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Furan- and Thiophene-Based Auxochromes Red-shift Chlorin
Absorptions and Enable Oxidative Chlorin Polymerizations

Ruisheng Xiong, Anna-Bea Bornhof, Anna I. Arkhypchuk, Andreas Orthaber,* and

K. Eszter Borbas*™

/Abstract: The de novo syntheses of chemically stable chlor-
ins with five-membered heterocyclic (furane, thiophene, for-
mylfurane and formylthiophene) substituents in selected
meso- and B-positions are reported. Heterocycle incorpora-
tion in the 3- and 13-positions shifted the chlorin absorption
and emission to the red (up to A.,=680 nm), thus these
readily incorporated substituents function analogously to
auxochromes present in chlorophylls, for example, formyl
and vinyl groups. Photophysical, theoretical and X-ray crys-

tallographic experiments revealed small but significant dif-\
ferences between the behavior of the furan- and the thio-
phene-based auxochromes. Four regioisomeric bis-thienyl-
chlorins (3,10; 3,13, 3,15 and 10,15) were oxidatively electro-
polymerized; the chlorin monomer geometry had a profound
impact on the polymerization efficiency and the electro-
chemical properties of the resulting material. Chemical co-
polymerization of 3,13-bis-thienylchlorin with 3-hexylthio-
phene yielded an organic-soluble red-emitting polymer.

Introduction

For efficient solar energy conversion light-harvesting materials
that can tap into large portions of the electromagnetic spec-
trum, and, in particular, can utilize red and near infrared light,
are essential." To illustrate the benefits of such pan-chromic
materials, it has been suggested that extending the photosyn-
thetically useful spectral range from 400-700 nm to 400-
750 nm would increase the usable photon flux by 19%.">?
Porphyrin polymers are increasingly investigated for this pur-
pose because of their attractive charge-transport properties
and intense absorptions.®! Applications of these versatile mate-
rials as semiconductors,®? as stimuli-responsive materials™ and
as catalysts™ are also actively pursued. A variety of transforma-
tions have been successfully applied to the polymerization of
diverse porphyrin monomers, such as metal-catalyzed cross-
couplings, chemical oxidations, and oxidative and reductive
electropolymerizations.®¢¢)

The light-harvesting and charge-transport properties of the
polymers are governed by the monomers and the nature of
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the formed connection. Polymer length, porosity and solubility
are additional tunable factors. All these parameters have been
investigated to some extent, with the exception of the build-
ing blocks—these have almost exclusively been porphyrins,
with non-ideal photophysical properties as a consequence,
that is, negligible absorption outside of the blue. Monomeric
panchromic or “black” porphyrins and phthalocyanines have
recently been obtained,” but are not readily polymerized due
to the lack of suitable functionalities. Conjugated or fused por-
phyrin oligomers with red-shifted absorptions are known, how-
ever, their syntheses are demanding.® Chlorins share the
carbon framework with porphyrins, with one of the pyrrolic
double bonds removed. Consequently, chlorins have character-
istic intense red absorptions in addition to the Soret band,
which suggests that their polymers have potential as light-har-
vesting materials for the under-utilized low energy-part of the
solar spectrum.

The UV/Vis absorption spectra of chlorins are sensitive to
the type and position of the peripheral substituents. A striking
example of spectral tuning is seen in chlorophylls (Figure 1).
Vinyl and formyl groups positioned along the spectroscopic
axes (i.e., the 2,3-, 7,8- and 12,13-positions, Figure 1, top) move
the Q,-band from A,,,=652nm (in MeOH)® in Chlb to A=
707 nm (in MeOH)"” in what is the most red-shifted naturally-
occurring chlorophyll, Chlf. Several other auxochromes, such
as alkynes, ketones, cyclic esters and amides, as well as extend-
ed conjugated fragments have been extensively investigated
for the past ~10 years."” In addition to a deepened under-
standing of tetrapyrrole photophysics, these studies have pro-
vided intensely absorbing chromophores for photodynamic
therapy and fluorescence imaging."? A limitation of these
groups is that while some offer possibilities for functionaliza-
tion (e.g., by traditional carbonyl chemistry), most conceivable
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Figure 1. Comparison of chlorins and porphyrins, numbering, and spectro-
scopic axes (top), chlorophylls a, b, d and f (middle), and established natural-
ly-occurring and synthetic auxochromes, and the auxochromes investigated
here (bottom).

transformations are detrimental to their abilities as auxo-
chromes.

Chlorins extracted from natural sources (e.g., chlorophylls)
and those prepared from porphyrins by reduction™ or dihy-
droxylation are prone to decomposition. This instability
could explain the scarcity of reports on chlorin polymerization.
The chlorin redox state can be locked-in by placing geminal di-
alkyl groups in the pyrroline ring."™ gem-Dialkyl groups can be
installed by, for example, Claisen rearrangement starting from
B-1-hydroxyethyl porphyrins, which in turn are available from
vinyl- or acetylporphyrins.'® A Ni'-chlorin carrying electropoly-
merizable pyrrole groups was prepared this way.'"”’ Polymeri-
zation on an electrode surface yielded immobilized coenzyme
mimics. Electropolymerization did not alter the chlorin proper-
ties, presumably due to the relatively long macrocycle-anchor-
ing group distance (>8 atoms)."’? gem-Dialkyl-stabilized chlor-
ins are also accessible by total synthesis."®'® Of the currently
existing methods, the one developed by Lindsey is amenable
to the introduction of a variety of peripheral substituents, for
example, bioconjugatable-"?" surface attachment-"" and solu-
bilizing groups,® auxochromes,'®"* metal chelates®” and
even other tetrapyrroles.”

We hypothesized that five-membered aromatic heterocycles
would be sufficiently small to adopt co-planar conformations
with the macrocycle, thus extending conjugation and red-shift-
ing the chlorin absorption and emission (Figure 2). The advant-
age of using these substituents is their ease of installation and
robustness under a range of conditions. Furthermore, the bis-
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Figure 2. The bis-thienylchlorins studied in this work and the designations
of the heterocycle substituents.

thienylchlorin could be incorporated into polymers by electro-
chemical or chemical means. The results presented here estab-
lish furans and thiophenes as powerful auxochromes for hydro-
porphyrins (chlorins), and bis-thienylchlorins as viable mono-
mers to access red-absorbing polymers.

