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CONSPECTUS: Several criteria for the measure of synthetic
strategies toward “ideal synthesis” are available to guide the design
and evaluation of the synthetic strategies toward the target
molecules. One strategy toward “ideal synthesis” is developing a
multistep reaction that involves dramatic change in complexity.
Biogenesis of natural products and mechanistic investigation of
complicated organic transformation provide good inspiration for
design of new synthetic strategies. Trimethylenemethane diradical
(TMM diyl), first introduced only as a theoretically interesting
structure 60 years ago, gained interests of physical organic chemistry when it was first detected by Dowd. Study of characteristics
and properties of TMM diyl was accelerated in a great deal when Koebrich observed dimeric hydrocarbon products from the
reaction of 1,1-dibromo-2-methylhexa-1,5-diene with MeLi. Berson followed the mechanistic investigation of the reaction that
involved 2-methylenecyclopentane-1,3-diyl, and thoroughly studied physical and chemical properties of the TMM diyl. This lead
to the development of intramolecular [2 + 3] TMM diyl cycloaddition reaction for the construction of linearly fused triquinanes
by Little.
We envisioned that the generation of a TMM diyl through cycloaddition reaction discovered by Koebrich and [2 + 3]
cycloaddition reaction of the TMM diyl could be combined together to form polyquinane structures. A cycloaddition reaction
sequence of generating a TMM diyl from a alkylidene carbene of 2-methylhexa-1,5-diene structure in the presence of another
olefin was designed and executed to produce linearly fused and angularly fused triquinanes depending on the connectivity of the
second double bond. The successful transformation also inspired design of a tandem cycloaddition reaction strategy of using
unprecedented tetrahydrocyclopentapyrazole to TMM diyl transformation. The new design involves two [2 + 3] cycloaddition
reactions of 6-diazohexa-1,2-diene with an olefin attached at a proper position. When a diazo functionality is produced, the initial
[2 + 3] cycloaddition reaction generates the TMM diyl, which undergoes the second [2 + 3] cycloaddition reaction to form
triquinanes with high efficiency. The first tandem strategy involves a massive reorganization of molecular connectivity as one
CC double bond was cleaved and four C−C bonds were formed. The second tandem strategy connected two double bonds
with one carbon center to form four C−C bonds without breaking any bond.
The developed tandem strategies were readily applied to the total synthesis of natural products, especially triquinanes. Thus, the
total syntheses of hirsutene, ceratopicanol, pentalenene and panaginsene with structural revision were achieved and the strategy
was extended to the total synthesis of crinipellins (tetraquinane natural products).
The newly designed tandem strategies not only demonstrated the efficiency and effectiveness of the process but also provided
future opportunity of studying TMM diyl mediated reactions for designing variety of synthetic strategies.

1. INTRODUCTION

The ultimate goal and challenge of organic synthesis would
arguably be the “ideal synthesis”, the term first introduced by
Hendrickson1a and further developed as “the target molecule is
assembled f rom readily available materials in one simple, safe,
economical and ef f icient operation” by Wender.1b The ideal
synthesis offers a good guide to design and evaluation of
synthetic strategies for target molecules or development of new
molecular transformations. Criteria of ideality2 such as step,
atom, and redox-economy3a have been introduced for the
measure of ideal synthesis. All of these criteria are measured for
the efficiency of a reaction or a synthetic transformation and
thus guide the design and evaluation of the synthetic strategies

used for the preparation of the target molecules.3b However, for
a given target molecule, these criteria often provide contra-
dicting efficiency guidance for the designed synthetic strategies.
Thus, a holistic approach, finding a way to maximize the
increase of molecular complexity closer to the target molecule,
becomes more interesting.4 To maximize the change of the
molecular complexity toward the target molecule in each single
operation, multicomponent reactions, tandem/cascade reac-
tions and synthetic strategies with combination of these
reactions have been developed.5 Such transformations are
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either inspired by Nature6 or designed based on the reaction
mechanism studies.7 In all cases, reactive intermediates play
important roles in such multiple transformations.
Cationic cascade reactions have been effectively used for

construction of complex polycyclic compounds in Nature and
these processes inspired synthetic organic chemistry to design
synthetic methodologies for efficient total synthesis of complex
natural and non-natural compounds.8 Another related reactive
intermediate, the free radical, has been used effectively in
cascade reactions9 to form various complex polycyclic struc-
tures such as steroids,9b polyquinanes,9c and quadranoids9d

since the development of trialkyltin hydride as the source of
hydrogen in the radical chain reaction by Stork that offered
well-tailored control of radical reactions.10 Extension of the
radical cascade reaction into diradical reaction also provided quick
entry into polycyclic structures in one operation (Figure 1).11

