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Photoinduced Skeletal Rearrangements

Reveal Radical-Mediated
Synthesis of Terpenoids

Benke Hong,'#¢ Weilong Liu,"%¢ Jin Wang,"-?¢ Jinbao Wu,"? Yuichiro Kadonaga, ' Pei-Jun Cai,’
Hong-Xiang Lou,* Zhi-Xiang Yu,! Houhua Li,>* and Xiaoguang Lei’-?:3/*

SUMMARY

Herein, we describe the protecting-group-free total synthesis of two structur-
ally diverse Isodon diterpenoids, (+)-ent-kauradienone (3) and (—)-jungermanne-
none C (4), in 12 and 14 steps respectively, through sequential applications of
three radical-based reactions, including the photoinduced skeletal rearrange-
ments of bicyclo[3.2.1]octene ring systems. Further investigations of this photo-
chemical radical rearrangement on a series of diverse terpenoids demonstrated
both the unparalleled functional-group tolerance and the broad applicability of
such late-stage photochemical rearrangements for the synthesis of structurally
diverse and complex small molecules. Overall, the mild nature of late-stage
photoinduced skeletal rearrangements might suggest that they are possible
in a biological setting in unappreciated complimentary biosynthetic pathways.

INTRODUCTION

Deciphering the key chemical transformations of natural-product biosynthesis is of
perennial importance in the fields of both natural-product chemistry and chemical
biology."? For example, much inspired by the well-known “cyclization/late-stage
P450-mediated oxidation” biosynthetic processes, total syntheses of a series of anti-
cancer diterpenoids have been accomplished in recent years.” ™ Biosynthetically, di-
terpenoids are derived from a common biosynthetic precursor, geranylgeranyl
diphosphate (GGPP, 1), and are generated upon multistep carbocationic cyclization
rearrangements catalyzed by terpenoid cyclases (Figure 1A).” Accordingly, exten-
sive enzymatic and biomimetic studies have been reported in the literature.® '
We are interested in the biosynthetic pathways of complex diterpenoids and are
especially keen on unconventional reaction mechanisms in which carbocations
might not be involved."*'* Indeed, during our synthesis of Isodon diterpenoids,
we identified a skeletal rearrangement of diterpenoids that proceed via a late-stage
photochemical radical rearrangement of the bicyclo[3.2.1]octene ring system. To
the best of our knowledge, this is the first time that a photoinduced skeletal rear-
d,”"® and it sheds light on a previously unknown
and complimentary diterpenoid natural product biosynthesis pathway.'*

rangement has been observe

RESULTS AND DISCUSSION

Skeletal Rearrangement of Bicyclo[3.2.1]octenes

Isodon diterpenoids are a unique family of polycyclic natural products, and more
than 1,000 members have been isolated to date (Figure 1 B)." "8 ltis widely accepted
that these diverse diterpenoids—each with unique bioactivity—are biosynthetically
derived from a common intermediate ent-pimarenyl cation (2) upon a series of

The Bigger Picture

The efficient synthesis of
terpenoids is often complicated
by their highly functionalized
structures. Accordingly, deep
insights gained in studies of
terpenoid biosynthesis have
deciphered chemical
transformation mechanisms that
synthetic chemists now widely
exploit to construct the molecular
architectures of terpenoids;
however, there could be
alternative biosynthetic pathways
of terpenoids yet to be
discovered. Herein, en route to
complex Isodon diterpenoids, we
discovered and subsequently
harnessed a late-stage
photoinduced skeletal
rearrangement to successfully
construct distinct bicyclo[3.2.1]
octene ring systems. Further
investigations on various
terpenoids showed good
functional-group tolerance and
suggest that some terpenoids
could also be produced via such
photoinduced rearrangement
pathways in nature. Our work
demonstrates how paying more
attention to unconventional
radical mechanisms can reveal
new chemistries that facilitate the
synthesis of complex natural
products.
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enzymatic cyclizations starting from 1. Subsequent successive carbocationic cycliza-
tion rearrangements generate the three known types of Isodon diterpenoid skele-
tons (3-5), each of which features a distinct bicyclo[3.2.1]octene ring system.w'20
Of note, enzymatic carbocationic rearrangements have been proposed as being
responsible for skeletal rearrangements among these Isodon diterpenoid types (Fig-
ure 1C): according to the initial biosynthetic hypothesis,”’** two possible carboca-
tionic rearrangement pathways have been speculated for the skeletal rearrangement
of ent-kaurane diterpenoids into jungermannenone diterpenoids. Such carboca-
tionic rearrangements have long provided great inspiration for synthetic en-
deavors.?**" As exemplified in Figure 1C, and using acid-catalyzed carbocationic
rearrangements, Hanson and co-workers and later Baran and co-workers reported
the biomimetic skeletal rearrangements of ent-kaurane diterpenoids stevioside

