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Natural product ring distortion strategies have enabled rapid access to unique libraries of stereochemically

complex compounds to explore new chemical space and increase our understanding of biological

processes related to human disease. Herein is described the development of a ring-cleavage strategy

using the indole alkaloids yohimbine, apovincamine, vinburnine, and reserpine that were reacted with a

diversity of chloroformates paired with various alcohol/thiol nucleophiles to enable the rapid synthesis of

47 novel small molecules. Ring cleavage reactions of yohimbine and reserpine produced two diastereo-

meric products in moderate to excellent yields, whereas apovincamine and vinburnine produced a single

diastereomeric product in significantly lower yields. Free energy calculations indicated that diastereo-

selectivity regarding select ring cleavage reactions from yohimbine and apovincamine is dictated by the

geometry and three-dimensional structure of reactive cationic intermediates. These compounds were

screened for antiplasmodial activity due to the need for novel antimalarial agents. Reserpine derivative 41

was found to exhibit interesting antiplasmodial activities against Plasmodium falciparum parasites (EC50 =

0.50 µM against Dd2 cultures), while its diastereomer 40 was found to be three-fold less active (EC50 =

1.78 µM). Overall, these studies demonstrate that the ring distortion of available indole alkaloids can lead

to unique compound collections with re-engineered biological activities for exploring and potentially

treating human disease.

Introduction

Complexity-to-Diversity (CtD) strategies to explore chemical
space have gained traction as a means to generate novel, struc-
turally diverse, and stereochemically complex compound
libraries from select natural products.1–16 The CtD strategy
relies on chemoselective “ring distortion” reactions to rapidly
alter the molecular skeleton of various natural products

bearing fused ring systems to access diverse compounds of
high stereochemical complexity. The CtD synthesis approach
has been successfully applied to multiple natural products to
date, including: adrenosterone,1 gibberellic acid,1 quinine,1

pleuromutilin,2,15 abietic acid,9 sinomenine,10 yohimbine,3,6,7,11

lycorine,12 vincamine,4,8,16 and other steroids.13,14 The over-
arching goal of CtD (or “ring distortion”) is to access diverse
molecular scaffolds to discover compounds with re-engineered
biological activities in critical disease areas. CtD offers an
orthogonal discovery approach to diversity-oriented synthesis
(DOS; simple materials utilized in complexity-generating
reactions)17–24 and biology-oriented synthesis (BIOS; gene-
ration of natural product-like molecules based on chem-
informatic analysis of natural products and conserved
proteins).25–32 Noteworthy examples of the CtD platform deli-
vering re-engineered small molecules include the discovery
of vincamine-derived V2a, which demonstrates antagonistic
activity against hypocretin receptor 2 and inhibits morphine-
seeking behaviors in mouse models,16 and the identification
of pleuromutilin-derived ferroptocide, a thioredoxin inhibitor
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that positively modulates the immune system in a murine
model of breast cancer.15

Chloroformate-mediated ring cleavage of gardnerine 1 and
derivatives was reported by Sakai and colleagues in 1973
(Fig. 1A).33 In this reaction type, a polycyclic tryptoline system
containing a tertiary amine is reacted with a chloroformate elec-
trophile in the presence of an alcohol nucleophile, leading to
an indole-promoted ring cleavage and the incorporation of car-
bamate and ether moieties. This methodology has been applied
to a few indole alkaloids and related scaffolds, with notable
examples in Fig. 1A (e.g., (±)-desbromoarborescidine A 5).34–36

The versatility of this reaction to diversity at two positions of the
tryptoline framework while performing a regioselective ring
cleavage proved an attractive strategy to expand our ring distor-
tion platform using multiple indole alkaloids. Additionally, our
previous ring distortion efforts with yohimbine and vincamine
involving alternative ring cleavage methods resulted in the dis-
covery of Nrf2-Antioxidant Response Element (ARE) inhibitor

Y6q and antiplasmodial agent V3b (Fig. 1B, structures 8 &
10);4,11 therefore, we hypothesized that reacting chloroformates
and alcohols/thiols with indole alkaloids would yield interesting
ring-cleaved compounds with re-engineered biological activities.

