
molecules

Review

Antibacterial Natural Halimanes: Potential Source of
Novel Antibiofilm Agents

Ignacio E. Tobal † , Alejandro M. Roncero † , Rosalina F. Moro, David Díez and
Isidro S. Marcos *

Departamento de Química Orgánica, Facultad de Ciencias Químicas, University of Salamanca,
Plaza de los Caídos 1-5, 37008 Salamanca, Spain; ignaciotobal@usal.es (I.E.T.); alexmaron@usal.es (A.M.R.);
rfm@usal.es (R.F.M.); ddm@usal.es (D.D.)
* Correspondence: ismarcos@usal.es; Tel.: +34-923-294-482
† These authors have contributed equally to this work.

Academic Editor: Artur M. S. Silva
Received: 25 February 2020; Accepted: 3 April 2020; Published: 8 April 2020

����������
�������

Abstract: The development of new agents against bacteria is an urgent necessity for human beings.
The structured colony of bacterial cells, called the biofilm, is used to defend themselves from biocide
attacks. For this reason, it is necessary to know their structures, develop new agents to eliminate them
and to develop new procedures that allow an early diagnosis, by using biomarkers. Among natural
products, some derivatives of diterpenes with halimane skeleton show antibacterial activity. Some
halimanes have been isolated from marine organisms, structurally related with halimanes isolated
from Mycobacterium tuberculosis. These halimanes are being evaluated as virulence factors and as
tuberculosis biomarkers, this disease being one of the major causes of mortality and morbidity. In
this work, the antibacterial halimanes will be reviewed, with their structural characteristics, activities,
sources and the synthesis known until now.

Keywords: halimanes; bacteria; marine origin; biofilm; diterpenes; tuberculosinol; isotuberculosinol;
ent-halimic acid; synthesis

1. Introduction

A bacterial biofilm is a structured colony of bacterial cells that appears when the planktonic
cells are encrusted in a polymeric matrix composed by exopolysacharides, proteins and nucleic acids
made by themselves, and adhered to a live or inert surface [1]. In order to form part of a biofilm,
the bacteria make important changes in their structures and metabolism. Recent studies have allowed
researchers to identify the genetic expression of the biofilms, which it is quite different to planktonic
cells. The bacterial biofilm facilitates the survival of the pathogenic bacteria in their biological ambient,
protecting the bacteria from the immunity response of the host and of biocides such as antibiotics or
disinfectants. The impact of biofilms on health is out for discussion, as biofilm formation increases
bacterial resistance against antibiotics. The modern concept of biofilms was introduced by Costerton
and co-workers [1]. Later on, some articles come out referring to the mycobacterial biofilm environment,
but it was not until 1990s when the current concept appeared for biofilm [2]. New biofilm definitions
have successively appeared, such as microbial-derived sessile community, characteristics of certain
microorganisms that adhered to the surfaces forming complex microbial communities that live, interact
and work in different ecosystems [3].

A biofilm can comprise approximately 15% of cells and 85% of the extracellular matrix. The latter
is formed by exopolysacharides that form channels where water, enzymes, nutrients and residues
circulate [3,4]. There, cells establish relationships and dependences, living cooperatively and
communicating amongst themselves through chemical signals (quorum perception), regulating
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the gene expression in a different manner depending on the location inside the community, such as
a tissue in a multicellular organism. As more than 60% of bacterial infections are caused by biofilms
and are considered a clinical threat because of their growth in catheters or surgery instruments, these
bacterial structures have raised great interest in study.

As biofilms can act as reservoirs of infectious agents, it is necessary to develop more protocols for
disinfection, not only in clinical settings but also in animal farms and in food processing [2,5].

Tuberculosis, mainly caused by Mycobacterium tuberculosis (M. tuberculosis), is an important
source of morbidity and mortality worldwide, with almost two million deaths annually [6]. Due to
an increasing level of multidrug and drug resistance, new drugs against tuberculosis are necessary.

M. tuberculosis biofilms that were recently discovered open up a new area of research. The treatment
of these infections is more effective when antibiotics are used in the first steps of the biofilm
development [2]. It has been demonstrated that biofilm is involved in M. tuberculosis resistance
to antituberculosis drugs, although it is not clear how these findings can be applied to tuberculosis
treatment. It has been demonstrated that the bacteria death ratio increases when a combination of
antibiotics and antibiofilm agents are employed [2].

The M. tuberculosis biofilm plays a central role in the process of caseous necrosis and cavity
formation in lung tissue and can be found in clinical biomaterials. A major part of antimicrobial
resistance is due to the presence of a bacterial biofilm, as it affords protection against antibiotics that
are normally active against the same bacteria in the planktonic state [2]. Some treatment failure of
biofilm-forming microorganisms is due to antibiotic, disinfectant, and germicide resistance. Clinical
experience demonstrates that these biofilms should be eradicated prior to controlling the infection.
Resistance could be explained by different mechanisms, permeability, metabolic states, activation of
resistance genes or persisting cells [7–9].

For this reason, it is fundamental to develop new procedures that allow an early detection of the
illness introducing new biomarkers. New therapies targeting the virulence factor (VF) formation are
of maximum interest. VFs are involved in processes such as invasion, persistence, lysis and evasion
of innate immune system responses, although VFs are not essential for bacterial growth outside
the host cell. Two diterpenes tuberculosinol, 1, and isotuberculosinol, 2, can be considered VF in
M. tuberculosis [6,10] (Figure 1).
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In the biosynthesis of tuberculosinol, 1, and isotuberculosinol, 2, are involved two genes (Rv3377c
and Rv3378c) found only in virulent species of genus Mycobacterium (such as M. tuberculosis and M.
bovis). These genes could not be found in avirulent species of genus Mycobacterium (such as M. smegmatis
and M. avium) [11,12], so they may be involved in the infection processes of these bacteria. The lower
virulence of M. bovis in comparison with M. tuberculosis could be explained as these genes only seem to
be functional in M. tuberculosis and not in M. bovis [13,14].

Tuberculosinol, 1, and isotuberculosinol, 2, roduced in vivo by M. tuberculosis [15,16] (in a 1:1
ratio), inhibit phagolysosome maturation as well as macrophage phagocytosis, plus a synergistic effect
increased by the coexistence of both compounds. The pathogenicity of M. tuberculosis decreases the
phagocytic capacity [11]. Thus, both tuberculosinol, 1, and isotuberculosinol, 2, biosynthetic proteins
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(Rv3377c and Rv3378c) are essential for the bacteria’s survival inside the macrophage [11,17,18]. Both
enzymes are new potential targets for the development of novel drugs.

Two new natural tuberculosinol derivatives, with an adenosine unit at C15 of the diterpene, have
been isolated from M. tuberculosis [19,20], 1-TbAd, 3, and N6-TbAd, 4, (Figure 1). It has been observed,
in a comparative lipidomic assay between M. tuberculosis and M. bovis that these two diterpenes occur
in higher amounts in M. tuberculosis and comprise >1% of all M. tuberculosis lipids, so they could
serve as an abundant chemical marker of M. tuberculosis [19,21]. In addition, in this study it has been
proved that the Rv3378c enzyme is responsible for 1-TbAd, 3, formation; this protein appears to be
a tuberculosinyl transferase (prenyl transferase).

In this manner, Rv3377c and Rv3378c are new targets for anti-infective therapies against
tuberculosis that block virulence factor (tuberculosinols) formation [6]. Consequently, tuberculosis
could be related to these halimane diterpenoids.

Tuberculosinol, 1, isotuberculosinol, 2, and analogues:1-tuberculosinyl adenosine (1-TbAd),
3, and N6-tuberculosinyl adenosine (N6-TbAd), 4, are halimanes that could be considered VF of
M. tuberculosis and tuberculosis illness [18–20,22–29]. Nowadays, these compounds are being tested as
biomakers for tuberculosis.

2. Halimanes of Marine and Bacterial Origin

Halimanes are members of the diterpene family that proceed from geranylgeranyl pyrophosphate
and can be considered between labdane and clerodane diterpenes from a biogenetic point of view [22,30].
(Figure 2) Unlike labdane and clerodane diterpenes, more than a milliard compounds of each group
are known, but barely 250 halimanes are known.
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Figure 2. Biosynthesis of some bicyclic diterpenes.

