Short, Chemoenzymatic Access to Cyctetryptomycin A and B
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ABSTRACT: A concise and chemoenzymatic synthesis of cyctetryptomycin A and B (1-2) using a Zr-catalyst and CttpC is reported.
The recent discovery of cyctetryptomycin A and B (1-2) and their intriguing neuroprotective activities necessitated scalable synthesis

to facilitate structure-activ-
ity relationship  studies.
However, the synthesis of
cyctetryptomycin A and B
(1-2) solely by chemical re-
actions has proven to be im-
practical. Therefore, a novel
approach using a short and
chemoenzymatic  strategy
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was developed to prepare cyctetryptomycin A and B (1-2) via Zr-catalyzed construction of two consecutive quaternary chiral carbons
and CttpC-catalyzed direct oxidative coupling of the tryptophan moiety.

INTRODUCTION

Cyctetryptomycin A and B (1-2) (Figure 1) are tetrameric nat-
ural products that were isolated in 2021.! These intriguing com-
pounds are characterized by the complex linkage of four natu-
rally occurring tryptophans into an unprecedentedly complex
macrocyclic molecule. These natural products possess neuropro-
tective activity and are expected to be effective in treating neu-
rodegenerative diseases such as ALS (amyotrophic lateral scle-
rosis), Alzheimer's, and Parkinson's diseases.! However, the to-
tal synthesis of cyctetryptomycin A and B (1-2) has not yet been
reported. In the present study, we developed a Zr-catalyzed scal-
able C3-C3 dimerization of tryptophan derivative and CttpC-
catalyzed oxidative coupling of tryptophan and successfully pre-
pared cyctetryptomycin A and B (1-2) in 8 steps. Our synthetic
method is expected to contribute to the development of potential
therapeutic agents for neurodegenerative diseases such as ALS,
Alzheimer's, and Parkinson's diseases.

Polymerized natural products derived from tryptophan have
long piqued the interest of researchers in the field of synthetic
chemistry, due to not only their various potent biological activi-
ties but also due to their complex structures.? A number of di-
merized natural products of tryptophan derivatives linked at the
C3 position have been isolated, and their structures have been
determined.® Several of these dimerized natural products have
been successfully synthesized by several research groups.**
Typical methods for linking the C3 positions of tryptophan de-
rivatives include the utilization of Co,® Ni,® Cu,” Fe,® V,0s,° or

hypervalent iodine reagents.!® While these methods are useful
for linking the C3 positions of tryptophan derivatives, some of
the reaction conditions require more than one equivalent of
metal reagents, strongly acidic conditions, expensive catalysts
and ligands, and may present stereo- and regioselectivity issues
when dimerizing tryptophan derivatives. These methods of di-
merizing tryptophan derivatives pose difficulties in scale-up
production, and therefore there is a need of an inexpensive and
reproducible method of linking the C3 positions that is suitable
for scalable synthesis.

Our retrosynthetic analysis is shown in Figure 1A. Cycletryp-
tomycin A and B (1-2) have complex three-dimensional struc-
tures on a highly tryptophan-linked macrocycle. Therefore, in
order to conduct a scalable synthesis of these natural products,
it is important to develop a mild and scalable synthetic method
that is inexpensive and does not require harsh conditions. For
this reason, we carried out a Zr-catalyzed dimerization of tryp-
tophan derivatives followed by the rapid construction of two
diketopiperazines by an amide formation reaction. The key re-
actions in this synthetic pathway are the linking of C22 and C18'
by macrocyclization of tetratryptomycin A (3) and the linking of
the nitrogen on the indole to C18' to form cyctryptomycin A and
B (1-2). We first attempted to synthesize cyctryptomycin A and
B (1-2) by oxidative cyclization of tetratryptomycin A (3) as an
initial screening (Figure 1B).* More than 100 oxidation condi-
tions were applied, including NCS, NBS, NIS, PhI(OACc),,
PhI(OCOCF3),, FeCls, V.05, Mn(OAc)s, anodic oxidation,



photo-oxidation, pig’s liver and chicken’s liver as oxidants.
However, no cyctryptomycin A and B (1-2) could be obtained
from tetratryptomycin A (3). The inaccessibility of oxidative cy-
clization is anticipated to be attributed to the distance between
the two tryptophan moieties, resulting from the distal position of
C22 and C18' of tetratryptomycin A (3), which unfavorably im-
pedes cyclization.

