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Abstract: Irradiation with visible light of S-alkoxycarbonyl xanthates derived from various alcohols gives rise to
alkoxycarbonyl radicals with bifurcate reactivity: loss of carbon dioxide leads to deoxygenated derivatives (i.e. alkyl
xanthates) whereas intramolecular addition to a suitably located double bond produces lactones; these new reactions were
applied to the total synthesis of (£)-cinnamolide and (£)-methylenolactocin. © 1999 Elsevier Science Lid. All rights reserved.
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for a wider application of radical reactions in synthesis and still represents an interesting challenge to synthetic
organic chemists. ! Comparatively few methods allow, for example, the use of the hydroxyl group - a ubiquitous
functionality in natural products and in synthetic intermediates- as a source of carbon radicals,2 the most
prominent and useful being by far the Barton-McCombie reaction.2a Alkoxycarbonyl radicals, also derived from
alcohols, have also been seldom exploited; yet their intramolecular addition to suitably located alkenes constitutes
a direct route to esters or lactones (corresponding to step B in Scheme 1 and its intramolecular version). In most
cases, cyclisations to lactones have been performed reductively using stannane technology, with the loss of
alkene functionality inherently accompanying C-C bond formation.3 Given the wide distribution of unsaturated

lactone subunit in natural products, the development of new methods that would allow for alkenyloxycarbony!
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xanthates, we now give a full account of our studies on S-alkoxycarbonyl dithiocarbonates. Th
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accessible from alcohols and turn out to be a flexible source of both alkyl and alkoxycarbonyl radicals.#

The mechanistic grounds for such an approach are outlined in Scheme 1. By analogy with S-acyl
xanthates,d irradiation with visible light (or in the presence of a suitable chemical initiator)S-alkoxycarbonyl
xanthates 1 are expected to afford the corresponding alkoxycarbonyl radicals 2, whose further fate may involve
in principle three different reaction pathways (A, B, or C) but only two (A and B) actually lead to a product: (1)
decarboxylation (path A), which gives rise to an alkyl radical, is favourable when R is stabilized (e.g. for 2, R=¢-

Bu, k~105-100 s-1 at 60°C):6 (2) inter- or intramolecular addition to alkenes leading to esters or lactones (path B,
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for clarity, only the intermolecular version is shown).3,7 Paths A and B are thus in competition. Which route
will prevail depends of course on the rate of decarboxylation versus the efficiency of the olefin as a radical
trapping agent. While these possibilities reflect the reactivity pattern inherent in alkoxycarbonyl radicals, the
synthetic efficiency of either process strongly depends on the reaction conditions, i.e. on the nature of the transfer
agent. The overall process displayed in Scheme 1 represents a formal group-transfer cycle; no external transfer
agent is thus needed. Unwanted radical-radical and/or radical-solvent reactions are curtailed by the fast addition of
the radical intermediates to the thiono group of the precursor. In the case of the initial radical 2, this reaction is

reversi and degenerate (path C): a symmetric intermediate 3 is formed, which can only collapse to give back

eversibie and degenerate (path C): a symmetric intermediate 5 18 1€d, which can only collapse to give back
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unlikely). Therefore, the chain transfer reaction does not compete with synthetically more useful propagation
steps, allowing the radical intermediates sufficient lifetime to undergo even relatively slow reactions. This is in
sharp contrast to organotin hydride mediated transformations of alkoxycarbonyl radicals, where the slow
reactions of 2 — for example the loss of carbon dioxide— are suppressed by a fast, irreversible, and nonselective
reduction of all radical intermediates.2b
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Scheme 1

To test the above mechanistic considerations, we prepared a number of S-alkoxycarbonyl xanthates (1a-h)
from various alcohols by treating the corresponding chloroformate with potassium O-ethylxanthate. Upon
exposure of these yellow coloured derivatives to visible light in an inert solvent (heptane, toluene) at reflux, a
smooth rearrangement took place affording the expected products 4a-h in good yield. No reaction takes place in
the absence of light. The results are summarized in the Table: tertiary, secondary, and even primary alcohols were
all transformed cleanly into alkyl xanthates by this procedure. In the absence of an effective trap (i. e. when path

Bis moperatxve) and because path C is degenerate decarboxylatlon (path A) must occur even if it is relatively

-

precursor 1d afforded 3-butenyl derivative 4d, through the intermediacy of the well known t,‘y\..lup1upyu,cu binyl
radical, thus confirming the free radical nature of the reactive intermediates. Overall, the C-O bond in the original

alcohol has been replaced by a C-S bond, and this opens up possibilities for further transformations based on



sulfur chemistry, including reductive desulfurisation which would represent an alternative to the Barton-
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The synthetic applications of this radical generating system are not restricted to the functional

transformations of alcohols, as the propagation sequence can be broadened, allowing additional steps to intervene
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Comparable yields were obtained when the reaction was performed in lower boiling cyclohexane; the possibility
of obtaining cleanly, at this comparatively low temperature, a primary radical from a primary alcohol through its
alkoxycarbonyl xanthate contrasts very favorably with previous work involving alkoxycarbonyl radicals, and
highlights the advantages of this approach.8
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We next turned our attention towards the second aforementioned possibility — C-C bond formation with
the alkoxycarbonyl radicals themselves (Scheme 1, path B) — with the aim of capturing the intermediate
alkenyloxycarbonyl radical 2 by a 5—exo—cyclizati0n.3 To our delight, irradiation of xanthate 1j derived from 3-
buten-1-ol in refluxing heptane (0.01 M) furnished butanolide 5j in excellent yield (84%). S-Alkoxycarbonyl

