Comrdination Chemistry Reciews, 12211993y 63-89 63

Studies of intramolecular electron and energy transfer
using the fac-(diimine)Re'(CO), chromophore

Kirk S. Schanze, D. Brent MacQueen, Thomas A. Perkins and Leonardo A. Cabana
Department of Chemistry, University of Floride, Gainesville, FL 32611 11§54,

{Received 29 fanuary 1997

CONTENTS
. dntroduciion f4
B. ibRe{COLL Lomplexes Symhesas and pholaphyswal pmpcrms e ol
(i} Synihesis b
iy Photophysics and excaied state redox properties . . e 65
" Photomnduced intramolecular electron transfer in Relly C.0) complexex ,,,,, a4
{iy Kinctic and thermodynamic considerations . . . e i
i) Dependence of kpy on AG ; in (BYRe(CO), P}DMAB complcxc» ............. 71
(i) Back electron transfer in (MRe(COY, PyPTZ complexes . . .. .. .. ... ... ... w4
{iv} Long-range photomnduced electron transler across peptide spacers . . . . . ..., .., 75
v} Donor-to-metal electron transfer acress a ripid organic spacer .. .. ... L. L 78
ivi)t Comparisons of forward clectren transfer rate data . . . .. 0.0 L 9
{vi) Comparisons of back electron transfer rate data . . . . .. ... ... . 0 K2
D. inwamolecular caergy transfer in Refbcomplexes . .. ... .. .. .. . oL K3
E. Concluding remarks RS
Acknowledgements *6H
Relerences . . oL L L K6

ABBREVIATIONS FOR DITMINE LIGANDS

tmbh 4455 -tetramethyl-2,2’-bipyridine

dmb  44-dimethyl-2.2'-bipyridine

bpy 2. 2-bipyridine

4-dab  4,4-bis{N N-dicthyicarbamido}-2,2'-bipyridine
5-dab  3,5-bis{N ,N-diethylcarbamido}-2,2'-bipyridine
deb 4.4 -bis{carboethoxy}-2,2"-bipyridine

bpz 2,2-bipyrazine

Correspondence 1o K.8. Schanze, Department of Chemistry, University of Florida, Gainesvilie, FL 32611,
USA.

O0-854593,524.00 £ 1993 - Fisevier Sequoia. AN rights rescrved



6d KX Schunze ef o, Coord, Chemi, Rer, 122019895 63 an

AL INTRODLUCTION

Chromophore-quencher (C-Q) molecules contain a light-absorbing moicty
covalently linked to a molecular unit which quenches the eiectronically cxcited state
of the chromophore, usually by intramolecular electron or energy tansfer {et. or E, T.
respectively). C-Q molecules have played a prominent role in clucidating the depen-
dence of the rate for el. or E,T on factors such as donor -aceeptor separation
distance, thermodynamic dnving force. medium. and the motecular structure of the
spacer which connects the donor and acceptor [I 19]. Most studies huve focused
on C-(Q systems which utilize organic chromophores such as porphyrins and aromalic
hydrocarbons [1 -197; however, recently there has heen an increasing number of
studies concernming ntrumolecular et and E T in C-Q molecules which utilize a
transition metal chromophore [20-50]. Most of these transition metai-based C-Q
systems utitiz¢ either Ru"(b); or fac-(b)Re'{CO},; chromophores (where b is a hiden-
tate diimine ligand such as 2.2-bipyridine). Both of these chromophores are useful
because they have tuminescent excited states which are based on dn {M) — #* (diiming)
metal-to-ligand charge transfer (MLCT). However, the Re(l) system is purticularly
well suited for studies of vt and ET in C-Q molecules because of a unique
combination of features that include a convenient and versatile synthetic chemisiry.
thermal and photochemical stability, luminescent MLOT excited state. and tunabie
excited state energy and redox potentials.

The objective of the present review is to summarize the results of recent studies
of C-QQ systems in which the fac-{b)Re'(CO); unit has been utilized as the photoactive
unit. Several issues are eovered. including (1) ihe chemical and photophysical proper-
ties of the fac-{b)Re'{CO), chromophore which arc relevant 1o the synthesis of C-Q
molecules and the study of intramolecular et. or E,T. (2} studies concerning the
distance and dnving-force dependence of e, in Refbi-based C-Q complexes. and
{3} studies of the dniviag foree dependence of intramolecular triplet E, T. While mosl
of the work which 1s described has been carried out by the author's research group,
related work carried out in other laboratories will also be discussed.

B ibRe'(CO), L COMPLEXES. SYNTIESIS AND PHOTOPHYSICAL PROPERTIES
(i} Synthesis

The starting matenal for (b)Re'(COj; L complexes (where L is a monodentate
o-donor, m-acceptor ligand such as a substituted pyridine) is fac-{b)Re'(CO), Cl,
which can be readily prepared from CIRe(CQO); and a varieiy of diimine ligands in
high yield [46]. Several methods have been utilized to prepare the target (b)Re'-
{CO), L complexes from the (b)Rc'(CO), Cl precursor, One involves preparation and
isolation of the complex (B)Re'(CO),(CF;SO;) [5171, which is then reacted with
approximately one eguivalent of the bhgand, L, in refluxing EtOH or THF [49]. A
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problem with this approach is that the immediatc product of the reaction is a
trifluoromethane sulfonate salt [(b)Re'{CO} L~ 1[CF,S0; 1. These salts typically
have RF = 0 on alumina or silica gel, which precludes the use of thin-layer chromatog-
raphy (TLC) to follow the reaction. The method of choice in our laboratory is to
convert the chioro complex directly to the L-substituted complex by reaction with
a shight cxcess of the monodentate ligand in the presence of excess AgPF, [46]:

JeqAgPt,

{(b)RCCO), Cl + 1.2¢q.L [(b)Re{(CO), L * J[PF, ]+ AgCl i)

I;M[—. wmoe
This reaction is conveniently [ollowed by using either alumina (20% CH,CN;CH, 1,
cluant) or silica gel (5% MeOH/CH,Cl, cluant) TLC to monitor the disappearance
of the starting material and product formation; yields of the purified {{b)Re"{CO); L * ]
[ PF, 1 complexes typically range from 20 to 50%.

