
Synthesis of Protoberberine Alkaloids by C–H Functionalization and 

Anionic Aza-6π-Electrocyclization: Dual Activity as AMPK Activators 

and Inhibitors 

Yujie Cao,† Justin S. M. Perry,†,‖ Eryun Zhang,‡,‖ Andy Trinh,† Arnav Kacker,† Shayne Cruz,† Hannah 
Ceballos,‡ Aaron Pan,† Wendong Huang,‡,* Kevin G. M. Kou†,* 

† Department of Chemistry, University of California, Riverside, California 92507, United States 
‡ Department of Diabetes Complications & Metabolism Research, City of Hope National Medical Center, Duarte, Cali-
fornia 91010, United States 

KEYWORDS: protoberberines, C–H functionalization, aza-electrocyclization, AMPK, AMPK inhibition 

 

ABSTRACT: 5’-Adenosine monophosphate-activated protein kinase (AMPK) plays a critical role in maintaining cellular en-
ergy homeostasis, and its activation has garnered attention for treating chronic metabolic diseases. Inhibitors of AMPK are 
underdeveloped but bear implications in treating cancers, controlling autophagy, and elderly wasting. Protoberberine alka-
loids are typically regarded as AMPK activators. Herein, we report a modular synthesis strategy to access a collection of ox-
yberberine alkaloids, including the first synthesis of stepharotudine. In vitro assays reveal how subtle structural modifica-
tions can negate AMPK activation while conferring unprecedented inhibitory properties within the same class of com-
pounds, which was previously unknown. Key steps in the synthesis include an oxidative Rh(III)-catalyzed C–H functionaliza-
tion using electron-rich alkenes, NaH-mediated reductive N–O bond cleavage, and the first example of an anionic aza-6π-
electrocyclization. Additionally, we provide mechanistic support for nucleophilic hydride transfer reactivity with NaH in 
DMF. 

1. INTRODUCTION  

Lifestyles that emphasize exercise and caloric restriction 
effect an increase in the activity of 5’-adenosine mono-
phosphate-activated protein kinase (AMPK), a key regula-
tor of metabolic and energy homeostasis.1 This favorable 
enhancement curtails risks in developing chronic metabol-
ic diseases like type-2 diabetes, obesity, non-alcoholic fatty 
liver disease (NAFLD), non-alcoholic steatoheptatitis 
(NASH), and cancers, even decelerating the aging process. 
As such, targeting AMPK is emerging as a promising ave-
nue for therapeutic intervention ― the aim being to emu-
late the low energy state that is conducive to combating 
diseases arising from the destabilizing imbalance between 
nutrient intake (i.e., high-calorie diets) and energy ex-
penditure (i.e., increasingly sedentary routines).2 Nearly all 
research efforts have focused on developing activators of 
AMPK, while their corresponding inhibitors remain under-
explored. In fact, there are instances where AMPK pro-
motes tumor cell survival and that its deficiency represses 
tumor growth.2d,3 Therefore, the ability to regulate AMPK 
levels, including its inhibition, can have important 
implications for advancing cancer treatments. Controlling 
AMPK can also be developed into a strategy for modulating 
autophagy, a metabolic process that degrades damaged 
organelles and is associated with a wide variety of diseas-
es.4 

 

Figure 1. a) Examples of AMPK modulators. b) Our synthesis 
approach to protoberberine alkaloids with unknown AMPK 
activities.  
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In contrast to the relatively abundant number of syn-
thetic molecules and natural products that act as AMPK 
activators,5 there are only three compounds known to in-
hibit AMPK,3b all of which are multikinase inhibitors (Fig-
ure 1a). 