A. This work o

cyctetryptomycin B (2)

o [chemoenzymatic
L strategy]
----NH, %
NH; %
\
U
Y 4x

NH
H L-tryptophan
[mild condition]
[inexpensive metal]
[short-step & scalable]

o
X,Z,’) CttpC

B. High level summary of
FeCls, V5,05, Mn(OAC)s,

documented failures
3‘\”«@
n N H \H A\ NH anodlc&photo-OX|dat|on,

1 pig's liver, chicken's liver,
acid, base, solvent, temp

NCS, NBS, NIS,
PhI(OAc),, PhI(OCOCFs3),,

“X-.
HH O ©
or
v\Nng N_ €22 [chemical & bio-oxidants] 2

N@ [>100 screening]
& s

H
tetratryptomycin

(2

N
H

non-enzymatic
distance

," | predicted distance
" | c22-c18: 184 A
N-C18:17.2 A

Cc22

most stable conformation

calculated by Schrédinger
Figure 1. (A) A chemoenzymatic approach to the cyctetrypto-
mycin A and B (1-2); (B) High level summary of documented
failures.

The computational chemistry analysis of the most stable con-
formation of tetratryptomycin A (3) in fact revealed that the
C22-C18' distance is 18.4 A and the N-C18' distance is 17.2 A
(Figure 1B). These calculations also indicate a mutual distal po-
sition of the two tryptophan moieties in tetratryptomycin A (3).
This significant distance was suggested to impede the macrocy-
clization of tetratryptomycin A (3), and over 100 macrocycliza-
tion conditions were investigated. However, none of the condi-
tions yielded the desired cyctetryptomycin A and B (1-2), and
the two tryptophan moieties of 3 were either transformed into
oxindoles or halogenated as the major by-products. In 2021, we
identified the CttpC enzyme as a key component for the oxida-
tive macrocyclization of tetratryptomycin A (3) to produce cyc-
tetryptomycin A and B (1-2). However, the biosynthesis of cyc-
tetryptomycin A and B (1-2) could not be achieved on a large

scale, and only a few milligrams were obtained.* Consequently,
we devised a plan to develop an inexpensive, non-toxic, mild,
and scalable Zr-catalyzed dimerization of tryptophan derivatives,
followed by their enzymatic oxidative macrocyclization, to syn-
thesize cyctetryptomycin A and B (1-2) in large quantities.'?
These compounds have the potential to serve as seed compounds
for the treatment of neurodegenerative diseases such as ALS,
Alzheimer's, and Parkinson's diseases.

RESULTS AND DISCUSSION

Initially, we focused on developing a scalable and mild dimer-
ization method for the C3 position of tryptophan derivative 4
(Scheme 1A). As mentioned earlier, several methods have been
reported for dimerizing the C3 position of tryptophan deriva-
tives.>10 We first attempted the dimerization of 4 using 1.8
equivalent of CoCI(PPhs)s, as reported by Movassaghi et al.’
Although the desired product 5 was obtained, only 24% isolated
yield was achieved on a 50 mg scale. Next, we investigated the
use of the Ni catalyst and the dppe ligand, as reported by Oguri
et al.5 Although a trace amount of the desired compound 5 was
obtained, the reaction was difficult to reproduce. The low yields
observed under the Ni and Co conditions may be attributed to
the sensitivity of these conditions to the purity and brand of the
reagents and solvents, their hygroscopic nature, and the high
sensitivity of the low-valent chemical species to oxygen atmos-
phere, rendering them challenging to handle. On the other hand,
the dimerization using Nil, and 1,10-phenanthroline ligand, as
reported by Peng et al.,®® resulted in the dimerized compound 5
in 38% isolated yield. Although dimerization reactions of 4 us-
ing existing methods such as CoCI(PPhs),® and Ni-catalysts® are
feasible, the delicate nature of the reaction makes adjustment
and handling of reagents complicated, and the reproducibility of
the desired product is poor. Moreover, in the case of
CoClI(PPhs);, more than one equivalent of the reagent is neces-
sary since the reaction is not catalytic. Additionally, the use of
Ni poses challenges due to the instability of its low valence state
in the presence of oxygen. Given these limitations, we opted to
explore a new, more dependable dimerization reaction that can
be executed more effortlessly and economically on a decagram
scale. After the screening of conditions, interestingly, we found
that the use of a Cp,TiCl, catalyst was successful in obtaining 5
in 35% isolated yield. The advantage of using a Cp.TiCl, cata-
lyst is that it is inexpensive, stable in air, does not absorb mois-
ture, and requires no expensive ligands, making it suitable for
scalable synthesis. On the other hand, in recent years, radical re-
actions using zirconium have been vigorously studied due to
their mild reaction conditions and low toxicity.*® Since zirco-
nium has physical properties similar to those of titanium, we pre-
dicted the bond dissociation energies (BDE) of Ti-Br and Zr-Br
bonds in Cp,TiBr; and Cp.ZrBr, using DFT calculations. The
Ti-Br bond of Cp,TiBr, was found to be 79.2 kcal/mol, while
the Zr-Br bond of Cp,ZrBr; was 89.5 kcal/mol. From the DFT
calculation, it is evident that the Cp.ZrBr, catalyst can easily
produce radicals from 4 through single electron transfer. Indeed,
the Cp.ZrCl; catalyzed dimerization of 4 gave 5 in 65% isolated
yield, which was attributed to the strong bond dissociation en-
ergy (BDE) of the Zr-Br bond. It is noteworthy to mention that
through meticulous investigations of the reaction conditions, the
use of dppe was crucial for this reaction.



