For the fast process, the difference spectrum suggests
that the intermediate is relatively nonabsorbing in the near-
uv region which allows us to estimate the second-order rate
constants (at 20 + 2°): k; = (2+ 1) X 10° (THF), 3 £ 1)
X 10° (acetonitrile), and (5 £ 1) X 10° M~! sec™! (cyclo-
hexane). The values approach the estimated diffusion-con-
trolled limits in the three solvents.!® In THF, the rate of the
fast process is unaffected by added inert electrolyte (N(n-
C4Hs)*PFs™), ruling out reactions involving ions. The only
reasonable interpretation is that light-induced cleavage of
the Mo~Mo bond has occurred, followed by recombination
of the monomeric fragments (eq 2).

[(n*-CsHs)Mo(CO)s] i 2(n*-CsHs)Mo(CO); 4
[(»*-CsHs)Mo(CO)s}2  (2)

This interpretation is consistent with: (1) the loss of absorb-
ance in the ¢ — o* (Mo-Mo) region, (2) the nearly diffu-
sion-controlled rates in the range found for radical recombi-
nation reactions in solution,!® and (3) the chemical evidence
obtained in other work for radical byproducts.t?

For the slow process, an estimate of the maximum sec-
ond-order rate constant can be made (at 20 £ 2°), k, =
X 107 (acetonitrile), 5 X 107 (THF), and 1 X 108 M~!
sec™! (cyclohexane), and a lower limit can be set at one-
tenth of these values. For purposes of comparison, the value
for the recapture of CO by Cr(CO)s in cyclohexane has
been reported to be (3 £ 1) X 10 M~! sec™!.18 In THF,
the slow process is also unaffected by added inert electro-
lyte, again ruling out an ionic reaction. The slow process ap-
pears to involve recombination with CO (eq 3),!°

(7°-CsHs)2Mo0,(CO)s + CO —
[(n*-CsHs)Mo(CO)s3]l2  (3)

as shown by: (1) retention of the strong absorptivity in the
uv, which implies the presence of a Mo-Mo bond in the in-
termediate, (2) the second-order kinetics with a rate con-
stant in the range reported for the recapture of CO by
Cr(CO)s, and (3) the CO substitution behavior found for
light-induced reactions between [(n*-CsHs)Mo(CO)s], and
neutral phosphine and phosphite ligands.4?

The fact that either uv or visible photolysis gives both
metal-metal bond cleavage and loss of CO implies that the
two intermediates have a common origin, but it is not clear
that the intermediate from which CO has been lost is a pri-
mary photoproduct. Metal-metal bond cleavage is expected
following uv excitation into the ¢ — o* (Mo-Mo) band
since the excited state should be antibonding with regard to
the Mo-~Mo bond, and, when thermally equilibrated, most
likely consists of (7°-CsHs)Mo(CO)3 fragments in a solvent
cage. Regardless of the detailed origin of the visible band,
visible excitation could also lead to metal-metal bond cleav-
age. The energy of the thermally equilibrated ¢ — o* excit-
ed state can be estimated as <40 kcal/mol, since the metal~
metal bond strength of [(#°-CsHs)Mo(CO);]; in organic
solvents appears to be significantly less than 40 kcal/mol.?
Photolysis in the visible band (A 2460 nm)!? is sufficiently
energetic to populate the thermally equilibrated ¢ — o*
state. If there is an intersection between the ¢ — ¢* and d
— d excited state surfaces, and if internal conversion and/
or intersystem crossing efficiencies are high, efficient
metal-metal bond cleavage is expected to occur, perhaps in
competition with ioss of CO.
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(1

Light Intensity Effects on Ketone Photochemistry
in Solution as a Consequence of Radical Quenching
and Radical Chain Processes!