. .
xanthates 1j-m behaved similarly, affording the corresponding lactones in all cases. The results of these
PR, Jy . s crrsvisranesrad 1 Qahanaas 2 - 1 1 1

experiments are sumimarized in Scheme 3. Example 5k shows that secondary derivatives undergo cyclization as

well. Somewhat surprisingly diene 1l afforded the monocyclic allyl derivative 51, while triene 1m underwent
tandem cyclization with the formation of the expected bicyclic product 5m in 61% yield, as a 2:1 mixture of
isomers, tentatively assigned a cis ring junction. The non-reductive character of this radical cyclization sequence
was further exploited through the ready B—elimination of the xanthate group: heating §j with copper powder
under vacuum caused the elimination of the xanthate group, and provided the known exo-methylene lactone 6j
(also called tulipalin A) in 45% yield. This transformation can also be effected at room temperature, as illustrated
by the base catalyzed conversions of Sk and 51 to 6k and 6l, respectively.

i
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Scheme 3
Having explored briefly the potential of alkoxycarbonyl xanthates as a convenient source of alkyl and
alkoxycarbonyl radicals, it seemed interesting to further demonstrate their synthetic potential by the total synthesis
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of two natural products: (¥)-cinnamolide 7 and (£)-methylenolactocin 19, representing two common structural
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Cinnamolide 7, isolated from the bark of Cinnamosma fragrans,lo is a member of the drimane class of

terpenoids. 1 1 Three syntheses have been reported. 12 Our retrosynthetic dissection of this molecule is outlined in
Scheme 4. The application of the 4-buienol tobuienolide transform simplifies the target to the unsaturated alcohol

8 structuraily related to the known ester 9.13 This plan was put into practice as shown in Scheme 5. Ester 9,
prepared as previously described,!3 was isomerised to 10 by a kinetically controlled protonation of the
corresponding ester enolate. Reduction of 10 with lithium aluminum hydride afforded the desired unsaturated
alcohol 8, which was converted into xanthate derivative 12 via chloroformate 11, thus setting up the stage for the
xanthate mediated cyclization. Upon irradiation with visible light in refluxing toluene, a clean reaction took place

affording lactone 13 as a single diastereoisomer in 51% isolated yield. Treatment of 13 with DBU gave (£)-

cinnamolide as a colourless crystalline compound in 80% yield (mp 83-5°C, lit.122; 85-85,5°C, ral
nranertios identical with thace nravinnely renarted) 10
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Scheme 35

Methylenolactocin 19, isolated from the culture filtrate of Penicillium sp. ,14 belongs to the large group of
ve antib i Al its

o-methylene-y-butyrolactone antibiotics. Its antitumor and selecti
relatively high level of functionalization and proclivity towards isomerisation make this small molecule an
interesting synthetic target. Several total and formal syntheses have been reported. 15 A retrosynthetic analysis
similar to that for cinnamolide indicated unsaturated alcohol 14a as a suitable precursor for the application of the
xanthate protocol; this compound could be obtained in a single step by an aldol reaction between methyl crotonate
and hexanal (Scheme 6).

Indeed, addition of methyl crotonate anion to hexanal gave a quantitative yield of 14a and 14b as a 1:1
mixture.16 No attempt was made to opumizc the stereoselectivity of the reaction, as the chromatographic
separation of the isomers was reasonably effective. Treatment of 14a with phosgene, followed by sodium S-
neopentyl xanthate afforded radical precursor 15 which upon irradiation with visible light yielded the crystalline

) 3791-3802 3795
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cyclic xanthate derivative 18 as a single diasterecisomer (6200 Frnn TAda Qabaraa £3 Té io fsdamactios to slio
CYLLIC AdiiviaiC UCiivauive 19 ad 4 diilgic Uia lClCUlbUlllCl (U370 11Ul 1%a, OUNCHIC V). 1L 1S HRCTCSUng in uus
I'Cbpe(i 0 note that when isomer 14b wa SUD]CC[G(I to the same sequence of reactions (ll lll), a 2:1 mixture of

diastereoisomers 20 was obtained. The relative stereochemistry of intermediates 14a, 14b, 16 and 20 was
deduced after transformation into methylenolactocin methyl ester 18 and epi-methylenolactocin methyl ester 21,
whose configurations were established by NOE experiment, and also by comparison of the NMR spectra of 18
with the literature data.l5f The stereochemical outcome of the two cyclizations can be explained by assuming a
chair-like transition state with strong preference for all substituents to adopt pseudoequatorial positions.17 In this
way, a single all-frans isomer 16 is obtained from 14a via 22, whereas conformational equilibrium between 23a

and 23b gives rise to the
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Scheme 6

