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Tandem reactions have emerged as powerful strategies to synthesize complex structures, in

particular, processes involving pericyclic reactions. This article describes recent advancement by

our group in the development of novel tandem pericyclic reactions aimed at constructing

diterpene frameworks.

Introduction

The quest to develop methods for the assembly of complex

carbon frameworks quickly and efficiently has long been a

challenge and goal for synthetic organic chemists. One of the

driving forces for the development of these methods is their

application to the total synthesis of natural products, the

majority of which have a carbon skeleton which forms the

backbone of the molecule.

Recent years have seen the emergence of tandem reactions

as a powerful tool to construct complicated molecular

scaffolds. In the literature there are reports involving the

terms tandem, domino or cascade reactions where the

reactions were performed separately. In our opinion, these

are not tandem processes but rather sequential reactions.

Tandem or domino reactions can be defined as two or more

distinct chemical transformations that occur in quick succes-

sion in the same reaction vessel. If the reactions involve a

sequential addition of reagents, part of these reagents must be

embedded in the final product in order to be considered a

tandem reaction. For instance, the 1,4-addition of an

organocuprate to an enone followed by the enolate trapping

with an electrophile to give the corresponding a,b-substituted

ketone is considered a tandem reaction. Not only can reactions

of this sort quickly assemble non-trivial carbon skeletons, they

also offer an atom-economy not observed with single-step

processes, inherent to this also being a notable minimization of

waste produced in the given process.

The use of cascading reactions in organic chemistry, either

by chance or design, is not a new concept, and many excellent

reviews have been published on the subject.1 Despite the

abundance of reaction combinations, pericyclic reactions

occurring in cascade constitute one the most fascinating

transformations. One might consider that the concerted nature

of pericyclic reactions render them particularly attractive due

to the relative ease of predicting the stereochemical outcome of

the final product. Undoubtedly, this represents a true

advantage when considering the elaboration of complex

carbon frameworks bearing multiple stereogenic centers. For

example, Nicolaou et al.’s synthesis of endiandric acid B (3)

constitutes probably one of the most spectacular tandem

pericyclic reaction transformations reported in the literature

(Scheme 1).2,3 Upon heating, polyene 1 was converted to

endiandric B methyl ester 2 in a single operation.

In the past decade, tandem pericyclic reactions have gained

in popularity, particularly in the biomimetic synthesis of

complex natural diterpenes.1a In fact, numerous clever

transformations were reported, demonstrating the power and

the usefulness of these tandem processes. This account will

outline the recent progress in this field, having a focus on our

contributions that we have made since 2000 at the University

of Ottawa.
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Results and discussion

Our group has long been interested in using various cascading

pericyclic reactions to access complicated carbon frameworks.

Our long term goal is to use these processes to fabricate

various carbon skeletons which correspond to the cores of

various natural products, culminating in their total synthesis.

In addition to this, through both experiment and calculation,

we strive to understand these reactions on a mechanistic level,

enabling us to accurately predict their outcome and explain the

formation of the compounds we observe as products.

1. Oxy-Cope–transannular ene reaction

Our first foray into investigating tandem pericyclic processes

was centered on the oxy-Cope–transannular ene reaction of

1,2-divinylcyclohexanols (eqn (1)).4 We imagined that alcohol

4, upon heating, would be transformed into the corresponding

decalin framework 6. We expected that this tandem process

would be highly diastereoselective on the basis of preferential

conformations of macrocycle 5 at the transition state of the ene

reaction. Our exploitation of this process was not without

precedent. There are very few examples in the literature of the

tandem oxy-Cope–ene reaction.5 To the best of our knowl-

edge, the first example of this tandem process was reported by

Sworin and Lin (Scheme 2).6

ð1Þ

During the course of their investigation of tandem oxy-

Cope–SN29 reactions to create hydroazulenoid scaffolds, they

observed that heating of 7 at 204 uC gave mainly macrocycle

10 and decalin 11 (from 10) in 49% and 20% yields respectively.

