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fibatrast

A pew ol of Difunchoma] red.x aclive porphyrins based on meso {ritolyl
» moenopyridyl porphyrin has been synilr=ized and charecterized. In these compounds the

meso pyridyl group ~~wides & Yigod for o second redox active meial site yielding the

[meso (tritolyl}{monojy ridyl Rul{ll)(MHz) 41 ) porphyrial, of the generel structure:

>
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wiers L' = Bz, pyridioe, 3-Ci-pyrid ne.

Parphxjn’ﬁ tripiel exciled state kinetics show thet i!}e iriptet exeited sieie of the
porahurin is quenched By the rublienium meiety. This quenching process is attributed to
the inifam?ecu!ar eicwren transfer from pornhyrin fo Ruthenium with rates which

-t
€

depend on driving force ss follows: For L =Mz AX =037 %= 4¥ ic4s , L=

pyridine AE = 2.55Y, k=1.2 X 16° 571 and L = 3-Cl-pyridine AE=065Y, k=5 X
109371,

Stugies involving wiiisisnel intermojoculer quenching of the unsubstituted porphyrin
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INTRODUCTIOH

| Studies in Electma_ﬁéa?;sfer (ET) resctions, heve iomz heeh 8 subject of inténsi've
theoretical and exmfi&@n’%al studies. The succesful i'nterp!&g batwesn  theory end
expmment in tse arcs of electron transf.r reaction makes posmble advances in the
design of solar energy devices, supercondmﬁon amd mmtcomjuctim‘;, as well a8 in the
ynderstamﬁng g_:zf 8 wide variety of cm'miﬁsh biological qu microetectronic systems. The
presant suctus: in mmprehetﬂing and manipulating electron transfer events are due to

the pwneenng wrk of. Marcus 1-4, Levich end Dogmmdze S, and Hush®?, and, more

recently, work bssed e.m quantum mechenics and tim-depervf'*nt serturbetion theoryS-18.

Studies of nstural photosuntmm centers over the last decedes have bmuqlnt
congidersble ond mtngumg data to inorganic mc‘wnnstru 24-29 ndsed, inorganic rwox
resctions sare of mmrg importance in biological euatema These transition metal
compiexes prwit!e a vide ranqe of oxi daﬁon siates mikn!e svar 8 comparatively
narrey energy renge which mke them versame regox reagents

The present wrk wﬂl foccus on the d«vmgn and sgnthams of systems which mimic
bw%@gicai ET. fm um&rstammg of such ss;stems could Ieed to the suystematic developmm

DR L

of nw fam& as @f;;:t;ataluﬁc reagents © which could ‘be used, for example

ptmtocomrerhon of solar energu

Beyond the Immmnt goal of dwalagmm of catalysts for photopmduction of




hi;dragen, other redox pethwaus play importsnt roles in the oxidstion of organic
compounﬁs, tt;é interconversion of nitrate and nitrite, the oxidation of water to oxygen,
the oxidation of C!™ te Cl,, the interconvertion of nitrite :and ammonia 3‘3, ihe reduction:
of N3 to ammonis 3!, the photoreduction of carbr dioxide 32, gnd the chain reactions
initiated by a pmfmn@zzm clectron transfer 33, .' .
The' empmms in th;a preeent introduction is on photomduwé slectron transfer whene
both the theorctisnl er? pmticol eopects of phMomdwed ET will be revicwed. Smce the
main cns':r"es in the rimac propemes mf exm*@ﬁ sliate molecu‘ias are independent of their
type, wimiher hoy are erganic or EMFQ""T" £n mtzzgmtets treatment wili be adopted
that . covers bodb i.»gpes of .»Mies. i?t; same tr»eatmen@ ‘-yﬁl be folloved in the
experimental part of ti‘ﬁs work. ‘Hare, lthe basic «im is tibAumrstaﬁﬁ the process of ET
in Dbiological systems and provide new imiém into éfmﬁe design of catalysts for
photoconversion of &'~ energy. b
~ The first section is devoted to the 3hsory of elmtron_iramfer reactions with special
emphesis on the classical ttﬁorg which asrved as the guiding principiz for weork on
electron_fransfer for mare than twe decades. Excellem;?evim and monographs draw
attention to the imorriance of this theery ©, 2%, 34-37 Ii: is important to emphasize in
this section the bosis for photeelectron-transfer resctions snd redox proporties of
excited states.
Section two describes the ET in  Diological swems with emphasis on the
nlwtasunthahc agmraﬁ% A clear understanding of photosunthems may lead to @ neu»

4

solution of the gamhlems of energu storage

N
i
Lik i i
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P

A. THEORY OF ELECTRCK TRANSFER REACTlDN

It is known that oxidation-reduction resctions of tra.nsiﬁon mete]l complexes can
occur through two different mechanisms: {i) inner-sphereand {ii) outer-sphere. Such o
distinction was introduced by Taube 33, and extended later to cover particular cases of
organometallic and orgenic reactions 35, 3941 an clostron-transfer mechanism i sald
to bs inner-sphere if ihs reductant and oxiden® shurc ons or more ligands of their first
coordinetion spmm} mtho ectivated complex. The 1nmr€$pllere mechanism can odcurv

with or without ligend exc!wnga. Howaver, the mechanism w_ith ligand cuchange 18 bettor

 known arnm it is eesier to prwa 42 1f an slectran tranafor reaction reguires ligend

exchange, it mfmmt be faster than ligand substitution mct:om and is unlikely to occur
within the lifetime of +he photoexcited molecules 43. To date, no example of photoinduced
electron trensfer by an inner- sphere mechanism has beén vrepeorted in the imrganicg
field. in the ﬁeﬁds of ar@agﬁc and orgammfamc pmﬁtochemiatru the eitustion would be
mffomm if mang gwmﬂm fm raﬁiw\ chmin resctions | vere includsd in the gemral

(gt

n hg'outer-aplm‘m mMMsm the electron;

b

clm of inmruﬂﬂm& :

s %*wf,_ e
i t

transferocc ' _‘-;sﬁth '

i

phet;e of tha w pair rema*aim umct

althomh the coams;amn sphere ms, charr;ge' m § separate reac‘mn LH -.&;nt to the
redox resction.




1.The Classical Theory of Electron Transfer Reaction

It is assumed in t!ve classically based Marcus ttmru that an ET resctions eccur onf
i
an admbahc surfw pohentlal which is fo:“md bg an avmded crossing of the mctants

and pmducts (thure 1) Sphmng of the two zero order surfaces by an mtm'actlon.é
energy 2Hyy dopends on the e]ectronic states, the degres -,of shielding of the electronic
grbitals, and the distance aéd orientation bhetween the reactants. Figure 1 shows the
profile of the patenﬁa]-emrgu. surfece of reactants, Ug (q), and products, Up (q), for

two differsnt degrees of adiabaticity. Iﬁ thisA figure, the .Ipotential-emrgq surfaces are
plotied versus the nualse:af wnﬁquraﬁon which is represehted by the walue of q. Here
the nuclear configuration includes the solvent and both rescisnts, and the
potenticl-energy surface represents the W of a muttinucicar syslem, where
8 representative point moves with the sems cimracteristics;;aé'a single parlicle. The path

of the system is ahwn in Figure 2 by thick lires end arrws. Kere the representative
point can pass from "R to qP The c‘émml path of the transition is through q¥,

whwh gives an md%w‘*&sz of. the horizental ms;ﬁ&cemnt rcqmred to achieve the electron
transfer. This- xs & oazmqueme of the Framk-tondon pnngple which separates nucloar

motien from electmmc motion The energg reqmred to mve all of he nuclei from

ethbnum to the masmon state q is tne quanhtu Eact Marcas"“ sepuretes the

tota} rwrgamzshon emergu Er mto twn parts .'«\ and A which represent the -

out

inner- sphere effects amf outer-sphere effecta mpecﬁvelu Thase effects are slso called.
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Figure 1. Potential- energg surfaces of reactants UR(Q) and products Up(q) for an

e!ac‘tmn transfer process 3how1 ng two dxfferent degrees of amabahcxtg
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Figure 2. Potcnhal enerqg 3urfaces “of reactant and products showing the

electron transfer pathwau and correspondlng changes in the

nuuear coor ds nates
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the inner and outer 3p§erc reorganization energies and are important chsracteristics of
electron transfer reactions since they determine, to a great exizmt, the height of the
activetion barrier at the intersection point q*. These two types of resrranged
vibrational modes are low-frequency { <i00cm™!) polarization modes for }‘Wi and
high-frequency { «500-3000 ecm™ ) bond vibrations for':%vhin“ . The inner-shell; |
reorganizstion energy is ciassicallg calcu]atéd, using equation {1), by considering the

inner shell vibrotional modes es. displaced harmonic oscillators:

Ay= IR0 S ()

2
where F, {3 the Hooke's law force constant fbr the it innéreaplme vibration and q
is the displacement from the equilibrium position of the ﬂbr?ﬁomt coordinates caused by
the electron irsnsfor. Assuming the slvent to bo ; conﬁinuw}. polar medium, the outer-
sphere morgam’zaﬁioh energy can be then estimated from thelﬁpohﬁzabilitg of the solvent

and is given by equation (2),

= 2 o I L . et WL
Aot = (ae)é/ame, (55 * 75 - 75 N Dw = D3 ) (2)
where Ae is ihe charge tramféred from donor to scceptor, a, and o, are the

redii of the two reactants when in contect, ryo = ry+r,, €, 13 the permittivity

of the' medium, and Dy, ond Dy are the squere of the refractive indices of the medium

and stetic dielectric constant, respectively.

In ml‘ut%on the réte constant, K may be writlen s
Kk =X wexp(-a67/KT) = &L x exp(-457/K)exp(-AH/KT)  (3)

where k, represents the electron-transfer ‘mstrix element’ which determines the probability

of electron-trancfer beiween redox couples.




it has the value 1 forfadiabatic- reactions and < 1 for mn-adiabatic reactions. The
other sgmwa in the equahon have their usual meanings: AGY, AS* AHT are the frec
energy, entmpu, entlnlpc and K is the Bo!tzmann constant Assumm a self exclnme

rextisn, AG c&n de mlcu!ated by the i"harcus eguation :

o (AG+E.)? (4)
AR = et Y 2 »

where £, is the total resrganization energy snd AG is the bverau free energy change.

The work term which is the energy required fo bring the resctants together is neglected.

For a constant wv%us’é_f tlfaeivrepfganizatien emrgg, a3 it is shown from equation (4), es

the value of AG ipcrmes;]rate increases up fo 8 ‘_maximum and then decreases. This is

‘a centrol pred,i_cﬁp}n of  Marcus theory; thus the region of high exothemicity is celled

the “Fercus inveried region”. In Figure 3 the representation of the classical dependence

of rate on AG is shown. The dashed horizontel curve is for o diffusion-coniroiled limit

which 15 responsible for the disappearence of the energetic information in fluid solution.

The sbove equation for the cross-resction is clso written as: 3, 34,4346

2 - BlAGY+ AG )

' " = . | 2 | . '
AGL, = _(éelmsz} ‘*;%E . . LAG) . 5

where AG™ y ond ag® 2 mfer o the free emrgu of actwahon for the corresponding

ae1f-exchange reactions 6 apd ? and AG is the free energy chame.




Figure 3. Plot of the logarithm of the activaﬁon-contlrpl.led ( continuous line )

and diffusion-limited ( dashed line ) rate conatants as a function of
2 T - ,o .

: incréasinq exothermicity, according to the fclasm‘cal model.
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Ay + A: P A;’ + Ay (6)
Ay o+ A .-—-_é._l—o Ay o+ A -

Fquation (5 ) con be vﬁt&rz 8%

MG =E 14 (14 AG/E) (8)
where
. E=2(AG; +4AG) , (9) ;

and cza be reloted o the rates of two cifferent eloctron-exchang reaction wielding the

* following ekpression: :

kip= (KykpKypf 212 - a0
where
f= (logKyp )2/ dlog(ky kp727%) 3 (11)

with K 45 heinq; the .equiltfbn_un:l constant for the cross rmfion.

“The classical Marcus-Hush theory  succesfully explaing eloctron transfer processes
ranging from simponrorqénic compounds erd coordination qunbounds to proteins 47, and
electrods surfaces 43, lni o -modified form, the theory cla:n‘ predict the rates of both

ground stete end _electmm'c excited stete reections®3. However, it does not deal directly

with reactants which :are’ scpﬁmted in space. Such reactior-!.sbare common in biological -

redox centers and in sold atste chemistry2s.29,49-52



2. The Semiclassical Approximaticn

in the attempt to interpret the tempersture dependence of the rate of the
cytachrome ¢ oxidation in C. viposum 25, Hopfield developed a semiclassical theory of
electron transfor reactions . Hopfield used an analogy to the Forsier-Dexter theord of
energy transfer, to develop this adiabetic theory.

in Hopfield's derivetion, the rate of electron transfer W (sec™! ) 1s given by |

W 8 Hal? (1720 2) 2 exp(-(E,-Ep-4)2/202)  (12)

<

where  *

02 (K, xE72) KTy coth Tg/2T+ (ky X £2)kTy coth Ty /2T

& = 12K X% 172 Ky xE

K = Ba‘iiz:mn,;a constant

T = Temperatdrein 2K

-i*(a and kb are Hook's lew force constent for vibrations of speciss s end b

ang Xa_am Xb_ reﬁs‘mﬁﬁ #isplacement of nuclear coordinates from thelr equﬂibrium
positions.
Here A reflects the barrier widih, g% the shape of the potential surface, and T,

T, ie a tunneling matrix slement which depends on orbital overlap. E, - E, i3 the

potentisl for the fea(m'on.



Tiis theory predicts flmt. the electron trénsfer reaction rate will decrease
expongntisliy with i{ucreasing distance, and a8t a fixsd distance, the rate of electron
transfor depends strongly on redox asotential.

The results from the clescice! experimemts by Chance and cwcrkers were shown
by Hopfield 23 t¢ be consistent with tunnsling. However, the theory presents some
aspecta that are subject to criticism. For example, it has been suggested that electron
transfor processes are fer from being analogous to energy transfor 3%, 593, !.mk:eti, The
Forster-Daxter thwory 36,37 gssumes thet each donor end acceplor pair, couples {0 a
dgifferent set of oscillaters, wheress in electron transfer the movement of charge over &
considerable distance would likely cause more disturbance to the medium. Consequently,
the donor and ecceptor csn be expectcd' to be coherently coupled to many of the same
vibretions in the medium. As outlined by Hopfield 5%, the Forster-Dexter formalism is
valid only vm;r the electron transfer process is dominsted by the contribution of
high-frequency molecular modes. .

