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ABSTRACT: We describe a general method to synthesize the
iminium tetrahydrothiophene embedded in the dimeric
Nuphar alkaloids. In contrast to prior studies, the sulfur
atom of the thiaspirane pharmacophore is shown to be
electrophilic. This a-thioether reacts with thiophenol or
glutathione at ambient temperature to cleave the C—S bond
and form a disulfide. Rates of conversion are proportional to
the corresponding ammonium ion pK, and exhibit half-lives
less than S h at a S mM concentration of thiol. A simple
thiophane analogue of the Nuphar dimers causes apoptosis at

Evaluation of an alternative hypothesis for Nuphar dimer reactivity

oxidative
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sulfur
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single-digit micromolar concentration and labels reactive cysteines at similar levels as the unsaturated iminium “warhead”. Our
experiments combined with prior observations suggest the sulfur of the Nuphar dimers can react as an electrophile in cellular
environments and that sulfur-triggered retrodimerization can occur in the cell.

B BACKGROUND

The Nuphar dimers (1—4, Figure 1) are a small family of
bioactive terpene alkaloids defined by the presence of a
nonsymmetric spiro-tetrahydrothiophene (thiaspirane) link-
er.”” Members of the class exhibit weak antimicrobial
activity,3_5 but strong immunosuppressive activity.6 Some
members also promote apoptosis’ '’ and inhibit meta-
stasis,""'* both in vitro and in a murine model. The most
potent member, 6-hydroxythiobinupharidine (1b), exhibits
antimetastatic activity with an in vitro ICs, of 29 nM and
inhibits mouse lung tumor formation at 90% versus control
over 10 days.'' Semipurified mixtures of the dimers down-
regulate NFkB at low concentrations, although the active
constituents in this mixture were not definitively proven and
therefore potency values could not be defined."

The structural basis for much of this bioactivity is not well
explained. Cytotoxicity assays indicate that a hemiaminal
adjacent to the fert-alkyl thioether (C6) is necessary for
induction of apoptosis, whereas a thioether adjacent to a
quaternary center (C6’) displays low potency.”® For example,
6-OH-TNL (2b, Figure 1a) is strongly apoptotic below 1 uM,
whereas 6'-OH-TNL (2c) is completely inactive at 10 uM.®
Simplified analogues that replace the thioether with a hydroxyl
are also reported to lose all activity in fungicidal experiments.'*
One explanation put forth for these structural requirements is
the enhanced stability of the iminium adjacent to a thioether in
6-hydroxydimers (Figure 1b),">"" which may allow this
otherwise strong carbon electrophile to penetrate the cell and
reach a specific target.” In contrast, the electrophilic
promiscuity of the unstabilized iminium/hemiaminal of 6’-
hydroxy dimers is thought to prevent access to a specific
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target.” Dihydroxy-thiaspirane dimers would then be expected
to not show activity or exhibit the low activity of 6'-
hydroxydimers since they also give rise to an unstabilized
iminium. Yet 6,6'-dihydroxy-1 (la) and 6-hydroxy-1 (1b)
inhibit invasion of collagen-matrix by B-16 melanoma cells''
and promote apoptosis”” at nearly identical levels. Therefore,
the promiscuity of an unstabilized iminium and the
preservation of a stabilized iminium cannot be the basis for
the different activity of C6-hydroxy versus C6'-hydroxy dimers.
A recent report by MacMillan, Eastman, and Wu demonstrates
that all diastereomers and enantiomers of dihydroxydimers 1a,
2a, 3a, 4a have similar apoptotic activity,8 suggesting a common
mechanism of action between the stereoisomers, at least for the
dihydroxy-dimers.