Results and Discussion
Synthesis

The chlorins were prepared using the Lindsey method
(Schemes 1 and 2). This is a two-step one-pot protocol consist-
ing of an initial acid-catalyzed condensation of a dihydrodipyr-
rin (Western half, e.g., 1) and a 1-bromo-9-formyl dipyrrome-
thane (Eastern half, e.g., 2-S), followed by Zn"-mediated, intra-
molecular oxidative cyclization under high-dilution condi-
tions.""™ ™ The Zn-chelates formed in the macrocyclization
can be difficult to purify and are poor substrates for subse-
quent transformations; thus they were demetallated in situ.
The furan- and thiophene-based heterocycles were introduced
pre-macrocyclization into the 10-position and the 3-position in
ChI3%135"°_ Post-macrocyclization installation via Suzuki cou-
pling between the appropriate bromochlorin and the hetero-
cycle boronic acid derivative was also possible. The bromo-
chlorins themselves were available either from brominated pre-
cursors (e.g., 1-Br), or through chlorin bromination under
acidic conditions, which is known to be selective for the most
electron rich and not sterically hindered 15-position.”” The
successful synthesis of these heterocycle-functionalized chlor-
ins shows that chlorins with thiophene or furan pendent
groups undergo halogenation in the tetrapyrrole, and that
electron-rich heterocycles are compatible with the oxidizing
macrocylization conditions.

The mild chlorin synthesis conditions enable the introduc-
tion of two non-identical heterocyclic substituents into the
final product by installing one substituent before the macro-
cyclization, and the second after. An example for such a synthe-
sis is shown in Scheme 2. Suzuki coupling between boronic

© 2017 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Scheme 1. Synthesis of the monosubstituted chlorins and chlorins carrying
two identical substituents.

acid 3-S and 1-3%-N™, followed by removal of the Ts protecting
group vyielded the thienyl-functionalized Western half 1-3%.
Macrocyclization with brominated Eastern half 2-Br, followed
by demetallation with TFA in CH,Cl, afforded the brominated,
thienyl-functionalized chlorin ChI3°13®. This species was readi-
ly coupled with boronic acid 3¥1° under standard Suzuki con-
ditions, affording ChI3*13¥1° in good yield after column chro-
matography on silica gel.

Photophysical characterization

The UV/Vis absorption and fluorescence emission spectra of
the chlorins were recorded in CH,Cl, (Table 1 and Figure 1).
The absorption and emission properties of ChI3*H° and
ChI3%H° were found to be essentially solvent independent
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Scheme 2. Synthesis of asymmetrically substituted Chl3%13%H°,

Table 1. Photophysical properties of the substituted chlorins in CH,Cl,.

Entry Ao Ao Inml  I/ly  Avem 1 (Inm]) Ay [nm] D
Chiz® 404, 644 343 143 (6) 650 0.22
ChizscHo 416, 653 272 299 (13) 666 0.25
Chl3°<H0 418, 659 253 1 1 4 (5) 664 0.25
Chl10° 407, 639 414 4 (3) 642 0.11
Chii3® 405, 644 3.28 191 ®) 652 0.23
Chl135H° 410, 655 2.15 230 (10) 665 0.30
Chl13°<H 420, 660 232 159 (7) 667 0.21
Chi3*10° 417, 651 402 137 (5) 656 0.15
Chi3®13* 416, 656 291 229 (10) 666 0.25
Chi3®15° 409, 650 3.40 164 @ 657 0.19
Chl10%15° 411, 645 414 6 (4) 649 0.13
ChI3%135° 420, 668 2.14 264 (12) 680 0.34
[a] Determined using tetraphenylporphyrin in toluene as the reference.

(Table S1). The largest red-shifts in the Soret and Q,-band ab-
sorptions of ChI3*“"® were AA1=8 and 4 nm, respectively,
upon going from MeOH to toluene. The situation was similar
for ChI3°"° and the absorption spectrum shifted to the red
by A1=8nm (Soret) and 5 nm (Q,) upon replacing acetonitrile
with toluene. Changes in the fluorescence excitation and emis-
sion maxima were even smaller (Table S1). The molar extinction
coefficients (¢) could not be accurately determined due to the
limited amount of material available.”*? Therefore, absorption
spectra were normalized to enable direct comparison of sub-
stituent effects on the B/Q-band ratio."™ A 2-thienyl group at
the 3- or 13-positions red-shifts the absorption maximum by
10 nm compared to the unsubstituted free base chlorin (4,,,,=
634 nm in toluene™), a 5-formyl-2-thienyl group in the same
positions results in a 20 nm-red shift. The effect of 10-substitu-
tion is small (~6 nm red-shift for thiophene), comparable to
the effect of a meso-Ph-group.”® These differences are in line

© 2017 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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with the fact that the 3- and the 13-positions lie along one of
the spectroscopic axes of the chlorins (Figure 1), thus, their
substitutions have a larger effect on the photophysical proper-
ties than a 10-substitution. The simultaneous 3-thienyl, 13-for-
mylthienyl substitution (ChI3*13%°) affords dramatically red-
shifted absorption (to 668 nm), and a fluorescence emission
with a maximum at 680 nm. The effect of the heterocycles is
comparable to those of vinyl-, formyl- or acetyl auxochromes
at the same positions."™ For example, 3-alkynyl or 3-vinyl-
groups shift the Q -absorption of ZnChl from 602 to 627 nm or
620 nm, respectively, while 13-acetylation results in A=
632 nm."" Thus these established auxochromes can be re-
placed by, for example, thiophene, which is also a convenient
synthetic handle for further functionalizations, such as modifi-
cations at their a-positions or oxidative radical-polymerization
(vide infra).