Unfortunately, all our attempts to accomplish the xanthate elimination from lactone 16 under basic
conditions as in the case of compounds 5k,! and in the cinnamolide synthesis were unsuccessful: we invariably
obtained regioisomer 17 as the only product. It appeared that methyl ester 18 was much too base lab V
the reaction conditions. Fortunately pyrolytlc elimination proved feasible in this case and, after some

afforded methylienolactocin methyl ester 18 in 62% isolated yield. Similarly, pyrolysis of 20 gave epi-
methylenolactocin methyl ester, albeit in lower yield (28%, not optimized). Finally, acidic hydrolysis of 18 under
conditions described previously 15f furnished crystalline (+)-methylenolactocin 16 (mp 54-6°C, recryst. from
ethyl acetate-hexane, lit. 15g. oil), with 1H and 13C NMR spectra identical to published data. 14
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In summary, we have accomplished perhaps the shortest synthesis of ()-methylenolactocin; our approach

also demonstrates the nnh(‘ahlhtv of the xanthate based radic
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intermediates, and the non-reductive character of the last propagation step, which enables further manipuiation of
the adducts.

Unless otherwise stated, nmr spectra were recorded on a Bruker 200MHz instrument; chemical shifts are
given in ppm using trimethylsilane as reference and coupling constants are in Hertz. IR spectra were recorded on
a Nicolet FT instrument. Melting points are uncorrected. [o]p are for chloroform solutions (¢c=1). Reagents and
solvents were purified according to standard Procedures Compound 1a was prepared following the literature
procedure; 18 xanthates 4a and 4b are known. 19

General procedure for the preparation of S-alkoxycarbonyl xanthates (1b-m) from the
corresponding alcohols according to scheme 1 : THF (4 ml) was added to a toluene solution of
phosgene (3.7 ml of a commercial 1.9 M solution; 7 mmol), followed by dropwise addition of the solution of the
alcohol (1 mmol) in THF (4 ml). The reaction mixture was stirred at room temperature for an additional 0.5-4 h
(TLC monitoring). Evaporation of the excess phosgene and solvent in vacuo afforded the crude alkyl
chloroformate in v1rtually quantitative yield; this was used in the next step without further purification.

A solution of potassium O-ethyl xanthate or sodium O-neopentyl xanthate (0.9-1 mmol) in acetone (5 ml)
was added dropwise with stirring to a solution of the alkyl chloroformate (0.9-1 mmol) in acetone (5 ml) at room
temperature.20 After additional stirring (0.5-2 h) at the same temperature (TLC monitoring), most of the acetone

by o

was evaporated under reduced pressure and the reaction mixture was partitioned between water and

dichloromethane. The organic layer was then washed with water and dried over anhydrous magnesium sulfate.

Evaporation of the solvent in vacuo afforded S-alkoxycarbonyl xanthates 1 as bright-yellow oils in most cases;

these were used without further purification, except for if,g,h which were crystalline and could be further
i 1:' : Ll

S-Alkoxycarbonyl xanthate (If). This pale yellow solid was prepared from cholestanol according to
the general procedure in 79% yield; m.p. 88-89.5°C (from acetone); [a]p +9.7; Vmax (nujol): 1740, 1725 cml;
IH NMR: 8y 4.70 (g, J = 7.1, 2H), 4.84 (m, 1H). Anal. Calc. for C31H5203S3: C, 69.40; H, 9.70%. Found:
C, 69.42; H, 9.85%.

o | AP RNy BRIy NNy & IR MThic mala wrallawery calid serano mramarad frame 1R anaemwver
o-/‘iucuxycuruuuyl Xantnate (4g). 1hn1s paie yeiow s lid was pxcpalcd from IS‘QLCtUA‘)’ - 175-
hydroxy-androst-5-ene according to the general procedure in 52% yield; m.p. 77.5-79.5°C (from acetone); [a]p
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-31; Vmax (nujol): 1740, 1712 cm-!; TH NMR: 8y 0.82 (s, 3H), 1.03 (s, 3H), 1.49 (#, J = 7.1, 3H), 2.03 (s,
3H), 4.60 (m, 1H), 4.70 (m, 1H), 4.72 (¢, T = 7.1, 2H), 5.41 (bd, ] = 4.8, 1H). Anal. Calc. for C25sH305S5:
C, 62.50; H, 7.50%. Found: C, 62.59; H, 7.43%.

S-Alkoxvearbonvl xanthate (1h). A solution
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0°C and the mixture stured at 0°C for 2 hours. The ether was blown off with a stream of mtrogen at 0°C and the
residue dissolved in cold acetone (100 ml). A solution of potassium O-ethyl xanthate (0.45 mmol) was added
dropwise and the mixture stirred at 0°C for 1 hour. Most of the acetone was removed in vacuo, and the residue
treated with water and extracted with dichioromethane. The combined extracts were dried, concentrated, and the
residue piiriut,u Uy column uuummugxayuy (ether / ‘pl’:‘i‘ltai‘lt‘: 1:20) to gi'v'E lhasa ycuuw solid (0.2 mmol, 45%:
of the starting alcohol was also recovered); m.p. 133-134°C (from acetone); [®t]p +38; Vinax (nujol): 1735 cm!;
TH NMR: 8y 0.88-2.50 (m, 16H), 0.92 (s, 3H), 0.98 (s, 3H), 1.06 (s, 3H), 1.47 (1, ] = 7.1, 3H), 4.69 (g, ] =
7.1, 2H). Anal. Calc. for CjgH3903S2: C, 61.62; H, 8.11%. Found: C, 61.43; H, 8.12%.

