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1. Introduction natural products (Figure 1). Aspterric acid metbgter 2) has

] ) ) . demonstrated antiproliferative activity in human @25chronic

Cytochromec oxidase plays a vital role in energy metabolism, yyelogenous leukemia ceflsQuinic acid 8) is a primary

functioning as a critical enzymatic constituenthe final step of  atabolite. which has been widely used as a synthamiall-
the respiratory transport chain in the mitochondhmpairment  mojecule total synthesfs.In the case of the harringtonine
of this metabolic pathway in keratinocytes, the prathant cell 5k a16ids ga-f), the individual antileukemic potencies are highly

type of the epidermis, causes a slowdown in skinvegjation  gependent on the presence of, and substitutiontahahiralo-
and wound-healing processeblaturally occurring (—)-eucomic hydroxyester fragmerit.

acid (, Figure 1) has been shown to be a global stimuus f
cytochromec oxidase activity and respiratory functions in the

human keratinocyte cell line HaCaT, rendering ithbatpotential . /©/°" ] oH
component for protective skin anti-aging therapmsd an J\/\fo [ Voo )01 o
attractive target for total synthesig€ucomic acid 1) was first T G & "o
isolated in 1974 from the bulbs &ticomis punctata.® Since its (-»-Eucomic acid (1) (-)-Aspterric acid methyl ester (2)  (-)-Quinic acid (3)
initial isolation over forty years ago, there haseb only one o o

published total synthesis of eucomic acid. The @nsthvere able < O < \

to access both enantiomers fro@-benzyli-tyrosine in a " o O

N
stereoselective  fashidh. Herein, we report the first " o Q )\W\\\l; Q R

. . . . . " OMe gme OMe Ope
enantioselective total synthesis of non-naturatgdgomic acid 0 o 0 o 0
(()-1) in a longest linear sequence of 13 SePS fOM o o e o mscstmarimaonice i) 7 5o omoreomosisatonioe 49
commercially available materials.

A central challenge in the enantioselective synthesi Fig. 1. Representative natural products containing chiesdasubstituted -

eucomic acid is the construction of the tetrastigsidl a- hydroxyacid or-hydroxyester moieties.
hydroxyacid moiety in an enantioselective fashioBuch ) ) ) _ _
tetrasubstituted a-hydroxycarbonyl and a-alkoxycarbonyl The palladium-catalyzed enantioselective allyliy&tion of

functionalities can be found in numerous biolodicadctive  dioxanone substrates is a mild yet powerful mettmddcess
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enantioenriched a-oxygenated carbonyl  compountis.In methanolysis afforded diestgiin 54% vyield over four steps from
keeping with our group’s long-standing interest angertise in  alkylation producs.
asymmetric allylic alkylation chemistry, we soudiet employ

this reaction in the enantioselective total syrithes eucomic N ome
acid @). OTES )T;Afl' o o

Retrosynthetically, we envisioned that the targenjsound Y SO a3 uox rrr pTSOH-H,0
would be accessed through phenolic ether deproteciiod OMe ™ toluene, 35 °C MeOH, 0°C - 23°C
global saponification of diestér(Scheme 1). This diester would ij (6% vield) ij
in turn be derived fronu-tetrasubstituted dioxanoréevia ketal 7 (04% e0)
removal and subsequent oxidative transformationie T ome onte onte
enantioselective synthesis of dioxandghwould be achieved via R 0 @)

. . . . K . HF:H,0 (2: o o o)

a palladium-catalyzed enantioselective allylic #kipn of silyl _0C2BC 2 o
enol ethef7. We hypothesized that strategic incorporation fa o ow & “Binke OH\K i N
chloroallyl fragment during the alkylation event vidwenable 10 1 ) _ 5
smooth access to the carboxylic acid oxidatioresfi@tnd in the Scheme 3. Construction of diestés.

natural product. Silyl enol ethét would be synthesized from

dioxanone8, which is available in 3 steps from commercially  With late-stage diesteéd in hand, seemingly straightforward
available compounds. global demethylation stood as the lone remainingk.ta
Unfortunately, we were unable to unveil the free phémand in
the natural product (€)-1) under either Lewis acidic or

OMe

OH OMe
o dopeon o Wt i [~ nucleophilic conditions (Table £).In the case of boron
oo —— Yo — b tribromide (entry 1), we observed mono-demethylatlort were
OH OH OH OMe  cleavage ij disappointed to find that the reaction proceededh witdesired
(+)-eucomic acid (1) 5 chemoselectivity, cleaving one of the methyl esterstead’

6 . . o . .

Other typical demethylation conditions returnedrtstg material
OTES .

Pd-catalyzed " (entries 2-5).