The fluorescence spectrum in all cases consists of a Q,-band
and a low-intensity satellite (Figure 3). The Stokes shifts are
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Figure 3. Normalized absorption (top) and fluorescence emission (bottom)
spectra of selected heterocycle-bearing chlorins in CH,Cl, at room tempera-
ture. Emission spectra were recorded with excitation into the Soret band.
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small, 3-13 nm (74-299 cm™"). The order of emission bands
generally follows the same order as the Q, absorption bands.
This order is reversed for ChI3%"® and ChI3*°, and similarly
for Ch1139%° and ChlI13%™°, A formylfuryl substituent results
in a larger red-shift in the absorption spectrum than a formyl-
thienyl group in the same position. This is explained by the ex-
tension of the conjugation over the formylfuryl group (Fig-
ure S3), and the resulting decrease in the HOMO-LUMO gap,
as shown by DFT calculations (Table S2). The calculated dihe-
dral angles are smaller for the furan-appended chlorins than
for the thienylchlorins (Table S2), which is in line with extended
conjugation for the former, but not the latter. The formylthien-
yl-substituted chlorins have larger Stokes shifts. One explana-
tion for this may be that the twisted thienylchlorins relax into
a more co-planar conformation after excitation. An X-ray crys-
tallographic analysis of ChI3°13® showed a dihedral angle of
22.8(11)° (24.2(5)°) between the least squares plane (l.s.pl.) of
the thienyl and the adjacent pyrrole ring, showing that such
quite planar conformations are accessible for 3-, and presuma-
bly 13-thienylchlorins. In contrast, the same substituent in the
meso-position (in ChlI10°3%) shows significantly larger torsion
of the chlorin and the thiopehene ls.pl. (56.6(3)° and 52.9(3)°)
(Figure 4).

It is interesting to note that Imahori and co-workers have
observed an increased Stokes shift for poly-meso-furyl-porphy-
rin but not for poly-meso-thienylporphyrin.®” This was ex-
plained with the larger steric bulk of the thienyl group, which
in the meso-position precludes co-planarization with the mac-
rocycle. We propose that in the less crowded [-position the
small furan can be co-planar, and the thiophene can become
significantly co-planar in the excited state. Freezing THF-solu-
tions of ChI3¥™M° and ChI3%™° at 77K afforded excitation
maxima at 651 nm for both species (Table S3). The difference
between the excitation and emission maxima diminished to
2nm (47 cm”’, from 115cm™") for ChI3°®° and to 6 nm
(93 cm™', from 279 cm™') for ChI3*™°, These observations are
consistent with freezing resulting in similar conformations for
the two chlorins; hence the similar excitation maxima. The
small difference between A, and A, could be due to the lack
of conformational changes for ChI3*° in the solid state; this
effect is less pronounced for ChI3%H°,

The fluorescence quantum yields were found to be typical
of previously reported free base chlorins, with values ranging
from 0.11 to 0.34. The photophysical properties of Chl3%13%<
are particularly appealing, combining intense red-shifted ab-
sorption and emission with the highest quantum yield in this
series. The synthesis of this compound is however rather long.
Therefore, we note that already the attachment of a single for-
mylthienyl group to either the 3 or the 13-position affords
emission above 660 nm.

Electrochemistry

The redox properties of the chlorins were studied by cyclic vol-
tammetry (CV) in CH,Cl, with NBu,PF, as supporting electro-
lyte. The results of these investigations are summarized in
Table 2. All chlorin derivatives show one reversible (—1.66 to

© 2017 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. ORTEP representations of ChI3°13% (a) and ChI10°3®" (b). Ellipsoids
at 50% probability level. For clarity only one of the disordered thienyl units
in ChI3%13® is shown. Solution and refinement parameters are found in the
Sl

Table 2. Cyclic voltammetry of monomeric chlorins.

Entry Reduction E.4 [V] Oxidation E,, [V]
chiz® —2.06", —1.69" 0.42, 0.93
chiio® —2.11, —1.67" 0.43, 0.93
chl10° —2.14, —1.67" 0.43, 0.83, 1.05
chiiss —2.05", —1.69 0.39, 0.87
Chi3*10° —2.06, —1.67" 0.37,0.86
Chi3*13° —2.14, —1.67" 0.44, 0.82
Chi3*15° —2.09, —1.66" 0.40, 0.84
chl10%15° —2.20, —1.70® 0.41, 0.83

[a] Conditions: Measured with [analyte]=for 1 mm in CH,Cl, with 0.1m
NBu,PF, on glassy C-electrode; n=100 mVs™'. Potentials are given versus
Fc*”. [b] Reversible peak, the reported value is E;,, = (Ey, + Ep)/2.
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—1.70 V) and one quasi-reversible reduction (—2.06 to —2.20V,
Figure 5). The first quasi-reversible oxidation (0.37 to 0.44 V) is
typically chlorin based,”'® while the second oxidation is irrever-
sible (0.83-0.86 V), and is assigned to thienyl oxidation.?” De-
pending on the bis-thienylchlorin substitution pattern, we
have observed different increased increments of current upon
repeated oxidative scans, indicative of deposition of polymeric
species on the glassy carbon (GC) working electrode.

Polymerization

With these data in hand we attempted a controlled electropo-
lymerization of bis-thienylchlorins ChI3*10°, ChI3*13%, ChI3®15°
and Chl10°15° (Figure S4). We have carried out the polymeri-
zation on fluorine doped tin oxide (FTO) conductive glass sub-
strates by repeated cycling between oxidative (ca. 1.00 V) and
reductive potentials (—0.5 to —0.2 V), which gives rise to ho-
mogenous polymer films in all cases (vide infra). The polymeri-
zation of Chl10°15° and ChI3®*10° proceeded slowly showing
only moderate current increases after 45 and 80 cycles, respec-
tively. By contrast, chlorins ChI3*15° and ChI3°13° showed
rapid polymer deposition concomitant with a substantial cur-
rent increase. The cyclic voltammograms of p-Chl3°13° and p-
ChiI3*15° displayed persistent oxidative peaks at +0.04 V and
0.01V, respectively, upon cycling to negative potentials. This
could be attributed to formation of metallated tin chlorin.?®
Although p-ChlI3%10° shows an ambipolar conduction behavior
we observe a rapid decomposition of the film with applied re-
ductive potentials as observed by a significant current de-
crease within the first five scans (Film S1 vs. Film S5, Figure 5).
This contrasts the behavior observed for p-Chl10°15°%, which
exhibits good bipolar conduction behavior between —0.56 and
+0.37 V. The polymer films on the FTO substrate had broad
absorptions with bands around 410-420 nm and 650-680 nm
(Figure S4) with the exception of p-ChI3°10° (which was proba-
bly not observed due to low concentrations, that is, thin films).
The films were essentially non-emissive because of self-
quenching due to the short intra-chlorin distances (Figures S6,
S7).

