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Introduction

Recent studies with the uranyl ion () have shown that
it has the potential to photocatalytically oxidize organic
substrates in the presence of ‘aif. The excited-state U@
is a potent oxidantg® = 2.6 V) and is quenched by a variety
of organic substrate’s>16 The resulting U(V) species can then
be oxidized back to Ug" in the presence of oxygerPrevious
studies with alcohols have shown, through kinetic isotope

effects, that the quenching of the uranyl excited state occurs by

hydrogen atom abstraction to give LKD" and an organic
radicall-®” The mechanism of quenching with alkenes has not
been definitively determine¥:’® Proposals for quenching
mechanisms with alkenes have included exciplex formation,
H-atom abstraction, and electron transfer. Recent work identified
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Table 1. Kinetic Data for the Quenching of Uranyl by Alkenes
with Literature lonization Potential (IP) and Allylic-€H Bond
Dissociation Energy (BDE) Values

BDE14 |p16,17

alkene ks(M~1s™) (kJd/mol) (eV)
3,3-dimethyl-1-butene (1.2 0.1) x 107 >389 9.45
3-methyl-1-pentene (120.1)x 107 323 9.53
1-hexene (1.8:0.1) x 107 345 9.46
trans-2-hexene (4.6:0.2) x 107 3422 9.04
2-methyl-2-pentene (94 0.3) x 107 33 8.68
2,3-dimethyl-2-butene (2&£0.2) x 1¢¢ 326 8.27
1,4-pentadiene (32 0.4)x 10 318 9.62
cis-1,3-pentadiene 3£0.2)x 1¢¢ 347 8.61

a2Values based on the structurally analogous pentene isomer.
b Estimated G-H bond value (experimentally ©C bond cleavage
occurs before €H bond cleavage can be observed).

All other alkenes were used as received (Aldrich). Uranyl nitrate (Strem)
and uranyl acetate (Pfaltz and Bauer) were used as received.
Measurements.Excited-state lifetimes of uranyl were determined
using a Quanta Ray DCR-3 Nd:YAG laser with a R-955 PMT detector
and a HP 54111D digitizing oscilloscope. Quenching studies were done
in a quartz cuvette fitted with a septum to avoid any evaporation of
the more volatile organics. All experiments were done in a 1:3-CH
CN/H0 solution (0.3 M HPQ,) with 2—3 mM uranyl nitrate’” Under
the reaction conditions the uranium species in solution is a uranyl
phosphate complex with a lifetime in solution of 1@8. Solutions

a U(V) species as a quenching product in the absence of oxygenvere deaerated by a nitrogen sparge ferl® min, and the cuvette
and suggested H-atom abstraction as the quenching mechianismWas sealed with a septum. Aliquots of quencher were added until the

The observation of U(V) identifies the quenching mechanism
as a one-electron process, but does not discriminate betwee

electron transfer and H-atom abstraction. Other reports show

that quenching rates vary with ionization potential (IP) in the

case of aromatic molecules, suggesting that electron transfer is

the mechanism of quenchifd$.1® We report here on a series
of quenching studies between uranyl and a variety of alkene

substrates that unequivocally demonstrate quenching of thePresent;

uranyl excited state with alkenes occurs by electron transfer.

Experimental Section

Materials. ACS reagent grade GEN (J.T. Baker) was used as
received. Water was deionized by a Millipore filtration system. The
3,3-dimethyl-1-butene was distilled prior to use to remove the inhibitor.
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lifetime was <3 us, which corresponded to—1B0 mM of quencher
epending on the rate constant. All of the quenching studies exhibited
tern—Volmer kinetic$® with R? values>0.98.

Results and Discussion

Stern-Volmer plots ofry/t vs the concentration of the alkene
gave straight linest§ = lifetime of uranyl with no alkene

7 = lifetime of uranyl at a given concentration of
alkene). The slopes of the lines were used to determine the
guenching rates, which are shown in Table 1 (slopezgk,).

Two possible one-electron quenching processes are electron
transfer and H-atom abstraction. The fundamental difference
between the two processes for alkene substrates is that H-atom
abstraction will occur at the allylic position to give the allyl
radical, whereas electron transfer involves removing an electron
from the double bond to give the cation radical product. To
clearly discern between the two pathways, we investigated the
quenching of the uranyl excited state with three distinct series
of alkenes.

