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Abstract — The Kentucky coffeetree, Gymnocladus dioicus (L., K. Koch) is a
leguminous tree reputed to be toxic to livestock and to contain the toxic nicotinic
acetylcholine receptor agonist cytisine. Analysis of extracts of various tree parts
by gas chromatography-mass spectrometry failed to reveal the presence of
cytisine. Neither [*H]-epibatidine binding in rat cerebral cortex nor functional
fluorescence assays in cultured cells expressing nicotinic receptor subunits
indicated significant activity. However, a novel purine alkaloid,
3-((E)-3-methylbuta-1,3-dienyl)-1,7-dimethylisoguanine, which we have named
dioicine, was identified as the major lipophilic alkaloid in the methanolic extract
from leaves and seeds. Dioicine and its hydrolysis products are likely to be
responsible for the historical use of the tree’s seeds as a coffee substitute. Herein
we describe the isolation, structure elucidation and preliminary biological

characterization of dioicine.

INTRODUCTION

Nicotinic acetylcholine receptors (nAChR) are important targets for the development of therapeutics,
owing to their involvement in cellular signaling in both the peripheral (PNS) and central (CNS) nervous
systems.* Our interest in these receptors stems from the ability of a number of naturally occurring

alkaloids to function as nAChR ligands. These include the well known tobacco alkaloid nicotine, from
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which the receptors derive their name, as well as the quinolizidine alkaloids cytisine and sparteine
(Figure 1).*> Nicotine and cytisine function as nicotinic agonists, while sparteine is an antagonist.
The latter two alkaloids are derived from leguminous plants (Fabaceae). Based on this observation and
the well-documented occurrence of other quinolizidine alkaloids in this family,® we have embarked on a
survey of local legumes with the aim of identifying novel nicotinically active alkaloids. As part of this
study, we have examined the Kentucky coffeetree, Gymnocladus dioicus (L., K. Koch).” The common
name for this tree derives from reports that early settlers used its seeds as a source of a coffee-like
beverage purportedly produced by roasting and steeping them. However, there are also numerous
published reports that the tree is toxic and contains the quinolizidine alkaloid cytisine as the active

principle.®°

nicotine cytisine sparteine

Figure 1

Reports of animal toxicity are documented for tree cuttings®® and there is at least one anecdotal case of
human poisoning, reportedly resulting from ingestion of the mucilage contained within the seed pods.®*¢
This poisoning was presumed to be due to confusion between this tree and the closely related Honey
Locust Gleditsia triacanthos, whose mucilage is reported to be edible and sweet, hence the name.*
These reports consistently cite cytisine as the toxic principle, but give no data or primary references to
support this assertion.®  Nonetheless, the presence of cytisine would be consistent with the
chemotaxonomy of this family® and would also suggest the possibility of finding related bioactive
alkaloids. Thus, we decided to examine the alkaloid content of this tree. To our knowledge, no reports
of such an investigation exist.**

We report herein the results of this analysis of this tree for alkaloids and the isolation and identification of
a novel prenylated purine alkaloid, which we have named dioicine (1). Dioicine is a purine alkaloid,
containing a 1,7-dimethylisoguanine moiety and bearing a significant resemblance to caffeine (Figure 2).
The presence of methylpurines is more consistent with the historical reports of the use of this tree as a

coffee substitute.”®
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Figure 2

RESULTS AND DISCUSSION

Several specimens of G. dioicus were collected in the Terre Haute, IN area at three separate locations.
We obtained leaf, stem, bark and seed pod samples over the course of several years. Extracts of the
fresh or fresh-frozen parts were prepared by grinding the plant material under liquid N, and macerating
with MeOH. The extracts were subsequently diluted with water and subjected to acid-base partitioning
to obtain acid, base, and neutral fractions. Extracts and alkaloid fractions were prepared for the leaves,
bark, green stems and seed pods/contents (husk, seed shells, seed pulp and surrounding mucilage). The
crude extracts and base fractions were then evaluated by gas chromatography-mass spectrometry
(GC-MS) to identify cytisine and any other volatile alkaloids that might be present. Cytisine is easily
recognizable by the parent and primary fragments at m/z 190, 146 and 147, respectively in the El
spectrum or the protonated molecular ion at m/z 191 in the CI (NH3) MS spectrum. Indeed 1.9 ng of
cytisine (1 puL of a 10 uM solution in MeOH) was easily detected by either method. However, cytisine
was not detected in any of the plant parts examined to a detection limit of 0.001% by weight. Instead, a
single major lipophilic alkaloid was observed in the extracts. This alkaloid had a molecular weight of
245 by GC-EIMS, confirmed by CI-MS (NHs, m/z 246). Major El fragments were consistent with
losses of methyl, formyl, formimino, acetamido, and a Cs doubly-unsaturated hydrocarbon. LC-MS
using an acetonitrile/water elution gradient with APCI ionization produced similar results to gas phase Cl
and indicated a single exchangeable proton when water was replaced with D,O. HRMS in the El mode
gave a molecular formula of C12H15NsO, which was inconsistent with known quinolizidine alkaloids.