Only a trace of desired compound 9 was isolated. This tandem

process leading to 11 was also observed in other cases as an

unwanted side reaction in both thermal7 and anionic oxy-

Cope8 reactions. We thought, using the appropriate starting

1,2-divinylcyclohexanols, that we would be able to take

advantage of this process to specifically build decalin systems

containing a tertiary alcohol at the ring junction. This type of

framework is embedded in various natural sesqui- and

diterpenes.

Heating the 1,2-divinylcyclohexanols 12–20, readily pre-

pared in a few steps from commercially available starting

material, in a sealed tube in toluene for 5 h at 220 uC yielded a

variety of cyclic compounds in moderate to good yields

(Scheme 3). However, in some cases we isolated retroene by-

products 24, 26 and 28. We found that increasing electron

density in the allylic double bond favors the retroene manifold

to become the main pathway up to the point where it is the

only product observed, such as in the case of 1,2-divinylcy-

clohexanol 15. This is in agreement with the results reported by

Paquette, Houk et al.9

In each case where the oxy-Cope–ene product was isolated,

only a single diastereomer was observed. This highly selective

process can be rationalized by first assuming that the initial

thermal oxy-Cope reaction occurs through a chair-like

transition state, as in the conversion of A to B (Scheme 4).

The latter then undergoes a stereospecific tautomerization to

give C. At this point, ketone C can undergo a chair-like

Scheme 1 Synthesis of endiandric acid B.

Scheme 2 Attempt to create hydroazulenoid scaffolds. Scheme 3 Tandem oxy-Cope–ene reaction of 1,2-divinylcyclohexanols.
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transannular ene reaction10 to afford compound E or do a ring

flip (D) followed by an ene reaction to provide F.

Assuming a rapid equilibrium between conformers C and D,

the product ratio will be determined by the energy difference

between TS1 and TS2.11 In the case of cyclic allylic alcohols 14

and 16, TS1 is favored over TS2 due to the presence of severe

1,3-diaxial interactions, methylene–methyl, in TS2, thereby

giving tricycles 23 and 27 as single diastereomers. In the case of

the tandem oxy-Cope–ene reaction of 1,2-divinylcyclohexanol

13, only decalin 22 was isolated after heating at 220 uC for 5 h.

This indicates that the transannular ene reaction proceeds

through TS2 where the methyl group is oriented in the pseudo-

equatorial position. In the case of a cyclic ene donor such as

17–20, no macrocyclic ring flip (C A D) is possible. This

ensures the stereoselective formation of tricycles 29–32.

Although the diastereoselectivity of the process was excep-

tional for generating decalins and tricycles, we were still faced

with the problem of the retroene reaction manifold competing

with the desired oxy-Cope–ene pathway.

Literature precedent suggested the rate of the oxy-Cope

rearrangement can be accelerated by additive solvents.12 It was

postulated that hydrogen bonding of solvent to the hydroxyl

proton increases the electron density on the oxygen, allowing

for an ‘‘electron push’’ that accelerates the C–C bond breaking

in the [3,3] sigmatropic rearrangement. In light of this

observation, we scanned various solvent additives hoping to

find something that would increase the rate of the oxy-Cope

rearrangement sufficiently so as to suppress the retroene

reaction. To our delight, we discovered that the use of DBU as

an additive suppressed or diminished isolation of retroene

reaction products (Table 1).13

Finally, we demonstrated that the tandem oxy-Cope–ene

reaction can be performed on 1-alkynyl-2-vinylcyclohexanols

(Scheme 5). The conversion of 33–37 to their respective dienes

38–42 was accomplished by microwave irradiation in the

presence of 5–20 equivalents of DBU in toluene.14 In all cases,

the desired product was isolated as the sole diastereomer in fair

to good yield.

