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Abstract
Although 1,4-cyclohexadienes 2, obtained through the Birch reduction of arenes 1, have found
widespread use as masked β-oxo carbonyl synthons 3, the possibility that 2,5-cyclohexadienones 5
might also be employed to the same end has been overlooked despite their ready availability. As
part of our ongoing investigation of the synthetic chemistry of nitrenium ions, we have developed
a novel and efficient strategy for the stereoselective preparation of di- and trisubstituted
azetidinone, pyrrolidinone and piperidinone derivatives, which features the ozonolytic cleavage of
azaspirocyclic 2,5-cyclohexadienones 12. For example, ozonolysis of spirodienone 12c in CH2Cl2
and reductive workup with dimethyl sulfide generated unstable β-formyl ester 21 whereas
cleavage in MeOH followed by reduction with thiourea led to hemiacetal 22. While both 21 and
22 partially decompose upon exposure to silica gel, they can be trapped in situ, with a variety of
weakly basic nucleophiles, to usefully substituted products. The requisite spirodienone substrates
are readily accessible through the nitrenium ion cyclization of alkyl ω–arylhydroxamates 10,
proceeds with moderate to high diastereoselectivity.
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Introduction
The synthetic equivalency of benzenoid systems and carbonyl-based functional groups1 has
been widely exploited since Woodward’s biosynthetically inspired use of a veratryl group as
a masked hexa-2,4-dienedioic acid during his total synthesis of strychnine.2 Among the
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numerous reports concerning the oxidative cleavage of aromatic and heteroaromatic rings to
form carboxylic acids, lactones and other related functionality,3 the use of disubstituted
arenes 1 as latent 1,3-dicarbonyl groups 3 has proven to be particularly fruitful (Scheme 1).
Rather than involving a direct oxidation, in this case, Birch reduction of 1 and cleavage of
one or both double bonds in the resulting dihydroaromatic compound 2, most commonly
through ozonolysis, serves to unmask the latent dicarbonyl system.4 This two-step protocol
is tolerant of a wide range of aryl substituents (R1, R2) and has successfully been applied to
the synthesis of β-keto esters,5 ω–formyl esters,6 malonate esters,7 β-diketones,8 β-formyl
ketones,9 and even higher order polyketides.10

In contrast to cyclohexadienes 2, there are only a handful of accounts documenting the
ozonolytic cleavage of 2,5-cyclohexadienones 5, their electron deficient congeners, to form
1,3-dicarbonyl compounds 7 (Scheme 2).11 Given the complex nature of the reaction
between dienones and ozone, the absence of reports concerning this transformation is
perhaps understandable. The ozonolysis of cross-conjugated ketones was first studied by
Harries, who noted that while treatment of phorone with excess ozone formed
mesoxaldialdehyde (6) and acetone,12 exposure of this substrate to one equivalent of ozone,
resulted in anomalous ozonolysis13 to produce β,β–dimethyl acrylic acid.

More recently, Caspi11a–c and Rodig11d have independently investigated the ozonolysis of
steroidal Δ1,4-3-ketones and found the outcome of this reaction to be similarly complex.
Ozonolysis of 1-dehydrotestosterone acetate (8) in ethyl acetate,11c for example, provided
keto aldehyde 9 in low yield together with nine other products, which were proposed to
arise through anomalous ozonolysis of 8, Baeyer-Villiger oxidation of aldehyde 9,14 and the
partial ozonolytic cleavage of the dienone ring.15

(1)

Notwithstanding these unpromising observations, successful ozonolytic cleavage of systems
such as 5 remains synthetically appealing for a number of reasons, not least of which is the
prospect that a route to 1,3-dicarbonyl systems, which bear an asymmetric quaternary
stereocenter at C-2 might be established through the ozonolysis of differentially 4,4-
disubstituted 2,5-cyclohexadienones 5.16 That the requisite dienones precursors 5 are readily
available, through with the oxidation of phenols 4 and other electron-rich arenes,17 is an
additionally attractive feature of this type of transformation.

Our interest in the ozonolytic cleavage of 2,5-cyclohexadienones was spurred by this
laboratory's ongoing study of the synthetic application of acyl nitrenium ions.18,19,20 We
have recently reported a stereoselective nitrenium ion spirocyclization involving the
treatment of α- and β-substituted methyl 3-(methoxyphenyl)propiohydroxamates 10 (n = 1)
with phenyliodine(III) bis(trifluoroacetate) (PIFA) to provide spirolactams 12 with useful
levels of diastereoselectivity (Scheme 3).21

Given the ease with which spirocycles 12 can be accessed and our ability to control the
configuration of the spirocyclic center, we were prompted to consider the possibility that
ozonolytic cleavage of the dienone ring would offer convenient access to lactams 13 that
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possess a nitrogen-bearing quaternary stereogenic center. Since spiroazetidinone,
pyrrolidinone and piperidinone systems 12 (n = 0, 1, 2) are all accessible through the
oxidative cyclization of alkyl hydroxamates 10,19b and given the fact that this reaction is
tolerant of a wide range of aryl and sidechain substituents, this strategy potentially offers a
route to a diverse array of target molecules. Among the heterocyclic systems that might
potentially be accessed through application of the two-step sequence outlined in Scheme 3,
the targets shown in Figure 1 are of particular interest.

The marine natural product (−)-dysibetaine (14) is a neuroexcitotoxin, which is believed to
bind to the glutamate receptors present in the central nervous system of mice,22,23 while
kaitocephalin (15), an AMPA/NMDA antagonist isolated from the fungus Eupenicillium
shearii PF1191, protects hippocampal neurons from kainate toxicity.24 Salinosporamide
(17) and lactacystin (18), on the other hand, are both inhibitors of the proteasome, while the
latter is additionally a potent cytotoxic agent.25 That the dienone cleavage strategy might
also lend itself to the development of an expedient synthetic route to 4,4-disubstituted β-
lactams (13, n = 0) is also appealing in view of the pharmacological importance of these
systems. Tigemonam (19), for example, is a potent oral antibiotic that is resistant to β-
lactamase-mediated hydrolysis.26

Having recently reported the application of the reaction sequence shown in Scheme 3 to the
total synthesis of (−)-dysibetaine,27 in this paper, we now disclose a full account of our
development of two complementary strategies for the ozonolytic cleavage of spirolactams
2,5-cyclohexadienones 12 and the implementation of this transformation, together with the
stereoselective nitrenium ion spirocyclization reaction, as a valuable strategy for the
synthesis of di- and trisubstituted lactams and N-hydroxy lactams.

