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Abstract The electronic ground states of five covalently linked electron donor acceptor systems have
been investigated by semiempirical methods usingAtlld Hamiltonian. A tetraphenylporphyrine

(TPP) unit serves as an electron donor with various electron acceptors. In the porphyrine-anthracene
(P-A) dyad, both subunits are separated by a biphenyl-like spacer, in the free base porphyrine-flavine
(P-F) and the zinc porphyrine-flavine,(FF) dyad by a terphenyl-like aromatic spacer. The compo-
nents of the porphyrine-quinone (P-Q) dyad are separated by a peptide-methylene (-NEGCOrTH

A benzoquinone is chosen as acceptor, because it is a derivative of the acceptor in the natural photosyn-
thetic reaction centre (PSRC). Addition of a carotenoid unit generates the carotenoid-porphyrine-qui-
none (C-P-Q) triad, which is an excellent model for artificial photosynthesis. Geometries, conforma-
tional energies and activation barriers for rotation about the single bonds connecting the various subunits
are characterised for all five systems. A direct comparison of the geometry with experimental results
corroborates the theoretical computations where available. The strong dependence of the electron transfer
rate upon distance and orientation of both the donor and acceptor subunit is the main reason for the
detailed study of the flexibility of conformational degrees of freedom. Solvent effects are included in
the computations by using the self consistent reaction field (SCRF) approach.

Keywords Ground state, Semiempirical calculations, Artificial photosynthesis, Donor-Acceptor sys-
tem, Electron transfer

Introduction sis, a photoinduced charge separation takes place in the pho-
tosynthetic reaction centre, followed by an electron transfer

o reaction. The PSRC consists mainly of a complex system of
Molecular systems consisting of electron donors and elecsjectron donor and acceptor systems. Typical electron do-

tron acceptors are of great importance for a wide range digrs are free base and metallated porphyrine systems.
chemical and biological processes. In natural photosynthecarotenoids act both as secondary electron donors and as
effective quenchers of triplet $&8. Themost common ac-
ceptor systems are found within the class of quinones [1-3].
- i ) Many questions of the fundamental processes in photo-
Dedicated to Prof. Dr. Friedemann W. Schneider on the 0Czynihesis research remain unanswered, and several so-called
casion of his 65th birthday artificial photosynthetic reaction centres have been devel-
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oped in the course of these investigations of photosyntheseptor moiety to be of potential interest for electron transfer
These relatively small organic electron donor-acceptor coreactions.

pounds mimic the charge separation function of photosyn-3) In the B -F dyad a zinc atom is added to the P-F sys-
thetic pioteins. Thedistance between donor and acceptéem. This addition strengthens the donor properties of the
subunits can be controlled by selective chemical synthegigtphyrine system, and should therefore also enlarge the elec-
and the desired geometrical arrangement of the subuniterés transfer rate of the complete dyad. These three systems
fixed by rigid spacers [4-6]. have been synthesised and characterised by spectroscopical

Various porphyrine-quinone complexes, e.g. a simple doethods as described elsewhere (P-F dyad: reference [12];
nor-acceptor dyad with a porphyrine and a quinone subupPiA and B -F dyads: reference [13]).
separated by a benzene unit, imitate the chlorophyll and qui4) The P-Q dyad has been investigated because detailed
none subunits of the PSRC. Numerous examples of expspiectroscopic data are known, and a highly efficient electron
mental efforts have been made under this topic [4-6], litansfer has been reported. The porphyrine donor is attached
only very few theoretical investigations have been publishéy. a peptide unit and a methylene group to a benzoquinone
Only crude molecular-mechanics optimisations of the eleacceptor [14]. By rotation of the methylene group, various
tronic ground state have been possible, and investigationsriéntations of the donor relative to the acceptor are possi-
natural and artificial photosynthetic reaction centres in lite, which could have a significant influence on the electron
excited states have been published only for the donor or taansfer properties.
ceptor components alone, or small and unsuitable artificial 5) C-P-Q represents the first biomimetic triad consisting
PSRC's [7-10]. of a porphyrine donor covalently linked to both a benzoqui-