allylic alkylation A alkylation
—_———— o_o ol ———> o_o Table 1.
silyl enol .
ij ether formation ij Aryl-OMe deprotection attemps.
7 8 OMe OH
o - o
. . . . . Sonditions
Scheme 1. Retrosynthetic analysis of (+)-eucomic acid. weo” N> meo” N >p°
OH OMe OH OMe
5 12
2. Resultsand Discussion Entry Condit Resut___
12 BBr3, CH,Cl,, -78 °C mono ester demethylation
. . 2ab TMSI-quinoline, MeCN, 23 °C — 60 °C no reaction
Our synthetic efforts began with the development afude to 30 AICl, CH,Cl 0°C — 23°C 10 reaction
access silyl enol ethétin multi-gram quantities. This goal was 4 NaSEL, DMF, reflux no reaction
5¢ AIBr3, EtSH, 0 °C — 23 °C no reaction

accomplished by modifying procedures previouslcldsed by . d : ] .
our group! To circumvent known challenges in selectige ~_Reactions performed using 15 equiv of Lewis acid.
alkylation of dioxanone substrates, we convertedatione8 to TMSlI+quinoline complex was also examined in the abeeof

its cyclohexyl imine derivative, which was smoothlyomo- solvent, without succesSEthanethiol was used as solvent.
alkylated under standard conditions to give-alkylated

dioxanoned in 49% yield over two steps (Scheme 2). Formation

of the silyl enol ether under thermodynamic comisi yielded Following this unfortunate setback, we revisited our
tetrasubstituted enol ethét in 67% yield on 2-gram scale, Pprotecting group strategy. We opted to change thenglic
positioning us to explore our key allylic alkylatioeaction. protecting group to a benzyl ether, thereby engblian
o o ores orthogonal  deprotection event. We thus prepared
H‘W 1.:«»:2@,42;;:.;5. m m benzyloxybenzyl silyl enol ethdd (Scheme 4) and were pleased
oluene, TESCI, Nal, Et;N : i i i
0.0 Jionpuac > 00 e MeGN Z3G >0 O o to f|nd. that this pompound .performed weII_ in our rasyetric
ij THF, -78 °C ij ij alkylation chemistry, forming a-tetrasubstituted dioxanone
(49% yield, 2 steps) (7% yield) productl5 in 77% yield and 92% ee. Benzyl-protected diesger

8 \ 7 was synthesized from tertiary et in 60% yield over a four-

step sequence analogous to that described abavBdoémes 3
and 4)™° Our revised protecting group strategy proved fuliiths
. . . hydrogenolysis of the benzyl ether smoothly yieldbd free
Gratifyingly, we found that treatment of silyl endher7 with phenol. Subsequent saponification of both methyteres

Pd,(pmdba) (2.5 mol %, pmdba = bis(4- i rmished (+)- ; id-0-1) in 76% vield the final
methoxybenzylidene)acetone)9)+{CFs)s-t-BuPHOX (3.5 mol t\lljvr(;]ISSteZSl.l( )-eucomic acid¥)-1) in bl

%), BuNPhSIiF, (TBAT, 1.0 equiv), and 2-chloroallyl
methanesulfonate (1.2 equiv) in toluene at 35 °@ished the
chloroallyl ketone productj in 82% yield and 94% ee (Scheme
3). Acid-catalyzed ketal removal, followed by regiestive
periodic acid-mediated oxidative cleavage and syupeset
carboxylate alkylation furnished-tetrasubstituted methyl ester
11. Ozonolysis of the 2-chloroallyl fragment with condtant

Scheme 2. Multi-gram synthesis of silyl enol eth@r
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Scheme 4. Successful completion of the first enantioselectiv
total synthesis of (+)-eucomic acid.

3. Conclusion

In summary, we have described an efficient totattmsis of
non-natural (+)-eucomic acid. Our route affords ttaeget
compound in 14% vyield over 13 linear steps from om@rcially
available materials. A palladium-catalyzed asymmetilylic
alkylation reaction was used to generate the steréog
tetrasubstituted oxygenated center at an earle s@we judicious
incorporation of a 2-chloroallyl fragment enabledo®th chemo-
and regioselective oxidation late in the synthe&isurprisingly
problematic phenolic deprotection step was circurteacnby
switching from a methyl ether to a benzyl etheroB# to further
exploit this chemistry for the benefit of small-raolile synthesis
are ongoing in our laboratory and will be reportedliie course.

4, Experimental section
4.1. Materials and Methods

Unless stated otherwise, reactions were performechbieat
temperature (23 °C) in flame-dried glassware underaggon
atmosphere using dry, deoxygentated solvents|{distr passed
over a column of activated alumind)Commercially available
reagents were used as received. Reactions reqgexiegnal heat
were modulated to the specified temperatures ugindKAmag
temperature controller. Thin-layer chromatograpfy &) was
performed using E. Merck silica gel 60 F254 preedaplates

3

respectively). Data foH NMR spectra are reported as follows:
chemical shift § ppm) (multiplicity, coupling constant (Hz),
integration). Infrared (IR) spectra were recorded arPerkin
Elmer Paragon 1000 Spectrometer and are reporteddoency
of absorption (ci). Analytical chiral SFC was performed with a
Mettler SFC supercritical CQanalytical chromatography system
with Chiralpak AD-H column obtained from Daicel Chenhica
Industries, Ltd. High resolution mass spectra (HRM&re
obtained from the Caltech Mass Spectral Facilitpgia JEOL
JMS-600H High Resolution Mass Spectrometer in fastmat
bombardment (FAB+) or from the Caltech Center fotaGais
and Chemical Synthesis using an Agilent 6200 sdr@E with
an Agilent G1978A Multimode source in mixed (Multimode
ESI/APCI) ionization mode. Optical rotations were sgad on
a Jasco P-2000 polarimeter operating on the soditime (589
nm), using a 100 mm path-length cell and are repoas: §]p"
(concentration in g/100 mL, solvent).

4.2. 2-(4-Methoxybenzyl)-1,5-dioxaspiro[ 5.5] undecan-3-one (9).
To a solution of dioxanon® (6.0 g, 35.25 mmol, 1.00 equiv) in
toluene (120 mL) were charged 4 A molecular sieves ¢71.20
equiv by mass) and cyclohexylamine (7.8 mL, 70.5amrh.94
equiv). After 13 h, the reaction mixture was filtereder celite,
rinsing with toluene, and concentrated in vacuoite ¢he crude
cyclohexyl imine.