‘i, Phorophysics and excited-state redox properties

Wrighton et al. discovered the unique photophysical properiies of the
{bRe'(CO); chromophorc [52-34]. In a siudy of a series of substiruted 1,10-
phenanthroline complexes, they observed moderately iong-lived luminescence in fluid
solution at 25°C which was assigned to a dn (Re)—n* (phenanthroliney MLCT
excited state [52]. The MLCT assignment was supportted by the fact that the emission
energy decreased as the electron accepior capacity of the phenanthroline was
increased.

More recently, we have examined the photophysical and elecirochemical prop-
erties of the series of complexes (b)Re{CO),PyB [46] (sce Fig. | for siructures). These
complexes contain a series of substituted diimine ligands which were specifically
selected because of their widely varying electron acceptor capacity {LIJMO energy).
Interestingly, the photophysical and redox propertics of the (b)Re'(CQ); chromo-
phore vary strongly, but systematically, as the diimine ligand 15 varied. Table |
contains a summary of emission maxima (£, ), emission hifetimes {r,), and ground
and excited-state redox poientials for this series. Each complex displays a moderately
miense, broad emission band in fluid solution at 25°C which is assigned to the
dr{Re}— m* (diimine) MLCT excited state. The MLCT assigment is supported by
correlation of E, ; with the ground state reduction potentials (Fig. 2), which corrc-
spond to reduction of the coordinaied diimine ligands. Figure 2 also highlighis the
relatively large change in £, , which accompanics variation of the diimine ligand.

Another fcature concerning the photophysical data for this series is that 1,
decreases as E_, decreases (Fig. 2). In order to gain more insight concerning ihe
effect of £, on the lifetime of the MLCT excited state in Re{l) complexes, Meyer
and co-workers examined the effect of E,, on the radiative and non-radiative
componenis of the cxciied state decay rate {k, and k. respectively) for ihe series of
complexes, (b)Re'(CO), Cl [55]. The results of their study are summarized in Fig. 3,
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Fig. 1. Structures and abbrewiations for Re{l) complexes discussed in toxt. The ligand b 15 a bidentate
diimine ligand such as 2,2-bipyridine {see text for ligand abbreviations). The stereochemisiry at Reil) is
facial.

where In(k,,) and In(k,} are plotted as functions of E,,. Note that in{k,,) decrcases
linearly as E,,, increases, while In{k,) remains relatively constant. The linear depen-
dence of In(k,.) on E,, is explained by the theory of highly exothermic, non-radiative
decay processes, and the effect has been termed (he “Energy Gap Law™ {56]. By
analogy with the (b)Re'(CO),Cl system, we believe that the concomitant decrease in
Tem and E,, which is observed for the (bjRe(CO), PyB series (Fig. 2) arises because
of the effect of E,,, on k..

By using the photophysical and redox data compiled for the (b)Re(CO), PyB
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Fig.2. Plotof £y, B, o*Re "L £, (*Re”™ 27 | and 1., a5 a function of the £, ,(Re " ) lor the {pRe-
(COy; PyB series in CH;CN solution. Units: £, ,(*Re” "yand £, ;(*Rc™" )in V vs. SSCE. £, , ineV,
aad 1, in ps. Note that the first reduction of the complexes, £;..(Re™ ") corresponds 1o reduction
of the diimine ligand.
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Fig. 3. Plots of In k(&) and In k, (W) as lunctions of emission encrpy {or a scries of {dimineglRe{CO), (1
complexes (data from ref 55),

complexes, excited-state redox potentials have been calculated {Table ). Several
points are of inierest regarding these data. First, in general, the photoexcited
{b)Re'(CO; chromophore is a comparatively strong oxidant; however. it is a relatively
weak reductant. Second, the excited staie redox potentials vary systematically as the
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diimine ligand changes. This variation is also illustrated in Fig. 2, where the excited
staie potentials are plotted as a function of the ground-state reductioa potential. An
important point to note is that £, ,{*Re*"°) varies by approximately 300 mV across
the series, while £, ,(*Re 2" varies over a 900 mV range.

A major thrust of our work on the (b)Re'{CO), chromophore has involved its
use mn -Q molecules designed to allow the study of intramolecular ¢t. and E,| T
[43 497 As a result, it is important to peint out the way in which the nominal
photophysical properties impact the study of C-Q complexes which incorporate the
Re(l) center. The first point which must be considered is that the (b)Re¢H(CO),
chromophore is a stronger oxidani than a reductant. Because of this feature, in
studies of intramolecular c.t, in Re{l)-based C- compounds the quencher {Q) is
typically ap electron donor (D). This allows for moderately exothermic photoinduced
e.t.. cven with only moderately strong donors (¢.g. E, (D% ") ranging from +0.5 to
+1.2 V vs. SCE). Second, because £, ,{*Re " ) can be varied by changing the diimine
ligand. it is possible to study systematically the effeci of the free energy change for
e.t. (AG 7 on the rate of intramolecular e.t. 1n Re(l}-based C-3 compounds. A thurd
important feature of the Re{l) chromophore is that £, can be systematically “tuned”
over a relatively wide range by varying the dnmine ligand (Fig. 2). This tunabibity
provides an wnportant tool for the study of driving force effects on the rate of excited
state energy transfer (see Sect. D).