Results and Discussion
1. Substrate Preparation

Given Caspie and Rodig’s observations concerning the cleavage of steroidal systems, our
initial choice of spirodienone substrate was guided by the recognition that in order to
promote efficient ozonolysis, it would be necessary to address the inherent electron-
deficiency of these cross-conjugated ketones. Since it is well known that electron-releasing
substituents increase the reactivity of alkenes towards ozone,28,29 we opted to examine the
cleavage of dienone substrates activated by the presence of a β–methoxy substituent. Our
investigation therefore commenced with the preparation of a series of dienones 12, which
where accessed through the oxidative spirocyclization of alkyl hydroxamates 10,30 under
conditions previously developed in this laboratory (Table 1).21 Thus, upon treatment of a
solution of 10 in CH2Cl2 at −78 °C with 1.2 equivalents of phenyliodine(III)
bis(trifluoroacetate) (PIFA) in methanol followed by warming to −15 °C, spirocyclization
took place smoothly to afford the desired azaspirans 12 in good to excellent yield.31

As anticipated from our investigation of the stereochemistry of this reaction,21 substrates
10g–m underwent spirocyclization to provide the anti spirolactam diastereomers with
reasonable selectivity. Figure 2 shows a possible rationale for this general observation. We
believe that spirocyclization of the nitrenium ion generated from 10 preferentially proceeds
via conformer B to form anti-12. Conformer A, on the other hand, is destabilized due to
nonbonding interactions (benzylic strain)32 between the substituents on the side-chain and
the ortho position of the aromatic ring.33

After separation by chromatography and/or crystallization, the relative stereochemistry of
the individual diastereomers was readily assigned on the basis of correlations observed in
the 2D-NOESY spectra. In the case of products 12i and 12k, separation of the individual
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spirodienone diastereomers was not possible and consequently the mixtures were used in the
subsequent step.

The successful cyclization of benzyl hydroxamates34 10b, 10d and 10f is noteworthy from a
synthetic standpoint since it adds additional flexibility to our methodology: in these cases,
hydrogenolysis of the benzyl ether, after dienone cleavage, provides access to N-hydroxy
lactams, which are important bioactive targets (vide infra).35

2. Exploratory Dienone Ozonolysis Studies
Proceeding now to examine cleavage of the dienone system, we chose spiropyrrolidinone
12c for the purposes of this exploratory study (Scheme 4).

Exposure of a solution of 12c in CH2Cl2 (0.12 M) at −78 °C to a stream of ozonated oxygen
for 30 min resulted in complete consumption of starting material and the formation of a less
polar product, as indicated by thin-layer chromatography. Subsequent reduction of this
ozonide intermediate with dimethyl sulfide (10 equiv) at room temperature for 12 h gave,
upon concentration of the reaction mixture, β–formyl ester 21. While the spectroscopic data
(1H NMR, 13C NMR, IR, and MS) from this compound were fully consistent with the
structure assigned, purification of 21 by flash chromatography resulted in partial
decomposition, and the product was isolated in moderate yield. The instability of 21 was
further apparent from its rapid decomposition, upon standing at room temperature, to form
an intractable mixture of products. That the sterically congested aldehyde group in this
compound is highly reactive is also evident from its spontaneous reaction with methanol to
generate adduct 22. Ozonolysis of 12c in methanol, followed by reduction of the putative α-
methoxy hydroperoxide intermediate36 with thiourea (1.25 equiv),37 proceeded cleanly to
yield hemiacetal 22 as a 1:1 mixture of epimers. While this reaction was highly efficient, as
evidenced by NMR analysis of the crude product mixture, attempts to purify 22 by flash
chromatography resulted in loss of methanol and formation of aldehyde 21, which was also
isolated in diminished yield (60%). Fortunately in this case, there was no need for
purification since filtration of the reaction mixture through a plug of celite after ozonolysis
served to remove the precipitated thiourea S-dioxide and provided material of sufficient
purity to be utilized in subsequent manipulations. In view of the instability of both aldehyde
21 and hemiacetal 22, we now examined the possibility that these compounds might be
intercepted in situ, either through reduction or reaction with nucleophiles in general, to
provide more tractable products (Scheme 5).

Encouragingly, ozonolysis of 12c in methanol, reduction with thiourea and then treatment of
the reaction mixture with hydroxylamine hydrochloride (2.4 equiv) and sodium acetate (1.8
equiv) provided stable aldoxime 23 in good yield (75%). Likewise, hemiacetal 22 also
underwent condensation with 2,4-dinitrophenylhydrazine to form hydrazone 24, albeit under
somewhat more forcing conditions. Although attempts to prepare 4,4-dimethyldioxane
acetal 25 under a variety of dehydrating conditions were unsuccessful, treatment of 22 with
1,2-ethanedithiol in the presence of concentrated hydrochloric acid did provide 1,2-
dithiolane 26 albeit in modest yield (47%). Homologation of 22, on the other hand, proved
to be more successful. Horner-Wittig reaction of 22 with
(carboethoxymethylene)triphenylphosphorane (2.2 equiv) proceeded efficiently to provide
enoate 27 as a single geometrical isomer.38 In this case, the ozonolysis reaction mixture was
concentrated to remove methanol and the carboethoxymethylenation then carried out in
toluene. Interestingly, 22 did not undergo methylenation with the ylide generated from
methyl triphenylphosphonium bromide and n-butyllithium. In fact, treatment of either 21 or
22 with strongly basic nucleophiles, including Grignard and organozinc reagents, failed to
provide the expected addition products. This general observation may be due to
decomposition of these substrates through retro-aldol or retro-Claisen processes, which
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could occur upon deprotonation of the hydroxyl group, in the case of 22, or upon
nucleophilic addition to the aldehyde group in 21.39

We next turned our attention to the reduction of the initial ozonolysis products and in
particular to the transformation of these compounds to β–hydroxy ester 30c via selective
reduction of the aldehyde and hemiacetal groups. While attempts to generate 30c through in-
situ reduction of 21 with sodium borohydride gave unsatisfactory results, concentration of
the ozonolysis reaction mixture and reduction with LiBH4 in THF provided the
corresponding bis(hydroxymethyl)pyrrolidinone,40 which because of its polarity, was
converted to bis-O-acetate 29 prior to purification. Treatment of hemiacetal 22 with NaBH4
or LiBH4, on the other hand, failed to provide any useful results. Reasoning that a weaker
reducing agent might prove selective for the hemiacetal group, without affecting the methyl
ester or promoting decomposition, sodium triacetoxyborohydride in acetic acid was
evaluated.41 Thus, after ozonolysis of 12c and reductive workup with thiourea, the reaction
mixture was concentrated under reduced pressure then treated with NaBH(OAc)3 (4 equiv)
in acetic acid. Reduction of latent aldehyde 22 proceeded smoothly at room temperature and
was complete within 24 h. Treatment of the reaction mixture with aqueous HCl for 20 min,
extractive workup and purification by flash chromatography then provided β-hydroxy ester
30c in 81% overall yield from 12c (Table 2, entry 3).

3. Establishing the Scope and Limitations of Dienone Cleavage
Having successfully established the practical viability of dienone cleavage and in-situ
derivatization, we now proceeded to extend our study to include the remaining dienone
substrates 12 in order to evaluate the scope and limitations of this chemistry. In view of the
synthetic value of β–hydroxy esters of general structure 30, as both masked 2-
hydroxymethyl amino acids42 and potential building blocks for the preparation of the natural
products dysibetaine (14) and lactacystin (18), we opted to focus our attention on in-situ
reduction of the ozonolysis products with sodium triacetoxyborohydride. The results of this
study are detailed in Table 2.