During the course of these studies, multiple indole alka-
loids were subjected to chloroformate-mediated indole-pro-
moted ring cleavage reactions to access 47 new analogues.
Nearly all ring-cleaved analogues synthesized proved to be
challenging to characterize by standard NMR conditions due
to the resulting medium-sized ring bearing a carbamate func-
tional group. This robust methodology resulted in new stereo-
chemically complex indole-containing small molecules
bearing diversity elements in two positions (new carbamate
and ether/thioether). Ring cleavage reactions from yohimbine
and reserpine produced a mixture of diastereomeric products,
while reactions from apovincamine/vinburnine produced a
single diastereomeric product. Free energy calculations were
used to study the energetics of this transformation from
yohimbine and apovincamine. Finally, this new collection of
compounds was screened against the malarial parasite
Plasmodium falciparum to discover new antiplasmodial agents
with re-engineered activities from reserpine.

Results and discussion
Indole-promoted ring cleavage of yohimbine with diverse
chloroformates and alcohols/thiols

Our initial experiments subjected yohimbine 7 (free base) to
phenyl chloroformate and methanol in chloroform at 60 °C for
three hours to afford a mixture of products at a 1.2 : 1 diaster-
eomeric ratio (dr) in 96% combined yield (Fig. 2A, entry 1;
general diastereomeric products are referred to the “inversion
product” 11 and “retention product” 12). Encouraged by the
excellent yield and separability of the target diastereomers
using column chromatography, the scope of this reaction was
explored with yohimbine 7 to assess six chloroformate electro-
philes and six alcohol or thiol nucleophiles (Fig. 2A & ESI
Table 2† for additional experimental details). Collectively,
these efforts afforded fourteen diastereomeric product pairs
ranging from 33–96% combined yields with diastereomeric
ratios of 1 : 1 to 1 : 3 (inversion product 11 to retention product
12). To probe reaction performance, ring cleavage reactions of
7 were typically carried out at (1) room temperature, (2) 60 °C
in an oil bath, or (3) 60 °C in a microwave reactor. Reactions
performed on yohimbine 7 at room temperature generally
required more time to complete compared to reactions heated
in an oil bath; however, microwave heated reactions were com-
pleted in 15 minutes. Interestingly, reactions demonstrating
some diastereoselectivity had the retention product 12 as the
major product in nearly all cases. In general, bulkier nucleo-
philes tended to produce lower overall yields of the desired
products upon reaction with yohimbine and chloroformates
(e.g., Fig. 2A, entry 4, tert-butanol produced 33% combined
yield of diastereomeric products); however, higher diastereo-
selectivities were observed.

Fig. 1 Reported examples of indole-promoted ring cleavage reactions.
(A) Select literature precedents for indole-promoted ring cleavage using
chloroformates and alcohols. (B) Re-engineered indole alkaloid deriva-
tives accessed through ring cleavage methods.
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Fig. 2 (A) Indole-promoted ring cleavage of yohimbine yields diastereomeric products 11 and 12. (B) NOEs utilized to determine the stereo-
chemistry of ring-cleavage products from yohimbine.
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We found the ring cleavage of yohimbine 7 to be a remark-
able transformation as the chloroformate and alcohol/thiol in
the reaction could react together without yohimbine’s involve-
ment to produce undesired materials. These reactions proved
incredibly chemoselective as the tertiary amine of yohimbine 7
first reacts with the electrophilic chloroformate to generate an
activated N-acyl ammonium intermediate that then undergoes
an indole-promoted ring cleavage to form a resonance-stabil-
ized carbocation, which is reacted with the alcohol/thiol
nucleophile in the final step to produce the diastereomeric
products 11 and 12. Exploration of this reaction-type was
further probed to assess the tolerance of this ring cleavage
transformation in the presence of alternative electrophiles,
nucleophiles, and solvents. We found the electrophilic charac-
ter of chloroformates to be requisite for reaction progression,
as our attempts involving sulfonyl chlorides and acyl chlorides
did not proceed. Similarly, reactions employing non-alcohol or
thiol nucleophiles, such as benzoic acid, trimethylsilyl azide,
and tosyl amide, were met with failure. Additionally, similar
ring cleavage reactions using solely chloroformates (i.e., the
displaced chloride serving as the nucleophile) have been
reported with other indole-containing compounds bearing a
tryptoline motif,37 however, attempts to perform this reaction
with yohimbine 7 in the absence of an alcohol/thiol nucleo-
phile proved unsuccessful. Solvent selection was also found to
be critical for the desired indole-promoted ring cleavage trans-
formation to occur, as no reaction with yohimbine was
observed in tetrahydrofuran, toluene, or acetone. Chloroform
and dichloromethane were the sole tested solvents that led to
the successful ring cleavage of yohimbine 7 (see Fig. 2A).