2. Oxy-Cope–ene reaction in the synthesis of (+)-arteannuin M

(43)

Having developed a reliable and predictable reaction cascade

for generating trans-decalin ring systems, we then set our sights

towards applying this methodology in a total synthesis. Of

particular interest were natural products containing a trans-

decalin ring system with a tertiary alcohol at one of the ring

junctions. (+)-Arteannuin M (43), a natural product isolated

from Artemisia annua L (Fig. 1).15 proved to be the perfect

target, containing all the desired structural features we wished

to construct using our cascading sequence. It is important to

point out that the absolute configuration of the molecule and

the stereochemistry at C9 were unknown.

Scheme 4 Proposed mechanism for the tandem oxy-Cope–ene

reaction.

Table 1 DBU and NMP assisted oxy-Cope–ene reactions

Entry Alcohol
Additive
(equivalents) Products Ratio (yield)

1 15 DBU (0.5) 25, 26 1 : 7.9 (80%)
2 15 DBU (50) 25, 26 1 : 3 (89%)
3 15 NMP (solvent) 27, 28 11 : 1 (18%)
4 16 DBU (20) 27, 28 20 : 1 (75%)
5 16 DBU (60)a 27, 28 .25 : 1 (98%)
a Microwave irradiation for 40 min at 220 uC.

Scheme 5 Tandem oxy-Cope–ene reactions of 1-alkynyl-2-vinylcy-

clohexanols.

Fig. 1 Structure of (2)-arteannuin M (43).
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Our synthesis commenced with the conversion of limonene

44 (ee . 98%) to 1,2-divinylcyclohexanol 45 (Scheme 6).16

Thermal rearrangement of 45 gave 46 in 60% yield as the sole

diastereomer with an enantiomeric excess of 78%. The high

diastereoselectivity of the process is rationalized using the

mechanism depicted in Scheme 7. The process is triggered by a

[3,3] sigmatropic rearrangement of 45 to afford enol 47 which

after tautomerization led to 48. The latter is poised to undergo

a transannular ene reaction through transition states A and B.

A close examination of transition states A and B reveals that

the alkyl group in A is oriented pseudo-axially, whereas in B

the alkyl chain occupies a pseudo-equatorial position. On the

basis of this observation, transition state B is favored over A,

explaining why we observed 46 as the sole product.

The loss of enantiopurity can be accounted for by a ring flip

of 47 to give ent-47 (Scheme 8). We initially proposed that the

chirality present in 45 would be transferred, by virtue of the

planar chirality17 of the intermediate macrocyclic enol 47,

through to the final product. We thought that the three double

bonds embedded in enol intermediate 47 would create a rigid

structure that would prevent the enol moiety from rotating and

thereby producing ent-47. However, we observed in our

substrate that such an inversion is feasible, hence accounting

for the loss of enantiopurity. Of course, ent-47 leads ultimately

to ent-46 via the same manifold by which 47 leads to 46. This

synthesis firmly established the use of the oxy-Cope–ene

reaction as a viable synthetic method for generating decalin

ring systems.

3. Conservation of planar chiral information in the oxy-Cope–

ene reaction

Intrigued by the enantioselectivity leakage in the tandem

process, we initiated a more in-depth investigation into the

diastereo- and enantioselectivity of the tandem reaction. This

began with the preparation of several optically pure 1,2-

divinylcyclohexanols 50a–e, which were then subjected to

microwave irradiation18 at 220 uC for one hour to give decalins

51a–e and 52a–e (Scheme 9).19

We scanned a variety of basic additives in an effort to

evaluate their effects on the enantioselectivity. We found that

in the majority of cases we isolated decalins 51 and 52 with

ratios ranging from 8.5 : 1 to 25 : 1, regardless of the additive,

in moderate to excellent yields. In addition, the majority of the

bases used20 resulted in essentially no erosion of enantiopurity.

