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Abstract: The first total synthesis of the novel hepatotoxir){cylindrospermopsorij has been accomplished

in 20 steps from 4-methoxy-3-methylpyriding2j in 3.5% overall yield. The substituted piperidine A rih§

was generated stereospecifically by a four-step sequence using the addition of trimethylsilylethynylmagnesium
bromide tol2to give 16 and stereospecific addition of vinylcupratelt6to form 17. The reaction of diamine

26 with cyanogen bromide produced the cyclic guanidine C rin@dfThe key step in the synthesis was
bromination of ketone81, followed by hydrogenation to liberate the free guanidine, which underwent an
intramolecular {2 reaction to form the tetrahydropyrimidine ring B2#. Further hydrogenation reduced the
ketone to yield 42% 082 containing the fully functionalized tricyclic system and protected hydroxymethyluracil
side chain of cylindrospermopsin. Hydrolysis of the pyrimidine in concentrated hydrochloric acid and selective
monosulfation completed the synthesis of cylindrospermopsin.

Introduction as shown. Feeding studies indicated that cylindrospermopsin is
an acetogenin with guanidinoacetic acid serving as the starter

Cylindrospermopsinl{) was isolated from the cyanobacterium unit of the polyketide chaid.

Cylindrospermopsis raciborskily Moore and shown to be the

causative agent of a 1979 outbreak of hepatoenteritis in oH

Australial? The structure of cy!indrospermopsin was determiqed 0,50 H HzH 07080 H . H
spectroscopically. The relative stereochemistry of the ring Al s =~ Me HWO
carbons was assigned on the basis of analysis of the coupling Me -CN/\/N‘H"NYNH N— Ny [N~ NH
constants:? The stereochemistry of the side chain alcohol was H LN\# oOH = N+ H "HO gH
tentatively assigned on the basis of the coupling constants, H eylindrospermopsin (1)
NOEs, and the unusual behavior of the uracil carbons in the cylindrospermopsin (1)

13C NMR spectrum, which suggested that the guanidinium
hydrogen is hydrogen bonded to the imine tautomer of the uracil ~ Cylindrospermopsin has also been isolated fldmezakia
natansandAphanizomenon:@lisporum*-8 Algal blooms that
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produce cylindrospermopsin are widespread in tropical waters cylindrospermopsinl)).33 Acetylide 2 was prepared by addition
where occurrences of gastrointestinal diseases of unknown originof trimethylsilylethynylmagnesium bromide to pyridine and

are commort16 The toxicological effects of cylindrospermop-
sin and analytical techniques for its detection in drinking water
have been extensively studiétd?28

benzyl chloroformaté’ Methyl 2,6-dimethoxy-4-pyrimidin-
ecarboxylate was prepared by the procedure of Gerghon.
Reduction of the ester with LiBHn THF afforded 93% of the

Cylindrospermopsin is hepatotoxic in mice and appears to primary alcohol, which was oxidized to 90% of aldehygfé

function by depletion of the cellular antioxidant glutathione
(GSH) in hepatocyteX:'° The renal toxicity of cylindrosper-
mopsin in mice has also been demonstrated-Deoxycylin-
drospermopsi# and 7-epicyclindrospermopgirhave recently
been isolated.

The novel structure of cylindrospermopsin, with a guanidine

with Dess-Martin reagent. Addition of acetylid2to aldehyde

3 afforded 85% of coupled alcohd! Hydrogenation, guanidi-
nylation, and oxidation gave ketoriein 50% overall yield.
Bromination of5 with CuBr*% in EtOAc for 15 min at 40°C
provided unstable bromo ketoe Hydrogenolysis of crudé
over Pd/C in MeOH liberated the free guanidine, which

embedded in a tricyclic system, six chiral centers, and polar underwent an intramoleculan reaction to form the second
sulfate, uracil, and guanidine functional groups, makes its fing. Under these conditions the ketone was hydrogefrased
synthesis challenging. Its potent toxicity makes the synthesis that we selectively obtained 66% of the desired hydroxy
of cylindrospermopsin an important problem that has been the guanidine7 and 15% of the other three diastereomers. The

subject of intense intere&t. 36
We recently reported a short synthesis of mo8ethat
contains the AB rings and hydroxymethyluracil side chain of
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model study was completed by hydrolysis of the pyrimidine
ring in concentrated hydrochloric acid at reftéifor 6 h toafford
8 quantitatively.

