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Benzene-free syntheses of mo#d-di-*¢ and trihydroxy Table 1. Products, Isolated Yields, and Reaction Conditions for
benzené$ have primarily been based on the shikimate pathway. D€0xygenation of Polyhydroxybenzenes
A completely different route to aromatic chemicals involving polyhydroxy-  ®reaction g bviold
intermediacy of polyhydroxyaromatics derived from glucose is benzens conditions _ product  “yie
described in this report. The centerpiece of this strategy is the OH RN/ALO, 82
discovery that catalytic hydrogenation of polyhydroxybenzenes @ Rh/C 74
followed by acid-catalyzed dehydration of the dihydro intermediates HO T OH HOQOH o
results in loss of one oxygen atom from the starting polyhydroxy- 1a 2
benzene. The result (Table 1) is a new synthesis of pyrogdljol ( OH
from glucose, a new benzene-free synthesis of hydroquin@ine ( OH  RAROs oH 4o
and the first benzene-free synthesis of resorci@pl ( oy PtC oy 42
Reduction of phloroglucinol 1g) with NaBH, followed by OH PdiC OH M
azeotropic removal of O is known to lead to resorcino2).?2 As 3 4
for catalytl_c reduction, formation of the sodium sr_sllt o_f dihydro- OH RW/ALOS OH 53
phloroglucinol has been reported when phloroglucinol is hydroge- Rh/C 47
nated using 5% Rh on AD; although dehydration of this HO PUYC 46
intermediate was not examin&dPhloroglucinol was thus an ideal OH Pd/C OH 18
substrate to test the viability of polyhydroxybenzene deoxygenation 5 6

as a route for synthesis of aromatic chemicals. Phloroglucira)! ( Whvdroxvb @M in d J
0 D i iti a Polyhydroxybenzene (1 M) in degassed, aqeetuM NaOH was
was hydrogenated over 5% Rh on@ under basic conditions. reacted with 0.012 equiv of Rh, Pt, or Pd (5 wt %, metal/solid support) in

Subsequent acid-catalyzed dehydration led to the formation of 4 parr hydrogenation apparatus at room temperature under 50 fusi 2
resorcinol 2, Table 1) in 82% isolated yield after distillation. Use  h. After filtration, acidification to pH 6.0, and concentration, the residue

of Rh on ALO; gave somewhat higher yields of resorcin®)l than (0-2|5 M) V¥as ri_ﬂlaxed 'é‘ 0-52" bl;q_lllmt_ier Ar for 9 h.> Yields (mol/
use of activated C as the support. Successively lower yiel@ of mol) are of purified product after distillation.
were obtained for use of Rh, Pt, and Pd as hydrogenation catalystsscheme 1 2

(Table 1). 1,2,3,4-Tetrahydroxybenzen® @nd hydroxyhydro- OH
quinone B) were then similarly reacted to test the generality of o
the deoxygenation strategy for polyhydroxybenzenes that can be 'f/ + ~OH \a
synthesized from glucose. ) RO OH N oH

In route to 1,2,3,4-tetrahydroxybenzer®, (myoinositol 8a) HO.C OH ;g R=Hom, HO OH

. . . . ' 3H2

was microbially synthesized from glucose and then oxidized by a \@ l @'
second microbe (Scheme 3)As previously reported, acid- OH b
catalyzed dehydration of the resultingyo2-inosose §) was used ?: OR el ga
to obtain 1,2,3,4-tetrahydroxybenzen® Gcheme 1). Catalytic RO OR
hydrogenation of 1,2,3,4-tetrahydroxybenzei® (sing Rh on lg RO ™" "OR bl
Al,O; led to a 44% yield of pyrogallol4, Table 1). Changing the OR o}
metal or its solid support had little impact on the yield of pyrogallol OH| 8 R=POH;  Ho OH
(4, Table 1). Synthesis of pyrogallol by way ofyo2-inosose ) (;(OH HO" " "OH
required only 4 enzyme-catalyzed steps and 2 chemical steps OH \\d < OH
(Scheme 1). By comparison, synthesis of pyrogadplay way of 4 oH OH 9
gallic acid (L0) and the shikimate pathway (Scheme 1) required at
least 20 enzyme-catalyzed stépshytic acid 8b, Scheme 1), 3 CH
which constitutes about 8% of the dry weight of corn steeping 3
quuor,_ is an abundant alte_rnative source lmf)_/oinositol.“a_vb _ aKey: (a)E. coli JWF1/pAD1.88A, 11%, see ref 3: (5. oxydans
Established methods are available for the isolation of phytic acid aAtcc 621, 95%, see ref 3; (c) 280, H20, reflux, 66%, see ref 3; (d)
(8b) and its dephosphorylatiot. 44%, see Table 1; (e) phytase; B) coli KL7/pSK6.161, 12%, see ref 1d;