Sir:

We find that light intensity is a critical reaction variable
in the photochemistry of cyclohexadienone (1) in 2-propa-
nol (IPA) and other solvents and that intensity effects are
related to unusual quenching behavior in this model sys-
tem.? The fact that the role of light intensity (/°) has been
largely ignored by photochemists® may prove to have been a
serious oversight, as demonstrated by the following observa-
tions,

The main products from irradiation of 1 in IPA are p-
cresol (2), cyclopertenone ether (3), chloroform, and ace-
tone. Compound 3 undergoes facile isomerization in the
dark to 4 which is the material actually subjected to GLPC
analysis. The ratio of 2 to 3 in preparative runs varied con-
siderably using different light sources emitting over ap-
proximately the same wavelength range.?l Difficulty was
also experienced in reproducing quantum yield measure-

_.OCH(CH,). OCH(CH.),
o /m
/ \

CH, CCl,
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p-CRESOL (2)

5

3] 0.2 0.3

{1, 3- CYCLOHEXARIENE , M]

Figure 1. Effect of added 1,3-cyclohexadiene on product yields from
photolysis of dienone 1 in 2-propanol.

ments for formation of 2 and 3, even keeping in mind the
previously established dependence of & on temperature and
dienone 1 concentration.” We therefore systematically var-
ied all reaction conditions, including I°, in this system. The
observations pertinent to the present discussion are briefly
summarized.

(1) The yield of 2 relative to 3 increases as the concen-
tration of 1 is increased in nondegassed solution. (2) In non-
degassed 1PA solutions in closed tubes, the yield of 2 rela-
tive to 3 increases by a factor of six with a ninefold increase
in /946. Similar effects are seen in ethyl ether and cyclo-
hexane. The data given in Table I illustrates the large effect
of 1% on &,; there is a negligible effect on ®3. Conversions in
these runs were kept below 2%. (3) ®, was sharply reduced
when the reaction cell contents were stirred, keeping the
conditions otherwise as in (2). (4) On photolysis of IPA and
ether solutions previously purged with nitrogen, values of
&, greater than unity were obtained, and a decrease in &,
was noticed when 79 was increased. Hexachloroethane was
a reaction product only at high I°. (5) Plots of &9/ for
quenching by 1,3-cyclohexadiene (CHD) of formation of 2
and 3 in IPA are shown in Figure 1. These unusual quench-
ing plots observed in degassed as well as nondegassed solu-
tions have been reproduced by two different workers using
completely different batches of purified reactants.* (6) The
yield of CHD dimers, diagnostic of triplet energy transfer
to CHD, increases linearly as {CHD] is increased. (7) As
reported previously,? 5 is formed at the expense of 3 when 1
is irradiated in IPA containing LiCl. Plots for quenching by
CHD of formation of 2 and § in such solutions are analo-
gous in all respects to those shown in Figure 1.2 (8) Di-tert-
butyl nitroxide (DTBN) in IPA (0.01 M) totally quenches
formation of 2 and slightly increases the yield of 3. (9)
Naphthalene inefficiently quenches formation of 2 (linear
Stern-Voimer plot) but has no effect on 3. (10) In agree-
ment with an earlier report,®> thermal decomposition of ben-
zoyl peroxide in IPA containing dienone 1 gives high yields
of 2, chloroform, and acetone.

These results can be rationalized by the following
scheme, which incorporates mechanistic features discussed
previously?®i and some new postulates.

1+ hy— 1% — 31 (1)

31* + Me;CHOH — 6 + Me;COH 2)

6 — 2+ Cl3C 3)

Cl;C: + Me;CHOH — CHCl; + Me,COH 4)
Me,COH + 1 — 6 + Me,C=0 (5)

Table 1. Effect of Light Intensity and Other Reaction
Variables on the Quantum Yield of p-Cresol (2)4

Light intensity

Deoxygen- 10'® photons 10'® Photons

Solvent ated em™ min~™'? absorbede o d
IPA No 6.89 6.08 0.02
IPA No 12.4 5.58 0.05
IPA No 27.7 6.29 0.06
IPA No 106.5 6.23 0.12
IPA No¢€ 104.3 6.88 0.01
IPA Yes 6.9 6.13 1.91
IPA Yes 108.3 6.48 1.54
Ethyl ether No 12.6 5.95 0.08
Ethyl ether No 100.6 5.98 0.30
Ethyl ether Yes 10.7 4.88 1.73
Ethyl ether Yes 100.1 5.89 0.94
Cyclohexane No 6.2 5.29 0.001
Cyclohexane No 97.7 5.58 0.036