MgBr O
H
Cf/ N
N\ + N__N -
Ncpz Y
2 3 OMe 4 (85%) |
[o) (6]
H
H Br “ OMe
‘ N CuBr, ‘
N N_ _N EtOAc N N_ _N
%NHCBZY 7]\NHCBZ OMe
e NCBZ
NCBZ 5 (50%)
H,, Pd/C
MeOH
OH QH
H H:H H HzH
2 OMe . 0
conc
N_ N .Ns N flux. 6 h N_ N .Ng_NH
\[( H \r reflux, T]/ H Y
NH," OMe NH," OH
7 (66% from 5) 8 (95%)

We envisioned that cylindrospermopsi) ¢ould be prepared
analogously by bromination of ketorge Ketone9 should be
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accessible by addition of acetyled®, where X is a latent
aminomethyl group, to aldehyd® It should be possible to
preparel0 by conjugate addition to vinylogous amid4, as
extensively studied by Comirf8.Vinylogous amidel 1 should

be available by addition of trimethylsilylethynylmagnesium
bromide to 4-methoxy-3-methylpyridind2). We report here
the realization of this approach leading to the first synthesis of
(%)-cylindrospermopsin in 20 steps frob? and 3.5% overall
yield.

‘OSSW W
f—

Nx _NH N N
Y H 3

N ‘cBZ OMe
cy||ndrospermopsm( ) 9 U 3
H ~ H H — H
MeO Z RO =
j:/\. x_N
7//OR1 Me OR;
LG X 0 4o

Results and Discussion

4-Methoxy-3-methylpyridine32)*+4>was prepared by modi-
fications of the literature procedure. 3-Methyl-4-nitropyridine
N-oxide (14),*6 was treated with KCO; in methanol at 70C
to displace the nitro group providintg.*> Hydrogenolysis of
crudel5 over 10% Pd/C under 45 psiHor a week reduced
the N-oxide to providel2 in 83% yield from14.

N pp N
Me Me ~N~-0 Me NN

3-picoline (13) 14, X = NO, 12
15, X = OMe (83% from 14)

(a) Hy05, HOAG, reflux; (b) HNO3, H;SO4 95 °C, 24 h; (c)
K;CO3, MeOH, reflux, 4 h; (d)10% Pd/C, 45 psi H,, EtOH

Addition of trimethylsilylethynylmagnesium bromide t®
could occur at either C-2 or C-6. We anticipated that the
3-methyl group would block C-2, so that addition should occur
regioselectively at C-6 even with a sterically undemanding
acetylide nucleophile. Investigation of conjugate additions to
16 (see below) indicated that a vinyl group was a suitable latent
aminomethyl group. Therefore, benzyl chloroformate could not
be used to activate the pyridine to nucleophilic attack as in the
synthesis of since the Cbz group could not be removed without
reduction of the vinyl group. Treatment &2 with TrocCl and
then trimethylsilylethynylmagnesium bromide -a80 °C and
hydrolysis of the dihydropyridine with hydrochloric acid af-
forded 49% (87% based on recoverE) of 16 and 2-3% of
the regioisomer resulting from addition at C-2. Reactiol &f
with ELAICN afforded <20% of the desired 1,4-adduct. Other
procedures for cyanide addition were even less successful.

We then examined the copper-catalyzed addition of vinyl-
magnesium bromide tb6 since Comins has shown that cuprates
add to C-2 cis to a substituent at C-6 in a wide variety of
N-carboalkoxy-5,6-dihydro-4-pyridonés.Piperidonel7 was

(44) Profft, E.; Schulz, GArch. Pharm 1961, 294, 292.

(45) Profft, E.; Krueger, W.; Kuhn, P.; Lietz, W. Ger. Pat. (East) 69,126;
Chem. Abstr197Q 72, 90309w.

(46) Taylor, E. C., Jr.; Crovetti A. J. I@rganic SynthesedRabjohn,

N., Ed.; Wiley: New York, 1963; Collect. Vol. IV, pp 654656.

(47) (a) Corey, E. J.; Boaz, N. Wetrahedron Lett1985 26, 6015. (b)
Alexakis, A.; Berlan, J.; Besace, Yetrahedron Lett1986 27, 1047. (c)
Bertz, S. H.; Miao, G.; Rossiter, B. E.; Snyder, J.J>Am. Chem. Soc.
1995 117, 11023.

J. Am. Chem. Soc., Vol. 122, No. 21, 26009

N
Me X

12

TrocCl, THF, - 30 °C

TMSC=CMgBr
H* workup
16 (87%)

(0]
Hy Mo | ACOR
Ha,
[ =~

T™MS

CuBr-SMe,, -78 °C 0@ \\\\\
~—MgBr R N Me
7 Me™ ©

Troc |
TMSCI, THF 17 (92%)

He

™S
/// o H,

Zn - =
HOAc = Me NH  TMS

18 |

M . NH

e z
7

HO(_~_.
L-Selectride
NH -

J= 32282

J 10.0, 88Hz

\

==

NH
4HZH

19 (90% from 17)

generated in 66% yield by treatmentif with vinylmagnesium
bromide and BE-Et,O in the presence of a catalytic amount of
CuBr-Me,S at—78 °C in THF. The yield ofl7 was improved

to 92% by utilizing TMSCY” instead of BR-Et,O to activate

the cuprate addition. Due to the stron§ & strain between the
alkynyl andN-acyl group ofl16, dihydropyridonel6 adopts the
chair conformation with an axial alkynyl group. Stereoelec-
tronically preferred axial attack by the organocuprate reagent
at C-2 led to the desired isom&r with cis axial alkynyl and
vinyl substituents as observed by Comins in related exanples.
The stereochemistry of the methyl group adjacent to the carbonyl
group was introduced by axial protonation of the enolate which
gives the more stable equatorial methyl group. Attempted
equilibration of 17 in K,COs/MeOH gave only recovered
starting material confirming thal7 is the thermodynamic
product.

