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ABSTRACT : The synthesis of a carotenoporphyrin-quin~e triad in which 
electron donor and acceptor moieties are covalently linked t@ superstructures of 
a photochem?caIly active basket-handle porphyrin is described and its 
characterization by 1~ NMR and WV - visible spectrcecopy~ is reported. Under 
light excitatSon of this compound, when inoqorated into a ’ ospholipid bilayer 
membrane and in the presence of redox compounds in the a 

$ 
bus phases bathing 

the membrane, a steady-state photocurrent is observed, whi h implies a charge 
separation. 

INTROLMJCTION 

The mechanism of the primary processes of photosynthesis at. the molecular level has been successfully 

pursued in recent years. Most of the’membrane components and chromophores implied in these processes have 

now been identified. A realistic vie& of their location and their orientation in the membrane has been 

attained. 

The structural knowledge required for a more subtle understanding ~of the mechanisms has recently been 

given by the magnificent work which has just won Ueisenhoffer, Huber and Michel the Nobel prize in 

Chemistry. They crystallized bacterial photosynthetic reaction cetiters and determined their three- 

dimensional geometry (1). However, despite this considerable advances in the structural knowledge of the 

energy converting assemblies, the physical mechanisms of the long-range (> a few A) electron transfers are 

still uncertain. These take place in quasi rigid structures where diffusion- collision processes are not 

physically possible . A flurry of theoretical activity in the field (2-5) a tempts to clarify how these critical 

long-range electron transfers occur in simple chemical systems as well 

+ 

in protein-based systems. Similarly, 

the synthesis of model reaction centers, from the simplest chrome hores to the recently synthesized 

tetrades (6) can be of much help. These molecules are designed lin order to mimick the electron 

phototransfers and the multiple steps which lead to the stabilization of the photoseparated charges. The 
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chemical nature of the electron exchanging centers and of the Enks between them, their distances, thelr 

mutual orientatlon as well as the kind of environment where the transfers take place are factors which 

condition the mechanism and define the yield, the lifetime and the kinetics of the charge separation. 

In this paper we report the synthesii of a new reaction center model, a molecular assembly made up of 

a carotenoid, a basket-handle porphyrin and a quinone. The originality of this species arises from the nature 

of the links between the three centers. The electron acceptor quinone is attached through an ester junction 

to one of the two handles of the porphyrlrq the donor carotenoid group is similarly fixed to the second 

handle. Such a structure fixes the distance between the porphyrin and the adjacent groups, which cannot turn 

back towards the porphyrin. It wlI1 be possible to modulate thls distance according to the number of carbon 

atoms in the basket-handie. In addition, the handles ensure an enhamxment of the hydrophobic character of 

the chromophore, and favor its location inside the lipid core of the membrane where the triad has been 

incorporated. 

Electron transfer under llluminatlon ls generally investigated spectroscopically, providing data on the 

nature and lifetimes of charged spacles present. Warman et al (7) used an elegant time-resolved conductlvlty 

method. Here, in contrast, we incorporate these molecular assemblies into bilayer lipid membranes and 

measure the electrical photoconductkm properties of the system with aqueous redox couples on both sides of 

the membrane. The photocurrents thus observed prove that a transmembrane charge transfer takes place. The 

appearance of a photocurrent confirms the coupling between the light absorptlon and the electrical 

conduction; it reveals the feasibility of secondary interfaclai electron transfers whkh allow the storage of 

the converted energy (8). 