The Huang lab has a longstanding interest in under-
standing the mechanisms that underlie the therapeutic 
effects of AMPK modulators such as metformin and ber-
berine (1, Figure 1a), and have uncovered a novel link 
between intestinal AMPK activation and brown adipose 
tissue (BAT) thermogenic regulation that is accompanied 
by modulation of the anti-microbial peptide (AMP)-
controlled gut microbiota.2c Given how metabolic 
intermediates of berberine are similarly bioactive or may 
be the active forms following oral administration,6 we 
hypothesized that the rarer biosynthetic precursors of 
berberine, such as prepseudopalmatine (2), 8-
oxypseudopalmatine (3), and stepharotudine (4) could 
also exert AMPK modulation activity. Unlike berberine, 
protoberberine alkaloids resembling 2–4 make up minor 
components of the Magnoliaceae, Ranunculaceae, 
Berberidaceae, and Menispermaceae families of plants and 
are not accessible to the biomedical community. We have 
thus devised a convergent strategy to prepare natural and 
unnatural protoberberine analogs de novo highlighting 
methodologies developed in the Kou lab. The strength of 
this synthesis strategy compared to others7 lies in its 
modularity in enabling derivatization of all four rings 
within the protoberberine scaffold. Compounds 2–4 and 
their derivatives were envisioned to arise from tetracyclic 
intermediate 5. We imagined disconnecting ring B of the 
tetracycle through a novel 6π-aza-electrocyclic transform, 
thus simplifying the structure to dihydroisoquinolone 6, 
which can be assembled directly from silyl enol ether 7 
and hydroxamic ester 8 by oxidative C–H functionalization. 
This strategy led to the preparation of thirteen 
protoberberine-type alkaloids to survey the structure-
activity relationship (SAR) with respect to AMPK 
modulation. We found that the absence of the cationic 
charge imposed by the quaternized nitrogen (i.e., 
berberine) stymies AMPK activation ability, and the 
neutral protoberberines synthesized in this study 
represent novel examples of AMPK inhibitors.  

2. RESULTS AND DISCUSSION 

2.1. Synthesis of Protoberberine Alkaloids. To 
achieve a concise and modular synthesis strategy, we inte-
grated an oxidative Rh(III)-catalyzed C–H functionalization 
(see SI) previously developed in the Kou lab that combines 
densely substituted enol silanes 7 with hydroxamic esters 
8 to produce densely substituted 3-
hydroxydihydroisoquinolones 9, which upon treatment 
with aqueous HCl, eliminate water to form isoquinolones 
10a-k in 24–76% yields after two steps (Scheme 1a).8 Giv-
en the multi-substitution patterns of the compound pre-
cursors, which are more complex than those reported in 
the original study, the reactivity and modest yields are 
remarkable. Our pursuit of oxidative C–H functionalization 
with enol silanes solves a major limitation in alkyne reac-
tivity: enol silanes 7 are surrogates for terminal alkynes, 
which are poorly precedented in C–H functionalization,9,10 

with the exception of a recent study by the Pfizer Oncology 
group demonstrating success with propyne.11 This meth-
odology was effective in introducing multiple substitution 
patterns, including a bromide functional handle, into rings 
A and D. A ligand-free palladium-catalyzed cross-coupling 
was optimized to append a vinyl group, generating styrene 
derivatives 11 in up to 98% yields. The presence of an al-
dehyde in aryl bromide 10b hampers productive cross-
coupling, whereas aldoxime 10c undergoes competitive 
palladium-catalyzed aldoxime rearrangement,12 generating 
benzamide side-product 11c’ (37%) alongside the target 
Suzuki product (25%). These reactions set the stage for N-
deprotection coupled to a novel anionic 6π-aza-
electrocyclization. This process bypasses an otherwise 
multistep hydroboration/oxidation/activation/cyclization 
sequence13 and directly furnishes the tetracyclic alkaloid 
core in 20–84% yields (Scheme 1b). In contrast to the syn-
theses of tetramethoxyoxyberberines (3) and (14) where 
NaH (3 equiv) mediated a tandem N–O cleavage8,14 and 6π-
aza-electrocyclization in 20 hours without additional addi-
tives, NaH induced N–O cleavage but only partial cycliza-
tion in all other examples. To circumvent this, we devised a 
one-pot protocol whereby KOt-Bu (0.5 equiv) is added 
following N-deprotection and additionally reacted for 18–
22 hours to fully convert the reactant and complete the 
electrocyclization. Moderate to good yields (42–84%) were 
generally observed when the oxyberberine D-rings were 
electron-neutral (e.g., 4, 16, 17) or electron poor (e.g., 18, 
19). In contrast, lower isolated yields (15–31%) were ob-
tained when the D-ring was substituted with electron-
donating groups (i.e., 3, 14, 20, 21). The reduction in yield 
is attributed to sensitivity of the oxyberberine alkaloids to 
silica gel and alumina treatments, rather than inefficiencies 
in the electrocyclization reaction. In all cases, the electro-
cyclization produces high yields as determined by NMR 
analysis. Of note, the Suzuki reaction of aryl halide 10f is 
accompanied by N–O cleavage, producing only deprotected 
isoquinolone 11f’ in 18% yield. Aryl halide 10k with the 
three aryl halide bonds decomposes under the reaction 
conditions and therefore could not be converted to 11k. In 
the cases of stepharotudine (4) and methoxystepharotudi-
ne 20, their 5-exo-trig cyclization counterparts 4-iso (2%) 
and 5-iso (3%) were also formed as minor side-products 
and represent B-ring distortion analogs of stepharotudi-
ne.15 Oxidation of 8-oxypseudopalmatine (3) led to the first 
preparation of the naturally occurring prepseudopal-
matine (2) in 48% isolated yield.  