The absolute stereochemical assignment of the diastereo-
meric products from yohimbine 7 proved to be non-trivial due
to the nature of the medium-sized ring bearing a carbamate.
The diastereomeric pairs from yohimbine 7 were characterized
using NMR and X-ray analysis to support and confirm chemi-
cal shift trends observed among this series (see Fig. 2B for
select cases; the “inversion product” had the chemical shift of
H3 upfield relative to the H3 proton signal in the “retention
product” based on 1H NMR studies conducted in C2D2Cl4; the
only exception being diastereomers 23 and 24, which were the
only products where NMRs were taken in DMSO-d6; see Fig. 3,
and ESI Table 1†). These observations aligned with previous
work by our lab4,11 and others38–40 requiring variable tempera-
ture NMR to characterize medium-size ring compounds. High
temperature NMR experiments were required to produce well-
resolved signals (peaks) as we believe the ring-cleaved products
from yohimbine exist as a mixture of slowly interconverting
conformers and/or mixtures of rotamers at the carbamate
moiety at room temperature which produce distinct but often
broad or nonexistent signals in NMR spectra (see ESI Fig. 3†).
After performing NMR experiments at 100 °C in C2D2Cl4,
however, interconversion between conformers/rotamers
occurred at an adequate rate such that previously distinct
peaks coalesced, and broad, weak peaks became sharper,
allowing for definitive structural elucidation (see ESI†). While
this trend was generally met with success across the diastereo-

meric products synthesized from yohimbine, there were select
instances where peaks remained broad or unobservable.

Prior to the acquisition of high-quality crystals for X-ray diffr-
action to unambiguously assign stereochemistry at the C3 posi-
tion of yohimbine-derived ring cleavage products (i.e., ana-
logues of general structure 11 and 12), stereochemical assign-
ments were made using selective one-dimensional nuclear
Overhauser effect spectroscopy (NOESY; Fig. 2B & ESI†). Upon
irradiation of the H3 of inversion product 13, a through-space
NOE was observed by the C15 methine (Fig. 2B & 3). In addition,
a NOESY correlation is also observed in the reverse direction
regarding 13, following irradiation of H15 (which NOEs to H3),
confirming that H3 of 13 is on the same face of the newly
formed medium sized ring as H15. Conversely, upon irradiation
of the H3 methine of 14, an NOE was observed with H20 and
H16, which are anti to H15, indicating the stereochemistry cor-
relates to the retention product (Fig. 2B). The absolute stereo-
chemistry of 14 was further validated by X-ray analysis (Fig. 3),
which aligned with our NOE findings. Similar NOE profiles
were observed for products 15 and 16 (Fig. 2B).

Using the chloroformate and alcohol/thiol ring cleavage
reaction, we were able to collectively synthesize 28 new com-
pounds (14 diastereomeric pairs) from yohimbine 7. From this
focused series of diastereomeric product pairs, an observable
trend in chemical shifts at H3 was clear between the inversion
11 and retention 12 products, allowing us to assign stereo-
chemistry for all synthetic analogues. As demonstrated in
Fig. 3, the δH3 for the inversion products were typically
observed to be 0.3–0.5 ppm upfield (e.g., 13, 17, 19, 21) when
compared to the corresponding retention product diastereo-
mers (e.g., 14, 18, 20, 22). We observed a similar trend in pre-
vious studies with the cyanogen bromide-mediated ring clea-
vage of yohimbine11 (ESI Table 1†). The lone exception we
observed during this study can be seen in the chemical shifts
of thioether diastereomers 23 and 24 (Fig. 3; we obtained an
X-ray of 24); however, we attribute this result from being the
only diastereomeric pair that used DMSO-d6 in NMR experi-
ments. Interestingly, five retention products synthesized from
yohimbine readily produced high-quality single crystals suit-
able for X-ray diffraction studies whereas we were unable to
produce any crystals of inversion products for X-ray analysis
despite multiple attempts.

