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Abstract: All current routes for the synthesis of hydroquinone utilize benzene as the starting material. An
alternate route to hydroquinone has now been elaborated from glucose. While benzene is a volatile carcinogen
derived from nonrenewable fossil fuel feedstocks, glucose is nonvolatile, nontoxic, and derived from renewable
plant polysacharrides. Glucose is first converted into quinic acid using microbial catalysis. Quinic acid is then

chemically converted into hydroquinone. Under fermentor-controlled conditiéssherichia coliQP1.1/
pKD12.138 synthesizes 49 g/L of quinic acid from glucose in 20% (mol/mol) yield. Oxidative decarboxylation
of quinic acid in clarified, decolorized, ammonium ion-free fermentation broth with NaOCI and subsequent
dehydration of the intermediate B(5(R)-trihydroxycyclohexanone afforded purified hydroquinone in 87%
yield. Halide-free, oxidative decarboxylation of quinic acid in fermentation broth with stoichiometric quantities
of (NH4).Ce(SQ); and \,LOs afforded hydroquinone in 91% and 85% yield, respectively. Conditions suitable
for oxidative decarboxylation of quinic acid with catalytic amounts of metal oxidant were also identified.
AgsPOy at 2 mol % relative to quinic acid in fermentation broth catalyzed the formation of hydroquinone in
74% yield with K;S,0g serving as the cooxidant. Beyond establishing a fundamentally new route to an important
chemical building block, oxidation of microbe-synthesized quinic acid provides an example of how the toxicity
of aromatics toward microbes can be circumvented by interfacing chemical catalysis with biocatalysis.

Although chemistry has made significant strides in the Scheme %

synthesis of complex molecules laden with asymmetric centers
and/or heteroatoms, establishing fundamentally new syntheses
of structurally simple, building-block chemicals has attracted
substantially less attention. A case in point is hydroquinone.
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As a pseudocommodity chemical synthesized globally at b oH
volumes of 4.5x 107 kglyr, hydroquinone is used as a glucose / quinic acid
photographic developer and as an intermediate in the synthesis

of antioxidants and polymerization inhibito¥sPreviously OH 9
synthesized (Scheme 1) by a route employing stoichiometric [ - @
amounts of Mn@ to oxidize aniline, manufacture of hydro-

quinone is now dominated by Hock oxidation of 1,4-diisopro- OH OH o)
pylbenzene and peroxide oxidation of phenol. Both Hock-type phenol hydroquinone benzoquinone

and peroxide oxidations constitute improvements in the synthesis
of hydroquinone by virtue of reducing the number of required
synthetic steps and eliminating byproduct salt streams. However,
these improved syntheses of hydroquinone still have the
common feature that volatile, carcinogenic benzene is the
starting material. What are the options for synthesis of hydro-
quinone via a benzene-free route?

Woskresensky synthesized hydroquinone from quinic acid in
18382 Although the source of quinic acid has historically been
Cinchona bark? a less exotic source of quinic acid was
established in 1992 with the construction of a transgenic
Escherichia colstrain that synthesized quinic acid from glucose
under shake-flask conditiodsOxidation of quinic acid with
stoichiometric amounts of MngCafforded low to modest yields
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a Biosynthetic Intermediates (abbreviations): phosphoenolpyruvic
acid (PEP)p-erythrose 4-phosphate (E4P), 3-dem¢grabino-heptu-
losonic acid 7-phosphate (DAHP), 3-dehydroquinic acid (DHQ), quinic
acid (QA), 3-dehydroshikimic acid (DHS), shikimic acid (SA)
phenylalanine (Phe).-tyrosine (Tyr),L-tryptophan (Trp)p-hydroxy-
benzoic acid (PHBA)p-aminobenzoic acid (PABA), 2,3-dihydroxy-

Ran et al.
Table 1. Restriction Enzyme Maps of Plasmids
pKD12.112 BXSIPSpH
E By ESK K (SM N E
oI \ | || |
aroFFBR  P,.aroE  serA ApR

pKD12.138 BXSIPSp
E Bg ESK K (SM N N E
LI | | ] | | |
" aroFFE P(acaroE serA WA ApS
pKL4.33
H N E E  (Sm) SpH
| \ \ il

— -

Cmf Py, aroF®  serA

a Restriction enzyme sites are abbreviated as follows:= BarrHlI,
Bg = Bglll, E = EcdRl, H= Hindlll, K = Kpnl, N = Ncd, P = Pst,
S = Sad, Sl = Sal, Sm= Sma, Sp= SpH, X = Xbad. Parentheses
indicate that the designated enzyme site has been eliminateector
DNA; — insert DNA.

E. coli QP1.1 was constructed by the site-specific insertion
of aroB into the serAlocus of E. coli AB2848, which lacks
3-dehydroquinate dehydratase activity due to a mutation in its

benzoic acid (DHBA). Enzymes (encoding genes): (a) DAHP synthase ar0D locus. As a result of their inability to biosynthesize

(aroFFBR); (b) 3-dehydroquinate synthasa¢B); (c) 3-dehydroquinate
dehydrataseafoD); (d) shikimate dehydrogenasar@E).

aromatic amino acids and vitaminsphenylalanine, -tyrosine,
L-tryptophanp-hydroxybenzoic acidy-aminobenzoic acid, and

2,3-dihydroxybenzoic acid were added to cultures of quinate-
glucose (Scheme #)In this report, arEscherichia colistrain synthesizingE. coli QP1.1 constructs. Increasing the flow of
has been constructed that synthesizes substantially highercarbon into the common pathway of aromatic amino acid
concentrations of quinic acid from glucose under fermentor- biosynthesis was then accomplished with plasmid-localized
controlled conditions. High-yielding chemical methodology has aroFF8R6 which encodes a mutant isozyme of DAHP synthase
also been elaborated for conversion of quinic acid in these insensitive to feedback inhibition by the aromatic supplements

fermentation broths into hydroquinone with stoichiometric
amounts of NaOCI, (Ni.Ce(SQ)s, or V,0s. Alternatively,
catalytic quantities of AgPOy can be used to convert quinic
acid into hydroquinone with ¥5,0g serving as a cooxidant.

Results

Construct Design and Culturing. The approach taken in

required for growth oE. coli QP1.1 constructs.

