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Abstract: A novel biocatalytic system to access
a wide variety of 3-hydroxydioxinones from (3-keto-
dioxinones employing commercial engineered ke-
toreductases has been developed. This practical
system provides a remarkably straightforward solu-
tion to limitations in accessing certain chemical
scaffolds common in (3-hydroxydioxinones that are
of great interest due to their diversification capabil-
ities. A few highlights of this system are that it is
high yielding, highly enantioselective, and chroma-
tography-free. We have demonstrated both a wide
substrate scope and a high degree of scalability.

Keywords: asymmetric synthesis; enzyme catalysis;
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The synthesis of chiral B-hydroxydioxinones has at-
tracted significant interest because of their use as
building blocks to access functionally diverse prod-
ucts, such as d-hydroxy-p-keto esters and the resulting
syn- and anti-B,d-diol esters."! These motifs are com-
monly found in polyketide natural products, which
are known for their potent biological activity and
structural diversity. The complexity of these targets
typically necessitates the construction of these polyol
subunits with high selectivity and efficiency to mirror
what is achieved in nature by polyketide synthetas-
es.?)  8-Hydroxy-p-keto ester scaffolds are also
common in a variety of commercially available statins
and have been shown to be crucial for the observed
biological function of these drugs.®! Additionally, p-
hydroxydioxinones are also commonly used to access
substituted tetrahydropyranones” and §-lactones
and their corresponding dihydropyranones,”® all of
which are also seen in a variety of biologically active
natural products.”! These efforts have been of signifi-
cant interest to our research group for the synthesis
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of a variety of natural products such as exiguolide,®
neopeltolide,””’ and okilactomycin,'”! as well as the
total syntheses of many other naturally occurring
compounds.!'"!

A conventional approach (Figure 1) to B-hydroxy-
dioxinones (2) involves the Lewis acid-catalysed addi-
tion of dioxinone-derived silyl dienolates (1) to alde-
hydes via a vinylogous Mukaiyama aldol reaction.!'”
A variety of chiral catalysts such as Ti(IV)-BINOL
complexes,"”! Ti(IV)-Schiff base complexes,'* Si(IV)-
phosphoramidite complexes,”) and TADDOL cata-
lysts!'®! have proven to be competent for this general
transformation.'"™"*"! Even with the advances in this
Mukaiyama aldol platform, there are still significant
substrate limitations (see below) and the reactions
typically require anhydrous conditions. Notably,
a recent report by Willis using transfer hydrogenation
with a chiral Ru catalyst provides an alternative non-
aldol approach to P-hydroxydioxinone targets."*!
While these approaches have been utilized in total
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Figure 1. Biologically active scaffolds accessed through [-hy-
droxydioxinones.
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Figure 2. Routes to access chiral §-hydroxydioxinones.

synthesis efforts,"! these methods are typically limit-
ed by the need for an sp’ center adjacent to the newly
formed stereogenic center for high levels of selectivi-
ty, i.e., unsaturated aldehyde substrates (Figure 2).
Based on our extensive experience with the creation
and use of B-hydroxydioxinones, this pervasive restric-
tion of substrate scope for the established strategies
discussed above has implications in the application of
dioxinone-derived aldol reactions in target synthesis.

For substrates outside of the o,p-unsaturated/aryl
aldehyde limitation, Evans reported the use of benzyl-
oxyacetaldehyde with a copper-bisoxazoline catalyst,
but the reaction is restricted to this singular chelating
aldehyde.'” Rawal demonstrated that glyoxolate
electrophiles could benefit similarly to the aforemen-
tioned chelation system using TADDOL hydrogen-
bond donors to allow for high selectivity.""’ Notably,
in their recent total synthesis of lyngbouilloside,
Cossy disclosed that using vinylogous Mukaiyama
conditions did not provide their desired P-hydroxy-
dioxinone adduct in a stereoselective manner, requir-
ing them to use preparative supercritical fluid chro-
matography to separate the enantiomers.”” These ex-
amples, combined with previous methods that are
only practically selective for sp>type substrates high-
light situations where there is limited enantio- and
diastereocontrol, force the need for step-uneconomi-
cal processes.”!! Taken collectively, these widespread
limitations compelled us to investigate a new, comple-
mentary approach to the enantioselective construction
of P-hydroxydioxinones with broad substrate scope
and functional group tolerability.