Finally, the theory hes not been compleiely tested, since in the Chance and DeYault
experiment :wither the separation between sites, nor the emﬂ nature and redox potentiel
of the sites is known. '

13
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3. The Purely Quasntum Formulgtion

Using o formalism enalogous to Hopfield's work, Jortner formulated the problem of

hiological electron transfer in terme of a nonsdiebatic multiphonon non-radiative decay

process in & dense medium o,
The resulting refe equation is given by

Wy =hexs[-5(25 + 1Ix1, {2515 (5« 1) 1V2}( 5+ 1)701P2 (13)
where

a=25 VA h % covithy (cm"‘)a'wsexp( -R)

R = center-center distance 2

EEJ is the medified Beszel function of order p.

S=( A? 372 where A is the horizontal displscement of the potential minima.

U is the Bose facler, given by V={exp (PO/KT)- 11"t
p=1AEl/ P

The wavefunction averlap ¥, expressed in the prefsclor A, shows an exponential
| decrease of the rate with distence incresse. There is mo stgnificant dependence of & on

AE, but AE does affect P. The mean frequency << > is used to charscterize the
intramoleculer resrganization medes, in ihe seme wey a8 < W, ? characterizes the

low-frayuency medium resrganization modes. For fiuid, polar solvents, the polarization
© modes are of very low energy at room tempersiure with KT » ixa, and this fully

quaatum-mechanical theory reduces fo the clessical Mercus expression.
A similar equation has been developed by Husng and Rhys ! to describe the shape

of optical absorption bands of F-centres in crystals. They differ only in some constants
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vy tr.\vécwi'th the difference between optical ahwrpﬁon' and electron transfer. Further
development was schievad independently by Kebo 5% and Lax®, to obtein much more
general cases, inciuding e variety of é&cina}éor {rejuencies, with changes of frequency
considered as well as the changes of egquilibrium position, using generating functions as a
method of calculation 8,38

& earefuaggaﬁ;lvgsis of equetion (12}, shows that it is useful in describing ET
phanomens th_mug:hsu‘i the entire tempertture ro.ge exhibiting & continuous trensition
from femperature indopengent tunnmeling hefween nuclear potentisl surfaces at low
temperatures to a. clmim activetion energy at high temperature. it provides three
distinet limiting situations of interest.

8} Extremely low tempersture Iimit, for kT <h <w > <« h<w>. Since mo
high energy modes are populated, the physical situstion correspends to tempersture
independant (nuclear) tunneling occurring from the zere mint of the reactant well to any

gccessible stete on the product surfece which ere nearly degensrete with it.

b} Intermediate limit or thermasl excitstion of the medium phonon modes, for

hico > <« KT « h o>, Now the tunneling o@ccurs_'from the thermally excited

medium phonon modes. -lt_ is interesting fto nete that the rate is tempemture-inﬁependant‘_
Here the system tu?melé through the .barrier, corresmndihg to reorganization _of 6 high
frequem:@ mode, while the reorganizstion of the Iw-freqmﬁcg mode occurs classicsily,
providing an apparent .activetion ensrgy for the sustem. Levich® was the first to pt')int-
out that the r@rganiz?ﬁon of the low-frequency polar-isélvent modes results in a

temperature dapendant g»“ﬁwtibn ensrgy.
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¢) High temperature limit, for N <o >« f <> << KT . Here the rate of ET is
tetally tempersture dependent, with the sctivetion energy being described by the classical

Marcus expressian,

The model presented by Jortner, proved to work quite ressonsbly in the fit of

dats obtaiped by De¥ault and Chance 25, T data it well with AE = 0.1Y, o> =

4030 em~!, 5=20, and &4 =10.7
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4. Fedox Propasrties of Excited Gtates and Photoinduced electron Transfer Reactions
-4-1) Redox Properties of Excited States

Electron transfzr hes been sccepted 83 & mechanism for deactivation of ﬂuores&mce
snd phosphorescence for meny usars. After absorption of a photon, the molecule is
proooted up toome of ifs excited states, becoming both & stronger reductant and e
stronger oxidant than the corresponding ground state. Here the electron in its exﬁted
stety ie more weakiy bound ( strong reductant } ond et the same time generates an
electron hole poir with o hole in .6 lwér level € otrong oxidant ).

The energy chandzs for ihe excitation and ionization process *f0"snd D/D
Cor D*/D " and DD ), where D is the ground-state molecuie and D ™ is the lowest
excited-state molscule ere shown in Figure 4, whare the oxidstiun of & porphyrin
molecule s described. The electrochzmical rﬁo:a: potentials of the couples D/D*,
D *70% vs. a reference couple A/ZA°7 ém related to the free energy changes according

to the folowing equation:

‘AG=AH-TAS=-nFE. (14)
Assuming thet the Gtokes shift betwesn ground slate absorption and excited state

emissien is small, the consequently negligible changes in gize, shape, and dipsle moment
in the excited state yields AS ~ 0, therefore, the expression ecquires & nsw form:
AG = AN ‘ . ‘ ' (15)

Since AG= -nFE and maiing nF=1,the D*/D% (D" /D ") redox couple can be



Figure 4 .. Potential Surface for the excitation and ionizaetion processes of
porphyrin. Ip = grouné state porphyrin; Ip* = Jowest singlet

excited state; SP* = lowest tripiet state; P = cation radical
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evaluated gs:
EO(D*/D™) = ES{D*/D) - E,_ (D—D*) (16)
E®(D*/ D7) = E®(D/ D7) +E, ,(D—D") | (17)

. ¥

The valtes of the excited shate redox potentiel for the transition motal-complexes
with bipyridyl end phe;k,amh?o‘iim Tigands im’& en sme#Sfulii; predicted from & Knowledie |
of the spectroscopic axcited-state ensrgies £, {D —+p*) de the ground-stats redox - :
potentisls as described by eg(15)and (16) #5.60.61 The spectroscopic excited-state
E go (P P*) and he ground-state redox properties for several porphyrins derivatives are
known and the same czg’wuisﬁqm are s@snito old 62764

& collection af;;wﬁmed spectroscopic energies and redox potentials for the singlet
atd triplet excited states fér' ée*éer&} porphyrin derivatives i3 evailable in the literature

end i3 shown in fablet and 1l. The incressing recdox potentisl for both the triplet and

singlet excited states of free base tetraphenylporphyrin ( HyTPP ) can be envisaged in

cigure © . 1t 2 clear from here that photeexcitstion imreases.the redox power of HTPP

by 1.91Y for singlet exciled state and by 1.44 ¥ for triplet excited state.
4~2) Photoslectron transferﬁproégases

There are two major processes by which the lowest excited stete of a molecule

can deactivete in & bimoleculor process: energy transfer and electron transfer. These




TABLE |. Estimated Energies and Redox Potentials for the Ground and Singlet Excited
States of Porphyrins®

20

, Singlet
Eonboss E(PPY, E(PIF)/ (PR )/ ECIPH/FY/
porphyrin eV Y v o ¢ v
<H2TPPb 1.9 1.24 -0.86 -0.67 1.05
ZnTPPS’ 2.05 086 - -1.16 -1.19 0.89
ZnTPpcd 2032 70.8.0 -1.25 -1.23 0.78
ZnTPP 206  1.04 - LI -1.02 0.95
ZoTvpgpt 1.98, 118 -0s8s  -080 113
paTPPS 221 . 1.8 -1.04 -1.03 (17
PaTPP - 221 24 -0091 f-‘o‘.9»7 130
PITHPYP 218 5.3}'.40 T -oes  a7s 158

®pata .for nophyrins derﬁvaiivés’aré b‘ase&_ on ref 70. E-1 /zﬂy;a_h,;gs“ vs. SCE in CH,Cl5
from literature have been converted to values vs. NHE bt;i;_agjding 024v. P1PR=
tetraphenyiporphyrin, ©TPPS = tetrakis(sulfonatophgng1)porp§gﬁn , 9 TPPC = tetrakis
{carboxypheny dporphyrin IOTMPUP = tetrakis( N-methylpyridy1) porphyrin

LI
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TABLE I]. Estimated Energies and Redox Potentials for the Ground and Triplet Excited

States of Porphyrins

triplet
{riplet " -
 Eo-oT-T/ E(P/PYs E(P/P)Ys E(PY30*)/ ECP/P )y

porphyrin oV Y y Vv Vv
H,TPP 1.44 124  -0.86 -0.20 0.58
ZnTPPS 1.61 '0.86 -1.16 -0.75 0.45
ZnTPPC 1.60 080  -1.25 -0.80 0.35
2nTPP 159 1.04 -1 -0.55 0.48
ZnTMPyP 1.63 1.18 - 0.85 -0.45 0.78
PATPPS 1.78 1.18 -1.04 -0.60 0.74
PATPP 1.80 1.24 - 0.91 -0.56 0.89
PAdTMPyP 1.8t 1.40 -063 0.4 1.18

Data for pophyrins derivatives are based on ref 70 . E1/2 values vs. SCE in CH,Cl,
from literature have been converted to values vs. NHE by adding 024 V.

ol



Figure S Schemstic diagram showing the difference in the redox potentials
of the lowest excited singlet and triplet state and the ground state
) . |

of the HTPP.
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two quenching processes are often difficuit to distinguish since the energy - trensfer
resctions c¢an lead o the same oxidized or reduced products expected from
electron-transfer réactiom; and e¢lectron - transfer resctions msy underge subsequent
reactions , resultisg in no net redox chemistry®S. The ability of an excited state to be
involved in an eﬁergg transfer process is related to the excited stole energy , whereas
the ability of an excited state to be involved in en electron transfer process is Eelated
to the excited ofate reduction and oxidation potentisls. The nature of the quencher plays
an important role in essigning the operative quenching mode. The nature of the quenching
mechanism, can be distinguished by knowing the energy of the Towest excited state of
the quencher, the qround state redox polentiel, and the excited stete snergy of the donor.

Corrslations hetween the quenching rate conotants, and the thermodynamic quentities

{nvolved for m:emlooous c}mes of donors ammr quenchers have proved to be useful in

¥

the elucidation of the mture of the qusnching mechanism. For an electron transfer
process the quenching constant increases &s the axothermicitu of reaction increases,
firally rmhmg a thffualon @ontrolled plateau. Recentlg Barboy and ?mtelaon“ reported
the results . of em ﬁmglet excited-state quenching of 2t octaethyl pophurin { ZnOEP)
with & series of ,quem:hem ,‘ which spanned & large range 6f redox potentiels. They
assigned ths quemhéag' process as being by electron: tronsfer. The possibility of
quef*;chiqg by energy .transfe‘r is ruled out since the lowest excited state of these

quenchers lie at higher -erserg'g reiative to the lowest excited stote of the ZnDEP. The

plots of log kqu standard free energy change ( AG®) (Fig6 ) show that the querching

of ZnOEP follows the reduction and oxidation potential of quenchers known to be electron
acceptor and donors, respectively, in a way which suggests that the electron transfer

might be reaponsible for the observed correlstion. For good quenchers, in which the
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twe quenching processes are often difficult to distinguish since the energy - transfer
reactions can lesd o the same oxidized or reduced products expected from v
etectron-transfer ‘reect%om, ond electron - trumsfer reactions may undergp subsequent
reactions , resulting in no net redox chemistrg"s. The ability of an excited state to be
involved in an energy transfer process is related to the excited state energy , wheress
the ability of an vexci_ted stste to be involved in an electron transfer process is relsted
to the excited state reduction snd oxidation potentials. The nature of the quencher plays Z
an important role in essigning the operative quenching mede. The nature of the quenching |
machahism, can-bev Qisﬁ&guished by knowing the energy of the lowest excited state of |
the quencher, the ground stete radox potentiel, and the excited state energy of the donor.

Correlations betwesn the quemlﬁng rate constents, end the thermodynaimic quantities
involved for homologous classes of éonors and/or quenchers heve proved to be useful in
the elucidgstion of ths nature of the gquenching mechenism. For an electron transfer
process the quenching constent incresses s8s tie exothermicity of resction increases,
finally reaching @ diffusion controlled plateay. Recently Barboy and Feitelson 66 reported
the results of the singlet excited-stste quenching of zine dct&ethglpnrphurin { ZnOEP )
with a series of quenchers which spanned a large range of redox potentisls. They
miq@ the quenching process a3 being by electron transfer. The possibility of
guenching -by ensroy tlmmibr is ruled out since the lowest excited state of these

guenchers lies at higher energy relstive i the lowest excited state of the ZnGEP. The

plots of log ko vs stendard free energy change { AG°) (Fig 6 ) show that the quenching

of ZnOEP follows the reduction snd oxidation potential of guenchers known to be electron

scceptor and donors, respec%ivelu, in & way which suggests thet the electron transfer

migh? *2 responsible for the observed correlation. For good quenchers, in which the




Figure 6.  Dependence of rate constant kq for ZnOEP fiuosrescence quenching
by electron scceplors (A', A ) and donors (O, © ). The open ‘
and filled symbols refef to acetomtrile and toluene solutions -

respectively. This figure is adspted from reference 66
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AG® of the system is strongly negative, the rule constant is diffusion limited with
Kg= 1.5 X m"o M1 571, The broken line in Fig 6 is determined sccordingly to the
modified Marcus theory, proposed by Rehm and .\"z’eller 67,68 This model pradicis the
absence of the inverted region for high exothermic  and subsequent decresse in log

»kq with AG® for the quenching by electron transfer. Deviation from the th&oretic&l

prediction s observed for rate constants less then ko~ 10° M7V 571, suggesting

thet other quenching processes exist and are mre r&pld'than the electron transfer

its#1f. More examples of this kind of approwch are provided by the literature 62 74,
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B) Hectron Tromfef reactions in Biological Systems

in view of the available three dimensionel and electronic structural information
shout metslloproteins, many recent sdvances have occured recently in understanding the '
most simplest ubiquitous procsss in lifs, the trensfer of an electron from ons site to
another in & moiscule. |
Grey ond coworkers To-T2 heve ctudied clectron trensfer resctions between

metalloproteins and small molecules. For examplé, in en eerly work & they reacted

eytochre e ¢ (horse feart ) with Fe( EDTA )27, Co(phen)3™, Ru( KH 5 )¢ " and Fe(CN)Y™.

The rates of electron transfer were compared to theoretical veslues calculated using the

squations of Marcus theory. They fourd thet the rates varied by & factor of about 103

for the various resctants in the order Fe(CN){™ > Colphen)3™ > Ru{ NHz)g" >

Fe{ EDTA ) 2™, The large variution in the obssrved rates are sttributed to differences in
~ the amount of reretration of the protein surfece by the meta! Since most of the protein
matel sites are protected from resctants in the medium by peptide chains, reaction with
these resctants will fmlve imtersction with the blocking residues with some

trwrmds;ném'%c cost. Another faclor respongible for such variation is the degree of the
Ji-overisp between redox centers. Ligands which have orbitals of 17 symetry aeveilable
fecilitate overisp between the redox centers of the profeins.