Scanning electron microscopy (SEM) analysis of the films re-
vealed a uniform film formation on the FTO substrate during
the electropolymerization indicative of a controlled radical
polymerization (Figure S9).

In order to circumvent the self-quenching observed in the
electropolymerized systems, an organic-soluble chlorin poly-
mer (p-Chl3%13%-Hex®) was prepared by treating a 1:20 mixture
of ChI3®*13° and 3-hexylthiophene with FeCl,. '"H NMR analysis
of the resulting co-polymer (Figure S1) showed unique broad-
ened signals assigned to the macrocycle (4% incorporation;
—2 ppm, 4.6 ppm, > 10 ppm), along with typical resonance as-
sociated with regio-irregular hexylthiophene (e.g., 2-3 ppm).
The polymer was analyzed by gel permeation chromatography,
which yielded a weight average molecular weight (M,) of
5299 gmol~', a number average molecular weight (M,) of
2020 gmol™' and a polydispersity index (PDI) of 2.62 (Fig-
ure S2). The relatively large PDI is typical of non-controlled rad-
ical polymerization; we have not attempted to optimize this

© 2017 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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These new materials are expected to be useful for

Figure 5. Cyclic voltammograms of the bis-thienylchlorin monomers (left), the electropo- panchromic light harvesting in artificial photosynthe-

lymerizations of the monomers, and the characterization of the polymer films (right).
Monomers were recorded in dry, de-areated CH,Cl, using a three-electrode setup with
couple.

a GC working electrode. The potentials are referenced internally to the Fc”"

sis, and as red emitters for sensing and imaging ap-
plications.

Generally, a scan rate of 100 mVs~' was used; semi-reversible redox events were investi-

gated at higher scan rates (500 mVs~', dotted lines). Polymerization was performed on

fluorine doped tin oxide glass (FTO) which was used as the working electrode in a three- ACknOWledgementS
electrode setup. The initial scan is highlighted in red, with subsequent scans going from

black to light gray. After polymer deposition the films are thoroughly washed with
CH,Cl, and placed in pure electrolyte solution. The electrochemical response of the films
using different potential windows (red dotted line).

was investigated at 100 mVs™'

procedure yet. The M,, value confirms the presence of high M,,
oligomers. A hexylthiophene 20-mer containing a single bis-
thienylchlorin, which corresponds to an ~4% incorporation is
expected to have a M,, of 3865 gmol~". p-ChI3°13%-Hex® had
slightly broadened Soret and Q-bands (Figure S5), and was
much more fluorescent than the films (4,,,,=681 nm in CH,Cl,,
Figures S6-S8), which is consistent with the larger spacing be-
tween the chromophores.

This work was supported by the Swedish Research
Council (project grants 2013-4655 (K.E.B.) and 2013-
4763 (A.0.)) and Stiftelsen Olle Engkvist Byggmastare
(post-doctoral stipend (A.LA.)). We thank Andreas
Bergfelt for help with the GPC analysis and Sonja Pullen for
collecting the SEM-data.

Keywords: chlorins - electrochemistry - photophysics
polymerization - porphyrinoids

[1] a) Y. Tachibana, L. Vayssieres, J. R. Durrant, Nat. Photonics 2012, 6, 511 -
518; b) P. D. Frischmann, K. Mahata, F. Wirthner, Chem. Soc. Rev. 2013,
42, 1847 -1870; c) M. A. Lebedeva, T. W. Chamberlain, P. A. Scattergood,
M. Delor, I. V. Sazanovich, E. S. Davies, M. Suyetin, E. Besley, M. Schroder,
J. A. Weinstein, A. N. Khlobystov, Chem. Sci. 2016, 7, 5908 -5921.

Chem. Eur. J. 2017, 23, 4089 — 4095 www.chemeurj.org 4094  © 2017 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://dx.doi.org/10.1038/nphoton.2012.175
http://dx.doi.org/10.1038/nphoton.2012.175
http://dx.doi.org/10.1038/nphoton.2012.175
http://dx.doi.org/10.1039/C2CS35223K
http://dx.doi.org/10.1039/C2CS35223K
http://dx.doi.org/10.1039/C2CS35223K
http://dx.doi.org/10.1039/C2CS35223K
http://dx.doi.org/10.1039/C5SC04271B
http://dx.doi.org/10.1039/C5SC04271B
http://dx.doi.org/10.1039/C5SC04271B
http://www.chemeurj.org

.@2 ChemPubSoc
x Europe

[2]
[3]

[4

[5]

(8]
[9
[10]

[11]

[12]

Chem. Eur. J. 2017, 23, 4089 - 4095

M. Chen, R. E. Blankenship, Trends Plant Sci. 2011, 16, 427 -431.

a) R. A. Schmitz, P. A. Liddell, G. Kodis, M. J. Kenney, B.J. Brennan, N.V.
Oster, T. A. Moore, A. L. Moore, D. Gust, Phys. Chem. Chem. Phys. 2014,
16, 17569-17579; b) . Umeyama, T. Takamatsu, N. Tezuka, Y. Matano, Y.
Araki, T. Wada, O. Yoshikawa, T. Sagawa, S. Yoshikawa, H. Imahori, J.
Phys. Chem. C 2009, 113, 10798-10806; c) X. Wang, G. Brisard, D. Fortin,
P-L. Karsenti, P. D. Harvey, Macromolecules 2015, 48, 7024-7038; d) M.
Gervaldo, P.A. Liddell, G. Kodis, B.J. Brennan, C.R. Johnson, J.W.
Bridgewater, A.L. Moore, T. A. Moore, D. Gust, Photochem. Photobiol.
Sci. 2010, 9, 890-900.