Encouragingly, the reactivity of spiropyrrolidinone 12c towards ozone appeared to be
general: cleavage of the homologous azaspiro[3.5]nonadienone (entries 1 & 2) and
azaspiro[5.5]undecadienone (entries 5 & 6) systems proceeded to furnish the respective
disubstituted azetidinone and piperidinone products 30. The successful ozonolysis
spiroazetidinones 12a and 12b is of particular note since this transformation provides
expedient access to usefully functionalized 4,4-disubstituted β–lactams.43 The disparity in
yield observed during the formation of 30a and 30b appears to result from the greater
polarity of the former product, which hampers its purification by flash chromatography.
While the beneficial effect of O-benzyl groups, upon the efficiency of dienone cleavage, was
also apparent during the ozonolysis of spiropyrrolidinones 12c and 12d, this effect did not
extend to compounds 12e and 12f.

A remarkable structure-reactivity relationship emerged during the cleavage of substrates
12a–e. While the reaction of spiroazetidinones 12a and 12b with ozone was complete within
30 minutes, ozonolysis of the corresponding pyrrolidinones 12c and 12d was significantly
slower, requiring 1 h. Even more strikingly, piperidinones 12e and 12f reacted very
sluggishly with cleavage not reaching completion even after exposure to ozone for 3 h.
Purification of the product mixtures, in the case of this latter pair of substrates, also proved
to be problematic due to the presence of several, minor by-products. Fortunately, acetylation
of the reaction mixtures, using Ac2O in pyridine, provided the corresponding O-acetate
derivatives, which where more amenable to purification by flash chromatography. Rather
unexpectedly, spiropiperidinone 12n proved to be considerably more reactive towards ozone
than either 12e or 12f and underwent rapid ozonolysis to provide 30n in excellent yield,
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after in-situ reduction. The successful cleavage of 12n is notable since it opens a possible
route to quaternary tetrahydroisoquinoline-3-carboxylic acid (Tic) derivatives,44 which are
of interest as conformationally restricted amino acids. A more detailed discussion of the
possible origins of this structure-reactivity pattern is presented in Section 5.

Having established the viability of cleavage in unsubstituted 4, 5 and 6-membered
spirolactams, attention now turned to the α and β–substituted spiropyrrolidinones 30g–l. We
were encouraged to find, in fact, that the presence of α–substituents in the pyrrolidinone ring
was tolerated with cleavage giving the corresponding 2,4-disubstituted pyroglutamate
derivatives with moderate to excellent efficiency. That attempts to ozonize 12m, the isomer
of compound 12g, failed to provide any trace of compound 30m, is likely a consequence of
the increased steric encumbrance imposed upon the dienone ring by the β-methyl substituent
in this substrate.

4. An Alternative Strategy for Dienone Cleavage
The extended reaction times and modest yields encountered during the ozonolysis of
substrates 12e and 12f, coupled with the failure of β–substituted spiropyrrolidinone 12m to
undergo cleavage prompted a search for an alternative, more efficient strategy for cleavage
of the dienone ring system. Given the greater reactivity of 1,4-cyclohexadienes towards
ozone as compared to their electron-deficient congeners, the logical course of action at this
stage seemed to be to reduce the dienone carbonyl group and subject the resulting dienylic
alcohol(s) 31 to ozonolysis (Scheme 6).

Although the 1,2-reduction of 2,5-cyclohexadienones is well documented,45 a potential
caveat with this plan was the propensity of the reduction products 31 to potentially undergo
rearrangement during purification.46 Fortunately, reduction of dienone 12c, under Luche
conditions (NaBH4, CeCl3, MeOH)47 proceeded rapidly at 0 °C to give a mixture of
diastereomers 31, which could be isolated with excellent mass recovery. As these alcohols
proved to be highly acid sensitive and decomposed upon exposure to silica gel, they were
immediately submitted to ozonolysis without further purification (Table 2).

Gratifyingly, ozonolysis of diene 31 in CH2Cl2 at −78 °C occurred rapidly, with the starting
material being consumed within 30 min as opposed to 1 h for dienone 12c. Sequential
reduction of the peroxidic intermediates with thiourea (1.25 equiv) and sodium
triacetoxyborohydride (5 equiv) in acetic acid then proceeded without incident to furnish β–
hydroxy ester 30c in good yield. While this two-step protocol was slightly less efficient than
direct dienone ozonolysis in this case (76 vs. 81%), its application to the remaining
substrates in Table 2 proved to be considerably more rewarding. With the exception of 12a,
12b and 12n, improvements in yield and a decrease in reaction time were observed in all
cases. Indeed, ozonolysis of the intermediate dienylic alcohols was complete within 30 min
for all substrates, including spiropiperidinones 12e and 12f. The transformation of hindered
12m to compound 30m,48 albeit in low yield, under these conditions is also of note, since
this product could not be prepared through direct ozonolysis of the dienone system. In the
case of compounds 12a and 12n, complex mixtures of products where obtained, which we
believe arise from decomposition of the intermediate dienylic alcohols prior to ozonolysis.

5. Assessment of Spirodienone Structure-Reactivity Relationships
Steric effects are known to play a significant role in determining the rate of 1,3-dipolar
cycloaddition between ozone and unsaturated systems, including alkenes and arenes.49 We
have rationalized the marked variation in reactivity towards ozone displayed by
spirodienones 12 in terms of steric hindrance above (β) and below (α) the plane of the
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dienone ring system, which varies as a function of the size of the adjoining lactam ring
(Table 3).

Notwithstanding possible dipole and stereoelectronic effects,50 we believe that ozone
approaches the spirocyclic cyclohexadienones from the α face, anti to the N-methoxyl
group, which in all substrates bisects the dienone ring and thereby disfavors β attack. Our
assumption that the N-OMe group is more sterically demanding than the methylene group
appears to be born out by the observation that substrate 12m, which possesses a methyl
substituent at the β position of the pyrrolidinone ring, is quite inert to ozone. Molecular
mechanics minimization (MMMF) of the geometries of dienones 12a, 12c, 12e and 12n
using the SPARTAN computational interface51 reveals that methylene group attached to the
spirocenter progressively shields the β face of the adjoining dienone ring from ozone
cycloaddition as the lactam ring increases in size. The increasing steric influence played by
the methylene group in going from azetidinone to piperidinone is apparent from the decrease
in the angle (ϕ) formed between the methylene group, spirocenter and the carbonyl carbon
of the dienone ring. That the dienone rings in spiroazetidinones 12a and 12b are more
accessible to attack is also evident from the fact only these substrates undergo conjugate
addition of methanol during azaspirocyclization. While the dramatic increase in reactivity of
dienylic alcohols 31, as compared to their corresponding dienone partners can be
rationalized in terms of the attenuation of the electron-withdrawing properties of the
carbonyl group, it is not immediately apparent why this should result in loss of the structure
reactivity relationship.