However, DBU represents an exception. Heating of 50a–e in

the presence of 10 equivalents of DBU gave the corresponding

decalins 51a–e having enantiomeric excesses of 93%, 35%,

70%, 74% and 84% respectively. We discovered that an

increase in the DBU proportion was directly related to a

lowering of enantiomeric excess. Interestingly, when we

performed the anionic oxy-Cope21 rearrangement this resulted

in a complete racemization of the substrate.

This suggests that enol 53 possesses a high energy barrier to

invert to ent-53, whereas enolate 55 has a lower energy barrier

for ring inversion (Scheme 10). The ring inversion can also

compete with the tautomerization process which after the

transannular ene reaction leads to ent-51. Therefore, when a

weak base or no strong base is present in the reaction mixture,

a complete conservation of the planar chirality information

through the process is observed. However, when a portion of

Scheme 6 Synthesis of ent-arteannuin M (43).

Scheme 7 Proposed mechanism for the tandem oxy-Cope–ene

reaction.

Scheme 8 Planar chirality.

Scheme 9 Enantioselective tandem oxy-Cope–ene reaction.
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the enol 53 is converted to enolate 55, we observe a leak in ee.

On the basis of the results reported above, this strongly

suggests that the pKa of the proton on the enol 53 combined

with the strength of the base used are directly responsible for

the loss of chirality.

We also found that the electronic nature of the R group

affected the diastereomeric ratio of products 51 and 52. While

most substituents still favor products 51 greatly over type 52, it

was observed that electron-withdrawing substituents lower the

ratio of 51 : 52. For instance, when R = CF3 (50c), the

diastereomeric ratio fell to 8.5 : 1 favoring 51c. However, when

R = OEt (50d), the formation of 52d was slightly favored over

51d in a ratio of 1 : 2.3.

As demonstrated above, the diastereoselectivity of the

transannular ene reaction is usually governed by the Curtin–

Hammett principle. This is true when electron-donating or

neutral groups (R) are adjacent to the carbonyl moiety on 56

(Scheme 11). On the other hand, it seems unlikely that the ene

reaction is controlled by the Curtin–Hammett principle when

R is an electron-withdrawing group. One might propose that

the ring inversion (56 A 57) competes with the ene reaction

since the latter reaction is accelerated by electron-withdrawing

groups such as R = CF3 and OEt.22

4. The oxy-Cope–ene–Claisen cascade

One obvious limitation of the oxy-Cope–ene sequence resides

in the inability to install all-carbon quaternary centers on a

decalin system. To remedy this problem, we imagined that the

addition of an allyloxy ether fragment to the isopropenyl unit

would result in the addition of a third pericyclic reaction, a

Claisen rearrangement, to the sequence (Scheme 12). This would

give access to one or more quaternary carbon centers in the final

product, depending on the substitution pattern of the allyl ether

moiety. Acting on this possibility, we constructed a variety of

simple allyl-1,2-divinylcyclohexanols 58 which reacted through

a highly diastereoselective oxy-Cope–ene–Claisen cascade. This

gives products of type 59 with an all-carbon quaternary center

now embedded in the decalin system.23 As shown in Scheme 12,

thermal rearrangement of an allyl ether monosubstituted at the

terminus position afforded the corresponding lactol with high

diastereoselectivity.

After the oxy-Cope rearrangement and tautomerization of

58, the ketone intermediate can undergo a transannular ene

reaction through two transition states A or B (Scheme 13). A

closer examination of transition state B reveals the presence of

a pseudo 1,3-diaxial interaction between the allyl ether group

and the macrocyclic ring. Consequently, this favors transition

state A over B as the reactive conformer to provide enol ether

60. Finally, the latter undergoes a Claisen rearrangement on

the opposite side of the tertiary alcohol to afford 59 as the sole

isomer. The stereoselectivity of the process is thus explained.

We also found that propargyl ethers 63 were ideal substrates

for the tandem oxy-Cope–ene–Claisen rearrangement, giving

products 64 or 65 in excellent yields and with high diastereo-

selectivity, as illustrated in Scheme 14. Allene products 64 were

favored in the cases where R was an alkyl group or a proton;

whereas cyclic ethers 65 were favored when R was an electron-

withdrawing or aryl substituent. Compound 65 arises from a

5-exo-dig cyclization onto the previously generated allene 64.