O PHOTOINDUCED INTRAMOLECULAR ELECTRON TRANSFER [N Re(h -G COMPLEXES
fE) Kinetic and thermodynamic considerations

As noted above, in studies of e.t. in Re(I)-based C-Q complexes, the covalentiy
linked quencher is usuvally an electron donor [24-27.43 -46]. Thus, a generic Re{l})-
based C-Q complex can be abbreviated as (b)Re'-D, where D represents an electron
donor. Figure 4 shows an excited-state diagram which illustrates the kinetic and
thermodynamic parameters that are imporiant for such a system. Photocxcitation

_‘:{ AGger
'
_____ (diimine L)R: D w‘ﬁ/
MLC 3 (dimire)Re-D*
+hv -hV, -A LLCT

Emer ke

AGger

Keer

_____ (diimine)Re-D 3 .

Fig. 4. General excited-state diagram for an electron donor-substitvted Retl) complex.
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in the near-UV region rapidly produces the MLCT cxcited state, which can subse-
quently decav by either of two paths: {11 normal radiative and non-radiative decay,
with rate £J: {2) intramolecular forward et. with rate k.,; and thermodynamic
driving force AG,.¢r. Importantly. the forward e.t. quenching step invoives transfer
of an electron from the donor 1o the electron-deficient metul center, which resuits in
formation of a ligand-te-ligand charge transfer (LLCT) state. In the LLCT state. the
odd-electron is localized on the diimine acceplor ligand and the positive (hole) s
localized on the organic donor, Decay of the LLCT state occurs by back e.l., with
rate &y and driving force AGy . importantly. this process is not simply the reverse
of the forward (quenching) ¢.t. step: in back e.i. the diimine radical anion is the
electron donor and the donor radical cation is the electron acceptor. Because of this
difference, Franck Condon and clectronic coupling terms are not expected to be the
same [or forward and back c.l.

The thermodynamics for forward and back e, in (b)Re-D complexes can be
estimated from electrochemical and spectroscopic data by using the expressions

AG!"ET = LIZ(DD ' ] - El.'Z{RC ’ {}] - Eo_o ‘2}
AGypy = Ey (R - E (DD ) 13)

where F, ,(Re™ ) 1s the first reduction potential of the (B)R¢HCO); chromophore,
E, L{(D:D 77y 1s the first oxidation potential of the donor, and E,, 1s the O 0 enerpy
of the MLCT excited state. which can be estimated by using ernission spectroscopy
3,571, Note that a coulombic interaction term has been left out of these expressions.
This 1s justified because, if the overail +1 charge of the (b)Re'(CO), L chromophore
15 taken into account, photoinduced intramolecular ¢, is a charge shift reaction.
The rate constant for forward e.t. in {(b)Re{CO};-I> complexes is determined
by time-resolved emission measurements. In a (b)Re'{CO);-D complex, the total
decay raic of the exaited state thy) w given by the sum of the “normal” decay rate of
the MLCT state and the rate of forward c.i. {cgn. {4a)). Rearranging cqn. (4a) and
substituting 1nverse lifetimes (§:t) in place of decay rate

L fdal
i ]

kFET = - ) f4h|
€m bem

constants leads to cqn. (4b), in which t_, s the cmission lifetime of the (b)Re'(CO);-
D complex, and 12, is the emission lifetime of a suitable “model” complex, which is
structurally identical to the (b)Re'(CO};-D complex, but lacks the electron donor
functional group. The assumption which is required for egn. {4bj to be correct is
that k§ is ideatical for the (b)Re'{CO);-D and the model complex. Lifetime studies
of various model complexes indicate that this assumption is valid when the model
complex is carefully selected [44.49].

The factors which ultimately limit the dynamic range of forward e.t. rates that
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can be measured are (1) the temporal response of the emission lifetime apparatus,
and (2) the “normal” MLCT decay rate (k§ ). By using flashlamp-based time-correlated
single photon counting (TCSPC), MLCT emission lifetimes can be routinely mea-
sured to approximately 200 ps; this places an upper limit of ca. 5 x 10%s ! on gy
which can be measured in (b}Re"(CO);-D complexes. Assuming that the typical
experimpental error 1a emission lifetime values obtained by TCSPC is + 5%, the lower
limit on k. which can be determined is approximately 0.05 x £}, Due to the fact
that & varics widely depending upon the diimine ligand {see Table 1), the lower limit
on k,,+ depends upon the particular (b)Re'{CO);-D complex that is being considered:
however, the range is approximately 10° 107571

The rate lor back e.t. in (b)Re"{CO);-D compilexes is determined by using laser
flash photolysis (LFP) to monitor the decay rate of the LLCT state. For most of the
{bjRe"{CO) -1 systems which have been studied to date, the donor radical cation
(D"} which is present in the LLCT state, (b~ JRe'(CO),-D -, gives risc 10 a moder-
ately strong visible absorption that can be conveniently monitored in the LFP
experiment [25.4546]. The limits that constrain the dynamic range of kg, valuey
which can be determined are: (1) the LLCT state must be produced in sufficient
quuntum vield so that it can be casily observed by LEFP; (2) Aupr must be slower
than Ag¢r s0 that the concentration of the LLCT state is sufficient 10 aliow its
detection by LEP: (3) the lemporal response of the LFP instrumentation. Luckily.
for most (b)R¢H{CO),-D complexes studied to date. the first two factors do not play
a role. and the only limitation 18 governed by the minimum time resolution of the
LFP instrumentation.