Using different metalloproteins they slsc found that the kinstic sccessibility relative

to Fe( EDTA ) 2 increases mfdinq to th. eries saurin » .Hiqh potentisl-iron sulfur

et
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protein (HiPI} < cylochrome ¢ oy < cytechrome ¢ { horse heart ) < plastocyanin <

stellacyanin. This parallels the extent to which the mets! is buried in the peptide. -
To determine the distances of separstion between the protein redox center to a given

reagent, Mauk et al. 77 deweloped en equetion for the reection distance in a protein

self-exchange rosction. The equation is wslid only for small E_ and may be written
Rp = 62-035 n{ Kip) , (18)

where Ka'!pvequais half the intersite distamce for profein self-exchange and K;'; is the
calculated seif-exchangs rate, ext(apolatw to infinite lonic stremgth. They found @
Gistence of = 10 & between heme snd iron for the resction of cytochrome ¢ with
f'e (Ci g™ |

In recent wnrk; ¥inkler et al. "® fook advantage of the histidine-33 residue of .

fericytochrome ¢ to bind the metal complex penteammineruthenium (it1). This is the

only imidaéoie group available for binding and is about 15+ 1& from the heme-iron. .

They followes the reaction P-Fe(lfi)-Ru(ll} —» #-Fe(li)-Ru{lll) . Optical excitation .

induces electron trensfer from tris { 2,2° -~ bipyridine ) ruthenium (11), which reduces
the ruthenium in the madified _protein rather than the iron neme_ which is buried in
the interior of the ﬁro%ein. The resclion wsas monitored by following the optictﬁ
absorbence of the reduced iroﬁ in the more thertnodynamically stable P-Fe(tl)-Ru(ill).

They found that the rate of slectron transfer occurs with a rate constant Kgp = 2.0#

35 % 10 571, Considering the large separation between the reactant centers and the
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small excthermicity (AE »~0.11¥) the messured rate is quite rapid. The resction shows

onty & smell tempersture dependence in dhe range from O to 602C. These facts 3uggest
that the energy tms"z'ier’ to reaction iz wvery smail. Kostic et al. 80 investigated long

fistance  electron  tramsfer i". ruthenium-modified azurin  and elss  fourd o
tem;serature-imapéndem rate. -

isied th a}: :83' 'zmre atggmd the seme system, using @ different approach. They
reﬁmv tm”' ruzt;emum in, tﬁe .momm:d protein i)gs four different radicals generated by

pulsed radiciysis. The i‘ rédiciﬂa were derived from formate, isopropanol, tartarate, and

peatceryihritel. The differsnt ratios of P-Fe{lid-Ru(li) to P-Fe(l)-Ru(iit) are

dependent cm} ‘tfm':ate!ic faﬁstsm or ﬂr the degree i .w?r;ch the 'r&ﬁi;&ls are hgﬁmg%mbfc
or hudrophilic. The razté. of elsctron transfer is almost constant aéd ranges from $3 to
6531 and hes 8 positive demperaturs dependence.

Hoffman et al 82 !mﬁ reported rewciiens of { Zn, Fe ] hybrid hemoglobing which
were prepared by replacing one of the two subunils, & or B, with a phoisactive zinc (1f)
rotoporphyrin € Zs® )} subunit end keaping the other two subunits with the naturel
photoinert ferriheme [Fe{lIl)P]. The electron trensfer reaction wes initisted by opticel

exs’itatioﬁ of ZnP to ﬁirm 3znp, wm’c'h~ reduces the ferriheme in the resction SZnP +
Fe{lll)p — (2:}Pf) +' Fe(éi)P. The kinetics were followed by monitoring the
wiappearence of the Soret band of the ground - stete zinc ("}. They reported K g¢ =60
£ 25871 ot a heme edge;to—eége separation of ~ 16 &. The bsck-reaction occurs

thermally ot a much faster rate (> 10 35~ 1} than the initial transfer reaction.
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McLendon et al. 8%, 84 pave reported the use of natural protein complexes known to

be involved in biological electron transport processes. For example, they prepared
photoactive Zn pophyrin derivatives of cyt-c, cyt-b, and Hb. For ZnHb-Fe(llidcut by
complex, they found thet the -eiectron trensfer occurs from the photo active zinc

porphyrin tripiet excited stste to form reduced Fe(ll)eyt bg with & unimolecular rete

constant Kpr=6%X 103 s™'. This rapid and efficiert electron transfer quenching occurs

at o driving force of AE » 1.0Y with a sepsration between the physiological redox

centers of ca. 10 A, Particularly promising work comes from the cyt ¢/ cyt by case

since the structure of both resctant proteins are known in some deteil. For exemple, it

is known that the hemes are oriented in a parallel fashion and they are sepatated at a
distance of wﬁ Tit driving furce in Zn cwbc Fe(li!)cutbs is AE#~ 1.0Y. Rates of

electron transfer of ~ 105 s~! were initially reported.

The Photosynthetic Apparatus

Photeaynthesis. 1s thg'%:;i;rwéé; bq ;h.iéh Aqreen pié'Ms and photosynthetic bacteria
convert ati;ia'r energy infie chemical snergy. The photosynthetic apperatus is also usefull
for stugies in eﬁactmn ransfer roactions, sincs several" eommnents emploged in .the
a%sctmn tmragzort chmn mn be iso!aﬁed P!wt ptmtmgntmis im*olm 8 more complex:
apparaius wmisﬂng af two ,simtwmécam; re&c‘m sttes Photosystem i'af;d'

Rhotosusten: 1. ﬁ % mp@ﬁam o mite that Ptmosgs'tem Ii., s*emlar to the bacteml

process. More informetion about plant photesynthesis can ‘be found in a series of
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excellent reviews 895787 ang will not be discussed here.

The ptwtosgfrthetic apparstus employed by b&cteﬁa is simpler than that employed
by plants and the resction center can be isolated from light-harvesting antenna -
chlorophylls, carotenoids, and in some species phycobiling - with relative ease. The basic
components of the Lenleriochlorophyll reaction center “include the light-activated
becterioclwrophyll P - §70, P, which sppesrs to be a dimsric bsctérioch!brophgll in:
which esch of ihs two units is a magnesium dihydrochlorin; a bacteriopheophuﬂn:
molecule; |, which hus &mn fdentified &3 é magnesium-free pheophytin derivative; ond
ohe or more cytochromss, C, as secondsry clectron donors. A su%zseqﬁeni elecﬁron:
ecceptor umit consist of fwo guinone-ferrous ion complexes, §. 8991

The kinetic events in bncterme;horopﬁgﬂ photosghthesis are summarized in Figure 7.

The reduction of the bacteriochlorephyll by the secondary electron donor { step CP¥ —

C* P ) hes been tiw focus of early work in many biological systems which exhibit low
temperature indepengent kineties. 25 92, 9% The jack of activation energy et low
temperature, found *}f'-v these systems, initially suggested that an electron tunnelling
) mechanism was opera’ﬂ?ve.: However it is known that the ele;:tron tunnelling occurs only
in the vicinity of the crossing point of the éero order surface and that its behavior
does not affect the temperature dependence of the rate. Considering thet the clectron |
transfer occurs gimuliaisously with the nucleer n;otion'_ and that this nucicar mdtion
controls the temperature dependence of the rate, Levich and Dogonadze % and Sutin ¥4,
suggested thet nuclear tunelling, rather then electron tunnelling, was responsible for

the temperature independence,




Light generates excited singlet state

Charge separation between (Bchl), (P) and BPh (1) cresting

strong oxidant and strong reducant. ~ 10 bsec

'
i

Further charge separstion; BPh'-reduces Qfe (A)
~ 100 psec

+ : :
(Behl),  oxidizes cytochrome ¢ (C) , causing further cherge

separation  ~ | ussec

Primary 0QFe reduces secondary Q. 50 usec to ! msec
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F‘emaps the most interesﬁng aspect of pho%asgnthesis.is the efficient cherge sepsration
wmch ig respmmb}e for the usar 100% qusntum efficiency of photosynthethic electron
transport. éﬂer remaval or deactivation of the secon&rg scceptors (quimm) or
&ewma?u dqmrsv {cylochromes) from the Bacteriochiersphyll system, the long lived charge
separation is no longer observed. This has heen extensively studieg!?, 20,22, 23,9597 1pe
imporient quesiion hers is: huw does the pholosynthetic sgstem_make the buck reaction so
slow? Different ressons may be véug@esiad for the slow reverse vate of the

photosynthetic reaction in vivo including: a) i'ﬁe predicted inverted region | sguation (4 ),
is operuting: The reverse reactions have a muzh farger - AG than the furward reactions.
The assumption here i; that the £, is the -same for both directions and AG=E, for
 the forward direction. For the reverse reaction AG > E, ,sccording to equation (4),
chuses @ much- reduced reverse rate. Once ihe protein is isolated from the photesynthetic
apparatus , ‘it is free to underge conformational changes which involve changes in AG -

and £, . Such chenges can result in fast reverse rates. b) Changes in the metrix

etement !Habl can be expscted after the electron leaves the orbital invelved in the

forwvard reaction. Both the orbitel and the smount of sepafation between the resclants

fﬁlglh be affected aﬁar the forward reaction. Since it 18 unhkelu that the dlstance, i

between me rmctants clmm apprscmhiu durmg the time scale of the kinetic event in a -

 rigid megiium, _it;is o reasonable 1o accept that the chanqe in [Ha| is due to

cirnges lml%’u m ths ormteis after. the forw&rd reactlon ¢) Finally, coupling to
i

pwﬁc protein- mmmags a part here and was sugqested bg Sorai %8.9% These modes -
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are well-spaced and do not represent a continuum 8s in homogeneous éolution. The
forward reaction fa facilitated by the masiching of the isvenergetic donor-scceptor levels,
while the mstchfng may not take place in the reverse direction.

Recently Dutton et at. 199 i an interesting work, observed modification of electron
transfer kinetics of resction centers isolated from Rps. sphaerides after systematic
repiacement of the primary endoganeous ubiquimné of photochemicel resction centers
with 8 series of entraguinenes {(AQ) (Figure 8). This reploéemen't "tunes” properly the
driving force of the system. They observed achenge in the rate of electron transfer from

BPR ~to Q which is a function of the driving force of the system. They also found that
at low driving force the endothermic resction from Q ° to BPh is the major rbute for

slectron transfer from 0~ to { BChl 2 T In the AQ systems, the reduction rate

varies from 2 X 10% &°1 for the lowest AE to 10 s™! for the highest AE valuss.
in sizmmrs;, the bisicgical systems provide powerful experimental vehicles for

testing the theories of elevtron transfer. Nuclesr and electron tuneling, efficient charge
soparation, and i'mm gistance and driving force dspsndence on the rste of electron
trensfer can be s!mwgd and studied by the choice of proper biclogical sysiems. The
new poustibility of mmhaﬂaﬁng the driving force, -the distance, and the orientation of
redox partners at will, will open new oportunities to a complete understanding of the
probiem af electron trensfer reactions. To mimic these biologicsl models, parallel work
i3 in progress in synthetic organic and inorganic chemistry which involves the building

of molecular models, where the distance, orienﬁaﬁon and the energetics can be precisely
| defined. The information which can be extrected from such sustﬁms will be the mein

subject of the remsining chepters of this work.



fFigure 8. A Schematic of the flash induced kinelics and the energy levels of

e w the redox states of the cohponents of reaction centers isolated

L

from’ Rps. spheeroides. ( adapted from ref. 100)
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CHAPTER 1]

Synthesis of 'Mollg;k:UIarwzd&ﬁb"tfs; for Studies in Electron Transfer
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INTRODUCTION

In order 0 test tﬁe seversl comipeting models for electron transfer, a number of
experiments were designed and their resulls were reported in ihe literature 122, These
experiments involved probing the distance depemgztm a5 _vcll a3 the driving force |
dependame_ of electron transfer and they ramge from electron tramsfer bhetween two
isolated molecules in a rigid matrix to intramelecular electron transfer in & molecule
conteining both reaclsnt partners. There is alss a substantial amcunt of work invelving
electron tramfer» in orgamized media, $tu:h &3 micelles "3, semiconductor solid-liquid

interfaces®, and in monolayer assemblies ¥ & winch will net be discussed here.

1. Mon-Biomimetic models for electron transfer

A significant amount of work has been done iﬁ rigid matrices to probe the distance
ard driving force dependance of eleciren transter. The experimental approach in these
works consist of producing treppad electrons by pulse reqiolgﬁia of glasses and to
moritor the rates of electron tunneling to organic electron ecceptors. Sinée one of the
resyents is in ¢xcess over the other, ils spatial distribution controls the- average
separation between doncr and scceptor. This saparatioh can then be varied sgstemaiiéaﬂu
by changimj the concentration of the reactant which is in excess. It i3 sssumed here that
the reactant in excess is randomly distributed in the mstrix. |

Elegant and highly relevent work wes developed by Miller et al 7“'0, where detailed

studies of electron transfer; involving organic molecules in rigid matrices heve been
performed. ‘Tm's Qee"k wes then exfended to photoinduced electron transfer by other

groupe B 11714 However, the intersretation of rate deta where the reactant is in @
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random oimemble is difficult since the acceptors are randgml-u distributed in the glass,
yielding ¢ distribution qfv-gé'a:nsfé;mréht.eéj ﬁ;atrjix studie’s;are thus of primary velue in
provi&ingduahtaﬁve’ tests of theory rsther than providing the definitive quantitative test.
By. holding domor and acceptor redox psrtners at fixed distances it is possible_to}

surmount the uncertainties associsted with the distributivon of distances. Using this;

methed, severs! pepers on elsclron transter heve sppeared in which the fwmr'aﬁdf
- acoestor are hold by ¢ meloculer specer, 5 ¥ | T |

Far example, Taube et al. 19 have prepared some of the best-defined intramolecular
electron-transfer moedoo. In Teubs's models the redox partners are connected by a
bifunctional iigand-. The beasuty of Tache's models is that the structure of the bridging
group can be veried considersdiy i mure the effects of its electronic structure on
the rate of electron transfer. For ekamp?%, they muiitored th; rate of electron transfer

between cobslt and ruthenium, medisted by 4-4'-Bipyridine and related bridging groups

16 For the 4-4'-Ripyridine cass {shown bolow)
{NHs)s(:omNO < O Fﬂam(ﬂﬂs}s

they used an external reducing agent which preferentislly attacks the Ru(lil) metal,

since the reduction of Co (ill} invoives more recrgunization emergy. In the next step

Ru(ll) reduces Co(lll) intramolecularly. They assumed that AG and the Franck-Condon
factors are oniy slightly affected wien the imtervening ligand are varied and, therefore,
changes in rate can then be attributed to changst in electronic coupling. Using the seme:

strategy but in & more “sophisticeted way, Stein and Teube 17~ 18 and Stein and

coworkers 19 20 ueed g series of 2, 3, and 4 ring dithicepiro ligands as bridges



between Ru ( Mtig )" end Ru ( NHz)Z" moieties. They found thet the intensity and
' lineshape of the inter-valence transition ere very sensitive to the degree of coupling
between the metal centers. The observed decrease in the extinction coefficients reflects a
weakening in electronic coupling which wus fourd to correlate well \éith the number of

G-bonds between metel centers. 20

in order %o movre clsarly understend the relationship between the bridging liean‘d-

stmcwt'e'am the magnitude of the interaction batween the metal centers, Richardson and
Taube 2! prepared a number of new complexes with the genaral formula [{Ru (NH z)g ), LIN*

{n=4,56), whre L is a rigid bifunctionsl organic ligand. They observed an .