S~~~thesis. Contrary to a large variety of molecular assemblies designed to study intramolecular electron 

transfers which consist of carotenold polyenes and quinones covakmtly Enked to meso-phenyl groups of the 

porphyrin ring(kli), we have synthesixed a molecule ln which the donor and acceptor moieties are attached 

to superstructures of the so-tailed basket-handle porphyrins. These compounds derived from 5, 10, 15, 20 

tetraphenylporphyrln are sterlcaliy protected on each side of the macrocycle by a polymethylenic chain 

which is anchored in the ortho position of the two opposlte phenyl groups so as to provide a cross-trans 

arrangement, an ether belng the anchoring group(17). In order to obtain a convenient attachment position for 

the carotenold and quinone moieties, the two handles are functlonalixed at the central carbon atom. Among 

such symmetrical difunctlonallxed porphyrins, which have been previously reported(N), the dibromoporphyrin 

2 appears to be a good compound. Furthermore the latter was obtained from the diketoporphyrin & the key 

intermediate for this new series of compounds, in an almost quantitative yield by sodium borohydrlde 

reduction and subsequent brominatlon with CBr4- Ph5P of the dihydroxyporphyrln & The coupling reaction 

between 2 and 7’-apo-7’ (4-carboxyphenyD@ -carotene which was prepared by a slightly modified version of a 

procedure described by D. Gust et aI( in dimethylformamlde in the presence of hydrogen carbonate at 

100°C gave the diad 2 in 29 % yield after purification by chromatography on silica gel. Triad 1 was then 

prepared in an analogous fashion by the coupling reaction between 2 and commercially 
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availabk 29 - dihy droanznic~dina45%yieM.Conversionodthchy~portianofrtothe 

correspo@tg quinone was achieved by treatment with lead dioxide. However, aftertheusuaiworkup, 

analytical t&c. on sWa geb showed that the quinone moiety was unstable. On standing, it slowly reverted to 

the hydroqu&wne form. This transformation has aiso been observed by Ho at in a series of linked quinone- 

porphyrin rimleNa (IO). 

1 R = Iv= :c=o 
g R=R’= :cn-OH 

2 RI R’: ;CH-& 

i R=>n-ar R’. :cn-o-a 
2 R. ;CH-O-Ali, R’:: :cn-o-n 
g R= ;cn-O-A l?k >I+-O-D 

0 

Scheme 1 Scheme 2 

mbticm d c~npand 5. The proposed structural formula of the new compound 2 Is consistent with 

data obtained by 1H NMR spectroscopy. The spectrum in CDCl3 recorded at 400 MHz is shown in figure 1. 

Despite the complexity of the molecule, all the r esonances can be assigned to individual @totons by 

integration and selective homonuclear decoupling experiments. Considering the porphyrin, the single proton 

borne by the central carbon of each functionalized handle appears at 3.87 and 3.55 ppm respectively for the 

chains bearing carotenoid and hydroquinone substituents. They are shifted upfield (A6 L: 1.3 ppfn) relative to 

the same proton in free isopropylbenxoate taken as the reference product. These data strongly indicate that 

they are affected by the ring current of the porphyrin due to their pointlng toward the porphyrin centre. The 

other protons of the macrocycle appear to have the same chemical shifts as those of ether basket-handle 

porphyrin in a cross configuration for which the proton chemical shifts may be regarded as being dominated 

by the porphyrin anisotropy. 
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The spectrum of compcund 2 also indicates that the protons of the carotenoid and dihydroquinone linked 

to the protected handles were’not significantly shifted from their original pk%itions in their unlinked acid 

forms (15). However, the resonances for the aromatic protons (Ar HD) are shifted by 0.5-0.6 ppm to high field 

as compared with the same protons’in the extended triads synthesixed by Gust and Moore (1% This is in 

agreement with the point of attachment of the carotenord on the basket handle which locatesthese protons in 

the shielding region of the porphyrin ring current. 
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Figure 1.400 MHz Proton NMR spectrum of compound 2 recorded in CDC.13. The asterisks denote impurities 

Table 1. Absorbance maxima (in nm) and molecular extinction coefficients (in parentheses, in 1 mmol-1 cm-l) 
of compounds in methylene dichloride. 

