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Abstract: Our recentachievemers relating ® photofunctional moleculeare addressed.
Section 1 discloses a new concept of photoisomerizati®yridylpyrimidine-copper
complexes undergo a ring inversion that camioglulatedoy the redox state of the copper
center. Incombinationwith an intermolealar photoelectron transfer (PET) initiated by the
metatto-ligand chargdransfer(MLCT) transition of the Cu(l) state, we realize photonic
regulation of the ring inversiorSection2 reports on the first examples of heteroleptic
bis(dipyrrinato)zinc(ll) complexes. Conventional homoleptic bis(dipyrrinato)zinc(Il)
complexes suffered from low fluorescence quantum yields, whereas the heteroleptic ones
feature bright fluorescence even in polar solvebéxtion3 describes our new findings on
Pechmann dye, wtih was first synthesized in 1882. New synthetic procedures for
Pechmann dye using dimethyl bis(arylethynyl)fumarate as a starting material gives rise to
its new structural isomer. We also demonstpateentialityof a donofacceptordonor type

of Pechnanndye in organic electronics.
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1. 2-Pyridylpyrimidine -Cu Complexes Visible Light -Induced Pyrimidine Ring Rotation and
Revasible Cu"/Cu' Electrochemical Potential Switching

1.1. Introduction

Redox switcing in the CU/CuU complex is accompanied by a change in the coordination
environment[1i 15]. Cu strongly prefersthe tetrahedral coordination, whereas' Gucepts several
coordination numbers and modeés;luding squareplanar, tragonal bipyramidal, and octahedral. The
drastic change in the coordinatienvironments attractive for theonstructionof molecularsystems
thatexhibit bistability[ 161 27].

2-(2-Pyridyl)pyrimidine (pypm Figure 1a) and its derivatives act as bidentate liganithsseveral
typical characteristics. Firstheypossesa lowlying p* orbital. This feature leads the expression of
metatto-ligand charge transfer (MLCT) transitionshich oftenemerge in the visible region. For
example, aRu'(Mepypm}]** cation (Mepypm =-methyt2-(2'-pyridyl)pyrimiding) shows an MLCT
band at/max = 451 nm[28]. Secondthermalrotation of the pyrimidine ring can be defined in the
complex form(Figure 1b).Vriezeand coworkersiemonstrated thigsinga Pd complex [29]. Third,
the introduction of substituents on tlpgrimidine ring canresult indesymmetrization, giving rise to
two isomeric forms upon complexatigfrigure 1c).Spiccia and coworkers synthesizeal pypm
derivative bearing a carboxyl group at the 4 position, @sidered isomers producasing itsRuU"
complexeq30]. We note thathe ring rotation is associated with the desymmetrizatiod, it can be
recognized as a kind of linkage isomeriza{i81i 35].

Figure 1. (a) Structure of2-(2'-pyridyl)pyrimidine (pypm). @) Ring rotation of a metal
complex bearinga pypmtype ligand. €¢) Two possible isomers of a Ru complex
possessing a substituted pypgand Geometric isomers are omitted for clarity
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By synergistically exploitinghe peculiar characteristics of Cu com@sand pypm ligans we
have fabricated electrochemical linkage isomerization sysigéingd1]. One exampl®f thisis shown
in Figure 2.This heteroleptic Cicomplex composed of 2dianthracenylphenanthroliradMepypm
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possesses two isomensner (-), and outer @) forms in accordance with the orientation of the methyl
group. Henceforththe i- and o-isomers ofiI8F, in the Cliand CU states are abbreviated ia€U,
o-Cl, i-Cu', and o-Cu'. The abundance ratio of the two isomers in solution was nearly 1:1
(i-Cu:0-Cu = ca. 2:1 to 3:1)in the tetrahedral Cistate. In contrast, theform was dominant in the
squareplanar CU state because the steric repulsion betwelea two ligands was significant in the
i-isomer Therefore, reversible redox switching wittspecto the CU/Cu redox couple triggerelihkage
isomerization.The system exhibited not only oxidatitniggered isomerizationiCu - €Y o-Cu")

but alsoelectrode rest potential switchinthis was due toepeatablgexternalstimuli-induced changes

in theratio of the four stable isomersCU, o-Cu, i-Cu', ando-Cu' that occurredunder a mixture of

Cu and CU complexesvhen themetastable statgas tapped

Figure 2. Conceptual illustration showing the rest potential switching caused by
repeatable, externatimuli-induced changes in the ratio of the four stable isomeéns,
o-Cu, i-CU', and o-CU' in a 4methyt2-(2Npyridyl)pyrimidine copper coplex; the
chemical structures of the isomers are displayed on the left, using a square scheme.