The two genomicaroB loci in E. coli QP1.1 increase the
specific activity of 3-dehydroquinate synthase to a level where
this enzyme is no longer an impediment to the flow of carbon
through the common pathway of aromatic amino acid biosyn-
thesis’ Disruption of the genomiserA locus attendant with
insertion of the secondroB locus also provides the basis for

this account to synthesize quinic acid from glucose had its Plasmid maintenance. TheerAlocus encodes 3-phosphogly-
genesis in the previously reported synthesis (Scheme 2) ofcerate dehydrogenase, which is an enzyme requiradderine

shikimic acid from glucosé Under certain culturing conditions,
substantial concentrations of quinic acid were formed during
microbial synthesis of shikimic acfl.This unwanted side
reaction resulted from the unexpected abilityaobE-encoded

biosynthesis. Growth dt. coliQP1.1 in minimal salts medium
unsupplemented with-serine required maintenance and expres-
sion of plasmid-localized esA. Other genes localized on
plasmids along witlserAincluded the aforementioneatoFFBR

shikimate dehydrogenase to reduce 3-dehydroquinic acid toand aroE. Plasmids differed according to whethtitA was

quinic acid. Synthesis of shikimic acid from glucose was
transformed into a route to quinic acid by employingEarcoli
host strain lackingroD-encoded 3-dehydroquinate dehydratase
activity. Carbon flow directed into the common pathway of
aromatic amino acid biosynthesis led to formation of 3-dehy-
droquinic acid. Rather than catalyzing the reduction of 3-de-
hydroshikimic acid in the microbial synthesis of shikimic acid,
overexpressedaroE-encoded shikimate dehydrogenase cata-
lyzed the reduction of 3-dehydroquinic acid to afford product
quinic acid (Scheme 2).
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121, 1603.

included (pKD12.138, Table 1) or not included (pKD12.112,
Table 1) as an insert. Overexpressiortkif-encoded transke-
tolase is hypothesized to increase the availability-efythrose
4-phosphaté.The availability ofp-erythrose 4-phosphate ap-
parently limits the in vivo activity of overexpressed DAHP
synthasé.
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J. Bacteriol 199Q 172, 6581.
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118 5605.

(8) (a) Draths, K. M.; Frost, J. W0. Am. Chem. S0d99Q 112 1657.
(b) Draths, K. M.; Pompliano, D. L.; Frost, J. W.; Berry, A.; Disbrow, G.
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Patnaik, R.; Liao, J. CAppl. Erviron. Microbiol. 1994 60, 3903.
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Table 2. Concentrations and Yields of Quinic Acid and
3-Dehydroquinic Acid Biosynthesized under Glucose-Limited
Culture Conditions

QA® DHQ® QAvyield, %' total yield, %6
QP1.1
pKD12.112 40 2.3 15 16
QP1.1
pKD12.138 49 3.3 20 21

2 Cultured for 60 h® Cultured for 48 h¢ Units: g/L of quinic acid
(QA), g/L of 3-dehydroquinic acid (DHQY (mol QA)/(mol glucose).
¢ (mol QA + DHQ)/(mol glucose).
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Figure 1. Biosynthesis of quinic acid under glucose-limited conditions
by E. coli QP1.1/pKD12.138. Legend: quinic acid (Q®&), 3-dehy-
droquinic acid (DHQM), dry cell weight @).

E. coliQP1.1/pKD12.112 anH. coliQP1.1/pKD12.138 were
cultured under fermentor-controlled conditions af@3pH 7.0,
with dissolved oxygen maintained at a set point of 10% air
saturation. Glucose addition was controlled by dissolved O
concentration with the rate of glucose addition dictated by a
proportional-integral-derivative (PID) control loop. When dis-

J. Am. Chem. Soc., Vol. 123, No. 44102009

The only metabolite other than quinic acid observed to
accumulate to significant concentrations in the culture super-
natants was 3-dehydroquinic aci. coli QP1.1/pKD12.112
synthesized (Table 2) 2.3 g/L of 3-dehydroquinic acid after 60
h while E. coliQP1.1/pKD12.138 synthesized (Table 2, Figure
1) 3.3 g/L of 3-dehydroquinic acid at 48 h. Concentrations of
3-dehydroquinic acid steadily increased in the culture superna-
tant of E. coli QP1.1/pKD12.138 reaching a maximum con-
centration of 7.1 g/L at 24 h (Figure 1). Concentrations of
3-dehydroquinic acid then steadily decreased between 24 and
48 h. This observation raises the intriguing possibility that some
portion of the quinic acid synthesized Hy. coli QP1.1/
pKD12.138 was derived by transport back into the cytoplasm
and subsequent reduction of 3-dehydroquinic acid that had been
initially synthesized and exported into the culture supernatant.

Hydroquinone Toxicity. The toxicity of hydroquinone
toward ethanologenikE. coli cultured on xylose under fermenta-
tive conditions has been analyzed from the perspective of
hydroquinone’s inhibition of sugar catabolism and damage to
the plasma membrar?@ To gauge the toxicity of hydroquinone
towardE. coli cultured aerobically on glucosg, coli QP1.1/
pKL4.33 was used. Because significant amounts of quinic acid

(9) Ogino, T.; Garner, C.; Markley, J. L.; Herrmann, K. Froc. Natl.
Acad. Sci. U.S.A1982 79, 5828.

(10) (a) Toussaint, O.; Capdevielle, P.; Maumy, Tetrahedron Lett.
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53, 3553. (c) Goebel, W. FJ. Am. Chem. Sod.925 47, 1990.

(11) (a) Yoshikawa, A.; Yoshida, S.; Terao, |.limdustrial Application
of Immobilized BiocatalysisTanaka, A., Tosa, T., Kobayashi, T., Eds.;
Marcel Dekker: New York, 1993; Chapter 10, p 149. (b) Hall, M. C.
European Patent 0 073 134 A2, 1982. (c¢) Higgins, I. J.; Hammond, R. C;
Sariaslani, F. S.; Best, D.; Davies, M. M.; Tryhorn, S. E.; Taylor, F.
Biochem. Biophys. Res. Commad®79 89, 671.

(12) (a) Amaratunga, M.; Lobos, J. H.; Johnson, B. F.; Williams, D.
U.S. Patent 6030819, 2000. (b) Barker, J. L.; Frost, JBistechnol. Bioeng
2001, In press.

