
5651 
— 44° (Figure 1). Such observations indicate a de
crease in the fluxional character of Cp2Hg at these very 
low temperatures. 

A further observation noted during these studies is 
that, at any particular concentration, the extent to 
which intermolecular exchange of Cp groups takes 
place increases in the CpHgX series in the order X = 
Cp < Cl < Br < I. Factors such as steric size of X and 
the nature of both the Cp-Hg and Hg-X bonds no doubt 
largely control the over-all rates of Cp group migra
tion. Satellite broadening in the 22° spectrum of 
Figure 1 is due to intermolecular exchange of Cp groups 
in the CpHgCl-THF system.16 

Computer-simulated nmr spectra have been obtained 
which closely resemble all the experimentally measured 
spectra, such as those shown in Figure 1. At this stage, 
however, unambiguous assignments cannot be made 
to the 199Hg-H spin-spin coupling constants and, there
fore, a definite conclusion is not possible at the moment 
regarding the role played by 1,2 and/or 1,3 shifts of the 
mercury atom around the Cp ring. 

The physical properties of cyclopentadienylmercury 
compounds in different solvents are currently under 
investigation, as are the effects of various mono- and 
bidentate ligands. A full report on the nmr spectra 
of these and related organomercurials will be published 
soon. 
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Intramolecular Photoreduction of Alky 1 a-Diketones1 

Sir: 
Biacetyl (1) has often been employed as a probe for 

the mechanism of photoreactions in solution.2-10 

O n the other hand, until recently n- *2 very little quantita-
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(8) F. Wilkinson and J. T. Dubois, ibid., 39, 377 (1963). 
(9) J. T. Dubois and M. Cox, ibid., 38, 2536 (1963). 
(10) J. T. Dubois, ibid., 37, 404 (1962), 
(11) N. J. Turro and R. Engel, Mol.Photochem., 1, 143 (1969). 
(12) N. J. Turro and R. Engel, ibid., 1, 235 (1969). 

tive data2,3 on the solution photochemistry of biacetyl 
and its derivatives had been published. The ability 
of 1 and other a-diketones13 to phosphoresce with 
moderate efficiency ($P — 0.1) in fluid solution is ex
ceptional and contrasts with the general lack of phos
phorescence from fluid solutions of monoketonic com
pounds. u This unusual resistance of biacetyl triplets 
to radiationless deactivation has not been satisfactorily 
explained. The fact that (a) 1 has a relatively low 
triplet energy (£3 = 56 kcal/mol)4 and (b) 1 abstracts 
hydrogen atoms with a rate constant which is very 
small2'11-12 relative to alkyl and aryl ketones15 perhaps 
gives some hint to the origin of the stability of triplet 1 
toward thermal deactivation, since it has been proposed 
that chemical163 or physical1615 quenching may indeed 
limit the lifetime of many triplet states in solution. 

a-Diketones undergo primary photochemical hy
drogen abstraction,11'17 addition to alkenes,18 and, 
possibly, a cleavage.19 The intramolecular hydrogen 
abstraction of alkyl a-diketones, possessing a y carbon 
bearing a hydrogen atom, yields 2-hydroxycyclobuta-
nones.17a,b'20 We report here our studies of the rates 
for intramolecular abstraction of primary, secondary, 
and tertiary hydrogens for a-diketones 2, 4, and 6, 
respectively, and compare our data with the intensely 
studied type II abstraction of branched alkyl ke
tones.16'21 

Irradiation of 0.15 M benzene solutions of 2, 4, and 6 
with 43 50-A light results in smooth, and essentially 
quantitative, formation of the cyclobutanones 3, 5, 
and 7, respectively.22 Each reaction is quenched by 
pyrene (Ez = 48 kcal/mol),23 a compound which is 
expected to be a diffusion-control quencher of triplets 
2, 4, and 6 (E3 ^ 56 kcal/mol).4 The Stern-Volmer 
plots (in benzene, acetonitrile, and /-butyl acohol), 
for quenching of the photorearrangements indicated in 
eq 1, are linear. The slopes of these plots may thus 
be equated to ktr where kq is the bimolecular rate con
stant for quenching of a-diketone triplets by pyrene 
and T is the a-diketone triplet lifetime. Table I lists 
kqr values, 1/r values (calculated from the assumption 
that kg = 5 X 109 M~l sec-1 in benzene),24 and quan-
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(1963); (b) G. M. Almy and P. R. Gillette, J. Chem. Phys., 11, 188 
(1943); (c) H. H. Richtol and A. Belroit, ibid., 45, 35 (1966). 