In a separate three-neck flask with an internal tapre
probe, a solution of freshly prepared lithium disgpylamide
(LDA, 0.60 M in THF, 1.00 equiv) was cooled to —78 (@y
ice/isopropanol bath). To the solution of LDA was atideude
cyclohexyl imine as a solution in THF (35 mL) dropwithrough
a cannula with an overpressure of argon. After 5Suteis, the
reaction flask was introduced to a —15 °C bath ifiethanol) and
after 1.75 h was cooled back to —78 °C. To the i@achixture
was then addeg-methoxybenzyl chloride (PMBCI, 5.80 g, 37.0
mmol, 1.05 equiv) at a rate of 2.00 mL/h with a sg& pump,
ensuring the internal temperature did not exceddl *Z. Upon
completion of addition, the reaction was allowed tio for 30
minutes before being allowed to slowly warm to ambient
temperature. Upon reaching ambient temperature,rehetion
was quenched with saturated aqueous®H75 mL) and stirred
for 14 h. The reaction mixture was then extractedh \EitO (5 x
75 mL). Combined organic layers were washed with wgger
mL), brine (50 mL), dried over N8O, filtered, and
concentrated in vacuo to afford an orange-tankésh column
chromatography (15% ED in hexanes eluent) afforded alkylated
dioxanoned (5.04 g, 49% yield) as a light orange solid 0.4
(4:1 hexanes:BD eluent)'H NMR (500 MHz, CDCJ) § 7.18 (d,

(250 nm) and visualized by UV fluorescence quenching]J= 8.6 Hz, 2H), 6.82 (d] = 8.6 Hz, 2H), 4.37 (ddd}= 9.3, 3.3,
potassium permanganate, pranisaldehyde staining. Silicycle 1.5 Hz, 1H), 4.27 (dd) = 17.1, 1.5 Hz, 1H), 4.00 (d,= 17.0

SiliaFlash P60 Academic Silica gel (particle size680nm) was
used for flash chromatography. SBUPHOX® and tris(4,4-
methoxydibenzylideneacetone)dipalladium(0)  {Pohdba))*

were prepared by known methods.;NEtwas distilled from
calcium hydride immediately prior to use. MeOH wagtiliis!

from magnesium methoxide immediately prior to uReagent
grade acetone was obtained from Sigma—Aldrich and ase

Hz, 1H), 3.79 (s, 3H), 3.17 (dd~= 14.7, 3.2 Hz, 1H), 2.74 (dd,
= 14.7, 9.3 Hz, 1H), 1.85-1.78 (m, 1H), 1.63-1.52 (iH),5
1.45-1.39 (m, 2 H), 1.36-1.24 (m, 2HJC NMR (126 MHz,
CDCly) & 209.5, 158.3, 130.5, 129.9, 113.7, 101.0, 75.76,66
55.4, 34.0, 33.6, 32.4, 25.4, 22.9, 22.7; IR (Neitin,FNaCl)
2935, 2860, 1746, 1612, 1584, 1513, 1463, 1449513800,
1278, 1247, 1177, 1163, 1115, 1035, 967, 929, 82% &IRMS

received. Purified water was obtained using a Baadste (FAB+) mvz calc'd for GsH,O, [M]™: 290.1518, found
NANOpure Infinity UV/UF system. 4 A molecular sieves were 290.1528.

oven-dried at 120 °C for a minimum of 24 h and edoin a
desiccator to ambient temperature immediately piouse.'H

and™*C NMR spectra were recorded on a Varian Inova 500 (50

4.3. Triethyl((2-(4-methoxybenzyl)-1,5-dioxaspiro[ 5.5] undec-2-
en-3-yl)oxy)silane (7). A 100 mL round bottom was soaked in a
90:1 isopropanol:toluene bath saturated with KOH far H,

MHz and 126 MHz, respectively) and a Bruker AV IIl HD (insed with deionized water, acetone, and allowedryo To a

spectrometer equipped with a Prodigy liquid
temperature cryoprobe (400 MHz and 101 MHz, respelgliv
and are reported in terms of chemical shift re&atie CHC} (6

7.26 and 77.16, respectively) or MeOR 8.31 and 49.00,

nitrogense|ution of alkylated dioxanor@(2.32 g, 8.0 mmol, 1.00 equiv)

in CH;CN (13.3 mL) in a flame-dried 100 mL base-bathechtbu
bottom flask with stir bar were added sodium iod@d4@ g, 16.0
mmol, 2.00 equiv) in a single portion and;NEt(3.35 mL, 24.0



4
mmol, 3.00 equiv) dropwise with stirring. After 5 mies,
triethylsilyl chloride (TESCI, 2.7 mL, 16.0 mmol,.d® equiv)
was added dropwise. After 18 h, consumption of startiaterial
was complete as determined by TLC and the reactibtura
was extracted with pentane (3 x 80 mL). Combined rioga
layers were washed with water (40 mL), brine (40 mied

