Total Synthesis of the Diterpenoid Alkaloid Arcutinidine Using a Strategy
Inspired by Chemical Network Analysis
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ABSTRACT: Arcutinidine and other arcutinidine-type diterpenoid alkaloids feature an intricate polycyclic, bridged framework with
unusual connectivity. A chemical network analysis approach to the arcutane skeleton enabled the identification of highly simplifying
retrosynthetic disconnections, which indicated that the caged structure could arise from a simpler fused ring system. On this basis, a
total synthesis of arcutinidine is reported herein, featuring an unprecedented oxopyrrolium Diels—Alder cycloaddition which furnishes
a key tetracyclic intermediate. In addition, the synthesis utilizes a diastereoselective oxidative dearomatization/cycloaddition se-
quence and a Sml-mediated C—C coupling to forge the bridged framework of the natural products. This synthetic plan may also
enable future investigations into the biosynthetic relationships between the arcutanes, the related diterpenoid atropurpuran, and other

diterpenoid alkaloids.

Natural products that possess a high degree of three-dimen-
sional structural complexity pose significant challenges to identi-
fying strategies for their chemical synthesis. By adopting a retro-
synthetic plan that reduces the number of bridged rings in these
architecturally intricate structures, the resulting fused ring sys-
tems can prompt retrons that guide subsequent disconnections. In
1975, Corey introduced a formalized ‘logic’ for the retrosynthesis
of bridged, polycyclic frameworks that expounded the virtues of
identifying a ‘maximally bridged ring’, which upon disconnec-
tion, provides maximal structural simplification.! Furthermore,
by applying two-bond disconnections (i.e., ‘bicyclization trans-
forms’), a rapid decrease in target complexity in the retrosyn-
thetic direction can be realized. In this regard, cycloaddition
transforms have proven indispensable.

The diterpenoid alkaloids are a large group of secondary me-
tabolites with highly complex, three-dimensional frameworks
that possess wide-ranging activity as modulators of voltage-gated
ion channels.”* These structures lend themselves very well to
chemical network analysis, which can provide powerfully simpli-
fying bond disconnections as starting points. In 2015, our labor-
atory reported the application of Corey’s chemical network anal-
ysis toward syntheses of aconitine-type diterpenoid alkaloids, in-
cluding liljestrandinine (1, Figure 1A).° Similar analyses have
also guided our preparation of denudatine-type alkaloids such as
paniculamine (2), and the hetisine-type alkaloid cossonidine (3).°
Building on Corey’s graphical analysis, we also introduced a
web-based graphing algorithm to facilitate the identification of
the maximally bridged ring for any given structure.” In this Com-
munication, we describe the application of chemical network
analysis to identify a strategy for the synthesis of arcutinidine (4),
an arcutane-type diterpenoid alkaloid. Natural products in this
class include arcutine (5), arcutinine (6), and aconicarmicharcu-
tinium (7),%!° the framework of which is presented from three
perspectives in Figure 1B (gray box).

Perhaps even more captivating than the ornate framework of
these natural products is their postulated biosynthesis.
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Figure 1. (A) Representative diterpenoid alkaloids. (B) The ar-
cutane-type diterpenoid alkaloids and possible synthetic rela-
tionships to related diterpenoids.

Arcutinidine (4) is believed to arise from oxidation and rearrange-
ment of the hetidine skeleton (see inset in Figure 1B). This pre-
sumed cation-initiated rearrangement is supported by computa-
tions that we reported in 2015.""-!2 These calculations also indi-
cate that the reverse of the proposed biosynthesis (i.e., 9—>8) may
also be possible under laboratory conditions; a transformation
which could provide synthetic access to the hetidine alkaloids
from the arcutinidine skeleton. Furthermore, oxidation and



Scheme 1. Network-analysis-guided retrosynthesis of arcuti-
nidine.
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hydrolysis of the arcutinidine 1-pyrroline moiety could yield the
related diterpenoid atropurpuran (10).'3-13 Therefore, a synthesis
of arcutinidine could set the stage for investigation of the possible
biogenesis of atropurpuran and provide access to other diterpe-
noid alkaloids. During the preparation of this manuscript, Qin and
coworkers published their synthesis of 4 and 6.

