21, 499 (1970), and references therein.
Variations in k; with structure for 3,v-enones 1-6 may lead to changes
in &, but will have little effect on 7, because k; << 1/7, for these enones.
The k; values can be approximated from the electronic absorption spec-
trum. Ses, for example, N. J. Turro, ""Molecular Photochemistry”, W. A.
Benjamin, New York, N.Y., 1965, p 48.
(20) Simil1asr 71 values are observed by Schuster and co-workers for 3,y-enones
1-3.
The only way the 7, values for 1-3 can be consistent with 1,3-acyl shift from
the 'n,m* state is if ks; decreases dramatically, e.g., by a factor of 50, in
going from 1 to 3. This seems highly unlikely in view of the small effects
of a-methyl substitution on alkanone and 3,v-enone ke values.1®®
A referee has noted that alkyl 3,y-enones which undergo the 1,3-acyl shift
on direct irradiation do not always yield this reaction with acetone sensi-
tization. He suggests that this creates a problem for the proposal that
1,3-acyl shifts can occur from the enone 3n,* T state. It seems likely
to us, however, that the efficiency of energy transfer from the acetone %n,m*
state to the alkyl 3,y-enone 3n,7* T, state will be very sensitive to the
energy of the 3,y-enone T, state and hence may vary considerably from
enone to enone.
(23) Note Added in Proof. For a related discussion, see K. Schaffner, Tetrahe-
dron, 32, 641 (1976).
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Photochemistry of Ketones in Solution. 50.!
Fluorescence Lifetimes of 3,y-Unsaturated Ketones.
Structural Dependence of Rate Constants for Reaction
and Decay of Singlet Excited States

Sir:

The intense interest shown in recent years in the photo-
chemistry of 8,y-unsaturated ketones (8,7-UK) is a reflection
of the many competing reaction pathways characteristic of
these systems, a virtual microcosm of ketone and olefin pho-
tochemistry.2 The subtle dependence of photochemical reac-
tivity on structural features of these ketones has been partic-
ularly intriguing: alkyl substitution, ring enlargement, and
conformational modifications often completely alter the re-
action course.? The configuration and multiplicity of the sev-
eral resactive excited states are also primary controlling fac-
tors.>:

Attempts to account for the variation in reaction pathways
between one system and another have been complicated and
indeed thwarted by the lack of quantitative reactivity data.?
As is well appreciated, the only valid way to judge reactivity
for excited states is measurement of specific rate constants.4
The singlet excited state lifetime rg is governed by the rate
constants for fluorescence (ky), radiationless decay to the
ground state (kgs), intersystem crossing to the triplet manifold
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(ksT), and reaction (k,5) according to eq 1. The rate constant
k; for any given process with quantum efficiency &; is given by
eq 2.

) = ke + kgs + kst + kS (1)
ki = dirs™! (2)

In an attempt to lend order to the bewildering array of fac-
tors which appear to govern the photoreactivity of 8,y-UK, we
have measured the singlet lifetimes of a number of these ke-
tones (shown below) by monitoring their fluorescence decays
in fluid solution at room temperature.>%7 All compounds were
carefully and repeatedly purified using appropriate techniques
(distillation, gas-liquid chromatography, liquid chromatog-
raphy) to ensure that the observed fluorescence in each case
was not derived from impurities. All ketones show broad
structureless fluorescence in cyclohexane solution with maxima
between 400 and 420 nm and excitation spectra (Amax 300-315
nm) corresponding to the carbonyl n—#* transition. Quantum
yields for fluorescence (®r) were determined (Aex 313 nm) by
comparison of corrected emission intensities with that of
N,N,N’.N’-tetramethyl-p-phenylenediamine ($; = 0.18 in
cyclohexane).® The fluorescencce lifetimes in Table I were
deterined by single photon counting with data treatment by
computer convolution.?-'

Rate constants for various singlet-derived processes are given
in Table I where quantum yield data are available from this
and earlier work.!! Values of ksT, which are of particular in-
terest, are calculated from values of g, derived from eq 3 and
4’

