Downloaded viaUNIV OF WATERLOO on January 6, 2020 at 18:13:52 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

O ‘ ‘ Organic
Lette rs @ Cite This: Org. Lett. XXXX, XXX, XXX=XXX

pubs.acs.org/OrglLett

Total Synthesis of Galanthamine and Lycoramine Featuring an
Early-Stage C—C and a Late-Stage Dehydrogenation via C—H

Activation

Yuna Zhang,T Shuna Shen,T Hua Fang,i and Tao Xu*'

TKey Laboratory of Marine Drugs, Ministry of Education; School of Medicine and Pharmacy, Laboratory for Marine Drugs and
Bioproducts & Open Studio for Druggability Research of Marine Natural Products, Pilot National Laboratory for Marine Science
and Technology, Ocean University of China, Qingdao 266003, China

*Technical Innovation Center for Utilization of Marine Biological Resources, Third Institute of Oceanography, Ministry of Natural

Resources, Xiamen 361005, China

© Supporting Information

ABSTRACT: Herein, we report a novel strategy toward
galanthamine and lycoramine. The concise synthesis was
enabled by a Rh-catalyzed gram-scale C—C activation for the
tetracyclic carbon framework and a regioselective Pd-catalyzed
C—H activation for double-bond introduction. An aqueous-
phase Beckmann rearrangement was performed for nitrogen
atom insertion. Galanthamine and lycoramine were completed
in 11 and 10 steps, respectively.

Izheimer’s (AD) and other neurodegenerative diseases
have plagued modern society for more than 50 years,'
exerting a huge financial burden on the world.” Unfortunately,
we still do not have a cure yet. The complicated nature and
unmet clinical needs promise research around AD will be
continued and reinforced.'® (—)-Galanthamine (1) is a
reversible acetylcholinesterase inhibitor and is used as a
primary drug to decelerate AD progression.”” Galanthamine
(1) and lycoramine (2) isolated” from Narcissus spp. daffodil
show various neuron-protective activities.” Structurally, their
polyfused tetracyclic ring skeleton as well as the key all-carbon
quaternary stereocenter (shared by opioid alkaloids 3 and 4
shown in Figure 1) have attracted worldwide interest from the
synthetic community ever since the first isolation.
Galanthamine-type alkaloids® feature a linearly fused 6—5—6
tricycle (A—B—C rings in Figure 2), decorated with a D-ring of
a 7-membered azepane. These structural features bring many
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Figure 1. Galanthamine, lycoramine, and related alkaloids.

W ACS Publications  © xxxx American Chemical Society

Pd-catalyzed
C-H Activation

— One step for tetracyclic core

Rh-catalyzed — Protecting group free

C-C Activation — Gram-scale C-C activation

— Late-stage C-H activation

Trost (2000 & 2005)
Guillou (2001) o

(1962) Barton/Kirby
(1969) Kametani
Chida&Brown (2007) (1977) Koga

Banwell (2010) O (1998) Kita
Sato & Cho (2010) (1999) Jordis
Tu (2006), Fan 2011) % & (2001) Node

Xie (2012), Tae (2013)
Hudlicky (2016)

Z <)
Jia (2015) )
Chandrasekhar (2019) This work

Figure 2. Strategies toward the core of galanthamine.
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strategies focusing on constructing the A—B—C tricycle first,
followed by a cyclization reaction for the D-ring,” and two
examples of constructing the C ring at last after installing A—
B-D rings.8 Although an industrialized route toward
(%)-galanthamine features a biomimetic” oxidative coupling
for tetracyclic ring formation, the galanthamine-type molecules
continue to serve as a “touch stone” inspiring new strategies
demonstrated by a recent review from Hudlicky and co-
workers.””

The development of transition-metal (TM) catalyzed C—C
bond activation'’ of benzocyclobutenones, pioneered by
Dong, gave us new tools for polyfused ring construction.''
On the other hand, the late-stage C—H functionalization'” was
an attractive idea in multistep synthesis because redox
adjustment can be avoided at an early stage. It is postulated
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that the overall efficiency and diversity will be dramatically
increased if we combine the advantages of the above, ideally,
TM catalyzed C—C activation for carbon skeleton and C—H
activation for functional group introduction. We herein extend
such an example toward total synthesis of galanthamine and
lycoramine.