The chloroformate-mediated ring cleavage of yohimbine
not only enabled rapid access to a focused series of analogues,
but also allowed for further synthetic transformations to
expand the diversity of compounds accessed through this
method (see ESI Fig. 5†). Select yohimbine ring-cleaved com-
pounds were subjected to the removal of carbamate functional
groups to yield the corresponding secondary amine that could
be acylated. In addition, the indole nitrogen and secondary
alcohol of a select yohimbine analogue were methylated using
Williamson ether synthesis conditions while another analogue
was subjected to an intramolecular copper-catalyzed C–N coup-
ling between the indole nitrogen and aryl iodide installed in
the ring cleavage reaction to access ring fusion compound 16.
Overall, the chloroformate-mediated ring cleavage of yohim-
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Fig. 3 X-Rays of “retention products” synthesized from yohimbine aided in the stereochemical assignment of diastereomeric pairs generated
during these studies.
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bine proved to be a robust transformation leading to the syn-
thesis of 33 new derivatives (see ESI Fig. 1†).

Indole-promoted ring cleavage of apovincamine and vinburnine

In parallel studies, we performed chloroformate-mediated ring
cleavage reactions on vincamine-derived compounds apovinca-
mine 25 and vinburnine 28 (Fig. 4). Vincamine can be pur-
chased on decagram scale and readily converted to apovinca-
mine and vinburnine,4,16 which was critical for these efforts as
the ring cleavage reactions on 25 and 28 were significantly
lower yielding (i.e., 4–67% yield) when compared to our yohim-
bine studies. We believe the additional ring fused onto the
indole heterocycle of these vincamine-derived substrates nega-
tively impacted the efficiency of this ring cleavage transform-

ation. Despite these challenges, we were able to synthesize 12
new ring-cleaved analogues from 25 and 28 using a diversity of
chloroformates with alcohols/thiols.

Ring cleavage reactions with apovincamine 25 required harsh
conditions (e.g., 100 °C via microwave irradiation for one hour,
or in a sealed tube for days) and typically gave poor yields with
significant amounts of starting material following the end of the
reaction (with up to 76% starting material recovered following
reaction; see ESI Table 3†). For these reactions, dichloromethane
was found to be superior to chloroform as a reaction solvent.
Despite low yields, all ring cleavage reactions with 25 and 28 pro-
duced a single diastereomeric product which we characterize as
the inversion product based on the X-ray of derivative 27 (Fig. 4).
Based on the molecular architecture of the resonance-stabilized

Fig. 4 Chloroformate-mediated ring cleavage of apovincamine 25 and vinburnine 28 with various alcohol and thiol nucleophiles to give single dia-
stereomer products (e.g., 27 which has X-ray included).
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intermediate that forms directly after C–N bond cleavage, sub-
sequent nucleophilic attack from the alcohol/thiol nucleophile
would be expected on the opposite face of the new carbamate to
yield the desired product as a single diastereomer (compu-
tational studies support this notion and are detailed in a later
section). The close proximity of the newly formed carbamate to
the highly electrophilic carbon center generated during the
course of the reaction also explains why significant amounts of
starting materials are present at the end of the reaction as we
believe the indole-stabilized intermediate can readily convert
back to starting material. In addition, vinburnine 28 was found
to be a very poor substrate for chloroformate-mediated ring-clea-
vage reactions. This finding was not overly surprising as vinbur-
nine’s indole nitrogen is part of an amide functionality; there-
fore, the indole system of 28 is more electron deficient and not
primed to facilitate chemistry that relies on the formation of an
indole-stabilized carbocation. Despite several failed reactions
with vinburnine 28, we were able to use methyl chloroformate in
combination with methanol to obtain the desired ring-cleaved
product 29 in 4% yield (TLC analysis showed very little vinbur-
nine 28 reacting despite elevated temperatures in an oil bath for
36 hours; Fig. 4).

Computational analysis of yohimbine and apovincamine ring
cleavage reactions

Density functional theory calculations were pursued through
Gaussian41,42 (Functional: M06-2X;43 Basis sets: 6-311G++(d,
p)44–47 and MIDI!48) in order to gain greater insight into the
mechanism of the chloroformate/nucleophile-mediated ring
cleavage reactions on yohimbine 7 and apovincamine 25. Our
goal was to discern the relationship between this reaction
pathway and diastereomeric ratios observed in our experi-
ments using computational tools. As shown in Fig. 5, the ter-
tiary amine of 7 and 25 first reacts with the chloroformate to
afford acyl ammonium intermediates, which are primed for
the indole-promoted ring cleavage step to afford indole-
stabilized carbocation intermediates. We were curious to
explore the geometry of possible carbocation intermediates
to see if this could potentially dictate the facial selectivity of
the subsequent nucleophilic attack from alcohols or thiols,
providing the basis for the observed diastereomeric ratios of
products.