$pdit = PgrPgrT (3)
(I)Psens = @STsensq)ETq)RT (4)

where ®pdiT is the quantum efficiency for formation of trip-
let-derived products on direct photolysis of the ketone, and ®rT
is the fraction of ketone triplets which afford the product; $psens
represents the efficiency of forming the same product on triplet
sensitization and equals ®gT under conditions where the triplet
yields of the sensitizer (Ps%¢™) and triplet energy transfer
(®pT) are each unity. In cases where the [1,2]-acyl shift
product is not observed on direct photolysis, its yield is esti-
mated to be less than 5% of the yield of the major observed
product in order to provide an upper limit to ksr.

It should be noted first of all that the values of k¢ vary only
slightly for this series of compounds, within a factor of 7, a
point which was not established by previous studies.? Calcu-
lation of k¢ directly from room temperature uv spectra of
8,v-UK gives values in good agreement with experiment.

The balance of this initial report will focus on the relation-

Table I. Fluorescence Lifetimes and Reactivity Data of 8,y-Unsaturated Ketones

Compd 7s, s ¢ kg s™! k1352571 (@13) kst(A),? 571 (Bs1)
1a 1.56 £+ 0.05 2.1%X1073 1.3 X 108 1.8 X 108 (0.28)!'a <1.0 X 108 (<0.16)!12
1b 0.41 £ 0.05 9.6 X 10~ 2.3 X108 9.8 X 107 (0.04)112 <1.6 X 108 (<0.067)!1a
3 0.66 £ 0.05 5.4 X 1074 8.2 X 105 1.5 X 107 (0.01)'12 2.5 % 108 (0.17)11a

1c ~0.1 4.6 X 10~4 ~4.6 X 106 ¢ d

1d 0.61 £ 0.05 9.2Xx 1074 1.5 X 108 ¢ d

le 0.47 £ 0.05 6.9 X 10~4 1.5 %X 106 ¢ d

2a 1.7+0.1 <5.9 X 108 (<0.01)!1® 5.9 X 108 (1.0)!10

2b 2.4+£0.1 6.3 X 107 (0.15)116 e
2c 34£0.1 7.1 X 107 (0.24)!1b <1.2 X 108 (<0.4)'1b
4 2.25 £ 0.05 2.0X 1073 8.9 X 105 5.8 X 107 (0.13)!1e d
5 5.0+ 0.1 3.5% 1073 7.0 X 105 6.0 X 108 (0.03)!1¢ d
6 4.91 £ 0.05 7.2%X 1073 1.5 X 108 d d

4 Rate constant for singlet-derived [1,3]-acyl shift required by mechanism A, assuming no partitioning of a biradical intermediate (see footnote
12). ® Rate constant for intersystem crossing required by mechanism A (see text). ¢ [1,3]-Acyl shift not observed. ¢ Relevant quantum yield

not reported. ¢ Data indicate ®gT < ®p¥", inconsistent with eq 3.
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ship of these data to the question of the mechanism of the
[1,3]-sigmatropic acyl rearrangement, a reaction shown by
most of the compounds we have studied, and a matter of intense
current interest.2 It has been universally concluded in the
literature of this field,? until very recently, that this ubiquitous
reaction of 3,y-UK occurs from the lowest singlet excited state
S1, since it is not quenched by high concentrations of triplet
quenchers and is usually not observed on triplet sensitized
photolysis. The values of k| 35 in column 5 of Table I have been
calculated on the basis of this mechanism (A).!2 In accord with
rate constants for a-cleavage of excited alkanones?!3 values
of k| 35 show the expected increase upon alkyl substitution at
the a-carbon, with a spread of approximately an order of
magnitude, i.e., ~6 for 1b vs. 3 and >12 for 2¢ vs. 2a.'2 There
seems to be no disagreement with the conclusion that the
[1,2]-sigmatropic acyl shift (oxadi-w-methane rearrange-
ment)'6 originates from the lowest triplet state T,2:'® which
enables calculation (or estimation) of values of kg required
by mechanism A, given in column 6 of Table I. Where direct
comparisons are possible (2¢ vs. 2a, 1b vs. 3), substitution by
methyls at the a-carbon reduces ks, a trend previously ob-
served for alkanones#?!7 and 3-cyclopentenones.'® The few
values of kst determined to date do not provide a sufficiently
general correlation between kst and molecular structure so
as to allow a firm prediction about the direction and magnitude
of change in kgt upon structural variation. Nevertheless the
observed changes in kst and k) 3 are both precedented, so we
have no basis for ruling out mechanism A.