(13) (a) van Berkel, W. J. H.; Eppink, M. H. M.; Middelhoven, W. J.;
Vervoort, J.; Rietjens, I. M. C. MFEMS Microbiol. Lett.1994 121, 207.
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decreased microbial metabolism, the rate of glucose addition

Bacteriol 1997 179 6680.
(14) (a) Nwauka, S. O.; Keehn, P. Nletrahedron Lett1982 23, 3135.

was increased and conversely the rate of glucose addition wagb) Carlsen, P. H. JActa Chem. Scand 1984 38, 343. (c) EImore, P. R.;
decreased when dissolved oxygen levels declined below the sefReed, R. T.; Terkle-Huslig, T.; Welch, J. S.; Young, S. M.; Landolt, R. G.

point value indicating increased microbial metabolism. A
proportional gain K¢) on the glucose PID control loop of 0.1
was used for culturindge. coli QP1.1/pKD12.112 anét. coli

J. Org. Chem1989 54, 970. (d) Skarzewski, J.; Siedlecka, ®rg. Prep.
Proc. Int. 1992 24, 623.

(15) Renaud, P.; Huaeler, M.; Seebach, Helv. Chim. Actal987, 70,
292.
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QP1.1/pKD12.138. These conditions maintained a steady-stateé-pam’ Soc. Dalton Trang977, 82. () Jones, J. R.; Waters, W. A.; Littler,

concentration of glucose of approximately 0.2 mM.

E. coli QP1.1/pKD12.112 synthesized (Table 2) 40 g/L of
quinic acid in 15% (mol/mol) yield in 60 h whilg. coliQP1.1/
pKD12.138 synthesized (Table 2, Figure 1) 49 g/L of quinic
acid in 20% yield (mol/mol) in 48 h. The concentrations of

J. S.J. Chem. Socl961 630. (d) Kalidoss, P.; Srinivasan, V. 8hem.
Soc. Dalton Trans1984 2631.

(17) (a) Anderson, J. M.; Kochi, J. K. Am. Chem. S0d97Q 92, 1651.
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A.; Neta, P.J. Am. Chem. S0d98Q 102, 7284. (d) Minisci, F.; Citterio,
A.; Giordano, C.Acc. Chem. Red4983 16, 27.

(18) (a) O’'Connor, S. R.; Farmer, P. B.; Lauder].IPathol 1999 189,

hydroaromatics synthesized by QP1.1/pKD12.112 that are listed448. (b) Farris, G. M.; Everitt, J. I.; Irons, R.; Popp, J.Rundam. Appl.

in Table 2 significantly differ from a previous repddnd are
the result of using crystalline quinic acid and 3-dehydroquinic
acid standards to determine response factorsforNMR

Toxicol. 1993 20, 503. (c) Huff, J. E.; Haseman, J. K.; DeMarini, D..M
Environ. Health Perspect1989 82, 125.

(19) Chem. Eng. New200Q 78 (26), 51.

(20) Trade Secrets, A Moyers Repohnttp://www.pbs.org/tradesecrets/

analyses of culture supernatants. Amplified expression of transcript.html.

transketolase clearly had an impact as reflected in the higher(b)

(21) (a) Draths, K. M.; Frost, J. W. Am. Chem. S0d.994 116, 399.
Draths, K. M.; Frost, J. WJ. Am. Chem. Sod 995 117, 2395. (c)

concentrations and yield of quinic acid synthesized from glucose Gibson, J. M.; Thomas, P. S.; Thomas, J. D.; Barker, J. L.; Chandran, S.

by E. coli QP1.1/pKD12.138 relative tdE. coli QP1.1/

pKD12.112. Overexpression of transketolase also had a pro-
nounced effect on the rate of quinic acid biosynthesis. Cultures

of E. coliQP1.1/pKD12.138 were stopped after 48 h given the
lack of significant increases in the concentration of quinic acid
synthesized whett. coli QP1.1/pKD12.138 was cultured for
longer (60 h) periods of time. By contrast, quinic acid
biosynthesis inE. coli QP1.1/pKD12.112 required 60 h of
cultivation before quinic acid synthesis leveled off.

S.; Harrup, M. K,; Draths, K. M.; Frost, J. WAngew. Chem., Int. Ed.
2001 In press.
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(24) Miller, J. H.Experiments in Molecular GenetidgSold Spring Harbor
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Figure 2. 3-Dehydroquinate-synthesizirify coli QP1.1/pKL4.33. (a) 3-Dehydroquinic acid (DHQ) synthesis in the absdnedgrsus presence
(m) of added hydroquinone. Cell mass in the abse@evérsus the presenc®) of added hydroquinone. (b) Acetic acid (AcOH) formation in the
absencel) and presencel) of added hydroquinone.

might be derived from initially exported 3-dehydroquinic acid, Scheme 8
any changes in ratios of synthesized quinic and 3-dehydroquinic o 0o 0
acids as a function of increasing hydroquinone concentration ﬁ b ij ﬁ
would complicate analysis of this aromatic’s toxicity. This — | +
prompted use dE. coliQP1.1/pKL4.33, which synthesizes only HOY ™" YOH HOY ™y T "OH
3-dehydroquinic acid, and differs from QP1.1/pKD12.112 only OH OH OH
in the absence of tharoE insert encoding shikimate dehydro- 1 2 3
genase. The fermentor conditions used to culture 3-dehydro-
quinate-synthesizing QP1.1/pKL4.33 were based on the param- COQ\Ta H,0 ‘J‘ b
eters used to culture quinate-synthesizing QP1.1/pKD12.112 and
QP1.1/pKD12.138. A sterile, agueous solution of hydroquinone OH
was added to the fermentor run to a final concentration of 2 HO, ,C0H
g/L at 12 h. @

QP1.1/pKL4.33 was able to grow and synthesize 3-dehy- HON ™"YOH
droquinic acid in the presence of added hydroquinone. However, OH OH

3-dehydroquinic acid synthesis dropped by approximately 50%  aconditions: (a) (i) NaOCI, room temperature, (i) 2-propanol, room
upon addition of hydroquinone (Figure 2a). Less cell mass was temperature; (b) reflux.