Scheme 1. (A) Zr-catalyzed dimerization; (B) Short, chemoenzymatic access to cyctetryptomycin A (1) and B (2).2
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Subsequently, the reducing agent for this reaction was investi-
gated in detail (Scheme 1A). Fe, Mg, or electrochemical reduc-
tion conditions commonly employed for transition metal reduc-
tion resulted in meager conversion, and only trace amounts of 5
was obtained. Further investigations revealed that the use of Mn
as the reducing agent afforded 5 in 25%. However, the most fa-
vorable outcome was achieved when Zn dust was employed as
the reducing agent, providing an isolated yield of 65% on a 50
mg scale. The effects of solvent on this reaction were also ex-
plored. Solvents such as 2-Me-THF, TBME, hexane, EtOAc,
DMA, DMF, 1,4-dioxane, and NMP proved to be ineffective.
The dimerized compound 5 was obtained in a yield of 19% when
MeCN was used, and in a yield of 37% when DME was em-
ployed. Further investigations revealed that THF as the solvent
provided the highest yield (65%) of 5.

Next, the influence of ligands was examined. The addition of
ligands often accelerates the reaction greatly and is therefore a
crucial factor to consider. Consequently, we evaluated several
greatly, starting with bipyridine and phenanthroline ligands, but
these were not effective. Subsequently, a variety of monodentate
and bidentate phosphine ligands (tBusP, dppf, dppp, dppbz, PhsP,
CysP, (4-Me-Ph)sP, (4-OMe-Ph)sP, and dppe) were screened.
Among these ligands, dppe (10 mol%) was the most effective
ligand (yield of 65%) for this reaction. In fact, without dppe, the
yield was 56% on a 50 mg scale. Interestingly, further investi-
gations into the addition of dppe demonstrated that the effect of
10 mol% dppe was particularly significant on the gram and
decagram scales. In fact, when 5 was synthesized using
Cp2ZrCl; catalyst and Zn dust without dppe, the yield was as low
as 25% on 1 g and 10 g scales, and 5 could not be obtained re-
producibly. However, when 10 mol% of dppe was utilized as a
ligand, 5 was successfully obtained in isolated yields of 52% and
47% on 1 g and 10 g scales, respectively. Based on these find-
ings, a synthetic route was established for the production of 5 by
dimerization over Cp,ZrCl, catalyst, Zn dust, and dppe in THF,
providing the desired compound 5 on a decagram scale with
good reproducibility. This dimerization approach can be applied
to the synthesis of analogs and potential seed compounds on a
decagram scale since it does not require strong acidic conditions
or high temperatures and proceeds with mild and inexpensive
reagents. The proposed reaction mechanism of this dimerization
reaction is described below. Initially, the tetravalent catalyst is
reduced by Zn dust to form trivalent Cp.ZrClI. This highly active
trivalent Cp,ZrCl captures Br in compound 4 by single electron
transfer, forming a strong and stable Zr-Br bond and generating
a radical species at the benzylic position. The resulting radical
above the benzylic position dimerizes to give the desired com-
pound 5.

Our next objective was to establish a concise and chemoen-
zymatic approach to the synthesis of cyctryptomycin A and B
(1-2) that possess neuroprotective activity with potential effi-
cacy against neurodegenerative diseases such as ALS, Alzhei-
mer's, and Parkinson's diseases. Our strategy involved with the
mild and scalable Zr-catalyzed dimerization reaction to synthe-
size tetratryptomycin A (3) on a decagram scale. Notably, the
synthetic route initiated a simple and cost-effective reaction
(Scheme 1B). Specifically, 6 was synthesized by protecting the
nitrogen atom on the indole and the primary amine with a Boc
group, utilizing the natural form of L-tryptophan ethyl ester.
Subsequently, 7 was synthesized as a single diastereomer by

bromocyclization of 6 using NBS. The slow addition of NBS
during bromocyclization of 6 was crucial for obtaining the single
compound 7, as a rapid addition resulted in inseparable diastere-
omeric mixtures. Compound 7 was then dimerized to 8 using a
Cp2ZrCl; catalyzed reaction on a decagram scale, driven by the
formation of a strong and stable Zr-Br bond. Notably, the addi-
tion of dppe (10 mol%) was essential for the Cp,ZrCl, catalyzed
dimerization reaction, as it helped trap trace amounts of residual
metal in the reagent and prevented reproducibility issues on both
1 g and 10 g scales, with yields decreasing to 25% without dppe.
The resulting dimerized product 8 was simultaneously depro-
tected with TMSI to remove the four Boc groups, and the result-
ing Boc-protected L-tryptophan was condensed with HATU to
yield 10.*° Flash vacuum pyrolysis (FVP) was then employed
to rapidly construct two diketopiperazines simultaneously in a
single step, yielding a total of 21 g of tetratryptomycin A (3).
The macrocyclization of tetratryptomycin A (3) by coupling the
C22-C18' and N-C18' positions was a significant step towards a
scalable synthesis of cyctryptomycin A and B (1-2).

