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ARTICLE INFO ABSTRACT

Keywords: The occurrence of increased antibiotic resistance has reduced the availability of drugs effective in the control of
Diterpene infectious diseases, especially those caused by various combinations of bacteria and/or fungi that are often
Labdane

associated with poorer patient outcomes. In the hunt for novel antibiotics of interest to treat polymicrobial
diseases, molecules bearing guanidine moieties have recently come to the fore in designing and optimizing
antimicrobial agents. Due to their remarkable antibacterial and antifungal activities, labdane diterpenes are also
attracting increasing interest in antimicrobial drug discovery. In this study, six different guanidines prenylated
with labdanic fragments were synthesized and evaluated for their antimicrobial properties. Assays were carried
out against both non-resistant and antibiotic-resistant bacteria strains, while their possible antifungal activities
have been tested on the yeast Candida albicans. Two of the synthesized compounds, namely labdan-8,13(R)-
epoxy-15-oyl guanidine and labdan-8,13(S)-epoxy-15-oyl guanidine, were finally selected as the best candidates
for further developments in drug discovery, due to their antimicrobial effects on both Gram-negative and Gram-
positive bacterial strains, their fungicide action, and their moderate toxicity in vivo on zebrafish embryos. The
study also provides insights into the structure-activity relationships of the guanidine-functionalized labdane-type
diterpenoids.

Acylguanidine
Antimicrobial
Antimicrobial synergism

microbiota [5]. In this context, the discovery of novel therapeutic
agents able to fight microbes from different families could provide a
promising option for addressing modern infectious diseases. In partic-
ular, guanidine-containing compounds are emerging as promising an-
timicrobials that are active against different bacteria and yeasts [6]. The
polar nature of the guanidinium functional group represents an impor-
tant tool for the interaction with the microbial targets via a biofilm in-
hibition and dispersal mechanism which has been demonstrated to be
efficient in drug combination therapy [7]. As an example, iso-
propoxybenzene guanidine exerts a relevant synergistic action in com-
bination with colistin by triggering cytoplasmic membrane damage on
binding to phosphatidylglycerol and cardiolipin, leading to the dissi-
pation of proton motive force and accumulation of intracellular ATP [8].

1. Introduction

Viral, bacterial, and fungal pathogens represent a serious concern in
the global context of human health, with a significant impact on the
economy worldwide. Indeed, polymicrobial diseases are very difficult to
control owing to both their chronicity and the emergence of antibiotic
resistance [1-3]. For example, the widespread use of antibacterial drugs
is increasingly contributing to the high incidence of pulmonary fungal
and bacterial co-infections [4]. Actually, antibiotics are generally
developed and tested against single pathogens in isolation, while a
therapy based on combined antibacterial and antifungal agents produces
important side effects and a strong impact on the non-pathogenic
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Abbreviations

AMB Amphotericin B

ATP Adenosine Triphosphate

ARB Antibiotic resistance breakers

CDI Carbonyldiimidazole

COSY Correlation spectroscopy

DEPT Distortionless enhancement by polarization transfer
DMF Dimethylformamide

DMSO  Dimethylsulfoxide

DNA Deoxyribonucleic acid

GC Gas chromatography

GEN Gentamycin

HMBC  Heteronuclear multiple bond correlation
hpf Hours post fertilization

HSQC  Heteronuclear single quantum coherence
HWE Horner-Wadsworth-Emmons

IPM Imipenem

IR Infrared spectroscopy

FIC Fractional inhibitory concentration

Me Methyl

MIC Minimal inhibitory concentration

m.p. Melting point

MRS Methicillin-resistant Staphylococcus aureus
NMR Nuclear magnetic resonance spectroscopy
NOESY Nuclear Overhauser effect spectroscopy
OXA Oxacillin

Ph Phenyl

p-p-m.  Parts per million

SAR Structure-activity relationship

SM Supplementary material

SP Staurosporine

t-Bu tert-Butyl

THP Tetrahydrofuran

TLC Thin layer chromatography

TMPA  Trimethylphosphonoacetate

TOB Tobramycin

VAN Vancomycin

VRC Voriconazole

The ability of polyhexamethylene guanidine hydrochloride to disrupt
bacterial biofilms via the formation of guanidine-mediated DNA com-
plexes was also predicted by molecular docking assays [9].

The guanidine scaffold is present in a huge number of bioactive
naturally occurring compounds that includes also less common terpe-
noid based alkyl- and acylguanidines [10]. Within these, the alkyl de-
rivatives such as galegine and pterogynidine (Fig. 1) have shown
promising antimicrobial properties against a variety of clinically rele-
vant methicillin-resistant S. aureus strains (SA-1199 B, XU212, and
EMRSA-16) [11]. Other alkylguanidines have been also explored
recently as antibacterial agents and showed remarkable activities
[12-14]. On the other hand, the antimicrobial properties of the acyl-
guanidine terpenes like dotofide and actinofide (Fig. 1), reported to date
only from marine source [15-17] is still underexplored even if extremely
intriguing. Indeed, the acyl guanidines are regarded as more favorite
drug candidates, due to their better bioavailability [18,19]. Based on
this and continuing our synthetic studies to modify natural scaffolds as
to improve their bioactivity [20], we have setup a synthetic route to
obtain acylated guanidine derivatives starting from nature-inspired
diterpenic carboxylic acids with labdane skeleton to be screened as
antimicrobial agents against human drug resistant pathogenic strains
representing a critical threat to human health [21].

2. Results and discussion
2.1. Chemistry

2.1.1. Synthesis of labdanic carboxilic acids

The synthesis of labdanic carboxilic acids which were used for gua-
nidine acylation was performed in short sequences starting from
commercially available sclareol (1) (Scheme 1A). Oxidative degradation
of 1 on potassium permanganate treatment [22] provides an excellent
yield of hydroxyketone 2, which is dehydrated and olefinated with

NH NH
N AL
Ho | | H H |
Galegine Pterogynidine

trimethylphosphonoacetate (TMPA) to the mixture of labdanic esters.
Their alkaline hydrolysis and chromatographic separation deliver pure
acids 3 and 4 [23]. On the other hand, acetylation of 1 to the corre-
sponding diacetate and its ozonolytic cleavage provides the diacetylated
carboxylic acid 5 [24].

Preparation of heterocyclic labdanic acids 6 and 7, which are in fact
enantiomers of natural gomeric and epigomeric acids [25,26] can be
achieved from manoyl oxides 8, following a hydroboration-oxidation
protocol (Scheme 1B). Although there are many procedures for con-
version of commercial 1 to oxides 8 [27] their following transformation
requires three additional synthetic steps, which makes the overall pro-
cedure towards ent-gomeric acids (6) and (7) lengthy.

A shorter synthetic path was considered via the hydroxyketone 2,
which is already involved in the current synthetic scheme and can be a
good substrate for a tandem Horner-Wadsworth-Emmons (HWE) olefi-
nation and oxa- Michael cyclization. Preliminary screening of ketone 2
olefination with TMPA (Scheme 1C) showed that the product yield and
selectivity is quite sensitive to the reaction conditions, providing mix-
tures of both HWE olefination products, bicyclic methyl esters 9 and 10
and various amount of methyl esters of ent-gomeric acids 11 and 12,
formed via a sequence of HWE olefination and oxa- Michael intra-
molecular addition.

Tandem Wittig — oxa- Michael reactions are known in the literature
and relate mostly to the carbohydrate chemistry [28] while their
application in the field of isoprenoids is poorly explored [29,30]. Our
preliminary results on the ketone 2 HWE olefination demonstrated that
it is a suitable substrate for such a sequence which provides straight-
forward access to methyl ent-gomeroates. Hypothetically, the initially
formed bicyclic esters 9 and 10 can cyclize under HWE olefination
conditions according to the oxa- Michael pathway and deliver methyl
ent-gomeroates (11) and (12). The deprotonated phosphonate ester
which normally is used in excess for the HWE olefination can be a
suitable base to promote the intramolecular oxa- Michael addition. We

Dotofide Actinofide

Fig. 1. Natural alkyl and acylguanidines.
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Scheme 1. A. Preparation of labdanic acids 3, 4 and 5. B. Retrosynthetic scheme for the preparation of ent-gomeric acids (6) and (7). C. Tandem HWE-oxa- Michael

reaction of hydroxyketone 2.

concluded that a careful tuning of the reaction conditions in terms of
solvent and base selection, reagents ratio and reaction duration, can lead
to better yields of esters 11 and 12. The results of this study are shown in
Table S1 (see Supplementary Material).