Mixture of Cu' and Cu"

Inversion
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E cst: 0.31 V vsAgiag
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> switching

As described in thisectionin detail, our next study sought to create a ring rotation system driven
by photochemical stimuli. Photochemical molecular bistsghis advantageous over other bistability
systems that use other stimuli, because of its pracguarsibility, the fact that it can w®ntrolledvia
changes in the intensity dfght, and its selectivity for irradiation wavelengthsA conceptual
illustration of the present study is shown in Figurg@d. This system was based on photoinduced
electron transfer (PET[B,4,43]. PET isa phenomenoim which a photoexcitedmolecule undergoes
either electron subtraction from, or electron donatiomamother redoxactive molecule. In fact, several
electrochemical linkage isomerization molecuteseshown PET-induced linkage isomerizatid@2,23].

Here, the molecular design, structure, photoinduced ring rotation, and additional functionality (conversion
of light stimuli into electrochemical potential) are discussed.

1.2. Ligand Design, Structure, and Electrochemical Ring Rotation

The structure of the Cu complex was carefully designed to enhance the optical sensitivity. A long
photoexcitation lifetime is prefable for PET. The Culiimine-type complexes feature relatively
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long-lived MLCT photoexcited states, and the lifetime depends significantly on the coordination
structure; the substituents on tlae position are reported to provide longer MLCT lifetimes by
inhibiting the structural relaxation, and/preventing additional solvent coordinati¢3,4,44i 52].
Taking this into account, in this study we employeahdthyl2-(6i-methyt2i-pyridyl)pyrimidine as a
pypmtype ligand. In addition, 2;8imesityt1,10phenanthroline was adopted as an auxiliary ligand,
to form a heteroleptic complepo3i 55]. The bulky mesityl group was also expected to yield an
extended MLCTiifetime. Using these two ligands, we siyesized a new heteroleptic'Gaypm complex,
1BF, (Figure 3. X-ray structural analysis of@F,;-CH.Cl,-0.5hexane revealed that botl- and
o-isomers coexiste@Figure 4). Occupancy refinememwith respect to thelisordeed partyielded an
abundanceatio of i-Cu':0-Cu = 30:7Q This ratio was consistent with that measured in solution (using
'H-NMR spectroscopy) in the temperature range of 300 K.

Figure 3. Schematic illustration of the phativiven ring rotation of the pyrimidine moiety,
and the acmmpanying change in the redox potential of thd'/Cu couple in 1BF,.
Adapted with permission frofd2]. Copyright (2012) American Chemical Society.

External Pyrimidine ring rotation Redox potential
stimuli via PET switching
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Figure 4. ORTEP drawing ofil@F,-CH.Cl,-0.5hexanewith thermal ellipsoid sets at the
50% probability ével. Hydrogen atoms, counter anions, crystal solvents, and one of the
two crystallographically independent complex cations are omitted for clarity. Adapted with
permission fronj42]. Copyright (2012) American Chemical Society.
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1.3. Electrochemistry