fir Dependence of ker on AGy in (h)Ref{CO ) PyDMAB complexes

One of the most comprehensive studies of the cffect of free energy on the rate
of photoinduced intramolecular ¢l 1 transition mctal-based C-Q sysiems was
recently carried out using the series of complexes (bjRe(CO), PyDMAB [46]. In this
series. the dependence of kg onn AGeeq and kgp o0 AGy .1 was determined in several
solvents. Forward e.t, rate constants were determined by measuring emission lifetimes
for the {bIRe{CO); PYDMAB complexes and the corresponding (biRe{CO); PyB com-
plexes and using eqn. (4b) to calculate ky,;. Back e.t. rates were determined by using
LFP to monitor directly the decay of the LLCT state which is formed by foward c.t.
quenching of the MLCT excited state. The kinetic results are displayed in a serics
of graphs in Figs. 5 and 6.

Several key features emerged from this study. First, for this serics of complexes.
forward c.t. is weakly exothermic and back e.t. is strongly exothermic; as a result,
forward ¢\, falls in the Marcus “normai” free energy region and back c.t. falls in the
Marcus “inverted” region [58-60]. The resulis illustrated in Figs. 5 and 6 ndicate
that the gencral trends in kg7 and kggy are qualitatively consistent with the predic-
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Fig, 5. Plots of log keey v8. AGpgy Tor the (bjRe(C O}, PYyDMARB complexes in {hree solvents, (a) Uncircled
points in MeCN solution, circled points in CH,Cl, solution, (b) Data in DMF solution, Solid lines
calculated using eqn. {5) with parameters given in texh

0.00

tions of Marcus theory: kggr increases as AG..; becomes more exothermic, while
kg increases as AGggey becomes less exothermig,

Second, there is a comparatively strong solvent effect on k... for comparable
AGepy values, k. 1ncreases as the solvent polarity decreases. Analysis of the forward
e.i. rate data using the semi-classical Marcus expression (eqn. {3)) provides a very
reasonable explanation for the solvent

kii'l" = Vokah, (53]

NI £1: /28 A b
S kg T

{ (AGyy + 5_]2}
K, =CXp{ ————————

(3b)

4k, T

dependence of k. The semi-classical expression describes the relationship between
ki and AGyq, the reorganization energy (), and the “maximum rate” (v x_,). which
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Fig. 6. Plot of log kg vs. AGg,, for (BIRe(CO), PyDMAB complexes in CH,CL, solution (Al and MeON
{..) solution.

is the product of an eifective nuclear vibration frequency and the electronic transmis-
sion cocflicient [58,59]. Note that the maximum rate 1s proportional to the square
of the donor—acceptor electronic coupling mairix element (H,p). The solid lincs
drawn in Fig. 5 were calculated by using eqn. (5) with v, =13 x 100 s "V (Hyg =
75¢cm Yand =08 eV {CH,Cl,), 09 ¢V (DMF), and 1.0 eV (CH; CN). This analy-
sis suggesis that the selvent dependence in kpgqy 15 due maimnly to the solveat depen-
dence of .

it is of interest to compare the scolvent dependence of 4 that is implied by the
fits of the cxperimental rate daia to that predicted by using the Marcus—Hush two-
sphere diclectric continuum model {egn. (6)) to calculate the solvent dependence of
the outer-sphere component of the reorganization energy, 4, [61,62];

A o ! N ! i i ] 6
ii—e PR R A I
¢ 2ry Zra rpa |l B ©

The dielectric continuum model expresses the relationshup between 7, and the radii
of the donor and acceptor (rp and ru, respectively), the donor-accepior separation
{rpa ). and static and optical diclectric constants of the solvent (¢, and &, respectively).
Crystal structure coordinates for the (bpy)Re{CO),{pyridine) moiety and the SYBYL
molecular modclling program were used to estimate rg, #4, and 1y, for the (b)Re-
{CO};DMAB complexes (3.2, 40, and 11.0A, respectively). Using these values,
egn. {6} predicts that 2, is 099eV in CH,Cl,, 1.20eV in DMF, and 1.37¢V in
CH,CN. Thesec estimated valucs are clearly larger than those given by the fits of the
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experimental data shown in Fig. 5, especially considering the fact that the calculaied
reorganization energies do not inctude the inner sphere component. Despite this lack
of quantilative agreement, two facts are of interest with respect to the caleulation
using egn. (6). Analysis of the solvent dependence of the intervalence charge transfer
{ICT} absorption for mixed valence metal complexes has shown that 7, values
calculated by eqn. (6) are consistently 20 30% larger than the expenmentai values
[63]. Thus, the results obtained by using photoinduced ¢.1. 1n the (b)Re(CO), DMAR
series are consistent with the findings of the ICT experiments since. in both cases.
the experimental values of 4 arc lower than predicted by eqn. (6} 1t is important o
note. however, that the relative solvent dependence in 4 that is predicted by egn. (6)
is in comparatively good agreement with that which is implied by the fits in Fig. 5.