A GC-FTIR spectrum indicated a carbonyl absorption at 1710 cm™ with alkene/arene absorptions at 1657
cm™ and 1531 cm™, but inconsistent with ordinary phenyl bands. A weak band at 3380 cm™ indicated a

possible NH stretching absorption. Condensed phase spectra of a purified sample indicated significant
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differences. While a sharp NH absorption band was present at 3332 cm™, no obvious carbonyl could be
identified above 1700 cm™. Instead the major absorptions were seen at 1663 and 1634 cm™, possibly
due to intermolecular interactions in the condensed phase.

The proton NMR spectrum in CDClI3 showed three methyl singlets, two vinylic CH, and three possible
aromatic CH signals. Though indicated by deuterium-exchange in LCMS and IR, no NH was observed
in 'H NMR in CDCls. The carbon spectrum showed 12 signals with five quaternary carbons and four
protonated carbons in the aromatic/alkene region between 105 and 150 ppm. Although the GC-FTIR
indicated a carbonyl, no clearly assignable carbon for this group could be found initially. No signals
were observed downfield of 150 ppm in CDCls, although four quaternary candidates between 139 and
149 ppm were observed. HSQC-TOCSY spectra indicated five spin systems consisting of two isolated
methyls, an allylic or N-methyl closely associated with a vinylic methylene, a coupled pair of vinyl/aryl
CH, and an isolated vinyl/aryl CH. Given the sparse and isolated nature of these small systems and the
presence of five nitrogens, a substituted purine became a working hypothesis. The correlation of the
upfield methyl with the vinylic methylene suggested an isopropenyl moiety which was connected to the
pair of vinylic CHs. This was further established by HMBC and NOESY correlations which clearly
showed the allylic methyl related to both the terminal and internal vinylic systems (Figure 2). This
allowed us to unambiguously establish an isopentadienyl system, likely as part of an enamine. The
7-methyl was cleanly established by COSY, HMBC and NOE correlations to H8 of the imidazole ring.
The N1 methyl group was assigned by comparison with those of known methylxanthines and
guanines/isoguanines in several solvents including CDCl;, DMSO-ds, CD3sOD, and D,0.”*™® The
methyl pattern of the common methylpurines follows a trend in chemical shift where methyl on N7 (or
N9) gives the greatest chemical shift, followed by N3 and N1, though the latter two are often close
together. Our pattern was most consistent with that of 1,7-disubstitution. The UV maximum of 290
nm observed is also consistent with a number of purines,*® though one would expect a bathochromic shift
with the extension of conjugation afforded by the isopentadienyl side chain. The position of the side
chain was finally established by HMBC correlations, the key ones being H1” with both C2 and C4. The
latter two atoms correlated in turn with the N1 methyl and H8 respectively (Figure 2). This also
confirmed the placement of the N1 methyl group by correlation with both C2 and C6.

The greatest difficulty in the final structure assignment was the placement of the exocyclic nitrogen.
From IR measurements it was not possible to correlate the two in the absence of reference material, as IR
bands are often not reported in the literature. Attempts to corroborate NMR data from the literature'**®
were confounded by a number of factors, including the different solvents in which data were
reported, the only very slight differences in chemical shift of the imine and carbonyl carbons, and the
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unknown influence of the conjugated side-chain on chemical shifts through the intervening aromatic
system.

In order to simplify matters, we decided to look at the hydrolysis products arising from the cleavage of
the side chain at N3. Treatment of an NMR sample of 1 with excess trifluoroacetic acid (TFA) in CDCl3
resulted cleanly in stoichiometric formation of prenal (3,3-dimethylacrolein), identical with an authentic
sample. Also produced was a dimethylpurine (2), again having the methylation pattern consistent with
paraxanthine by NMR. Unfortunately, the dimethylpurine could not be unambiguously assigned as the
guanine or isoguanine from NMR data alone. We prepared the isomeric 1,7- and 1,9-dimethylguanines
by treatment of guanine with methyl iodide, either in aqueous base with tetrabutylammonium chloride as
a catalyst, or in aqueous MeOH made basic with sodium hydroxide, which provided isomeric
dimethylguanines in low yield as a mixture, also containing unreacted guanine.?>?> However, we were
unable to match either dimethylguanine with our material.  Although synthetic 2 is known, no NMR data
was presented for the compound, but only a melting point, that we were unable to reproduce.”* The
1,3,7-trimethylguanine’® and isoguanine® are also known and their NMR and mass spectra are fully
assigned. Unfortunately NMR spectra were obtained in two different solvents. We prepared samples
in both, but the spectra were not sufficiently distinct to allow unambiguous assignment.

