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Abstract: An asymmetric total synthesis of ['°C4J-anatoxin-a ([°C4]-
1) has been developed from commercially available ethyl [°Cy]-
acetoacetate (['°C4]-15). The unique requirements associated with

isotope incorporation inspired a new, robust, and highly scalable =~ || = oo R oon oo
Aggarwal O

route, providing access to 0.110 g of this internal standard for use in 1999 “°O [13C,15
M :

the detection and precise quantification of anatoxin-a in freshwater. ¢ NHEn OH not available

A highlight of the synthesis is a method that leverages a cyclic 5

iminium ion racemization to achieve dynamic kinetic resolution in an
enantioselective Morita-Baylis-Hillman (MBH) cyclization.

['3C4]-3 available, however:

——> & " Br -2equivalents required

3 +Q lost through RCM

Seitz MeO;C\N Meo

*HCI
2000 0 N come [13C4-7
: A% : OBz not available
6 7

Anatoxin-a (1) is a cyanobacterial toxin produced by sg &F "B
genera of  blue-green  algae, including  Anabaena, |/ (. O\ jr— +3 [13C,1-9
Aphanizomenon, and Oscillatoria. ' This potent aggaist of 200; 8 sz =we LN not available
nicotinic acetylcholine receptors (nAChRs) causes Q lost through oxidative cleavage N 9c02Me

excitation at the neuromuscular junction and a
further electrical transmission, which can lead
paralysis and death by asphyxiation.? It has b
with the poisoning and deaths of livestock, d
and waterfowl after exposure to cyanobacteria-co
water.?

1. Previous synthetic approaches to (+)-anatoxin-a and consideration
ability to produce an isotopically labelled internal standard.

ince its isolation, a plethora of synthetic approaches to the
natural isotope of anatoxin-a have been developed and
Cyanobacterial algal blooms have occurred with incregsing” extensively reviewed.’ Its popularity as a synthetic target has

frequency in recent years, likely caused,by factors such as ri inspired several innovative routes (Figure 1). Elegant work has
water temperatures and fertilizer run been described by the Trost,® Aggarwal,® Seitz,”® and Martin"*
significant threat to public safety groups relying on a variety of creative strategies including
cyanobacterial toxins, such as anatoxin-a. asymmetric allylic amination, asymmetric deprotonation,

the detection and quantification pf anatoxin-a in tropanone ring expansion, and enyne metathesis. These
critically important to human impressive syntheses proceeded in as few as 8 steps (Seitz)
currently adopted by the E and up to 27% overall yield (Martin), truly setting a high bar for
water involves a  future approaches to this important target.

combination of liqui ray ionization,  OQur goal was to provide practical synthetic access to an
and tandem mass S/MS) using isotopically labelled anatoxin-a that could be used as an internal
deuterated phenylalanine standard for highly sensitive and precise freshwater

standard.® While this method 1 quantification. In the initial stages of synthesis planning, there
the assumption 05 and anatoxin-a will have  were several important criteria that had to be taken into
identical behavior aration and analysis.® A consideration.' First, isotope incorporation at non-exchangeable

more ideal standar ich would accOunt for potential sample  positions throughout the synthesis is essential to preventing
loss andjion suppressi§@from other components present in the  isotope loss and maintaining a uniform molecular mass in the
sampl ' an isotopically labelled variant of  final product. Second, to prevent any signal overlap during mass
anat tandard is available. spectral analysis, we sought to prepare a standard with a mass

difference of 4 atomic units compared to the natural anatoxin-a.
Finally, given the high cost of isotopically labelled starting
materials, the synthesis itself must be as concise as possible,
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highly scalable, and rely on robust chemical transformations to
ensure reproducibility.

MeO. OMe
H oo MBH & C-N bond Ireland-Claisen
\_me  reaction N OMe  formation rearrangement
{, = Ts — |7 coH —
X «-Me N,
[13C,1 ['3C4-10 o [3c 11 L ime
OTBS
MeO o
MeO o MEOJ\/\)J\OH
)\/\/U\ esterification + 13 o o
MeO 0 OTBS
\/:\)\ p— oH oTBS EtOMMe
* « Me : : *
* * X
\/*\*)*\Illle [13C,4]-15
[3C41-12 [3C4-14 *Denotes a 13C atom

Scheme 1. Synthesis plan for [1304]-anatoxin-a.