The results for DFT calculations on yohimbine 7 are shown
in Fig. 5A and ESI Fig. 8.† Due to the large, complex nature of
these compounds, the focus of these calculations was on inter-
mediates rather than assessing potential transition states.
Initial data suggested that many local minima and maxima
exist, providing a rugged potential energy landscape over the
course of this reaction. The intermediates (local minima)
shown, however, provide good insight into the reaction
pathway. As anticipated, the energetically preferred confor-
mation of yohimbine contains the tertiary amine lone pair of
electrons in an axial position, rather than equatorial. The
axially-oriented lone pair on the amine of yohimbine (7) reacts
with ethyl chloroformate to form Int-1A (intermediate 30) pre-
ferentially. From there, ring-cleaved carbocations were pro-

posed with either cis (structures 32 and 33) or trans (structure
34) resonance-stabilized geometry. Trans carbocation Int-2C
(structure 34) was found to have the lowest energy compared to
the cis intermediates (ΔG = +30.9 kcal mol−1); however, upon
C–N bond cleavage, cis olefin 33 would initially form. Given
that benzylic carbocations have a very high energy barrier to
rotation (ΔG = 44.9 kcal mol−1),49 it is unlikely that conversion
between cis 33 and trans 34 carbocations occurs after the
initial C–N bond cleavage event in this reaction.

Upon closer examination of Int-1A (structure 30), the di-
hedral angle between the indole NH and the C3 proton is
104.1°, and orbital overlap of the indole pi electrons with the
resultant carbocation would favor the formation of a cis
indole-stabilized carbocation (resonance structures Int-2A and
Int-2B) over a trans carbocation. Indeed, upon conducting a
relaxed potential energy surface scan wherein the C–N bond of
Int-1A was incrementally increased in length, it was shown
that this proton orients to form a cis indole-stabilized carbo-
cation as the bond lengthens before cleavage. Comparing two
cis carbocation minima in which the carbamate potentially
shielded, or blocked, either the top or the bottom face of the
reactive center indicated that the latter of the orientations was
energetically preferred (Int-2B ΔG = +36.5 kcal mol−1 com-
pared to Int-2A ΔG = +37.1 kcal mol−1), and this preference
was reflected regardless of the solvent model used within the
calculation (ESI Fig. 7 and 8†). The combination of the cis
orientation of the indole-stabilized carbocation and the
obstruction of the bottom face from attack due to the position
of the carbamate therefore favors the formation of the reten-
tion product over the inversion product, indicating kinetic
control of product formation over thermodynamic control.
This provides a rationale as to why larger nucleophiles, such
as 2-iodobenzyl alcohol, preferentially form the retention
product, while smaller nucleophiles (e.g., methanol), which
are less affected by sterics, form the product diastereomers in
roughly a 1 : 1 ratio from yohimbine. This also provides a
rationale as to why ring-cleaved carbamates with larger groups
(e.g., phenyl) tend to experience a slightly increased preference
for retention products compared to ring-cleaved carbamates
with smaller groups (e.g., ethyl). It should be noted, though,
that it is possible that there is interconversion between Int-2B
and Int-2A during the course of the reaction as well.

DFT calculations were also conducted for ring cleavage
reactions involving apovincamine 25 (Fig. 5B, ESI Fig. 9†).
Apovincamine’s pentacyclic structure with two chiral centers
lends itself to a cup-shaped architecture wherein the tertiary
amine’s lone pair sits on the convex face of the structure. As a
result, it has a strong energetic preference to form the corres-
ponding acyl ammonium intermediate V-Int-1B (36, ΔG =
+16.3 kcal mol−1 compared to V-Int-1A 35, ΔG = +24.5
kcal mol−1) following reaction with phenyl chloroformate.
Upon indole-promoted ring cleavage, the newly formed carba-
mate in V-Int-2A (e.g., structure 37) clearly shields one face of
the indole-stabilized carbocation from nucleophilic attack,
guiding the formation of the single diastereomer observed
(e.g., inversion product 38). Experimentally, the chlorofor-
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mate-mediated ring cleavage reaction with apovincamine 25
is low-yielding and significant starting material was observed,
which can be rationalized as constrained intermediate V-Int-
2A (37) reverting back to starting apovincamine following
nitrogen-mediated ring closure to V-Int-1B (36) before final

acyl transfer back to 25 (Fig. 5B). Although the desired
product is more energetically favored, the intramolecular
cyclization of key intermediate V-Int-2A (37) to apovincamine
25 is likely kinetically favored in this dynamic reactive
pathway.