Scheme 10 Proposed mechanism for the tandem oxy-Cope–ene

reaction.

Scheme 11 Proposed mechanism for the tandem oxy-Cope–ene

reaction.

Scheme 12 Tandem oxy-Cope–ene–Claisen.

Scheme 13 Mechanism of the tandem oxy-Cope–ene–Claisen.
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This is the result of a thermodynamically controlled cyclization

where the least strained 5-membered-ring acetal is formed.

Having realized the potential of this tandem sequence, we

sought to install two contiguous quaternary carbon centers in

the molecule. This could be achieved by thermal rearrange-

ment of 58 possessing an allyl ether disubstituted at the distal

end of the alkene (where R1 and R2 ? H). Much to our

surprise, submitting compound 66 to the standard conditions

did not give the expected oxy-Cope–ene–Claisen product, but

compound 69 in 75% yield with an E : Z ratio of the newly

formed olefin of 89 : 11 (Scheme 15).24 Microwave irradiation

of compounds 67 and 68 resulted in the formation of

structurally related products 70 and 72 respectively. We also

isolated unreacted E olefin 71 in the reaction of 67, and dimer

73 in the reaction of 68.

These results suggest that there is a radical [1,3]-shift in

competition with the [3,3] Claisen rearrangement. Incidentally,

the isolation of the E olefin 71 serves to confirm the high

selectivity of the transannular ene portion of the reaction

cascade (vide supra).

It has been previously suggested that the Claisen rearrange-

ment could proceed through the formation of an oxallyl–allyl

radical pair instead of the concerted mechanism, especially

when there are radical-stabilizing substituents present.25 In our

situation, the intermediate after the oxy-Cope–ene portion of

the cascade 60 undergoes homolytic C–O bond cleavage to

afford 74 and 75 (Scheme 16). Allyl radical 74 can undergo an

olefin isomerization to afford 76, both of which can recombine

with rearranged alkyl radical 77 to give the formal [1,3]-shift

product 78.

The scrambling of the geometry in 78 is accounted for by the

isomerization of 74 to 76 where the rate of isomerization

competes with the rate of recombination. This is evident by the

fact that different E : Z ratios are obtained for 69 and 70 which

should have the same allyl radical intermediate. Moreover, the

combination of two of the allyl radicals 74 or 76 explains the

formation of dimer 73.

In summary, we have observed that disubstituted allyl ether

starting materials in the oxy-Cope–ene–Claisen rearrangement

proceed through the expected reaction pathway. However, a

different pathway is manifested in the case of more sterically

demanding trisubstituted allyl ethers for the Claisen step of the

cascade. In this case, a [1,3]-shift radical pathway is favored

over the congested [3,3] rearrangement.

5. Oxy-Cope–ene–Claisen in total synthesis

Having undertaken an extensive study of the oxy-Cope–ene–

Claisen rearrangement and having devised a predictable

Scheme 14 Tandem oxy-Cope–ene–Claisen reaction of propargyl

ethers.

Scheme 16 Mechanism of the 1,3-radical shift.

Scheme 15 Tandem oxy-Cope–ene–Claisen reaction of allyl ethers.
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method for the generation of decalin systems containing a

quaternary carbon, we sought to apply our method in total

synthesis.