Halimane diterpenes can be divided into different groups according to the annular double
bond position. In this manner, halim-1(10)-ene, halim-5(10)-ene and halim-5-ene can be found
(Figure 2). Among halimanes, other groups can also be found: dihydrohalimenes, rearranged
halimanes, nor-halimanes and seco-halimanes. In Figure 3 appear some skeletons corresponding to
these halimanes.
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In Figure 4, some of the most significative natural halimanes appear. Chettaphanin I, 5,
and chettaphanin II, 6, [23,24] isolated from Adenochlaena siamensis are the first two halimanes known.
Their structures were spectroscopically and X-ray determined in 1970, but their absolute configuration
was not possible to be determined at that moment. ent-Halimic acid, 7, and its acetylderivative [25,30],
are the main components of Halimium viscosum (Villarino de los Aires), a plant of the Cistaceae family
from which the majority of halimanes have been isolated. Due to this, this diterpene group is named
after the gender of Halimium viscosum [22]. ent-Halimic acid, 7, and its acetylderivative, were used as
starting materials for the synthesis of chettaphanin I, 5, and chettaphanin II, 6, establishing in 2003 the
absolute configuration for the mentioned natural products [31]. In addition to the halimanes described
in this manuscript, there are a large number of very interesting halimanes because of other bioactivities
as antitumoral, anti-inflammatory, antimicrobial, antifungal, germination inhibitors, etc [30].
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3. Classification

In marine organisms and bacteria, halimanes are not very abundant, but they are very interesting
due to their biological properties. These compounds have been isolated from mollusks have been
isolated from mollusks (Austrodoris, Spurilla), sponges (Agelas, Raspailia, Dysidea), tunicates (Cystodytes),
cnidaria (Echinomuriceae, medusa, anemonae, polyps or corals). Halimanes isolated from marine
organisms have been divided into three groups, according to their structural characteristics: simple
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halimanes, halimane-glycerol and halimane-purines derivatives. In other groups, the halimanes with
antibacterial activity that proceeds from bacteria and plants will be studied.

In this review, we have included not only halimanes found in marine organisms, but also
halimanes isolated from bacteria and plants, because these halimane-purines are close structurally.
These halimane-purines, as halimane derivatives of mixed biogenesis, follow similar biosynthetic
routes to the ones that act as the enzyme Rv3378c.

3.1. Marine Simple Halimanes, 8–14

Among diterpene found in marine organisms (Figure 5) (Table 1), proper halimanes of different
groups are found: halimanes 2; ent-halimane, 8; 8-epi-ent-halimane, 9; two dihydrohalimenes, 10 and
11; and three cyclopropylhalimanes 12–14. Four of them present a butenolide or γ-hydroxibutenolide
in the side chain, two are furanyl derivatives and spurillin B, 8, that presents an unsaturated side chain
with a cis double bond, which is unusual among the natural halimanes. Nosyberkol was isolated
as a single stereoisomer in 2004 from the Nosy Be Islands (Madagascar) sponge Raspailia sp [32].
The C-13 configuration was not determined, and the absolute configuration remains undetermined.
Some years later, nosyberkol was identified as isotuberculosinol, 2, one of the metabolites isolated
from M. tuberculosis that appears with tuberculosinol. The structures of the last compounds were
corroborated by synthesis, establishing in this manner their absolute configuration as halimanes [29,33].

Molecules 2020, 25, x FOR PEER REVIEW 5 of 18 

 

In this review, we have included not only halimanes found in marine organisms, but also 
halimanes isolated from bacteria and plants, because these halimane-purines are close structurally. 
These halimane-purines, as halimane derivatives of mixed biogenesis, follow similar biosynthetic 
routes to the ones that act as the enzyme Rv3378c. 

3.1. Marine Simple Halimanes, 8–14. 

Among diterpene found in marine organisms (Figure 5) (Table 1), proper halimanes of different 
groups are found: halimanes 2; ent-halimane, 8; 8-epi-ent-halimane, 9; two dihydrohalimenes, 10 and 
11; and three cyclopropylhalimanes 12–14. Four of them present a butenolide or γ-hydroxibutenolide 
in the side chain, two are furanyl derivatives and spurillin B, 8, that presents an unsaturated side 
chain with a cis double bond, which is unusual among the natural halimanes. Nosyberkol was 
isolated as a single stereoisomer in 2004 from the Nosy Be Islands (Madagascar) sponge Raspailia sp 
[32]. The C-13 configuration was not determined, and the absolute configuration remains 
undetermined. Some years later, nosyberkol was identified as isotuberculosinol, 2, one of the 
metabolites isolated from M. tuberculosis that appears with tuberculosinol. The structures of the last 
compounds were corroborated by synthesis, establishing in this manner their absolute configuration 
as halimanes [29,33]. 

 
Figure 5. Halimanes of marine origin. 

Table 1. Natural sources and activities of marine origin halimanes. 

Marine Halimanes  Natural Sources Activity References 

Nosyberkol, isotuberculosinol, 2 Raspailia sp. 
M. tuberculosis 

 [29,32,33] 

Spurillin B, 8 Spurilla sp.  [34] 

Echinohalimane A, 9 Echinomuricea sp Cytotoxic,  
neutrophil elastase inhibitor [35,36] 

Ambliol B, 10 Dysidea amblia  [37,38] 
Ambliol C, 11 D. amblia  [38] 

Dytesinin A, 12 Cystodytes sp.  [39] 
Dytesinin B, 13 Cystodytes sp.  [39] 

14 Echinomuricea sp. Cytotoxic, anti-inflammatory [39] 

3.2. Halimane-Glycerol Derivatives Isolated from Marine Organisms: 15–18 

Figure 5. Halimanes of marine origin.



Molecules 2020, 25, 1707 6 of 19

Table 1. Natural sources and activities of marine origin halimanes.

Marine Halimanes Natural Sources Activity References

Nosyberkol,
isotuberculosinol, 2

Raspailia sp.
M. tuberculosis [29,32,33]

Spurillin B, 8 Spurilla sp. [34]

Echinohalimane A, 9 Echinomuricea sp Cytotoxic,
neutrophil elastase inhibitor [35,36]

Ambliol B, 10 Dysidea amblia [37,38]

Ambliol C, 11 D. amblia [38]

Dytesinin A, 12 Cystodytes sp. [39]

Dytesinin B, 13 Cystodytes sp. [39]

14 Echinomuricea sp. Cytotoxic, anti-inflammatory [39]

3.2. Halimane-Glycerol Derivatives Isolated from Marine Organisms: 15–18

A series of allomones was isolated from the Antarctic nudibranch, including diterpene glycerides,
involved in the defense of those nudibranchs. All of them, 15-18, are 8-epi-ent-halim-1(10)-ene glycerol
esters, with the glycerol fragment free or esterified as acetates [40–42] (Figure 6) (Table 2).
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Table 2. Natural sources and activities of marine halimane-glycerols.

Marine Halimane-Glycerol
Derivatives Natural Sources Activity References

Austrodorin, 15 Austrodoris kerguelenensis (Syn.
of Doris kerguelenensis) Self-defense [40]

Diacetyl austrodorin, 16 A. kerguelenensis Self-defense [40]

Palmadorin R, 17 A. kerguelenensis [41,42]

Palmadorin S, 18 A. kerguelenensis [41,42]

3.3. Halimane-Purines Derivatives: 19–29

Eleven halimane purines, mainly isolated from marine sponges, have been characterized. (Figure 7)
(Table 3). Among them, the following halimane families can be found: ent-halim-1(10)-enes 19,
halim-1(10)-enes 20, 8-epi-ent-halim-1(10)-enes 21, 22, ent-halim-5(10)-ene 23, halim-5(10)-enes 24,
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25, dihydro-ent-halimanes 26, 27 and cyclopropyl-8-epi-ent-halimanes 28, 29. (Figure 7) All of them
were isolated from sponges of the genus Agellas, except for asmarine I, 28, and asmarine J, 29, which
were isolated from Raspailia sp [43]. These compounds show antibacterial, antifungal, antimalarial,
and cytotoxic activities, inhibition of adenosine transfer into rabbit erythrocytes and Ca2+ channel
antagonistic action and α1 adrenergic blockade, among others. Some of these compounds possess
antifouling activity against macroalgae, and so can be useful in the fishing industry as an alternative
to metals in anti-adherent mixtures. Antifouling substances with no or reduced toxicity should be
discovered or developed [44]. Halimane-purines constitute very interesting natural products for
further biological and chemical research owing to their biological activities [20]. Several of these
compounds show antibacterial activity, and are structurally similar to the diterpene purines isolated
from M. tuberculosis (1-TbAd, 3, and N6-TbAd, 4), although in these ones the purine appears glycosylated
in a different union with the diterpene [44].Molecules 2020, 25, x FOR PEER REVIEW 7 of 18 
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Table 3. Natural sources and activities of halimane-purines.