Tetrahedron

purified by column chromatography (30% EtOAc in heesn
eluent) to afford diol10 (202 mg, 91% yield) as a white
amorphous solid.of > +26.2 € 1.05, CDCJ); R = 0.3 (7:3
hexanes:EtOAc eluentiH NMR (400 MHz, CDCJ) & 7.06 (d,J
= 8.6 Hz, 2H), 6.83 (d] = 8.7 Hz, 2H), 5.34 (d] = 1.4 Hz, 1H),
5.24 (m, 1H), 4.47 (d) = 20.2 Hz, 1H), 4.05 (dJ = 20.2 Hz,

over NaSQ, filtered, and concentrated in vacuo to produce &alH), 3.78 (s, 3H), 3.05 (dd,= 14.6, 1.0 Hz, 1H), 3.04 (d,=

yellow oil. Flash column chromatography (3.0% @&t/ 0.5%
Et:N in hexanes eluent) on base—treated silica furdiskigl enol
ether7 (2.17 g, 67% yield) as a viscous yellow oil R®0.35
(19:1 hexanes:ED eluent)."H NMR (500 MHz, CDC)) & 7.17
(d,J= 8.8 Hz, 2H), 6.81 (d] = 8.6 Hz, 2H), 4.09 (1) = 1.2 Hz,
1H), 3.79 (s, 3H), 3.45 (s, 1H), 1.68-1.54 (m, 4H)4+1438 (m,
2H), 1.34-1.26 (m, 4H), 1.00 @= 7.9 Hz, 9H), 0.68 (q] = 7.8
Hz, 6H); °C NMR (126 MHz, CDGCJ)) 5 158.0, 136.6, 131.4,
129.9, 126.1, 113.6, 98.5, 60.4, 55.4, 32.9, 325%, 22.5, 6.9,
5.6; IR (Neat Film, NaCl) 2951, 2937, 2876, 2832, 2,61584,
1511, 1462, 1381, 1300, 1246, 1222, 1175, 11530,11039,
1011, 974, 940, 864, 846, 827, 730 GnRMS (FAB+) m/z
calc’d for GaHas0,Si [M-H,+H]™: 403.2305, found 403.2298.

4.4, (9-2-(2-Chloroallyl)-2-(4-methoxybenzyl)-1,5-
dioxaspiro[ 5.5] undecan-3-one (6). A 500 mL Schlenk flask was
soaked in a 20:1 isopropanol:toluene bath saturaitdd KOH
for 12 h, rinsed with deionized water, acetone, dimlvad to
dry. To a flame-dried 500 mL base-bathed Schleakkflin a
nitrogen-filled glovebox were charged BIPhSiF, (TBAT, 1.33
g, 2.47 mmol, 1.00 equiv), Rpgmdba} (41 mg, 37.1umol,
0.015 equiv), 9-(CF;)st-BuPHOX (51 mg, 86.5umol, 0.035
equiv), and toluene (50 mL, 0.0015 M in Pd). Thact®n vessel
was immediately removed from the glovebox, introdLioe an
argon atmosphere, and placed in a preheated 3% t@th with
stirring. After 20 minutes, a dark purple solutionsn@bserved.
2-Chloroallyl mesylate (0.5 g, 2.96 mmol, 1.20 ejjuvas added
dropwise over 30 seconds. After 3 minutes, silyl estber7 (1.0
g, 2.47 mmol, 1.00 equiv) was added dropwise overirgiies.
The resultant brownish-yellow reaction mixture waswad to
stir for 20 h. The resultant clear yellow reactiorswtiaen filtered

13.8 Hz, 1H), 2.82 (dJ = 13.8 Hz, 1H), 2.69 (d] = 14.6 Hz,
1H): *C NMR (101 MHz, CDGJ) § 214.2, 159.1, 136.0, 131.4,
126.0, 118.2, 114.2, 81.1, 67.5, 55.3, 48.1, 4RYANeat Film,
NaCl) 3447, 2914, 2836, 1718, 1631, 1611, 1513, 12479,
1033, 987, 894, 835 ¢ HRMS (FAB+) m/z calc'd for
C1H170,Cl [M]*: 284.0815, found 284.0805.

4.6. Methyl  (S)-4-chloro-2-hydr oxy-2-(4-methoxybenzyl ) pent-4-
enoate (11). To a solution of dioll0 (100 mg, 0.352 mmol, 1.00
equiv) in THF (7.4 mL) and water (3.7 mL) was addegdCd
(127 mg, 0.50 mmol, 1.50 equiv) in one portion at°©
(ice/water bath). After 20 minutes, the reaction wasiaved
from the ice/water bath and stirred for an additic?é h. The
mixture was extracted with £ (3 x 30 mL). The combined
organic layers were washed with water (15 mL) and bfirte
mL), dried over NgSQO, and concentrated under reduced pressure
to afford a crude white semi-solid which was used idiately
without further purification.

To a suspension of the crude residue apdd (97 mg, 0.7
mmol, 2.00 equiv) in DMF (3.5 mL, 0.1 M) was addedtimye
iodide (44 pL, 0.7 mmol, 2.00 equiv) dropwise at°Z3 After
stirring for 1 h, water (5 mL) was added, and thectiea was
extracted with BEO (3 x 40 mL). The combined organic layers
were washed with water (20 mL) and brine (20 mL), dogdr
N&aSQO, and concentrated under reduced pressure. Theingsul
residue was purified by flash chromatography (15%/At in
hexanes eluent) to give methyl estdr (60 mg, 60% vyield, 2
steps) as a white amorphous solaof® +1.6 € 0.82, CDC)); R
= 0.65 (7:3 hexanes:EtOAc eluerit NMR (500 MHz, CDC}))