To gain knowledgeaboutthe redoxmediated pyrimidine rotation df@F,, variabletemperature
cyclic voltammetrywas conductedCyclic voltammetry was performed on a BAS ALS750A analyzer.
Glassy carbon was used as a working electrode, platinum wiratilasdas a counter electrode, and
the Ag/AgCIlO,4 redox couplewas exploited in a reference electrode (0.01 M AgClGn 0.1 M
BusNClO4/acetonitrile) A standard oneompartment electrochemical cell was equipped withSP
203A UNISOKU cryostatso that preciséemperature control was attained. All measurement was
conducted under an Ar atmosphefegure 5ashows a cyclic voltammogram afBF, (0.45 mM)in
0.1 M BuNBF4 CH,Cl, at 203 K whichrevealed two reversible wavesEt = 0.48 V and 0.62 \s.
Ag'/Ag. The waves were assigned to the"@u couples of theo- and i-isomers, respectively,
because a bulky substituent around the Cu center destabilized"tsgqu@neplanar geometry, thereby
shifting the redox potential in the positive directifs6i 59]. A differential pulse voltammogram
yielded an abundance ratioQu':0-Cu = 30:70) consistent with that determined usiitgNMR
spectroscopy(Figure 5b). At a higher temperature of 225 K, the cathodic current of-ifoener
significantly decrease(Figure 5c) indicating that the thermodynamic stability @Cu' was much
higher than that of-Cu'. This was due to the steric repulsion, and the fact that the timescale of the
transition fromo- to i- was comparable with theyclic voltammetry sweep rate[56i59]. The
appearance of the voltammogram at 275 K indicated the existence of a single reversible redox process
suggesting that the interconversions were sufficiently rapid in both the copper(ll) and copper(l) states
(Figure 5d).

Figure 5. Electrochemical measements ofl@F, (0.45 mM)in 0.1 M BuNBF,;- CH.Cl,.
(a,c,d) Cyclic voltammograms measured using a scan rate of 50' it 803 K @), 225

K (¢), and 275 K d). (b) Differential pulse voltammogram measured under the same
conditions as those used in).( Adapted with permission frorf#2]. Copyright (2012)
American Chemical Society.
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The firstorder rate constants for thé o- ando-Y i- rotations in the Cistate kv o andkiey ;) and
CU' state kiiv o andkioyi) were quantified via simulation of the cyclic voltammograms at various
temperatureand scan rates using tBégisim 3.03a softwaréBAS Inc.).kiv o was < 10° st at 203 K,
which indicated that the rotational motion was decelerated substantially. This set of conditions was
defined asOFFbeafieot @Fi g ukiyegincrggsed toAive valueDof tke, order of
10! &1 indicating that the rotaio was sufficiently act-ONsattaetde o()f
Similarly, the firstorder rate constant for theY i- rotationk,. ; was < 16* $* at 203 K (rotation
OFF state), while heating to 250 K acceleraked; to give values of the order of '@ * (rotationON
state). In contraskiy o was higher than 165! even at 203 K (rotatio®N state), which indicated
that thei-Y o- rotation pathway in the Clistate was still active at low temperatur&gy, was
negligible kiov 1 ~ 0) over theentire 200300 K range.

Figure 6. Conceptual diagrarsummarizing the rotatiokineticsdescribed in this section.
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1.4. PhotophysicaProperties

To investigate the fueling of the rotational isomerization1@®F, with light illumination, we
examined thebsorption and luminescence spectrd @, (Figure 7) The characteristic absorption
band in the visible region/ fax = 456 nm,e= 4.8 x 10° M'* cm'!) was attributed to th&MLCT
transition,which typically appears in theis(diimine)opper(l)complex family[3]. We note that the
spectrum contained contributions from ba#Cu and i-Cu. Careful analysis discloseithat their
absorption spectra were similar.

A broad emission band fro@F, in dichloromethane as observedcross the visible and nedg
region, with a maximum aktynax = 750 nm(Figure 7). This emission likelyarosepredominantly from
the i-isomer, becaise bulkysubstituentsear the Cucoordination sphersignificantly increase the
lifetime of the photoexcited state, as well aseahassion efficiency3].

A photoexcited state has a much lower reduction potential and a much higher oxidation potential
than the ground state; this drives PET behavior. Figure 8 shows the reduction potenti@§ fam
the photoexcited and ground states, which were calculated usii tredues of the CUICU couple,
and the emission maximuf60]. In this scheme, a demethylferrocenium cation (DMFcE? = - 0.41
V vs.Ag'/Ag) can serve an oxidizing reagent suitable for our system; D&t undergo PET with
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photoexcitedl@F,, giving rise to DMF¢and the Clistate (Figure 8)n contrastDMFc' has nothing
to do with1@F, in the ground state.