Inspired by the past approaches described above, we attempted
to identity a suitable route to isotopically labelled anatoxin-a that
would satisfy these criteria. Previous syntheses, while succinct
and high vyielding, appeared to be unfeasible in this regard due
to a lack of commercially available isotopically labelled starting
materials or synthetic transformations that would result in
isotope loss (Figure 1). We therefore decided to develop a de
novo synthesis of ['°C,]-anatoxin-a (['*C4]-1) from a suitable
source of heavy isotopes. We envisioned a synthetic route in
which the final C-C bond of anatoxin-a would be constructgd
from an iminium Morita-Baylis-Hillman (MBH) cyclizatio
enone ["®*C4]-10 (Scheme 1)."*" The cyclization precursor P41
10 would be derived from acid [*C4]-11, which in turn would
arise from an Ireland-Claisen rearrangement of all
['*C4]-12." Disconnection of the ester C-O bond ide
alcohol 14 and carboxylic acid 15 as potential ma
introduction of isotopes into the synthesis. Aft
survey of commercially available isoto
compounds, ethyl [**C4]-acetoacetate (['*C4]-15) w

to be an excellent precursor to alcohol [*C4]-14. This
serves as the sole source of all heavy isotopes in the synthe
More importantly, these isotopes are placed at

anatoxin-a ([*C4]-1) from ['*C,]-15
dynamic kinetic resolution process thr
MBH cyclization.

The synthesis commenced wit
of ['*C4]-15 (Scheme 2). Sil
TBSCI (96% yield ove,
the ethyl ester gav
triethyl phosphonoaceta i the
intermediate a,B-unsaturat
['*C,]-17 in 84% vyield over teps. Sharpless asymmetric
e ['*C4]-18, which was then

mitant epoxide opening
C4]-14 in 88% yield and 86% ee over 3
that we did attempt to access ['*C.]-
|ective addition of divinyl zinc to

aldehyde ver, both the yield and
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enantioselectivity for this one-step transformation were lower
compared to the route outlined in Scheme 2 (see Supporting
Information for more details).

Coupling of alcohol [*C4]-14 with
gave ester ['°C,]-12 in 97% yie
followed by addition of
rearrangement of the resulting silyl
[*C,-11 in 95% yield a
transformed into the corresp
which then underwent Curtius
Hydrolysis of the inter
primary amine, whi
yield over 2 steps.}
formation and sim
same pot, addition
20, and subs
double bond

in the presence of DCC

C4]-11 was
azide with (PhO),PON3,
ement upon heating.
NaOSiMe; gave a
['*C4]-19 in 83%
A resulted in pyrrolidine
the TBS group. In the
Ac). gave ketone ["*C.]-
U led to migration of the

of MesSiOTf in MeCN at -30 °C
gave ['°C,-21 in 78% Y®Id and 80% ee, which could be
enriched to 98% ee following recrystallization.'® Heating ["*C4]-
with ethyl diol and PPTS generated an acetal, tosyl group
oval w uccessfully accomplished through reduction with
esium, and in situ hydrolysis of the acetal gave [°C4]-
in-a in 72% yield as its hydrochloride salt. High resolution
ectral analysis revealed the final product has 99.1% *C
at all four positions.

ation of the iminium MBH cyclization, we noticed
an unexpe®ed relationship between reaction temperature and
enantiopurity of the cyclized product. At temperatures above —
30 °C, significant racemization was observed. This caught us by
ise, given the apparent lack of an epimerizable carbon in
olecule. Tanner and co-workers observed the same
omenon in their synthesis of anatoxin-a, in which they used
MBH cyclization on a similar precursor.'" The authors
ropose that racemization occurs through a hydride shift of the
initially formed cyclic iminium ion. However, this mechanism
seems improbable given that [1,3]-hydride shifts are symmetry-
forbidden.’ It is conceivable that this racemization involves a
simple trace acid-catalyzed isomerization of the initially-formed
C-monosubstituted imine to the more stable C-disubstituted
imine (i to ii, Scheme 3a). However, at present the exact origin
of epimerization remains unknown.