M. Shibata, S. Tanaka, T. Ikeda, S. Shinkai, K. Kaneko, S. Ogi, M. Takeuchi,
Angew. Chem. Int. Ed. 2013, 52, 397-400; Angew. Chem. 2013, 125,
415-418.

X.-M. Hu, Z. Salmi, M. Lillethorup, E. B. Pedersen, M. Robert, S. U. Peder-
sen, T. Skrydstrup, K. Daasbjerg, Chem. Commun. 2016, 52, 5864 -5867.
a) X. Sun, L. Fan, X. Zhou, W. Q. Tian, Z. Guo, Z. Li, X. Li, S. Lei, Chem.
Commun. 2015, 51, 5864-5867; b)B.J. Brennan, P. A. Liddell, T. A.
Moore, A. L. Moore, D. Gust, J. Phys. Chem. B 2013, 117, 426-432; c) X.
Zhang, M. Takeuchi, Angew. Chem. Int. Ed. 2009, 48, 9646 -9651; Angew.
Chem. 2009, 121, 9826-9831; d) S. Cosnier, C. Gondran, R. Wessel, F. P.
Montforts, M. Wedel, J. Electroanal. Chem. 2000, 488, 83-91; e)S.-C.
Huang, C.-Y. Lin, Chem. Commun. 2015, 51, 519-521.

a) M. Sekita, B. Ballesteros, F. Diederich, D. M. Guldi, G. Bottari, T. Torres,
Angew. Chem. Int. Ed. 2016, 55, 5560-5564; b)S. Banala, T. Ruehl, K.
Wurst, B. Krdutler, Angew. Chem. Int. Ed. 2009, 48, 599-603; Angew.
Chem. 2009, 121, 607-611; c)L.P. Samankumara, S.J). Dorazio, J.
Akhigbe, R. Li, A. Nimthong-Roldan, M. Zeller, C. Briickner, Chem. Eur. J.
2015, 27, 11118-11128; d)S. Banala, K. Wurst, B. Krautler, Chem-
PlusChem 2016, 81, 477 -488.

T. Tanaka, A. Osuka, Chem. Soc. Rev. 2015, 44, 943 - 969.

M. Chen, Annu. Rev. Biochem. 2014, 83, 317 -340.

a) M. Chen, M. Schliep, R.D. Willows, Z.-L. Cai, B. A. Neilan, H. Scheer,
Science 2010, 329, 1318-1319; b) Y. Li, Z.-L. Cai, M. Chen, J. Phys. Chem.
B 2013, 717, 11309-11317; c) R. D. Willows, Y. Li, H. Scheer, M. Chen,
Org. Lett. 2013, 15, 1588-1590.

a)H. L. Kee, C. Kirmaier, Q. Tang, J. R. Diers, C. Muthiah, M. Taniguchi,
J. K. Laha, M. Ptaszek, J.S. Lindsey, D.F. Bocian, D. Holten, Photochem.
Photobiol. 2007, 83, 1125-1143; b) H. L. Kee, C. Kirmaier, Q. Tang, J. R.
Diers, C. Muthiah, M. Taniguchi, J. K. Laha, M. Ptaszek, J. S. Lindsey, D. F.
Bocian, D. Holten, Photochem. Photobiol. 2007, 83, 1110-1124; c)J. W.
Springer, K. M. Faries, J. R. Diers, C. Muthiah, O. Mass, H. L. Kee, C. Kirma-
ier, J. S. Lindsey, D. F. Bocian, D. Holten, Photochem. Photobiol. 2012, 88,
651-674; d) J. W. Springer, M. Taniguchi, M. Krayer, C. Ruzie, J. R. Diers,
D. M. Niedzwiedzki, D.F. Bocian, J.S. Lindsey, D. Holten, Photochem.
Photobiol. Sci. 2014, 13, 634-650; e) K. M. Faries, J. R. Diers, J. W. Spring-
er, E. Yang, M. Ptaszek, D. Lahaye, M. Krayer, M. Taniguchi, C. Kirmaier,
J.S. Lindsey, D.F. Bocian, D. Holten, J. Phys. Chem. B 2015, 119, 7503 -
7515; f)J.M. Yuen, M. A. Harris, M. Liu, J.R. Diers, C. Kirmaier, D.F.
Bocian, J.S. Lindsey, D. Holten, Photochem. Photobiol. 2015, 91, 331-
342; g)O. Mass, M. Ptaszek, M. Taniguchi, J.R. Diers, H.L. Kee, D.F.
Bocian, D. Holten, J.S. Lindsey, J. Org. Chem. 2009, 74, 5276-5289;
h) J. K. Laha, C. Muthiah, M. Taniguchi, B. E. McDowell, M. Ptaszek, J. S.
Lindsey, J. Org. Chem. 2006, 71, 4092-4102; i) M. Ptaszek, D. Lahaye, M.
Krayer, C. Muthiah, J. S. Lindsey, J. Org. Chem. 2010, 75, 1659-1673; j) C.
Ruzié, M. Krayer, J. S. Lindsey, Org. Lett. 2009, 11, 1761 -1764.

a) H. L. Kee, J. R. Diers, M. Ptaszek, C. Muthiah, D. Fan, J. S. Lindsey, D. F.
Bocian, D. Holten, Photochem. Photobiol. 2009, 85, 909-920; b) D. Ra,

[13]
[14]
[15]
[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

CHEMISTRY

A European Journal

Full Paper

K. A. Gauger, K. Muthukumaran, T. Balasubramanian, V. Chandrashaker,
M. Taniguchi, Z. Yu, D. C. Talley, M. Ehudin, M. Ptaszek, J. S. Lindsey, J.
Porphyrins Phthalocyanines 2015, 19, 547 -572; c) A. Meares, A. Satraitis,
N. Santhanam, Z. Yu, M. Ptaszek, J. Org. Chem. 2015, 80, 3858 -3869.