Halimane-Purines Natural Sources Activity References

(+)-8’-Oxo-agelasine C, 19 Agelas mauritiana [43]

(−)-Agelasine C, 20 Agelas sp.
A. citrina

Inhibitory effects on Na,K-ATPase,
antifungal, antimycobacterial [45–48]

Epi-agelasine C, 21 Agelas sp. Antifouling, antimycobacterial [45,48,49]

Isoagelasine C, 22 A. nakamurai Antifungal, antibacterial [50]

(+)-Agelasine J, 23 A. mauritiana Antimalaria, antimicrobial,
cytotoxic [50,51]

(+)-Agelasine O, 24 Agelas sp. Antibacterial, antifungal [52]

(+)-Agelasine S, 25 Agelas sp. Antibacterial, antifungal [52]

(+)-Agelasimine A, 26 A. mauritiana

Cytotoxic
Adenosine transfer into rabbit

erythrocytes inhibition.
Ca2+-channel antagonistic action.

α1 Adrenergic blockade

[53,54]

(+)-Agelasimine B, 27 A. mauritiana

Cytotoxic
Adenosine transfer into rabbit

erythrocytes inhibition.
Ca2+-channel antagonistic action.

α1 Adrenergic blockade

[53,54]

Asmarine I, 28 Raspailia sp. Cytotoxic [32]

Asmarine J, 29 Raspailia sp. Cytotoxic [32]

3.4. Halimanes Isolated from Bacteria

Compounds of this group (Figures 1 and 8), (Table 4) have been isolated from bacteria, but
nosyberkol (isotuberculosinol), 2, has also been found in marine sponges of the genus Raspailia sp. All
of them are halim-5-enes and characterized by their antibacterial activities.
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Compounds tuberculosinol, 1, and isotuberculosinol, 2, are produced by M. tuberculosis [15,16].
Until now, the presence of 1 or 2 in the cultured cells of 12 nonpathogenic Mycobacterium species has
not been detected [16]. It has been observed that tuberculosinol, 1, and isotuberculosinol, 2, (in a 1:1
ratio, with 2 being a mixture of the diastereomers 13R-isotuberculosinol (2R) and 13S-isotuberculosinol
(2S) in a 1:3 ratio) inhibit phagolysosome maturation and macrophage phagocytosis in human-like
cells [11].

A bacterial class II diterpene cyclase, DTC, (cyclase B type) that produces halima-5,13-dienyl
diphosphate has been identified [27,55]. M. tuberculosis Rv3377c gene has been effectively identified,
and the encoded DTC has been proved to be responsible for the production of the halimane skeleton.

Recently the structure of the diterpene tuberculosinol/isotuberculosinol synthase (Rv3378c)
from M. tuberculosis has been reported [56]. The biosynthesis of tuberculosinols is catalyzed by
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two enzymes: Rv3377c, tuberculosinyl (halima-5,13-dien-15-yl) diphosphate synthase, and Rv3378c,
tuberculosinol/(R/S)-isotuberculosinol synthase. Rv3377c is a DTC classified as class II that transforms
GGPP into tuberculosinyl diphosphate (TPP) with a halimane core [23,57], while Rv3378c is a
diterpene synthase that converts TPP into tuberculosinol, 1, or (R/S)-isotuberculosinols, 2, acting as a
phosphatase/isomerase [11,17].

Table 4. Natural sources, activities of halimanes from bacteria.

Bacterial Halimanes Natural Sources Activity References

Tuberculosinol, 1 M. tuberculosis [12,14,17,18,26–29,33]

Nosyberkol, Isotuberculosinol, 2 Raspailia sp.
M. tuberculosis [17,26–29,32,33]

Tuberculosene, 30 Kitasatospora griseola [28,58]

Micromonohalimane A, 31 Micromonospora sp. Antibacterial [59]

Micromonohalimane B, 32 Micromonospora sp. Antibacterial [59]

1-Tuberculosinyl
adenosine (1-TbAd), 3 M. tuberculosis M. tuberculosis biomarker [19,20,60,61]

N6-Tuberculosinyl
adenosine (N6-TbAd), 4

M. tuberculosis M. tuberculosis biomarker [19,20,60]

It is probable that the biosynthesis of the diterpene purines isolated from marine organisms follows
a similar path to 1-TbAd, 3, and N6-TbAd, 4, in which enzyme homologs to Rv3378c could be involved,
probably expressed in the genome of the surrounding microbiome around the macro organism.

Tuberculosene, 30, (Figure 8) has been obtained by enzymatic reaction from a mixture of GGPP with
tuberculosinyl diphosphate synthase and CYC2 enzyme from the bacteria Kitasatospora griseola [28,58].
Micromonohalimanes A and B (31 and 32, from Micromonospora sp. [59]), which present antibacterial
activity, have been characterized. Micromonohalimane B 32 is the only halimane which includes
a chlorine atom in its structure.

Recently, new knowledge was reported about the evolution of the bacteria that causes tuberculosis
in animals and human beings. To know how it can be differentiated, the different bacteria
lines will increase the comprehension of bacteria origins that cause the illness and the genetic
mechanisms involved.

3.5. Antibacterial Halimanes Isolated from Plants

Antibacterial halimanes isolated from plants are shown in Figure 9 and Table 5. All of them are
ent-halimanes, except for 35, which is a halimane.

Table 5. Natural sources, activities of antibacterial halimanes from plants

Antibacterial Plant Halimanes Natural Sources Activity References

13R-ent-halim-1(10)-en-15,16-diol, 33 Vellozia kolbekii Antitumour,
antimicrobial [62]

11R-Acetoxy-ent-halima-
5,13E-dien-15-oic acid, 34 Plectranthus ornatus Antimicrobial [63–65]

35 Colophospermum mopane Antimicrobial [66]

Tessmannic acid, 36 Tessmannia
densiflora

Antibacterial, antifungal,
mosquito repellent, weak

mosquitocidal
[67]

Tessmannic acid methyl ester, 37 T. densiflora
Antibacterial, antifungal,
mosquito repellent, weak

mosquitocidal
[67]
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4. Halimane Synthesis

The following will describe the synthesis known until now of different halimanes isolated from
marine organisms and bacteria.

4.1. Halimane-Purine Synthesis. (+)-Agelasine C

ent-Halimic acid methyl ester, 38, has been used as a starting material for the synthesis of several
terpene-alkaloids, such as (+)-agelasine C, 39, (Scheme 1) [45,68–72]. With this synthesis, the authors
were able to establish the structure and absolute configuration of the natural product (−)-agelasine
C, 40, correcting the structure originally proposed for epi-agelasine C, for this one was proposed the
structure of 41 [45]. (Figure 10)

Epi-agelasine C presents antifouling activity and in order to establish its absolute configuration it
was designed with a synthesis using ent-halimic acid as starting material [45] (Scheme 1).
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from the orange sponge Agelas mauritiana (Figure 7). The synthesis of 26 and 27 was carried out by 
Ohba and co-workers [53], starting with (+)-trans-dihydrocarvone, 46, allowing them to establish the 
absolute configuration of both natural products. The authors previously developed a reaction 
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asymmetric synthesis of (+)-agelasimine A, 26, and (+)-agelasimine B, 27, was done from (+)-trans-

Scheme 1. (a) DHP, p-TsOH, C6H6 (98%); (b) LAH, Et2O, 0 ◦C and then rt (99%); (c) TPAP, NMO (94%);
(d) diethylene glycol, NH2NH2·H2O, KOH, 175–230 ◦C (81%); (e) p-TsOH, MeOH (81%); (f) CBr4, PPh3,
DCM (76%); (g) DMA, 50 ◦C; (h) Zn, MeOH, H2O, AcOH (13% two steps).