We became intrigued by the practical implications of the cyclic
imine undergoing facile racemization. At temperatures above —
30 °C, the rate of imine isomerization begins to outcompete the
rate of cyclization. We hypothesized that this phenomenon could
be leveraged to achieve dynamic kinetic resolution through the
use of a chiral nucleophile to induce enantioselectivity.
Treatment of racemic cyclization precursor (+)-10 with Me;SiOTf
produces a series of rapidly equilibrating cyclic imines (i, ii, and
iii, Scheme 3a). If reaction parameters are adjusted such that
equilibration between iminium ions i and iii occurs rapidly
relative to cyclization, the product distribution should reflect the
difference in energy between the two diastereomeric transition

This article is protected by copyright. All rights reserved.
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1. NaBH, Ti(Oi-Pr),, (-)-DIPT
o o 2. TBSCI, ImH (96% yield) 1. EtO,CCH,PO(OEt),, NaH +-BuOOH, 4 A MS 1. I, PPhg, ImH
I 3. i-BupAlH Q  OTBS 5 iBuAH OTBS  CH,Cl,, -15°C, 12h OTBS  , Zn Nal
BT Me T > A Me T > jo” N e — >  Ho N Me
* * * * 84% yield (3 steps) * * * 88% yield
['°C4115 [13C,1-16 [13C,117 (3 steps)
86% ee
CSA, MeOH MeO.__OMe MeO.__OMe MeO
23°C, 12 h; 1. (PhO),PON3, i-PryNEt; LDA, HMPA, TBSCI;
\«'Q‘om TEMPO, PhI(OAc), NaOSiMes then MeOH
! CH,Clp, 23°C, 8 h 2. TsCl, i-PrNEt THF, -78100°C, 3 h OH oTBS
X Ts . ““SNHTs STNCOH A "
* * e
. fre 91% yield N 83% (2 steps) X 95% yield P
v * * 13C,1-14
o [Bcg20 £, Me * . Me 81% ee [13C,]
13C,41-19 13C, 11
CH9 Giras G s
DBU
PhH, 23 °C, 12 h
90% yield S (HOCHa),, PPTS Direct synthesis of (+)-] 14 to access racemic [13C4]-10:
) PhH, 80 °C, 24 h;
O\ Me;SiOTf Ts Mg, MeOH, 23 °C, 1 h;
W N OMe 3! \ o s i ) i
i MeCN, -30 °C, 72 h N 3MHCI, 23°C, 1h " SHESTES
Ts Me 0000 5 Me N e
l: Mo 78% yield \. 72% yield 82% yield M
[13C4-10 (eca21 13 13
- Cql-16 +)13C, 14
° * 80% eo recrystallization [13C,J-1+HCI [7Cd] @7
98% ee

Scheme 2. Total synthesis of [13C4]-anatoxin-a.

states TS1 and TS2, in accordance with the Curtin-Hammett
principle.?' The ability to use racemic (+)-10 would obviate the
need to introduce chirality into alcohol 14. Racemic (+)-['*C4]-14
can be accessed directly through addition of vinylmagnesium
bromide to (+)-['*C4]-16 in 82% yield (Scheme 2 inset), reducing
the synthesis by 4 steps.

Our success using tetrahydrothiophene as a nucleophile i
original route inspired us to explore a variety of chiral
containing nucleophiles for enantioselective iminiu
cyclization. We began our experiments by

commercially available chiral sulfide 22 (Scheme 3b
In this case, product 21 was isolated in high yiel
no enantioselectivity was achieved. We then
camphor-derived sulfide 23 developed by A
workers.” We were excited by the potential of thi

induce selectivity given its previous applicati
enantioselective MBH reactions. * Unfortunately, while t
cyclized product was isolated in excellent vyield,y no

enantioselectivity was observed (entrg 2). Our attention

then turned toward a series of

and trans-2,5-
recovered ftrans

cis-

To this end,
optimization.
racemization; ho
declined drastically

s did indeed prevent
purity of the product
pared to 26 (entry 5). The use of
ave the product in reasonable yield
. We then tested dicyclohexyl and
28 and 29, postulating that
increasing the steric bu e thiolane substituents could
potentially lead to greater selectivity. In both cases, improved

was observed, with the cyclized products
40% yield, 62% ee (entry 7) and 29% yield,

