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We have found that the 1,2-dihydroxylation of benzoic acid with Alcaligenes eutrophus strain B9, first reported in 1971 by Reiner and Hegeman,
is readily adapted for the preparation of tens to hundreds of grams of (1S,2R)-1,2-dihydroxycyclohexa-3,5-diene-1-carboxylic acid of >95% ee.
This unique substrate undergoes many specific oxidative and rearrangement processes. Among these are transformations of unanticipated
chemical novelty and many products that have not been previously described.

Microbial cis 2,3-dihydroxylation of halo- and alkylbenzene toward the preparation of the tetracycline antibiotics and
substrates provides access to valuable chiral syntheticrelated biologically active compounds, we were led to explore
intermediates that would be difficult to obtain by other a different microbial oxidation process as a potential source
means. These intermediates, in turn, have been used asf synthetic starting materials. In 1971, Reiner and Hegeman

starting materials for the preparation of a wide variety of reported that a mutant strain Afcaligenes eutrophysvhen

complex target structurédn the context of studies directed grown in the presence of benzoic acid, accumulated the 1,2-

cis-dihydroxylation producl (Scheme 1), presumably due
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catechol from benzoate. The product was shown to be
optically active, but the extent and sense of asymmetric
induction were not determinédSubsequently, Widdowson
et al. showed that a mutant strain Béeudomonas putida
also produced a 1,@is-dihydroxylation product when incu-
bated with benzoic acitiThey determined that the stereo-
chemistry of this product wasSl2R and prepared the

NMR analysis, comparison to material prepared from a
racemic precursor).

The optically pure dioll can be selectively protected in
various ways (Figure 1). The corresponding methyl e&er (
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corresponding acetonide methyl ester as a substrate for

Diels—Alder and hetero DielsAlder reactiong.In the course
of our own studies, we found that the fermentation of benzoic
acid with the original mutant organism (eutrophusstrain

B9) is easily adapted for the preparation of tens to hundreds

of grams of the ($,2R-dihydroxylation product, without the

need for specialized apparatus, and that the product, a

compound of>95% ee, undergoes many specific oxidative

and rearrangement processes. Among these are transforma-

tions of unanticipated chemical novelty and many products

that have not been previously described. The combined

microbial and synthetic transformations make available a
wide range of valuable enantiomerically pure synthetic
starting materials.

Whole-cell, microbial dihydroxylation of benzoic acid was
conducted by a modification of the original procedure of
Reiner and Hegemanysing the microorganist. eutrophus

strain B9. The procedure developed gave rise to a higher

yield of product and a more concentrated product solution
and was simpler to conduct. Essentially, the modification
entailed the use of a single-batch process, omitting a cell-

harvesting step, with alternating feeds of benzoic and succinic

acids throughout the incubation-18 h, 30°C). We used
routine and inexpensive apparatus (diagrams are provide
for the production of 36- and 270-g batches of product, see
Supporting Information) and isolated the product by simple
extraction (ethyl acetate), followed by drying (sodium sulfate)
and concentration. Trituration of the solid residue with
dichloromethane afforded pufieas a white powder, indefi-
nitely stable when stored in the solid state-é20 °C. The
optical rotation of our fermentation product fp}-114.8 (c

0.5 in EtOH), lit# [a]p —106 (c0.5 in EtOH) was nearly
identical to that formed fromP. putida, establishing its
configuration as $,2R.Through a sequence of methylation
(CH2Ny), hydrogenation of both olefins of the diene (Pd

C, ethyl acetate), and (mono) Mosher esterification of the
secondary alcohdlwe established thdt had>95% ee {H

(2) Reiner, A. M.; Hegeman, G. Biochemistry1l971,10, 2530.

(3) Rossiter, J. T.; Williams, S. R.; Cass, A. E.; Ribbons, D. W.
Tetrahedron Lett1987,28, 5173.

(4) Jenkins, G. N.; Ribbons, D. W.; Widdowson, D. A.; Slawin, A. M.
Z.; Williams, D. J.J. Chem. Soc., Perkin Trans.1B95, 2647.

(5) Dale, J. A.; Dull, D. L.; Mosher, H. Sl. Org. Chem1969 34, 2543.