(6a) and steviol (6b), respectively, into ent-beyerane diterpenoid isosteviol (5).2731

Much inspired by the aforementioned biosynthetic hypothesis, as well as biomimetic
skeletal rearrangements reported by Hanson and co-workers and Baran and co-
workers, we undertook a model study of the rearrangement of ent-kaurane-type
skeletons into jungermannenone skeletons (Figure 2A). Starting from 7 (Tables

S12 and S13; Figures S5 and S6) which was prepared in two steps from piperitone,

29-31 |,33,34 radica|,35'36

a series of acidic, therma and transition-metal-catalyzed®’ re-
action conditions were tested, yet no rearrangement of the bicyclo[3.2.1]octene
skeleton was observed (Table S1; Figures S25-531). To our delight, upon 302 nm
UV irradiation at room temperature (Table S2), 7 was transformed into 8 (Figures
S32-537) in 33% isolated yield; moreover, the transformation of 7 to 8 appeared
as an equilibrium. Indeed, when 8 was subjected back to the same reaction condi-
tions (Table S3), 52% of 7 was isolated. In both cases, the product compositions
did not change upon longer exposure to UV irradiation—the products merely
decomposed. The observed photoinduced skeletal rearrangement most likely pro-
ceeded via photochemical 1,3-acyl migration of the B,y-unsaturated ketone (Fig-
ure 2B).7*%7 Detailed mechanistic studies conducted previously by Givens
et al.,"%*" Schaffner and co-workers,*? and Robb and co-workers*® suggested two
plausible mechanisms that could explain such reactivity: a stepwise pathway that
proceeds via a dissociation-recombination mechanism involving a cage radical

pair 9 or a quasi-concerted pathway involving a bi-radical “tight” intermediate 10.%*

Radical processes are certainly not rare in natural-product biosynthesis, e.g., in the
biosynthesis of e-viniferin from resveratrol via a radical intermediate promoted by
metalloenzymes®>*® or the biosynthetic enantiodivergence of pyrrole-imidazole al-
kaloids.”’*® Recently, an elegant total synthesis of ophiobolin sesterterpene via a
reductive radical cascade cyclization was reported by Maimone and co-workers.*?:>°
Trauner and co-workers also successfully achieved the biomimetic synthesis of fura-
nocembranoid intricarene by using UV irradiation conditions.”'*? However, no re-
ports have proposed that the biosynthesis of Isodon diterpenoids proceeds via
photochemical or radical rearrangement.’”'® We envisaged that the late-stage as-
sembly of bicyclo[3.2.1]octene skeletons could be accomplished efficiently by
photoinduced skeletal rearrangement (Figure 2C). Accordingly, and given that
photoinduced transformations can occur in mild conditions, there could be an alter-
native biogenesis route to Isodon diterpenoids wherein a spontaneous biosynthetic
interconversion occurs between jungermannenones and ent-kauranes via skeletal
rearrangements of bicyclo[3.2.1]octene under sunlight. To investigate this hypothe-
sis, we shifted our focus onto the total synthesis of complex Isodon diterpenoids
(ent-kaurane-type 3 and jungermannenone-type 4).”' As shown in Figure 2C, the

distinct bicyclo[3.2.1]octene ring system of 4 could be derived from 3 by
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Figure 1. Structure, Biosynthesis, and Skeletal Rearrangement of Diterpenoids

(A) Selected complex diterpenoids with diverse biological activities.

(B) Proposed pathways employing carbocationic cyclization rearrangements for the biosynthesis of Isodon diterpenoids.
(C) Biosynthetic and biomimetic carbocationic rearrangements of Isodon diterpenoids.

photoinduced skeletal rearrangement. Whereas reductive radical cyclization is
responsible for the direct assembly of the bicyclo[3.2.1]octene framework of 3,
trans-decalin 11 can be derived from aldehyde 12 through organo-SOMO catal-
ysis.”® The latter could be rapidly generated by coupling of commercially available
alkyne 13 with styrene 14.

