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Figure 1. Irradiation (546 nm) of 1.6 X 10~ M [Rh2(bridge)s](BF4) in

degassed 12 M HClsolution. The four scans after r = 0 were taken at in-
tervals of ~2 min.

collecting (Toepler pumping) and burning a sample over CuO.
In a typical experiment in which some O; was present, con-
version of 0.0567 mmol of [Rhy(bridge)sH]3*-Cl~ in 12 M
HCl solution by irradiation at A >530 nm yielded 0.0466 mmol
of H,.5 The photoreaction is therefore
[Rh,(bridge)sH]3+ . Cl~ + H¥ + CI~
blue
546 nm s
—> [Rhy(bridge)sC2]** + H, (1)
12 M HCI yellow

The appearance quantum yield of [Rh;(bridge)sCl,]2* in
rigorously degassed 12 M HCl is 0.0040 % 0.002 (Ajrradn 546
nm). The photoreaction is not inhibited by the presence of 1
atm of H; at 28 °C. Under such conditions the thermal back-
reaction between [Rhy(bridge)4Cl,]?>* and H, to yield
[Rha(bridge)sH]3+.Cl™ requires several days to go to com-
pletion. Thus there is reason to believe that the photochemi-
cal/thermal kinetic properties of this type of system may be
adjusted (ay+, added anions) such that it could be used to
produce H; in solar energy conversion schemes.

The charge-transfer excited state involved in the photo-
reaction must be ' A,, or 3A,,. In either case, the MO config-
uration is (lajg)2(1azy)!(2a1g)". If we assume, as seems rea-
sonable, that the 2a,g level possesses substantial 1s(H) char-
acter, then the excited state may be formulated as [(CI™)- -
Rh! 1/2. .Rh!1/2. .(H.)]2**, Attack either by H,0 or H;O*
could induce a second electron transfer (1az, — H-), yielding
H; and the two-electron oxidative-addition product,
[Rhy(bridge)4Cl5]%+.

[(CI7)Rh!- - -RhI(H*)]?+
&_‘f_r;n [(C17)- -Rh!1/2. .Rh! /2. -(H-)]2+* 2)
[(CI7)- -Rh!!/2. .Rh! 1/2. .(H.)]**

st
=5 [CI-Rh!-Rh!-CIJ2+ + H, (3)
HCl(aq)

It is attractive to propose that axial ligand-metal interac-
tions may operate in such a way as to reduce the fraction of
excited species returning to the Rh!-Rh! ground state by back
electron transfer. The ¢-binding interactions along the inter-
nuclear axis Cl- -Rh- -Rh- -H in a (1a;5)?(1a2,) ' (2a15)" ex-
cited state are predicted!-® to be larger than in the ground state
[(1a;5)?(1a24)?]; therefore, these interactions favor the H»-
producing pathway (laj, — H-) over back-transfer (laz, <
H-), as the energy of the 1a,, o* level increases sharply as the

extent of Cl- -Rh- -Rh- -H coupling increases. Further eluci-
dation of the role of axial interactions must await the com-
pletion of mechanistic studies of the photoreaction that are now
in progress.
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Allylic Oxidation of Olefins by

Catalytic and Stoichiometric Selenium Dioxide
with tert-Butyl Hydroperoxide

Sir:

Selenium dioxide remains the most reliable and predictable
reagent for the direct insertion of oxygen into an allylic car-
bon-hydrogen bond.! A serious complication in this reaction
is the inevitable production of reduced forms of selenium. The
frequent difficulty of removing colloidal selenium from the
products is well known. Another drawback of these oxidations
is the formation of organoselenium by-products. We have re-
cently shown that one of the principal selenium containing
by-products arises from addition of intermediate selenium(II)
electrophilic species across the olefinic bond.? We reasoned
that an oxidant which would rapidly and selectively reoxidize
the reduced selenium species to SeO; would circumvent these
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Table I. Allylic Oxidation%
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% yield? (relative ratio¢)