Figure 7. UV-vis spectra ofl@F, in CH.Cl, at roomtemperature: absorption spectrum in
the dark (purple); absorpti@pectrum in the dark, XL0 (dashed purple); emission spectrum
(blacK). Adapted with permission froid2]. Copyight (2012) American Chemical Society.
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Figure 8. Diagram for the redox potentials d#F, in the ground and photoexcited states,
and DMF¢.
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1.5. Photalriven Rotationof the Pyrimidine Ring

In the presence of 4 equiv. of DMF¢BF, salt, 1.8 mM), the cyclic voltammograms and
differential pulse voltammograms fol®F, (0.45 mM) changed shape significantly under
photoirradiation. The procedure and results are summarized in Figlighd. illumination was
performed using a MAX302 xenon lampAsahi Spectra) equipped with an optical fiber with a long
pass filter (cuon 400 nm)We note that neither the absence of DMFRor storage in the dark in the
presence of DMFcproduced changes in the voltammogram. Before photoirradiation, two redox waves
assignale to the CU/CU couple of theé- ando-isomers were observed at 203 K, in the ratio of 30:70
(Figure 9a) Under photoirradiation with visible light/ (> 400 nm) at 203 K for 60 min, thredox
wave corresponding to the-isomer increased in intensityFigure 9b). The shapes of the
voltammograms observed after photoirradiation did not change after incubation at 203 K in the dark
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for 10 min, confirming that the photogenerated state was not a transient state. However, subsequen
heating for 2 min at 250 K ithe dark recovered the initial voltammograiifsgure 9c), which
indicated that the thermal relaxation of the photoinduced metastable state to the ground state hac
occurred. The molar ratios ®fCu and o-CU in the initial, photoirradiated, and thermaliglaxed

states were 30:70, 12:88, and 30:70, respect[8éy59]. This series of changes in the voltammograms
was found to be repeatable.

Figure 9. Cyclic voltammograms and differential pulse voltammogram4@F, (0.45 mM

in 0.1 M BwNBF;- dichloromehane containing 1.8 mM DMFcBKa) at 203 K in the
dark, @) after 60 min of visibldight irradiation { > 400 nm) at 203 K, and) after 2 min
of heating at 250 K in the darkhe molar ratios of-Cu and eCu are represented on the
right as horizontabars. Adapted with permission fro2]. Copyright (2012) American
Chemical Society.
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1.5. Mechanisnfor Photalriven Rotation of the Pyrimidine Ring

Figure 10 shows a schematic illustration of the photoinduced ring rotation systenn. Jime
o-isomes coexisted in the initial Cistate {-Cu:0-Cu = 30:70). The photoirradiation induced PET
from the excitedi-Cu state (i-Cu) to the electron acceptor (DMBc The oxidation potential of
*j-Cu wasT 1.0 V, whereas the reduction potential of DMR@sT 0.4 V. Thei-CU' generated in the
course of the PET isomerizeddaeCu' for two reasons: (i) the pyrimidine ring rotation in the' Gtate
was not frozen at 203 Ky o ~ 10 s'%, rotatiorON stae), and (ii)i-Cu' was thermodynamically
unfavorable, because of the steric repulsion. Finahgu' was reduced to-Cu via a back electron
transfer reaction from DMFc. The net process resulted in the conversip@ufto o-Cu upon
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photoirradiation The photorotation induced a change in the abundance ratio bfahdo- isomers
(i-Cu:0-CU = 12:88). The molar ratio deviated from the thermodynamic equilibrium for thet&te,

but this state was trapped kineticalky{i ~ 10* s'). Heating to 250 K provided sufficient activation

for the o- to i- rotation kovi ~ 10% s1), so that the thermodynamic equilibrium was restored
(i-Cu:0-Cu = 30:70). As a result, we attained reversible photochemical pyrimidine ringomtat
which was accompanied by a change in the redox potential SBfft< 0.14 V) (Figure 3). Generally,

the photochromic molecule undergoes a significant color change upon isomerization, which involves
the reconstruction of the electronic std6d]. Ou present photariven rotation system worked
without a significant color change. Therefore, the present method allows the creation of photodriven
materials using another methodology.

