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ABSTRACT: The optimization of a series of pterin amides for
use as Ricin Toxin A (RTA) inhibitors is reported. On the basis
of crystallographic data of a previous furan-linked pterin, various
expanded furans were synthesized, linked to the pterin, and
tested for inhibition. Concurrently, heteroanalogues of furan
were explored, leading to the discovery of more potent triazole-linked pterins. Additionally, we discuss a dramatic improvement
in the synthesis of these pterin amides via a dual role by diazabicycloundecene (DBU). This synthetic enhancement facilitates
rapid diversification of the previously challenging pterin heterocycle, potentially aiding future medicinal research involving this
structure.
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Ricin is a cytotoxin that is easily isolated from castor beans
and castor oil byproducts.1 It is categorized as a type II

ribosome inactivating protein, which contains a catalytic A
chain with N-glycosidase activity and a lectin B chain assisting
cellular uptake.2 The A chain of ricin (RTA) has been well
characterized, and its mechanism of action is well understood.3

RTA depurinates a specific adenosine on rRNA, thus inhibiting
protein synthesis and resulting in cell death, with toxic doses as
low as 0.1−1 μg/kg, depending on the mode of admin-
istration.4 The ease in which it is acquired, low toxic dose, and
lack of an antidote make ricin a notable chemical weapons
threat. A number of antiricin agents have been reported, though
many are thought to act by disrupting cellular trafficking, and
their binding target is not clear.5 The highly evolved specificity
pocket of RTA makes the discovery of small molecule active-
site inhibitors quite challenging. To date, there have been
limited reports of RTA inhibitors showing activity below the
micromolar range. Cyclic nucleotides acting as transition state
analogues have shown nanomolar range Kd, but these were
active only at low pH.6

Recently we reported on the utility of 7-substituted pterins,
based on 7-carboxypterin (7CP), as RTA inhibitors, which
showed IC50 values as low as 210 μM in a luciferase translation-
based assay.7 This was seen as a significant improvement over
previous pterin-based inhibitors, which had activity at or above
600 μM.8 Within this series, we reported a furan-linked pterin
amide having an IC50 of 380 μM. While this was inferior to
7CP, X-ray analysis of the binding mode indicated the furan
ring bridging the gap between the primary binding pocket and a
nearby secondary pocket. In its natural state, the primary
binding pocket binds the targeted adenosine while the second
pocket binds an adjacent guanosine in the RNA sequence.6a We
postulated that furans derivatized at position 5 would fill space

moving toward this second binding pocket, which could
improve inhibitor binding affinity and target specificity.
Another preliminary observation reported for this furan-linked
pterin was that while the furan ring appeared held in place via
hydrogen bonding to the Tyr-80 residue of RTA, the 4 Å
distance between the heteroatoms indicated only a weak
interaction. It thus follows that, by optimizing the interaction
between Tyr-80 and the heterocycle, we should achieve
superior inhibition. To accomplish this task, we investigated
heteroanalogues of furan: thiophene, imidazole, and triazole.
Pterins are notorious for their insolubility, severely hindering

the ease of derivitization.9 For this reason, functionalization of
the pterin was held to the last step. Our initial method for
forming the amide required suspension of the pterin methyl
ester (1) in methanol in the presence of the amine at elevated
temperatures (Scheme 1). Coupling directly to the carboxylic
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Scheme 1. Synthesis of Heteroanalogues of Furanylpterina

aFull structure shown in Table 1.
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acid, as is common with amide bond formation, was not a viable
option, as the solubility restrictions of 7CP were incompatible
with typical activating agents and coupling conditions. The
thiophene and imidazole-linked pterins (2−4) were synthesized
from the respective amines (Scheme 1).
When these structures were soaked into preformed RTA

crystals, and analyzed crystallographically, the pterin was clearly
observed bound into the specificity pocket, but there was
limited electron density for the pendent. The IC50 values,
obtained in the luciferase assay, were consistent with results
seen for the parent furan compound, with only a slight
improvement in activity. However, as crystallographic data only
showed the pterin rigidly bound, the activity likely only stems
from interactions with the pterin alone. Furthermore, as the 5-
membered rings are not held in place, compounds 2−4 were
not seen as prime candidates for rationally designed
optimization.
Turning our attention to triazole, we synthesized 4-

aminomethyltriazole and condensed it with the pterin ester 1.
Compound 5 was tested for inhibition and was not only
superior to the simple furan-linked pterin but also more potent
than 7CP, with an IC50 of 70 μM.
The crystal structure of the RTA·5 complex showed the full

density of the ligand and also revealed a firm hydrogen bond to
Tyr-80, with a 2.8 Å distance between heteroatoms, as seen in
Figure 1.

While this result shows great potential for triazoles, we still
wished to optimize the lead furan-linked pterin via construction
of expanded 2-aminomethylfurans substituted at the 5 position,
hoping to bring the furan into the range of activity seen for the
simple triazole 5.
We began with the synthesis of the desired expanded furans

