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lipid structure, to the temperature of the vesicles relative to their
phase transition,!” and to the thermal history of the vesicles.” We
have also observed that the reaction is sensitive to the size of the
lipid bilayer structure. Small sonicated vesicles of lipid diacetylenes
are less sensitive to light than vesicles of larger radius or extended
bilayers of lipid diacetylene. Since the reaction is very sensitive
to the lipid chain order, these preliminary observations suggest
that the lipid chains in small sonicated vesicles of lipid diacetylenes
are more disordered and support the interpretation of the NMR
spectra of sonicated lipid vesicles, which suggest that lipid chain
disorder is increased as a result of the increased surface curvature
of the vesicles.!
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The rate of « cleavage of triplet dibenzyl ketones (Type I
photolysis) has been estimated to be at least 10!°s7.23 While
we were investigating the behavior of radical pairs on a silica gel
surface in comparison with that in solution and micelles,* an
opportunity presented itself to measure directly the relative rates
of the type I reaction. These rates have been correlated with the
Hammett equation by using ¢*. The technique of chemically
induced dynamic nuclear polarization (CIDNP) was especially
well suited for this investigation, the results of which we now wish
to report.

The stepwise homolytic « cleavage as well as the nature of the
excited precursor in the photolysis of the parent dibenzyl ketone
has been clearly demonstrated from CIDNP effects by Fischer
etal.® These authors observed the methylene protons in strong
emission for the starting material and in enhanced absorption for
the decarbonylation product, dibenzyl. When a monosubstituted
dibenzyl ketone is photolyzed, the possibility of two competitive
«a cleavages, a and b (Scheme I), exists although the same three
final coupling products (dibenzyls 2-4) may result, as indicated.
When the photolysis was carried out in the high magnetic field
of an NMR spectrometer,® the absorptions of the methylene
protons of all starting materials (1a—e) were converted into
emission but to different extents. In Figure 1, we show the results
obtained from p-methoxydibenzyl ketone (1a). The p-methoxy-
benzyl methylene protons exhibit a much stronger emission than
do the unsubstituted benzyl methylene protons, thus indicating
the nonequivalent properties of these two different methylene
groups. However, the distribution of dibenzyl products 2, 3a, and
4a, obtained in the ratio of 1:2:1 expected from the statistical
coupling of the free benzyl and p-methoxybenzyl radicals, fails
to indicate the possibility of selective o cleavage. The CIDNP
nonequivalence of the methylene protons can, thus, be related to
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(6) CIDNP experiments were performed on a Varian XL-100A NMR
spectrometer with a Photochemical Research Associates light source (a 200-W
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two different radical pairs, A and B, generated from the two
possible competitive « cleavages.

The CIDNP emissive character of the methylene protons of
the starting materials is fully accounted for by the Kaptein rule:’
that is, pairs A and B are generated from a triplet state (u > 0),
the recombination is a cage process (e > 0), the methylene protons
of the benzyl radicals have negative hyperfine coupling constants
(Ay < 0), and the g factors of benzyl radicals (2.0025) are larger
than those of acyl radicals (2.0007) (Ag > 0). Since the pa-
rameters affecting the CIDNP effects for pair A and pair B are
almost the same,® we interpret the different signal intensities as
being derived from a larger concentration of radical pair A, re-
sulting from a preferred cleavage at the methoxybenzyl-carbonyl
bond. A similar interpretation has been put forward by Hutton

(7) Kaptein, R. J. Chem. Soc., Chem. Commun. 1971, 732.

(8) The diffusion behavior, the recombination probability, and Ag of pair
A and pair B may be considered to be identical. There is a slight variation
in hyperfine coupling constants of methylene protons of benzyl radicals (p-
MeO, -15.93 G; p-Me, -16.07 G; p-F, -16.43 G; h, -16.34 G; p-Cl, -16.08
G. Neta, P; Schuler, R. H. J. Phys. Chem. 1973, 77, 1368). The 8 protons
of the phenylacetyl radicals (ay ~ 1 G; Ag < 0) can induce a CIDNP effect
of the same direction, but this is smaller than that induced by benzylic
methylene protons. It is interesting to note that the hyperfine interaction of
nuclei other than the methylene protons, particularly those of the ortho and
para hydrogens of the benzyl radicals, the paramethyl hydrogens, and the
para-fluorine atom, is expected to have a minor influence on the amplitude
of the methylene polarization. This is because the present CIDNP effect is
basically a Ag effect and because the effect of the hyperfine interactions of
other nuclei are averaged to null as far as the polarization of the methylene
protons is concerned.
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Figure 1. 'H NMR spectrum (3.5-4 ppm, 100-MHz, Me,Si as refer-
ence) of p-methoxydibenzyl ketone (~1 X 102 M in CDCL;) in the dark
(left) and during UV irradiation (right). Peaks at 3.65, 3.70, and 3.79
ppm are assigned to p-methoxybenzyl methylene, benzyl methylene, and
methoxy protons, respectively.