In contemplating a synthetic approach to 4, we sought discon-
nections that would rapidly reduce structural complexity by ap-
plying multiple cycloaddition transforms. We identified two
comparable maximally-bridged rings, one of which is a ‘primary’
ring whereas the other is an ‘envelope’ ring!” (see Scheme 1, gray
box). A strategic bond disconnection of a key ex-endo bond,'® as
shown for 4, led back to 11 as a precursor. Application of a [4+2]
bicyclization transform to 11 unveiled tetracycle 12 as a precur-
sor. In turn, 12 could arise in the forward sense through another
[4+2] cycloaddition of diene 14! and oxopyrrolium dienophile
13, a reaction that would forge two contiguous, all-carbon qua-
ternary stereocenters. To our knowledge, no precedent exists for
cycloadditions involving oxopyrrolium dienophiles, thus our
work would serve to probe the unprecedented reactivity of these
heterocyclic cations. In the forward sense, our desired ox-
opyrrolium 13 was envisioned to arise through a Wittig reaction
between known citraconimide 15%° and methyl enol ether 167!
and subsequent Friedel-Crafts cyclization.

We commenced our studies by investigating a more conven-
tional cycloaddition between diene 17 and maleimide 18 (Figure
2). On the basis of HOMO-LUMO considerations (compare
HOMO of —5.6 eV for 17 versus LUMO of -2.4 ¢V for 18),2 it
was anticipated that poor reactivity and selectivity would be ob-
served due to the lack of electronic differentiation at the reacting
carbon atoms. Conversely, the LUMO of oxopyrrolium 13 (—4.3
eV) is energetically matched and possesses complementary po-
larization relative to the HOMO of diene 14 (—6.5 e¢V).?? These
factors were expected to contribute to a more facile and selective
cycloaddition.

Maleimide derivative 18 and the oxopyrrolium precursor 19
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Figure 2. HOMO-LUMO considerations calculated using
DEFT basis set 6-31G**++ with a BALYP functional and empir-
ical dispersion.

were prepared as detailed in Scheme 2. The synthesis began with
the treatment of citraconimide 15 with PPh; and methyl enol ether
16 in a modified Wittig reaction®* to give the non-conjugated al-
kene adduct, which was isomerized to the desired maleimide (18)
upon treatment with DBU. As expected, our initial attempts to
employ 18 in a cycloaddition with dienes such as 17% resulted in
poor regioselectivity. The resulting cycloadducts were separable
upon hydrogenation of the double bond and the desired constitu-
tional isomer 20 was advanced through several steps. Ultimately,
this synthetic plan proved untenable, in part, because of the inef-
ficiency of the cycloaddition step. Our attention was therefore
turned to investigating oxopyrrolium dienophile 13. Upon expos-
ing imide 18 to TfOH, a Friedel-Crafts cyclization ensued to af-
ford key tricyclic intermediate 19. This tricycle serves as a
masked oxopyrrolium dienophile that can be unveiled under

Scheme 2. Synthesis of key tetracycle 12.

OMe

a. 16, PPh; MeO. " OMe
ACOH, 125 °C c. TfOH ©
15 ———————— 3 _— = oM
e
b. DBU Me
DCM 2N Yon

THF, 1t 0°Ctort Bn

(o}
(59% over 2 steps) 18 (89%) 19
o . f. 14, ACl3
H MeCN, 40 °C
(78%)

e. Pd/C, H,
EtOAc, rt

20 (40% over 2 steps) (22% over 2 steps) single isomer
""""""""""""""""""""""""""""""""""" g. RN/AL,O3, H,
Me Me EtOAc, rt
OAc i THLF‘A‘;(‘)A“C OAc h. 323'\;‘0%2* glgsiH
. “50°
N OMe €— N OMe
j- Ac,0, DMAP
Bn H ! Céyridine Bn H (78% over 2 steps)
OMe THF, 70°C OMe
12 23

(68% over 2 steps)

acidic conditions. When 19 was treated with AICl; and diene 14,
a Diels—Alder cycloaddition, presumably through the intermedi-
acy of oxopyrrolium 13, occurred to furnish 22 bearing two new
vicinal quaternary carbon centers. Tetracycle 22 possesses nearly
all of the carbon atoms found in arcutinidine and can be readily
synthesized on multigram scale.

Reduction of the cyclohexenyl double bond in 22, using
Rh/Al,O3 and hydrogen, followed by ionic reduction of the hem-
iaminal functional group using BF3*OEt; and Et;SiH, gave amide
23 as a single diastereomer. The amide group was then reduced
to the corresponding amine using LiAlH4. Concomitant reduction
of the acetate unveiled a secondary hydroxy group, which was
subsequently re-acetylated to give amine 12.