6. Reductive Cleavage of N-Methoxy and N-Benzyloxy Lactams
In order to confirm the practical utility of the nitrenium ion cyclization-dienone cleavage
strategy, it was necessary now to address the issue of N-O bond scission in the cleavage
products 30. Although the reduction of hydroxylamines, hydroxamic acids, and N-hydroxy
lactams can readily be accomplished with a variety of reagents, metal ion-mediated
reduction of N-alkoxy lactams is often more demanding since these systems lack an acidic
chelation site.52 While this transformation has been accomplished with a number of
reagents, including: hydrogenolysis over heterogeneous catalysts53 or reduction with Raney
nickel;54 SmI2;55 sodium56 and aluminum amalgam;57 LDA;58 tert-butyldimethylsilyl
triflate;59 Li/4,4’-di-tert-butylbiphenyl;60 and Birch reduction,61 few are entirely general.
From previous studies, we have found the most dependable reducing agent for our relatively
hindered substrates to be molybdenum hexacarbonyl.62

Reductive cleavage of 30 proceeds most efficiently when the substrate is heated with 1.2
equivalents of Mo(CO)6 in a degassed mixture of acetonitrile and water (15:1) for 24 h and
the reaction then exposed to air at room temperature for an equivalent period of time (Table
4). Concentration of the black reaction mixture and purification of the residue by flash
chromatography then provides the desired lactams 32 in good yield. Exposure of the
reaction mixture to air greatly facilitates purification and failure to carry out this step often
results in the contamination of the lactam products with unidentified, non-polar
molybdenum complexes. As documented in Table 4, reductive cleavage of the N-methoxy
lactams proceeded without incident to provide the corresponding pyroglutamate derivatives
in good to excellent yield. The successful reduction of N-methoxy-2-azetidinone 30a under
these mild conditions is notable since direct cleavage of this class of substrate has previously
only been accomplished under more stringent conditions involving alkali metals in
ammonia.61

N-Hydroxy lactams are important synthetic targets, imbued with a wide range of biological
activities, for which there are relatively few methods of preparation available.63 In this
regard, the successful cyclization of the benzyl hydroxamate substrates 12b, 12d and 12f
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and the subsequent compatibility of the O-benzyl groups with the dienone cleavage protocol
now provided an opportunity to access these target molecules, through selective
hydrogenolysis of the benzyl ether in N-benzyloxy lactams 30 (Table 5).

Hydrogenation of 30b, 30d and 30f in ethyl acetate proceeded smoothly at atmospheric
pressure, in the presence of 10% Pd-C, to provide the desired N-hydroxy lactams 34 in
excellent yield. In all cases, the reaction stopped after debenzylation and no trace of the
lactam products, resulting from N-O bond cleavage,64 could be detected.

Conclusions
In conclusion, we have reported a novel and efficient strategy for the stereoselective
preparation of di- and trisubstituted azetidinone, pyrrolidinone and piperidinone derivatives,
which features the ozonolytic cleavage of azaspirocyclic 2,5-cyclohexadienones. Notable
features of this methodology include a) the rapidity with which structural complexity is
established; b) flexibility (4, 5, and 6-membered lactams and N-hydroxy lactams can be
accessed) and; c) the accessibility of the spirodienone substrates, which can be prepared
through the nitrenium ion cyclization of alkyl ω–arylhydroxamates with excellent efficiency
and moderate to high diastereoselectivity. The results presented herein demonstrate, for the
first time, that the ozonolytic cleavage of 2,5-cyclohexadienones is a synthetically viable
and potentially powerful method. Since, in addition to the cyclization of nitrenium ions,
spirocyclic 2,5-cyclohexadienones, including lactones, lactams and oxazolines, are readily
accessible, through the oxidative spirocyclization of phenol derivatives, we anticipate that
the chemistry reported herein may offer a general route to α,α–disubstituted heterocycles.
Future directions for this work will include application of the current method to the
synthesis of the natural products lactacystin and kaitocephalin as well as an examination of
dienone cleavage in the context of other types of spirodienone.

Experimental Section
Reagents

Flash column chromatography was performed according to the method of Still65 using silica
gel 60 (mesh 230–400). Phenyliodine(III) bis(trifluoroacetate) (PIFA) was prepared
according to the procedure reported by Loudon.66 Solutions of sodium
triacetoxyborohydride were prepared freshly by reacting sodium borohydride with acetic
acid.

General Procedure A (Preparation of Spirodienones 12 in CH2Cl2). (±)-1,5-Methoxy-1-
azaspiro[3.5]nona-5,8-diene-2,7-dione (12a) (Entry 2, Table 1)

To a stirred suspension of phenyliodine(III) bis(trifluoroacetate) (PIFA) (580 mg, 1.35
mmol, 1.2 equiv) in CH2Cl2 (1 mL), under an atmosphere of N2 at −78 °C, was added a cold
(−78 °C) solution of alkyl hydroxamate 10a (253 mg, 1.12 mmol) in CH2Cl2 (5 mL) via
cannula. The reaction mixture was then allowed to warm to −15 °C (bath temperature) over
1.5 h whereupon H2O (3 mL) was added and the cooling bath removed. After stirring for 10
min, the biphasic mixture was partitioned between CH2Cl2 (10 mL) and saturated aqueous
NaHCO3 (5 mL). The aqueous phase was separated, extracted with CH2Cl2 (3 × 10 mL) and
the combined organic extracts dried (Na2SO4), filtered, and concentrated under reduced
pressure to provide a yellow oil. Purification by flash chromatography (SiO2, EtOAc/
hexanes, 1:3) then afforded 12a (158 mg, 67%): white crystals; mp 100–103 °C (EtOAc/
hexanes); Rf 0.55 (EtOAc); FTIR (film) υmax 1785, 1676, 1600, 1222 cm−1; 1H NMR (500
MHz, CDCl3) δ 6.72 (d, J = 9.9 Hz, 1 H), 6.36 (dd, J = 1.6, 9.9 Hz, 1 H), 5.78 (d, J = 1.6
Hz, 1 H), 3.84 (s, 3 H), 3.74 (s, 3 H), 3.15 (d, J = 13.7 Hz, 1 H), 2.83 (d, J = 13.7 Hz, 1
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H); 13C NMR (125 MHz, CDCl3) δ 186.7, 169.3, 163.4, 142.2, 132.0, 105.7, 65.4, 61.2,
56.7, 43.8; HRMS-ESI calcd for C10H11NO4Na [M+Na]+ 232.0586, found 232.0591.

General Procedure B (Preparation of Spirodienones 12 in CH2Cl2-MeOH). (±)-1,6-
Dimethoxy-1-azaspiro[4.5]deca-6,9-diene-2,8-dione (12c) (Entry 4, Table 1)

To a suspension of phenyliodine(III) bis(trifluoroacetate) (PIFA) (863 mg, 2.01 mmol, 1.2
equiv) in MeOH (2 mL), under an atmosphere of N2 at −78 °C, was added a cold (−78 °C)
solution of 10c (400 mg, 1.67 mmol) in CH2Cl2 (8 mL) via cannula. The reaction mixture
was then allowed to warm to −20 °C (internal temperature) over 1.5 h whereupon H2O (3
mL) was added and the cooling bath removed. After stirring for 10 min, the biphasic mixture
was partitioned between CH2Cl2 (10 mL) and saturated aqueous NaHCO3 (5 mL). After
separation, the aqueous phase was extracted with CH2Cl2 (3 × 10 mL) and the combined
organic extracts dried (MgSO4), filtered and concentrated under reduced pressure to provide
a yellow oil. Purification by flash chromatography over silica gel (EtOAc) then afforded 12c
(301 mg, 81%): white crystals; mp 133–135 °C (EtOAc/hexanes); Rf 0.24 (EtOAc); FTIR
(film) υmax 1728, 1665, 1633, 1602, 1369, 1226 cm−1; 1H NMR (400 MHz, CDCl3) δ 6.61
(d, J = 9.9 Hz, 1 H), 6.28 (dd, J = 1.5, 9.9 Hz, 1 H), 5.61 (d, J = 1.5 Hz, 1 H), 3.76 (s, 3 H),
3.75 (s, 3 H), 2.65-2.55 (m, 1 H), 2.48-2.40 (m, 1 H), 2.26-2.19 (m, 1 H), 2.16-2.08 (m, 1
H); 13C NMR (100 MHz, CDCl3) δ 186.4, 173.2, 172.7, 144.3, 130.3, 103.2, 64.7, 62.8,
56.2, 27.3, 26.2; HRMS-ESI calcd for C11H13NO4Na [M+Na]+ 246.0742, found 246.0750.

