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ABSTRACT

The macrocyclic core of gymnodimine has been constructed via an intramolecular Diels −Alder reaction of an r,â-unsaturated iminium dienophile
in water. The cycloaddition furnished a single exo-product, along with two endo -products. Through X-ray analysis of a suitable derivative, the
stereochemistry of the exo-product was established, thereby demonstrating that its stereochemistry matches that of gymnodimine. In contrast,
macrocyclization of an analogous r,â-unsaturated ketone dienophile gave only undesired endo -products. Interestingly, the imine dienophile
shows remarkable stability in water.

Gymnodimine (1) was first isolated from oysters collected
from the Foveaux Strait, South Island, New Zealand, by
Yasumoto and co-workers in 1995 (Figure 1).1 Blunt, Munro,
and co-workers established the relative and absolute stereo-
chemistry via single-crystal X-ray analysis.2 Subsequently,
Miles and co-workers isolated gymnodimines B and C.3

Gymnodimine is a member of a large class of natural
products bearing a cyclic imine fused to a cyclohexene ring
and a macrocarbocycle. Members of this class of natural
products include the pinnatoxins,4 the pteriatoxins,5 sym-
bioimine,6 the prorocentrolides,7 the spirolides,8 and spiro-
prorocentrimine.9

Upon isolation and structure elucidation of pinnaxtoxin
A, Uemura proposed that the macrocarbocycle of the natural
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Figure 1. Structure of gymnodimine (1) and the hypothetical
biosynthetic precursor2.
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product might be biosynthesized via an intramolecular
Diels-Alder reaction.4d Due to the structural similarities
within this class of natural products, this biosynthetic
hypothesis is applicable to gymnodimine and all other
members of this class. The hypothetical linear biosynthetic
precursor2 of gymnodimine is depicted in Figure 1. In the
synthetic direction, conversion of2 to 1 requires two discrete
steps: cyclic imine formation and a formal Diels-Alder
reaction. This process could involve direct macrocyclization
of ketone2 followed by cyclic imine formation or, con-
versely, initialR,â-unsaturated imine formation (16, Scheme
3) followed by Diels-Alder macrocyclization. Close inspec-
tion of the stereochemistry of the resulting cyclohexene ring
reveals that the Diels-Alder reaction must occur through
the exo-mode, a common feature among most members of
this class of natural products.

In the synthesis of pinnatoxin A, we mimicked the
biosynthetic pathway suggested by Uemura.10 In that work,
the macrocarbocycle of pinnatoxin was constructed via an
intramolecular Diels-Alder reaction using anR,â-unsatur-
ated ketone as a dienophile followed by imine formation at
high temperature. The cycloaddition occurred with a 5:1exo/
endo-selectivity at 70°C. However, the facial selectivity of
theexo-mode was close to 1:1. Overriding the inherentendo-
selectivity known for Diels-Alder reactions and controlling
the diastereofacial selectivity of theexoprocess are signifi-
cant synthetic challenges. In the context of gymnodimine,
several potential solutions to this problem have been
disclosed.11

One might be tempted to hypothesize that an enzyme is
required to form the macrocarbocycle present in these natural
products. In recent years, several groups have reported
isolation of an enzyme that catalyzes a Diels-Alder pro-
cess.12 The mechanistic details have also been examined from
a theoretical perspective.13 Most of these works have centered
aroundR,â-unsaturated ketones as a dienophile.

While the Diels-Alder motif appears quite often in nature,
this class of natural products is unique due to the intriguing
possibility that the macrocyclization may be facilitated
through the formation of an intramolecularR,â-unsaturated
imine. MacMillan and co-workers have shown that formation
of anR,â-unsaturated iminium ion formed via condensation
of a secondary amine with a ketone creates a potent
dienophile that is reactive toward a wide variety of dienes.14

In the gymnodimine system, intramolecular condensation of
the primary amine2 with the ketone and subsequent
protonation could provide a similar dienophile, cf.16 in
Scheme 3. In this letter, we report an intramolecular Diels-
Alder reaction of anR,â-unsaturated iminium dienophile that
allows us to construct the macrocyclic ring system of
gymnodimine.