General procedure for the photochemically induced

ransformation of S-
alkenyloxycarbonyl xanthates: S- Alkeny]oxycarbonyl xanthates la-m ( mmol) were dlssolved in

) [ ) P -
Uﬁbdbbcu lleLd 1€ Or 101ucne (1v imij, a aia lllduldlCU wuu a Juu w Luug JE3 )} ll}ii 1ICI
v

aroon atmosnhere. The progress of the reaction, indicated by the fadine of the in
argon almospnere. 10¢ progress of the reaction, 1indicated dy the fading of the in

y W
solution, was further monitored by TLC. After the reaction was complete (2.5-9 h), the solvent was evaporated in
vacuo, and the product purified by flash chromatography on silica gel

r—

S-2-Methylpropyl-O-ethyl dithiocarbonate (4c). This colourless liquid was prepared from S-
alkoxycarbonyl xanthate 1¢ accordmg to the gcncral procedure in 61% yleld Vmax (hlm) 1200, 1100, 1045 cor

1
I. 1H NMR: 8y 1.01 (d, J = 6.6, 6H), 1.42 (1, J = 7.1, 3H), 1.97 (m, 1H), 3.03 (d, ] = 6.7, 2H), 4.65 (¢, ] =

7.1, 2H).

S-3-Butenyl-O-ethyl dithiocarbonate (4d). This colourless liquid was prepared from S-
alkoxycarbonyl xanthate 1d according to the general procedure in 59% yield; vpax (film): 1625, 1200, 1100,
1040 cm!; IH NMR: 8y 1.42 (1, ] = 7 1,3H), 245 (dt,J = 7.3 and J'= 14.3, 2H), 3.19 (¢, J = 7.3, 2H), 4.65
(¢, J =7.1, 2H), 5.05-5.16 (m, 2H), 5.72-5.89 (m, 1H).

alkoxycarbonyl xanthate le accordmg to the general procedure in 52% yield; it consisted of a 2 1 mixture of cis-
and trans- isomers; Vyay (film): 1200, 1100, 1040 cm-1; IH NMR: 8y 0.84 (s, 9H), 0.94-2.23 (m, 9H), 1.42 (1,
Y =7.1, 3H), 3.49 (m, 0.33H), 4.12 (br s, 0.66H) 4.64 (g, J = 7.1, 2H). Anal. Calc. for C13H2408S>: C,
60.00; H, 9.23%. Found: C, 60.05; H, 9.37%.

S-(Cholestan-3B-yl)-O-ethyl dithiocarbonate (4f). This c,ompound was obtained from S-
albavucsarhanyvl vanthata 1f ancnrding tn the ganaral nracadiire ac a A1 mivinre nf animerce in 710, viald:
all\UAJ\./(LlUUll)l Adlitiialty 1 Aavuvuiliul ls AV SRS V] suu\nu PLVVUU AV A0 & TT. i LiLIALULY UL \JPIILI\/ID 111 /7 1 /U A A Y
recrystallmnon from acetone gave the major 3a-isomer as a white solid; m.p. 103—106"(‘ [alp +30; Vmax
(nujol): 1200, 1095, 1045 cm-!; TH NMR: 8y 4.15 (br s, equatorial hydrogen on C-3; in the minor isomer the

&’. =l
o
5§

-

@]

w §
(=)

o

W

LS ]

o

%2

LS

n

correspondmg hydrogen appears as a broad m at 3.59),4.63 (¢, J = 7.1, 2H). Anal. C
73.17; H, 10.57%. Found: C, 72.91; H, 10.68%.

S-(1B-Acetoxy-androst-5-en-17
nranarad frn C_allravucrarhanul vanthate 1o ac
Wab Plbpcubu llUlll W au\un._yvax i Adiillialw .L

186°C (from acetone); [a]p -26; Vmax (nujol): 1720, 1235 1200 1090 035 cmrl; 1TH NMR: 8y 0.94 (s, 3H
1.02 (s, 3H), 1.42 (1, J = 7.1, 3H), 2.03 (s, 3H), 3.92 (dd, ] = 2.1 and J'= 8.8, 1H), 4.6 (m, 1H), 4.62 (g, ] =
7.1, 2H), 5.37 (bd, J = 4.8, 1H). Anal. Calc. for C24H3603S3: C, 66.00; H, 8.25%. Found: C, 65.97; H
8.22%.

Dithiocarbonate (4h). This colourless oil was prepared from S-alkoxycarbonyl xanthate 1h according
to the general procedure in 92% yield; [alp +57; Vmax (film): 1210, 1100, 1030 cm-1; 1H NMR: 3y 0.82-2.49

c THY nOch Rl’-l\ lAAIf =71 QI—I\ A‘:A'I!’)n I=71 2H)

11), . (o JLijy V.70 1y, JOL1 o, 0 i,y LXk).
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S-Cyclopentylmethyl-O-ethyl dithiocarbonate (4i). This colourless oil was prepared from S-
alkoxycarbony!l xanthate 1i according to the general procedure in 87% yield after silica gel chromatography
(petroleum ether); Viax (film): 1195, 1095, 1035 cm!; TH NMR: 8y 0.88-2.18 (m, 9H), 1.42 (1, J = 7.1, 3H),

nnnnn ~ww ~r Ty ~ Ty R Y T

3.15(d, J = 17.3, 2H), 4.64 (¢, ] = 7.1, ZH). Anal. Calc. for CgH160S2: C, 33.15; H, 7.83%. Found: C, 52.94;