Our retrosynthetic analysis is summarized in Scheme 1.
Galanthamine (1) can be obtained through a regioselective Pd-

Scheme 1. Retrosynthetic Analysis
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catalyzed C—H activation'” from ketone S. The nitrogen atom
in 5§ was postulated to be introduced by a Schmidt
rearrangement from the tetracyclic intermediate 6, which had
possessed the A—B—C—D carbon framework of the target
molecule. The tetracyclic ketone 6 can be reached through a
Rh-catalyzed “cut and sew” annulation via C—C activation'"
from the coupling product between benzocyclobutenone 7 and
the known bromocyclohexanone 8 (see the Supporting
Information for details).

With the above strategy in mind, we commenced with
preparation of benzylcyclobutenone 7. The compound 9 was
treated with freshly prepared LiTMP at —78 °C within the
presence of lithium enolate (in situ generated from THF and
nBuLi in a separate vessel). The [2 + 2] cycloaddition took
place satisfactorily to afford benzocyclobutanol 10 in 64% yield
on a decagram scale. Benzocycloubutenone 7 was achieved in
79% overall yield on a decagram scale through Dess—Martin
oxidation followed by MOM removal under acidic conditions.
A coupling between 7 and known compound 8 followed by
Wittig olefination, provided the key C—C activation precursor
11 in 45% overall yield over two steps (Scheme 2). The
moderate yield was mainly due to a competitive olefination of
the four-membered ketone. Nevertheless, the key precursor 11
was prepared on a multigram scale.

The designed C—C activation was attempted on the basis of
Dong’s classical conditions (entry 1, Table 1).'"* The desired

Scheme 2. Synthesis of the Key Reaction Precursor 11

OoMoM LiTMP, OoMOoM 1, DMP
Me0\©\ nBuLi, THF MeO OH 2, 3N HClI
—_ -
Br 64% 79% over
9 10 two steps

decagram-scale

T

OH 1, K,COs, 8 Qo o

MeO O 2, MePPh;Br o CcC
E—— MeO Activation
45% over _ >

two steps conditions

7 1
6.5 g/batch gram-scale

decagram-scale

Table 1. Selected Condition Optimization for C—C
Activation

(o]
Me0\©:/‘/ conditions M

x-ray of 12 -
conversion yield”
entry” precatalyst ligand (%) (%)
1 [Rh(cod)Cl],  DPPB 30 15 (50)
2 [Rh(C,H,),Cl], DPPB 40 32 (80)
3 [Rh(coe),Cl], ~ DPPB 32 17 (53)
4 [Rh(CO),Cl],  DPPB 34 28 (82)
5 [Rh(CO),CI],  PPh, 40 23 (58)
6 [Rh(CO),CI],  rac-BINAP 61 18 (30)
7¢ [Rh(CO),Cl], P(3,5- 34 12 (35)
CeH3(CFs)y)3
8¢ [Rh(CO),Cl],  P(C¢Fs); 90 71 (79)
97 [Rh(CO),Cl],  P(CFy), 100 77

“All reactions were run with § mol % precatalyst and 12 mol % ligand
on a 0.1 mmol scale in dioxane at 130 °C for 15 h unless otherwise
noted; conversion were determined based on recycled starting
material after isolation. “Isolated yield, numbers in parentheses are
brsm yield. “22 mol % of ligand was used. “The reactions were run
with § mol % [Rh(CO),Cl], and 22 mol % P(C4F;); on a 1 g scale of
11 in dioxane at 130 °C for 19 h.

