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Biomimetic Synthesis of 5,6-dihydro-glaucogenin C: Construction of
the Disecopregnane Skeleton by Iron(II)-Promoted Fragmentation of

an o-Alkoxy Hydroperoxide

Jinghan Gui, Dahai Wang, and Weisheng Tian*

Natural products that have rearranged steroid skeletons and
promising biological activity have attracted significant atten-
tion in the field of synthetic chemistry in recent years, with the
most representative examples being cortistatins!!! and naki-
terpiosin.! Another representative example of such natural
products is the glaucogenin family (1-4), which is a collection

R'=0OH, R>=H, glaucogenin A (1)
R' = OH, R?= OH, glaucogenin B (2)
R'=H,R?=H, glaucogenin C (3)
R'=H, R?=OH, glaucogenin D (4)

of unique 13,14:14,15-disecopregnane steroids. In the 1980s,
Mitsuhashi and co-workers isolated these unusual C21
steroids from the hydrolysates of crude glycosides in three
Chinese herbal medicines “Bai-Qian (Cynanchum glauces-
cens)”, “Bai-Wei (Cynanchum atratum)”, and “Xu-Chang-
Qing (Cynanchum paniculatum)”, which all belong to the
Asclepiadaceae plant family.’! The structure and configura-
tion of this class of compounds were established unequiv-
ocally by X-ray crystallographic analysis of the diacetate of
glaucogenin C mono-D-thevetoside.’*”! Recent biological
studies on glaucogenin C and its four glycosides revealed
that they were effective and selective inhibitors of alpha-
virus-like positive-strand RNA viruses but not of other RNA
or DNA viruses, yet they showed no toxicity to host cells.!
The ICsyvalues of glaucogenin C (17 nm) and its four
glycosidal derivatives (each 25nm) suggest that it is the
aglycon unit and not the linked oligosaccharide chains that is
in fact responsible for the inhibitory effect. Despite the
unique chemical structure and powerful antiviral activity of
the glaucogenin family, no chemical synthesis of these steroids
has been reported to date. Herein, we report the first
synthesis of 5,6-dihydro-glaucogenin C (5) from (168S,20S)-
Sa-pregnane-3(3,16,20-triol (12), which is a readily available
C21 steroid obtained from tigogenin® that provides a general
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and biomimetic approach to 13,14:14,15-disecopregnane
steroids. !

The synthetic challenge posed by the glaucogenin family
lies, in great part, in the stereoselective construction of the
highly functionalized D/E rings and scission of the C13—C14
single bond to form the nine-membered lactone ring. As
shown in Scheme 1, we envisaged that the target molecule 5§
and other glaucogenin members could be accessed from
unsaturated ester 6 through reduction and transposition of the

Biogenesis proposal by Mitsuhashi:

HO B
H
5,6-dihydro-glaucogenin C (5) TBDPSO

+
other glaucogenin members

highly regioselective
B-fragmentation
of alkoxyl radical

Schenck
ene reaction

Scheme 1. Retrosynthetic analysis of 5,6-dihydro-glaucogenin C and
other members of the glaucogenin family. TBDPS = tert-butyldiphenyl-
silyl.
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C7—CS8 olefin, respectively. A biogenetic pathway proposed
by Mitsuhashi et al. suggested that the key nine-membered
lactone ring might be generated from hirundigenin through
hydroxylation at C18 and subsequent Grob-type fragmenta-
tion (Scheme 1, top equation).**®! Inspired by this biogenesis,
we surmised that such bond scission could also be accom-
plished through p-fragmentation of the alkoxy radical 8
without preoxidation at C18. In this regard, the iron/copper-
promoted fragmentation reaction of alkoxy hydroperoxide!”
appeared to be an attractive approach. The alkoxy hydro-
peroxide 9 in turn might be prepared from the key inter-
mediate 10 by the Schenck ene reaction.’! Intermediate 10
could then be traced back to 12 through stereoselective
synthesis of allylic alcohol 11.

The first objective of our synthesis was to develop a
scalable route to 10 on the way to § and other glaucogenin
members. As depicted in Scheme 2, the synthesis commenced
with bromination/acetylation of 12 (69 %, 200 g scale),” and
subsequent ester hydrolysis and selective protection of the
hydroxy group at C3 (quant., 50 g scale) to give 14 in large
quantities. Proximal functionalization of the unactivated
angular methyl group at C18 in 14 by using the method
developed by Meystre and co-workers!'® provided the
desired lactone 15 (84 %, 30 g scale),!'™ ¥ whose elimination
using DBU in toluene at reflux then led to the desired alkene
16 (quant., 50 g scale) with absolute regiocontrol.