We hypothesize that a dormant electrophilic sulfur atom
embedded in the Nuphar dimers might better account for these
unexplained observations. Such reactivity also explains the
stereochemical equilibration observed in 6-hydroxy dimers (see
Figure 2 below). Here we report an oxidative cyclization to
synthesize the thiaspirane-iminium pharmacophore and dem-
onstrate proof-of-principle selective thiol capture at the
electrophilic sulfur. Rates of thiol capture can be tuned with
the electronics of the imine and correlated to ammonium pK.,.
We show analogous reactivity under cell-relevant conditions in
a synthetic dimer by observing retrodimerization to highly
electrophilic monomers. This simple dimeric thiaspirane
analogue exhibits sub-micromolar cytotoxicity and causes
rapid cell death. The thiol-triggered activation exhibited by
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Figure 1. (a) The Nuphar family of thiaspirane diastereomers and congeners (a: X, Y = OH; b: X =H, Y= OH; c: X = OH, Y = H; d: X, Y = H). (b)
Activity was proposed to involve an electrophilic carbon. (c) Here we propose an electrophilic sulfur as a basis for bioactivity.

a. 6,6'-dihydroxy-NTBN undergoes retrodimerization in the presence of thiols.
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Figure 2. (a) Retrodimerization of 3a could be effected by
nucleophilic addition to sulfur. (b) An electrophilic sulfur probably
also underlies the epimerization of 1b to 2b.

this pharmacophore and its Trojan horse-capacity suggest a
future role as a component of biological tools or therapeutics.

B INITIAL OBSERVATIONS OF S-ELECTROPHILICITY

We recently reported the first chemical synthesis of a Nuphar
dimer, (—)-neothiobinupharidine (3d), via the intermediacy of
its probable biosynthetic precursor 6,6'-dihydroxyneothiobinu-
pharidine (3a)."” This latter compound proved difficult to
isolate because the sulfurous reagents used for its synthesis
caused retrodimerization to 7 upon acidification, concentration,
and addition to silica (Figure 2a). These observations indicated
that the final ring closure of the tetrahydrothiophene could be
easily reversed via cleavage of the C—S bond, which surprised
us since retrodimerization had not been previously reported in
the extensive isolation literature.”*° ™" However, this same fert-
alkyl center undergoes epimerization upon heating in chloro-
form, which was rationalized by a stereoretentive epoxide
formation and reopening by a pendant thiol (Figure 2, top
pathway).”® More likely, the presence of trace hydrochloric acid
at high temperature induces iminium ion formation (8),
whereby water or chloride anion attacks the thioether to form a
sulfenic acid/enamine pair (9) that collapses to 2b after 6-bond
rotation (bottom pathway).>® A sulfur nucleophile would not
require the same activation energy to cleave the C—S bond as
water or chloride,”” but it is unlikely that dihydroxydimers
would have been subjected to acids and thiols simultaneously
during the isolation process.

This invocation of an electrophilic thioether during
retrodimerization or epimerization relies on circumstantial
evidence rather than direct observation of an electrophile-
nucleophile adduct.*” Therefore, we sought a simple mono-
meric system that would allow us to fully characterize a thiol
adduct and study its formation in more detail.*'~* So, we
devised a new method to easily generate a monomeric Nuphar
thiaspirane, which would allow us to study its reactivity.
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B OXIDATIVE SPIROCYCLIZATION

During our work on the syntheses of 3a—d, we observed that
triphenylmethanethiol (TrSH) could mediate formation of
acyclic dimers from monomeric iminium ions. Addition of an
oxidant completed the tetrahydrothiophene—a stepwise variant
of the dimerization we disclosed (i.e, 7 to 3a).”” Using this
information, we designed a simple oxidative cyclization method
to forge the thiaspirane.

As shown in Scheme 1, tetrahydropyridine 11 is readily
available in three steps.** Michael reaction of 5-(tritylthio)-

Scheme 1. General Strategy for Synthesis of Monomeric
Iminjum Thiaspiranes
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pentanal (10) with methyl acrylate is effected through the
intermediacy of a pyrrolidine enamine. Subsequent amidation
with 4-phenyl-butylamine occurred smoothly, as did lactam
reduction with lithium aluminum hydride. While enamines
similar to 11 were isolated in prior work,> we used crude
solutions due to its sensitivity to water and oxygen. After some
experimentation, we found that treatment of 11 with I, in a
solution of dichloromethane at 0 °C effected tandem trityl
removal***® and oxidative cyclization to directly form iminium
tetrahydrothiophene 13. Trifluoroacetic acid was added prior to
purification to exchange the iodide counteranion, which was
sensitive to autoxidation. This simple protocol could yield
significant quantities of the isolated pharmacophore and could
be adapted to many analogues (see Scheme 3).

r/ng closure

then TFA
(58%, 2 steps)

