of the 7., component depends strong-
ly on the concentration of oxygen in solution: 7,,, =350 ns in
aerated CH.Cl, versus t,,=4500 ns in deaerated CH,Cl, (Fig-
ures 5¢, d and S20; for 11b and 12 see Figures S21-24). The

a b) 30 L . e . .
Vo significantly increased lifetime in the absence of oxygen points
0 =
o] & ¥
g s -301
E § ai30:n8 Table 1. Absorbance, emission, and redox properties.
8 3 —— 35 ns
g 9 R S 2 Y @ E Eo B E
—e— 200 & max € em em T red1 ox1 LUmMO HOMO
—e—400ns ml® [(m~'em ™ [nm]® [%]? [ns]® VI [VI®! [eV]9 [ev]“
18 . -90 —OI—WDDD ns' : ] ;
400 400 500 600 700 800 3a 471 27681 508 48 58 1447 1.08 -336 —588
wavelength / nm 3b 474 24082 521 74 4.0 —1.40" 110 —3.40 —5.90
c) d) 4 472 8607 572 88 49 —1.87 044 —-293 —-524
0.0 0.0 5a 513 23570 637 1 *  —166 047 —3.14 —527
” ” 5b 514 21961 634 0 * —166 048 —-3.14 —-5.28
% % . 6 510 28124 623 1 * —-1.68 052 —-3.12 —-532
305 E 3 o0E ‘E 7 539 28452 630 73 58 —155 050 —-3.25 —-530
5 2 57 gu - 10 8a 582 18643 737 1 * —124 061 —3.56 —541
§ g g 2 113 i 8b 581 33232 753 0 * —1.22 0.62 —-3.58 —542
g .
= = T = 9578 28592 706 O *  —125 062 —355 —542
101 . e -1.04 . s 10 527 28950 622 67 48 —140 059 —340 —5.39
b e ¢ g 1 e 8 A 11a 568 28866 716 3 * 138 053 —3.42 —533
11b 567 29406 723 0 * —136 055 —344 -535
Figure 5. Nanosecond transient absorption spectra of a) 10 and b) 11a col- 12 564 30870 686 4 * —140 057 -3.40 —537
lected after excitation at 525 nm in aerated CH,Cl,. The light and dark gray [al In CH,Cl,. [b] Redox potentials (half wave) measured by cyclic voltam-
lines .represent the 'shapes of the corresp‘ondlng inverted ground-state ab- metry in CH,Cl,-[(nBu,N)PFg)] at 02Vs™' against the Fc/Fct couple.
sorption and emission spectrum, respectively. The two steady-state spectra [d] Frontier molecular orbital values are given in eV and estimated by
Yve;eka‘rblt‘rarlly scaled todfl'ltdthe respecltlve fllgurle. Comparlso? (:]f the normal- Evmo=—(4.8 eV + Enegr) and Evoyo= —(4.8 €V + Eo,). *Not detectable due
|ze. inetics at c) 580 and d) 650 nm. Insets: enlargements of the time to poor emission quantum yield. **Peak potential due to irreversibility.
region up to 1 us.
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Table 2. Global fit results of the nanosecond transient absorption data in
aerated and deaerated dichloromethane. 7, is within the time resolution
of the setup (~10 ns).

Aerated CH,Cl, 7,; [ns] 7., [ns] Deaerated CH,Cl, 7, [ns] 7,,, [ns]

10 <10 - - -

1a <10 350 <10 4500
11b <10 300 <10 6500
12 <10 320 <10 1100

to the nature of a triplet state (z,,, component). Hence, upon
excitation there is a long-lived triplet state formed in 11a (also
in 11b and 12) while in 10 the initially excited singlet excited
state decays completely to the ground state with a time con-
stant < 10 ns. This observation is also in line with the observed
fluorescence emission quantum yields that 10 displays a rela-
tive quantum yield of 67% while for 11a the fluorescence
emission is only 3% (Table 1).

Light-driven hydrogen evolution catalysis

Long-lived excited states have proven to be beneficial to
photo-induced electron transfer since they prolongate the
timeframe of possible charge transfer.” Perylene monoimides
10-12 were investigated as photosensitizers  with
(NH,),[Mo5S,;]-2H,0 as a hydrogen evolution catalyst. Molecu-
lar molybdenum sulfide clusters have been extensively studied
for light-driven hydrogen evolution and have shown high cata-
lytic efficiency in combination with several photoactive light
absorbers (Table 51),°°” amongst them a broad scope of per-
ylene-based chromophores.*”*#* An efficient light-driven re-
action involving hydrophobic photosensitizers like the pery-
lene dyes reported here requires the addition of a solubilizing
agent. In our case, we chose a poly(dehydroalanine)-graft-
poly(ethylene glycol) graft copolymer (PDha-g-PEG), as this ex-
hibits a charged backbone, broad solubility in water over the
entire pH range and has been shown to solubilize both hydro-
phobic carbon nanotubes as well as to serve as template for
the formation of AgAu alloy nanoparticles.*"*? Additionally,
the presence of a water-soluble polymeric surfactant has also
shown to stabilize the catalyst. For that purpose, PMI 10-12
were dispersed in aqueous solution containing PDha-g-PEG.
After mixing, dynamic light scattering (DLS) indicated the for-
mation of aggregates with a hydrodynamic radius of about
15 nm (DLS, Figure 6 f) which could be confirmed by transmis-
sion electron microscopy (TEM, Figure 6c). We were also inter-
ested in the morphology of the formed nanohybrids and, ac-
cording to TEM, spherical objects with an average diameter of
50 nm in the dried state were found (Figure 6c) for PDha-g-
PEG/12 dispersion. In light-driven hydrogen evolution experi-
ments (a detailed description is given in the Supporting Infor-
mation), catalytic hydrogen production was observed with
compounds 11a and 12 as photosensitizers (Figure 7). No hy-
drogen production was observed without catalyst, sacrificial
electron donor, photosensitizer, graft copolymer or irradiation
(Table 3). With thiophenoxy substituents attached to the chro-