also formed (Figure 2a) and increased amounts of acetic acid
were produced (Figure 2b) in the presence of added hydro-was then acidified and reacted at room temperature to give
quinone. The specific activity of DAHP synthase was the only 3(R),5(R)-trihydroxycyclohexanonel( Scheme 3) based dhl
parameter examined that did not significantly change over the NMR analysis of the crude reaction solution. Excess hypochlor-
course of the fermentor run when hydroquinone was added. Asite was then quenched with 2-propanol. Without purification,
the first enzyme in the common pathway, the specific activity the resulting solution was refluxed under an inert atmosphere
of DAHP synthase significantly determines carbon flow directed for 10 h. The concentration of cyclohexanahdecreased, the
into synthesis of 3-dehydroquinic adidhe reduced concentra-  concentration of hydroquinone increased, ané-unsaturated
tion of synthesized 3-dehydroquinic acid, reduction in cell mass, enone® and3 accumulated as intermediates (Scheme 3, Figure
and increased production of acetic acid observed for QP1.1/3). Identification and quantification of enone intermediates was
pKL4.33 indicate that hydroquinone concentrations as low as accomplished byH NMR analysis of aliquots withdrawn from
2 g/L are toxic to microbial growth and metabolism. the reaction solution and comparison with #hENMR spectra
Hypochlorite Oxidations. Chemical conversion of quinic  of enones2 and 3 independently synthesized fromR3(5(R)-
acid into hydroquinone (Scheme 3) required the developmenttrihydroxycyclohexanonelf and butane 2,3-bisacetal-protected
of reaction methodology appropriate for use in aqueous mediummethyl quinate, respectively. Extraction of the dehydration/
and compatible for use in the complex solution matrix associated aromatization reaction solution wittert-butyl methyl ether
with fermentation broths. Cells were removed by centrifugation. followed by sublimation afforded purified hydroquinone in 87%
Heating this culture supernatant to reflux followed by acidifica- overall yield from quinic acid.
tion resulted in precipitation of proteins, which were removed  Chloride-Free Oxidations. Quinic acid was also converted
by centrifugation. The clarified fermentor broth was then into 3(R),5(R)-trihydroxycyclohexanonel( Scheme 3) by using
decolorized with activated charcoal. Clarified, decolorized electrochemical oxidation. The electrolysis was performed at
fermentation broth was then passed through a strong cation-room temperature in a 50 éralectrolysis cell fitted with a pair
exchange resin (Dowex 50 ) to remove ammonium ion.  of Pt electrodes (% 1.35 cn?). Culture supernatant containing
Ammonium hydroxide along with }$0O, was used during the  quinic acid was adjusted to pH 10 by additiohloN aqueous
course of the fermentation runs to maintain the culture medium NaOH prior to electrolysis. Electrolysis at a current density of
at pH 7. Hypochlorite oxidation of quinic acid was not observed 400 mA/cn? for 4 h afforded 3R),5(R)-trihydroxycyclohex-
in lieu of ammonium ion removal. anone 1, Scheme 3) in 24% yield along with an 8% yield of
Sodium hypochlorite was added to clarified, decolorized, formic acid and a 25% yield of unreacted quinic acid.
ammonium ion-free fermentation broth. The reaction solution Electrolysis at a higher current density (600 mAAnor
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Figure 3. Dehydration of 3R),5(R)-trihydroxycyclohexanonelj (O0)
to hydroquinone 4) via intermediacy of 4%9),5(R)-dihydroxy-2-
cyclohexen-1-one?) (®) and 4R),5(R)-dihydroxy-2-cyclohexen-1-one
3 0.

Table 3. Reaction Conditions and Crude Product Yields for
Chloride-Free Oxidation of Quinic Acid

oxidant/ hydroquinone
entry  catalyst (equiv) conditions yield "%
1  (NH4)2Ce(SQ)s(2.4) room temperature, 30 min; 91
reflux, 10 h

2 Vy05(1.1) 50°C, 4 h; reflux, 8 h 85

3 KyS05(1.2)/AgsPOs 50°C, 4 h; reflux, 8 h 85
(0.10)

4 KyS0g(1.2)/AgPOs 50°C, 4 h; reflux, 8 h 74
(0.02)

51

5 KyS0s(1.2)/AgsPOy 50°C, 4 h; reflux, 8 h
(0.01)

aUnits: mol oxidant/mol quinic acic® Reported yields are based
on isolated, purified hydroquinone.

electrolysis for a longer period of time resulted in increased
formation of formic acid without increased yields of ketahe
Transition metal-mediated oxidative decarboxylation of quinic
acid used stoichiometric amounts ofACend \P* salts (Table
3). Oxidation of quinic acid in clarified, decolorized, ammonium
ion-free fermentation broth at room temperature with ceric
ammonium sulfate (N>Ce(SQ)3) followed by refluxing the
reaction solution afforded hydroquinone in 91% isolated yield
(entry 1, Table 3). Addition of vanadium pentoxide,(¥) and
H.SQO, to quinate-containing fermentation broth, which had been

J. Am. Chem. Soc., Vol. 123, No. 4410061

Quantities of AgPQO, catalyst as low as 2 mol % and 1 mol %
relative to quinic acid could be used (entries 4 and 5, Table 3)
although significant decreases in the yields of hydroquinone
were observed.

Discussion

Chemical Synthesis of HydroquinoneOxidation of aniline
(Scheme 1) is the oldest route for synthesis of hydroquinone
and still accounts for about 10% of global hydroquinone
manufacturé. Aniline is oxidized by MnQ in aqueous KHSOy
to form benzoquinone. Reduction of benzoquinone withdre
hydrogenation then affords product hydroquinone. Synthesis of
hydroquinone via intermediacy of nitrobenzene and aniline
generates large quantities of MNE@\H,),SO,, and iron oxide
salts?

Hock oxidation of 1,4-diisopropylbenzene (Scheme 1) ac-
counts for approximately 60% of global hydroquinone produc-
tion. The 1,4-diisopropylbenzene is synthesized by Freidel
Crafts reaction of benzene or cumene with propylene or
2-propanol. Catalyzed air oxidation of 1,4-diisopropylbenzene
produces dihydroperoxide, hydroxyhydroperoxide, and di-
carbinol products. The hydroxyhydroperoxide and dicarbinol
are converted into the dihydroperoxide upon treatment with
H,0,. Acid-catalyzed cleavage of the dihydroperoxide produces
acetone and hydroquinone. During the acid-catalyzed cleavage,
explosive acetone hydroperoxides are forrhed.

Reaction of phenol with kD- in the presence of acid catalysts
leads to a mixture of hydroquinone and catechol (Scheme 1).
Homogeneous acid catalysis employs both organic and inorganic
acids such as formic, sulfuric, and trifluoromethanesulfonic
acids. Heterogeneous acid catalysis is also possible by using a
variety of different materials including synthetic zeolites. The
acid catalyst employed during reaction of phenol witbObl
significantly controls the ratio of hydroquinone to catechol.
Hydroxylation of phenol accounts for approximately 30% of
global hydroquinone synthesis.

Microbial Synthesis of Hydroguinone. Microbe-catalyzed
routes to hydroquinone have included the butane-catabolizing
bacteriumMycobacteriumsp. HB50, which synthesized hy-
droquinone from phenol, and the methane-catabolikitegh-
ylosinus trichosporiun©B3b, which catalyzed the conversion
of benzene into hydroquinorié A continuous reaction system

clarified, decolorized, and made ammonium ion-free, led to an was developed foMycobacteriumsp. HB50 allowing phenol

85% isolated yield of hydroquinone (entry 2, Table 3) after
heating the reaction solution to 3G and final reaction at reflux.

to be converted into hydroquinone with a specific volumetric
productivity of 2-3 g/L/h}2Methylosinus trichosporiur®@B3b

The oxidations and associated reaction conditions summarizedsynthesized low concentrations (approximately 1 g/L) of hy-
in Table 3 are noteworthy in the absence of benzoquinone droquinone from benzene with use of a chemostat to control

formation resulting from oxidation of the initially formed
hydroquinone.