? 419.5 (428) 514 (18.5) 547.5 (6.2) 591 cr.V), 647 (2.6) 

9 482 (86) 511 (72.3) 

e 419.5 480 511.5 shoulder 590 646 

r 419.5 (405) 479 (73) 512 (70) shoulder 591 (5.4) 646 (2.2) 

a 246 419.2 479 511.5 shoulder 591 646 

2+9 419.5 (445) 482 (89.6) 513 (90) shoulder 590 (6.6) 647 (2.8) 
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-Abolpc@ian~mWmn rd .mobsulac extbch? coefficientsofaxepamd~aregLvanjn;gable1and 

comparcdto~ofprecusorcwnpounds.~sspectrurir~dcd,In~ahovr~~~~ 

of the porphyrin ring. %perimposed on these bands are carotenoid abso@ons. This spectrum is essentially 

identical to that obtained by mixing equivalent amounts of carotanoid and porphyrin without w or 

red-shifting. This observation provides good evidence for the absence of groum%stata interactions between 

the porphyrin and both carotenoid and hydquinsne meieties. The oxidation of the hydroquinone compound 2 

to the corresponding quinone 5 is characterized by a slight increase in absorption at 246 mn, whereas the Q 

bands in the visible region and the Soret band of the porphyrin remain identical, indicating that the 

macrocycle is unaffected during t&reaction. 

-PrePa+& !! I’ 
a) Monolayer experiments. The fact that the hiad behaves as a mo&hypr U the air-water interface proves 

its amphipathic nature. The quinone head possesses a blar character, ‘the basket-handle porphyrin and the 

carotenoid tail a hydrophobic one. It 1s thusexpectad that the quinona llas ak the ,interface whereas the tail is 

perpendicular to it (Fig. 2). w orient&@n ‘is corroborat~~by‘the v+ of 160 42 for the area occupied per 

molecule when there are no intermolecular interactions (intersection of the straight part of the surface 

pressure E molecular density curve in Fig. 3 and the zero-pressure axis). The 160 A 2 value cannot 

accomodate the three pigment centers lying at ihc fhterface. It has preckmly the calculated value for the 

cross-section of the basket-handle porphyrin sphere, based on structural data for tetraphenylporphyrins (19). 

The &lapse regienr ‘WoWi 100 %2, Is poorly dsfined; the p@nMit forms a solid~wndensedphase rather than 

a IiqukJ condensed en& ;/; - 

b) Light intensity~ Wh4w the Ilght ~&wmsity is edamxd, the plwoand amplitude ina-enses (Pigi 4). This 

inbase is mot dhear 2 the light &ix&y but tends to slow down as can be expected from ,the saturation 

generally observed with such systems bC& 
,, I 

,_ 

s.Ll. 

Fig&e’ ZTWtula~arrangament of triads 
in the phospholipid bilayer (0.L.M.) 

s. Figme 3. Surface p===+mM 
dgdty curve for the c+wtqw- 
basket&n&e porphyrin-q&me triad 
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Figure 4. Photocurrgnt ampUtude versus ,external applied 
voltage for variqus ,jight intensities. 

a) 10 mW; I$20 .mW; c) 46 mW. Standard condition5 (s& text). 

The monolayer experiment5 show tha ~ampbiiatttii~ character of- .the basket&uufIe triad ~4 ,its 

orientation perpendicular to the air-water interface. There is a high probability for the pjgmentto retajnthe 

same orientationwhen insertedinto a phospholipid planar bilayer membrane. It has beenshown,ta ibe the, case 

for the ‘carotene-porphyrinquinone~ triad synthesized. by Moore ti (21). both triads &$bit @rear 

photocurrent versus external voltage plots (22). This behavior observed in intramolecular and tcaasmembrane 

electron photo-transfers can be contrasted with the exponential curves obtained when the pigment, such as a 

simple porphyrin (20), diffuses across the membrane.Thus, similar electron transfer mechanisms are expected 

to work for both triads. In its excited state, the porphyrin gives an electron to the quinone and takes it back 

from the carotenoid end of the molecule. This intramolecular charge separation is followed by interfacial 

reactions. 