Initial experiments have been performed with three equivalents of
TMPA and 3.5 equivalents of sodium methoxide as base (Table S1, entry
1, SM). After 2 h of reflux in benzene GC analysis of the crude product
showed a good conversion of starting ketone and formation of moderate
amounts of methyl ent-gomeroates (11), (12), along with prevailing
bicyclic esters 9 and 10. Decreasing the excess of base led to poor con-
versions and total disappearance of methyl ent-gomeroates (11), (12)
(Table S1, entries 2 and 3, SM). The same effect had the use of methanol
co-solvent and lower phosphonate excess (Table S1, entries 4 and 5,
SM). On the contrary, higher phosphonate excess provided the optimum
conversion of the ketone 2 to the bicyclic esters 9 and 10 (Table S1,
entry 7, SM). At this point it was clear that a slight base excess is
required in order to promote the sequential oxa- Michael addition.

Sodium methoxide in benzene showed superior to other bases.
Gratifyingly, the use of a higher boiling toluene as the reaction solvent
increased the yield of ent-gomeroates 11, 12 and a longer reaction time
ensured optimum conditions for their selective synthesis (Table S1,
entries 9 and 10, SM).

Due to the similar chromatographic properties, preparative separa-
tion of esters 11 and 12 was not possible on flash chromatography.
Therefore, the mixture of 11 and 12 was hydrolyzed on refluxing with a
methanolic potassium hydroxide solution, which led to the formation of
acids 6 and 7. This mixture was submitted to column chromatography
on silica gel, and individual less polar labdan-8,13(R)-epoxy-15-oic (6)
and more polar labdan-8,13(S)-epoxy-15-oic (7) acids were isolated.
The structure of the two compounds was demonstrated on the basis of
spectral data, including 1D (*H, 3c, DEPT-135) and 2D homo- (*H-'H
COSsY, 'H-'H NOESY) and heteronuclear (*H-'3C HSQC and 1H-13¢
HMBC) correlation experiments.

The IR spectrum of acid 6 exhibited absorption bands at 1708 cm ™!
and 1078 cm ™}, suggesting the presence of carboxy- and epoxy-groups.
Analysis of 13C NMR, DEPT, and HSQC data showed the presence of 20
carbon signals: five methyl and two methine carbons, eight methylenic
and five quaternary carbons, including a carbonyl group (5¢ 171.4).
These data match exactly the carbon skeleton of the assigned structure 6.

The careful examination of 2D NMR confirmed the labdane framework
containing the C-8 (§¢ 78.6) — C-13 (6¢ 73.5) heterocyclic ring which
formed through a tandem Wittig-oxa-Michael reaction, while no double
bond was detected. The relative configuration of acid 6 was deduced
from NOESY correlations of its methylated derivate, ester 11, obtained
on the methylation of pure 6 with an ethereal solution of diazomethane.
In particular, the configuration of the CHs3-17 methyl group was
confirmed by CH3-17<CH3-20<CHux-11 correlations and no pair cor-
relations between CH3-17 and CHy-14 hydrogens (see supplementary
material data, Fig. 1). The p-orientation of the CH3-16 methyl group was
proven by pair correlations between CH3-16Hg,-11 (Fig. S15, SM).

The structure of epimeric acid 7 was also determined on the basis of
its spectral data which were quite similar to those for the epimer 6. The
main difference resided in the stereochemistry of the lateral chain,
which was revealed by a NOESY experiment. The f-orientation of the
CH3-17 methyl group was attested by CHj3-17<>CHj3-20Hax-11 and
CH3-17-CHj-14 correlations indicating that these hydrogens are on the
same side (Fig. S7, SM). The a-orientation of the CHs-16 methyl group is
proven by no pair correlations between Hay-11 and CHs-16 hydrogens
demonstrating that the methyl group C-16 is on the opposite molecule
face to the methyl at C-17.

Treatment of acid 7 with diazomethane afforded its methylated de-
rivative 12. According to spectral data, the main signals of the 'H and
13¢ spectra of ester 12 exhibited a similarity to those of 7, except for the
methyl groups at C-16 and C-17 that appeared as a broad singlet in 'H
NMR (see experimental section). The relative configuration of com-
pound 12 was deduced from NOESY correlations of its acid 7. Thus,
having established the structures of acids 6 and 7, we demonstrated that
these compounds are enantiomers of gomeric acids isolated previously
from natural sources [25,26].

2.1.2. Synthesis of prenylated guanidines

The chemical synthesis of guanidines prenylated with labdanic
fragments involved a one-step procedure [31], including the activation
of the carboxylic group in acids 3-7 with carbonyldiimidazole (CDI),
followed by interaction with guanidine base (Scheme 2). The synthesis
of bis-acylated guanidine 15 was performed on acylation of guanidine
14 with CDI-activated 3,3-dimethylacrylic acid. All prenylated guani-
dines have been obtained in good preparative yields (45-52 %) and were
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Scheme 2. Reagents and conditions: a) CDI, DMF, then Guanidine-HCl, MeONa, DMF, 3 h; b) 3,3-dimethylacrylic acid, CDI, DMF, then 14, 3 h.

easily purified by column chromatography on silica gel using
methanol-dichloromethane mixtures as eluent.

The structure of prenylated guanidines has been unambiguously
demonstrated by spectral analysis. In particular, the infrared spectra
show strong absorbance at 3347-3348 cm~! (N-H stretching vibration),
1695-1696 cm-1 (G=0), 1584 cm-1 (-NH3 bending vibration), con-
firming the presence of the acylguanidine fragment. The NMR spectra
demonstrate the presence of the tricyclic terpenic heterocycle. Guani-
dines 16 and 17 are epimeric and differ slightly in both 'H and '3C
spectra. Notably, the chemical shifts of angular C-16 and C-17 methyl
groups show singlets at 1.34 and 1.26 ppm respectively for 16 and at
1.31 and 1.28 respectively for 17. The chemical shifts of C-14 methylene
groups also differ in both guanidines 16 and 17, showing doublets at
2.46 and 2.51 ppm respectively for 16 and at 2.69 and 2.74 ppm
respectively for 17. The '3C spectra show differing values for C-8 and C-
13 quaternary carbons at 76.1 and 72.8 ppm respectively for 16 and at
76.0 and 72.3 ppm respectively for 17. The position of carbonyl C-15
carbon is at 173.6 ppm for both 16 and 17. Elemental analysis confirms
the molecular formula for all synthesized acylguanidines.

2.2. Biology

2.2.1. Antimicrobial activity evaluation

Guanidines 13-18 were tested for their antimicrobial properties
against a series of non-resistant and antibiotic-resistant bacteria strains
including Staphylococcus aureus ATCC 29213, S. aureus ATCC 43300,
S. epidermidis ATCC 12228, S. epidermidis ATCC 35984, Klebsiella pneu-
moniae ATCC 13883, K. pneumoniae BAA1705, Pseudomonas aeruginosa
ATCC 27853, and P. aeruginosa PAO1. Except for the diacylated guani-
dine 15, which was ineffective or scarcely active, all the synthesized
compounds were found to possess antimicrobial activity on all selected
strains (see Figs. S3-S7, SM). Compounds 13, 14, 16-18 were strongly
active on Gram-positive strains (Figs. S3 and S4, SM). The MIC values
observed ranged between 4 pg/mL and 8 pg/mL, with the best activity
observed for guanidine 14 showing a MIC value of 4 pg/mL (Figs. S3-54)
against both S. aureus strains, and a MIC of 8 pg/mL against
S. epidermidis 12228. Guanidine 14 also retained a good activity until 2
pg/mL against the biofilm producer S. epidermidis 35984 strain (Fig. S4).
Compound 18 totally inhibited the bacteria growth until 16 pg/mL. It is
noteworthy that under the same condition oxacillin was not able to
contrast the growth of S. aureus ATCC 43300 (MRSA) as effectively as

guanidines 13, 14, and 16-18 did.

The antimicrobial effects on the Gram-negative strains were not as
strong as on Gram-positive. However, compounds 16 and 17 were active
against both K. pneumoniae strains, quality control and carbapenem
resistant strain, with MIC values of 16 and 32 pg/mL, respectively
(Fig. S5, SM). In the same assay, imipenem was not able to contrast the
growth of the carbapenem resistant K. pneumoniae BAA1705 strain, ac-
cording to EUCAST 2022 breakpoints [32]. Compounds 16 and 17 also
showed a moderate activity at 128 pg/mL against P. aeruginosa strains
reducing by 70 % and 50 % the growth of P. aeruginosa 27853, and by 75
% and by 65 % that of P. aeruginosa PAO1, respectively (Fig. S6, SM).

As to investigate their antifungal properties the acylguanidines
13-18 were assayed also on the yeast Candida albicans. Even in this case,
the diacyl derivative 15 was not active. Instead, promising results were
observed for the other guanidines getting MIC values of 16 pug/mL for
compounds 16, 17 and 18, and of 8 pg/mL for 13 and 14 (Fig. S7, SM).