In route to identification of metals that could be used in
catalytic amounts, CuCl with £as a cooxidant and FeQ©r
RuCk with H,O, as the cooxidant were examin&d.No
oxidative decarboxylation of quinic acid in clarified, decolorized,

ammonium ion-free fermentation broth was observed. However,

use of substoichiometric, catalytic amounts of;R@x along
with potassium persulfate ¢&,0g) as the cooxidant did lead
to oxidative decarboxylation. For these #&§)-catalyzed oxida-

reaction condition!® Phenol, hydroquinone, and benzoquinone
are all toxic toward microbe$2A key advantage cited for use
of Mycobacteriunsp. was its greater resilience toward hydro-
quinone and benzoquinone toxicity relative Methylosinus
trichosporium!2 Even with this enhanced resistance, the
Mycobacteriunsp. HB50 strain used for conversion of phenol
into hydroquinone was derived by random chemical mutagenesis
of a parentMycobacteriunstrain by selection for resistance to
hydroquinonég2

In theory, glucose can be converted into hydroquinone via a

tions, removal of ammonium ions was critical. The presence of completely biocatalytic route involving intermediacy of

ammonium ions led to formation of a silver mirror and an
absence of hydroquinone formation. Oxidation of quinic acid
in partially purified culture supernatant with a catalytic amount
of AgsPOy (10 mol %) and cooxidant $5,0g heated initially

at 50°C followed by heating of the reaction solution at reflux
afforded an 85% vyield of hydroquinone (entry 3, Table 3).

hydroxybenzoic acid. Glucose has been converted mto
hydroxybenzoic acid in modest yields by using recombinant
Escherichia coliconstructs? Conversion of thisp-hydroxy-
benzoic acid into hydroquinone is a catalytic activity associated
with p-hydroxybenzoate 1-hydroxylase, an enzyme found in
Candida parapsilosi® To construct a single microbe capable
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of catalyzing the conversion of glucose into hydroquinone, the E. coli AB2848/pKD136/pTW8090A was first cultured in rich

C. parapsilosiggene encoding-hydroxybenzoate 1-hydroxylase

medium, harvested, and then resuspended in minimal salts

would likely have to be isolated and then expressed in a medium where synthesis of quinic acid occurred. The yield

p-hydroxybenzoate-synthesizing microbial host. The toxicity of
intermediatep-hydroxybenzoic acid is also problematic. Al-

though not possessing the antimicrobial activity of parabens,

unesterified p-hydroxybenzoic acid is still toxic toward
microbest?b

Conversion of phenol to hydroquinone catalyzedNbyco-
bacteriumsp HB50 and conversion of benzene to hydroquinone
catalyzed byMethylosinus trichosporiur®@B3b share with the

(Table 3) of quinic acid synthesized bE. coli QP1.1/
pKD12.112 and QP1.1/pKD12.138 reflects both the amount of
glucose consumed to form biomass as well as the amount of
glucose consumed to synthesize quinic acid. Nonetheless,
significant improvement in the yield of quinic acid microbially
synthesized from glucose remains to be achieved. The theoretical
maximum yield for synthesis of quinic acid from glucose with

E. coliis 43% (mol/mol)2 In addition, a variant oE. coli

aforementioned (Scheme 1) chemical routes the feature of QP1.1/pKD12.138 will ultimately need to be constructed that

directly or indirectly using fossil fuel-derived benzene as the
starting material. Microbial conversion of glucose to hydro-
quinone via intermediacy gf-hydroxybenzoic acid, although

does not require addition of aromatic amino acids and vitamins.
Cultures of E. coli AB2848/pKD136/pTW8090A, QP1.1/
pKD12.112, and QP1.1/pKD12.138 needed to be supplemented

avoiding use of an aromatic starting material, still must contend With aromatic amino acids and aromatic vitamins because of

with the microbial toxicity of an aromatic intermediate. Hy-
droquinone is also toxic towaifd. coli as indicated by its impact
on 3-dehydroquinate-synthesizing QP1.1/pKL4.33 (Figure 2).
However, the key distinction between the chemical oxidation

the mutation rendering 3-dehydroquinate dehydratase catalyti-
cally inactive.

Conversion of Quinic Acid to Hydroquinone. Reaction
methodology previously employed for the chemical conversion

of microbe-synthesized quinic acid as a route to hydroquinone of quinic acid to hydroguinone (Scheme 2) required stoichio-
relative to all reported or theoretical biocatalytic syntheses of metric amounts of Mn@* Purified quinic acid in refluxing
hydroquinone is that the microbial catalyst never comes into aqueous solution was converted by Mni@to hydroquinone

contact with a toxic aromatic starting material, aromatic
intermediate, or aromatic product. Quinic acid at neutral pH
does not adversely effect either growth or metabolisnEof
coli.

Microbial Synthesis of Quinic Acid. In the previously
reported microbe-catalyzed synthesis of quinic acid from
glucose, 3-dehydroquinic acid was reduced to quinic ackl.in
coli AB2848/pKD136/pTW8090A by heterologous expression
of gad-encoded quinate dehydrogenase isolated Hdebsiella
pneumoniaé E. coliQP1.1/pKD12.112 and QP1.1/pKD12.138
usedaroE-encoded shikimate dehydrogenase isolated fEom

in 10% yield? Although a 70% yield was realized when purified
quinic acid was reacted in acidified aqueous solutions with
MnO,, the product was benzoquione and not hydroquirfole.
lower 40% vyield of benzoquinone was realized upon reaction
of quinic acid in acidified fermentation broth heated to reflux
with MnO,.4

The stoichiometric reaction of quinic acid with Mp@as
problematic from the standpoint of the byproduct salt stream.
This is the same problem associated with the commercial route
to hydroquinone where stoichiometric amounts of Mrede
used to oxidize aniline (Scheme 1With the improvements

coli. This meant that promoter compatibility and codon usage achieved in the biocatalytic methodology for conversion of
were completely avoided as factors requiring consideration in glucose into quinic acid, attention was focused on improving
route to achieving adequate overexpression of the enzyme thathe companion chemical methodology for conversion of quinic

reduced 3-dehydroquinic acid to quinic acid.
E. coli AB2848/pKD136/pTW8090A was cultured under

acid into hydroquinone. Reagents were needed that were
sufficiently robust for use in fermentation broths while being

shake-flask conditions and required the presence of antibioticsmild enough to avoid overoxidation of hydroquinone to ben-

in its culture medium for stable maintenance of the two

plasmids. The quinate-synthesizing constructs used in this study,

E. coli QP1.1/pKD12.112 and QP1.1/pKD12.138, relied on

zoquinone.