2.2. AMPK Modulation and Structure-Activity Rela-
tionship. We initially targeted oxyberberine natural prod-
ucts 2 and 3 with higher oxygenation patterns because 
they have not been studied in a biological context and 2 
had not been synthesized previously. In vitro kinase activi-
ty assays using the AMPK (α1/β1/γ1) kinase enzyme sys-
tem (presented as IC50 data) and in vivo assays using the 
human intestinal epithelial cell line HT292c revealed that 
altering the cationic isoquinolinium moiety characteristic 
of berberine (1) for the neutral isoquinolone stimies AMPK 
activation activity (Schemes 1b and 1c). Highly oxygenated 
alkaloids 2, 3, and 14 were poorly active or inactive in 
vitro. Removal of the two methoxy groups from the D ring 
resulted in a compound that inhibited AMPK with an IC50 
of 85.3 μM. Fully reducing the enaminone motif of the 
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Scheme 1. a) Concise synthesis enabled by: i) oxidative Rh-catalysis and ii) anionic aza-6π-electrocyclization. Conditions: a 
[Cp*RhCl2]2 (5 mol%), AgOAc (2.2 equiv), THF (0.2 M), 50 °C, 18 h; b PdCl2 (5 mol%), boroxine (1.5 equiv), K3PO4 (3 equiv), 
1,4-dioxane/H2O (0.1 M), 130 °C, 18 h; c % conv. by NMR. d NaH (3 equiv), 130 °C, 20 h; e NaH (2 equiv), 130 °C, 3 h, then 
KOt-Bu (0.5 equiv), 130 °C, 18 h; f NaH (3 equiv), 130 °C, 3 h, then KOt-Bu (0.5 equiv), 130 °C, 20 h. b) IC50 efficacies for 
AMPK(α1/β1/γ1) and discovery of stepharotudine analogs as novel AMPK inhibitors. c) AMPK inhibition assays; IC50 data 
are extracted and presented with compounds in Scheme 1b. d) Western blot analysis of phosphorylated AMPK, total AMPK, 
and glyceraldehyde 3-phosphate dehydrogenase; control = 0.1% DMSO. 
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Scheme 2. a) Mechanisms of NaH-mediated N–O cleavage computed by DFT at the B3LYP/6-311+G(2d,p) level of theory 
with implicit solvation (CPCM) by DMF at 428.15 K (See SI for complete energy profiles); Free energies expressed in 
kcal/mol. b) Chelation-assisted nucleophilic hydride delivery with both implicit (CPCM, DMF) and explicit solvation. Methyl 
hydrogens are omitted for clarity. c) Observed experimental SNAr reactivity consistent with hydride transfer pathway.
 
