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

Chromophore-quencher (C-Q) molecules contain a light-absorbing moiety
covalently linked to a molecular unit which quenches the electronically excited state
of the chromophore, usually by intramolecular electron or energy tansfer (e.t. or E, T.
respectively). C-Q molecules have played a prominent role in elucidating the depen-
dence of the rate for e.t. or E,T on factors such as donor—acceptor separation
distance, thermodynamic driving force, medium, and the molecular structure of the
spacer which connects the donor and acceptor [1 19]. Most studies have focused
on C-Q systems which utilize organic chromophores such as porphyrins and aromatic
hydrocarbons [1--19]; however, recently there has been an increasing number of
studies concerning intramolecular e.t. and E, T in C-Q molecules which utilize a
transition metal chromophore [20-50]. Most of these transition metal-based C-Q
systems utilize either Ru"(b); or fac-(b)Re!(CO); chromophores (where b is a biden-
tate diimine ligand such as 2.2’-bipyridine). Both of these chromophores are useful
because they have luminescent excited states which are based on dn (M) — n* (diimine)
metal-to-ligand charge transfer (MLCT). However, the Re(I) system is particularly
well suited for studies of et. and E, T in C-Q molecules because of a unique
combination of features that include a convenient and versatile synthetic chemistry,
thermal and photochemical stability, luminescent MLCT excited state, and tunable
excited state energy and redox potentials.

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

B. (b)Re!(CO),L COMPLEXES. SYNTHESIS AND PHOTOPHYSICAL PROPERTIES
(i) Synthesis

The starting material for (b)Re'(CO); 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(CO)s and a variety of diimine ligands in
high yield [46]. Several methods have been utilized to prepare the target (b)Re-
(CO);L complexes from the (b)Re'(CO);Cl precursor. One involves preparation and
isolation of the complex (b)Re'(CO);(CF;SO;) [51], which is then reacted with
approximately one equivalent of the ligand, L, in refluxing EtOH or THF [49]. A
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problem with this approach is that the immediate product of the reaction is a
trifluoromethane sulfonate salt [(b)Re'(CO);L* J[CF3SO; ]. These salts typically
have RF = 0 on alumina or silica gel, which preciudes the use of thin-layer chromatog-
raphy (TLC) to follow the reaction. The method of choice in our laboratory is to
convert the chloro complex directly to the L-substituted complex by reaction with
a slight excess of the monodentate ligand in the presence of excess AgPF, [46]:

3eqAgPFg

(b)Re'(CO); Cl + 1.2¢eq. L [(b)Re (CO);, LT ][PF;¢ ] + AgCl (N
This reaction is conveniently followed by using either alumina (20% CH; CN/CH, Cl,
eluant) or silica gel (5% MeOH/CH,Cl, eluant) TLC to monitor the disappearance
of the starting material and product formation; yields of the purified [(b)Re'(CO); L™ ]
[PF, ] complexes typically range from 20 to 50%.

(ii) Photophysics and excited-state redox properties

Wrighton et al. discovered the unique photophysical properties of the
(b)Re'(CO); chromophore [52-54]. In a study of a series of substituted 1,10-
phenanthroline complexes, they observed moderately long-lived luminescence in fluid
solution at 25°C which was assigned to a dn (Re)— n* (phenanthroline) MLCT
excited state [52]. The MLCT assignment was supported by the fact that the emission
energy decreased as the electron acceptor capacity of the phenanthroline was
increased.

More recently, we have examined the photophysical and electrochemical prop-
erties of the series of complexes (b)Re(CO);PyB [46] (see Fig. 1 for structures). These
complexes contain a series of substituted diimine ligands which were specifically
selected because of their widely varying electron acceptor capacity (LUMO energy).
Interestingly, the photophysical and redox properties of the (b)Re'(CO); chromo-
phore vary strongly, but systematically, as the diimine ligand is varied. Table 1
contains a summary of emission maxima (E.,), emission lifetimes (r.,,), and ground
and excited-state redox potentials for this series. Each complex displays a moderately
intense, broad emission band in fluid solution at 25°C which is assigned to the
dn(Re)— n* (diimine) MLCT excited state. The MLCT assigment is supported by
correlation of E, , with the ground state reduction potentials (Fig. 2), which corre-
spond to reduction of the coordinated diimine ligands. Figure 2 also highlights the
relatively large change in E, , which accompanies variation of the diimine ligand.