a) c)

12without Y
PDha-0-PEG | |

o

i i

Figure 6. Compound 12 in aqueous solution a) without and b) with PDha-g-
PEG. TEM micrographs of ¢) PDha-g-PEG/12, d) PDha-g-PEG/[Mo,S,,* 1, and
e) PDha-g-PEG/[M05S,5%"1/12. f) DLS plot for PDha-g-PEG/12. (For DLS plots
for PDha-g-PEG/[Mo,S;;*> 1 and PDha-g-PEG/[Mo,S,;> 1/12, see Figure S26).
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Figure 7. Photocatalytic hydrogen production of [Mo5S5]*" [21.5 um] with
10, 11a, 12 [0.2 mM] in aqueous solution with PDha-g-PEG [0.13 mgmL'],
ascorbic acid [2.5 mm] (pH 4). A detailed description is given in the Support-
ing Information.

Table 3. Redox potentials of catalyst, sacrificial electron donor and the
photosensitizers [vs. Fc/Fc™].

[M05S,5]* AABA ] 10 11a 12
Eo V] - 0.08 0.59 0.53 0.57
Erear [V] -1.20 - —1.40 —1.38 —1.40

[a] Onset potential in DMF. [b] In aqueous solution given vs. SCE, calculat-
ed to Fc/Fct by subtraction of 0.38 V.** [c] in CH,Cl,.

mophore, catalytic activity decreased from 1.1 h™" (TOF) in the
first two days to 0.44 h™' during the third day. With its seleni-
um analogue, high activity was still observed even after 3 days
(2.6 h™"). In contrast, 10 as photosensitizer did not result in any
hydrogen production. Compound 10 does not have a long-
lived excited state, so that luminescent relaxation stands in
competition with intermolecular charge transfer. An estimation
of the driving force for the possible electron transfer processes
suggests a mechanism involving oxidative quenching by elec-
tron transfer from the excited photosensitizer to [Mo,S,;1*~ fol-
lowed by re-reduction of the sensitizer by the sacrificial agent
(Figure 8, estimation in the Supporting Information).
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Figure 8. Proposed electron-transfer mechanism with reductive (blue arrow)
and oxidative (red arrow) quenching. The energy level of the triplet state
was obtained from phosphorescence measurements; the driving force was
calculated from the Rehm-Weller equation (see the Supporting Information
for both).

Conclusions

In summary, the synthetic approach of decarboxylative bromi-
nation was successfully applied to dibromo PDAs giving facile
access to tetrabromo PMAs. Isomerically pure 1,7,9,10-tetrabro-
mo 3a and 1,6,9,10-tetrabromo 3b perylene dibutyl esters
were obtained upon esterification. X-ray diffraction analysis of
the chromophores revealed a ball-shaped overlap of both the
substituents and the distorted perylene framework for the tet-
rasubstituted diesters 5a and 6, while the packing behavior for
4 was found to be squared. Time-resolved spectroscopy
showed the presence of a non-emissive long-lived excited
state for 11a, 11b and 12 in contrast to 10. In photocatalytic
experiments, we proved that tetrasubstituted perylene monoi-
mides 11a and 12 are well suited for visible light sensitization
of [Mo,S,5]>~ for proton reduction in the presence of a poly-
meric solubilizing agent. It is noteworthy, that the setup
showed high catalytic durability, in particular for compound
12, with a maximum TON of 104 after 3 days of irradiation.
The chromophores presented here can be further modified for
covalent integration within soft matter matrices or coupling to
molecular proton reduction catalysts. This work provides a
facile and ecofriendly synthetic route for fourfold brominated
perylene diesters that can broaden the scope of potential pho-
tosensitizers by applying other nucleophiles, palladium-cata-
lyzed cross-coupling and selective substitution of one, two or
three bromo substituents.

Deposition numbers 2033579 (for 3a), 2033580 (for 3b),
2033581 (for 4), 2033582 for (5a), and C2033583 (for 6) contain
the supplementary crystallographic data for this paper. These
data are provided free of charge by the joint Cambridge Crys-
tallographic Data Centre and Fachinformationszentrum Karls-
ruhe Access Structures service www.ccdc.cam.ac.uk/structures.
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