2 Experiments made using a split-beam arrangement on an optical
bench with an Osram 200-W super pressure mercury source and a
Bausch and Lomb high intensity grating monochromator to isolate
the 366-nm band. Wire screens were used to vary the light intensity,
and jacketed holders were used to maintain solution temperatures
at 28 £ 0.5° P Ferrioxalate actinometry was used. ¢ The total light
absorbed was kept approximately constant by varying the time of
irradiation. @ Yields of 2 measured by GLPC relative to an internal
standard (acenaphthene) on a 10-ft 10% OV-225 on Chrom Q
column. € Solution magnetically stirred during irradiation.

_ 2Me;COH — Me,C(OH)C(OH)Me; (6)
2Me;COH — Me;CHOH + CH;==C(OH)CH; — Me;,C==0 (7)
2C1;C- — CyClg (8)

M +Q—3Q* + 1 (9)

3N* -7 (10)

7+ Me;CHOH — 3 + HCI (1n)

7+ Cl-—>5+Cl~ (12)

71 (13)

We suggest that intermediate radicals are efficiently
scavenged by low concentrations of CHD and DTBN and
less efficiently by naphthalene.® Such radical trapping has
ample precedent in the literature,” although it has frequent-
ly been overlooked by photochemists. Since these quenchers
do not reduce the yields of 3 and 8§, derived from zwitterion
7, it is evident that 31* is not quenched under these condi-
tions, in agreement with earlier studies in benzene (71 ~
1078-1079 sec).? Thus, we propose that the steep portion of
the quenching plot (Figure 1) for formation of 2 in IPA
arises from trapping of intermediate radicals, interrupting
the radical chain reaction, while the gentler slope is proba-
bly due to quenching of a triplet excited state.?

The data clearly establishes that O, is an efficient
quencher of cresol formation in IPA, although earlier stu-
dies?® showed it had no effect on photoreactions of 1 pro-
ceeding via zwitterion 7 and its triplet precursor. At high
light intensities, we suggest that oxygen in the business por-
tion of the cell (the focused beam has a cross section of
~0.4 cm? and is largely absorbed within the first few milli-
meters of solution) is rapidly depleted by the intermediate
radicals R. and the chain process (eq 3-5) proceeds. Stir-
ring has a dramatic effect on &; indicating that diffusion of
oxygen to the reaction site is critical. More efficient radical
quenching occurs at low I°, since the smaller steady state
[R:] allows diffusion of O; to the reaction site to compete
with O, consumption. In the absence of oxygen, [R-] in-
creases with increasing I°, enhancing the likelihood of radi-
cal-radical reactions (eq 6-8) which break the chain and
reduce ®,.% For Me,;COH the most important of these reac-
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tions (eq 7) is disproportionation to IPA and acetone via the
enol.!?

The dip in the plot for CHD quenching of 3 and § in IPA
(not seen in MeOH or CF;CH,OH) is tentatively attrib-
uted to scavenging by CHD (<0.05 M) of radicals which
would otherwise react to some extent with 3 and 5. At high-
er [CHD], triplet quenching becomes significant, and nor-
mal Stern-Volmer kinetic behavior is observed.

Several points of general significance emerge from this
study. (1) Light intensity effects should be important in so-
lution for photochemical reactions involving radical inter-
mediates, especially when chain processes or induced de-
composition of reactant is involved.® This may be quite gen-
eral in IPA and related H-donor solvents. (2) Dienes acting
as radical traps can efficiently quench photochemical reac-
tions involving radical intermediates by processes other
than triplet energy transfer.® Radical quenching may in-
deed be involved in systems where differential quenching of
two or more products is observed, heretofore used as evi-
dence for two reactive quenchable triplets.?®!! (3) There
are increasingly frequent reports of dramatic changes in the
course of a photochemical reaction as the wavelength of
light is varied.'? Since 9 changes drastically as A varied
(often comparison is made between experiments at 254 and
366 nm using different lamps) it is frequently not possible
without further study to unequivocally attribute such differ-
ences to one or the other factor.