The probability of electron transfer depends strongly oone-type electron acceptor and a carotenoid polyene donor.
the distance and orientation between the donor and theTdwe carotenoid can be seen as a secondary electron donor in
ceptor, as well as on the dielectric properties of the envirdhis system [15, 16]. fis triad is of special interest because
ment [6]. According to the “through-bond” mechanism, a dit represents an artificial photosynthetic reaction centre that
rect overlap of the donor, spacer, and the acceptor electrdmgis been used successfully for conversion of light energy to a
wavefunction is necessary for the electron to be transferprdton potential when embedded in liposomes [17].
from the donor to the acceptor subunit. This is only possible Due to numerous different geometrical relaxation modes
when a partial conjugation through the whole system betwerithin the dyads investigated, an analysis of the properties in
D and A «ists, i.e. the dihedral angles between the singleeir excited states is impossible without a detailed charac-
spacer units have to be significantly smaller than 90°. Tlésisation of the electronic ground state as presented in the
electronic decoupling corresponds to orthogonal orientedrrent paper. The relative orientation and distance of the
subsystems. Therefore, the flexibility and rigidity of the spacgwacer phenylene/pyrimidine groups and the relative rotational
units becomes of major importance for the efficiency of amodes of the electron donor and acceptor moieties have been
electron transfer. The so-called "superexchange” or “througdtudied in detail. The knowledge of the equilibrium geome-
space” mechanism [11] for electron transfer does not requiies, rotational barriers and changes in dipole moment for
such a direct overlap of their respective wave functions. Sdifferent geometries will allow the characterisation of geo-
eral virtual states of the spacer unit or orbitals of the enviranetrical modes of interest for excited state relaxation in a
ment contribute to the overall electronic configuration of thierthcoming paer [12]. The inuence of a polar environ-
donor-spacer-acceptor system. The relative orientation of thent is simulated by a solvent continuum model.
donor to the acceptor becomes of great importance, where
complete decoupling (i.e. orthogonal subunits) of the spacer
units is found. In the case of non-aromatic hydrocarbons(’\a(\%1
spacer units, the through-bond mechanism is also not possi-
ble.

In the present paper, five covalently linked donor accep?e semiempirical Hamiltonian AM1 [18] was used as im-
tor systems are investigated by means of their ground siignented in the quantum mechanical program VAMP, ver-
properties: sion 6.1 [_19]. The geometry optimisation of Fhe ground states

1) The P-A dyad, where a porphyrine system is linked ¥S carried out by the eigenvector following routine (EF)
an anthracence unit by a spacer of two aromatic units. TIR@l- All geometries were completely optimised, i.e. no re-
relatively weak electron acceptor has been chosen beca&lglions in geometry were assumed, and all degrees of free-
the system has been well investigated by various experimdAMm were optimised. First, the single subsystems, the
tal methods. The possibility to donate an electron also mak@aphenylporphyrine (TPP), the carotenoid unit, and all ac-
this group of special interest, as an electron transfer carPGRIOr Systems were optimised separately. After that, the com-
principle take place in both directions. plete system was generated by connection of the porphyrine

2) In the P-F dyad, the porphyrine donor is separated tBythe spacer and acceptor units according to the following
three aromatic moieties from a flavine acceptor system. eme: The P-A dyad by connection of the rage TPP
flavine unit is a well known prosthetic group in a number §R'=H, M=2H) with R,, P-F with K (for P, -F with M=Zn),
natural occurring redox reactions, where both one and t#f P-Q with R (Figure 1). The triad C-P-Q corresponds to
electrons can be transferred. We, therefore, consider thistA8-P-Q dyad where a further electron donor unit is added,

putational methods
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the carotenoid R’ (see also Figute After the construction  An estimation for the distance from the donor to the ac-
of the covalently linked systems, a complete geometrgptor group is given by calculating the distance between the
optimisation was carried out. The total minimum of the dyadsntre of the porphyrine ring, and that of the central 6-mem-
and the triad was located by optimising various starting dered ring of the anthracene and flavine unit, and the centre
ometries, which can lead to a conformation with a low totad the 6-membered ring bearing the quinone moiety. For the
energy. carotenoid, the middle of the central double bond has been
The characteristic angles of the five compounds are d&osen.
fined in Figure 1. All systems are characterised by the dihe-Solvent effects are taken into account by using the self
dral angle between the porphyrine unit and the four phewrwnsistent reaction field (SCRF) method [21]. This approach
substituents. They are denotedfgB, C, andD. The three represents a continuum model with a solvent cage not de-
dyads P-A, P-F and,RF are further characterised by twgending on an arbitrarily chosen Onsagalius. Thecon-
and three rotation angle§,andG (P-A),and E, F, and G tinuum is fitted to the shape of the molecule, and the calcula-
(P-F, B,-F) within the spacer unit. The donor of the P-Qons are carried out for the highly polar solvent acetonitrile.
dyad is linked to the acceptor moiety by a peptide (NHC@he properties of this environment are defined by its dielec-
and a methylene (Chiunit. tric permittivity € and its refractive index Thereby, the rela-

Figure 1 Definition of the
systems investigated with the
definition of the dihedral an-
gles and bond lengtha, B,
C, andD in the tetraphenyl-
porphyrine subunit and the
spacer unitsk, F, andG)
P-A:  R=R;R’=H; M=2H