Tetrodecamycin 79, an antibiotic isolated from

Streptomyces nashvillensis MJ885-mF8,26 is a structurally

intriguing natural product containing a trans-decalin and a

tetronic acid moiety as its major structural features

(Scheme 17). Its biological activity against several Gram-

positive bacteria has resulted in multiple synthetic pursuits, but

no total synthesis has yet been reported.27 Our approach to

this compound involved the two disconnections superimposed

on 79, revealing decalin 81 and tetronic acid residue 80 as the

major constituents we needed to construct.28

From cyclohexene oxide 82, the precursor for the pivotal

oxy-Cope–ene–Claisen rearrangement 83 was readily available

in five steps. As expected, decalin 84, containing the

quaternary center found in the natural product, was isolated

after treatment of 83 with microwaves at 220 uC. This was then

elaborated to several precursors that we deemed appropriate as

intermediates for the coupling with tetronic acid residues of

type 80. Whilst we have yet to complete the total synthesis, we

have been successful in synthesizing the decalin cores 81a and

81b of tetrodecamycin along with coupling partner 80. Efforts

are ongoing towards the completion of the synthesis.

6. The oxy-Cope–Claisen–ene reaction

One of the problems encountered in the synthesis of polycyclic

compounds is the stereoselective formation of quaternary

carbon centers.29 As an example, bioactive natural diterpenes

such as LL-S491b (85)30 and myrocin C (86)31 possess a

quaternary center at C9 and a tertiary alcohol at C10

(Scheme 18). The retrosynthetic analysis of these particular

molecules reveals that the main framework can be generated

from a common decalin intermediate 88, which bears the

requisite quaternary carbon center at C9 adjacent to a tertiary

alcohol at C10. We envisaged the formation of 88 via a thermal

cyclization of the allylic ether 87. Heating of the allyl ether 87

produces the enol intermediate 89 via an oxy-Cope reaction.

The latter is transformed into ketone 90 through a Claisen

rearrangement. The resulting macrocyclic ketone can undergo

a transannular ene reaction to give 88. It is important to notice

that the stereochemical outcome of the final product 88 will

depend on the conformational preferences of the macrocyclic

intermediates 89 and 90 at the transition states.

In pursuit of making this cascading reaction viable, a variety

of precursors were synthesized through several routes, giving a

series of structurally related compounds designated 91, with

variation throughout R1, R2, R3 and R4. As we expected,

subjection of the majority of these compounds to thermal

rearrangement conditions resulted in the formation of decalin

products 92 in very good yields and excellent diastereo-

selectivity, as indicated with the several illustrative examples

shown in Scheme 19.32

The excellent diastereoselectivity of this process can be

explained by taking a closer look at the reaction mechanism,

where we find the diastereoselection is ultimately dictated by

the conformational preferences of intermediates 99 and 101

(Scheme 20).33 The oxy-Cope rearrangement of 91 through a

chair-like transition state affords intermediate 99. At this

point, two things can happen: it can undergo a ring inversion

to 100, or rearrange to 101 via the Claisen reaction. We found

that the rate of the ring inversion is slow compared to that of

the Claisen rearrangement, leading to exclusive formation of

Scheme 17 Synthesis of tetrodecamycin.

Scheme 18 Tandem oxy-Cope–Claisen–ene.

Scheme 19 Synthesis of decalin frameworks.
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macrocycle 101. As a result, diastereomeric products 107 and

108 are never observed.

From intermediate 101, the ene product 106 can be

produced directly, or 101 can undergo a ring inversion to

102, which after transannular cyclization gives 105. At this

stage of the reaction, one might consider a fast equilibrium

between conformers. Consequently, the product ratio 105 : 106

is governed by the Curtin–Hammett principle. For the

majority of our substrates, we observed compounds structu-

rally related to 106 as the major product of the reaction,

although there are exceptions.

Much circumstantial evidence has been collected to confirm

the aforementioned mechanism is what is actually occurring in

this tandem sequence.34 A general survey of our results clearly

shows that products 107 and 108 were never observed in any

case. This strongly supports the conclusion that the ring

inversion of 99 to 100 is a much slower process than the

Claisen rearrangement of 99 to 101.

