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Manipulating the Enone Moiety of Levoglucosenone:

1,3-Transposition Reactions Including Ones Leadintp Isolevoglucosenonet

Xinghua Ma? Xin Liu,? Patrick Yate§ Warwick Rafferty’ Martin G. Banwell,*

Chenxi Ma$ Anthony C. Willi€ and Paul D. Catr

@ Research School of Chemistry, Institute of Advanseudies,
The Australian National University, Canberra, AC302, Australia
and
b Circa Group Pty Ltd,

551 Burwood Highway, Knoxfield VIC 3180, Australia

The manipulation of the enone moiety associatedh vilte biomass-derived,
homochiral and now abundant compound levoglucosefigns described. While the
trichloroacetimidates derived from the allylic dhots 3 and 4 failed to engage in
Overman-type rearrangements, certain ester derestieacted in the presence of
Pd[0]-catalysts to give regio-isomeric mixtures Bf-unsaturated malonates or
ketones, the structures of which were confirmedsibgle-crystal X-ray analyses. In
other sequences involving 1,3-transposition reasti@n operationally simple means
for converting compoundl into isolevoglucosenon@)(is described.
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seminal contributions to so many aspects of orgeiméenistry.



INTRODUCTION

Levoglucosenonel] can be generated through the acid-catalysed g@goisation of
cellulose and recent refinements of this proces® falowed for the production of
this homochiral material on the tonne scale fromows forms of biomass including
waste paper and sawddsAs testimony to the scale and utility of this pess, the
ketone, Cyrene™, arising from the hydrogenatiomhef carbon-carbon double bond
within compoundL, is now being employed in a number of countriea esplacement
for the soon-to-be banned polar aprotic solvdhinethylpyrrolidinone (NMPY.
Given both the sustainable nature and the scails pfoduction, levoglucosenone is
likely to become an increasingly important startingterial in chemical synthesis,
and all the more so if new means for manipulatihgni useful ways can be
developed. The most obvious site for manipulation is the enamiety and a range
of methods for doing so has been reported in tleeature** including by us. In
particular, and like othersye have sought to convert compouhdnto its quasi-
enantiomer isolevoglucosenon®).(In our work this was achieved using Wharton
rearrangement chemistry and these studies promystdd consider other means by
which the required and related 1,3-transpositioocgsses could be implemented
within the 6,8-dioxabicyclo[3.2.1]octane framewassociated with levoglucosenone.

The work detailed in the following sections reveasv means for doing so.
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RESULTS AND DISCUSSION

The [3,3]-sigmatropic rearrangement of derivatioéshe epimeric allylic alcohols
arising from the 1,2-reduction of levoglucosenorezdme the focal point of our
initial studies and efficient means for obtainihg first of these substrates are shown
in Scheme 1. Specifically, then, endne/as subjected to 1,2-reduction in methanol at
0 °C using sodium borohydride in the presence otigetrichloride and in this way a
ca. 11:1 mixture of the anticipated and epimericlalglcohols3 and4 was obtained

in 91% combined yield.These could not be separated by conventional meshso
the mixture was acetylated under standard conditéomd the product estes® (92%)
and6°® (8%) were each isolated in pure form using flastomatographic techniques
and then fully characterized. Each was treated patiassium carbonate in methanol
and thus regenerating the corresponding and nomezfmally pure allylic alcohol8
(97%) and4 (92%), respectively. The spectral data acquiredtlmese were in
agreement with those reported in the literafuiféae preferential formation of epimer
3 in the initial reduction step is entirely consigtevith previous observations and
necessarily arises through selective delivery ofiride from the sterically less
congestedi-face of the enone moiety in substraté&he correspondin@-face being

shielded by the presence of the sterically demantlj6-anhydro-bridge).
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In order to secure workable quantities of the miapmmeric alcoho# for further
study, the straightforward reaction sequence showScheme 2 was developed.
Specifically, then, the more abundant allylic alobB was subjected to a Mitsunobu
reaction using triphenylphosphine/diethyl azodicasitate (DEAD) for activation
and a-chloroacetic acid as the nucleopHfifeBy such means the inverted allytic
chloroacetate7 was obtained in 86% yield and when this was sdigahiusing

potassium carbonate in methanol then the targehald was obtained in 85% yield.

o CICH,COH O o
OH z
THF OCOCHCI CH3OH OH

86% 85%
3 7 4

Scheme 2

The structures of all of the products of the reatdishown in Schemes 1 and 2 were
confirmed by single-crystal X-ray analyses of datives of compound8 and 4.
Details of these analyses are presented belowydmg in the Experimental Section

as well as in the Supplementary Information.

With allylic alcohols3 and4 now each available in useful quantities, an ingasbn
into the participation of certain derivatives in,3Bsigmatropic rearrangement
reactions began. Given our succels@s applying the Eschenmoser-Claisen
rearrangement to various 2-cyclohexen-1-ols, e&ddompounds3 and4 was treated
with N,N-dimethylacetamide dimethyl acetal refluxing toluene but to no avail.
Similarly, all attempts to effect Ireland-Claiseypé rearrangemeritsf acetate$ and

6 under standard conditions also failed. In eackamte either the relevant starting

material ¢iz. 3-6) was returned or, under more forcing conditiomvd@lving higher



reaction temperatures), decomposition was observedn effort to engage allylic
alcohols 3 and 4 in Overman rearrangement reactidhsan o-xylene/THF or
dichloromethane/THF solution of each was treatedchége 3) with
trichloroacetonitrile in the presence of either isod hexamethyldisilazide
(NaHMDS) or 1,8-diazabicyclo[5.4.0Jundec-7-ene (DB&hd thereby affording the
anticipated and crystalline trichloroacetimida8£37%) and9 (78%), respectively.
The structure of each of produd@sand 9 was confirmed by single-crystal X-ray
analysis, details of which are reported in the Expental Section. Of course, these
analyses also serve to confirm the structures e€ysors3 and4 as well as the

corresponding acetates.

o Cl,CCN o
Eo OH NaHMDS @oaNH)ccg
— o-xylene/THF —
87%
3 8
o Cl,CCN o)
o DBU o
@ CH,CI,/THF @
OH 78% OC(NH)CClL
4 9
Scheme 3

Unfortunately, all attempts thus far to induce t&erman rearrangement of
compounds8 and 9 under a variety of conventional conditions fail€hce again,
either the starting material was returned or, undesre forcing conditions,

decomposition was observed.

In light of our failures to effect [3,3]-sigmatrapiearrangements of compourgis, 8

and9, the Tsuji-Trost reactions of the allylic acetate=re examined using (E#),Pd



as the catalyst, the sodium salt of dimethyl maleres the nucleophile and 1,2-
bis(diphenylphosphino)ethane (dppe) as an addemhdigScheme #)'? — in the
absence of dppe the illustrated transformationsndidoroceed very effectively at all.
Under such conditions compoubdreacted to give a chromatographically separable
mixture of the regio-isomeric diestet® (44%) andl11 (32%), each of which was
crystalline and the structures of which could, ¢fere, be confirmed by single-crystal
X-ray analysis (see Experimental Section for dglailSimilar treatment of the
epimeric allylic acetaté also gave a mixture of compounti3(31%) andll (49%).
When reacted with LiCl in DMSO at 140 °C each oé tbroduct malonates was
convertedyia a demethylation/decarboxylation process (Krapobcacboxylation}?

into the corresponding methyl acetate derivativesnely compounds2 (79%) and

13 (82%).
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The origins of the selectivities observed in thecesses leading to malonafiésand

11 remain to be established but the similaritieshef tutcomes are suggestive of the
involvement of a common intermediate. This is midsly to be therrallyl palladium
complex in which the transition metal is co-ordewto that face of thersystem
opposite the 1,6-anhydro-bridge. The formationhig intermediate from precursbr
would presumably follow a conventional (inversigrgthway but precisely how this
same species is formed from epirbas less obvious. It could be that interconversion
of the two possible ttallyl)palladium complexes is taking place or then-
displacement of the acetate leaving group by Pig[@kcurring™* Regardless, of the
precise pathway involved, these results seem a wdith those of Matsumotet al
who reportetf that the allylic andx-configured chloride corresponding to compound
6 reacts under essentially the same conditionsv® gimixture of the epimeric forms
of compounds10 and 11 Unfortunately, no spectral data were reported for
Matsumoto’s products and so relevant comparisonth wur own (which are
presented in the Experimental Section) cannot leema

A stereo-complementary outcome to the one justritest was observed when the
palladium-catalysed Carroll-type rearrangenemtas applied to thgs-keto-esters
derived from the epimeric alcohdsand4 (Scheme 5). So, for example, treatment of
the anion derived from alcohd with readily available 2,2,6-trimethylHt1,3-
dioxin-4-one (4)'® afforded thep-keto-esterl5 (94%) that upon treatment with
(PhsP)Pd in refluxing toluene affordeda. 2:1 and chromatographically separable
mixture of the regio-isomerig/,0-unsaturated methyl ketones and 17 (55%
combined yield). When the epimerftketo-esterl8, readily obtained in 90% by
treating the oxyanion derived from alcohblwith electrophilel4, was exposed to