Acknowledgment. Early portions of this research were
supported by Grant GP-10828 from the National Science
Foundation. We are grateful for this support.

References and Notes

(1) Part XLIIl of a series on the photochemistry of ketones in solution. Part
XLII: D. |. Schuster and B. M. Resnick, J. Am. Chem. Soc., 96, 6223
(1974); Part XLI: D. I. Schuster and C. W. Kim, ibid., 98, 7437 (1974).

(2) For previous papers on the photochemistry of 1 and homologs, see (a)
D. I. Schuster ana D. J. Patel, J. Am. Chem. Soc., 87, 2515 (1965); (b)
ibid., 88, 1825 (1968), (c) ibid., 88, 184 (1967), (d) ibid., 90, 5137
(1968); (e) ibid., 90, 5145 (1968); (f) D. |. Schuster and V. Y. Abraitys,
Chem. Commun., 419 (1969); () D. |. Schuster and N. K. Lau, Moi. Pho-
tochem., 1, 415 (1969); (h) D. I. Schuster, K. V. Prabhu, S. Adcock, J.
van der Veen, and H. Fujiwara, J. Am. Chem. Soc., 93, 1557 (1971); (i)
D. |. Schuster and K. Liu, ibid.. 93, 6711 (1971); (j) K. Liu, Ph.D, Disser-
tation, New York University, 1973; (k) D. |. Schuster and K. V. Prabhu, J.
Am. Chem. Soc., 98, 3511 (1974); () D. |. Schuster, Pure Appl. Chem.,
in press.

(3) For observations of light intensity effects in benzophenone photochem-

istry, see N. C. Yang and S. Murov, J. Am. Chem. Soc., 88, 2852

(1966). For an alternative interpretation of the observations, see J. De-

dinas, /bid., 95, 7172 (1973). For quite different effects, see J. Michl and

J. Kole, ibid., 92, 4148 (1970), and A. Zweig, W. A. Henderson, and K.

R. Huffman, Photogr. Sci. Eng., 17, 451 (1973).

Although the shapes of the quenching plots are similar in degassed and

nondegassed solutlons, there are significant quantitative differences

which will be presented and discussed in our full paper. Analysis of the

Stern—-Volmer plots for quenching of formation of 2 and 3 at CHD con-

centrations =0.05 M indicates no apparent differences in the slopes,

within confidence limits of 95%.

(5) E. 8. Huyser and K. L. Johnson, J. Org. Chem., 33, 3645 (1968).

(6) Flash photolysls of 1 in IPA, ethyl ether, or cyclohexane produces an In-

termediate with a litetime of ~200 usec, which is efficiently quenched

by Oz and DTBN, but which reappears at full intensity on repeated flash-
ing as the quenchers are consumed. A strong case, to be presented

elsewhere, can be made that the transient Is indeed 6.

For leading references on trapping of alkyl, ketyl, CClg, and similar radi-

cals by dlenes, aromatic hydrocarbons, and nitroxides; see (a) C. Wall-

ing, ""Free Radicals in Solution’’, Wiley, New York, N.Y., 1957, Chapter

6; (b) W. A. Pryor, "'Free Radicals’’, McGraw-Hilt, New York, N.Y., 1966,

p 221 ff; (c) S. Nelsen and P. D. Bartlett, . Am. Chem. Soc., 88, 143

(1966).

For an analogous earlier example, see N. J. Turro and D. M. McDaniel,

Mol. Photochem., 2, 39 (1970); see also P. J. Wagner, J. M. McGrath,

and R. G. Zepp, J. Am. Chem. Soc., 94, 6883 (1972), and D. R. Char-

ney, J. C. Dalton, R. H. Hautala, J. J. Snyder, and N. J. Turro, ibid., 98,

1407 (1974).

(9) H. S. Johnston and F. Cramarossa, Adv. Photochem., 4, 1 (1966); J. G.
Calvert and J. N. Pitts, Jr., "Photochemistry’’, Wiley, New York, N.Y.,
1966, p 650 ff.