The synthesis of 42 (Scheme 1) was achieved in six steps from ent-halimic acid methyl ester, 38.
The sequence started with the reduction of the methoxycarbonyl group of C-18 to methyl, that has
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been carried out in other synthesis of biologically active compounds [73,74] and finally to install the
bromoderivative of C-15. Coupling of 42 with adenine fragment 43 led in two steps to 39 [45].

The physical properties of 39 are very different to those of the natural product epi-agelasine C
for which the structure 44 was proposed, which should be revised. However, 1H and 13C NMR of
39 are identical to those of (−)-agelasine C, for which the structure of 45 was originally proposed. In
addition, the rotation of 39 and one of the natural products, (−)-agelasine C, are similar in absolute
value but with the opposite sign. Accordingly, the natural product (−)-agelasine C has structure 40
(Figure 10) that it is the enantiomer of the synthesis product 39 (+)-agelaine C. By comparison of the
spectra and rotations of 39 and those of the natural product epi-agelasine C, the structure of 41 for the
natural product epi-agelasine C was proposed. (Figure 10)
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4.2. Synthesis of (+)-agelasimine A, 26, and (+)-agelasimine B, 27

(+)-Agelasimine A, 26, and (+)-Agelasimine B, 27, are two diterpene-adenine derivatives isolated
from the orange sponge Agelas mauritiana (Figure 7). The synthesis of 26 and 27 was carried out by
Ohba and co-workers [53], starting with (+)-trans-dihydrocarvone, 46, allowing them to establish the
absolute configuration of both natural products. The authors previously developed a reaction sequence
similar to that done for the racemic (±)-agelasimine A and (±)-agelasimine B [75,76]. The asymmetric
synthesis of (+)-agelasimine A, 26, and (+)-agelasimine B, 27, was done from (+)-trans-dihydrocarvone,
46, (Scheme 2) through enones 47 and 48 to access the key intermediate 49, which was transformed
into the bicyclic enone 50 by a procedure previously described. Transformation of 50 into the required
diterpenic diol (+)-54 was carried out by a seven-step sequence, among which Suzuki cross-coupling
was necessary to complete the side chain. The synthesis of (+)-55 was done starting from 54 in three
steps: bromation, alkylation, with 3-methyladenine and neutralization of the hydrobromide salt.
Methylation of 55 leads to compound (+)-56 that was identical to the natural product (+)-agelasimine
A. Reduction of 55 followed by methylation and neutralization leads to (+)-57, which is identical to the
natural product (+)-agelasimine B. In this manner, the structures were corroborated and finally the
absolute configuration of the natural products (+)-agelasimine A and (+)-agelasimine B was established.
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4.3. Synthesis of Tuberculosinol, 1, and Isotuberculosinol, 2

The development of effective new drugs against bacteria and biofilms of M. tuberculosis is absolutely
necessary and urgent. In this line, the development of new therapies for the inhibition of the virulence
factor (VC) formation such as tuberculosinol, 1, and isotuberculosinol, 2, (13R and 13S) is of special
interest, where these two halimanes show the main interest and projection. The structures of 1 and
2 have been confirmed by synthesis [29,33,77], enabling researchers to achieve a structural revision
of the diterpenes isolated from M. tuberculosis, assigning to isotuberculosinol the same structure of
nosyberkol, 2, (isolated from Raspailia sp).

4.4. Snider’s Synthesis of Tuberculosinol, 1, and Isotuberculosinol, 2

For tuberculosinol, 1, and isotuberculosinol, 2, racemic synthesis, Snider and co-workers [33] used
as a key step exo-cycloaddition (Scheme 3). Cycloaddition of 58 with N-tigloylisoxazolidinone, 59,
and Me2AlCl provides a mixture of the desired exo-Diels-Alder adduct 60 and the endo adduct (54%,
10:1 exo/endo). Reduction of (±)-60, Dess-Martin periodinane oxidation, followed by condensation of the
aldehyde with acetone in the presence of NaOMe leads to an enone that by reduction with Li in NH3

gives the key intermediate (±)-61. The addition of vinylmagnesium bromide to methylketone (±)-61
gives a diastereoisomer mixture (±)-62 which has spectroscopic properties identical to the natural
products nosyberkol and isotuberculosinol. The reaction of (±)-61 with triethylphosphonoacetate leads
to (±)-63, the reduction of which gives (±)-64, an identical product to the natural tuberculosinol [27].
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Scheme 3. (a) Me2AlCl, CH2Cl2 (54%, 10:1 exo/endo); (b) 1) LiBH4, THF/H2O; 2) Dess-Martin periodinane,
CH2Cl2 (77%); (c) acetone/MeOH, NaOMe (60%); (d) 1) Li, NH3, EtOH; 2) Jones oxidation (90%);
(e) CH2=CHMgBr, THF (88%); (f) (EtO)2POCH2COOEt, NaH, THF (84%); (g) DIBAL, CH2Cl2 (92%).

4.5. Sorensen’s Synthesis of Tuberculosinol, 1, and Isotuberculosinol, 2

The synthesis of tuberculosinol, 1, and isotuberculosinol, 2, carried out by Sorensen and
co-workers [29], was used as key reaction in an exo-selective Diels-Alder reaction (Scheme 4).
Cycloaddition of diene, 58, with ethyl tiglate and ulterior reduction followed by chromatographic
separation in supercritical conditions gave an enantioenriched material, that by oxidation gave 65.
Condensation of the last compound with acetone and reduction in the presence of Wilkinson´s catalyst
gave methylketone, 66. Vinylmagnesium bromide addition to ketone 66 gave the epimers mixture 2,
the spectroscopy of which was coincident with the natural products nosyberkol and isotuberculosinol.

Methylenation of 65 gave diene, 67, that by hydroboration palladium-mediated cross-coupling
with (E)-3-iodobut-2-en-1-ol 68 provides tuberculosinol, 1. The reaction of 1 with catalytic copper(II)
chloride led to isotuberculosinol (nosyberkol), 2.Molecules 2020, 25, x FOR PEER REVIEW 13 of 18 
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Scheme 4. (a) Ethyl tiglate, neat, 160 ◦C, (71%) (2:1 exo/endo); (b) LAH, THF, (56%); (c) SO3·pyridine, NEt3,
CH2Cl2-DMSO (86%); (d) acetone, NaHMDS, THF (87%); (e) 10 mol% Rh(PPh3)3Cl, HSiEt3, CH2Cl2
(83%); (f) vinylmagnesium bromide, THF (93%); (g) Ph3PCH3Br, KHMDS, THF (91%); (h) 9-BBN, THF;
then 10 mol% PdCl2(dppf), Ph3As, CsCO3, 68, DMF (73%); (i) 20 mol% CuCl2, acetone (20%).
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4.6. Barrero´s Synthesis of Isotuberculosinol, 2

Recently, a racemic, elegant and fast biomimetic synthesis of isotuberculosinol, (±)-2, based in the
cascade cyclization and Lewis acid catalyzed rearrangement of epoxypolyprenes was described [77]
(Scheme 5). Treatment of chiral geranyllinalool epoxide, (±)-69, with Et2ClAl in DCM at −78 ◦C
gives a diasteroisomeric mixture (±)-70-(±)-71 (53%, 1:2.5). Deoxygenation of each using the
Barton–McCombie methodology and final reduction with LAH leads to isotuberculosinol, (±)-2,
and 8-epi-isotuberculosinol, (±)-72, in global yields of 10% and 25%, respectively, from epoxy
derivative, (±)-69.
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4.7. Tuberculosinyl Adenosine (1-TbAd), 3, and N6-Tuberculosinyl Adenosine (N6-TbAd), 4, Syntheses

Nowadays tuberculosinol derivatives 1-tuberculosinyl adenosine (1-TbAd), 3, and N6-tuberculosinyl
adenosine (N6-TbAd), 4, recently isolated [19,21] and characterized, are being assayed as specific
biomarkers for M. tuberculosis. Biosynthetically N6-TbAd, 4, could come from 1-TbAd, 3, in vivo in
M. tuberculosis, by a Dimroth rearrangement [19]. The synthesis of 1-TbAd, 3, and N6-TbAd, 4, has
been carried out by 10- and 11-step sequences, respectively, using as a key step a chiral auxiliary-aided
Diels-Alder reaction 73 [20] (Scheme 6) that gives 74 (98% ee, 59%, 10:1 exo/endo). From 74 is obtained
tuberculosinol, 1, in seven steps. 1-TbAd, 3, was obtained in two steps from 1 through the chloride
derivative 75 and N6-TbAd, 4, was achieved later from 3 by a Dimroth rearrangement.
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Scheme 6. (a) Me2AlCl, CH2Cl2 (59%, 10:1 exo/endo); (b) 1) n-BuLi, EtSH, THF; 2) LAH, THF;
3) TPAP, NMO, CH2Cl2 (87%); (c) 1) NaHMDS, acetone, THF; 2) RhCl(PPh3)3, Et3SiH, CH2Cl2; 3)
(EtO)2POCH2COOEt, NaH, THF; 4) DIBAL, CH2Cl2 (55%); (d) NCS, Me2S, CH2Cl2 (quantitative);
(e) Adenosine, NaI, DMF, rt (76%); (f) Me2NH, H2O, rt (quantitative).