(PhsP)Pd in refluxing toluene then @. 3:1 mixture of compound$6 and17 was



obtained in 56% combined yield. Once again, theaues of this pair of reactions
suggest the involvement of a common intermediatebably therrallyl palladium
complex in which the metal is co-ordinated to tfae of ther-system opposite the
1,6-anhydro-bridge and carrying, at the metal aemtearboxylate- or enolate-based
ligand. This intermediate is presumably generatenhfsubstratd5 in a conventional
manner while its production from precurdd could involve pre-complexation of the
palladium by thea-oriented and bidentatB-keto-esterresidue. Regardless of the
precise details of the Tsuji-Trost-type chemistgeewn in Schemes 4 and 5, it seems
that the intermediatatallyl complexes invariably involven-face selective co-

ordination of the palladium.
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Scheme 5

Given the pivotal nature of these conclusions, @swcrucial to unambiguously
establish the structure of each of produtéand 17. In the case of the former
compound, this was done by the means outlined ei®e 6. Specifically, compound
16 was treated with methylmagnesium bromide and tiseliag 3°-alcohol9 (93%)

then converted, under standard conditions, intactiteesponding 3,5-dinitrobenzoate
20 (89%). This proved to be a crystalline compound #@s structure could thus be
determined by single-crystal X-ray analysis, dstaf which are provided in the

Experimental Section.
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Scheme 6

In an analogous manner, ketof& was converted into the 3°-alcohall (85%)
(Scheme 7) on treatment with methylmagnesium brenadd this was, in turn,
transformed into the corresponding 3,5-dinitrobettea2 (90%) on exposure to 3,5-
dinitrobenzoyl chloride in the presence of pyridexed DMAP. Compoun@?2 also
proved to be a crystalline material and so itscstme, too, was confirmed by single-

crystal X-ray analysis.
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Scheme 7

Another 1,3-transposition process, and one thawallfor the ready formation of
isolevoglucosenone&?) from congened, is shown in Scheme 8. Thus, water readily
adds to levoglucosenong) (when it is dissolved in triethylamine and so forgithe
previously reported B-hydroxyketone23 (72%) that could be protected as the

corresponding TBS-ether under conventional conatidReduction of this ether with
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sodium borohydride in methanol then gaveaa4:3 mixture of the epimeric forms of
alcohol 24 (62% combined vyield), the structure of tleeconfigured one being
confirmed by single crystal X-ray analysis. Acetida of each of these alcohols
using acetic anhydride in the presence of DMAP dgheecorresponding and epimeric
acetate5 (99%). On exposure of these to tatrautylammonium fluoride (TBAF)
the anticipated epimeric forms of alcot#8*® (90%) were obtained and when these
were subjected to sequential treatment with pynghin chlorochromate (PCC) and
sodium acetate then isolevoglucosend)emMas obtained in 53% yield. This material

was identical, in all respects, to an authenticgamrepared by our earlier rodte.

(i) TBS-CI

(0] (0] imidazole o)
—_— —_—
— 72% (i) NaBH, OH
OH CH;OH TBSO
1 23 62% 24
Ac,0
DMAP | 99%
THF
o (i) PCC o TBAF o}
% OAc
3 (i) NaOAc 90%
MeCN oM TBSO
53%
2 26 25
Scheme 8

Since the reaction sequence shown in Scheme 8seeyisea rather minor variation on
the route (froml — 2) developed sometime ago by Furneaux and co-watkers
attempts were made to establish a more concisevpgtto targe2. To such ends,
compound23 (Scheme 9) was stereoselectively reduced totridnes-1,3-diol 27

(70%) and on oxidation of this with a slight excesgyridinium dichromate (PDC) a

11



chromatographically separable mixture of the moxiokation product23 (10%) and
28" (39%) was obtained. Treatment of the latter complowith p-toluenesulfonyl
chloride @-TsCl) and triethylamine in acetonitrile then gapessumablywia an Elcb
elimination reaction involving the intermediate yiage, isolevoglucosenon&)(in

65% yield.

o NaBH, o)
o CH4OH o—_¢H
(o] e
72%

HO HO
23 27
PDC
acetone
o p-TsCl / o o \
o Et;N 5 OH o
-~ + o)
z CH,Cl,
o 65% g OH
2 28 (39%) 23 (10%)
Scheme 9

In an effort to improve the efficiency of this tlerstep reaction sequence, various
attempts were made to increase the selectivity yaeldl of the oxidation process
leading to compound8 but, thus far, to no avail. As such, the longerntea(Scheme
8) remains the slightly higher yielding one (21%218%6) despite the additional steps
involved. That said, further refinements of the rsflopathway seem warranted and
are now being investigated. The outcomes of owresffin this area will be reported

in due course.

The ready acquisition of isolevolglucosenone byrthée detailed immediately above

allowed for a further exploration of the Tsuji-Ttashemistry of these systems. In

12



particular, and as shown in Scheme 10, comp@uwlld be reduced in a completely
stereoselective manner under Luche-type conditiorggve the known allylic alcohol
29. The illustratedp-configuration at the newly established stereogemanter is
assigned on the basis that the steric demandsd,anhydrobridge in substrate
should direct hydride deliver to the-face of the enone moiety. Acetylation of
compound29 was effected under standard conditions and thétieg and previously
reported esteB0 (88% over two steps) was then subjected to reagtith the sodium
salt of dimethyl malonate in the presence o:E}®Pd and dppe to afford a mixture of
the regio-isomeric di-esterd0 (42%) and 11 (53%). Thus, a similar product
distribution is seen here as was observed whenethie-isomeric allylic acetat
(Scheme 4) was subjected to these same Tsuji-feastion conditions. Of course,
such outcomes suggest that both reactions are quimgg as would be expected,

through a commonme-allyl palladium complex.

(o) NaBH, o Ac,0 o
(o) CeClke7H,0 EO DMAP go
p7, —_—
g CH30H HO Z pyridine  AcO Z
2 29 dimethyl malonate 30(88%)

NaH, Pd[0], dppe
THF |

( ? O  coMm \
e
Meo,C | O . o 2
Z _ COMe
MeO,C
10 (42%) 11 (53%)
Scheme 10
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CONCLUSIONS

We have described a series of palladium-catalysetl stereocontrolled (but non-
regio-selective) 1,3-transpostion reactions of aasi esters of the alcohoBsand 4
derived from levoglucosenong)( In each case &allyl palladium complex wherein
the transition metal is co-ordinated to the lessdéred a-face of the bicyclic
framework is likely to be involved. While the [3;8igmatropic rearrangement of
various derivatives of compounds and 4 could not be implementedhe facile
conjugate addition of water to enoreallowed for the development of simple
synthetic routes to its quasi-enantiomer isolevogdenone 4) and a capacity,

therefore, to study the chemistry of this less-esgd isomer.

Taken together, the processes described above cadldetrepertoire of chemical
transformations that can be applied to levoglucosen(), a homochiral and
increasingly readily available building block thzdn be produced in a sustainable
fashion and that is, therefore, likely to continaeassume increasing importance as a

starting material in chemical synthesis.

EXPERIMENTAL SECTION

General Experimental Procedures

Unless otherwise specified, protdid) and carbon'fC) NMR spectra were recorded
at 18 °C in base-filtered CD&£bn a spectrometer operating at 400 MHz for proton
and 100 MHz for carbon nucléd NMR data are recorded as follows: chemical shift
(6) [multiplicity, coupling constant(s) (Hz), relative integral] where multiplicity is
defined as s = singlet; d = doublet; t = triplet;=qquartet; m = multiplet or

combinations of the above. In relevant cases, tbgeak due to residual CHEI
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appearing aby 7.26 and the central resonance of the GDt@blet” appearing abc
77.0 were used to referentid and *C NMR spectra, respectively. Samples were
analyzed by infrared spectroscopydy as thin films on KBr plates. Optical rotations
were recorded using the sodium D-line (589 nm) gelawith a path length of 1 dm,
at the concentrations indicated and in the specgavent at 22 °C. Specific rotations
were then calculated in the usual manner. Low- fagt-resolution electron impact
(El) mass spectra were recorded on a double fogusiiple sector machine. Low-
and high-resolution ESI mass spectra were recoated triple-quadrupole mass
spectrometer operating in positive ion mode. Mgltipoints are uncorrected.
Analytical thin layer chromatography (TLC) was merhed on aluminum-backed 0.2
mm thick silica gel 60 f4 plates. Eluted plates were visualized using ar#84uVv
lamp and/or by treatment with a suitable dip fokwiAby heating. These dips included
phosphomolybdic acid/ceric sulfate/sulfuric acidr(c.)/water (37.59:7.59:37.5¢
. 720 mL), potassium permanganate/potassium card@da sodium hydroxide
aqueous solution/water (3 g : 20 g : 5 mL : 300 mand p-anisaldehyde or
vanillin/sulfuric acid (conc.)/ethanol (15 g : 2 : 250 mL). Flash chromatographic
separations were carried out following protocolreel by Stillet al.>° with silica gel
60 (40-63um) as the stationary phase and using the AR- orG4glade solvents
indicated. The melting points of solids purified $iych means were recorded directly
(ie after they had crystallized from the concemtlachromatographic fractions).
Starting materials, reagents, drying agents, ahdranorganic salts were generally
commercially available and were used as suppliettafiydrofuran (THF), methanol
and dichloromethane were dried using a solvenfipation system that is based upon

21
l.

a technology originally described by Grul#sal.”~ Where necessary, reactions were

performed under a nitrogen atmosphere.
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Specific Chemical Transformations

Compounds 5 and 6Sep i: A magnetically stirred solution of compouthd1.00 g,
7.93 mmol) in methanol (25 mL) maintained at® was treated with CeglVH,O
(3.00 g, 8.05 mmol) then, in portions, with NaBt300 mg, 7.93 mmol). The ensuing
mixture was stirred at 0 °C for 1 h before beingaantrated under reduced pressure.
The residue thus obtained was subjected to flasdin@itography (silica, 2:1 v/v ethyl
acetate/hexane elution) to give, after concentnatibthe appropriate fraction&(=
0.5 in 5:4:1 vivlv ethyl acetate/hexane/methanal) inseparable mixture of
compounds3 and4 (922 mg, 91%) as a white, crystalline solid.