Figure 10. Schematic representation of the P&fven i-Cu-to-o-Cu ligand geometry
isomerization ofi@®F, in the presence of DMFc The reversible changes in the molar
ratios of the isomers upon light irradiation and heating are illustrated in the bottom panels.
Adapted with permission frofd2]. Copyright (2012) American @mical Society.
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1.6. Conclusions

We demonstrated the conversion of light stimuli irlectrochemical potential via reversibly
working artificial molecular rotationin a coppeipyrimidine complex, 18F,. A key feature of the
presentsystem is that theopulation of bistable isomersCu and o-Cu, possessinglifferent redox
potentials (E° = 0.14 \), is reversibly converted by light and heat stimuli through a pB€esswith
DMFc" as a redox mediatoGenerally, photodriven bistable material changesaammpanied by
significant color changes, which involve liglabsorption efficiencyand reconstruction of the
electronicstate On the other hand,uo present systerworks without a significant color change
therebyproviding a further methodology to construct photodriven materials.
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2. A Brightly Luminescent Heteroleptic bis(dipyrrinato)zinc(ll) Complex
2.1.Introduction

Dipyrrin, or dipyrromethene (Figure 1lajomprises two pyrrole rings bridged by a methine
carbon. Dipyrrin was originally studied as an intermediate for the synthesis of pogphyuin
chemistry was developedfor dipyrrin itself after the discovery of its neutral compleXé®,63].
Dipyrrin can serve as a monoanionic bidentate ligand upon deprotofditigrrinato ligand, Figure
11b). The boron difluoride complex of dipyrrin, or 4l#luoro-4-bora3a,4adiazas-indacene, known
asBODIPY, is the mostvell knowndipyrrin complex(Figure 11c). Since the first repamn BODIPY
in 1968[64], it has acquired popularity as a dye molecule. Plain dipyrrin features an intense absorption
in the visible region /(ma~500 nm)that is assignableto the 'p-p* transition; however, the intense
absorption does not lead to brightorescenceln sharp contrast, BODIP¥uoresce brightly from
the 'p-p* excited statethe fluorescence quantum yield often reaches uiiye to its excellent
stability against light and moistyramong other propertieBODIPY ha been used ia wide range of
fields, in applications includindaser dyeg65i 67], chemosensol§8i 72], biological probe$73i 76],
andsolar cell{77i 79].

Figure 11. (a) Dipyrrin, (b) dipyrrinato ligand (c) BODIPY, (d) bis(dipyrrinato)metal
complex ande) tris(dipyrrinato)metal complex.
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Dipyrrin can also accept various types of metal if§8: Fe(lll), Co(lll), Ni(ll), Pd(ll), Cu(ll),
Zn(Il), Ga(lll), and Sni{) give rise to bis and tris(dipyrrinato)metal complexes (Figure 11d,e). One of
the most important features of dipyrrinatetal complexes is that the coordination ®odn be
generated in a sedssembled fashion, and can form supramoleaularitectues We notethat these
functions cannot be reproduced by BODIPY. Maeda and coworkers developatimamsional
coordination polymessimply by mixing zinc acetate and bridging bis(dipyrrin) in tetrahydrofuran at
room temperaturé~igure 12a)80], andLindsey and coworkers reported a ligiairvesting molecular
array in which efficient energy transfer occurred from the central bis(dipyrrinato)zinc(ll) complex to
the peripheral porphyrin (Figure 12b)[81]. Guldi and coworkers reported a photoinduced charge
separationsystem using a bis(dipyrrinato)zinc(ll) complend fullereng(Figure 12¢)[82]. In these
molecular systems, the bis(dipyrrinato)zinc(ll) complex served @glsiea for theconstructionof the
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triads. At the same time, it functionada photosenszer. Similar to dipyrrin and BODIPY, this series
of complexes possesba 'p-p* band that absodalvisible light efficiently.

Figure 12. (a) Coordination polymer based on a dipyrrinatetal complex.(b,c)
Selfassembled doneaccepter systems that egps either energy or electron transfer.

a)