Another reactive intermediate, carbene12 could be used to
increase the complexity of the system through design of a
strategy that utilizes the interesting nature of carbene that is
equivalent to zwitterionic species7b or diradical species. We
became interested in utilizing carbene intermediate to generate
diradical intermediate for tandem reaction strategy.
Trimethylenemethane (TMM)13 was introduced as imagi-

nary species studied in physical chemistry and organic reaction

mechanisms to explain some organic transformations during
the 50s. In the 60s, metal-coordinated TMM species that was
too stable to show any reactivity was reported,14 and eventually
the actual TMM was observed at low temperature.15 Due to the
propensity of the TMM to form methylenecyclopropane,
only limited information on TMM diyl was reported and syn-
thetic viability of TMM diyl was unimaginable. For this reason
surrogates of TMM diyl were developed. Trost developed
[2-(acetoxymethyl)allyl]trimethylsilane as a TMM surrogate
through Pd catalyzed [2 + 3] cycloaddition reaction16a

and Nakamura introduced methylenecyclopropanone acetal as
the precursor for dipolar trimethylenemethane that undergoes
[2 + 3] cycloaddition reaction with polar 2π system.16b

Transition metal catalyzed cycloaddition reactions of methyl-
enecyclopropane were also developed as alternative to TMM
mediated cycloaddition reaction.16c A breakthrough in the
study of TMM diyl came about when Koebrich reported a new
transformation of alkylidene carbenes (Scheme 1).17 When an
alkylidene carbene was generated from 1, unexpected dimeric
products, 2 and 3 were formed in varying ratio depending on
the reaction temperature. Formation of the dimeric product 3
could be explained by the formation of TMM diyl
intermediates 6. The TMM diyl 6 possesses a unique struc-
tural feature of existing as a diradical rather than forming
methylenecyclopropane ring. Even a slight alteration of the
structural features prevented the formation of TMM diyls.17a,26

The special nature of the TMM diyl 6 enabled a study that
probed the characteristics and reactivity of the TMM diyl.18

Information obtained from Berson’s thorough investigation led
to the application of TMM diyl in organic synthesis. Intra-
molecular [2 + 3] cycloaddition reaction of TMM diyl
generated from diazene 7 formed triquinane ring system19

and cyclopropyl group-containing TMM diyl formed cyclo-
octanoid 15 through cyclopropylmethyl radical mediated
rearrangement and recombination to form the cyclooctanoid20

(Scheme 2).
Information obtained for the generation, stability, and re-

activity of the TMM diyl intermediate prompted us to design a
bold strategy of combining all of these transformations around

Figure 1. Free radical mediated cascade/tandem reactions.

Scheme 1. Dimerization Reactions of Trimethylenemethane
Diyl
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the TMM diyl in a single operation using relatively simple
substrate that would increase the molecular complexity greatly.

2. DESIGNING TANDEM CYCLOADDITION
STRATEGIES VIA TMM DIYL

Discoveries of Koebrich followed by Berson’s thorough
investigation and application by Little could be linked together
to design tandem cycloaddition strategies to polyquinane
structures from linear substrates; that is, if an alkylidene

carbene 16 were generated from a substrate containing an
olefin at a proper position, it could undergo cyclopropanation
reaction to form a methylenecyclopropane ring 17 and then
the opening of the cyclopropane ring would convert 17 into
TMM diyl 18. The TMM diyl 18, in turn, could undergo a
cycloaddition reaction with another olefin to form the
diquinane structure 19. Though it has not been reported,
the methylenecyclopropane intermediate 17 could also be
generated through intramolecular cyclopropanation of an alkyl
carbene attached to an allene 20 that could be produced from
the corresponding diazo compound 21 (Scheme 3).