-F: R=R,;R'=H; M=2H

,-Fi R=R,, R'= H M=Zn
R=R, R’ H; M=2H
F%
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Figure 2a Optimized Geom-
etry of the P—A dyad with the
dihedral angles given in [°]

Figure 2b Optimized Geom-
etry of the P—A dyad with the
electrostatic potential in the
range from -70 kcal-mol
(blue) to +15 kcal-mot (red)
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Table 1 Energy minimum and maximum conformations, en- 496 - -
ergy barrier in kcal-mot, and Bond Length in [A] of the P-
A dyad for rotation about the dihedral anglBsE, and G

494 4 -
Bond  Minimum Local Rotation  Bond

Maximum Barrier Length 492 |

D 65° 90° 0.7 1.4 3
o o o g 490_ N

E 35 0°/90 05/1.4 148 =

G 70° 90° 0.1 1.46 £
55 488 1 .

(=}

tive stabilisation energy can be estimated as well as its effgct
on the orientation and magnitude of the dipole moment. D& 436
ferences in the electron distribution also yield a conclusion
about the effect of a polar solvent. The complete C-P-Q triad
is too large to compute solvent effects. In this case, only the 484
gas phase results are presented. The electrostatic potentials
are given in kcal-mol and visualized using the TRAMP pro-
gram, version 1.1b [22].

T T T T T T T T T T T T
60 80 100 120 140 160 180
Results and discussion Rotation Angle D [°]

Figure 3a Total Energy in kcal/mol of theP-A Dyad as a
Porphyrlne_Anthracene dyad FLInCl'IOﬂ Of the Dlhedl’a| Angl@ in [o]

The geometry optimisation of the P-A dyad results in the 4834 -
geometry presented in Figure 2a. The optimised dihedral an-

gles (see Figure 1) are 65.K)( 62.7° B), 63.1° C), and -

64.9° O) with bond lengths typical for carbon-carbon single 483,27 o ‘ \. T
bonds: 1.468 AK), 1.473 A (B), 1.473 AQ), and 1.468 A 1 : \

(D). The optimised dihedraéngle E is computed to 35.9° 483,0 Com i

/

| |
and the benzene-anthracene dihedrglle G 70.0°. Adis- / § \
tance of 14.9 A is computed for the distance from the donor ] [ : .
to the acceptor moiety. The total energy is computed to Tae 482,8 /
481.9 kcal-mot, and the dipole moment of 1.8 D is directecE o ; \ ]
from the anthracene to the porphyrine unit along the molecg- 480 6 - § " |
lar axis connecting the donor to the acceptor unit. A hig ’ \
negative charged centre is located within the porphyrine urjit .

\

. . S 1.4 kcal/mol
(Figure 2b) and at the two nitrogens of the pyrimidiny! spacégr 4824 caymo :

group. Thepositive charge is mainly located at the four

phenylgroups attached to the porphyrine system as well asan /- : : /

the anthracence unit. The SCRF caiculation in the highly po- 482,27 o 0.5 kcal/mol| : /' ]
lar solvent acetonitrile yields a stabilisation in energy of 10 / : . 1
kcal-mot! (H;= 471.6 kcal-mol-1) and an enlargement of the 4¢5 () {l : \. § -/ i
dipole moment to 2.2 D. e v \.,;,-/

In Figure 3 the rotational coordinate of the three decisive
dihedral angle®, E, andG of the spacer moiety connecting 481,87 .
the porphyrine donor and the anthracene acceptor unit, is pre- -—
sented. In Table 1, the corresponding energy minimum and 40 60 80 100 120 140 160 180
maximum conformations are summarised along with the ro-
tational barriers and the bond length of the biphenyl-like
bonds. Thesnergy minimum of angl® at 65° is separated i
from its 115° counterpart by a small energy barrier of oFfgure 3b Total Energy in kcal/mol of theP-A Dyad as a
kcal-mot?, which is slightly above the energy available dtunction of the Dihedral AngleE in [°]

