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Abstract: Concise routes for the total and formal syntheses of
the amathaspiramides were developed through a formal [3++2]
cycloaddition between lithium(trimethylsilyl)diazomethane
and a,b-unsaturated esters. The effectiveness of this new
cycloaddition for the construction of D2-pyrazolines containing
a a-tert-alkylamino carbon center and subsequent facile
protonolytic N¢N bond cleavage allows the synthesis of
a key intermediate of the amathaspiramides and other a,a-
disubstituted amino acid derivatives.

The facile construction of nonproteinogenic amino acid
derivatives is of significant value in the fields of medicinal and
biological chemistry.[1] These nonproteinogenic amino acids
are crucial in the design of proteins, and specifically, a,a-
disubstituted a-amino acids (a-tert-alkylamino acids) can lead
to increased rigidity and stability of these polypeptides.[2]

Also, they are often enzyme inhibitors themselves,[3] and
serve as useful building blocks for biologically active natural
products and pharmaceuticals. One family of natural products
containing the a-tert-alkylamino carbonyl functionality is the
amathaspiramides: spirocyclic alkaloids which exhibit cyto-
toxic, antiviral and antimicrobrial activity (Scheme 1).[4]

For the synthesis of amathaspiramides or other natural
and medicinal compounds (e.g. N-methylwelwitindolinone C
isothiocyanate,[5] salinosporamide A,[6] BMS-561392[7]), the

development an efficient method for the construction of the
a-tert-alkylamino carbonyl functionality is highly desirable.[8]

Toward this goal, we recently reported a formal [3++2]
cycloaddition between lithium(trimethylsilyl)diazomethane
(LTMSD; 1)[9, 10] and a,b-unsaturated cyclic enones
[Eq. (1)].[11]

In retrosynthetic planning, the advanced intermediate 5,
a precursor to all members of the amathaspiramide family
bearing either different oxidation levels at C2 or different
stereochemistry at C8, will be obtained from the lactam 4,
which in turn can be generated through the N¢N bond
cleavage from the pyrazoline 3 (Scheme 1). This bicyclic
pyrazoline is a sequential reaction product formed from an
initial cycloaddition (or 1,4-addition-cyclization) of 1, the
source of the C8 carbonyl and N1, with the a,b-unsaturated
ester 2 and subsequent ring closure between the resulting
lithiumamide and the C2 carboxylate.

One immediate concern of this plan is the uncertainty
regarding the undesired 1,2-addition versus the desired 1,4-
addition/cyclization (a formal cycloaddition), given the report

Scheme 1. Retrosynthesis of amathaspiramides.
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by Aoyama and Shioiri on a facile 1,2-addition of 1 with alkyl
carboxylates to form a diazo ketone followed by its subse-
quent reaction with another molecule of 1, thus generating
a tetrazole derivative [Eq. (2)].[13]

To check this critical chemoselectivity and general reac-
tivity of a,b-unsaturated esters toward 1, we examined the
structure-dependent reaction profiles of a,b-unsaturated
esters (Table 1). Methyl methacrylate (6a) reacted cleanly

with 1, thus delivering the D2-pyrazoline 7a as the sole
product in 91% yield (entry 1). Ethyl tiglate (6b) produced
the D2-pyrazoline 7b in 82 % yield as a 4:1 mixture of
diastereomers based on 1H NMR analysis of the crude
reaction mixture (entry 2). For b,b-disubstituted esters, 1,2-
addition becomes a more favored mode of reaction if typical
methyl and ethyl esters are employed. To suppress the 1,2-
addition of 1 with b,b-disubstituted esters, a tert-butyl ester
was found to be suitable. When subjected to the typical
reaction conditions, the tert-butyl ester 6c reacted cleanly
with 1, thus producing the D2-pyrazoline 7c, containing an all-
carbon quaternary center, as the sole product in 75% yield
(entry 3). To further probe the stereoselectivity of the
reaction, E- and Z-ethyl cinnamate derivatives, 6 d and 6e,
respectively, were subjected to the standard reaction con-
ditions. The reaction of 6d produced the pyrazoline 7d as
a 10:1 mixture of diastereomers whose structure was con-

firmed unambiguously by X-ray diffraction analysis,[14]

whereas 6e produced a 1:1 mixture of diastereomers. The
tetrasubstituted enone 6 f was not a suitable substrate under
the standard reaction conditions, and the starting material was
recovered intact. Cyclic esters are also viable substrates for
cycloadditions, as the methyl cyclopentene carboxylate 6g
produced the bicyclic pyrazoline 7g in 71 % yield (entry 7).
Other cyclic carboxylates such as methyl myrtenate (6h)
produced the corresponding pyrazoline 7h as a single diaste-
reomer (entry 8).

Once the scope of the formal cycloaddition (1,4-addition-
cyclization) of a,b-unsaturated esters, including the b,b-
disubstituted ester 6c, was successfully demonstrated to
generate structurally diverse D2-pyrazolines, we then pursued
a total synthesis of amathspiramide C (Scheme 2). The ester 8

and aldehyde 9 were merged by a Peterson olefination with
subsequent deprotection and tosylation to deliver the cinna-
mates 10 (E/Z = 1:1). The formal [3++2] cycloaddition
between 10 and 1 led to mixtures of the bicyclic pyrazolines
11. The N¢N bond cleavage in the pyrazolines 11 (TsOH,
CH2Cl2, reflux) generated the epimers 12 a,b, which were
converted into the imide 13 under known reaction condi-
tions.[15] Gratifyingly, 12 b was epimerized under basic con-
ditions. Methylation of N7 under Mitsunobu conditions
provided the penultimate intermediate 14, which was
expected to provide amathaspiramide C by reducing the C8

Table 1: [3++2] cycloaddition of 1 with a,b-unsaturated esters.

