
Internationale Ausgabe: DOI: 10.1002/anie.201502034Natural Products
Deutsche Ausgabe: DOI: 10.1002/ange.201502034

Total Synthesis of Diterpenoid Steenkrotin A**
Saiyong Pan, Jun Xuan, Beiling Gao, An Zhu, and Hanfeng Ding*

Dedicated to Professors Cheng Ma and Yanguang Wang

Abstract: A concise and diastereoselective total synthesis of the
diterpenoid (�)-steenkrotin A is described for the first time.
The strategy mainly features three key ring formations: 1) a
rhodium-catalyzed O¢H bond insertion followed by an intra-
molecular carbonyl-ene reaction to build up the tetrahydro-
furan subunit; 2) sequential SmI2-mediated Ueno–Stork and
ketyl–olefin cyclizations to construct the [5,7] spirobicyclic
skeleton; and 3) an intramolecular aldol condensation/vinyl-
ogous retro-aldol/aldol sequence to form the final six-mem-
bered ring with inversion of the relative configuration at the C7
position.

Croton steenkampianus Gerstner (Euphorbiaceae) is
a shrub or tree endemic to central Africa and eastern parts
of southern Africa.[1] With “Marsh Fever-berry” and “Tonga
Croton” as the common names, many species of this genus
have been widely used in folk medicine to treat a variety of
illnesses such as coughs, fever, malaria, and rheumatism. In
2008, Hussein and co-workers isolated two novel diterpenoids
from the extract of leaves of C. steenkampianus, and were
named steenkrotins A and B (1 and 2, respectively;
Figure 1).[2]

Structurally, (�)-steenkrotin A (1) possesses an intricate
[3,5,5,6,7] pentacyclic carbon framework containing a steri-
cally congested hydroxytetrahydrofuran subunit, while
steenkrotin B (2) features an unusual [5,6,6,7] tetracyclic

skeleton embedded with an endoperoxide moiety. Both of
these molecules contain eight stereogenic centers, of which six
are contiguous, including one all-carbon quaternary center.
The intriguing structures as well as the potentially important
biological activities rendered 1 and 2 attractive targets for
synthetic studies. Previously, we reported an efficient syn-
thetic route to the angularly fused [5,6,7] tricyclic core
structure of 1 and 2 through an intramolecular nitrile oxide/
alkene [3++2] cycloaddition strategy.[3] Herein, we describe
our recent efforts culminating in a concise and diastereose-
lective total synthesis of (�)-steenkrotin A (1).

Our retrosynthetic analysis depicts a systematic approach
in the deconstruction of the complex fused pentacyclic system
(Scheme 1). We rationalized that 1 might be synthesized

through the late-stage epimerization of C7-epi-1. For its
construction, we envisaged an intramolecular aldol conden-
sation[4] of the diketone aldehyde 3 to forge the six-membered
ring of the molecule. The spirobicyclic structure of 3 could be
constructed from the [3,5,7] tricycle 5 by the successive
radical-initiated Ueno–Stork[5] and ketyl–olefin cyclizations.[6]

An intramolecular carbonyl-ene reaction[7] of the [3,7]
bicyclic aldehyde 6 was then planned to install the desired
tetrahydrofuran subunit. Finally, the essential aldehyde 6

Figure 1. Steekrotins A (1) and B (2), and their [5,6,7] tricyclic core.

Scheme 1. Retrosynthetic analysis of (�)-steenkrotin A (1).
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could be obtained from the [3,7] bicyclic alcohol 7 and readily
available diazomalonic ester 8 by a rhodium-catalyzed O¢H
bond insertion,[8] followed by selective substrate-controlled
transformations of the two esters.

The synthetic endeavor commenced with construction of
the [3,5,7] tricycle 16 (Scheme 2). The enone 9 was readily

prepared on large scale by Rubottom oxidation[9] of the silyl
dienol ether derived from commercially available 6-methyl-2-
cyclohepten-1-one (see the Supporting Information for
a detailed procedure). 1,2-Addition of allyllithium to 9 and
subsequent Dauben–Michno oxidative rearrangement[10]

afforded 10 in 72 % yield over two steps. Benefiting from
the preferred boat transition state of 12,[11] in situ generated
dimethylcarbene[12] added exclusively to the less hindered
convex face, and afforded 7 in 70% yield as a single
diastereomer. To our delight, carbenoid O¢H insertion[13] of
7 and 8, catalyzed by [Rh2(OAc)4], proceeded smoothly to
give the expected diester 13 in 73% yield. After converting 13
into the diol 14 through methylation and reduction (76%
yield over the two steps), the two hydroxy groups were
successfully differentiated by a substrate-controlled acylation,
thus leading to the monoacetate 15 in 91 % yield (10:1 d.r. at
C6). The minor isomer, C6-epi-15, could be recycled by
treatment with K2CO3/MeOH to deliver 14 in quantitative
yield. Dess–Martin oxidation of 15 led to 6 in 95 % yield, thus

setting the stage for the anticipated intramolecular carbonyl-
ene cyclization. After extensive investigation, HF·py was
found to be the most suitable reagent. Under the optimized
reaction conditions (HF·py, 10 equiv), the desired 16 was
obtained in 90 % yield with concomitant desilylation taking
place after prolonged reaction time. Other acids[14] such as
BF3·Et2O, TMSOTf, Me2AlCl, EtAlCl2, Sc(OTf)3, SnCl4,
TiCl4, CF3SO3H, and aq. HCl either caused substantial
decomposition of 6 or gave a large amount of C7-epi-16.[15]