Cleavage of the Troc group df7 with zinc dust in acetic
acid for 30 min afforded the free piperidone, which flipped to
give the conformer with equatorial vinyl and alkynyl substituents
and an axial methyl group. The methyl group adjacent to the
ketone equilibrated under the acidic reaction conditions over
an addition&5 h to give the thermodynamically more stable
isomer18 with all three substituents equatorial. Reduction of
18 with L-Selectride in THF at-78 °C and basic hydrolysis
afforded the axial alcohol and cleaved the alkynylsilane provid-
ing the desired piperiding9in 90% yield from17 with control
of all four chiral centers on the A ring. The stereochemistry of
19 was confirmed by analysis of the coupling constants. Large
diaxial coupling constantsl-sax = 10.6 Hz andJ,—3 = 10.0
Hz, established that the methyl, ethynyl, and vinyl substituents
are equatorial. The absence of large diaxial coupling constants
for Ha, J = 3.2, 2.8, 2.4 Hz, indicated that the hydroxy group
is axial.

Conversion of19 to ketone9 required guanidinylation,
elaboration of the vinyl group to an aminomethyl group, and
addition of the acetylene to aldehy@ We were unable to
convert the vinyl group to an aminomethyl group after introduc-
tion of the guanidine, and could not add the acetylene to
aldehyde 3 after introduction of the aminomethyl group.
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Therefore, we protected the amino and hydroxy group$%f

to give alkyne21, which was coupled with aldehyd® even

Xie et al.

NaCNBH,*8 afforded 68% of benzylamin2s. Hydrogenation
(1 atm) of25 over 5% Pd/C in MeOH reduced the triple bond

though this generated a mixture of stereoisomers that had to beand hydrogenolyzed the benzyl and Cbz groups to afford 65
carried through several steps before they reconverged in the?5% of crude diamin6.

oxidation of alcohol29 to ketone30.

Treatment ofl9 with CbzCl and NaCOs in THF afforded
96% of carbamate0. Protection of the alcohol 020 with
TBSCI, imidazole and a catalytic amount of DMAP in &t

provided 89% of21. Treatment of21 with ethylmagnesium
bromide formed the alkynylmagnesium bromide, which was
treated with3 to yield 83% of alcohoR2 as a 1:1 mixture of

diastereomers. Protection of the alcohol 2% with TBSCI,
imidazole, and a catalytic amount of DMAP in @El, gave
88% of 23.

HOI?\\n
N
Me < H

H H

= RO =

(1) CbzCl, Na,CO3, THF J@
N.
Me : Cbz

(2) TBSCI, imidazole,

: DMAP, CH,Cl, :
19 N\ A
20, R = H (96%)
21, R = OTBS (89%)
OR
OMe
(1) EtMgBr, THF,0 °C = X
then 3 TBSO Z N' _N
(2) TBSCI, imidazole, N Y
DMAP, CH,Cl, Me” > g, OMe
N 22, R =H (83%)
23, R = TBS (88%)
0oTBS
(1) O3, DMS, CHyCly, - 78°C Z S OMe
(2) NH,Bn, HOAc, Benzene TBSO N_ _N
(3) NaCNBH3, MeOH N \(
Me : \CbZ OMe
R
24, R = CHO (72%)
25, R = CH,NHBn (68%)
" oTBS
TBSO OMe
5% Pd/C, Hy, MeOH N NI N
T wT ¥
“—NH, OMe
26
H oTBS
(1) CNBr, benzene TBSOMOMe
(2) NaH, CbzCl, THF N N
- . Me H >:N‘ Nﬁ/
—N R ome
27,R=H
28, R = Cbz (45% from 25)
X
RO. H oM
(1) TBAF, THF 7 & e
(2) MnO,, CH,Cl, N Ne N
/N\ N
(3) Ac,0, pyr, 1t Me™ 14 H 7/ Cbz Y
s N OMe
Cbz
29, R=H, X = H, OH (83%)
30, R=H, X =0 (87%)
31, R=Ac, X=0 (87%)

Ozonolysis of23 for 20 min cleaved the double bond,
providing 72% of aldehyde4 after reductive workup with

Me,S. Condensation of aldehyd24 with benzylamine in

benzene, followed by reduction of the resulting imine with

Conversion of the diamine &6 to a guanidine proved very
challenging. Eventually we found that slow addition of 1 equiv
of cyanogen bromid¥ to 26 in dilute toluene solution gave
the primary cyanamide which cyclized to form guanidRié
The use of excess cyanogen bromide led to the bis-cyanamide.
Protection of the guanidine with CbzCl and NaH in THF at
room temperature f8 h afforded28in 45% overall yield from
25 and 10% of a byproduct in which one Cbz group and one
benzyl group are attached to the guanidine. Presumably, reaction
of chloride ion with benzyl chloroformate formed benzyl
chloride.

