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ABSTRACT: The first total synthesis of repraesentin F has been accomplished by a highly diastereoselective gold(I)-cata-
lyzed cyclization cascade as the key step. This cycloisomerization/Prins-type tandem transformation enabled direct access
to the atypical tricyclic carbon skeleton of the natural product with the required syn/anti/syn ring fusion. This synthetic
effort also allowed reassignment of the relative configuration of repraesentin F and determination of its absolute configu-

ration.

Repraesentin F (1) is a protoilludane-related sesquiter-
pene isolated in 2006 from the fruiting bodies of Lactarius
repraesentaneus, an endemic fungus of coniferous forests
in the mountainous regions of Japan.! This sesquiterpene
exhibits growth regulation on plants, promoting the radi-
cle elongation of lettuce seedlings 116% at 3.6-10> pM con-
centration. The most characteristic feature of 1 is its unu-
sual syn/anti/syn decahydrocyclobuta[a]pentalene skele-
ton,” only previously found in the sesquiterpenes sulcatine
G (2),% kelsoene (3),3 and poduran (4).*

Figure 1. Repraesentin F 1 (corrected, relative configuration),
7-epi-repraesentin F 1’ (reported, relative configuration), (+)-
sulcatine G (2), (+)-kelsoene (3), poduran (4).

The uncommon tricyclic skeleton of repraesentin F is
presumably biosynthesized from a protoilludane interme-
diate (5) that undergoes further rearrangement and oxida-
tion (Scheme 1).5 Related biosynthethic pathways have
been suggested for sulcatine G (2),> even though both nat-
ural products are isolated from different families of
fungi.’** Distinct biosynthetic origins are proposed for kel-
soene 3 and poduran 4.6

Scheme 1. Proposed biosynthetic origins for 1 and 2.
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Although the syntheses of structurally related sesquiter-
penes sulcatine G (2)? and kelsoene (3)3 have been reported
both in racemic’ and enantiopure® forms, there is no total
synthesis of repraesentin F reported to date. Furthermore,
the absolute configuration of repraesentin F has never
been substantiated.

Scheme 2. Retrosynthesis for Repraesentin F
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Herein, we report the first total synthesis of repraesentin
F (1),° which leads to the revision of its structure from the
originally proposed 7-epimer 1™ to 1 (Figure 1). Moreover,
its absolute configuration was unambiguously assigned af-
ter separation of the enantiomers by chiral HPLC and fur-
ther crystallization of their ferrocenoate ester.*® Our ap-
proach to the construction of the tricyclic scaffold of 1in a
single-step is unparalleled, as it relies on a complex one-
pot diastereoselective gold(I)-catalyzed cyclization cas-
cade involving a tandem gold(I)-catalyzed enyne cycliza-
tion/ring expansion/Prins cyclization" of substrate 6 to ef-
ficiently build tricyclic intermediate 7a (Scheme 2).

Our synthesis commenced with a double alkylation of
dimethyl malonate (8) to provide 9 (52%, two steps), which
was hydrolyzed under acidic conditions to give aldehyde
10 (81%) (Scheme 3). Alkenylation of aldehyde under the
Still-Gennari modification of the Horner-Wadsworth-Em-
mons reaction using phosphonate 11 provided 1,6-enyne 12
in 89% yield as 6:1 Z:E isomer mixture. Formation of the
TBS enol ether, followed by Simmons-Smith cyclopropana-
tion, led to cyclopropyl enyne 13 (85% yield, two steps).
The TMS group was removed with methanolic K,CO,
(96%) and the resulting terminal alkyne was then acety-
lated to give cyclopropyl enyne 6 (68%, two steps, 6:1 Z:E),

Scheme 3. Preparation of Substituted 1,6-Enyne 6
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We examined the cascade cyclization of 6 to form tricy-
clic compound 7a with the desired anti ring fusion. A num-
ber of gold(I) complexes, typical Lewis acids, and Brensted
acids were explored as catalysts for the cyclization (Table
1). The use of Lewis acids such as Sc(OTf); or AgSbFe (Table
1, entries 1and 2) afforded compound 14 as the major prod-
uct, which originates from 7a or 7b by formation of allyl
cation 15, followed by proton-loss and cyclobutane to cy-
clopropane rearrangement (Scheme 4). The structure of 14
was confirmed by X-ray diffraction. Products 7a and 7b
were also obtained in low yields, with the formation of the

undesired syn-fused scaffold 7b being favored with these
catalysts. The formation of desired 7a was favored when
using ZnCl, or AgBF, (Table 1, entries 3 and 4), although
low yields (16% and 24%, respectively) and moderate dia-
stereoselectivities were obtained. Poor yields of 7a (27%)
were also obtained with B(C¢Fs); as the catalyst (Table 1,
entry 5). Employing Tf,NH as Bregnsted acid led exclusively
to 14 in 53% yield (Table 1, entry 6).