Rotation Angle E [°]
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502+ A the single bon# is found because the barrier of 0.5 kcal-fnol
1 can be overcome easily at ambient temperature. This phe-
500 nomenon of a free rotation can also be seen by experimental
; 1 results. For similar compounds with a single bond connect-
498 _ ing a biphenyl and a pyrimidine unit, a dihedral angle in the
] | range between 7.5° and 17° is found by analysis of X-ray
496 | data [26,27]. The diffeence between calculation and ex-
—_ ] " periment results from crystal effects. These effects as present
'g 494 | in an X-ray structure diminish the rotational angles in com-
= ] | parison to the gas phase compiotas. The large végty in
g 497~ = experimental angles is a further hint at the very flat reaction
- / coordinate for this rotation. At the first view, the larger bar-
= ] 4 ] rier for rotation via the perpendicular transition state is quite
ol 490 / T surprising. This phenomenon becomes quite clear, when the
& ] d 1 electronic structure of the pyrimidine system is taken into
S 4887 / 7  account. The phenyl hydrogen amtho position to the con-
1 . 1 necting single bond are positively polarized, thus attracting
486 / T the free electron pairs at both pyrimidine nitrogens. At 0°, no
i 0.1 kcal/mol /' 1 significant barrier is detected, because no hydrogeoigtin
484 b . position are present and the sterical hindrance is less marked
i \_{ than for a biphenyl-like rotation.
482 g pmnE R g A - Finally, the rotation of the anthracene unit round the phe-
, nyl unit has been investigated. The results are presented in

T T T T T T T T T T T

60 80 100 120 140 160 180 Figure 3c. The energy minimum conformation of about 70°
Rotation Anele G [° is more or Iessllsoenerget'lc to the slight maximum at 90°.
otation Angle G [} The difference in energy is computed to be less than 0.1
Figure 3c Total Energy in kcal/mol of theP-A Dyad as £¢al-mot. Between 50° and 130°, no notable barrier is ob-
Function of the Dihedral AngleG in [] tained by the calculations. For rotation to smaller dihedral

angles, a significant barrieriges. At165° (and 15°) the com-

puted total energy is more than 10 kcalthbigher than

room temperature. In contrast, the rotation to more plafaft conformation of the geometrical minim. A drect com-

geometries becomes strongly disfavoured in energy, and RRESON to experimental dihedral angle between an anthra-
energy at a planarisation to 30° is more than 5 kcat*mdi€ne and a phenyl unit results in an angle of 66° [28], which

higher than for the perpendicular confotioa. Thelocal Is within the range of the computed ﬂat minimum energy.

minimum is the result of two counteracting effects: On orl&'€ €nergy also has been calculated in the polar solvent ac-

hand delocalisation stabilises a coplanar orientation of {f@nitrile. This low energy motion is even more significant

subunits whereas mutual steric effects, resulting from neighPolar environment. The SCRF calculation in the polar sol-

bouring free electron pairs, favour a perpendicular confdnt acetonltrllle yields in a difference in energy of less than

mation. This results in an intermediate twist angle. Accord:01 kcal-mot' when varying the dihedraingle G in the

ing to X-ray analysis (triclinic crystals) data of fre&ange between 60° and 120°.

tetraphenylporphyrine [23,24], a rotation of 62° out of

planarity is found, which is in good agreement with the cal- i i

culated dea. Another X-ray investigion of TPP in its te- PorPhyrine-Flavine dyad

tragonal form [25] yields a dihedral angle of 81°. This ex- . i i i

perimental results of two different dihedral angles is corrobb?€ frée base porphyrine-flavine P-F dyad has been investi-

rated in our calculations by the low energy barrier that sejg&i€d by semiempirical methods. The optimised geometry is

rates the two minima. Also the experimental porphyrine-pHg€sented in Figure 4. The total energy is computed to be

nyl bond length of approximately 1.5 A [24] is characteristf89-6 kcal-mot- in gas phase and 469.4 kcal-moh ac-

for a typical single bond without any significartharacter, etonitrile. The dlpole moment increases from 6.4 D to 9.1 D,

which fits excellently to our bond length of approximatelyyhen the results in acetonitrile are compared to inosgeuo

1.47 A, he dipole moment is oriented parallel to the flavine unit in
In Figure 3b, the energy of the P-A dyad is shown aghf centre of the spacer bridge, directing from the

function of the dihedral angle between the phenyl and py-lomoaromatic subunits towards the heteroaromatic moiety

rimidine ring. The coordinate shows two symmetrically sitiithin the flavine unit. The distribution of the electron den-

ated minima at 35° and 145° which are separated from e@i}f IS quite irregular due to the donor-acceptor character

other by an energy barrier of 0.5 kcal-Thdlia the planar Within the flavine subunit. In general, a high electron density

transition state), and 1.4 kcal-mofvia the perpendicular IS OPserved in the porphyrine subunit as well as in the

transition state). A free rotation of the pyrimidine unit alonggterocyclic part of the flavine. On the contrary, the positive
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Figure 4a Optimized geom-
etry of the P—F dyad with the
dihedral angles given in [°]

