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Total Synthesis of Xerulinic Acid**
Achim Sorg and Reinhard Briickner*

In 1990, Steglich, Anke, and co-workers identified a family of
three novel polyenes from the fungus Xerulina melanotricha
DORFELT: dihydroxerulin (1), xerulin (2), and xerulinic acid
(3).Y Dihydroxerulin (1) and xerulin (2) were characterized
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as 90:10-65:35 mixtures, whereas xerulinic acid (3) was
obtained pure. Each of these compounds inhibited the
biosynthesis of cholesterol in HelLa S3 cells by blocking
HMG-CoA synthase (EC 4.1.3.5); moreover, in the same cell
system, 3 suppressed the synthesis of RNA at ICs,~ 100 pMm.

The biological activity and structural uniqueness of the
xerulin family stimulated the interest of the synthetic
community. The first laboratory syntheses both of dihydro-
xerulin® and xerulin® were reported by our group. Rossi
et al.™ completed another synthesis of dihydroxerulin, and
Negishi, Alimardanov, and Xul prepared xerulin. Herein we
report the first total synthesis of xerulinic acid based on
unprecedented disconnections.

Scheme 1 outlines our retrosynthetic analysis. It differs
from our routes to dihydroxerulin® and xerulin® in that we
intended to form C—C rather than C=C bonds in the final
steps. The latter approach—by Wittig reactions—had been
nonstereoselective irrespective of whether the ylides corre-
sponded to the right- or left-hand moiety of the target
structure.?’ In contrast, the presently adopted approach
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Scheme 1. Retrosynthetic analysis of xerulinic acid.

would establish all C=C bonds and interconnect them by C—
C-forming Stille couplings.!”! This identified the enediyne
carboxylate 4, the hitherto unknown bisstannane 5, and the
novel building block 6" —which ought to be generally useful
for synthesizing y-alkylidenebutenolides®®—as our key pre-
cursors. Their syntheses are described in Schemes 24,
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Scheme 2. a) LiNH, (6 equiv), NH; (I), —=35°C, 15 min; addition of 8,
3.5h; —RT, 17% (reference [9]: 21%); b) Dess—Martin periodinane
(1.52 equiv), CH,Cl,, 0°C—RT, 2.5 h, 79%,; c) NaClO, (2.1 equiv),
KH,PO, (2.5 equiv), 2-methyl-2-butene (3.5 equiv), acetone/H,0=3:2,
0°C, 89%; d) NBS (1.30 equiv), AgNO; (0.08 equiv), acetone, room
temperature, 13 h, 79%; e) HOCH,CH,SiMe; (1.2 equiv), DCC

(1.1 equiv), DMAP (0.05 equiv), ethyl acetate, 0°C—RT, 2 h, 83 %.
NBS = N-bromosuccinimide, DCC = dicyclohexylcarbodiimide,

DMAP = 4-dimethylaminopyridine.

respectively, and their coupling to give xerulinic acid (3) is
shown in Scheme 5.

The synthesis of enediyne carboxylate 4a began with the
synthesis of enediynol 9 from epichlorohydrin (8) and
lithiobutadiyne generated in situ from 1,4-dichlorobut-2-yne
(7) and excess lithium amide (Scheme 2).””) Terminal bromi-
nation of 9 with NBS/AgNO;/'" led to bromoenediynol 10.1'!
The corresponding aldehyde 11 was generated by a Dess—
Martin oxidation"” of 10 (79% yield) and taken on to the
corresponding carboxylic acid 12 by a Lindgren oxidation!"
(89 % yield). Esterification with 2-trimethylsilylethanol in the
presence of DCC and DMAP provided the unstable ester 4a
in 83% yield.["!

The synthesis of bisstannane S proceeded highly stereo-
selectively (Scheme 3). It was assembled starting from the tin-
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Scheme 3. a) CBr, (1.21 equiv), CH,Cl,, 0°C, addition of PPh;

(1.10 equiv), 1 h, 82% (reference [16]: 81%); b) Na,S (0.5 equiv),
Bu,N* HSO,™ (0.7 mol %), H,0O/THF, room temperature, 7 h, 90%;

c) KOH (30% on Al,O;; 20 equiv), CBr,F, (4 equiv), THF, 0°C, 30 min,
73%; d) (NH,)¢Mo,0, (0.2 equiv), H,0, (10 equiv), EtOH, 0°C—RT,
1h, 88%.