(6−8), starting from commercially available ethyl 5-chlor-
omethyl-2-furancarboxylate, as shown in Scheme 2a.
Our initial method of amidation gave acceptable yields with

commercially available/simple amines, which can be used in
large excess but became impractical with more complex
synthetic amines, as seen by the low yield of compound 9
(Scheme 2b). Seeking to improve the conversion of ester to
amide, we took note of the work by Vaidyanathan et al., who
used DBU as a mild catalyst for amidation of esters.10 They

proposed DBU attacking the ester, activating the carbonyl in
situ, thus expediting aminolysis.
Upon adding DBU to the suspension of 1 in methanol, we

quickly discovered an additional benefit of DBU, as the pterin
fully dissolved. The solubility of unfunctionalized pterin in
methanol is unprecedented. To investigate the nature of this
solubility, we precipitated with dioxane, whereupon NMR of
the yellow solid showed a 1:1 mixture of pterin to DBU,
indicative of an organic salt. The pKa of the lactam NH of
pterin has been reported as ∼8, within the range of DBU
deprotonation.11 This solubility allowed reactions to be run at
higher concentrations, decreasing the amount of amine
required. With the DBU first acting to form an organic salt, 2
equiv of DBU were added to the pterin ester, in a minimal
amount of methanol and 2 equiv of amine. Monitoring the
reaction at room temperature revealed after 4 h the reaction
had gone to completion. Isolation of the desired product was
achieved by addition of aqueous hydrochloric acid, providing
the product as a precipitate in acceptable yield. The proposed
role of DBU in the amidation reaction is illustrated in Figure S1
(see the Supporting Information).
We screened other amine basestriethylamine, Hunig’s

base, and DABCOand found none showed the remarkable
improvement in solubility or rate acceleration.12 This supports
the proposed nucleophilic character for DBU being crucial, as
the tertiary amines could not proceed by such a mechanism.
Proceeding with the improved synthesis, we synthesized the

expanded furan linked pterins 9−11 and tested them for RTA
inhibition. Compounds 9 and 10 showed diminished activity
relative to the lead furan compound. Additionally, the X-ray
data for the RTA·inhibitor complexes only showed density for
the pterin ring, indicating disordered and uncompensated
binding of the pendent. Compound 11, however, showed a
remarkable improvement in activity in the luciferase assay. At
∼30 μM, it was nearly an order of magnitude more potent than
7CP. This was a very encouraging result and justified our
design of expanded furans. Surprisingly, the X-ray data of the
bound inhibitor revealed a disordered binding of the pendent,
but strong density displayed for the pterin ring alone.
Given the synthetic effort required for the expanded furans,

compared with a simple “click chemistry”13 approach for
triazoles, and the positive results for compound 5, focus was
shifted from furan to expanded triazole inhibitors. Any number
of azides can be reacted with propargyl amine to provide an
expanded triazole to be further reacted with the pterin ester

Figure 1. X-ray structure of 5 bound into RTA. Hydrogen bonds to
the protein are all between 2.6 and 2.9 Å. Density is from a 1.9 Å
OMIT map contoured at 3σ. A water molecule is shown as a labeled
sphere.

Scheme 2. (a) Synthesis of Expanded Furan Derivatives. (b)
Conjugation of Amines to 7-Methoxycarbonylpterin
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(1). However, to facilitate rapid diversification, we investigated
an alternative synthetic route to the triazoles. Rather than fully
synthesizing the heterocycle prior to condensation with the
pterin, we first synthesized the propargyl-linked pterin amide
(12), to react with various azides in parallel. In the absence of
DBU, compound 12 failed to react. However, first isolating 12
as the highly soluble DBU salt allowed for synthesis of various
triazoles via traditional “click” conditions. Compounds 13−20
were synthesized in this manner (Scheme 3).

These structures were chosen to probe the effect of the
electron density of the aromatic side-chain, and the length of
the linker (Table 1). Screening the newly synthesized triazole-
linked pterins revealed many of them performed quite poorly.
All compounds with benzyl substituents showed lackluster
IC50’s in the 400−500 μM range. The pyridyl functionalized
triazole gave better results, with an IC50 of roughly 110 μM.
While less active than the parent triazole (5), this compound is
still superior to 7CP and all other previously published pterin
inhibitors. The only structure more potent than 5 was
compound 19, with an IC50 of 15 μM. The X-ray data for
the RTA·19 complex showed the binding of the ligand was still
somewhat disordered, as there was strong density for the pterin
ring but only limited density for the triazole ring and possible
density observed for the heavy sulfur atom (see the Supporting
Information). This indicates the triazole ring is relatively fixed
in position, but the methylene spacer to the thiophenol adopts
multiple geometries. Furthermore, the benzene ring of the
thiophenol is freely rotating. It is possible that the free rotation
has displaced trapped water molecules from the active-site,
giving rise to favorable entropic effects, compensating the
limited enthalpically favorable interactions. This hypothesis is
partially supported by the disappearance of two water
molecules previously observed in the space near the disordered
thiophenol. We are currently investigating ITC experiments
which may further elucidate the nature of the protein−ligand
interaction. Compound 19 is currently one of the most potent
RTA inhibitors to date.
A representative dose−response curve from the luciferase

assay for compound 19 is shown in Figure 2. RTA activity was
determined through normalization of luciferase counts with and
without inhibitor. Percent RTA activity is plotted as a function
of inhibitor concentration (see Supporting Information for
experimental details).
In summary, we have synthesized three expanded furans to

optimize a previous furan-linked pterin. Toward this goal, we
achieved success with compound 11. In the process, we
improved our synthetic strategy through the use of DBU, which
gave remarkable solubility to a notoriously insoluble hetero-

cycle. We screened various heteroanalogues of furan, leading to
improved interaction with RTA through a triazole-linked pterin
(5). With the beneficial solubility, we rapidly constructed a
library of new pterins via click chemistry. While the small
triazole library only identified a single potent inhibitor (19), the
ease of diversification highlights a significant advance in pterin
functionalization. The use of the DBU salt of 12 for rapid
diversification should represent an important contribution to
medicinal chemistry, as this is a readily available, stable source
of pterin that can be easily incorporated into a range of
biologically and medicinally relevant compounds.

Scheme 3. Synthesis of New Triazole-Linked Pterina

aFull structures are shown in Table 1.

Table 1. Summary of Results
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