8 7.11 (d,J = 8.8 Hz, 2H), 6.81 (dJ = 8.6 Hz, 2H), 5.32 (d] =

through a pad of SiQusing hexanes as the eluent to remove; 5 y, 1H), 5.27 (d) = 1.3, 0.7 Hz, 1H), 3.79 (s, 3H), 3.75 (s

toluene, at which time separate fractions were daltkceluting
with EtO, to isolate the volatile reaction products. THealie
was concentrated in vacuo to a bright yellow crude Flash
column chromatography (10%.,Exin hexanes eluent) affordéd
(0.74 g, 82% yield) as a yellow oil. 94% ee]{* +11.6 € 1.08,
CDCly); R = 0.4 (4:1 hexanes:# eluent)."H NMR (500 MHz,
CDCly) $7.13 (d,J = 8.8 Hz, 2H), 6.80 (dJ = 8.7 Hz, 2H), 5.35
(d,J= 1.1 Hz, 1H), 5.27 (¢J = 0.8 Hz, 1H), 4.17 (d) = 18.3
Hz, 1H), 3.87 (dJ = 18.3 Hz, 1H), 3.79 (s, 3H), 3.08 (d~=
13.9 Hz, 1H), 3.05 (d] = 13.9 Hz, 1H), 2.85 (dd] = 14.7, 0.8
Hz, 1H), 2.81 (dJ = 14.4 Hz, 1H), 1.89-1.81 (m, 1H), 1.74-1.57
(m, 5H), 1.54-1.40 (m, 3H), 1.38-1.28 (m, 1 NMR (126

3H), 3.27 (br s, 1H), 3.03 (d, = 13.6 Hz, 1H), 2.97 (ddj =
14.5, 0.9 Hz, 1H), 2.91 (d,= 13.6 Hz, 1H), 2.80 (dd] = 14.5,
0.6 Hz, 1H);"*C NMR (126 MHz, CDGCJ)  175.0, 158.8, 136.5,
131.3, 127.2, 117.2, 113.8, 77.0, 55.3, 52.8, 43; IR (Neat
Film, NaCl) 3520, 3000, 2953, 2836, 1738, 1732, 1613812,
1513, 1442, 1248, 1178, 1141, 1115, 1034, 889, &38;
HRMS (FAB+)m/z calc'd for G4H,,0,Cl [M]*: 284.0815, found
284.0824.

4.7. Dimethyl (S)-2-hydroxy-2-(4-methoxybenzyl)succinate (5). A
solution of methyl estetl (0.21 g, 0.74 mmol, 1.00 equiv) in 28
mL MeOH was cooled to —78 °C (dry icel/isopropanohbpaitt

MHz, CDCE) § 209.6, 158.6, 136.9, 132.1, 127.5, 117.5, 113.4yhich time ozone was bubbled through the solutionfl@v rate

100.3, 84.6, 67.1, 55.3, 47.2, 43.0, 35.7, 35.82,253.0, 23.0; IR
(Neat Film, NaCl) 2936, 2858, 1738, 1629, 1611, 15142,
1366, 1301, 1248, 1177, 1157, 1114, 1036, 983, 944, 825
cm®; HRMS (FAB+) m/z calc'd for GgH,dO,Cl [M+H]™:
365.1520, found 365.1536; SFC conditions: 2% IPAS 2.
mL/min, Chiralpak AD-H column) = 210 nm{g (min): major =
18.74, minor = 24.78.

4.5. (9-5-Chloro-1,3-dihydroxy-3-(4-methoxybenzyl )hex-5-en-2-
one (10). To a solution of chloroallyl ketaé (284 mg, 0.78
mmol, 1.00 equiv) in MeOH (15.5 mL, 0.05 M) was adgbed
toluenesulfonic acid monohydrate (30 mg, 0.156 mn@o20
equiv) in a single portion at 0 °C (ice/water battijh stirring.
After 10 minutes, the reaction was removed from tleebiath and
stirring was continued. After 24 h, consumption oartitg
material was complete as determined by TLC and ¢aetion
was quenched by the addition ogf{(1.2 mL). The mixture was
concentrated under reduced pressure and the cesitbue was

= 1/4 L/min, 7 setting on ozone generator) for 2Complete
consumption of starting material was determined b ,Tand
N&SO; (0.93 g, 7.4 mmol, 10.00 equiv) was added in one
portion. The flask was warmed to room temperaturer @@
minutes. The reaction mixture was poured onto weabrrflL)
and extracted with C}I, (3 x 25 mL). The combined organic
layers were dried over MaO, filtered and concentrated under
reduced pressure. Flash column chromatography @83Ac in
hexanes eluent) afforded diesbef206 mg, 99% yield) as a clear
colorless oil. §]p*® +12.2 € 0.3, CDC}); R = 0.4 (7:3
hexanes:EtOAc eluenf NMR (400 MHz, CDCJ) § 7.10 (d,J

= 8.6 Hz, 1H), 6.82 (dJ = 8.6 Hz, 1H), 3.78 (s, 3H), 3.75 (s,
3H), 3.67 (s, 3H), 3.01 (d = 16.1 Hz, 1H), 2.97 (d) = 13.3
Hz, 1H) 2.88 (dJ = 13.7 Hz, 1H), 2.70 (d] = 16.2 Hz, 1H)"C
NMR (101 MHz, CDC)) 6 175.0, 171.3, 158.9, 131.3, 126.9,
113.8, 76.1, 55.3, 52.9, 52.1, 44.6, 43.0; IR (N&hh, NaCl)
3494, 2940, 2921, 2358, 1733, 1609, 1511, 14353,13347,



1205, 1176, 1116, 1031, 818 ¢nHRMS (FAB+)m/z calc'd for
CiaH10s [M+H]*: 283.1182, found 283.1192.