Another feature concerning the photophysical data for this series is that 1,
decreases as E., decreases (Fig.2). In order to gain more insight concerning the
effect of E.,, on the lifetime of the MLCT excited state in Re(I) complexes, Meyer
and co-workers examined the effect of E_, on the radiative and non-radiative
components of the excited state decay rate (k, and k., respectively) for the 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 abbreviations for Re(l) complexes discussed in text. The ligand b is a bidentate
diimine ligand such as 2,2-bipyridine (see text for ligand abbreviations). The stereochemistry at Re(I) is
JSacial.

where In(k,,) and In(k,) are plotted as functions of E,. Note that In(k,,) decreases
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 the “Energy Gap Law” [56]. By
analogy with the (b)Re'(CO);Cl system, we believe that the concomitant decrease in
1., and E,, which is observed for the (b)Re(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. Plot of Eq 4, E,,(*Re*®), E| ,(*Re™/?"), and t,, as a function of the E,,(Re"**) for the {b)Re-
(CO); PyB series in CH;CN solution. Units: E,;,(*Re*’®) and E, ,(*Re*"2") in V vs. SSCE, Eq, ineV,
and 1., in us. Note that the first reduction of the complexes, E,,(Re*'®), corresponds to reduction
of the diimine ligand.
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Fig. 3. Plots of In k,, (A) and In k, (M) as functions of emission energy for a series of (diimine)Re(CO); Cl
complexes (data from ref. 55).

complexes, excited-state redox potentials have been calculated (Table I). Several
points are of interest 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 state redox potentials vary systematically as the
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diimine ligand changes. This variation is also illustrated in Fig. 2, where the excited
state potentials are plotted as a function of the ground-state reduction potential. An
important point to note is that E, /2(*Re+/°) varies by approximately 300 mV across
the series, while E, ,(*Re*/*") varies over a 900 mV range.

A major thrust of our work on the (b)Re!'(CO), chromophore has involved its
use in C-Q molecules designed to allow the study of intramolecular e.t. and E, T
[43-49]. As a result, it is important to point out the way in which the nominal
photophysical properties impact the study of C-Q complexes which incorporate the
Re(I) center. The first point which must be considered is that the (b)Re'(CO),
chromophore is a stronger oxidant than a reductant. Because of this feature, in
studies of intramolecular e.t. in Re(I)-based C-Q compounds the quencher (Q) is
typically an electron donor (D). This allows for moderately exothermic photoinduced
e.t., even with only moderately strong donors (e.g. E,,,(D%") ranging from +0.5 to
+1.2 V vs. SCE). Second, because E, »(*Re */°) can be varied by changing the diimine
ligand, it is possible to study systematically the effect of the free energy change for
e.t. (AGgr) on the rate of intramolecular e.t. in Re(I)-based C-Q compounds. A third
important feature of the Re(I) chromophore is that E., can be systematically “tuned”
over a relatively wide range by varying the diimine ligand (Fig. 2). This tunability
provides an important tool for the study of driving force effects on the rate of excited
state energy transfer (see Sect. D).

C. PHOTOINDUCED INTRAMOLECULAR ELECTRON TRANSFER IN Re(l) C-Q COMPLEXES
(i) Kinetic and thermodynamic considerations

As noted above, in studies of e.t. in Re(I)-based C-Q complexes, the covalently
linked quencher is usually an electron donor [24-27,43-46]. Thus, a generic Re(I)-
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 important for such a system. Photoexcitation

—F{ AGrgr
I — I
e (dumlneL)cF;e- D %‘-- :_/
M Y (diimine")Re'-D*
+hv -hV, -A LLCT

Emict ke

AGgeT

Kger

_____ (diimine)Re'-D .

Fig. 4. General excited-state diagram for an electron donor-substituted Re(I) complex.
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in the near-UV region rapidly produces the MLCT excited state, which can subse-
quently decay by either of two paths: (1) normal radiative and non-radiative decay,
with rate kJ; (2) intramolecular forward e.t., with rate ky.; and thermodynamic
driving force AGggy. Importantly, the forward e.t. quenching step involves transfer
of an electron from the donor to the electron-deficient metal center, which results in
formation of a ligand-to-ligand charge transfer (LLCT) state. In the LLCT state, the
odd-electron is localized on the diimine acceptor ligand and the positive (hole) is
localized on the organic donor. Decay of the LLCT state occurs by back e.t., with
rate kgpr and driving force AGyy. Importantly, this process is not simply the reverse
of the forward (quenching) e.t. step: in back e.t., the diimine radical anion is the
electron donor and the donor radical cation is the electron acceptor. Because of this
difference, Franck—Condon and electronic coupling terms are not expected to be the
same for forward and back e.t.