Our experimental efforts began by exploring the feasibility
of intramolecular imine formation using compound3 as a
model (Scheme 1). Deprotection of the Teoc group afforded

amine salt4. Treatment of this salt in D2O with Na2HPO4

furnishedR,â-unsaturated imine5. After standing for 24 h,
complete deuterium incorporation was observed at the
methyleneR to the imine.15

Imine formation and stability were monitored by1H NMR
(Figure 2). Spectruma was taken 5 min after dissolving
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Scheme 1. Imine Formation

Figure 2. Imine formation and stability followed by1H NMR:
(a) primary amine trifluoroacetate salt4 dissolved in neutral D2O,
t ) 5 min; (b) addition of Na2HPO4 to the NMR tube completed
imine cyclization,t ) 20 min; (c) acidification with trifluoroacetic
acid, t ) 16 h; (d) neutralization with Na2HPO4, t ) 30 h, and
observation of deuterium incorporation.
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amine salt4 in D2O. After addition of Na2HPO4, new
resonances corresponding to imine5 were observed im-
mediately (spectrumb). To test the stability of this imine
toward hydrolysis, the solution was reacidified with TFA
and allowed to stand at room temperature for 16 h (spectrum
c). Then, the solution was made neutral again through the
addition of Na2HPO4 and allowed to stand for 24 h (spectrum
d). These results imply that the imine is stable in water at
acidic and neutral pH. Additionally, the reactivity of this
imine was tested againsttrans-2-methyl-1,3-pentadiene in
water at a slightly acidic pH. After approximately 4 h at
room temperature, a Diels-Alder reaction was complete.

The ease of formation of theR,â-unsaturated imine system
and its resistance to hydrolysis in water are remarkable. One
potential complication might be a 1,4-addition of the primary
amine to the unsaturated system; however, this has not been
observed in the model system or the functionalized system.
Once formed, imine5 is surprisingly stable against hydroly-
sis.

Armed with this information, we designed and imple-
mented a synthesis of Diels-Alder precursor16 (Scheme
3). The first synthetic hurdle was the formation of the highly
substituted tetrahydrofuran ring present in16.16 To this end,
compound 7 was prepared (Scheme 2). Acid-catalyzed

cyclization of7 occurred at room temperature to give a 9:1
mixture of cyclization products. The diastereomeric allylic
alcohols behave identically under the cyclization conditions,
supporting an SN1 mechanism. Through direct chemical
correlation and NOE analysis, the major product was shown
to be the desiredsyn-product.17 Under the acidic conditions
employed, the primary TBS group was also cleaved. Oxida-
tion of the resulting primary alcohol under Swern conditions
gave aldehyde8.

The triene moiety present in16 was introduced using a
Ni(II)/Cr(II)-mediated coupling between aldehyde8 and
triene 9 (Scheme 3). Coupling of the trisubstituted vinyl
bromide occurred using elevated temperature and a stoichio-
metric amount of Ni(II). Homocoupling was suppressed by

using a THF/DMF/tert-butylpyridine solvent system.18 Oxi-
dation of the resulting 1:1 mixture of allylic alcohols using
MnO2 and subsequent reduction of the resulting ketone using
the CBS protocol19 gave allylic alcohol10 as a 6:1 mixture
of diastereomers. The stereochemistry of the major product
was tentatively assigned on the basis of the known preference
of the CBS reduction and later proven through X-ray
analysis. Protection of the secondary alcohol using TESCl/
AgNO3 followed by reductive removal of the acetate with
DIBAL gave primary alcohol12.

Oxidation of this alcohol with PCC in the presence of
molecular sieves and sodium acetate gave aldehyde13. Ni-
(II)/Cr(II)-mediated coupling of aldehyde13and vinyl iodide
14 and subsequent oxidation of the resulting mixture of
allylic alcohols using MnO2 gave enone15. Treatment of
enone15 with TBAF in the presence of 2 equiv of AcOH
(relative to substrate) in THF cleanly removed the primary
TIPS and secondary TES groups. Deprotection of the Alloc
carbamate using Pd(PPh3)4 gaveR,â-unsaturated imine16.