Protecting-Group-free Synthesis of Isodon Diterpenoids 3 and 4

Our synthesis commenced with commercially available 6-heptyn-1-ol 13 (Figure 3);
aldehyde 12 (Figures S40 and S41) was synthesized over three steps through sequential
carboalumination and iodination®* (13 to 15) and B-alkyl Suzuki-Miyaura coupling®® (15
to 16, Figures S38 and S39) followed by Swern oxidation (16 to 12). Enantioselective
radical cation bicyclization of 12 upon organo-SOMO catalysis 17°° according to
MacMillan’s protocol generated the desired aldehyde 11 (Figures S19-S21, S42, and
S43) in 72% yield with 85% enantiomeric excess (ee), which was further improved to
96% ee after a single recrystallization. The absolute configuration of 11 was unambigu-
ously determined by X-ray crystallographic analysis (Table S44). Further three-step
transformations (a-methylation to afford 18, reduction of aldehyde, and benzylic oxida-
tion; Figures S22-524, S44, and S45) followed by Birch reduction and acid hydrolysis of

Chem 5, 1-11, June 13, 2019 3
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Figure 2. Photoinduced Skeletal Rearrangement of Bicyclo[3.2.1]octenes

(A) Photoinduced skeletal rearrangement of 7, a model bicyclo[3.2.1]octene substrate.

(B) Two plausible 1,3-acyl migration mechanisms for photoinduced skeletal rearrangement.

(C) Retrosynthesis of Isodon diterpenoids 3 and 4. brsm, based on recovered starting material.

the methyl enol ether in situ delivered dienone 19 in 41% overall yield. Stereoselective
o-propargylation of 19 with 20 afforded dienyne 21.

With dienyne 21 in hand, we sought to construct the challenging ent-kaurane bicyclo
[3.2.1]octene framework by using 1,6-dienyne cyclization.”® Whereas most of the
catalytic cyclization conditions (cycloisomerization, reductive Heck, etc.) were found
to be unsuccessful, to our delight, upon treatment of 21 with tri-n-butyltin hydride,
dienyne reductive radical cyclization occurred exclusively at the Cg position to give
ent-kaurane-type scaffold 22 as the sole product (under optimized conditions), and
the structure was determined by 2D NMR spectroscopy (Figures S46-S50). Interest-
ingly, in our previous work,>® a similar reductive radical cyclization occurred exclu-
sively at the Cq4 position in the presence of alcohol at the C4; position. The present
regiochemistry of radical additions to the Cg, Co, and Cy4 positions for the in-situ-
generated radical between 21 and the nBu3Sn radical has been investigated by

4 Chem 5, 1-11, June 13, 2019
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Figure 3. Protecting-Group-free Synthesis of Isodon Diterpenoids 3 and 4

Reagents and conditions are as follows: (a) Cp,ZrCl,, AIMes, CH,Cly, —15°C, 3 h, then |, THF, —=15°C, 2 h, 70%; (b) 14, 9-BBN, THF, 0°C to 23°C, 5 h, then
Pd(dppf)>Cl, (10 mol%), 3M Cs,CO3, THF, 23°C, 10 h, 84%; (c) DMSO, (COCl,),, EtsN, CH,Cl,, —78°C to 23°C, 3.5 h, 91%,; (d) 17 (30 mol %), Cu(OTH),,
NaTFA, TFA, DME/MeCN (v/v = 1:1.5), 23°C, 9 h, 72%, 85% ee, 96% ee after one recrystallized from n-hexane; (e) Mel, t-BuOK, t-BuOH/THF (v/v = 1:2),
0°Ct023°C, 3h, 82%, 85% ee, >99% ee after one recrystallized from n-hexane; (f) NoH4-H,O, diglycol, 160°C, 2 h, then KOH, diglycol, 180°C, 6 h, 90%; (g)
CrO3, AcOH/Ac,0 (v/v = 3:1),23°C, 7 h, 85%; (h) Na, NH3 (lig.), EtOH, THF, —=78°C, 5 h, then 3M HCI, 54%; (i) 20, NaHMDS, HMPA, THF, —=78°C, 1 h, 90%,
dr 5/1; (j) n-Bu3SnH, AIBN, PhMe/t-BuOH (v/v = 1:3), MW, 80 W, 120°C, 10 min, then PPTS, CH,Cl,, 23°C, 6 h, 50%; (k) OsO4 (20 mol%), DABCO, NalOy,,
THF/t-BuOH/H,0 (v/v/v = 3:2.2:1), 23°C, 6 h, 94%; () Me,NCH,NMe;, Ac,O, DMF, MW, 80 W, 100°C, 25 min, 96%; (m) NaBH,4, CeCl3, MeOH, —78°C, 1 h,
71%. THF, tetrahydrofuran; 9-BBN, 9-borabicyclo[3.3.1]nonane; DMSO, dimethyl sulfoxide; NaTFA, sodium trifluoroacetate; TFA, trifluoroacetic acid;
DME, 1,2-dimethoxyethane; NaHMDS, sodium bis(trimethylsilyl)amide; HMPA, hexamethylphosphoramide; AIBN, azobisisobutyronitrile; MW,
microwave; PPTS, pyridinium p-toluenesulfonate; DABCO, 1,4-diazabicyclo[2.2.2]octane; DMF, N,N-dimethylformamide; dr, diastereomeric ratio.