isoquinolone resulted in racemic tertiary amine 17 with 
similar inhibitory potential. Rendering the D-ring electron-
deficient with a cyano group (e.g., 18) gave an inactive 
compound. Stepharotudine-type compounds 4, 19, and 20 
with guaiacolic A-rings exerted the greatest activities with 
unnatural 20 displaying an IC50 of 2.5 μM. This data 
suggests that the protoberberine derivatives examined in 
this study exhibit a distinct mechanism of action compared 
to berberine (1) and can directly inhibit AMPK. Western 
blot analysis additionally supports the inhibitory activities 
of the protoberberine analogs against phosphorylated 
AMPK (Scheme 1d). While 8-oxypseudopalmatine (3) was 
inactive in vitro, it produced the greatest inhibition when 
subjected to whole cells by Western blot. Presumably, 
demethylation of one or more of the methoxy substituents 
in cells generated a guaicolic derivative that exerts greater 
potency. We were able to test the B-ring distortion analogs 
(4-iso and 20-iso) by Western blot analysis and found 

 

them to also inhibit p-AMPK (see SI). Thus, deviating from 
planarity does not substantially impact AMPK modulation. 
Collectively, the data suggest that the A-ring guaiacolic –
OH group and an electron-rich D-ring are important in 
enhancing AMPK inhibition. Our study is the first to 
uncover the AMPK inhibition potential of protoberberines 
that have long been studied for their activation properties, 
while elucidating structural features that govern 
bioactivity. 

2.3. Mechanism of N-Deprotection and Aza-6π-
Electrocyclization. The N-methoxy substituent of the 
hydroxamic esters (8) is important in facilitating directed 
C–H activation16 and doubles as an amide protecting group. 
N-Deprotection followed by 6π-aza-electrocyclization 
provides direct and facile entry into the target 
oxyberberine scaffold. We evaluated three possible 
mechanistic scenarios by density functional theory (DFT) 
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Figure 2. The free energy (kcal/mol) profile for the aza-6π-electrocyclization at the B3LYP/6-311++G(d,p) level of theory with 
implicit solvation (CPCM) by DMF. 

via Gaussian 1617 at the B3LYP/6-311+G(2d,p) level of 
theory,18–21 including a solvent correction using the CPCM 
method22 with dimethylformamide as the solvent (Figure 
2a). The pathway where NaH acts as a base, participating 
in an E1cb elimination reaction via rate-limiting TS22–23 to 
release conjugate base 23 and formaldehyde as the 
byproduct (Scheme 2a, pathway 1) occurs with a rate-
limiting barrier of 28.4 kcal/mol. Subsequent 
fragmentation with loss of formaldehyde generates 
quinolone anion 24 (see SI for full energy diagram and 
mechanism). If this pathway was operative, we expected to 
observe side-products originating from Friedel–Crafts 
reactivity with formaldehyde,23 especially under high 
temperature conditions. However, Friedel–Crafts-type 
products were never detected over the course of our 
studies. Although there are no practical examples of NaH 
behaving in a nucleophilic displacement (SN2-type) 
reaction,14 a transition state (TS22–24, ∆∆G≠ = 26.0 
kcal/mol) was located where the hydride engages in an 
SN2-type fashion to cleave the N–O bond, directly forming 
quinolone anion 24 (pathway 2). We posited that NaH can 
potentially engage the carbonyl in a reduction manner,24 
and computed TS22–25 with a significantly lower barrier of 
16.5 kcal/mol, to arrive at tetrahedral intermediate 25, 
which then collapses (∆∆G25-24≠ = +6.0 kcal/mol, see SI) to 
the same aromatic anion 24 (pathway 3). Such a 
nucleophilic hydride transfer by NaH would represent 
previously undisclosed reduction reactivity occurring 
under additive-free conditions. Previous DFT calculations 
to understand NaH-mediated nucleophilicity explicitly 
included two molecules of solvent ligating sodium;24b 
therefore, pathway 3 was also computed via both implicit 
(CPCM with DMF) and explicit solvation. The inclusion of 
two molecules of DMF supporting sodium provided 
additionally stabilization to both the rate-determining 
hydride-delivery transition state (TS22–25∙DMF) (∆∆G≠ = 
15.0 kcal/mol, Scheme 2b) and the resulting tetrahedral 
intermediate 25∙DMF. This unusual nucleophilic hydride 
delivery is likely proceeding under chelation assistance by 
the N-methoxylactam motif and the analogous transition 

