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ABSTRACT: Herein, we describe a stereodivergent route to
(±)-batzelladine D (2), (+)-batzelladine D (2), (−)-batzelladine D
(2), and a series of stereochemical analogues and explore their
antimicrobial activity for the first time. The concise synthetic
approach enables access to the natural products in a sequence of
8−12 steps from readily available building blocks. Highlights of the
synthetic strategy include gram-scale preparation of a late stage
intermediate, pinpoint stereocontrol around the tricyclic skeleton, and a modular strategy that enables analogue generation. A key
bicyclic β-lactam intermediate not only serves as the key controlling element for pyrrolidine stereochemistry but also serves as a
preactivated coupling partner to install the ester side chain. The stereocontrolled synthesis allowed for the investigation of the
antimicrobial activity of batzelladine D, demonstrating promising activity that is more potent for non-natural stereoisomers.

■ INTRODUCTION
The marine environment is one of the most prolific sources of
chemically complex and biologically active molecular scaffolds
such as polycyclic guanidinium alkaloids (PGAs).1,2 Since first
isolated in 1989, PGAs have been studied extensively, revealing
valuable information regarding their biosynthetic pathways and
molecular properties.3−6 Despite these significant contribu-
tions, surprisingly little information regarding PGAs biological
function and targets is known for most classes of PGAs.
Efficient and modular synthetic approaches to these molecular
scaffolds allow not only for comprehensive biological studies
but also for the generation of derivatives with systematic
stereochemical and functional group modifications.
The batzelladines are a family of PGAs that were isolated in

the mid-1990s from the Caribbean sponge bataella sp.7 This
family of molecules possess a tricyclic guanidinium core
bearing a guanidine-functionalized side chain of varying
complexity as highlighted by batzelladine A (1), B (3), and
D (2) (Figure 1a).7−11 The guanidinium core of the
batzelladines bears a pyrrolidine motif that is either of the
cis- or trans-stereoconfiguration anchored to the various side
chains through an ester linkage. The structural complexity of
these scaffolds, in addition to antiviral and cytotoxicity activity
reported by the isolation team, has led to significant interest
from the synthetic community. Cis-pyrrolidine members of the
batzelladine family, represented by batzelladine B (3), were
first to draw the attention of the synthetic community,12−16

with 3 itself succumbing to an elegant approach from Herzon
and co-workers in 2015.17,18 The trans-pyrrolidine bearing
family members, highlighted by batzelladine A (1) and D (2)
represent distinct synthetic challenges. The first synthesis of a
member of this subfamily was batzelladine D (2) by Overman
and co-workers through the use of a tethered Biginelli

strategy,19−21 followed by a 1,3-dipolar cycloaddition approach
by Nagasawa and co-workers.22,23 More recent efforts by Gin
and Evans provide a [4 + 2] and radical cyclization approaches
to the trans-batzelladine core, respectively.24,25

From a biological point of view, the batzelladines have
received attention due to their reported activity as inhibitors of
HIV gp120-human CD4 binding.4,5,7−11,22,26 These seminal
studies revealed the significance of the batzelladine side chain
on activity, with batzelladines A (1) and B (3) active in the
protein−protein interaction assay while batzelladine D (2) was
inactive. Subsequent studies by Nagasawa have suggested
batzelladine D (2) does indeed bind to CD4,22 but a
comprehensive biological examination of this subfamily of
natural products is lacking, particularly for members bearing
simplified side chains such as 2.5 Regardless of their potential
as therapeutic agents, these scaffolds represent exciting
platforms for the generation of chemical probes to study
protein−protein interactions as well as to explore the broader
biological activities of these PGAs.