According to the computational chemistry of the most stable
conformation, the two tryptophan sites of tetratryptomycin A (3)
are located a long distance from each other, making macrocy-
clization a challenging task. In fact, as mentioned above, more
than 100 screenings employing chemical and bio-oxidation (e.qg.,
chicken and pig liver) conditions did not result in macrocycliza-
tion, as the tryptophan moiety was oxidized to oxindole as a by-
product and halogenated. On the other hand, the CttpC enzyme
catalyzes the macrocyclization of tetratryptomycin A (3) to af-
ford cyctryptomycin A and B (1-2).! Therefore, we investigated
the conditions under which the specific gene for this essential
enzyme, CttpC, could be introduced into S. coelicolor M1146
and cultivated in large quantities. After investigating various
culture conditions, it was found that the most effective method
was to place approximately 6 L of S. coelicolor M1146 culture
medium containing the specific gene for CttpC and 3.54 g of
tetratryptomycin A (3) in 118 Meyer flasks of 50 ml each and
react at 28-30 °C (see the Supporting Information). This large-
scale culture successfully grew 154 g of S. coelicolor M1146
expressing CttpC in one cycle (see the photo in Scheme 1B).
Ensuring adequate oxygen was especially important for the scal-
able preparation of S. coelicolor M1146. Specifically, it was cru-
cial to avoid the utilization of Meyer flasks (3 L or 5 L) that were
excessively voluminous. In fact, after scrutinizing the conditions
for mass culture, we endeavored to cultivate S. coelicolor
M1146 in sizable Meyer flasks (3 L or 5 L), but the number of
S. coelicolor M1146 colonies observed was insufficient and the
cultivation of the organisms was unsuccessful. Furthermore, the
inclusion of tetratryptomycin A (3) did not result in a reaction or
any progress in macrocyclization. Since stirring efficiency is im-
portant for the culture of S. coelicolor M1146, it is likely that
large Meyer flasks such as 3 L or 5 L were not sufficient to en-
sure oxygenation (see the Supporting Information). After careful
examination of various culture conditions, it was interesting to
note that many colonies of S. coelicolor M1146 were observed
in relatively small Meyer flasks, such as 125 ml and 50 ml, and
that the culture progressed well (Scheme 1B). Notably, this
method proceeded well on a 3.5 g scale and finally led to the
synthesis of cyctetryptomycin A and B (1-2) in 8 steps.

The putative reaction mechanism of the macrocyclization by
CttpC can be described as follows. The tetravalent iron complex,
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consisting of a heme moiety and iron, causes N-H abstraction of
tetratryptomycin A (3), leading to the formation of radicals at
the nitrogen indole. Subsequently, radical migration generates
radicals at the C3 position of tryptophan. The nitrogen atom of
diketopiperazine nucleophilically attacks the simultaneously
formed imine, resulting in the formation of pyrroloindoline. The

radical on the C3 of the tryptophan then couples with the radical
on the nitrogen atom of the other tryptophan to form cyctetryp-
tomycin B (2). On the other hand, it is assumed that the radical
on the C3 of the tryptophan leads to the formation of cyctetryp-
tomycin A (1) by radical addition to the C7 position of the other
tryptophan.



A detailed discussion of further scale-up of macrocyclization
of tetratryptomycin A (3) with CttpC is described below (Figure
2A). The macrocyclization process was monitored by LC-MS
while tetratryptomy-cin A (3) was catalyzed by CttpC. The find-
ings revealed that upon adding 1 mg of tetratryptomycin A (3)
to 50 ml of S. coelicolor M1146 culture expressing CttpC in a
Meyer flask, cyctryptomycin A (1) was the major product ob-
tained, while cyctryptomycin B (2) was the minor product after
a 24-hour incubation. Further experiments were conducted on a
10 mg scale, revealing that after 14 days, the starting material 3
was almost depleted, and cyctryptomycin A (1) was the major
product obtained, with cyctryptomycin B (2) being the minor
product. To further increase the scale, macrocyclization was per-
formed using 30 mg of tetratryptomycin A (3), and after 14 days,
the starting material 3 was observed, and although the reaction
was not completed, the desired compounds cyctryptomycin A
(1) and cyctryptomycin B (2) were obtained in the similar ratio
on 10 mg scale. Conversely, on 50 mg scale, the concentration
of 3 may have been too high, and after 14 days, a significant
amount of starting material 3 remained, resulting in a poor con-
version rate of the reaction. Based on these results, it is evident
that the most efficient method was to prepare a 50 ml S. coeli-
color M1146 culture in a Meyer flask and add 30 mg of tetra-
trypto-mycin A (3) for macrocyclization, using CttpC as a cata-
lyst. It is worth mentioning that macrocyclization can be per-
formed on a 3.54 g (= 30 mg x 118 batches) scale of tetratrypto-
mycin A (3) in one cycle by simultaneously stirring 118 Meyer
flasks in an incubator during the scale-up. The temperature in
the incubator was also investigated, and it became clear that it is
crucial to maintain the temperature between 28 °C and 30 °C.
Conversely, if the temperature exceeds 35 °C, the growth of S.
coelicolor M1146 expressing CttpC was inhibited.