(14) R. F. Borkman and D. R. Kearns, ibid., 44, 945 (1966); see, 
however, C. A. Parke and T. A. Joyce, Chem. Commun., 1A9 (1968). 

(15) P. Wagner and G. S. Hammond, Advan. Photochem., 5, 21 
(1968). 
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84, 118 (1962); (c) J. Lemaire, J. Phys. Chem., 71, 2653 (1967); (d) 
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Darnall, Chem. Commun., 810(1968). 
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J. Hamer, Ed., Academic Press, New York, N. Y., 1967, p 345. 
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(1966); these authors studied the quenching of a-diketone phospho
rescence as a function of side-chain length. They erroneously assumed 
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(21) N. C. Yang and S. P. Elliott, / . Amer. Chem. Soc, 90, 4194 
(1968), and references therein. 

(22) Compounds 3, S, and 7 were unambiguously characterized by 
nmr and ir analyses. 

(23) D. S. McClure, J. Chem. Phys., 17, 905 (1949). 
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Table I. Photointramolecular Hydrogen Abstraction Reactions of 2, 4, and 6 

a-Diketone" 

CH3COCOCH2CH3 (2) 
2 
2 
2 
C H 3 C O C O C H 2 C H 2 C H 2 C H 8 (4) 
C H 3 C O C O C H 2 C H ( C H 3 ) J (6) 
6 
6 

Solvent 

C3He 
C3H3 
CH3CN 
(CH3)3COH 
C3H3 
C3H3 
CH3CN 
(CHs)3COH 

V6 

1.07 X 10* 
0.81 X 10« I 
1.6 X 106 

0.43 X 105 

1.8 X 104 

3.2 X 10s 

8.5 X 103 

2.9 X 103 

1/f 

4.7 X 10< 
6.2 X 104 

7.0 X 10« 
5.4 X 10* 
2.7 X 10* 
1.5 X 10« 
1.3 X 10« 
0.8 X 10» 

k,* 

2.5 X 103 

4.4 X 103 

3.7 X 103 

1.3 X 10B 

8.5 X 10« 
8.5 X 10« 
5.0 X 10« 

$»/ 
0.054 

0.062 
0.069 
0.50 
0.57 
0.66 
0.62 

<• 0.15 M, 4350-A light, Hanovia 450-W lamp, Nonex glass, CuSO4 in NH4OH (40 g of CuSO4-5H2O in 68 ml of concentrated NH4OH, 
then diluted to 1 1. with water), degassed to less than 10_s mm. Irradiation performed on a "merry-go-round" apparatus. b From Stern-
Volmer quenching of cyclobutanone formation by pyrene, except where indicated. Maximum error ± 10 %. " Calculated from the assump
tion that kq = S X 109 AT1 sec'1 in benzene, 11.0 X 109 M^ sec"1 in CH3CN, 2.3 X 109 M'1 sec"1 in (CH3)3COH. This rate represents 
the maximum rate constant for intramolecular photoreduction to form 8, 9, or 10. d The minimum rate constant for intramolecular photo-
reduction calculated by multiplying 1/r by $c!/. • Quantum yield for cyclobutanone formation by ferrioxalate actinometry. Maximum 
error ±10%. ' From Stern-Volmer quenching of the phosphorescence of 2 (0.05 M). Maximum error ±10%. 

turn yields for the systems studied. In the case of 2, 
Stern-Volmer quenching of the phosphorescence of 2 
with pyrene was run. The result (Table I) demonstrates 
that the ktr values from the two independent methods 
agree quite well, reinforcing the conclusion that only 
triplet a-diketones undergo this rearrangement2'3,11,12,1713 

The salient features of our results are: (a) the order of 
magnitude increase in quantum yield in going from 
primary to secondary (or tertiary) hydrogen abstraction; 
(b) the remarkably low rate constants for intramolecular 
abstraction relative to alkyl monoketones16 for which 
k,> 108 sec - 1 ; (c) the relative insensitivity of the reac
tion rate and §cy to solvent polarity and hydrogen 
bonding; (d) the increased reactivity from 2 to 4 to 6. 