2.1. Designing Intramolecular Tandem Cycloaddition
Reactions via Alkylidene Carbenes

We designed intramolecular tandem cycloaddition routes
starting from alkylidene carbenes that would produce different
triquinane structures depending on the connectivity of the
olefin for the final [2 + 3] cycloaddition reaction (Scheme 4).
If a pentenyl tether were attached to the end of 16, 22 could
produce TMM diyl 24 that would undergo cycloaddition
reaction to form the linearly fused triquinane 25. If a pentenyl

Scheme 3. Designing Tandem Cycloaddition Reaction
Starting from Carbenes via TMM Diyls

Scheme 2. Intramolecular Reactions of TMM Diyls Generated from Diazene Precursor

Scheme 4. Design of Tandem Cycloaddition Reactions from Alkylidene Carbene via TMM Diyl

Scheme 5. Generation of Alkylidene Carbene from
Epoxyaziridinyl Imine
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tether were attached to the inside of the olefin of 16, 16 could
produce the angularly fused triquinane 29 via TMM diyl 28.
While there are many ways to generate alkylidene carbenes,21

Koebrich’s observation of the temperature dependency in the
dimerization reaction guided the desirable reaction conditions
for alkylidene carbene preparation. When the temperature was
lower than −40 °C, the methylenecyclopropane intermediate
5 formed the dimer 2 and at the temperature higher than
−40 °C TMM diyl 6 was generated and dimer 3 was obtained.
This observation implied that at low temperature an undesired
reaction might occur and it would be desirable to use the

methods that generate alkylidene carbenes at the temperature
higher than −40 °C.

2.1.1. Alkylidene Carbenes from Epoxyaziridinyl
Imines. The generation of alkylidene carbenes from epox-
yaziridinyl imines developed by Kim and Cho21c was selected as
an appropriate candidate for the tandem reaction strategy since
the alkylidene carbenes would be generated at 110 °C under
neutral conditions and thus believed to minimize undesired
reactions (Scheme 5).
Substrates for the tandem cycloaddition reaction (34, 39)

were designed, synthesized, and subjected to the reaction
conditions to generate alkylidene carbenes (35, 40). Intra-
molecular cycloaddition of the carbenes formed strained
bicyclic intermediates (36, 41) that transformed themselves
into TMM diyls (37, 42). Thus, formed TMM diyls underwent
[2 + 3] cycloaddition reaction to form linearly fused triquinane
(38) and angularly fused triquinane (43) according to the
designed connectivity between two olefins and an epoxyazir-
idinyl imine (Scheme 6).
The tandem reaction sequence starting from 34 proceeded

smoothly and stereoselectively to produce linearly fused
triquinanes in moderate yield stereoselectively with retention
of the olefin stereochemistry regardless of the substitution
pattern (Table 1).22

Contrary to the linearly fused triquinane formation, 39
produced the desired angularly fused triquinanes only in a few
cases with low yield (Table 2).23

Surprisingly, a seemingly unfavorable rearrangement of
alkylidene carbene to the alkyne product 44 became the
major reaction pathway. Only in the case of the electron
deficient olefin (39a) (Table 3, entry 1), the desired triquinane

Scheme 6. Tandem Reaction Sequence Initiated by Alkylidene Carbene Generated from Epoxyaziridinyl Imine

Table 1. Linearly Fused Triquinanes from Epoxyaziridinyl
Imines

entry product R1 R2 R3 yield (%)

1 38a Ph H H 54
2 38b CO2Et H H 49
3 38c H H H 52
4 38d Me H H 50
5 38e H Me Me 52

Table 2. Angularly Fused Triquinanes from Epoxyaziridinyl
Imines

entry R1 product yield (%) product yield (%)

1 COOEt 43a 18 44a
2 CH2OMe 43b 8 44b 24

entry R1 product yield (%) product yield (%)

