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Rates of Radical 8 Cleavage
in Photogenerated Diradicals!
Sir;

The Norrish type II photoreaction? provides a unique probe
for studying substituent effects on radical reactions, since in-
tramolecular hydrogen atom abstraction is so regiospecific.
Because of the intense interest in 8-haloalkyl radicals,? we have
studied the photochemistry of three 4-halovalerophenones.
They each undergo loss of HX competitive with type II pho-
toelimination. The halogens are eliminated from the 1,4-di-
radical intermediate involved in type II photoelimination.?
Moreover, é-benzoyl sulfides, sulfoxides, and sulfones behave
similarly. Our combined results provide the first extensive set
of relative B-cleavage rates of radicals.
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We had noted previously that V-Cl undergoes a minor re-
action in competition with type II elimination.* We have now
identified 4-benzoyl-1-butene (1II) as a minor product from
V-Cl, the major product for V-Br, and the only volatile product
for V-1.3 Table I lists quantum yields for product formation
and for ketone disappearance in benzene containing 0.1 M
pyridine. The pyridine captures the HBr and HI which oth-
erwise react with products® and maximizes type II yields.”
Under these conditions, the material balance for the chloro and
bromo ketones is close to 100%.

Neither 1 M ethyl iodide nor 1 M butyl bromide measurably
quenches the photoelimination of butyrophenone. Likewise,
irradiation of 8-chloropropiophenone and ~-chloro- and «-
bromobutyrophenone does not form benzoylalkenes. These
experiments indicate that the carbon-halogen bonds are not
broken by direct interaction with the excited ketone. The only
remaining mechanism for product formation involves com-
petitive reactions of the diradicals formed by triplet state ~-
hydrogen abstraction. The hydroxy radical formed by 8
elimination of a halogen atom® from the diradical should either
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Table I. Product Quantum Yields for 8-Substituted
Valerophenones PhnCOCH,CH,CH,CH,X4

X &b d Rel k_x°
Cled 0.58 0.10 1
Brd 0.048 0.55 65
14 <0.002 0.43 >1260
SCN 0.003/ 0.25/ 490
SBu¢ 0.21/ 0.006/ 0.16
SOBu¢ 0.03/ 0.39/ 76
SO,Bu¢ 0.39/ 0.03/ 0.46
SPh 0.02/ 0.28/ 110
SOPh 0.003/ 0.32/ 630
SO,Ph 0.19/ 0.22/ 6.8
SCOCH; 0.78/ 0.02/ 0.15
Cldg 0.54 0.08
Cld.h 0.36 0.06
Cld.i 0.045 0.008
Cld.J 0.63 0.07

@ Degassed benzene solutions containing 0.1 M ketone irradiated
at 313 or 366 nm, 25 °C. & An extra 12% cyclobutanol is also formed
for V-Cl and presumably for the other ketones. ¢ Some data from ref
4, 4 In the presence of 0.1 M pyridine. ¢ Bu = n-C4Hy. / In the pres-
ence of 1 M dioxane. ¢ In CH3CN. # In CH;OH. ‘ p-MeO. J p-
CF,.
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disproportionate or couple with the halogen atom in high yield,
perhaps involving a rapid oxidation of the organic radical by
X.% Both Br; and I, are formed from V-Br and V-I; so there
is some diffusion apart of the radical pairs.

Since thiyl radicals also add reversibly to olefins,®10 we
extended our studies to some 6-benzoyl sulfides, sulfones, and
sulfoxides and found that they all undergo both forms of
elimination, as noted in Table I. The corresponding y-benzoyl
homologues give only type II products. Unlike alkyl halides,
sulfur compounds do quench excited ketones efficiently,!! but
do not undergo sensitized elimination themselves in the process.
We conclude that all products come from the usual 1,4 di-
radical. With V-SR observation of disulfide as a minor product
indicates the formation of thiyl radicals. With V-SOR, the
expected coupling product of sulfinyl radicals, RS-SO,R,'2
is observed.

Since it is now well established that photogenerated dirad-
icals undergo typical monoradical rearrangements!? and bi-
molecular trapping,!* we expected them to also undergo g-
elimination of labile halogen and sulfur-centered radicals.
Therefore Scheme I represents the expected and most likely
explanation for this novel and highly specific form of photoe-
limination. IT/III product ratios vary only slightly with solvent
polarity and with para substituents; so a strong zwitterionic
contribution to the elimination is unlikely.