Ultimately, we turned to mass spectrometry to answer the guanine/isoguanine question. The EI mass
spectra of xanthines and guanines/isoguanines are characterized by a retro-Diels-Alder extrusion of N1
and C2 along with any attached substituents.?* In our case, the parent alkaloid 1 lost 58 to give m/z 187
(M-H - MeN=C=0) in accord with the same loss for the known 1,3,7-trimethylisoguanine,™ followed by
consecutive losses of HCN vyielding ions at m/z 160 and 133.  Conversely, the known
1,3,7-trimethylguanine’® loses 55 and 56 mass units, consistent with the loss of methylcyanamide. The
retro-Diels-Alder reaction also appears to be prevalent in chemical ionization spectra. CI-MS/MS of 1
(m/z 246) with ammonia as the reagent gas shows the losses of ammonia (m/z 229), MeN=C=0 (m/z 189),
the isopentadienyl side chain (m/z 180) and subsequent loss of MeOH (m/z 148).

GC-MS analysis of the TFA hydrolysate indicated prenal, as had NMR, identical in all respects with a
commercial sample. The purine product gave the expected m/z 179 for a dimethylguanine/isoguanine.
The loss of 57 amu (m/z 122) again supported the isoguanine structure 2 through loss of methyl
isocyanate, which was confirmed by HRMS. The m/z 122 ion in EIMS was accompanied by the
expected sequential losses of HCN (m/z 95 and 68).2*  Hydrolysis using aqueous HCI at rt also gave 2,
albeit at a much slower rate. In order to obtain complete hydrolysis, we treated the initial HCI
hydrolysate with NaNO,, nitrosating the pendant primary amine and thereby facilitating hydrolysis.”*
This gave paraxanthine which was identical in retention time and MS fragmentation with a commercial

sample.  Likewise, a sample allowed to stand in DCI/D,O for a few weeks showed the
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dimethylisoguanine and a small amount of paraxanthine by *"HNMR.®  The latter had identical chemical
shifts compared with commercial material in the same solvent. This confirms the placement of the
methyl groups at N1 and N7. Attempted hydrolysis in boiling water led to very little reaction and
mostly recovery of starting dioicine.

Based on these data, we have assigned the isoguanine structure 1 to the alkaloid (Figure 2). We have
named this compound dioicine, after the tree from which it was obtained. Dioicine is present in many of
the parts of the coffetree, and its content varies across the plant based on GC-MS analysis. Higher
amounts of 1 are found in the leaves and seeds, as well as immature seed pods, while lower amounts are
found in the stem. Both new and old bark are essentially devoid of 1, while content in leaves varies with
season and altitude. Leaves collected in mid-July 2007 contained almost ten times more 1 than
those collected in late August of the following year. This would be consistent with decreased
need for deterrence of herbivory as senescence approaches.”” Indeed, while immature seed pods
contained relatively high levels of 1, mature pods from the tree or ground contained very little.® Leaves
on saplings at 1-2 meters elevation contained almost 10-fold more 1 than those from a limb at 4-5 meters,
again consistent with deterrence of herbivory by browsers.?’ Also identified by GC-MS was an
earlier-eluting isomer of 1, that we ascribe to the Z-isomer of the dienamine side chain.®  We initially
ascribed its presence to isomerization in the injector, but variation of Z / E ratios in various samples
suggested this was not the case. Substantial differences were found between samples, with greater
proportions of the Z being present in the leaves collected later in the season or at higher points on the tree.
Immature seed pods had a Z / E ratio of 1:4,%° while the mature seed pods contained almost exclusively Z
as did the leaf stems. We ascribe this to photoisomerization, with those parts having greater higher sun
exposure containing higher proportions of Z-1. The seeds, which are sheltered from sunlight contain
almost exclusively the E-isomer.

For comparison purposes, we also collected leaf samples from the related Honey locust, (Gleditsia
triacanthos L.), Black locust (Robinia pseudoacacia L.) and Bristly locust (Robinia hispida L.) in the
Terre Haute area (see EXPERIMENTAL). None were found to contain detectable levels of 1 by
GC-MS.