Encouraged by the rapid assembly of 16, we then focused
on further core modifications for the synthesis of 1. As
depicted in Scheme 3, regioselective alkylation of 16 with the
dibromoacetal 17 using PhNMe2 gave 5 as a 1.5:1 mixture of
diastereomers in 95 % yield. To the best of our knowledge, the
Ueno–Stork cyclization on conjugated diene structures has
not been well studied.[16] In view of the cycloheptane ring
conformation of the structurally related TBS ether 18, which
was obtained during our model studies (ORTEP drawing,

Scheme 2. Construction of the [3,5,7] tricycle 16. Reagents and con-
ditions: a) allyl bromide (1.5 equiv), Li (1.3 equiv), THF, 0!25 88C, 2 h;
b) PCC (2.0 equiv), SiO2 (5.0 equiv), CH2Cl2, 0!25 88C, 24 h, 72 % (2
steps); c) TMSOTf (1.0 equiv), Et3N (1.5 equiv), CH2Cl2, ¢40 88C,
30 min; then 11 (3.8 equiv), nBuLi (2.5m in hexanes, 3.8 equiv), Et2O,
¢78!25 88C, 34 h, 70%; d) [Rh2(OAc)4] (0.05 equiv), 8 (2.0 equiv),
benzene, 55 88C, 30 min, 73 %; e) NaH (2.0 equiv), MeI (5.0 equiv),
THF, 0!25 88C, 3 h; f) LiAlH4 (2.0 equiv), THF, 0!25 88C, 1 h, 72% (2
steps); g) Ac2O (3.0 equiv), Et3N (5.0 equiv), CH2Cl2, 0!25 88C, 3 h,
91%, 10:1 d.r. at C6; h) Dess–Martin periodinane (1.2 equiv), NaHCO3

(3.0 equiv), CH2Cl2, 25 88C, 1 h, 95 %; i) HF·py (10 equiv), MeCN, 25 88C,
6 h, 90%. PCC= pyridinium chlorochromate, py = pyridine, THF =
tetrahydrofuran, TMSOTf= trimethylsilyl trifluoromethanesulfonate.

Scheme 3. Total synthesis of (�)-steenkrotin A (1). Reagents and
conditions: a) 17 (2.0 equiv), PhNMe2 (3.0 equiv), CH2Cl2, 25 88C, 2 h,
95%, 1.5:1 d.r. at C3; b) SmI2 (0.1m in THF, 2.0 equiv), HMPA
(8.0 equiv), tBuOH (1.2 equiv), THF, 25 88C, 45 min, 19 (50%), 20
(35%); c) Bz2O (1.2 equiv), Et3N (2.0 equiv), 4-DMAP (0.2 equiv),
CH2Cl2, 25 88C, 30 min, 95 %; d) p-TsOH (1.0 equiv), acetone/H2O (4:1),
60 88C, 6 h, 86%, 4:1 d.r. at C3; e) SmI2 (0.1m in THF, 2.0 equiv),
HMPA (4.0 equiv), THF, 50 88C, 6 h, 90%, 5:1 d.r. at C3; f) Dess–
Martin periodinane (5.0 equiv), NaHCO3 (10.0 equiv), CH2Cl2, 25 88C,
1 h, 75%; g) KOH (5.0 equiv), benzene, 80 88C, 2 h; then the addition of
MeOH, 25 88C, 1 h, 80% (23/24 6.3:1); h) DBU (2.0 equiv), toluene,
50 88C, 5 h, 92%; i) TPAP (0.2 equiv), NMO (2.5 equiv), CH2Cl2, 25 88C,
30 min, 90 %; j) NaBH4 (5.0 equiv), MeOH, 0!25 88C, 15 min; k) PCC
(4.0 equiv), CH2Cl2, 0!25 88C, 2 h, 64 % (2 steps); l) LiOH (10.0 equiv),
toluene, 110 88C, 4 h, 1 (83%), C7-epi-1 (4%); m) KOH (5.0 equiv),
benzene, 80 88C, 2 h, 1 (35%), C7-epi-1 (18%). DBU= 1,8-diazabicyclo-
[5.4.0]undec-7-ene, DMAP= 4-(N,N’-dimethylamino)pyridine,
NMO= 4-methylmorpholine N-oxide, HMPA= hexamethylphosphoric
triamide, TPAP= tetrapropylammonium perruthenate, TsOH = toluene-
sulfonic acid.
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Figure 2),[17] we envisioned that the subsequent Ueno–Stork
cyclization of 5 would take place on the pseudoconcave face
of the cis-fused oxabicyclo[5.3.0]decane, thus leading to the
construction of the quaternary center at C9 with desired
relative configuration. After examination of the reaction
conditions (initiator, temperature, addition protocol),[18] we
were pleased to find that the 5-exo-trig radical cyclization of
the C3b-isomer of 5 occurred smoothly by slow addition of
SmI2 and HMPA in the presence of tBuOH to afford the
tetracycle 19 as a single diastereomer in 50 % yield, together
with 20 (35% yield), which resulted from reductive debromi-
nation of the C3a-isomer of 5. The latter product could be
recycled under acidic conditions to afford 16 (p-TsOH,
acetone/H2O, 60 88C, 1 h, 97% yield). The relative stereo-
chemistry of 19 was unambiguously determined by X-ray
crystallographic analysis of its benzoate 21 (ORTEP drawing,
Figure 2).[17] Hydrolysis of both the acetal and acetate
moieties of 21 delivered 4 in 86% yield (4:1 d.r.), and was
immediately transformed into the [5,7] spirobicycle 22 (90%
yield, 5:1 d.r. at C3) through a SmI2-mediated ketyl–olefin
cyclization. After oxidation to 3, the challenging intramolec-
ular aldol condensation was then investigated.

