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ABSTRACT: For the first time, we describe the stereocontrolled total S 6 2

syntheses of olivil, cephafortin A, 4-des-O-methyl-4-O-rhamnosyl cepha-
fortin A, and alashinol F from a common precursor using a combination of
chemoenzymatic and biomimetic methods for the systematic introduction of
functional groups on three vicinal stereogenic carbon atoms. We revised the
previously assigned stereochemistry of (+)-cephafortin A, which was
reported as the enantiomer. Natural and unnatural congeners provide
insights into the biogenetic interrelations of members of this family.

he lignan family of natural products is among the most
abundant in the plant world and is historically relevant'
and frequently utilized in traditional Chinese medicines.” Their
antioxidant, antidiabetic, antiangiogenesis, and antitumor
activities, among others, have been known for some time.> A
unique subgroup of lignans consists of 4-hydroxymethyl
tetrahydrofuran or 4-hydroxymethyl dihydrofuran-2-(SH)-one
(butyrolactone) cores with appended aryl and benzyl moieties
as well as a tertiary hydroxyl group varying in its position and
spatial disposition (Figure 1).
(=)-Olivil (1), first reported by Pelletier in 1816," was
originally obtained from extracts of olive tree bark. Since then,
it has been frequently isolated from a variety of plant sources
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Figure 1. Structures of (—)-olivil (1) and related naturally occurring
tetrahydrofuran lignan congeners. Structures of (+)-cycloolivil (5)
and the acyclic metabolites (—)-alashinol F and (—)-alashinol G (6
and 7).
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and is still considered to be a “reference” compound for new
isolates® (Figure 1). The constitutional structure of olivil was
reported by Freudenberg and Weinges in 1962, subsequent to
an initial assignment by Vanzetti’ These findings were
questioned by Ayres and Mhasalkar, and alternatives were
suggested.” The first *C NMR spectral data for olivil were
reported by Roux and coworkers in 1979.” Complete
spectroscopic data for olivil were provided by Ghogomu-Tih
and coworkers in 1985."" These initial studies were followed
by the isolation and characterization of (—)-olivil from various
sources by Nishibe and coworkers'' as well as by other
groups.'” The currently accepted structure and relative
stereochemistry of (—)-olivil are shown in Figure 1. Despite
the plethora of reports describing the isolation of (—)-olivil,
there is considerable variation in the physical data, especially
with regard to optical rotation values and melting points
depending on the original plant source.”®> The structures and
stereochemistries of the related tetrahydrofuran lignans
(=)-diepiolivil (4),"* (=)-massinoresinol (2),"* and (—)-ber-
chemol (3)'® having different patterns of hydroxylation at C-8
and C-8’ have been proposed based on comparisons of NMR
and circular dichroism data. To the best of our knowledge,
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(—)-berchemol (3) is the only congener whose structure and
stereochemistry have been definitively confirmed by X-ray
crystallographic analysis.'® Another frequently found com-
pound from extracts of plants producing (—)-olivil is
(+)-cycloolivil (5).%'%'"'” Very recently, two acyclic lignans
named (—)-alashinol F (6) and (—)-alashinol G (7) were
reported to exhibit antimyocardial ischemic activity."*"”
Alashinol G has been previously isolated from the roots of
Carissa carandas and designated as carinol.” A total synthesis
of (—)-carinol was reported by Brown and coworkers in
1990.*!

The structure and stereochemistry of an unnamed
butyrolactone flavonoid glycoside isolated from the sugar
maple family of Aceracea was proposed to be the rhamnoside 8
based on detailed NMR data (Figure 2).* The aglycone 9 was
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Figure 2. Structures of unnamed natural butyrolactone-type lignans 8
and 10, their respective epimeric aglycones 9 and 11, as well as
(+)-cephafortin A (9a). Stereochemical correlation with correspond-
ing tetrahydrofuran counterparts, (—)-olivil (1) and (—)-8'-epi-olivil

(12).

1ndependently isolated and arbitrarily designated as the
enantiomer.”” Recently, the bis-phenolic variant (+)-cepha-
fortin A (9a) was isolated from the twigs and leaves of
Cephalotaxus fortunei and assumed to be the enantiomer.”* It
follows that the lactone 8 can now be named 4-des-O-methyl-
4-O-rhamnosyl cephafortin A. Exceptionally, lactone 8 harbors
an a-oriented tertiary hydroxyl group (butyrolactone number-
ing). An otherwise identical compound, except for the
presence of an inverted tertiary hydroxyl group isolated from
Cephalotaxus koreana, was designated as the 3-O-methyl
rhamnoside 10.”> However, the corresponding aglycone (11)
is yet to be found and isolated.