The Kentucky coffeetree gets its name from anecdotal reports of early American settlers roasting and

steeping the seeds of this tree to produce a coffee-like beverage.”*

Indeed, seeds of this tree were given
to president Thomas Jefferson by General George Rogers Clark.*® The president expressed significant
interest in the tree and requested additional seeds in later correspondence.®® Reports suggest that the
beverage was supplanted by true coffee as it became available.”” While this may be true, the use of
coffeetree seeds to produce as a beverage would at first seem at odds with the reported toxicity of the tree,

8-10

as well as the reputed presence of the potent nicotinic receptor agonist cytisine. While the presence
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of cytisine would be consistent with the chemotaxonomy of this family,® the use of a beverage containing
cytisine as a stimulant similar to the use of coffee would seem unlikely, even though both are stimulants.
The effects of oral cytisine/laburnum® are quite different from that of oral caffeine.*® Reports of
coffeetree poisoning do indicate some similar effects, though reports are spotty in both animals® and
humans.” Moreover, the reports describing cytisine as the toxic principle cite neither present nor past

scientific studies in support.®3

In the absence of other data, we ascribe the attributions of toxicity to
cytisine to be based on possibly similar in-vivo pharmacological effects and physical properties.*

The presence of 1 and other isoguanine/xanthine alkaloids is certainly more consistent with a coffee-like
beverage, given their structural similarity to caffeine (Figure 2). The structure of 1 supports the likely
generation of 2 and/or paraxanthine from hydrolysis in such a preparation or following consumption
(Scheme 1).%

In retrospect, it is somewhat surprising that we obtained 1 intact from the acid-base workup in our
isolation, given the ease of hydrolysis of enamines. We suspect that the conjugation of the dienamine
side chain with the purine affords some measure of stability over the short period of the extraction and we
have noted that hydrolysis in aqueous HCI is significantly slower than in nonaqueous TFA/CDCl;. It
may also be that the hydrolysis products are not easily extracted from the aqueous phase, such that 1 is
obtained relatively free of other alkaloids. This would give the appearance that 1 is the major alkaloid,

though we have not thoroughly examined this possibility.*
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Scheme 1. Dioicine hydrolysis

These observations provide new insights on the ethnopharmacological use of the Kentucky coffeetree and
the pharmacological potential of 1. Dioicine was found in high levels in the leaves and seeds of the
coffeetree though it was likely only inefficiently extracted from the notoriously hard seed shells.
Although we did not analyze roasted seeds for our experiments, one would anticipate that such treatment
might facilitate extraction by degrading the seed coat while facilitating the hydrolysis of 1 in situ to 2
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and/or paraxanthine in the process. Likewise, its presence in the leaves at high levels would suggest that
a tea® prepared from it could also have been used, though only one report notes such use, but not as a
stimulating beverage.!® It is uncertain whether 1 or its hydrolysis products are the primary
pharmacological agents.*> The dienamine side chain renders 1 substantially more lipophilic than

d.?%® |t is conceivable that 1 could act as a

paraxanthine, which could make it more easily absorbe
prodrug, being hydrolyzed in the plasma or other physiological compartment. Of the xanthine series,
caffeine is much more lipophilic than the other methylxanthines. Paraxanthine is the major metabolite
(>80%) of caffeine in humans and has a similar pharmacological profile.** Isoguanine 2 is bioisosteric
with paraxanthine and may also have similar behavior. While the toxicology of paraxanthine has been
much less studied in animals, it is possible that 1, 2 or paraxanthine may be responsible for the reported
toxicity.®  The animal toxicity of chocolate, for example is attributed to the decreased rate of metabolism
and clearance of theobromine and caffeine.*’

In conclusion, the prior reports of the presence of cytisine in the Kentucky coffeetree, Gymnocladus
dioicus, have not been confirmed by our GC-MS analysis. Instead, the tree has been found to contain a
novel prenylated purine alkaloid, dioicine (1). Dioicine is related to the caffeine and its metabolite
paraxanthine and may be responsible for the historical reports from which the tree derives its name. We
are currently investigating the pharmacology and toxicology of 1 and its hydrolysis products. These

results will be reported in due course.