Sepii: A magnetically stirred solution of compourigland4 (658 mg, 5.14 mmol) in
pyridine (10 mL) was treated with acetic anhydri@00 mL, 21.16 mmol) then
DMAP (14 mg, 0.11 mmol). After stirring the ensuimgxture at 22°C for 2 h, the
reaction mixture was concentrated under reducedspre and the residue thus
obtained subjected to flash chromatography (sitcadient elution from 1:25, 1:4
v/v ethyl acetate/petroleum benzene elution) tovdetwo fractions, A and B.
Concentration of fraction A (R= 0.3 in 2:2.5:5.5 v/v/v ethyl acetate/dichloroheeie
/hexane) gave compourtd(802 mg, 92%) as a clear, colorless aiflo)f = -38 € =
0.1, CHC%): *H NMR (400 MHz, CDCJ) 8 6.20 (m, 1H), 5.58 (m, 2H), 5.51 (m, 1H),
4.69 (t,J = 4.2 Hz, 1H), 3.98 (dJ = 6.6 Hz, 1H), 3.80 (m, 1H), 2.13 (s, 3H¥C
NMR (100 MHz, CDC}) & 170.8 (C), 132.6 (CH), 124.9 (CH), 99.3 (CH), 74C#),
71.6 (CH), 71.5 (CH), 21.2 (CH; IR vmax 2963, 2891, 1729, 1371, 1230, 1124,
1038, 981, 883, 802 cth MS (ESI, +ve)wz 193 [(M+Na), 100%]; HRMS (M+H]J
calcd for GH1104 171.0652, found 171.0649.

Concentration of fraction B (R 0.4 in 2:2.5:5.5 v/v/v ethyl acetate/dichloroheetie

/hexane) gave compouted 70 mg, 8%) as a clear, colorless ai] = -265 € = 0.1,

16



CHCL): *H NMR (400 MHz, CDGJ) & 6.31 (ddd,J = 9.8, 4.7 and 1.5 Hz, 1H), 5.74
(m, 1H), 5.53 (tJ = 1.5 Hz, 1H), 4.76 (m, 2H), 3.71 (m, 2H), 2.1038l); :°C NMR
(100 MHz, CDC}) 3 170.2 (C), 132.7 (CH), 122.9 (CH), 100.4 (CH),57(CH), 69.3
(CH,), 66.5 (CH), 21.1 (CH); IR vmax3051, 2965, 2894, 1735, 1475, 1372, 1235,
1126, 1023, 885, 867, 800, 712 ¢mMS (ESI, +ve)m/z 193 [(M+Na), 100%];
HRMS (M+Na) calcd for GH100sNa 193.0477, found 193.0476.

Compound 3 A magnetically stirred solution of compoufd343 mg, 2.016 mmol)
in methanol (5 mL) maintained at 22 °C was treatgth K,CO; (557 mg, 4.03
mmol). The resulting mixture was stirred for 2 lenhconcentrated under reduced
pressure and the residue thus obtained subjecféastochromatography (silica, 1.5:1
viv ethyl acetate/petroleum spirit elution) to affp after concentration of the
appropriate fractions (R= 0.5 in 5:4:1 v/vlv ethyl acetate/hexane/methgnol
compound3 (249 mg, 97%) as a white, crystalline solid, m=p58-60°C, [a]p =
+190 € = 0.2, CHC): *H NMR (400 MHz, CDCY) & 6.03 (m, 1H), 5.85 (m, 1H),
5.52 (m, 1H), 4.67 (m, 1H), 3.95 (m, 1H), 3.65 (tht), 3.47 (m, 1H), 2.32 (broad s,
1H); **C NMR (100 MHz, CDG)) 5 130.3 (CH), 126.4 (CH), 95.7 (CH), 77.0 (CH),
67.3 (CH), 62.7 (Ch); IR vmax3401, 2976, 2891, 1385, 1170, 1096, 1053, 1010, 897
709 cm’; MS (ESI, +ve)m/z 151 [(M+Na), 100%], 129 [(M+HJ, <1]; HRMS
(M+H)" calcd for GHgO3 129.0546, found 129.0544.

Compound 7.A magnetically stirred a solution of compoud @180 mg, 1.41 mmol)
in THF (20 mL) maintained at 2ZC was treated witlm-chloroacetic acid (266 mg,
2.82 mmol), triphenylphosphine (737 mg, 2.81 mntb8n diethyl azodicarboxylate
(440 pL, 2.79 mmol). The ensuing mixture was stirred at °Z for 18 h then
concentrated under reduced pressure. Subjectittimeaiesidue thus obtained to flash

chromatography (silica, 2:25 v/v ethyl acetatefgetrm ether elution) afforded, after

17



concentration of the appropriate fractionsi R 0.4 in 2:2.5:5.5 v/iviv ethyl
acetate/dichloromethane/hexane), compouii@d46 mg, 86%) as a white, crystalline
solid, m.p. = 61-63C, [a]po = —214 € = 0.2, CHCY): *H NMR (400 MHz, CDCJ) &
6.35 (dddJ =9.9, 4.7 and 1.1 Hz, 1H), 5.79 (ddds 9.9, 3.9 and 2.0 Hz, 1H), 5.55
(m, 1H), 4.81 (m, 1H), 4.77 (m, 1H), 4.10 @= 0.9 Hz, 2H), 3.71 (m, 2H)*C
NMR (100 MHz, CDCJ) § 166.6 (C), 133.4 (CH), 122.0 (CH), 100.0 (CH),570.
(CH), 69.2 (CH), 67.9 (CH), 40.9 (CH; IR vmax2961, 2895, 1758, 1326, 1295,
1260, 1169, 1126, 1020, 1000, 969, 911, 892, 804;dvt5 (ESI, +ve)m'z 229 and
227 [(M+Na), 30 and 100%]; HRMS (M+N&)calcd for GHy>°ClO,Na 227.0087,
found 227.0086.

Compound 4 (from compound). A magnetically stirred solution of compouéd70
mg, 0.41 mmol) in methanol (2.0 mL) maintained 2t°Z was treated with KO3
(170 mg, 1.22 mmol). The resulting mixture wasrstrfor 2 h then concentrated
under reduced pressure. Subjection of the residugs tobtained to flash
chromatography (silica, 1.5:1 v/v ethyl acetatefdetim ether elution) afforded, after
concentration of the appropriate fractions; (R 0.5 in 5:4:1 v/v/v ethyl
acetate/hexane/methanol), compouh@9 mg, 92%) as a white, crystalline solid,
m.p. = 57-59°C, [a]p = —242 € = 0.2, CHCY): 'H NMR (400 MHz, CDCJ) & 6.18
(ddd,J = 9.8, 4.7 and 1.0 Hz, 1H), 5.81 (ddds 9.8, 4.0 and 2.0 Hz, 1H), 5.52 (m,
1H), 4.68 (m, 1H), 3.68 (m, 2H), 3.63 (@= 3.9 Hz, 1H), 1.92 (s, 1H}*C NMR
(100 MHz, CDC}) & 131.0 (CH), 126.6 (CH), 102.8 (CH), 70.8 (CH), 59CH,),
66.0 (CH); IRvmax3400, 2959, 2892, 1403, 1123, 1052, 1029, 921, 862, 851,
796, 727 cm’; MS (ESI, +ve)m/z 151 [(M+Na), 100%)], 129 [(M+H]J, <1]; HRMS

(M+H)" calcd for GHgO3 129.0546, found 129.0544.
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Compound 4 (from compound?). Following a procedure similar to that described
immediately above, esté&r (355 mg, 1.74 mmol) was converted into alcohglL89
mg, 85%). This product was identical, in all redpewith an authentic sample.
Compound 8 A magnetically stirred solution of compouBd500 mg, 3.90 mmol)
and trichloroacetontrile (470L, 4.69 mmol) ino-xylene (30 mL) maintained under a
nitrogen atmosphere at°C was treated with NaHMDS (78 of a 1.0 M solution
in THF, 0.78 mmol). The ensuing mixture was stiragéd °C for 1 h then warmed to
22 °C before being concentrated under reduced ymes$he residue thus obtained
was subjected to flash chromatography (silica,vividiethyl ether/hexane elution) to
afford, after concentration of the appropriate tiaes (R = 0.4 in 1:2.5:5.5 viviv
ethyl acetate/dichloromethane/hexane), compo8n(®29 mg, 87%) as a white,
crystalline solid, m.p. = 88-98C, [a]p = —29 € = 0.1, CHC}): *H NMR (400 MHz,
CDCl) & 8.41 (s, 1H), 6.26 (m, 1H), 5.86 (m, 1H), 5.77, (dt 9.9 and 2.2 Hz, 1H),
5.65 (m, 1H), 4.71 (t) = 4.2 Hz, 1H), 4.02 (d) = 6.6 Hz, 1H), 3.82 (m, 1H)}*C
NMR (100 MHz, CDC}) & 162.4 (C), 133.1 (CH), 124.3 (CH), 98.6 (CH), 76CH),
71.6 (CH), 71.5 (CH) (signal due to one carbon obscuredlapping); IRvnax3341,
2981, 2891, 1664, 1358, 1334, 1275, 1124, 10772,1036 cm’; MS (El, 70 eV)n/z
275, 273 and 271 (M 1, 3 and 3%), 240, 238 and 236 (12, 48 and 289, (59),
206 (45), 119 (95), 117 (100), 97 (37); HRMS khlcd for GHg>°ClsNO; 270.9570,
found 270.9562.

