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ABSTRACT

We have applied a diversity-oriented approach for the synthesis of skeletally diverse and stereochemically complex templates for small-molecule library
production by performing Beckmann rearrangement and Beckmann fragmentation reactions on the bicyclo[3.2.1]octane rings of steviol and isosteviol,
aglycones derived from the diterpene natural product stevioside. The optimization of these two reaction pathways is presented alongwith the successful
application of a photo-Beckmann rearrangement. Thiswork also led to the discovery of cyano-Prins-type and Thorpe�Ziegler-type cyclization reactions.

Major issues associated with the development of high-
value information-rich small molecule libraries are achiev-
ing skeletal diversity, stereochemical complexity,1 and
mining areas of biologically relevant chemical space.2

Natural products provide a solid platform for the discov-
ery of biologically active small molecules.3 It has been
suggested that natural product-derived libraries should
provide high screening hit rates because natural products
have been evolutionarily molded by protein domains and
are therefore likely to engage in interactions with con-
served protein folds across protein families.4 To date, the
systematic exploration of many regions of natural product

chemical space has not been possible due to the scarcity of
accessible material. Steviol (1, Figure 1), however, is read-
ily available from the natural sweetener stevioside (5,
Scheme 1)5 and an attractive template because stevioside
(5) and its aglycones steviol (1) and isosteviol (6, Scheme 1)
have shown diverse pharmacological activities.6 Poten-
tially, this scaffold could also provide access to templates
representative of the large and diverse family of diterpenes
derived from the methylerythritol 4-phosphate pathway7

and subsequent metabolic processes. Representative diter-
penes from this family include gibberellic acid derivative
GA-13315 (2), oridonin (3), and cafestol (4) with antian-
giogenic,8 antitumor,9 and neuroprotective properties,10
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respectively (Figure 1). These compounds have attracted
much attention from the synthetic organic chemistry com-
munity and therefore, a large amount of literature has been
produced over the last eight decades pertaining to the
synthesis11 and structural modification of stevioside (5)12

and structurally related diterpenes.13

We decided to employ the Beckmann rearrangement for
ring expansion chemistry and the Beckmann fragmenta-
tion for ring cleavage reactions on the stevioside aglycones
steviol (1) and isosteviol (6) for efficient generation of
templates for library production.
Steviol (1) was obtained through a well-precedented

enzyme mediated hydrolysis of stevioside (5).14,15 The
D-ring isomer isosteviol (6) was obtained directly through
a modification of existing methods and proceeds via a
Wagner�Meerwein rearrangement (Scheme 1) of steviol
(1).16 Initially, we sought to access diverse heterocyclic
intermediates through manipulation of the D-ring ketone
of isosteviol (6, Scheme 2).
Although the Beckmann rearrangement has previously

been reported17 regarding an analogous substrate (the
N-methyloxime), the lactam was sufficiently attractive

to warrant further investigation. Methylation of the car-
boxylic acid moiety of isosteviol (6) under standard con-
ditions delivered methyl ester 7. The ketone function of 7
was converted to the corresponding oxime 8 in 93% yield
on treatment with hydroxylamine and potassium acetate.
Reactionwith thionyl chloride as reported17 then delivered
nitrile 9, the corresponding Beckmann fragmentation
product, in 65% yield and lactam 10 in 27% yield. The
Beckmann fragmentation is well precedented18 in systems
with a quaternary R-carbon. This pathway significantly
retarded the yield of lactam 10 if fresh thionyl chloride was
not used. Use of fresh thionyl chloride provided nitrile 9 in
11%yield and lactam 10 in 55%yield. Amore robust two-
step procedure is outlined in Scheme 3. The conversion
of the oxime hydroxyl group in 8 to the mesylate followed
by treatment with acid in methanol exclusively led to the
desired lactam 10 in 87% yield. It is of interest that this
procedure appears to shut down the Beckmann fragmenta-
tion.Wepropose that this reactionproceeds via a tetrahedral

Scheme 2. Beckmann Fragmentation and Rearrangement

Figure 1. Representative examples of diterpenes.

Scheme 1. Access to Steviol (1) and Isosteviol (6)
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intermediate in a similar fashion to that described by White
et al., in which the less sterically crowded antistereoisomer
favors the migration of the bridgehead carbon in lactam
formation.19 Lactam 10 was subsequently alkylated with
methyl iodide and benzyl bromide to furnish compounds
12and13, respectively.Despite being relatively hindered, this
amide lends itself well to alkylation and should therefore
prove useful in the development of small-molecule libraries
of lactam derivatives.