The quinone radical anion ,is oxidized back by the ferricyanide ions d$sqlved F yeoy blution I, while 

the carotenoid radical cation is reduced back by the ascorbic acid dlssolv$$n.ar@&s s$#r 2. At the end 
,’ ;. 

of the cycle, the net result is equivalent to an electron transfer from aqi&qus,sglution 2 to &+recus solution 

1. 

Only the triad in which the quinone head faces the oxidfiing sol&ion;is working. The @none beads 

facing the ascorbic acid solution are reducad and hence internal eIect$& ~~$ar$er.c$r~i&take place. If, 

instead of incorporating the triad into the biiayer lipid membrane, one in&rpora$&hrS h)idrj0iluinone form of 

the.triad, the experimkntal results are unchanged. The hydroquinone is oxidized to the quinorje at interface I 
.i :..: ,* . 

and the prtuation is the same as before. 

No &riLficant change in the photocurrent amplitudes was observed going from neutral 

(phosphatidylcholine, phosphatidylethanolamine) to negatively charged (phosphatidylserine, cardiolipin) lipids. 

This mean5 that neither the location of the triad molecules nor the interfacid &ctron transfer w,e sharply 

affected by th~zefiar&al chargeSof thcinterfaces. 
I 

The photocurrent amplitudes in the standard conditions are about 10 pA, more than one order of 

magnitude lower than those observed for the triad studied by Moore et al (8). At the moment, it is not 
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possible to assign a definite reason for this decrease in the efficiency of ‘the whole .@rocess.dhe:;more 

hydrophobic environment of the chromophore in the basketaandle triad, as well as the differences in nature 

and length c&&r Wq; between $ha three cantera+ certainly aff+ the ,+etimt of the chargi aqar$ed 

state, and/or the intramolecular and the interfacial electron transfer rates. ,‘; 

A knowledge of the photophysical and photochemical properties of the new carotene-basket-handle 

porphyrinquinone triad is ncddtd for a better understanding of the results at the membrahe Wel. 

Ch&&afa. Except for the fi apo %‘- carotenal (tratis) !purchased from Eluka, all chemicals used were of 

reagent gtide and were, purchased’f~cpm Aldrich. Reaction solvents ~(FYoiabo) &r ,the synthesis were purified 

before~usL.Qimethy\formamide and dimethylacetamide’were distilled and kqpt over a 4 a n&eeu!ar sieve. 

Merck silica. gel .60: c40-60L pm) was W&d -for column chromatography* Merck precoated prewative plates 

(silica gel 60,‘Zmn) were used for tlx. Proton N.M.R.,spectra in deuter&hlor&orm :(CDCl3) (GE& France) 

were measured using a Brucker AM- 400 instrument. Optical spectra in the UV and visible region were 

recorded iis@ a Vari&n DMS-2OO~spectrometer. 

Symhais, 

aE_5, ,I5 :&i-.10,* 20 y 5is ,2,2’- & Oxour@ecametbylenedioxydiogrr - dipheayl porphyrin k. A solution of .,I,&1 - 

diirmneundecan - 6 ‘-one (18) (3.608 :.g+ l-1 .mmol): in dry dhnethylformamide (200 ml) was added. dropwise 

during 5 h to a mixtura.af 5,10-,lz5,20.~t&rakis (w.- hydroxyphenyt) porphyrin (17).13.39 ‘g, 5 mm& and an 

excess of;potassium carbonate (l# d In the same solvent (7Xl ml). at- 100°C. under argon. Once the addition 

vias comp!ete, stirring was. continued for 3 h at thefsame temperature. and the mixture was then’filtered and 

the filtrate ev@orated to dryness. The residue was dissolved in: toruene, filterqd.again and stijected to 

column chromatography (silica:gel, 4 x 30 cm). Elution with methyltne dichloride afforded a first fraction 

.which was indefied as the.tit.le compound. It was crystallized fcomnmethyhnb dichloride-methanol (0172 g, 

17.3 %I. Found : C, 77.9; H, 6.5; N, 5.7. C66,H66.N406 requires C, 78.4; H,,6.6; N, 5.5 96. 

a- 5,15 : &~0;2&Bis :2,2’- &#ydropryun&camethyLene&oxy~ - di*erlyl pofphydn 2. Thisqmpmmd, w_a~ 

prepared from porphyrin 1 by Na BI-Q reduction faS:%) (18). 