Compound 9 DBU (82uL, 0.55 mmol) was added to a magnetically stirre@ldtson

of compound4 (351 mg, 2.74 mmol) and trichloroacetontrile (389 3.29 mmol) in
dichloromethane (25 mL) maintained under a nitroggmosphere at 0C. The
ensuing solution was stirred at 0 °C for 0.5 h thermed to 22 °C before being

concentrated under reduced pressure. The residaebiained was subjected to flash
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chromatography (silica, 1:1 v/v diethyl ether/hexaelution) to afford, after
concentration of the appropriate fraction® (= 0.4 in 1:2.5:5.5 v/viv ethyl
acetate/dichloromethane/hexane), compo@ifd57 mg, 78%) as a white, crystalline
solid, m.p. = 89-92C, [a]p = =146 € = 0.1, CHCY): *H NMR (400 MHz, CDC)) &
8.45 (broad s, 1H), 6.39 (m, 1H), 5.93 (ddds 9.8, 3.8 and 1.9 Hz, 1H), 5.70 (m,
1H), 4.90 (m, 1H), 4.80 (m, 1H), 3.73 (m, 2K NMR (100 MHz, CDGJ) & 161.9
(C), 133.3 (CH), 122.1 (CH), 99.7 (CH), 70.6 (CHD.4 (CH), 69.1 (Ch) (signal
due to one carbon obscured/overlapping); viRx 3339, 2964, 2894, 1662, 1352,
1329, 1272, 1126, 1060, 1020, 997, 871, 831, 782 cen’; MS (El, 70 eV)m/z 275,
273 and 271 (M, 0.5, 1 and 1%), 240, 238 and 236 (9, 29 and 2@, (60), 206
(65), 119 (95), 117 (100), 97 (34); HRMS™\alcd for GHg**ClsNO; 270.9570,
found 270.9567.

Compounds 10 and 11(from compoundS). Sodium hydride (76 mg of a 60%
dispersion in mineral oil, 1.90 mmol) was addedpantions, to a magnetically stirred
solution of dimethyl malonate (22fL, 1.97 mmol) in THF (18 mL) maintained
under a nitrogen atmosphere &@ The ensuing mixture was stirred for 1 h at 0 °C
then added to a magnetically stirred solution ahpound5 (104 mg, 0.61 mmol),
Pd(PhP) (35 mg, 0.03 mmol) and ethylenebis(diphenylphasghi(24 mg, 0.06
mmol) in THF (7 mL) maintained under a nitrogen asphere at 22C. The ensuing
mixture was heated under reflux for 18 h then ab@led concentrated under reduced
pressure. The residue thus obtained was subjectéldsh chromatography (silica,
1:20 - 1:10 v/v ethyl acetate/hexane gradient elutiom) sm affording two fractions,
A and B.

Concentration of fraction A R = 04 in 22555 v/viv ethyl

acetate/dichloromethane/hexane) gave compol@dd66 mg, 44%) as a white,

20



crystalline solid, m.p. = 84-88C, [a]p = +18 € = 0.5, CHCJ): *H NMR (400 MHz,
CDCl) & 5.90 (m, 1H), 5.55 (d] = 9.8 Hz, 1H), 5.50 (m, 1H), 4.56 (broad s, 1H),
3.88 (m, 2H), 3.79 (s, 3H), 3.77 (s, 3H), 3.65 {H), 3.30 (dJ = 12.0 Hz, 1H);**C
NMR (100 MHz, CDC}) & 167.9 (C), 167.8 (C), 128.5 (CH), 126.5 (CH), 9€0®),
73.9 (CH), 63.8 (Ch), 53.1 (CH), 53.0 (CH), 51.8 (CH), 40.7 (CH); IRmax2956,
2898, 1752, 1735, 1436, 1256, 1152, 1126, 10726,1981, 906, 712 ciy MS (El,

70 eV)m/iz 242 (M, 8%), 211 (30), 183 (30), 178 (31), 150 (27), (30), 111 (57),
81 (100), 59 (43); HRMS RMcalcd for GiH1406 242.0790, found 242.0790.
Concentration of fraction B R = 04 in 22555 vi/Nv ethyl
acetate/dichloromethane/hexane) gave compolbhd48 mg, 32%) as a white,
crystalline solid, m.p. = 36-38C, [a]p = -7 € = 0.5, CHC}): *H NMR (400 MHz,
CDCls) 6 6.11 (m, 1H), 5.69 (s, 1H), 5.50 (m, 1H), 4.63 (tH), 3.89 (dJ = 6.5 Hz,
1H), 3.77 (s, 3H), 3.75 (s, 3H), 3.71 (m, 1H), 3B J = 10.5 Hz, 1H), 3.31
(broadened dj = 10.5 Hz, 1H)*C NMR (100 MHz, CDGCJ) 5 168.7 (C), 168.2 (C),
130.6 (CH), 125.7 (CH), 101.4 (CH), 73.0 (§Hr0.8 (CH), 52.9 (Chj, 52.8 (CH),
52.1 (CH), 43.0 (CH); IRmax2955, 2890, 1751, 1735, 1436, 1261, 1151, 1122,107
1053, 1019, 988, 885 ¢ MS (El, 70 eV)m/z 242 (M", 1%), 211 (56), 153 (47),
137 (72), 132 (80), 81 (100), 79 (60), 59 (58); HRNU" calcd for GiH140s
242.0790, found 242.0786.

Compounds 10 and 11(from compound6). Following the same procedure as
described immediately above, compoun@d 04 mg, 0.61 mmol) was converted into a
mixture of compound&0 (46 mg, 31%) andl1 (73 mg, 49%). Each of these products
was identical with an authentic sample.

Compound 12 A magnetically stirred solution of compout@ (62 mg, 0.26 mmol)

in DMSO (7 mL) was treated with LiCl (54 mg, 1.27ol) and water (5 drops). The
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resulting mixture was heated at 140 for 2 h then cooled to 22 °C and subjected to
flash chromatography (silica, 2:5 v/v ethyl aceta@ane elution). Concentration of
the appropriate fractions R{ = 0.3 in 2:2555 viviv ethyl
acetate/dichloromethane/hexane) afforded compdith@37 mg, 79%) as a clear,
colorless oil, f]p = =35 € = 1.0, CHC}): *H NMR (400 MHz, CDC}) 5 5.84 (m,
1H), 5.58 (m, 1H), 5.49 (m, 1H), 4.58 (m, 1H), 3@, 2H), 3.70 (s, 3H), 3.37 (m,
1H), 2.36 (m, 1H), 2.27 (m, 1H}*C NMR (100 MHz, CDG)) & 171.8 (C), 128.8
(CH), 127.5 (CH), 96.0 (CH), 75.0 (CH), 63.3 (§H52.0 (CH), 37.6 (CH), 34.2
(CHy); IR vnax2956, 2899, 1735, 1436, 1262, 1198, 1168, 11211,10035, 969, 903
cml; MS (El, 70 eV)m/z 184 (M”, 4%), 153 (19), 124 (24), 95 (21), 81 (61), 32
(100); HRMS M" calcd for GH1,04 184.0736, found 184.0741.