Figure 4b Optimized geom-
etry of the P—F dyad with the
electrostatic potential in the
range from -70 kcal-mol
(blue) to +30 kcal-mot (red)

charge is found both along the spacer chain (again, with th&tance from the donor to the acceptor subunit is about 19.1
exception of the pyrimidyl nitrogen atoms) and on the cak-and thus more than 4 A larger than that for the P-A dyad
bon-rich side of the flavine (Figure 4b). The difference in tlraused by the additional phenyl ring system. The first dihe-
electrostatic potential in comparison to the P-A dyad is matel angle between the phenyl and the pyrimidinis char-
marked in the P-F dyad, ranging from —70 to +30 kcatFmaoécterised in analogy to the P-A dyad with an optimised angle
(P-A: from -70 to +15 kcal-md)). This illustrates the en- of 36.2°. The bipheyi-like dihedral angleF is computed to
hanced electron acceptor character of the flavine compoubpel.37.4° which agrees quite well with the experimental gas
The four dihedral angles and bond lengthsB, C, andD phase number of approximately 40° [29]. The angle between
(see Figure 1) differ by less than 1° and 0.005 A, respéue flavine and the phenyl subunits is computed to be 66.3°.
tively, to that of the P-A dyad. The tetraphenylporphyringhis also corresponds fairly well with the experimental X-
system is connected to the flavine acceptor by three aromedig angle of 77.6° for a comparable molecule [30].

spacer units, of the pattern phenyl-pyrimidine-ptemhe
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Figure 5 Total energy in kcal-mdl of the P-F dyad as a function of the dihedral arfglé&op) andG (bottom) in [°]

The variation of the dihedraingles D and E results in P-A dyad. The energy for the perpendicular transition state is
the same trend as for the P-A dyad, the energies for rotatess than 10 kcal-mdlhigher in energy, about twice of this
differ by less than 0.1 kcal-ntél Thereby only the rotational energy is found for the rotation of the anthracence unit. The
coordinates for the variation of the differing dihedral anglésreefold-annelated aromatic system accounts for a similar
F andG are presented (Figure 5). The barrier for rotation déscription of the rotational coordinate in comparison to the
the biphenyl-like single bond is quite independent of the d-A dyad.
rection of rotation chosen. For the path over the perpendicu-
lar transition stateF= 90°), a barrier of 1.2 kcal-mdlis
computed, whereas the planar conformatiba 0°) is 1.3 Metallated Porphyrine-Flavine dyad
kcal-mot! higher in total energy than the minimum energy
conformdion. At room temperature, the region +20° apafthe donor properties of the porphyrine moiety are signifi-
from the most stable conformation can be reached by theantly enhanced by substitution of the two nitrogen bonded
mal energy. The two aromatic spacer subunits are orientetiydrogens by a zinc atom [32-34]. The photophysical prop-
each other in a position where an effective conjugation erties of a P -Fdyad are thus expected to be different to that
both the pyrimidine and the phenyl ring is possible. For masethe free base P-F dyad; in addition, several experimental
decoupled systems, i.e. larger dihednaglesF, an energy studies have shown that the charge separated state in
that is not available at standard conditions is necessary. metallated dyads is also energetically more stabilised [4-6].

Finally, the phenyl-flavine rotation motidd was investi- It is not known if the ground state properties of a metallated
gated. Although the flavine system is not comparable to thificial PSRC also differ in comparison to the free base coun-
anthracene system in its electronic and structural properttegpart. Therefore, the ground state properties,gfFRvere
the rotational coordinaté is quite similar to that of the P-A computed by means of a direct comparison with the P-F sys-
dyad. Shallow minima at 65° and 115° are separated byem.
transition state, only 0.2 kcal-mbhigher in energy. This is  The results differ only marginally from those of the free
in good agreement to the experimental number of 71.3° dfase system. The dihedral angles vary by less than 0.5° and
comparable phenyl-flavine bond [31]. At room temperaturéhe bond lengths by less than 0.01 A. The zinc atom is lo-
an equal distribution of all conformations between 40° agdted in the plane of the porphyrine moiety with a distance
140° is assumed, because the energy difference is alwafy2.04 A to all four nitrogen atoms. The stabilisation of 21.2
below the available thermal energy at room temperature, Rgal-mot! by the polar environment of acetonitrile is also
proximately 0.5 kcal-mol. The increase in energy for a moreuite similar to that of P-F (20.2 kcal-m®i The standard
decoupled conformation is even less significant than for thethalpy is computed to be 519.1 kcal-thah vacuoand
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Figure 6a Optimized geom-
etry of the P-Q dyad with the
dihedral angles given in [°]

Figure 6b Optimized geom-
etry of the P-Q dyad with the
electrostatic potential in the
range from -55 kcal-mdi
(blue) to +30 kcal-mat
(red)
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most 15 kcal-mot. The gas phase dipole moment of 3.6 D
points from the quinone unit to the porphyrine unit and is
enlarged to 4.2 D in polar environment. The electron density
is as expected for this kind of system. A highly negatively
charged part is observed within the porphyrine whereas the
benzoquinone moiety is positively charged. The bending an-
gle of the CH group is widened slightly to 111.8° in com-
parison to a pure §pybridization (Figuresc). The bur di-
hedral angle# to D are also of about the same number as in
the two dyads discussed before. The most important dihedral
angles and bond lengths at the connecting point between the
donor and the acceptor of the P-Q dyad are summarised in
Figure 7.