Bl OBSERVATION OF DISULFIDE FORMATION

The ability to form the pharmacophore in isolation from other
functional groups and not embedded in a dimeric structure
allowed us to study its reactivity with nucleophiles. Obviously,
the tetrahydrothiophene is stable to alcoholic nucleophiles"*—
it can be formed in methanol and can be characterized by NMR
in methanol-d,. No hemiaminal is observed in equilibrium even
at —50 °C (see Supporting Information), reflecting the stability
of the Nuphar thiaspirane noted previously (see below).>~"’
However, addition of thiophenol to a solution of 13 (Scheme
2) resulted in gradual formation of a single thiophenol adduct
stable enough to be observed by liquid chromatography—mass

Scheme 2. Demonstration of S-Electrophilicity of
Thiaspiranes
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spectrometry (LCMS). Complete removal of the volatile
reaction components by evaporation over several hours
delivered very pure starting material (13), indicating that if
formation of disulfide 14 had occurred, it could also be rapidly
reversed. Nevertheless, none of this information proved
whether bond formation had occurred at the iminium carbon
or the thiophane sulfur. Unfortunately, reduction of the
reaction mixture with sodium borohydride did not deliver a
thiophenol adduct, but a fully reduced piperidine-thiol.
Eventually, we discovered that addition of sodium cyanobor-
ohydride to the reaction cleanly delivered disulfide 18,
demonstrating for the first time that the Nuphar thiaspirane
pharmacophore can function as a sulfur electrophile and that it
is selective for thiol nucleophiles over water or alcohols. The
disulfide in 15 must be lower in electrophilicity than thiophane
13; otherwise, disulfide exchange would occur in the presence
of excess thiophenol to yield diphenyldisulfide. However, only a
trace amount of the free thiol derived from 15 was observed in
any given experiment.

Using the general strategy of Scheme 1, we were then able to
assemble a small library of spirocyclic iminium ions (20—23) to
study their stability and reactivity. Initially, we explored aniline
enamines (e.g, 16), which might have formed the basis of a
straightforward Hammett analysis.”” Although substrates of
type 16 did undergo oxidative cyclization, the iminium-
thiaspiranes 20 proved too unstable to study extensively.
Instead we turned to benzyl substituents, since para-
substitution on benzylamines modulate their pK, by about 1
unit—an observable but not destabilizing electronic effect.**™>"
These benzyl substituted enamines (17a—f) cyclized cleanly
and could be purified by high-performance liquid chromatog-
raphy (HPLC) as stable iminium salts 21a—f. As benchmark
iminiums for these and future studies, we were also able to
adapt this route to the synthesis of a spirocyclic tetrahydrofuran
iminium (18 — 22) and a cyclobutane iminium (19 — 23) as
shown in Scheme 3. In the first case, peracid-mediated
epoxidation/ring-opening of 18 delivers an alpha-hydroxy
iminium, which undergoes Sy2 displacement to tetrahydrofuran
22. In the second case, direct 4-exo-tet cyclization of the
enamine onto a pendant organoiodide furnishes cyclobutane
23.

The solvolytic stabilities of the iminiums 21—23 were probed
by measuring their NMR spectra in methanol-d, (see
Supporting Information). Like N-4-phenylbutyl-iminium 13,
N-benzyl-thiophanes 21a—f exist exclusively as the iminium
ions on the NMR time scale at temperatures as low as —60 °C
even in the case of electron-deficient 4-trifluoromethylbenzyl-
iminium 21f. Interestingly, spiro-tetrahydrofuran 22 exists
mostly as hemiaminal diastereomers in MeOH-d,, either
reflecting decreased donation of the ether n-electrons into the
C=N antibonding orbital compared to the thiophane' or
increased inductive withdraw from the oxygen. Supporting this
latter idea, spiro-cyclobutane 23 is observed as the iminium ion
in methanol, not the hemiaminal (see Supporting Information).