Methyl (±)-2-Formyl-1-methoxy-5-oxo-pyrrolidine-2-carboxylate (21)
A stream of oxygen and ozone was passed through a solution of 12c (83 mg, 0.37 mmol) in
CH2Cl2 (3 mL) at −78 °C for 30 min. The blue solution was then purged with a stream of
argon for 5 min, Me2S (546 µL, 7.44 mmol) added, the cooling bath removed and the
mixture stirred room temperature for 12 h. The reaction mixture was then concentrated
under reduced pressure and residual oil purified by flash chromatography (SiO2, EtOAc) to
provide a crude sample of unstable 21 (45 mg, 61%): yellow oil; Rf 0.23 (EtOAc); IR (film)
υmax 2951, 1734, 1296, 1246, 1059 cm−1; 1H NMR (400 MHz, CDCl3) δ 9.92 (s, 1 H,
CHO), 3.94 (s, 3 H), 3.89 (s, 3 H), 2.49-2.26 (m, 4 H); 13C NMR (100 MHz, CDCl3) δ
194.5, 172.6, 168.9, 64.5, 53.5, 42.6, 25.6, 23.3; HRMS-ESI calcd for C8H11NO5Na [M
+Na]+ 224.0535, found 224.0538.

Methyl (2S*,6RS*)-2-(Hydroxymethoxymethyl)-1-methoxy-5-oxo-pyrrolidine-2-carboxylate
(22)

A stream of oxygen and ozone was passed through a solution of 12c (160 mg, 0.72 mmol) in
MeOH (5 mL) at −78 °C for 30 min. The blue solution was then purged with a stream of
argon for 5 min, thiourea (68 mg, 0.90 mmol, 1.25 equiv) was added, the cooling bath
removed and the solution stirred at room temperature for 5 h. The reaction mixture was then
filtered through a pad of Celite and the filtrate concentrated under reduced pressure to
provide crude 22 (180 mg) as an approximately 1:1 mixture of hemiacetal diastereomers
(by 1H NMR): colorless oil; Rf 0.50 (EtOAc); IR (film) υmax 3373 (br), 1741, 1702, 1694,
1440, 1253, 1059 cm−1; 1H NMR (500 MHz, CD3OD) δ (mixture of diastereomers) 5.11 (s,
0.5 H), 5.09 (s, 0.5 H), 3.80 (s, 3.8 H), 3.79 (s, 2.2 H), 3.42 (s, 1.2 H), 3.35 (s 1.5 H),
2.35-2.31 (m, 5 H); 13C NMR (125 MHz, CD3OD) δ (mixture of diastereomers) 174.5,
174.4, 170.8, 170.7, 96.5, 96.3, 71.7, 71.4, 63.4, 63.3, 55.1, 54.8, 52.3, 49.0, 26.2, 26.1,
20.7, 20.1; HRMS-ESI calcd for C9H15NO6Na [M+Na]+ 256.0797, found 256.0791.
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(±)-2-(Hydroxyiminomethyl)-1-methoxy-5-oxo-pyrrolidine-2-carboxylic acid methyl ester
(23)

A stream of oxygen and ozone was passed through a solution of 12c (200 mg, 0.90 mmol) in
MeOH (5 mL) at −78 °C for 30 min. The blue solution was then purged with a stream of
argon for 10 min, thiourea (85 mg, 1.11 mmol) added and the mixture then allowed to warm
to room temperature over 40 min. Sodium acetate (132 mg, 1.61 mmol) and NH2OH•HCl
(149 mg, 2.15 mmol) were added and the mixture stirred at room temperature for 3 h. The
reaction mixture was then concentrated under reduced pressure and the residue purified by
flash chromatography (SiO2, EtOAc/hexane, 1:1) to provide 23 (146 mg, 75%) as a 12:1
mixture of geometrical isomers: yellow oil; Rf 0.68 (EtOAc); IR (film) υmax 3293 (br), 1745,
1703, 1439, 1268, 1070, 974 cm−1; 1H NMR (400 MHz, CDCl3) δ (major isomer) 8.96 (br
s, 1 H), 7.74 (s, 1 H), 3.89 (s, 3 H), 3.83 (s, 3 H), 2.59-2.51 (m, 1 H), 2.47-2.42 (m, 2 H),
2.26-2.19 (m, 1 H); 13C NMR (100 MHz, CDCl3) δ (major isomer) 173.1, 170.3, 145.9,
68.3, 64.4, 53.5, 26.0, 25.1; HRMS-ESI calcd for C8H12N2O5Na [M+Na]+ 239.0644, found
239.0647.

(±)-2-[(2,4-Dinitrophenyl)-hydrazonomethyl]-1-methoxy-5-oxo-pyrrolidine-2-carboxylic acid
methyl ester (24)

A stream of oxygen and ozone was passed through a solution of 12c (178 mg, 0.80 mmol) in
MeOH (4 mL) at −78 °C for 30 min. The blue solution was then purged with a stream of
argon for 10 min, thiourea (76 mg, 1.00 mmol) added, the cooling bath removed and the
solution allowed to warm to room temperature over 40 min. After filtering the reaction
mixture through a plug of Celite, the filtrate was sequentially treated with activated 3Å
molecular sieve beads (500 mg), 2,4-dinitrophenylhydrazine (316 mg, 1.59 mmol) and
concentrated HCl (300 µL). The reaction mixture was then heated at reflux for 1.5 h,
whereupon it was cooled to room temperature, filtered through a plug of Celite and
concentrated under reduced pressure. The resulting oil was purified by flash
chromatography (SiO2, EtOAc/hexanes, 1:5) to provide hydrazone 24 (204 mg, 67%):
orange crystals; mp 174–176 °C (EtOAc/hexanes); Rf 0.67 (EtOAc); FTIR (film) υmax 3296
(br), 1735, 1616, 1593, 1514, 1431, 1335, 751 cm−1; 1H NMR (500 MHz, CDCl3) δ 11.26
(s, 1 H), 9.10 (d, J = 2.5 Hz, 1 H), 8.34 (dd, J = 2.5, 9.5 Hz, 1 H), 7.89 (s, 1H, NH), 7.87 (d,
J = 9.5 Hz, 1 H), 3.94 (s, 3 H), 3.90 (s, 3 H), 2.72-2.65 (m, 1 H), 2.61-2.45 (m, 2 H),
2.40-2.33 (m, 1 H); 13C NMR (100 MHz, CDCl3) δ 172.7, 170.1, 144.6, 144.3, 138.9, 130.3,
129.8, 123.2, 116.6, 69.3, 64.5, 53.7, 25.9, 25.4; HRMS-ESI calcd for C14H14N5O8 [M−H]−
380.0842, found 380.0844.