The macrocyclization of tetratryptomycin A (3) was effi-
ciently facilitated by the CttpC enzyme, enabling the rapid syn-
thesis of tetratryptomycin A and B (1-2) in a concise manner.
Despite an investigation of over 100 chemical and bio-oxidants,
as previously mentioned, the macrocyclization of tetratryptomy-
cin A (3) did not occur under conditions other than those involv-
ing CttpC. This noteworthy fact prompted an exploration of the
reaction mechanism for the macrocyclization of tetratryptomy-
cin A (3). To this end, a docking analysis was conducted be-
tween CttpC, whose amino acid sequence had already been elu-
cidated, and tetratryptomycin A (3) (Figure 2B). In a compre-
hensive docking analysis, it is intriguing to note that significant
changes in the conformation of tetratryptomycin A (3) were ob-

served in the presence of CttpC (see the Supporting Information).

Specifically, the predicted result with the best docking score re-
vealed that the interatomic distance between C22-C18', which is
involved in the macrocyclization of tetratryptomycin A (3), is
computationally predicted to be 8.89 A in the presence of CttpC,
whereas in the absence of CttpC, the interatomic distance be-
tween C22-C18' in the most stable conformation of 3 is predicted
to be 18.4 A. Therefore, the computational results suggest that
the presence of CttpC reduces the interatomic distance between
C22-C18' of 3 by approximately half. This is also observed for
the interatomic distance between N-C18' of 3. Specifically, in
the absence of CttpC, the interatomic distance was 17.2 A, while

in the presence of CttpC, the distance was shortened to 9.96 A,
as shown by the calculations. Furthermore, the computational
results also revealed that hemoglobin within the pocket of CttpC
and 3 were in close proximity (Fe-C18" 9.17 A).

However, it cannot be ruled out that the interatomic distances
may be predicted to be short by chance when considering the
results of a single docking analysis. Therefore, to exclude these
coincidental predictions, we conducted further detailed docking
analyses (Figure 3). Specifically, we calculated the average and
standard deviation of the interatomic distances C22-C18', N-
C18', and Fe-C18' for all 22 potential docking conformers de-
rived from the docking analysis of 3 and CttpC in the known
rational active site (Figure 3A). The average interatomic dis-
tances for 3 in the presence of CttpC were C22-C18": 13.4 A, N-
C1812.6 A, and Fe-C18" 10.6 A, with low standard deviations
of C22-C18": 3.41, N-C18": 2.15, and Fe-C18": 1.38. These re-
sults indicate that the macrocyclization of 3 catalyzed by CttpC
is crucial for the proper positioning of the two tryptophan moie-
ties and hemoglobin, as evidenced by computational results and
docking analysis.

CONCLUSION

In summary, this study enabled the 8-step synthesis of cycte-
tryptomycin A and B (1-2) through the dimerization of trypto-
phan derivatives using a newly developed Zr catalyst and mac-
rocyclization employing CttpC. Previous reports have described
similar reactions using Ni catalysts, (PPh3);CoCl, V,0s, CuCl,,
and PhI(OACc); reagents for the dimerization of tryptophan de-
rivatives. However, some of these reaction conditions may be
highly dependent on the brand, quality, and humidity of the lo-
cation where the reaction is carried out, and implementation on
a larger scale than a decagram was not realistic due to decreased
yields. Additionally, some of the reaction conditions are stoichi-
ometric rather than catalytic, making them extremely expensive
and environmentally burdensome on larger scales. Furthermore,
it is noteworthy to mention that while there are existing inexpen-
sive methods available, some methods require highly acidic con-
ditions, such as MsOH, which are not practically viable for
large-scale synthesis due to safety concerns. In contrast, we pro-
vided herein a new option for the dimerization of tryptophan de-
rivatives using an inexpensive, low-toxicity, mild condition, and
non-hygroscopic Zr catalyst, which successfully synthesized 21
g of tetratryptomycin A (3). This method is applicable to not
only tetratryptomycin A (3) but also many other bispyrroli-
dinoindoline-type natural products, offering a highly practical,
reliable, and scalable technique that is not location-dependent.
For the macrocyclization of tetratryptomycin A (3) using CttpC,
we identified optimal reaction conditions on a gram scale, allow-
ing for the 8-step synthesis of cyctetryptomycin A and B (1-2),
which has not been reported previously. The significant ad-
vancements in genetic engineering techniques in recent years
will likely enable the development of further optimized CttpC-
related artificial proteins in the future.



