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consists of “polymeric ladders” extending along the crystallographic
b axis of the lattice. There are two crystallographically inde-
pendent ladders, and they are stereochemically similar. Figure
1 shows a portion of one ladder. The local coordination geometries
for the Fe and Yb atoms are shown in Figure 2. The geometries
of the [Fe(CO),]* units in 2 are intermediate between a tetra-
hedron and a trigonal bipyramid, while those of the Yb?* ions
are distorted octahedrons. In addition to three CH;CN ligands,
each Yb?* ion is coordinated by two carbonyl oxygens from two
different Fe(CQO), units; and each Fe(CO), unit is in turn con-
nected to two different Yb2* ions via isocarbonyl linkages, thus
forming a zigzag - Yb-O-C-Fe-C-O-Yb- chain. Two such
chains are coupled to form a ladder through Yb-Fe interactions.!!
Two independent Yb-Fe distances are 3.012 (1) A and 3.009 (1)
A. These distances are comparable to a Yb-Fe distance of 3.00
A in YbFe, alloy,'2 and shorter than the sum of Yb and Fe metallic
radii (3.2 A).” Long Yb-~C contacts are observed at 3.026 (9),
3.073 (8), and 3.201 (9) A for Yb--Cl, Yb--C2, and Yb--C3,
respectively (Figure 2). Metal-metal distances in several oli-
gomeric Fe(CO),-containing complexes are cited here for com-
parison. The average bond distances of 2.56 (4) A for Zn-Fe in
[(bpy)ZnFe(CO),],.*¢ 2.562 (3) A for Cd-Fe in [CdFe(C-
0),]42C;H0,!% and 2.640 (7) A for Cd-Fe in [(bpy)CdFe-
(CO),15%/4C6H;Cl;!¢ are 0.07, 0.22, and 0.14 A shorter than the
sums of their respective metallic radii.!?

The Yb-Fe interaction in 2 can be described as a dative bond
formed by electron-pair donation from the Fe center in [Fe-
(C0O),)* to Yb?*, similar to a Ru-Th dative bond in Cp*,(I)-
ThRuCp(CO),.! The Yb--C contact distances of over 3 A and
the fact that the carbonyl groups are nearly linear (the Fe-C-O
angles average 177.0 [1.4]° 2%) suggest that there are only weak
interactions between the Yb?* ions and three carbonyl carbons.
Therefore, any contribution due to the trimethylenemethane-like
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coordination of the FeC; region of [Fe(CO),]* to Yb?* (Chart
Ia) is less significant than that of the direct Yb-Fe bonding (Chart
Ib). This conclusion is further supported by comparison of the
structural data of 2 with that of Na,[Fe(CO),]-1.5(C,H;0,)."
In the latter, an allyl-like interaction between the Na* ions and
the C-Fe-C regions of [Fe(CO),]*~ was proposed. Note that
six-coordinate Na* and Yb?* have the same ionic radii of 1.02
A% In Na,[Fe(CO),]-1.5(C,H;0,) the Na--Fe distance of 3.086
(2) is longer than two Na-.C distances of 2.860 (5) and 3.050
(5) A, while in 2 the Yb-Fe distances are shorter than the Yb=-C
distances.

The average Yb-N bond distance of 2.515 [18] A in 2 is
comparable to the Yb-N bond distances in (CH;CN),Yb[(u-
H);BH],'*® and (CH;CN)¢Yb(u-H),BcH,,!* (2.525 [6] and 2.55
[3] A, respectively). The average Yb—O bond distance for the
Yb-isocarbonyl linkages in 2 is 2.374 [7] A, ca. 0.1 A longer than
those involving eight-coordinate trivalent Yb ions.® For the
carbonyls involved in the isocarbonyl linkages, the average C-O
bond distance of 1.195 [7] A and the average Fe~C bond distance
of 1.726 [9] A suggest the weakening of the C-O bonds and the
strengthening of the Fe—C bonds upon isocarbonyl coordination
to Yb2*6 The average C-O and Fe-C bond distances for the
terminal carbonyls are 1.154 [9] and 1.768 [11] A, respectively.
The Yb-N-C angles vary from 140.0 (7) to 170.8 (7)°, and the
Yb—O-C angles vary from 134.8 (5) to 168.4 (5)°. The angularity
of the Yb-O-C and Yb-N-CCH, interactions in 2 is probably
controlled by steric effects.

