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Applications of Light-Induced Electron-Transfer
Reactions: Generation and Reaction of Ag? in Solution
via Visible Light Photolysis of Ru(bpy);2*

Sir:

Several investigations have shown that the effective oxi-
dizing and reducing power of excited states of a wide variety
of compounds including aromatic hydrocarbons, dyes, and
transition-metal complexes is increased upon electronic exci-
tation by an amount effectively equal to the relaxed excited-
state energy.'~> Thus for excited states of a complex such as
the much investigated tris(2,2’-bipyridine)ruthenium(I1)2+,
Ru(bpy);®*, reduction of substrates having potentials
E\p[SrH/(n=0+] = —0.81 V is energetically favorable and
generally extremely rapid with typical rates near the diffusion
controlled limit.> Examination of polarographic data suggests
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that Ag* might be expected to be a good substrate for oxidative
quenching of Ru(bpy);2** since its half-wave reduction po-
tential is in the range of +0.4 to +0.8 V¢ where rapid and ef-
ficient reduction is expected. However, measured reduction
potentials for Ag* link the cation and metallic solid; when the
reduction is carried out in dilute homogeneous solution, the
initial species generated should be atomic silver which is clearly
of much higher energy and likely of different reactivity than
the metal, In the present paper, we report a study of quenching
of Ru(bpy);2** by Ag* in acetonitrile and aqueous solution.
Our results indicate that effective quenching does occur but
with much lower rates than predicted by reduction potentials.
The results further indicate that the reduced silver species
generated is extremely reactive and suggest that the techniques
used can be extended for the generation and study of dispersed
reactive atomic species by oxidation or reduction of other
soluble ions.

Irradiation of solutions containing Ru(bpy);2* and AgNQO;,
AgClOy, or Ag(bpy)a™ in acetonitrile or water with visible or
near-UV light results in quenching of the strong Ru(bpy);2*
luminescence but no permanent chemistry.”# For both solvent
systems, linear Stern-Volmer plots are obtained with low to
moderate concentrations of Ag*. However, in aqueous solution
there is a positive deviation with Ag™ concentrations >1.5M
which suggests some ground-state complex formation at these
levels.® Quenching constants obtained are 1.1 X 105 M~!s~!
for both AgNO; and AgClOy in acetonitrile and 3.5 X 108
M~ 57! for AgClO4 in water. The silver(I) complex,
Ag(bpy),t, is a somewhat better quencher in acetonitrile
giving kg = 1.5 X 10® M~! s~ Although no permanent
products are formed at high Ag* concentrations, flash pho-
tolysis indicates a transient bleaching of the Ru(bpy);2*
consistent with that observed in other cases where oxidative
quenching occurs;?'! the regeneration of the spectrum follows
equal concentration second-order kinetics giving k. = 5.5 X
10° and 1.2 X 10'© M~! s~! for AgNQj-acetonitrile and
AgClO4-water, respectively. While no permanent products
are produced in these cases, addition of low concentrations (1
X 1072 M) of triethylamine [in the range where quenching of
Ru(bpy)s®+* by triethylamine is negligible]'? to solutions
containing Ru(bpy):** and AgNOQ; or AgClO, in acetonitrile
results in the formation of colloidal silver or silver mirrors upon
irradiation with visible-near-UV light. A study of the irra-
diation of acetonitrile solutions of Ru(bpy)s**/AgNQ; inan
ESR cavity at 25 °C led to no detectable signals either in the
absence or presence of triethylamine.

The results are most consistent with a transient reduction
of Ag* ions by the excited complex, Ru(bpy)s>*#*, as outlined
in eq 1-6. Reaction 2 has been previously studied via pulse
radiolysis techniques and found to have a rate constant of k»
=59 X 109 M~! s7!;!3 thus, under conditions used in the
present study, conversion of Ag®to Ag,* should dominate all
other reactions and the observed back-reaction most likely is
that given by eq 3. Addition of triethylamine has been previ-
ously shown to scavenge the oxidized complex, Ru(bpy)s3¥,
in competition with the normal back-electron transfer (eq 3
and 4);'%in this case the use of the scavenger permits Ag,*
to survive long enough for agglomeration or aging processes
leading to metallic silver to occur.