3 CH3 43c 44c 36
4 H 43d 44d 26

Table 3. Linearly Fused Triquinanes from Alkynyl Iodonium
Salt Route

entry product R R1 R2 yield (%)

1 49a H COOEt Meldrum’s 31
2 49b Ph COOEt Meldrum’s 29
3 49c H Me Meldrum’s 46
4 49d Ph H Meldrum’s 17
5 49e Ph ether linkage Meldrum’s 43
6 49f H COOEt Et 50
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product was the major product. Intramolecular cyclopropana-
tion of alkylidene carbene with 1,1-disubstituted olefins
appeared to be so slow that alkyl migration to form alkyne
(44) prevailed though the alkyl migration was not expected to
occur readily at the reaction temperature.
Nevertheless, the significance of this tandem transformation

is that the first cycloaddition reaction of the alkylidene carbene
generates new diradical intermediate that undergoes another
cycloaddition reaction and thus effectively utilizes the carbene
as the diradical source. A noteworthy point of the trans-
formation is that the double bond in the substrate was cleaved
and the connectivity of the substrate was lost in the product.
2.1.2. Alkylidene Carbenes from Alkynyl Iodonium

Salts. Alkynyl iodonium salts generate alkylidene carbenes
when reacted with appropriate nucleophiles such as malonate
anion, alkoxides or sulfonamide anions.21e,f The tandem
cycloaddition reaction strategy involving an alkynyl iodonium
salt could be triggered by a C−C bond formation reaction to
form an alkylidene carbene with properly located olefins.
Therefore, the tandem reaction could become a convergent
route to a complex structure from two simple linear substrates.
The nucleophilic diene unit 46 can be added to an alkynyl

iodonium salt 45 to generate the alkylidene carbene inter-
mediate 47, which undergoes a tandem reaction sequence
(Scheme 7).24

As anticipated, linearly fused triquinanes were obtained with
efficiency similar to the aziridinylimine route (Table 3).
Formation of angularly fused triquinanes was much more
effective than the aziridinylimine route since the reaction
conditions for alkynyl iodonium salt route virtually eliminated
the generation of the rearranged alkyne products (Table 4).23

Results in entries 6 and 7 indicated that the efficiency of the
cycloaddition reaction relied on the existence of substituents on
the tether.
The tandem reaction could operate on a substrate possessing

both alkynyl iodonium salt and diene substituent (52) with ex-
ternal nucleophile generating the alkylidene carbene (Scheme 8).
The advantage of this transformation is that the product 55
could have substituents other than a methyl group at the vinyl
position. This appeared to be a requirement in the previous
cases. The stereoselectivity was explored on the alkynyl
iodonium substrates possessing two olefins at the proper places
and a substituent for the stereo selectivity. In this way, every
possible substitution position was explored (Scheme 9).25

Alkylidene carbenes were generated by addition of
heteroatom nucleophiles. Among the substrates, only 56c
produced the product 59 with good stereoselectivity; all the
other substrates showed low selectivity. It is also noteworthy
that the substrate 56d underwent O−Si insertion reaction to
form dihydrofuran 60 following the mechanism in the Scheme
10. The good stereoselectivity of 56c can easily be explained by
the more stable pseudoequatorial position of the substituent at
the transition state (Scheme 10). No such bias in the transition
state can be clearly seen with the other substrates.
Another possible variation for the alkylidene carbene gen-

eration from alkynyl iodonium salt was the addition of the
heteroatom nucleophile containing a diene, which could form a
heterocyclic product. When nitrogen nucleophile 66 was used
as the nucleophile, the tandem cycloaddition reaction sequence
was interrupted at the methylenecyclopropane stage. Instead of
generating the TMM diyl intermediate by breaking the
cyclopropane ring, the olefin of the methylenecyclopropane

Scheme 7. Alkylidene Carbene from Alkynyl Iodonium Salt for Tandem Cycloaddition Reaction toward Linearly Fused
Triquinane

Table 4. Angularly Fused Triquinanes from Alkynyl
Iodonium Salt Route

entry product X R1 R2 R3 yield (%)

