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The reaction of BiCls with the lithium salt of o-di-tert-butylphenol The Limberg group has reported the first few examples of
under nitrogen forms organic oxidation products rather than the homogeneous molybdenum/bismuth alkoxide complé¥@s,
expected Bi(OAr); complex, and bismuth disproportionation prod- which have intriguing possibilities as bimolecular model
ucts. Likewise, the decomposition of Bi(lll) aryloxides Bi(0-2,6-Pr,- compounds.

CgHs)s and CIBi(0-2,4,6-BusCsHy); leads to corresponding organic Three different mechanisms have been proposed to explain
oxidation products. These reactions can be explained by Bi-O the role of bismuth in propene activation (Scheme 1,

mechanisms A, B, and G}:%?Although it has not yet been
possible to distinguish between these mechanisms, Rademann
et al. have published a study of the reduction of mass-selected
bismuth clusters by propene, with the conclusion that a

The SOHIO process is the selective oxidation and am- terminal oxo group is not necessary for propene oxidation.
moxidation of propy|ene to make the commodity chemicals Later articles in the ammoxidation field favor versior® B,
acrolein and acrylonitrile. In 1997, the worldwide production Put no experimental support has been reported that can
of acrylonitrile alone was over 5 billion kilogramisThe ~ distinguish between versions A and B.
predominant commercial processes for acrylonitrile and We have now observed reactions in homogeneous solution
acrolein production use multicomponent catalysts based onthat shed light on the chemical pathways available to the
Bi»Os*M00; catalysts developed by SOHIO (Standard Oil Bi—O bond. We have observed spontaneous ®ibond
of Ohio Company) workers in 1959196245 homolysis in solution to form unstable 'Biadicals, analo-

Bismuth is known to be necessary to both the rate- gous to the key step in propene activation, version B. In our
determining and later steps of the catalytic cycléhe system the bismuth(ll) radicals are not stable and dispro-
generally accepted mechanism for the SOHIO oxidation/ portionate to bismuth metal and insoluble"Bdyproducts.
ammoxidation of propene implicates the formation of an allyl ~ The addition of 3 equiv of Li(O-2,6-diert-butylphenyl}
radical as the rate-determining step of the process, occurring(1) to BiXz (X = Cl, Br) in dry solvent (THF, @Ds, ether)
at a bismuth sité The role of bismuth has been substantiated under nitrogen atmosphéféeads to a transient yellow color,
by several experiments in heterogeneous sysfefnslo which quickly darkens to appear black, partly due to a
homogeneous model systems, however, have been used to
model the substrate activation to date. In contrast, the (11) Belgacem, J.; Kress, J.; Osborn, JJAChem. Soc., Chem. Commun.
product-forming steps in the proposed mechanism have beer), , 1993 1125-1127.

. . Belgacem, J.; Kress, J.; Osborn, JJAMol. Cat1994 86, 267—285.
largely substantiated by homogeneous model stuéliés.  (13) py, Y.; Rheingold, A. L.: Maatta, E. Anorg. Chem1994 33, 6415-

bond homolysis to form unstable Bi(ll) radicals, analogous to a
fundamental step suggested to intervene in the SOHIO process.
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Scheme 1. Possible Mechanisms for Propene Activation on the
SOHIO Catalyst22
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mirrorlike coating on the inside walls of the reaction vessel.
The product mixture is 3;5,5-tetratert-butyl-4,4-diphe-
noquinone ), 3,3,5,5-tetratert-butylphenol 8), 2,6-di-tert-
butylphenol ), bismuth metal, and uncharacterized insoluble
byproducts, presumably oligomeric bismuth(lll) speéfes.
The reaction, together with the proposed mechanism, is
shown in Scheme 2. If the aryloxide substituent is introduced
to bismuth by the addition oft to Bi[N(SiMes);]3,%¢ the
products2—4 are similarly observed, in addition to HN-
(SiMes), and black solid.

The initial step is a simple substitution reaction of the
aryloxide anion for the bismuth halide to form intermediate
complexA. If the ortho groups on the aryloxide salt are less
bulky, the substitution proceeds to completion to form a
stable yellow bismuth alkoxide. We have thus formed Bi-
(OAI); for the complexes with ortho substituents of Mg{
and 'Pr (7),2® and the resulting complexes are stable for
indefinite periods in the absence of #liWhen Bi(OAr) 7

(24) Although it is impossible to completely disprove the possibility of
trace oxygen being available in this reaction, thus Bi(lll) acting as a
catalyst rather than an oxidant, we believe it can be discounted. We
have tested the reaction solvents immediately before use with a drop
of sodium benzophenone ketyl to ensure that oxygen is absent. We
have also performed the reaction in the presence of air with no
observable rate difference. The same products were observed in the
air reaction as in under nitrogen, with, however, a relatively high ratio
of aryl alcohol. In addition to these indications, the formation of
bismuth metal implicates the noncatalytic participation of bismuth in
the reaction.

(25) In a nitrogen-filled glovebox at room temperature, 16.0 mg of BiCl
(50.7 mmol) was suspended in 0.25 mL of dnyDg, 32.5 mg ofl
(153 mmol) was partially dissolved in 0.25 mL of drg[, and the
mixtures were combined. The reaction mixture immediately turned
clear yellow, then darkened to orange, then brown/red, and then opaque
green/black during mixing. The mixture was transferred to an NMR
tube, where flocculent black precipitate slowly settled to reveal yellow/
green solution. AH NMR spectrum showed the presence of diéne
and unreacted, and then the tube was frozen, evacuated, and flame-
sealed. AlH NMR spectrum taken after 2 days at room temperature
showed solely ArOHY, diol 3, and diphenoquinon2 Ratios of these
three products varied according to polarity of the reaction mixture;
however, a typical ratio determined after 8 days by integration against
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Scheme 2. Proposed Mechanism for the Reaction of Bi@ith LiO-
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is heated at 73C over 24 h, however, a mixture Gf the
corresponding diphenoquinoffediol,*® and alcohol are
observed in the reaction mixture by proton NMR.