The biosynthesis of lignans is believed to initiate with
coniferyl alcohol, leading to a pivotal central intermediate
(+)-pinoresinol (13), which undergoes a series of biosynthetic
oxido-reductive transformations to (+)-lariciresinol (14) and
(=)-secoisolariciresinol (15)."? Pioneering studies primarily by
Davin and Lewis have enriched our understanding of these
complex processes.”*~>* Another minor subclass of oxidized
lignans consists of 8’-hydroxy and 8,8'-dihydroxy pinoresinols,
which exhibit antioxidant activity.”” Despite the rich history of
lignans, the discrete biosynthetic steps leading to tertiary
hydroxylated lignans, such as the ones shown in Figures 1 and
2, are scantly documented. (—)-Alashinol G (7) (carinol) with
an 8'S/8S trans junction is the hydroxylated version of the
pivotal acyclic lignan (—)-secoisolariciresinol 15 (Figure 3).
Similarly, olivil is the 8'-hydroxylated form of (+)-lariciresinol
(14). It is tempting to speculate that as in the case of
pinoresinol, a bioreductive pathway starting with 8'-hydroxy
pinoresinol (16) involving sequential NAPDH-mediated

Pd(OH),, Hy

MeO, y T
o — HO:@ o” (--Olvil (1) ;

Reductase !

A

R=OH
OMe NADPH ;viaa OMe
OoH Reductase! a OH
o a,
R=H viaa'

MeO,

PLRINADPH ;@ 2

) i 7
)-Lariciresinol (14) R= H (+)-Pinoresinol (13) ia a'
R= OH 8'-Hydroxypinoresinol (16) ~~~-------7
NADPH OMe
Pd(OH),, H, OMe Reductase,
OH
OH ° @/
PLR/ "

NADPH 4o

( )-Secoisolariciresiniol (15) (-)-Berchemol (3)

Figure 3. Established biosynthetic pathway from (+)-pinoresinol (13)
to (+)-lariciresinol (14) and (—)-secoisolariciresinol (15) according
to Lewis et al. (—).'® Proposed possible pathway from 8'-
hydroxypinoresinol (16) (dotted arrow). Conversion of synthetic
(=)-olivil (1) to (—)-alashinol G (7) and (+)-pinoresinol to
(—)-secoisolariciresinol (—) by catalytic hydrogenation Pd(OH),/
H,."> PLR = pinoresinol—lariciresinol—secoisolariciresinol reductase,
NADPH = reduced nicotinamide adenine dinucleotide phosphate.

benzylic ether cleavages27 can, in principle, lead to the
hydroxylated lignans alashinol G, olivil, and berchemol
depending on which benzylic ether bond is cleaved (Figure
3). Although there may be alternative biosynthetic pathways, "
sequential bioreductive benzylic ether cleavage is a plausible
proposal because pinoresinol, 8'-hydroxypinoresinol, olivil, and
berchemol have all been isolated from the same plant.*

It is noteworthy to draw attention to a common biosynthetic
progenitor that links the tetrahydrofuran and butyrolactone
lignans harboring identical substituents via well-established
oxido-reductive processes.”” Collectively, the two pairs of
lignans 1/11 and 9a/12 constitute a biogenetically related
quartet.

In numerous instances, the isolation of olivil is accompanied
by other biosynthetic intermediates, such as cycloolivil.® We
propose that once activated in planta, olivil can lead to
cycloolivil by an intramolecular Friedel—Crafts type cycliza-
tion, on the one hand, and to the acyclic metabolite alashinol
G, on the other hand, by the action of a reductase (Figure 4).
We have successfully reproduced these transformations by
chemical means."

To the best of our knowledge, and with the exceptlon of
(+)- cycloohvﬂ and (—)-alashinol G (carinol),”' there are no
reported total chemical syntheses of any of the lignans shown
in Figures 1 and 2, including the venerable (—)-olivil.”> Some
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Figure 4. Proposed rearrangement of (—)-olivil to (+)-cycloolivil and
bioreductive opening of (—)-olivil to (—)-alashinol G.
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efforts toward the synthesis of olivil-like compounds as
diastereomers derived from Dp-xylose®> and D-arabinose®* as
chirons have been described. A report addressing the total
synthesis of (+)-cycloolivil alludes to a crystal structure with
no further detail.”'