(±)-2-[1,3]Dithiolan-2-yl-1-methoxy-5-oxo-pyrrolidine-2-carboxylic acid methyl ester (26)
A stream of oxygen and ozone was passed through a solution of 12c (123 mg, 0.55 mmol) in
MeOH (3 mL) at −78 °C for 30 min. The blue solution was then purged with a stream of
argon for 10 min, thiourea (52 mg, 0.69 mmol) added, the cooling bath removed and the
solution then allowed to warm to room temperature over 40 min. The reaction mixture was
then filtered through a plug of Celite and the filtrate concentrated under reduced pressure.
The resulting colorless oil was taken up in CH2Cl2 (6 mL) and ethane-1,2-dithiol (58 µL,
0.69 mmol) and concentrated HCl (300 µL) were added sequentially. The reaction mixture
was stirred for 16 h at room temperature, concentrated under reduced pressure and purified
by flash chromatography (SiO2, EtOAc/hexanes, 1:5) to provide dithioacetal 26 (72 mg,
47%): colorless oil; Rf 0.66 (EtOAc); FTIR (film) υmax 1735, 1433, 1271, 1057 cm−1; 1H
NMR (500 MHz, CDCl3) δ 5.37 (s, 1 H), 3.90 (s, 3 H), 3.81 (s, 3 H), 3.32-3.19 (m, 4 H),
2.51-2.46 (m, 2 H), 2.38-2.29 (m, 2 H); 13C NMR (125 MHz, CDCl3) δ 173.6, 171.5, 72.0,
64.2, 55.5, 53.2, 39.4, 39.0, 26.4, 21.8; HRMS-ESI calcd for C10H16NO4S2 [M+H]+

278.0521, found 278.0526.
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Methyl (±)-E-2-(2-Ethoxycarbonylvinyl)-1-methoxy-5-oxo-pyrrolidine-2-carboxylate (27)
A stream of oxygen and ozone was passed through a solution of 12c (200 mg, 0.90 mmol) in
MeOH (5 mL) at −78 °C for 30 min. The blue solution was then purged with a stream of
argon for 10 min, thiourea (85 mg, 1.11 mmol) added, the cooling bath removed and the
solution then allowed to warm to room temperature over 40 min. The reaction mixture was
then concentrated under reduced pressure to provide 22 as an oil, which was dissolved in
toluene (5 mL). (Carboethoxymethylene)triphenylphosphorane (687 mg, 1.97 mmol) was
then added and the mixture heated at reflux for 2 h. The reaction was then cooled,
concentrated under reduced pressure and the resulting oil partitioned between CH2Cl2 (10
mL) and saturated aqueous NH4Cl (7 mL). The organic phase was separated and the
aqueous portion extracted with CH2Cl2 (3 × 10 mL), The combined organic extracts were
dried (Na2SO4), filtered, concentrated under reduced pressure and the residue purified by
flash chromatography (SiO2, EtOAc/hexanes, 1:1) to provide 27 (213 mg, 88%) as a single
geometrical isomer: yellow oil; Rf 0.52 (EtOAc); IR (film) υmax 1726, 1659, 1313, 1266,
1184, 1053, 979 cm−1; 1H NMR (400 MHz, CDCl3) δ 7.16 (d, J = 16.0 Hz, 1 H), 6.10 (d, J
= 16.0 Hz, 1 H), 4.20 (q, J = 7.2 Hz, 2 H), 3.93 (s, 3 H), 3.82 (s, 3 H), 2.44-2.15 (m, 4 H),
1.28 (t, J = 7.2 Hz, 3 H); 13C NMR (100 MHz, CDCl3) δ 172.2, 170.3, 165.5, 142.0, 123.5,
69.6, 64.2, 60.9, 53.4, 28.4, 25.7, 14.1; HRMS-ESI calcd for C12H17NO6Na [M+Na]+

294.0954, found 294.0945.

Acetic acid (±)-2-acetoxymethyl-1-methoxy-5-oxo-pyrrolidin-2-ylmethyl ester (29)
A stream of oxygen and ozone was passed through a solution of 12c (148 mg, 0.66 mmol) in
CH2Cl2 (4 mL) at −78 °C for 30 min. The blue solution was then purged with a stream of
argon for 10 min, Me2S (730 µL, 9.94 mmol) added, the cooling bath removed and the
mixture stirred at room temperature for 4 h. The reaction mixture was then concentrated
under reduced pressure, the residue dissolved in Et2O (5 mL) and this solution then treated
with LiBH4 (72 mg). After stirring at room temperature for 16 h, the reaction was quenched
with H2O (4 mL) and then stirred for an additional 1 h. The organic layer was then separated
and the aqueous layer extracted with EtOAc (5 × 10 mL). The combined organic extracts
were dried (Na2SO4), filtered through Celite and concentrated under reduced pressure. The
resulting solid was dissolved in pyridine (1 mL) and Ac2O (500 µL) and this mixture then
stirred at room temperature for 24 h. The reaction mixture was then concentrated under
reduced pressure and the resulting residue purified by flash chromatography (SiO2, EtOAc)
to provide 29 (47 mg, 27%): colorless oil; Rf 0.32 (EtOAc); IR (film) υmax 1743, 1724,
1225, 1045 cm−1; 1H NMR (400 MHz, CDCl3) δ 4.26 (d, J = 11.6 Hz, 2 H), 4.12 (d, J =
11.6 Hz, 2 H), 3.84 (s, 3 H), 2.38 (m, 2 H), 2.10 (s, 6 H), 2.03 (m, 2 H); 13C NMR (100
MHz, CDCl3) δ 172.4, 170.3, 64.3, 64.2, 63.8, 26.3, 22.6, 20.7; HRMS-ESI calcd for
C11H17NO6Na [M+Na]+ 282.0954, found 282.0958.