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

AGper X E2(DID" ) — E 5(Re )= Eq (2)
AGBET”:EIJ‘Z(RG+/O)'—El/Z(D/’D)r.) (3)

where E,,(Re*?) is the first reduction potential of the (b)Re'(CO); chromophore,
E,;»(D/D*") is the first oxidation potential of the donor, and E, , is the 0--0 energy
of the MLCT excited state, which can be estimated by using emission spectroscopy
[3,57]. Note that a coulombic interaction term has been left out of these expressions.
This is justified because, if the overall +1 charge of the (b)Re'(CO); L chromophore
is taken into account, photoinduced intramolecular e.t. is a charge shift reaction.

The rate constant for forward e.t. in (b)Re'(CO);-D complexes is determined
by time-resolved emission measurements. In a (b)Re'(CQO);-D complex, the total
decay rate of the excited state (k4) is given by the sum of the “normal” decay rate of
the MLCT state and the rate of forward e.t. (eqn. (4a)). Rearranging eqn. (4a) and
substituting inverse lifetimes (1/7) in place of decay rate

kg = kepr + kS (4a)

1 1
kppp = — — o (4b)

em em

constants leads to eqn. (4b), in which 1., is the emission 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 eqn. (4b) to be correct is
that k9 is identical 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 (k3). 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 kggy,
which can be measured in (b)Re'(CO);-D complexes. Assuming that the typical
experimental error in emission lifetime values obtained by TCSPC is + 5%, the lower
limit on kypr which can be determined is approximately 0.05 x k$. Due to the fact
that k9 varies widely depending upon the diimine ligand (see Table 1), the lower limit
on kg depends upon the particular (b)Re'(CO);-D complex that is being considered;
however, the range is approximately 10°~107 s~ 1.

The rate for back e.t. in (b)Re'(CO);-D complexes is determined by using laser
flash photolysis (LFP) to monitor the decay rate of the LLCT state. For most of the
(b)Re'(CO);-D systems which have been studied to date, the donor radical cation
(D*-) which is present in the LLCT state, (b- " )Re'(CO);-D *, gives rise to a moder-
ately strong visible absorption that can be conveniently monitored in the LFP
experiment [25,45,46]. The limits that constrain the dynamic range of kggy values
which can be determined are: (1) the LLCT state must be produced in sufficient
quantum yield so that it can be easily observed by LFP; (2) kyer must be slower
than kypr so that the concentration of the LLCT state is sufficient to allow its
detection by LFP; (3) the temporal response of the LFP instrumentation. Luckily,
for most (b)Re'(CO);-D complexes studied to date, the first two factors do not play
a role, and the only limitation is governed by the minimum time resolution of the
LFP instrumentation.

(ii) Dependence of kgr on AGeyin (b)Re(CO)3PyDM AB complexes

One of the most comprehensive studies of the effect of free energy on the rate
of photoinduced intramolecular c.t. in transition metal-based C-Q systems was
recently carried out using the series of complexes (b)Re(CO); PYDMAB [46]. In this
series, the dependence of kppr on AGggr and kyer on AGy,.r was determined in several
solvents. Forward e.t. rate constants were determined by measuring emission lifetimes
for the (b)Re(CO); PyDMAB complexes and the corresponding (b)Re(CO); PyB com-
plexes and using eqn. (4b) to calculate kg,.p. Back e.t. rates were determined by using
LFP to monitor directly the decay of the LLCT state which is formed by foward e.t.
quenching of the MLCT excited state. The kinetic results are displayed in a series
of graphs in Figs. 5 and 6.