1 51a C(COOEt)2 H H H 33
2 51b C(COOEt)2 CH3 CH3 H 38
3 51c C(COOEt)2 H H CH3 34
4 51d C(S(CH2)3S) H H CH3 34
5 51e C(OMe)2 H H CH3 28
6 51f CH2 H H CH3 0
7 51g O Ph H H <10

Scheme 8. Heteroatom Nucleophilic Addition to an Alkynyl Iodonium Salt for Angularly Fused Triquinane Synthesis
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intermediate 69 rearranged into the enamine compound 67 to
release strain (Scheme 11).26

The rearrangement resulted in the formation of stereo-
chemically intact, substituted cyclopropanes after hydrolysis of
enamine to the ketosulfonamide 71 in good yield (Table 5).
This result confirmed that formation of TMM diyls from
methylenecyclopropanes is sensitive to the strain associated
with the structural features of 69.17a

2.1.3. Alkylidene Carbene from a Ketone and the
TMS-Diazomethane anion. The method to generate
alkylidene carbenes from ketones, Shioiri’s TMS-diazomethane
anion route was also explored (Scheme 12).27 The reaction
started with addition of TMS-diazomethane anion to the
ketone 72. 1,3-Brook rearrangement followed by the alkoxide
elimination produces alkylidene carbene 74 after extrusion of
nitrogen molecule. From this point on, the reaction followed
the same sequence to produce the linearly fused triquinane 73.
Though the synthetic strategy was synthetically simpler than

the previous ones, the low overall efficiency of the outcome
limited the substrate scope and the synthetic utility probably

Scheme 9. Stereoselectivity of the Tandem Cycloaddition
Reaction in Angularly Fused Triquinane Formation

Scheme 10. Stable Transition State Conformation (63) toward the Triquinane 59 and the Mechanism of the Formation of
Dihydrofuran 60

Scheme 11. Interrupted Tandem Cycloaddition Reaction to
Form Cyclopropanes Stereoselectively

Table 5. Synthesis of Cyclopropylaminoketone via
Alkylidene Cycloaddition Reaction

entry product R1 R2 R3 yield (%)

1 71a H H H 76
2 71b H Me H 54
3 71c H Et H 51
4 71d Et H H 61
5 71e H H Me 70
6 71f Me Me H 52
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due to the use of strong bases to generate TMS-diazomethane
anion.
2.2. Tandem Cycloaddition Reaction of Allenyl
Diazo-Dipoles

As shown in the Scheme 3, there was another possible way of
generating TMM diyls via bicycle[3.1.0]hex-1-ene by the intra-
molecular cyclopropanation reaction of an alkyl carbene with an
allene moiety. While we contemplated this new route to TMM
diyls, a new tandem cycloaddition reaction sequence evolved
into a completely different way of performing a tandem
cycloaddition reaction (Scheme 13).
While the alkyl carbene can be generated from the

corresponding diazo group, this diazo group, before generation
of the alkyl carbene, could undergo cycloaddition reaction with
the allene28 to form tetrahydrocyclopentapyrazole 78. Since 78

was reported to be interconvertible with 79, which was known
to generate TMM diyl,29 we envisioned another tandem
cycloaddition strategy using two different [2 + 3] cycloaddition
reactions to form triquinanes from linear substrates. Again,
depending on the substitution pattern at the allene moiety, the
tandem cycloaddition reaction would produce either linearly
fused or angularly fused triquinanes. When the substrate 82 is
generated, in which the allene moiety was substituted with a
diazo-functionality on one side and an olefin on the other side,
linearly fused triquinane 85 would be produced through the
tandem cycloaddition reaction. A [2 + 3] cycloaddition reaction
between diazo-dipole and the allene followed by extrusion of
nitrogen molecule produces TMM diyl 84, which would
undergo another [2 + 3] cycloaddition reaction to form 85.
When the allene moiety was substituted at one end both with a
diazo group and a tethered olefin (e.g., 86), angularly fused
triquinane 90 would be produced through the same reaction
mechanism.30