It was postulated that the transformation involving the
stereoselective installation of the hydroxy group at C16 with a
concomitant double bond shift could be effected by introduc-

12 —2 - _be ,
200 g scale 50 g scale

wet silica gel

14 g scale

ing a leaving group at Cl14, followed by an S,2' reaction
involving H,O.' On the basis of this consideration and
previous work carried out within our research group,'” we
were pleased to find that exposure of 16 to radical bromina-
tion condition (NBS, AIBN) afforded a major product, which
was converted into the allylic alcohol 11 with the required
o configuration at C16 during chromatography on silica gel
(53 % yield). The stereoselectivity of this reaction is believed
to originate from attack at the Si face of water on the initially
formed allylic bromination product 17.%*! Unfortunately,
when this reaction was performed on a larger scale, the
yield was variable (24-48 % ). Efforts to optimize this reaction
eventually revealed that the use of 1,3-dibromo-5,5-dimethy-
limidazolidine-2,4-dione (DBDMH)! as the brominating
reagent and subsequent treatment with wet silica gel could
deliver 11 in reproducible 72 % yield on a 14 g scale.

With the hydroxy group at the C16 stereogenic center now
introduced, the preparation of 10 was then investigated. The
two-step procedure of reduction of lactone 11 using LiAlH, in
conjunction with subsequent oxidative olefin cleavage
resulted in the formation of 19 (93%, 17 g scale), the
structure of which was confirmed by NMR characterization
of its acetylation product 22. To access 10, an efficient and
chemoselective oxidation of the ether at C20 and reduction of
the acetal at C15 were required. To this end, 19 was subjected
to a second remote intramolecular free radical functionaliza-
tion!" to afford the cage-like C20-oxidized product 20 (82 %,
6 g scale) with an interesting consecutive ketal/acetal/ketal
linkage. The next task, that is, selective reduction of the acetal

o. P

wH
aH d . e
B ————— E——
g 30 g scale 50 g scale
H
H 44 15

H
10: R = OTBDPS
10a: R=0OH

Scheme 2. Gram-scale synthesis of key intermediate 10. Reagent and conditions: a) 33 % HBr/HOAc, 40°C, 2 h, 69%,; b) LiOH-H,O, THF/MeOH
(1:4), 80°C, 1 h; c) TBDPSCI, imidazole, CH,Cl,, RT, 1 h, quant. (2 steps); d) Pd(OAc),, |,, CaCO;, cyclohexane, hv, 2 h, then Jones oxidation,
84%; e) DBU, toluene, reflux, 1 day, 97%,; f) DBDMH, AIBN, CCl,, cyclohexene oxide, reflux, 1 h, then wet silica gel, CH,Cl,, RT, 10 h, 72%;

g) LAH, THF, 50°C, 1 h; h) O;, CH,Cl,, —78°C, 40 min, then Zn-HOAc, RT, 1 day, 93 % (2 steps); i) DIB, I,, cyclohexane, hv, 1 h, 82%; j) PPTS,
Ac,0, 130°C, 2 h, 72%; k) Et;N, MeOH, 50°C, 9 h; I) MsCl, Et;N, CH,Cl,, 0°C, 3 h; m) LAH, THF, RT, T h, 70% (3 steps); n) TBAF, THF, 60°C,
quant. AIBN = azobisisobutyronitrile, DBDMH =1,3-dibromo-5,5-dimethylhydantoin, DBU = 1,8-diazabicyclo[5.4.0]undec-7-ene, DIB = (diacetoxy-
iodo)benzene, LAH =lithium aluminum hydride, Ms =methanesulfonyl, PPTS = pyridinium 4-toluenesulfonate, TBAF = tetra-n-butylammonium

fluoride, THF =tetrahydrofuran.
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at C15 in the presence of ketals at C20 and C14 proved to be
exceedingly challenging, as various direct reduction condi-
tions resulted in either no reaction or overreduction of the
ketal at C14. Ultimately, however, this problem was solved by
first converting 20 into the enol ether 21 (72 %, gram scale)
having an inverted configuration at C15,1% and then reducing
the acetal at C15 by a one-pot, three-step procedure involving
ester hydrolysis, mesylation, and reduction using LiAIH, to
furnish 10 in 70 % overall yield (gram scale). Removal of the
TBDPS protecting group of 10 (TBAF, THF) then afforded a
known compound, dihydro-anhydrohirundigenin (10a),
whose '"H NMR spectrum was in good agreement with that
reported."”