H. W. Whitlock, Jr., R. Hanauer, M. Y. Oester, B. K. Bower, J. Am. Chem.
Soc. 1969, 91, 7485-7489.

a) C. Bruickner, D. Dolphin, Tetrahedron Lett. 1995, 36, 3295-3298; b) C.
Bruckner, D. Dolphin, Tetrahedron Lett. 1995, 36, 9425-9428.

a) J. S. Lindsey, Chem. Rev. 2015, 115, 6534-6620; b)R.J. Snow, C.J. R.
Fookes, A.R. Battersby, J. Chem. Soc. Chem. Commun. 1981, 524-526.
F. P. Montforts, G. Zimmermann, Angew. Chem. 1986, 98, 451 -452.

a) S. Cosnier, C. Gondran, K. Gorgy, R. Wessel, F.-P. Montforts, M. Wedel,
Electrochem. Commun. 2002, 4, 426-430; b) M. Wedel, A. Walter, F. P.
Montforts, Eur. J. Org. Chem. 2001, 1681 -1687.

a) A.R. Battersby, C.J. Dutton, C.J.R. Fookes, S.P.D. Turner, J. Chem.
Soc. Chem. Commun. 1983, 1235-1237; b) M. Taniguchi, D. Ra, G. Mo, T.
Balasubramanian, J. S. Lindsey, J. Org. Chem. 2001, 66, 7342-7354; ) T.
Balasubramanian, J.-P. Strachan, P.D. Boyle, J.S. Lindsey, J. Org. Chem.
2000, 65, 7919-7929; d) M. Taniguchi, M. N. Kim, D. Ra, J. S. Lindsey, J.
Org. Chem. 2005, 70, 275-285; e) M. Ptaszek, B. E. McDowell, M. Tanigu-
chi, H-J. Kim, J.S. Lindsey, Tetrahedron 2007, 63, 3826-3839; f)P. A.
Jacobi, S. Lanz, I. Ghosh, S.H. Leung, F. Loewer, D. Pippin, Org. Lett.
2001, 3, 831-834; g) W. G. O'Neal, P. A. Jacobi, J. Am. Chem. Soc. 2008,
130, 1102-1108; h) W. G. O'Neal, W. P. Roberts, I. Ghosh, H. Wang, P. A.
Jacobi, J. Org. Chem. 2006, 71, 3472-3480; i) W. G. O'Neal, W. P. Roberts,
I. Ghosh, P. A. Jacobi, J. Org. Chem. 2005, 70, 7243-7251.

C. Muthiah, M. Taniguchi, H.-J. Kim, I. Schmidt, H. L. Kee, D. Holten, D. F.
Bocian, J. S. Lindsey, Photochem. Photobiol. 2007, 83, 1513-1528.

K. E. Borbas, V. Chandrashaker, C. Muthiah, H.L. Kee, D. Holten, J.S.
Lindsey, J. Org. Chem. 2008, 73, 3145-3158.

a) C. Muthiah, M. Ptaszek, T. M. Nguyen, K. M. Flack, J. S. Lindsey, J. Org.
Chem. 2007, 72, 7736-7749; b) C. Muthiah, J. Bhaumik, J. S. Lindsey, J.
Org. Chem. 2007, 72, 5839-5842; c) M. Liu, M. Ptaszek, O. Mass, D.F.
Minkler, R. D. Sommer, J. Bhaumik, J. S. Lindsey, New J. Chem. 2014, 38,
1717-1730.

a) R. Xiong, J. Andres, K. Scheffler, K. E. Borbas, Dalton Trans. 2015, 44,
2541-2553; b) J. Laakso, G. A. Rosser, C. Szijjarto, A. Beeby, K. E. Borbas,
Inorg. Chem. 2012, 51, 10366 - 10374.

R. Xiong, A.l. Arkhypchuk, D. Kovacs, A. Orthaber, K. E. Borbas, Chem.
Commun. 2016, 52, 9056 -9058.

a) M. Krayer, T. Balasubramanian, C. Ruzie, M. Ptaszek, D. L. Cramer, M.
Taniguchi, J.S. Lindsey, J. Porphyrins Phthalocyanines 2009, 13, 1098 -
1110; b) C. Muthiah, D. Lahaye, M. Taniguchi, M. Ptaszek, J. S. Lindsey, J.
Org. Chem. 2009, 74, 3237 -3247.

M. Taniguchi, M. Ptaszek, B. E. McDowell, P. D. Boyle, J. S. Lindsey, Tetra-
hedron 2007, 63, 3850-3863.

K. Aravindu, H.-J. Kim, M. Taniguchi, P. L. Dilbeck, J. R. Diers, D. F. Bocian,
D. Holten, J. S. Lindsey, Photochem. Photobiol. Sci. 2013, 12, 2089-21009.
M. B. Camarada, P. Jaque, F.R. Diaz, M. A. del Valle, J. Polym. Sci. Part A
2011, 49, 1723 -1733.

A.-M. Manke, K. Geisel, A. Fetzer, P. Kurz, Phys. Chem. Chem. Phys. 2014,
16, 12029-12042.

Manuscript received: October 3, 2016
Accepted Article published: November 8, 2016
Final Article published: January 23, 2017