5. Conclusions

The early attack against biofilm formation is fundamental for health in bacterial infections. For this
reason, as tuberculosis constitutes one of the major mortality and morbidity causes, the introduction of
new agents as biomarkers in this disease can be an important hallmark in the treatment of tuberculosis,
especially the multiresistant varieties.

Most of the reviewed halimanes in this work show antibacterial activity and tuberculosinol,
isotuberculosinol and their derivatives 1-TbAd, 3, and N6-TbAd, 4 are considered as virulence factor
(VF) in M. tuberculosis. Due to this, the proteins that participate in their biosynthesis (Rv3377c and
Rv3378c) are new targets for anti-infective therapies against tuberculosis that block the virulence factor
(tuberculosinols) formation. Thus, halimanes are very interesting tools for fighting against bacteria
and biofilm communities. The introduction of new agents as tuberculosis biomakers can facilitate the
treatment of this illness.

Author Contributions: I.S.M. designed the manuscript; I.E.T., A.M.R., R.F.M., and D.D. contributed to the
manuscript writing. All authors contributed to the paper and approved the manuscript.

Funding: European Regional Development Fund (FEDER), the Ministerio de Economía y Competitividad of
Spain (MINECO) (SAF 2017-89672, CTQ 2015-68175-R; AGL 2016-79813-C2-2-R), Junta de Castilla y León (UIC 21),
and the Universidad de Salamanca (Programa Propio I, 2019) are acknowledged for their support. IET thanks FSE
(European Social Fund) and Junta de Castilla y León and AMR thanks the Ministerio de Educación of Spain for
their grants.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Costerton, J.W.; Stewart, P.S.; Greenberg, E.P. Bacterial Biofilms: A common cause of persistent infections.
Science 1999, 284, 1318–1322. [CrossRef]

2. Esteban, J.; García-Coca, M. Mycobacterium Biofilms. Front. Microbiol. 2018, 8, 2651. [CrossRef] [PubMed]
3. Donlan, R.M.; Costerton, J.W. Biofilms: Survival mechanisms of clinically relevant microorganisms. Clin.

Microbiol. Rev. 2002, 15, 167–193. [CrossRef] [PubMed]
4. Davies, D.G. Understanding biofilm resistance to antibacterial agents. Nat. Rev. Drug Discov. 2003, 2, 114–122.

[CrossRef] [PubMed]

http://dx.doi.org/10.1126/science.284.5418.1318
http://dx.doi.org/10.3389/fmicb.2017.02651
http://www.ncbi.nlm.nih.gov/pubmed/29403446
http://dx.doi.org/10.1128/CMR.15.2.167-193.2002
http://www.ncbi.nlm.nih.gov/pubmed/11932229
http://dx.doi.org/10.1038/nrd1008
http://www.ncbi.nlm.nih.gov/pubmed/12563302


Molecules 2020, 25, 1707 16 of 19

5. Verderosa, A.D.; Totsika, M.; Fairfull-Smith, K.E. Bacterial biofilm eradication agents: A current review.
Front. Chem. 2019, 7, 824. [CrossRef] [PubMed]

6. Lienhardt, C.; Glaziou, P.; Uplekar, M.; Lönnroth, K.; Getahun, H.; Raviglione, M. Global tuberculosis control:
Lessons learnt and future prospects. Nat. Rev. Microbiol. 2012, 10, 407–416. [CrossRef]

7. Anderson, G.G.; O’Toole, G.A. Bacterial Biofilms; Romeo, T., Ed.; Springer: Berlin/Heidelberg, Germany, 2008;
pp. 85–105, ISBN 978-3-642-09469-9.

8. Lewis, K. Bacterial Biofilms; Romeo, T., Ed.; Springer: Berlin/Heidelberg, Germany, 2008; pp. 107–131,
ISBN 978-3-642-09469-9.

9. Kester, J.C.; Fortune, S.M. Persisters and beyond: Mechanisms of phenotypic drug resistance and drug
tolerance in bacteria. Crit. Rev. Biochem. Mol. Boil. 2013, 49, 91–101. [CrossRef]

10. Liu, C.-I.; Liu, G.Y.; Song, Y.; Yin, F.; Hensler, M.E.; Jeng, W.-Y.; Nizet, V.; Wang, A.H.-J.; Oldfield, E.
A cholesterol biosynthesis inhibitor blocks Staphylococcus aureus virulence. Science 2008, 319, 1391–1394.
[CrossRef]

11. Hoshino, T.; Nakano, C.; Ootsuka, T.; Shinohara, Y.; Hara, T. Substrate specificity of Rv3378c, an enzyme from
Mycobacterium tuberculosis, and the inhibitory activity of the bicyclic diterpenoids against macrophage
phagocytosis. Org. Biomol. Chem. 2011, 9, 2156–2165. [CrossRef]

12. Sato, T.; Kigawa, A.; Takagi, R.; Adachi, T.; Hoshino, T. Biosynthesis of a novel cyclic C35-terpene via the
cyclisation of a Z-type C35-polyprenyl diphosphate obtained from a nonpathogenic Mycobacterium species.
Org. Biomol. Chem. 2008, 6, 3788–3794. [CrossRef]

13. Nakano, C.; Oshima, M.; Kurashima, N.; Hoshino, T. Identification of a new diterpene biosynthetic gene
cluster that produces O-methylkolavelool in Herpetosiphon aurantiacus. ChemBioChem 2015, 16, 772–781.
[CrossRef] [PubMed]

14. Mann, F.M.; Prisic, S.; Hu, H.; Xu, M.; Coates, R.M.; Peters, R.J. Characterization and inhibition of a class II
diterpene cyclase from Mycobacterium tuberculosis: implications for tuberculosis. J. Boil. Chem. 2009, 284,
23574–23579. [CrossRef] [PubMed]

15. Mann, F.M.; VanderVen, B.; Peters, R.J. Magnesium depletion triggers production of an immune modulating
diterpenoid in Mycobacterium tuberculosis. Mol. Microbiol. 2011, 79, 1594–1601. [CrossRef] [PubMed]

16. Prach, L.; Kirby, J.; Keasling, J.D.; Alber, T. Diterpene production in Mycobacterium tuberculosis. FEBS J. 2010,
277, 3588–3595. [CrossRef] [PubMed]

17. Nakano, C.; Ootsuka, T.; Takayama, K.; Mitsui, T.; Sato, T.; Hoshino, T. Characterization of the Rv3378c gene
product, a new diterpene synthase for producing tuberculosinol and (13 R,S)-isotuberculosinol (nosyberkol),
from the Mycobacterium tuberculosis H37Rv genome. Biosci. Biotechnol. Biochem. 2011, 75, 75–81. [CrossRef]

18. Mann, F.M.; Xu, M.; Chen, X.; Fulton, D.B.; Russell, D.G.; Peters, R.J. Edaxadiene: A new bioactive diterpene
from Mycobacterium tuberculosis. J. Am. Chem. Soc. 2009, 131, 17526–17527. [CrossRef]