The use of evolved ketoreductase” and p450%! en-
zymes in synthesis continues to grow rapidly since
these complementary catalyst systems (reduction vs.
oxidation, respectively) can produce chiral alcohols
with high efficiency and superb selectivity.*! Specifi-
cally, ketoreductases have been utilized in the produc-
tion of a variety of statins,® B-lactam antibiotics,
anti-inflammatory medicines,”” cancer treatments/®
and other various pharmaceutical building blocks.*”
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Whole cell systems for biocatalytic reductions have
been employed, but these processes are traditionally
plagued by low yields and low selectivity. These de-
tracting characteristics are primarily due to the pres-
ence of multiple ketoreductases catalysing the reac-
tion as well as producing undesired impurities.”” Iso-
lated enzymes are ideal because they can be evaluat-
ed through operationally straightforward, mild reac-
tion conditions with minimal components necessary
for optimization. These attributes make them amena-
ble for rapid reaction development, a component that
is especially attractive in the pharmaceutical industry.
Ketoreductases in nature require NADH or NADPH
as a cofactor for function alongside a dehydrogenase

(formate or glucose) for cofactor regeneration
(Figure 3).5Y
Me_ Me
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Figure 3. Catalytic cycle of ketoreductase enzymes.

While these tandem systems have been used exten-
sively,®"! they are potentially problematic when the op-
timal conditions for the ketoreductase and the dehy-
drogenase are not the same. This additional variable
can necessitate further rounds of enzyme evolution to
obtain an optimal match between the two enzymes.
Furthermore, due to the use of glucose in these sys-
tems to turnover glucose dehydrogenase, the resulting
gluconolactone is spontaneously hydrolyzed to glu-
conic acid, requiring additional process controls to
maintain the pH of the reaction system in the optimal
range. Engineered ketoreductases capable of using
isopropyl alcohol (IPA) to regenerate the cofactor
overcome (i) the tandem optimization issue and (ii)
the process parameters for pH control. Typically, the
only additional variable beyond which specific engi-
neered ketoreductase to use that needs to be consid-
ered is its tolerance to organic solvents. This advant-
age provides unique platforms that grant access to
substrates that are highly insoluble under aqueous
conditions because of the use of organic solvents. Sur-
prisingly, the application of ketoreductases to the syn-
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thesis of highly enantioenriched B-hydroxydioxinones
has not been reported to the best of our knowledge.
With this knowledge in hand, we initiated our stud-
ies with P-ketodioxinone 3a by surveying a panel of
isolated enzymes from Codexis Inc. (Table 1) follow-
ing the prescribed screening protocol (see the Sup-
porting Information for details). We selected 3a since
it represented the least biased/most challenging Csp®
substrate with a simple methyl group. In this initial
screen, both KRED-P01-HO8 and KRED-P01-CO01,
two enzymes that utilized NADPH as the cofactor

Table 1. Initial enzyme screening results and process target.

[a]

Me_ Me Me_ Me
KRED, cofactor
o O><O OH O><O
)J\M 1:9 IPA: 0.1 M phosphate buffer W
Me N0 30°C, 24 h Me N0
3a 4a
[b]

Entry Catalyst [100 wt%] Cofactor ~ Conversion [%] er
1 P1-A04 NADPH 51 55:45
2 P1-A12 NADPH 10 60:40
3 P1-B01 NADPH 45 71:29
4 P1-B05 NADPH 21 52:48
5 P1-B10 NADPH 08 72:28
6 P1-B12 NADPH 21 83:17
7 P1-CO1 NADPH 99 99:1
8 P1-HO8 NADPH 92 99:1
9 P2-B02 NADPH 17 67:33
10 P2-C02 NADPH 79 51:49
" P2-C11 NADPH 24 51:49
12 P2-D03 NADPH 63 58:42
13 P2-D11 NADPH 48 63:37
14 P2-D12 NADPH 67 68:32
15 P2-G03 NADPH 89 72:28
16 P2-HO7 NADPH 23 65:35
17 P3-B03 NADPH 41 70:30
18 P3-G09 NADPH 20 64:36
19 P3-H12 NADPH 28 51:49
20 101 NADH 55 37:63
21 119 NADH 63 28:72
22 130 NADH 68 35:75
23 NADH-101 NADH 97 11:89
24 NADH-110 NADH 71 39:61

