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Scheme 1. Structures, biosynthetic pathway and enzymatic /reactions
associated with TsrE activity. Atom 20 in panels B and C is indicated in red. (A)
TSR and specific PTMs for processing L-Trp to the QA moiety within the side-
ring system. (B) Proposed mechanism for the formation of by-product 3. (C)
Selective hydroxylation of 2-methyl-3-propyl-indole to a (3S) product.

reduced dihydronicotinamide adenine dinucleotide. (phosphate)
(NAD(P)H) in the presence of the flavin reductase Fre:*>° In
addition to 2, careful analysis of the TsrE-catalyzed
transformation revealed a minor compound, 3
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model substrate 2-methyl-tryptophol (7a) was transformed to 8a-
methyl-3a-hydroxyfuroindoline, 8a, but not completely (i.e., 55%
conversion observed over a 3-hr reaction period). Kinetic analysis
under RC-I revealed a kcat value of 6.6 + 0.1 min', approximately
3-fold lower than that in the conversion of 6, indicating that
reduced FADH,, which was rapidly produced given the high
catalytic efficiency of the flavin reductase Fre, might not be
completely used for 8a production and instead tend to be oxidized
by O, to FAD and H,O,. Consistently, either time elongation or
increase in NADPH supply (e.g., 3:1 for the ratio of NADPH to the
substrate 7a) in the reaction mixture did not cause conversion
improvement. H,O, appears to have little affect on TsrE activity
under RC-I, because the addition of catalase (e.g., 0.1U/ml or
1U/ml) did not improve the conversion rate. To alleviate the
inconsistency in reduced FADH, production and TsrE-catalyzed
oxygenation, we utilized glucose 6-phosphate dehydrogenase
(G6PD), which provides NAD(P)H in situ by converting glucose 6-
phosphate (G6P) to 6-phosphogluconolactone, for sustainable
FADH, supply in the presence of Fre. Consequently, the two-
enzyme system composed of G6PD and Fre was optimized to

g alysis of the control reactions proceeding in
the absence of TsrE revealed background products. Likely,
overproduced FADH, can react with O,, leading to an excess of
FAD-4a-OOH that could mediate non-enzymatic oxidative
dearomatization in a diastereoselective manner. To further
balance FADH; production with TsrE-catalyzed oxygenation, for
which the catalytic efficiency might be decreased by indole

substitution, we reduced exogenous FAD usage. Remarkably,
under RC-Ill, where the ratio between FAD and the enzyme was
adjusted to 1:1, the conversions of 7b-d and 7g by TsrE provided
expected products 8b-d and 8g with comparable conversion rates
(i.e., > 95% for each reaction) and improved ee values (i.e., 98%,
90%, 97% and 85% for 8b, 8c, 8d and 8g, respectively). This
further optimized condition was thus applied to the
dearomatizations of additional 2-methyl-tryptophol derivatives
(i.e., 7e, 7h, 7j, 7i,7f and 7k) to evaluate the selectivity of TStE
catalysis in substrate.

With the exceptions of 7e and 7f that cannot be converted,
TsrE activity is sufficient for (nearly) completely converting the
other 2-methyl-tryptophol substrates (i.e., 7h, 7j, and 7i) into
related 3-hydroxy-furoindoline products (i.e., 8h, 8i and 8j);
however, its stereoselectivity varies in a substrate-dependent
manner (i.e., 36-67% ee values). Based on the observation that
TsrE tolerates C5 substitutions by F, Cl and CHs but does not
accept CHzO substitution at the same position, the size of a
substituent group, instead of its electronic property, likely plays a
key role i ate iti i




Scheme 4. Investigation into the catalytic mechanism of TsrE. (A) Two possible
routes to furoindolines. (B) Conversion of 7k into 8k.

Finally, we tested the scale-up feasibility of TsrE-catalyzed
oxidative dearomatization using the model substrates 6 and 7a.
In a 16-fold enlarged, 400 mL reaction mixture, TsrE completely
transformed substrate 6 (75.6 mg and 0.4 mmol) or 7a (70.1 mg
and 0.4 mmol) into product 3 or 8a over a 1.5-2.0 hr period at
room temperature, with an ee value and a yield comparable with
those obtained in a 25 mL reaction mixture. These enzymatic
transformations were conducted under revised RC-IIl, where the
only change is using glucose dehydrogenase and glucose to
replace expensive G6PD and G6P for NADH supply.

In conclusion, following the unexpected TsrE-catalyzed shunt
reaction during investigations into the formation of the QA moiety
installed the side ring system of the thiopeptide antibiotic
thiostrepton, we developed an effective enzymatic approach for
the oxidative dearomatization of indoles in the’ asymmetric
synthesis of a variety of furoindolines with a vicinal quaternary
carbon stereogenic center. This approach, whichrelies on the 2,3-
epoxidation of 2-methyl-indole-3-acetic acid ~or 2-methyl-
tryptophol in a highly stereoselective manner and subsequent
epoxide opening under mild reaction conditions, complements
chemical methods for oxidative indole dearomatization and thus
enriches the toolbox in the asymmetric synthesis of natural
products possessing a furoindoline skeleton. 12l
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