Presently we are developing the chemistry of this system and
extending our procedures to additional examples of metal-metal
interactions involving lanthanides and transition metals.
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Intramolecular photoinduced redox separation in molecules
incorporating both an electron transfer donor and an acceptor as
well as a chromophore has previously been achieved in carotenoid
porphyrin—quinones,! aniline porphyrin—quinones,? and ruthenium
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Figure 1. Transient absorption difference spectra obtained following
420-nm, 6-ns pulsed (<5.2 mJ/pulse) excitation of {PTZpn-Lys-
(Rul'b,m)**-NH-prPQ?*] in argon-bubbled CH,CN at 25 °C: 20 ns
(circles), 25 ns (diamonds), and 45 ns (triangles) after the excitation
pulse. Inset: Typical fitted decay trace for data obtained at 610 nm. The
experimental data points are represented by the dots; the solid curve is
the fit to a single-exponential function with a rate constant of k = (6.9
% 0.2) X 10557 (7 = 146 % 3 ns).

polypyridyl complexes.> The secondary structures of peptides
have been exploited as a means of providing controlled orientation
or spacing of photoactive sites in studies of intramolecular electron
transfer.#® We have attempted to combine these two concepts
and report here the first example of a redox-active assembly in
which a single amino acid has been functionalized via amide bonds
with an electron-transfer donor, a chromophore, and an elec-
tron-transfer acceptor. The assembly exhibits photoinduced,
spatially directed redox separation, which is achieved through a
series of single electron transfer events. Our observations establish
the feasibility of utilizing similar synthetic amino acids to construct
peptides in which controlled spatial arrays of chromophores,
donors, and acceptors may allow optimization in the formation
and persistence of redox-separated states.

We adopted a modular approach based on a trifunctionalized
amino acid to prepare the PF4 salt of the chromophore-quencher
triad shown below, [PTZpn-Lys(Ru!lb,m)**-NH-prPQ**](PFy),.’

the acceptor PQ?* were prepared® and attached stepwise to the
functional groups of L-lysine. Also prepared were the model
chromophore [(Rulb,m)?*-NH-CHj;](PF), and two model dyads,
[PTZpn-Lys(Ru!'b,m)2*-OCH;](PFs), and [Boc-Lys-
(Rul'b,m)2*-NH-prPQ?*](PF;),, where the NH-prPQ?* group
of the triad was replaced by methoxy or the PTZpn group by
tert-butoxycarbonyl (Boc), respectively. Each compound was
purified by cation-exchange HPLC and characterized by mass
and '"H NMR spectrometry and by UV-visible absorption spec-
troscopy.’

[PTZpn-Lys(Rullbym)2+-NH-prPQ2+]

For all four complexes, a characteristic dr(Ru') — 7*(b,m)
metal-to-ligand charge transfer (MLCT) absorption was observed
at 458 nm. Emission from [(Ru''b,m)**-NH-CHj] occurred with
Amax = 645 nm, a quantum yield of 0.087 £ 0.001, and a lifetime
of 1380 ns in CH,CN. With the attached electron transfer donor
and/or acceptor, the emission was largely quenched. For [Boc-
Lys(Rul'b,m)*-NH-prPQ?**], &,,, = 0.003 £ 0.001 and 7¢sy =
40 % 4 ns; for [PTZpn-Lys(Ru!'b,m)?**-OCH,], ®.,, = 0.003
0.001 and 7445 = 14 = 4 ns. A weak, residual emission observed
from [PTZpn-Lys(Ru''b,m)?*-NH-prPQ**], &, = 0.004 % 0.001,
7645 = 18 = 4 ns, appears to be due to a dyad impurity.

Nanosecond, time-resolved absorption spectroscopy!® of
[PTZpn-Lys(Ru''b,m)?*-NH-prPQ?*] revealed that the origin
of the emission quenching is electron transfer between the excited
chromophore and the donor and acceptor, as outlined in Scheme
I. Transient absorption difference spectra of the lysine triad in
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argon-bubbled CH,CN acquired at various times after excitation
with a 420-nm, 6-ns laser pulse (5.2 mJ/pulse) are shown in
Figure 1. The spectra are corrected for emission. At 20 ns after
the excitation pulse, increased absorbance at 370 nm due to the
bipyridyl anion radical and bleaching at 440~460 nm due to the
loss of the ground-state, dr(Ru!l) — x*(b,m) transition were
observed, in addition to absorptions in the 490~690-nm region.
At later times, the 370-nm absorption shifted to 390 nm, the
bleaching disappeared, and absorptions in the visible region in-
creased in intensity with maxima at 510 and 610 nm. The band
at 510 nm is due to PTZpn**,!! while the bands at 390 and 610
nm are due to prPQ**.'2 By 45 ns after the pulse, the difference
spectrum corresponded to a superposition of the spectra of
PTZpn** and prPQ**, consistent with the formation of the re-
dox-separated state, [(PTZpn**)-Lys(Rul'b,m)?*-NH-(prPQ**)].
The maximum absorbance increase at 610 nm occurred 45 ns after
the excitation pulse, after which the difference spectrum decayed
monoexponentially to the base line with a lifetime of 146 £ 3 ns
(k; = 6.9 £ 0.2 X 10 s71). The observed monoexponential decay
implies that a single conformation of the triad predominates in
solution or, more likely, that the conformational equilibria which
exist for the interconversion between conformers are rapid on the
time scale of the electron transfer. The energy stored in the
redox-separated state was 1.14 V, based on the measured redox
potentials of the donor and acceptor of the triad.