[c] hit criteria in process target

initial screen

substrate loading 1g/L >100 g/L
KRED loading 1 g/LIde] <1 g/Lldel
conversion 75% 98%
reaction time <24 h <24 h
chemical purity (HPLC) 90% 98%
optical purity of the product 95:5 er 99:1 er

[l Desired biocatalytic reduction.

) Enantioselectivity and conversion of ketoreductases in
Codexis KRED Screening Kit.

[l Hit criteria in initial screen and final KRED process
target.

[ Lyophilized cell lysate. Approximately 20-30 wt% of the
lyophilized powder is the catalyst of interest. All referen-
ces to “gL ™" used herein will be based on this prepara-
tion.

] On a molar basis, the catalyst loading is on the order of
107 to 107> mol%.
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Figure 4. Results from conventional routes to [-hydroxy-
dioxinones.

and IPA as the reductant, gave B-hydroxydioxinone
4a in >75% yield and >99:1 er (Figure 4). Notably,
all of the enzymes that utilized NADPH as the cofac-
tor provided the (R)-enantiomer (entry 1-19), where
the enzymes that utilized NADH provided the (§)-
enantiomer (entry 20-24). After these initial results,
we sought to improve this process by lowering the
catalyst loading while maintaining greater than 98%
conversion, 98% chemical purity, and 99:1 er
(Figure 4).%

Initial attempts to optimize the process using
KRED-P01-HO8 were undertaken because it showed
the highest selectivity among the enzymes screened.””!
However, after considerable effort, the process still
required unreasonably high catalyst loading (10 wt%)
which would not be viable for larger scale reactions
(>20g) that were of interest in our laboratory. We
then turned to KRED-P01-C01, and were pleased to
find that f-hydroxydioxinone (4) could be obtained in
68% yield and 99:1 er simply by lowering the catalyst
loading to 5 wt% from the recommended 100 wt%
loading in the screening protocol (Table 2). Evaluat-
ing pH outside of the standard screening conditions
(pH7) proved to be deleterious to the conversion
(entries 2-6), suggesting that the ketoreductase was
unstable outside of a neutral pH. We next investigat-
ed the use of different co-solvents (@ 10%) with
water/IPA (0.1 M phosphate buffer with 10% IPA) to
find that ethereal solvents such as THF, 2-MeTHF,
CPME, MTBE increased yield of this process (en-
tries 7, 11-13). More hydrophobic solvents such as
hexanes and toluene showed slightly decreased yields
(entries 8 and 10). Further investigations with differ-
ent co-solvent percentages showed that organic sol-
vent ratios totaling greater than 20% (e.g., 10% IPA,
10% CPME) reduced the overall yield of product (en-
tries 15-17). The reductions in enzyme catalyst load-
ing to 2wt% or 1wt% were not detrimental to the
yield, further demonstrating the robustness of this
process (entries 18 and 19).
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Table 2. Optimization of the reaction conditions.”!

Me_ Me Me_ Me
5 o><o KRED-P01-C01, NADPH 1 o><o
solvent
Me N0 30°C, 24 h Me NS0
3a 4a

Entry  Catalyst [wt%) pH Co-solvent (%) Yield [%]] efAcl
1 5 7 N/A 68 99:1
2 5 6 N/A 52 N.D
3 5 5 N/A 42 N.D
4 5 4 N/A 21 N.D
5 5 8 N/A 47 N.D
6 5 9 N/A 19 99:1
7 5 7 THF (10%)M! 73 N.D.
8 5 7  toluene (10%)! 45 N.D.
9 5 7  EtOAc (10%) 51 99:1
10 5 7 hexanes (10%)M! 32 99:1
1 5 7 2-MeTHF (10%)d 74 99:1
12 5 7  CPME (10%)d 97 99:1
13 5 7  MTBE (1o%%ldl 89 99:1
14 5 7  CPME (5%)¢€l 91 99:1
15 5 7 CPME (15%)!f 94 99:1
16 5 7  CPME (20%)W9! 85 99:1
17 5 7 CPME (25%)M 71 99:1
18 2 7  CPME (10%)M 96 99:1
19 1 7 CPME (10%)! 98 99:1