The third imporiant feature is thatl the {inverted) dependence of &1 on AG 4
in the {(b)Re{CO}), PyYDMARB complexes 15 substantially weaker than has been ob-
served in studies of highly exethermic, inveried region ¢.t. reactions i organic-based
donor-acceptor and -Q compounds [8.41.64 66]. importantly, a similar relatively
weak dependence of kgpq on AGp:y was observed 18 a recent study carnied ot by
Meyer and co-workers on the structurally stimitar family of donor-substituted com-
plexes, (B)Re{CO)Y, PyPTZ ({vide infra) [26.27]. These facts imply that back e.t. in the
donor-substituted Ref{l} complexes is unusual compared with the organic-based
systems. One possible explanation for the comparatively weak dependence of kg,
on AGggt in the (bJRe{CO); PyDMARB serics is that due to the structural complexity
at the metal center, the number of high-frequency vibrational modes which are
coupled to back e.t. is larger than in ihe organic systems, Specifically, it 15 possibic
that CO-based vibrations are coupled to back ¢.L.. in addition to ditmine- and donor-
based C C modes. In effect. the increase in the number of high-frequency acceptor
modes may act to “flatten” the dependence of kypr o0t AGy,., in the metal complex
based - systems. {Note that in a single high-frequency mode approximation. a
targer number of high-frequency modes coupled to et would be mamifested as a
larger mner sphere reorganization energy.}

An alternative cxplanation for the comparatlively weak dependence of kyeq on
AG g which is observed for the (b)ReiCO); PYDMARB compiexes may be that et is
not the rate-determining step for decay of the charge-separated, LLCOT state. s
possible that the LLCT state retains triplet spin character after it 15 formed by
forward e.t. quenching of the triplet MLCT excited state [67]. In this case, intersystem
crossing (ISC) must occur prior to back e.l, and the free encrgy dependence which

is observed may arisc ifrom variation in the rate of 1SC with the dumine ligand [46]
(iii} Back efectran transfer in (b)) Re( CQ)  PyPTZ complexes
In another receat study, Meyer and co-workers examined photoinduced intra-

molecular e i, in the series of complexes (bjRe(CO); PyPTZ [24-27]. Since phenothi-
azine (PTZ) is a very good electron donor {E, ;{PTZ/PTZ }= +67V vs. SCE).
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photoexcitation of the {b)Re'(CO), chromophore leads to the sequence of forward
and back ¢.t. rcactions shown in Fig 4 {wherc D = PTZ). As in the (b)Re{CO}, PyD-
MAB series, AGrpr and AGgey were varied by changing the substituents on the
dimine iigand. Because of the good donor properties of PTZ, AGeer 15 moderately
exothermic in this series (< —0.5 eV as a result, ky was (oo large to be determined
by using fluorescence lifetime techniques. However, k37 was determined for AG,,,
ranging from —1.4 (0 —2.15eV by monitoring the decay of the LLCT state.
{b " IRe(COY, PY(PTZ "), by using ns laser flash photolysis. The rate of back c.t. in
the (DIRc(CO); PYPTZ secries displays an inveried dependence on AGggy. Quiic
remarkably, the corrclation between kgr and AGger for this series i1s virtvally
superimposable on the correlation established for the (bRe(CO), PYDMAB series: a
comparison of the rate data for the two series is provided in Fig. 8 {see bclow).

fiv, Long-range photoinduced electron transfer across peptide spacers

in another recent study. the distance dependence of the rate of photoinduced
e.l. from a dimethytaniline electron donor to the photoexcited (bpy)Re' (CO); chromo-
phore was examined by varying the length of the peptide spacer in the three-member
series which is comprised of (bpy)Re{CO); PyDMAB, (bpyIRe{CO},{Pro), DMAB,
and {bpyIRe{CO);(Pro), DMAB [43,44.49]. The proline peptide spacers were selected
for these studies for several reasons.

{1) Techniques for the synthesis of relatively short peptide ohgomers arc highly
refined, allowing rapid preparation of peptide-based spacers of varying lengths
[68.69].

{2) The pyrrolidine ring places significant conformational restrictions on oligo-
mers which are comprised of proling. A variety of studies have demonstrated that,
in protic solvenis, proline oligomers exist predominantly in extended conformations
and the dynamics of conformational change are siow [19,43,68.701.

(3) The usc of peptide spacers in model systems for long-range et allows
insight to be gained concerming the role of the pepiide in mediating through-bond
electronic coupling between electron donors and acceptors in redox proteins. [70-74)

The free energy for forward e.t. {AGper) in the proline-bridged complexes is
approximately —0.23 eV. The kinetics of forward e.t. as a function of peptude spacer
tength were determined from the MLCT emission lifetimes of the threc donor-
substituted complexes {bpy)Re(CO); PvDMARB, (bpvIRe(CO);{Pro), DMAB, and
(bpyIRe{COY,(Pro). DMAR. and corresponding non-donor substituted model com-
plexes by using eqn. {4b). Terperature-dependent emission lifctime studies were also
carried out, allowing calculation of the activation enthalpy and eatropy for forward
et. (AH : and AS/gy, respeciively). The experimental rate data are summarized in
Tabie 2. Note that k;.gr displays a comparatively strong distance dependence, decreas-
ing by approximately a factor of 20 with each added proline residue. Another
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TABLE 2

Forward electron transfer raie data for proline-bridged complexes®

Complex hpepos ! AH %7 keal mol ! ASTecn
{bpy)Re{CO), PyDMAB 9.8(0.3) x 107 3.3(0.3) S10.%1.5)
(bpy)Re(CO),(Pro}, DMAR 5.3(0.5) % 10° 4.0(0.7) —14(2)
{bpyIRe{C O {Pro), DMAB 372 % 107 41(1.8) - 19(4)

*All values represent averages; standard deviations are given tn parentheses. Al measurcments
carrted out in MeOH solution. AGp; » —0.23 eV,

interesting feature is that, as the number of peptide spacers increases, AH fy increases
only stightly, while AS{,; becomes increasingly more negative.