A highly selective mono-demethylation of the veratrole unit
using TMSI afforded guiacol 24, which was primed to undergo
oxidative dearomatization (Scheme 3). Following the addition of
in situ generated lead (IV) acrylate, 24 underwent a diastereose-
lective Wessely-type oxidation®® to generate a masked diketone
intermediate, appended with an acrylate dienophile (25). Upon
heating, an intramolecular [4+2] cycloaddition proceeded to af-
ford the [2.2.2] bicycle that is present in 11 and is characteristic
of the arcutanes, as well as a large subset of other diterpenoid
alkaloids. With all the carbon atoms found in arcutinidine now in
place, we pursued the installation of the last C—C bond to com-
plete the arcutinidine skeleton. We sought to utilize a reductive
C—C bond formation by employing a pinacol coupling inspired
by the Qin synthesis of atropurpuran.'* Upon dissolution in meth-
anol, lactone 11 underwent solvolysis to afford the ring opened



Scheme 3. Completion of arcutinidine (4).
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product featuring a diketone on the [2.2.2] bicycle and a methyl
ester on the bridge of the bicycle. In the same pot, introduction of
Sml, effected reductive removal of one of the carbonyl groups to
give a hydroxy group at C9 as a single, inconsequential, diastere-
omer. At this stage, solvolysis of the acetate under microwave
irradiation and subsequent global oxidation with DMP yielded
diketone 26. Pinacol coupling using Sml, gave the desired hexa-
cyclic diol (27), which possesses the full arcutinidine skeleton.
The structure of 27 was unambiguously confirmed through X-ray
crystallographic analysis.

Reduction of the highly strained double bond in the [2.2.2] bi-
cycle of 27 using diimide gave the fully saturated arcutinidine
core (28). Upon treatment of vicinal diol 28 with InCl; and
Ph,SiHC1,?” elimination of the C10 hydroxy group and a subse-
quent deoxygenation of the other—mnow allylic—C9 hydroxy
group ensued to give alkene 29. At this stage, LiAlH, reduction
of the methyl ester, followed by Mukaiyama hydration to reinstall
the tertiary hydroxy group at C10, gave diol 30. Hydrogenolysis
of the benzyl group in diol 30 with Pearlman’s catalyst in the
presence of acetic acid, followed by N-chlorination of the result-
ing secondary amine gave 31. The N-CI moiety acted as a pro-
tecting group for the amine and allowed for mesylation of the pri-
mary hydroxy group to give mesylate 32. With leaving groups
installed on the nitrogen and at C17 of the [2.2.2] bicycle, a dou-
ble elimination was effected by heating mesylate 32 in the pres-
ence of DBU and Nal to afford imine 33 bearing an exocyclic
alkene. This penultimate imine was advanced to arcutinidine (4)
and its C15 epimer (34) through an allylic oxidation with SeO,.

In summary, we report the synthesis of the arcutane-type
diterpenoid alkaloid arcutinidine.?® Our synthetic approach was
inspired by chemical network analysis, which enabled rapid sim-
plification of the three-dimensional architecture of the target
compound through [4+2] cycloaddition transforms. Ultimately,
these disconnections led us to identify an oxopyrrolium interme-
diate as a viable dienophile in an unprecedented [4+2] cycloaddi-
tion reaction. The synthesis reported herein sets the stage for the
preparation of the related congeners arcutine (5) and arcutinidine
(6) and may provide a starting point for the preparation of atro-
purpuran (10). These studies, as well as the development of an
enantioselective cycloaddition of the oxopyrrolium dienophile
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and the potential conversion of the arcutane skeleton to the heti-
dine skeleton, are the subject of ongoing investigations in our la-
boratory.

ASSOCIATED CONTENT

Supporting Information

The Supporting Information is available free of charge on the
ACS Publications website.

Experimental details and spectroscopic data (PDF)
X-ray crystallographic data for (+)-27 (CIF)

AUTHOR INFORMATION

Corresponding Author
*rsarpong@berkeley.edu

Present Addresses

tCentral Pharmaceutical Research Institute, Japan Tobacco Inc.,
1-1 Murasaki-cho, Takatsuki, Osaka 569-1125, Japan.

$Minase Research Institute, Ono Pharmaceutical Co., Ltd, 3-1-1
Sakurai, Shimamoto, Mishima, Osaka 618-8585, Japan.
‘Bachem AG, Hauptstrasse 144, CH-4416 Bubendorf (Switzer-
land)

Notes
The authors declare no competing financial interest.