■ RESULTS AND DISCUSSION

Retrosynthetic Analysis. As part of a broader program
targeting modular and practical syntheses of PGAs,5,27 we
became interested in developing a synthesis of batzelladine D
(2) that would facilitate access to an array of stereochemical
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and functional derivatives to enable expanded biological
studies. To this end, our synthetic strategy envisioned the
formation of the tricyclic guanidinium core 4 through a double
SN2 reaction of a suitably functionalized guanylated diol
precursor 5 (Figure 1b). Such a strategy was inspired by
previous efforts but represents a one-pot solution that should
allow for the generation of all possible stereoisomers from a
common intermediate.19,23 Access to the fully functionalized
trans-pyrrolidine relies on the use of a key bicyclic β-lactam
intermediate (6, Figure 1b) that would serve not only as a
preactivated coupling partner though the lactam itself but also
to control the stereochemistry of the pyrrolidine core. 6 would
be prepared through an aza-Michael addition of monocyclic β-
lactam 7, controlling the pyrrolidine stereochemistry while
allowing independent control both alcohols through diaster-
eoselective ketone reductions. Importantly, the β-lactam
approach allows for the thermodynamic installation and
retention of the labile 1,3-dicarbonyl stereochemistry and can
be accessed through an array of well-established synthetic
methods.28−31 This approach is distinct from previous work
which utilizes β-lactams as starting materials,32 as the β-lactam
herein provides a late-state intermediate required for stereo-
control and carbonyl activation. Most importantly, the β-
lactam enables the installation of the trans-pyrrolidine core:
inverting the cis-selectivity observed for typical aza-Michael
reactions and that of elegant routes toward the cis-pyrrolidine
containing batzelladine families.12,13

Development of Stereodivergent Access to β-lactam
Building Blocks. To begin exploring the possibility of
utilizing a series of enantiomeric and diastereomeric β-lactam
building blocks toward the batzelladines, we targeted a racemic
synthesis of a compound such as 7 (Figure 1b). Our initial
efforts toward this goal began with commercially available β-
lactam 8 which was substituted with butenyl Grignard reagent
9,33 N-protected with TBS and subsequently acylated to
provide 12 as a single diastereomer in good yield over 3 steps
(Figure 2). At this stage, reduction of the methyl ketone was

required, and we sought to develop conditions to access both
diastereomers, ultimately enabling both natural product
epimers via subsequent displacement (Figure 1b). After
screening a variety of reduction conditions (Figure 2), we
found that K-selectride/KBF4 in ether provided the desired
diastereomer 13 in 10:1 dr and 80% yield (entry 4) with the
stereochemistry confirmed through X-ray analysis while Li(n-
Bu)(i-Bu)2Al−H provided the opposite diastereomer 14
required for batzelladine D (2) in 10:1 dr and 64% yield
(entry 11).34

In pursuing these conditions, we were motivated to explore
additives that could enhance selectivity and fortunately found
that a potassium counterion35 and KBF4 additive were critical
to form the desired reduction and promote reactivity, while
that selectivity could be inverted though the use of bulky
aluminum hydride reagents. Further studies are required to

Figure 1. (a) Representative batzelladine alkaloids; (b) retrosynthetic
strategy presented herein.

Figure 2. Synthesis of β-lactam building blocks 13 and 14.
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uncover the mechanistic underpinnings of this selectivity
enhancement, but this reagent combination may prove useful
in other directed diastereoselective reductions.
Cyclization Approaches to Form Bicyclic β-Lactams.

Bicyclic β-lactams are common scaffolds in antimicrobial
natural products but have seen limited utility as strategic
building blocks for synthesis.36−38 As highlighted in our
retrosynthetic approach, we require a [4.5]-fused bicyclic β-
lactam 6 (Figure 1b) bearing a trans-pyrrolidine core.
Straightforward methods to construct such functionalized
scaffolds are not currently available,38−44 and we therefore
embarked on studies to append the requisite ring to β-lactams
such as 15. A number of approaches including amino-
halogenation,45 aza-Heck,46−48 amination/cross-coupling,49−51

