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doublet is accordingly low.” Alkyl radical capture by Zr(II) would
give a new paramagnetic species. Consistent with this notion, we
find that EPR spectra recorded during the reaction between
Cp,Zr(PPh,Me), and n-butyl chloride display a pair of doublets
which appear and decay consecutively with different kinetics (see
Figure 2).!° One is the halide-containing intermediate described
above; the other (g = 1.983) has a hyperfine coupling constant
of 28 G, consistent with greater unpaired spin density on phos-
phorus than is found for the initial doublet assigned to
Cp,ZrCI(PPh,Me). This behavior is consistent with changing
the ligand on zirconium from an electron-withdrawing halide to
an electron-donating alkyl group. This second signal is, therefore,
attributed to Cp,Zr''R(PPh,Me).1112

Monitored by EPR spectroscopy, the oxidation of Cp,Zr-
(PPh;Me), by sec-butyl halides provides further evidence in
support of Scheme 1. At 29 °C reaction with sec-butyl chloride
yields a mixture of Cp,ZrCl; and Cp,Zr(Bu)Cl (68:32). Ac-
cordingly, the “initiation doublet” is observed, and a weak signal
is found in the alkylzirconium(III) region. At 6 °C, however, no
doublet attributable to the alkylzirconium(III) complex is noted
in the reaction between Cp,Zr(PPh,Me), and sec-buty] bromide
(which produces Cp,ZrRX/Cp,ZrX, in the ratio 69:31). These
observations are a function of relative rates for the two steps of
the propagation sequence [addition step (k;) vs. abstration step
(k3)] leading to oxidative addition. Fast R- capture (see reaction
2) (1° > 2° > 3°) relative to subsequent abstraction (I > Br >

©) Q. . @.

Zr-L + R — Zr — zr (2
,’\L RX ,;: ]/ ~X
g=1.983
<'p>=286

C) would result in a buildup of Cp,Zr'MRL and allow its detection
by EPR spectroscopy. This situation would be maximized! for
R = primary alkyl radical and X = Cl; Zr(II) capture of secondary
alkyl radicals is slower and subsequent oxidation of Zr(III) to
Zr(IV) can become competitive with this capture. The different
intensities for the paramagnetic intermediates formed in the re-
actions of sec-butyl bromide and sec-butyl chloride with the
bis(phosphine)zirconium(II) complex are readily understood:
capture rates for each substrate should be the same; however, the
subsequent abstraction should occur significantly faster for the
bromide than for the chloride.

Classical product analysis studies originally enabled us to outline
a mechanistic scheme to account for observed competitive oxi-
dation of Zr(II) complexes by alkyl halides. Support for this
scheme has been accomplished by EPR observation of reaction
intermediates as noted herein, a result that demonstrates the utility
of this spectroscopic technique for the elucidation of organometallic
reaction mechanisms.
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The Claisen rearrangement (reaction 1) is a well-known and
exceptionally versatile reaction as evidenced, for example, by the
number and frequency of its reviews.! ‘The reaction is important
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in part because its high stereospecificity has found application
in the construction of acyclic systems and trisubstituted olefins.
The selectivity is a consequence of the highly ordered transition
state in the Claisen rearrangement, a feature it has in common
with the Diels~Alder reaction. We have now uncovered a variant
of the Claisen rearrangement that leads to homologous products?
and moreover has, we believe, significant and far-reaching con-
sequences.

Our basic strategy for specific homologation involves silicon
chemistry (reaction 2).>> If a reaction can be conceived that

ClHZSiMe3 CHaSiMes  CHz
2C 26 ¢ 2)
| | |
C C c
1 2 3
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introduces a double bond between C,; and C,, the resulting al-
lylsilane 2 will undergo protodesilylation leading to 3. The sili-
con-mediated homo-Claisen rearrangement is outlined in reaction
3. Allylic alcohols 4a and 4b® were prepared from
Me,SiCH,MgCl” and the corresponding aldehydes (80-85%
yields). Such B-silyl alcohols have previously been studied as
precursors to olefins via elimination of Me;SiOH with acid or
base.! The corresponding esters are not well-known; in fact one
report® indicates they undergo spontaneous fragmentation to
olefins. While allylic alcohols 4a and 4b are quite sensitive to acid
(such as dilute aqueous mineral acid, pyridinium hydrochloride,
or silica gel) esterification proceeds easily with propionic anhy-
dride/triethylamine in the presence of 4-(dimethylamino)pyridine'?
in ether at 25 °C. Compound 5a is produced in 80% yield and
5b in 95% yield.!! Ester enolate Claisen rearrangement!? (LDA,
-78 °C — room temperature) gave 6a (61%) and 6b (53%)
respectively. As anticipated the selectivity of the rearrangement
is high. Compound 6a appears to be about a 9:1 mixture in favor
of trans-erythro-6a.> Compound 6b is greater than 95% E.!4

6a,R, =CH,;R,=H
6b,R, = H; R, =CH,

When 6a is treated with methanolic HCl (1 mL of acetyl
chloride in 100 mL of CH;OH) at room temperature for 2 h,
esterification occurs to produce 8 with only traces (1-3%) of
protodesilylation. If the solution is refluxed for 18 h, complete
desilylation does, however, occur, leading to 7a (methyl ester).
A better procedure'® uses BF;/AcOH in CH,Cl,; (25% 25 °C,
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5 min) to produce 7a in quantitative yield. Compound 6b also
protodesilylates under the same conditions to give 7b (85%).16 We
were very surprised to find that protonation of allylsilane 6b is
evidently intramolecular, leading to 1,3-asymmetric induction and

H,
O—H iMe

H,

(285),(4R)-2,4-dimethyl-5-hexenoic acid 7b (>8:1 ratio by *C
NMR spectroscopy).'®

The homo-Claisen rearrangement of vinyl ethers has been
explored as well. Alcohols 4a and 4b can be converted to their
vinyl ethers 9a and 9b in the usual way [n-BuOCH=CH,/Hg-
(OAc),;]. Thermolysis at 110 °C (18 h) gave 10a (85% overall
from 4a) and 10b (92% overall from 4b).