19. Young, D.C.; Layre, E.; Pan, S.-J.; Tapley, A.; Adamson, J.; Seshadri, C.; Wu, Z.; Buter, J.; Minnaard, A.J.;
Coscolla, M.; et al. In vivo biosynthesis of terpene nucleosides provides unique chemical markers of
Mycobacterium tuberculosis infection. Chem. Boil. 2015, 22, 516–526. [CrossRef]

20. Buter, J.; Heijnen, D.; Wan, I.C.; Bickelhaupt, F.M.; Young, D.C.; Otten, E.; Moody, D.B.; Minnaard, A.J.
Stereoselective synthesis of 1-tuberculosinyl adenosine; a virulence factor of Mycobacterium tuberculosis.
J. Org. Chem. 2016, 81, 6686–6696. [CrossRef]

21. Layre, E.; Lee, H.J.; Young, D.C.; Martinot, A.J.; Buter, J.; Minnaard, A.J.; Annand, J.W.; Fortune, S.M.;
Snider, B.B.; Matsunaga, I.; et al. Molecular profiling of Mycobacterium tuberculosis identifies tuberculosinyl
nucleoside products of the virulence-associated enzyme Rv3378c. Proc. Natl. Acad. Sci. USA 2014, 111,
2978–2983. [CrossRef]

22. Roncero, A.M.; Tobal, I.E.; Moro, R.F.; Díez, D.; Marcos, I.S. Halimane diterpenoids: Sources, structures,
nomenclature and biological activities. Nat. Prod. Rep. 2018, 35, 955–991. [CrossRef]

23. Sato, A.; Kurabayashi, M.; Nagahori, H.; Ogiso, A.; Mishima, H. Chettaphanin-I, a novel furanoditerpenoid.
Tetrahedron Lett. 1970, 11, 1095–1098. [CrossRef]

24. Sato, A.; Kurabayashi, M.; Ogiso, A.; Mishima, H. Chettaphanin-II, a novel furanoditerpenoid. Tetrahedron
Lett. 1971, 12, 839–842. [CrossRef]

25. Urones, J.G.; Marcos, I.S.; Basabe, P.; Sexmero, M.J.; Carrillo, H.; Melchor, M.J. Minor diterpenoids from
Halimium viscosum. Phytochemistry 1994, 37, 1359–1361. [CrossRef]

http://dx.doi.org/10.3389/fchem.2019.00824
http://www.ncbi.nlm.nih.gov/pubmed/31850313
http://dx.doi.org/10.1038/nrmicro2797
http://dx.doi.org/10.3109/10409238.2013.869543
http://dx.doi.org/10.1126/science.1153018
http://dx.doi.org/10.1039/C0OB00884B
http://dx.doi.org/10.1039/b808513g
http://dx.doi.org/10.1002/cbic.201402652
http://www.ncbi.nlm.nih.gov/pubmed/25694050
http://dx.doi.org/10.1074/jbc.M109.023788
http://www.ncbi.nlm.nih.gov/pubmed/19574210
http://dx.doi.org/10.1111/j.1365-2958.2011.07545.x
http://www.ncbi.nlm.nih.gov/pubmed/21244530
http://dx.doi.org/10.1111/j.1742-4658.2010.07767.x
http://www.ncbi.nlm.nih.gov/pubmed/20670276
http://dx.doi.org/10.1271/bbb.100570
http://dx.doi.org/10.1021/ja9019287
http://dx.doi.org/10.1016/j.chembiol.2015.03.015
http://dx.doi.org/10.1021/acs.joc.6b01332
http://dx.doi.org/10.1073/pnas.1315883111
http://dx.doi.org/10.1039/C8NP00016F
http://dx.doi.org/10.1016/S0040-4039(01)97917-1
http://dx.doi.org/10.1016/S0040-4039(01)96569-4
http://dx.doi.org/10.1016/S0031-9422(00)90412-6


Molecules 2020, 25, 1707 17 of 19

26. Mann, F.M.; Peters, R.J. Isotuberculosinol: The unusual case of an immunomodulatory diterpenoid from
Mycobacterium tuberculosis. MedChemComm 2012, 3, 899–904. [CrossRef]

27. Nakano, C.; Okamura, T.; Sato, T.; Dairi, T.; Hoshino, T. Mycobacterium tuberculosis H37Rv3377c encodes the
diterpene cyclase for producing the halimane skeleton. Chem. Commun. 2005, 1016–1018. [CrossRef]

28. Nakano, C.; Hoshino, T.; Sato, T.; Toyomasu, T.; Dairi, T.; Sassa, T. Substrate specificity of the CYC2 enzyme
from Kitasatospora griseola: Production of sclarene, biformene, and novel bicyclic diterpenes by the enzymatic
reactions of labdane- and halimane-type diterpene diphosphates. Tetrahedron Lett. 2010, 51, 125–128.
[CrossRef]

29. Spangler, J.E.; Carson, C.A.; Sorensen, E.J. Synthesis enables a structural revision of the Mycobacterium
tuberculosis-produced diterpene, edaxadiene. Chem. Sci. 2010, 1, 202–205. [CrossRef]

30. Urones, J.G.; Teresa, J.D.P.; Marcos, I.S.; Martín, D.D.; Garrido, N.M.; Guerra, R. Diterpenoids from halimium
viscosum. Phytochemistry 1987, 26, 1077–1079. [CrossRef]

31. Marcos, I.S.; Hernández, F.; Sexmero, M.; Díez, D.; Basabe, P.; Pedrero, A.; García, N.; Urones, J.G. Synthesis
and absolute configuration of (−)-chettaphanin I and (−)-chettaphanin II. Tetrahedron 2003, 59, 685–694.
[CrossRef]

32. Rudi, A.; Aknin, M.; Gaydou, E.; Kashman, Y. Asmarines I, J, and K and nosyberkol: Four new compounds
from the marine sponge Raspailia sp. J. Nat. Prod. 2004, 67, 1932–1935. [CrossRef]

33. Maugel, N.; Mann, F.M.; Hillwig, M.; Peters, R.J.; Snider, B.B. Synthesis of (±)-nosyberkol (isotuberculosinol,
revised structure of edaxadiene) and (±)-tuberculosinol. Org. Lett. 2010, 12, 2626–2629. [CrossRef] [PubMed]

34. Ciavatta, M.L.; García-Matucheski, S.; Carbone, M.; Villani, G.; Nicotera, M.R.; Muniain, C.; Gavagnin, M.
Chemistry of two distinct Aeolid Spurilla species: Ecological implications. Chem. Biodivers. 2017, 14, e1700125.
[CrossRef] [PubMed]

35. Zhou, M.; Geng, H.-C.; Zhang, H.-B.; Dong, K.; Wang, W.-G.; Du, X.; Li, X.-N.; He, F.; Qin, H.-B.; Li, Y.; et al.
Scopariusins, A new class of ent-halimane diterpenoids isolated from Isodon scoparius, and biomimetic
synthesis of scopariusin A and isoscoparin N. Org. Lett. 2012, 15, 314–317. [CrossRef] [PubMed]

36. Lei, H. Diterpenoids of Gorgonian Corals: Chemistry and Bioactivity. Chem. Biodivers. 2016, 13, 345–365.
[CrossRef]

37. Walker, R.P.; Faulkner, D.J. Diterpenes from the sponge Dysidea amblia. J. Org. Chem. 1981, 46, 1098–1102.
[CrossRef]

38. Walker, R.P.; Rosser, R.M.; Faulkner, D.J.; Bass, L.S.; He, C.H.; Clardy, J. Two new metabolites of the sponge
Dysidea amblia and revision of the structure of ambliol B. J. Org. Chem. 1984, 49, 5160–5163. [CrossRef]

39. Shimbo, K.; Tsuda, M.; Fukushi, E.; Kawabata, J.; Kobayashi, J. Dytesinins A and B, new clerodane-type
diterpenes with a cyclopropane ring from the tunicate Cystodytes sp. Tetrahedron 2000, 56, 7923–7926.
[CrossRef]

40. Gavagnin, M.; Trivellone, E.; Castelluccio, F.; Cimino, G.; Cattaneo-Vietti, R. Glyceryl ester of a new halimane
diterpenoic acid from the skin of the antarctic nudibranch Austrodoris kerguelenensis. Tetrahedron Lett. 1995,
36, 7319–7322. [CrossRef]