Several key features emerged from this study. First, for this series of complexes,
forward e.t. is weakly exothermic and back e.t. is strongly exothermic; as a result,
forward e.t. falls in the Marcus “normal” free energy region and back e.t. falls in the
Marcus “inverted” region [58—607. The results illustrated in Figs. 5 and 6 indicate
that the general trends in kgpp and kggr are qualitatively consistent with the predic-



72 K.S. Schanze et al.: Coord. Chem. Rev. 122 (1993) 63 &9

10.5
9.5
8.51

7.57

6.5

5.5 i T T T T T
95 b

8.51

log kgt

7.57

6.51

5.5 " T T T T T
-0.60 -0.40 -0.20 0.00
AG FET: © \Y/

Fig. 5. Plots of log kggy vs. AGggy for the (b)Re(CO); PyDMAB complexes in three solvents. (a) Uncircled
points in MeCN solution, circled points in CH,Cl, solution. (b) Data in DMF solution. Solid lines
calculated using eqn..(S) with parameters given in text.

tions of Marcus theory: kppp increases as AGggy becomes more exothermic, while
kygr increases as AGygr becomes less exothermic.

Second, there is a comparatively strong solvent effect on kggy; for comparable
AGggy values, kpgp increases as the solvent polarity decreases. Analysis of the forward
e.t. rate data using the semi-classical Marcus expression (eqn. (5)) provides a very
reasonable explanation for the solvent

kET = VpKeKp (53)

o 2HZ, 73 12
A R P

_ (AGgr +4)°
fn = CXP { 47ky T

(5b)

dependence of kggr. The semi-classical expression describes the relationship between
ker and AGgr, the reorganization energy (4), and the “maximum rate” (v, k,,), which
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Fig. 6. Plot of log kgpr vS. AGggey for (b)Re(CO), PyYDMAB complexes in CH, Cl, solution (A} and MeCN
() solution.

is the product of an effective nuclear vibration frequency and the electronic transmis-
sion coefficient [58,59]. Note that the maximum rate is proportional to the square
of the donor—acceptor electronic coupling matrix element (H,z). The solid lines
drawn in Fig. 5 were calculated by using eqn. (5) with v k=13 x 1087 ! (H,5 =
7.5cm ™ 'yand A= 0.8 ¢V (CH,Cl,), 0.9 eV (DMF), and 1.0 eV (CH;CN). This analy-
sis suggests that the solvent dependence in kggy is due mainly to the solvent depen-
dence of 4.

It is of interest to compare the solvent dependence of A that is implied by the
fits of the experimental rate data to that predicted by using the Marcus—Hush two-
sphere dielectric continuum model (eqn. (6)) to calculate the solvent dependence of
the outer-sphere component of the reorganization energy, A, {61,62]:

. S 1 + 1 1 1 1 ©)
w=€|—F+———||———
"o 2rp 2ra Tpa|l&p &

The dielectric continuum model expresses the relationship between 4, and the radii
of the donor and acceptor (rp, and r,, respectively), the donor—acceptor separation
(rpa), and static and optical dielectric constants of the solvent (¢,, and ¢, respectively).
Crystal structure coordinates for the (bpy)Re(CO);(pyridine) moiety and the SYBYL
molecular modelling program were used to estimate rp, 1, and rp, for the (b)Re-
(CO); DMAB complexes (3.2, 4.0, and 11.0 A, respectively). Using these values,
eqn. (6) predicts that A, is 0.99eV in CH,Cl,, 1.20eV in DMF, and 1.37¢V in
CH;CN. These estimated values 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 calculated
reorganization energies do not include the inner sphere component. Despite this lack
of quantitative agreement, two facts are of interest with respect to the calculation
using eqn. (6). Analysis of the solvent dependence of the intervalence charge transfer
(ICT) absorption for mixed valence metal complexes has shown that 4, values
calculated by eqn. (6) are consistently 20--30% larger than the experimental values
[63]. Thus, the results obtained by using photoinduced e.t. in the (b)Re(CO); DMAB
series are consistent with the findings of the ICT experiments since, in both cases.
the experimental values of 4 are lower than predicted by eqn. (6). It is important to
note, however, that the relative solvent dependence in 2 that is predicted by eqn. (6)
is in comparatively good agreement with that which is implied by the fits in Fig. 5.