EXPERIMENTAL

General Procedures. All solvents were reagent grade and used as received. Thin layer
chromatography was performed using silica gel plates (EM Science 5715), visualized with UV light,
and stained with KMnQy, iodine, or phosphomolybdic acid. Melting points are uncorrected. NMR
spectra were obtained on a Bruker Avance Il 400 MHz spectrometer capable of pulsed field gradients on
the z-axis. Chemical shifts are reported in ppm relative to internal TMS. Coupling constants (J) are
reported in Hz and assignments of carbon multiplicity were determined on the basis of DEPT-edited
experiments. Quaternary carbons were assigned on the basis of HMBC experiments. EIl and CI-NH3
mass spectra were obtained using a Thermo-Finnigan GCQ gas chromatograph-mass spectrometer or
Hewlett-Packard 5890 gas chromatograph interfaced to a Hewlett-Packard 5971 quadrupole mass
spectrometer. Each maintained a nominal ionization potential of 70 eV. GC-MS retention times are
reported in minutes using splitless injection (1 uL, hold time 1 min) onto an RTX-5MS column (0.25 mm
x 30 m) with a linear velocity of 40 cm/sec He and an oven program of 40 °C (hold 1 min), 10 °C/min to
280 °C (hold 10 min). Vapor Phase IR spectra were recorded by GC-FTIR using a Hewlett-Packard
5965B infrared detector. APCI-mass spectra were obtained by LC-MS using an Agilent 1100 binary
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pump HPLC system equipped with a diode array detector and connected to a Thermo-Finnigan LCQ
mass spectrometer. HPLC-MS retention times are reported in minutes on a Phenomenex Aqua C-18
column (125 A, 4.6 mm x 250 mm, 5 pum particle size) using a gradient of 90% H,O/MeCN to 50% over
40 min. High resolution mass spectra were collected in EI mode on a Waters-Micromass QToF
spectrometer. Condensed phase IR spectra were obtained on a Midac M2000 FT instrument.

Collection.  Specimens of G. dioicus were collected at three separate sites in the Terre Haute, IN area.
Collection site 1 was located on the campus of St. Mary-of-the-Woods college in St. Mary-of-the-Woods,
IN, west of Terre Haute at 39°30.816°N, 87°27.407°’W. Site 2 was located at Deming Park in Terre
Haute at 39°21.590°N, 87°27.905°W.?° Site 3 was located near the entrance to Prairie Creek Nature
Preserve in Sullivan, IN, south of Terre Haute, at 39°17.303’N, 87°27.902°W. At each site, a
representative branch was pruned from the tree and separated into leaves, green stems, bark and seed pods
(where available). As G. dioicus is dioicious, samples were taken from both male and female trees,
though unambiguous identification could not be made for the Prairie Creek specimen, as it was a younger
tree and may not yet have been capable of producing seed pods. Comparison samples of Robinia
pseudoacacia, R. hispida, and Gleditsia triacanthos were collected from three locations on the campus of
Indiana State University and Little Bluestem Nature Preserve.®® Two separate cultivars of G.
triacanthos were collected. The samples taken from ISU were of a thornless ornamental cultivar and
those from Little Bluestem were of the normal thorned variety. Comparison samples of Robinia
pseudoacacia, were collected from Little Bluestem Nature Preserve north of Terre Haute at 39°32.393’N,
87°23.950’W. A comparison sample of Robinia hispida, was collected near a residence in Terre Haute.
Voucher specimens of each have been deposited at the Indiana State University Herbarium in the

department of Biology.

Extraction and isolation of dioicine from leaves. A sample of G. dioicus leaves from Site 3 (365 Q)
was reduced to a coarse powder by placing in a household blender while maintaining the leaf material
frozen with liquid N,.  The leaves were blended using a high speed setting and the top of the blender was
covered with a standard coffee filter to allow N, gas to escape while retaining the plant material. Leaf
material was added in portions with additional liquid N, as needed to maintain fluidity of the mixture.
When complete, the coarse powder was transferred to a 1 L Ehrlenmeyer flask and the remaining N
allowed to evaporate. When evaporation was complete, MeOH (500 mL) was added and the macerated
mixture stored for one month in a refrigerator at 4 °C. The crude extract was filtered through a
cheesecloth and filter paper using a Buichner funnel and transferred to a separatory funnel. The solids
were washed with additional MeOH (8 x 25 mL). The combined extract was diluted with water (700
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mL) and extracted with CH,Cl, (4 x 150 mL). The organic extract was subsequently extracted with 8 x
75 mL of IN HCI. The combined HCI extracts were treated with concentrated NH,OH to ~pH 14,
saturated with NaCl, and extracted with CH,Cl, (4 x 150 mL). The combined organic extracts were
dried over Na,SO,4 and the solvent removed by rotary evaporation to produce a green solid extract (157
mg, 0.043% wet weight), which consisted of >80% dioicine by NMR spectroscopy. A portion (60 mg)
of the crude extract was sublimed under vacuum (145 °C at 0.15 mm Hg) to produce a white solid (46
mg) of virtually pure dioicine (mp. 123-131 °C). While pure dioicine could be obtained by flash
chromatography on silica gel with a gradient of CHCI3/MeOH (49:1 — 4:1), problems with compound
stability and irreversible adsorption and/or decomposition on silica made the purified yields very low in
several cases. A homogeneous sample was obtained by preparative thin-layer chromatography on silica
using CHCI3/MeOH (19:1) as the developing solvent.

