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Figure 2. Ground-state (a) and excited-state (b) CD spectra of Ru-
(bpy);2* taken with the transient CD apparatus.! The ground-state
spectrum is in excellent agreement with the previously reported spectrum
taken with a conventional CD spectrometer.!® The excited-state spectrum
is the average of 64 measurements of signals in a window from 10 to 70
nm after the laser pulse. Sufficient laser power was used to ensure
complete ground-state depletion.

a spectrum taken on a conventional CD spectrometer.!® Note
that each point in the spectrum represents a total of 3.2-us ex-
posure time. The comparable spectrum taken on a conventional
CD spectrometer would require a time constant on the order of
1 s. Work is now proceeding to incorporate a photodiode array
detection system to facilitate more efficient collection of CD
spectra.

Figure 2b is the excited-state CD spectrum obtained by av-
eraging signals for 60 ns after the laser pulse. Sufficient laser
power was used to ensure complete depletion of the ground state
as determined by the laser power dependence of the signal. There
is no postlaser CD signal within experimental error (|Ae] < 2) from
450 to 480 nm, a region that lacks significant excited-state ab-
sorption, The transient absorption reported by Creutz et al.l® at
420 nm shows no significant circular dichroism. The CD of the
370-nm transient absorption is very small (Ae ~ 3), while a
moderate CD is observed centered at 312 nm (Ae ~ -15).%1°

The near-zero magnitude of the 370-nm band is consistent with
a single ligand localized w*x* transition. This CD is even less
than that reported for the single phen localized w=* transition
of Co(en),(phen)* (Ae =~ 10).!® The moderate CD at 315 nm does
not persist into the red, though the excited-state absorption is
reported to go as far as 330 nm.!° Hence the CD implies that
the absorption band consists of at least two transitions, one being
much more strongly CD active than the other. The magnitude
of the Ae of this CD-active band is on the order of the interligand
xx* CD of the ground-state absorption of Co(bpy),(NO,),.!"
Moreover, the transition occurs in a region in which bipyridyl
ligand 7* transitions are seen. Hence, we tentatively assign this
band as interligand wx* absorption of the two unreduced ligands.
However, a LMCT dr* — d%rn* transition is also expected to
occur in the transient spectrum and this assignment cannot be
ruled out. Taken together, our assignments support previous
descriptions of the lowest MLCT excited state of Ru(bpy),2* as
having the transferred electron localized on a single ligand.!%2%-2

(19) Gillard, R. D.; Hill, R. E. E.; Muskill, R. J. Chem. Soc. A 1970, 707.
(20) Dallinger, R. F.; Woodruff, W. H. J. Am. Chem. Soc. 1979, 101,
4391.
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Recently, linked electron-donor-acceptor systems! have been
shown to be useful for a critical test of mechanisms and theories
of electron-transfer processes.> Among the factors, which de-
termine the rates of electron-transfer processes, are the exo-
thermicity of the reaction, the distance between donor and ac-
ceptor, and the nature of the medium or of the spacer between
them.

The question of interest in this paper is the potential influence
of the spacer between electron donor and electron acceptor on the
electron transfer.’

With this goal we synthesized* four linked donor-acceptor
compounds (1-4), in which dimethylaniline acts as the donor and
(excited) pyrene or anthracene as the acceptor.

Because of the possible rotations around the o-bonds at the
methylene groups, the absolute distance between donor and ac-
ceptor is not fixed,” whereas the difference of the distances in the
biphenyl bridged (2, 4) compared with the phenyl bridged com-
pounds (1, 3) is definite (4 A).