enantioselectiyit

Me;SiOTf, SR,*
T>-30°C

AL owe Lo
|

N
Ts
Me
o racemic
(+)-10

-
. chiral sufide Ts (o}
oM \ M
N ° Me;SIOTF N9 © s
Ts - Me M
/k -
| Me M\ Me™ s Me Me
Me
[0} 22 23
()10 21
Ph A~ Ph
entry solvent sulfide temp. time vyield ee 254
1 MeCN 23 0°C 2h 85% -4%
2 MeCN 24 0°C  3h 85% 0% @ s
25
3 MeCN 25 0°C 2h 68% -6%
45 MeCN 26 -20°C 22h 53% -21% /@Q\O\
50 MeCN-CHCl, 27  -15°C 24h 19% - |73¢ 26 CFs
6 MeCN-CH,Cl, 28 0°C 3h 59% 44%
7 MeCN-PhMe 29 0°C 3h 40% 62% 25:, Q
8 MeCN-CH,Cl, 30 0°C 3h 29% 82%
9 MeCN-CHCl, 30  0°C  2h 50% 78% O’Q Q
10 MeCN-PhMe 29 -40°C 24h 42% 70% 3
1 MeCN-CH,Cl, 30 -78°C 4h 28% 93% .
2Epimerization of the sulfide was observed. "TBSOTf wa [o] zsg C\o
used instead of Me3SiOTf. “Me3SiOTf was added at -78 °C

stirred for 1 h, then warmed to 0 °C and stirred 1 h.

Scheme 3. a) Proposed dynamic kinetic resolution process through an
enantioselective aza-MBH reaction. b) Optimization of the chiral sulfide used
for enantioselective cyclization.
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82% ee (entry 8), respectively. For sulfide 29, adding Me;SiOTf
at —78 °C, stirring for 1 h, and then allowing the mixture to stir at
0 °C for 1 h led to a substantial increase in the yield (50%) with a
similar ee (78%, entry 9). Finally, we also explored conditions in
which the reaction temperature was kept low enough to prevent
imine rearrangement (below —30 °C) in an attempt to achieve
simple kinetic resolution. Performing the cyclization at —40 °C
using sulfide 28 gave the cyclized product in a slightly improved
yield of 42% and 70% ee (entry 10). Using sulfide 29 and
performing the reaction at -78 °C, the cyclized product was
isolated in 28% vyield, this time with a remarkable
enantioselectivity of 93% ee. These observations indicate that
increased steric encumbrance surrounding sulfur leads to higher
selectivity. On the other hand, this comes at the expense of
decreased vyield, perhaps due to a lower rate of conjugate
addition for more hindered tetrahydrothiophenes, resulting in a
greater prevalence of side reactions. In entries 1-9 in Scheme
3b, the remaining mass balance appears to be a complex
mixture of products caused by decomposition or oligomerization.
No spirocyclic cyclization products arising from cyclization of
iminium ion ii were isolated under any of the surveyed
conditions, likely owing to its decreased reactivity.

Our approach to [°C,]-anatoxin-a was framed by a need to
develop a route which commenced from a commercially feasible
isotopically-labeled starting material and utilized transformations
that would retain all heavy isotopes. These constraints inspired
the first synthesis of ['°C4]-1, relying on a Sharpless asymmetric
epoxidation as the enantiodetermining step, and an MRBH
cyclization to forge the final bicyclic scaffold of the anato
skeleton. The synthesis was completed in 12 steps from
15 and 14% overall yield through the kinetic resolution strategy.
As a testament to the scalability of this route, 0.110 g
have been prepared to date. The ability to access
quantities of ["*C4]-1 will enable the developme
analytical method for its precise and hi
quantification in samples of fresh water. Finally,
made during the penultimate MBH cyclization in
route prompted an investigation into a unique dynami
resolution process that leveraged a cyclic iminium

thiolanes 28 and 29. Our results
derived from 2-alkoxy-5-alkylpyn

(NIGMS, R01-077379 and
ks the Natural Sciences
anada (NSERC) for a
PGS-D) and UCSB for a Chancellor’s
u is acknowledged for assistance
mitriy Uchenik and the UCSB
mass spectroscopy facility are thanked for assistance with mass
spectral analysis.
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to achieve dynamic kinetic resolution. The synthesis produced substantial quantities of t
incorporation to enable the development of an analytical method for the precise quantifi
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