Screening of the reaction conditions revealed that the
aldol condensation proceeded well with KOH in benzene, and
subsequent removal of the benzoyl group in methanol gave
rise to a 6.3:1 mixture of the Michael adducts 23 and 24 in
80% combined yield. In contrast, the alcohol 25 (Figure 2)
was formed predominantly upon exposure of 3 to acids (e.g.,
p-TsOH, PPTS, aq. HCl), and did not undergo elimination
under various investigated conditions. After DBU-induced
C11 epimerization of 23, the relative configuration at the C7
position of 24 needed to be inverted. Thus, Ley–Griffith
oxidation[19] of 24 led to the corresponding triketone, which
was uneventfully converted into 24’ by global 1,2-reduction
and selective oxidation in 58% yield over the three steps.
Finally, treatment of 24’ with LiOH in refluxing toluene
furnished (�)-steenkrotin A (1) in 83 % yield. Synthetic
1 exhibited 1H and 13C NMR spectra identical in all respects
to those reported for the natural product.[2] Its structure was
later unambiguously confirmed by X-ray crystallographic
analysis (ORTEP drawing, Figure 2).[17]

Serendipitously, apart from 1, we also observed formation
of trace amounts of C7-epi-1 during the final elimination

reaction. An approximate 2:1 mixture of 1 and C7-epi-1 was
formed by treating 24’’ with KOH in refluxing benzene, albeit
in moderate yield. Based on these outcomes, the feasibility of
a cascade vinylogous retro-aldol/aldol process[20] was explored
to develop a more straightforward route for the synthesis of 1.

After extensive optimization, we were able to obtain 24
and its C7-diastereomer 24’’ as a 1:3.5 mixture in 77% yield
through the direct treatment of 3 with K2CO3 in refluxing
methanol (Scheme 4). Mechanistically, the intramolecular

aldol condensation and C11 epimerization are presumed to
occur first to generate the intermediate 26, which then
undergoes an oxyanion-initiated vinylogous retro-aldol frag-
mentation to give the aldehyde 27A. Rapid equilibration
between the conformers 27A and 27 B by C7¢C8 bond
rotation, followed by transannular vinylogous aldol cycliza-
tion of the latter led to the formation of 26’’ with successful
inversion of the relative configuration at C7. Michael addition
of MeOH to 26 and 26’’ then gave rise to 24 and 24’’,
respectively. Compared to the six-step transformation from 3
(Scheme 3), 1 was accessed in only two operations with a 50%
combined yield by taking advantage of this intramolecular
aldol condensation/vinylogous retro-aldol/aldol reaction
sequence.[21]

In summary, we have developed a concise and diastereo-
selective approach for the first total synthesis of the diterpe-
noid (�)-steenkrotin A. The key steps of the strategy entail
a rhodium carbenoid O¢H insertion followed by a carbonyl-
ene cyclization to construct the sterically congested tetrahy-
drofuran subunit, two sequential SmI2-mediated Ueno–Stork
and ketyl–olefin cyclizations to install the [5,7] spirobicyclic
skeleton, and an intramolecular aldol condensation/vinyl-
ogous retro-aldol/aldol reaction sequence to form the final
six-membered ring with the concomitant inversion of the
relative configuration at C7. Moreover, the asymmetric
synthesis of natural (++)-steenkrotin A could be accomplished
by the enantioselective construction of 9[22] for further
chemical and biological investigations. These studies are
currently underway in our laboratory and will be reported in
due course.

Figure 2. Structures of compounds 18, 20, 21, 25, and 1.

Scheme 4. Cascade intramolecular aldol condensation/vinylogous
retro-aldol/aldol reaction. Reagents and conditions: a) K2CO3

(10.0 equiv), MeOH, 65 88C, 6 h, 24 (17%), 24’’ (60%).
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