- intemlem;e banﬂ 'iq the ﬂe.?r lR‘fﬁi the Ru{it) - L - Ru(lﬂ) state for o wide range of -
| Hé&mﬁ:}. Tﬁe -préoiéted ;x.pe:séntial decresse iﬁ the metal-metal interaction with the
number of conjugated atoms was observed. %2 However, ligands with an even number of
conjugated atoms betwezn matale showed grester mstal—metaj intersction than those with

en o< number.

& numder of much mere flexidly connected domor ahd atccepior systems (shown
~ below) have besn avemined by Hurst et a1 23
Cy’

() s = RE-N T D= (Chigh- (He=ch,)

In such & systam they obssrved both thermal and eplicel electron transier resctions for
n=0. However, for n=2, 3,4, or 7 no intervalence hand wes observed end the alectron

transfer rote wes second order. Since ome might expect the molecule to fold over, an
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efficient  pathwsy for electron f{ramsfer via w- overlap should _oceur.

Yarboaven ot al. 24~ 27 reported more evidence for through-bond intersction from
susteraatic g‘mﬁies on a series of donorfecceptor molecules covalently connected bu.
fiexible chain ang, more recently, on a}a@eries of rigidly connected molecules, éome of
which sre illustrated in Figure 1. They found the presence of an intervalence band in
these cémpounds' where the possibility of <irect contact between the donor and scceptor
groups are rqini:fmé. These compoundé demonstrate unambiguousiy that through-bond
interections are more tmportant than through-space interaction.

Miller et a1 studied electron transfer in the salid state between twe redox
sites which were held rigidly apart by virtixe of baing part of a steroid &s shown in
Figure 2 A. This figure also shows the sepurution between donor and sceeptor (10 X ).
The results are 1n§erpreted in Hght of twaneling .mesrg and quaiitatwe agreement was

found Detwusgn the experimental resulis and theory. Furthermore Miller and co-workers 28

used the structures of stercids {5 wc-androstane), shown in Figure 2B , with a commom
electren vdonor, 4-biphenylyl, ard differcut electron acceptors. The experiments were
performes in Z-methyltetrahydrofuran (MTHF) which was frozen to a rig1Ad glass at
7?!_(. At this tempemturé the doncr and scceplor ore locked in & fixed conformation. The |
frozen glass is then subjected to pulses of electrons which causes the ionisation'df the
solvent giving trapped .elec'trons and redical cations of MTHF. The trapped electrons
transfer rapidly to either donor and scceptor with almst statistical probability. Siﬁce
the electron acceplor has a grester electren &ffinity than the donor, a nonequilibrium
slate results. Phoﬁometrid sbsorption measures the rate at which the initial ion

distribution reaches equilibrium. These experiments provide direct evidence for very

. 3
2 o " y Lt
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fast electron transfer over & considerable distance { ~10 & ). The lifetimes and

exothermicities for each system are showr on Figure 2B. The rate of electron transfer
in these covelently connected molecules is fester than for equivelent molecules at o
comparsble separation in g¢lasses, giving some iMicatiqn that the steroids per‘mtt‘
congiderable through-bond intersction. This work has been extendend and, in a recent
comunicstion, F’ﬁ?le}, Closs and coworkers 22 have ruported the sunthésis and.the kinetic
results of a series of eight compounds besed on the sa’me steroidal spacer and electroﬁ

donor described previously. The eight electron acceptor groups werechoosen to give an

mcrcaamg exorthemlcatg ranging from - AG=0.05¢e¥ to - AG=2.40 eY Using MTHF

as solvent they were able to calculste the major contnbutlon to the total reorganization

energy (A =1.28¥) from the solvent reorganizaﬁon energy (A =0.75¢¥) and internal
vibrational nades A y= 0456V &:cor:ﬁﬁg to Marcus theory, the maximum rate should
sccur for the 2-hexahydronaphthoquiningl where - AG = 1.23 ¢¥ malches the totel
reorganizstion energy A. Indeed the maximum observed rate constant, Z ¥ 102 571 is

assigned fo 2-hexshydronephthoquininyl and the rates decressed for higher exothermicity

83 predicted by the Mgrcua theory. A plot of - AG vs rete constant is shown on Figure
3. Fhese findings prwwe the first unambiguous experimental evidence of the 30 yesr old

pres%:ctmn of the mveﬂed region.

PR



Figure 3. intramolecular electron-transfer rate constant from biphenyl ions to

(1) 2-naphtyl, (2) 9-phenanthryl, (3) 1-pyrenyl, (4) hexshydro-
naphthoginon- 2-yl, (5) 2~naphthoquindngl, (6) 2-benzoquinonyl
(7)5-chlorobenzoquinon-5-y! and (8} S,G-dichlorobenzo'quinon-2—gl
in eight bifunctional molecules hévinq the.cjenera] stuctrure shown
on the figure. This ﬁguvre_ is adapated fro:m referencez.9
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2. Biomimetic mmieisz for electron transfer

50

There have been many attempts to duplicate photosyniiesis with artificial systems.

In spite of much edort in this area, the progress to date has been siow. The most

promising systems - recently reported in  the litersture are the various redox

_ center-linked porphyrins. 30746, multi-redox centers-linked porphyrins 39, 4748 gpg

the doubly linked porhyrine 4959 Such systems, when properly designed, cen also

proviae key information on the investigation of the effects of distance, exothermicity and

orientation in clectron-transfer reactions.

2.1 Yarious redox center-linked ﬁorphgrins system

Kong and Losch 393V have reported the syntiesis of the covalently-linked porphyrin-

guinene complexes with n=2 and 3 a8 shown Delow:
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The benzoguinone oxidation state querches the fluorescence of the attached prophyrin in
a variety of orgenic solvents. They observed a substantial decreaeé in the fluorescence
yield and lifeﬂm in acetonitrile and dichioromethane. Long - lived radicals, generated
by an unspecified mechanism, have hw_n -detected by electron paraemagnetic resonence
(EPR).3! Tabushi et al. 32 reported that the porphyrin fluorescence of the oompaund
shown below is efficiently quznched compared to that of the unlinked porphyrin with an

equivalent amount of quinone in soiution.
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They attributed the fluorescence quenching fo electron transfer but presented no direct
evidence for such a mechanism. By the use of the same model compbund prepared by
Kong snd Losch, Ho et 6133 atiributed the fluorescence quenching to an intremolscular
electron transfer, The photoinduced biradical, pt - Q-,can be detected by EPR. The
quantum yield for formation of the EPR signal was very low and other radical-generating
reactions, such as electron trensfer into the solvent or intermolecular transfer to the

qui'mne moiety of another P-Q molecule could be the cause of the' EPR signal rather



then intrameleculs: charge separation. Further work by the same group 3435 was done
with the porphgrm and & family of quinohe derivatives separated by n methylens groups.
Tf\eg found that the short fluorescence lifetime is strongly dependent on the solvent and
the specific genmeiry of the conformers which can hove 8 “complexed” or an “exiended”
configuration. In the former case the end group is likely to be folded so &3 to interact
with the porphyrin, exhibiting perlurbstion of the spectra and diminished fluorescence
lifetimes and quantum :delds, whereas in the lete case the por;;hgrin is relatively
'unpejrturbed by the end group. Finally, the light-minus- dark optical difference spectrum
produced by ér'rédiation of P-0 molecule in Z-erfhultetrahudrofuran at 110K gives
same evidence of a cation porphyrin in the photochemicsl product complex. They alsc
reported 8 long lived ion pair product tﬁat is stable for hours at low temperature.

Migita et al 36, 37 reported the formstion of a porphyrin cation radical in the
~ octsethylporphyrin-p-benzoquimone  system { OEP) - (CH ,) -BQ (n = 2, 4, 6) upon
excitetion with a picosecond pulse { 30 ps) from & mode-locked ruby laser. They found
that the Tifetime of the electron transfer state depends upon lthe length of the methylene
chein and the nature of the solvent. R

Chi@sg and Boxer 38 hwe prepared a complex which contains a chlorophyll
male;;uée that is covslently connected by a single chain to quinones. The quinones used in '
this work were chosen se thet it would be difficult to reduce them from the triplet:
excited state. Th.us, after tne'efﬁczient quenching from the singlet excited state, the
charge recombination to thp triplet state Wu?d be sufficiently exothermic to allow

triplet formation. They found an efficient quenching of the fluorescence with increasing

solvent polarity but no evidence for the formation of & T - polarized triplet state by EPR.



Recently, Mataga et 8132 reported the resulls of the photoinduced electron transfer
in (octasthylporphyrin) - (CH,), - ( benzoquinene } (PnQ). The observation of an inverse

exponentisl dependence on the length of the intervening methylene cheins suqa;estéd the
possibility of an intramolecular electron-tunselling mechanism. )

A complex with an electron donor. snd _acceptor covalently connected by a flexible
chain in' a setid - 3o!uhon' conteins 8 very large distribution of linked chain
conformations, limiting the usefulmis of these molecules 83 a model for testing the

distance gependence of electron transfer. n order to svercome this shortcoming, Joren et

a4 have roporied the synthesis of three rigid covalently sttoched side - by - side

porphurin -linksr - quinone (PLQ) {Figure 4A) using as spacer units, the bivycio | 2.2.2)
actane and mbicg%cibi_z.z.zi octane which prevent transiational displacement and only
aﬁw rotations} fre&dcsm; The 'edge-tu—edge distances are fixed at 6, 10, and 14 R. They
found an indications of a distance dependence from preliminery studies of the static
fiucrescence quenching of free base PLD and Zn PLO syslems, relative to a similar
porphyrin not linked to a guinone. in another study, Wasielewski et ol 41 have reported
the synthesis of the porpyrin-quirone shown in Figure 4B.l In these molecules the W
elgctijomic system of the porphyrin meinteins a minimum 6-78& edge-to-edge separation
from the quinone, and does not overlap vfth the % system of the acceptor. The traﬁsient
absemtioﬁ spectrum, which was obgerved 100 ps after the excitation of the ZnTPPNﬁ
systemn, hes been sssigned to the ZnTPPYHQ™ radical io_nv piiir, given an indication tlﬁt
the 5y depletion iz due to electron transfer. Pre!iminarq kinetic results found that

photmnduced electron trarssfer is sensmve to both the exnthermlcitq of the sgstem and E

the mdestnc properties of the medium.



Figure 4. Structure of the rigidly covalently attached quinones reporied by Joran
et a1°0( a) and waserelewski et al*' (B)

~mie
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A different approach wes adopted by Delton et &l 2in colaborstion with Retzel 43
0 overcome the shortcoming caused by the flexible chein linking the porphyrin and
their redox counterpart. instesd of using rigid o molecular spacer, they co‘v&lentlge

attached benzoquinone directly to the porphyrin &t one of the meso positions. The

molecule, ¢4 QP, is shown below:

The picesecond transient absorption studies indicated very efficient quenching of the
singlet excited state, T <6 ps,'fcnwed by rapid repopulation of the ground state, slong

with a substentiel triplet yield. The extremely short-lived triplet state, T »~ 30 ps,

genérated & triplet ion peir which decayed efficiently to the ground state. The kineticA

scheme is shown as follows:
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Although the above scheme is kinetically competunt, Metzel's work fes been



subjected to criticism by Boxer %% who pointed out the lack of solid experimental
evidence for the proposed mtermedﬁates and the difficulty of rationalizing the extremsly
large retga of mtersuartew crossmg from the smglet to the triplet and then from the
tripiet to the ion pair. Boxer also suggested the possibility of & very large excha_nge
interaction in a singlet ion pair intermediate { not shown ), followed by ?apid spin-orbit
induced tripiet-singlet conversion in the ion pair.

Perhaps the most interesting models rocently regarted in the htetature are 'ihe
covalently connected cofecisl parphyrin- quinones shown in thure 5. Lindsay et &l 145 ave
prepared a molecule {Figure 54)containing & porphyrin and & quinone held nmdlu ot 8
center -to-center distance of 10 &. Theu‘regwried that the fluorsscence of the porphyrin
is quenched stes;i 60 %. Leighton and Sonders 98 repor"_ted the exiremely efficient
flurcescence querching caused by the parallel quinone in the mode! shown in Figure S B.
This fluorescence qpenching isAreduced when the intramolecular metsl co-ordination

forces the quinone to be perpendicular to the porphyrin ring.



Figure 5. The structures of cofscial porphyrin - quinone: (A) multiply .cove‘!‘%nilu
connected cofscisl porphyrin-quinone reported by: Lindsay et a) and

( B) porphyrin-quinone covalently conected by single chains reported by
a6 - o
Leighton and Sander . ¢ .
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2.2 Efficient charge separation in & multi redox centers-linked porphyrins system.

The most important goal in the artificial photosynthetic conversion of light to other
useful forms of energy is to achieve an efficient charge separation. Nsture does this
\éerg efﬁcienﬁu and severa)l sttempts to retard the back-reaction { charge ‘recombihation)
have buen reported. Moore et al. %7, in & series of papers, reportéd the synthesis of a

triad consiting of a porphyrin linked to both a carotenoid and & quinone . This moleule is

shown below:
A
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The formation of the trensient species C Y'-P-0", occurs in <100 ps after the

excitation of the porphyrin and }xas s lifetime on the micMM time scale. This lon'g-é
lived photodriven charge-separetion {nvolves & large redox change. |
in another recant work, Mataga et al 5%, 4 reported the | photoi nduced
charge-separation process in (etioporphyrin) - (CHy), - (benzoquinons) - (CHy)4 -
{irichﬂorobe&uqmmne) (P4Q 40) simwn in the following figure. In this sustem the
redox potential of the the twe quitones incorporated in P4Q 4Q sre -0.75 and -0.22Y
causing a grédient redox potential so as {o achieve an efﬁcient'ch&r@e separation. The

picosecond lsser photoiuses were slso done in the P4Q system for cmnp&ri%n'.




The synthetic approsches for covelently linked dimeric porphyrins will not be
discussed here ss complete review on”this subject is- available 49.