First, substrates for linearly fused triquinanes were prepared
with aziridinyl imines as the precursor of diazo functionality
since the aziridinyl imine was well-known to decompose to the
diazo-dipole around 110 °C.31 At that temperature, the
diazoalkane underwent a dipolar cycloaddition reaction with
allene moiety and the tandem sequence ensued to form linearly
fused triquinanes (Table 6).
To our pleasant surprise, the tandem reaction produced the

triquinanes stereoselectively in excellent efficacy. This result
was a remarkable improvement in efficiency compared to the
results from the alkylidene carbene route. This difference in
overall efficiency implied that the cyclopropanation reaction
step of the alkylidene carbene route could suffer from the high
reactivity of the alkylidene carbene intermediate that could

Scheme 12. Generation of Alkylidene Carbenes from
Ketones

Scheme 13. New Cycloaddition Route to TMM Diyls for Tandem Cycloaddition Reaction
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undergo various side reactions such as rearrangement and
insertion reaction. The new tandem reaction route also allowed
easy incorporation of a heterocyclic ring in the product (Table 6,
entry 6).
Avoiding the carbene intermediate during the tandem

cycloaddition reaction eliminated other reaction pathways and
effectively formed angularly fused triquinanes (Table 7).
The results in Table 7 demonstrated the high reactivity of

TMM diyl cycloaddition even under large steric interaction or
ring strain. A diazo-species derived from a ketone also undergo
the tandem reaction (Table 7, entry 3) and good selectivity was
reconfirmed with good yield (Table 7, entries 4−6). When
the large steric congestion hindered the cycloaddition reaction,
a side product is produced (Table 7, entry 5). The
intermolecular cycloaddition reaction with styrene of the
TMM diyl that was the byproduct during the formation of
the diazo intermediate from an aziridinyl imine, competed
during the cycloaddition reaction by forming the styrene adduct
with TMM diyl. This unanticipated side reaction could be cir-
cumvented by using another source of the diazo-group.
Replacing aziridinyl imine with sodium salt of tosylhydrazone
that also generates the diazo-functionality at the same reaction
temperature eliminated the competing intermolecular reaction
(Table 7, entry 6). The reaction also worked with a ketone
derived diazo intermediate (Table 7, entry 3) though the

reaction required longer reaction time or higher reaction
temperature.

3. TOTAL SYNTHESIS OF NATURAL PRODUCTS
The tandem cycloaddition reaction via TMM diyl produces
triquinanes from linear substrates with a great increase in
molecular complexity and thus appears suitable for total synthesis
of polyquinane natural products. Chart 1 shows selected

polycyclic natural products that could be synthesized readily
through the TMM diyl-mediated tandem cycloaddition reaction.
3.1. Hirsutene32

Hirsutene has been a signature natural product target for new
synthetic methods or strategies to test the synthetic economy
and applicability of newly developed synthetic methods.
Therefore, it became the target to prove the practicality of
the tandem cycloaddition reaction. The total synthesis of
hirsutene was achieved from an epoxyaziridinyl imine precursor
93, which demonstrated the practicality of the synthetic
methodology (Scheme 14). The tandem cycloaddition reaction

Table 6. Tandem [2 + 3] Cycloaddition Reaction to Form
Linearly Fused Triquinanes

entry product A R1 R2 R3 R4 yield (%)a

1 85a C(COOEt)2 H H H H 83 (7:1)b

2 85b C(COOEt)2 H H H Ph 86
3 85c C(COOEt)2 Me H H H 84
4 85d C(COOEt)2 H Me H H 76
5 85e C(COOEt)2 H Me Me H 70
6 85f NTs H H H H 82b

aIsolated yields. bSyn-cis isomer was the minor product.

Table 7. Angularly Fused Triquinanes from Diazoallenes

entry product A B R1 R2 R3 conditiona yield (%)b

1 90a CH2 C(COOEt)2 H CH2 H A 93
2 90a CH2 C(COOEt)2 H CH2 H B 98
3 90b CH2 C(COOEt)2 Me CH2 H Ac 84
4 90c CH2 CH2 H OTBDPS H A 78
5 90d C(CH3)2 CH2 H OTBDPS Me A 45
6 90d C(CH3)2 CH2 H OTBDPS Me B 61

aCondition A: 2-phenylaziridin-1-amine, CH2Cl2; toluene, 110 °C, 12 h. Condition B: NH2NHTs/MeOH; NaH/toluene, 110 °C, 4 h. bIsolated
yields. cXylene, 160 °C, 12 h.