state structure for NaH-mediated hydride transfer to 
formaldehyde lacking a chelating group could not be 
located (see SI). When fluorinated N-methoxyisoquinolone 
11i was subjected to deprotection/aza-6π-
electrocyclization, remote N-to-C migration of the methoxy 
group ensued, leading to the isolation of methoxy-
substituted oxyberberine 20 as the sole product, 
presumably through the intermediacy of 26 and 27 
(Scheme 2c). Supportive of pathway 3 (Scheme 2a), this 
outcome is rationalized to occur through a nucleophilic 
aromatic substitution by the methoxide anion ejected from 
N-deprotection. 

The necessity for base suggests that the anionic 
attributes of intermediates 12 (Scheme 1a), 24 (Scheme 
2a), and 27 (Scheme 2b) may be facilitating the 
subsequent 6π-aza-electrocyclization. While anionic aza-
Cope25 and anionic 4π- electrocyclic26 reactions have been 
documented in the literature, our study highlights the first 
example of an anionic 6π-electrocyclic ring closure. We 
computed the Gibbs free energy profiles for both the ani-
onic and neutral pathways by DFT and found the anion 
acceleration effect to be significant (Figure 2). The barrier 
to anionic 6π-aza-electrocyclization is 18.3 kcal/mol lower 
in energy compared to the neutral pathway when examin-
ing the transition state energies of TS29–30 and TS32–33 

(∆∆Gǂ = 44.4 – 26.1 = 18.3 kcal/mol), the origin of which is 
rationalized to be ground state destabilization akin to the 
anionic oxy-Cope27, anionic oxy-Claisen28 and carbanionic 
Claisen29 rearrangements. In the present aza-
electrocyclization, isomerization of the enamide 
component of isoquinolone 28 to acylimine 29 is 20.2 
kcal/mol uphill by DFT, a consequence that is negated up-
on deprotonation to anion 32. In other words, the anionic 
path effectively bypasses the tautomerization step re-
quired in the neutral path. The annulation process to tetra-
cycle 33 is thermodynamically uphill, and the driving force 
is attributed to protonation by solvent DMF. This and the 
reversible nature of the electrocyclization is corroborated 
by experimental mechanistic studies conducted in deuter-
ated DMF (Scheme 3). In most cases, KOt-Bu is necessary  
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Scheme 3. The roles of bases in sequential deprotec-
tion/aza-6π-electrocyclization. 

 

to effect 6π-electrocyclic ring closure following NaH-
mediated N–O bond cleavage. When cyclization precursor 
11d was subjected to NaH in deuterated DMF, deprotected 
isoquinolone 34 was observed as the sole product with 
27% deuterium-labeling at the internal site of the alkene 
(Scheme 3a). Prolonged heating led to a mixture of 
monodeuterated isoquinolone 34-d1 and dideuterated 8- 
oxypseudopalmatine 3-d2 in a 2.2:1 ratio in favor of the 
acyclic intermediate. Incorporation of deuterium into the 
alkene is rationalized to occur by 6π-aza-
electrocyclization, deuteration by DMF-d1, and base-
mediated 6π-electrocyclic ring-opening or elimination. 
Extended exposure to NaH and heat would promote cy-
clization to dideuterated 3-d2. These observations are con-
sistent with the DFT calculations that suggest aza-
electrocyclization to be endergonic. Under KOt-Bu cataly-
sis conditions, electrocyclic ring-closure to 8-
oxypseudopalmatine 3-d1 is irreversible due to KOt-Bu’s 
lower basicity (Scheme 3b). In contrast to dideuteration of 
the tetracycle, only monodeuterated 3-d1 is generated 
from protonation by t-BuOH or the isoquinolone that are 
more acidic than DMF. Past mechanistic studies on reac-
tions involving KOt-Bu in DMF generally invoke single-
electron transfer pathways;30 however, the current depro-
tection/6π-aza-electrocyclization sequence is better con-
sistent with a polar 2-electron pathway, proceeding under 
air, inert atmosphere, and in the presence of TEMPO (see 
SI). The base-mediated anionic 6π-aza-electrocyclization 
reported herein is distinct from and complementary to the 
acid-mediated 6π-aza-electrocyclization for benzoquino- 

 
Scheme 4. C–H functionalization/Suzuki/anionic aza-6π-
electrocyclization sequence en-route to aminoprotober-
berine with C-ring derivatization. 