An alternative mechanism (B) for the [1,3]-acyl shift is
proposed in the accompanying paper by Dalton et al.% and has
been independently suggested by Schaffner.2¢ This mechanism
envisages the [1,3]-acyl shift as occurring from an upper triplet
n,m* state (T,) following intersystem crossing, in which case
the fluorescence lifetime is no longer coupled to the efficiency
with which the ketone undergoes this reaction, i.e., &35
<« 7,~!. This mechanism also has the virtue of rationalizing
the occasional observation of triplet sensitized [1,3]-acyl
shifts,! 12,1920 a]though it must be kept in mind that there are
also instances2!6 where this reaction is not seen on acetone
sensitization even though it occurs on direct photolysis. In
mechanism B, there must then be a competition between re-
action from T, (rate constant k; 3T) and decay (kq.) to the
lower =,7* triplet (T|) responsible for the [1,2]-shift.2! The
extremes are represented by those compounds without a-
substituents which on direct irradiation undergo the [1,2]-acyl
shift exclusively (e.g., 2a) and those with two a-methyl groups
which only undergo the [1,3]-acyl shift (e.g., 1a, 1b, 2¢, 4).
Mechanism B requires that the ratio k;3T/kq, must vary
greatly, from <0.01 in the case of 2a to >2 for 2¢; somewhat
larger values are estimated for 1a, 1b, and 3, but are less reli-
able because of competing singlet free radical reactions.''?

(CHy) o 7 J
lan=2 2a,R=R'=H 3
bn=3 b,R=CH;R =H
ecn=4 ¢R=R=CH,
dn=5
e,n==6

WP b

Although absolute values of k) 3T and kg4 cannot be derived
from the data, one would expect by analogy* !5 that k| 3T
ought to increase on a-methylation. It is important to note that
these ratios of k;3T/kq, (mechanism B) are comparable in
magnitude to &k 35/ksT (mechanism A), and their variation
must be the result of similar structural effects on the compe-
tition between a-cleavage and radiationless processes in T> or
S), in the two alternative mechanisms.

On the basis of our analysis, we feel that a definite choice
between the two mechanisms described above is premature,
particularly for octalones 2a—c, and both mechanisms must be
considered in interpreting results from the literature and in
planning new studies. The data obtained in this study and by
Dalton® provide a new quantitative framework in which these
and other mechanisms must be evaluated, which is itself an
important objective of our work.
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Stabilization of Carbonyl Clusters by a Carbide

Atom. Synthesis and Characterization of [Cog(CO);5C]2~
and of Paramagnetic [Cog(CO)14C]~ Anions

Sir:

The synthesis of the dianion [Cog(CO);5C]?~, which is
isostructural with the trigonal prismatic [Rhs(CO);5C]?~, has
previously been reported.! We now wish to report the 13C
NMR spectra of [Cog(CO)5C]?~, and to report on its trans-
formation into the new anions [Co0s(CO)4C]~ and
[Cog(CO)15C] 2.

Samples of [Cog(CO)15C]2~ (ca. 30% 13CO) have been
prepared both starting from equally enriched Co;3(13CQO)yCClI
and Na[Co(!3CO),] and also from Co3(CO)sCCl and Na-
[Co(13CO)4]. In both cases the 13C NMR spectra at —70° in
perdeuterioacetone are very similar and consist of three signals
of relative intensities 3:6:1.4 assigned to edge-bridging (5 252
and 234.9 ppm; w12 76 Hz) and terminal carbonyls (5 224.9
ppm; wyy 13 Hz), respectively. In agreement with the simi-
larity in the solution ir spectra of the two dianions,'? this
pattern is similar to that previously found for [Rhe-
(C0O)sC]?>~.3 The considerable deviation from the expected
intensities (3:6:6) is probably related to the anomalous relative
intensities found in Co4(CO);5,4 and confirms that intensities
in the 13C NMR spectra of cobalt compounds should be in-
terpreted with care.