Oxidative decarboxylation of quinic acid to affordR(5-
(R)-trihydroxycyclohexanonel( Scheme 3) conforms to previ-

nutritional pressure as opposed to resistance to antibiotics forously reported reactions of hypochlorite witkthydroxycar-

plasmid maintenance. In our experienEegoli constructs that

boxylic acids'* The stability of 3R),5(R)-trihydroxycyclo-

employ nutritional pressure for maintenance of a single plasmid hexanoneX) under the oxidative decarboxylation conditions is
are quite amenable to culturing under fermentor conditions. This an important factor for high-yielding conversion of quinic acid

is an important consideration given that it is generally difficult
to control oxygenation and pH during growth of microbes in

into hydroquinone. Dehydration and aromatization of ketbne
to hydroquinone during oxidative decarboxylation of quinic acid

shake flasks. Microbes cultured under shake-flask conditions would likely result in overoxidation of hydroquinone to ben-
are also under physiological stress due to the glucose-richzoquinone or chlorination of hydroquinone.

environment present immediately after inoculation that changes

In route to identifying a chlorine-free oxidative decarboxyl-

to a glucose-limited environment as the cultures grow. Fermen- ation of quinic acid, electrochemical oxidation of quinic acid

tor-controlled cultures allow oxygenation, pH, and glucose

was explored. Electrochemical oxidationocohydroxycarboxylic

availability to be maintained at set, constant values over the acids has been reportétiHowever, only approximately 50%

entire course of microbial growth and synthesis of quinic acid.

While the previously reported. coli AB2848/pKD136/
pTWB8090A synthesized only 4.8 g/L of quinic adid. coli
QP1.1/pKD12.138 synthesized 49 g/L of quinic acid. The
conversion of glucose (80 mM) into quinic acid (20 mM)
catalyzed byE. coli AB2848/pKD136/pTW8090A suggests an
apparent yield for synthesis of quinic acid from glucose that is
higher than the 20% yield achieved usifig coli QP1.1/
pKD12.138. However, this comparison is not meaningful since

of the mass balance could be accounted for after partial
electrochemical oxidation of quinic acid. The lack of improved
3(R),5(R)-trihydroxycyclohexanone 1j yields and increased
formation of formic acid when quinic acid was electrochemically
oxidized for longer time increments led to the examination of
oxidative decarboxylation of quinic acid with €eand \f*.
Oxidative decarboxylation afi-hydroxycarboxylic acids with
Cé'™ and V™ has been reportétland suggests that metal-
mediated oxidation of thet-hydroxycarboxylate quinic acid
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might be a substantial improvement over electrochemical this route can be used on an industrial scale. However, the
oxidation. This anticipation was borne out by the favorable chemical oxidation of microbially synthesized quinic acid

yields (Table 3) of hydroquinone formed with (MECe(SQ)s described in this report moves the synthesis of hydroquinone
and \,Os as oxidants. from glucose from a proof-of-concept conversion to a route with

Moving from use of stoichiometric to catalytic amounts of Prospects for supplanting currently employed syntheses of
metal for oxidation of quinic acid took advantage of the reported hydroquinone where benzene serves as the starting material.
ability of Ag!™ to accelerate the oxidation of carboxylic acids Experimental Section

by peroxydisulfate ior! Apparently, these oxidative decar- General Chemistry. H NMR spectra were recorded at 300 MHz
boxylations are catalyzed by a Agspecies formed from  on a Varian Gemini-300 spectrometer. Chemical shifts'FpNMR
peroxydisulfate oxidation of Alg.1” Use of inorganic phosphate  spectra are reported (in parts per million) relative to internal tetra-
as the counteranion for Ag followed from inorganic phosphate ~ methylsilane (MgSi, 6 0.0 pm) with CDC} as a solvent, and to sodium
being the dominant oxyanion present in fermentation broth. 3-(trimethylsilyl)propionate2,2,3,3-d; (TSP,6 0.0 ppm) when BO was
Overoxidation of hydroquinone to benzoquinone was ||ke|y the solvent3C NMR Spectra were recorded at 75 MHz on a Gemini-

prevented by the use of only a small molar excess £5,Rs 300 spectrometer. Chemical shifts '€ NMR spectra are reported
relative to quinic acid (in parts per million) relative to CD@I(6 77.0 ppm) or internal

) acetonitrile (CHCN, 6 3.69 ppm) in RO. To determine yields of
Environmental, Health, and Carbon Management Con- hydroquinone in crude reaction solutions (Table 3), a portion<0.5
siderations. Exposure to benzene, which has been linked to 1.0 mL) of the solution was concentrated to dryness, concentrated to

both acute myeloid leukemia and non-Hodgkin’s lymphdfha, dryness one additional time from,0, and then redissolved in 1 mL

continues to create challenges to the chemical industry. With of D-O containing 10 mM TSP. The concentration of hydroquinone in

annual production of benzene in the U.S. at approximatety 8  the solution was determined by the ratio of the integretédNMR

10° kg,1° high costs have been cited by the U.S. chemical résonance ab 6.82 with the integrated resonance corresponding to

industry to be a major impediment to reducing exposure limits TSP até 0.00. ) .

for benzené® Ultimately, the most effective way of dealing FAB mass spectra were obtained on a double-focusing mass
. , . . . spectrometer. Elemental analyses were performed by Atlantic Microlab

with benzene’s human health risk may be to circumvent its use.