[a] Yield of the isolated product. [b] No reaction under the standard
reaction conditions.

Scheme 2. Total synthesis of amathaspiramide C: a) LDA, ClSiPh2Me;
b) LDA, 9, ¢78 88C; then HCl(aq) ; c) TsCl, Et3N; d) TMSCLiN2, ¢78 88C;
e) TsOH, EtOH; f) HOOH, NaOH, EtOH, RT, 50%; g) MeOH, PPh3,
DIAD, THF, RT, 85 %; h) NaBH4, MeOH or LiAlH4, THF; i) DIBAL, CH2Cl2,
¢78 88C, 31 % of amathaspiramide C and 45% of 15 ; j) (F3CCO)2O,
pyridine; k) [Cp2Zr(H)Cl] (3 equiv) CH2Cl2 ; l) AgII picolinate (3 equiv), TFA/
H2O (1:9), RT. Cp =cyclopentadiene, DIAD =diisopropyl azodicarboxylate,
DIBAL =diisobutylaluminum hydride, LDA = lithiumdiisopropylamide,
TFA = trifluoroacetic acid, THF = tetrahydrofuran, Ts =4-toluenesulfonyl.
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carbonyl group. Treating 14 with various reducing reagents,
however, afforded either the C6-carbonyl-reduced product 15
(NaBH4/MeOH, LiAlH4) or no reaction (2 equivalents K-
Selectride). It was found that an excess of DIBAL (2.5 equiv-
alents) provided a C8-carbonyl-reduced compound, the NMR
signals of which matched those of authentic amathaspirami-
de C (31 %), along with the C6-carbonyl-reduced product 15
(43 %) in a 1:1.5 ratio.[16, 17] To avoid this late-stage differ-
entiation of the similar imide carbonyl groups, an alternative
route involving selective reduction of the CN functionality
was examined. First, N1 (pyrrolidine nitrogen atom) of 12 a,b
was protected as the trifluoroacetamide and the resulting
compound was treated with [Cp2Zr(H)Cl], which, however,
provided only the pyrolidinone 16 without an imine or its C8-
hemiaminal 17. Oxidation of 15 at C8 to form 17 under known
reaction conditions[18] was unsuccessful.

The synthetic route in Scheme 2 successfully implemented
the new cycloaddition between 1 and a,b-unsaturated esters
in a short synthesis of amathaspiramide C. However, it is
limited to the synthesis of only amathaspiramides C and F.
The versatile cycloaddition-based strategy would be further
extended to the synthesis of all members of the the
amathaspiramide family if the a,b-unsaturated ester 2, con-
taining a tethered ester, is employed (see Scheme 3).
Although racemic, this new route provides not only rapid
access to an advanced intermediate, 5, from which all
members of amathaspiramides were synthesized enantiose-
lectively by Fukuyama and co-workers,[12c] but also results in
a significantly shortened synthetic sequence compared to that
needed for the tosylate-containing cinnamate derivative 10.

The new synthetic sequence commenced with a Baylis–
Hillman reaction of methyl acrylate with known aldehyde 9
and subsequent orthoester Claisen rearrangement of the
resulting adduct, which provided the cinnamate derivative 2
in good yield (Scheme 3).[19] Although there is a possibility
that the extra unconjugated ester moiety might undergo 1,2-
addition with 1 to preclude the implementation of the plan,
gratifyingly treatment of 2 with 1 exclusively provided the
bicyclic pyrazoline 3 in 80 % yield as the sole diastereomer.
This result clearly suggests that even cinnamate derivatives
deactivated by electronic and steric factors can undergo
cycloaddition more favorably over 1,2-addition on a typical
ester moiety. Starting from 3, FukuyamaÏs advanced inter-
mediate 5 was generated efficiently through a three-step
sequence. First, the protonolytic N¢N bond cleavage was
accomplished by treating 3 with p-TsOH in EtOH, thus
affording the C9 cyano lactam 4 in excellent yield. Subse-
quently, the cyano group of 4 was selectively hydrolyzed by
treatment with hydrogen peroxide and K2CO3 in DMSO,[20]

thus delivering the imide 18 as a single diastereomer. Under
these reaction conditions, the pyrrolidinone moiety remained
intact. Methylation of N7 turned out to be much more
challenging than that of 12. After extensive experimentation,
it was found that a Mitsunobu reaction employing polymer-
supported triphenylphosphine effected the methylation, thus
delivering 5 in 62% (2 steps).[21] Since 5 serves as a precursor
to all the amathaspiramides in FukuyamaÏs synthesis, this
synthetic route resulted in an formal synthesis of amathaspir-
amides A–F.

In summary, a concise total synthesis of amathaspirami-
de C as well as a formal synthesis of all members of the
amathaspiramide family has been achieved. The key feature
of these syntheses is the cycloaddition between lithium(tri-
methylsilyl)diazomethane (1) with a,b-unsaturated esters
followed by a facile protonolytic N¢N bond cleavage to
install the necessary functional groups. This synthetic
endeavor resulted in the development of an efficient new
synthetic method for structurally diverse a,a-disubstituted a-
amino acid (a-tert-alkylamino acid) derivatives from readily
available a,b-unsaturated esters and 1. The utility and
effectiveness of this synthetic method toward other natural
products is under active investigation.
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