Kin;ﬁcaﬁu', Q'evez'alﬁ ';yo'rks have appeare;i, but progressAin obtaining strdcturallg
best-defined systems for studies in ET hes been slow. The first initiative in pursdng
such sﬁtem come from severasl emuﬁs ‘who have prepsred  cofscial  dimeric
porphyrins 3098  Netzel et 213657 4y cc;‘mbwation.vith Charg &nd Boxer and their
coworkers 3459 1. reporiec systemstic werk concerning the preparation end Kinetics

of cofaciel porphyirias. No photeinduced electren transfer is expected for these compounds,

nor for the mixed rﬁetal!mete%frtc (;‘*&g~%€2} diporphyrin in non-polar solvent. However,

the picosecond o'[;tical dats from the M‘g-ﬁ2 ¢iporphyrin in more polar soivemts, does
shuw quite different transient sisorbance features within 6 5s, in the spectrel region
expected to contain raedical ion absorption. in symmetrical digorphyrins containing either
magnesium or frez 22 in both -feces, decay occurs imstsad by & singlet-to-triplet
mechenism. The possibility of a very efficient singlet quenciiing waé reinforced by
further experiments where ,quinbne added to a sclution of the Mg-H, cofacial porhhurin
yuenched the pfimru ﬁts&tsprodmt, SugLeating that 1t i3 an ion pair which reduces the .
quinene 58

Bucks et al. 39 reporied the synthesis and kinetics of a series of covalently linked

dimers and trimers of chlorophyllide derivatives. The dimers showed no decrease in

lifetime or fluorescence quanrtum yields as AG for the system beceme more nsgative,
ruling out the possibility of eiectron transfer in the system under study. However, the
trimer showed a much more rapid return fothe ground state absorbance, suggesting that

the triplet yield was low. This fact might be and indication that electron trensfer may



R

be occurring in this trimer, followed by direct recombinstion to the ground stals.




SYNTHESIS OF NON- BIOMIMETIC MODELS FOQ STUDIES IN ET

1. Preparstion of Intramolecular Electron Donor-Electron Acceptor model based on

Diamantene struciure

in the search for a good sysiem for testing electron transfer theories we set
several criteria in designing appropriste molecular spacers, which are required to'ruoid
donor and acceptor redox peirs at fixed distances.

1. The spacers should be conformaticnelly “locked”, so that the donor-acceptor
mstaice 19 uneffected by molecular vibrations or roistions. Optionan'u, iim‘:g stisuld a!’éu |
be safurated rings to preclude thrﬁw;h bond transfer.

2. The spacer should provide two resctive functional groups to which the denor and
acceptor can be linked. |

3. The distance between donor and acceptor should vary within & wide range. { ca. 2
-128).

An ideal system which meets all these criterie is besed on diamantane { DAM )

shown &s follows:

Following itie procedure described by Gund end Schieyer €0-61 grem amounts of

i H



h

diamantane can be prepared from rearrvengement of the tetrahudro—dgrmi'we of the
twptacgclotetrmne "Binor-S" ( t! } in & cyclohexene solution of AlBrz. "Binor- §°

(1), the most readily ovailable of the non-[2+2 ]dimers of norbornadiens is essily

Cad

prepared by using CuBrz(%P)z + BF3 0ty 83 catalyst. The preparstion of dismantane '

and its precursor ere cutlined in Figure 6.

This system can be reedily and selectively functionslized, prwidinﬁ several possible
types of disubstituted derivstives at varying distance of separation. The key reaction for
affording such functionalizetion is the use of specific bromination comﬁh‘ohs (ionic vs.
Friedel-Crafts) &s ouilined in the symthetic scheme (Figure 7). The .intmduction‘ of |
bromine substituants into the three different amsitibns on the carbon skeleton, forming

diapicel 4,9-dibromodiamantane (¥1), dimedial i,6-dibromodiamantane (I¥) apd medial-

apical 1,4-dibromodiamontane {¥) in verying retios hes been worked out in detail by

Gund  and  Schleyer 5264 Because of the Uridgehesd  stereochemistry, elimination,
carbocetion migraﬁdn, or other side reactiom érﬁ precluded.

‘The aim of this work was to functionalize the diamentane structure in order to
obtein the diacid aiiaméntam. The feasibility of this synthesis offers the possibility for
the prepsration of avwid@e range of 1ntrax§e!eeui&r electron donor-acceptor systems based
on amide or esther linkeges for studies on ET resctions. The amide linksue offers an
sdvantage over ihe ester linkege since it is more stable to hydrolysis than the ester
Tinkage. |

Shown below is one exemple of & simple siructure in the present case designed to

study the Intervalence Charge Transfer (IVCT).
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~awt.

For exampie, one approach could consist of irredisting e solution of 1,6~
disnthracene diamanstane by pulse radiclysis end then monitoring the appearence of the
IYCT. |

Hush snd Miller 83 observed very intense IVCT bands { € > 1,000 ) when compounds

A and B ( shawn 17w ) were irradiated by pulse radiolysis. Strong interactions

between redox partners are expected to occur in both systems and the transfer is
thought to be through the available p or&italin the bridghead position in compound A
and due to the close proximity of 1 orbifels in compound B. These interections are

preclisied in the diamartane structure: the transfer can onm sccur through space.

To obiain the etig:erbaxuiic acid diamantane, the Koch-Haaf carboxylation 66-67

method was employed. This approach was used succesfully for substituting edamantane.

in the Koch resection cerbon monoxide gonersizd from formic and sulfuric ecids captures



67
a cabonium fon { Eq. 23. ia thiz work, the c&rbonium fons was genersted from
tert-butenol, which praduced the R™ through the hydride scceptor (Ciy) ,C* (Eq. 1).
(CHz)sC* + RH  — (CH3)sCH + R? (Eq.1)
R" + CO + H,0 —— RCOOH + W' (Eq2)

In this way 1,6-dicarboxylic acid diamaniene was synthesised end fully cheracterized.
This approech opens new possibilities for further eplicstions in the preparation of new

molecular adducts for studies in electron transfer reaction ém solar energy devices .

V. H
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1.1 Synthesis of dicarboxylic ecid diamantane

Synthesis of dicarboxylic acid diamentans, was performed by a series of published
procedures, 60-64, 66-67,78 |

Preparation of CoBr,. 2 Pd, catalyst. The precursor, CoBr, 2Pg, catalyst was

prepared by refluxing overnight 10 g {0.046 mole) of anhydrous cobalt dibromide ( Alfa
Products ) and 24.4¢ { 0.092 mole } tripicayl phosphine, in 200 m! benzene. After
cooling ot room temperature, the blue-green catalyst way decanted and dried under

yacuum.

Synthesis of Bipor-$ (1) Tw efficient high capacity condensers were attached in
series, to a 1-liter, 3-necked flask. The flask was loaded with 200¢ of freshly distilled

norbornadiene and flushed with i, . Then, 2.0 g of CoBr,. 2Pﬂ3 catalyst and S ml of

freshly distilled BF; - etherate ( Aifa Products ) co-catalqst_were added and the resaction

mixture was hsated corefully to ~ 902C. At this critical point, the heating mentle was

removed a3 soon a3 the reflux commenced and o vigorous exothermic process took
place. This exnﬁ:arﬁiﬁc érm was sllowed to proceed as rapidly as possilbe and @
dry-ice scetone bath wes used occasionally &3 a mwe_ratér. (Too much cooling may
induce unwanted migmer formation) Aﬁer cooling to room temperature, 100 ml of

methulepe c.hloride vas adﬁed and the so!utwn vas vashed with 8 saturated sodium

bxcarbonate a@iuﬁan and with vater ( ~ 100 m!) The m?thqlene chloride solution wes
dried over M’gs;z; gad fmporetm under reduced prmure.; The solid was distilled ( bp

902C / ~ 1.5mm) and geve s white seli¢, mp 62-632 C ( Lit® 63-64C)
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Preparation of Tetrghydro-Binor-S( 1l )  The catalytic hyrogenation of Binor-S
was porformed. 23.6 g of Binor-S { 0.078 mole ) was partially dissolved in 90 mi of

hot glacial ecetic acid containing 10 ml of conc. HCI. Then P10, ( 0.159) catalyst was

sdded. The mixture was kept under 3 atm hydrogen pressure at 70°C. After three
hours the system ‘Wﬁ, cosled to room tempereture. Thé catalyst was removed :bu%
filtration and watsr w§s added causing the appearence of a biphasic solution. The bottomi
layer was extrocted with methylene chloride, washed with 'v.mtar, dried, and evaporated. :
The crude tetrahydro - Zinor - S ({1 ) wes further purified by distillation under
reduced pressure, bp 105- 1102 C (~ 1.5 mm), to give a colorless and viscous

liquid. NMR (CDCly ) gove & complex séa;‘msm in the range & 2.25- 0.75. 13Cnmr_‘

- Cppm from THS): Lit™® 49.3(CH),, 39.0(CH),, 375(CH),, 36.7(CH),, 319
(CHy)q snd 225 (CHy)p; Found. 49.7 (CH),, 393 (CH),, 379 (CH),, 369
(CH),, 32.3(CHy )4 and 248 (CHy ).

Preparation_of Dias@mm (111). 109 of Tetrahydro-Binor-S (1l ) was edded from
a dropping funnel to av 100 ml solution of cyclohexane containing 27 g aluminum
bromide. The reaction m'initianu exothermic but gentle reflux was required aﬂer the
addition of tetrahydro-Binor-S. After three hours of reaction time, the cyclohexane lager
was éemn.ted and the catelyst wes weshed severel times with hot cyclohexane uatil

depletion of dismentane on the catalyst becams evident. The combined extracts were then
washed with water and dried over MgS0,. Eveporstion of solvent left a semisolid residue

which was partially dissolved in about 100 ml of pentané giving 8 white solid which

wes fillered. The filtrete was further concentrated until diamantane appeared as  white
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crystels. Recrystellizetion from pentsne gave white crustels,‘ mp 244 - 245°C ( Lit. 78
244-245). 30 MHz NMR geve @ single poek & 1.68. Better resolution wes achieved by
the use of 400 Mz es shown in Table L. | |

Preperstion of 1.6 _dibromgdiamantare (V). Sg of diaivantane in 25 mi of

bromine was hested under reflux overnight. Afier cooling, the bromine solution was
diluted with CClg or CRCl; and poured onte ice. Small portions of solid sodium bisulfite

were then edded into the ostirring mixture until the bromine disappeared end the
solution turned light yellow or colorless. The carbon tetrachloride ¢ or chloroform )
solution wea then weshed with weter, dried over MgS0, and evaporated under reduced
pressure. Recrystellization from cmorofdrm gave beautiful white crystals, mp 272 -

274 2C ( Lit.®* 272-273 ). The 400MHz NMR spectrum and elemental analyses are

summatized in Table .

edicorbuxyiic ecid. Warning! Because carbon monoxide
is evolved, the following reaction should be éarrind out in an efficient hood. A 200 m

three- necked flask with stirrer {vigorous stirrer 13 required ), two dropping funnsls and

8 reflux condsnser was charged with 100 ml of cooled H,S0, (conc) end 1.4 g of

diamantane in 60 ml of VCC!4. A solutien of 20 ml of t4butul alcohol in 30 ml of

HCOOH wes then sdded dropwise over sproximately 1-2 tﬁurs. CO evolved vigorously.
Yehen the reaction mixture turned pale ystlow, the ice bath wes removed and the
resction mixture was stirred overnight. The red solution v&s poured onto' crushed ice. -

The layers were separated and the upper, scid layer wes extracted with ghree 100-m)

portions of carbon tetrachloride. The carbon tetrachloride solution was dried over MgS0,




and then eveporsted. The material was dissolved in ether and extrscted from the ether with
8 diluts solution of sodium hydroxide. The 1,6-dismantarisdicarboxylic acid went into the
vater laysr and &;f*m then precipitated by the addition of dilute hydrochloric acid. The
crystals which formed were coliecled by ﬁltraﬂon, vashed with watter and dried under
vecuum, M*, 277 (276 caled ). The 400MHz NMR spectrum and elemental analyses are

suminarized in Tahie 11

't
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TABLE |: 1 H Chemical Shifts of Diamantane and its Derivatives

Proton : .
Compd Type sares & ( 400 MHz) Element Calculsted®® = Found® .
R
8 2 177 ‘
c 6 172
b 12 1.69
¢ 4 254 C 48.58 48 .47
g 4 250 H 5.24 521
e 4 2.38 Br - 46 18 46 .39
8 z 1.98
b 4 169
¢ 4 | c - 69.54 68.45
d 4 1.50 - 160 H 7.29 7.72
e 4
a 2 2.06
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2. Prepiaraﬁnn of Intramolecular Electron Donor-Electron Acceptor model based on

Porphyrin structure

Meso-tetrasrylporphyrins are a totally éunthetic f@mﬂu of molecules. Because of
thelr esse of preparetion Vtheu have been widely useq a3 models for the naturally .
occurrin@ porphyrins. Since these pophyrins contaiﬁ a8 symmetric pottern of
substitution, the synthesis involves merely the condensation of four equivalents of
pyrrole  with four equivelents of aldehyde. 8 The preparation of substituted
tetraarylperphyrins by direct substitution of a tetragrulvporphurln is also possible and
has been described by Loach et a1, 69~ 70 , |

Using the mixed aldehyde approach the preparatiorjilof the 5-(R), 10, 15,.20-: b
tritolylporphyrin, where R = 4-pyridyl, is possible. Hcr{}h’e purid.ul group provides a
ligand for a second , redox-active metal site on porphurin'and the compound of generﬂ
structure Yl can be prepared for the study of plmoinduc.ed'electron transfer. |

ZHRU (HH)
o EHRU () L
W M 34
Gl b

L= NHS’ plj, 3"(_1"Plj
M= 2H Zn, Pd



One of the useful festures of Yill for the present study is thet the pyridyl groups

are constrained out of ihe plane of the porphyrin ring due to steric interference

between the g -pyrrole an,q:e-vpg‘ridul""p‘fota‘ns. 71 Thus, the overlap between the two o
£t " A .

systems 13 m%nimizea, thereby reducing the adisbaticity of the system. This stru ctural

feature is suggested from molecular models { CPK ) and X-ray crystsllographic structure

* determinations have generally confirmed this suggestion.?! Dynamic 'H NMR has been

used to estimate the energy barrier for rotetion of the phenyl rings in tetrephenyl

porphyrin { TPP ) mets! complexes of Ru (U1}, In(ifii), ond Ti(l¥) in which the phenyl

rings are unsubstituted or perasubistituted. Since the ortho hydrogens on the two sides

of the porphyrin plane are nonequivalent, coslescence of these phenyl proton resonances:

has been observed, and rotetionsl barriers for these comp]éxcs are found to range from'

11 to 17 Kesl/Zmol.72

Another feature of the system which makes it altrective for studies on ET is the

wide range of driving forces (Table |and !, Chapler 1) thet can be obtained by replacing

the trans rethenium ligend or the metal in the porphyrin center, and by following the?

electren trensier from singlet and triplet excited stetes.