Desilylation of28 with TBAF in THF at room temperature
overnight gave 83% 029, which was oxidized with Mn@in
CH,CI; to form 87% of ketone30. Since the eight steps from
22to 30 were carried out with a mixture of diastereomers, the
structure and stereochemistry of keto88 was carefully
confirmed spectroscopically. The coupling constant betwegn H
and Hya, J = 11.0 Hz, and Hy and Hia J = 11.6 Hz,
demonstrated that 4d Hiz and Hy4 are axial. Hy, with a very
narrowW,, is equatorial. The small geminal coupling constant
for His, J = 10.0 Hz, established that the five-membered C
ring had been formed.

Bromination of ketone30 could not be accomplished. The
alcohol was therefore acetylated with acetic anhydride in
pyridine at room temperature, which gave 87% of a 9:1 mixture
of 31and the enol acetate. The enol acetate was the only product
when DMAP was added to the reaction mixture. Basic hydroly-
sis of the enol acetate with KHGOn methanol also cleaved
one of the Cbz groups; thus, the 9:1 mixture was used since
both the ketone and enol acetate should form the same bromo
ketone.

Bromination of31 with CuBr, in EtOAc at room temperature
for 30 min gave an unstable mixture of bromo ketones and a
tricyclic compound in which one of the Cbz groups had been
lost and the §2 reaction had taken place. Immediate hydro-
genation of this mixture over 5% Pd/C in methanol provided a
1:3 mixture of the desired produ@2 and stereocisomes3.
Fortunately, hydrogenation over 20% Pd(Q¥)gave an easily
separable 3:2 mixture 032 and 33 in 71% yield from the
mixture of acetoxy keton&1 and the enol acetate. Hydro-
genolysis of the Cbz groups afforded the free guanidine, which
underwent an intramoleculag3 reaction to form the third ring.
We expected that hydrogenation of the ketone should be the
slowest step. Equilibration of the ketone side chain before
hydrogenation should favor the desired ison3 with an
equatorial side chain. We therefore carried out the hydrogenation
in the presence of bases such a€R;s, EtsN, and KHCQ and
acids such as formic acid and HCI. Unfortunately, none of the
acids improved the ratio 32 to 33. Much lower yields were
obtained in the presence of the bases.

The stereochemistry of the newly formed six-membered ring
of 32 was assigned on the basis of the coupling consfgpix
= 11.6 Hz, which is very similar to that dof (Jgoax = 11.4
Hz). This established thatgHs axial as inl. The absorption
for Hz7in 32, 6 4.68 (d,J = 3.7 Hz) corresponds closely to that

(48) Borch, R. F.; Bernstein, M. D.; Durst, H. 3. Am. Chem. Soc.
1971, 93, 2897.

(49) (a) Siddiqui, S.; Begum, S.; Siddiqui, B. &. Naturforsch.1982,
37h 1481. (b) Siddiqui, S.; Haider, S. |.; Ahmad, S. S.; Siddiqui, BZS.
Naturforsch.1985 40b, 546. (c) Ahmad, S. S.; Haider, S. I.; Fatima, I.
Synth. Commuri987 17, 1861.
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H
AcOMOMe
|
N N NN 31
Me™ = T bz T
—N,_ OMe
Cbz
(1) CuBr,, EtOACc, rt, 30 min
(2) Ha, Pd(OH),/C, MeOH
OH OH
Aco M H = ome aco, - _.H OMe
7 7Y )
N _N. .Ns_N N_ _N. NN
Me” TR Me” > THTY
—N! OMe AN OMe
H 32 (42%) H 33 (28%)
(1) conc HCI reflux conc HCI reflux
(2) SO3+DMF, pyr, DMF
OR? OH
HoH? HoH
R'o o HO - o
- N W
N_ N. .Ns_NH N_ _N. Ny _NH
Me” Ty HTY Me” Y
H =N OH H,5'~N:H OH

H o
34, R'=R%? = H (95%) 35 (95%)

1, R' =805, R? = H (60-80%) (cylindrospermopsin)
36, R'=R?= S0,

of cylindrospermopsing 4.70 (d,J = 3.9 Hz), suggesting that
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Table 1. Cell Glutathione (GSH) as Percentage of Control in Rat
Hepatocytes Incubated with Naturat)-1, Synthetic £)-1, and
Diol 34

concentrationgM)

compound 032 063 125 250 7,50 100
natural ()-1 109 91 54 15 12 12
synthetic {)-1 - 93 109 104 36 25
diol 34 110 61 30 19 14 9