ACKNOWLEDGMENT

Financial support for this research was provided to R.S. by the
National Institutes of Health (NIGMS R35 GM130345). We
thank Chevron for a graduate fellowship to K. R. O. The NSF is
thanked for a graduate fellowship to K. A. B. S. U. was supported
by the Japan Society for the Promotion of Science (JSPS) for a
Short Stay at Berkeley. Y. H. is grateful to Ono Pharmaceuticals
for supporting a Visiting Researcher stay at Berkeley. M. W.
gratefully acknowledges the German Academic Exchange Ser-
vice (DAAD) for a postdoctoral fellowship. We thank Dr. Hasan



Celik and Dr. Jeffrey Pelton (UC Berkeley) for assistance with
NMR experiments, Dr. Nicholas Settineri (UC Berkeley) for sin-
gle-crystal X-ray diffraction studies, and Dr. Ulla Anderson for
assistance with gathering HRMS data. We also thank Dr. Dave
Small and the Molecular Graphics and Computational Facility
(NIH S100D023532) for assistance with computations. We are
grateful to Prof. Reinhard Hoffman for insightful discussions.

REFERENCES

(1) Corey, E. J.; Howe, W. J.; Orf, H. W.; Pensak, D. A.; Petersson,
G., General methods of synthetic analysis. Strategic bond disconnec-
tions for bridged polycyclic structures. J. Am. Chem. Soc. 1975, 97,
6116-6124.

(2) Ameri, A., The effects of Aconitum alkaloids on the central
nervous system. Prog. Neurobiol. 1998, 56, 211-235.

(3) Wang, F. P.; Liang, X. T., C20-Diterpenoid Alkaloids. The Al-
kaloids 2002, 59, 1-280.

(4) Wang, F. P.; Chen, Q. H.; Liu, X. Y., Diterpenoid alkaloids.
Nat. Prod. Rep. 2010, 27, 529-570.

(5) Marth, C. J.; Gallego, G. M.; Lee, J. C.; Lebold, T. P.; Kulyk,
S.; Kou, K. G. M.; Qin, J.; Lilien, R.; Sarpong, R., Network-analysis-
guided synthesis of weisaconitine D and liljestrandinine. Nature
2015, 528, 493-498.

(6) Kou, K. G. M.; Li, B. X; Lee, J. C.; Gallego, G. M.; Lebold,
T. P.; DiPasquale, A. G.; Sarpong, R., Syntheses of Denudatine
Diterpenoid Alkaloids: Cochlearenine, N-Ethyl-1a-hydroxy-17-
veratroyldictyzine, and Paniculamine. J. Am. Chem. Soc. 2016, 138,
10830-10833.

(7) Maximally Bridged Ring Detection  Algorithm.
http://www.maxbridge.org/.

(8) Meng, X.-H.; Jiang, Z.-B.; Guo, Q.-L.; Shi, J.-G., A minor ar-
cutine-type C20-diterpenoid alkaloid iminium constituent of “fu zi”.
Chinese Chem. Lett. 2017, 28, 588-592.

(9) Saidkhodzhaeva, Sh. A.; Bessonova, 1. A.; Abdullaev, N. D.,
Arcutinine - A new alkaloid from Aconitium arcuatum. Chem. Nat.
Compd. 2001, 37, 466-469.

(10) Tashkhodzhaev, B.; Saidkhodzhaeva, Sh. A.; Bessonova, L.
A.; Antipin, M. Y., Arcutin - A new type of diterpene alkaloids.
Chem. Nat. Compd. 2000, 36, 79-83.

(11) Weber, M.; Owens, K.; Sarpong, R., Atropurpuran—missing
biosynthetic link leading to the hetidine and arcutine C20-diterpenoid
alkaloids or an oxidative degradation product? Tetrahedron Lett.
2015, 56, 3600-3603.

(12) An alternative biosynthetic pathway could be envisioned
where the Hetidine-type skeleton could undergo a Grob fragmenta-
tion to give iminium 34. A Prins-type reaction could then occur to
give carbocation 35. Trapping the carbocation with water and loss of

OH HO
OH Me OH
Me
H o eeeemeeeees >
H
N N
H H HH hH
9
[Hetidine-type] [Arcutinidine-type]
OH OH
Me Me
H  meeemmeeeees > N H
N ]
) |
H\& Y H\S
34 35

a proton would furnish the Arcutinidine-type skeleton.

(13) Xie, S.; Chen, G.; Yan, H.; Hou, J.; He, Y.; Zhao, T.; Xu, J.,
13-Step Total Synthesis of Atropurpuran. J. Am. Chem. Soc. 2019,
141, 3435-3439.