4.8. 2-(4-(Benzyloxy)benzyl)-1,5-dioxaspir o[ 5.5] undecan-3-one
(13). Prepared using the same procedure for the syntlvdsis
dioxanone9. Dioxanone8 (2.86 g, 16.8 mmol, 1.00 equiv); 4 A
molecular sieves (5.87 g, 2.05 equiv by mass);ahetylamine
(3.73 mL, 32.6 mmol, 1.94 equiv); LDA (0.6M in THE,00

5
MeOH, 2.5 mL/min, Chiralpak AD-H columm, = 210 nm,tg
(min): major = 11.38, minor = 12.23.

4.11. (9-3-(4-(Benzyloxy)benzyl)-5-chloro-1,3-dihydr oxyhex-5-
en-2-one (S1). Prepared using the same procedure for the
synthesis of dioll0. Chloroallyl ketall5 (1.38 g, 3.13 mmol,
1.00 equiv); p-TsOH*H,O (124 mg, 0.65 mmol, 0.21 equiv).
Flash column chromatography (25% EtOAc in hexanesngju

equiv); p-benzyloxybenzyl chloride (4.1 g, 17.64 mmol, 1.05 afforded diolS1 (982 mg, 87% vyield) as a white solidx]§’

equiv). Flash column chromatography (15%CEtin hexanes
eluent) afforded alkylated dioxano@d (3.71 g, 60% }/ield) as a
faint orange oil. R= 0.55 (7:3 hexanes:8 eluent).”H NMR
(500 MHz, CDC}) 6 7.45-7.41 (m, 2H), 7.38 (ddd= 7.9, 6.9,
0.8 Hz, 2H), 7.36-7.28 (m, 1H), 7.23-7.15 (m, 2H), 66088
(m, 2H), 5.06 (s, 2H), 4.37 (ddd,= 9.4, 3.3, 1.5 Hz, 1H), 4.28
(dd,J= 17.0, 1.5 Hz, 1H), 4.01 (d,= 17.0 Hz, 1H), 3.18 (dd

= 14.7, 3.2 Hz, 1H), 2.74 (dd,= 14.6, 9.4 Hz, 1H), 1.87-1.80
(m, 1H), 1.65-1.54 (m, 5H), 1.46-1.39 (m, 2H), 1.3Z2%1(m,
2H); ®C NMR (126 MHz, CDGCJ) & 209.6, 157.5, 137.2, 130.5,
130.2, 128.7, 128.0, 127.6, 114.7, 101.1, 75.71,786.6, 34.0,
33.5, 32.4, 25.3, 22.9, 22.7; IR (Neat Film, NaCIBB02933,
2860, 1744, 1610, 1583, 1510, 1452, 1364, 13337,12241,
1175, 1162, 1114, 1079, 1025, 967, 928, 736, 695; ¢HIRMS
(FAB+) miz calc’d for GgHO. [M]": 366.1831, found
366.1833.

4.9. ((2-(4-(Benzyl oxy)benzyl)-1,5-dioxaspiro[ 5.5] undec-2-en-3-

+25.4 € 0.82, CDC)); R, = 0.35 (7:3 hexanes:EtOAc eluentjl.
NMR (500 MHz, CDC)) & 7.44-7.37 (m, 4H), 7.36-7.30 (m,
1H), 7.06 (dJ = 8.6 Hz, 2H), 6.91 (d] = 8.6 Hz, 2H), 5.36 (dJ

= 1.4 Hz, 1H), 5.25 (dt) = 1.5, 0.7 Hz, 1H), 5.04 (s, 2H), 4.48
(d, J = 20.2 Hz, 1H), 4.07 (dJ = 20.2 Hz, 1H), 3.06 (dd] =
14.6, 0.9 Hz, 1H), 3.05 (d, = 13.7 Hz, 1H), 2.83 (dJ = 13.8
Hz, 1H), 2.71 (dJ = 14.5 Hz, 1H){®*C NMR (126 MHz, CDG))
6214.2, 158.4, 136.9, 136.0, 131.4, 128.8, 128.27,712126.3,
118.3, 115.1, 81.1, 70.1, 67.5, 48.1, 44R;(Neat Film, NaCl)
3446, 3032, 2922, 2869, 1716, 1632, 1610, 15114,14882,
1242, 1178, 1118, 1066, 1024, 987, 894, 834, 798, @&n';
HRMS (FAB+)m/z calc’d for GoH,g04Cl [M-H,+H]": 359.1050,
found 359.1060.