et al.? for the photolysis of p-methyldibenzyl ketone (1b). This
effect provided us with an opportunity for the direct measurement
of the relative rate of « cleavage within the same molecule based
on the relative emission intensities of specific methylene protons.
In the case of 1a, the cleavage at the p-methoxybenzyl-carbonyl
bond is preferred by a factor of 3.2 times over that at the un-
substituted benzyl-carbonyl bond.

The effective relative concentrations of radical pair A and B
may be affected by the possible different rates of decarbonylation
of the acyl radicals. In the extreme case we might be monitoring
the relative rates of decarbonylation of various acyl radicals rather
than the type I cleavage. Experimentally, we could not exclude
this possibility, but from the following considerations we still favor
our original interpretation. The rate constant for decarbonylation
of the phenylacetyl radical is ~5 X 107 s7131920 31 25 °C, but
the lifetime of a radical pair in a nonviscous solvent such as CDCl;
is believed to be shorter than 107%. It is therefore not to be
expected that decarbonylation could affect our major conclusion.
Moreover, it is generally believed that the reason that the quantum
yield of th formation of dibenzyl is less than unity (¢ = 0.7) is
because of efficient geminate recombination. If decarbonylation
of the acyl radicals were to compete effectively with recombination,
then one would expect the quantum yields to vary with different
substituents; the reported values are essentially the same.}

Ketones 1a—e were prepared,'© and their relative rates of type
I cleavages were measured and are summarized in Table I: they
give a better fit to the Hammett equation with ¢* values'! (o*
= —0.65; correlation coefficient = 0.997) than with o values'! (p
= -1.03; correlation coefficient = 0.937) or a more recently defined
o scale'? (p- = 0.55; correlation coefficient 0.655), as shown in

(9) Hutton, R. S,; Roth, H, O,; Kraeutler, B.; Cherry, W. R.; Turro, N.
J. J. Am. Chem. Soc. 1979, 101, 2227.
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(11) March, J. “Advanced Organic Chemistry: Reactions, Mechanisms,
and Structures”; McGraw-Hill: New York, 1977; p 253.

(12) o values are controversial. The o values used here are defined by
Leigh et al.'? based on some data of Creary.!
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Table I. Relative Rates of Type I Reactions?

kx/ log

X kgt kxfkg o€ o€ od T.Js
p-MeO  3.18 0.502 -0.78 -0.27 0.24 1.8
p-Me 1.53¢ 0.185 -0.31 -0.17 0.11 2.0
p-F 1.05 0.021 -0.07 0.06 -0.08 2.2
H 1 0 0 0 0 2.2
p-Cl 0.90 -0.045 0.11 0.23 0.12 2.0
m-Cl 0.52 -0.284 0.40 0.37 0.04 2.0

¢ Determined from the emission intensities, which have been
corrected for initial absorption intensities and spin-lattice relaxa-
tion times. The assignment of methylene groups is based on the
chemical shifts and is referenced to parent dibenzyl ketone as the
internal standard. ® Reproducible within £5%. € See ref 10.
d Seeref 11. ¢ Hutton et al.® obtained 1.5.  Spin-lattice relaxa-
tion times of the benzylic methylene protons of the ketones.
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Figure 2. Hammett plot of log (kx/ky) vs. substituent constant for «
cleavage of substituted dibenzyl ketones (O, c+; @, ¢; O, o). See text
for labels 1a—f.