(14) Gong, J.; Chen, H.; Liu, X. Y.; Wang, Z. X.; Nie, W.; Qin,
Y., Total synthesis of atropurpuran. Nat. Commun. 2016, 7, 12183.

(15) Tang, P.; Chen, Q.-H.; Wang, F.-P., Atropurpuran, a novel
diterpene with an unprecedented pentacyclic cage skeleton, from Ac-
onitum hemsleyanum var. atropurpureum. Tetrahedron Lett. 2009,
50, 460-462.

(16) Nie, W.; Gong, J.; Chen, Z.; Liu, J.; Tian, D.; Song, H.; Liu,
X.-Y.; Qin, Y., Enantioselective Total Synthesis of (—)-Arcutinine. J.
Am. Chem. Soc. [Online early access]. DOI: 10.1021/jacs.9b040847.
Published Online: 28 May 2019.

(17) Network analysis generally discourages the use of larger (7-9
membered) rings when choosing a maximally-bridged ring for a ret-
rosynthesis due to the relative difficulty of accessing these ring sizes
in the forward direction.

(18) Hoffmann, R. W., Elements of Synthesis Planning. Springer-
Verlag Berlin Heidelberg: 2009.

(19) Defoin, A.; Pires, J.; Streith, J., From 1-(Silyloxy)butadiene
to 4-Amino-4-deoxy-DL-erythrose and to 1-Amino-1-deoxy-DL-
erythritol Derivatives via Hetero-Diels-Alder Reactions with
Acylnitroso Dienophiles. Helv. Chim. Acta. 1991, 74, 1653-1670.

(20) Mukherjee, S.; Corey, E. J., Highly Enantioselective Diels—
Alder Reactions of Maleimides Catalyzed by Activated Chiral Oxa-
zaborolidines. Org. Lett. 2010, 12, 632—635.

(21) Beierlein, J. M.; Frey, K. M.; Bolstad, D. B.; Pelphrey, P. M.;
Joska, T. M.; Smith, A. E.; Priestley, N. D.; Wright, D. L.; Anderson,
A. C., Synthetic and Crystallographic Studies of a New Inhibitor Se-
ries Targeting Bacillus anthracis Dihydrofolate Reductase. J. Med.
Chem. 2008, 51, 7532-7540.

(22) Houk, K. N., Generalized Frontier Orbitals of Alkenes and
Dienes. Regioselectivity in Diels—Alder Reactions. J. Am. Chem. Soc.
1973, 95, 4092—-4094.

(23) Diene 17 was incompatible with the acidic conditions re-
quired for the oxopyrrolium Diels—Alder reaction with dienophile 13.
In addition, the Diels—Alder reaction between diene 14 and dieno-
phile 18 failed to give the desired adduct. When a counterion was
excluded in the calculations the LUMO of 13 decreased to —7.0 eV.

(24) Hedaya, E.; Theodoropulos, S., The preparation and reactions
of stable phosphorus ylides derived from maleic anhydrides, malei-
mides or isomaleimides. Tetrahedron 1968, 24, 2241-2254.

(25) Pietruszka, J.; Bose, D.; Frey, W., The ‘Mikami’-Catalyst in
Enantioselective Diels—Alder Reactions of Juglone-Based Dieno-
philes with Different 1-Oxygenated Dienes: An Investigation on the
Substitution Pattern Dependent Regioselectivity. Synthesis 2014, 46,
2524-2532.

(26) Yates, P.; Auksi, H., The synthesis of bicyclo[2.2.2]Joctenones
via intramolecular Diels—Alder reactions of modified Wessely oxida-
tion products. Can. J. Chem. 1979, 57, 2853-2863.

(27) Yasuda, M.; Onishi, Y.; Ueba, M.; Miyai, T.; Baba, A., Direct
Reduction of Alcohols: Highly Chemoselective Reducing System for
Secondary or Tertiary Alcohols Using Chlorodiphenylsilane with a
Catalytic Amount of Indium Trichloride. J. Org. Chem. 2001, 66,
7741-7744.

(28) The Li group (SIOC) has also recently completed a synthesis
of arcutinidine using a bio-inspired approach (private communication
with Prof. Ang Li).



e HO //_\\——OAc
—_
> — = 2 — OMe
-
N= 0N\
H Bn OMe
intramolecular unprecedented oxopyrrolium

arcutinidine Diels—Alder cycloaddition Diels—Alder cycloaddition