B RATES OF THIOL ADDITION TO SULFUR

Access to 21a—f allowed us to study the effect of N-substitutent
electronics on the electrophilicity at sulfur. In order to reach
rates that would allow us to easily study relative reactivity, we
increased thiophenol concentration to 5 M. Not surprisingly,
the tetrahydrofuran 22 did not react under these conditions,
but neither did the strained cyclobutane 23. The large amounts
of thiophenol frustrated our attempts to follow the reactions in
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Scheme 3. Synthesis of a Small Library of Spirocyclic
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situ using standard techniques (NMR, HPLC) due to high
background signals and peak broadening. Therefore, we turned
to transmission IR spectroscopy to effectively screen out the
signal from the solvent and thiophenol. An isolated IR signal
from the iminium ion was observed at 1778 cm™, and by
following the changes in absorbance at this wavenumber, we
could compare initial rates of reaction for each substrate.
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Figure 3. Relative rates of benzyl analogues plotted against sigma
values.

We had expected to observe a positive Hammett or negative
pK, correlation reflecting increased reactivity of a C—S bond
adjacent to an electron-deficient iminium due to loss of positive
charge in the transition state.’’ In fact, we observed the
opposite: more electron-rich rings reacted more quickly. We
hypothesized that this increased rate of electron-rich iminiums
reflects either a decreased susceptibility to nucleophilic addition
at carbon, i.e., a higher concentration of iminium reactant,>” or
a more rapid protonation of electron-rich intermediate

404

enamines. To probe these possibilities, we added thiophenol
in low concentration to electron-deficient substrate 21a and
measured its 'H NMR. At ambient temperature, peak
broadening prevented interpretation, but at —40 °C, we
observed a decrease of imium peaks and an appearance of a
small diagnostic signal at 4.5 ppm, which increased at higher
concentrations of thiophenol. On the basis of the NMR data of
isolated thiophenol hemiaminals,®>** this peak appears
attributable to the thioaminal methine (25a). This adduct is
unstable and cannot be observed by LCMS, unlike a disulfide
adduct (for additional spectra, see Supporting Information).
Electron-rich substrate 21f, on the other hand, does not display
these new peaks at ambient or low temperature even in the
presence of 10 equiv of PhSH. Therefore, correlation of initial
rates of reaction with pK, of the ammonijum/iminium ion
appears to reflect varying concentrations of iminium ion in
solution (Figure 4). Addition of Brensted acids did not affect
rates, ruling out enamine protonation as the rate-determining
step.
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Figure 4. Titration of PhSH to electron-rich or -deficient iminiums.
Measured by 'H NMR in methanol-d, at —40 °C.

Although these small electronic changes held a profound
influence on the reactivity of the iminium, neither thiohemia-
minal 25a nor disulfides 24a—f formed at concentrations of
nucleophile relevant to a cellular environment (1-5 M).
Whereas monomeric thiaspiranes were useful for characterizing
nucleophile—electrophile adducts, we hypothesized that
because 21a—f can undergo intramolecular resulfenylation of
the nascent disulfide,”® these compounds show appreciable
reaction with thiols only at high concentrations. So, we
generated a simple analogue of the dimers (analogous to 1—
4a), in which a retro-Mannich reaction would compete with
resulfenylation, and tested its reactivity with thiols. Dimer 27
can be synthesized from 26 in analogy to our biomimetic
dimerization of Nuphar monomers and the similar reactions of
chalcones™ reported by Reinecke (Scheme 4).

In contrast to the monomers, dimer 27 retrodimerizes to 28a
with a half-life of less than S h at a PhSH concentration of only
S mM (Figure S)—a relevant concentration to cellular
environments since the integrated, 1ntracellular concentration
of glutathione lies between 1 and 10 mM.*® This retrodimeriza-
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Scheme 4. Dimerization of Simple Iminium 26 to an
Unnatural Dimer 27
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Figure S. Dimeric thiaspiranes retrodimerize quickly at S mM thiol.

tion reaction also occurs with 5 mM aqueous glutathione but
more slowly because the dimers are poorly water-soluble. The
resulting unsaturated iminium 26 captures thiols at the f-
position to form a stable adduct (28a) in solution. The disulfide
itself apparently funnels to 28a (as determined by 'H NMR),
probably due to the lower pK, of persulfides relative to thiols
and the instability of persulfides.”” Release of H,S,”* a common
degradation product of persulfides, was identified by odor and
confirmed by reaction with AgNO; to yield Ag,S. However, -
thioether 28 itself acts as a latent Michael acceptor and will
exchange with other thiols, like 4-methoxythiophenol, to give
mixtures of the two adducts (*H NMR). The identities of
adducts 28a—c were confirmed by independent synthesis from
iminium ion 26, which rapidly captures thiols at the -carbon
exclusively (not the iminium carbon).