The same activity profile was obtained on the azole-resistant
C. albicans ATCC 10231 strain on which voriconazole was not able to
contrast the growth according to CLSI 2022 breakpoints [33]. According
to the antimicrobial screening, the attention has been especially focused
on the two more promising acyl guanidine derivatives 16 and 17, that
showed antimicrobial properties against Gram-positive, Gram-negative,
and the yeast strain. As to gain more information about their mode of
action, the minimum bactericidal (MBC) or fungicidal concentration
(MFC) of 16 and 17 were investigated and compared with those of their
parent ent-gomeric acids 6 and 7. Both acylguanidines resulted bacte-
ricidal on S. aureus, S. epidermidis and K. pneumoniae, and fungicide on
both strains of C. albicans. The MBC was equal to the MIC value reported
in Table 1 (MBC results not shown since equivalent to MIC). Conversely,
compounds 6 and 7 showed a weaker or null activity on all tested strains
(Table 1).

2.2.2. Antimicrobial synergy studies

Considering the activity shown by guanidines 16 and 17 on the drug-
resistant strains S. aureus ATCC 43300, K. pneumoniae BAA1705, and
C. albicans ATCC 10231, antimicrobial synergy studies were performed
by applying the checkerboard method. This technique is used to deter-
mine the impact of the combination of antibiotics on their potency in
comparison to their individual activities. This comparison is then rep-
resented as the Fractional Inhibitory Concentration (FIC) index value,
which considers the combination of antibiotics that produces the
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MIC values against bacterial and yeast strains for guanidines 16 and 17 and parent ent-gomeric acids 6 and 7.

Strains Compounds MIC, pg/ml
16 17 6 7 VAN OXA GEN IPM TOB AMB VRC

S. aureus ATCC 29213 8 8 64 (MICy() > 128 2 2 ND ND ND ND ND

S. aureus ATCC 43300 8 4 64 (MIC7o) 128 2 >2([R) ND ND ND ND ND

S. epidermidis ATCC 12228 8 8 64 (MIC7o) 128 2 2 ND ND ND ND ND

S. epidermidis ATCC 35984 8 64 (MIC7() 128 2 2 ND ND ND ND ND

K. pneumoniae ATCC 13883 16 16 > 128 > 128 ND ND 4 4 ND ND ND

K. pneumoniae ATCC BAA1705 32 32 > 128 > 128 ND ND 4 >4 (R) ND ND ND

P. aeruginosa ATCC 27853 128 (MICy) 128 (MICsp) > 128 > 128 ND ND ND ND 2 ND ND

P. aeruginosa PAO-1 128 (MICys) 128 (MICg5) > 128 > 128 ND ND ND ND 2 ND ND

C. albicans ATCC 90028 16 16 > 128 > 128 ND ND ND ND ND 4 <0,12
C. albicans ATCC 10231 16 16 > 128 > 128 ND ND ND ND ND 4 >1(R)

greatest change from the individual antibiotic’s MIC.

Oxacillin was tested in association with guanidines 16 and 17 against
S. aureus ATCC 43300. After 24 h of incubation we analyzed the results
to look for the best combination of 16 and 17 with oxacillin. A complete
absence of growth was observed for compound 16 at 4 pg/mL in com-
bination with oxacillin at 0.125 pg/mL, whose MIC is 10 pg/mL on
S. aureus ATCC 43300. The FICI value of 0.512 was indicative of an
additive effect (Table 2). Complete absence of growth was also observed
for compound 17 at 2 pg/mL in combination with 0.5 pg/mL oxacillin,
with a FICI of 0.550 supporting an additive interaction. Thus, the
combination of compounds 16 and 17 with oxacillin slightly increased
the inhibitory activity of the guanidines, sustained by the presence of
low oxacillin dosage. Similarly, imipenem was tested to look for the best
interaction with compounds 16 and 17 against K. pneumoniae BAA1705.
We observed an additive interaction as well between compounds 16 and
17 at 16 pg/mL in combination with 2 pg/mL imipenem, with a FICI
value of 0.600 (Table 2).

Better results were obtained for C. albicans ATCC 10231. A growth
inhibition was observed for compound 16 at 4 pg/mL in combination
with 0.125 pg/mL voriconazole (MIC of voriconazole is 30 pg/mL on
C. albicans ATCC 10231), with a FICI value of 0.254 indicative of a
synergistic interaction (Table 2). A stronger effect and a complete
absence of growth was observed for 17 at 2 pg/mL in combination with
0.125 pg/mL voriconazole, with a FICI value of 0.129 supporting a
strong synergic interaction. Consequently, guanidines 16 and 17 in
combination with voriconazole were able to considerably reduce the
concentration of voriconazole necessary to inhibit the growth of the
azole resistant strain of C. albicans (Table 2).

The combination therapy aims to potentiate the activity of antibi-
otics [34]. The co-administration of an antibiotic resistance breakers

Table 2
Results of the synergy study for guanidines 16 and 17/antibiotics combination
against the three selected strains. In the table, MIC and FICI values are reported.

Strains Guanidine 16 Antibiotics FICI
MIC MIC in MIC MIC in
alone combo. alone combo.
S. aureus MRSA 8 g/ 4 pg/mL OXA 10 0.125 pg/ 0.512
43300 mL pg/mL mL
K. pneumoniae 32 pg/ 16 pg/mL IMP 20 2 pg/mL 0.600
BAA1705 mL pg/mL
C. albicans10231 16 pg/ 4 pg/mL VRC 30 0.125 pg/ 0.254
mL pg/mL mL
Strains Guanidine 17 Antibiotics FICI
MIC MIC in MIC MIC in
alone combo. alone combo.
S. aureus MRSA 4 ug/ 2 pg/mL OXA 10 0.5 pg/mL 0.550
43300 mL pg/mL
K. pneumoniae 32 g/ 16 pug/mL IMP 20 2 pg/mL 0.600
BAA1705 mL pg/mL
C. albicans 10231 16 pg/ 2 pg/mL VRC 30 0.125 pg/ 0.129

mL pg/mL mL

(ARBs) with conventional antibiotics should enhance the effects of the
latter combatting the microbial resistance mechanisms, allowing lower
doses of drugs to be used (synergic or additive affect). The more suc-
cessful ARBs achieve greater reductions in the MICs of antibiotics versus
antibiotic monotherapy. This is an important aspect in the search of new
antimicrobial compounds because reduced antibiotic selection pressure
could slow the onset of resistance and reduce the side effects of anti-
biotic monotherapy. Few data are available to demonstrate the ability of
antibacterial compounds bearing prenylated guanidine functional group
to act as ARBs in the treatment of microbial infections [6]. The presence
of the guanidinium group confers a positive charge to the molecules 16
and 17. Hypothetically, this may favor the binding of the guanidine
derivatives to microbial targets or lead to the disruption of cell mem-
branes and cell wall through electrostatic interaction with the negatively
charged bacterial cell envelopes. A similar mechanism might work with
the cell wall component of the yeast C. albicans.

The data on the antimicrobial activity of all investigated guanidines
demonstrate an unusual dependence on the concentration, reflected in
lower activities at higher concentrations. These results can be accounted
for the known effect of aggregation, demonstrated previously in other
studies on guanidines reported in the literature [35]. In particular, a
recent report [36] demonstrates reverse micellar formation in dode-
cylguanidine solutions at concentrations above 5 mM in an unpolar
solvent. This phenomenon can be valid in aqueous solutions on incu-
bating tested guanidines with the microbial culture, resulting in micellar
formation and lower effective concentration of the active compound on
the surface of the bacterial cell and weaker cell wall penetration abili-
ties. This hypothesis has been supported by IR spectroscopy data of
compound 16 at different concentrations. The spectra taken in the
concentration range matching the antimicrobial evaluations showed an
abnormal increase of absorption bands at lower concentrations at
wavelengths around 3000 cm ™! where -NH and —CH vibrations are
usually reflected (Fig. 2). This effect can be definitely connected to an
association process due to an aggregation phenomenon at higher con-
centrations of the tested guanidines.

2.2.3. In vivo toxicity evaluation

To investigate the in vivo toxicity of guanidine derivatives 16 and 17,
zebrafish embryos were exposed to the chemicals at different concen-
trations in the range of the active antimicrobial doses. The mortality rate
was analyzed at four different developmental stages (24, 48, 72, and 96
hpf) and reported in Fig. 3.

The median lethal concentration values recorded for both 16 and 17
indicate toxicity levels comparable to those of other drugs on the market
[37,38]. However, both compounds did not induce embryo mortality at
the concentrations used in the checkerboard assay (<4 pg/mL) that were
effective in reducing the MICs of oxacillin and voriconazole against
S. aureus ATCC 43300 and C. albicans ATCC 10231, respectively. In
parallel, no mortalities were observed neither in the vehicle group (0.1
% DMSO) nor in the control group (data not shown).
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3. Conclusions

In the hope to select novel candidates to treat poly-microbial dis-
eases, in this report, a synthetic route to obtain acylated guanidine de-
rivatives starting from nature-inspired diterpenic carboxylic acids has
been developed. This led to obtaining six different guanidines preny-
lated with labdanic fragments (compounds 13-18) that have been then
evaluated for their antimicrobial properties against bacteria strains.
Compounds 13, 14, 16-18 turned out to be strongly active on Gram-
positive bacterial strains, including S. aureus (two strains) and
S. epidermidis (two strains) while only compounds 16 and 17 were also
active against different strains of the Gram-negative bacteria
K. pneumoniae and P. aeruginosa. Compounds 13, 14, 16-18 also
exhibited antifungal properties against the yeast C. albicans.