Herein we report on the first total synthesis of (—)-olivil (1),
(+)-cycloolivil (§), the Acer rhamnoside (8), (+)-cephafortin A
(9a), unnamed lignan (9) (O-methyl cephafortin A),
(—)-alashinols F and G (6 and 7), as well as (—)-8'-epi-olivil
(12) and (+)-8'-epi-cycloolivil (17) from a common precursor
(Scheme 1).

Scheme 1. Synthetic Route to (—)-Olivil (1) and

(—)-Alashinol G (7)
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MeD. i) Vinyimagnesium bromide ©
]@)J\H THF, -78°C, 2 h, 98% D)\/ :©/V
BnO

ii) Isopropenyl acetate

:gaR;:B"\;e Novozyme,toluene
4A MS, 40°C,18 h, 90% o] o]
i) Acryloyl chloride, Et;N o i) Vinylmagnesium bromide 0
CH,Cly, 0°C, 30 min MeO /' Cul, TMSCI, THF, -78°C, 1 h MeO. y
99— - —_—> z
BnO 21 i) TBAF, THF, 0°C, 1 h BnO 7

ii) Grubbs 15t generation catalyst
CH,Cl,, 40°C, 2 h
71% over two steps

75% over two steps 22

i) 0sO4, NMO

Acetone, H,0, 1t, 8h  MeO
P —

ii) H5l0g, THF, 1 h BnO
iii) NaBH,, THF, 1 h

89% over three steps

i) 18, LDA, THF
-78°C, 1h MeO
-

ii) EtsSiH, BF3.0Et, BnO
CH,Cly, 0°C, 2 h
66% over two steps

i) 2-NapBr, NaH, DMF ° o@
15h Veo

ii) KHMDS, O, THF g \ONap
-78°C, 1h

iii) PPh, CH,Cly, 1t, 2 h OMe
74% over three steps OB

DIBAL-H, toluene MeO
25— >

0°C,3h, 72% BnO “onap °Nap

j@/y /©/ Hy, Pd(OH), Meo]@/D/ /©/
77— 29 ~ONap AcOEt, rt

2-Nap-S0,Cl
Py, rt, 72 h, 85%
30 min, 31% (-)-Olivil (1)
OH
Hy, PA(OH), MSOD/\:COH
AcOEt,CH;0H R
c 3 o R OH
4h,86% (-)-Alashinol G (7)

OMe
OH

In considering a synthetic strategy toward the target lignans,
we sought to arrive at a common intermediate that would lead
to the naturally occurring products as well as to their
respective, yet-to-be-isolated congeners. The linear sequence
started with the addition of vinylmagnesium bromide to 3-
methoxy-4-benzyloxy benzaldehyde 18 to give the correspond-
ing allylic alcohol (Scherne 1) Novozyme-mediated acetyla-
tion with 2-acetoxypropene” led to the S-alcohol 19 and the
R-acetate 20. Esterification of 19 with acryloyl chloride
followed by ring- closmg metathesis with the Grubbs first-
generation catalyst*® gave the butenolide 21 in 71% yield. 1,4
Conjugate addition with vinylmagnesium/Cul followed by
treatment with TBAF led to the vinyl lactone 22, which was
converted to the aldol product with aldehyde 18. Deoxygena-
tion of the benzylic alcohol group mediated by Et;SiH/BF;:
OEt, afforded lactone 23 as a single isomer (Scheme 1). A
Lemieux—Johnson oxidation of 23 followed by sodium
borohydride reduction gave alcohol 24 in high overall yield,