ASSOCIATED CONTENT

Supporting Information. Experimental procedures, analyt-
ical data (*H and *C NMR, MS) for all new compounds as
well as optimization tables. This material is available free of
charge via the Internet at http://pubs.acs.org.

AUTHOR INFORMATION

Corresponding Authors

Pei-Yuan Qian; email: bogianpy@ust.hk
Hugh Nakamura; email: hnakamura@ust.hk

Author Contributions

SL.Y., S.L. and T.L.C. contributed equally to this work.
Notes
The authors declare no competing financial interest.

ACKNOWLEDGMENTS

Financial support for this work was provided by start-up
funds from HKUST (Project No. R9820) to H.N.; the Na-
tional Key Research and Development Program of China
(2018YFA0903200), PI Project of Southern Marine Science
and Engineering Guangdong Laboratory (Guangzhou)
[2021HJ01, SMSEGL20SCO01], UGC and RGC of the Hong
Kong SAR government (16100722, C6026-19G-A, and
T11-104/22R) to P.Y.Q.

REFERENCES

@

@

®

(a) Malit, J. J. L.; Liu, W.; Cheng, A.; Saha, S.; Liu, L. L.; Qian,
P. Y. Global Genome Mining Reveals a Cytochrome P450-Cata-
lyzed Cyclization of Crownlike Cyclodipeptides with Neuropro-
tective Activity Org. Lett. 2021, 23, 6601. (b) Novitskiy, . M.;
Kutateladze, A. G. DU8ML.: Machine Learning-Augmented Den-
sity Functional Theory Nuclear Magnetic Resonance Computa-
tions for High-Throughput In Silico Solution Structure Validation

and Revision of Complex Alkaloids J. Org. Chem. 2022, 87, 4818.

(a) Wang, X.; Li, Y.; Zhang, X.; Lai, D.; Zhou, L. Structural Di-
versity and Biological Activities of the Cyclodipeptides from
Fungi Molecules 2017, 22, 2026. (b) Tang, S.; Vincent, G., Nat-
ural Products Originated from the Oxidative Coupling of Tyrosine
and Tryptophan: Biosynthesis and Bioinspired Synthesis Chem.
Eur. J. 2021, 27, 2612. (c) Sun, C.; Tian, W.; Lin, Z.; Qu, X. Bi-
osynthesis of pyrroloindoline-containing natural products Nat.
Prod. Rep., 2022, 39, 1721.

(a) Barrow, C. J.; Cai, P.; Snyder, J. K.; Sedlock, D. K.; Sun, H.
H.; Cooper, R. WIN 64821, a New Competitive Antagonist to
Substance P, Isolated from an Aspergillus Species: Structure De-
termination and Solution Conformation J. Org. Chem. 1993, 53,
6016. (b) Sedlock, D. M.; Barrow, C. J.; Brownell, J. E.; Hong,
A.; Gillum, A. M.; Houck, D. R. WIN 64821, A novel neurokinin
antagonist produced by an Aspergillus sp. |. Fermentation and iso-
lation J. Antibiot. 1994, 47, 391. (c) Oleynek, J. J.; Sedlock, D.
M.; Barrow, C. J.; Appell, K. C.; Casiano, F.; Haycock, D.; Ward,
S. J.; Kaplita, P.; Gillum, A. M. WIN 64821, A novel neurokinin
antagonist produced by an Aspergillus sp. 1. Biological activity J.
Antibiot. 1994, 47, 399. (d) Popp, J. L.; Musza, L. L.; Barrow, C.
J.; Rudewicz, P. J.; Houck, D. R. A novel neurokinin antagonist
produced by an Aspergillus sp. I1l. Biosynthetic analogs J. Anti-
biot. 1994, 47, 411. (e) Barrow, C. J.; Musza, L. L.; Copper, R.
Structure-activity studies of the natural product substance P

4)

®)

(6)

(7

®)