2924

HO,
O,cozcm O,cogcm [ \7 o) @COzCHs
HOY ™ ® HO'

o 6
H 07/ “CHg 7/’CH3 DMF?/ "H
10 13

Br

CO,CHg

67/ 7/ 7/ o, TS & Srms

“CH,
HyC HsC 17

15

“CHg

14 16

Figure 1.

can be formed using diazomethane, as previously descérbed,
or more practically on large scale with dimethyl sulfate and
cesium carbonate. Acetonide formation has been deséfibed
and is highly efficient using either the acid(forming 3,
98%) or the methyl ester (forming, 96%) as starting
material. The secondary hydroxyl group of the methyl ester
2 was found to react selectively with silylating and acylating

dagents (~1 equiv, quantitative yield fé&r R = TMS, and

91% vyield for5, R = pivaloyl), but protection of the tertiary
alcohol (with a group that did not subsequently migrate when
the secondary hydroxyl group was revealed) proved chal-
lenging. Eventually, we discovered that alkylation of the
sodium salt (NaH, THF,—65 °C) of the trimethylsilyl-
protected intermediaté (prepared in situ, not chromato-
graphically stable) with benzyloxymethyl ioditiproduced
the corresponding BOM ethérefficiently (R= TMS, 90%
yield after chromatographic isolation) and that this inter-
mediate could be cleanly deprotected with triethylamine
trinydrofluoride to give the stable secondary alcoB¢R =

H, quantitative). In a noteworthy transformation, oxidation
of the latter product with the Dess—Martin periodin&ne
furnished the crystalline 2,4-cyclohexadiendhia quantita-
tive yield, after flash column chromatography. Substituted

(6) Reineke, W.; Otting, W.; Knackmuss, H.-Detrahedron1978, 34,
1707.

(7) Ditrich, K.; Hoffmann, R. W.Liebigs Ann. Cheml990, 15.

(8) Dess, D. B.; Martin, J. CJ. Org. Chem1983,48, 4155.
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2,4-cyclohexadienones are often not stable to isolation, into an alternative allylic epoxide series. Thus, exposure of
undergoing rapid Diels—Alder dimerization, and, to our 14 to anhydrous sodium methoxide in methanol at°Z3
knowledge, have not been prepared practically in optically furnished the epoxidé&5 in 81% vyield. By contrast, osmy-
active form before. Dimerization of did occur slowly at lation of the diene system of the acetonide methyl edter
23 °C (tz = 4 h, initial concentration 0.6 M, CDg), (catalytic osmium tetroxide, stoichiometric NMO) proceeded
forming a single Diels—Alder adduct (X-ray analysis, see with predominant attack upon the less hindered olefin and
Supporting Information), consistent with the proposal that ~ with complete selectivity for thg-face (regioselectivity 5:1,
was of high optical purity. major isomerl6, 90% isolated yield).

Virtually any position of the 1,3-cyclohexadiene nucleus  One of the more interesting and useful transformations
of 1 and its protected forms can be oxidized stereoselectively we developed in this study was discovered serendipitously,
in simple one- and two-step procedures. The products, allylic arising from an effort to produce the cyclohexendrfeby
epoxides, bromides, lactones, etc. (Figure 1), are well the rearrangement of the bis-trimethylsilyl eth8(BSTFA,
disposed for further facile synthetic elaboration. Epoxidation 83%) in the presence of a palladium catakdh the event,
can be conducted either before or after protection of the diol only trace quantities 017 were formed (5 mol % of Pd-
and carboxylic acid groups, with the ordering determining (PPh),, THF, 23°C, 16 h); the rearranged, isomeric allylic
the stereoselectivity of the reaction. Thus, hydroxyl-directed epoxide19 was produced instead, in 689% vyield after

epoxidation ofl with m-CPBA (1.2 equiv) in ethyl acetate  chromatographic isolation (Scheme 2). We believe that this
at 23°C provided thex-oriented allylic epoxid@ exclusively

