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ABSTRACT: A rapid analysis of mass spectrometry data generated from 96 multicomponent reactions using a herein-provided 

chemoinformatic workflow, have pinpointed relevant conditions tuning the reactivity of acrolein to fulfill Baldwin and Whitehead’s 

manzamine alkaloids biosynthetic hypothesis. This strategy can become part of a general method for the analysis of information-rich 

high-throughput experiments of multicomponent reactions applied to natural product biosynthetic scenario.  

Tools at the interface of chemical synthesis and data science 

that have considerably affected the daily workflow of organic 

chemists have emerged in recent years.1 As such, computer-as-

sisted synthetic planning, prediction of organic reaction out-

comes, assisted drug discovery, and optimization of reaction 

conditions with high-throughput experimentations (HTE), just 

to name a few, all provide examples in which leveraging con-

temporary developments in robotic and algorithmic techniques 

enhances the field of application of chemical synthesis.2 HTE 

enables synthetic chemists – through a reiterative process of de-

sign, execution, data analysis, and hit identification – to effi-

ciently explore conditions for reaction optimization and reactiv-

ity pattern discovery.3 Although much of the recent effort has 

been invested in broadening the menu of reactions and synthetic 

targets (especially C‒C and C‒N bond-forming transfor-

mations), the use of HTE to tackle biochemical questions is still 

missing. More precisely, the chemical feasibility assessment of 

a biosynthetic proposal through HTE of multicomponent reac-

tions (MCRs) has not been reported so far. Furthermore, decon-

volution algorithms and automated workflows that process an-

alytical read-out, generated from HTE-induced reaction space 

to highlight minor peaks as potentially novel reaction products, 

are still in their infancy.4 Inspired by landmark advances pro-

vided by computational metabolomics tools5 and recently ap-

plied to organic chemistry,6 we developed a chemoinformatic 

workflow that processes HTE-based LC-MS/MS outputs to ad-

dress Baldwin and Whitehead’s hypothesis of manzamine alka-

loids (retro)biosynthesis. Indeed, in 1992, in a milestone paper 

in the field of marine natural product chemistry entitled “On the 

Biosynthesis of Manzamines”,7 Baldwin and Whitehead dis-

closed their biosynthetic hypothesis for manzamine A (1, 

Scheme 1), one of the most intriguing alkaloids discovered in 

the 80ies,8 and related manzamine-type alkaloids such as 

keramaphidin B (2) and ircinal A (3), the precursor of 1. Nota-

bly, compounds 2 and 3 were discovered after the 1992 publi-

cation,9 illustrating the sharp intuition of the authors. A MCR-

type scenario involving fatty dialdehydes, a nitrogen source, 

and acrolein (4, Scheme 1) as a key C3 unit was put forward by 

Baldwin and Whitehead to explain the formation of 3-alkyl sub-

stituted dihydropyridinium salts yielding manzamine-type alka-

loids through an intramolecular Diels-Alder reaction (Scheme 

1). This key C3 unit can be traced in the structure of most 

manzamine-type alkaloids,10 mainly isolated from Haploscle-

rida and Dictyoceratida marine sponges. While the in vivo ex-

istence of 4 is known,11 its implication as a key intermediate in 

biosynthetic pathways remains totally elusive even 30 years af-

ter Baldwin and Whitehead’s proposal despite the continuous 

discovery of new manzamine-type alkaloids.12 

Based on this biosynthetic proposal, several bioinspired ap-

proaches were conducted, beautifully demonstrating the rele-

vance of models starting from 3-alkyldihydropyridiniums. This 

culminated in the total synthesis of pyridinium salts cyclostel-

lettamines and related compounds13 as well as keramaphidin 

B.14 However, an MCR-type scenario starting from free precur-

sors, i.e., a primary amine, an aldehyde, and acrolein (4), the 

key C3 unit, was never investigated probably due to their inher-

ent high reactivity. Therefore, this work aims to investigate 

Baldwin and Whitehead’s biosynthetic model in terms of 

“chemical feasibility” starting from the three above-mentioned 

free precursors following a HTE of MCRs.  