Fig. 5 Free energy diagrams for the chloroformate-mediated ring cleavage reactions of yohimbine 7 and apovincamine 25. (A) Free energy diagram
for the ring cleavage pathway of yohimbine reacting with ethyl chloroformate and 2-iodobenzyl alcohol. Optimized structure of Int-2B (33) is shown
in the top right of the diagram. (B) Free energy diagram for the ring cleavage pathway of apovincamine reacting with phenyl chloroformate and
methanol. Optimized structure of V-Int-2A (37) is shown in the top right of the diagram. Note: The (A) blue and (B) red arrows are pointing to the
most accessible face of the (planar) electrophilic center for nucleophilic approach, rationalizing the stereochemical outcome for each reaction.
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Ring cleavage of reserpine and discovery of re-engineered
antiplasmodial agents

Reserpine was subjected to the indole-promoted ring cleavage
reaction in the presence of phenyl chloroformate and 2-iodo-
benzyl alcohol at room temperature for two hours to afford
desired diastereomers 40 (5% yield) and 41 (49% yield;
Fig. 6A). Despite fewer attempts to develop the chloroformate
ring cleavage reaction on reserpine, we observed this indole
alkaloid to be highly sensitive to temperature under the reac-
tion conditions utilized for yohimbine. Such chloroformate-
based reactions involving reserpine at 60 °C led to decompo-
sition or significant product impurities, likely a result of the
electron-rich methoxy group on this indole alkaloid further
enhancing reactivity towards the indole-promoted ring clea-
vage pathway (reactions below room temperature were not
explored).

Similar to the C3 position of yohimbine ring-cleaved pro-
ducts, stereochemical validation of the C1 position of these
reserpine derivatives was not trivial. While acceptable 1H and
13C NMR spectra could be obtained for diastereomeric pro-
ducts 40 and 41 at room temperature, through-space corre-
lations to this position were more challenging to acquire. The
low yields of 40 were exacerbated by the near-coelution of
product diastereomers (40 & 41); therefore, chromatographic
purification was an obstacle. Similar reports by Hoye50 and
Seo51 have documented indole-promoted ring-cleavage reac-
tions of reserpine using alternative reagents. Hoye and Ross
reacted reserpine with a benzyne intermediate to initiate an
analogous indole-promoted ring cleavage reaction; however,
separation was achieved for only one of the diastereomeric
pairs and the stereochemistry at C1 was not determined.50 Seo
and co-workers reported highly diastereoselective (>20 : 1; 56%
yield of the analogous “inversion product” in their study)51

ring cleavage of reserpine using difluorocarbene transfer
chemistry which required 1-D selective NOESY to assign stereo-
chemistry and proved to be critical for our studies with this
complex indole alkaloid.

To determine the absolute stereochemistry for 40 and 41,
we performed one-dimensional and two-dimensional NOESY
and rotating frame Overhauser effect spectroscopy (ROESY)
experiments for each diastereomer. For diastereomer 41
(major product), the stereochemistry at C1 was defined by a
key NOE observed between the methyl ester and the C1 proton
(Fig. 6A; see ESI† for more details). Through this key NOE, the
stereochemistry at C1 of diastereomer 41 was definitively
assigned, indicating the “inversion product” is the major
product of the reaction, similar to the reaction profile for reser-
pine observed by Seo and co-workers, who report an analogous
NOE to assign the stereochemistry of their major diastereomer
formed in their studies.51