(91%, after washing with C¥Ll,), whereas epoxidation of _

the acetonide methyl estdrproduced the stereoisomeric,

[-epoxide9 as a crystalline solich¢-CPBA, 1.5 equiv, ChH Scheme 2

Cly, 23°C, 91% of a 3:1 mixture 0® and15). Both products A 9

8 and 9 are activated toward invertive 1,2-addition of O):'@‘CO o 5 mol % Pd(PPhg)s QO
nucleophiles to the allylic position of the epoxide. For T otMs THF TMSO™ " YcO,CH,
example, perchloric acid-mediated hydrolysis of the methyl TMS°1 8 68-79% TMSO 19

ester derived fron8 (CH,N;) in aqueous acetonitrile at 23 0

°C followed by acetonide formation provided the crystalline i 6.,

diol acetonidel0 in 79% yield, wherea® produced the °>3«©;‘CO cH TBSOT!, EtaN, fHZc'Z QO
stereoisomeric diol acetonidel under similar conditions o oH —60-23°C TBSOTBsé COLHs
(76%, structure confirmed by X-ray analysis). Epoxide 20 80-91% 29

opening followed an intramolecular pathway wh@&mwas
treated with perchloric acid in anhydrous acetone at reflux;
acetonide formation occurred concomitantly and with a
different regiochemistry than before, providing the lactone
acetonidel? in 64% vyield. Because the epoxy a@ddwas

rearrangement, which did not occur in the absence of the

palladium catalyst or with triphenylphosphine alone, is novel.

sensitive to acid-catalyzed aromatization (and the corre- Speculation upon the mechanism of this tr_ansformatlon
should take into account the fact that essentially the same

sponding methyl esté?0 more so), to protect the diol it was - -
2 ; . rearrangement occurs, and more efficiently, within the methyl
necessary to use neutral conditions. This was achieved by

o . . ester20, in the presence dert-butyldimethylsilyl triflate
keta}llzanon using 2,4—d|m_ethpxypenzyl methyl ether (1.5 (3 equiv) and triethylamine (10 equiv) in dichloromethane
equiv) and DDQ (2.0 equiv) in dichloromethane at Z3 0 930 ) . a0
for 24 h, furnishing a 1.5:1 mixture of the diastereomeric at ~40 — 23 °C, forming the epoxide1 (80~-91%). We

N (70 9 T . defer mechanistic conjecture at this point, other than to offer
acetalsl3 (75%, major stereoisomef) depictedf The 2,4- . . : i
. . that the system is well disposed for intramolecular 1,3

dimethoxyphenyl acetal was useful not only as a protective : ; ; ;

. - o " transfer of a silyl group, be this promoted by a Lewis acid
group but also for its ability to promote nucleophilic addition (silyl triflate) or in a nucleophilic process (alkoxy-allylpal-
of organometallic reagents (e.g., vinyllithium intermediates)

. : . ladium intermediate). Evidently, and not surprisingly, the
to the adjacent ester group, an observation of some interest . . ; !
. more substituted epoxid2X) is favored thermodynamically.
should it prove to be general.

Selective functionalization of the more hindered olefin of Resubjection oP1to the reaction conditions did not lead to

. . .. detectable levels of the regiosiomeric epoxide. The great
the diene system was accomplished by bromolactonization S ) i
. o . advantage of the transformation is that it transfers the position
of 3 with NBS (2 equiv) in a mixture of toluene and

dichloromethane (1:20) at 23C for 2 h. The crystalline ?c: tg% agimco(:g%geuimtasi:\Otzltlg\éleri;]gcsle?]?ﬁgéﬁ:asdtig%gs
bromo g-lactone 14 was obtained in 69% yield after  OTP y Y y '

purification by column chromatography. This regiochemical fln summary, practlpal, Iarge-scgle microbial hy?]roxyla}tmn
outcome in the halolactonization reaction, although not Of Penzoic acid provides convenient access to the Iiia

unprecedentet, was useful here, for it provided an entry ?ei?rzgr?tt;s)lnp:rriggegz?g gfogeﬁinnéflZir?gtﬁggoefr:]aenoriv\%nﬁ;ve

(9) Oikawa, Y.; Nishi, T.; Yonemitsu, OTetrahedron Lett1983, 24, shown that an extraordinarily wide array of highly function-
4037.

(10) Barnett, W. E.; McKenna, J. Q. Chem. Soc., Chem. Commun.
1971, 551. (11) Suzuki, M.; Oda, Y.; Noyori, Rl. Am. Chem. S04979,101, 1623.
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