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ABSTRACT: A versatile polyene cyclization strategy was developed that ex-
ploits conjugated S-ionyl derivatives. Photomediated disruption of the extended

n-system within these chromophores unveils a contra-thermodynamic polyene OMe ﬁ’

that engages in a Heck-type cyclization to afford [4.4.1]-propellanes. The con-

nectivity of overbred polycycles generated from this process is controlled by ome  —HEr (nel)
the position of the requisite C—Br bond. Thus, compared to conventional bio- me' e

mimetic polyene cyclization, this approach allows for complete control of regi-

[single isomer]

ochemistry and facilitates incorporation of both electron-rich and electron-deficient (hetero)aryl groups. This strategy was success-
fully applied to the total synthesis of taxodione and salviasperanol, two isomeric abietane-type diterpenes that previously could not

be prepared along the same synthetic pathway.

Diterpenes are a rich source of biologically active molecular
scaffolds."”” Members of this family harboring a fused [6-6-6]
carbocyclic nucleus have gained significant attention for their
valuable pharmacological proﬁles.3_5 This subgroup of natural
products includes abietane, pimarane, and kaurane diterpenes,
which all share copalyl diphosphate as a common biosynthetic
progenitor (Figure 1).6 Although the skeletal diversity of these
diterpenes is localized within the C-ring, each motif is further
differentiated through late-stage oxidative '[ailoring.7 This add-
ed layer of complexity hinders the design of unified synthetic
entry to this diverse collection of targets. Recent advances in
synthetic biology have streamlined entry to this subgroup from
more accessible terpenoid starting points.® In contrast, polyene
cyclization provides a generalized platform for de novo diter-
pene synthesis. This bioinspired strategy seeks to reorganize
isolated polyenes (1) to polycycles (2) through a series of con-
certed C—C bond formations.” Both cationic and radical reac-
tion modalities are known, as are enantioselective adaptations
catalyzed by Lewis acids, "’ ors‘ganocatalysts,11 and transition
metals.'> The outcomes of polyene cyclization are predictable
and governed by explicit aspects of alkene stereochemistry
and electronics.” This powerful feature is often exploited in
total syn‘[hesis;gC however, it also makes it difficult to extend
this strategy to diversified substrates (e.g. 1a—1c) that deviate
from biogenic isoprenoid precursors.”’14

Inspired by the photobiology of vitamin A, we envisioned a
different polyene cyclization strategy. In place of isolated pol-
yene 1, we targeted conjugated S-ionyl derivative 3. Following
Buchi’s investigations on the photoisomerization of S-ionone
to Z-retro-y-ionone,” we reasoned that diene 4 could be un-
veiled from 3 via a photoinduced [1,5]-hydride shift. The bi-
furcated m-systems in 4 could then be connected via a Heck
cyclization, where the position of the C—X bond would guide
site-specific incorporation of the aryl ring. We predicted that a
6-exo-trig pathway to generate alkyl metal species A would be
favored,'® thereby providing an avenue to modify the oxida-
tion-state of C20, most directly by cyclization to propellane 5.
Fragmentation of this overbred species was viewed as handle
for skeletal editing. Moreover, this sequence would allow 5 to
be assembled from interchangeable fragments. We expected
these features to not only expedite entry to diterpene natural
products, but also simplify the design of tailored compositions

o realted diterpene families harboring a fused [6-6-6] ring system
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Figure 1. A polyene cyclization strategy enabled by photoinduced
disruption of the extended n-system within 3.

of matter that are beyond the reach of semi-synthesis. Herein,
we report the successful implementation of this programmed
polycyclization strategy and highlight its utility for the synthe-
sis of canonical and rearranged abietane diterpenes.'”



Table 1. Photoisomerizaiton of B-ionyl derivatives 3.“°
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2 THF 300 3a OMe OMe 92(1h)
3 THF 254 3a OMe OMe 10(1h)
4 dioxane 300 3a OMe OMe 93(2h)
5 MeCN 300 3a OMe OMe 85(1h)
6 dioxane’ 300 3a OMe OMe 87°(5h)
7 dioxane 300 3b H H 90° (5 h)
8 dioxane 300 3¢ CF; H 86° (5 h)

“ Yields were determined by 'H NMR using Me,SO, as an inter-
nal standard. ® Solvent was degassed by successive freeze-pump-
thaw cycles. ¢ Reactions were carried out in a Rayonet photoreac-
tor maintained at 35 °C. ¢ [4] = 0.2 M. ° Isolated yield after purifi-
cation by silica gel chromatography.