[a

Conditions: 3a (0.05 mmol), KRED-P01-C01 (0.5 mg),
NADPH (0.1 mg) 1:9 IPA:phosphate buffer (0.1M) at
30°C for 24 h.

Determined by HPLC with naphthalene as internal stan-
dard.

Determined by HPLC analysis.

1:1:8 TPA :co-solvent :phosphate buffer (0.1M).

1:0.5:8.5 TPA :co-solvent:phosphate buffer (0.1 M).
1:1.5:7.5 TPA :co-solvent:phosphate buffer (0.1 M).

1:2:7 TPA :co-solvent:phosphate buffer (0.1 M).

1:2.5:6.5 TPA :co-solvent:phosphate buffer (0.1 M). THF =
tetrahydrofuran, EtOAc=ethyl acetate, CPME =cyclo-
pentyl methyl ether, MTBE =methyl tert-butyl ether.

b

[c

[d

===

I

le
[h

For comparison, this optimized biocatalytic reduc-
tion was benchmarked against traditional routes to 3-
hydroxydioxinone 4a from [-ketodioxinone 3a includ-
ing chiral hydride sources (i.e., CBS reductions),!
transfer hydrogenation and baker’s yeast biocatalysis
(Figure 4). The collected data indicate that this new
ketoreductase protocol provides the desired alcohol
4a in superior yield and selectivity relative to tradi-
tional routes (see the Supporting Information for de-
tails of the experimental conditions).

With these optimized conditions in hand, the scope
for the asymmetric reduction was explored (Table 3).
Overall, the products were obtained in excellent yield
(>90%) and enantioselectivity (>95:5). In all cases,
the products were >95% pure after aqueous work-up,
thereby typically obviating the need for chromatogra-
phy. Aryl substrates that were electron-neutral, as
well as substrates bearing electron-rich and electron-
poor substituents were well tolerated (4b—4m). Sub-
strates with carbon centers adjacent to the newly
formed stereocenter changed from sp? to sp® (i.e., “sa-
turated” substrates) provided exquisite selectivity and
yield (4n, 4a, 4s). These products correspond to the
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reaction of saturated aldehydes and 1 under Mukaiya-
ma aldol conditions but, as noted above, the typical se-
lectivities for these reactions are <90:10 er. Addition-
ally, sterically encumbered groups adjacent to the
ketone were well tolerated, providing the resulting al-
cohol in excellent yield and enantioselectivity (40).
Various functional groups such as TMS-protected al-
kynes, Cbz-protected amines, benzyl-protected alco-
hols, alkyl-protected esters and terminal alkenes per-
formed well in this reaction, further highlighting the
tolerance of functional diversity of this methodology
(4p, 4q, 4r, 4t, 4u). Notably, these substrates have not
been accessible in a stereoselective manner using previ-
ous methodologies, allowing for access to more com-
plex scaffolds from these chiral B-hydroxydioxinones.

To further investigate the synthetic utility of this
process, larger scale-up reactions were pursued. Low-
ering the enzyme loading to 0.5 wt% (at a concentra-
tion of 100 gL™") predictably lengthened the overall
reaction time (from 24 h to 72h) and 20 g of B-hy-
droxydioxinone 4a in 99% yield with >99:1 er were
isolated after a simple extraction (>99% pure as de-
termined by HPLC). Additionally, we wanted to de-
termine if we could access the opposite enantiomer of
p-hydroxydioxinone 4. We were pleased to find that
without optimization, we were able to access P-hy-
droxydioxinone ent-4a in 97% yield with 89:11 er
(Figure 5).