The fluorescence lifetimes of the compounds (1-6, Figure 1)
were measured by time-resolved photon counting. The pyrene
or anthracene moiety was excited at a wavelength of 337 nm by
using a flashlamp (ORTEC 9362) with a pulse width of 2.7 ns
(fwhm). At this wavelength, the absorption of the dimethylanilino
group and of the spacers is negligible. Singlet energy transfer
from excited pyrene or anthracene to the dimethylanilino group
is impossible for energetic reasons. In time-resolved experiments,
the fluorescence light was not spectrally resolved except by the

(1) (a) Joran, A. D,; Leland, B. A,; Geller, G. G.; Hopfield, J. J.; Dervan,
P. B. J. Am. Chem. Soc. 1984, 106, 6090-6092. (b) Miller, J. R.; Calcaterra,
L. T,; Closs, G. L. J. Am. Chem. Soc. 1984, 106, 3047-3049. (c) Wasielewski,
M. R.; Niemczyk, M. P. J. Am. Chem. Soc. 1984, 106, 5043~5045. Wasie-
lewski, M. R.; Niemczyk, M. P.; Pewitt, E. P. J. Am. Chem. Soc. 1985, 107,
1080-1082.

(2) (a) Marcus, R. A. J. Chem. Phys. 1964, 43, 679-701. (b) Kestner,
N. R.; Logan, J.; Jortner, J. J. Phys. Chem. 1974, 78, 2148-2166. (c) Van
Duyne, R. P,; Fischer, S. F. Chem. Phys. 1974, 5, 183~197. (d) Ulstrup, J.
“Charge Transfer Processes in Condensed Media”; Springer-Verlag: Berlin,
1979; and references therein. (e) Newton, M. O.; Sutin, N. Annu. Rev. Phys.
Chem. 1984, 35, 437-480 and references therein.
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therein, (c) Larson, S.J. Am. Chem. Soc. 1981, 103, 4034-4040. (d) Fischer,
S. F.; Nussbaum, I. In “Antennas and Reaction Centres of Photosynthetic
Bacteria; Structure, Interaction and Dynamics”; Michel-Beyerle, M. E., Ed.;
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Figure 1. Bridged donor-acceptor systems 1-4 and reference substances
56.

Table I. Fluorescence Lifetimes in Hexane (7y,,) and Acetonitrile
(Tmecn) and Intramolecular Electron Transfer Rates (kgr) in
Acetonitrile?

compd Thex» NS TMeCN> NS kgp X 1078, 57!
1 274 £ 15 1.2£0.1% 8.3 £ 0.7
2 279 £ 15 285+ 1.5 0.30 £ 0.02
3 4£02 0.13 £ 0.03* 76 £ 18
4 43 0.2 2101 3.4 03
5 287 10 204 = 7
6 4.4 %02 7.5 0.4

@ Averages and error limits result from two or three measurements
each. ®Measurements together with Dr. W. Rettig at the Berliner
Elektronensynchrotron (Bessy).

use of a filter to cut off light with a wavelength shorter than 390
nm. The measurements were performed in hexane and acetonitrile
at room temperature. The samples were deoxygenated by several
thaw—freeze—pump cycles. The concentrations used were 1-5 X
10°M; to eliminate excimer or exciplex formation in the samples
with long fluorescence lifetimes, the concentrations were varied
between 107 and 10™* M and the lifetimes were obtained by
extrapolation to infinite dilution according to the Stern-Volmer
relation. The intermolecular quenching constant for compounds
1 and 2 in hexane was found to be (1.6 £ 0.2) X 101° M1 571,
The fluorescence decay was single exponential in all cases. The
results are compared with the reference substances (5, 6) and are
summarized in Table L.

In the nonpolar solvent hexane, the lifetimes of the donor-
acceptor systems are identical with those of the corresponding
reference substances, whereas in acetonitrile a strong quenching
of the fluorescence is observed, depending on the donor—acceptor
distances. No evidence of an (intramolecular) exciplex emission
was found.

Given the well-known properties of a homogeneous solution of
anthracene- and pyrene/dimethylaniline in various solvents,® the
fluorescence quenching in acetonitrile is interpreted as intramo-
lecular electron transfer. The corresponding rates, summarized
in Table I, are obtained from the fluorescence quenching data
by using the relation: kgy = 771 — 7 with kg = electron-transfer
rate, 7 = lifetime of the bridged compound, and 7 = lifetime
of the reference substance.