Ra Re
Ry R
4ab — \/k(\SiM% - wSiMes
N0 ’ CHO

H
9a,R, =CH; R, =H 10a,R, =CH;; R, = H
9, R, =H;R, = CH, 10b, R, =H; R, = CH,
The functionalized allylsilanes available via this technology are
valuable synthetic intermediates. We have converted 10b to
geranyltrimethylsilane!® 12 (isopropylidene Wittig, 100%) and
alcohols 11a (LAH, 97%) and 11b (vinyl Grignard). Alcohol

A

CHsz CH3
¢/\5Me3 <I\5Me3
R
OH cHy CHs
11a,R=H; 11b, R=CH=CH, "

11b on oxidation with PCC? gave enone 13 (68% overall from
10b). When 13 was treated with BF3:OEt, in ether, intramolecular
cyclization occurred readily to produce 4-methyl-4-vinylcyclo-
hexanone 14 in 73% yield.

CH3 CH3
X SiMes = AN SiMey —r3El2d
o —
0
N
13 X
0

14
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In conclusion we are convinced that the widely applicable
chemistry of the Claisen rearrangement makes the homo-Claisen
rearrangement and its concomitant possibilities important. We
are currently investigating these questions.
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The reactions of ozone with a wide range of molecules have
provided insight into many novel chemical processes. Ozonolysis
of olefins is, of course, extremely important synthetically,! while
reactions of ozone with metal atoms, M, yield information about
the refractory MO species via chemiluminescence.? The reaction
of O, with certain small molecules, e.g., NO,? is known to produce
electronically excited products that can fluoresce on a single
collision. Other molecules such as olefins and small sulfur-con-
taining compounds react with ozone to produce chemiluminescent
products possibly via multistep pathways.*® We are interested
in the dynamics of reactions of ozone with various organic
molecules and began our studies with mercaptans.” We have
previously studied the reaction of ozone with H,S and CH;SH
to produce electronically excited SO,. This work was carried out
at low pressures but still under multiple-collision conditions. In
this communication, we present single-collision studies® of the
chemiluminescent reactions of ozone with H,S and CH;SH.
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Figure 1, Continuous chemiluminescence spectra of SO, from ozone
reactions under multiple-collision conditions. The short wavelength cutoff
is due to the Pyrex window. (a) Chemiluminescence spectrum recorded
from the reaction of 10-um O; (beam) with 5-um CH,SH. (b) Chem-
iluminescence spectrum recorded from the reaction of 40-um O, (beam)

with 10-um H,S; 1 um = 1073 torr.

The reactions were studied in our beam-gas chemiluminescence
apparatus which has been previously described.” Briefly, an
evacuated chamber (base system pressure <1 X 107 torr) is filled
to a certain pressure with a background gas. A molecular beam
of ozone is injected into the chamber, and the ozone molecules
undergo collisions with the background gas. Due to the large
exoergicity of the reactions, products can be generated in elec-
tronically excited states. These molecules can fluoresce, and the
emitted photons are detected perpendicular to the beam axis
through a Pyrex viewing window.® The photons are spectro-
scopically analyzed by using an 0.75-m Spex monochromator and
are detected by a cooled photomultiplier tube (EMI 6256 B). Due
to the low cross section for photon production, photon-counting
techniques must be employed. The output of the photomultiplier
tube was sent to an Ortec pulse counting system. The pressure
was determined by an ion gauge for pressures <1073 torr and by
a Granville-Phillips Convectron gauge for pressures >1073 torr.
These measurements should be accurate to 50%. Ozone, produced
in a commercial ozonizer, was collected on silica gel at ~59 °C.
The ozone container was flushed with helium to eliminate as much
O, as possible and then warmed gradually to room temperature.
The background reagent gases, H,S and CH,SH, were obtained
from commercial sources and were used without further purifi-
cation.

The continuous spectra obtained for O; + CH3;SH and O; +
H,S under multiple-collision conditions are shown in Figure 1,
a and b, respectively. This spectrum corresponds to the fluorescent
spectrum of SO, and is essentially identical with that recorded
by Halsted and Thrush!® from the reaction

SO + 0, = SO, + 0, (1)

and with the low-pressure luminescent spectrum obtained by
Strickler et al.!!' Due to the complicated manifold of electronic
states for SO,, the individual vibrational lines have not been
resolved.!? In figure 2, a and b, we show the digital spectra
obtained for the reaction of O; with H,S and O; with CH,SH
at very low pressures. At this pressure (4 X 107 torr), the mean
free path is on the order of 10 cm; within the region viewed by
the monochromator, this corresponds to single-collision conditions.
The bar spectra follow the general shape seen in the higher
pressure spectra, and we attribute the spectra to SO,. A digital
spectrum obtained at a pressure of 6 X 1075 torr (definitely in the
single-collision regime) is shown in Figure 2c for the reaction of
H,S. It is again similar to the higher pressure spectra. In another
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