‘_ , 

C+ - 5&I : &.IO;ZO-W 2,2Q (6sromoundeeaRlcthylenedioxy) - diphenyl porphyrin 2.. :This compound was 

obtained by.reduction with BH3-T&iF of dihydroxyporphyrin 2 (181. (90-96). 

7’- apoll- (4 - carbomethoxyphenyl) - fi - carotene. g. This compound was prepared by the reported procedure 

(11) with slight modifications. To 50 ml of Toluene containing 320 mg (8 mmol) of NaH, 405 ~1 (10 ti_m&+f 

~rnethitnel was &ded -with stitrih& at roon~ temperature. Aft& the end of hydrogen ev&~tion, 2.46 g (5 mmol) 

of 4 ~arbamethpxytsenzyltriphenyl~o~~um bromide and 1.25, g (3 mmol) of #?-,a@0 S’-carotenaJ z were 

successively added, &XI the resulting soiutionwasreffuxed under argon. The reaction was monitoti by t.1.c. 

on analytical~siii~~~el piates and shown to be compiete after..i,h. AfW addition. of MQ ml of chloroform, the 

ablution was washe&&thwater, dried &a2 SO&) end then evaporated to dryness under reduced pressure. The 

salid residue wasdissolve&i~ toluene and =ctx~~~.~qrapkgd on a silka~gei~cohmn (4.5 x 30 cm). Elution with 

toluene gave a fhst fraction whiih was-identidied as tbe;tttIe compound which was crystallized in.methylene 
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dkhloride-methan;of (1.54 g, 94 %). 

7.,- Ape- in, (4 - cnrboxypheny.0&carotene 2. This compenmd was preparad~Uaing’the prevkusly”dascrlbed 

method (11). 

Carotenopo&yrii~~~Te a soktlon of dibromoporphyrin 14 226 m& 0.2 mm& in dimethylfermamide (IO. mU, 

P-ape-P- &-carboxyphenyl)&arotene (200 mg, 0.38 mmol) and sodium hydrogen carbonate ( 32 mg, 0.38 

mmol) were added under argon. The resulting solution was heated at 100°C for 12 h in the dark with stirring. 

After cooling, chloroform (50 ml) was added~ancWSe”r(a$tiirg’.solution was washed with dilute hydrochloric 

acid, water, dried (Na2 SO3 and then evaporated to dryness. The residue was dissolved in toluene and the 

solution ,loaded onto a dlica gel column ( 4 ‘x 30. cm). Elutlen with the same solvent gave a main fractiqc! CRf = 

0.54) which was thought to be the title compound. (91.6 mg, 29’96). ~1H NMR; &pm) 8.gl,V(8H, mj.Hpyr& $36 ( 

ZH, m, o-ineso Ph), 7.7 (4H, ‘m; p-meso Ph), 7.37 - 7.26 (8H, m, n&mew Ph + 4H, krH& 7&U oi4T$ r& - 

CHZH-1, 3.g3 (SH, ,m, CMH2), 3.68 (m, --CH-handle D), 2.15-1.67 4 15H, -CH3D + 2H,X&&, 1.63-1.28 

(4H, X#@+ 1.04 C 6H, -CFi3D),. 1.67 to -1.22 (32H,.methyl&ic- CH2- + lH, -’ CHBr-), - 2.56 c.2Hr se NHpti. 
I a,, 1 