Table 1. Cyclization Cascade of 6 to Give Tricycle 7a

[0}
cat. (5 mol %)
CHaCly, 25 °C
Z = C(CO,Me),
14 [X-ray]
entry cat. 7a ratio 14
yield (%) 727D yield (%)
1 Sc(OTHf), 6 115 42
2 AgSbF¢ 3 13 40
3 ZnCl, 16 1.5:1 o
4 AgBF, 24 1.81 10
5 B(CeFs5); 27 4.51 o
6¢ Tf.NH 0 - 53
7 A 38 (37)¢ 541 13
8 B 45 (45)¢ 5.6:1 10
9 C 52 (61)4 7.41 0
10 D 43 6.1:1 o
1 E 24 2.4:1 33
12 F - - -
13¢ C 72 (75)4 7.21 o

@Yield determined by 'H NMR using 1,3,5-tribromobenzene as internal
standard. ® Reaction time 8 h. < 2% NMR yield of 7b. ¢ Isolated yield
for the mixture 7a + 7b in parenthesis. ¢ Reaction carried out in Et.O
as solvent, 0.5 mol % catalyst, 40 °C, 8 h.

R +X~
Rpb_Au-NCMe
Rl [IPrAu(NCPh)JBAIF (D)
O {_>-r (2,4~(1Bu),C5H30)PAU(NCPh)ISbF (E)
R PyCO,AuCl, (F)

A:R=1Bu, R'=R"=H, X = SbFg
B:R=Cy, R'=0Me, R"=H, X = SbFg
C:R=1u,R'=R"=/Pr, X =BArF

Scheme 4. Formation of 14 from 7a/b

Z = C(CO,Me),

More encouraging results were obtained employing
gold(I) catalysis. The use of JohnPhos gold(I) complex A,
or gold(I) catalyst B, both with SbFs~ as counterion (Table
1, entries 7 and 8), afforded 7a in 38% and 45% yields in
5.4:1and 5.6:17a:7b ratios, respectively. In both cases prod-
uct 14 was observed in 10-13% yields. The use of cationic



gold(I) catalysts C and D with BArF as counterion was es-
sential to avoid the formation of 14 (Table 1, entries 9 and
10). The best results were obtained with gold(I) complex C,
which gave 7a in 52% yield and good 7.4:1 stereoselectivity
(Table 1, entry 9). The reaction was optimized by using
Et,O as solvent, lowering the catalyst loading to 0.5 mol %
and increasing the temperature to 40 °C (Table 1, entry 13).
Under these conditions, complete conversion was
achieved, leading to 7a in 72% yield (7.2:1 stereoselectivity).
On the other hand, phosphite gold(I) complex E led to 14
as the major product (Table 1, entry u1). Pycolinate gold(III)
complex F was unreactive in this transformation (Table 1,
entry 12). These results illustrate the crucial role of gold(I)
catalysts to successfully achieve the demanding cyclization
cascade of 6, leading to 7a in good yield and diastereose-
lectivity. Interestingly, when E-configured isomer of 6 was
subjected to the gold(I)-catalyzed cyclization cascade us-
ing the optimized conditions for 6 (entry 13, Table 1), tricy-
clic compound 7b was obtained as the major isomer (7:1
ratio) in 30% yield.»

DFT calculations (B3LYP, 6-31G(d) (C, H, O, P) and SDD
(Au), SMD = CH,CL,) were performed to clarify whether the
activation of enyne 6 by gold(I) occurs at the alkyne or the
keto group. Using a slightly simplified substrate (TMS in-
stead of TBS) and PMe; as the phosphine ligand, we found
that the complex I in which gold(I) is coordinated to the
alkyne, is 2.5 kcal-mol™ less stable than the complex II with
gold(I) coordinated to the keto group (Scheme s5). How-
ever, the activation energy for the C-C bond formation
from II to form III (AG* = 20.5 kcal-mol™) is much higher
than that required for the formation of the distorted cyclo-
propyl gold(I) carbene-type intermediate IV from I (AG* =
10.3 kcal/mol). Accordingly, the reaction initially proceeds
by the usual activation of the alkyne by gold(I) as in all
other enyne cyclizations.!*