Methyl (±)-2-Hydroxymethyl-1-methoxy-5-oxo-pyrrolidine-2-carboxylate (30c)
A stream of oxygen and ozone was passed through a solution of 12c (139 mg, 0.62 mmol) in
CH2Cl2 (7 mL) at −78 °C for 30 min. The blue solution was then purged with a stream of
argon for 10 min, Me2S (686 µL, 9.34 mmol) added, the cooling bath removed and the
mixture stirred at room temperature for 4 h. The reaction mixture was then filtered through a
plug of Celite and the filtrate concentrated under reduced pressure. The resulting residue
dissolved in AcOH (2 mL) and this mixture added to a solution of NaBH(OAc)3 in AcOH
(0.8 M, 7.8 mL). After stirring for 24 h at room temperature, the reaction was concentrated
under reduced pressure, the residual oil diluted with CH2Cl2 (5 mL) and 2 M aqueous HCl
(2 mL) added. After standing for 10 min, the organic layer was separated and the aqueous
layer extracted with CH2Cl2 (3 × 10 mL). The combined organic extracts were concentrated
under reduced pressure and the resulting oil purified by flash chromatography (SiO2,
EtOAc) to provide 30c (62 mg, 49%): colorless oil; Rf 0.32 (EtOAc); FTIR (film) υmax 3410
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(br), 1737, 1706, 1432, 1251, 1056, 969 cm−1; 1H NMR (500 MHz, CDCl3) δ 3.97 (d, J =
11.9 Hz, 1 H), 3.87 (d, J = 11.9 Hz, 1 H), 3.84 (s, 3 H), 3.73 (s, 3 H), 3.35 (br s, 1 H),
2.38-2.34 (m, 2 H), 2.28-2.22 (m, 1 H), 2.08-2.03 (m, 1 H); 13C NMR (125 MHz, CDCl3) δ
173.8, 172.2, 70.0, 64.3, 62.9, 53.2, 26.7, 24.1; HRMS-EI calcd for C8H14NO5 [M+H]+

204.0872, found 204.0881

General Procedure C (Ozonolysis-Reduction of Spirodienones 12). Methyl (±)-2-
Hydroxymethyl-1-methoxy-4-oxo-azetidine-2-carboxylate (30a) (Entry 1, Table 2)

A stream of oxygen and ozone was passed through a solution of 12a (50 mg, 0.24 mmol) in
MeOH (3 mL) at −78 °C for 30 min. The blue solution was then purged with a stream of
argon for 10 min, thiourea (23 mg, 0.30 mmol) was added and the solution then allowed to
warm to room temperature over 30 min. After stirring for a additional 10 min, the reaction
was concentrated under reduced pressure, the residue dissolved in AcOH (500 µL) and this
mixture added to a solution of NaBH(OAc)3 in AcOH (0.51 M, 2 mL). After stirring for 24
h at room temperature, the reaction was concentrated under reduced pressure, the residual oil
diluted with CH2Cl2 (5 mL) and 2 M aqueous HCl (2 mL) added. After standing for 10 min,
the organic layer was separated and the aqueous layer extracted with CH2Cl2 (3 × 10 mL).
The combined organic extracts were concentrated under reduced pressure and the resulting
oil purified by flash chromatography (SiO2, EtOAc) to provide 30a (35 mg, 78%): colorless
oil; Rf 0.44 (EtOAc); IR (film) υmax 3445 (br), 1778, 1742, 1072, 1031 cm−1; 1H NMR (400
MHz, CDCl3) δ 4.16 (d, J = 12.4 Hz, 1 H), 4.02 (d, J = 12.4 Hz, 1 H), 3.90 (s, 3 H; OCH3),
3.84 (s, 3 H; OCH3), 2.93 (d, J = 13.8 Hz, 1 H), 2.88 (d, J = 13.8 Hz, 1 H) 2.51 (br s, 1
H); 13C NMR (100 MHz, CDCl3) δ 170.3, 164.4, 67.5, 65.0, 61.4, 53.0, 39.6; HRMS-ESI
calcd for C7H11NO5Na [M+Na]+ 212.0535, found 212.0543.

General Procedure D (Ozonolysis-Reduction-Acetylation of Spirodienones 12). Methyl
(±)-2-Acetoxymethyl-1-methoxy-6-oxo-piperidine-2-carboxylate (30e) (Entry 5, Table 2)

A stream of oxygen and ozone was passed through a solution of 12e (50 mg, 0.21 mmol) in
MeOH (5 mL) at −78 °C for 3 h. The blue solution was then purged with a stream of argon
for 10 min, thiourea (20 mg, 0.26 mmol) was added in one portion and the solution then
allowed to warm to room temperature over 30 min. After stirring for an additional 10 min,
the reaction was concentrated under reduced pressure, the residue dissolved in AcOH (500
µL). This solution was added to a solution of NaBH(OAc)3 in AcOH (0.17 M, 5 mL). After
stirring for 24 h at room temperature, the reaction was concentrated under reduced pressure
and the residue dissolved in pyridine (1 mL) and acetic anhydride (500 µL, 5 mmol). The
mixture was stirred at room temperature for 8 h, then concentrated under reduced pressure
and the residue purified by flash chromatography (SiO2, EtOAc) to provide 30e (32 mg,
58%) and starting material 12e (18 mg): white crystals; mp 72–74 °C (EtOAc/hexanes); Rf
0.37 (EtOAc); FTIR (film) υmax 1745, 1689, 1238, 1051 cm−1; 1H NMR (500 MHz, CDCl3)
δ 4.54 (d, J = 11.9 Hz, 1 H), 4.49 (d, J = 11.9 Hz, 1 H), 3.79 (s, 3 H), 3.78 (s, 3 H),
2.54-2.47 (m, 2 H), 2.19-2.16 (m, 1 H), 2.12 (s, 3 H), 2.11-2.05 (m, 1 H), 1.82-1.78 (m 2
H); 13C NMR (125 MHz, CD3OD) δ 171.0 (2 C), 170.7, 70.9, 63.9, 63.7, 53.5, 33.5, 31.3,
21.2, 18.1; HRMS-ESI calcd for C11H17NO6Na [M+Na]+ 282.0954, found 282.0958.

General Procedure E (Luche Reduction-Ozonolysis of Spirodienones 12). Methyl (2S*,
4S*)-2-Hydroxymethyl-1-methoxy-5-oxo-4-phenyl-pyrrolidine-2-carboxylate (30j) (Entry 10,
Table 2)

To a solution of 12j (117 mg, 0.39 mmol) and CeCl3•7H2O (117 mg, 0.39 mmol) in MeOH
(8 mL) at 0 °C was added NaBH4 (16 mg, 0.41 mmol). After stirring for 1 min, the reaction
was quenched with water (2 mL), concentrated under reduced pressure and remaining
aqueous portion extracted with CH2Cl2 (3 × 10 mL). The combined organic extracts were
dried (Na2SO4), filtered and concentrated to provide the unstable dienylic alcohol as a
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colorless oil, which was immediately subjected to ozonolysis. Thus, a stream of oxygen and
ozone was passed through a solution of the dienylic alcohol in MeOH (4 mL) at −78 °C for
30 min. The blue solution was then purged with a stream of argon for 10 min, thiourea (37
mg, 0.49 mmol, 1.25 equiv) was added and the solution then allowed to warm to room
temperature over 30 min. After stirring for an additional 30 min, the reaction was
concentrated under reduced pressure, the residue dissolved in AcOH (1 mL) and this
mixture added to a solution of NaBH(OAc)3 in AcOH (0.65 M, 3 mL, 5 equiv). After
stirring for 24 h at room temperature, the reaction was concentrated under reduced pressure,
the residual oil diluted with CH2Cl2 (10 mL) and 2 M aqueous HCl (5 mL) added. After
standing for 20 min, the organic layer was separated and the aqueous layer extracted with
CH2Cl2 (3 × 15 mL). The combined organic extracts were concentrated under reduced
pressure and the resulting oil purified by flash chromatography (SiO2, EtOAc) to provide
30j (107 mg, 98%).