Overall, guanidines 16 and 17 showed a broader spectrum of anti-
microbial properties and were also tested in combination with oxacillin
to assess relevant synergistic effects against S. aureus. In addition, 16
and 17 also reduced the concentration of the antifungal voriconazole
required to inhibit the growth of an azole-resistant strain of C. albicans.
The results suggest that guanidine 16 and 17 may serve as new lead
compounds to face poly-microbial diseases, but also to reduce antibiotic
selection pressure in combinations therapy. From this perspective is
worth underlining that, when analyzed in combination with oxacillin or
voriconazole, both compounds exhibited effective antimicrobial action
at concentrations < 4 pg/mL, which did not induce mortality in vivo in
the zebrafish embryonic model. The present study thus encourages to
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Fig. 3. Acute toxicity on zebrafish embryos after being exposed to increasing doses of compounds 16 and 17 at the developmental stages of 24, 48, 72, and 96 h post
fertilization (hpf). LC50 is shown for each stage. Curves/stages completely overlapping are shown in the same color. Close to each point of the curves, x-y pair values

are indicated (N = 20 embryos per dose).



M. Grinco et al.

examine more thoroughly the pharmacokinetic and pharmacodynamic
of guanidines 16 and 17, as well as to assess their dose-limiting toxicity
levels in higher vertebrates.

4. Experimental
4.1. General experimental procedures and reagents

Melting points were measured with a Boethius heating stage. Optical
rotations: Jasco-DIP-370 polarimeter; 5-cm cell; in CHCl3. IR spectra:
Spectrum-100 F T-IR spectrophotometer (PerkinElmer), with the uni-
versal ATR sampling accessory; v in cm™*.'H and '*C NMR Spectra:
Bruker Avance-III spectrometer (400.13 and 100.61 MHz); in CDClg; § in
ppm rel. to CHCl3 as internal standard (6 (H) 7.26 and 6 (C) 77.0), J in
Hz. GC/MS: Agilent-7890 A chromatograph; quadrupole MS detector
MSD 5975C; HP-5ms capillary column (30 m/0.25 pm). The elemental
analysis was performed on a Vario-EL-III-CHNOS Elemental Analyzer.

All reagents were purchased from Merck or Across. Commercial
Merck silica gel 60 (70-230 mesh ASTM) was used for column chro-
matography and Merck pre-coated silica gel plates were used for TLC.
The chromatograms were sprayed with 0.1 % solution of cerium (IV)
sulfate in 2 N sulfuric acid and heated at 80 °C for 5 min to detect the
spots. The work up of the reaction mixtures in organic solvents included
the extraction by diethyl ether, washing successively the extract with 20
% HySO4, sat. NaHCO3 and brine to neutral reaction, drying over
anhydrous NaySO,, filtration, and solvent removal in vacuum. All
moisture sensitive procedures were carried out in dry glassware under
N, atmosphere.

4.2. Synthetic procedures

4.2.1. (+)-8a-hydroxe-14,15-bisnorlabdan-13-one (2) was obtazned from
(—)-sclareol (1) following the literature procedure [22]

4.2.2. Labda-8(9),13E-dien-15-oic acid (8) and labda-8(9),13Z-dien-15-
oic acid (4) were synthesized according to the literature procedure [23].
Labda-8(9),13E-dien-15-oic acid (8) and labda-8(9),13Z-dien-15-oic acid
(4) were synthesized according to the literature procedure [23].

4.2.3. 15-Norlabdan-8R,13R-diacetoxy-14-oic acid (5) was synthesized
according to the literature procedure [24]. 15-Norlabdan-8R,13R-diac-
etoxy-14-oic acid (5) was synthesized according to the literature pro-
cedure [24].

4.2.4. HWE olefination-oxa-Michael reaction of ketone 2

Trimethylphosphonoacetate (295 mg, 1.62 mmol) was added to a
solution of ketone 2 (150 mg, 0.54 mmol) in anhydrous toluene (12 mL)
under N5 atmosphere. The mixture was gradually heated at reflux for 30
min. Sodium metal (44 mg, 1.89 mmol) was dissolved in MeOH (1.2 mL)
and the resultant sodium methoxide solution was added slowly via sy-
ringe to the refluxing reaction mixture. After 2 h the mixture was cooled
to r. t. And stirred for 70 h. The resulting mixture was worked up as
usual. The crude product (180 mg) was purified by column chroma-
tography (ethyl acetate/petroleum ether mixture, gradient elution) to
afford a nonpolar mixture of heterocyclic compounds 11 and 12 (124
mg, ~69 %), followed by polar hydroxy esters 9 and 10 (19 mg, total
yield ~11 %). An aliquot of the crude reaction product was analyzed by
GC (see entry 10 of Table S1 in Supplementary Material).

4.2.5. Methyl 8a-hydroxylabd-13E-en-15-oate (9)

Colorless crystals, mp: 91-92 °C (Lit [39].: m. p. 88-89 °C); [0(]%7
21.2 (c 0.47, CHCI3). Lit [39].: [«]&° 13.7 (¢ 0.71, CHCls). IR (v, cm™1):
1147, 1223, 1364, 1387, 1435, 1645, 1720, 2924, 3534.'H NMR
(400.13 MHz, CDCl3) &: 0.78 (s, 3H, H-19), 0.79 (s, 3H, H-20), 0.87 (s,
3H, H-18), 0.92 (dd, J = 12.0, 2.2 Hz, 1H, H-5), 0.94 (m, 1H, H-1ax),
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1.05 (t, J = 3.9 Hz, 1H, H-9), 1.14 (m, 1H, H-3ax), 1.15 (d, J = 0.3 Hz,
3H, H-17), 1.26 (m, 1H, H-6ax), 1.37 (m, 1H, H-3eq), 1.40 (m, 2H, H-7ax
and H-11ax), 1.43 (m, 1H, H-2eq), 1.57 (m, 1H, H-2ax), 1.59 (m, 1H,
H-11eq), 1.63 (m, 1H, H-1eq), 1.65 (m, 1H, H-6eq), 1.86 (dt, J = 12.2,
3.2Hz, 1H, H-7eq), 2.17 (d, J = 1.2 Hz, 3H, H-16), 2.18 (m, 1H, H-12ax),
2.28 (m, 1H, H-12eq), 3.68 (s, 3H, OMe), 5.68 (m, 1H, H-14). 13C NMR
(100.61 MHz, CDCl3) 6: 15.4 (q, C-20), 18.4 (t, C-2), 19.1 (q, C-16), 20.5
(t, C-6), 21.5 (g, C-19), 23.6 (t, C-11), 24.0 (q, C-17), 33.2 (s, C-4), 33.4
(g, C-18), 39.2 (s, C-10), 39.8 (t, C-1), 41.9 (t, C-3), 44.3 (t, C-12), 44.7
(t, C-7), 50.8 (q, OMe), 56.1 (d, C-5), 61.4 (d, C-9), 74.2 (s, C-8), 114.7
(d, C-14), 161.3 (s, C-13), 167.4 (s, C-15). Anal. Calc. For C31H3603: C,
74.95; H, 10.78. Found: C, 74.97; H, 10.75.

4.2.6. Methyl 8a-hydroxylabd-13Z-en-15-oate (10)

Colorless crystals, mp: 135-136 °C (Lit [39].: m. p. 132-134 °C);
[a]3® 24.8 (c 0.43, CHCI3). Lit [39].: [o]Z’ 34.6 (c 0.68, CHCls). IR (v,
Cm_l): 1145,1174,1237,1376,1388, 1439, 1641,1702, 2919, 3530.'H
NMR (400.13 MHz, CDCl3) é: 0.76 (s, 3H, H-20), 0.78 (s, 3H, H-19), 0.87
(s, 3H, H-18), 0.92 (dd, J = 12.2, 2.2 Hz, 1H, H-5), 0.94 (m, 1H, H-1ax),
1.14 (m, 1H, H-3ax), 1.16 (m, 1H, H-9), 1.18 (br. s, 3H, H-17), 1.24 (m,
1H, H-6ax), 1.37 (dm, J = 13.1 Hz, 1H, H-3eq), 1.44 (m, 2H, H-2eq and
H-7ax), 1.46 (m, 2H, H-11), 1.58 (m, 1H, H-2ax), 1.64 (m, 1H, H-6eq),
1.68 (m, 1H, H-1eq), 1.86 (dt, J = 12.4, 3.2 Hz, 1H, H-7eq), 1.91 (d, J =
1.3 Hz, 3H, H-16), 2.21 (m, 1H, H-12ax), 2.93 (m, 1H, H-12eq), 3.66 (s,
3H, OMe), 5.66 (m, 1H, H-14). I3CcNMR (100.61 MHz, CDCI3) §: 15.5 (q,
C-20), 18.5 (t, C-2), 20.3 (t, C-6), 21.5 (q, C-19), 24.2 (q, C-17), 24.3 (t,
C-11), 25.6 (q, C-16), 33.3 (s, C-4), 33.4 (q, C-18), 37.5 (t, C-12), 39.9 (s,
C-10), 39.4 (t, C-1), 42.0 (t, C-3), 43.3 (t, C-7), 51.1 (q, OMe), 56.1 (d,
C-5), 61.7 (d, C-9), 73.9 (s, C-8), 115.2 (d, C-14), 161.9 (s, C-13), 167.0
(s, C-15). Anal. Calc. For Cy1H3603: C, 74.95; H, 10.78. Found: C, 74.86;
H, 10.85.