(GSH) in heptatocytes. This loss always precedes cell death.
Cell GSH levels of rat hepatocytes incubated for 19 h with
natural ¢)-1, synthetic £)-1, and diol 34 at the indicated
concentrations are shown in Table 1. Model guani@isbowed
no reduction of GSH levels at 1600 uM. These results
indicate that synthetic)-1 is active, confirming the chemical
identity of the natural and synthetic material. Racemic 8ibl
is more potent than racemicand as least as potent as the natural
toxin, clearly demonstrating that the sulfate group is not
necessary for either biological activity or entry into the cell.
In conclusion, the first total synthesis of the novel hepatotoxin
(+£)-cylindrospermopsinl) has been accomplished in 20 steps
from 4-methoxy-3-methylpyridinel@) in 3.5% overall yield.
The substituted piperidine A ringj9 was generated stereospe-
cifically by a four-step sequence using the addition of trimeth-
ylsilylethynylmagnesium bromide t@2 to give 16 and ste-
reospecific addition of vinylcupratk6 to form 17. The reaction

hydrogenation of the ketone afforded the correct stereochemistryof diamine 26 with cyanogen bromide produced the cyclic

at C-7. Stereoisome33 has the opposite ring fusion stereo-
chemistry since the coupling constadfg.x= 5.5 Hz, indicates
that Hs is equatorial. Only a single isomer was formed, but the
stereochemistry at C-7 iB3 could not be assigned.

Hydrolysis of 32 in concentrated hydrochloric acid at 100
°C for 6 h afforded 95% of uracil di@4 with *H and'3C NMR
spectral data virtually identical to those of cylindrospermopsin
except for the protons and carbons close tp. @ similar
hydrolysis of33 provided 95% of35.

Monosulfatior?®52 of the ring alcohol 034 was needed to

guanidine C ring of27. The key step in the synthesis was
bromination of keton&1, followed by hydrogenation to liberate
the free guanidine, which underwent an intramoleculg? S
reaction to form the tetrahydropyrimidine ring B. Further
hydrogenation reduced the ketone to yield 4298®€ontaining

the fully functionalized tricyclic system and protected hy-
droxymethyluracil side chain of cylindrospermopsin. Hydrolysis
of the pyrimidine in concentrated hydrochloric acid and selective
monosulfation completed the synthesis of cylindrospermopsin.

complete the synthesis. Since both alcohols are secondary, itEXPerimental Section

was not obvious which would be more reactive. Reactio84of
with 10 equiv of S@DMF in anhydrous pyridine and DMF
overnight and concentration in a vacuum gave a mixture of
cylindrospermopsinl) and the bis-sulfate ester containing some
DMF and pyridine, indicating that the ring alcohol is more

reactive. We were delighted to find that reverse phase chroma-

tography on Gg-silica gel using RO as the eluent and NMR
spectroscopy to monitor fractions gave pure bis-sulfate ester
36 followed by purel. Sulfation of 34 with 6 equiv of SQ-
DMF gave 60-80% of cylindrospermopsin after purification.
The ™H and13C NMR spectral data of are identical to those
reported for the natural produtfThe absorption for kb shifts
downfield tod 4.60 in1 from 6 4.03 in32, while the absorption
for H; at 0 4.72 in 1 is virtually identical to that of32 at
4.78. H;; of bis-sulfate esteB6 also absorbs at 4.61, while
H- is now also shifted downfield té 5.20, and H is shifted
downfield from¢d 3.87 in1to 6 3.99 in36.

The toxicities of8, diol 34, and synthetic cylindrospermopsin
((&£)-1) were compared to that of natura)-12 in the in vitro
hepatocyte assay previously descriBédatural 1 has been
shown to cause depletion of the cellular antioxidant glutathione

(50) Sulfation of Drugs and Related Compoundtulder, G. R., Ed.;
CRC Press: Boca Raton, FL, 1981; p 51.

(51) Lubineau, A.; Lemoine, RTetrahedron Lett1994 35, 8795.

(52) Futaki, S.; Taike, T.; Yagami, T.; Ogawa, T.; Akita, T.; Kitagawa,
K. J. Chem. Soc., Perkin Trans.1B9Q 1739.

General. NMR spectra were recorded at 400 MHz in CRGhless
otherwise indicated. Chemical shifts are reportediand coupling
constants in Hz. IR spectra are reported in&m

Formation of Dihydropyridine 16. A solution of trimethylsilyl-
ethynylmagnesium bromide in THF was prepared from ethynyltri-
methylsilane (3.6 mL, 25.1 mmol) and EtMgBr (3 M in diethyl ether,
8.4 mL, 25.1 mmol) under nitrogen. TrocCl (3.9 mL, 20.9 mmol) was
added dropwise at30 °C to a solution of 4-methoxy-3-methylpyridine
(12) (2.57 g, 20.9 mmol) in 50 mL of THF. The resulting white
suspension was stirred for 30 min at30 °C, and the above
trimethylsilylethynylmagnesium bromide solution was transferred by
cannula to the suspension. The mixture was stirred3 °C for 2 h.
Hydrochloric acid (1 M, 20 mL) was then added, and the mixture was
stirred at room temperature for 30 min and diluted witdt©H60 mL).