General Procedure F (Reductive Cleavage of N-Methoxy Lactams). Methyl (±)-2-
Hydroxymethyl-4-oxo-azetidine-2-carboxylate (32a) (Entry 1, Table 4)

A mixture of 30a (210 mg, 1.11 mmol) and Mo(CO)6 (352 mg, 1.33 mmol, 1.2 equiv) in
degassed CH3CN-H2O (15:1, 5 mL) was heated at reflux, under N2, for 24 h, whereupon the
black reaction mixture was cooled to room temperature, opened to the atmosphere and
stirred for 24 h. The reaction was then concentrated under reduced pressure and the resulting
residue purified by flash chromatography (SiO2, EtOAc) to yield 32a (133 mg, 75%):
colorless oil; Rf 0.37 (EtOAc); FTIR (film) υmax 3312 (br), 1750, 1277, 1228, 1045
cm−1; 1H NMR (400 MHz, CDCl3) δ 6.80 (br s, 1 H), 4.14 (d, J = 11.7 Hz, 1 H), 3.85-3.82
(m, 4 H), 3.12 (d, J = 14.9 Hz, 1 H), 3.04 (d, J = 14.9 Hz, 1 H), 2.71 (br s, 1 H); 13C NMR
(100 MHz, CD3OD) δ 172.4, 167.1, 65.1, 59.3, 53.5, 45.2; HRMS-ESI calcd for C6H9NO4
[M+Na]+ 182.0429, found 182.0426.

General Procedure G (Hydrogenolysis of N-Benzyloxy Lactams). Methyl (±)-1-Hydroxy-2-
hydroxymethyl-4-oxo-azetidine-2-carboxylate (34b) (Entry 1, Table 5)

A mixture of 30b (40 mg, 0.15 mmol) and 10% Pd/C (2 mg) in EtOAc (2 mL) was stirred
under an atmosphere of H2 for 10 min then filtered through a pad of Celite. The filtrate was
concentrated under reduced pressure and the residue purified by flash chromatography
(SiO2, EtOAc) to yield 34b (26 mg, 99%): colorless oil; Rf 0.25 (EtOAc); FTIR (film) υmax
3390 (br), 1770, 1745, 1247, 1037 cm−1; 1H NMR (400 MHz, CD3OD) δ 4.02 (d, J = 12.4
Hz, 1 H), 3.95 (d, J = 12.4 Hz, 1 H), 3.79 (s, 3 H), 2.89 (d, J = 13.2 Hz, 1 H), 2.82 (d, J =
13.2 Hz, 1 H); 13C NMR (100 MHz, CD3OD) δ 170.0, 164.7, 67.9, 58.4, 51.7, 38.0; HRMS-
ESI calcd for C6H9NO5Na [M+Na]+ 198.0378, found 198.0373.
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Figure 1.
Synthetic targets potentially accessible via nitrenium ion cyclization-dienone cleavage
strategy.
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Figure 2.
Benzylic strain in the putative nitrenium ion intermediate leads to selective formation of
anti-12.
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Scheme 1.
1,3-Disubstituted Arenes as Masked β–Oxo Carbonyl Synthons
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Scheme 2.
2,5-Cyclohexadienones as Potential Masked β–Oxo Carbonyl Synthons
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Scheme 3.
Spirocyclic Lactams as Masked Heterocyclic β–Oxo Carbonyl Synthons

Wardrop and Burge Page 23

J Org Chem. Author manuscript; available in PMC 2012 March 20.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Scheme 4.
Exploratory Dienone Ozonolysis Studies
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Scheme 5.
One-Pot Dienone Ozonolysis and Trapping a
a Reagents and conditions: (a) O3/O2, MeOH, −78 °C, 30 min; thiourea, −78 °C→rt, 30
min; (b) O3/O2, CH2Cl2, −78 °C, 30 min; Me2S, −78 °C→rt, 4 h; (c) H2NOH•HCl, NaOAc,
MeOH, rt, 3 h (75%); (d) 2,4-DNPH, HCl (conc), MeOH, 3Å ms, reflux, 3 h (67%); (e)
Me2C(CH2OH)2, TsOH, 3 Å m.s., CH2Cl2, reflux, 16 h (decomposition); (f) (CH2SH)2, HCl
(conc), rt, 16 h (47%); (g) Ph3P=CHCO2Et, PhCH3, reflux, 2 h (88%); (h) Ph3P=CH2, THF,
rt, 14 h (decomposition); (i) LiBH4, THF, rt, 16 h then Ac2O, py, rt 24 h (27%); (j)
NaBH(OAc)3, AcOH, rt, 20 h (81%).
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Scheme 6.
Alternative, Two-Step Protocol for the Cleavage of Spirodienone Lactams 12.
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Table 3

Relationship between Spirodienone Reactivity and Structure.

substratea time (min)b product

10

30

30

180

a
Optimized geometries were obtained through the MMMF force field implemented in Spartan.

b
Duration of ozonolysis.

J Org Chem. Author manuscript; available in PMC 2012 March 20.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Wardrop and Burge Page 33

Ta
bl

e 
4

R
ed

uc
tiv

e 
N

-O
 B

on
d 

C
le

av
ag

e 
of

 N
-M

et
ho

xy
 L

ac
ta

m
s 3

0.

en
tr

ya
su

bs
tr

at
e

R
n

pr
od

uc
t

yi
el

d
(%

)b

1
30

a
H

0
32

a
75

2
30

c
H

1
32

c
88

3
30

g
M

e
1

32
g

70

4
30

h
t-B

u
1

32
h

59

5
30

i
B

n
1

32
i

73

6
30

j
Ph

1
32

j
65

7
30

k
O

TI
PS

1
32

k
90

8
30

l
N

H
B

z
1

32
l

77

9
-

-
76

10
-

-
86

J Org Chem. Author manuscript; available in PMC 2012 March 20.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Wardrop and Burge Page 34

en
tr

ya
su

bs
tr

at
e

R
n

pr
od

uc
t

yi
el

d
(%

)b

11
-

-
74

12
-

-
73

a R
ea

ct
io

n 
co

nd
iti

on
s:

 M
o(

C
O

) 6
 (1

.2
 e

qu
iv

), 
C

H
3C

N
, H

2O
 re

flu
x,

 2
4 

h;
 a

ir,
 rt

, 2
4 

h.

b Is
ol

at
ed

 y
ie

ld
, a

fte
r p

ur
ifi

ca
tio

n 
by

 fl
as

h 
ch

ro
m

at
og

ra
ph

y.

J Org Chem. Author manuscript; available in PMC 2012 March 20.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Wardrop and Burge Page 35

Ta
bl

e 
5

H
yd

ro
ge

no
ly

si
s o

f N
-B

en
zy

lo
xy

 L
ac

ta
m

s 3
0.

en
tr

y
su

bs
tr

at
e

R
n

pr
od

uc
t

re
ac

tio
n

tim
e 

(h
)

yi
el

d
(%

)a

1
30

b
H

0
34

b
0.

1
99

2
30

d
H

1
34

d
0.

5
90

3
30

f
A

c
2

34
f

1.
5

99

a Is
ol

at
ed

 y
ie

ld
, a

fte
r p

ur
ifi

ca
tio

n 
by

 fl
as

h 
ch

ro
m

at
og

ra
ph

y.

J Org Chem. Author manuscript; available in PMC 2012 March 20.