I 7 QA0
n, /.04%,

Lactone (5j). This colourless liquid was prepared from S-alkoxycarbonyl xanthate 1j according to the
general procedure in 84% yield after silica gel chromatography (petroleum ether); vmax (film): 1780, 1230, 1160,
1125, 1062, 1035 cm-1; 1H NMR: 8y 1.44 (1, ] = 7.1, 3H), 2.07-2.23 (m, 1H), 2.41-2.52 (m, 1H), 2.95-3.15
(m, 2H), 3.27 (dd, J = 8.2 and J'= 14.1, 1H), 3.73 (dd, J = 8.8 and J'= 14.1, 1H), 4.14-4.27 (m, 1H), 4.35-
4.44 (m, iH), 4.67 (¢, J = 7.1, 2H). This compound was used without further purification for the synthesis of
tulipalin A 6j.

Lactone (5k). According to the general procedure and starting from 823 mg (4.67 mmol) of alcohol 4§,
after purification by flash chromatography (eluent: 2% EtOAc in toluene), 804 mg (67 %) of 7k was obtained as
a colourless oil; IR (film): 1773, 1226, 1195, 1067 cm-1; lH NMR (min = minor isomer; maj = major isomer):
7.4-7.05 (m, 5H); 4.6-4.5 (m, 1H, CH-OC=0, min) 4442 (m, 1H, CH-OC=0, maj); 4.26 (s, 2H, CH,-0);

ey . 7t a i Tal ~ A o2

3.75 (dd J1-14 J2—49 iH, HCHSC(S), maj); 3.7 (dd, J,=14, J,=4.8, 1H, HCHSC(S), min); 3.27 (dd,
H
1)9

LIOLIC QY s I AAAT 14 1T .7 110 e
J] L"f, J2—I ", 1[1, uIIo\v), ifiiin J.Lo (U, Jl—l“!’, =i, 111, HCILIISC(S} iiia J) 32 3.U \"L, IH, HC'

C=0); 2.9-2.7 (m, 2H, H,CPh); 2.5-1.9 (m, 4H); 1.1 (s, 9H); 13C NMR: 214 (C=S; maj); 213.88 (C=S, min);
176.64 (C=0, min); 176.38 (C=0; maj); 140.53 (C-Ar; maj); 140.43 (C-Ar, min); 128.55 (CH-Ar); 128.39
(CH-Ar); 126.21 (CH-Ar); 83.83 ('BuCH,0, min); 83.76 (‘BuCH,0, maj); 77.87 (HCOC=0, maj); 77.74
(HCOC=0, min); 40.85 (CH-C=0, maj); 38.87 (CH-C=0, min); 37.15 (CH,, min); 37.0 (CH,, maj); 35.81
(CH,, min); 35.35 (CH,, maj); 34.5 (CH,, maj); 32.49 (CH,, min); 31.82 (CMej, both isomers); 31.5 (CHj,
both isomers); 26.5 (CMej, both isomers). This compound was used without further purification for the
preparation of 6k.

Lactone (51). This compound was obtained as a colourless oil in 42 % yield (eluent: pure toluene); IR
(film): 1775, 1223, 1188, 1068 cm-!; IH NMR: 5.85-5.6 (m, IH, HC=CHj); 5.2-5.05 (m, 2H, HC=CH>);
4.38 (app.t, 1=8.4, HCH-OC=0); 4.27 (s, 2H, 'BuCH,0); 3.39 (app.t, J=8.4, HCH-OC=0); 3.65 (dd,
11—145 J,=5.6, 1H, HCHSC=S); 3.46 (dd, J|=14.5, J,=5.6, 1H, HCHSC=S); 2.8-2.15 (m, 4H); 1.05 (s,

9H); 13C NMR: 214; 176.96; 133.76; 118.21; 83.86; 70.96; 44.33; 39.72; 36.15; 34.65; 31.86; 26.38. It was
rati

Lo al - f

used without further purlu(.auu

Lactone (5m). This compound was obtained as a light yellow oil in 61% yield and as a 2:1 mixture of
isomers after Kugelrohr distillation under vacuum (220°/0.08 mmHg); IR (film): 1772 cm!; 'H NMR: 5.8-5.6
(m, 1H); 5.25-5.1 (m, 2H); 4.25 (s, 2H); 4.2-3.9 (m, 2H, -H2C-0C=0); 3.19 (app.d, J= 6.9; 1H, H2C-
SC=8); 2.75-1.30 (series of m, 8H); 1.05 (s, 9H); 13C NMR (for the major isomer): 214.35; 179.7; 132.52;
119.46; 83.31; 75.59; 50.92; 49.12; 42.52; 40.88; 40.20; 38.89; 34.39; 31.73; 26.55. Anal. Calcd. for