tetracyclic product 12 was obtained, but only in 15% yield.
Gratifyingly, a single crystal was successfully obtained, verifying
the relative stereochemistry of 12, as expected (Table 1). The
1,1-disubstituted exo-olefin of a cyclohexane was blamed for
causing remote steric repulsion, which might account for the
slow conversion and low yield. A screening of precatalysts only
led to low conversion (30—40%) and moderate yields (15—
32%, entries 1—3, Table 1). Surprisingly, S mol % [Rh-
(C0O),Cl], together with 12 mol % bidentate DPPB resulted in
a 28% isolated yield (82% brsm, entry 4). This encouraging
results lead us to search for other ligands (entries 5—8).
Delightfully, the ketone 12 was obtained as a single
diastereoisomer in 71% isolated yield (79% brsm) when $§
mol % [Rh(CO),Cl], and 22 mol % monodentate P(C(Fs),
were used.'' With the optimized conditions in hand, we
further tested its robustness on challenging substrates (Scheme
3). The key “cut and sew” carboacylation reaction was found to
be compatible with an ester group, as product 12a was
successfully isolated in 61% yield (inseparable 1:1 mixture
derived from corresponding starting material, see the SI for
details). It was found that different masking groups led to
different diastereoselectivity.''™ Compound 12b was isolated
as the only product (70% yield), although it bears a dr ratio in
the corresponding starting material (see the SI for details). We
tried exo-olefins bearing different ring sizes from cyclo-
pentanemethelene to cycloheptanemethelene, and the reaction
yielded the corresponding products 12¢ and 12d in 88% and
50% (75% brsm) vyields, respectively. As in the case of
cycloheptanemethelene, a pair of diastereoisomers 12e (33%
yield) and 12e’ (33% yield) was obtained, indicating that the
migratory insertion step of the carboacylation reaction could
be altered through the conformation control of the pedant
olefin. To the best of our knowledge, this accounted for the only
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Scheme 3. Viable Substrate Scopes for C—C Activation
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example of migratory insertion forming trans-fused ring systems in
the carboacylation reaction initiated by C—C activation.

With a robust condition in hand, we tentatively tried the key
reaction with 1 g of 11; it turned out that the carboacylation
reaction proceeded faithfully with improved efficiency (100%
conversion) and 77% isolation yield, demonstrating practicality
of the key C—C activation (entry 9, Table 1). Our synthesis
was continued with the task of introducing nitrogen atom in
the D ring.

First, a Schmidt rearrangement'* was performed in the hope
of introducing nitrogen in a regioselective fashion based on the
assumption that benzyl group’s migrating ability is better than
a neopentyl group. To our disappointment, only tetrazole 13
was isolated through extensive condition screening. It was
reasoned that the Lewis acid activated ketal first, which
rendered the C-ring expansion (Scheme 4). Crystallographic
analysis of 13 unambiguously showed its structure. Toward
this end, other N-insertion reactions were sought after, e.g,
Beckmann rearrangement.'* Tetracycle ketone 12 was
condensed with hydroxyl amine quantitatively. The resulting
oxime 14 (1:1.2 E/Z isomers) was treated by tosylation and
stirring at mild temperature.> The Beckmann rearrangement
occurred spontaneously in a THF/water solvent without any
other additives, yielding the desired amide 15 (63% yield) and
its regioisomer 15’ (32% yield). A crystallographic analysis of
amide 15 and 15’ confirmed their structures as well as
stereochemistry. The key diversifiable intermediate 5 was
isolated in 78% yield upon methylation and acidic workup.

With keto-amide $ in hand, we attempted the Pd-catalyzed
regioslelctive C—H activation reaction using Stahl’s proce-
dure."® Gratifyingly, using 20 mol % Pd(TFA), and 24 mol %
of ligand (premixed with DMSO and added in six portions),
the desired oxidation took place, providing unsaturated ketone
16 in 45% isolated yield (68% based on recovered starting
material). The reaction was found to be sensitive to scale, and
S was decomposed in the reaction media (for full optimization
details, see the SI). In the meantime, 5§ was converted to
racemic lycoramine (2) through consecutive double reduction
using L-Selectride/LiAlH, in 59% yield. The same procedure
also successfully elaborated 16 to galanthamine (1) diaster-
eoselectively in 67% vyield. The spectroscopic data of
galanthamine (1) and lycormaine (2) were in good accordance
with the reported data.”™

Scheme 4. Synthesis of Lycoramine
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In summary, we have completed the total synthesis of
galanthamine and lycoramine in 11 and 10 steps featuring a
gram-scale Rh-catalyzed C—C activation initiated “cut and
sew” carbolacylation and a late-stage Pd-catalyzed dehydrogen-
ation via C—H activation. The tetracyclic carbon framework
A—B—C-D of galanthamine-type alkloids was constructed in
one step based on the strategic application of C—C activation.
No protecting groups were needed. This synthesis represented
the first example of strategic combining TM-catalyzed C—C
and C—H activation in natural product synthesis.
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