Examination of plant parts and related species. Samples of plant parts of G. dioicus (~1 g) were cut into
small pieces and ground under MeOH (3 mL). Similarly, samples of leaves from the related species
Robinia pseudoacacia, R. hispida, and Gleditsia triacanthos (1 g each) were prepared. The mixtures
were allowed to stand at rt for 1-4 days and analyzed by GC-MS. Extracted ion chromatograms using
m/z 245 were used to detect dioicine. Dioicine-containing samples also indicated an isomer of dioicine
(likely the Z-dieneamine),®® which eluted at 17.9 min, whereas dioicine itself eluted at 20.1 min.
Integration of the areas was used to estimate the relative amounts of each isomer as well as the total
amount of dioicine. Background subtracted spectra for the peaks were used as confirmation of identity
of each peak. Analysis of the related species indicated that none contained dioicine except G. dioicus
and that the relative amounts of dioicine were as described in the text. Because of variations in the
homogeneity, particle size and extraction efficiency from the leaf, bark, and especially seed shells, the
results were only semiquantitative. Extracts from the leaves and seed shells contained the highest
amounts of dioicine.*® Leaf stems also contained dioicine, but in much lower amounts, while neither
young nor older bark contained detectable dioicine. Mature seeded or sterile pods (outer husks)
collected in the autumn contained very low amounts of dioicine.?® Mucilage collected from these pods
contained little or no dioicine. However, immature seed pods collected in midsummer at site 2
contained high amounts, approaching that of the leaves, though a direct comparison was not possible with
this collection.” A 48 gram sample of pods was extracted as above, affording 65 mg (0.13%) of total
bases which consisted of nearly pure dioicine by GC-MS and NMR.
1,6-Dihydro-6-imino-1,7-dimethyl-3-((E)-3-methylbuta-1,3-dienyl)-3H-purin-2(7H)-one (dioicine, 1).
TLC Rf0.35 (19:1 CHCly/MeOH); *H NMR (400 MHz, CDCls)  7.49 (d, J = 14.9, 1H, H2"), 7.43 (s,
1H, H8), 7.15 (dd, J = 14.8, 0.5, 1H, H1"), 5.1 (d, J = 0.5, 1H, H4a), 5.0 (s, 1H, H4b), 4.03 (s, 3H,
Me-N7), 3.42 (s, 3H, Me-N3), 1.95 (s, 3H, Me-C3’); *C NMR (100 MHz, CDCl5) & 149.8 (C, C6), 148.5
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(C, C2), 143.3 (C, C4), 140.6 (C, C3’), 139.5 (CH, C8), 124.2 (CH, C2’), 122.0 (CH, C1’), 116.9 (CH,,
C4’), 108.0 (C, C5), 34.3 (Me-N7), 28.5 (Me-N3), 18.5 (Me-C3’); ®N NMR (100 MHz, CDCl3) & 235
(N9), 150 (N7), 134 (N1), 131 (N3); *H NMR (400 MHz, CD;0D) & 7.73 (s, 1H, H8), 7.42 (d, J = 14.6,
1H, H2’), 7.18 (d, J = 14.6, 1H, H1"), 5.04 (m, J = 1.5, 1H, H4a), 5.01 (m, 1H, H4b), 4.01 (s, 3H, Me-N7),
3.40 (s, 3H, Me-N3), 1.94 (s, 3H, Me-C3’); *C NMR (100 MHz, CDs0OD) & 150.1 (C, C6), 151.3 (C, C2),
144.4 (C, C4), 141.7 (C, C3’), 141.9 (CH, C8), 125.8 (CH, C2’), 123.1 (CH, C1’), 117.2 (CH,, C4’),
108.8 (C, C5), 34.6 (Me-N7), 29.5 (Me-N3), 18.5 (Me-C3’); *H NMR (400 MHz, DMSO-dg) § 7.89 (s,
1H, H8), 7.53 (d, J = 14.9, 1H, H2"), 7.17 (d, J = 14.9, 1H, H1"), 5.01 (m, J = 1.8, 1H, H4a), 4.98 (m, 1H,
H4b), 3.96 (s, 3H, Me-N7), 3.30 (s, 3H, Me-N3), 1.87 (s, 3H, Me-C3’); *C NMR (100 MHz, DMSO-ds)
§ 149.4 (C, C6), 149.4 (C, C2), 141.7 (C, C4), 140.6 (C, C3’), 140.3 (CH, C8), 122.5 (CH, C2’), 121.3
(CH, C1°), 116.0 (CH,, C4"), 107.2 (C, C5), 33.8 (Me-N7), 28.7 (Me-N3), 18.1 (Me-C3’); *H NMR (400
MHz, D,0) & 7.50 (s, 1H, H8), 6.71 (d, J = 14.6, 1H, H2’), 6.41 (d, J = 14.6, 1H, H1"), 4.97 (m, J = 1.3,
1H, H4’a), 4.92 (m, 1H, H4’b), 3.74 (s, 3H, Me-N7), 3.10 (s, 3H, Me-N3), 1.72 (s, 3H, Me-C3’); *C
NMR (100 MHz, D,0) & 150.3 (C, C6), 150.2 (C, C2), 142.1 (C, C4), 141.0 (CH, C8), 140.1 (C, C3),
127.6 (CH, C2’), 120.7 (CH, C1°), 118.2 (CH,, C4’), 106.7 (C, C5), 34.0 (Me-N7), 29.3 (Me-N3),17.3
(Me-C3’); UV Amax (MeOH, nm) 205, 290; HPLC-UV Anax(MeCN/H,0, nm) 214, 288; Condensed-IR
(KBr film) v (cm™) 3332, 3111, 3073, 2921, 2851, 1663, 1634, 1536, 1465, 1423, 1291, 1251, 1216,
1172, 955, 735; Vapor-IR v (cm'l) 3380, 3089, 2956, 1710, 1657, 1579, 1531, 1463, 1416, 1357, 1286,
1224, 1164, 1043, 954, 883, 782.; GC-MS Tgr 20.16 min. EIMS m/z 246.1332 (M+H, 13, calc. for
Ci12H16NsO 246.1355), 245.1284 (M+, 100, calc. for Ci,H15NsO 245.1277), 230.1060 (M-Me, 20, calc.
for C11H12Ns0 230.1042), 228 (20) 216.1220 (M-CHO, 10, calc. for C33H14Ns 216.1249), 187.1003 (M -
H - MeN=C=0, 11, calc. for C;oH1;N,4 187.0984), 173.0842 (M - H - MeN=C=0, 33, calc. for CgHgN,4
187.0984),; CIMS (NHs) m/z 246, MS/MS 229 (41), 189 (100), 180 (65) 148 (39); APCI-MS 246, (1
exchangeable proton with D,0).