Scheme 5. Mechanism of the Gold(I)-Catalyzed Enyne
Cascade Cyclization“
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Hydrogenation of the tetrasubstituted double bond of 7a
proved to be rather challenging but could be performed
employing Pd/C in EtOAc at 45 °C for 4 days (Scheme 6).
Under these conditions, 16 was obtained as the major dia-
stereomer in 67% yield. Isomer 7b turned to be unreactive
toward hydrogenation, and was easily separated by chro-

matography at this stage. Reduction of the keto and malo-
nate groups of 16 with LiAlH,, gave triols 17a-a’ (73%, 1.51
dr) as an inconsequential 1.5:1 mixture of secondary alcohol
epimers. The structures of both epimers were determined
by X-ray diffraction. Among the different procedures eval-
uated for the desymmetrization of1,3-primary diols, the se-
lective tosylation of primary alcohols catalyzed by
Bu.SnO" was the only method that allowed the selective
synthesis of monotosylated products 18a and 18b. Remark-
ably, the independent reduction of the primary tosyl
groups in 18a and 18b with LiHBEt; gave the same ratio of
reduced products 19a and 19b (1.7:1). The structure of ma-
jor isomer 19a was confirmed by single crystal X-ray dif-
fraction. This reduction actually proceeds via the for-
mation of a common oxetane intermediate 20, which could
be isolated at shorter reaction times. The preferential at-
tack of the hydride at the most sterically accessible meth-
ylene of oxetane 20 accounts for the formation of 19a.

Selective protection of the primary alcohol in 19a with
TBSCI followed by oxidation of the secondary alcohol with
Dess-Martin periodinane afforded ketone 21 (84% two
steps) (Scheme s5). The overall configuration of 21 was as-
signed by GOESY NMR experiments. Removal of TBS pro-
tecting groups with TBAF occurred with concomitant epi-
merization at the ketone a-position, yielding repraesentin
F (1) (72%), whose structure was determined by X-ray dif-
fraction. The spectroscopic data of synthetic 1 matched
well with those reported for the natural product,’® whose
structure had been initially proposed to be 1’ (Figure 1) on
the basis of the NMR data.®

Scheme 6. Synthesis of Repraesentin F (1)
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The ready epimerization at C7 under the desilylation re-
action conditions was initially puzzling. However, DFT cal-
culations (B3LYP, 6-31G(d) (C, H, O), SMD = CH,CL)
showed that 1 is 4.3 kcal-mol* more stable than 1’.1¢

Separation of racemic 1 was performed by preparative
chiral HPLC to provide synthetic (+)-1, with [a]3" = +44.8°
(c = 0.4, MeOH) matching the optical rotation reported
originally for naturally occurring (+)-repraesentin F: [a]3!
= +43° (C = 0.34, MeOH).® In order to assign the absolute
configuration of natural (+)-1 by X-ray crystallography,
synthetic (+)-1 was derivatized by esterification of the pri-
mary alcohol with ferrocene carboxylic acidio to give fer-
rocene carboxylate (+)-1a as an orange solid. Single crystals
of high quality were obtained, which allowed the determi-
nation of the absolute configuration of (+)-1a and by exten-
sion of (+)-1 (Scheme 7). The absolute configuration deter-
mined for (+)-1 was also found in protoilludanes isolated
from the same family of fungus (russulaceae) such as
russujaponol A (22),7 and plorantinone B (23),® in agree-
ment with the biosynthetic origin of (+)-1.25"

Scheme 7. Absolute Configurations of (+)-1a and (+)-1,
Protoilludanes (-)-Russujaponol A (22) and (-)-Plor-
antinone B (23)
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In conclusion, we have accomplished the first total syn-
thesis of repraesentin F (1) in 16 steps and 2% overall yield.
The key step features a diastereoselective gold(I)-catalyzed
cyclization cascade that proceeds by the selective activa-
tion of the alkyne in a highly functionalized 1,6-enyne lead-
ing to the syn/anti/syn decahydrocyclobutala]pentalene
skeleton. The relative and absolute configurations of
repraesentin F have been determined by X-ray diffraction.
This synthetic study allowed the correction of the previ-
ously assigned structure of this natural product.
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