This is exemplified in the tandem reaction of 109 to give 110

and 111 in a 4 : 1 ratio (Scheme 21). Initial oxy-Cope

rearrangement of 109 gives directly 112, which is analogous to

compound 99. One might propose that conformer 112 should

have a higher energy transition state for the Claisen rearrange-

ment than conformer 113. If the inversion process of 112 to

113 was possible, we should have observed products of type

107/108. Since we did not observe any of these products, one

can suggest that the rotation barrier of the tetrasubstituted

enol ether in 112 (or 99) is a high energy process.

The product distribution of 110 and 111 can be rationalized

by Curtin–Hammett control of the ene reaction. The transition

state leading to 111 (106, R1 and R3 = Me) in this case requires

that both methyl groups be situated axially, whereas that

leading to 110 (105, R1 and R3 = Me) has the two methyl

groups situated equatorially. As a consequence of this, the

formation of compound 110 (105) is favored over 111 (106)

thus explaining the diastereoselectivity of the tandem process.

All other examples of this tandem sequence illustrate

Curtin–Hammett control in the ene reaction as well. While

we cannot discuss all the results in this account, we can state

generally that the favored diastereomer observed is the one

arising from the ene reaction where the most sterically

demanding substituents are in equatorial conformations.

In order to confirm that the Claisen rearrangement is faster

than the ring inversion, we performed the tandem reaction

using enantiomerically enriched compounds 91 (R1 ? H; R2,

R3, R4 = H; ee = 98%).35 In these cases, intermediates 99 and

100 are enantiomers, rather than diastereomers, by virtue of

planar chirality. Therefore, ring inversion of 99 will result in a

complete racemization of the final products 105 and 106. For

every substrate investigated, there was no loss of ee in any case,

proving, without a shadow of a doubt, that the ring inversion

of 99 to 100 is a higher energy process than the Claisen

rearrangement (99 A 101).

Scheme 20 Proposed mechanism for the tandem oxy-Cope–Claisen–ene reaction.

Scheme 21 Tandem oxy-Cope–Claisen–ene reaction of allyl ether

109.
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7. Theoretical evidence supporting the oxy-Cope–Claisen–ene

mechanism

While there was ample experimental evidence supporting the

proposed oxy-Cope–Claisen–ene mechanism, we felt it neces-

sary to provide theoretical proof that the possible ring

inversion before the Claisen rearrangement is a high energy

process, and that the ene reaction is under Curtin–Hammett

control. Furthermore, a theoretical investigation of this

process would constitute a quantitative assessment of the

energy barriers associated with the processes in our proposed

reaction mechanism above and beyond the general conclusions

that we have drawn through rationalization of the reaction

outcomes.35

We decided to model the reaction of 114, which we had pre-

viously examined experimentally (Scheme 22). When consider-

ing the ring inversion of the initial oxy-Cope reaction product

117, we must take into account that it is a two-step process

where each double bond rotates through the 10-membered ring

separately (117 A 118 A 119). Therefore, two transition states

must be examined to evaluate the transformation.

DFT calculations at the B3LYP level of theory using the

6-31G(d,p) basis set showed a barrier for the rotation of 117 to

118 of 17.3 kcal mol21, which, as we would expect, is an

allowed process at 200 uC. The second rotation of 118 to 119

was found, however, to have an enormous barrier of rotation

of 160.5 kcal mol21, thereby making it an unfeasible

conformational change. While we expected one of the two

olefin rotations to have a high barrier of inversion based on

experimental evidence that supports no ring inversion, we were

surprised to find a barrier of such magnitude for a

tetrasubstituted olefin. In addition, we found that the

transition state energy of the Claisen rearrangement step itself

is 24.1 kcal mol21, which is just one seventh that of the

inversion of 118 to 119; hence, it is predicted to be the favored

process over ring inversion. This is in agreement with our

experimental findings.

We also examined the energies of the second ring inversion

versus the two possible transannular ene reactions in the

second half of this tandem reaction. The ring inversion is again

a two-step process, with both an outside rotation of the

carbonyl 120 to 121, which has a negligible energy cost, and a

rotation of the trisubstituted olefin 121 to 122 (Scheme 23).