The distance dependence of the rate of e.t. arises from attenuation of both the
nuclear and electronic terms (x, and k. egn. {5)) with increasing separation distance.
Superexchange theory is often used to model the decay of the electronic coupling
with increasing donor-acceptor separation; this theory predicts that H ;. and there-
fore k., decreases exponentially with increasing donor-acceptor separation [75.76]:

Ke;{f‘)==‘\‘fj expi—Bualr — £yl {7

In eqn. (7), &% is the elecironic transmission coefficient when the donor and acceptor
are scparated by the sum of their van der Waals radii, » is the dopor acceptor
separation distance, r, 1s the sum of the van der Waals radii of the donor and
acceptor, and §,) is a term which expresses the attenuation of & (the electronic
coupling) with increasing donor--acceptor separation. The decay of k,, with increasing
donor-acceptor separation arises primarily because of the distance dependence of
4o [77-80]. The Marcus-Hush two-sphere model {eqn. (6)) predicts that 4, mcreascs
asymptoiically with increasing donor acceplor separation; however, since a, 15 o
function not only of /. but also of scveral other terms {sec cgn. (5, the distance
dependence of x, depends upon many factors including 4. AGgr. solvent polarity.
and temperature. Parameters appropriate for the (bpy)Re{CO};{Pro), DMARB series
were used in eqgns. {5) and {6} to calculate the expected distance dependence of «,.
This calculation suggests that «, should decrease asymptoticaily, leveling off at
rx25A

From the above discussion. the distance dependence of &y can be expressed
by

I kpglry= —falr —rgh+Inw (n + Iy, (8}

Note that, due to the expecled asymptotic behavior of «,(r}, the overall distance
dependence of kg7 is notl necessarily described by a simple exponential decay.
Figure 7(a) shows the experimenial rate daia lor the {bpy)Re(CO);(Pro), DMAB
series plotied as a function of the lengih of the peptide spacer. The best fit line drawn
through the poinis has a slope of 1.0 £ 0.1 A1 Unfortunately, the data for this
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series are insufficient to determine whether the log plot is truly linear or if it displays
upward curvature, as might be anticipated based on the above discussion.

Sutin has argued that, if the standard entropy change {AS") for an e{. reaction
is approximateiy zero, then the distance dependence of k, and k, can be separated
by cxamining the distance dependence of ASE; and AHZ; [77.81] The following
equations provide the relationship between the experimental activation parameters
and &, and x,,

ASE
In wfr)= ,_;-{T(r_) = —falr —ro) +1In wy, (9a)

AHE{r)
-— - %
RT (90}

Inw,(n=-
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where k% is the electronic transmission coetficient when the donor aad ACCCptoT are
separated by the sum of their van der Waals radii. and the other parameters are
defined above. Note that egn. (9a) implies that the distance dependence of the
activation entropy ferm allows determunation of ff,,. Fizure 7ib) and w1 show plots
of the cxperimental activation parameters according o egns, (9). The plot of AS),
R is linear and the slope vields f,x0.7A 7' This plot implies that clectronic
coupling in the prohne-brnidged complexes decays exponentially with increasing
donor acceptor separation. consistent with the prediction of superexchange theory.
Furthermore, the observed ff,, value 15 comparable with values observed lor .
across other saturated bridges comprised of rigid ¢ C g-bond frameworks. suggest-
ing that the peptides are not significantly different from other saturated a-bond
spacers with respect to their ability to mediate clectronic coupling between an
electron donor and acceptor [ 3.9.535.65|. By contrast, the plot of - AH/,, RT is not
lincar; AH{py incrcases on going from zero 0 onc proline spacer. but docs not
change significantly between one and (wo peptide spacers. These data imply that «,
docs not depend strongly upon distance 1w this systene however, since ooly three
coimpounds were examined in this study, 101s not possible to draw definitive conclu-
sions concernming the distance dependence of the activation enthalpy term.

fry Donor-to-metal efeciron transfer across a rigid organic spacer

Although pepiides provide a syniheteally altractive spacer system. any inter-
pretation of the effect of spacer length on kg must take into account the complicating
feature that peptides are not compietely rigid and very likely undergo slow changes
in conformation [42], Thus, in order 1o mitigate the problem of spacer flexibility. o
synihictic methodology was developed which allows attachment of the {b)Re(CO},
chromophore 1o a donor via rigid organic spacers [4548]. Initial synihetic efforts
led to the preparation of the series of compiexes, (b)Re{CO}; CH-DTF. which contain
the Re(l) chromophore covalently linked to a benzo-1,3-dithiafulvene (DTF) electron
donor via & trans-cyclohexanc spacer. In this series of complexes, the center-te-center
separation distance between the metal center and the DTF donor is fixed at 16 A
by the cvclohexane spacer and the dependence of &y and &g, on thermodynamic
driving force was exanmined by varying the diimine ligand at the Re{l) center.

While the syathetic methodology which was developed in the preparation of
the (B)Re(COYCH-DTF complexes is general and allows preparation of a wide
variety of Refl}i-Spacer--Donor type compoeunds [48], there are several problems
with the DTF-substituted spacer system which became apparent during these studies.
First, the DTFY" oxidation is irreversible on the clectrochemical timescale. As a
resuit, thermodynamic potentials are not casily accessible for the doner moiety, only
peak potentials are availabic. Sccond. & more insidious problem arises due to the
presence of the siyryl-pynidine moicty m the spacer unit. The styryl-pyridine chromo-
phore possesses a relatively low-Tving *{(7.7*) ¢xcited staic that quenches the Re — dii-
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mine MLCT state for compicxes with £,, > 18600 cm ', Studies indicate that the
MLCT quenching occurs via intramolecular encrgy transfer [48]. This problem
restricts the range of diimine ligands which can be utilized to prepare a series of
{bRe{C Oy, CH-DTF compiexes for examination of the [ree-encrgy dependence of et