41. Maschek, J.A.; Mevers, E.; Diyabalanage, T.; Chen, L.; Ren, Y.; McClintock, J.B.; Amsler, C.D.; Wu, J.;
Baker, B.J. Palmadorin chemodiversity from the antarctic nudibranch Austrodoris kerguelenensis and inhibition
of Jak2/STAT5-dependent HEL leukemia cells. Tetrahedron 2012, 68, 9095–9104. [CrossRef]

42. Soldatou, S.; Baker, B.J. Cold-water marine natural products, 2006 to 2016. Nat. Prod. Rep. 2017, 34, 585–626.
[CrossRef]

43. Zhang, H.; Dong, M.; Chen, J.; Wang, H.; Tenney, K.; Crews, P. Bioactive secondary metabolites from the
marine sponge genus Agelas. Mar. Drugs 2017, 15, 351. [CrossRef] [PubMed]

44. Potter, K.; Criswell, J.; Zi, J.; Stubbs, A.; Peters, R.J. Novel product chemistry from mechanistic analysis of ent
-copalyl diphosphate synthases from plant hormone biosynthesis. Angew. Chem. Int. Ed. 2014, 53, 7198–7202.
[CrossRef] [PubMed]

45. Marcos, I.; Garcia, N.; Sexmero, M.; Basabe, P.; Díez, D.; Urones, J. Synthesis of (+)-agelasine C. A structural
revision. Tetrahedron 2005, 61, 11672–11678. [CrossRef]

46. Stout, E.P.; Yu, L.C.; Molinski, T.F. Antifungal diterpene alkaloids from the caribbean sponge Agelas citrina:
Unified configurational assignments of Agelasidines and Agelasines. Eur. J. Org. Chem. 2012, 2012,
5131–5135. [CrossRef] [PubMed]

http://dx.doi.org/10.1039/c2md20030a
http://dx.doi.org/10.1039/b415346d
http://dx.doi.org/10.1016/j.tetlet.2009.10.110
http://dx.doi.org/10.1039/c0sc00284d
http://dx.doi.org/10.1016/S0031-9422(00)82353-5
http://dx.doi.org/10.1016/S0040-0(02)01564-8
http://dx.doi.org/10.1021/np049834b
http://dx.doi.org/10.1021/ol100832h
http://www.ncbi.nlm.nih.gov/pubmed/20462237
http://dx.doi.org/10.1002/cbdv.201700125
http://www.ncbi.nlm.nih.gov/pubmed/28627075
http://dx.doi.org/10.1021/ol303226c
http://www.ncbi.nlm.nih.gov/pubmed/23265286
http://dx.doi.org/10.1002/cbdv.201500030
http://dx.doi.org/10.1021/jo00319a012
http://dx.doi.org/10.1021/jo00200a030
http://dx.doi.org/10.1016/S0040-4020(00)00711-0
http://dx.doi.org/10.1016/0040-4039(95)01476-X
http://dx.doi.org/10.1016/j.tet.2012.08.045
http://dx.doi.org/10.1039/C6NP00127K
http://dx.doi.org/10.3390/md15110351
http://www.ncbi.nlm.nih.gov/pubmed/29117128
http://dx.doi.org/10.1002/anie.201402911
http://www.ncbi.nlm.nih.gov/pubmed/24862907
http://dx.doi.org/10.1016/j.tet.2005.09.049
http://dx.doi.org/10.1002/ejoc.201200572
http://www.ncbi.nlm.nih.gov/pubmed/24653665


Molecules 2020, 25, 1707 18 of 19

47. Nakamura, H.; Wu, H.; Ohizumi, Y.; Hirata, Y. Agelasine-A, -B, -C and -D, novel bicyclic diterpenoids with
a 9-methyladeninium unit possessing inhibitory effects on Na,K-ATPase from the Okinawa sea sponge sp.1).
Tetrahedron Lett. 1984, 25, 2989–2992. [CrossRef]

48. Mancini, I.; Defant, A.; Guella, G. Recent synthesis of marine natural products with antibacterial activities.
Anti-Infective Agents Med. Chem. 2007, 6, 17–48. [CrossRef]

49. Hattori, T.; Adachi, K.; Shizuri, Y. New Agelasine compound from the marine sponge Agelas mauritiana as
an antifouling substance against macroalgae. J. Nat. Prod. 1997, 60, 411–413. [CrossRef]

50. Chu, M.-J.; Tang, X.-L.; Qin, G.-F.; Sun, Y.-T.; Li, L.; De Voogd, N.J.; Li, P.-L.; Li, G.-Q. Pyrrole derivatives and
diterpene alkaloids from the south china sea sponge Agelas nakamurai. Chem. Biodivers. 2017, 14, e1600446.
[CrossRef]

51. Appenzeller, J.; Mihci, G.; Martin, M.-T.; Gallard, J.-F.; Menou, J.-L.; Boury-Esnault, N.; Hooper, J.; Petek, S.;
Chevalley, S.; Valentin, A.; et al. Agelasines J, K, and L from the Solomon Islands marine sponge Agelas cf.
mauritiana. J. Nat. Prod. 2008, 71, 1451–1454. [CrossRef]

52. Kubota, T.; Iwai, T.; Takahashi-Nakaguchi, A.; Fromont, J.; Gonoi, T.; Kobayashi, J. Agelasines O–U, new
diterpene alkaloids with a 9-N-methyladenine unit from a marine sponge Agelas sp. Tetrahedron 2012, 68,
9738–9744. [CrossRef]

53. Ohba, M.; Iizuka, K.; Ishibashi, H.; Fujii, T. Syntheses and absolute configurations of the marine sponge
purines (+)-agelasimine-A and (+)-agelasimine-B. Tetrahedron 1997, 53, 16977–16986. [CrossRef]

54. Fathi-Afshar, R.; Allen, T.M. Biologically active metabolites from Agelas mauritiana. Can. J. Chem. 1988, 66,
45–50. [CrossRef]

55. Peters, R.J. Two rings in them all: The labdane-related diterpenoids. Nat. Prod. Rep. 2010, 27, 1521–1530.
[CrossRef] [PubMed]

56. Chan, H.-C.; Feng, X.; Ko, T.-P.; Huang, C.-H.; Hu, Y.; Zheng, Y.; Bogue, S.; Nakano, C.; Hoshino, T.;
Zhang, L.; et al. Structure and inhibition of tuberculosinol synthase and decaprenyl diphosphate synthase
from Mycobacterium tuberculosis. J. Am. Chem. Soc. 2014, 136, 2892–2896. [CrossRef] [PubMed]

57. Nakano, C.; Hoshino, T. Characterization of the Rv3377c gene product, a type-B diterpene cyclase, from the
Mycobacterium tuberculosis H37 Genome. ChemBioChem 2009, 10, 2060–2071. [CrossRef]

58. Jia, M.; Potter, K.; Peters, R.J. Extreme promiscuity of a bacterial and a plant diterpene synthase enables
combinatorial biosynthesis. Metab. Eng. 2016, 37, 24–34. [CrossRef]

59. Zhang, Y.; Adnani, N.; Braun, U.R.; Ellis, G.A.; Barns, K.J.; Parker-Nance, S.; Guzei, I.A.; Bugni, T.S.
Micromonohalimanes A and B: Antibacterial halimane-type diterpenoids from a marine Micromonospora
species. J. Nat. Prod. 2016, 79, 2968–2972. [CrossRef]

60. Oldfield, E. Tuberculosis terpene targets. Chem. Boil. 2015, 22, 437–438. [CrossRef]
61. Gao, J.; Ko, T.-P.; Chen, L.; Malwal, S.; Zhang, J.; Hu, X.; Qu, F.; Liu, W.; Huang, J.-W.; Cheng, Y.-S.; et al.