(6) Knibbe, H.; Staerk, H.; Weller, A. Ber. Bunsenges. Phys. Chem. 1968,
72, 257-263. Rehm, D.; Weller, A. Z. Phys. Chem. Neue Folge 1970, 69,
183-200.

J. Am. Chem. Soc., Vol. 107, No. 26, 1985 8287

The free enthalpies AG of the electron transfer in hexane and
acetonitrile are approximately +1.1 and -0.5 eV’ for the pyrene
as well as the anthracene derivatives. This explains the absence
of intramolecular quenching in hexane.

The most important result for both bridged systems is the
decrease of the rate by a factor of 22 to 27 when the distance is
increased by 4 A. This is in striking contrast to recent experi-
mental findings!? in systems using an aliphatic spacer. In this
case, an increase of the distance by 4 A leads to a decrease of the
rate by a factor of at least 100.

We attribute the large difference of this ratio for aromatic and
aliphatic spacers to the occurrence of electron transfer via su-
perexchange®*¢ which is mediated by the spacer. If for phenyl-
and biphenyl-bridged compounds the superexchange mechanism
holds, theory in its most elementary form predicts that kg(2)/
ker(1) = kgr(8)/kpr(3) = (8/AE)?, where 8 is the resonance
integral between the spacer units and AE corresponds to the
(average) energy difference between the spacer and the donor and
acceptor states. Our experimental data for kgr(2)/kgr(1) imply,
that for our aromatic spacer |8/AE| = '/5. On the other hand,
for aliphatic spacers one expects® considerably smaller values for
|8/ AE|, accounting for their lower efficiency in mediating electron
transfer.

The superexchange for the aromatic spacers phenyl and bi-
phenyl involves the participation of (virtual) anionic and/or
cationic states of the bridging elements which correspond to the
(formal) structures donor-spacer*—acceptor™ (I) or donor*—spa-
cer—acceptor* (II). The charge transfer in these (virtual) states
does not imply a corresponding internal or solvent reorganization
(except electronic polarization). The value of AF for structure
I can then be approximated as the energy difference between
structure I and excited 1 using a Born-Haber cycle: AE ~ IP
- EA + P+ C- AE*, where IP = gas phase ionization potential
of the spacer, EA = electron affinity of the acceptor, P = electronic
polarization energy of the medium for structure I, AE* = exci-
tation energy (So — S;) of the acceptor, and C = Coulomb energy
of structure I. This relation gives AE ~ 1-1.5 eV for structure
I; an analogous estimate for structure II yields AE ~ 4-5¢eV.®
These simple energetic considerations indicate that the energy
difference AE involving structure I is considerably lower than that
of structure II. Thus, the contribution of hole transfer to the
superexchange mechanism should be predominant. Furthermore,
AE ~ 1-1.5 eV suggests 3 ~ 0.2-0.3 eV for the exchange integral
between the two phenyl rings of the biphenyl spacer.

Our results demonstrate the participation of specific spacers
in electron-transfer processes. The superexchange mechanism will
be put to test by changing the energy levels of the spacer at a fixed
donor-acceptor distance. Measurements with such modified
compounds are in progress.
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The ATP phosphotransferases, hydrolases, and synthetases,
crucial enzymes in the biological energy cycle, often require mono-
or divalent metal ions in order to carry out their function.! A
major portion of the model studies have therefore focused on
metal-ATP interactions to elucidate the role of the metal ion.?
More recently, models for the enzyme substrate reaction were
examined employing polyammonium macrocycles and ATP.} By
melding the two foci, a metal-ATP-polyammonium macrocycle
system which even more closely resembles its biological counterpart
has been examined in this laboratory. The results of these initial
studies, in which not only enhanced rates of ATP hydrolysis but
also the formation of pyrophosphate are observed, are described
herein.