The third important feature is that the (inverted) dependence of kypr on AGyq
in the (b)Re(CO); PyDMAB complexes is substantially weaker than has been ob-
served in studies of highly exothermic, inverted region e.t. reactions in organic-based
donor—acceptor and C-Q compounds [8,41,64-66]. Importantly, a similar relatively
weak dependence of kypr on AGger was observed in a recent study carried out by
Meyer and co-workers on the structurally similar family of donor-substituted com-
plexes, (b)Re(CO); PyPTZ (vide infra} [26,27]. These facts imply that back e.t. in the
donor-substituted Re(l) complexes is unusual compared with the organic-based
systems. One possible explanation for the comparatively weak dependence of kypq
on AGggr in the (b)Re(CO); PYDMAB series 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 the organic systems. Specifically, it is possible
that CO-based vibrations are coupled to back e.t., in addition to diimine- 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 kger on AGyr in the metal complex
based C-Q systems. (Note that in a single high-frequency mode approximation. a
larger number of high-frequency modes coupled to e.t. would be manifested as a
larger inner sphere reorganization energy.)

An alternative explanation for the comparatively weak dependence of kygr on
AGger which is observed for the (b)Re(CO), PyDMAB complexes may be that e.t. is
not the rate-determining step for decay of the charge-separated, LLCT state. It is
possible that the LLCT state retains triplet spin character after it is 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.t., and the free energy dependence which
is observed may arise from variation in the rate of ISC with the diimine ligand [46].

(iii) Back electron transfer in (b)Re(CO); PyPTZ complexes

In another recent study, Meyer and co-workers examined photoinduced intra-
molecular e.t. in the series of complexes (b)Re(CO); PyPTZ [24-27]. Since phenothi-
azine (PTZ) is a very good electron donor (E, ,(PTZ/PTZ" )~ +0.7V vs. SCE),
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photoexcitation of the (b)Re'(CO); chromophore leads to the sequence of forward
and back e.t. reactions shown in Fig. 4 (where D = PTZ). As in the (b)Re(CO), PyD-
MAB series, AGggr and AGger were varied by changing the substituents on the
diimine ligand. Because of the good donor properties of PTZ, AGggr is moderately
exothermic in this series (< —0.5 eV); as a result, kgpp was too large to be determined
by using fluorescence lifetime techniques. However, kypr was determined for AGyer
ranging from —14 to —2.15eV by monitoring the decay of the LLCT state,
(b~ )Re(CO); PY(PTZ "), by using ns laser flash photolysis. The rate of back e.t. in
the (b)Re(CO); PyPTZ series displays an inverted dependence on AGg;. Quite
remarkably, the correlation between kger and AGyer for this series is virtually
superimposable on the correlation established for the (b)Re(CO); PYDMAB series; a
comparison of the rate data for the two series is provided in Fig. 8 (see below).

(iv) Long-range photoinduced electron transfer across peptide spacers

In another recent study, the distance dependence of the rate of photoinduced
e.t. from a dimethylaniline 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, (bpy)Re(CO);(Pro); DMAB,
and (bpy)Re(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 oligomers are 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 proline. A variety of studies have demonstrated that,
in protic solvents, proline oligomers exist predominantly in extended conformations
and the dynamics of conformational change are slow [19,43,68,70].

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

The free energy for forward e.t. (AGggr) in the proline-bridged complexes is
approximately —0.23 eV. The kinetics of forward e.t. as a function of peptide spacer
length were determined from the MLCT emission lifetimes of the three donor-
substituted complexes (bpy)Re(CO); PyDMAB, (bpy)Re(CO);(Pro); DMAB, and
(bpy)Re(CO);{Pro); DMAB, and corresponding non-donor substituted model com-
plexes by using eqn. (4b). Temperature-dependent emission lifetime studies were also
carried out, allowing calculation of the activation enthalpy and entropy for forward
e.t. (AH[zr and AS7gr, respectively). The experimental rate data are summarized in
Table 2. Note that kggy 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 rate data for proline-bridged complexes®

Complex kpppis ™! AH pr/kcal mol ™! ASfgr/eu
(bpy)Re(CO), PyDMAB 9.8(0.3) x 107 3.3(0.3) —10.7(1.5)
(bpy)Re(CO)3(Pro), DMAB 5.3(0.5) x 10° 4.00.7) S 142)
(bpy)Re(CO); (Pro), DMAB 37(2) x 10° 41(18) —19(4)

*All values represent averages; standard deviations are given in parentheses. All measurements
carried out in MeOH solution. AGgpr x —0.23 €V.

interesting feature is that, as the number of peptide spacers increases, AH f¢y increases
only slightly, while ASZer 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 x.,, eqn. (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,y, and there-
fore k., decreases exponentially with increasing donor—-acceptor separation [75,76]:

Ke](r):Kgl exp{—ﬂel(”_’”o):‘ (7)

In eqn. (7), k9 is the electronic transmission coefficient when the donor and acceptor
are separated by the sum of their van der Waals radii, r is the donor—acceptor
separation distance, r, is the sum of the van der Waals radii of the donor and
acceptor, and f,, 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
Ao [77-807]. The Marcus—Hush two-sphere model {eqn. (6)) predicts that 4, increases
asymptotically with increasing donor—acceptor separation; however, since «x, is a
function not only of 4, but also of several other terms (see eqn. (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),DMAB series
were used in eqns. (5) and (6) to calculate the expected distance dependence of «,,.
This calculation suggests that x, should decrease asymptotically, leveling off at
rx25A.

From the above discussion, the distance dependence of ky; can be expressed
by

In kgp(r) = — Boy(r —ro) +In K, (r) + In v, (8)

Note that, due to the expected asymptotic behavior of x,(r), the overall distance
dependence of kg is not necessarily described by a simple exponential decay.
Figure 7(a) shows the experimental rate data for the (bpy)Re(CO);(Pro), DMAB
series plotted as a function of the length of the peptide spacer. The best fit line drawn
through the points has a slope of 1.0+ 0.1 A~!. Unfortunately, the data for this
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Fig. 7. Plots of (a) In kger, (b) ASZer/R, and (¢) —AH{r/RT as functions of the separation distance
between the DMAB donor and the Re center for (bpy)Re(CO); PYDMAB and the (bpy)Re(CO);(Pro),
DMAB complexes.

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.t. reaction
is approximately zero, then the distance dependence of k., and «, can be separated
by examining the distance dependence of ASf{; and AHZ; [77.81] The following
equations provide the relationship between the experimental activation parameters
and «,, and x,,

= ~Balr —ro) +In &) (9a)

(9b)
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where «2, is the electronic transmission coeflicient when the donor and acceptor are
separated by the sum of their van der Waals radii, and the other parameters are
defined above. Note that eqn.(9a) implies that the distance dependence of the
activation entropy term allows determination of f3,. Figure 7(b) and (¢) show plots
of the experimental activation parameters according to eqns. (9). The plot of AS/
/R is linear and the slope yields ., ~0.7 A "', This plot implies that electronic
coupling in the proline-bridged complexes decays exponentially with increasing
donor—acceptor separation, consistent with the prediction of superexchange theory.
Furthermore, the observed fi,, value is comparable with values observed for c.i.
across other saturated bridges comprised of rigid C—C ¢-bond frameworks. suggest-
ing that the peptides are not significantly different from other saturated o-bond
spacers with respect to their ability to mediate electronic coupling between an
electron donor and acceptor [3.9,58.65]. By contrast, the plot of —AH.;/RT is not
linear; AH{;; increases on going from zero to one proline spacer. but does not
change significantly between one and two peptide spacers. These data imply that x,
does not depend strongly upon distance in this system; however, since only three
compounds were examined in this study, it is not possible to draw definitive conclu-
sions concerning the distance dependence of the activation enthalpy term.

(v) Donor-to-metal electron transfer across a rigid organic spacer

Although peptides provide a synthetically attractive spacer system. any inter-
pretation of the effect of spacer length on kg must take into account the complicating
feature that peptides are not completely rigid and very likely undergo slow changes
in conformation [42]. Thus, in order to mitigate the problem of spacer flexibility, a
synthetic methodology was developed which allows attachment of the (b)Re(CO),
chromophore to a donor via rigid organic spacers [4548]. Initial synthetic efforts
led to the preparation of the series of complexes, (b)Re(CO); CH-DTF, which contain
the Re(T) chromophore covalently linked to a benzo-1,3-dithiafulvene (DTF) electron
donor via a trans-cyclohexane spacer. In this series of complexes, the center-to-center
separation distance between the metal center and the DTF donor is fixed at 16 A
by the cyclohexane spacer and the dependence of kgpy and kypy on thermodynamic
driving force was examined by varying the diimine ligand at the Re(I) center.