The mixture was extracted with EtOAc (2 80 mL). The combined
organic layers were washed with water (50 mL) and brine (80 mL),
dried (NaSQy), and concentrated. Flash chromatography of the residue
on silica gel (25:1 hexane/EtOAc, 5:1 hexane/EtOAc) gave 520 mg
(7%) of a 1:2 mixture ofL6 and the regioisomer resulting from addition
to the carbon adjacent to the methyl group, followed by 3.99 g (49%,
87% based on recoverek?) of 16 as a white crystalline solid. The
combined aqueous layers after workup were treated &iN NaOH
solution (70 mL), and extracted with EtOAc ¢260 mL). The EtOAc
layers were washed with brine (70 mL), dried ¢8&y), and concen-
trated to provide 900 mg (35%) of recovergd

The data forl6: mp 119.8-120.2°C; *H NMR 7.66-7.58 (br, 1),
5.41 (ddd, 1J = 6.8, 1.5, 1.5), 5.084.80 (br, 2), 2.87 (dd, 1J =
16.4, 6.8), 2.70 (dd, 11= 16.4, 1.5), 1.83 (d, 1] = 1.2), 0.11 (s, 9);
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13C NMR (25°C) 191.3, 150.9 (br), 137.0 and 135.7 (br), 116.6 (br),
100.3, 94.4, 89.7, 75.8, 46.1, 41.3, 13-@.4 (3 C) (at 35C the peaks

Xie et al.

12.8,11.3, 6.1), 1.89 (dddd, 1= 12.8, 4.2, 2.1, 1.0), 1.01 (d, 3=
6.8); °C NMR 156.2, 137.8, 136.6, 128.7 (2 C), 128.2, 127.9 (2 C),

at 150.9 and 116.6 became sharper, and the two peaks at 137.0 and 16.6, 84.4, 72.0, 67.9, 64.0, 61.4, 42.5, 37.9, 32.8, 11.5; IR (neat)

135.7 collapsed to a broad peak at 136.6); IR (KBr) 3062, 2175, 1754,
1660. Anal. Calcd for @H1gNOsSiCls: C, 43.93; H, 4.74; N, 3.66.
Found: C, 43.76; H, 4.74; N, 3.58.

The data for the regioisomer df6 were determined from the
mixture: *H NMR 7.72 (br d, 1J = 8), 5.52-5.48 (br, 1), 5.26:5.22
(br, 1), 5.06-4.58 (br, 2), 2.81 (dq, 1) = 6.4, 6.4), 1.26 (d, 3) =
6.4), 0.12 (s, 9).

Formation of 17. To a solution of CuBiSMe, (486 mg, 2.36 mmol)
in 80 mL of THF was added vinylmagnesium bromide (1 M in THF,
17.7 mL, 17.7 mmol), and then a solution 16 (4.51 g, 11.8 mmol)
and TMSCI (7.5 mL, 59.0 mmol) in 40 mL of THF at78 °C. The
mixture was stirred at-78 °C for 2 h, quenched by 10 mLfd N HCI
solution, diluted with HO (40 mL), and extracted with EtOAc (8
80 mL). The combined organic layers were washed with water (120
mL) and brine (100 mL), dried (N80Qs), and concentrated. Flash

3448, 3295, 2106, 1685, 1406, 1326, 1262; HRMS (GC/MS EI 20 eV)
calcd for GgH21NO3 299.1521, found 299.1507.

Silyl Ether 21. To a solution 020 (2.84 g, 9.47 mmol) in dry CH
Cl, (20 mL) was added imidazole (2.84 g, 47.4 mmol), TBSCI (1.56
g, 10.4 mmol), and a catalytic amount of DMAP (50 mg). The mixture
was stirred at room temperature overnight and added to saturated NH
Cl solution. The organic layer was separated, and the aqueous layer
was extracted with CKCl, (2 x 90 mL). The combined organic layers
were washed with water (100 mL) and brine (100 mL), dried,fNa
S0Oy), and concentrated. Flash chromatography of the residue on silica
gel (10:1 hexane/EtOAc) gave 3.49 g (89%)dfas an oil: 'H NMR
7.38-7.28 (m, 5), 6.38 (ddd, 1 =17.2, 10.4, 7.0), 5.22 (ddd, 1=
6.2, 2.4, 2.0), 5.19 (ddd, 7,= 17.2, 1.2, 1.2), 5.17 (s, 2), 5.11 (ddd,
1,J=104,12,12),4.61 (brd, J,=7.0), 4.38 (ddd, 1J = 11.4,
4.2, 4.2), 2.28 (d, 1J = 2.4), 2.10 (ddq, 1J = 4.2, 2.8, 7.2), 1.97

chromatography of the residue on silica gel (10:1 hexane/EtOAc) gave (ddd, 1,J = 13.2, 11.4, 6.2), 1.75 (ddd, 3= 13.2, 4.2, 2.0), 0.98 (d,