The resulting p-hydroxydioxinones can be convert-
ed into a variety of motifs relevant to several families
of natural products using previously established chem-
ical routes. Of particular note, dioxinones have exten-
sive precedents in photocycloadditions to access fused

Me_ Me
& O><O KRED-P01-C01 (0.5 wt.% ) Me_ Me
w NADPH OH 0" o
Me NN01:1:8 IPACPME: 0.1 M buffer L IS A
30°C,72h Me o
3a
4a
99% vyield, >99:1 er
20 grams prepared
Me_ Me
X
O O O
Me X (0]
3a
NADH—10)V \PO1-CO1
Me_ Me Me_ Me
X >
OH 0~ "0 OH 07 ™0
Me X O Me = (0]
ent-4a 4a

97% yield, 89:11 er 99% yield, >99:1 er

Figure 5. Large-scale reduction of f-ketodioxinone and
access to both enantiomers of -hydroxydioxinone 4a.
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Table 3. Substrate scope.[?
Me_ Me Me. Me
& o><o KRED-P01-C01 (1 wt%), NADPH on oxo
W 1:1:8 IPA:CPME: 0.1 M buffer
R o] 30°C,24h R X0
3 4
H
MeXMe QH y OH . OH o OH e OH ; o}
e I
\)\/&0
4b, 98% 4c, 96% 4d, 94% 4e, 95% 4f, 95% 49, 97%
99:1 er 99:1 er 99:1 er 98:2 er 98:2 er 99:1 er
OH OH OH OH OH OH OH
y Meo/@/‘\ Br/@/k F/@)\ Cl/@/k, FSC/@/'\‘
4h, 92% 4i, 97% 4j, 93% 4k, 93% 41, 91% 4m, 95% 4n, 93%
99:1 er 97:3 er 99:1 er 99:1 er 99:1 er 99:1 er 98:2 er
OH
OH OH J\ OH OH
Me EtO\H/\/K
// Ph
T™MS (0]
40, 99% 4p, 90% 4a, 99% 4q, 94% 4s, 94%
99:1 er 99:1 er 99:1 er 99:1 er 99:1 er
OH OH Me><Me
B Ay | Soror, OH 070  — 4
4t, 98% 4u, 98% P“WO . j/
97:3 er 991 er 4b — X-ray structure

[l See the Supporting Information for details. Yields are of isolated product after extraction. Enantiomeric ratio was deter-
mined by HPLC analysis on a chiral stationary phase.
] Absolute configuration was determined by X-ray crystallography of 4b and all other analogues were assigned by analogy.

cyclic structures common in diterpene natural prod-
ucts 5,** thermal opening to provide macrocycles of
varying sizes 6,*! and Lewis acid/Bronsted acid-cata-
lysed reactions to form substituted tetrahydropyra-
nones 7% (Figure 6).

T ref.[34]

In conclusion, we have described herein a biocata-
lytic method for the enantioselective reduction of (3-
ketodioxinones with sp®> carbons adjacent to the ste-
reogenic center, as well as demonstrating access to
value-added molecules previously inaccessible in a ste-
reoselective manner. This approach is an attractive,
complementary approach to previously established
aldol-focused methods because of its much broader
substrate scope and operational simplicity. This meth-
odology allows for mild conditions and does not re-
quire the use of high temperature, pressure, or
oxygen-free environments. Investigations in our labo-
ratory towards diastereoselective reductions using ke-
toreductases as well as enzyme immobilization are

Me Me. Me OXO currently ongoing.
ref351  OH O7 ~O refl36] N0
-— —_—
R1 4\ o) R1\.. o ~,IR2 . .
l - = Experimental Section
ref.
OH O General Information
R! 8 Me All reactions were carried out under a nitrogen atmosphere

Figure 6. Diverse scaffolds accessible with [-hydroxydioxi-
nones.