and carbonylative amidation52,53 resulted in no cyclization but
instead direct intermolecular reactivity (see SI for details).
These results provided an initial glimpse into the strained
nature of these [4.5]-fused bicyclic β-lactams. To highlight
these challenges, we found that Pd-catalyzed aminohalogena-
tion proceeded under standard reaction conditions,54 but to
our surprise, instead of obtaining 16, the reaction provided
almost exclusively the [4.6]-fused bicycle 17 (Scheme 1). In

parallel to these studies, we were also exploring approaches in
which the alkene was prefunctionalized to promote our desired
5-membered ring formation and targeted a cross-metathesis/
aza-Michael sequence. The feasibility of this approach was
uncertain as these reactions have proven highly reversible in
the literature and the strained nature of the bicyclic β-lactam
18 may prove problematic in that regard.15,55

To explore the potential of this approach, we prepared the
functionalized model β-lactam 19 (see SI for details, Table 1).
We initially utilized substrate 19 for screening that bears an
ethyl side chain due to the straightforward nature of its
synthesis via an aldol reaction with propionaldehyde, but
subsequently confirmed our successful reactions on the methyl
derivative required for 2. With 19 in hand, we began evaluating
conditions to promote the desired aza-Michael reaction56−59 to
generate 20. Initially, a variety of Lewis acid and Bronsted
acids were explored with no reaction or complex mixtures
observed, respectively (entries 1−6, Table 1). Turning our
attention to basic conditions, a number of bases including
potassium tert-butoxide, LDA and sodium hydride did not
prove successful (entries 7−12, Table 1); however, upon

exploration of substoichiometric amount of lithium or
potassium bis(trimethylsilyl)amide bases, we were gratified to
observe high levels of conversion and yield to generate our
desired [4.5]-fused bicyclic β-lactam 20 (entries 13−16, Table
1).60 Further, we were able to confirm the reaction proceeded
to provide the trans-pyrrolidine stereochemistry in >10:1 dr as
confirmed by NOSEY experiments (see SI for details).
The diastereoselectivity of this process is significant, as the

β-lactam aza-Michael addition provides the trans-pyrrolidine
core, whereas previous aza-Michael addition strategies provide
the cis-pyrrolidine.12,13 The profound differences observed by
altering the stoichiometry and identify of the base employed
points to a reversible reaction due to the added ring strain of
the bicyclic system and the potential instability of the reaction
product upon prolonged exposure to strong base. In attempts
to equilibrate the system to the cis-pyrrolidine, only increasing
decomposition is observed with increases in base, temperature,
or time.

Stereoselective Ketone Reduction. With our desired
bicycle in hand, we were in a position to explore the last two
hurdles to preparing the targeted linear precursor 5 that would
undergo cyclization to form the tricyclic guanidinium scaffold
(Figure 1b). First, conditions needed to be identified for mild
β-lactam ring opening to install the ester side chain required
for the natural products. Second, conditions needed to be
identified for selective reduction to both diastereomers of the
remaining ketone, as this will allow for both natural product
epimers to be generated from a common intermediate (as was
possible for the other alcohol; see Figure 2). Our initial efforts
were focused on conducting the β-lactam ring opening under a
variety of acidic and basic conditions; surprisingly, this reaction
proved challenging with most conditions providing low levels
of reactivity (see SI for details). The best conditions identified
were use of boron Lewis acids in dichloromethane, but even in
these cases, the reaction proved challenging to reproduce.

Scheme 1. Strategies to Prepare Bicyclic β-Lactams

Table 1. Aza-Michael Optimization Model Study

entrya conditions resultsb

1 ZrCl4 (20 mol %), CH2Cl2, 25 °C NR
2 AuCl (10 mol %), toluene, 110 °C NR
3 PtCl4 (10 mol %), CH2Cl2, 25 °C NR
4 ReCl5 (10 mol %), CH2Cl2, 25 °C NR
5 BF3·Et2O (20 mol %), CH2Cl2, 25 °C NR
6 HCl (50 mol %), Et2O, 25 °C complex mixture
7 K-t-butoxide (2 equiv), THF, −78 °C complex mixture
8 K-t-butoxide (5 equiv), THF, 45 °C trace product
9 TBAH (0.2 equiv)/THF, 25 °C NR
10 LDA (2 equiv), THF, −78 °C complex mixture
11 EtMgBr (2 equiv), THF, 0 °C NR
12 NaH (2.2 equiv), THF, 0 °C NR
13 LiHMDS (2.2 equiv), 25 °C trace product
14b LiHMDS (1.2equiv), 25 °C 39%c