68: H 7.76
\_,]71‘126\.13»)2 C 59. D.) H 7.66. Found: C 59. Oo, 1 /./0

Tulipalin A (6j). A mixture of xanthate 5j (0.22 mmol) and copper powder (1.0 g) was heated in an
oven (oven temp. 175-180°C) under vacuum (15 mmHg). Lactone 6j thus distilled as formed and was obtained
as a colourless liquid (0.10 mmol, 46%); Vmax (film): 1760, 1666 cm!; TH NMR: 8y 2.99 (m, 2H), 4.37 (¢, =
7.3, 2H), 5.68 (t, I = 2.5, 1H), 6.26 (¢, J = 2.9, 1H); these were essentially identical with previously reported
data for tulipalin A2l
2-tetrah rd'.rnf'urnnnna (61: DRBRU (61 mg: 040 mmnl\ was

uranone (6k). DBU (61 mg; mmol

added toa soluuon of lactone 5k (60 mg; 0.16 mmol) in chloroform (3 ml), and the reaction mixture stlrrcd for 2

h at room temperature The solution \;as then diluted with chloroform, washed successively with 1% HCI,
aqueous NaHCO3, and water, and the organic layer dried over MgSQOy4. Concentration under reduced pressure
and purification of the residue by flash chromatography (SiOz, eluent: 10% EtOAc in toluene) gave 6k as a

Py o~ Twwr nrn a

colourless oil (24 mg, Ij%), IR (film): 1758, 1666, 1602 cm-t; 1H NMR: 7.37-7.2 (m, 5H); 6.22 (app. ¢, =3,
1H, HCH=C, Z to C=0); 5.62 (app. ¢, J=3, I1H, HCH=C, E 0 C ﬂ 0); 4.51 (m, 1H, HCCC=0); 3.05 (n, 1H);
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2.78 (m, 2H); 2.57 (m, 1H); 2.1-1.9 (m, 2H); 13C NMR: 170.13; 140.53; 134.45; 128.46; 128.36; 126.11;
122.04; 76.41; 37.96; 33.42; 33.21.

Methylene-4-(2-propenyl) 2-tetrahydrofuranone (61). Lactone 6l was prepared in the same

nenla I's PN NO7 TleM A oo S Lo PR

way . Purification Oy 11asn cnromatograpny \5102; ch‘le 1it: 20% EtOAc in hexane) afforded 61 as a
colourless oil in 62% vield: IR (film): 17 1666 1643 cm- l MR: 63(d 1=28 1H HCH=CC=0 Z to
CRUAVGLICUSS Vi i VLU yavae, AN \Rxamig.e 10V, 1UVU, 1USD Lin NIVAEN. Ued \(4y J—&.Oy L858y LIV AN - g L WJ
C=0); 5.83-5.68 (m, IH, HC=CH»); 5.66 (d, J=2.3, 1H, HCH CC= O E to C=0); 5.18-5.1 (m, 2H,

HC=CH>); 4.43 (dd, J =9.1, J,=8.3, 1H, HCH 0C=0); 4.02 (dd, J1=9.1, J,=5.42, 1H, HCH-OC=0); 3.17
(m, 1H); 2.44 (m, 1H); 2 32 (m, 1H); I3C NMR: 172.0; 137.68; 133.54; 122.27; 118.25; 70.31; 37.85; 37.84.
Ester (10). A solution of BuLi in hexane (2 ml of 1.6 M solution; 3.2 mmol) was added at -20°C, under
an argon atmosphere, to a solution of diisopropylamine (324 mg; 3.30 mmol) in dry THF (5 ml), and the
resulting solution stirred for 20 min at that temperature. The reaction mixture was then cooled to -78°C, HMPA
(627 mg; 3.50 mmol) was added and, after stirring for an additional 30 min., a solution of 913 (669 mg; 2.84
mmol) in dry THF (3 ml) was added dropwise. After further stirring for 15 min at -78°C, 5% aqueous HCI (20
ml) was added all at once and the mixture allowed to reach room temperature. Work-up afforded a mixture of 9
and 10 in a 5:1 ratio (584 mg, 77%). Purification by flash chromatography (SiO,; eluent: toluene) afforded 10 as

a colourless oil (283 mg, 42%; 65% based on recovered starting ester 9); a fraction (234 mg) containing a

tatiien AL o B o e o T 3L TR AT, 17190 anaels [ITNIRMAD. £ Q &7 s, 1IN\, £ &7 ( V- avs 177\ A N
MIXWIre O1 ¥ and 1v was d.lbU lbUldLCu, N (1), 1725 CHL *, I INIVIIR . D.0-0./ (m, in), 2.00-2.0(mM, ir1); 5.0Y
fe IHY- 2QR_20Q1 (;s 1THY 2 181 R {mm 27HY- 1 A1 2 (coriec af m 7 Vv C'Ha o« CHY- N1Q) (¢ 'zu non-
\Ds VALl)y s 7T dus 7 X \'ll, .lll}, Ao Aol AT \T1by LRAJy LoV Lok \OWRIVO UL Jiky T113y J N \tllz v \.41.1}; Ve 7 \ . .J.I.l ST \J,
3H); 0.89 (s, 3H); 13C NMR: 174.14; 128.06; 123.85; 57.29; 51.26; 49.31; 42.20; 40.10; 36.16; 33. 12 23.51;
21.71; 18.67; 14.79. This material was used as such in the next step

Alcohol (8). A solution of ester 10 (260 mg; 1.10 mmol) was slowly added to a solution of LiAlH,4 (44
mg) in THF (1 ml) at room temperature, and the mixture was stirred for 2 h at the same temperature. Work-up as
usual afforded alcohol 8 as a white solid (223 mg, 97%) and this was used directly in the next step; IR (in
CH,Br;): 3354 cm!; 'H NMR: 5.83-5.75 (m, 1H); 5.62 (app. 4, J=10, 1H); 3.84 (dd, J;=10, Jo=5, 1H,
HCH-OH); 3.37 (app. t, I=10, 1H, HCH-OH); 2.15-1.8 (m, 3H, allylic); 1.6-1.1 (series of m, 7H); 0.91 (s,

3H); 0.89 (s, 3H); 0.78 (s, 3H); 13C NMR: 127.42; 126.6; 62.73; 53 98; 49.71; 42.25; 39.59; 35.12, 33.33;
32.92; 23.85; 21.92; 18.71; 14.28.