density functional theory (DFT) calculations,”’ 7

which show that the regioselectivity
is mainly controlled by geometry reason. The transition states from radical addition
to both the Cy and Cq4 positions are significantly distorted in comparison with the
transition state from radical addition to the Cg position (for more details, see Tables

S24-S41 and Figures S107-112).

Upon oxidative cleavage of the exo-methylene moiety in 22, diketone 23 (Figures
S51 and S52) was obtained in 94% yield. Next, a-methylenation of 23 delivered
(+)-ent-kauradienone (3) (Tables S6-S8; Figures S1 and S2). Selective Luche reduc-
tion of 3 furnished 24 (Figures S53-S58), which is the key proposed precursor for
the photoinduced skeletal rearrangement. Upon treatment of 24 with UV irradiation
at 254 nm (Table S4), (—)-jungermannenone C (4) (Tables S9-S11; Figures S3 and S4)
was obtained in 58% isolated yield along with 28% of recovered 24. To investigate
the equilibrium nature of the photoinduced radical rearrangement, we irradiated
(—)-4 at 365 nm (Table S5). Pleasingly, 24 was generated in 21% yield along with
71% of recovered (—)-4. Finally, to further elucidate the biosynthetic relationship be-
tween ent-kaurane-type and jungermannenone-type diterpenoids, we exposed
both 24 and (—)-4 to sunlight as neat compounds. Gratifyingly, late-stage photoin-
duced skeletal rearrangement occurred smoothly in 22%—70% yield according to
"H NMR analysis of the crude samples. Therefore, we achieved the total synthesis
of (+)-ent-kauradienone (3) and (—)-jungermannenone C (4) in 12 and 14 steps,
respectively, via late-stage photoinduced skeletal rearrangements of the bicyclo
[3.2.1]octene ring system, and we thus established the absolute configurations of
3 and 4.?" In addition, from the interconversion between 4 and 24, we believe that
24 is most likely a natural product.

Late-Stage Photoinduced Skeletal Rearrangements of Terpenoids

We further validated the late-stage photoinduced skeletal rearrangements by sub-
jecting other ent-kaurane-type and jungermannenone-type diterpenoids or analogs
to photochemical irradiation. Of note, substrates (vide infra) used here were either
commercially available natural products or derivatives thereof (see Tables S14-
S23 and Figures S7-518). As exemplified in Figure 4, under UV irradiation, ent-kaur-
ane-type diterpenoids 25 (Tables S14 and S15; Figures S7 and S8) and 26°° (Tables
S16and S17; Figures S9-512) underwent photochemical rearrangement smoothly to
generate, respectively, jungermannenone-type 27 (Figures S59-S64) and 28 (Fig-
ures S65-S70) and vice versa. Although we did not observe strict correlation
between the UV absorption data of both ent-kaurane-type and jungermannenone-
type products with the emission spectrum of the lamp used (Figures S103-5106),
our product compositions varied drastically from different wavelengths of the
lamp as well as from the different solvents used during UV irradiation. The computed
energy difference of 24 and 4 (AG = 2.7 kcal/mol) also implies the non-existence of a
thermodynamic equilibrium (Tables S42 and S43; Figure S113).
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Figure 4. Late-Stage Photoinduced Skeletal Rearrangements of Terpenoids