Diels-Alder macrocyclization ofR,â-unsaturated imine
16 occurred in water at pH 6.5 under dilute conditions.20

No starting material was observed after 30 h at 36°C. The
resulting cycloadducts were present as a mixture of one imine
product and two keto-amine diastereomers wherein the imine
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Scheme 2. Synthesis of the Tetrahydrofuran Moiety

Scheme 3. Diels-Alder Precursor Synthesisa

a Reagents and conditions: (a)8, NiCl2, CrCl2, Ni(COD)2, THF,
DMF, t-BuPy, 50°C, 70%, 1:1; (b) MnO2, CH2Cl2, 50%; (c) (R)-
2-methyl-CBS-oxazaborolidine, BH3‚DMS, tol, -10 °C, 80%, 6:1,
â: R; (d) TESCl, AgNO3, py, DMF, 99%; (e) DIBAL, CH2Cl2, -78
°C, 83%; (f) PCC, 4 Å MS, CH2Cl2, NaOAc, 71%; (g) 0.5% NiCl2/
CrCl2, DMF, 56%; (h) MnO2, CH2Cl2 reflux, 83%; (i) TBAF‚xH2O,
AcOH, THF, 78%; (j) (PPh3)4Pd, tol (0.1% AcOH).
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had been hydrolyzed. To simplify product analysis, the
imines were reformed by treatment of the entire mixture with
molecular sieves in benzene (Figure 3). The two major

products thus isolated wereexo-product17andendo-product
18 (about 1:1). A small amount of the secondendo-product
was also observed (not shown). Interestingly, it was found
that the imine of the desiredexo-product remained intact
during the reaction in water. In contrast, theendo-products
were observed as the keto-amines, which were presumably
formed through an iminium-catalyzed Diels-Alder reaction
followed by hydrolysis.

The structure of theexo-product17 was established by
derivatization and single-crystal X-ray crystallography. Re-
duction of the imine using NaCNBH3 and acylation with
p-bromobenzoyl chloride gave benzamide19. The X-ray
structure of this compound is presented in Figure 4.

In contrast to the imine Diels-Alder, anR,â-unsaturated
ketone dienophile gave onlyendo-products. Thermolysis of
an R,â-unsaturated ketone (15, R1, R2 ) TBS, R3 ) Teoc,
Scheme 3)21 at 185°C in benzene in the presence of 4 Å
molecular sieves and 4,4′-thiobis-(6-tert-butyl-3-methyl-
phenol) (Sumilizer) gave twoendo-products20 and 21 in

60% yield but no detectableexo-product (Figure 5).22

Interestingly, attempted macrocyclization of the intermediate
diol derived from TBAF deprotection of ketone15 under
the aqueous conditions outlined in Figure 3 only resulted in
decomposition of the triene moiety.

In summary, we have observed significant differences in
rate and diastereoselectivity between the imine and ketone
dienophiles. Under identical conditions in water, the imine
dienophile reacts with the triene in 30 h, while the ketone
fails to react before decomposition of the triene. The imine
dienophile also allows access to the desiredexo-product,
while the ketone dienophile produces onlyendo-products.
Moreover, in theexomanifold, the imine dienophile exhibits
excellent facial selectivity.

The imine system exhibits several interesting properties.
Cyclic imine formation from a linear carbon chain is facile
and selective, and the resulting imine is stable in an aqueous
environment. Moreover, the Diels-Alder reaction of the
imine dienophile has been shown to occur in water at
moderate temperatures. After cycloaddition under aqueous
conditions at pH 6.5, the unnatural Diels-Alder diastereo-
mers are hydrolyzed to keto-amines, while the natural
diastereomer resists hydrolysis. In this context, it is intriguing
to note that biologically inactive keto-amines have been
isolated in the case of the spirolides.8c These experimental
results suggest that the hypothetical biosynthesis outlined in
Figure 1, wherein Diels-Alder precursor2 reacts to form
gymnodimine (1), could occur even without the aid of an
enzyme.
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(21) This Diels-Alder precursor was prepared according to the synthetic
route outlined in Scheme 3 using different protecting groups.

(22) Stereochemistry of the ketone Diels-Alder products was assigned
via chemical correlation with the imine Diels-Alder products.

Figure 3. Imine Diels-Alder products. Cyclization conditions: (i)
pH 6.5 sodium citrate/HCl buffer, H2O, 36 °C, 48 h, concn) 60
µM; (ii) benzene, TEA, PivOH, 4 Å MS, 16 h. Derivatization
conditions: (i) NaCNBH3, MeOH, AcOH; (ii) p-bromobenzoyl
chloride, CH2Cl2, NaHCO3 (aq).

Figure 4. Crystal structure of compound19.

Figure 5. Ketone Diels-Alder products formed via thermolysis
in benzene at 185°C in the presence of 3 Å MS andSumilizer for
48 h (60% yield, 2:1 selectivity).
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