Chart 1. Polyquinane Natural Product Targets
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of the substrate 93 afforded the hirsutane skeleton 94 without
formation of the significant amount of other isomeric products.
Hirsutene was obtained directly from 94 through Ni catalyzed
regioselective methylation.22

3.2. (+)-Pentalenene33

While hirsutene is the test bed for newly developed synthetic
methodology/strategy for linearly fused triquinanes, pentale-
nene serves the same purpose for the angularly fused
triquinanes. The tertiary methyl-substituted stereocenter of
pentalenene could be the guiding handle of the stereoselective
construction of the pentalenene skeleton and thus citronellal
was selected as the starting material of the synthesis
(Scheme15). After replacing the dimethyl substituents of the
olefin part in citronellal with monomethyl substitution, the
substrate 95 was obtained in 6 steps from the desmethylci-
tronellal. The tandem cycloaddition reaction proceeded stereo
selectively to form the angularly fused triquinane 96 with 7:1
ratio and the major isomer produced (+)-pentalenene after
three-step sequence of allylic oxidation, hydrogenation and
dehydration.34

3.3. Panaginsene35

Panaginsene is a very interesting natural product, since it is the
only natural product that belongs to the senoxydane family of
natural products. Ironically, the first natural product claimed
to possess senoxydane structure was senoxydene,36 the
structure of which turned out to be incorrect as the synthetic
senoxydene showed spectroscopic data remote from the
reported one for the natural product.36 Though the senoxydane
structure was biogenetically viable, structural feature of
panaginsene should be confirmed unequivocally. The reported
structure of panaginsene could readily be synthesized from
citronellal (Scheme 16).37 When the substrate (97) for the
tandem cycloaddition reaction sequence was subjected to the
general reaction conditions, the desired product 98 was
obtained along with a mixture of few other isomers. Due to
the volatility and the nonpolar nature of the products, column
chromatography using silver nitrate impregnated silica was
required to isolate 98. It turned out that the reported structure
of panaginsene did not match the one produced synthetically. A
plausible biogenetic pathway hinted that panaginsene might
possess the opposite stereochemistry at the tertiary carbon
center with a methyl group. To obtain the epimeric structure of
the reported structure for panaginsene, a functional group that
could change the stereochemistry of the methyl group at the

tertiary center was required in the product of the tandem
cycloaddition reaction. Thus, we prepared the dithiane
functionalized substrate 99 and subjected to the standard
reaction conditions. The tandem reaction proceeded much
more efficiently than the one without the dithiane substituent
to produce 100 with almost complete stereoselectivity. The
presence of dithiane functionality appeared to provide the
higher efficiency and stereoselectivity during the cycloaddition
reaction. After generation of a ketone from the dithiane, and
subsequent epimerization, the resulting mixture of the methyl
epimers 101 was produced in a 1:1 ratio. To separate two
epimers, the ketone was reduced to generate the β-alcohol and
the β-hydroxy-β-methyl isomer was isolated. To remove the
alcohol, the stereochemistry of the alcohol had to be inverted to
the α-configuration for further functionalization. Ru-catalyzed
epimerization of the β-alcohol produced 102. Reduction of the
alcohol 102 using Mitsunobu type sulfide formation followed
by dissolving metal reduction produced 103. The spectroscopic
date of 103 suggested that the epimer of the reported structure
of panaginsene 103 was the real structure of panaginsene and

Scheme 14. Total Synthesis of Linearly Fused Triquinane, Hirsutene

Scheme 15. Total Synthesis of Angularly Fused Triquinane, Pentalenene

Scheme 16. Total Synthesis of Panaginsene and Its Methyl
Epimer
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this stereochemical outcome was also supported by biogenetic
consideration of panaginsene’s likely biosynthesis.38