Mes \_/energy transfer

(80+20%) = electron transfer

In contrastwith BODIPY, which has been extensively studibdsic investigationfor dipyrrinatc
metal complexefiave not beeperformed and practical applicatiorfsave not been fully developed.
One posdile reasorfor this is their poorer photochemicalctivity, which is reflected in their low
fluorescence quantum yieldsluch effort hasbeenmadeto improve the photochemical activity of
dipyrrinatometal complexes. Lindsey and coworkers reported a pyg(aato)zinc(ll) complex bearing
an bulky aryl group at themeseposition (Figure 13a). The bulkiness inhibdthe thermal rotation of
the aryl group, leading to a moderate increase in the fluorescence quantum yield M3/)6in
toluene [83]. Cohen ad coworkers reported weakly fluorescent tris(dipyrrinato) group 13 metal
complexes(Figure 13b)[84]. Many mono(dipyrrinato)metal complexémve beerreported to be
highly fluorescen{Figure 13¢f) [85i 88], but they are often sensitive taaemperatureor moisture.In
addition mono(dipyrrinato) metal complexes cannotdiféerentiatedfrom BODIPY derivativesand
they have not been fullyexploitedfor the fabrication of supramolecular assembligsus, there is
room for further work ommprovingthefluorescenceuantumyield of dipyrrinatemetalcomplexes.

2.2. Strategy to Improve the Fluorescence Quantum Yield of bis(dipyrrinato)zinc(ll) Complexes

Several bichromophoric systems show cheasgearated (CS) stat¢89i 94]. For examplethe
photoexcitation b 9,9-bianthryl producesa locally excited state (LEJFigure 14) The LE is in
thermodynamic equilibrium with a twisted intramolecular excited state (T[89,00], which is
generatedoy an interligand oneelectron transfer. Sucphenomea are labeled asfiphotoinduced
symmetrybreaking charge separatidf91,92]. The thermodynamic equilibrium between 4.Bnd
TICTsstrongly depends on the solvent polariyCTs aredominant in polar solven{f0Q].
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Figure 13. Fluorescent mono, bis, and tris(dipyrrinatagtal complexes.
Bis or tris(dipyrrnato) metal complexes

b)

M = Ga(lll) (¢ = 0.024 in hexane)
M = In(lll) (g = 0.074 in hexane)

¢ = 0.36 (in toluene)

Mono(dipyrrnato) metal complexes

c) y

R
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P N
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R = ClI (¢ = 0.04 in benzene) _ .
R = OTF (¢r = 0.42 in benzene) ¢ = 0.61 (in CH,Cl) M = Zn (4 = 0.70

in DMF)

Figure 14. Chargeseparation in 9,%ianthryl.
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The bis(dipyrrinato)zinc(ll) complex can be also regarded as a bichromophoric molecule, where
two dye entities (dipyrrinato ligandajeligated by a zinc(ll) ion. Here, waropose théiypothesis that
charge separatiomay occurbetween the two ligands via the-p* excited state, and the formation of
the CS states magupress the fluorescence of the bis(dipyrrinato)zinc(ll) comphexschematic
illustration of tis hypothesis is shown in Figure 15a.

To destabilize the chargeseparated states, we designed hedptic bis(dipyrrinato)zinc(ll)
complexesThe degeneration of the frontier orbitals (higheand lowesp* orbitals of the dipyrrinato
ligand) in the heteroleptic complex was ignoreldigure 15b shows one of the possible energy
diagrams for the hetergddc complex. In this case, the two CS statemild be less energetically
favorablecompared withthe emissivép-p* state, so tafluorescencevould beenhanced.

The heteroleptic complegould also have another frontier orbitadnfiguration, ashown inFigure
15c. In this case, one of the two CS stateuld bestabilized over the emissive-p* state resulting
in the quencling of the fluorescence. This phenomenaould beunfavorable, buthe observation of
the enhancement and depressiontloé fluorexence in heteroleptic complexes would support our
hypothesis that thermally accessible CS statesesponsible for the low fluorescence quantum yield
in the zinc(Il) complex.

In this work, we synthesized two heteroleptic bis(dipyrrinato)zinc(ll) compl@esand2b (Figure
16) [95]. Their synthesis, photochemical properties, &odtier orbital orderingwere discussedand
comparedvith the corresponding homoleptic complexXgs 3b, and4 (Figure 16).
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Figure 15. Schematic illustration of chargeeparabn hypothesisfor (a) a homoleptic
complex (b) a heteroleptic complex with a favorable frontier orbital arderd (c) a
heteroleptic complex with an unfavorable frontier orbital order.
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Figure 16. Homoleptic bis(dipyrrinato)zinc(ll) complexe&a and 2b, and corresponding
homoleptic complexe3a, 3b, and4.