www.chemeurj.org

4095

© 2017 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://dx.doi.org/10.1016/j.tplants.2011.03.011
http://dx.doi.org/10.1016/j.tplants.2011.03.011
http://dx.doi.org/10.1016/j.tplants.2011.03.011
http://dx.doi.org/10.1039/C4CP02105C
http://dx.doi.org/10.1039/C4CP02105C
http://dx.doi.org/10.1039/C4CP02105C
http://dx.doi.org/10.1039/C4CP02105C
http://dx.doi.org/10.1021/jp902001z
http://dx.doi.org/10.1021/jp902001z
http://dx.doi.org/10.1021/jp902001z
http://dx.doi.org/10.1021/jp902001z
http://dx.doi.org/10.1021/acs.macromol.5b01607
http://dx.doi.org/10.1021/acs.macromol.5b01607
http://dx.doi.org/10.1021/acs.macromol.5b01607
http://dx.doi.org/10.1039/c0pp00013b
http://dx.doi.org/10.1039/c0pp00013b
http://dx.doi.org/10.1039/c0pp00013b
http://dx.doi.org/10.1039/c0pp00013b
http://dx.doi.org/10.1002/anie.201205584
http://dx.doi.org/10.1002/anie.201205584
http://dx.doi.org/10.1002/anie.201205584
http://dx.doi.org/10.1002/ange.201205584
http://dx.doi.org/10.1002/ange.201205584
http://dx.doi.org/10.1002/ange.201205584
http://dx.doi.org/10.1002/ange.201205584
http://dx.doi.org/10.1039/C6CC00982D
http://dx.doi.org/10.1039/C6CC00982D
http://dx.doi.org/10.1039/C6CC00982D
http://dx.doi.org/10.1039/C5CC00659G
http://dx.doi.org/10.1039/C5CC00659G
http://dx.doi.org/10.1039/C5CC00659G
http://dx.doi.org/10.1039/C5CC00659G
http://dx.doi.org/10.1021/jp3099945
http://dx.doi.org/10.1021/jp3099945
http://dx.doi.org/10.1021/jp3099945
http://dx.doi.org/10.1002/anie.200904985
http://dx.doi.org/10.1002/anie.200904985
http://dx.doi.org/10.1002/anie.200904985
http://dx.doi.org/10.1002/ange.200904985
http://dx.doi.org/10.1002/ange.200904985
http://dx.doi.org/10.1002/ange.200904985
http://dx.doi.org/10.1002/ange.200904985
http://dx.doi.org/10.1016/S0022-0728(00)00177-7
http://dx.doi.org/10.1016/S0022-0728(00)00177-7
http://dx.doi.org/10.1016/S0022-0728(00)00177-7
http://dx.doi.org/10.1039/C4CC08157A
http://dx.doi.org/10.1039/C4CC08157A
http://dx.doi.org/10.1039/C4CC08157A
http://dx.doi.org/10.1002/anie.201601258
http://dx.doi.org/10.1002/anie.201601258
http://dx.doi.org/10.1002/anie.201601258
http://dx.doi.org/10.1002/anie.200804143
http://dx.doi.org/10.1002/anie.200804143
http://dx.doi.org/10.1002/anie.200804143
http://dx.doi.org/10.1002/ange.200804143
http://dx.doi.org/10.1002/ange.200804143
http://dx.doi.org/10.1002/ange.200804143
http://dx.doi.org/10.1002/ange.200804143
http://dx.doi.org/10.1002/chem.201501230
http://dx.doi.org/10.1002/chem.201501230
http://dx.doi.org/10.1002/chem.201501230
http://dx.doi.org/10.1002/chem.201501230
http://dx.doi.org/10.1039/C3CS60443H
http://dx.doi.org/10.1039/C3CS60443H
http://dx.doi.org/10.1039/C3CS60443H
http://dx.doi.org/10.1146/annurev-biochem-072711-162943
http://dx.doi.org/10.1146/annurev-biochem-072711-162943
http://dx.doi.org/10.1146/annurev-biochem-072711-162943
http://dx.doi.org/10.1126/science.1191127
http://dx.doi.org/10.1126/science.1191127
http://dx.doi.org/10.1126/science.1191127
http://dx.doi.org/10.1021/jp402413d
http://dx.doi.org/10.1021/jp402413d
http://dx.doi.org/10.1021/jp402413d
http://dx.doi.org/10.1021/jp402413d
http://dx.doi.org/10.1021/ol400327j
http://dx.doi.org/10.1021/ol400327j
http://dx.doi.org/10.1021/ol400327j
http://dx.doi.org/10.1111/j.1751-1097.2007.00151.x
http://dx.doi.org/10.1111/j.1751-1097.2007.00151.x
http://dx.doi.org/10.1111/j.1751-1097.2007.00151.x
http://dx.doi.org/10.1111/j.1751-1097.2007.00151.x
http://dx.doi.org/10.1111/j.1751-1097.2007.00150.x
http://dx.doi.org/10.1111/j.1751-1097.2007.00150.x
http://dx.doi.org/10.1111/j.1751-1097.2007.00150.x
http://dx.doi.org/10.1111/j.1751-1097.2012.01083.x
http://dx.doi.org/10.1111/j.1751-1097.2012.01083.x
http://dx.doi.org/10.1111/j.1751-1097.2012.01083.x
http://dx.doi.org/10.1111/j.1751-1097.2012.01083.x
http://dx.doi.org/10.1039/c3pp50421b
http://dx.doi.org/10.1039/c3pp50421b
http://dx.doi.org/10.1039/c3pp50421b
http://dx.doi.org/10.1039/c3pp50421b
http://dx.doi.org/10.1021/jp511257w
http://dx.doi.org/10.1021/jp511257w
http://dx.doi.org/10.1021/jp511257w
http://dx.doi.org/10.1111/php.12401
http://dx.doi.org/10.1111/php.12401
http://dx.doi.org/10.1111/php.12401
http://dx.doi.org/10.1021/jo900706x
http://dx.doi.org/10.1021/jo900706x
http://dx.doi.org/10.1021/jo900706x
http://dx.doi.org/10.1021/jo060208o
http://dx.doi.org/10.1021/jo060208o
http://dx.doi.org/10.1021/jo060208o
http://dx.doi.org/10.1021/jo902649d
http://dx.doi.org/10.1021/jo902649d
http://dx.doi.org/10.1021/jo902649d
http://dx.doi.org/10.1111/j.1751-1097.2008.00532.x
http://dx.doi.org/10.1111/j.1751-1097.2008.00532.x
http://dx.doi.org/10.1111/j.1751-1097.2008.00532.x
http://dx.doi.org/10.1142/S1088424615500042