The incerporatien of the neighboring ruthenium is performed by following the

method of Curtis ot al.7 The synthetic pathway for obtaining different trans ruthenium -

tompounds i3 described below and was worked out in detail by Isied and Taube -1 gng

further improved by Curtis etal.?®
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2.1 Synthesis of Bifunctions! Pershyris and their precursors

The free Tigand porphurin , 5 - ( 4 - Pyridyl ) - 10, 15, 20 - tritolyl- porphyrin,
was prepared by analogy to the procedure of Little et al. 69 with the use of & mixed
aidehyde approsch. 4 ¢ of Pyridine-4- carboxeldehyde (Pfaltz & Baver) and 13 g of |
p-toiylcarboxaidzhyde (Aldrich) were mixed in 500 ml of hot propionic acid ¢ Alfa
Products). Ten grams of freshly distilicd pyrrole {(Aldrich) were then edded and thh -
mixture refluzd for one hour. After cooling, the purple crystelline product was
collestsd by ﬁitraﬁon ang woshed with methano). The crude preduct was dimiw*ed in

chloroform and chromatographed on 8 60X 5 cin column of silica gsl ( 100 mesh,
Baker). The second bém wes fuﬁi*:er purified by preparative TLC on alumina plates to
give 600 mg of analytically pure proaduci.vmal: Caled (found) far € 45 HzgNg. 4 Hy C,
75.7(75.7); H,59(6.1); K,96(9.2).M*,658.1 (657.9 c&léd); strong peaks at
M*-(CoH4),, n=1,2, 3. Further purification of the second band was echioved by

dissolving the mebarisl in reagent grede methylens chloride and rechromatographing on
6 40 X 2cm column of silica gel. The 400 MHz NMR spactrum and the ebsorbance and

em'lszzlon' spactral features of the finsl product ere summarized in tables ii &nq {1

The [RuM™ (KH 3)5CIIC1, wos used oo the starting meterial for the synthesis of
the bifunctions! porphurins described herein snd Qasaunthﬁsi;od according to the literaturs
methed, 79 |

The [ Rul! (Biy Ji Hol] (Ps"g)z wis prepared accordtm to the procedure published

by Curtis et o1.7 with minor modifications. In e tupiégl preparation @ 0.1 -¢ ssmple

; . : [
2 : : TN
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Table Il. Absorption Maxima, Extinction Coefficients” and Emission Properties of
HoTPP(P-CHy)3(4-Py) in DMF solution

absorbtion ( extinction coefficients ) fluorescence
Soret v i i ] , Amax/nm
418 (5200) S14(220) 543(100) -S90(6.7) 646 (6.0) 654(2.7)? 721 (1.0)

1

3 M cm_.1 b Relative Intersity

2 A max/MM in nm; € in 10



Figure 7. Schematic illustration of the orimary photochemistry in bacterial,

reaction centers



of [ Rull (NH3 )5 1 }Clz wss added. to 8. Ag TFA (1) ( Triflurcacetic acid ) solution whlch

was made bu dlssol\nng 8. tSOg silver (1) oxlde( Fisher Scientifc ) in S ml of water, mth.
minimum TFA( Mdnch) After filtration the resulting solution of chloropentaammxm{
ruthenium (111) tr%ﬂmmacetate vas then reduced by reaction with zinc amsalgam 1n &
well degassed solution under Avgon stmosphere (Air products). The resction time cunnot:

exceed & peried of Higw v!sm;er then 45 min. Upen completion the selution was sepsrated
from the zinc emelgam, filtered, and to the firirate a saturated solution of { NHy) PFg
{Alfa P;oduc‘ts) was added. This resulted in the immediate precipitation of the pule yellow
product which wa# collected by filtration, weshed with elhano! -ether (20 - 80%) , andl
dried under vacuuéx. anal. Caled (found) for{ Rut! (i3 )5 HL01(PFe) 5 H, 3. 47 (3.31);
N,14.11(13.97)

In a typical pregaration, the [ Ru'M (NHz )5 (P)] (PFg)z (P =5 - (4-Pyridyl) -
10,15,20-tritolylporphyrin ) was obtained by dissolving 0.1316¢ of | RuM (NHz )¢
Hol (PFg), (10 fold excess) in SO ml of argon degassed acetone, yielding an orange :

solution of the [ Ru!! (HHz ) { CHz COCH3 ) 12" ion. To this was then added 42.4 mg of
P { 5-(4-Pyridy))-10,15,20-tritolylporphyrin }. The solution wes allowed to s'dr at
rosm temherature un&r a blanket of argon for at least 4h. To the reactsnt medium was
added a concentrated equeous solution of NHPFe. The solid was collected by filtration
and washed extensively with weter unti,l. the red color tjis&ppeared from the filtrate

solution. The product was weshed with ether and dried under vacuum. it was possible to

isolate the ruthenium (ill) compound by washing the solid extensively with chioroform.
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The 400 Mz WMR spectrum i3 summarized in table lll. The elemental anslyses for the
low yield oxidized product (~ 60 mg) gave the following results; Ansl. Caled ( found ) for
[ Ru ™ ( NHz )5 (P) ] { PFg )3. 2(CH3z)2 CO(P =5 - ( 4- Pyridyl ) - 19,15, 20 -
tritolylporphyrin) C,44.8¢ 45.2);H, 448 ( 4.43); N, 100 (10.6); Ry, 2.2 ( 2.3).
Synthesis of trans-[P Rulll ( NHz }4 (L) ] (PFg)g (L =pyand 3-Cl-pyand P =

5-(4-Pyridy!)-10,15,20-tritolylporphyrin ) was performed according to procedures

described by lIsied and Teube 74-75 yith improvements by Curtis et a.73

The first step was the synthesis of trans - [50,(NHz)4 Ru'CI]CI. 259 of
((NH3)5‘Ru"'cl ja, w§ dissolved 1n o 100 ml of water and hested to 80°C. Then
3.55¢ of NaHS0z ( Alfa érodtmts) .vas sdded to ihe soluiiori and kept for approximately
90 min under é continuous stream of 50, ( Air Products ) eas After cooling, the pale
yellow crystals of _tfam;j (("H,QE,.,Q??.?.,,{,.@S)ZJ verequ;l-l:octed bu. filtration, washed
with acetdne, and dried unéer .vacuum. The cristals wére then dissolved in 6M HCI,
and fhoated carefully. untfl the color of the solution t_qt;md to orarge. The orange
crystals were filtered fr_o@ the cool selution. The trans-[(502)Ru" v(hm3)4(:ll Cl was
recrgﬁollizeé bgé‘issoivim in a minimum volume of mt_o_.m M HCl, eond -ﬁltéringjv';
while hot into 25 lﬁl :sf ._l H HCY. Anel. Caicd (’ found ) for '[-R.u-.'ré ;IE%H3)4(302) {&]a |
2.H,0 H,3.92(4.d5); N, 18.18(18.27).

The trans-[S0,4 Ru'' ( NHz )4 (LY 1C1 (L= pyend 3-Cl-py) was prepared by

dissolving 0.1g of trans-l {50, ) Ru(NHz ) 4CHICl in Sml of neutrel HoO st ~ 40°C.
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4 fivefold molor excess of L was added and the color change from orange to yellow.
After 15 min of resction time, the product was precipiiated by tﬁe addition of 15
volumes of. scelone. The suspendend crystsls were decanted, washed with ecetone and
sther, and then dried under vecuum. This solid wes then dissolved in 5 ml of double

distilled w{er, filtered, and to the filtrate was slowly added 3ml of a8 t:1 mixtur‘e’ of
30 % Hp 0o (MCB resgents) and 2 N HCL After stirring for 10 lﬁiﬁ, the oxidized
product was quenched by the addition of 15 volumes of acetone. The final product was
deconted, and dried under vecuum. Anal. Caled (found) for [ Ru"‘(Nﬁ3)4(so4)(pu) 1t
H,4.51(4.17); N, 18.44(18.31).

The [( 504} Ru'! (HHz )g HéOI (PFe)o wes prepared following the same method
| described herein for the synthesis of the [ Rul! {KHz )g Ho0l (PFg) 5.

The trams-[P Ru'™(HHz) #(L)I(PFg)3(L=py aid 3-Cl-py and P=5-(4-Pyridyl)
-10,15,20-tritelylporphyrin ) were prapared by dissolving trans-| (504) Ru'! (NHz) 4
HoO} ( PFg)o (10 fold excess ) in SO mi of arqan'degassod scetone, yielding an orange

solution of the trans-[( $0,) Rul! (NHz )5 ( CHz COCHz ) 12* ion. To this was then

added 42.4 mg of P{ §-(4-Pyridyl)-10,15,20-tritolylporphyrin ). The sclution was
allowed to stir et room temperature under a blanket of argon for at lesst 12h . { More

time 1s required for L =3-Cl-Py).To the re.ctont medium was edded o concentrated

aqueous sofution of ’zméPrs. The work-up wes identigal to thet followed in the

synthesis of [ Ru't (MHz ) (PY] (PFg)z . Anai. Calcd (found) for:{ Ru ‘! (Hiig) 4 (P)
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(Py) J(PFg)3 H, 3.91(4.06);C, 45.68 (45.06 }; N, 10.44(10.44) and [Ru''(NHz )4

(P) (3-C1-Py)] (PFg)z H,4.17(4.12); C,49.78 (48.67); N,11.38 ( 11.21).

All compounds were charecterized by cyclic voltammetry. The results are shown in
Table I¥. These compounds appear to undergo falrly rapid solid-state decomposition;
however, reproducible electrochemice! and speciroscopic data were obfained as long as

the experiments were carried out within several deys of their preparation and isolation.

The oxidized sgducts [Ru "' (KHz )5 (P)] (PFg), and trans-[P Rul''(NHz) (L)1

(PF(,)Z, were gensrated in situ by the addition of & small amount of bromine vapor to

a solution of the compound dissolved in DMF. The ruthenium (ll) compounds can also be

oxidized and isolated by following the method described bg'vCurtis et al.?®



Tablely: £ 172 Valyes vs. the NHE in DMF (V).

B2 3

o ( RJ:’ ") p'*/’? o
Ru(.NH3)SPu 0.40
Meso HoTPP(pCHz) 3(4Py) ’ 1.38
[P Ru(NH3) 5] (PFg) 5 0.40 147
[tr- Ru(NH3)4(Py), 1(PF¢)+ 059 -
[tr-P RU(NHZ)4Py1(PF¢ )z | 0.58 1.43
{tr-PyRU(NHZ 4 (3-C1-PY) 1(PF) 4 0.62
{tr-PRU(NHZ) 4(3-C1-PY 1(PFg ) 3 0.66 1.44

| ...‘;.‘P='Mé’sé"—i{é‘rP?(p;H3)3(4PY) .

-@Rf(NHS)SL
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2.2 Results

The synthesis of mm-suby_t}ﬁut_eq __mpor"phurin, H_JP?( p-CHz )3 {4-Py ), was
accomptishéﬁ fbg .v 'meéné ;af a mixed-aldehyde approach. .Tne desired prophyrin
crystallized from the cesction mixture along with teiratolgl}porphurin and small amounts
of polysubstituted tetraaryl  porphyrins, which were separated by column
chromatography. The final preduct is obtained in low ijielgl.g Hotice her_e that the yields :
of tetra - substituted porphyring by mesns of the same app_fm'ﬁw rarely exc&edéﬁ%. 69

This compound gove salisfactory elemental analyses, w.fben water of crystallization
is included. Table [! lists the elec}ronic'ahs:srption and eﬁission date. The electronic
- absorblion spectra are listed with sdoption of the numbering ;gstem( 1-1¥ ) for the
visible bands used by Falk 76 |

'The aromatic region of the 400-MHZ NMR spectra shown in Fig 8. clearly indicate
the structure of the H,TPP (p-CHz)y (4-Py). The pyrrole , tolyl and pyridyl protons

are labeled in Figure 8. & comparison with the spectral petterns cbtained from the
tetratolyl porphyrin, Figure 9 helps in the assighement of~ the chemical shifts observed
for the pyrrole 2nd tolyl protons. In both, the peaks due to orthe and meta tolyl -
protons, and pyrrole protons (c) are found in the same region as in the tetratolyl
porphurin—smctra. However, the presence of the pyridyl group in one of the mese
position of the ring, causes the appearence of two more pyrrole peaks, assigned as a
and b. Such effects are widely observed in mono snd polysubstitited porphyrins 77 The -
integretion ares for &l the peaks support the sssigned structure. Mass spectral data
(Figure 10) also supporis the assigned structure and shows the expected parent peak.

The incorporaticn of Ru (H!) in the pyridyl group was sccomplished by the methods



Figure 2. 400 MH';Vspectra of the gromatic regions of the tetrstolylporphyrin
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Figure 8. 400 MHz spectra of the aromatic regions of the HszPP('p~CH3)(4-Pg)
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Figure!10. Mass spectra of Hy TPP(p-CHz) o (4-Py)
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Fiyure13.8) Cyclic voltamogram of trans- HZTPP(D‘CHS)&M"DU) Ru(NHz)4Py

b) Cyclic voltamogram of trans- H,TPP(p-CHy){4-Py) Ru(NHz), ( 3-Ci-Py)
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3. Methods

All melting points were teken in glass capillary tubes on & Melt-Temp laboratory
Device and are reported uncorrected. |
Elemental Anslyses were performed by Galbraith Laboratories, Inc. in Knoxville,

Tennessee.

Proten nuclear magnetic resonance spectra ( 'H-NMR ) were recorded using CDCly

&3 solveni. The 400 Mitz specira were recordsd on a Bruker Model wH - 400 FT-NMR.
The chemical ‘smiﬂ dota are reported in parts per million ( on the 3 scale ) downfield
- from internal tetramsthylsilane. |

Carbon nuclear magnetic resonence spectrs (13 C - NMR) were obleired using a
Bruker Model WH - 400 FT-NMR and a Jeol Model FT - 100 with proton decoupling. The
chemicat shifts are 1n parts per million from ihterml tetramethylsilane.

High resolution mess spectra ( MS) were recorded on & ¥6 Arezlytical LYD 7035
mass apectrometer. Low resolution mass spectra ( MS ) were recorded on a Depont 21 -
490G mass spectrometer at 75 eY uniess otherwise noted.

IR spectra were recorded on a Perkin Elmer Model 467 infrared spectrophotometer.

Yisible and UY Vwere recorded on a Perkin Elmer Lambda-3 instrument interfaced
to a Digital LSI - 11703 computer.

Rectrochemical date were recorded at 200 mY/s sweep rate by using @ Princeton
Applied Research Model 173 potentigstat in conjunction with a model 175 universsl

programmer. The reference electrode wss a Ag/AgC! electrode { Bio-Rad ). The electrolyte
solutions were purged of oxygen by nitrogen bubbling. The E ., values were obtained

as the helf-point potentisls between the oxidative and reductive current-volisge peak




93

maxima end converted to values vs. NHE by adding 0.24Y.

The working e!ecfroses used ware either Au, Pt, or glassy carbon electrodes supplisd
by Bio-Rad and were freshly polished before esch use. |

Static emission measurements were made in @ Perkin-Elmer MPF - 44 4
spectrofluorimater.

Unless otherwise noted, materisls were obtained from commercial suppliers and used
without purificetion. In experiments requiring dry solvents, N,N-d\?mthqlformmim
{ DMF ) ( J.T. Baker } wes distilled from 4% molecular sieves ( Union Carbide )} at
reduced pressure and stored over 42 molesuler sieves. Benzene was dried by the
addition of small pisces of sodium metel in the presence of benzophenone. The
benzophenone turned from to blie when benzene wes dry. The solvent wed collected tju
veccum distilletion and kept under e dry nitrogen atmosphere.