Compound 13 A magnetically stirred solution of compouhil (110 mg, 0.45 mmol)
in DMSO (7 mL) was treated with LiCl (96 mg, 2.26nmul) then water (6 drops). The
resulting mixture was heated at 14D for 18 h then cooled to 22 °C and subjected to
flash chromatography (silica, 2:5 v/v ethyl acetad®ane elution). Concentration of
the appropriate fractions R{ = 0.3 in 2:2.555 v/v/lv ethyl acetate/
dichloromethane/hexane) afforded compodi3d(69 mg, 82%) as a clear, colorless
oil, [a]o = =46 € = 1.0, CHCY): *H NMR (400 MHz, CDCJ) 3 6.03 (m, 1H), 5.59
(m, 1H), 5.53 (m, 1H), 4.62 (§ = 4.4 Hz, 1H), 3.88 (dJ = 6.3 Hz, 1H), 3.72 (m,
1H), 3.70 (s, 3H), 3.02 (m, 1H), 2.53 (ddk 16.4 and 8.0 Hz, 1H), 2.34 (db= 16.4
and 7.3 Hz, 1H)**C NMR (100 MHz, CDGJ) & 172.6 (C), 129.2 (CH), 128.1 (CH),
102.0 (CH), 73.0 (Ch), 70.8 (CH), 51.8 (CH}, 39.8 (CH), 34.3 (Cb); IR vmax2953,
2887, 1734, 1437, 1348, 1264, 1166, 1122, 10711,10618, 985, 880, 802 ¢
MS (El, 70 eV)m/z 184 (M™, 3%), 153 (65), 124 (73), 96 (87), 81 (100), 79)(%9

(57); HRMS M~ calcd for GH1,04 184.0736, found 184.0730.
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Compound 15 Sodium hydride (200 mg, 60% dispersion in mineigl5.0 mmol)
was cautiously added to a magnetically stirred temlucompound3 (325 mg, 2.54
mmol) and 2,2,6-trimethyl-1,3-dioxin-4-on&4)*® (0.5 mL, 3.80 mmol) in THF (15
mL) maintained under a nitrogen atmosphere &€.0After a further 1 h the reaction
mixture was quenched with a small amount of icertbencentrated under reduced
pressure. The residue thus formed was subjectédsio chromatography (silica, 1:2
viv ethyl acetate/petroleum ether elution) to affoafter concentration of the
appropriate  fractons R = 04 in 42555 viv/iv ethyl acetate/
dichloromethane/hexane), compoutlandca. 10% of a mono-enolic tautomer (506
mg, 94%) as a clear, colorless oi]g = —27 € = 0.2, CHC}): *H NMR (400 MHz,
CDCls) 6 (major tautomer) 6.21 (m, 1H), 5.69 (m, 2H), 5(64 1H), 4.69 (tJ = 4.2
Hz, 1H), 3.95 (d,J = 6.6 Hz, 1H), 3.79 (m, 1H), 3.53 (s, 2H), 2.273H); °C NMR
(100 MHz, CDC}) & (major tautomer) 200.2 (C), 167.1 (C), 133.0 (Ct24.4 (CH),
99.0 (CH), 71.6 (CH), 71.5(2) (GH 71.4(6) (CH), 50.1 (Ck), 30.3 (CH); IR vmax
2965, 2894, 1742, 1715, 1647, 1411, 1359, 12619,11424, 1038, 983, 884 cin
MS (ESI, +ve)m/z 235 [(M+Na), 100%]; HRMS [(M+Na) calcd for GoH1:0sNa
235.0582, found 235.0583.

Compounds 16 and 17(from compoundl5). A magnetically stirred solution of
compound15 (177 mg, 0.83 mmol) in dry, degassed toluene (15 maintained
under nitrogen was treated with @PhPd (96 mg, 0.08 mmol). The ensuing mixture
was heated under reflux for 18 h then cooled t6Q2nd concentrated under reduced
pressure. The residue thus obtained was subjeotéldsh chromatography (silica,
1:10 - 1:5 v/v ethyl acetate/hexane elution gradienti@h)tto deliver two fractions,

A and B.
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Concentration of fraction AR = 0.4 in 4:2555 v/vlv ethyl acetate/
dichloromethane/hexane) gave compowsd52 mg, 37%) as a clear, colorless oil,
[a]p = +157 € = 0.2, CHCY): *H NMR (400 MHz, CDCY) 5 5.87 (m, 1H), 5.62 (m,
1H), 5.44 (dJ = 3.3 Hz, 1H), 4.40 (m, 1H), 3.98 (m, 1H), 3.68 (thl), 2.87 (dd,) =
18.4 and 8.9 Hz, 1H), 2.59 (ddl= 18.4 and 4.9 Hz, 1H), 2.43 (m, 1H), 2.17 (s, :3H)
%C NMR (100 MHz, CDGJ)  207.1 (C), 128.5 (CH), 128.1 (CH), 96.1 (CH), 74.8
(CH), 67.5 (CH), 45.2 (CH), 37.8 (CH), 30.5 (CH); IR vnax2971, 2894, 1713, 1638,
1477, 1362, 1155, 977, 902 TMS (ESI, +ve)m/z 191 [(M+Na}, 100%]; HRMS
[(M+H) " calcd for GH1303 169.0859, found 169.0856.

Concentration of fraction B R = 0.5 in 2:2.555 v/viv ethyl acetate/
dichloromethane/hexane) gave compodnd25 mg, 18%) as a clear, colorless oil,
[a]p = —206 € = 0.2, CHCY): *H NMR (400 MHz, CDCY)) 5 5.99 (m, 1H), 5.57 (m,
1H), 5.38 (broad s, 1H), 4.59 (= 4.3 Hz, 1H), 3.92 (dJ = 6.3 Hz, 1H), 3.71 (m,
1H), 2.75-2.42 (complex m, 3H), 2.15 (s, 3¢ NMR (100 MHz, CDGJ) 5 206.4
(C), 128.5 (CH), 127.9 (CH), 103.0 (CH), 72.7 ({H71.2 (CH), 45.3 (Ch), 38.7
(CH), 30.4 (CH); IR vmax2956, 2887, 1714, 1638, 1408, 1359, 1247, 11209,101
919, 870, 713 ciil; MS (ESI, +ve)m/z 191 [(M+Na), 100%], 169 [(M+H]J, <1];
HRMS [(M+H)" calcd for GH1303 169.0859, found 169.0855.

Compound 18 Sodium hydride (76 mg, 60% dispersion in minergl 1.9 mmol)
was added, with caution, to a magnetically stisetlition of compound (122 mg,
0.95 mmol) and 2,2,6-trimethyl-1,3-dioxin-4-oried)(*® (180 L, 1.37 mmol) in THF
(10 mL) maintained under a nitrogen atmosphere 4E.0After stirring for 1 h the
reaction mixture was quenched with a small amodinte then concentrated under
reduced pressure. The residue thus obtained wasctedb to flash chromatography

(silica, 1:2 ethyl acetate/petroleum ether elutitmpfford, after concentration of the
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relevant fractionsRs = 0.3 in 4:2.5:5.5 v/v/v ethyl acetate/dichlorohte/hexane),
compoundl18 and ca. 15% of a mono-enolic tautomer (181 mg, 90%) adear,
colorless oil, fi]p = =261 € = 0.2, CHC}): 'H NMR (400 MHz, CDC}) & (major
tautomer) 6.33 (dd] = 9.8 and 4.7 Hz, 1H), 5.78 (m, 1H), 5.55 (s, 182 (m, 1H),
4.75 (t,J = 4.4 Hz, 1H), 3.71 (m, 2H), 3.50 (s, 2H), 2.26 s); °C NMR (100
MHz, CDCk) & (major tautomer) 200.2 (C), 166.3 (C), 133.1 (CH22.3 (CH),
100.1 (CH), 70.5 (CH), 69.2 (GH 67.1 (CH), 50.0 (Ch), 30.3 (CH); IR vmax2969,
2896, 1743, 1717, 1647, 1411, 1362, 1259, 11506,11020, 871 cit; MS (ESI,
+ve) m/z 235 [(M+Na), 100%]; HRMS [(M+Na) calcd for GoH1-0sNa 235.0582,
found 235.0583.

Compounds 16 and 17(from compoundl8). Following the same procedure as
described above, compoud8 (34 mg, 0.16 mmol) was converted into a mixture of
compoundsl6 (11 mg, 41%) andl7 (4 mg, 15%). Each of these products was
identical with an authentic sample.

Compound 19 A magnetically stirred solution of compouhé (69 mg, 0.410 mmol)
in THF (10 mL) maintained under a nitrogen atmosphat 0 °C was treated
methylmagnesium bromide (280 of a 3.0 M solution in THF, 0.84 mmol). After
0.5 h the reaction mixture was quenched with a lsamabunt of ice then concentrated
under reduced pressure. The residue thus obtained swbjected to flash
chromatography (silica, 2:1 v/v ethyl acetate/hexatution). Concentration of the
appropriate fractions R = 0.3 in 8:2.5:5.5 v/viv ethyl acetate/dichloro-
methane/hexane) gave compoutl(71 mg, 93%) as a clear, colorless ail]d =
+203 € = 0.1, CHCY): *H NMR (400 MHz, CDC}) & 5.83 (m, 1H), 5.73 (m, 1H),
5.45 (d J = 3.2 Hz, 1H), 4.68 (m, 1H), 3.97 (m, 1H), 3.64l,(d = 7.4 and 2.2 Hz,

1H), 2.13 (m, 1H), 1.94 (dd,= 14.7 and 6.8 Hz, 1H), 1.62 (dii= 14.7 and 5.1 Hz,

25



1H), 1.41 (s, 1H), 1.28 (s, 3H), 1.26 (s, 3tHC NMR (100 MHz, CDG)) & 130.7
(CH), 126.6 (CH), 96.0 (CH), 76.3 (CH), 71.2 (C).6 (CH), 45.2 (CH), 39.7
(CH), 30.7 (CH), 29.9 (CH); IR vmax3447, 2959, 2895, 1638, 1472, 1380, 1171,
1141, 1107, 965, 903 ¢ MS (El, 70 eV)m/z 184 (M™, 5%), 169 (79), 109 (40), 95
(51), 81 (100), 59 (73), 43 (60); HRMS"Mealcd for GoH1605 184.1099, found
184.1104.