Especially interesting is the low efficiency of rear
rangement for 2. The low values of $cy could result 
from: (a) a low rate constant, kr, for intramolecular 
abstraction for the process 2 -*• 8 relative to the rate 
constant, k,, for inherent decay of triplet 2, or (b) 
reversal of the hydrogen transfer which converts 8 
back to 2. The rate of triplet decay of biacetyl in ben
zene25 under our conditions is 2-4 X 104 sec-1. Since 
the maximum value of k, from Table I is ~ 5 X 104 

sec-1, it appears that in contrast to the case for mono-
alkyl ketones, a major portion of the reaction inef
ficiency derives from a low value of kT relative to kt. 
A modest amount of hydrogen reversal is suggested by 
the modest increase in <&cy as one goes from benzene to 
more polar solvents. On the other hand, the inef
ficiency of 6 -»• 7 is due mainly to hydrogen reversion 

O 1^CR1R, 

CH3C \~/CH 2 4350 A 

0 ^ H CR1R2 
I I 

CH3C^p ̂ CH2 

CH3-

OH 
I 

-C-CR1R, 

J 
C - C H 2 

2,R1 = R2 = H 
4, R1 = H, R, = CH,CH. 
6, R1 = R, = CH5 

8 
9 
10 

(D 

(25) N. J. Turro and R. Engel, /. Amer. Chem. Soc, 90, 2989 (1968); 
the self-quenching rate constant for 2 (0.1 M to 0.25 M) is ~ 2 X 106 M'x 

sec-1. 

from the intermediate 10, since even the minimum value 
of kr for 6, when coupled with the k, expected in analogy 
to 1 and 2, leads to an expected <£>C!/ of unity if reversal is 
negligible. It should be noted that a moderate increase 
in <J>C!/ is found as the solvent polarity increases, as is 
found for alkyl monoketones.26 

It seems reasonable to assume that the stability 
of a-diketone triplets toward radiationless deactivation 
is probably related to the low reactivity of these mole
cules toward primary photochemical processes, such as 
hydrogen abstraction.27 Furthermore, the relatively 
low energy of alkyl a-diketone triplets (£3 = 56 kcal/ 
mol) makes them considerably less accessible to impurity 
quenching25 than are alkyl monoketones (E3 = 78 
kcal/mol).28 

The low reactivity of alkyl a-diketones toward hydro
gen abstraction relative to monoalkyl ketones is initially 
surprising since (a) the electron-withdrawing effect of 
the adjacent CO group is expected to enhance the reac
tivity of a n,7r* state29 and (b) the intermediate bi-
radicals (8,9, and 10) are enolic and therefore resonance 
stabilized.30 However, the low energy of the starting 
triplet may make biradical formation more endothermic 
than is the analogous case for triplet alkyl monoketones. 
This conclusion is corroborated by bond-energy cal
culations.31 The same type of considerations would 
seem to rationalize the corresponding slow rate of 
intermolecular hydrogen abstraction by alkyl a-di
ketones.12 
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reversible chemical processes see ref 17c,d and E. J. Baum and R. O. C. 
Norman, /. Chem. Soc, B, 111 (1968). 

(28) R. F. Borkman and D. R. Kearns, /. Amer. Chem. Soc., 88, 
3467 (1966). 

(29) H. E. Zimmerman, Adean. Photochem., 1,183 (1963). 
(30) C. Walling, "Free Radicals in Solution," John Wiley & Sons, 

Inc., New York, N. Y., 1958. 
(31) For example, using enthalpy parameters in S. W. Benson, "Ther-

mochemical Kinetics," John Wiley & Sons, Inc., New York, N. Y., 
1968; the conversion of triplet 2 to 8 is endothermic by 6 kcal/mol, 
while the conversion of 2-pentanone triplet (£5 = 78 kcal/mol)28 to the 
analogous biradical is calculated to be exothermic by 13.5 kcal/mol. 
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