Adpv. Synth. Catal. 0000, 000,0-0

These are not the final page numbers! 77

in oven-dried glassware with magnetic stirring. All organic
solvents were purified by passage through a bed of activated
alumina.””! Reagents were purified prior to use unless other-
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wise stated following the guidelines of Chai and Armare-
0.8 Purification of reaction products was carried out by
flash chromatography using EM Reagent or Silicycle silica
gel 60 (230400 mesh). Analytical thin layer chromatogra-
phy was performed on EM Reagent 0.25 mm silica gel 60-F
plates. Visualization was accomplished with UV light and
ceric ammonium nitrate stain, potassium permanganate
stain or ninhydrin stain followed by heating. "H NMR spec-
tra were recorded on a Bruker Avance 500 MHz w/ direct
cryoprobe (500 MHz) spectrometer and are reported in ppm
using solvent as an internal standard (CDCIl; at 7.26 ppm).
Data are reported as [ap=apparent, s =singlet, d =doublet,
t=triplet, q=quartet, m=multiplet, br=broad; coupling
constant(s) in Hz, integration]. Proton-decoupled *C NMR
spectra were recorded on a Bruker Avance 500 MHz w/
direct cryoprobe (125 MHz) spectrometer and are reported
in ppm using solvent as an internal standard (CDCl; at
77.16 ppm). Mass spectra data were obtained on a Waters
Acquity-H UPLC-MS with a single quadrupole ESI Spec-
trometer or on a Gas Chromatography Mass Spectrometer
(Agilent 7890A/5975C GCMS System).

CCDC 1516986 contains the supplementary crystallo-
graphic data for this paper. These data can be obtained free
of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif.

General Procedure for the Preparation of 3-Hydroxy-
dioxinones 4a—4u

50 mg of the KRED Recycle Mix P (contains NADPH)
were added to a vial. 0.8 mL of 0.1M phosphate buffer
(pH 7.0) were added to the KRED Recycle Mix P, and
stirred until it was homogeneous, whereupon 1mg of
KRED-P01-C01 was then added. In a separate vial, 100 mg
of f-ketodioxinone substrate, 0.1 mL isopropyl alcohol
(IPA) and 0.1 mL cyclopentylmethyl ether (CPME) were
added. Once the B-ketodioxinone substrate had completely
dissolved, this solution was added to the solution containing
KRED-P01-C01. The reaction mixture was stirred for 24
hours at 30°C. Upon reaction completion, a small amount
of solid NaCl was added to the reaction mixture. The solu-
tion was then filtered, extracted with ethyl acetate (3x
15 mL), dried with MgSO,, filtered, and then concentrated
under vacuum to obtain the >99% pure [-hydroxydioxi-
none.

Procedure for the Large-Scale Preparation of 4a

160 mL of 0.1 M phosphate buffer (pH 7.0) were added to
a 500-mL, 3-neck, round-bottom flask equipped with an
overhead stirrer, a nitrogen inlet, and a septum. 100 mg of
KRED-P01-C01 were then added followed by 50 mg of
NADPH. In a separate 100-mL round-bottom flask, 20 g of
p-ketodioxinone substrate 3a, 20 mL isopropyl alcohol
(IPA) and 20 mL cyclopentyl methyl ether (CPME) were
added. Once the f-ketodioxinone substrate had completely
dissolved (required slight heating and stirring), this solution
was added to the solution containing KRED-P01-C01. The
reaction mixture was stirred for 72 hours at 30°C. Upon re-
action completion, solid NaCl was added to the reaction
mixture. The solution was then filtered, extracted with ethyl
acetate (5x150 mL), dried with MgSO,, filtered, and then

Adv. Synth. Catal. 0000, 000, 0-0
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concentrated under vacuum to obtain the >99% pure p-hy-
droxydioxinone 4a

Procedure for the Preparation of f3-
Hydroxydioxinone ent-4a

50 mg of the KRED Recycle Mix N (contains NADH) were
added to a vial. 1 mL of 0.1M phosphate buffer (pH 7.0)
was added to the KRED Recycle Mix N, and stirred until it
was homogeneous, whereupon 1 mg of KRED-NADH 101
was then added. 100 mg of (-ketodioxinone substrate were
then added and the reaction mixture was stirred for 24
hours at 30°C. Upon reaction completion, a small amount
of solid NaCl was added to the reaction mixture. The solu-
tion was then filtered, extracted with ethyl acetate (3x
15 mL), dried with MgSQ,, filtered, and then concentrated
under vacuum to obtain the >99% pure (-hydroxydioxi-
none.
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