The structure of the peptide group is similar to that of a
single, unconnected NHCO moiety, as a comparative semi-
empirical study has shown. Both the bond lengths and dihe-
dral angles of a (l.-NH-CO-CH, molecule differ from those
Figure 6¢c Optimized geometry of the P-Q dyad with thef the complete P-Q dyad by less than 0.005 A and 1°, re-
bending angle [°] spectively. The strong conjugation between the carbonyl group

to the free electron pair of the peptide amino nitrogen results

in a planar unit (see Figure 7). The quinone group is oriented
497.9 kcal-mot in acetonitrile. The electron density and thgbout 73° relative to the planar peptidewp. The rottion
magnitude and orientation of the dipole moment are almo$this dihedral angle strongly effects the relative orientation
identical in comparison to the P-F dyad: 6.4 D in gas phagdéhe donor moiety to the acceptor subgroup and is thus con-
and 9.0 D in acetonitrile. In addition, the barrier for rotaticggidered more in detail.
about both dihedrainglesF and G were computed. They In Figure 8 the energy hypersurface of the P-Q dyad is
turned out to be of approximately of the same amount (Sllown as a function of the peptide dihedral angle and the
kcal-mot?! for F and 0.3 kcal-mot for G) as for the non- orientation of the benzoquinone moiety. For the conforma-
metallated system. Summarizing, the ground state properties of the total energy minimum, the quinone group is ori-
of P, -F dyad do not differ in any way from the P-F dyad:nted approximately perpendicular (+73°) relative to the
Therefore, none of the differing properties between the twgH,-(C=0)-atoms. Energy maxima are observed for the pla-
molecules can be attributed to structural or electronic difféyar (0°) conformation, i.e. with the quinone group and NH
ences in their electronic ground states but rather to diffpart pointing in the same (0°) and in opposite (180°) direc-
ences in their excited state properties.

Porphyrine-Quinone dyad 30911 W

The optimised geometry of the P-Q dyad, which consists oEa i
tetraphenylporphyrine donor, a peptide-methyler@ '
NHCO-CH,-spacer unit and a benzoquinone acceptor, is pr_@-
sented in Figure 6. The total energy is computed to be 302.3,

kcal-mot?in vacuq and 287.8 kcal-mdlin acetonitrile, cor- 29
responding to a stabilisation energy in polar solvents of é—

1000 1383

\E |/ T2y 1520

TPP~ gr‘g\Q U 75 150
181. % 0
O /c %180 _150 -75 . ‘C [o]
1.244 e © > Qu'moﬂe D\hedra\ Ang

Figure 7 Decisive bond lengths (red, in A) and dihedrdfigure 8 Energy of the P-Q dyad as a function of both the
angles (blue) at the connection points of the P-Q dyad. Tp&ptide and quinone dihedral angle in [°]
= tetraphenylporphyrine;QU = quinone (R
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Figure 9a Optimized geometry of the C-P-Q triad with the dihedral angles given in [°]

Figure 9b Optimized geometry of the C-P-Q triad with the electrostatic potential in the range from —70 kégblue) to
+30 kcal-mot? (red)

tions. Theconformations with the quinone group oriented The distance between the donor and the acceptor subunit
parallel to the peptide moiety are 3 kcal-Th¢0°) and 3.5 becomes larger by 1 A when the conformation of the geo-
kcal-mot! (180°) higher in energy than the conjugationallynetrical minimum (12.9 A) to the parallel orientation (0°) is
decoupled (73°) confornian. Thecalculations show, that compared (13.9 A).