A transient yellow color is observed upon addition of
ArOLi 1 to BiCl;, and a'H NMR spectrum ofA at low
temperature is consistent with the proposed formulation. We
have not yet determined whether this initial substitution forms
a mono-, di-, or trialkoxidé!

IntermediatéA is unstable even at low temperature, and the
reaction mixture quickly darkens to green/black. Although no
radical species is seen by proton NMR,'H3B-tetratert-
butyl-1,1-dihydro-2,2,5,5-bis-cyclohexadiene-4%ne £)%
can be observef.Tautomerization forms the diphengi®-?
in differing ratios depending on the polarity of the medium.
Further oxidation of dihydrodiphenoquinoBewith excess
lithium aryloxide (a proton acceptor) by Bi(lll) complexes
(either starting material or formed by disproportionation)
proceeds in a stepwise manner to form the anion radical
followed by a second one-electron oxidation to lead to the
remaining major products, phendland diphenoquinon2.

All diamagnetic species in the proposed mechanism have
been observed byH NMR spectroscopy; however, EPR

Bi'"]
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Li Bi"
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an internal standard BGH was 22:9:14:3:2. In a larger-scale run,
qualitative analysis (dissolution in nitric acid, addition of MdH to
precipitate Bi(OHj3, and reduction with N&sn(OH)) confirmed the
presence of bismuth in a mirrorlike coating of the inside of the reaction
vial and in the black solid, while the soluble materials tested negatively
for bismuth.

(26) Gynane, M. J. S.; Hudson, A.; Lappert, M. F.; Power, P. P.; Goldwhite,
H. J. Chem. Soc., Dalton Tran$98Q 2428-2433.

(27) Evans, W. J.; J. H. Hain, J.; Ziller, J. W. Chem. Soc., Chem.
Commun.1989 1628-1629.

(28) Sauer, N. N.; Garcia, E.; Ryan, R. Rater. Res. Soc. Symp. Proc.
1990 180, 921-925.

(29) Heating comple® causes the formation of black precipitate; however,
no decomposition products were observedtHyNMR.

(30) *H NMR identification was confirmed by comparison to spectra of
an authentic sample.

(31) The Bi~O bond homolysis reaction may occur irrespectivenos
diphenoquinone formation is observed in reactions with a stoichi-
ometry of 1:1, 1:2, or 1:3 BiXLiOAr.

(32) Kharasch, M. S.; Joshi, B. 8. Org. Chem1957, 22, 1439-1443.
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spectroscopy showed only one well-defined species, a

relatively stable organic radical. The short lifetime and
resulting low concentration of the putative'Badical makes

it difficult to refine the spectra to identify its ESR signal (a

previous ESR study of BBi" radical formed by photolysis

in the EPR probe was also forced to rely on the identification
of the organic phenyl radical rather than the bismuth &he).

An EPR signal, shown in Figure 1, of a long-lived organic
radical (consistent with the ion-paired semiquinoDg*

Scheme 2) does indicate, however, that the reaction goes

through a radical pathway.

Although the ditert-butylphenoxy radical was not suffi-
ciently stable to be observed directly, mixture of Bi@ith
LiO-2,4,64BusCeH, formed the complex CIBi(O-2,4,Bus-
CeH>)2 8,%° which slowly decomposes at room temperature
to form the long-lived tritert-butylphenoxy radical9
(eq 1). The experimental and simulated ESR spectr@ of

are shown in Figure 2. These spectra are consistent with those

(ArO)cuai”/_'lQ)

e

BiCl, + LiO

8

Slow +| 8" radical |

9

previously reported fo®,%6-3° with coupling to two aryl
protons and ningert-butyl protons. There is a 9.51 G
coupling to two'3C’s, which we have assigned to the meta
carbons, consistent with Karplus/Fraenkel the8ry.

Radical trapping agents (C£I(CH;)4C,) have failed to
stop the reaction shown in Scheme 2, although they did
appear to slow its progress. It is likely that the Bi(ll) radical

undergoes rapid disproportionation to nonradical products
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Figure 1. Room temperature EPR spectrum of anion radical Baii
THF. The spectrum is a triplet of triplets with= 2.005+ 0.001,a; =
1.38+ 0.01 G,a; = 0.40+ 0.03 G. Asymmetry is due to tight ion-pairing
of the lithium, similar to that reported by Prokof'ev et3al.
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Figure 2. EPR experimental and simulated spectra at 210 K dett-
butylphenoxy radica®. The spectrum shows coupling to two aryl protons
and ninetert-butyl protons withg = 2.0050+ 0.001,a; = 1.597+ 0.003

before escape from the radical cage; thus radical traps wouldG (2 protons)a; = 0.396+ 0.001 G (9 protons).

be ineffective.

The work presented here demonstrates for the first time
that homogeneous bismuth(lll) aryloxides can act as one-

electron oxidizing agents to form bismuth(ll) radicals, in the

same way as solid bismuth molybdate is postulated to react

rate-determining step of the SOHIO process. The funda-
mental step in both cases is the homolysis of aBibond

to form a BIi' radical. Bismuth aryloxides may therefore
provide suitable homogeneous model complexes for the

during propene oxidation. We have described homogeneoug2ctivation of propene on SOHIO catalysts.
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