4.12. Methyl (9)-2-(4-(benzyl oxy)benzyl)-4-chloro-2-
hydroxypent-4-enoate (S2). Prepared using the same procedure
for the synthesis of methyl estéd. Diol S1 (146 mg, 0.405
mmol, 1.00 equiv); EHOg (277 mg, 1.21 mmol, 3.00 equiv);

yhoxy) triethylsilane (14). Prepared using the same procedure forK,CO; (104 mg, 0.755 mmol, 1.85 equiv); Mel (107 mg,58.7

the synthesis of silyl enol eth&: Dioxanonel3 (2.0 g, 5.46
mmol, 1.00 equiv); EN (2.28 mL, 16.38 mmol, 3.00 equiv);
TESCI (1.83 mL, 10.92 mmol, 2.00 equiv); Nal (1.631§.92
mmol, 2.00 equiv). Flash column chromatography %© BN /

mmol, 1.85 equiv). Flash column chromatography (1580Ac
in hexanes eluent) afforded methyl es$2r(125 mg, 92% vyield,
2 steps) as a white amorphous solidof> +4.6 € 1.07, CDC));
Rf = 0.65 (7:3 hexanes:EtOAc eluenid NMR (500 MHz,

5.0% E$O in hexanes eluent) on base-treated silica furdisheCDCls) 6 7.46—-7.40 (m, 2H), 7.41-7.37 (m, 2H), 7.36—7.31 (m,

silyl enol etherl4 (1.83 g, 70% vyield) as a light yellow oil; R

0.8 (7:3 hexanes:ED eluent)."H NMR (500 MHz, CDC)) &

7.45-7.42 (m, 2H), 7.40-7.36 (m, 2H), 7.34-7.30 (Hf), 7.19—
7.15 (m, 2H), 6.90-6.87 (m, 2H), 5.06 (s, 2H), 4.09@& 1.2

Hz, 2H), 3.45 (s, 2H), 1.71-1.61 (m, 2H), 1.62—-1.55 2H),

1.46-1.37 (m, 2H), 1.35-1.25 (m, 4H), 1.00J(& 7.9 Hz, 9H),
0.68 (q,J = 8.1 Hz, 6H):"*C NMR (126 MHz, CDG)) 5 157.2,
137.4, 136.6, 131.7, 130.0, 128.7, 128.0, 127.6.112114.7,
98.5, 70.1, 60.4, 32.9, 32.9, 25.6, 22.5, 6.9, BR6(Neat Film,
NaCl) 3031, 2936, 2875, 1610, 1548, 1510, 1454, 138290,
1222, 1174, 1152, 1099, 1012, 973, 940, 863, 795, @i’;

HRMS (FAB+)m/z calc’d for GgH4SiO, [M]*: 480.2696, found
480.2715.

4.10. (9)-2-(2-Chloroallyl)-2-(4-methoxybenzyl)-1,5-
dioxaspiro[5.5] undecan-3-one (15). Prepared using the same
procedure for the synthesis of chloroallyl ketaheSilyl enol

1H), 7.14-7.10 (m, 2H), 6.89 (d= 8.6 Hz, 1H), 5.32 (d] = 1.2
Hz, 1H), 5.28 (dd) = 1.3, 0.7 Hz, 1H), 5.03 (s, 2H), 3.75 (s,
3H), 3.28 (br s, 1H), 3.04 (d, = 13.6 Hz, 1H), 2.97 (ddJ =
14.6, 0.8 Hz, 1H), 2.91 (d,= 13.6 Hz, 1H), 2.80 (dd] = 14.6,
0.6 Hz, 1H):C NMR (126 MHz, CDC)) 5 175.0, 158.1, 137.1,
136.5, 131.3, 128.7, 128.1, 127.6, 127.5, 117.2,7.177.0, 70.1,
52.8, 48.3, 44.8; IR (Neat Film, NaCl) 3516, 30325292914,
2854, 2362, 1731, 1632, 1609, 1509, 1449, 13816,12275,
1139, 1115, 1098, 1018, 890, 837, 803, 737, 698; dARMS
(FAB+) m/z calc'd for GgH,0,Cl [M+H]": 361.1207, found
361.1206.

4.13. Dimethyl  (9)-2-(4-(benzyloxy)benzyl)-2-hydroxysuccinate
(16). Prepared using the same procedure for the syntlvdsis
diester5. Methyl esterS2 (675 mg, 1.87 mmol, 1.00 equiv);
NaSO, (2.36 g, 18.7 mmol, 10.00 equiv). Flash column
chromatography (25% EtOAc in hexanes eluent) affotiester

ether14 (500 mg, 1.04 mmol, 1.00 equiv); TBAT (561 mg, 1.04 16 (542 mg, 78% yield) as a white amorphous sotid,} +18.2

mmol, 1.00 equiv); Pgpmdba) (18 mg, 15.6umol, 0.015
equiv); §-(CFs)st-BuPHOX (22 mg, 36.41mol, 0.035 equiv);
2-chloroallyl mesylate (213 mg, 1.25 mmol, 1.20 igjjuFlash
column chromatography (12% EX in hexanes eluent) afforded
15 (344 mg, 77%) as a light yellow oil. 92% ea]f*® +7.1 ¢
0.72, CDCJ); R = 0.55 (7:3 hexanes:A eluent).'H NMR (500

(c 0.93, CDCJ); R = 0.35 (7:3 hexanes:EtOAc elueril NMR
(500 MHz, CDC)) & 7.45-7.41 (m, 2H), 7.42-7.35 (m, 2H),
7.35-7.30 (m, 1H), 7.10 (d,= 8.6 Hz, 2H), 6.89 (d] = 8.7 Hz,
2H), 5.03 (s, 2H), 3.74 (s, 3H), 3.67 (s, 3H), 3.01)(d,16.2 Hz,
1H), 2.97 (dJ = 13.7 Hz, 1H), 2.88 (d] = 13.6 Hz, 1H), 2.70
(d, J = 16.2 Hz, 1H);"*C NMR (126 MHz, CDCJ) & 175.0,