We began by examining the photoisomerization of S-ionyl
derivatives 3. While the photosensitized geometric isomeriza-
tion of B-ionyl species is established,'® positional alkene isom-
erization via a [1,5]-hydride shift is an underexplored pathway
observed upon direct irradiation."® Thus, it was not clear if this
reaction would be broadly synthetically useful. To address this
concern, a set of electronically differentiated photosubstrates 3
were prepared from benzylic alcohols 6 via conversion to aryl
phosphonates 7 and olefination with ﬁ-cyclocitral.20 As shown
in Table 1, we were pleased to find that irradiation of 3a (Rl,
R’ = OMe) with 350 nm light in deoxygenated THF provided
Z-diene 4a in 90% yield (entry 1).21 The reaction time was
reduced to 1 h using 300 nm light (entry 2). In contrast, 254
nm light resulted in decomposition (entry 3). Dioxane and
MeCN gave similar results to THF (entries 4 and 5); however,
the reaction rate slowed as the concentration of 3a increased.
Guided by these observations, we developed a general proce-
dure using 300 nm light in dioxane (0.2 M) that provided 4a in
87% yield after 5 h (entry 6). This transformation was remark-
ably efficient, with no evidence of other products by 'H NMR.
Moreover, these mild conditions were extended to differentiat-
ed cyclization substrates 3b (R', R* = H) and 3¢ (R' = CF;, R
= H) to generate 4b (90% yield) and 4c¢ (86% yield) as single
isomers, respectively (entries 7 and 8).

The isomerization of 3a was explored in detail (Scheme 1).
Analysis of a test reaction (Av =300 nm, 0.1 M in THF) by 'H
NMR revealed initial isomerization of the exocyclic alkene to
generate a mixture of (£)-3a and (Z)-3a. These species were
present in a 1:1 ratio after 1 h, alongside 4a. After 2 h, (F)-3a
was consumed and a mixture of (Z)-3a and 4a persisted until
the reaction was complete. We prepared (Z)-3a independently
and found that the photochemistry of this isomer was indistin-
guishable from (E)-3a.22 Thus, the initial geometry of the exo-
cyclic alkene was inconsequential. In contrast, 4a did not react
with 300 nm light, yet reverted to (£)-3a in >95% yield when
heated to 150 °C via a thermal (retro) [1,5]-hydride shift. The-
se results indicate that 4a is metastable intermediate that likely

Scheme 1. Chromophore disruption in the photoisomerization
of 3atoda.’

Ar,

Me we hv=300nm I r1.5-shift Ve
e “Ez-1 D
x t=1h) Me
Me
Ar Ar
(E)-3a (Z2)-3a 4a
conjugated disrupted (strained) bifurcated
a. time—dependent "H NMR experiment (CDCl3)
” 4a \ I
L M JLt=30n
‘ E/Z=1:1
I ‘“‘ ye w"a I
U Y Y . . W _JiLt=1.0h
(‘ “ " (2)-3a
S ¥ U ‘ _ Fi b pt=o0sn
I |
W e o -~ . t=03h
M 0o (E)-3a
| Y Y t=00h

69 68 6.7 6.6 65 6.4 6.3 6.2 6.1 54 5.3 5.2 5.1 50 49 4.8 f1 [ppm]

b. UV-vis spectra of independently prepared (E)-3a, (Z)-3a, and 4a in THF
0.8
(E)-3a: Apax = 288 nm
(2)-3a: Apax = 280 nm
4a: Aoy = 285 nm

normalized absorbtion

wavelength (nm)
“ Structure 4a reverted directly to (£)-3a at 150 °C.