As anticipated, the Schenck ene reaction®® of 10 afforded
the alkoxy hydroperoxide 9 in quantitative yield and in a
highly regio- and stereoselective manner, and thus set the
stage for the key fragmentation reaction (Scheme 3). Treat-

b
> 6(26%) + 23 (32%)

(o]
L~ 6 (27%) + 23 (30%)

TBDPSO

B 24 (70%)

Scheme 3. Construction of the key nine-membered lactone by iron(l1)-
promoted regioselective fragmentation reaction of a-alkoxy hydroper-
oxide. Reagent and conditions: a) TPP, O,, CH,Cl,, hv, 0°C, 1 h,
quant.; b) FeSO,, Cu(OAc),, MeOH, RT, 1 h; c) FeSO,, MeOH, RT, 1 h;
d) FeSO,, TEMPO, MeOH, RT, 1 h. TEMPO =2,2,6,6-tetramethylpiper-
idin-1-yloxyl, TPP=5,10,15,20-tetraphenyl-21H,23H-porphine.

ment of 9 with known condition (FeSO,, Cu(OAc),)"* gave
the desired disecopregane product 6 in only 26% yield,
together with 32% of the 13,18-dihydro derivative 23.
According to Schreiber’s proposed mechanism,” the olefin
at C13—Cl18 is formed via 3-hydrogen elimination of the alkyl
copper intermediate generated by the oxidative coupling of
carbon radical 7 with Cu(OAc), (Scheme 1). To elucidate the
role of Cu(OAc), in the reaction, a control experiment was
conducted in the absence of Cu(OAc),, and surprisingly, 6 and
23 were also isolated in 27 % and 30 % yield, respectively. The
nearly 1:1 ratio of 6 and 23 suggested that they might be
produced through disproportionation of 7. On the basis of the
above results, we hypothesized that the ferrous-mediated
homolytic cleavage of the peroxide and subsequent alkoxy
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radical fragmentation were highly efficient. Meanwhile, Cu-
(OAc), showed little reactivity toward olefin production in
our system. To test this hypothesis, the initially formed
tertiary carbon radical 7 was trapped with TEMPO, which
indeed afforded the desired product 24 in 70 % yield.

To continue the synthesis, TEMPO was substituted with I,
for ease of elimination during installation of the olefin at
C13—C18. In the event, treatment of 9 with FeSO, and I,
followed immediately by highly regioselective HI elimination
afforded 6 in a striking 69 % yield over two steps (Scheme 4).

HO I:|
5,6-dihydro-glaucogenin C (5)

TBDPSO

Scheme 4. Completion of the synthesis of 5,6-dihydro-glaucogenin C.
Reagent and conditions: a) FeSO,, |,, MeOH, RT, 1 h; b) DBU, toluene,
80°C, 1 h, 69% (2 steps); c) NiCl,-6 H,0, NaBH,, THF/MeOH (2:3),
0°C to RT, 73%, d) LAH, THF, 45°C, 1.5 h, 66%,; e) TBAF, THF, 60°C,
13 h, 92%; f) NaH, THF, 80°C, 2 h, 90%.

Then, hydrogenation of the electron-deficient alkene in 6
(73%),1® and subsequent removal of the protecting group
(92 %) and epimerization (90 % ) completed the synthesis of 5,
whose *C NMR data of the D/E rings was in accordance with
the data reported for glaucogenin C.P The configuration of
the hydrogenated product 25 was deduced from the NOE
interactions of its reduced derivative 26.

In conclusion, we have achieved the first biomimetic
synthesis of 5,6-dihydro-glaucogenin C in 19 steps from
(168,20S)-50-pregnane-34,16,20-triol (12) in an overall yield
of 6.4%. The key features of our synthesis were: 1) radical
bromination (Sy2’ reaction) to set the stereogenic center at
C16, 2) oxidation of Me and ether groups at C18 and C21,
respectively, by two remote intramolecular free radical
functionalizations, 3) high scalability of the synthetic route
to key intermediate 10; and most importantly, 4) Schenck ene
reaction and subsequent iron(II)-promoted regioselective
fragmentation reaction of a-alkoxy hydroperoxide to con-
struct the key nine-membered lactone ring of 6. Our modified
Schreiber procedure, that is, replacing Cu(OAc), with a free
radical trapping reagent (I, or TEMPO), may be applicable to
the synthesis of other macrolides. Furthermore, the presence
of the olefin at C7—C8 in our synthesis may provide us the
opportunity to introduce the olefin at C5—C6 for the synthesis
of the natural product, glaucogenin C, as well as other
members of the glaucogenin family. This endeavor is the
subject of our current research and will be reported in due
course.
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