3.4. Ceratopicanol39

Ceratopicanol, a linearly fused triquinane natural product with
consecutive quaternary centers at the ring junction posed
another challenge to the tandem cycloaddition strategy
(Scheme 17). The substrate (104) for tandem cycloaddition

reaction was obtained from pentynol and succinic acid.
Contrary to the other previous synthesis, the TMM diyl

intermediate generated from 104 was not symmetrical and thus
the tandem cycloaddition reaction could produce two
regioisomeric products. The tandem cycloaddition showed
little regioselectivity producing regioisomers 105 and 106 in
1.7:1 ratio. Further, each regioisomer was an inseparable
mixture of alcohol epimers with 5:1 ratio. Dehydroceratopica-
nol was the major product among the isomeric products. The
major regioisomer (105) was hydrogenated to a mixture of
ceratopicanol and its epimer. Without separating the epimeric
alcohols, oxidation and stereoselective reduction of the mixture
produced ceratopicanol.40

3.5. Crinipellins41

Crinipellins are the only tetraquinane natural products known
and pose a great challenge to synthetic organic chemistry as the
basic structure of crinipellins contains four quaternary centers
with eight consecutive stereocenters. For the synthesis of
tetraquinanes, the synthesis requires a five membered ring in
the substrate. Extension of the scope of the synthetic strategy
into the substrates with existing rings would be another
challenge of the current tandem cycloaddition reaction. A 12
step-sequence from 2-methylpentenone produced the substrate
(111) for the tetraquinane synthesis in a single enantiomeric
form (Scheme 18). The substrate 111 was designed to
minimize unnecessary steric interactions in the transition
state 112 by setting the relative stereochemistry of −OTBDPS
to occupy a pseudoequatorial orientation during the cyclo-
addition reaction of the TMM diyl intermediate. The tandem
cycloaddition reaction proceeded uneventfully to produce
tetraquinane product 113 with efficiency similar to the case
of triquinane forming reaction. The structural integrity of 113
was firmly confirmed as three-step conversion of 113 to a

Scheme 17. Total Synthesis of Ceratopicanol

Scheme 18. Total Synthesis of Crinipellins
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known synthetic intermediate (118) that furnished a formal
total synthesis of crinipellin B.42,43a Thus, the synthetic
intermediate 114 was advanced toward the total synthesis of
crinipellin A. Introduction of a hydroxyl group at the C-9 position
produced the alcohol 115 corresponding to the opposite
stereochemistry of crinipellin A at the C-9 position. To invert
the stereochemistry of the alcohol, a three-step sequence of
alcohol oxidation to the corresponding diketone, selective
addition of sulfoximine anion to the C-8 ketone from the top
face, and the hydroxyl group-directed ketone reduction was
applied to produce 116 with the correct stereochemistry at the
C-9 alcohol. Allylic oxidation of the cyclopentene into the
cyclopentenone and regeneration of the C-8 ketone produced
dione 117. The fragile dione 117 was oxidized to the epoxiketone
and the exomethylene group was introduced. A careful
deprotection furnished the total synthesis of (−)-crinipellin A.43

4. SUMMARY AND OUTLOOK
Based on the mechanistic work around TMM diyls, tandem
cycloaddition reactions were designed and successfully executed
that involve two cycloaddition reaction steps to form three
rings from linear substrate in one step. Application of these
methodologies to the preparation of natural products with
various structural features demonstrated the efficiency of the
tandem cycloaddition strategy in the total synthesis of
polycyclic natural products through a big complexity increase.
There are still many natural products with complex structural
features that could be assembled readily through these tandem
cycloaddition reactions. The versatility of the tandem cyclo-
addition reaction strategy that generates a TMM diyl as the key
intermediate does not have to be limited to the intramolecular
reactions as the intermolecular cycloaddition of a TMM diyl
could shorten the total number of steps to construct polycyclic
systems. TMM diyls that could be generated through current
methodology has been only used in the cycloaddition reaction
and there are many possibilities of designing other types of
tandem reactions that exploit the radical nature of the TMM
diyl. After all, mechanism based design and development of
new reactions or synthetic methodologies would allow us to
drive organic synthesis toward the “ideal synthesis” and
continue to expand the research area of organic synthesis
into material sciences and the life sciences.
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