. ; . Inc. (Norcross, GA). Silica gel 60 (463 um, E. Merck) was used
Such a solution, although conceptually simple, requires the for flash chromatography. Analytical thin-layer chromatography (TLC)

elaboration of fundamentally new syntheses for aromatic jlized precoated plates of silica gel 60A (0.25 mm, Whatman). TLC
chemicals and products derived from aromatics. The synthesisplates were visualized by immersion in 7% phosphomolybdic acid in

of hydroquinone via chemical oxidation of microbe-synthesized ethanol followed by heating. Pyridine,d&t, and CHCI, were distilled
quinic acid can be viewed as being part of this process. Catechol,from calcium hydride under nitrogen. Tetrahydrofuran was distilled
adipic acid, and phenol are examples of other larger volume under nitrogen from sodium benzophenone ketyl. Methanol was dried
chemicals currently synthesized from benzene where synthese§Ver activated 3A molecular sieves. Organic solutions of products were
have been successfully elaborated from glucdse. dried over MgSQ. AgsPO; was purchased from Aldrich.

h | . . iated with Culture Medium. All solutions were prepared in distilled, deionized
There are also economic opportunity costs associated withyater. | g mediur#f contained (1 L) Bacto tryptone (10 g), Bacto yeast

continued reliance on benzene as a chemical building block. extract (5 g), and NaCl (10 g). M9 salts (1 L) containecRO; (6

As declining reserves and production lead to continuing g), KH,PO, (3 g), NHCI (1 g), and NaCl (0.5 g). M9 minimal medium
increases in the price of petroledthe costs of using containe-glucose (10 g), MgS£(0.12 g), and thiamine hydrochloride
petroleum-derived benzene will likewise increase. The avail- (0.001 g) h 1 L of M9 salts. M9 medium (1 L) was supplemented
ability of glucose derived from corn starch, by contrast, where appropriate with-phenylalanine (0.040 g).-tyrosine (0.040
continues to increase. From 1950 to 2000, the yield per acre of9). .-tryptophan (0.040 gp-hydroxybenzoic acid (0.010 g), potassium
corn in the U.S. increased at an annual rate o#%223 The p-aminobenzoate (0.010 ), and 2,3-dihydroxybenzoic acid (0.010 g).
starch component of the U.S. corn harvest in 2000 wasx143 ﬁg{i‘g'nc’st.'”a,vnve{fi.ﬁ‘gd(id ;’Vgere ;?:ﬂ?egﬁg tcohfgreatg"%Vg'n'}g(;”}%'rﬁg’nggn'
10° kg. Continued increases in the yield per acre of corn starch | P P). Sug/mL; P !

- . ug/mL. Solutions of M9 salts, MgSQand glucose were autoclaved
and development of corn fiber and lignocellulose as carbohy- jngividually and then mixed. Solutions of amino acids, aromatic

drate feedstocks suggest that glucose and other carbohydrategamins, thiamine hydrochloride, and antibiotics were sterilized through
will become an increasingly attractive source of carbon for 0.22.m membranes. Solid medium was prepared by addition of Difco
synthesis of chemicals. Sequestration of,@@h the synthesis agar to a final concentration of 1.5% (w/v) to the liquid medium.

of hydroquinone is another consideration given that glucose is The standard fermentation medium (1 L) containegHRO, (7.5
essentially an immobilized form of GOAs the world moves ), ammonium iron(lll) citrate (0.3 g), citric acid monohydrate (2.1
to national CQ budgets set by international treaty, chemicals 9): L-phenylalanine (0.7 g).-tyrosine (0.7 g)-tryptophan (0.35 g),

synthesized from carbohydrates such as glucose may beand concentrated430, (1.2 mL). Fermentation medium was adjusted
important CQ credits to pH 7.0 by addition of concentrated MBH before autoclaving. The

. . . following supplements were added immediately prior to initiation of
QPll/pKD12138 SynthESIZGS 10'f0|d hlgher COﬂCGntratIOﬂS the fermentation: g|ucose’ MgS@Z[‘ g)’ p_hydroxybenzoic acid

of quinic acid from glucose than previously reported in the (0.010 g), potassiurp-aminobenzoate (0.010 g), 2,3-dihydroxybenzoic

literature? The fermentor-controlled conditions for this conver- acid (0.010 g), and trace minerals including (BdM07024)-4H,0O

sion that are possible with QP1.1/pKD12.138, as opposed to(0.0037 g), ZnS®@7H.0 (0.0029 g), HBO; (0.0247 g), CuS®5H,0

the previously employed shake-flask conditions, are amenable(0.0025 g), and MnGi4H,0 (0.0158 g). Glucose and Mgs@. M)

to scale-up for evaluation of larger volume cultivation. Oxidation SF:'U“F’”S were aUtOC!ave‘J'l Separat(fly'|thljleth80|u“r?r528f aromatic

TAi H H TAi vitamins an race minerals were sterilize roug mem-
of .qumlc acid with NaOCI or AQDOJK.ZSZQS al.lOWS qum!c branes. Antifoam (Sigma 204) was added as needed.
acid to be converted into hydroquinone in high yield and without

idation to b . Thi trasts with th . Fed-Batch Fermentations Fermentations employed a 2.0 L working
overoxidation to benzoquinone. This contrasts wi € previous capacity B. Braun M2 culture vessel. Utilities were supplied by a B.

report of quinic acid oxidation, which either afforded hydro- g4, Biostat MD controlled by a DCU-1. Data acquisition utilized a
quinone in low yield or required reduction of initially formed  pell Optiplex Gs 5166M personal computer (PC) equipped with B.
benzoquinone. Synthesis of hydroquinone from glucose clearly Braun MFCS/Win software (v1.1). Temperature, pH, and glucose
has aspects that need to be further optimized or modified beforefeeding were controlled with PID control loops. Temperature was



10934 J. Am. Chem. Soc., Vol. 123, No. 44, 2001 Ran et al.

maintained at 33C for all fermentations. pH was maintained at 7.0 tion broth containing quinic acid (53.5 g, 0.279 mat)a 5 L three-
by addition of concentrated N®H or 2 N H:SO,. Dissolved oxygen neck round-bottom flask at room temperature were simultaneously
(D.0.) was measured with wuse of a Mettler-Tol- added commercial bleach (Clorox, 5.25% NaOCI, 1.27 mol) agd H
edo 12 mm sterilizable £sensor fitted with an Ingold A-type {per- SOy (0.34 mol) with stirring ovea 1 hperiod. The mixture was stirred
meable membrane. D.O. was maintained at 10% air saturation. Thefor an additional 2 h. 2-Propanol (130 mL, 1.70 mol) was added to
initial glucose concentration in the fermentation medium ranged from quench the unreacted hypochlorite. Without further purification, the
20 to 28 g/L. resulting solution containing Bj,5(R)-trihydroxycyclohexanone was
Inoculants were started by introduction of a single colony picked heated to reflux under Ar for 10 h. After the solution was cooled to
from an agar plate into 5 mL of M9 medium. Ampicillin was added to  room temperature, hydroquinone was extracted fatbbutyl methy!
the medium at each step of the inoculant preparation. Cultures wereether (4x 500 mL) and the combined organic phase was dried over
grown at 37°C with agitation at 250 rpm until they were turbid (18 anhydrous MgS® The solution was stirred with charcoal (20 g) for
24 h) and subsequently transferred to 100 mL of M9 medium. Cultures 10 min and then filtered through a pad of Celite. The Celite was washed
were grown at 37C and 250 rpm for an additional 8 to 10 h. After  with additionaltert-butyl methyl ether (200 mL). The filtrates were
the culture reached an appropriate éf¥3.0-3.5), the inoculant was  then concentrated in vacuo to obtain hydroguinone as a brown solid
transferred into the fermentation vessel and the batch fermentation was(29.4 g, 94%). Sublimation of the isolated materials yielded hydro-
initiated ¢ = O h). quinone (27.3 g, 87%) as a white solid. Th¢ NMR and3C NMR
Three staged methods were used to maintain D.O. concentrations alspectra were identical with those of authentic hydroguinone.
10% air s_aturatlon durlng'the fermentations. Wl'th the alrflo_w a}t an AgsPO,-Catalyzed Oxidation of Quinic Acid. To a clarified,
initial setting of 0.06 L/L/min, the D.O. concentration was maintained decolorized, ammonium ion-free fermentation broth containing quinic