15b LiHMDS (0.7 equiv), 25 °C 89%c

16b KHMDS (0.7 equiv), 25 °C 70%c

aAll reactions were monitored every 0.1, 0.5, 1, 3, 6, 16 h unless
otherwise noted. bReactions were quenched after 10 min. c>10:1 trans
to cis diastereoselectivity. dNR = no reaction.
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We hypothesized that the challenges could be due to the
presence of the ketone and potential retro-aza-Michael
reactions and/or other reaction pathways, and selected to
conduct ketone reduction. This rationale was confirmed by
reducing the ketone on test scale with NaBH4 and then
subsequently opening the β-lactam with BF3·OEt2, which
proceeded smoothly by TLC and gave us confidence to delay
the lactam opening step to after stereoselective ketone
reduction.
To evaluate the conditions required for stereoselective

ketone reduction, bicyclic β-lactam 23 was prepared smoothly
via a three step TBS deprotection, cross-metathesis,61 and aza-
Michael cyclization sequence (Scheme 2). It is worth noting

that the aza-Michael cyclization proceeds smoothly in the
presence of the free hydroxyl group, whereas in our model, we
employed a TBS protecting group. With ample quantities of 23
in hand, an array of conditions was screened (Table 2). Most
reaction conditions proceeded to provide the opposite
diastereomer 25 required for batzelladine, with Luche
conditions providing 97% yield and 6:1 dr (entry 7, Table
2). Fortunately, moving to bulky hydride reagents began to
invert this selectivity, and we ultimately identified K-selectride
in toluene as the optimal conditions yielding 24 in 68% yield
and a 3:5 dr favoring the desired diastereomer (entry 14, Table
2). While this dr is modest, the reaction is highly scalable and
provides preparatively useful quantities of material that can be
separated and recycled if desired. Initial attempts at employing
chiral reagents to overcome this selectivity were unsuccessful
(entry 5, Table 2), but further studies are underway to explore
additional systems in this regard. Regardless, the optimized
conditions provide selective access to the unnatural diaster-
eomer and practically useful access to the natural stereoisomer.
Endgame and Synthesis of (±)-Batzelladine D. At this

stage, having access to all 4-alcohol diastereomers, we were
positioned to optimize the end game of our synthetic approach
and gain access to (±)-batzelladine D, (±)-13-epi-batzelladine
D, and (±)-15-epi-batzelladine D. As shown in Scheme 3,
opening of β-lactams 24 and 25 with side chain 26 proceed
smoothly upon activation with BF3·OEt to provide the target
dihydroxy pyrrolidines 27 and 28. Installation of the guanidine
by treatment with N,N-di-Boc-S-methylisothiourea and mer-
cury chloride62 was followed in the same pot by mesylation of
both alcohols, rapid displacement by the guanidine to install
the tricyclic core, and final treatment with formic acid to cleave
both the core and side-chain Boc protecting groups. This one-
pot process installed the three critical bonds of the core in a
stereoselective fashion and provided a separable 1.0:1.2
mixture of (±)-batzelladine D (2) and 29, resulting from β-
mesylate elimination under the reaction conditions with 41%

overall yield. Utilizing this endgame, (±)-13-epi-batzelladine D
(30) and 31 were prepared from 28 (Scheme 2) and (±)-15-
epi-batzelladine D (S1) was also prepared from the
corresponding alcohol epimer 14 (See SI for details). This
final reaction cascade is plagued by the formation of the
elimination byproducts, and we have spent considerable effort
attempting to optimize this process (see Table S9−S10 for full
reaction screening). Overall, it does not appear that a simple
E1CB reaction accounts for the outcomes observed, and we
have been unable to significantly improve the product ratios to
date. Given the straightforward reaction conditions and our
ability to readily separate the product from the elimination
product, we have elected to utilize this optimized protocol to
access the enantioenriched natural products and their stereo-
chemical analogues.