Analysis of transient absorption and emission data for the model
dyads allows us to assign values to some of the rate constants in
Scheme I. The rate constant for the appearance of PTZpn** in
the triad, k, = 1.3 X 10 571, was the same within experimental
error as that obtained for quenching of the MLCT excited state
in the dyad [PTZpn-Lys(Ru''b,m)?*-OCHj;], based on analysis
of rise-time kinetics monitored at 510 nm. The appearance of
prPQ** in the triad occurs with a rate constant indistinguishable
from that for the appearance of PTZpn**. This is more rapid than
MLCT quenching in the dyad [Boc-Lys(Rul'o,m)?**-NH-prPQ?*],
k =3 %107 s\, From the ratio of rate constants for the models
it can be inferred that k,/k, ~ 0.2, indicating that the left-hand
branch makes a relatively small contribution to excited-state
quenching. We conclude that the redox-separated state is formed
primarily via the k, step followed by k,, with k, rapid on the time
scale of the spectroscopic experiment, 22 X 108 s}, There was
no evidence for prPQ** in transient absorption difference spectra
of [Boc-Lys(Ru''b,m)**-prPQ**], even though the MLCT
emission was efficiently quenched, from which it can be inferred
that kg > k, in Scheme 1.1* The redox-separated state of the
PTZ dyad, [(PTZpn**)-Lys(Ru!'b,m)**-OCHj], was observed
and exhibited a lifetime of 7 = 25 ns (k; = 4 X 107 s7!) following
laser-flash photolysis. Note that the addition of a second elec-
tron-transfer step in the triad resulted in a 6-fold increase in the
redox-separated state lifetime.

At its maximum appearance, the redox-separated state of the
triad was formed with a quantum vyield, &, of 0.34 £ 0.03. This
value was measured relative to the efficiency of formation of PQ**
following oxidative quenching of (Rul'b;)?* by PQ**.14 The
less-than-unit efficiency in the formation of the redox-separated
state must originate in the deactivational processes, k; and/or kg
in Scheme I. From the high degree of emission quenching, the
initial electron transfer is rapid and efficient. Neglecting the
left-hand branch of Scheme I, using the values for k,, k3, and k,
obtained from the model dyads, and &, = 0.34, we calculate k&,
~ 2.9 %X 107 57! (7 = 35 ns). This is not consistent with the
exgaerimental observation that prPQ** appears with k ~ 1.3 X
108571, There may be a significant contribution from the left-hand

(11) Alkaitis, S. A.; Beck, G.; Gritzel, M. J. Am. Chem. Soc. 1975, 97,
5723

(12) Watanabe, T.; Honda, K. J. Phys. Chem. 1982, 86, 2617.

(13) In order to establish that direct electron transfer between PTZpn and
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This dyad showed no ground-state absorption above 375 nm. In contrast, a
concentrated solution of 10-MePTZ and PQ?* showed a charge-transfer ab-
sorption for the 10-MePTZ,PQ** donor-acceptor complex at 500 nm.

(14) Olmsted, J., III; Meyer, T. J. J. Phys. Chem. 1987, 91, 1649.

branch of the mechanism in Scheme I or a change in rate constants
in the triad compared to the model dyads.

It is possible to convert the stored energy of the redox-separated
state into chemical redox energy.!* Formation of the redox-
separated state of the triad in freeze-pump-thaw-degassed
CH,CN with 532-nm excitation in the presence of both 4 mM
tetramethylbenzidine (TMBD) and 3 mM benzoquinone (BQ)
was followed by electron transfer from TMBD to PTZpn** (k
=6 X 10° M™! s71) and electron transfer from prPQ** to BQ (k
=1 X 10° M s7"). The electron-transfer reactions, which fol-
lowed pseudo-first-order kinetics, were observed by monitoring
the quenching of the transient absorption of PTZpn** by TMBD
and the quenching of prPQ** by BQ. In the net reaction visible
light was converted into the chemical redox energy of the transient
products, TMBD** and BQ*~.1¢-17

hv,
TMBD + BQ ———— TMBD** + BQ" AG® = 0.8 eV
lysine triad
Using redox modules such as those described here, we are
pursuing the assembly of more complex redox-active peptides.
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Homonuclear three-dimensional (3D) proton NMR has been
shown to be useful in both resonance assignments and structure
determination of proteins and saccharides.!”” This technique is
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