 

line synthesis31 and C–H alkenylation/6π-electrocycliza-
tion cascade for dihydropyridine synthesis.32 

2.4. Modification of the Protoberberine C-Ring: 
Restoration of AMPK Activation Activity. Contrary to 
previous reports of protoberberine synthesis,8 the present 
modular and convergent strategy stands out as the sole 
method capable of modifying all four rings of the tetracy-
clic scaffold, thereby facilitating the preparation of diverse 
analogs. Schemes 1a and 1b show rings A and D being 
modified by starting with various readily accessible silyl 
enol ethers 7 and hydroxamic esters 8 as coupling part-
ners. While this study focused on introducing a vinyl group 
by Suzuki cross-coupling, incorporating substituted al-
kenes would generate novel B-ring analogs. Distorted B-
ring analogs 4-iso and 20-iso were formed as minor side 
products and isolated for bioassays; however, they can be 
deliberately synthesized by Markovnikov hydration of the 
vinyl group,33 followed by cyclization. The oxidative C–H 
functionalization of N-methoxybenzamides with silyl enol 
ethers was necessary to access natural protoberberines 
without substitution on the alkene of the C-ring. This strat-
egy is also amenable in employing related C–H functionali-
zation reactions with the broader class of internal alkynes 
to generate C-ring analogs.34 This is exemplified in the syn-
thesis of aminoprotoberberine 40 (Scheme 4). The annula-
tive coupling between ynamide 35 and N-
pivaloylbenzamide 36 yields aminoisoquinolone 37 in 
57% yield.35 Despite the additional sulfonamide group, 
Suzuki cross-coupling to append on the vinyl substituent 
proceeds in 69% yield. Since the N–O bond is cleaved in the 
C–H functionalization step, aza-6π-electrocyclization can 
be initiated by treating isoquinolone 38 with catalytic KOt-
Bu, presumably forming anionic intermediate 39 en-route 
to the target tetracycle (40) in 37% yield (51% brsm). 
Western blot analysis revealed that C-ring modification 
with a sulfonamide group restored AMPK activation (see 
SI). 

3. CONCLUSIONS 

Utilizing C–H functionalization and anionic aza-6π-
electrocyclization strategies developed in our lab, we have 
orchestrated a concise and convergent strategy that gener-
ates diverse protoberberine natural and unnatural prod-
ucts with derivatization at all the A, B, C and D rings. De-
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rivatives with electron-donating groups on the D-ring tend 
to be unstable to purification. In the process, we have un-
covered nucleophilic hydride reactivity elicited by NaH in 
DMF and in the absence of external additives such as NaI. 
The natural product stepharotudine (4) was synthesized 
for the first time. Traditionally, protoberberine derivatives 
have been developed and studied under the presumption 
that they act as AMPK activators, as evidenced by several 
studies2c,6,36 and patents37 focused on their potential use in 
treating diabetes. However, our findings challenge this 
paradigm by demonstrating that many protoberberines 
are AMPK inhibitors, a previously unappreciated property. 
This insight opens new avenues for the biomedical 
relevance of these compounds, particularly in areas where 
AMPK inhibition could be therapeutically beneficial. 
Furthermore, we found that incorporating a sulfonamide 
group into the C-ring restores AMPK activation, providing 
a novel insight for future explorations of berberine-derived 
AMPK modulators. There is currently substantial interest 
in advancing AMPK activators for obesity, diabetes, and 
liver illnesses, and we envision that the advancement of 
AMPK inhibitors will have novel therapeutic applications 
in cancer treatment, controlling autophagy, and elderly 
wasting.  
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