To investigate Baldwin and Whitehead’s hypothesis, 

Keramaphidin B (2) was selected as a case study and simplified 

to model compound 5 (Scheme 2), named herein “keramaphidin 

B scaffold”. This latter was retrosynthetically disconnected to 

three reactive units consistent with the biosynthetic proposal: 

hexanal (6), butylamine (7), and acrolein (4). After a first « na-

ive » MCR conducted in MeOH with NEt3, an unexpected com-

pound was isolated and characterized named therein “iso-scaf-

fold” (8, Scheme 2) which is notably isomeric to 5 (Experi-

mental procedure S2, Supporting Information). This type of 

scaffold was described earlier from various 1,4-tetrahydro-

pyridines including biologically relevant nicotinamides and its 

importance in our study will be discussed below.15 

Our mechanism proposal (Scheme 3) for the formation of 8 

would imply, in this context, the emergence of a new reactivity 

pattern from acrolein underlying formally an “upside-down” re-

activity. Indeed, two different pathways are conceivable from 

the three reactive units 4, 6, and 7. For the first one, the formal 

1,4-addition of butylamine 7 onto acrolein 4 provides the 

needed 1,2-dihydropyridine 9 yielding keramaphidin B scaffold 

5 through an intermolecular Diels-Alder reaction followed by a 

reduction. For the second one, the formal 1,2-addition provides 

a central 1,4-dihydropyridine 10 yielding iso-scaffold 8. 
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Importantly, this second pathway clearly constitutes a dead-end 

scenario to fulfil Baldwin and Whitehead’s model. 

Scheme 1. Baldwin and Whitehead’s Biosynthetic Hypothesis for Manzamine (1) and Manzamine-Type Alkaloids 

 
 

Scheme 2. “Retrobiosynthetic” Logic from Keramaphidin 

B (2) and First MCR Approach 

 
 

Therefore, to drive acrolein reactivity towards 9 and to 

demonstrate the “chemical feasibility” of this long-lasting hy-

pothesis, a set of MCRs was rationalized in terms of biomimetic 

logic aiming at creating abiotic but bioinspired conditions in a 

protecting group-free fashion. Briefly, different chemical envi-

ronments of the enzymatic active site were tentatively mim-

icked with solvent of decreasing polarity (i.e., aqueous 

TRIS/HCl buffer, EtOH and, CH2Cl2), combined to diverse cat-

alytic conditions such as general acido-basic catalysis (i.e., sil-

ica gel and Ketjen-Bekkum reagent16), Lewis acid catalysis (i.e., 

ZnCl2 and Bi(OTf)3) or covalent enamine catalysis (i.e., mor-

pholine, pyrrolidine and, triethylamine) (Figure S49, Support-

ing Information). Moreover, the reagent addition order was also 

explored. In total, 96 individual MCRs were performed apply-

ing an HTE-based approach including a treatment with sodium 

borohydride as a way to mimic a needed hydrogenase-type re-

duction at a final step of the biosynthetic pathway. Each 

reaction was labelled as the following reaction code: #reaction 

number (1.x for solvent / 2.x for catalyst / 3.x for the reagent 

addition order). The exploration of those complex reaction 

mixtures, considered herein as “bioinspired synthetic metabo-

lomes”, required the design of a targeted mass spectrometry-

based metabolomics profiling workflow (Figure 1) inspired 

from our previous “chemistry-first strategy” in natural product 

discovery.17 According to this strategy, model compounds 5 

(keramaphidin B scaffold) and 8 (iso-scaffold), both acting as 

synthetic probes, were upstream synthesized (Experimental 

procedure S1, Supporting Information) in order to easily access 

to their analytical read-out (i.e., HRMS, MS/MS, RT). There-

fore, the formation of both probes in the 96 MCRs could be 

tracked with a high level of confidence (level 1 according to 

Metabolomics MSI guidelines).18 To proceed, the 96 reaction 

mixtures were profiled by targeted UPLC-HRMS/MS (m/z = 

389.389 [M+H]+ corresponding to isomeric probes 5 and 8) 

with a retention time constraint (Experimental procedure S4, 

Supporting Information). In addition, strict quality control was 

imposed to the study. In this way, synthetic probe vials were 

analyzed every ten injections to monitor the retention time drift 

(Table S2‒S3 and Figure S52, Supporting Information) and to 

ensure the exactness of our results.19 The obtained spectral 

space was processed using an MZmine320 batch mode in a sam-

ple centric manner and annotated with our standard MS/MS 

spectra (Experimental procedure S5 and Data availability, Sup-

porting Information). 