Table 3 contains a summary of thermodynamic and kinetic data for photo-
induced forward and back e.t. in two (b)Re(CQ), CH-DTF complexes. While extensive
data is not available concerning the dependence of kgy on AG,y due to the problem
with inlramolecular energy transfer noted above, several trends are apparent in the
data, First, despite the relatively large distance which separates the DTF doner and
the Re cenier, both forward and back e.t. occur relatively rapidly. In addition, note
that kypp Increases as AGpgy becornes more exothermic, while &y increases as AGyq
becomes less exothermic. These observations are consistent with the fact that forward
e.l. 18 in the normal region, while back e.t. is n the inverted region. The relatively
small AH,, and large negative AS{g; values observed for both complexes suggest
that forward et. 15 non-adiabatic and, further, that the rate is restricted primarily
due to weak clectronic coupling belween the donor and the metal center.

frip Comparisons of forward eleciron transfer rare daia

Table 4 contains a comparison of e.t. rate parameters for forward et. in the
Re(l} based systems described above with the analogous parameters for e.t. in several
other organic-based D-spacer-A molecules and one modified protein system
[7.8.11,65]. Of most inicrest in such a comparison is v i, (or Hay), which reflects
the propensity of the spacer to mediale electronic coupling between the donor and
acceptor [58,59]. The systems chosen for comparison have comparatively rigid
spacers and the dependence of kpy on AGgr has been carried out in sufficient detail
to allow approximation of v, x,, and 4.

Comparison of the data among the four Re{l}-based systems suggests that the
electronic coupling decreases uniformly with the number of o-bonds which separate
the 7 systems of the donor and the metal center. Note that the electronic coupling
appears to be similar for the mono-proiine and cyclohexane-bridged systems which
have comparable numbers of intervening a-bonds. The diflerences n the structure
of the donor and the spacer m the two molecules appears not to have a4 substantial
effect on the magnitude of the electronic coupling. Comparison of the data {or the
Re(l}-based and the organic systems indicates that elcctronic coupling is stmilur for
molecules with 4 similar number of intervening ¢-bonds. Since, through e¢-bond
donor acceptor coupling predominates in these rigid organic-based systems [$2-85].
the similarity in the magnitude of electronic coupling which is apparent in Table 4
implies that through-bond {as opposed to through-space) pathways predominate for
the Re(l} based systems as well. Finally. it is of interest 1o note that elecironic
coupliag is substantially larger in all of the D -spacer A small molecules compared
with the modified protein a; Ru(His48iMb, despite the fact that the overall donor -
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acceptor separation distance is similar in abl of the systems [11]. This large differcnce
clearly reflects the fact that electronic coupling through the disordered protein matrix
1s significantly smaliler than when a direct through-bond pathway exists. This finding
suggests that peptide-bridged small molecules may be poor models for providing
msight concerning c.t. pathways in proteins. Because electronic coupling is so much
smaller m proteins compared with peptide-bridged systems. small structural effects
which could enhance coupling in a disordered protein matrix might not have un
efiect in peptides where comparatively strong through o-bond coupling dommnates
the coupling pathway.,

(viij Compurisons of back electron transfer rate data

A very inieresung feature cmerges when ali of the uvailable rate data for back
e.t. in donor-substituted Re(l} complexes is compared. Figure 8 illustrates a plot of
log kypy vs. AGyey for the three serics of complexes (biRe(CO); PYyDMAB, {(b)Re{CO),-
CH-DTEF. and (B)Re(CO), PyPTZ. Note that all of the data fall very close 1o the
same correlation! The (act that the raie data for the {b)Re{CO), PYDMAB and
{(bIRe{C O}, PyPTZ systems fall close to the same correlation is not surprising because
the length and chemical composition of the spacer which separates the donors from
the Re center is similar lor the {wo scries, and therefore electronic coupling might
be expected to be similar. However, it 15 surprising that back e.t. is nearly as fast for
the cyclohexane-bridged sysiem, where electronic coupling might be expected to be
significantly smaller. It is important to note that, for all of the three Re{l}-hased
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- ™
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Fig. 8. Plov of logkgey vs. Alg,; for donor-substituted Reff} complexes i CH,C1, soluton
2L IRe(COY PyDMARB series: 7 (hRe{COY, CH-DTF series; B, (BRe(COV, PyPTZ series
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systems, laser flash photolysis experiments show unequivocally that the reported
rates correspond to decay of the LLCT state [24 27,4546]. The assumption is that
the observed rate is equal to kggr. The correspondence of the rate data shown
Fig. 8 suggests that this assumption may be incorrect; some factor other than e.t.
may be the rate-determining step for decay of the LLCT state. As noted above, one
pussible candidate for the rate-determining step might be 1SC, the rate of which may
depend upon the energy gap between the LLCT state and the ground state. In any
case. further experiments are required (o aliow complete understanding of the unusual
behavior of back et in the Re{l}-based compounds.