©)

antagonist WIN 64821 Bioorg. Med. Chem. Lett. 1995, 5, 377. (f)
Ovenden, S. P. B; Sberna, G.; Tait, R. M.; Wildman, H. G.; Patel,
R.; Li, B.; Steffy, K.; Nguyen, N.; Meurer-Grimes, B. M. A
Diketopiperazine Dimer from a Marine-Derived Isolate of Asper-
gillus niger J. Nat. Prod. 2004, 67, 2093. (g) Borthwick, A. D.
2,5-Diketopiperazines: Synthesis, Reactions, Medicinal Chemis-
try, and Bioactive Natural Products Chem. Rev. 2012, 112, 3641.
(a) Overman, L. E.; Paone, D. V. Enantioselective Total Synthe-
ses of Ditryptophenaline and ent-WIN 64821 J. Am. Chem. Soc.
2001, 123, 9465. (b) Lebsack, A. D.; Link, J. T.; Overman, L. E.;
Stearns, B. A. Enantioselective Total Synthesis of Quadrigemine
C and Psycholeine J. Am. Chem. Soc. 2002, 124, 9008. (c)
Newhouse, T.; Baran, P. S. Total Synthesis of (+)-Psychotrimine
J. Am. Chem. Soc. 2008, 130, 10886. (d) Pefez-Balado, C.; de
Lera, A. R. Expedient Total Syntheses of WIN 64745 and WIN
64821 Org. Lett. 2008, 10, 3701. (e) Pefez-Balado, C.; Rodriguez-
Graiia, P.; de Lera, A. R. Chem. Eur. J. 2009, 15, 9928. (f) Foo,
K.; Newhouse, T.; Mori, |.; Takayama, H.; Baran, P. S. Total Syn-
thesis Guided Structure Elucidation of (+)-Psychotetramine An-
gew. Chem. Int. Ed. 2011, 50, 2716. (g) Madeleine E. Kieffer, M.
E.; Chuang, K. V.; Reisman, S. E. Copper-Catalyzed Diastereose-
lective Arylation of Tryptophan Derivatives: Total Synthesis of
(+)-Naseseazines A and B J. Am. Chem. Soc. 2013, 135, 5557. (h)
Areal, A.; Dominguez, M.; Vendrig, P.; Alvarez, S.; Alvarez, S.;
de Lera, A. R. Total Synthesis of Homo- and Heterodimeric
Bispyrrolidinoindoline Dioxopiperazine Natural Products J. Nat.
Prod. 2021, 84, 1725.

(a) Schmidt, M. A.; Movassaghi, M., Concise Total Synthesis of
(-)-Calycanthine, (+)-Chimonanthine, and (+)-Folicanthin, An-
gew. Chem. Int. Ed. 2007, 46, 3725. (b) Kim, J.; Ashenhurst, J.
A.; Movassaghi, M. Total Synthesis of (+)-11,11'-Dideoxyverti-
cillin A Science, 2009, 324, 238. (c) Schmidt, M. A.; Ashenhurst,
J. A.; Movassaghi, M., Concise Total Synthesis of (+)-WIN
64821 and (-)-Ditryptophenaline Angew. Chem. Int. Ed. 2008, 47,
1485. (d) Xie, W.; Jiang, G.; Liu, H.; Hu, J.; Pan, X.; Zhang, H.;
Wan, X.; Lai, Y.; Ma, D.; Highly Enantioselective Bromocycliza-
tion of Tryptamines and Its Application in the Synthesis of (-)-
Chimonanthine Angew. Chem. Int. Ed. 2013, 52, 12924. (e)
Loach, R. P.; Fenton, O. S.; Movassaghi, M.; Concise Total Syn-
thesis of (+)-Asperazine, (+)-Pestalazine A, and (+)-iso-Pestala-
zine A. Structure Revision of (+)-Pestalazine A J. Am. Chem. Soc.
2016, 138, 1057.

(a) Wada, M.; Murata, T.; Oikawa, H.; Oguri, H. Nickel-catalyzed
dimerization of pyrrolidinoindoline scaffolds: systematic access
to chimonanthines, folicanthines and (+)-WIN 64821 Org. Bio-
mol. Chem., 2014, 12, 298. (b) Luo, L.; Zhang, J. J.; Ling, W. J.;
Shao, Y. L.; Wang, Y. W.; Peng, Y. Unified Synthesis of (-)-Foli-
canthine and (—)-Ditryptophenaline Enabled by a Room Temper-
ature Nickel-Mediated Reductive Dimerization Synthesis 2014,
46, 1908. (c) Taniguchi,T.; Tsubouchi, A.; Imai, Y.; Yuasa, J.;
Oguri, H. Chiroptical Inversion of Europium(I1l) Complexes by
Changing a Remote Stereogenic Center of a C2-Symmetric
Bispyrrolidinoindoline Manifold J. Org. Chem. 2018, 83, 15284.
Liang, K. J.; Deng, X.; Tong, X. G.; Li, D. S.; Ding, M.; Zhou, A.
K.; Xia, C. F. Copper-Mediated Dimerization to Access 3a,3a’-
Bispyrrolidinoindoline: Diastereoselective Synthesis of (+)-WIN
64821 and (—)-Ditryptophenaline Org. Lett. 2015, 17, 206.

Scott, A. I.; Mccapra, F.; Hall, E. S. Chimonanthine. A One-Step
Synthesis and Biosynthetic Model J. Am. Chem. Soc. 1964, 86,
302.