0.5Se0,, Cat. Se0,,
Case Olefin or acetylene 2(t-BuOOH)4 +-BuOOHe Se0,f
1 T 61 (92:8) 178 [92:8] 4
2 =~~~ 48 (91:9) 24 (92:8)
|
3 O/\ 44 78
4 /\./\/\/\/Y 317 (99:1) 171 (82:18)h
H [93:7]
5 AN 64/ (77:3:19:1) 18 (89:5:5:1)
[80:2:17:1] [77:4:18:1]
6 /\/\/lk 59k (85:5:9:1) 56! (81:6:12:1) 258 [63:22:8:7]
! [81:6:10:3] [75:6:16:3]
7 Q/k 54m [90:10] 22n
8 éb 86m [>98:<2] 53-620
9 g\\(/om. 60 (86:14) 55 (88:12) 540

2Products are the alcohols and aldehydes or ketones at the indicated sites. All products. were characterized spectrally and by combustion
analysis or by comparison with authentic samples or with literature spectra. #Unless stated otherwise, yields were of distilled products of at
least 95% purity by GLC analysis on two columns and were based on initial moles of olefin. ¢ Ratio of site 1 alcohol:site 1 carbonyl product:
site 2 alcohol:site 2 carbonyl product in the distilled products as determined by GLC analysis, not corrected for small response factor varia-
tions. Ratios obtained before isolation are indicated in brackets. ¢ Reactions were done on 0.1 mol of olefin except case 4 (0.02 mol). The
procedure was as described in the text except that case 6 was reacted at 0 °C for 2 h and case 9 at 10 °C for 3 h. € Reactions were carried out
on 0.1 mol (cases 6 and 9) or 0.5 mol (cases 7 and 8). Case 8 was reacted in dry hexanes with 0.0067 mol of SeO,, 0.575 mol of tert-butyl
hydroperoxide, and 0.052 mol of acetic acid. The procedure and stoichiometries for the others were as described in the text for case 9.
fSmall-scale reactions (VPC yields) were carried out by combining 2 mmol of olefin and 1 mmol of Se0, in 2 ml of ters-butyl alcohol, then
heating to reflux. Analyses were made at frequent intervals and maximum yields were recorded. Isolated yields were obtained on a 0.1-mol
(cases 2 and 5) or a 0.02-mol scale (case 4) by slowly adding a solution of 0.5 mol equiv of SeQ, in tert-butyl alcohol to a refluxing solution
of the olefin in that solvent. & Yield determined by GLC relative to an internal standard. # The primary alcohol from double-bond migration
was also formed (10-20% of total products). iProducts isolated by chromatography on silica gel. / The main alcohol was spectrally and chro-
matographically identical with authentic (E)-oct-2-en-4-ol. ¥ The distilled product was 92% pure. ! The distilled product was 86% pure.
mWorkup involved NaBH, reduction. 7 Reference 15 (dioxane, room temperature, 1 week, 0.5 mol equiv of SeO,). © Reference 16 (EtOH,
reflux, 4 h, 0.4 mol equiv of Se0,). P Reference 17 (EtOH, reflux, aldehyde sole product).

problems, and furthermore might enable the reaction to pro-
ceed with catalytic amounts of SeO,.

The reaction of SeO; with olefins in the presence of hydro-
gen peroxide has long been known to form diols and epoxides,>
presumably via a perselenious acid species.3¢4 Only for the
highly reactive ene, 8-pinene, did the H,0,-catalytic SeO,
system give allylic oxidation cleanly.* Under the same reaction
conditions employed for 3-pinene, we found that less reactive
olefins (e.g., geranyl acetate, 2-phenylpropene, (Z)-2-octene,
and 1-decene) gave either epoxide or complex mixtures in
which allylic oxidation products were only minor components.
We anticipated® that an alkyl hydroperoxide would avoid the
peracid behavior associated with hydrogen peroxide in this
system.”