Asymmetric Synthesis of (+)-Batzelladine D and
(−)-Batzelladine D. Having a concise synthesis of (±)-bat-
zelladine D (2) in hand, along with access to diastereomers of
the natural product, we sought to also explore the generation
of the enantiomeric series of compounds along with the
generation of gram-scale quantities of our key intermediates
(Scheme 4). To access the non-natural enantiomer, we chose
to start from commercially available β-lactam 32, already
bearing the necessary hydroxyethyl side chain and available on

Scheme 2. Preparation of Bicyclic β-Lactam 23

Table 2. Selected Reduction Attempts on Ketone 17

entrya conditions
resultse

24:25

1 DIBAL (0.75equiv), THF, −78 °C to rt, 15 h SM
observedb

2 LiBH4 (1.1 equiv), THF, −78 °C, 3 h 24% with 1:1
drb

3 Li(t-BuO)3Al−H (1.2 equiv), THF, −78 °C, 0.5 h 50% with 5:4
dr

4 Zn(BH4)2 (1 equiv), THF, −3 °C, 12 h 77% with 1:3
dr

5 CBS (100 mol %), BMS (2 equiv) CH2Cl2, 0 °C,
5 min

30% 1:1 drb,c

6 CeCl3 (20 mol %), NaBH4 (2 equiv) MeOH, −25
°C, 1 h

50% 1:4 dr

7 CeCl3 (20 mol %), NaBH4 (2 equiv) MeOH, −78
°C, 5 min

97% 1:6 dr

8 L-selectride (1.2 equiv), THF, −78 °C, 30 min 45% 1:5 dr
9 K-selectride (1.2 equiv), THF, −78 °C, 30 min 60% with 1:1

dr
10 K-selectride (1.2 equiv), Et2O, −78 °C, 30 min 40% 4:3 dr
11 K-selectride (1.2 equiv), Et2O, 25 °C, 3 min 45% 3:2 dr
12 K-selectride (1.03 equiv), KBF4 (1.2 equiv) Et2O, 25

°C, 3 min
64% 5:4 dr

13 K-selectride (0.97 equiv), KBF4 (1.2 equiv) 0.01 M
Et2O, 25 °C, 3 min

59% 5:4 dr

14 K-selectride (1.15 equiv), KBF4 (1.2 equiv) 0.01 M
toluene, 25 °C, 3 min

68% 5:3 dr

15 (PPh3)3RhCl 10 mol %, H2 balloon EtOAc, 25 °C,
24 h

NR

16d Pt/C cartridge, 120 bar H2 EtOAc, 55 °C, 1 h NR
17d Ru/C cartridge, 120 bar H2 EtOAc, 55 °C, 1 h 60% 1:1 dr

aAll reactions were performed at 0.1 M, unless otherwise noted.
bOver reduced product, [M + H]+ = 326 dominated. cEnantiopure
starting material was used. dReaction was performed in H-cube at
0.05 M, 1 mL/min. eIsolated yield.
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large scale due to its use in antibiotic synthesis.63 32 could be
readily converted to the requisite sulfone 33 through treatment

with sodium benzenesulfinate and subsequently displaced by
butenyl Grignard reagent 9 to generate 34 on 6-g scale
(Scheme 3a). Cross-metathesis, aza-Michael addition, and TBS
deprotection proceed smoothly, as before, to provide
(+)-bicyclic β-lactam 23 on gram-scale, set to undergo
diastereoselective reduction and conversion to (+)-batzelladine
D (2) and (+)-13-epi-batzelladine D (30) as previously
developed. The natural enantiomer required denovo synthesis,
and we relied on an Ellman auxiliary approach that readily
provided (−)-β-lactam 10 in three steps (Scheme 3b). This
material of the natural enantiomeric series was advanced to
(−)-batzelladine D (2) and (−)-13-epi-batzelladine D (30)
through a 9-step sequence as previously described for racemic
β-lactam 10.