The 13C NMR spectrum of [Cog(CO)5!3C)2~ (ca. 90%
13C,arbige)’ in perdeuterioacetone at —70° is similar to those
reported above except for the presence of the carbide resonance
at 330.5 ppm (w12 43 Hz), thus proving the source of the
carbide atom (}*CCly) and showing a considerable shift to
lower field in comparison with the corresponding rhodium
analogue (6 266.7 ppm).3
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Figure 1. Structure of the [Cos(CO)4sC]~ anion. The idealized twofold
axis is shown. The cobalt-cobalt distances have the following values (A):
2-4,2.96 (1); 1-2, 2-5, 2-6, 3-4, 4-5, and 4-6, 2.53 (mean); 1-3, 1-5,
1-6,3-5, and 3-6, 2.75 (mean).

Solutions of the Nat or [NMe3(CH,Ph)]* salts of
[Cog(CO),5C]?~ in THF react with carbon monoxide (1 atm,
25°)% to give a mixture of compounds containing the anion
[Co(CO)4]~, Co2(CO)s, Co4(CO) 2, some Co3(CO)yCX
derivatives (X not yet identified), and the new dark brown
paramagnetic anion [Cog(CQ)14C]~. More conveniently this
new anion has been isolated (10-20% yield) in a pure form as
the Na*, [NMey]*, and [NEt4]* salts by reaction of
Co03(CO)sCCl with 2 mol of Na[Co(CQ),] in diethyl ether;
the ir spectrum (THF) shows carbonyl stretching absorptions
due to both terminal (2070 vw, 2020 vs, and 1990 sh cm™') and
bridging (1857 s em™') groups. The ESR spectrum (THF)
shows a strong signal at g = 2.0128 and the paramagnetism
has been confirmed using Evans’ method” (uesr 2~ 1.37 ug).

Since there are no previous reports of stable hexanuclear
paramagnetic carbonyls, we have carried out an x-ray struc-
tural determination.? The structure is shown in Figure 1 and
provides further evidence for the presence of an unpaired
electron in excess to the usual 86 found in hexanuclear carbonyl
clusters of octahedral structure.® The metal atom cluster is a
distorted octahedron of idealized molecular symmetry C»,.
The 12 cobalt-cobalt interactions can be divided into three sets:
one stretched edge 2.96 (1) A, six carbonyl-bridged edges of
mean length 2.53 A, and five edges of intermediate lengths
(mean 2.75 A). The Co-C carbide distances are in the range
1.84-1.94 (2) A, with mean value of 1.88 A.

The reaction of the dianion [Cog(CO);5C]2~ with
C04(CO); provides a further example of a redox condensation
reaction:?

60°
2[C06(CO)|5C]2_ + C04(CO)|2 —
i=Pr;0

2[C0s(CO),5C]2~ + 6CO

The diamagnetic octanuclear dianion has been isolated (~80%
yield) as pure Na* and [NMe3(CH,Ph)]* salts; the ir spec-
trum (THF) shows carbonyl stretching absorptions at 2055
vw, 1990 vs, 1950 w, and 1810 m ecm~!.

The structure'? of the dianion [Cos(CO);gC]?~ is shown
in Figure 2. The metal atom polyhedron can be described as
a tetragonal antiprism elongated along one of the two-fold
symmetry axes, resulting in the idealized symmetry D>. The
Co-Co distances are in the range 2.47-2.59 (1) A with mean
value of 2.52 A; there are no significant differences between
the basal and the interbasal distances. The carbide atom is in
the center of the cluster but, due to the previously mentioned

Communications to the Editor