Figure 2. The correlation of o¥ with a negative p* implies a polar
transition state which can be stabilized by electron-donating
aromatic substituents. This resembles a previous, but less direct,
study of the photolysis of deoxybenzoin by Lewis et al.'> who
obtained a p* value of —1.1. Walling and Clark'¢ have shown that
the relative rates of « cleavage of substituted alkoxy radicals
derived from dibenzylmethylcarbinols correlate with ¢+ (o™ =
-1.04). The general parallel made!” for the « cleavage between
the alkoxy radical and the ketone in the n,7* triplet state is
established here in detail. The smaller absolute value for p* in
our system may reflect a faster rate of homolysis as compared
with those in dibenzylmethylcarbinol radicals and deoxybenzoins
(~10% s for dibenzyl ketones,>? ~ 107 s! for alkoxy radicals,'®
and ~4 X 10° 57! for deoxybenzoins!>!®). It is remarkable that
with rates as fast as 1019 s one is still able to measure the relative
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J. Chem. 1980, 58, 2537.
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Photochemistry”; Benjamin/Cummings: Menlo Park, CA, 1978; p 528.
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°C in C¢Dg: Lehr, G.F.; Turro, N. J. Tetrahedron 1981, 37, 3411.
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values and study the structure-reactivity relationship.
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Intramolecular ligand permutation (inversion) at tetracoordinate
silicon in nucleophilic media has been observed for a variety of
halo- and aminosilanes.! As the inversion process is always second
order (or higher-order) with respect to the nucleophile, the
mechanism is generally thought to involve reversible stepwise
attack of two molecules of nucleophile to give a symmetrical penta-
or hexacoordinate intermediate or transition state. We wish to
present the first example known to us of inversion at tetracoor-
dinate silicon in nucleophilic media which occurs at a rate showing
a first-order dependence on the concentration of the nucleophile.

The spirosilane 12 exhibits an A;B; °F NMR spectrum in
nonnucleophilic solvents (e.g., chloroform, toluene) which, upon
addition of weak nucleophiles, shows the coalescence of tri-
fluoromethyl peaks expected for the interconversion accompanying
inversion at silicon.

CF3
F3C

1

Kinetic studies on 1 were carried out by visual fit of observed
and calculated spectra® to determine the pseudo-first-order rate
constant (k; = k, [Nu]”). The order of inversion with respect
to the nucleophile is given by the slope of a plot of In k; vs. In
[Nu] and is clearly unity for nucleophiles tetrahydropyran (0.984
£ 0.009) or benzaldehyde (0.97 £ 0.02). Quoted errors are

(1) (a) Corriu, R. J, P.; Dabosi, G.; Martineau, M. J. Organomet. Chem.
1980, /86, 25. (b) Corriu, R. J. P,; Larcher, F.; Royo, G. Ibid. 1976, 104,
293. (c) Corriu, R. J. P.; Henner-Leard, M. Ibid. 1974, 65, C39. (d) Corriu,
R.; Henner-Leard, M. Ibid. 1974, 64, 351. (e) Corriu, R. J. P,; Henner, M.
Ibid. 1974, 74, 1. (f) Carre, F.; Corriu, R.; Leard, M. Ibid. 1970, 24, 101.
(g) Corriuy, R. J. P,; Leard, M. J. Chem. Soc., Chem. Commun. 1971, 1086.
(h) Corriu, R.; Henner, M. Bull. Soc. Chim. Fr, 1974, 1447. (i) Corriu, R.;
Leard, M.; Masse, J. Ibid. 1968, 2555. (j) Sommer, L. H.; Bauman, D. L.
J. Am. Chem. Soc. 1969, 91, 7045. (k) Sommer, L. H.; Rodewald, P. G. Ibid.
1963, 85, 3898. (1) Tamao, K.; Ishikawa, M.; Kumada, M. Chem. Commun.
1969, 73. (m) Kaufmann, K. D.; Ruhlmann, K. Z. Chem. 1967, 7, 391.