Compound 2Q A magnetically stirred solution of compouf (70 mg, 0.38 mmol)
in dichloromethane (20 mL) maintained under a g atmosphere at @ was
treated with pyridine (61fL, 7.60 mmol), 3,5-dinitrobenzoyl chloride (175 nfly76
mmol) and DMAP (95 mg, 0.78 mmol). The ensuing mnig&warmed to 22 °C and
stirred at this temperature for 18 h then concésdrainder reduced pressure. The
residue thus obtained was subjected to flash chagrephy (silica, 1:5 v/v ethyl
acetate/petroleum ether elution) and concentratdiothe appropriate fraction®{ =
0.4 in 2:2.5:5.5 v/viv ethyl acetate/dichloromethiduiexane) gave compoui@ (128
mg, 89%) as a white, crystalline solid, m.p. = 1RB°C, [da]p = +94 ¢ = 0.1,
CHCL): *H NMR (400 MHz, CDCY) 8 9.21 (t,J = 2.2 Hz, 1H), 9.10 (d] = 2.2 Hz,
2H), 5.88 (m, 1H), 5.75 (m, 1H), 5.51, M= 3.2 Hz, 1H), 4.52 (m, 1H), 4.00 (m, 1H),
3.65 (ddJ = 7.5 and 2.2 Hz, 1H), 2.30 (@ = 6.6 Hz, 2H), 2.14 (m, 1H), 1.72 (s, 3H),
1.71 (s, 3H)*C NMR (100 MHz, CDGJ) & 161.4 (C), 148.8 (C), 135.5 (C), 129.4
(CH), 129.0 (CH), 127.3 (CH), 122.3 (CH), 96.2 (CI8B.0 (C), 76.3 (CH), 67.3
(CH,), 43.7 (CH), 39.1 (CH), 26.6 (CH), 26.2 (CH); IR vmax3101, 2980, 2895,
1725, 1628, 1544, 1344, 1292, 1266, 1172, 1126, BBa, 722 cii; MS (ESI, +ve)
m/z 401 [(M+Na), 100%]; HRMS [(M+Na) calcd for G;H:sN,OgNa 401.0955,

found 401.0952.
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Compound 21 A magnetically stirred solution of compouhd (30 mg, 0.178 mmol)
in THF (5 mL) maintained under a nitrogen atmosphat 0°C was treated with
methylmagnesium bromide (120. of a 3.0 M solution in THF, 0.36 mmol). After
stirring for 0.5 h the reaction mixture was querttiath a small amount of ice then
concentrated under reduced pressure. The residaebiained was subjected to flash
chromatography (silica, 2:1 v/v ethyl acetate/hexalution) and concentration of the
appropriate fractions R = 0.3 in 8:2.5:5.5 v/viv ethyl acetate/dichloro-
methane/hexane) gave compowid(28 mg, 85%) as a clear, colorless dity]p =
-192 € = 0.1, CHC}): *H NMR (400 MHz, CDCY) & 5.96 (m, 1H), 5.68 (m, 1H),
5.60 (s, 1H), 4.58 (1] = 4.3 Hz, 1H), 3.90 (d] = 6.2 Hz, 1H), 3.71 (m, 1H), 2.24 (m,
1H), 1.73 (ddJ = 14.7 and 6.2 Hz, 1H), 1.49 (d#i= 14.7 and 5.5 Hz, 1H), 1.41 (s,
1H), 1.26 (s, 6H);®C NMR (100 MHz, CDG)) & 130.1 (CH), 127.0 (CH), 104.4
(CH), 72.8 (CH), 71.1 (C), 71.0 (CH), 44.9 (GH 40.3 (CH), 30.2 (Ch), 30.0
(CH3); IR vinax3448, 2969, 2885, 1638, 1471, 1364, 1115, 1018, 8305 cm’; MS
(ESI, +ve) mz 207 [(M+Na), 100%]; HRMS [(M+Naj calcd for GgHisOsNa
207.0997, found 207.0996.

Compound 22 A magnetically stirred solution of compoud (30 mg, 0.16 mmol)
in dichloromethane (10 mL) maintained under a g atmosphere at @ was
treated with pyridine (265L, 3.28 mmol), 3,5-dinitrobenzoyl chloride (75 n@33
mmol) and DMAP (40 mg, 0.33 mmol). The resultingkiare was allowed to warm
to 22 °C and stirred at this temperature for 1&éntconcentrated under reduced
pressure. The residue thus obtained was subjexttabh chromatography (silica, 1:5
viv ethyl acetate/petroleum ether elution) and eot@ation of the appropriate
fractions R = 0.5 in 2:2.5:5.5 v/v/v ethyl acetate/dichlorohsete/hexane) afforded

compound22 (56 mg, 90%) as a white, crystalline solid, m.[pl62-165°C, [a]p =
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-97 ¢ = 0.1, CHCY): *H NMR (400 MHz, CDC}) 5 9.20 (t,J = 2.1 Hz, 1H), 9.10 (d,
J=2.1Hz, 2H), 6.02 (m, 1H), 5.67 (m, 1H), 5.51J& 1.9 Hz, 1H), 4.65 (1 = 4.3
Hz, 1H), 3.91 (dJ = 6.4 Hz, 1H), 3.73 (m, 1H), 2.26 (m, 1H), 2.202(complex m,
2H), 1.70 (s, 6H)*C NMR (100 MHz, CDGCJ) & 161.4 (C), 148.8 (C), 135.5 (C),
129.5 (CH), 128.7 (CH), 127.9 (CH), 122.3 (CH), IDACH), 86.1 (C), 72.8 (CH},
71.2 (CH), 43.0 (Ch), 39.7 (CH), 26.6 (Ch), 26.1 (CH); IR vmax3099, 2935, 2895,
1722, 1631, 1544, 1346, 1130, 1116, 1023, 921, 8Z3,cm’; MS (ESI, +ve)m/z
401 [(M+Na), 100%]; HRMS [(M+Na) calcd for G7H1sN>OsNa 401.0961, found
401.0952.

Compound 23 A magnetically stirred mixture of levoglucosendag (3.78 g, 30.0
mmol) and water (300 mL) maintained at 22 °C wasated with triethylamine (3.0
ml, 2.37 mmol). After 1 h the reaction mixture wesncentrated under reduced
pressure and the ensuing residue subjected to ¢lashmatography (silica, 1:1 v/v
ethyl acetate/ petroleum ether elution). Conceiomadf the relevant fractiondR( =
0.2) gave compound3'’ (3.11g, 72%) as a clear, yellow oitj]p = —203.9 ¢ = 0.1,
CH5OH) {lit. *' [a]p = —143 (water) and —255 (CH{} *H NMR (400 MHz, CDC}))
§5.07 (dJ = 1.2 Hz, 1H), 4.61 (ddl = 5.0 and 2.2 Hz, 1H), 4.16 @= 5.7 Hz, 1H),
4.04-3.74 (complex m, 2H), 3.37 (broad s, 1H), A@&3 J = 12.0 and 4.0 Hz, 1H),
2.46 (d,J = 12.0 Hz, 1H)*C NMR (100 MHz, CDGJ) 5 199.3, 101.3, 77.4, 70.3,
65.2, 40.8; IRmax3446, 2971, 2912, 1734, 1114, 1008, 961, 907, &67; MS (ESI,
+ve) m'z 199 [(M+Na+MeOHJ, 100%] 167 [(M+Na), 10]; HRMS [(M+NaJ calcd
for CsHgO4sNa 167.0315, found 167.0314.

TBS Ether of Compound 23 A magnetically stirred solution of compoud (432
mg, 3.00 mmol) and imidazole (408 mg, 6.00 mmahde equiv.) in THF (30 mL)

maintained under nitrogen at 22 °C was treated W&B-CI (904 mg, 6.00 mmol, 2
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mole equiv.). The ensuing solution was heated urefkrx for 24 h then cooled to 22
°C before being diluted with ethyl acetate (100 rtiign washed with NaHGJ1 x
50 mL of a saturated aqueous solution), water%0 xL) and brine (1 x 50 mL). The
separated organic layer was then dried, @), filtered and concentrated under
reduced pressure. The residue thus obtained wascted) to flash chromatography
(silica, 1:20 v/v ethyl acetate/ petroleum etheautieh) and concentration of the
relevant fractionsR; = 0.2) gave the title ether (563 mg, 73%) as aeylurystalline
solid, m.p. = 55-58C, [a]p = —163.6 ¢ = 0.1, CHCY): *H NMR (400 MHz, CDCJ) 5
5.13 (s, 1H), 4.53 (m, 1H), 4.22 (m, 1H), 4.05-3(émplex m, 2H), 2.79 (dd] =
16.7 and 5.6 Hz, 1H), 2.35 (dd= 16.7 Hz, 1H), 0.90 (s, 9H), 0.10 (s, 3H), 0.89 (
3H); 3¢ NMR (100 MHz, CD() 6 198.8, 101.3, 77.9, 71.0, 65.0, 41.1, 25.7, 18.1,
4.7, —4.8; IRvnax 2956, 2931, 2901, 2858, 1740, 1257, 1119, 1086, 884, 779
cm'y; MS (ESI, +ve)m/z 313 [(M+Na+MeOHJ, 100%)] 281 [(M+Nal, 2]; HRMS
[(M+Na)" calcd for G-H,,0,SiNa 281.1180, found 281.1174.