containing alcohol 13,1 which was obtained by cuprostanny-
lation/protonolysis of propargyl alcohol. We transformed
compound 13 through nucleophilic attack first into the tin-
containing bromide 14 (82% )" and subsequently into the
tin-containing sulfide 15 (90%).'”! Oxidation with peroxo-
molybdate provided the corresponding sulfone 16 (88 % ).1*!
Deprotonation of sulfone 16 in the presence of CBr,F, with
Al,O;-supported KOH™ induced a Ramberg-Bicklund
reaction® to provide triene 5 in 73% yield. The resulting
sample of 5 represented a 96:4 mixture of the trans,trans,trans
and the trans,cis,trans isomers. This was inferred from the
ratio of the integrals for 2-H and 5-H (transtrans,trans-5:
Op.y=0s.u=0.56 ppm, trans,cis,trans-5: &,y =05y ="7.08 ppm)
and from the magnitudes of the vicinal olefinic H,H coupling
constants in the major isomer (J,,=J54=18.6Hz, J;,=
15.1 Hz)."!l 1,6-Bis(tributylstannyl)hexatriene (5) ought to
be a valuable conjuctive Cg reagent in analogy to 1,2-
bis(tributylstannyl)ethylene as a conjunctive C, reagent®
and 1,4-bis(methylstannyl)butadiene as a conjunctive C4
reagent.”*! The first example of a conjunctive C4 reagent
is provided in the present study (see Scheme 5). Notably, we
were able to couple different electrophiles at the termini (C1
vs. C6) of 5. Such a differentiation is more difficult to realize
than the C1/C4 differentiation in the single unsymmetrical
biscoupling reported for the aforementioned C, bisstanna-
ne).[23a]

We recently reported the two-step preparation of (bro-
momethylene)butenolide 6 from dibromolevulinic acid
(18;% Scheme 4) by oxidative cyclization (—19) and stereo-
selective reduction (—6).” Since then we have been able to
shorten this synthesis by successively treating the same
dibromolevulinic acid (18) in one pot with two reagents:*°!
P,O,, effects a dehydration, presumably giving rise to the enol
ester intermediate 20; thereafter triethylamine (instead of
triethylenediamine, which was used in ref. [26]) induces the [3-
elimination of HBr. This gave four times as much bromobu-
tenolide 6" as our previous synthesis, with the same perfect
Z selectivity, both of which were prerequisites for 6 to become
a viable starting material for our study (we are unaware of
previous synthetic applications of this compound®®!).
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Scheme 4. a) Br, (2.1 equiv), CH,Cl,, 0°C—RT, 2 h, 60% (refer-

ence [25]: 40%); b) oleum/conc. H,SO, 2:1 (v/v), 50-60°C, 6 min;
289%:[7] ©) 1) POy, (1.2 equiv), CH,Cl,, 0°C—A, 1 h, filtration; 2) NEt,
(1.03 equiv), CH,Cl,, 0°C—A, 1 h, 55%; d) HSnBu; (1.10 equiv),
[Pd(PPh;),] (0.10 equiv), THF, 65°C, 3 h, 51%.[7]

To couple bisstannane 5 and butenolide 6 in a 1:1 ratio
without too much competitive 1:2 coupling, we considered it
safest to perform one Sn—Li exchange per reagent molecule
first, a Li—Zn exchange next, and a Negishi coupling®®
thereafter. The model compound 1,2-bis(tributylstannyl)-
ethylene (21)"*?! and butenolide 6 could indeed be combined
in this manner, forming 1:1 coupling product 22 in 46 % yield
(Scheme 5). To our delight, we could extend this procedure to
the 1,6-bis(stannyl)hexatriene 5 and butenolide 6 to obtain
the desired 1:1 product 23 in 63 % yield. By comparison, the
combination of the same reagents through a Stille coupling in
THF in the presence of [Pd(dba),] and AsPh;led to 23 in only
44 % yield. The all-trans configuration of 23 was proved by
"H NMR spectroscopy (499.9 MHz, CDCl;; for the number-
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Scheme 5. a) 21 (1.01 equiv), nBulLi (1.05 equiv), THF, —78°C, 70 min;
then ZnCl, (1.05 equiv), ——20°C, 2 h; then 6, [Pd(PPh;),] (5 mol %),
0°C—RT, 45 min, 46%; b) 5 (1.3 equiv), nBuli (1.3 equiv), THF,
—78°C, 20 min; then ZnCl, (1.3 equiv), 30 min; then 6, [Pd(PPh;),]

(5 mol%), 0°C, 1 h, 63%; c) 6 (1.1 equiv), [Pd(dba),] (5 mol %), AsPh;,
(20 mol %) THF, room temperature, 2 h, 44 %; d) 4a (1.08 equiv),
[Pd(dba),] (6 mol %), AsPh; (19 mol %), THF, room temperature, 5 h,
73%; €) Bu,NF (1.5 equiv), THF, 0°C—RT, 2 h, 61%.
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ing see Scheme S5): Jg,=14.9 Hz, Jyy=14.7Hz, and J}y;; =
18.7 Hz.

The carbon skeleton of our target molecule 3 was
completed by a Stille coupling® ([Pd(dba),],”! AsPh,*)
between the brominated enediyne carboxylate 4a and the
stannylated heptatrienylidenebutenolide 23 (Scheme 5). Pro-
vided that exposure to atmospheric oxygen and daylight was
avoided, the reaction gave xerulinic acid ester 245% in 73 %
yield. In the final step, this compound was deprotected by
treatment with anhydrous Bu,NF in THF to give 3 in 61 %
yield. The resulting specimen of synthetic xerulinic acid (3)
was scrutinized by 'H, *C, and 2D NMR spectroscopy at the
same field strengths (500 MHz/126 MHz) and in the same
solvent ([Dg]DMSO) as the natural product. The juxtaposi-
tion of our data and those from Steglich and co-workers!*!
unambiguously showed that our compound and the natural
product are identical.