While the synthetic methodology which was developed in the preparation of
the (b)Re(CO); CH-DTF complexes is general and allows preparation of a wide
variety of Re(I)-Spacer-~Donor type compounds [48], there are several problems
with the DTF-substituted spacer system which became apparent during these studies.
First, the DTF®* oxidation is irreversible on the electrochemical timescale. As a
result, thermodynamic potentials are not casily accessible for the donor moiety, only
peak potentials are available. Second, a more insidious problem arises due to the
presence of the styryl-pyridine moiety in the spacer unit. The styryl-pyridine chromo-
phore possesses a relatively low-lying *(n,7*) excited state that quenches the Re — dii-
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mine MLCT state for complexes with Eq o > 18 000 cm ™. Studies indicate that the
MLCT quenching occurs via intramolecular energy transfer [48]. This problem
restricts the range of diimine ligands which can be utilized to prepare a series of
(b)Re(CO); CH-DTF complexes for examination of the free-energy dependence of e.t.

Table 3 contains a summary of thermodynamic and kinetic data for photo-
induced forward and back e.t. in two (b)Re(CO); CH-DTF complexes. While extensive
data is not available concerning the dependence of kg on AGgy due to the problem
with intramolecular energy transfer noted above, several trends are apparent in the
data. First, despite the relatively large distance which separates the DTF donor and
the Re center, both forward and back e.t. occur relatively rapidly. In addition, note
that kggr increases as AGpgr becomes more exothermic, while kg increases as AGypr
becomes less exothermic. These observations are consistent with the fact that forward
e.t. 1s in the normal region, while back e.t. is in the inverted region. The relatively
small AH[.; and large negative AS/; values observed for both complexes suggest
that forward e.t. is non-adiabatic and, further, that the rate is restricted primarily
due to weak e¢lectronic coupling between the donor and the metal center.

(vi) Comparisons of forward electron transfer rate data

Table 4 contains a comparison of e.t. rate parameters for forward e.t. in the
Re(I) 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 interest in such a comparison is v, k., (or H,y), which reflects
the propensity of the spacer to mediate electronic coupling between the donor and
acceptor [58,59]. The systems chosen for comparison have comparatively rigid
spacers and the dependence of kxr on AGgy has been carried out in sufficient detail
to allow approximation of v,x,, and A.

Comparison of the data among the four Re(I)-based systems suggests that the
electronic coupling decreases uniformly with the number of 6-bonds which separate
the n systems of the donor and the metal center. Note that the electronic coupling
appears to be similar for the mono-proline and cyclohexane-bridged systems which
have comparable numbers of intervening o-bonds. The differences in the structure
of the donor and the spacer in the two molecules appears not to have a substantial
effect on the magnitude of the electronic coupling. Comparison of the data for the
Re(l)-based and the organic systems indicates that electronic coupling is similar for
molecules with a similar number of intervening o-bonds. Since, through o-bond
donor--acceptor coupling predominates in these rigid organic-based systems [82-85],
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(I) based systems as well. Finally, it is of interest to note that clectronic
coupling is substantially larger in all of the D-spacer- A smail molecules compared
with the modified protein a5 Ru(His48)Mb, despite the fact that the overall donor-
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acceptor separation distance is similar in all of the systems [ 11]. This large difference
clearly reflects the fact that electronic coupling through the disordered protein matrix
is significantly smaller than when a direct through-bond pathway exists. This finding
suggests that peptide-bridged small molecules may be poor models for providing
insight concerning ¢.t. pathways in proteins. Because electronic coupling is so much
smaller in proteins compared with peptide-bridged systems, small structural effects
which could enhance coupling in a disordered protein matrix might not have an
effect in peptides where comparatively strong through ¢-bond coupling dominates
the coupling pathway.

(vii) Comparisons of back electron transfer rate data

A very interesting feature emerges when all of the available rate data for back
e.t. in donor-substituted Re(l) complexes is compared. Figure 8 illustrates a plot of
log kggr vs. AGygr for the three series of complexes (b)Re(CO); PYDMARB, (b)Re(CO);-
CH-DTF, and (b)Re(CO); PyPTZ. Note that all of the data fall very close to the
same correlation! The fact that the rate data for the (b)Re(CQO); PyDMAB and
{b)Re(CO); 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 for the two series, and therefore electronic coupling might
be expected to be similar. However, it is surprising that back e.t. is nearly as fast for
the cyclohexane-bridged system, where electronic coupling might be expected to be
significantly smaller. It is important to note that, for all of the three Re(I)-based
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Fig. 8. Plot of logkger vs. AGgpp for donor-substituted Re(l) complexes in CH,Cl, solution.
2, {(b)Re(CO); PyDMAB series; O, (b)Re(CO); CH-DTF series; W, (b)Re(CO), PyPTZ series.
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systems, laser flash photolysis experiments show unequivocally that the reported
rates correspond to decay of the LLCT state [24-27,45,46]. The assumption is that
the observed rate is equal to kggr. The correspondence of the rate data shown in
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
possible candidate for the rate-determining step might be ISC, 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 to allow complete understanding of the unusual
behavior of back e.t. in the Re(I)-based compounds.