the rotation of the quinone group about the C-C single bond

towards the spacer unit is not completely free. The barrier

for rotation about the single bond connecting the peptide graig@rotene-Porphyrine-Quinone triad

and the TPP-phenyl moiety are even higher in total energy -

approximately 4 kcal-mdh This significant barrier still makes Finally, the C-P-Q triad was investigated. This triad is of spe-
the large flexibility of all subunits feasible. cial interest because it has been shown that this system has
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photophysical properties similar to natural PSRC. It has be
incorporated into a membrane in order to mimic the prime
processes of the photosynthetic reaction centre (PSRC) [
In order to explain the properties of this system, the el¢
tronic ground state has to be investigated prior to the stud)
its excited state properties. The standard enthalpy of this ¢
tem is calculated as 379.4 kcal-rA@ind a dipole moment of
3.7 D is found pointing from the carotenoid to the porphyrir
moiety. The distance between the secondary electron dc
and the benzoquinone acceptor moiety has been compi
as 25.1 A. The bond lengths and dihedral angles of the c
none acceptor moiety are equivalent to those of the P-Q dy
Some selected twisted geometries were also optimised,
it is found that the energy barrier for rotation about the pe
tide and methylene single bond of the triad is also compa
ble to that of the corresponding dyad. The dihedral abgle
(as defined in Figure 1) is 61.8°, just a few degrees sma
than for the P-Q dyad. The peptide group is also almost |
nar, with a dihedral angle H-N-C-O of 182.0°, slightly large
than for the P-Qdyad. The spacer phenyl group between
peptid and the carotenoid units slightly twisted out «
planarity: 41.0° between the CO and the phenyl, and 21
between the phenyl and the carotenoid moieties, respectiv
The bond lengths within the carotenoid system show
marked bond length alternation similar to the free carote
The double bonds, c, e, ... (Figurel) are of double bonc
character varying from 1.34 Ato 1.35 A, whereas the bor
b, d, f, ... (Figure 1) are of single bond character with boi
lengths from 1.44 A to 1.46 A. This effect can also be se
by the almost planar orientation between the C=C moietics
(varying from 179.4° to 181.4°) and the slightly distorted; ; : i P
orientation within the C-C single bond connected units (varslll-ggre 9c side view of the optimized geometry of the C-P-Q
ing from 175.8° to 185.8°). The overall orientation thus re-
sults in an almost planar carotenoid unit, which shows a bend-

ing caused by the alternation of the orientation of the methyli, e of 19.1 A. The anthracene moiety is a weaker elec-
groups between positidnc, f-g, k-1, ando-p. The terminat- o0 qonor, as can be seen by a less marked difference in the
Ing cyclohex.enyl group°|s twisted S|gn|f|cantly out of thejectron density between donor and acceptor and the smaller
poLyene chain by 153'% ' cor’r,espondlng to a twist of abikpjisation energy in a polar solvent (P-A: 10.3 kcatol
25° out of the polyene “plane”. _ P-F: 20.2 kcal-mol). A deviation of the ground state proper-
_ The investigation of the electron density shows a defiss s opserved for P-F and FF in comparison to all other
ciency of el'ectron density at thg quinone sgbumt and .b% tems. The ground state dipole moment is not oriented from
the porphyrine and the carotenoid unit are highly negativef, qonor to the acceptor moiety along the axis of the spacer

charged in their electronic groundtea Themost positive g, nits but parallel to the flavine system. This deviation is

net charge (+0.233 electrons) is located at the hydrogen ajgi)ained by the highly polarisable electronic structure of
of the peptide group between the porphyrine and the cargg{ig y gy p

. Hvine present in addition to the P-F-donor-acceptor pattern.
noid systems. The inhomogeneous structure of the flavine causes a large
Stokes shift by a shift in electron density within the flavine
subunit for its excited sts. A diffeent photophysical be-
Summary and conclusion haviour of these dyads is thus possible in comparison to both

the P-A and the P-Q dyad.

The three dyads P-A, P-F, ang 4 are characterised by a The relative orientation of the donor, single spacer units

rigid spacer connecting the TPP donor to the acceptor id acceptor to each other is also quite similar within these

ety. The distance beaen D and A igetermined by the three dyads. The biphenyl-like single bonds are twisted about

number of the aromatic spacer units. No significant chan%o t°h70° out O.f .mutua]! planar qrienk;cation. Bqt eveln szréilgr
in this distance is possible by any rotational motions. The §&S Phase condition, a free rotation by approximately 20° is

A dyad with two spacer units is characterised by a distarR@SSiPIe. Thus, a partial conjugation between the subunits is
of 14.9 A, the two P-F dyads with three spacer units b)P tained. In addition, the phenyl-pyrimidyl connecting sin-
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gle bond has an energetic minimum dihedral angle of &p- Deisenhofer, J.; Michel, Angew. Chen1989 101, 872;
proximately 30° and due to the lack afttho positioned hy- Angew. Chem. Int. Ed. Endl989 28, 829.

drogen atoms, a complete free rotation becomes possibld. ItGust, D.; Moore, A. Top. Curr. Chem1991, 159 103.

is thus concluded that a partial conjugation is available t&e- WasielewskiM.R. Chem. Rev1992 92, 435.