“Head-to-middle” and “head-to-tail” cis-prenyl transferases: Structure of isosesquilavandulyl diphosphate
synthase. Angew. Chem. Int. Ed. 2018, 57, 683–687. [CrossRef]

62. Silva, C.G.; Júnior, H.M.S.; Barbosa, J.P.; Costa, G.L.; Rodrigues, F.; De Oliveira, D.F.; Costa-Lotufo, L.V.;
Alves, R.; Eleutherio, E.C.A.; De Rezende, C.M. Structure elucidation, antimicrobial and cytotoxic activities
of a halimane isolated from Vellozia kolbekii ALVES (Velloziaceae). Chem. Biodivers. 2015, 12, 1891–1901.
[CrossRef]

63. Rijo, P.; Gaspar-Marques, C.; Simões, M.F.; Jimeno, M.L.; Rodríguez, B. Further diterpenoids from Plectranthus
ornatus and P. grandidentatus. Biochem. Syst. Ecol. 2007, 35, 215–221. [CrossRef]

64. Rijo, P.; Rodríguez, B.; Duarte, A.; Simões, M.F. Antimicrobial properties of Plectranthus ornatus extracts,
11-acetoxyhalima-5, 13-dien-15-oic acid metabolite and its derivatives. Nat. Prod. J. 2011, 1, 57–64.

65. Burmistrova, O.; Simões, M.F.; Rijo, P.; Quintana, J.; Bermejo, J.; Estévez, F. Antiproliferative Activity of
Abietane Diterpenoids against Human Tumor Cells. J. Nat. Prod. 2013, 76, 1413–1423. [CrossRef] [PubMed]

66. Du, K.; De Mieri, M.; Neuburger, M.; Zietsman, P.C.; Marston, A.; Van Vuuren, S.F.; Ferreira, D.; Hamburger, M.;
Van Der Westhuizen, J.H. Labdane and clerodane diterpenoids from Colophospermum mopane. J. Nat. Prod.
2015, 78, 2494–2504. [CrossRef]

67. Kihampa, C.; Nkunya, M.H.; Joseph, C.C.; Magesa, S.M.; Hassanali, A.; Heydenreich, M.; Kleinpeter, E.
Anti-mosquito and antimicrobial nor-halimanoids, isocoumarins and an anilinoid from Tessmannia densiflora.
Phytochemistry 2009, 70, 1233–1238. [CrossRef]

http://dx.doi.org/10.1016/S0040-4039(01)81345-9
http://dx.doi.org/10.2174/187152107779314151
http://dx.doi.org/10.1021/np960745b
http://dx.doi.org/10.1002/cbdv.201600446
http://dx.doi.org/10.1021/np800212g
http://dx.doi.org/10.1016/j.tet.2012.09.040
http://dx.doi.org/10.1016/S0040-4020(97)10120-X
http://dx.doi.org/10.1139/v88-006
http://dx.doi.org/10.1039/c0np00019a
http://www.ncbi.nlm.nih.gov/pubmed/20890488
http://dx.doi.org/10.1021/ja413127v
http://www.ncbi.nlm.nih.gov/pubmed/24475925
http://dx.doi.org/10.1002/cbic.200900248
http://dx.doi.org/10.1016/j.ymben.2016.04.001
http://dx.doi.org/10.1021/acs.jnatprod.6b00555
http://dx.doi.org/10.1016/j.chembiol.2015.04.004
http://dx.doi.org/10.1002/anie.201710185
http://dx.doi.org/10.1002/cbdv.201500071
http://dx.doi.org/10.1016/j.bse.2006.10.011
http://dx.doi.org/10.1021/np400172k
http://www.ncbi.nlm.nih.gov/pubmed/23865778
http://dx.doi.org/10.1021/acs.jnatprod.5b00729
http://dx.doi.org/10.1016/j.phytochem.2009.07.024


Molecules 2020, 25, 1707 19 of 19

68. Marcos, I.S.; Moro, R.F.; Costales, I.; Basabe, P.; Díez, D.; Mollinedo, F.; Urones, J.G. Synthesis of
12-epi-ent-polyalthenol an antitumour indole sesquiterpene alkaloid. Tetrahedron 2012, 68, 7932–7940.
[CrossRef]

69. Marcos, I.S.; Moro, R.F.; Costales, I.; Basabe, P.; Díez, D.; Mollinedo, F.; Urones, J.G. Biomimetic synthesis of
an antitumour indole sesquiterpene alkaloid, 12-epi-ent-pentacyclindole. Tetrahedron 2013, 69, 7285–7289.
[CrossRef]

70. Marcos, I.S.; Moro, R.F.; Costales, I.; Escola, M.A.; Basabe, P.; Díez, D.; Urones, J.G. Synthesis of
hexahydrocarbazoles by cyclisation of 3-(but-3-enyl) indole derivatives. Tetrahedron 2009, 65, 10235–10242.
[CrossRef]

71. Marcos, I.S.; Moro, R.F.; Costales, I.; Basabe, P.; Díez, D.; Gil, A.; Mollinedo, F.; La Rosa, F.P.-D.; Pérez-Roth, E.;
Padrón, J.M. Synthesis and biological activity of polyalthenol and pentacyclindole analogues. Eur. J. Med.
Chem. 2014, 73, 265–279. [CrossRef]

72. García, P.A.; Valles, E.; Díez, D.; Castro, M.-Á. Marine alkylpurines: A promising group of bioactive marine
natural products. Marine Drugs 2018, 16, 6. [CrossRef]

73. Marcos, I.S.; Conde, A.; Moro, R.F.; Basabe, P.; Díez, D.; Urones, J.G. Synthesis of quinone/hydroquinone
sesquiterpenes. Tetrahedron 2010, 66, 8280–8290. [CrossRef]

74. Marcos, I.S.; Gonzalez, J.L.; Sexmero, M.J.; Díez, D.; Basabe, P.; Williams, D.J.; Simmonds, M.S.J.; Urones, J.G.
Diterpenic α- and β-hydroxybutanolides with antifeedant activity: Semisynthesis and absolute configuration.
Tetrahedron Lett. 2000, 41, 2553–2557. [CrossRef]

75. Ohba, M.; Kawase, N.; Fujii, T. Total syntheses of (±)-agelasimine-A, (±)-agelasimine-B, and
(±)-purino-diterpene and the structure of diacetylagelasimine-A. J. Am. Chem. Soc. 1996, 118, 8250–8257.
[CrossRef]

76. Ohba, M.; Kawase, N.; Fujii, T.; Aoe, K.; Okamura, K.; Fathi-Afshar, R.; Allen, T.M. Racemic syntheses of
agelasimine-A and agelasimine-B, bicyclic diterpenoids from the marine sponge Agelas mauritiana. Tetrahedron
Lett. 1995, 36, 6101–6104. [CrossRef]

77. Quilez del Moral, J.F.; Domingo, V.; Pérez, Á.; Martínez Andrade, K.A.; Enríquez, L.; Jaraiz, M.;
López-Pérez, J.L.; Barrero, A.F. Mimicking halimane synthases: Monitoring a cascade of cyclizations
and rearrangements from epoxypolyprenes. J. Org. Chem. 2019, 84, 13764–13779. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.tet.2012.07.010
http://dx.doi.org/10.1016/j.tet.2013.06.075
http://dx.doi.org/10.1016/j.tet.2009.09.090
http://dx.doi.org/10.1016/j.ejmech.2013.12.012
http://dx.doi.org/10.3390/md16010006
http://dx.doi.org/10.1016/j.tet.2010.08.038
http://dx.doi.org/10.1016/S0040-4039(00)00227-6
http://dx.doi.org/10.1021/ja960879b
http://dx.doi.org/10.1016/0040-4039(95)01214-3
http://dx.doi.org/10.1021/acs.joc.9b01996
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Halimanes of Marine and Bacterial Origin 
	Classification 
	Marine Simple Halimanes, 8–14 
	Halimane-Glycerol Derivatives Isolated from Marine Organisms: 15–18 
	Halimane-Purines Derivatives: 19–29 
	Halimanes Isolated from Bacteria 
	Antibacterial Halimanes Isolated from Plants 

	Halimane Synthesis 
	Halimane-Purine Synthesis. (+)-Agelasine C 
	Synthesis of (+)-agelasimine A, 26, and (+)-agelasimine B, 27 
	Synthesis of Tuberculosinol, 1, and Isotuberculosinol, 2 
	Snider’s Synthesis of Tuberculosinol, 1, and Isotuberculosinol, 2 
	Sorensen’s Synthesis of Tuberculosinol, 1, and Isotuberculosinol, 2 
	Barrero´s Synthesis of Isotuberculosinol, 2 
	Tuberculosinyl Adenosine (1-TbAd), 3, and N6-Tuberculosinyl Adenosine (N6-TbAd), 4, Syntheses 

	Conclusions 
	References