http://dx.doi.org/10.1142/S1088424615500042
http://dx.doi.org/10.1142/S1088424615500042
http://dx.doi.org/10.1142/S1088424615500042
http://dx.doi.org/10.1021/acs.joc.5b00119
http://dx.doi.org/10.1021/acs.joc.5b00119
http://dx.doi.org/10.1021/acs.joc.5b00119
http://dx.doi.org/10.1021/ja01054a044
http://dx.doi.org/10.1021/ja01054a044
http://dx.doi.org/10.1021/ja01054a044
http://dx.doi.org/10.1021/ja01054a044
http://dx.doi.org/10.1016/0040-4039(95)00524-G
http://dx.doi.org/10.1016/0040-4039(95)00524-G
http://dx.doi.org/10.1016/0040-4039(95)00524-G
http://dx.doi.org/10.1016/0040-4039(95)02052-7
http://dx.doi.org/10.1016/0040-4039(95)02052-7
http://dx.doi.org/10.1016/0040-4039(95)02052-7
http://dx.doi.org/10.1021/acs.chemrev.5b00065
http://dx.doi.org/10.1021/acs.chemrev.5b00065
http://dx.doi.org/10.1021/acs.chemrev.5b00065
http://dx.doi.org/10.1039/c39810000524
http://dx.doi.org/10.1039/c39810000524
http://dx.doi.org/10.1039/c39810000524
http://dx.doi.org/10.1002/ange.19860980514
http://dx.doi.org/10.1002/ange.19860980514
http://dx.doi.org/10.1002/ange.19860980514
http://dx.doi.org/10.1016/S1388-2481(02)00337-5
http://dx.doi.org/10.1016/S1388-2481(02)00337-5
http://dx.doi.org/10.1016/S1388-2481(02)00337-5
http://dx.doi.org/10.1002/1099-0690(200105)2001:9%3C1681::AID-EJOC1681%3E3.0.CO;2-Q
http://dx.doi.org/10.1002/1099-0690(200105)2001:9%3C1681::AID-EJOC1681%3E3.0.CO;2-Q
http://dx.doi.org/10.1002/1099-0690(200105)2001:9%3C1681::AID-EJOC1681%3E3.0.CO;2-Q
http://dx.doi.org/10.1039/c39830001235
http://dx.doi.org/10.1039/c39830001235
http://dx.doi.org/10.1039/c39830001235
http://dx.doi.org/10.1039/c39830001235
http://dx.doi.org/10.1021/jo0104835
http://dx.doi.org/10.1021/jo0104835
http://dx.doi.org/10.1021/jo0104835
http://dx.doi.org/10.1021/jo000913b
http://dx.doi.org/10.1021/jo000913b
http://dx.doi.org/10.1021/jo000913b
http://dx.doi.org/10.1021/jo000913b
http://dx.doi.org/10.1021/jo048440m
http://dx.doi.org/10.1021/jo048440m
http://dx.doi.org/10.1021/jo048440m
http://dx.doi.org/10.1021/jo048440m
http://dx.doi.org/10.1016/j.tet.2007.02.038
http://dx.doi.org/10.1016/j.tet.2007.02.038
http://dx.doi.org/10.1016/j.tet.2007.02.038
http://dx.doi.org/10.1021/ol006983m
http://dx.doi.org/10.1021/ol006983m
http://dx.doi.org/10.1021/ol006983m
http://dx.doi.org/10.1021/ol006983m
http://dx.doi.org/10.1021/ja0780075
http://dx.doi.org/10.1021/ja0780075
http://dx.doi.org/10.1021/ja0780075
http://dx.doi.org/10.1021/ja0780075
http://dx.doi.org/10.1021/jo060041z
http://dx.doi.org/10.1021/jo060041z
http://dx.doi.org/10.1021/jo060041z
http://dx.doi.org/10.1021/jo050907l
http://dx.doi.org/10.1021/jo050907l
http://dx.doi.org/10.1021/jo050907l
http://dx.doi.org/10.1111/j.1751-1097.2007.00195.x
http://dx.doi.org/10.1111/j.1751-1097.2007.00195.x
http://dx.doi.org/10.1111/j.1751-1097.2007.00195.x
http://dx.doi.org/10.1021/jo7026728
http://dx.doi.org/10.1021/jo7026728
http://dx.doi.org/10.1021/jo7026728
http://dx.doi.org/10.1021/jo701500d
http://dx.doi.org/10.1021/jo701500d
http://dx.doi.org/10.1021/jo701500d
http://dx.doi.org/10.1021/jo701500d
http://dx.doi.org/10.1021/jo0707885
http://dx.doi.org/10.1021/jo0707885
http://dx.doi.org/10.1021/jo0707885
http://dx.doi.org/10.1021/jo0707885
http://dx.doi.org/10.1039/c3nj01508d
http://dx.doi.org/10.1039/c3nj01508d
http://dx.doi.org/10.1039/c3nj01508d
http://dx.doi.org/10.1039/c3nj01508d
http://dx.doi.org/10.1039/C4DT02448F
http://dx.doi.org/10.1039/C4DT02448F
http://dx.doi.org/10.1039/C4DT02448F
http://dx.doi.org/10.1039/C4DT02448F
http://dx.doi.org/10.1021/ic3015354
http://dx.doi.org/10.1021/ic3015354
http://dx.doi.org/10.1021/ic3015354
http://dx.doi.org/10.1039/C6CC00516K
http://dx.doi.org/10.1039/C6CC00516K
http://dx.doi.org/10.1039/C6CC00516K
http://dx.doi.org/10.1039/C6CC00516K
http://dx.doi.org/10.1142/S1088424609001406
http://dx.doi.org/10.1142/S1088424609001406
http://dx.doi.org/10.1142/S1088424609001406
http://dx.doi.org/10.1021/jo9002954
http://dx.doi.org/10.1021/jo9002954
http://dx.doi.org/10.1021/jo9002954
http://dx.doi.org/10.1021/jo9002954
http://dx.doi.org/10.1016/j.tet.2007.02.040
http://dx.doi.org/10.1016/j.tet.2007.02.040
http://dx.doi.org/10.1016/j.tet.2007.02.040
http://dx.doi.org/10.1016/j.tet.2007.02.040
http://dx.doi.org/10.1039/c3pp50240f
http://dx.doi.org/10.1039/c3pp50240f
http://dx.doi.org/10.1039/c3pp50240f
http://dx.doi.org/10.1002/polb.22360
http://dx.doi.org/10.1002/polb.22360
http://dx.doi.org/10.1002/polb.22360
http://dx.doi.org/10.1002/polb.22360
http://dx.doi.org/10.1039/C3CP55023K
http://dx.doi.org/10.1039/C3CP55023K
http://dx.doi.org/10.1039/C3CP55023K
http://dx.doi.org/10.1039/C3CP55023K
http://www.chemeurj.org