MHz, CDCk) § 7.45-7.41 (m, 2H), 7.41-7.36 (m, 2H), 7.35-7.30171.4, 158.2, 137.1, 131.3, 128.7, 128.1, 127.6,.22114.7,

(m, 1H), 7.13 (d) = 8.6 Hz, 1H), 6.87 (dJ = 8.6 Hz, 1H), 5.36
(d,J = 1.1 Hz, 1H), 5.27 (¢J = 0.8 Hz, 1H), 5.04 (s, 2H), 4.17
(d,J = 18.3 Hz, 1H), 3.88 (d] = 18.3 Hz, 1H), 3.09 (d] = 13.9
Hz, 1H), 3.04 (dJ = 13.9 Hz, 1H), 2.85 (dd] = 14.6, 0.8 Hz,
1H), 2.83 (dJ = 14.6 Hz, 1H), 1.90-1.82 (m, 1H), 1.75-1.39 (m
8H), 1.38-1.25 (m, 1H)**C NMR (126 MHz, CDGJ) § 209.6,
157.9, 137.2, 136.9, 132.2, 128.7, 128.1, 127.9,.712117.6,
114.4, 100.3, 84.6, 70.1, 67.1, 47.3, 43.0, 35%73,325.2, 23.1,
23.0; IR (Neat Film, NaCl) 3035, 2936, 2858, 173730,61610,
1510, 1453, 1366, 1242, 1177, 1158, 1114, 1026, 888, 826,
735, 696 crit: HRMS (FAB+) mVz calc’'d for GgH,gO,Cl [M-

76.1, 70.1, 52.9, 52.1, 44.6, 43.0; IR (Neat FilmCNa3506,
3031, 2949, 2858, 1735, 1609, 1582, 1509, 14372,13320,
1175, 1119, 1013, 967, 839, 739, 696 cHRMS (FAB+) m/z
calc’d for GgH,30s [M+H]*: 359.1495, found 359.1477.

'4.14.Dimethyl (S)-2-hydroxy-2-(4-hydroxybenzyl)succinate (12).
A solution of16 (220 mg, 0.61 mmol, 1.00 equiv) in MeOH (12
mL) was purged with H (balloon) for 10 minutes. To this
solution was added Pd/C (10 wt%, 63 mg, 0.06 mmdlQ O.
equiv) in one portion and the reaction mixture wiasexl under
H, atmosphere (balloon). After 1 h, consumption drtsig

Hy+H]": 439.1676, found 439.1682; SFC conditions: 10%Material was determined by TLC analysis. The mixtures



6 Tetrahedron

filtered through celite, rinsing with MeOH. The filteawas
concentrated under reduced pressure and flash nolum
chromatography (33% acetone in hexanes eluent)rogffio
phenol 12 (144 mg, 88% yield) as a white amorphous solid.
[0(][,25 +25.7 € 2.7, CDC}); R = 0.5 (1:1 acetone:hexane eluent).
H NMR (500 MHz, CDCJ) § 7.04 (d,J = 8.7 Hz, 2H), 6.73 (d,
J= 8.5 Hz, 2H), 3.75 (s, 3H), 3.67 (s, 3H), 3.02Jd; 16.2 Hz,
1H), 2.96 (d,J = 13.6 Hz, 1H), 2.88 (d] = 13.7 Hz, 1H), 2.72
(d, J = 16.2 Hz, 1H);"*C NMR (126 MHz, CDG)) $175.0,
171.4, 155.0, 131.5, 126.9, 115.3, 76.1, 53.0,,58, 43.0; IR
(Neat Film, NaCl) 3423, 3018, 2961, 2919, 2847, 171383,
1594, 1515, 1439, 1351, 1263, 1215, 1170, 1116),1885 cn;
HRMS (FAB+) m/z calc'd for G3H 05 [M+H]™: 269.1025,
found 269.1020.

4.15. (+)-Eucomic Acid ((+)-1). To a solution of diestet2 (30
mg, 0.112 mmol, 1.00 equiv) in MeOH (1.50 mL) was atlde
1.0 M aqueous solution of LIOH (1.00 mL, 1.00 mmol938
equiv) dropwise at 0 °C. After 15 minutes, the remactivas
transferred to a preheated 30 °C oil bath. After ROfull
conversion was determined by mass spectrometry sia&iyThe
crude reaction mixture was concentrated under relpoessure
to remove methanol. To the resulting aqueous swlwias added
1 N aqueous HCI (4 mL), followed by extraction withORc (9
x 10 mL). The combined organic layers were driedr iN&SO,,
filtered, and concentrated to afford)feucomic acidX) (23 mg,
86% yield) as a white solida],® +17.0 € 1.15, MeOH);'H
NMR (400 MHz, CRROD) 5 7.06 (d,J = 8.5 Hz, 2H), 6.68 (d]
= 8.5 Hz, 2H), 2.95 (d) = 16.6 Hz, 1H), 2.94 (d) = 13.4 Hz,
1H), 2.86 (d,J = 13.7 Hz, 1H), 2.56 (dJ = 16.2 Hz, 1H);*C
NMR (101 MHz, CQROD) 8177.7, 174.2, 157.4, 132.6, 127.6,
115.8, 76.8, 45.5, 43.6; IR (Neat Film, NaCl) 319312, 2850,
1722, 1613, 1598, 1515, 1442, 1223, 1175, 1116, BB cn’;
HRMS (ESI/APCI)m/z calc’'d for GH,,0s [M-H]: 239.0561,
found 239.0563.
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