Reagents and conditions are as follows: (a) 254 nm, MeOH, 23°C, 1.5 h, 58%; (b) 365 nm, n-hexane, 23°C, 5 h, 21% (73% brsm); (c) 254 nm, MeOH, 23°C,
2 h, 62%,; (d) 365 nm, n-hexane, 23°C, 3 h, 23% (75% brsm); (e) 302 nm, MeOH, 23°C, 1 h, 27% (80% brsm); () 302 nm, MeOH, 23°C, 1 h, 45%; (g) 365 nm,
pyridine, 23°C, 1 h, 34%,; (h) 365 nm, pyridine, 23°C, 1 h, 27% (57% brsm); (i) 254 nm, n-hexane, 23°C, 13 h, 57%; (j) 302 nm, n-hexane, 23°C, 3 h, 21% (71%
brsm); (k) 254 nm, n-hexane, 23°C, 14 h, 65%,; (I) 302 nm, n-hexane, 23°C, 3 h, 26% (69% brsm); (m) 254 nm, MeOH, 23°C, 2 h, 93%. brsm, based on
recovered starting material.
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Collectively, and in line with the previous findings of Paquette and Meehan,*® our
results suggest that our product compositions are mostly determined by the photo-
chemical properties of the corresponding substrates rather than their relative ther-
modynamic stabilities. Of note, it is also hard to correlate the optimal wavelengths
with the optimal product distribution in general. As shown in Figure 4, in many cases
different wavelengths were found for the interconversion after careful examination,
whereas in other cases, the optimal wavelengths were identical. Next, upon UV irra-
diation, 6,7-seco-ent-kaurane-type 29 (Figures S71 and S72) also produced 30 (Fig-
ures S73-S78) in moderate yield and vice versa. Sesquiterpenoids santonide (31)
(Tables S20 and S21; Figures S15 and S16) and parasantonide (32) (Tables S22
and 523; Figures S17 and S18) were then tested,®’ and to our delight, the photoin-
duced skeletal rearrangement of sesquiterpenoids proceeded smoothly, where the
enol ether of 31 and 32 underwent photochemical rearrangement upon UV irradia-
tion to give 33 (Figures S79-584) and 34 (Figures S85-590), respectively. Finally,
enamide derivative 35 (Figures S91-596) also underwent photochemical rearrange-
ment to generate 36 (Figures S97-5102) as a sole product.

Initially, the late-stage photoinduced divergent skeletal rearrangements seemed to
be unfavorable given the common belief that photolysis is too harsh and often lacks
the required selectivity for complex substrates. The photoinduced transformations
demonstrated here highlight the power of photochemistry for the synthesis of com-
plex molecules,"® enabling, for example, the use of well-tolerated mild reactions
with unparalleled functional-group compatibility (e.g., allylic alcohols, enones,
acids, free primary and tertiary alcohols, acetals, and lactones). All of the aforemen-
tioned rearranged diterpenoids were structurally determined by 2D NMR spectros-
copy; among them, the structures of rac-4 (Table S45), 28 (Table S46), 30 (Table S47),
33 (Table S48), 34 (Table S49), and 36 (Table S50) were confirmed by X-ray crystal-

lographic analysis.

Conclusion

In summary, we described herein the protecting-group-free®*¢?

total synthesis of
two structurally diverse Isodon diterpenoids, 3 and 4, in 12 and 14 steps, respec-
tively. Our synthetic route features sequential applications of three radical-based

reactions, ¢

including the remarkable photoinduced skeletal rearrangements of
bicyclo[3.2.1]octene ring systems. Further application to a series of diverse terpe-
noids demonstrated both the unparalleled functional-group tolerance and the
broad applicability of such late-stage photochemical rearrangements for the synthe-
sis of structurally diverse and complex small molecules. More broadly, the mild
nature of late-stage photoinduced skeletal rearrangements might suggest that
they are possible in a biological setting in unappreciated complimentary biosyn-
thetic pathways,'*¢” thereby emphasizing that paying more attention to unconven-
tional radical mechanisms could reveal exciting new chemistries in the synthesis of
natural products such as terpenoids.

EXPERIMENTAL PROCEDURES

A Representative Procedure for Photoinduced Skeletal Rearrangement

Five oven-dried quartz tubes were each charged with 24 (1 mg, 3.3 pmol, 5 mg in
total) and MeOH (3.3 mL, 0.001 M). The reaction mixtures were stirred while being
irradiated with a 254 nm lamp at room temperature for 3 h. The reaction mixtures
were combined and concentrated in vacuo (<25°C) and then purified by silica gel
preparative TLC (petroleum ether/ethyl acetate = 4/1) to provide (—)-jungermanne-
none C (4) (2.9 mg, 58%, 81% brsm) and recover 24 (1.4 mg, 28%).
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