Compound 24 A magnetically stirred solution of the above-menéd TBS ether
(720 mg, 2.78 mmol) in methanol (27 mL) maintaireed0 °C under a nitrogen
atmosphere was treated, in portions, with NaBHO5 mg, 2.78 mmol, 1 mole
equiv.). The ensuing mixture was stirred at@for 0.5 h then warmed to 22 °C
before being concentrated under reduced pressine.rdsidue thus obtained was
subjected to flash chromatography (silica, 1:5 efhyl acetate/ petroleum ether
elution) and so affording two fractions, A and B.

Concentration of fraction AR; = 0.4) gave the-epimeric form of compoung4 (365
mg, 49%) as a white, crystalline solid, m.p. = B/ [a]p = —64.4 ¢ = 0.1, CHC));

'H NMR (400 MHz, CDCJ) & 5.37 (t,J = 1.9 Hz, 1H), 4.36 (m, 1H), 4.00-3.67

(complex m, 3H), 3.52 (m, 1H), 3.09 (d,= 12.0 Hz, 1H), 2.02 (m, 1H), 1.74 (m,
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1H), 0.93 (s, 9H), 0.11 (s, 3H), 0.10 (s, 3C NMR (100 MHz, CDGJ) § 102.4,
77.3, 68.2, 67.5, 65.4, 31.1, 25.7, 18.0, —4.8(8)9(4); IR vmax 3547, 2955, 2931,
2895, 2858, 1257, 1136, 1091, 1017, 921, 877, BB8cm™; MS (ESI, +ve)wz 283
[(M+Na)", 100%]; HRMS [(M+Na) calcd for G,H»O,SiNa 283.1336, found
283.1330.

Concentration of fraction BR; = 0.2) gavethe B-epimeric form of compoun@4
(272 mg, 36%) as a white, crystalline solid, m.pt=79°C, [a]p = =99.1 ¢ = 0.1,
CHCL); 'H NMR (400 MHz, CDCJ) § 5.34 (s, 1H), 4.30 (m, 1H), 3.87 (m, 1H),
3.80-3.70 (complex m, 2H), 3.69 (d#i= 7.7 and 1.0 Hz, 1H), 2.01 (m, 1H), 1.75-
1.50 (complex m, 2H), 0.91 (s, 9H), 0.09 (s, 3HPA)(S, 3H);*C NMR (100 MHz,
CDCl) 6 102.7, 77.2, 68.7, 66.9, 66.3, 35.0, 25.8, 18417(5), —4.8(2); IRvmax
3446, 3283, 2960, 2957, 2927, 2891, 2857, 14632,12896, 1075, 899, 836, 775
cm MS (ESI, +ve)m/z 283 [(M+Na), 100%]; HRMS [(M+Na) calcd for
Ci12H2404SiNa 283.1336, found 283.1332.

Compound 25.A magnetically stirred solution of @. 1:1 mixture of the epimeric
forms of compoun@4 (357 mg, 1.37 mmol) and DMAP (170 mg, 1.37 mmatdle
equiv.) in THF (7 mL) maintained at 22 °C underimagen atmosphere was treated
with acetic anhydride (280 mg, 2.75 mmol, 2 molaieg. The ensuing mixture was
stirred for 18 h then concentrated under reducedspire. The residue thus obtained
was subjected to flash chromatography (silica, 1/20ethyl acetate/ petroleum ether
elution) to afford two fractions, A and B.

Concentration of fraction AR = 0.2(5)] gavethe a-epimeric form of compoun@5
(414 mg, 99% based on the relevant epimeric formthef precursor) as clear,
colorless oil, f]p = -58.2 ¢ = 0.2, CHC}): 'H NMR (400 MHz, CDC}) & 5.43 (t,J

=1.7 Hz, 1H), 4.59 (m, 1H), 4.42 (m, 1H), 3.873(¢omplex m, 2H), 3.66 (m, 1H),
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2.11 (m, 1H), 2.09 (s, 3H), 1.76 (ddh~= 15.9 Hz, 1H), 0.92 (s, 9H), 0.09 (s, 3H),
0.07 (s, 3H)*C NMR (100 MHz, CDGJ) § 170.7, 99.6, 67.4, 66.3, 65.5, 29.0, 25.8,
21.2,18.1, —4.7, —4.8 (one signal obscured orlapping); IRvmax2955, 2930, 2895,
2857, 1728, 1372, 1245, 1143, 1106, 1021, 1001, 838, 774 cnt; MS (ESI, +ve)
m'z 325 [(M+Na), 100%], 303 [(M+H), 8]; HRMS [(M+H) calcd for G4H70sSi
303.1622, found 303.1632.

Concentration of fraction BR; = 0.2) gavethe B-epimeric form of compoun@5
(414 mg, 99% based on the relevant epimeric fornmhef precursor) as a clear,
colorless oil, fi]p = —103.9 ¢ = 0.1, CHCY); *H NMR (400 MHz, CDCY) § 5.39 (t,J

= 1.5 Hz, 1H), 4.95 (m, 1H), 4.33 (m, 1H), 3.858(@omplex m, 3H), 2.03 (s, 3H),
1.95 (m, 1H), 1.79 (m, 1H), 0.88 (s, 9H), 0.063Md); **C NMR (100 MHz, CDG)) 5
170.2, 100.2, 77.5, 69.5, 68.6, 66.4, 30.8, 25170),218.1, —4.7(9), —4.8(6); IRnax
2955, 2930, 2895, 2857, 1734, 1366, 1238, 1146311200, 1045, 1031, 840, 775
cm b MS (ESI, +ve)m/z 325 [(M+Na), 100%)], 303 [(M+H]J, 3]; HRMS [(M+H)
calcd for G4H2705Si 303.1622, found 303.1632.

Compound 26. A magnetically stirred solution of compoufl (421 mg, 1.39 mmol)
in THF (7 mL) maintained at 22 °C was treated Wi8AF in THF (1.67 ml of an 1
M solution in THF, 1.67 mmol, 1.2 mole equiv.) Taesuing mixture was stirred at
22 °C for 5 h then concentrated under reduced presmd the residue thus obtained
subjected to flash chromatography (silica, die#tyler elution) and so affording two
fractions, A and B.

Concentration of fraction AR = 0.2(5)] gavethe a-epimeric form of compoun@6
(238 mg, 91%) as a yellow, crystalline solid, nm¥ps6-62 °, fi]lp = -51.4 ¢ = 0.1,
CHCL): 'H NMR (400 MHz, CDCJ) § 5.42 (s, 1H), 4.65 (m, 1H), 4.54 (m, 1H),

3.80-3.72 (complex m, 2H), 3.59 (m, 1H), 2.78 (bfrsa 1H), 2.17 (m, 1H), 2.11 (s,
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3H), 1.84 (m, 1H)**C NMR (100 MHz, CDGCJ) 5 169.9, 99.4, 77.4, 68.2, 66.2, 65.6,
28.6, 21.1; IRvmax3483, 2971, 2901, 1727, 1373, 1243, 1139, 10782,1903, 921,
889 cm’; MS (ESI, +ve)m/z 211 [(M+Na), 100%], 189 [(M+H]J, <1]; HRMS
[(M+H)" calcd for GH1305 189.0757, found 189.0754.

Concentration of fraction AR; = 0.2) gavehe 3-epimeric form of compouné6 (236
mg, 90%) as a clear, colorless oi]§ = —144.9 ¢ = 0.14, CHOH): *H NMR (400
MHz, CDCk) 6 5.44 (s, 1H), 4.96 (m, 1H), 4.50 (m, 1H), 3.95(8omplex m, 3H),
2.14 (m, 1H), 2.08 (s, 3H), 1.85 (m, 1H) (signakdo hydroxyl group proton not
observed)*C NMR (100 MHz, CDGJ) 5 170.3, 100.3, 68.8, 68.1, 66.6, 30.2, 21.0
(one resonance obscured or overlapping);viR« 3450, 2971, 2901, 1730, 1370,
1235, 1144, 1042, 980, 896 cimMS (ESI, +ve)m/z 211 [(M+Na), 100%)], 189
[(M+H)", <1]; HRMS [(M+H)' calcd for GH1305 189.0757, found 189.0754.
Compound 2 A magnetically stirred solution of compouf (261 mg, 1.39 mmol)
in dichloromethane (7 mL) maintained at 22 °C wasated, in one portion, with PCC
(900 mg, 4.16 mmol, 3 mole equiv.). The ensuingtome was stirred for 24 h then
treated with Celite™ (1.0 g) before being filtetbdough a sintered glass funnel. The
filtrate was concentrated under reduced pressudettam residue thus obtained was
subjected to flash chromatography (silica, 1:2 wethyl acetate/petroleum ether
elution). Concentration of the relevant fractiof% £ 0.4) gave a light-yellow oil.
This oil was dissolved in acetonitrile (7.0 ml) awllile being maintained at 22 °C
with magnetic stirring the resulting solution wasated, in one portion, with sodium
acetate (341 mg, 3 mole equiv.). The ensuing maxtvas heated under reflux for 8 h
then cooled and concentrated under reduced presgeedark oil thus obtained was
subjected to column chromatography (silica, 1:9 efkyl acetate/petroleum ether

elution) to give, after concentration of the reletv&actions R = 0.2), compoun@
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(278 mg, 53%) as a clear, colorless oil. This niatevas identical, in all respects,
with an authentic sampfe.