Next, we decided to access the regioisomeric lactam
through the photolysis of an oxaziridine (Scheme 4).20

Ketone 7was converted to imines 14 throughheating in the
presence of benzylamine under dehydrating conditions.21The
imineswere formed ina 7:1 ratio (determinedby 1HNMR) in
favor of the expectedE-isomer vide infra. The imines 14were
subsequently epoxidized to furnish the oxaziridines 15 in 85%
over two steps. Photolysis of the oxaziridines (254 nm, Hg
lamp) then delivered lactam 16 in 56% yield as well as the
regioisomer 13 in 7%yield.Aswith theBeckmann rearrange-
ment, where the bond thatmigrates is that which is anti to the
oxygen on nitrogen, the outcome of the photo-Beckmann is
also stereoelectronically defined. As a general rule, the bond
thatmigrates is the one anti to the lone pair on the nitrogen.22

Therefore, the isolation of the regioisomeric lactam 16 con-
firms the assignment of the E-imine 14 as the major isomer.
Having established synthetic routes to the N-alkylated

isomeric lactams 13 and 16, we recognized that nitrile 9 is
also an attractive template for library design. However, in
order to generate useful quantities of 9, the Beckmann
fragmentation pathway needed to be optimized (Scheme 5).
A similar fragmentation was recently reported by the

Coates group for a closely related substrate employing
TsCl in DMF as the reagent, but these reaction conditions

delivered a 2:1 mixture of the alkenes, which required a
difficult separation.23 Modification of reaction conditions
through conversionof the oximehydroxyl group in 8 to the
corresponding acetate followed by treatment with p-TsOH
in acetonitrile at 90 �C cleanly delivered nitriles 9 and 17
in 84% overall yield and in an 8:1 ratio of alkenes
(determinedby 1HNMR).Through a single crystallization
from dichloromethane and ethyl acetate, this mixture
could be enriched to 20:1 in favor of the Δ6-alkene.
Interestingly, treating oxime 8 with Ac2O, followed by
reaction with p-TsOH in benzene as the solvent at reflux
delivered a 2:0.2:1 ratio of nitriles 9/17 to lactam 10. This
suggests that the solvent plays an important role in the
stabilization of the intermediates leading to either the
lactam or nitrile. Attempts to drive the equilibrium to
further favor theΔ6-alkene (Scheme 5) unexpectedly led to
the formationof bicyclo[2.2.2]octane19 (36%)and lactone
18 (37%). The former most likely proceeds through a

Scheme 3. Optimized Beckmann Rearrangement of 11

Scheme 5. Optimized Beckmann Fragmentation of Isosteviol
Oxime 8

Scheme 4. Formation of Lactam 16
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cyano-Prins-type cyclization, while the latter is derived
throughhydration of 17 followedby cyclization (Figure 2).
After having established the chemistry of the isosteviol

system, we turned our attention to the steviol (1) scaffold
since it seemed reasonable that a similar fragmentation
would occur in this ring system (Scheme 6). Again, methy-
lation of the acid function under standard conditions
delivered the methyl ester (96%), which was subsequently
treated with Ac2O to provide acetate 20 (85%). The exo-
methylene group in 20 was then ozonized to deliver the
corresponding ketone in 67% yield. The ketone was con-
verted to the oxime 21 in 90% yield and then treated with
Ac2O and p-TsOH in acetonitrile at 90 �C to deliver the
expected nitrile 22 in 67%yield (Scheme 6).More vigorous
heating in toluene initiated a Thorpe�Ziegler-type cycliza-
tion delivering the bicyclo[2.2.2]octane 23.24 The forma-
tion of 23 proceeds presumably in an analogous fashion to
19 (Figure 2).
In conclusion, we devised practical methods to access

a number of diverse chemotypes, possessing high stereo-
chemical complexity, and as single enantiomers from
stevioside, which is readily available in kilogram quanti-
ties. We have shown a different approach toward the

optimization of the Beckmann rearrangement of isosteviol
to form lactam derivative 10 as the exclusive reaction
product. Lactam 10 provides a classical point for diversi-
fication viaN-alkylation.The regioisomeric lactams of type
16 can be obtained from ketone 7 as shown in Scheme 4 by
reactionwith diverse amines. Alternatively, a library can be
prepared by removal of theN-benzyl group of 16, followed
by N-alkylation. Additionally, we demonstrated that the
Beckmann fragmentation of isosteviol- and steviol-derived
compounds form nitrile derivatives. The nitriles 9 and
22 will allow double functionalization via the ester and
nitrile functional groups. The formation of 19 via a cyano-
Prins-type cyclization and of 23 by a Thorpe�Ziegler-type
reaction have not been previously reported. These types of
reactions are underrepresented in the literature.
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Scheme 6. Beckmann Fragmentation of Steviol Derivative 21

Figure 2. Proposed mechanisms for the formation of 18, 19,
and 23.
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