4.2.7. Synthesis of entgomeric acids (6) and (7)

The mixture of the esters 11 and 12 (124 mg, 0.37 mmol) was dis-
solved in MeOH (2 mL) and 10 % KOH/MeOH solution (3 mL) was
added. The reaction was heated at reflux for 3 h and worked up as usual.
The crude product (121 mg) was purified on a SiO, chromatography
column (ethyl acetate/petroleum ether as eluent) to yield in order of
increasing polarity pure labd-8,13(R)-epoxy-15-oic acid (6) (53 mg,
~43 %) and labd-8,13(S)-epoxy-15-oic acid (7) (34 mg, ~28 %).

4.2.8. Labdan-8,13(R)-epoxy-15-oic acid (6)

Colorless crystals, mp: 113-114 °C (Lit [25]. for enantiomer: m. p.
113-115 °C); [a]& 26.6 (¢ 2.1, CHCly), Lit [25]. for enantiomer: [«]&°
-34.0 (¢ 0.13 CHCl3). IR (v, em™1): 1078, 1097, 1115, 1254, 1377, 1444,
1708, 2924.'H NMR (400.13 MHz, CDCl3) é6: 0.77 (s, 3H, H-20), 0.78 (s
3H, H-19), 0.85 (s, 3H, H-18), 0.86 (m, 1H, H-1ax), 0.95 (dd, J = 12.2,
2.5 Hz, 1H, H-5), 1.13 (td, J = 13.4, 4.2 Hz, 1H, H-3ax), 1.22 (m, 1H,
H-9), 1.29 (m, 1H, H-6ax), 1.36 (br. s, 6H, H-17 and H-16), 1.37 (m, 1H,
H-3eq), 1.40 (m, 1H, H-7ax), 1.46 (m, 1H, H-2eq), 1.52 (m, 1H, H-11ax),
1.60 (m, 2H, H-2ax and H-12ax), 1.61 (m, 1H, H-leq), 1.62 (m, 1H,
H-11eq), 1.70 (m, 1H, H-6eq), 1.74 (m, 1H, H-12eq), 1.87 (dt, J = 11.7,
3.0 Hz, 1H, H-7eq), 2.39 (d, J = 15.6 Hz, 1H, H-14a), 2.54 (d, J = 15.6
Hz, 1H, H-14 b). 13C NMR (100.61 MHz, CDCl3) 6: 14.9 (t, C-11),15.7 (q,
C-20), 18.4 (t, C-2), 19.7 (t, C-6), 21.2 (q, C-19), 24.4 (q, C-17), 27.3 (q,
C-16), 33.18 (q, C-18), 33.23 (s, C-4), 36.5 (t, C-12), 37.0 (s, C-10), 38.9
(t, C-1), 41.9 (t, C-3), 42.6 (t, C-7), 49.6 (t, C-14), 56.2 (d, C-5), 57.7 (d,
C-9),73.5 (s, C-13), 78.6 (s, C-8), 171.4 (s, C-15). GC-MS: 322, 307, 289,
261, 245, 229. Anal. Calc. For CogH3403: C, 74.49; H, 10.63. Found: C,
74.38; H, 10.69. Methylation of pure acid 6 with an ethereal solution of
diazomethane provided crude methyl ent-gomeroate (11) which was
purified by column chromatography (0.5 g SiOy; ethyl acetate/petro-
leum ether mixture, gradient elution) to afford pure ester 11.

4.2.9. Methyl labdan-8,13(R)-epoxy-15-oate (11)
Colourless crystals, mp: 112-113 °C (Lit [25]. for enantiomer: m. p.
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106-107 °C); [l 16.5 (c 1.2, CHCls). Lit [25]. for enantiomer: [o]&’ —
22.0 (c 1.46, CHCl3). IR (v, cm ™ 1): 1077, 1097, 1117, 1207, 1378, 1441,
1729, 2926.'H NMR (400.13 MHz, CDCls) &: 0.75 (s, 3H, H-20), 0.78 (s
3H, H-19), 0.84 (s, 3H, H-18), 0.86 (m, 1H, H-1ax), 0.92 (dd, J = 12.0,
2.3 Hz, 1H, H-5), 1.13 (m, 1H, H-3ax), 1.15 (dd, J = 12.1, 3.0 Hz, 1H,
H-9), 1.23 (m, 1H, H-6ax), 1.26 (m, 1H, H-7ax), 1.27 (s, 3H, H-17), 1.33
(s, 3H, H-16), 1.36 (m, 1H, H-3eq), 1.43 (m, 1H, H-2eq), 1.44 (m, 1H,
H-11ax), 1.56 (m, 1H, H-11eq), 1.58 (m, 1H, H-2ax), 1.60 (m, 2H, H-1eq
and H-6eq), 1.69 (m, 1H, H-12ax), 1.73 (m, 1H, H-7eq), 1.94 (td, J =
12.4, 5.2 Hz, 1H, H-12ax), 2.37 (d, J = 13.2 Hz, 1H, H-14a) 2.48 (d, J =
13.2 Hz, 1H, H-14 b), 3.66 (s, 3H, OMe). 3C NMR (100.61 MHz, CDCls)
5:15.3(t, C-11), 15.7 (g, C-20), 18.6 (t, C-2), 19.9 (t, C-6), 21.3 (q, C-19),
24.7 (g, C-17), 28.2 (g, C-16), 33.3 (s, C-4), 33.3 (q, C-18), 35.8 (t, C-12),
36.9 (s, C-10), 39.1 (t, C-1), 42.2 (t, C-3), 43.0 (t, C-7), 49.5 (t, C-14),
51.2 (q, OMe), 56.4 (d, C-5), 57.4 (d, C-9), 72.3 (s, C-13), 75.4 (s, C-8),
171.6 (s, C-15). GC-MS: 336, 321, 303, 289, 263, 245, 229. Anal. Calc.
For Cy;Hs605: C, 74.95; H, 10.78. Found: C, 74.99; H, 10.72.

4.2.10. Labdan-8,13(S)-epoxy-15-oic acid (7)

Colorless crystals, mp: 130-131 °C (Lit [25]. for enantiomer: m. p.
127-129 °C); [a]3° 36.9 (¢ 1.07, CHCls). Lit [25]. for enantiomer: [o]Z
— 20.0 (c 0.60, CHCl3). IR (v, cm-1): 1078, 1097, 1224, 1377, 1458,
1706, 2938.'H NMR (400.13 MHz, CDCI3) 5: 0.78 (s, 3H, H-20), 0.79 (s,
3H, H-19), 0.86 (s, 3H, H-18), 0.87 (m, 1H, H-1ax), 0.96 (dd, J = 12.4,
2.4 Hz, 1H, H-5), 1.14 (td, J = 13.4, 4.1 Hz, 1H, H-3ax), 1.26 (m, 1H,
H-6ax), 1.30 (s, 3H, H-16), 1.33 (m, 1H, H-9), 1.35 (s, 3H, H-17), 1.37
(m, 1H, H-3eq), 1.45 (m, 3H, H-2eq, H-11ax and H-7ax), 1.60 (m, 2H,
H-leq and H-2ax), 1.63 (m, 2H, H-1leq and H-12ax), 1.68 (m, 1H,
H-6eq), 1.82 (m, 1H, H-7eq), 1.85 (m, 1H, H-12eq), 2.32 (d, J = 16.5 Hz,
1H, H-14a) 2.87 (d, J = 16.5 Hz, 1H, H-14 b). 13¢ NMR (100.61 MHz,
CDCl3) 6: 14.9 (t, C-11), 15.6 (q, C-20), 18.4 (t, C-2), 19.8 (t, C-6), 21.2
(q, C-19), 23.6 (q, C-17), 30.4 (q, C-16), 33.2 (s, C-4), 33.3 (q, C-18),
36.6 (t, C-12), 37.1 (s, C-10), 39.0 (t, C-1), 42.0 (t, C-3), 43.0 (t, C-7),
45.8 (t, C-14), 55.9 (d, C-9), 56.3 (d, C-5), 72.3 (s, C-13), 78.2 (s, C-8),
172.6 (s, C-15). GC-MS: 322, 307, 289, 261, 245, 229. Anal. Calc. For
Cg0H3403: C, 74.49; H, 10.63. Found: C, 74.40; H, 10.68. Methylation of
pure acid (7) with an ethereal solution of diazomethane provided crude
methyl ent-gomeroate (12) which was purified by column chromatog-
raphy (0.5 g SiO; ethyl acetate/petroleum ether mixture, gradient
elution) to afford pure ester 12.