A cyclic concerted elimination has already been suggested
for 8-alkoxy ketones!? and remains a possibility here. Because
an eight-membered ring is necessary, we doubt that this con-
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certed mechanism can compete with radical cleavage except
possibly for the worst leaving groups.
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Relative rates of 8 cleavage can be obtained directly from
the product ratios, given the plausible assumption that kg is
largely independent of X.16 Recent measurements'” indicate
that ks =1X10"s"";s0a k—x valueof 2.7 X 105s~! is indi-
cated for X = n-BuS. Actual rate constants for 8 elimination
in solution have not been reported previously. The 7.5-kcal
activation energy estimated for S-bromoethyl radical'® is
certainly consistent with our estimated k_g, = 1 X 108 57!,
given an A4 factor of 103 s~1.

Comparison of the relative k_x values is revealing. As ex-
pected, 1 > Br > Cland PhS >> n-BuS'? as leaving groups. The
order RSO > RS, RSO, confirms Kice’s suggestion20 that
sulfinyl radicals have the greatest relative kinetic stability of
the three. That SCN > SCOCH3 may reflect the known weak
conjugative stabilization in a-keto radicals?! and further in-
dicates that 6-X leaves as a radical rather than an anion.

The most surprising result is that Cl is eliminated more
rapidly than thiyl radicals. Kineticists usually assume a much
smaller value of k_x for 8-chloroethyl?? than we estimate.
Therefore it is possible that the cyclic concerted mechanism
contributes for X = Cl. However, the amount of Cl loss in the
radical addition of mercaptans to allyl chloride?? is consistent
with our separate observations that loss of 6-Cl and trapping
by mercaptans'#? compete comparably with type I cleavage.
It is not inconceivable that studies on monoradicals have in-
dicated too low a value for k_c; because of rapid reverse ad-
dition. Our k_x values are minimum values uncorrected for
reverse addition. However, since the diradicals can generate
caged radical pairs, in-cage radical-radical reactions are
probably faster even than addition of Cl atoms to double bonds
and thus minimize the effects of reversibility on relative k_x
values.
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Synthesis and Characterization of the
Pentamolybdate Ion, MosO;7H3~
Sir:

We recently reported the synthesis and characterization of
the dimolybdate ion, M0,072™, as a tetrabutylammonium
salt.! This compound contains the most basic polymolybdate
ion isolated to date and is reactive toward a wide variety of

reagents. We report here its reaction with water to form a labile
pentamolybdate ion:

7M02072_ + H,O = 2M05017H3_ + 4M0042_ (1)

The instability of this novel, protonated isopolymolybdate in
nonaqueous solution provides new insights into the kinetics and
mechanism of polymolybdate transformations.

Although addition of water to a CH3CN solution of [(n-
C4Hg)4N1>Mo0,07 (1) produces no significant change in its
solution IR spectrum,' the pentamolybdate ion can be syn-
thesized according to eq 1 by forcing the equilibrium to the
right using two different approaches. In the first approach, the
low solubility of the pentamolybdate ion in CH;CN /(C;H5),0
is exploited. Slow addition (~15 mL/min) of 80 mL of
(C3H5)>0 to a clear solution of 1.0 gof 1 and 1.0 mL of H,O
in 10 mL of CH;CN with rapid stirring yields 190 mg of an
amorphous precipitate having the empirical formula? [(n-
C4Ho)4sN13MosO,7H (2). In the second approach, the high
solubility of [(n-C4Hg)4N]1,;Mo0O, in H,O relative to 1 and 2
is exploited. When a suspension of 1.0 g of 1in 10 mL of pH
5-6 aqueous HCl is stirred for ~1 min and filtered, compound
2 (460 mg) is obtained as an amorphous powder.

Structural characterization of 2 is rendered difficult by its
instability in solution (see below) which has thus far ruled out
recrystallization, conductivity measurements, and the mea-
surement of 170 NMR parameters. Nonetheless, elemental
analysis? and IR spectroscopy strongly suggest the anion
structure for 2 shown in Figure 1, where MoQO42~ and OH-
groups are connected to opposite sides of an M04Q; ring by
weak (>2.2 A) Mo-O bonds yielding the structural formula3
(Mo00427)(OH™)(Mo405). This structure is closely related
to the (CH3)>,AsMo40;5H2~ structure® by replacement of the
bidentate MoQO42~ subunit with a bidentate (CHj3),AsO0,~
group.’ Structural isomorphism between the anions in 2 and
[(n-C4Hg)4N12(CH;3),AsMo040,sH (3) should imply similar
IR spectra for the two compounds in the 500-4000-cm ™' re-
gion with the exception of absorptions characteristic of the
Mo042~ and (CH3)>As0,~ subunits. Such a similarity is in
fact observed. Both 2 and 3 exhibit sharp OH absorptions at
3610 cm~! and their spectra in the 500-1000-cm™~! region (see
Figure 2a and 2b) bear a striking resemblance outside of the
725-850-cm~! region. In the 725-850-cm™! region, 3 displays
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