Following the chloroformate-based ring cleavage synthesis
efforts, our team screened all compounds for antiplasmodial
activity against chloroquine-resistant Dd2 Plasmodium falci-
parum parasites in an unbiased SYBR Green I assay
system.52–54 While none of the yohimbine- or vincamine-

derived compounds exhibited activity in this phenotypic
screen against Dd2 parasites, the reserpine-derived compound
41 was found to inhibit 93% of the parasite growth at 1 μM
(screening concentration in this study). We then evaluated
both reserpine ring-cleavage diastereomers 40 and 41 in dose–
response experiments against Dd2 (resistant) and 3D7 (wild-
type) parasites for validation of our initial findings and to gain
some initial structure–activity relationship (SAR) insights
regarding reserpine ring-cleaved diastereomers. From dose–
response experiments, we found compound 41 to demonstrate
good antiplasmodial activities against Dd2 (EC50 = 0.50 ±
0.10 μM) and 3D7 (EC50 = 0.35 ± 0.04 μM) parasites (Fig. 6A).
Interestingly, diastereomer 40 showed a 3- to 5-fold reduction
in activity against Dd2 and 3D7 parasites in dose–response
experiments (EC50 = 1.78 μM against both strains) compared
to 41.

Importantly, reserpine displayed no inhibitory activities
against Dd2 or 3D7 parasites (EC50 > 100 μM) when tested
alongside 40 and 41, demonstrating these ring cleavage efforts
to be indeed fruitful as we have re-engineered the biological
activity of reserpine. In addition, 40 and 41 were tested for
cytotoxicity in HepG2 (hepatocellular carcinoma) cells and
found to be inactive (EC50 > 25 µM), demonstrating excellent
selectivity indices of >14 and >50 for P. falciparum parasites,
respectively (selectivity indices were determined by comparing
the EC50 value against HepG2 to the EC50 value against Dd2
parasites; [EC50 vs. HepG2]/[EC50 vs. Dd2]). From these initial
results against P. falciparum parasites and HepG2 cells, com-
pound 41 demonstrates good antiplasmodial activities, and
the stereochemistry at C1 is important for activity as can be
seen from the loss in activity of analogue 40.

Following the initial discovery that reserpine-derived com-
pounds 40 and 41 demonstrate re-engineered antiplasmodial
activities, we wanted to gain further insights using kill kinetic
and stage specific activity assays. Kinetic kill experiments with
Dd2 parasites were performed to determine if compounds 40
and 41 were operating through a parasitocidal or parasitostatic
mechanism. Asynchronous Dd2 cultures were treated with
10 × EC50 concentration of compounds 40 and 41 for pre-
determined periods of time (12, 24, and 48 h). Following each
time point, compounds 40 and 41 were washed out and para-
site growth was evaluated for 96 h. Based on kill kinetic experi-
ments, compounds 40 and 41 required 48 h treatment in Dd2
cultures to demonstrate the most significant reduction in para-
sitemia. This slow-killing phenotype is indicative of a parasito-
static mode of action, similar to slow-killing antimalarial agent
atovaquone (Dihydroartemisinin, or DHA, was used as a rapid-
killing agent in kill kinetic experiments; see Fig. 6B). It should
be noted that slow-acting antiplasmodial compounds have
utility as partner drugs in artemisinin combination therapies.55