Indeed, when olefins which are normally reactive toward
SeO, were oxidized with terz-butyl hydroperoxide in the
presence of catalytic (1.5-2%) SeQ,, allylic alcohols were
produced in yields comparable with, or better than, those ob-
tained with stoichiometric SeO; alone (Table I, cases 6-9).
Normally the reactions were run to about two-thirds comple-
tion, beyond which further oxidation of the allylic alcohol
competed with its formation. This point was reached under
extremely mild conditions: 1 day at room temperature sufficed
at the concentrations used. While reactive olefins (case 8) re-
quired only a slight excess of zerz-butyl hydroperoxide, most

gave higher yields with 3-4 equiv. The reaction was most rapid
in noncoordinating solvents, especially methylene chloride.
Under strictly anhydrous conditions 8-pinene failed to react,
but, when | equiv of water or lesser amounts of a carboxylic
acid were added, the reaction proceeded smoothly. Most olefins
responded best to the carboxylic acid catalysis.?

Less substituted olefins, which react poorly with SeO,, also
reacted very sluggishly under our catalytic conditions. How-
ever, when 0.5 mol equiv of SeO; and 2 equiv of tert-butyl
hydroperoxide were combined with the olefin in CH,Cl,, a very
powerful allylic oxidation system resulted (see Table I). Added
acids were not required. Mono- and vicinate-disubstituted
olefins were readily oxidized in 1 or 2 days at room tempera-
ture, while the more reactive olefins required low temperatures
to moderate the reaction (cases 6 and 9).

A general procedure using stoichiometric SeO; and zert-
butyl hydroperoxide was as follows. Into a 250-mL flask was
introduced 5.5 g (0.05 mol) of SeO;, 75 mL of CH,Cl,, and
22 mL (0.2 mol) of 90% tert-butyl hydroperoxide.® After the
mixture had been stirred for 0.5 h at 25 °C (water bath), 11.2
g (0.1 mol) of (Z)-2-octene was added over several minutes.!?
The mixture was stirred at 25 °C for 48 h (GLC ratio of ole-
fin:products was 1:2). Benzene (50 mL) was added and the
CH,Cl, was removed on a rotary evaporator. Ether (100 mL)
was added and the organic phase was washed four times with
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25 mL of 10% KOH and once with brine. To destroy excess
tert-butyl hydroperoxide, the solvents were removed, the res-
idue was dissolved in 20 mL of cold acetic acid, and 25 mL
(excess) of methyl sulfide was added slowly with stirring and
water bath cooling.!! After 4 hr at 25-30 °C, the mixture was
cooled in an ice bath and neutralized with 20% K,COs. The
aqueous phase was extracted with ether, and the combined
organic phases were washed with water and brine, dried
(MgSOy), concentrated, and distilled to afford 8.25 g (64%)
of allylically oxidized products (Table I, case 5), 95% pure by
GLC analysis.

In a typical procedure employing the catalytic method, 40
mL (0.36 mol) of 90% tert-butyl hydroperoxide® was poured
into a magnetically stirred suspension of 0.221 g (0.002 mol)
of SeO; and 1.4 g (0.01 mol) of salicylic acid in 35 mL of
CH,Cl,. The resulting solution was placed in a 25 °C water
bath and 19.75 g (0.10 mol) of geranyl acetate was introduced.
After 27 h, GLC analysis showed an area ratio for olefin:
products of 2:3. The reaction mixture was worked up as de-
scribed above, except that in this instance the reduction step
was omitted and the mixture was distilled directly under re-
duced pressure!? to yield 6.52 g (33%) of geranyl acetate and
11.75 g (55%) of a mixture of (E,E)-2,6-dimethyl-8-ace-
toxyocta-2,6-dien-1-ol and the corresponding aldehyde (88:12
by GLC).

The combination of stoichiometric SeO, and rerz-butyl
hydroperoxide is clearly the method of choice for obtaining
synthetically useful yields of unrearranged allylic alcohols from
a greatly broadened spectrum of olefins.!314 The positional
selectivity, which has been the chief attraction of SeQ; oxi-
dations, is retained. The milder conditions avoid the rear-
rangements and dehydrations which can occur under the
standard conditions. Finally, the elimination of colored and
malodorous organoselenium by-products, and elemental se-
lenium, should ameliorate the selenophobia which.currently
afflicts many synthetic organic chemists.
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