(10) G. P. Laroff and H. Fischer, Helv. Chim. Acta, 58, 2011 (1973).

(11) O. L. Chapman, T. H. Koch, F. Klein, P. J. Nelson, and E. L. Brown, J.

Am. Chem. Soc., 90, 1657 (1968); D. Bellus, D. R. Kearns, and K.
Schaffner, Helv. Chim. Acta, 52, 971 (1969);, P. Margaretha and K.

(4

(7

8

4443

Schaffner, ibid., 58, 2884 (1973); D. |. Schuster and D. H. Sussman,
Tetrahedron Lett., 1657 (1970); W, G. Dauben, W. A. Spltzer, and M. S.
Kellogg, J. Am. Chem. Soc., 93, 3674 (1971); O. L. Chapman and D. S.
Welss, In "Organic Photochemlstry’', Vol. 3, Marcel Dekker, New York,
N.Y., 1973, p 218 ff,, quoting from G. Wampfler, Ph.D. Dissertatlon,
lowa State University, 1970, and other unpublished studles; F. D. Lewls,
R. W. Johnson, and D. E. Johnson, J. Am. Chem. Soc., 98, 8090
(1974).

(12) The fo)llowlng are representative examples; light Intensity effects may
well be significant In some but certalnly not all of these wavelength-de-
pendent systems: E. F. Ulman, Acc. Chem. Res., 1, 353 (1968); E. F.
Uliman and N. Bauman, J. Am. Chem. Soc., 92, 5892 (1970); B. Singh,
A. Zwelg, and J. B. Galllvan, ibid., 94, 1199 (1972); B. Miller, Chem.
Commun., 574 (1971); K. Schatfner and O. Jeger, Tetraheoron, 30,
1891 (1974); J. Gloor and K. Schaftner, Helv. Chim. Acta, 57, 1815
(1974); J. Gloor, G. Bernardinelll, R. Gerdll, and K. Schatffner, Ibid., 58,
2520 (1973); P. de Mayo and H. Shizuka, J. Am. Chem. Soc., 95, 3942
(1973); D. 8. L. Blackwell, P. de Mayo, and R. Suau, Tetrahedron Lett.,
91 (1974); J. Michl, Mol. Photochem., 4, 243 (1972).

David I. Schuster,* George Conrad Barile, Kou-chang Liu
Department of Chemistry, New York University
Washington Square, New York, New York 10003
Received March 24, 1975

Direct Evidence for Reversal of Helicity in the
Stereoisomerization Mechanism of
Bis(3-diketonato)titanium(IV) Complexes

Sir:

In connection with our recent studies of isomerism and
isomerization in propeller-like molecules! we became aware
of a report? dealing with studies on static and dynamic
stereochemistry of some cis-dialkoxybis(acetylacetonate)ti-
tanium compounds, in which prochiral groups were intro-
duced as ligands. In particular, Bradley and Holloway? ob-
served that ‘“‘the kinetic parameters for methyl isopropyl
group exchange (in 1) were the same as for methyl (acac
group) exchange” and that “at low temperature the a-pro-
tons of the neopentyl glycollate group in Ti(acac),(O-
CH,CMe,CH;0) broadened and split into an AB group”.

The purpose of this communication is to note that such
experiments provide compelling evidence for reversal of he-
licity in the stereoisomerization mechanism of such mole-
cules. The relevance of such a conclusion is borne out in the
following.

The cumulative weight of circumstantial evidence so far
accumulated has pointed out that dialkoxybis(chelate)titan-
ium compounds?> as well as a large number of structurally
related dihalogenobis(3-diketonato) derivatives of group 4
elements* adopt a cis octahedral structure. Such structure
has C, skeletal symmetry point group and thus is chiral. It
follows that 1 can be regarded'd< as a two-bladed propeller-
shaped molecule, and thus two enantiomeric forms are pos-
sible, which differ only in the sense of twist (helicity) of the
chelate acetylacetonate rings.’

Therefore, when interconversion of the two enantiomeric
forms is slow on the NMR time scale the methyl isopropoxy
groups in 1, as well the a-protons of the neopentyl glycol-
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