Ru(bpy)s*** + Ag* — Ru(bpy)s** + Ag’ (1
Agd+ Agt — Ag* (2)

Ag>* + Ru(bpy)s** — Ru(bpy)s** + 2Ag*  (3)
Ru(bpy);3* + Et;N: — Ru(bpy)s** + Et;N* 4)
Et;N* . — products (5)

Agyt — — Ags (6)
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The rapid rates of back electron transfer indicate the Ag®
and Ag,* species generated via electron transfer in solutions
are extremely reactive reagents which should be capable of
reacting with a variety of substrates that are either inert or
sluggishly reactive toward metallic silver. The measured
quenching rates permit an assessment of the energetics of the
silver ion reduction if we assume that the retardation of the rate
below the diffusion controlled limit is attributable to a free
energy of activation equal to the endoergonicity of the
quenching step (eq 1).'3-'7 Thus for the reduction (eq 7) we

Ag(solv)+ +e— Ag(solv)0 (7)

obtain potentials of —=1.05 to —1.11 V in acetonitrile and —0.96
to —1.02 V in water.!> Comparing these values to the measured
Ag* metal reduction potentials indicates that the metal is more
stable than the reduced soluble species by 31-44 kcal/mol. The
values thus estimated are considerably below the sublimation
energy of ~60 kcal/mol'®!? indicating that solvation by water
or acetonitrile stabilizes the metal atom to at least some ex-
tent.20 Interestingly, related experiments on the photoinduced
reduction of complexed Ag* ions suggest that the stability of
Ag® complexes can cause profound changes in its redox reac-
tivity toward reagents such as Ru(bpy)s3+.2!

The results obtained in the photolysis study are somewhat
related to recent investigations of silver ion reduction in solu-
tion initiated by pulse radiolysis (vy-radiation or elec-
trons).'3.!8.22 However, in the present study the reduced silver
species can be generated under very mild conditions and in the
presence of reagents which might not survive in radiolysis ex-
periments. The use of scavengers to avert the back-reaction
provides the possibility of increasing the lifetime of the reactive
reduced species and to allow its interception by other sub-
strates. The utility of reactive metal species in a number of
synthetic applications has been demonstrated by Rieke,??
Skell,?* and Klabunde?? using very different methods of gen-
eration. The general techniques used in the present study
should be useful for reducing a number of monovalent metal
ions to reactive atomic or subaggregate species, including those
from copper, thallium, and mercury.
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Photochemical or Photomimetic Fossil Triterpenoids
in Sediments and Petroleum
Sir:

During a study of the sediments deposited in the delta of the
Mahakam river, off the east coast of Borneo, we have en-
countered a series of fossil triterpenoids, the nature of which
discloses the operation of a novel mechanism of early geo-
chemical maturation: decay of excited ketones.

Precise structural characterization of products of the
transformation or degradation of biological molecules has
proven quite useful in the elucidation of the origin of the geo-
logical organic matter and of the (geo)chemical processes
occurring in sediments at various stages of their maturation.!-
These processes, which start in the recent sediment, lead over
geological periods to the formation of fossil energy sources,
such as petroleum, gas, and coal .34

Most of the complex alicyclic molecular fossils identified
so far in sediments (including petroleums, coals, shales etc.)
are derivatives of the 3-deoxyhopane triterpene family, of
microbiological origin.5 Other triterpenoids, derived from
3-hydroxy constituents of higher plants, are sometimes found,
and are considered as indicators of continental influences.®’
One such derivative of 8-amyrin (1) has recently been iden-
tified in several recent and ancient sediments and crude oils.®
The process leading to the loss of ring A, in 1, was mysterious.
Results described below appear to explain it.

Off the coast of as densely forested an island as Borneo, in
the deltaic recent sediments (2-30% organic carbon) of a large
river, dating from the present to a few thousand years at the
most, continental impact should be large, and this is reflected
by the isolation of a series of triterpene ketones in the nonpolar
neutral fraction by our standard procedure.® Friedelin,
a-amyrenone, 3-amyrenone, and lupenone are frequent con-
stituents of higher plants, notably of tree barks, or could have
been formed by trivial oxidation of the corresponding 3-alco-
hols, ubiquitous in green plants. However, these ketones are
accompanied, in particular in the same fraction or in the acidic
and hydrocarbon fractions, by a homogeneous genetic family
of products, obtainable by photochemical decomposition of
the 3-ketones'% ! (Figure 1). Indeed this is the way we have
prepared most of the authentic reference samples to identify
these products (Figure 2). A quantitative comparison of the
results of the photochemical reaction with the relative abun-
dance of the fossil substances is, in this case, meaningless, as
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