In summary, we have completed the first, highly con-
vergent synthesis of xerulinic acid (3). Although xerulinic acid
is perhaps not “complex”, its preparation is by no means
simple and its tendency to “polymerize” cannot be over-
estimated. Our synthetic strategy towards 3 is distinct from
previous strategies aimed at the xerulin family of com-
pounds.”? Bisstannane 5 should open a general route to
polyunsaturated molecules containing a trans,trans,trans-hex-
atriene moiety and lactone 6 should open a general route to y-
alkylidenebutenolides.
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of 18 (10.15 g, 37.04 mmol) in CH,Cl, (150 mL) at 0°C. After
30 min, the solution was warmed to room temperature and
heated at reflux for 1.5 h. After cooling to room temperature, it
was filtered and concentrated in vacuo. A solution of the
intermediate (8.094 g) in CH,Cl, (75 mL) was cooled to 0°C, and
NEt; (5.29 mL, 3.84 g, 38.0 mmol, 1.02 equiv for 18) was added.
After 1h, the mixture was first warmed to room temperature
and then heated at reflux for 1 h. Aqueous NH,Cl (40 mL) was
added, and the mixture was extracted with CH,Cl, (6 x 20 mL).
The combined organic extracts were dried with Na,SO,.
Evaporation at reduced pressure and flash chromatography
(cyclohexane/EtOAc 20:1—2:1) provided 6 (3.54 g, 55%) as a
slightly yellow solid (m.p. 82-84°C); 'H NMR (300.1 MHz,
CDCl;, TMS): d=6.11 (s; 1'-H), 6.32 (d, J;,=5.6 Hz; 3-H),
7.38 ppm (d, J,;=5.6 Hz; 4-H); >C NMR (125.7 MHz, CDCl,):
0=92.4 (Cl’), 120.8 (C3), 141.7 (C4), 152.4 (C5), 168.2 ppm
(C2); elemental analysis (%): calcd for CsH;BrO, (174.4): C
34.32, H 1.73; found: C 34.20, H 1.61.
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Ji10=154Hz; 11-H), 5.89 (d, Js,=11.7 Hz; 5-H), 6.20 (d, J,53=
5.4 Hz; 2-H), 6.32 (d, J17,6=16.0 Hz; 17-H), 6.41-6.56 (m; 7-H,
8-H, 9-H), 6.80-6.88 (m; 6-H, 10-H, 16-H), 7.37 ppm (d, J;,=
5.2 Hz; 3-H); an edited undecoupled HSQC NMR spectrum
(“'H-coupled short-range H,C-COSY spectrum”; 499.9 MHz/
125.7 MHz, CHCl; and CDCl; internal standards in CDCl,,
respectively) revealed, amongst others: 0=6.44 ppm (ddd,
Uuc=1563Hz, Jogz=128Hz, Jo;,=12.0Hz; 9-H), o=
6.51 ppm (ddd, 'Jyy = 156.6 Hz, Jgy=14.6 Hz, Jg;=11.6 Hz; 8-
H), §=6.53 (ddd, 'V c=154.3 Hz, J;,=15.2 Hz, J,5 =11.3 Hz;
7-H), 6.82 ppm (dd, 'J;;c=168.7 Hz, Js,; = 16.1 Hz; 16-H), 6 =
6.85 ppm (ddd, 'Jyy=157.6 Hz, Jy,;=15.1 Hz, J;po=11.1 Hz;
10-H), 6 =6.86 ppm (ddd, Jy=159.2 Hz, J;,=13.7Hz, Js 5=
123 Hz; 6-H); “CNMR (125.7MHz, CDClL): 6=-15
(Si(CHay);), 17.3 (C2'), 63.3 (C1’), 78.3, 80.4, 82.5, and 85.3
(C12, C13, C14, C15), 111.1 (C11), 114.4 (C5), 119.1 (C2), 123.6
(C16), 128.4 (C6), 133.0 (C17), 134.6 (C9), 136.6 (C8), 137.5
(C7),142.5 (C3),145.3 (C10), 149.7 (C4), 165.5 (C18), 169.2 ppm
(C1); elemental analysis (%): calcd for C3H,,0,Si (392.1): C
70.38, H 6.16; found: C 70.15, H 6.13.

W. Steglich, personal communication. We are indebted to
Professor Steglich for sending copies of all the original NMR
spectra of compound 3.

A referee suggested that “the possibility of directly obtaining
xerulinic acid from xerulin should be commented on”. We are
unaware of such a possibility; furthermore, during alternative
attempts at the synthesis of xerulinic acid, we prepared both the
corresponding alcohol (“xerulinol”) and aldehyde (“xerulinal”)
but could not oxidize either to xerulinic acid: K. Siegel, Ph.D.
Thesis, Universitédt Freiburg, 2000.
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