Using the tetrasulfide mediated dimerization shown in
Scheme 4, we prepared a small series of analogues (29—31)
that differed in the electronics of the nitrogen substituent
(Figure 6). We measured the rate of retrodimerization at 2.5
mM substrate, a lower concentration than Figure 5 to induce

2.5 mM substrate

TFA TFA 5 mM PhSH,
MeOH, 22 °C
—_—_——
® ® monitored b,
N AN Toms
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Figure 6. Extent of retrodimerization after S h at 2.5 mM dimer and §
mM thiophenol depends on iminium electronics.
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measurable rate differences. Substituent electronics changed the
half-lives of retrodimerization of the analogues, which could be
roughly correlated to the pK, of the corresponding amine.*”*’
This trend matches the same correlation made in the
monomeric iminium tetrahydrothiophene series (Figure 3).
Whether this reactivity in organic solvent under acidic
conditions reflected behavior of these compounds in cellular
environments still remained an open question.

B RATES OF CELL DEATH

In order to evaluate the cellular relevance of this sulfur
electrophilicity and its release of an unsaturated iminium
“warhead,” we measured the potency and rate of killing of 3a,
27, and 29—31. Our chosen method for analyzing cell death
promotion by Nuphar analogues was the CellTiter-Glo
luminescence assay that measures depletion of cellular
ATP.°"* The dynamic range and normalization of samples
for this luminescence-based approach supersedes traditional
Western blot-based detection of protein cleavage events that
occur during cell death. All cell-based luminescence assays are
pragmatically normalized to the number of cells per well,
whereas Western blotting normalization is dependent on
densitometry analysis of antibody detection of general cellular
proteins (i.e, GAPDH and actin). The latter technique can be
compromised by sample overloading issues where the
densitometry values of antibody binding extends beyond the
limited linear range of detection and thus impedes the ability to
correlate samples. Importantly, only certain general cellular
proteins can be employed as loading controls during apoptosis
experiments, as many candidate proteins are subject to
degradation during cell death, including actin.®® A recent
publication on Nuphar analogues employed Western blot-based
detection of the apoptosis marker poly(ADP-ribose) polymer-
ase (PARP) and actin as a loading control.>” Use of actin as a
loading control for this publication’s end point assays would
likely not be compromised, as the authors assessed PARP
cleavage at early stages of cell death (i.e, 2 and 6 h).

We found that simple dimeric analogues 27 and 29—31 kill
Jurkat and HT29 cells rapidly at S and 10 uM, especially
butylphenyl analogue 27, which exhibits rates of killing close to
the metabolite 3a. Correlation to bulk-solvent retrodimeriza-
tion rates is imperfect, which is not surprising given potential
differences in cell permeability between the dimers and the
different pH encountered by the dimers in the cell versus bulk
solvent. However, the simplicity of these dimers make them
valuable tools and potential replacements for the complex and
difficult to access metabolites 1—4. In contrast, the monomeric
iminiums 22—23 did not approach the rates of killing of the
dimers, even at 25 M. The monomeric thiophane iminium 13
did kill rapidly, but only at this much higher concentration.
Therefore, it is not merely the iminium, nor merely the
electrophilic sulfur, that is required to effect strong and rapid
apoptosis.

Rather, this data taken along with observations by Wu et al.
that both enantiomers of 1—4 are all actively apoptotic, make it
likely that the observed high potency of dihydroxy-dimers
derives from retrodimerization to electrophilic monomers
(27).* However, this correlation is imperfect. Recent work
from Wu demonstrates cyctotoxicity and rapid apogptosis in
monomeric a-thioether quinolizidine iminium ions.” And to
our surprise, the proposed warhead 26 demonstrated low
potency after 48 h incubation (Figure 7). Given its reactivity
and polarity, we suspected this low activity of 26 might be due
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Figure 7. Dimers promote rapid apoptosis and kill at low
concentrations, whereas monomeric iminiums do not.

to poor cellular stability or low membrane permeability.
Together, the foregoing data do not indicate whether
retrodimerization occurs in vivo.