Hydrolysis experiments - 1,7-dimethylisoguanine (2). Aqueous HCI - A small sample (~5-7 mg) of
sublimed dioicine in CDCl3 (~200 pL) was placed in a microvial sealed with a Teflon-lined cap. To the
solution was added 0.2 mL of 1 N HCI and the solution was stirred overnight at rt. ~ The organic portion
was separated and the aqueous portion extracted a second time with CH,Cl,. The combined organic
extracts were dried over Na,SO,4 and analyzed by GC-MS and found to contain prenal, identical in all
respects with a commercial sample (Aldrich). The aqueous portion was neutralized with saturated ag.
NaHCOg; until bubbling ceased and then 1IN NH,OH was added to pH 9 (~ 3 drops). The solution was
then extracted twice with CH,Cl, (~200 uL) and the combined organic layers dried and analyzed by

GC-MS as described above. The sample was found to contain unhydrolyzed 1 and small amounts of 2
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as described below. A similar experiment in ~2M DCI/D,0 produced a mixture of prenal and 2 as the
DCI salt. *H NMR (400 MHz, TFA/CDCls) § 8.05 (d, J = 0.6 Hz, 1H, H8), 3.95 (d, J = 0.6 Hz, 3H,
N9Me), 3.43 (s, 3H, N1Me); *C NMR (100 MHz, TFA/CDCl3) § 147.4 (C8), 103.6 (C5), 34.4 (N9Me),
30.5 (N1Me), quaternary carbons not identified. The mixture was evaporated to dryness and
reconstituted in DMSO-ds to remove prenal leaving 2 as the DCI salt; *H NMR (400 MHz, DMSO-ds) &
9.27 (br s, 1H, NH), 8.09 (s, 1H, H8), 4.06 (s, 3H, N9Me), 3.58 (s, 3H, N1Me); °C NMR (100 MHz,
DMSO-dg) & 150.1 (C6), 149.8 (C2), 148.1 (C4), 147.7 (C8), 102.8 (C5), 34.5 (N9Me), 31.0 (N1Me)].
A second HCI hydrolysis experiment was conducted with the addition of sodium nitrite and allowed to
stand overnight.?* The hydrolysate was neutralized and saturated with solid NaHCO3 and extracted with
EtOAc. Evaporation and analysis of the extract by GC-MS afforded mostly 2, with a weak peak
matching in retention time and mass spectrum with a commercial sample of paraxanthine (Aldrich).