4.47 g (92%) ofL7 as a white crystalline solid: mp 9+41.8°C; H
NMR 6.15-6.05 (br, 1), 5.53 (br s, 1), 5.33 (br d, 1= 17.2), 5.18
(dd, 1,0=10.0, 1.6), 5.135.05 (br, 1), 4.854.79 (br, 2), 2.96-2.81

(m, 2), 2.62 (dd, 1) = 14.0, 2.4), 0.97 (d, 3] = 6.8), 0.10 (s, 9)}°C
NMR 205.9, 153.0, 132.6, 120.3, 103.8, 95.1, 91.1, 75.4, 63.2, 46.4,
45.6, 45.1 (br), 10.9:-0.6 (3 C); IR (KBr) 3081, 2174, 1724, 1642,
1456. Anal. Calcd for GH22NOsSICl;: C, 46.78; H, 5.40; N, 3.41.
Found: C, 46.72; H, 5.42; N, 3.32.

Formation of 18. A suspension 017 (4.47 g, 10.9 mmol) and zinc
dust (5.0 g) in CHCI/HOACc (1/3, 40 mL) was stirred vigorously at
room temperature for 5 h. The mixture was filtered, and the filtrate
was concentrated, neutralized withJ8&; solution, and extracted with
EtOAc (3 x 70 mL). The combined organic layers were washed with
brine (100 mL), dried (Ng&Os), and concentrated. Flash chromatog-
raphy of the residue on silica gel (3:1 hexane/EtOAc) gave 2.48 g (96%)
of 18 H NMR 5.74 (ddd, 1,J = 16.8, 10.0, 8.0), 5.16 (d, I =
16.8), 5.13 (dd, 1J = 10.0, 1.2), 3.70 (dd, 1] = 9.6, 5.2), 2.88 (dd,
1,J=10.4, 8.0), 2.582.49 (m, 2), 2.20 (dq, 1] = 10.4, 6.8), 2.01
(br s, NH), 0.87 (d, 3) = 6.8),—0.075 (s, 9)*C NMR 207.2, 138.1,
118.1, 104.3, 88.5, 66.1, 49.4, 48.2, 47.7, 9:9.3 (3 C); IR (neat)
3316, 3079, 2178, 1715; HRMS (GC/MS,EI 20 eV) calcd fasHG-
NOSi (MH") 234.1314, found 234.1316.

Reduction of 18 to 19.L-Selectride (21.0 mL, 1.0 M in THF, 21.0
mmol) was added to a solution @B (2.48 g, 10.5 mmol) in 100 mL
of THF at—78 °C. The solution was stirred 2 h, and the reaction was
guenched with saturated aqueous NaH@ED mL). The mixture was
extracted with EtOAc (3« 60 mL). The combined organic layers were
concentrated to provide a wet oil. The oil was then taken up in EtOH
(50 mL) and 1 N NaOH solution (7 mL). The solution was refluxed
for 2 h, and poured onto saturated aqueous Naki€fution, which
was extracted with EtOAc (% 60 mL). The combined organic layers
were washed with brine (100 mL), dried (M), and concentrated.
Flash chromatography of the residue on silica gel (3:1 hexane/EtOAc,
then 1:1 hexane/EtOAc) gave 1.63 g (94%)L6fas a white crystalline
solid: mp 107.6-107.2°C; 'H NMR 5.70 (ddd, 1,J = 16.4, 10.4,
8.8), 5.19 (dd, 1J = 16.4, 2.0), 5.11 (dd, 11 = 10.4, 2.0), 3.96 (ddd,
1,J=10.6, 2.6, 2.6), 3.94 (ddd, 1,= 3.2, 2.8, 2.4), 3.18 (dd, I,=
10.0, 8.8), 2.24 (d, 1J = 2.6), 2.03 (ddd, 1J = 14.0, 2.6, 3.2), 1.84
(ddd, 1,J = 14.0, 10.6, 2.8), 1.49 (ddq, 1= 10.0, 2.4, 6.8), 0.89 (d,
3,J=6.8); 1°*C NMR 139.6, 117.1, 85.3, 70.5, 68.6, 60.0, 41.7, 40.1,
39.0, 14.5; IR (KBr) 3288, 3179, 2119; HRMS (GC/MS EI 20 eV)
calcd for GoH1gNO (MH™) 164.1075, found 164.1071.