The hexaazadioxo macrocycle, [24]-N¢O, (1) catalyzes the

1, R=H
2, R=POg"

hydrolysis of ATP at pH 7.6 via the formation of the intermediate
phosphoramidate species 2, which subsequently hydrolyzes to give
inorganic phosphate.’ This macrocycle has also been found to
mediate in the formation of pyrophosphate during the hydrolysis
of acetyl phosphate.?

The investigation of the effect of the biologically significant
metal jons, Ca(Il), Mg(II), and Zn(II), added to 1 in this labo-
ratory has revealed a striking metal-dependent influence on ATP

*Department of Medicinal Chemistry.
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Figure 1. 3'P NMR of 0.010 M ATP, 0.015 M [24]-N¢O,6HBr (1-
6HBr), and 0.015 M CaBr, in 10% D,O/H,0 at pH 4.5 and 22 °C: (A)
at 22 °C with pH adjusted to 4.5 after partial hydrolysis for 38 min at
70 °C at pH 7.6; (B) after 24 h at pH 4.5 at 22 °C. The chemical shift
assignments: ATP, «, —10.71, 8, -20.12, v, -5.72; ADP, «, -8.72, 3,
—6.75; pyrophosphate, ~6.22; orthophosphate and AMP +1.0; and
phosphoramidate 2, +10.07 ppm relative to an external standard of 85%
H,PO,.

Table I. Observed First-Order Rate Constants for the Hydrolysis of
ATP and the Maximum Observed Concentrations of the
Phosphoramidate 2 in a Solution Containing 0.010 M ATP and
0.015 M [24]-N4O, (1) at pH 7.6 and 70°C upon the Addition of
0.015 M Divalent Metal Bromides®

MBr, addtns Kopsg, min™! 2, M (min)?
none 0.023 0.0021 (25)
MgBr 0.023 0.0030 (36)
CaBr, 0.043¢ 0.0035 (17)
ZnBr, 0.0039 0.0013 (60)

4Solutions (0.5 mL) in a 5-mm NMR tube were heated to 70 °C in
the NMR probe (Varian XL 300). 3'P NMR integrals were measured
from the proton-decoupled spectra programmed for 450 acquisitions (6
min) spaced by I min. The integral values and the observed rate con-
stants are accurate to £10%. ®The maximum observed concentration
of the transient phosphorylated macrocycle 2 as determined from the
P NMR integral for this species at +10.0 ppm relative to an external
standard of 85% H;PQ,. ¢Calcium phosphate precipitated at this pH.

hydrolysis and on the formation of the phoshoramidate 2 and
pyrophosphate. Partial hydrolysis of ATP in a reaction solution
of ATP, [24]-N4O,-6HBr (1-6HBr),* and CaBr, in a ratio of
0.67:1:1 at pH 7.6 gave a mixture containing approximately 10%
AMP, 70% ADP, and 20% ATP after approximately 35 min at
70 °C. At this point 50% of the phosphate derived from the
hydrolysis reaction was present as the phosphorylated ligand 2
and no pyrophosphate peak was observed in the *'P NMR
spectrum when the pH of the mixture was adjusted to 4.5, in order
to dissolve precipitated calcium salts. After standing 24 h at room
temperature, the phosphoramide peak was absent, and, in addition
to the formation of inorganic phosphate, approximately 10% of
this intermediate was converted to pyrophosphate (Figure 1). The
possibility that the pyrophosphate results from attack of water
on ATP is unlikely, since it is also formed when no ATP is present
in the solution.

While the addition of both Ca(II) and Mg(II) increased the
observed percentage of the phosphoramidate 2, only Ca(II)
provided a significant rate acceleration in ATP hydrolysis (Figure
2, Table I), almost doubling the first-order rate constant compared
to that of the macrocycle alone. This increase cannot be attributed

(5) Comarmond, J.; Plumeré, P.; Lehn, J.-M.; Agnus, Y.; Louis, R.; Weiss,
R.; Kahn, O.; Morgenstern-Badarau, [. J. Am. Chem. Soc. 1982, 104,
6330-6340.
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