4.2.11. Methyl labdan-8,13(S)-epoxy-15-oate (12)

Colorless amorphous gum; [ot]%8 24.3 (c 0.6, CHCI3). IR (v, cm-1):
1078, 1098, 1216, 1376, 1458, 1737, 2926.'"H NMR (400.13 MHz,
CDCl3) é: 0.76 (s, 3H, H-20), 0.79 (s, 3H, H-19), 0.85 (s, 3H, H-18), 0.86
(m, 1H, H-1ax), 0.94 (dd, J = 12.1, 2.3 Hz, 1H, H-5), 1.13 (td, J = 13.6,
4.2 Hz, 1H, H-3ax), 1.23 (m, 1H, H-9), 1.25 (br. s, 6H, H-16 and H-17),
1.27 (m, 1H, H-6ax), 1.36 (m, 2H, H-3eq and H-7ax), 1.42 (m, 1H, H-
2eq), 1.45 (m, 2H, H-11ax and H-12ax), 1.56 (m, 1H, H-11eq), 1.58 (m,
1H, H-2ax), 1.61 (m, 1H, H-1eq), 1.64 (m, 1H, H-6eq), 1.76 (dt, J = 11.8,
3.1 Hz, 1H, H-7eq), 2.11 (m, 1H, H-12eq), 2.56 (d, J = 13.3 Hz, 1H, H-
14a) 2.72 (d, J = 13.3 Hz, 1H, H-14 b), 3.64 (s, 3H, OMe). °C NMR
(100.61 MHz, CDCl3) §: 15.2 (t, C-11), 15.6 (q, C-20), 18.6 (t, C-2), 19.9
(t, C-6),21.3(q, C-19), 24.6 (q, C-17), 30.6 (g, C-16), 33.27 (s, C-4), 33.3
(q, C-18), 36.5 (t, C-12), 37.0 (s, C-10), 39.2 (t, C-1), 42.2 (t, C-3), 43.3
(t, C-7), 45.9 (t, C-14), 51.3 (q, OMe), 56.5 (d, C-5), 57.4 (d, C-9), 72.1
(s, C-13), 75.5 (s, C-8), 171.9 (s, C-15). GC-MS: 336, 321, 303, 289, 263,
245, 229. Anal. Calc. For Cy1H3403: C, 74.95; H, 10.78. Found: C, 74.89;
H, 10.82.

4.2.12. Synthesis of prenylated guanidines

The general procedure involves carboxyl group activation and
interaction with guanidine-base. Synthesis of compound 17 is given as
an example.

To a solution of the substrate 7 (100 mg, 0.301 mmol, 1 equiv) in dry
DMF (0.94 mL) under nitrogen was added CDI (73 mg, 0.452 mmol, 1.5
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equiv) and the resulting mixture was stirred at room temperature until
the initial substrate was completely consumed (monitored by TLC,
approx. 48 h). Sodium metal (10 mg, 0.452 mmol, 1.5 equiv) was dis-
solved in dry methanol (0.3 mL) and treated with a guanidine hydro-
chloride (43 mg, 0.452 mmol, 1.5 equiv). The obtained mixture was
stirred for 30 min at room temperature. After the solvent evaporation
the residue was dried under reduced pressure during 1 h then dissolved
in dry DMF (1 mL). Activated acid was added dropwise to the solution of
guanidine base in DMF and stirred at room temperature for 3 h (moni-
tored by TLC). On the disappearance of starting material (activated
carboxylic acid) the mixture was diluted with 5 mL of water and
extracted with ethyl acetate. The combined organic phase was washed
successively with brine, sat. Aq. NH4Cl and brine, dried over sodium
sulfate and evaporated in vacuo. The crude product was purified by
column chromatography (CC) on silica gel using methanol-
dichloromethane mixture as eluent to give the corresponding mono-
acylguanidine 17 (54 mg, 48 %).

4.2.13. Labdan-8,13(S)-epoxy-15-oyl guanidine (17)

White powder, mp: 214-214 °C; [a]&® 36.95 (c 0.21, CHCl3). IR (v,
em1): 735, 1096, 1122, 1215, 1377, 1457, 1575, 1695, 2925, 3348.'H
NMR (400.13 MHz, CDCl3) 6: 0.77 (s, 3H, H-20), 0.78 (s, 3H, H-19), 0.85
(s, 3H, H-18), 0.86 (m, 1H, H-1ax), 0.93 (dd, J = 12.1, 2.1 Hz, 1H, H-5),
1.13 (td, J = 13.0, 3.8 Hz, 1H, H-3ax), 1.25 (m, 1H, H-6ax), 1.28 (s, 3H,
H-17), 1.29 (m, 1H, H-9), 1.31 (s, 3H, H-16), 1.37 (m, 2H, H-3eq and H-
7ax), 1.42 (m, 1H, H-2eq), 1.50 (m, 2H, H-11ax and H-12ax), 1.59 (m,
3H, H-1leq, H-2ax and H-11eq), 1.64 (m, 1H, H-6eq), 1.80 (dt, J = 12.0,
2.8 Hz, 1H, H-7eq), 2.01 (m, 1H, H-12eq), 2.69 (d, J = 13.9 Hz, 1H, H-
14a) 2.74 (d, J = 13.9 Hz, 1H, H-14 b), 8.45 (br. s, 3H, -NH and -NH>),
11.39 (br. s, 1H, =NH). 13¢ NMR (100.61 MHz, CDCl3) 6: 15.1 (t, C-11),
15.5 (q, C-20), 18.5 (t, C-2), 19.9 (t, C-6), 21.3 (q, C-19), 24.8 (q, C-17),
30.4 (q, C-16), 33.2 (s, C-4), 33.3 (q, C-18), 35.9 (t, C-12), 37.0 (s, C-10),
39.1 (t, C-1), 42.1 (t, C-3), 43.2 (t, C-7), 49.3 (t, C-14), 56.2 (d, C-9), 56.5
(d, C-5), 72.3 (s, C-13), 76.0 (s, C-8), 156.2 (s, C-1'), 173.6 (s, C-15).
Anal. Calc. For Cy1H3yN30s: C, 69.38; H, 10.26; N, 11.56. Found: C,
69.43; H, 10.32; N, 11.61.

4.2.14. Labda-8(9),13Z-dien-15-0yl guanidine (13)

The acid 3 (188 mg) was converted to guanidine 13 (97 mg, 46 %)
according to the general procedure. White powder, mp: 123-124 °C;
[o]Z 40.4 (c 0.22, CHCl3). IR (v, cm™1): 736, 1153, 1222, 1366, 1443,
1578, 1612, 1693, 2925, 3346.'H NMR (400.13 MHz, CDCl3) 6: 0.82 (s,
3H, H-19), 0.88 (s, 3H, H-18), 0.93 (s, 3H, H-20), 1.09 (m, 1H, H-5), 1.14
(m, 2H, H-3ax and H-1ax), 1.40 (m, 2H, H-2eq and H-3eq), 1.49 (m, 1H,
H-2ax), 1.56 (s, 3H, H-17), 1.62 (m, 2H, H-6), 1.78 (m, 1H, H-1eq), 1.95
(m, 2H, H-7), 2.04 (m, 1H-11ax), 2.15 (m, 1H, H-11eq), 2.23 (m, 2H, H-
12),2.24 (d, J= 0.7 Hz, 3H, H-16), 5.85 (br. s, 1H, H-14), 8.36 (br. s, 3H,
—NH and -NH,), 11.23 (br. s, 1H, =NH). 13C NMR (100.61 MHz, CDCl3)
§:19.1 (t, C-2 and C-6), 19.6 (q, C-17), 19.8 (q, C-16), 20.2 (q, C-20),
21.7 (q, C-19), 26.2 (t, C-11), 33.3 (s, C-4), 33.33 (q, C-18), 33.8 (t, C-7),
37.2 (t, C-1), 39.1 (s, C-10), 41.8 (t, C-3), 42.3 (t, C-12), 51.9 (d, C-5),
115.3 (d, C-14), 127.1 (s, C-8), 139.2 (s, C-9), 157.1 (s, C-1) 167.3 (s, C-
15), 167.4 (s, C-13). Anal. Calc. For C1H35N30: C, 73.00; H, 10.21; N,
12.16. Found: C, 72.95; H, 10.30; N, 12.19.