which was protected as the naphthylmethyl (Nap) ether. The
stereoselective introduction of the tertiary hydroxyl group at
C-4 was the next challenge. Direct hydroxylation of the K-
enolate with MoOPh®” or the Davis oxaziridine reagent®® gave
mediocre yields favoring the “unnatural” R configuration.
However, hydroxylation of the Li or K-enolate with molecular
oxygen, as reported by Belletire,”” Brown,"”* and Mikeld*' for
(—=)-nortrachelogenin related butyrolactones, led to a 1:1.4
mixture of hydroperoxides (not shown),'” which were
chromatographically separated and treated with triphenylphos-
phine to give the f-hydroxy lactones 25 and 26, respectively, in
74% overall yield for three steps. Alternatively, hydroxylation in
the presence of trimethylphosphite led to 25 and 26 in 85%
combined yield and with a ratio of 1:1.5. An X-ray crystal
structure of an intermediate hydroperoxide resulting from 26
confirmed the stereochemical assignment.'” The reduction of
25 with DIBAL-H led to the triol 27 and the hemiacetal 28 in
72% vyield with a ratio of 1:1, respectively. Treatment of the
triol 27 with 2-naphthylsulfonyl chloride ensured a selective
reaction at the primary hydroxyl group, which underwent a
slow but selective intramolecular displacement by the benzylic
hydroxyl group to give the corresponding tetrahydrofuran 29.
Hydrogenation with Pearlman’s catalyst in EtOAc led to olivil
(1) and alashinol G (7) in a ratio of 1.1:1. However,
hydrogenation in the presence of EtOAc and MeOH led to
alashinol G (7).

Treatment of the hemiacetal 28 with Et;SiH/BF;-OEt, led
directly to the cycloolivil precursor 30 via the oxonium ion and
in situ reduction to olivil, which underwent an intramolecular
rearrangement. Catalytic hydrogenation of 30 afforded
(+)-cycloolivil (5)." Catalytic hydrogenation of 26 afforded
cephafortin A (9a), the newest member of the butyrolactone
lignans'*** (Scheme 2).

Scheme 2. Synthesis of (+)-Cycloolivil (5) and
(+)-Cephafortin A (9a)
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—
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Following the same protocol shown in Scheme 1 led to the
synthesis of the unnatural (—)-8'-epi-olivil (12) and (+)-8'-
epi-cycloolivil (17). Catalytic hydrogenation of 33 in AcOEt/
MeOH afforded (—)-alashinol F (6) (Scheme 3).

The lactone rhamnoside 8, its aglycone 9, and the recently
reported”” bis-phenolic congener (+)-cephafortin A 9a appear
to be the exception among the tetrahydrofuran and
butyrolactone lignans, in that they possess an a-configured
tertiary hydroxyl group (Figure 2).”*7** The reported
spectroscopic data for 8 encouraged us to initiate a total
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Scheme 3. Synthesis of (—)-8'-Epi-olivil (12), (+)-8'-Epi-
cycloolivil (17), and (—)-Alashinol F (6)
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synthesis of this apparently unique lignan lactone congener.
Following the sequence in Scheme 1 and starting with the
aldehyde 18a (Scheme 1) led to intermediate 35, which was
elaborated to the vinyl lactone 36 (Scheme 4). Lemieux—

Scheme 4. Synthesis of Unnamed Natural Lignans 8 and 9
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Johnson oxidation followed by reduction of the resulting
aldehyde and protection as the MOM ether gave 37 in good
overall yield. Treatment of the K enolate with the Davis
oxaziridine reagent led to the C-4' a-hydroxylated lactone,
which was de-O-benzylated to expose the phenolic hydroxyl
group. Glycoside formation adopting the Schmidt protocol™
using methyl triflate as an activator gave 39, which was treated
with TMSBr and then KCN to cleave the benzoate esters”
and gave the intended lactone rhamnoside 8."* Cleavage of the
MOM ether of 38 with TMSBr gave unnamed li3gnan 9, which
was incorrectly assumed to be the enantiomer.”

In conclusion, we have reported the total synthesis of
(=)-olivil, (+)-cycloolivil, (—)-alashinols F, the Acer saccarrum
lactone 8, and its aglycone 9 as well as the stereochemical
revision of 9 and (+)-cephafortin A 9a (previously reported as
the enantiomers) for the first time from a common precursor.
The synthetic route also allowed us to obtain the known
(—)-alashinol G as well as (—)-8'-epi-olivil and (+)-8'-epi-
cycloolivil, which are plausible new metabolites. Their
availability as authentic samples will help their detection and
eventual isolation from extracts from diverse plant sources. The
structural and stereochemical confirmation of the downstream
oxido-reduction metabolites (—)-alashinols F and G (carinol)
by total synthesis consolidates a decades-old biochemical
paradigm initiated with (+)-pinoresinol (or its 8'-hydroxy
congener). Lignans in the (—)-olivil family and related
butyrolactone congeners can now be biosynthetically interre-
lated with existing members of this century-old and seemingly
unchallenged family of plant natural products.***
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