Analytical and preparative thin Teyer chromatography ( TLC) wes carried out on
silica gel pletos ﬁérc!msd from Analtech, Inc. Column _ichromatographq wos carried out
wing Baker Resgent Grede Sitica Gel { 100 mesh ). |
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CHAPTER 11l

Photoinduced Electron Transfer in Bifunctional

Parphyrin-Ru{iil} 4mmine Complex ™™
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INTRODUCTION

In the last decade, much theorctical and experimental progress has been made i
undsrstending the factors which govern the rates of electron trsuster rusctions. E%uwuﬂg
much attention in the field of electron tranvfer studies has been devoled to iniporteat
end poerly umisrsiood paramelers, such 63 the «..iance and orientation between the donor
and wcceptor, and the driving force in mmdi&bati_c systems. The distance dependence of
the rate of cisctron transfer betwsen redox partners is predicted by recent theory L T

be .

ker= © Mgl 2lFE1 (1)

whers [Hal = ¥g exp{ e (2}

o =1is & factor which 18 proportional to the ensrgy difference between the electron
dotur and the medium
R fo the distance betwoen localzed eiestronic sites, 'ﬁ
C ‘'and ¥ are wmﬁants, |
and [FC] represents the Franck-Cordon term.
It is clear from equation {2) that the rate of electron transfor hes a strong

sxponontiel dependsnce on distance (i.e. orbitel overlsp) which is contained in the

elactronic coupling metrix elemsnt, iHabg.



101

The equation also predicts the dependence of rate on AE, E ., and temperature

through the Franck-Condon weighted density of states factor, [FCl. In the

high-temperature, strong coupling limit, the mode! reduces to the clsssical Marcus

equation 2

Ko = AeX [-(AE-E«F)_Z_.]

&7 Pl—3 B KT (3)
where A = 21}!Hah| zf’ﬁzw (4)
and

E, 19 the tewld rourganization energy

The classicel Marcus wwdel has besn applied succesefunu tc explain electron
transter in sdisbatic oyotems. Howevs. relatively little is known abouﬁ _either the
distancs or driving force dependence of nonudlebatic systems. Nomadiebetic resttions are
ubiquitous in biological systems since the reactﬁ»ats are separated by large distences <™ 6.

Several experiments which were designed to probe the distance dependerce as well
a3 -the driving force dependence of electron transfer are discussed in detsil in crapler
il. The most promistng systems are moleculsr edducts which contain both rescienis end
products which are covalently atlached by e rigid molecular spacer. Relatively féw of

these bifunctional molecules have go fur been prapsred, but these systems have provided
very useful information, since it is possible to measure the effects of rate on AE?,
recstant seperstion® and orientetion ? wittout the complications inherent in diffusionsl

systems. For exemple, Miller et 1. 7 have reported the first experimental evience of

the coniroversigl Mercys "inverted region”.
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Furthermore, new questions erise from such systems. For example, Closs and
Miller 'O have studied electron transfer in bifunctional steroids. They found k o4 >
106371, ot 15 & donor-scoeptor separation and AE 0.1V, wheress. Gray ei al it
reported k4 = 2057 in Ru(lll) substituted cu‘%éthr'omec ot similar driving force and
doner-acceptor separation. it seems that the nature of the reagents, and /or the
imervening material can dramatically alter the rutes of electron transfer resctions. In

addition the angular alignment between twe srometic redox partners may play a

significant role in oplimizing the rate of electren trunsfer.

The use of porphyrins in studiss of photm’ndm electron transfer reactions has
been growing in the lust few years. One sdventage of using porphyrins is that the
charge can be crested by photesicitation of the porphyrin.. Otherwise, if the system
lacks the presence of the luminescent chromophores, the qharge must be created by the
use of a third species,or by pulse rediolysis, which brings complications that are
inherent to ssch technique adopted.

In most of the photoinduced electron ‘~=nafer studies, the porphyrins are covalently
linked to quinonts by a flexibie linkuge which allows both the distance and orientation
batweun the donor and ecceptor %o very  w.dsly 12-21, Recently o new clqso of
m?phgri_n-quimne adducts where the donor and acceptor are linked et & fixed distance
have besn reported® 2,22 For exemple, Wosicleswski and Nemozyk © reported a very
officient qmnchmg of tha singlet excited stte in & Porphyrin-quinons sustem, linked by
8 rigid spacer, but the pressnce of a hydrovarbon specsr could play a siqniﬁcam role a3
8 possible t.uasmission iine for the elmtr‘on transfer.

Mere information can arise from 3tudies of new classes of molecular edducts by
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varying the nature of {he znécer end of the reegents. To this end we prepsred s new

cless of bifunctional mr;ﬁhgrin-ku(iil) ammine complexes of the genersl structure:

b s W
g R iR (NHg) 4L
Y-t

Q::"-"u'*\ :.':'l\.'{;}

:

o L' = MH3
[i: L'=Py 3

i L= {3-C1-Py)

in the sbove structure, the pyridine Vigand is held essentially perpendicular to the
porphyrinic . ring so %~ orbital overlep bstween both reactamts is minimized. X - ray
difiraction resulis on tetra-meso-aryiporphyrins indicate that the dihedrel angle between

 the phenyl rings end the parshyrin is 61 - 632 28 -2 |n eddition, the resction

driving force, AE can jbe systematically veried by appropriate replacement of the trans
ligand in the sixth coordination position of the ruthenium éomplex.

"The first goal'of this work is the study of photoinduced electron transfer in these
coiplexes 69 & function of the driving fofde. The rate is expscted to incrgasc.vith
e ssing ﬂriviné force as prwicted_ by the theoretical meodels for electrun transfer. The
P-Ru(lil) system can provide all necessary information to test this prediction.

Secondly, it is oxpscted that the relative orientation of the pyridine ligand might
play a significent role in optimizing the rete of electron transfer. The extent to which

angular orfentation of the reectants cffects the rote of the electron transfer, and thus
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the wlishaticity of the system, can be adressed by this system. The iptramolecular
rates observed in the bifunctionsl perphurin where the porphyrin-pyridine orientation.

is fived, eore compared with the infermolecular retes observed in the diffusionsl

ensuuiler resclion inwolving monosubstiluwe porphyrin and unbound Ru(H(KH 5)5 Py
complex, sinte in the diffusionsl case, &l pyndine-porphyrin ericnletiony sre pussible.
Therstore, messuroments involving the diffue usl povwinduced electron transisr betwssn
menesubstituiod porphyrin an& vai ying concciirations of the unbound Ru{liD{ki )y Py
complex will be performed.

Finally, It will ¢ useful elso to compsre the rates observed in P-Rullll) system
with the rates observed in a mﬁwlogoufs systein described recently by Netzel et al. 22
in the latler system o quinone is stlechsd o the meso position of the porphyrin and the

relative orisrtation betwssn both rings 1 also expscted to be “ nearly” perpendicular.
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1. Meterisis and Methods

Materigl

The soivents were il reagent grade. in experiments requiring dry solvents, NN -
Dimethylformamide ( DI4F ) wes distilled from 43 molecular sfeves (Union Carbids) et
reduced pressure. Methylene Chlorids weére purchesed from J. T. Bsker as

Spectrophotometric Grade Selvent . Solvents were allowed to stand over 4 & molecular

stoves,
Mathods

Static emission messurements were mede {u & Perkin-Elmer MPF - 44 4
spectrofluorimeter. Sutnples of free ligsnd porphyrin and mwodified mrphmn were
edjustod to the: swine cowuntration, using & Perkin Elmer Lambda-3 instrument.
Czvitation wavelenpths corvespond {o the Soret paseks (A = 480nm Y, and emission was
manitired ot the moximum of the emission band.

Lasar flash photuiysts studles were carried out by wing o Quants-iley DLR-Z
NAYAG . Ths second harmonic (A = 532 am }, v, 250 md per pulse and & flach dursiion
of 8 ns, was used es the excitetion source. A monitoring tungsten lamp was used. &
shutier which was controlled by tlwvcomput&r and synchronized with the laser,
minimized the time ikt the sample wad exposed light.' The signal collevwd froem a
1P28 photomuliiplier was emplified by s FET probe amplifier and input into 4
waveform Biometion 6500 transient digitizer. The system wes interfaced (o a Digital

LS - 11/03 computer which controlled the firing of the laser.
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The kinetics were monitored by observing the return of the porphyrin signal
( bleaching of the Sorst) or by observing the ’tramient triplet-triplet absorption in the |
450 nm  region, where the triplet-triplet absorplion band characteristic of free bose.
porphyring predominates 25 .

The values of the triplet excited stale lifetime decay were obtained from the Single
Exporential Lincer M—Sqmm Fit program. 26 1t is essumed here that the molecular

luminescence obeys a single exponentiel decay leading to an expression of the form:
M) =1 exp(-t/ 1) » (5)
whero | is the I'ntarwi_tu‘of transmited light for a partiéular time t of the T, -T,

ahsorbance docsy curve, lg is the initial Intensity and T i3 the excited stete lifetime

decsy. Datas were can#ertw to absorbance { sssuining zero baseline } end & fit wes
obtsined from piot of In A vs time uielding a straight line ( assuming a siigis
exgwl{ential decéga).ﬂm slope yicids the lifelime and the fit yields the celculsted fit date
CUrVe.
tcm quertz celis were used and samples were degassed by the f}ewe-pump»m@w
mathod. Measurements were giso mede in a Ar-purgsd solution sndkboth methods proved
17} bve sfficient in eliminsting oxygen from the solution. ,
The porphyrins under study follow Heer's law in DMF over 8 concentration range of
105 to 107 M. The fact that the Beer's law holds over this concentrstion range

indicates that oligemer formeation and stecking is negligible.
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2. Results and Discussion

The rate of photoinduced electron transfer in ths suystem under study is
experimentally determined as the difference bebween the rste of triplet decay for the

free ligand porphyrin and the modified one, ie;
’ —
kep V- A7 - (6)
where T, Tepresents the tripiet decay lifetime of the unmudified porphyrin { free ligand)

and 7 i3 the triplet decay life time of the modified porphyrin. Thus the rate of excited

state decay of the modified porphyrin is expected o be much lerger then thet for the

free ligand porphyrin, since the presence of an e!e'ciz_'éa @Lém!wr m the meso pyridine
opens a new { and not surprisingly) efficient mmpgﬁng deéa.u chennel,

The populstion of the porphyrin triplet excited state is facilitated by the relstively
small S-T spl-etting; high intersustem crossing uield and long triplet lifetime 27 of
the perphyrin chromophore. The determination of the ir_’{ip?ﬂ state dgecaqiabtained hy
monitoring the T, — T, absorption spoctra. Shown i.n:thigure i.is a8 state disgram

showing the pethway lesding to T, - T, absorption. Absorption in & is foilowed b

intersystemcrossing b, to pepulste T,. 1t is then capable of absorbing photons end

undergoing f, -+ Tzltransi‘drms. The eleciron transfer pa’tbhwag to the sccepler is
shown as well 83 the spontaneous triplet decay. The kinetic information was obtained
from transient absorption measuremersts of the bifunctional porphyrin dissolved in DMF
at room temperature.

The triplet excited state decay of free ligand porphyrin, S- (4 - Pyridyty -10, 15,



e

e

Figure 1. State Diagram Showing the Electron Pathway Lesding to the Reduction

of Acceptor
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ZD-tritoluf—porphurin was observed by monitoring the T-T absorbance at 450 nm. The
resulting excited state decay is shown in Figure 2. The decay curve shows g single
exponentisl decay over the first 65% of the total reaction. Lower correlations were
obtained if the entire range of the decay curve were measured. The result suggest several
poesibilities: First, gross errors could huve been made during the baseline subtrschion
since the baseline i3 not flat in the time base used { time base of SO‘G ng pe:; chanps] v
used) Second, more than one decay wey occur if the free ligand porphyrin presents more
than one conformation in solution. Another pessibility is that the pyridine may be
protonated, but this possibility iz uniikely in DMF. The presence of a second excited
decay was observed by another research group, using homologous systems 28

The triplel excited decay of the rwdified porphyrin is shown in Figure 3. Our
results show that the incorperstion of & neighbering Ru{li!} center in the meso
puridyi, modifies the ré&ativim of the porphyrin moiety. The rate of the triplet excited
state decay s reduced from 6.5 % 16351 for free porphyrin ligend to 4 % 104 gt
for the meso-tritolyl [ N - {pentasmminerutheniun} {11} pyridyllporphyrin {1 ).

The observed gU2nching of the triplet excited state was fentslively assigned to 2
photoinduced electron transfer process from the pcrphgh‘n excited stste to  the
mthe;ﬁs;m. in order to test this sssignement we chose to vary the exothermicity of the
system since for electron transfer the rate deperds on the exothermicity for resction.
To acheive this gosl in the Porphyria - Ru system, the _dr'i,vi‘ng force of th’e‘ system was

A ° o
changed by varying the redox potentisl of t%‘se'"'mt’ﬁ_e'niuhi Thus, the redox potential of
the ‘Ru{ill) was aliered by replacing the smine “trans” ligand on rutheni.um with tigsnds
that are v accepto_rﬁ.The Ru (H‘I,, i1) formal potentials ecquire more positive values ss the

71 - aceepting capability of the sixth ligend increases. The amino ligand on the trans



Figure 2. Decay of T-T sbsorption of S5-(4-pyridyl)-10,15,20-tritelyi-porphyrin in
DMF observed at 450nm. Aversge of SO laser shots. Continuous line shows the

theoretical correlation (€ =99% ) for 65% of the reaction.



INTENSITY

110

\

any

e

250 SQ0

TIME ( IN USEC)



Figure 3. Decay of T-T absorption of H,TTP{ p-CHz)5 (4-Py) RuM (NHz) 5 in DMF

observed at 450nm. Average of 60 laser shots. Continuous line shows the

theoretical correlation {C>99% ) for 20 % of the reaction.
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position of the ruthenium wus repleced by pyridine and 3-Cl-Py. The driving force, AE,
for each molecule is the resulting sum of the ome - ¢lettron oxidstion potential and the

one-electron reduction plential for esch molecular adduct. For the Porphyrin- Ru
system, AL is estimated using

AE= E(P/P*) + E{(Ru3*/Ru?") (M
The differeace belwesn this energy and the energy of the lowest triplet excited

state of the porphyrin, yields then an estimete of the exothermicity of the pholoinduced
| electron iransfer resclion. We assume thet the entropy change of the S, - T, process is

negligibte. Thus the exothermicity is eshimeted using

AU= A5 -Ego(P-3P%) | (8)

For exar ', based on the cyclic voltemmogram dolas shown in table ], we estimated,
a vetue of + ;.ij? e¥ for the free energy of the ground stelc of P-Ru sysiem. Combined
with 8 value E . (P - #p%) = 1.44¢e¥, AU=-037¢¥ vas estimated for the excited
{riplet netaﬁe. it i‘a -clear,tﬁgt: is easier to achieve elecfron removal from an excited
state than from the ground stsie. .i’.mthe'r important point' to be noted i3 thet the
exotbermicity of the P-Ru{ill) system can also be altered by foilowing the transfer
fram the singlet éxmited st&ées ar by izmr;wrating a2 meta! into the porphyrin.