D. INTRAMOLECULAR ENERGY TRANSFER IN Re(l) COMPLEXES

As noted above, Ey, cr for the (b)Re'(CO); chromophore can be tuned over a
substantial range by varying the electron demand (LUMO energy) of the diimine
ligand. This effect is illustrated in Fig. 2, which contains a plot of Ey, o1 vs E; ,(Re*/°).
In a recent study, we have taken advantage of the ability to tune Ey, cr to examine
the driving force dependence of the rate of energy transfer (kg 1) 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 dn(Re) — n* MLCT excited state is followed
by rapid, intramolecular E, T to the covalently attached An moiety:

(b)Re(CO)3—An ——s (b~ )Re"(CO);—An ~==5 (b)Re'(CO),—> (An)* (10)

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

That intramolecular E, T occurs in the (b)Re(CO); An complexes is supported
by several lines of evidence. First, the MLCT emission of the An-substituted com-
plexes is 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> 10%s~!) formation of
3(An)* (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 thermodynamic considerations (vide infra).

Rates for quenching of the MLCT excited state (k,) of the (b)Re(CO), An series
were determined from 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) spectrum of (bpy)Re(CO);An (¢c=5x 107 M, MeCN
solvent) obtained 200 ns following 320 nm excitation (5 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 equation
AEE,,T =Er—Eop

where the E,, values were determined from the MLCT emission spectra of the
(b)Re(CO); PyPh complexes, and E; was assumed to be 1.79¢V [87]. Figure 10
shows a plot of k, vs AE;_1; 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 quantum theories predict an inverted region for E, T which is the
direct analogy of the inverted region for e.t., which has been experimentally verified
[60,89]. The (b)Re(CO);An series is the first system to provide solid experimental
evidence for the inverted region for an intramolecular E, T reaction.

Despite this exciting result, there are still some unusual features concerning the
correlation of k, vs AEg ; displayed in Fig. 10. The solid line in the figure was
calculated using a quantum 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 ~0.4¢eV, the theory predicts that the rates should reach a maximum and begin
to slow down for AEg 1> —0.4¢V. As can be seen from Fig. 10, this is clearly
not the case; k, increases monotonically along the entire 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. AEg y for (b)Re(CO);An series in 2-MeTHF solution. 1, b =tmb; 2, b =dmb;
3, b=bpy; 4, b=4-dab; 5, b=>5-dab; 6, b=deb: 7. b=bpz. Solid line calculated using quantum-
mechanical expression for E T [47].

were carried out to allow estimation of the driving force (AGgy) for forward e.t. from
An to the photoexcited Re complex [47]. These measurements indicate that the e.t.
reaction is slightly endothermic for b =tmb, dmb, 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_y for these complexes. Although the products of an excited-
state e.t. reaction were not directly observed by laser flash photolysis, evidence that
a reaction occurs which competes with E, T to quench the MLCT state in some of
the (b)Re(CO); An complexes was provided by transient absorption experiments in
which the relative quantum yield for formation of *(An)*, @', was determined for
the series of complexes (Fig. 11). As can be seen from this figure, @' is nearly
constant for b =tmb, dmb, and bpy, but decreases along the latter members of the
series. The relative quantum yield experiments suggest that kg~ k, for b =tmb,
dmb, and bpy, and kg _r < k, for the other complexes.

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(I) 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 yield for formation of *An* for (b)Re(CO); An complexes. Numbers
indicate approximate free-energy change for forward e.t. (AGgy) for each complex.

substituted analogs, (2) a relatively long-lived, luminescent MLCT excited state,
(3) tunable excited-state energy and redox potentials, and (4) photochemical stability.
While this system has some shortcomings, it is clearly a useful addition to the toolbox
of the inorganic photochemist who is interested in preparing supramolecular assem-
blies for the study of excited state energy- and charge-transfer processes.
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