Xanthate (13). Alcohol 8 (210 mg, 1 mmol) was converted into S- alkoxycarbonyl xanthate 12

according to the general procedure. Purification by flash chromatography (S10,; 2% EtOAc in toluene) afforded
antAna 11 /IQQm 107 H 3

o as a white solid; IR (CH,Br,): 1771 cm-1: 1TH NMR: 4.59 (¢, ]=2.7. 1H): 427 (s
ALV \ Q. 5 I QA3 G VWililw OUViiU, 1IN\ \\.;112“12’}; 4771 w1ii A4 ANIVIAN. *T. U7 \l Lol y 111) .4l \D,
H); 4.23 (d, J=9.5,1H); 4.13 (dd, 1;=9.5, J,=5.6, 1H); 2.94 (4, I—7 3, 1H); 2.25 (dd, 1;=6.7, },=5.6, 1H),

275 e - L. £ (UL,

o

2.4-1.05 (series of m, 9H); 1.03 (s, 9H) 0.89 (s, 3H); 0.87 (s, 3H); 0.79 (s, 3H); 13C NMR 212. 28 175.62;
83.32; 67.49; 47.80 (two CH superimposed); 44.00; 43.78; 41.49; 39.93; 35.36; 33.09; 32.53; 31.70; 26.47,
24.20; 21.72; 17.83; 14.38. This material was used directly for the next step.

(H)-Cinnamolide (7). DBU (206 mg; 1.35 mmol) was added with stirring to a solution of 13 (175 mg;
0.44 mmol) in chloroform (5 ml) at room temperature. The reaction was complete within 15 min, as indicated by
TLC. Work-up as for 6k followed by purification by flash chromatography (Si0,; 10% EtQAc in toluene)

LAY 4000 VA VIV milli2 23458 LILVAAILE @Y DWW

afforded (£)-cinnamolide 9 as a crvstallme white sohd (82 mg, 80%) ; m.p. 83-4°C (from hexane; lit. 10 g5.
85.5°C); spectral data identical with those reported in the literature. 10b

3- Carboxymethyl 4-hydroxy-1- nene (l14a) and (14b). A

Ve )

lution of LDA in THF (40 ml)

L-A_-,‘ A mmame TV

\J
J

)
was then added dmnwme at -78°C. After stirring for 5 min., a solution of n-hexanal (2.0 g;

QLU L1V

ml) was added in one portion. The mixture was allowed to reach -20°C, then cooled again to -70°C and quenched
w1th aqueous NH4Cl (40 ml), added all at once. Standard work-up afforded alcohol 17 (4.0g; 100%) asa l:1

MAYIN. ANQ DT Y n£g.7 A L TV 1 TTN.

mixture of 14a and14b (1 26 g) and pure 14b (483 mg), ida: IR (film): 3486, 1737, 1639 cm-1 'H NMR.
6.0-5.85 (m, 1H); 5.35-5.2 (m, 2H); 3.9 (br. 5, iH); 3.73 (5, 3H); 3.08 {ad, J1=5.5:J2=4.6, allylic H); 2.58 (d,
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J=3.4, 1H); 1.6-1.2 (m, 8H); 0.9 (, J=6.5, 3H); 13C NMR: 173.6; 131.79; 120.49; 71.50; 55.82; 52.18;
34. 17 31. 8() 25 38; 22.68; 14.12.

.51-1), 3.12 (app t, J—zs auyuc n), (t)r s iH )1 6-1.2 (m, SH), 09 u, J=6.5, 3H), 3¢ NMR 73.68,
122 NN 110 2N "D 28 &7 N1. &9 NN s) 12. P& 1N IV KD 1A NA
130, UU; 117,04, 1425, D1.Ul, 52.00; 34 DL, 31 A3 23,10, L2.04; 14.U4.