by increasing the impeller speed from its initial set point of 50 rpm to acid (0.960 g, 5.00 mmol) was addedSOs (1.62 g, 6.00 mmol) and

its preset maximum of 940 rpm. With the impeller rate constant at 9.40 AgsPO; (0.0481 g, 0.115 mmol). The heterogeneous solution was stirred
rpm, the mass flow controller then maintained the D.O. concentration at 50°C for 4 h a’nd then refluxed f& h under Ar. After filtration of

by increasing the airflow rate from 0.06 L/L/min to a preset maximum the crude reaction solution and extraction with EtOAc(B0 mL),

of 1.0 L/L/min. At constant impeller speed and constant airflow rate, the organic layer was dried and concentrated. Purification of the residue

:he tli'o' con_cedntratlfo ?hwe;s flnarlllty trin:ra]méalnexd atnlo%n alrr_satrlljtrratlllog by flash chromatography (1:1 EtOAc/hexane, v/v) gave hydroquinone
c:r e rfemg_ln e;\tc:h IOe ?r:mﬁ gft%is s)t/aoey?rfe Ds% s:onccoentrc,)s\tﬁ)n (0.407 g, 74%) as a white solid. TAE NMR and3C NMR spectra
glucose feeding. e beg g g, T were identical with those of authentic hydroquinone.

fell below 10% air saturation due to residual initial glucose in the

medium. This lasted for approximately 051 h before glucose (65% Oxidation of Quinic Acid by (NH 4).Ce(SQ)a. Ceric ammonium
wiv) feeding commenced. The glucose feed PID control parameters Sulfate (7.15 g, 12.0 mmol) was added over a 30 min period to a
were set to 0.0 s (off) for the derivative contral) and 999.9 s clarified, decolorized, ammonium ion-free fermentation broth containing
(minimum control action) for the integral contrat). X, was set to quinic acid (0.960 g, 5.00 mmol) at pH 1.5. The solution was then
950% to achieve & of 0.1. refluxed for 10 h under an Ar atmosphere. After the mixture was cooled
Analysis of Fermentation Broth. Samples (510 mL) of fermenta- to room temperature, the resulting solution was filtered to obtain an

tion broths were taken at the indicated timed intervals. Cell densities @dueous solution of hydroquinone, which was then extracted with
were determined by dilution of fermentation broth with water (1:100 EtOAc (3 x 50 mL). The combined organic layers were dried and
or 1200) followed by measurement of absorption at 600 nme(@D concentrated to a brown Solid, which was purified by flash chroma-
Dry cell weight (g/L) was calculated by using a conversion coefficient tography (1:1 EtOAc/hexane, v/v) to afford hydroguinone (0.503 g,
of 0.43 g/L/ODye The remaining fermentation broth was centrifuged 91%) as a white solid. ThéH NMR and *C NMR spectra were

to obtain cell-free broth. identical with those of authentic hydroquinone.

Solute concentrations in the cell-free broth were quantifiedHby Oxidation of Quinic Acid by V ,0s. To a clarified, decolorized,
NMR. Solutions were concentrated to dryness under reduced pressureammonium ion-free fermentation broth containing quinic acid (0.960
concentrated to dryness one additional time frog®Pand then redi- g, 5.00 mmol) at pH 1.5 were added® (1.00 g, 5.50 mmol) and

ssolved in RO containing a known concentration of the sodium salt H,SO (7.5 mmol). The solution was stirred at 8Q for 4 h and then

of TSP. Concentrations were determined by comparison of integrals heated to reflux fo8 h under an Ar atmosphere. After extraction of
corresponding to each compound with the integral corresponding to the crude reaction solution with EtOAc ¢350 mL), the organic layer
TSP ¢ 0.00 ppm). Response factors were based on standard concentrawas dried and concentrated to dryness. Purification by flash chroma-
tion curves with use of crystalline quinic and 3-dehydroquinic acids. tography (1:1 EtOAc/hexane, v/v) afforded hydroquinone (0.466 g,
Compounds were quantified by using response factors based on the85%) as a white solid. ThéH NMR and 3C NMR spectra were
following resonances: quinic acid ¢.16, m, 1 H) and 3-dehydroquinic identical with those of authentic hydroquinone.

acid © 4.28, d, 1 H).

Fermentation Broth Workup. Following removal of cells by
centrifugation of fermentor broth at 42§®or 15 min, 1 L of crude
fermentation broth containing quinic acid was refluxed for 1 h. After
the solution was cooled to room temperature, concentrated sulfuric acid ) ) ) ) )
was added to a final pH of 2.5. Precipitated proteins were removed by ~ Supporting Information Available: Experimental details
centrifugation at 170apfor 20 min. This clarified solution was then  for genetic manipulations and synthesis dRiZ$(R)-trihydroxy-
stirred with charcoal (Darco KB-B, 20 g) at room temperature for 2 h. cyclohexanonel), 4(S),5(R)-dihydroxy-2-cyclohexen-1-on&),
After filtration, the decolorized solution was passed through a Dowex and 4R),5(R)-dihydroxy-2-cyclohexen-1-on& (PDF). This
50 (H") column at 4°C to afford clarified, decolorized, ammonium  material is available free of charge via the Internet at
ion-free fermentation broth with a 98% recovery of quinic acid. http://pubs.acs.org.

Synthesis of Hydroquinone by Hypochlorite Oxidation of Quinic
Acid. To 1.12 L of clarified, decolorized, ammonium ion-free fermenta- JA016460P
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