4.2.15. Labda-8(9),13E-dien-15-0yl guanidine (14)

The acid 4 (237 mg) was converted to guanidine 14 (129 mg, 48 %)
according to the general procedure. White powder, mp: 126-127 °C;
[]Z® 43.9 (c 0.23, GHCl,). IR (v, cm™1): 738, 1165, 1223, 1387, 1442,
1576, 1613, 1692, 2927, 3344.'H NMR (400.13 MHz, CDCls) 5: 0.81 (s,
3H, H-19), 0.86 (s, 3H, H-18), 0.92 (s, 3H, H-20), 1.09 (m, 1H, H-5), 1.12
(m, 2H, H-1ax and H-3ax), 1.39 (m, 2H, H-2eq and H-3eq), 1.47 (m, 1H,
H-2ax), 1.55 (s, 3H, H-17), 1.61 (m, 2H, H-6), 1.78 (dm, J = 12.3 Hz, 1H,
H-leq), 1.96 (m, 2H, H-7), 2.02 (m, 1H, H-11ax), 2.14 (m, 1H, H-11eq),
2.20 (m, 2H, H-12), 2.23 (s, 3H, H-16), 5.84 (br. s, 1H, H-14), 8.36 (br. s,
4H, -NHy). 13¢ NMR (100.61 MHz, CDCl3) 6: 19.0 (t, C-2 and C-6), 19.5
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(q, C-17), 19.7 (g, C-16), 20.2 (g, C-20), 21.7 (q, C-19), 26.1 (t, C-11),
33.27 (s, C-4), 33.3 (q, C-18), 33.7 (t, C-7), 37.1 (t, C-1), 39.1 (s, C-10),
41.7 (t, C-3), 42.3 (t, C-12), 51.9 (d, C-5), 115.3 (d, C-14), 127.1 (s, C-8),
139.1 (s, C-9), 156.9 (s, C-1"), 167.3 (s, C-13 and C-15). Anal. Calc. For
Cy1H35N50: C, 73.00; H, 10.21; N, 12.16. Found: C, 72.98; H, 10.32; N,
12.21.

4.2.16. Synthesis of N-[Labda-8 (9),13E-dien-15-0yl]-N'-senecioyl
guanidine (15)

To a solution of 3,3-dimethylacrylic acid (29 mg, 289 mmol) in N-
methylpyrrolidone (NMP) (1.5 mL) 2-chloro-1-methylpyridinium iodide
(CMPI) (84 mg, 0.330 mmol) was added and the resulting mixture was
stirred for 1 h at 50 °C. The reaction was cooled to r. t. And a solution of
monoacylguanidine 14 (95 mg, 0.275 mmol) in NMP (0.9 mL) and
DIPEA (0.24 mL, 1.375 mmol) were added. The mixture was stirred for
48 h, which than was quenched by addition of water (6 mL) and
extracted with EtOAc. The combined org. Phase was washed with brine,
dried over sodium sulfate and evaporated in vacuo. The crude product
was submitted to CC (silica gel 6.0 g), increasing gradient of MeOH in
dichloromethane) giving 15 (61 mg, 52 %). White powder, mp:
74-75 °C; [o]3 24.33 (c 2.14, CHCl3). IR (5, cm™1): 733, 1140, 1222,
1358, 1442, 1525, 1622, 2927, 3339.1H NMR (400.13 MHz, CDCl3) é&:
0.82 (s, 3H, H-19), 0.88 (s, 3H, H-18), 0.93 (s, 3H, H-20), 1.09 (m, 1H, H-
5), 1.14 (m, 2H, H-1ax and H-3ax), 1.39 (m, 2H, H-2eq and H-3eq), 1.46
(m, 1H, H-2ax), 1.56 (s, 3H, H-17), 1.62 (m, 2H, H-6), 1.78 (m, 1H, H-
leq), 1.89 (s, 3H, H-4"), 1.95 (m, 2H, H-7), 2.01 (m, 1H, H-11ax), 2.14
(m, 1H, H-11eq), 2.16 (m, 2H, H-12), 2.19 (d, J = 0.6 Hz, 3H, H-5"), 2.21
(d, J = 0.7 Hz, 3H, H-16), 5.74 (m, 1H, H-2"), 5.76 (br. s, 1H, H-14), 8.77
(br. s, 2H, NH). '3C NMR (100.61 MHz, CDCls) : 19.1 (t, C-2 and C-6),
19.2 (q, C-16), 19.5 (g, C-17), 20.2 (g, C-20), 20.4 (q, C-5"), 21.7 (g, C-
19), 26.4 (t, C-11), 27.8 (q, C-4"), 33.3 (s, C-4 and C-18), 33.7 (t, C-7),
37.1 (t, C-1), 39.1 (s, C-10), 41.8 (t, C-3), 41.9 (t, C-12), 51.9 (d, C-5),
119.8 (d, C-14), 120.6 (d, C-2"), 126.7 (s, C-8), 139.5 (s, C-9), 157.2 (s,
C-3", 159.1 (s, C-19), 161.2 (s, C-13), 173.2 (s, C-1"), 174.4 (s, C-15).
Anal. Calc. For Co6H41N305: C, 73.03; H, 9.66; N, 9.83. Found: C, 72.97;
H, 9.73; N, 9.91.

4.2.17. Labdan-8,13(R)-epoxy-15-oyl guanidine (16)

The acid 6 (213 mg) was converted to guanidine 16 (107 mg, 45 %)
according to the general procedure. White powder, mp: 128-130 °C;
[o13 — 13.35 (c 0.24, CHCl3). IR (v, cm™1): 735, 1097, 1114, 1245,
1377, 1444, 1584, 1696, 2924, 3347.'H NMR (400.13 MHz, CDCl3) §:
0.74 (s, 3H, H-20), 0.77 (s 3H, H-19), 0.84 (s, 3H, H-18), 0.86 (m, 1H, H-
lax), 0.92 (dd, J = 12.2, 2.1 Hz, 1H, H-5), 1.11 (m, 1H, H-9), 1.14 (m,
1H, H-3ax), 1.24 (m, 1H, H-6ax), 1.26 (s, 3H, H-17), 1.30 (m, 1H, H-
7ax), 1.34 (s, 3H, H-16), 1.36 (m, 1H, H-3eq), 1.42 (m, 1H, H-2eq), 1.49
(m, 1H, H-11ax), 1.56 (m, 1H, H-11eq), 1.57 (m, 1H, H-2ax), 1.58 (m,
1H, H-1eq), 1.61 (m, 1H, H-6eq), 1.71 (m, 2H, H-12), 1.75 (m, 1H, H-
7eq), 2.46 (d, J = 13.3 Hz, 1H, H-14a) 2.51 (d, J = 13.3 Hz, 1H, H-14 b),
7.16 (s, 1H, -NH), 8.05 (br. s, 3H, =NH and —-NH,). *C NMR (100.61
MHz, CDClg) é: 15.1 (t, C-11), 15.7 (g, C-20), 18.5 (t, C-2), 19.7 (t, C-6),
21.3 (q, C-19), 24.6 (q, C-17), 27.8 (q, C-16), 33.30 (q, C-4 and C-18),
36.6 (t, C-12), 36.7 (s, C-10), 38.9 (t, C-1), 42.0 (t, C-3), 42.8 (t, C-7),
52.8 (t, C-14), 56.2 (d, C-5), 57.6 (d, C-9), 72.8 (s, C-13), 76.1 (s, C-8),
156.0 (s, C-1), 173.6 (s, C-15). Anal. Calc. For Co;H37N305: C, 69.38; H,
10.26; N, 11.56. Found: C, 69.41; H, 10.31; N, 11.59.

4.2.18. 15-Norlabdan-8R,13R-diacetoxy-14-oyl guanidine (18)

The acid 5 (190 mg) was converted to guanidine 18 (99 mg, 47 %)
according to the general procedure. White powder, mp: 128-129 °C;
[@]3® — 12.6 (c 0.18, CHCl). IR (v, cm™1): 735, 1019, 1131, 1187, 1249,
1368, 1444, 1525, 1597, 1723, 2927, 3370.'H NMR (400.13 MHz,
CDCl3) 6: 0.76 (s, 3H, H-19), 0.81 (s, 3H, H-20), 0.85 (s, 3H, H-18), 0.95
(m, 2H, H-1ax and H-5), 1.13 (dt, J = 13.2, 3.8 Hz, 1H, H-3ax), 1.24 (m,
1H, H-11ax), 1.29 (m, 2H, H-6), 1.36 (m, 1H, H-3eq), 1.42 (m, 1H, H-
2eq), 1.43 (s, 3H, H-17), 1.47 (m, 1H, H-9), 1.54 (m, 2H, H-1eq and H-
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2ax), 1.58 (s, 3H, H-16), 1.64 (m, 1H, H-11eq), 1.67 (m, 1H, H-7ax),
1.91 (m, 1H, H-12ax), 1.97 (s, 3H, Me-OAc), 2.10 (s, 3H, Me-OAc), 2.14
(m, 1H, H-12ax), 2.62 (m, 1H, H-7eq), 8.29 (br. s, 4H, -NH,). 13C NMR
(100.61 MHz, CDCls) &: 15.7 (q, C-20), 18.3 (t, C-2), 19.1 (t, C-6), 19.9
(t, C-11), 20.5 (q, C-17), 21.4 (q, C-16 or C-19), 21.44 (q, C-OAc), 22.8
(g, C-OAc), 33.1 (s, C-4), 33.3 (g, C-18), 38.8 (t, C-7), 39.4 (s, C-10),
39.5 (t, C-1), 39.6 (t, C-12), 41.8 (t, C-3), 55.9 (d, C-5), 58.6 (d, C-9),
83.1 (s, C-13), 87.8 (s, C-8), 158.8 (s, C-1'), 170.3 (s, C-OAc), 170.4 (s, C-
OAc), 178.4 (s, C-14). Anal. Calc. For Cy4H41N30s: C, 63.83; H, 9.15; N,
9.30. Found: C, 63.78; H, 9.21; N, 9.34.