Satisfyingly, application of this strategy combining HTE and 

chemoinformatics, enhanced by an in-house Python script con-

verting the annotation and quantification table files generated 

by MZmine 3 into cosine score and relative abundance-based 

heatmaps, has allowed an efficient and reliable analysis of the 

96 MCRs resulting in the identification of keramaphidin B scaf-

fold (5) and iso-scaffold (8) in 23 (#33, #34, #35, #36, #39, #40, 

#41, #42, #43, #44, #47, #48, #56, #57, #58, #59, #60, #61, #64, 

#72, #80, #88, #96) and 11 (#49, #50, #51, #52, #53, #54, #56, 

#71, #79, #87, #95) reaction mixtures, respectively (Figure S54 

and Table S4, Supporting Information). 
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Scheme 3. Proposed Mechanism for the Formation of Keramaphidin B Scaffold (5) and Iso-Scaffold (8) 

 
 

 

Figure 1. Overview of HTE of MCRs workflow coupled to targeted mass spectrometry analysis and chemoinformatic processing. 

Notably, formation of both 5 and 8 pinpoints the “volatile” 

reactivity of acrolein (4) and demonstrates the emergence of 

Baldwin and Whitehead’s chemical space by producing an im-

pressive MCR cascade from this key starting material. Moreo-

ver, a cursory examination of the generated heatmaps (Figure 

2) reveals salient reactivity patterns for keramaphidin B scaf-

fold (5) and iso-scaffold (8). 

Among the remarkable insights provided by the overall anal-

ysis of the heatmaps, it appears that both probes are largely pro-

moted in EtOH (solvent(1.2)), which is probably due to its abil-

ity to perform hydrogen bonds with carbonyl compounds (i.e., 

hexanal and acrolein) for enhancing their electrophilic 

properties,21 as well as with the use of Lewis acids ZnCl2 (cata-

lyst(2.7)) and Bi(OTf)3 (catalyst(2.8)), which are also known to 

activate such chemical functions and catalyze Michael addition 

reactions.22 Interestingly, 5 can be obtained in DCM (sol-

vent(1.3)) if Bi(OTf)3 (catalyst(2.8)) is used as a catalyst (Figure 

2, top). A similar reactivity has been reported elsewhere.22a In 

the same fashion, ZnCl2 (catalyst(2.7)) enables the formation of 

iso-scaffold (8) in DCM (solvent(1.3)) (Figure 2, bottom). In 

addition, these both Lewis acids appear to be insensitive to-

wards reagent addition order. However, when EtOH (sol-

vent(1.2)) was used as a solvent, the reagent addition order 

seems to have a noteworthy influence on the MCR outcomes. 
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For instance, Figure 2 (bottom) shows that, except when 

Bi(OTf)3 (catalyst(2.8)) was used, the addition order (3.3) in-

volving hexanal (6) with butylamine (7) followed by acrolein 

(4), iso-scaffold (8) was selectively obtained. The importance 

of the reagent addition order on MCR outcomes has been al-

ready observed in various scenarios.23 At last, since 5 and 8 

were not formed in TRIS/HCl aqueous buffer (solvent(1.1)), it 

appears that such solvent is not adapted to our study. 

 

 

Figure 2. Heatmaps depicting keramaphidin B scaffold (5) relative 

abundance (top) and iso-scaffold (8) relative abundance (bottom) 

depending on reaction conditions. 

To conclude, by applying a chemoinformatic workflow that 

processes HTE-based LC-MS/MS outputs, we were able to 

demonstrate the chemical feasibility of Baldwin and White-

head’s hypothesis for manzamine-type alkaloids biosynthesis. 

The entire data processing was automated by applying a 

MZmine3 batch mode associated to an in-house Python script 

accessible at https://github.com/AxelLebld/Peaklist-to-

heatmap. We foresee that this strategy will be part of a general 

method to efficiently analyze the outputs generated by HTE-

based MCRs. In this study, 96 individual MCRs were designed 

according to biosynthetic considerations. Three starting reac-

tive units were used as surrogates of postulated biosynthetic 

precursors including acrolein (4) as the key C3 unit. An “upside-

down” reactivity pattern of acrolein was revealed and high-

lighted leading whether to the correct arrangement to fulfill 

Baldwin and Whitehead’s proposal with the formation of 

keramaphidin B scaffold (5) or to a dead-end outcome exempli-

fied by iso-scaffold (8). This work is obviously not a proof of 

the involvement of such a metabolic pathway in vivo but it al-

lows not to refute the hypothesis outright. Manzamine alkaloids 

are clearly one of the still unlocked main challenges in the field 

of natural product biosynthesis. In that context, the C3-unit hy-

pothesis put forward by Baldwin and Whitehead which was 

slightly modified by Marazano and coll. in the 1990s and 2000s 

(with the intervention of malondialdehyde and leading in 2008 

to a mixed scenario)13a, 24 may be considered as a guiding prin-

ciple for genome mining of putative biosynthetic gene clusters 

and enzymes. 
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