The resulting velues for the phatoinduced electron tfamfer_ & 8 function of the
exothermicity are cisplaged in table ). The triplet excited ;tate_ decays for compounds i
and til is shows in Figureétt and 5.

The rateof the excited shote decsy increeses {Figures 4 and 5 ) following the order:

3 3
K free tigand < ~ Kz < Kpgr < Kzcrpy -



<

Table !l €45 values va ‘the NHE in DMF (V)

Compd ! 512, bira
(REVT) pto

(P QQ.QNHS)Q(PFG); 0 40 147
[tr-P Ko NH3 4PYI(PFL) 5 | 058 1.43
[tr-pQu(NHS)d\'3-c1—Pg)](§F6>3 0.66 1 44

113

P = Meso-HTPP(pCHz )7 (4PY)

D~CNRU(NH )L
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Table I Rate of Electron transfer and driving force P-Ru(lll)

Homologues

' AEP kgr®

Compd -1

(V) (s )

. a . :

(P RU(NHz) 5] (PFg) 5 0.38 4.0x 104
[tr-P RuCRHZ) 4PUI(PFg) 5 055 . 1.2x10°
[tr- PRU(NH ) 4(3-Cl-PY) 1 (PF) 5 063  50x10°

a - P =Mesc-H - TPP(pCHz)z(4PY)

b - Measured using AE=E_ _ (F - 3p%) 4 £ ¢ Rua*/ Qu2+) -E(P'/P°)

CE (P - 3p™) = has taken as 1.44 eV (25)

¢ - Measured using £q. 6



Figure 4. Decay of T-T ebsorption of H,TTP( p-CH 5}z (4-Py ) Ru M (NH4) , Py in-

DMF observed at 450nm. Average of 60 laser shots. Continuous line shows the

theoretical correlation (C > 99% ) for 90 € of the reaction.
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Figure 5. Decay of T-T absorption e? H ,TTP{ p-CH 5)z(4-Py )Ru h (NH z ) 4 ( 3-CI-Py)

in DMF observed at 450nm. Aversge of 150 laser shots. Continuous line

shows the theoretical correlation {C > 99% ) for 90 % of the resction.
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The observed resuiis were interpreted 1o lerms of e clussical Marcus
theory 2%31 35 slready monticred, this theory ‘asaumd that &l electron transfor
resctions occur on an odiebatic  potential surface, which is formed by e&n Qafaizimi
croxming of the reactants and products caused by & strong electronic interaction.

The rate constent for g pmtoimm eléctron transfer mey be written ss

~(AU+ El.ﬂ

Ber = ABXP I-FErRT

(9)

whete & is 8 preoxponentiel factor, which in the classical theory is simply a conist'onv
frequency <51, £ _1sthe total resryanizstion ensrgy. As already mentioned £, represents
the sum of the internal ( A ) end exterrel (A &) reorgenizetion enargies. A ;8 dus to

the bond lengta and bord engle deformations, and A Sis due to the selvent rupulerizaiion

energy.

This !‘itmifg'pmdicts {;‘.‘;Q t}hsA Fi;i'ﬁ! of electron traMr 'increa@s with incressing
exothermicily. Indeed, this prediction is confirmud for the system under study, es is
cleariy indicaled by L. plot of Ink va, AM{ Figure 6 ). The best agreement hetween
{haory and aﬁtpér‘iman% is obtsined if ome uses ¢ va!_(ss of 0.8Y for E .. This fgct is
strongly cuggestive fhel slectron transfer is the &uninat resclicn psinway, bul srﬁfgg
transfer pathways @ré not eutomaticaily preciuded. Thres other mechanisms could produce
the quanching of ‘riplet ‘sxcited state of porphyrin: {1) energy transfer from the
perphyrin exeity. slates {6 nentsamining Ruthenium states and back to ground rorphyrin
stales; (2) “Heavy-atom"” yusnching thch vosliges the fast redistionless decsy routes.

{3} Exchangy quenching, {4) or magnetic dipole quenching.



Figure 6. Plot of log of the photoinduced electron transfer vs. the free emergy change of

the electron transfer reactien. The continuous line was csiculated by using the

Marcus free energy relationship (eq. 9) E. =0.8eY.
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The first possibility is exciuded since energy transfer from the lowsst porphyrin
tripist excited state {1.44 ev) 32 w the lowest pentsamin ruthenium states (% 3 ev) 33
is too endothermic to be eomiderp@v_imgo_{t»ang. ' |

i the 'ohséar\(eﬁxquemhi}s@: of the lowest porphyrin tr"tplet excited state s due to @
“heavy-atom” qwmhim;;, the same clunge in the resclivity of the porphyrin should be
observed when the Ru {iif) is reduced to Ru(il). Kinstics results of P-Ru(ll) shows
the seme triplet excited decon ihs? wes observed in the free licand porphyrin, thus
eliminating the possibility of ihe desciivetion via the second mechsnism.

The third and feurth possibilities zcom o be remole since, the ruthenium NI -
species is located considerably far from the center of the ring, where such effects
could be efieah‘vg. The sgmhesié of & non reducible Ru (Iil) species is suggested to
elucidate this point.

Te provide more direct evidence of redox prodwt formation o kinetic compstition
experiment was perfersced. The experiment consisted of irvadisting {1 ) in DMF. It is
known that porphyrins can mediale the pholooxidation of a wvariety of organic

substrate 27 and photoxidation of DMF by porphurins has been observed 34 The

parphyrin triplet excited state does not resct directly with DMF (T = 700 ). The

resulling kinelic competition experiment shows thet when (I1) is irradiated in bMF,
Ru (i) 1?’3 reduced io Ru(ll), but no such resction occurs in CHCN. Figure 7. shows
the visible spectra of P-Ru(ili) systems before and ofler photolysis. The spectrs
obtsined after photolysis is charscleristic of the P-Ru(i!.} system. This fact provides

eviconce for a clesr cese of intramoleculsr electron transfer, followed by solvent

oxidstion by the porphyrin cation radical.
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T.hus, the experiments reported here provid evidevnce that the triplet excited state
of the porphyrin mwiety sensitizes the sleciron transfer to the Ruthenium complex. From
these studies it i3 clear that in the normal free energy region, the quadratic dependence
of ink on AU predicted by the Marcus theory is basically correct.

We felt thet it would be of interest to examine the return of an electron to
porphyrin by awaitoring the reappesrance of the sorgt band after bleaching {bleaching is
caused by o loss of an electron from the ground state). it was observed that the rate of
back slectron trensfer is fsster than the fofvard electron transfer rate. Therefore the

rate of forward electron transfer is rele determining in the repopulation of the ground
sigle porphyrin.  Such a result is expecied, since for A ~0.8Y, kgybsck 2 kgyp

forsurd.

it i3 interesting to compere the reslt observed from compound (1), wiere ths
rate of 5.0X10%¢' was observed st AG = -0.64Y  with thet found in strusturaily

homologous  porphyrin quinone system (1Y) €10 718~} &t AG % -8.02 ¥ 22 Two

points



must be emphezised here:

1) in both sgcs‘_tem the distance and orientstion between donor and scceptor appesr
to be similar. |

2) The Framck Condon fat.cs are oplimvized in the porphyrin-Ru{ill} sgstem, but
not in the porphyrin quinone.

The sbvious questiun that arises i3; How can such drasmwtic diference of six orders
of magnitude in refe be explained ?

The synthesis of the system under study wes based on the simple fact that the
woinndulion betwesn the pyridine and perphyrinic ring ensures weak electronic coupling,
and thus reduces the adisbaticity of the electron transfer.

This strategy appears to work in this system and the low observed rate could

reflect the orientation between both resctants evsn though the porphyrin and ruthenium

complex are in intimate contact. (< Yan der Wesls contect )

it is interesting to note that data of Wasielewski et o1 ® suggest & rate > 1010571,

at AG =~ - 0.70 in s molecule where the the » e§ectronic; system of the porphyrin
maintains @ 6 & coye-to-edge separation with that of the quinone in & parallel fashion.
it seems that the rele here is optimized by the proper orientation of donor and acceptor.

Our resuits on the electron transics resctions can be utilized in conjunction mth |
the c!assicé! and/er quantum mechanical models to obtain an estimate of the distance
traveled by the electron. De¥eult 3° derived an equation for the probability of an
cleciron transition passing from the reacloni potential surface R to the product potential

surface P a8t 3 suy given energy. In his derivation the nuclesr motion was treated

classically but the prebability Pgp of sn electronic transition from R to P was derived



by the Lawwweu and Zener egustion. Tne resulting equation is & combination of Equatien 3

and:

Az2m/hHapl® (ATE KgT) V2 (11)

Thus structural information about the separation of the electron donor and acceplor
might be obtsined through the prefactur A. Calculations based on this formula give IHabl=
32 % 1072 em~! which is surprisingly nonadiabatic for a system in which donor and

scceptor are in close contact. Equation 2 was used to celculate the distance R given the

cofstant & = 172 wlwre the parameter g is exgra@ed in the same units of R and was
estimosted from putse radolysis studies suggesting a = 0.75 3 36 we expect that the.
relative angular orientation Detween donor and acocplor could cause & large effect on
‘Hab!’ fn’ this calculation such an effect was not considered, and the adopted value of
0.75 & for the constant “a” reflects an aversge of angular distributions. This analysis
of our experimentel findings a'txws us to estimate the distance travelled by the
electron as being about 113, It appears that the electron travels from the edge of the
prophurin ring to the center of rutienium atom, proebably via a through space pathway.
This distaice wes calculated by CPK models as being about (7 R), while the
center-tu-center distance 18 ce. 10 B. The edge is defined as that position one space
par Jineter axrasg'fram the maximum in #-glectron densitg.‘g?

To our krowleGge this is the first cese of nonadisbatic electron transfer reaction
where the redox centers are at a close contact. The demonstration that the rates of
electron transfer are nenadisbatic even at the Yan der Wasls distance adds support to

recent suggestions thet the degree of adiabaticity in many diffusionsl electron transfer



reactions can be low, 38
The quenciing of HoTTR{p-CHxlz(4-Py) in a DMF solution containing various

concentrations of unbound Ry ! {NHzis Py [{1-30) X 10 "4 M] shew thst (Figure 8) the

rate of electron transfer increases linearly with ruthenium complex concettiatisa at low
values and then more rapidly, suggestive a very efficient static quenching mecharise. No
rate ssturation was observed at the highest . concentration of Ruthemum complex,
suggestive of stetic jusnching. Such stutic quenching is well established for quenching of

por phyrins by other aromatics acceptors.39
Surprisingly, the intermolecular rste of quenching of HoTTP(p-CHz)z(4-Py)

exceeds e corresponding intrams}ecular- quenching rate in‘compounct {1} even at low
concertration éf the que.cher. i1 is inferesting to note that in {1}, the “quencher”
portion of the molecule is ebwiously already in “collisional” contact with the porphyrin.
The observed raws in  bimolecular resction are faster than the corresponding

unimolscular reactions. The meximum bimeolecular rate is set by the solubility of
Ruli) (NHg)SPY and it is 100 times faster than the rate ebserved in (1)

Orientationsl sversging i3 expeciuwe.dur & collisional electron trausfer reaction, and

N 4
¥

& prépsr "gr'i»s.fniatéén ca'uid‘ lead % higher ad‘éab&ticitg than that achieved for the
dimetallic porphyrin  where the gesmetric comstraint tends to minimize the rate of
electron transfer.

The reaclents in the bimolecular study allow the formation of two different
geometries which might optimize the retes of giffusions!l elestyon trensfer:

1) Attack by e "smmine” face, rveducing the distance between the porphyrin and -

ruthenium.
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2) Coplanar sfteck of pyridine in the porphyrin ring { most probably over the
pyrrole ring } resulting in 8 stacking geometry between the porphyrin and pyridine. |
Caleulations by Mercus &nd Sigers 40 predict  thet the relative orieniation between
two :f*sgstém glays an imporient role in optimizing the refe of electren trensfer. For
exampls, the rote is ogﬁnﬁzéfe in & stocking geometry, and minimized in & parpendicular

orientstion. This prediction provides suppor® for the latter explanation.




Summary

Summarizing our results, we note Liwi ibe photoinducsd electron transfer in 8
P-Ru(lil) systern depends on the driving force of the system and the rate incresses
following the order: K gop tigand < ¥pz < Kgy < K(zcrpy . This results are
interpreted in terms of tie classical Mercus theery, which predicts a quadratic gependence

of Tak on al. From these data an estimote of the reorganization energy is obtained: E,=

0.8 e¥. Theoretical anaiysis of cur results sllows us to estimete the degree of adisbeticity
s being [Hy l= 32X 1072 cm™ which is surprisingly nonadisbatic for a system in
which dowor and soeepinr are in close contact.

io sur uaderstsnding, this ié the first cese of & nonsdiabatic electron transfer
reaction in which donor amji__{;&.mpmr are in @ Yen der Weals contact. Sucii findings may
hitve impaﬁaﬁf biol@im! 'iir;plicaﬁons. At least %:Qfs +Zplangtion sre possible:

1) Perhaps the relative orientation befween the pyridine and 'porphurin ring plays

an important role in optimizing the rate. The meso pyridine in the bifunctionsl

porphyrin is consirained essentislly perpendicular to the pofphl;rin plane, due to steric -

interference caused by the B-pyrrole ard o-pyridine protdn{ 'Thm -5 everlap is
mitunized. In the sbwnce of strmsgvaramat‘ic coupling, it appears that the transfer
gctrs directly to the ruthenium etem, problabiy via a through space pathway. By |
contrast, ih amﬁoﬁsus prophyrin quinens mgsiems the through space psth is much
snorter, consistent with the fasler reles observed in such systems. This explanstion is
consistent w}th cal.culaﬁmks of Marcus and Siders. 49 Hovever, st a4 602 reigtive angle

one would expect relatively large overlap.

2) In the reactive glectronic state, little or no densify resices at the sseve carbon,



Py
so thet & throggh bond pethway ts effectively prevenied. Some support for this notion is
~ aveilsble from the claculation of Gouterman et &l 4!

We concluded thmt nonediabwticity can occur, even st the Yan der Waeal disiances
between reactants, if the interaction geometry is not optimized. The distance traveled by
the electron wss estimsted to be 113, which is consistent which a center-to-center
distance between both redox partoirs.

The ohserved rales in bimolecular resction, betewxn unsubstituted porphyrin and the

Ru{lD{(NHz) Py sre 100 times fester than found in unimolecular Porphyrin-Ru(lil)

sa&iezﬁs- This fect might Y& understosd in similer geometric terms. In the bimsieculsr

reaction, ¥- overlep of the porphyrin end puyridine may occur, lesding to sn increase

in effective rote. g
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