tween the TPP donor and the flavine and anthracence acéepKurreck, H.; Huber, MAngew. Chem1995 107, 929;
tor moiety, respectively. A possible electron transfer takes Angew. Chem. Int. Ed. Endl995 34, 849.

thus place via the through-bond mechanism. On one hand,Hansonl.K. Photochem. Photobioll988 47, 903.

this fact is quite surprising at first glance, because the pBe-Scherer, P.O.J.; Thallinger, W.; Fischer; S.FReaction
nyl-anthracene moieties are oriented nearly orthogonal to eachCenters of Photosynthetic BacterMichel-Beyerle, M.-
other in the ground state minimum conformation, and the E., Ed.; Springer, Berlini99Q pp. 359.

bond lengths are of typical single bond character. On the otBerHayashi, S.; Kato, S. Phys. Chem. A998 102 2878.
hand, this rotational motion has shown to be even more fl&0. Ghosh, AAcc. Chem. Red499§ 31, 189.

ible in polar solvents in comparison to the gas phadil. Balzani, V.; Scandola, Bupramolecular Photochemis-
Planarised geometries become more likely and a partial con-try. Horwood, New York1991, pp. 94.

jugation with shortened bond lengths is assumed in soluti@@, Hermann, D.; Stark, S.; Parusel, A.; Grabner, G.; Gompper,
thus favouring the through-bond mechanism for electron trans-R.; Kohler, G.Chem. Eur. Jin preparation.

fer. 13.to be published.

The situation is different in the case of the benzoquinohé. Connolly, J.S.; Bolton,.R. In Photoinduced Electron
dyad and triad, where no complete conjugation is present.Transfer Part D. Fox, M.A.; Chanon, M., Ed.; Elsevier,
The methylene unit causes an interruption of the continuousAmsterdam,1988 chapter 6.2.
conjugation and a possible electron transfer must thus td%eMoore, T.A.; Gust, D.; Mathis, P.; Mialocq, J.C.; Chachaty,
place via a superexchange mechanism. For this through-spac€.; Bensasson, R.V.; Land, E.J.; Doizi, D.; Liddell, P.A,;
mechanism, the relative orientation and distance of D and ALehmann, W.R.; Memeth, G.A.; Moore.L. Nature1984
becomes of major importance. The distance between the elec307, 63.
tron donor and acceptor moiety can also only be varied otér Gust, D.; Moore, /A. Sciencel989 244, 35.

a range of approximately 1 A by rotation of the methyleri&. Steinberg-Yfrach, G.; Liddell, P.A.; Hung, S.-C.; Moore,

unit. A complete rotation is not energetically possible, but a A.L.; Gust, D.; Moore, TA. Nature1997, 385, 239.

relatively large range of more than 50° around the total &&8. Dewar, M.; Zoebisch, E.; Healy, E.; Stewart. JI.BRm.

ergy minimum are described by a very flat energy valley. In Chem. Soc1985 107, 3902.

gas phase, the energy necessary for rotation about this sidgld&Rauhut, G.; Alex, A.; Chandrasekhar, J.; Steinke, T.; Sauer,

bond is about 3 kcal-mdlto 4 kcal-mof, representing a  W.; Beck, B.; Hutter, M.; Gedeck, P.; Clark, T. VAMP6.1

significant barrier. The molecular triad C-P-Q shows for the Oxford Molecular Ltd., Oxford,1997

P-Q part of the compound similar properties as the P-Q dyad. Baker, JJ. Comput. Chen1986 7, 385.

The additional carotenoid donor moiety causes an enlar@ddRauhut, G.; Clark, T.; Steinke, JlLAmM. Chem. Sot993

distance between the secondary electron donor C and the bertt15 9174.

zoquinone electron acceptor of 48.0 A. Although partial r@2. Lanig, H.; Koenig, R.; Clark, T. TRAMP1.1b, Erlangen,

tation is possible between the porphyrine and the carotenoid1995

units, the rigid system of the polyene chain keeps both p&@8ss Silvers, S.; Tulinsky, Al. Am. Chem. Sot964 86, 927.

always at about the same distance and otientaThenon 24.Silvers, S.J.; Tulinsky, AJ. Am. Chem. S0d.967, 89,

linear alignment of the polyene chain caused by the alternat-3330.

ing methylgroups of the carotenoid system causes only sn2&ll Hamor, M.J.; Hamor, T.A.; Hoard, JL.Am. Chem. Soc.

changes in the distance cyclohexenyl-porphyrine. Therefore,1964 86, 1938.

this effect can be neglected in all further studies. 26. Gompper, R.; Mair, H.J.; Polbolg, Synthesi&¢997 696.
27.Huschka,M.; Ph.D. Thesis, University of Muni@B97
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