accumulates because disruption of the extended m-system pre-
vents re-excitation. This conclusion was supported by analyz-
ing the absorption spectra of (£)-3a, (Z)-3a, and 4a in THF.
These data revealed significant hypochromic shifts for (Z)-3a
and 4a relative to (£)-3a, which is consistent with impaired
conjugation. Notably, the n-system in (Z)-3a is distorted by
allylic strain, which also restricts interconversion to the s-trans
conformer.” This same steric effect may also facilitate a pho-
tochemical [1,5]-hydride shift within (Z)-3a to give 4a, a pro-
cess that requires an otherwise difficult-to-achieve antarafacial
transition state.”*

Our next goal was to execute the proposed Heck reaction
within 4a. After some experimentation, we identified the com-
bination of Pd,dba;/P(¢-Bu); (1:1 Pd/P) and Cy,NMe described
by Fu to be the most effective.”> Exposure of 4a to this catalyst
system in dioxane at 85 °C gave 5a in 93% yield. As shown in
Scheme 2, the photoisomerization and Heck cyclization were
merged into a single operation. This more convenient process
afforded 5a in 76% yield from 3a on gram-scale.26 Moreover,
this process was effective across a range of cyclization precur-
sors (3b—3k). Accordingly, C-ring variants 3b—3e with periph-
eral substituents at every position around the aryl nucleus were
tolerated. By design, a single regioisomer of 5 was obtained in



Scheme 2. Cyclization of S-ionyl substrates 3: Scope and limi-
tations.”
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“Unless otherwise noted, reactions were carried out on 0.3 mmol
scale. Reported yields are based on isolated product after purifica-
tion. ” A FEP-tubing spindle was used for the photochemistry (see
the Supporting Information for details). ¢ Relative stereochemistry
was established by single crystal X-ray diffraction.

every case. In addition, the reaction was effective for electron-
rich (5a and 5e), non-activated (5b), and electron-deficient (5¢
and 5d) substrates. This feature allowed us to prepare variants
of 5 harboring n-deficient (5f—5h) and n-excessive (5i) hetero-
cyclic rings. Modifications of the A-ring were also investigat-
ed. For example, the addition of an alcohol at C1 provided 5j
in 2:1 d.r. (61% yield).27 This selectivity was readily improved
to >25:1 d.r. in Sk (75% yield) when a bulky silyl protecting
group was included. In contrast, propellane 51 lacking a gem-
dimethyl group at C4 was a limitation. In this case, photolysis
of 31 did not produce isomer 4l. Instead, E—Z isomerization of
the exocyclic alkene was the exclusive reaction. This outcome
demonstrates the importance of allylic strain introduced by the
gem-dimethyl group in the [1,5]-hydride shift process.

Having established the proposed photoinduced polycycliza-
tion cascade, we turned our attention to examining its utility in
target-oriented synthesis. As shown in Scheme 3, we selected
abietane diterpenes for this purpose. Our interest in this diter-
pene family was inspired by taxodione (8), a novel inhibitor of
farnesyl diphosphate synthase.”* Among the reported syntheses
of 8% an 11-step route featuring biomimetic polycyclization is
the most concise.”® This work provided a valuable benchmark.
We also targeted salviasperanol (9), an isomer of 8 distin-
guished by a [6-7-6] icetexane skeleton.”’ In Nature, this rear-
ranged abeo-abietane framework is prepared from an abietane
via an oxidation-enabled Wagner-Meerwein rearrangement.32
Nevertheless, 9 is not readily accessible using polyene cycliza-
tion. As a result, existing total syntheses of 8 and 9 treat each

Scheme 3. Synthetic entry to common intermediate 11.
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carbocyclic framework as an independent problem.33

To evaluate the utility of our strategy, we set out to develop
a unified entry point to 8 and 9 via late-stage diversification of
overbred abietane 11. This common intermediate was prepared
on gram-scale from Sa via ortho-lithiation and trapping with
acetone. Deoxygenation of the resultant alcohol using Kabal-
ka’s protocol provided 10 in 86% overall yield.34 The olefin in
10 was then reacted with DMDO to give epoxide A, a transi-
ent species that smoothly rearranged to ketone 11 in 95% yield
upon exposure to BF;eOEt,.