In the first series of quenching experiments, we looked at
the effect of altering the substituents at the allylic position to
change the bond dissociation energy (BDE) of the allylic proton
without greatly affecting the IP of the alkene. H-atom abstraction
of 3-methyl-1-pentene would yield a stable tertiary allylic
radical, 1-hexene would give a secondary allylic radical, and
3,3-dimethyl-1-butene has no allylic hydrogen available for
abstraction. The difference in the stability of the tertiary and
secondary radicals can be seen in the difference in bond
dissociation energies 323 and 345 kJ/mol for 1-hexene and

(17) Quenching studies were also performed with uranyl acetate, yielding
similar results.
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Figure 1. In(kg) vs the BDE of the allylic G-H bond for alkenesd) Figure 2. In(ky) vs the IP for alkenesd) and dienesm{). The line
and dienes[{). represents the best fit to the hexene isomer data.

potentials follow an opposite trend in which 1,3-pentadiene has
a much lower ionization potential than 1,4-pentadiene (8.62 eV
compared to 9.61 eV) because the 1,3-pentadiene product is an
allyl radical cation. The 1,3-pentadiene quenches nearly 10 times
faster than the 1,4-pentadiene, once again supporting the

On the basis of previous H-atom abstraction datiag large . . -
difference in BDEs should lead to a variation in quenching rates conclusion that the quenching of the uranyl e>§0|ted state by
alkenes occurs by an electron-transfer mechanism.

of at least an order of magnitude. The observed quenching rates The results can be summarized by looking at plots dén(

are all very similar and do not vary by more than a factor of o . o :
1.5, suggesting H-atom abstraction is not the quenching mech-"> the allylic C-H bond dissociation energy (Figure 1) and In-

anism. These results are consistent with electron transfer as thékQ) vs ionization potential (Figure 2). The lack of any observable

guenching mechanism since the IPs of the three alkenes do no orrelation between the BDE of the _aIIyI_lc—(I-I bond and In- .
vary by more than 0.08 e%422 kg suggests that H-atom abstraction is not the mechanism

inth d seri ¢ alk 1h >h 5 h Iinvolved in quenching the uranyl luminescence. There is,
5 ntte second Ze;zso 3} 'larz]ets)'t- exﬁ?e’ ) %xene}, I-mtet Yhowever, a very good inverse linear correlation between IP and
-penténe, and 2,3-dimethyl-2-butene, the humber of elec ron'In(kq). Such a trend is expected on the basis of Marcus theory
donating methyl groups on the alkene progress_n_/ely INCrEASES.t, glectron transfer, which predicts kyf is proportional to
As methyl groups are added to the vinyl positions, the IPs _ \giopT 4t jow driving forces?® With all of the substrates
decrease, varying by.1.25 ev across the series. The aliylid C the general trend of faster rates with lower IPs is clear, and
bond strength remains relatively unchanged throughout the

ies. An H-at bstracti hani Id b ; dWithin the single class of hexene isomers there is an extremely
seres. An rl-atom abstraction mechanism would be expecte good linear correlation, demonstrating that the quenching of the
to yield similar quenching rates for all four hexene isomers.

. uranyl excited state with alkenes occurs by electron transfer. It
The observed quenching rates vary by over an order of y y

; ; - ~ ~~ ~ should be noted that the IP is a gas-phase measurement and
magnitude. The quenching rates increase as the ionization

tential of the alk g ted f lect only provides information on oxidation potential trends. Within
potential of the alkene decreases, as expected for an electrony closely related set of compounds, solvation energies are
transfer mechanism.

i . . ) expected to be similar and IPs should correlate well with
The final comparison is between the two diene complexes gyiqation potentials (IP will be proportional tG). Compounds
1,3-pentadiene and 1,4-pentadiene. This comparison offers thenat are not structurally similar will have different solvation
most compelling data, because it is a rare situation in which gnergies, and the oxidation potentials may not correlate well
the BDE and IP values have significant trends in opposite \yith |ps. Such differences between the alkenes and the dienes
directions. H-atom abstraction produces identical products. S'nceexplain why the two diene points are displaced from the linear
1,4-pentadiene lacks any stabilization from conjugated double fj; 15 the hexene isomer data.
bonds, the bond dissociation energy is much lower than that of  The mechanism of electron transfer to give the cation radical

1,3-pentadiene (318 kJ/mol compared to 347 kJ/mol) and would a5 some implications for the type of photochemistry catalyzed
guench by H-atom abstraction at a much faster rate. lonization by uranyl?25We have not examined products in the water/

- _ — ~ acetonitrile mixtures, but preliminary investigations into product
(20) Most thermal techniques for measuring bond dissociation energies formation in aqueous acetone mixtures show that in the case of

cannot be applied to 3,3-dimethyl-1-butene becaus€ Cleavage i} . oY i _
to give the stable tertiary radical occurs at 285 kJ/mol. We were unable 1-hexene the major product-§0%) is 2-nonanone. Such a

to find a BDE for a G-H bond of the alkene in the literature. The  Saturated product would not be expected from the allylic radical
B?EIS for anéélggouz Tgéhlglan?fvinylﬁﬁg%ndsdw islgpfgtﬁne,and formed upon H-atom abstraction, but could result from acetone
et ylene are an mol from anapookK O emlstry it 3 H

and Physics63rd ed.; Weast, R. C., Ed.; CRC Press: Boca Raton, addition across the cation radical,

3-methyl-1-pentene, respectivéyThe alkene 3,3-dimethyl-
1-butene has no allylic proton present for H-atom abstraction,
and the energy necessary for abstraction of either the vinyl
proton or one of the methyl protons should 885 kJ/mol°
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