I INTRAMOTECULAR ENERGY TRANSEFER IN Reily COMPLEXES

As noted above, Ey,, o for the {b)Re'(CO); chromophore can be tuned over a
substantial range by varying the electron demand (LUMO cnergy) of the diimine
ligand. This effect is illustrated in Fig, 2, which contains a plot of Ey, 7 vs £, ;(Re™?).
in a recent study, we have taken advantage of the ability 10 tune Fy ot (0 examing
the driving force dependence of the rate of energy transfer (k;; ) from the {(b)Re{CO};
chromophore to an anthracene (An) chromophore in the series of complexes (b)ReAn
[47]. In this series, photoexcitation of the da{Re) — n* MLCT excited statc is followed
by rapid, intramolecular E_ T to the covalently atiached An moiety:

(BIReHCON—An —s (b IR"(CO)—An =% (b)ReCO),—*(An)* (10)

This triplet—triplet E. T reaction presumably occurs via the Dexter exchange mecha-
mism [86]. The An chromophore was selected as the energy acceptor because (1) its
triplet energy { £y ) is very low (1.79 ¢ V) which results in E, T being strongly exothermic
[87]. and (2} the triplet state can be casily charactenized by its strong triplet—triplet
absorption which appears at 420 nm [88].

That intramolecular E, T occurs in the (biRe(CO); An complexes is supported
by several lines of evidence. First, the MLCT emission of the An-substiiuted com-
plexes 1s strongly quenched compared with the (b)Re(CO}; PyPh model complexes
which do not contain the An chromophore. Second, nanosecond laser excitation of
the (b)Re{CO); An complexes at a wavelength where >90% of the light is absorbed
by the metal complex chromophore leads to prompt (k> 108 s~ !} formation of
3An)* (see Fig. 9). Third, quenching by a competitive e.t. pathway from An to the
photoexcited Re complex pathway is deemed to be unimportant for most of the
complexes due to thermoedynamic considerations {vide infra).

Rates for quenching of the MLCT excited state (k,) of the (b)Re(CO},; An scries
were determined irom emission lifetimes of the (b)Re(CO);An complexes and the
{b)Re{CO); PyPh model complexes by using the equation
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Fig. 9. Transient absorption-difference (AA4) spectrura of (bpy)RelCO)RAR (0= 5 x 107 M., MeCN
solvent) obtained 200 ns following 320 nm cxcitation (3 mJ. pulse. 6 ns fwhm}. Spectrum is identical to
published A4 spectrum of * An* [86].

The energy gap for the E, T process was determined from the cquation
AE!:'“'I =Eyr—Fqp

where the Ej, values were determined from the MLCT cmission spectra of the
(b}RetCO); PyPh complexes, and F; was assumed io bec 1.79eV [87]. Figure 10
shows a plot of &, vs AEg_;; note that the rate increases as the energy gap decreases.
This behavior is qualitatively consistent with predictions based on quantum-mechan-
ical theories of non-radiative processes such as excited state decay and E, T [60.89].
importantly, the quanium theories predict an inverted region for E, T which is the
direct analogy of the inverted region for c.i., which has been experimentally verified
{60,89]. The {b)Re{CO);, An scries 1s the first system to provide solid experimental
evidence for the inverted region for an intramolecular E|T reaction.

Despite this exciting resuli, there are still some unusual features concerning the
correlation of &, vs AEg , displayed in Fig. 10. The solid line in the figure was
calculated using a guantum mechanical expression with spectroscopic parameters
that are in accord with the Re MLCT and An chromophores [47,89]. An important
point is that, since the E, T reaction is expected to have a total reorganization energy
of ~04eV, the theory predicts that the raies should reach & maximum and begin
to slow down for AE, ;> -~-0.4cV. As can be seen from Fig 10, this is clearly
not the case; 4, increases monotonically along the eatire series of (b}Re{CO); An
complexes.

In order to understand this apparent anomaly, electrochemical experiments
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Fig. 10. Plot of log k, vs. AE, ; for (bJRe(CO); An series in 2-MeTHF solution. 1, b = tmb; 2, b =dmb:
3 b=bhpy 4, b=4d-dab: 5 b=>5dab 6, b=deb 7. b=hps. Solid line cakulated wsing quantum-
mechanical cxpression for E, T [471.

were carried out to allow estimation of the driving force (AGg ) for forward c.t. from
An to the photoexcited Re compiex [47]. These measurements indicaie thai the et
reaction is slightly endothermic for b =tmb, dinb, bpy, and 4-dab, but becomes
weakly exothermic for b = 5-dab, deb, and bpz. On this basis we postulated that e.t.
may be competitive with E, T for the latter members of the (b)Re{CO);An series,
and, as a result, k, > kg o for these complexes. Although the products of an excited-
state €.4. reaction were not divectly observed by laser flash photolysis, evidence that
a reaction occurs which competes with E| T o quench the MLCT staie in some of
the (b)Re{CO);, An complexes was provided by transient absorption expenments in
which the relative quantum vield for formation of *{An)*, &', was determined for
the series of complexes (Fig. 11). As can be seen from this figure, ®F' is nearly
constant for b= tmb, dmb, and bpy, but decreases along the latier members of the
series. The relative quantum yield cxperiments suggest that kg 7 x &, for b =tmb.
dmb, and bpy, and k. ; < k, for the other compiexcs.

E. CONCLUDING REMARKS

This review highlights the utility of the (b)Re'(CO); chromophore in studies
focused on examining quantitative aspects of the mechanism of intramolecular energy
and electron transfer. The utility of the Re{l} chromophore stems from several factors
which include {1) clear-cut methods for synthesis and purification of a variety of
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Fig. 11. Bar graph of relative quantum yvield for formation of *An* for (b)Re(CO), An complexes. Numbers
indicate approximate free-energy change for lorward ot (Al ) for each compiex.

substituted analogs, {2) a relaitvely long-lived, luminescent MLCT excited state,
{3) tunable cxcited-state energy and redox poteniials, and (4) photochemical siability.
While this system has some shortcomings, it is clearly a useful addition to the toolbox
of the inorganic photochemist who s mterested 1 preparing supramolecular assem-
blies for the study of excited state energy- and charge-transfer processes.
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