Carotenoporphvrin-hydroquinone Triad 2. To a solution of the carotenoporphyrin ,* (60 mg, 0.038 mmolj in 

dimethylacetamide ( 3ml) 2,Mihydroxybenxoic acid (77 mg, 0.5 mmol) and sodium hydrogeno-car bonate (42 

mg, 0.5 mmol) were added. The reaction mixture was stirred at lOO*C overnight under argon, and was then 

dliuted with 25 ml of toluene. The solution was washed with water, 10 % aqueous hydrogeno carbonate, krater, 

dried (Na2gC41, and then evaporated to dryness. The solid residue was dissolved in methykne di&lo&e and 

was directly subjected to column chromatography (silica gel, 2 x 2Ocn& Elutlon with the same solvent gave a 

first ,minor fraction (Rf =.0.85). A mon poiar fraction (Rf = 0.49) was thought to be Uwdeslred triad 

compounds which was crystallized from methyIenedichlc&de-hexane (28.5 mg, .45 %), lHNMRi,&ppm) 10.26 

UH, s, ArCH), 18.78 (SH, m, Hpyr), 8.27 (4H, m, o-meso Ph), -7.7 (4H, m, pmesoPh), 7.4 - 7.27(gH,m, rn-meso 

Ph + 4H, ArHD), 7-6.11 (IUH, m, vinyl H), 6;94 and 6.8 (3H, ArHA), 3.g7 (SH, m, O-CH2),3d2 &n$ -CH-handle 

D), 3.55 ( m, - CH-handle-A), 2.1541.7 (15H, -s CHm + 2Hi : CH2& 1.63-1.27 (4H,‘:CH2D), 1.04 ( ,6H;- 

CH3D), 1.67 to - 1.22 (32H, methylenkCH2), - 2.55 (ZH,s, NHpyr). 

Carotenoporphyrinquirxme Triad. .s The carotenoporphyrii - hydroguitlqnt 3 (6 mg) inmu$hyle~ dl+oride 

(3 ml) was stirred with an excess of lead dioxide (30 mg> at room. temperatureu The reaction was monitored 

by analytical t.1.c. on silica gel using methylene dichloride as eluant. The quinone derivative (Rf = 0.75) 

which moved faster than the, starting ,material was quantitatively obtaiMd after 2h. The.lead, dioxide was ._. ._ 
filtered off and washed with CH2C.12. Attempts at purification were UnarcMsfui because a slow.-reversal 

reduction took place. 

Methods 

A membrane was formed from a solution made d,phospholipids, pigment and z&cane on the I mm2 orifice of 

a teflon septum. The lipid was phosphatidykholine, pho.sphatidylethanokrnine, phosphatidylserine or 

cardiolipin. The,pigment was either the quim or the bydroquinone form of the triad; The septum separates 

the two chambers of the cell, which contain aqueous solutions. The current flowing across, the membrane was 

measured in the external ckcuit connecting Ag/AgCI’ e1ectrode.s dipped in-each wtueous, solution. The 

experimental set-up for bilayer lipid .membrane experiments wes the same as already described (23) and the 

chemicais used had the same orlgind-The signof theextermd membrane potentials wasreferred to-the side of 
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the aqueous phase containing the electron donor. The photocurrents were always measured with respect to 

the steady state value of the dark current . A positive current corresponds to positive charges flowing from 

the oxidizing compartment to the reducing one. The standard working conditions are the following : 

membrane forming solution triad/phosphatidylethanolamine/n decane : 0.06/2/100; buffer lo-LM NaCl, 5.10- 

3M KH2PO4; oxidant compartment IO-2W K3Fc(CN)6; reductant compartment IO-2M ascorbic acid; 

excitation warelength 514 nm; light intensity 10 mW. mm -2.The monolayer experiments were performed as 

previously described (24). A known quantity of a solution of the pigment in dichloromethane was spread at 

the air water interface. The interfacial amphiphilic layer was slowly compressed and the resulting change in 

the surface pressure recorded. The aqueous phase was the above mentioned buffer. 
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