Compound 27 A magnetically stirred solution of compou28d (1.56 g, 10.83 mmol)
in methanol (36 mL) maintained at O °C was treate@ne portion, with NaBIi(410
mg, 10.83 mmol, 1 mole equiv.). The ensuing mixtwas stirred for 0.5 h at 0 °C
then warmed to 22 °C before being concentrated ruredieiced pressure. The residue
thus obtained was subjected to flash column chrognaphy (silica, 1:20 v/v
methanol/ethyl acetate elution) and concentratiothe relevant fractions)R = 0.2)
gave compoun@7'’ (1.12 g, 72%) as a clear, colorless ail]{ = —155.0 ¢ = 0.1,
CHsOH): 'H NMR (400 MHz, CROD) § 5.22 (s, 1H), 4.38 (m, 1H), 3.88-3.68
(complex m, 4H), 1.92 (m, 1H), 1.71 (m, 1H) (signdle to hydroxyl group protons
not observed)%3C NMR (100 MHz, CROD) 6 102.9, 76.7, 67.5, 66.1, 66.0, 33.0; IR
Vmax 3368, 2957, 2900, 1138, 1049, 968, 900, 864 cMIS (ESI, +ve)m/z 169
[(M+Na)®, 100%]; HRMS [(M+Na) calcd for GH1004Na 169.0471, found 169.0476.
Compound 28.A magnetically stirred solution of compoud (146 mg, 1.0 mmol)
in acetone (10 mL) maintained at 22 °C was treati¢gd PDC (1.13 g, 3.0 mmol, 3
mole equiv.) and the ensuing mixture heated atCl@f 12 h before being cooled the
treated with Celite (1.0 g). The ensuing mixtures\iiiered through a sintered glass
funnel and the filtrate concentrated under redyredsure. The residue thus obtained
was subjected to flash column chromatography &sillc4 v/v diethyl ether/petroleum
ether elution) afforded two fractions, A and B.

Concentration of fraction AR = 0.2) gave compourn2B*’ (14 mg, 10%) as a clear,
yellow oil that was identical in all respects wéh authentic sample.

Concentration of fraction BR = 0.1) gave compoun28'® (56 mg, 39%) as a clear,

colorless oil, f]p = —96.1 ¢ = 0.1, CHOH): *H NMR (400 MHz, CDC}) & 5.58 (s,
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1H), 4.50 (m, 1H), 4.15 (m, 1H), 4.04-3.85 (compiax2H), 2.94 (ddJ = 17.2 and
7.7 Hz, 1H), 2.31 (dd) = 17.2 and 7.0 Hz, 1H), 2.10 (broad s, 1HE NMR (100
MHz, CDCk) 6 202.5, 101.3, 78.0, 69.6, 66.9, 43.0;,WR«3441, 2980, 2901, 1733,
1720, 1133, 1120, 1066, 1020, 966, 834, 875'cMS (ESI, +ve)m/z 199
[(M+Na+MeOH)', 100%] 167 [(M+Na), 5]; HRMS [(M+Nay) calcd for GHgO4sNa
167.0322, found 167.0320.

Compound 2 A magnetically stirred solution of compou@8 (290 mg, 2.0 mmol)
and trimethylamine (57gL, 4.0 mmol, 2 mole equiv.) in dichloromethane Q)
maintained at 0 °C was treated wihTsCIl (572 mg, 3.0 mmol, 1.5 mole equiv.)
After 0.5 h the reaction mixture was warmed to €2 Stirred at this temperature for
24 h then concentrated under reduced pressure.rddidue thus obtained was
subjected to flash chromatography (silica, 1:9vfiyke acetate/ petroleum ether
elution) and concentration of the relevant fracgi@® = 0.2) gave compoun? (163
mg, 65%) as a clear, colorless oil.

Compound 30 Sep i: A magnetically stirred solution of compoud188 mg, 1.49
mmol) in methanol (8 mL) maintained a0 was treated with CegVH,O (555 mg,
1.49 mmol) then, in portions, with NaBK56 mg, 1.48 mmol). The ensuing mixture
was stirred at 0 °C for 1 h before being filterbdotigh a short pad of TLC grade
silica gel that was washed with ethyl acetate (@0. The combined filtrates were
concentrated under reduced pressure to give a atiit: presumed to contain allylic
alcohol29.>%?

Sep ii: The crude product from step i was dissolved indaye (10 mL) and the
resulting solution, while being stirred magnetigadt 22 °C, was treated with acetic

anhydride (700uL, 7.40 mmol) then DMAP (12 mg). The resulting dmo was

stirred for 4 h then concentrated under reducedspre. The ensuing residue was
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subjected to flash chromatography (silica, 4:1 wéxane/ethyl acetate elution) and
concentration of the appropriate fractio®% € 0.4) gave compound0 (224 mg,
88%) as a clear, colorless oit]p = =52.5 ¢ = 0.2, CHC}). The'H and®*C NMR
spectral data obtained on this compound matchesktreportetf previously.
Compounds 10 and 11(from compound30). Following the same procedure as
described above for effecting the Tsuji-Trost resd of allylic acetate$ and 6,
compound 30 was converted into a chromatographically separahlgture of
compoundslO (42%) andl11l (53%). Each of these products was identical with a

authentic sample.

X-ray Crystallographic Studies

Crystallographic Data.

Compound8. CgHgCIsNO3, M = 272.51, T = 150 K, orthorhombic, space group
P2:2:2;, Z = 4,a = 6.0047(1) Ab = 9.2700(2) Ac = 18.8140(4) AV = 1047.25(4)
A3, Dy = 1.728 g cni®, 2077 unique data @ax = 145.4°),R = 0.023 [for 2043
reflections withl > 2.0o(1)]; Rw = 0.060 (all data)S= 1.01.

Compound. CgHgCIsNOz, M = 272.51,T = 150 K, monoclinic, space grol2;, Z =
2,a=6.2433(2) Ab = 9.1470(2) Ac = 9.6606(2) A = 90.256(2)°V = 551.69(2)
A3 Dy = 1.640 g cn?, 2026 unique data @ax = 144.8°),R = 0.019 [for 2012
reflections withl > 2.00(1)]; Rw = 0.047 (all data)S= 1.00.

Compoundl0. C11H1406, M = 242.23,T = 150 K, monoclinic, space groi2;, Z = 2,
a=8.1650(2) Ab = 8.49383(13) A¢c = 8.7258(2) Ap = 107.831(2)°V = 576.08(2)
A3, Dy = 1.396 g cr?, 1828 unique data @ax = 144.4°),R = 0.024 [for 1795

reflections withl > 2.00(1)]; Rw = 0.057 (all data)s = 1.00.
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Compoundll. C;1H1406, M = 242.23,T = 150 K, monoclinic, space groi2;, Z = 2,

a = 5.80882(5) Ab = 7.49449(6) Ac = 13.20425(12) Ap = 91.2938(8)°V =
574.69(1) R, D, = 1.400 g ci’, 2124 unique data @ax = 144.4°),R = 0.022 [for
2111 reflections with > 2.00(1)]; Rw = 0.057 (all data)s = 1.00.

Compound20. C;7H1gN,0g, M = 378.34,T = 150 K, monoclinic, space grolg2;, Z

= 2,a=9.7352(6) Ab = 5.8003(4) Ac = 15.9527(15) Af = 106.367(8)°V =
864.30(8) R, D, = 1.454 g ci®, 2884 unique data @ax = 147.4°),R = 0.058 [for
2522 reflections with > 2.05(1)]; Rw = 0.171 (all data)5=1.01.

Compound22. C;7H1sN20g, M = 378.34, T = 150 K, orthorhombic, space group
P2:2:2;, Z = 4,a = 5.6020(1) Ab = 10.3437(1) Ac = 29.2615(4) AV = 1695.57(2)
A3 D, = 1.482 g cn?, 3312 unique data @ax = 147.2°),R = 0.029 [for 3312
reflections withl > 2.00(1)]; Rw = 0.076 (all data)S= 1.00.

Compound24 (a-epimer) Ci2H2404Si, M = 260.40,T = 150 K, orthorhombic, space
groupP2:2:2;, Z = 4,a = 6.45626(7) Ap = 11.44113(15) A¢ = 19.3950(2) AV =
1432.65(3) R Dy = 1.208 g crt’, 2893 unique data Rax = 147.8°),R = 0.029 [for
2858 reflections with > 2.00(1)]; Rw = 0.079 (all data)s = 1.00.

Structure Determination. Images for compound8, 9, 10, 11, 20, 22 and 24 (a-
epimer) were measured on a diffractometer (Gu Kiirror monochromator) =
1.54184 A) fitted with an area detector and theadattracted using the CrysAlis
packagée? The structure solutions for all seven compoundsewsaived by direct
methods (SIR92} then refined using the CRYSTALS program pack&gatomic
coordinates, bond lengths and angles, and dispklmemparameters have been
deposited at the Cambridge Crystallographic Datat@e(CCDC nos., 1587832,

1587833, 1587834, 1587835, 1587836, 1587837 and8B83}. These data can be
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obtained free-of-charge viavww.ccdc.cam.ac.uk/data_request/cif, by emailing
data_request@ccdc.cam.ac.uk, or by contacting Tamb@idge Crystallographic

Data Centre, 12 Union Road, Cambridge CB2 1EZ, fdK; +44 1223 336033.
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