A total synthesis of (+)-taxodione (8) was achieved from 11
via ring-opening of the activated cyclopropyl ketone (Scheme
4). In this case, 11 was reacted with excess TMSCI and Nal in
MeCN.* Following an aqueous workup, this protocol provid-
ed iodide 12 in >95% yield. It was best not to purify this sensi-
tive intermediate. Instead, alkyl iodide 12 was directly reduced
with zinc powder to furnish 13 in 82% yield. Deprotection of
the aryl ethers with BBr; then unveiled the corresponding cat-
echol, which rapidly to oxidized 8 in 93% yield upon exposure
to SiO, and oxygen.* As such, this approach provided ()-8 in
9 total steps and 41% overall yield from commercially availa-
ble fragments 6a and S-cyclocitral.

Intermediate 11 was also diverted to (£)-salviasperanol (9).
In this context, alkyl iodide 12 was generated in situ as before
and then treated with Ag(TFA) to induce a biomimetic skeletal
rearrangement.32 Under dilute conditions (0.05 M), this reac-
tion provided enone 14 in 63% yield alongside an 8:1 mixture
of isomers 15a and 15b. Mixtures of 15 were recycled to 14 in
two steps. In this case, Mukaiyama hydration of 15 gave alco-
hol 16 as a single diastereomer in 83% yield. Subsequent de-
hydration of 16 using Burgess reagent (17) afforded 14 in 70%
yield. Alternatively, a formal synthesis of (£)-9 was completed
by reducing 14 with LiAlH,. Dehydration of the resultant al-
lylic alcohol with 17 furnished diene 18 in 59% yield over two
steps. Notably, Sarpong and co-workers previously elaborated
18 to 9.* Therefore, 9 was formally prepared in 9 total steps
(21% overall yield) and, for the first time, along the same syn-
thetic pathway as abietane 8.



Scheme 4. Diverted total synthesis of (+)-taxodione (8) and

formal synthesis of (+)-salviasperanol (9) from ketone 11.
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Skeletal remodeling of 11 also supported entry to unprece-
dented abeo-abietane scaffolds (Scheme 5). For example, ex-
posure of 11 to BF;e0Et, in toluene at 80 °C afforded isomer-
ic [6-7-6] ring system 19 in 95% yield. We suspect that that 19
is derived of cation A, which itself arises from a (net) [1,3]-
alkyl shift within the initial Lewis adduct of 11.%7 Alternative-
ly, irradiation of 11 (v = 254 nm) in the presence of Et;N
generated [4.4.1] bicyclic motif 20, putatively via ketyl radical
B.”* This carbocycle is reminiscent of the cyclocitrinols,” and
was available at a higher oxidation state from 10. In this case,
10 was reacted with NIS in aqueous THF to give halohydrin
C. Upon exposure to Ag(TFA), this reactive species furnished
alcohols 21 and 22 in 82% yield (1:1 ratio). We found that 21
isomerized to 22 in the presence of TsOH, putatively via cati-
on D. Alternatively, 22 was isolated in 82% yield when MeCN
was used in place of THF. Collectively, these non-canonical
abietanes illustrate the structural diversity that can be achieved
by controlled fragmentation of the propellane within Sa.

In summary, we established an atypical polyene cyclization
strategy that converts easily accessible S-ionyl derivatives into
polycyclic [4.4.1]-propellanes. Unlike canonical biomimetic

Scheme 5. Entry to diversified non-natural abeo-abietanes via
skeletal remodeling of propellanes 10 and 11.
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polyene cyclization, this strategy allows for complete control
of regiochemistry and tolerates a range of electron-rich and
electron-deficient (hetero)aryl groups. The strained polycycles
produced from this chemistry were elaborated to diterpene
architectures via late-stage skeletal remodeling. This powerful
feature was highlighted in a unified synthesis of taxodione (8)
and salviasperanol (9) that is concise, modular, and amenable
to asymmetric induction in future iterations. Alternative diver-
sification pathways were explored, and these generated a col-
lection of non-canonical abeo-abietane scaffolds that would be
difficult or impossible to prepare using conventional biomi-
metic logic. As a result, this terpene assembly strategy appears
to be well-suited for applications in both target- and diversity-
oriented synthesis.
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