Trifluoroacetic acid - To a sample of dioicine in CH,Cl, prepared as described above was added 20 uL of
CF3CO;H and the solution stirred overnight at rt. The solvent was evaporated under N, flow, the
residue rubbed with CH,Cl,, and analyzed by GC-MS. A similar experiment in 50% CDCI3/CF;CO;H
produced an equimolar mixture of prenal and 2 as the trifluoroacetate; *H NMR (400 MHz, TFA/CDCls)
& 8.20 (s, 1H, H8), 4.22 (s, 3H, N9Me), 3.73 (s, 3H, N1Me); **C NMR (100 MHz, TFA/CDCls) & 150.3
(C2), 148.8 (C6), 148.1 (C4), 146.3 (C8), 103.6 (C5), 35.7 (N9Me), 31.2 (N1Me); . The mixture was
evaporated to dryness and reconstituted in CD3OD to remove prenal leaving 2 as the trifluoroacetate salt;
'H NMR (400 MHz, CD;0D) & 8.09 (s, 1H, H8), 4.06 (s, 3H, N9Me), 3.58 (s, 3H, N1Me); *C NMR
(100 MHz, CD30D) & 152.2 (C2), 152.1 (C6), 149.6 (C4), 149.3 (C8), 104.4 (C5), 34.9 (N7Me), 31.2
(N1Me)]. A sample was neutralized with aqueous ammonia, evaporated and purified by silica gel
chromatography to give the free base; mp. 233-234.5 °C (decomp - sealed tube, lit., mp. 310-312 °C); Rs
0.35 (MeOH); *H NMR (400 MHz, CDsOD) & 7.77 (s, 1H, H8), 3.98 (s, 3H, N9Me), 3.44 (s, 3H,
N1Me); *C NMR (100 MHz, CD;0D) & 154.6 (C6/C2), 150.9 (C2/C6), 149.1 (C4), 145.3 (C8), 106.1
(C5), 34.3 (N7Me), 29.5 (N1Me)]; *H NMR (400 MHz, DMSO-dg) & 11.0 (br s, 1H, NH), 7.78 (s, 1H,
H8), 3.95 (s, 3H, N9Me), 3.28 (s, 3H, N1Me); *C NMR (100 MHz, CD;0OD) & 150.8 (C6/C2), 148.5
(C2/C6), (C4), 141.2 (C8), 105.6 (C5), 33.3 (N7Me), 27.5 (N1Me)];Vapor-IR v (cm™) 3476, 1734,
1656, 1552, 1472, 1269; UV Amax(MeCN/H,0, nm) 219, 235sh, 288 (9:6:10); EIMS 179.0807 (M+, 32,
calc. for C;HgNsO, 179.0807), 178.0738 (100, calc. for C;HgNsO, 179.0729), 161.0496 (20, calc. for
C7HsN4O, 161.0463), 150.0783 (M-CHO, 18, calc. for CgHgNs, 150.0780), 133.0491 (10, calc. for
CeHsN4, 133.0515), 122.0586 (9, calc. for CsHgN4, 122.0594), 107.0440 (6, calc. for CsHsN3, 107.0484),
95.0604 (8, calc. for CsH7N,, 195.0610), 73.0481 (12, calc. for C,HsN,0O, 73.0402), 68.0384 (10, calc. for
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CsHgN, 68.0501), 67.0308 (8, calc. for C4HsN, 67.0422), 53 (18). APCI-MS (MeCN/H,0, m/z) 180
(M+H, 100), 163 (18), 149 (9), 123 (18).

Hot water. To a sample of 1 (~1 mg) was added deionized water (0.5 mL), and the solution heated with a
water bath to 90 °C for six h with stirring, over which time most of the water evaporated. The residue was
reconstituted in CH,Cl,, dried over Na,SO,4, and analyzed by GC-MS, which indicated mostly starting 1
with ~2-3 % of 2 produced.

Pharmacology Nicotinic receptor pharmacology was determined in binding assays using
[*H]-epibatidine in membranes of rat cerebral cortex®® and functional fluorescence assays in HEK cells*
transfected with nicotinic receptor a3 and P4 subunits.* Both assays were performed essentially as
described. Neither assay showed any significant activity for dioicine or the alkaloid fraction of G.

dioicus.
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