B S-ELECTROPHILICITY IN CELL LYSATE

Therefore, in order to determine if retrodimerization to the
unsaturated iminium warhead occurs in a native biological
environment, we performed isotopic tandem orthogonal
proteolysis-activity-based protein profiling (isoTOP-
ABPP).”*"% In this method, cells or cell lysate are treated
with an electrophile of interest, then with the general
electrophilic probe iodoacetamide alkyne (IA-alkyne). Proteina-
ceous Cys residues that react with the electrophile will not react
with IA-alkyne; this difference can be read out stoichometri-
cally, and at single amino acid resolution, using mass
spectrometry. A primary advantage of the isoTOP-ABPP
technology is that the electrophile of interest does not need
to be chemically modified for target identification, which is
particularly useful when studying low molecular weight
electrophiles.

As shown in Figure 8, monomers 13, 22, and 23 react with
proteinaceous Cys residues of Jurkat cell lysate only modestly,
whereas dimer 27 and warhead 26 display stronger reactivity.
These high extents of cysteine modification are consistent with
cytotoxicity—there is clear correlation between the cytotoxicity
and cysteine adduction. Although these data stop short of
definitively proving a detailed mechanism of Nuphar dimer
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Figure 8. isoTOP-ABPP of Jurkat cell lysate treated with dimer,
warhead, or unsaturated monomers. Jurkat cell lysate was treated with
dimer (25 uM), warhead (50 4M), or unsaturated monomers (S0 xM)
for 1 h at ambient temperature. isoTOP-ABPP was performed as
previously described.*"** Shown on x-axis are top-100 changing Cys-
peptides for each tested compound, where change is defined as a high
isoTOP-ABPP ratio (DMSO/compound).

activity in cells, the similar isoTOP-ABPP profiles of dimer 27
and warhead 26, and their deviation from the monomers,
support a shared degree and mechanism of reactivity.

It is important to note that not all biological activity
exhibited by Nuphar dimers can be ascribed to retrodimeriza-
tions and production of an iminium warhead such as 7 or 26.
Even though both enantiomers of 1b are apoptotic,” these 6-
monohydroxy dimers cannot retrodimerize. But it also seems
unlikely that both enantiomers of the topologically complex
dimers are subject to lock-and-key or induced fit. Whether an
electrophilic carbon or an electrophilic sulfur underlies the
mechanism of 1b or the related monomeric species reported by
Wu” is unknown, but this study opens up the latter possibility
to experimentation.

B CONCLUSION

We have demonstrated that the sulfur atom of the Nuphar
thiaspirane iminium pharmacophore reacts as an electrophile
with nucleophilic thiols at ambient temperature. The rate of
disulfide formation is proportional to the pK, of the embedded
iminium and may reflect susceptibility to rapidly reversible
thiohemiaminal formation in electron deficient substrates. In
dihydroxy-dimers (metabolites or their analogues), this
reactivity causes rapid retrodimerization to -electrophilic,
unsaturated iminium ions. In monomeric models of the
pharmacophore, the initial disulfide adduct can be isolated
and characterized. On the basis of this observed reactivity and
rapid induction of apoptosis by 3a and synthetic dimer 27, we
propose that some of the observed activity of the dihydroxy
Nuphar dimers can be ascribed to retrodimerization; i.e., the
dihydroxydimers are prodrugs for a highly reactive covalent
binder. Clearly, retrodimerization is not an option for
monohydroxydimers, so the mechanism of action for these
species is still an open and potentially valuable question;
capture of nucleophiles at the thioether is one possible answer.

DOI: 10.1021/acscentsci.6b00113
ACS Cent. Sci. 2016, 2, 401-408


http://dx.doi.org/10.1021/acscentsci.6b00113

ACS Central Science

Research Article

We anticipate that these observations of sulfur electrophilicity
in the iminium thiaspirane could lead to the design of new
therapeutics based on the Nuphar pharmacophore and new
tools for selective capture of free thiols in a cellular setting. The
ability to tune the structure (steric environment) and
electronics of the iminium a-thioether could lead to an arsenal
of probes with varying activity to profile or inhibit biologically
important thiols. In particular, caged iminium thioethers could
represent an important class of probes for further exploration.’”
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