Finally, we evaluated the developmental stage specific
action of compounds 40 and 41 by microscopy and flow cyto-
metry to further explore their activities (Fig. 7). The precise
delineation regarding the timing of action for a small molecule
can provide valuable insights into the developmental growth
and clinical clearance of P. falciparum. For these experiments,
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Fig. 6 (A) Indole-promoted ring cleavage of reserpine delivers new antiplasmodial agents. Key NOE correlations for stereochemical assignment of
41 are included. (B) Kinetic kill experiments of P. falciparum Dd2 cultures demonstrate 40 and 41 to be parasitostatic agents. Compounds were
added at 10 × EC50 concentrations to synchronous Dd2 culture at 1% parasitemia and 4% hematocrit starting at 6 hours post invasion (HPI). Dd2
culture was synchronized by using 5% sorbitol. Cultures were exposed to the compound of interest during 12, 24, and 48 h, followed by washing
steps and continuous monitoring of parasite regrowth over the course of four days. PBS and 0.5% BSA were used for washing and blocking steps.
Samples were collected every 24 h until the 96 h time point. A combination of Mitotracker Deep red (MTDR) and SYBR Green I dyes were used to
stain mitochondrial content in live parasites and parasitemia, respectively. Uninfected red blood cells and no mitotracker controls were used to assist
with flow-cytometry analysis. Dimethyl sulfoxide (DMSO) was used as a negative control. Dihydroartemisinin (DHA) was used as a positive control
for rapid parasite killing (parasitocidal action), and atovaquone was also used as a positive control for slow parasite killing (parasitostatic action).
GraphPad Prism was used to analyze the flow cytometry data. Results are expressed as the means of triplicate biological experiments and parasite
viability.
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tightly synchronized Dd2 cultures were treated at 6 hours post-
invasion of merozoites with 5 × EC50 concentration of com-
pounds 40 and 41. Following this, microscopic evaluation of
Giemsa-stained-thin smears and flow cytometric assessments
were performed at 12 h intervals. Negative controls represented
infected red blood cells that were exposed to vehicle (0.1%
DMSO) only. When compared to untreated Dd2 cultures, com-
pounds 40 and 41 inhibited parasites later in the life cycle
between the trophozoite and schizogony stages (compound 41
shown in Fig. 7; analogous stage specific action experiments
are reported for compound 40 in the ESI†). Compound 41 pre-
vented reinvasion (Fig. 7A) and increases in parasitemia
(Fig. 7B) when added to Dd2 cultures 18 h post-invasion (HPI).
In addition, we note that 41 caused vacuolization in the schi-
zont stage parasites, which do not overlap with heme, dis-
tinguishing these newly formed vacuoles from the digestive
vacuole in P. falciparum. When 40 and 41 were added to Dd2
cultures 30 HPI, both reinvasion and increases in parasite
mass were not altered as these compounds do not operate this
late in the parasite’s life cycle.

Conclusions

During these studies, we demonstrated multiple indole alka-
loids to be viable substrates for a chloroformate-mediated ring

cleavage reaction in combination with alcohol/thiol nucleo-
philes. This robust reaction was most explored with yohimbine
7, which formed two diastereomeric products under moderate
reaction conditions; however, extensive NMR studies in combi-
nation with five X-rays were required to define the absolute
stereochemistry for the corresponding ring-cleaved products.
Apovincamine 25 and vinburnine 28 were also utilized as sub-
strates; however, these molecules were less ideal starting
materials as they afforded significantly lower yields of the
desired product (formed as a single diastereomer). Free energy
calculations were utilized to define the energetics of this
indole-promoted reaction pathway to better understand our
experimental findings with yohimbine 7 and apovincamine 25.
In addition, we explored this chloroformate-based reaction
with reserpine 39, which was sensitive to elevated tempera-
tures, but proceeded well at room temperature to produce two
diastereomeric products (requiring NOE to determine the
stereochemistry of 41). This focused collection of ring-cleaved
indole alkaloid derived compounds was screened for activity
against Dd2 P. falciparum parasites, and we identified com-
pounds 40 and 41 (from reserpine) to demonstrate re-engin-
eered antiplasmodial activities. With our initial findings
reported herein, tool compounds 40 and 41 have already
demonstrated new insights and encourage further explorations
(i.e., target identification) to better understand P. falciparum
biology. Overall, these studies demonstrate the Complexity-to-

Fig. 7 Stage-specific activity of 41 in P. falciparum Dd2 parasites. Dd2 culture was synchronized by using 5% sorbitol. The culture was then diluted
to 1% parasitemia and 2% hematocrit. Compounds of interest were added at 5 × EC50 concentrations at 6, 18, 30 and 42 HPI. DMSO and DHA were
used as a negative and positive controls, respectively. Samples were collected every 12 h at every stage until reinvasion at 54 HPI. Giemsa smearing
was used to observe the parasite morphology, and flow cytometry was used to observe parasite DNA content. Samples were fixed in 4% paraformal-
dehyde, and PBS was used for washing steps. Samples were permeabilized in 0.25% Triton X-100 and stained using DNA dye YOYO-1. FlowJo
(v 10.8) was used to analyze the flow cytometry data. Results are representative of triplicate biological experiments.
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Diversity approach using indole alkaloids as starting points
can lead to interesting and diverse compound collections with
re-engineered biological activities in significant disease areas
related to human health.

Data availability

Synthesis procedures, 1H and 13C NMR data, X-ray data, com-
putational analysis methods and data, antiplasmodial pro-
cedures and results, and NMR spectra including select 2-D
(e.g., COSY, HSQC) NMR spectra are available in the ESI.†
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