The latter represents the rate determining step of the overall

ring flip. We calculated the barrier of the ring inversion of 121

to 122 to be 14.0 kcal mol21, whereas the energy of both

transannular ene reactions 120 A 115 and 122 A 116 has a

higher energetic cost at 34.0 kcal mol21 and 34.6 kcal mol21

respectively. This points to a rapid ring inversion that does not

compete with the ene reactions.

We ultimately determined from our computational results

that the ene reaction is under Curtin–Hammett control, and

that the ratio of diastereomers arising from the ene portion of

the reaction mechanism can be calculated from the relative

transition state energies of the ene reactions with reasonable

precision.35 These calculations reinforce our original mechan-

ism as the correct depiction of the reaction manifold that is

followed in the oxy-Cope–Claisen–ene cascade.

8. Oxy-Cope–Claisen–ene in total synthesis

Having developed an in-depth understanding of the oxy-

Cope–Claisen–ene reaction, we sought to apply this powerful

sequence to the synthesis of several structurally challenging

natural products. Our first target was the natural product

wiedemannic acid (124), an abietane diterpene isolated from

Salvia wiedemannii (Scheme 24).36 A cursory analysis of the

molecule reveals five contiguous stereogenic centers based

around a trans-decalin core, making this the apparent major

synthetic challenge. Reviewing our previous studies of the oxy-

Cope–Claisen–ene reaction, we found that we had previously

prepared compound 94 from 123, which possesses several

architectural features of wiedemannic acid (124). Taking

advantage of this, we could quickly elaborate an analog of

the natural product (125).37

Unfortunately, despite the close resemblance of our analog

125 to the reported structure of wiedemannic acid (124), the 1H

and 13C NMR data of 125 were significantly different from

those reported for 124. In particular, the portion of 125 that is

Scheme 22 Proposed mechanism for the tandem oxy-Cope–Claisen–

ene reaction of allyl ether 114. Scheme 23 Ring inversion.

Scheme 24 Synthesis of wiedemannic acid analog.
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close to the equatorial methyl group possesses different

chemical shifts and coupling constants. The structure of 125

was confirmed by X-ray crystallography, we compared our

data to other natural abietane diterpenes and we concluded

that the initial structural assignment for wiedemannic acid

(124) was probably incorrect, prompting us to abandon the

total synthesis at that point.

Our most recent synthetic pursuit using the oxy-Cope–

Claisen–ene cascade is directed towards the synthesis of

teucrolivin A 130,38 a neoclerodane diterpenoid isolated from

Teucrium oliverianum, a plant whose genus is a rich source of

such compounds (Scheme 25). While this compound is not

known to exhibit any notable biological activity, the highly

oxygenated core, coupled with an additional all-carbon

quaternary center at the decalin ring junction not accessible

with the pericyclic cascade, presents a significant synthetic

challenge.

We prepared the cascade precursor 127 in just 10 steps from

1,3-cyclohexadiene 126. We were successful in implementing

the cascade reaction to access the decalin core 128 of the

natural product, albeit in a moderate yield due to the

instability of the 3-substituted furan to the reaction condi-

tions.39 To date, we have achieved the synthesis of the

advanced intermediate 129 and we are currently investigating

the installation of the last remaining all-carbon quaternary

center at the ring junction. Significant progress has been made

and will be reported in due course.

Conclusions

Over the past several years we have developed numerous

pericyclic reaction cascades that constitute efficient and

reliable methods for the generation of various carbocyclic ring

systems with high diastereoselectivity at one or more stereo-

genic centers. Accompanying these methodological develop-

ments we have invested significant effort to gain a deep

mechanistic understanding of these processes and have used

this knowledge in application to the total synthesis of various

natural targets. Undoubtedly we, and chemists as a whole, will

continue to develop cascading reactions in the interest of

greater reaction efficiency and facile access to more and more

complicated systems in a single transformation.
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