A more direct derivation of an inosose is possible using 2-deoxy- (9) E. coli RB791serA:aroB/pSK6.234, 93%, see ref 1d.

scylloinosose synthase, which catalyzes the conversion of glucose
6-phosphate 7b) into 2-deoxyscylloinosose {1, Scheme 2).
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5926 = J. AM. CHEM. SOC. 2002, 124, 5926—5927 10.1021/ja0176346 CCC: $22.00 © 2002 American Chemical Society



COMMUNICATIONS

Scheme 2 @
HQ, CO,H OH
e
Q,, =
HO” OH
H
d o OH
/(/( 12 6
7a glucose
7b glucose 8-phosphate T c
a\
(o} OH
Hoﬁ b HO\©
—_—
HO™ Y~ "OH
OH OH
11 5

aKey: (a) i. hexokinase, ii. 2-deoxgeyllo-inosose synthase, 38%, see
ref 5a; (b) 0.5 M HPQ,, reflux, 39%; (c) 53%, see Table 1; (& coli
QP1.1/pKD12.138, 20% (from glucose), see ref 1b; (e) i. NaOCI, ii. reflux,
87%, see ref 1b.
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aKey: (a) see ref 6; (b) (CED).SO,, KoCOs, acetone, reflux, 85%; or
(CH30)3PO (neat), KCOs, 79%; or Dowex 50 (H), MeOH 43%; (c) Na,
MeOH, 185°C, 85%; (d) 12 N HCI, 56%.a, 15%15; (e) 80%, see Table
1.

a 29% vyield of hydroxyhydroquinone triacetat&Ve find that
hydroxyhydroquinone§) can be directly obtained (Scheme 2) by
acid-catalyzed dehydration of an aqueous solution of chemically
synthesize® 2-deoxyscylloinosose 11). Hydrogenation of hy-
droxyhydroquinone with Rh on ADs; (Table 1) produced hydro-
quinone 6) in 53% yield. While similar yields o6 were obtained
with Rh and Pt as the hydrogenation catalysts, a substantially lower
yield was realized with Pd (Table 1). The 2 enzyme-catalyzed steps
and 2 chemical steps required for the conversion of glucose into
hydroquinone via 2-deoxgeyllo-inosose 1) contrast with the 18
enzyme-catalyzed steps and 1 chemical step required for the
synthesis of hydroquinone) from glucose Ta) via quinic acid

(12) and the shikimate pathway (Scheme'2).

The report of microbe-catalyzed synthesis of triacetic acid
lactone (3a) and the reportedconversion ofL3b into phloroglu-
cinol (1a Scheme 3) allowed advantage to be taken of the highest
yielding deoxygenation of a polyhydroxybenzene (Table 1).
Literature-base@ alkylation of triacetic acid lactonelBa) by
(CH30),SG;, afforded the corresponding methyl eth&Blf) (Scheme

3). Reaction of triacetic acid lactone methyl eth&Blf) as a melt

in Na and MeOH gave an excellent yield of phloroglucinol methyl
ether (b, Scheme 3¥2 To circumvent the toxicity of (CkD),-
SO, triacetic acid lactonel3a) was converted to its methyl ether
13b by using (CHO)sPO or by refluxing in MeOH with Dowex
50 (H") (Scheme 3). Hydrolysis of the phloroglucinol methyl ether
(1b) afforded phloroglucinol 1a) along with substantial amounts
of 2,4,6,3,5-pentahydroxybiphenyll6, Scheme 3¥° Fortuitously,
hydrogenation of phloroglucinol methyl ethéiyj followed by acid-
catalyzed dehydration of the intermediate dihydrophloroglucinol
proved to be highly regioselective with formation of resorcirg)l (

in 80% yield (Scheme 3). The syntheses of phloroglucifipbtd
resorcinol @) from glucose contrast with the synthesis (Scheme 3)
of these aromatics from toluene-derived TNI6) and benzene-
derived 1,3-diisopropylbenzehél?), respectively.

New synthetic connections have been made between glucose and
aromatic chemicals by recruiting biosynthetic pathways other than
the shikimate pathway. To fully exploit these syntheses in the future,
a microbe that directly synthesizeg/o2-inosose from glucos@ @)
or phytic acid 8b) remains to be constructed. A microbe capable
of synthesizing 2-deoxgeyllo-inosose {1) from glucose is also
neede#f along with a microbe that synthesizes triacetic acid lactone
(139 in high yield. Compelling reasons for surmounting these
biocatalytic challenges can be found in the drastic reductions in
the numbers of enzymes required to synthesize pyrogallol and
hydroquinone. The access gained to resorcinol is comparably
important. With polyhydroxybenzene deoxygenation, benzene-free
syntheses have now been established for all of the “building block”
hydroxybenzenes including pheriél,resorcinol, catechdt>a
hydroquinoné? pyrogallold hydroxyhydroquinone, and phloro-
glucinol.
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