(a) Tadano, S.; Mukaeda, Y.; Ishikawa, H. Bio-Inspired Dimeri-
zation Reaction of Tryptophan Derivatives in Aqueous Acidic
Media: Three-Step Syntheses of (+)-WIN 64821, (-)-Ditrypto-
phenaline, and (+)-Naseseazine B Angew. Chem. Int. Ed. 2013,
52, 7990. (b) Tadano, S.; Sugimachi, Y.; Sumimoto, M.; Tsuka-
moto, S.; Ishikawa, H. Collective Synthesis and Biological Eval-
uation of Tryptophan- Based Dimeric Diketopiperazine Alkaloids
Chem. Eur. J. 2016, 22, 1277.



(20) (a) Ishikawa, H.; Takayama, H.; Aimi, N. Dimerization of indole

derivatives with hypervalent iodines(l11): a new entry for the con-
cise total synthesis of rac- and meso-chimonanthines Tetrahedron
Lett. 2002, 43, 5637. (b) Snell, R. H.; Woodward, R. L. Willis, M.
C. Catalytic Enantioselective Total Synthesis of Hodgkinsine B
Angew. Chem. Int. Ed. 2011, 50, 9116.

(11) (a) Cytochrome P450 as Dimerization Catalyst inDiketopipera-

zine Alkaloid Biosynthesis Saruwatari, T.; Yagishita, F.; Mino,
T.; Noguchi, H.; Hotta, K.; Watanabe, K.; ChemBioChem 2014,
15, 656. (b) Tang, M. C.; Zou, Y.; Watanabe, K.; Walsh, C. T;
Tang, Y., Oxidative Cyclization in Natural Product Biosynthesis
Chem. Rev. 2017, 117, 5226. (c) Iron-Catalyzed Biomimetic Di-
merization of Tryptophan-Containing Peptides Ueda, H.; Sato,
S.; Noda, K.; Hakamata, H.; Kwon, E.; Kobayashi, N.; To-
kuyama, H. Angew. Chem. Int. Ed. 2023, 62, €202302404.

(12) (a) Mazzaferro, L. S.; Hiittel, W.; Fries, A.; Miiller, M. Cyto-

chrome P450-Catalyzed Regio- and Stereoselective Phenol Cou-
pling of Fungal Natural Products J. Am. Chem. Soc. 2015, 137,
12289. (b) Grandner, J. M.; Cacho, R. A.; Tang, Y.; Houk, K. N.
Mechanism of the P450-Catalyzed Oxidative Cyclization in the
Biosynthesis of Griseofulvin ACS Catal. 2016, 6, 4506. (c)
Guengerich, F. P. Mechanisms of Cytochrome P450-Catalyzed

Oxidations ACS Catal. 2018, 8, 10964. (d) Molinaro, C.; Kawa-
saki, Y.; Wanyoike, G.; Nishioka, T.; Yamamoto, T.; Snedecor,
B.; Robinson, S. J.; Gosselin, F. Engineered Cytochrome P450-
Catalyzed Oxidative Biaryl Coupling Reaction Provides a Scala-
ble Entry into Arylomycin Antibiotics J. Am. Chem. Soc. 2022,
144, 14838. (e) Wang, Z.; Diao, W.; Wu, P.; Li, J.; Fu, Y.; Guo,
Z.; Cao, Z.; Shaik, S.; Wang, B. How the Conformational Move-
ment of the Substrate Drives the Regioselective C—N Bond For-
mation in P450 TleB: Insights from Molecular Dynamics Simu-
lations and Quantum Mechanical/ Molecular Mechanical Calcu-
lations J. Am. Chem. Soc. 2023, 145, 7252.

(13) (a) Aida, K.; Hirao, M.; Funabashi, A.; Sugimura, N.; Ota, E.;

‘Yamaguchi, J. Catalytic reductive ring opening of epoxides ena-
bled by zirconocene and photoredox catalysis Chem 2022, 8,
1762. (b) Okita, T.; Aida, K.; Tanaka, K.; Ota, E.; Yamaguchi. J.
Activation of Alkyl Chlorides Enabled by Zirconocene and Pho-
toredox Catalysis https://doi.org/10.26434/chemrxiv-2022-5n811
(c) Aida, K.; Hirao, M.; Funabashi, A.; Sugimura, N.; Ota, E.;
Yamaguchi, J. Reverse Regioselectivity in Reductive Ring Open-
ing of Epoxide Ena- bled by Zirconocene and Photoredox Catal-
ysis https://doi.org/10.26434/chemrxiv.14605392.v1

[-4H,0] HO
H ,
[-2H,] N ' ’Z\K’\,

CttpC H
[8 steps] HO O
[chemoenzymatic] 4 x L-tryptophan

cyctetryptomycin B


https://doi.org/10.26434/chemrxiv-2022-5n811
https://doi.org/10.26434/chemrxiv.14605392.v1