Initial Antimicrobial Evaluation. In addition to interest
in having access to a stereochemical library of batzelladine
analogues to study their reported activity as inhibitors of HIV
gp120-human CD4 binding (ongoing collaborative efforts), we
sought to explore their antimicrobial activity against a series of
ESKAPE pathogens64−66 (Table 3). In initial screening,
(±)-batzelladine D (2) proved moderately active against
both methicillin sensitive S. aureus (MSSA) and methicillin
resistant S. aureus (MRSA), with an MIC of 8 μg/mL. This
represents the first evaluation of batzelladine D’s antimicrobial
properties and gave us reason to evaluate our stereoisomer
library, elimination byproducts, and synthetic intermediates for
their antimicrobial activity against an expanded panel of
bacterial pathogens. Upon systematic evaluation of the
stereoisomers against MSSA and MRSA, it was revealed that
non-natural stereoisomers were more active than the racemic
natural product or natural enantiomeric series. This effect can
be highlighted by comparison of non-natural (+)-13-epi-
batzelladine D (30) and natural (−)-13-epi-batzelladine D
(30), wherein the unnatural enantiomer is somewhat more
active (Table 3). The effect of stereochemistry on antimicro-
bial activity suggests there may be distinct targets or pathways

Scheme 3. Completion of the Racemic Synthesis of 2 and 30

Scheme 4. (a) Synthesis of (+)-Batzelladine D and Gram-Scale Access to β-Lactam 37 and (b) Synthesis of (−)-Batzelladine D
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involved in the observed activity and warrants additional
studies to enable a more in-depth evaluation. Further studies
on expanded pathogens will also allow determination as to the
significance of these findings more broadly. In addition to the
natural products and their stereoisomers, elimination by-
products (±)-31 and (+)-31 also showed activity against
MSSA and MRSA, although these compounds may function by
an alternate mechanism given their reactive Michael acceptor.
Expanding the screening to Gram-negative pathogens revealed
promising activity, particularly for (+)-30 and (−)-2, with
MICs of 32−64 μg/mL. While these are not clinically relevant
potencies against these challenging pathogens, they provide a
starting point for further optimization.

■ CONCLUSIONS

In conclusion, we have developed a platform for the synthesis
of a variety of stereochemical isomers of the batzelladine core
and have utilized this approach to prepare (+)- and (−)
batzelladine D and a panel of selectively prepared diastereo-
meric isomers. Our approach utilizes β-lactam building blocks
as key starting materials but more significantly, takes advantage
of [4.5]-fused bicyclic β-lactams as key intermediates that
enable stereocontrol of the core and provide preactivation of
side chain coupling. This strategy effectively relays the single
stereoisomer in the readily available β-lactam starting material
to control the four additional stereocenters in the natural
product. Access to batzelladine D (2) and stereoisomers
allowed for the evaluation of these scaffolds as antimicrobial
agents, revealing non-natural isomers with promising levels of
activity. Although it is likely such molecules have multiple
targets and mechanisms of action, further understanding of
these molecules in a variety of biological systems may open the
door to the identification of new targets and pathways for small
molecule targeting by these and other classes of molecules.67

Future efforts are focused on an expanded analogue library
to explore the SAR of this family, the synthesis of batzelladine
A for study and comparison of HIV gp120-human CD4
binding, and the further study of the scope and mechanism of
these molecules as antimicrobial agents. These investigations
will be reported in due course.
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