4.3. Microbial strains and reagents

S. aureus ATCC 29213, S. aureus ATCC 43300 (methicillin resistant
strain, MRSA), S. epidermidis ATCC 12228, S. epidermidis ATCC 35984
(biofilm producer), Klebsiella pneumoniae ATCC 13883, K. pneumoniae
BAA1705 (carbapenem resistant strain), Pseudomonas aeruginosa ATCC
27853, P. aeruginosa PAO1 (ATCC BAA-47-B1), Candida albicans ATCC
90028, C. albicans ATCC 10231 (azole resistant strain) were obtained
from the American Type Culture Collection (Rockville, MD). Antibiotics
were purchased from Sigma-Aldrich (Milan, Italy).

4.4. Antibacterial susceptibility testing

The compounds were added to bacterial suspension in each well
yielding a final cell concentration of 1 x 10° CFU/mL and a final com-
pound concentration ranging from 0.5 to 128 pg/mL. DMSO control
wells were set to contain bacteria in Mueller-Hinton broth plus the
amount of vehicle (DMSO) used to dilute each compound. Positive
controls included vancomycin (VAN, 2 pg/mL; 4 pg/mL for coagulase-
negative S. epidermidis), oxacillin (OXA, 2 pg/mL), tobramycin (TOB,
2 pg/mL), gentamycin (GEN, 4 pg/mL), and imipenem (IPM, 4 pg/mL).
In each test, negative control wells (sterility control) containing Muel-
ler-Hinton medium (MH) only, was added. All antibiotic concentrations
reported are according to breakpoint values reported in the EUCAST
v.12.0 (The European Committee on Antimicrobial Susceptibility
Testing. Breakpoint tables for interpretation of MICs and zone di-
ameters. Version 12.0, 2022. http://www.eucast.org”) [32]. The mini-
mal inhibitory concentration (MIC) of all the compounds were
determined in MH by the broth microdilution assay, following the
procedure already described [40]. The MIC was defined as the lowest
concentration of drug that caused a total inhibition of microbial growth
(absence of turbidity) after 24 h incubation time at 37 °C. Medium
turbidity was measured by a microtiter plate reader (Thermo Scientific
Multiskan GO, Waltham, MA USA) at 595 nm. Minimum bactericidal
concentration (MBC) was defined as the concentration that caused >
3log10 reduction in colony count from the starting inoculum plated on
TSA, incubated for 24 h at 37 °C. All the tests were conducted at least
three times using independent cell suspensions.

4.5. Antifungal susceptibility testing

The antifungal activity of compounds was determined on Candida
albicans by using a standardized broth microdilution method (Clinical
and Laboratory Standards Institute (CLSI). Performance Standards for
Antifungal Susceptibility Testing of Yeasts. 3rd ed. CLSI supplement
M27M44 S, 2022) [33]. Briefly, cell suspension was adjusted to 3 x 10°
CFU/mL in RPMI 1640 medium (Sigma) supplemented with 0.2 % (w/v)
glucose. One hundred microliter aliquots of these cell suspensions were
dispensed into 96-well microtiter plates. Compounds were serially
diluted using RPMI 1640 medium and added to the wells at a final
concentration ranging from 0.12 to 128 pg/mL, and the plate was
incubated for 48 h at 37 °C. Amphotericin B (AMB, 2 pg/mL) and vor-
iconazole (VRC, 0.12 pg/mL) were chosen as the positive controls.
Minimum fungicidal concentration (MFC) was defined as the concen-
tration that caused > 3log10 reduction in colony count from the starting
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inoculum plated on SDA, incubated for 48 h at 37 °C. All the tests were
conducted at least three times using independent cell suspensions.

4.6. Checkerboard testing method

The interaction between compounds 16 or 17 and oxacillin, imipe-
nem, and voriconazole against MRSA, K. pneumoniae BAA1705, and
C. albicans 10231, respectively, was evaluated by the checkerboard
method in 96-well microtiter plates containing Mueller-Hinton broth.
Briefly, compounds 16 or 17 and antibiotics were serially diluted along
the y and x axes, respectively. The final concentration ranged from 0.03
to 32 pg/mL (0.03, 0.06, 0.12, 0.25, 0.5, 1, 2, 4, 8, 16, 32) for antibiotics
and from 0.5 to 8 pg/mL (0.5, 1, 2, 4, 8) for 16 and 17. The checkerboard
plates were inoculated with bacteria at an approximate concentration of
10° x CFU/mL and incubated at 37 °C for 24 h, following which bac-
terial growth was assessed visually and the turbidity measured by
microplate reader at 595 nm. The synergistic effects of the compounds
16 or 17 combination with the antibiotics were based on a calculation of
the fractional inhibitory concentration index (FICI) for each drug pair.
The fractional inhibitory concentration (FIC) for each combination was
calculated as follows: FIC of 16 (or 17) = MIC of 16 (or 17) in combi-
nation/MIC of 16 (or 17) alone; FIC of antibiotics = MIC of each anti-
biotic in combination/MIC of each antibiotic alone. FICI is the
summation of FIC values for each drug. FICI results for each combination
were interpreted as follows: <0.5, synergistic; >0.5 to <1.0, additive;
>1.0 to <2.0, indifferent; and >2.0, antagonistic effects [41,42]. Simi-
larly, the assay was performed for C. albicans, following the same pro-
cedure, but using the appropriate broth, antibiotic, and yeast dilution.
The final concentration ranged from 0.03 to 32 pg/mL (0.03, 0.06, 0.12,
0.25, 0.5, 1, 2, 4, 8, 16, 32) for voriconazole and from 0.5 to 32 pg/mL
(0.5,1, 2, 4, 8, 16, 32) for (16) or (17).

4.7. ZebrafishsEmbryo Acute Toxicity

4.7.1. Ethics Statement

In vivo experiments have been performed at the facility for aquatic
animal models at the Institute of Biomolecular Chemistry (ICB) of the
National Research Council of Italy (CNR), approved by the Italian
Ministry of Health (permission n. 20/2016-UT), according to Italian and
European guidelines on research and to the guiding principles provided
by the ICB body in charge of animal welfare (Organismo Preposto per il
Benessere Animale—OPBA). Accordingly, treatments were carried out
on larvae below 120 hpf, which are classified as non-protected under the
EU Directive 2010/63/EU and are thus considered a valid alternative
model to animal research [43].

4.7.2. Zebrdfish fertilization and embryos collection

Adult fish were mantained at 28 °C in a ZebTec Active Blue-Stand
Alone systems (Tecniplast, Varese, Italy) ZebTEC Active Blue Stand
Alone (Tecniplast). Breeding was performed in a special spawning de-
vice, the 16-Liter Z-Park tank (Tecniplast, Varese, Italy). Collected em-
bryos were maintained at 26 °C in a dark incubator in standard dilution
water (294.0 mg/L CaCl, x 2H50, 123.3 mg/L MgSO4 x 7H50, 64.7
mg/L NaHCO3 and 5.7 mg/L KCI) [44]. Before treatments, embryos
were checked under a light stereomicroscope for general health condi-
tions and to assure they were at the same developmental stage [45].

4.7.3. Embryo treatments

Compounds 16 and 17 were dissolved in DMSO (99.9 %, Sigma-
Aldrich) and then diluted in standard dilution water to obtain concen-
trations of 0.7, 2, 4, 8, 16, and 32 pg/mL with a 0.1 % as maximum
concentration of DMSO. Within 4 hpf, embryos were transferred to 24-
well plates (1 embryo per well) that were pre-incubated with the test
solutions for 24 h. Each concentration was assayed on 20 embryos.
Further two groups embryos (N = 20 per group) were exposed to 0.1 %
DMSO (vehicle group), and to standard dilution water (control group).
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During the experiments, embryos were observed at 24, 48, 72 and 96 hpf
under light stereomicroscope to follow their general health conditions
and vitality. Toxicity was expressed as the concentration that is lethal to
50 % of zebrafish embryos (LCsp) calculated by probit analysis using R
software (version 4.2.3) with the MASS package.

4.8. Statistical analysis

Each antimicrobial assay was repeated at least three times. Media
and standard deviations are reported in figures.
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