(2) (a) Perozzi, E. F.; Martin, J. C. J. Am. Chem. Soc. 1979, 101, 1591.
(b) Perozzi, E. F.; Michalak, R. S.; Figuly, G. D.; Stevenson, W, H,, III; Dess,
D. B,; Ross, M. R.; Martin, J. C. J. Org. Chem. 1981, 46, 1049,

(3) Spectra were calculated by using modified LAOCOON 3 programs.
See: Meakin, P.; Muetterties, E. L.; Tebbe, F. N.; Jesson, J. P. J. Am. Chem.
Soc. 1971, 93, 4701. Spectral parameters for 1 were Jgr = 8.8 Hz, T} = 0.15.
The chemical shift difference between the trifluoromethyl groups in 1 was
gclugdhﬁ{vary linearly with temperature, Ay (Hz) = 33.7 - 0.0758 7 (°C), at
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Figure 1. Selected pathways for the racemization of 1 by nucleophilic
attack on a tetrahedral face opposite oxygen A= B=C=2C =2 B
= A’),orona C,0edge (A = C = C’ = A’) of the tetrahedral silicon,
with intervening Berry pseudorotation steps about the pivot ligand in-
dicated in brackets.

standard deviations, calculated from points for at least four
different concentrations of nucleophile (ca. 0.05-0.5 M).

The effect of substituents on the rate of inversion was inves-
tigated by using a series of para-substituted benzaldehydes as
nucleophiles.* The best correlation was obtained by using the
Yukawa and Tsuno modification of the Hammett-Brown equa-
tion®: log k/ky = [0 + 0.39 (6% - ¢)]p with a p value of -1.52
+0.03.° Activation parameters determined from the temperature
dependence of k, with benzaldehyde as nucleophile are AH* =
6.9 £ 0.2 kcal/mol, AS* = -27.9 £ 1.2 ey, and AG*3 = 15.2
%+ 0.4 kcal/mol.

Inversion of 1 by ionization to a zwitterionic silicenium ion
appears unlikely as the rate of inversion shows no relation to the
polarity of the nucleophile.” A mechanism involving attack of
one molecule of nucleophile at silicon to give a pentacoordinate
intermediate is consistent with all of these findings, including
first-order kinetics in the nucleophile and a moderately negative
activation entropy (an ordered transition state). The transition
state, with its developing positive charge at the nucleophilic center,
is stabilized by electron-releasing substituents on benzaldehyde,
giving rise to the negative value of p.

One plausible mechanism for the inversion of 1 involves attack
of the nucleophile® on the 0,0 edge of the tetrahedron of 1 to
give 2, followed by the sequence of five pseudorotation steps
necessary to invert the chirality of a trigonal-bipyramidal species.’
Loss of the nucleophile then gives silane of inverted configuration.
Although several such pseudorotation sequences are possible
starting from 2, all involve high energy intermediates®'® having
two apical carbons or a diequatorial five-membered ring and one
apical carbon ligand.

Pseudorotation mechanisms have been invoked to explain ligand
permutation of a few fluorosiliconates!! and most recently and
most convincingly for the isolable siliconate 3 (the report of which'?
appeared shortly after this paper had been submitted). The
structure of 3 was confirmed by an X-ray crystal structure de-
termination and is essentially that which was proposed for similar
siliconates prepared in this laboratory,? on the basis of data ob-
tained on the solution phase.

While the reported nondissociative inversion of 3 most probably
involves a sequence of five pseudorotation steps, such a mechanism

(4) Para substituents were (Me),N, MeO, CH,, H, Cl, NO,.

(5) Yukawa, Y.; Tsuno, Y. Bull. Chem. Soc. Jpn. 1959, 32, 971.

(6) Values of ¢ and o* are those given by: Ritchie, C. D.; Sager, W. F.
Prog. Phys. Org. Chem. 1964, 2, 323,

(7) At 35 °C inversion of 1 is very fast in methanol and tetrahydrofuran,
fast in acetone and tetrahydropyran, slow in acetic acid, and undetectable in
nitrobenzene, 1,2-dichloroethane, and toluene.

(8) For a recent review on the mechanism of nucleophilic displacement at
silicon, see: Corriu, R. J. P.; Guerin, C. J. Organomet. Chem. 1980, 198, 231.

(9) Mislow, K. Acc. Chem. Res. 1970, 3, 321.

(10) Trippett, S. Pure Appl. Chem. 1974, 40, 595.

(11) (a) Gibson, J. A.; Ibbott, D. G.; Janzen, A. F. Can. J. Chem. 1973,
51, 3203. (b) Klanberg, F.; Muetterties, E. L. Inorg. Chem. 1968, 7, 155.

(12) Farnham, W. B.; Harlow, R. L. J. Am. Chem. Soc. 1981, 103, 4608.
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