Lactone (16). Alcohol 14a (416 mg; 2.08 mmol) was converted into S-alkoxycarbonyl xanthate 15 and
the latter irradiated according to the general procedure. Purification by flash chromatography (Si0,; 20% EtOAc
in heptane) afforded lactone 16 as a white solid (442 mg; 63%); m.p. 79-81°C (heptane); IR (CH,Br,): 1775,
1736 cm-l; 1H NMR: 4.4 (dt, J;=9.15, J,=4.23, 1H, CHOC=0); 4.27 (AB quart., J;=15.5, J,=10.4, 2H,
"BuCH,0); 3.78 (s, 3H); 3.76 (dd, §,=14, J,=4.75, iH, HCHSC=S); 3.55 (m, 1H, SCH,CHC=0); 3.43 (dd,
J1=14, J,=6.75, 1H, HCHSC=S); 2.93 (dd, ]|=11.1, J,=9.31, 1H, O,C-CH); 1.85-1.62 (m, 2H); 1.55-1.3
(series of m, 6H); 1.0 (s, 9H); 0.89 (¢, J=6.5, 3H); 13C NMR: 213.93; 174.37; 170.81; 83.97 (‘BuCH,0);

Swidlwd Vi Tiby VAAS, Filjy V.OF sx3) maJd A P2 v.02, 02,7 [EL W ¥ 4

80.19 (CHOC=0); 52.8; 51.21; 44. 57, 34.7, 34 53, 31.88; 31.33; 26. 51, 24.79; 22.4, 13 91. Anal Calcd for
C18H300552§ C 5536, H 7.74. Found: C 5556, H7.52

Lactone (20). Alcohol 14b (416 mg; 2.08 mmol) was transformed into lactone 20 following exactly the

same procedure as for i4a. Purification Dy fiash chr omatogrdpny (ble, 20% EtOAc in neptane) afforded iactone

Q9 g L8 anmaictad af n 21 matvdnea AL ioanars. TR oo PR
20 as a colourless oil (482 ing, oo /0) it consisted of a 2:1 mixture of isomers; IR (ﬂhu} 1783, 1741 cm 1, 'H

.47 (rmn t, IH CHOC= ﬂ\ 4.37 (br, s, 2H); 3.84-3.68 (m+s, 4H, OMe + HCH- QF—Q\ 3.63-3.35 (m,

INIVIISD &, d AELXy oz \VA. 3y LAR,, 2057200 TS, I, VAL T IILIRTOR 2, 227220 U

2H, HCH-SC:S + SCHpCHC= O), 3.24 (dd, 1H); 1.7-1.2 (serlcs ofm 8H) 1.0 (s, 9H); 0.9 (br. s, 3H); 13("
NMR (of the major isomer): 213.75; 174.72; 169.61; 83.91; 77.86; 52.33; 47.82; 41.4; 34.19; 31.42; 31.14,
30.86; 26.36; 25.03; 22.24; 13.77.

2(H)-3-Methyl-4-carboxymethyl-5-pentyi-2,5-dihydrofuranone (17). To a solution of 16 (41
mg; 0.105 mmol) in chloroform (1 ml), DBU (13 mg; 0.105 mmol) was added with stirring at room temperature.

TLC indicated the instantaneous consumntion of the startine material. Work-un as described for 6k followed by

TLC indicated the instantaneous consump 1e starting material. Work-up as described for 6k followed by
purification by flash chromatography (SiO;; 20% EtOAc in hexane) afforded 17 as a colourless oil (20 mg,
84%); IR (film): 1770, 1728, 1664 cm‘l lH NMR: 5.12-5.07 (m, 1H, HCOC=0); 3.9 (5, 3H); 2.2 (d, J=2.3,
3H); 2.2-2.04 (m, 2H); 1.66-1.25 (series of m, 6H); 0.89 (¢, J=6.5, 3H, Me); 13C NMR: 172.89; 162.64;
147.57; 137.42; 81.34; 52.29; 32.72; 31.33; 24.36; 22.35; 13.89; 10.80.

PSS SRR R | e il o T ot FTOY T o o litiin A f Tanbaa 1L (19 i) ton Al law s 777
(F)-Methylenolaciocin mieinyi ester (15). 10 a soiution O iacione 10 {140 mg) i Cruoroiorm {7/
ml), Cu-powder (2.1 g) was added, and the solvent was removed first on a rotary evaporator, then at 0.05

mmHg. The resulting powder was transferred to a Kugelrohr appartus and heated under vacuum (180°C/1.5
mmHg). Under these conditions, lactone 18 (71 mg) distilled but was still contaminated by minor quantities of
starting material 16 and unwanted isomer 17. Purification by flash chromatography (SiO,; 20% EtOAc in
hexane) afforded pure (£)-methylenolactocin methyl escti:r as a colourless oil (45 mg; 62%); the 1H and 13C NMR
spectra were identical with those previously reported. 11

')
]

(1)-epi-Methylenolactocin methyl ester (21). Compound 20 (235 mg) was h.eat-d. with copper
powder in the same way its isomer 16. This gave acton 24 as a colourless oil (37 mg, 28%); IR (film):

V as 1Ls 1f
1770 1741, 1667 cm!; 1H NMR: 6.40 (d, J=2.3, 1H); 5.83 (d, J=2.03, 1H); 4.63 (ddd, J1=11, J,=8, J3=4.1,
1H); 4.01 (dt, J;=8, 12..2.1, 1H); 3.76 (s, 3H); 1.7-1.25 (series of m, 8H); 0.9 (r, 3H);13C NMR: 169.29;
168.75; 133.67; 124.85; 78.18; 52.26; 49.04; 31.42; 31.29; 25.12; 22.34; 13.84.

(#)-Methylenolactocin (19). Acid hydrolysis of 18 (39 mg) as described in the literature 1 5f afforded
of (+)-methylenolactocin 19 (29 mg, 75%) as a white solid; m.p. 54-6°C (EtOAc/hexane; lit.138: oil); 'H and
13C NMR spectra identical with those previously reported for the natural compound. 14
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