Formation of 20. To a solution of19 (1.63 g, 9.87 mmol) in THF
(40 mL) was added solid N&O; (3.0 g) and CbzCl (1.7 mL, 11.8
mmol). The suspension was stirred vigorously overnight at room
temperature, and the BaO; was filtered off. The filtrate was
concentrated and purified on silica gel (10:1 hexane/EtOAc, then 1:1
hexane/EtOAc) to give 2.84 g (96%) 26 as an oil: *H NMR 7.37—
7.30 (m, 5), 6.37 (ddd, 1] = 17.1, 10.4, 7.3), 5.26 (ddd, 1,= 6.1,
2.1,2.1),5.21 (ddd, 1= 17.1, 1.4, 1.4), 5.17 (s, 2), 5.11 (ddd, I,
=10.4, 1.4, 1.4), 4.63 (br d, 3,= 7.3), 4.44 (dddd, 1) = 11.3, 4.9,
4.8, 4.2), 2.28 (d, 1) = 2.1), 2.26-2.18 (m, 1), 1.98 (ddd, 1] =

3,J=7.2), 0.89 (s, 9), 0.07 (s, 6}3C NMR 155.8, 137.8, 136.4,
128.3 (2 C), 127.6, 127.0 (2 C), 116.0, 84.3, 71.4, 67.4, 64.4, 61.0,
42.2, 38.3, 33.2, 25.7 (3 C), 17.9, 1144.8, —4.9; IR (neat) 1702,
1404, 1109; HRMS (GC/MS CI/CHi calcd for G4H3zeNOsSi (MH™T)
414.2464, found 414.2453.

Formation of 22. To a solution of21 (3.49 g, 8.44 mmol) in THF
(60 mL) was added EtMgBr (1 M in THF, 9.3 mL, 9.3 mmol) at©
under N. The reaction mixture was warmed to room temperature and
stirred at room temperature for 2 h. A solution3f1.56 g, 9.28 mmol)
in THF (40 mL) was then added dropwise to the mixture. The reaction
was stirred at 0C for 2 h and poured into a saturated MH solution
(60 mL), the organic layer was separated, and the water layer was
extracted with EtOAc (2 80 mL). The combined organic layers were
washed with water (70 mL) and brine (70 mL), dried ¢8&), and
concentrated. Flash chromatography of the residue on silica gel (10:1
hexane/EtOAc, 3:1 hexane/EtOAc, then 1:1 hexane/EtOAc) gave 569
mg (16%) of recovere@l, followed by 3.39 g (69%, 83% based on
recovered®l) of 22 as a 1:1 mixture of diastereomerdd NMR 7.37—

7.27 (m, 5), 6.483 (s, % 0.5), 6.480 (s, 1x 0.5), 6.22 (ddd, Ix 0.5,
J=17.0, 10.4, 5.8), 6.20 (ddd, £ 0.5,J = 17.2, 10.4, 5.8), 5.24

5.27 (m, 1), 5.15 (s, % 0.5), 5.14 (s, 2x 0.5), 5.13 (br d, 1J =
17.0), 5.02 (ddd, & 0.5,J = 10.4, 1.0, 1.0), 5.00 (ddd, & 0.5,J =

10.4, 1.0, 1.0), 4.58 (br s, Wy, = 14.0), 4.30 (ddd, Ix 0.5, =
10.8,4.2,4.2), 4.26 (ddd, % 0.5, =10.8, 4.2, 4.2), 4.00 (s, 3), 3.97

(s, 3),3.91 (d, 1x 0.5, =5.2), 3.86 (d, 1x 0.5, = 4.8), 2.07 (m,

1), 1.94 (ddd, 1x 0.5,J = 13.2, 11.6, 6.4), 1.92 (ddd, £ 0.5,J =

13.2, 11.6, 6.4), 1.741.67 (m, 1), 0.95 (d, 3) = 6.8), 0.86 (s, 9

0.5), 0.84 (s, % 0.5), 0.02 (s, 6)*C NMR 172.3, 168.5, 165.0, 155.8

(2 C), (138.18, 138.06), 136.4, 128.4, (127.91, 127.89), (127.63, 127.61)
(2 C), (115.79, 115.70), (97.90, 97.88), (86.71, 86.63), 81.1, (67.49,
67.46), (64.52, 64.48), (63.14, 63.05), (60.63, 60.59), 54.9, 54.1, (42.57,
42.52), (37.93, 37.84), (33.32, 33.24), (25.69, 25.67) (3 C), (17.97,
17.96), (11.44, 11.39)4.86,—4.96) (2 C); IR (neat) 3429 (br), 1701,
1596, 1571, 1356; HRMS (DCI/N$)i calcd for GiHasN30sSi (MHT)
582.2999, found 582.3003.

Bis-silyl Ether 23. To a solution 0f22 (3.39 g, 5.83 mmol) in dry
CH,Cl, (20 mL) was added imidazole (1.75 g, 29.2 mmol), and TBSCI
(962 mg, 6.41 mmol). The above mixture was stirred at room
temperature fo5 h and poured into a saturated M solution. The
organic layer was separated, and the aqueous layer was extracted with
CH.CI, (2 x 80 mL). The combined organic layers were washed with
water (120 mL) and brine (100 mL), dried (p&0s), and concentrated.
Flash chromatography of the residue on silica gel (10:1 hexane/EtOAc)
gave 3.56 g (88%) 023 as a 1:1 mixture of diastereomerdd NMR
7.35-7.28 (m, 5), 6.62 (s, 1), 6.28 (ddd, 1= 17.2, 10.4, 7.4), 5.26
5.22 (m, 2), 5.1#5.08 (m, 3), 4.984.95 (m, 1), 4.56 (br d, 1J =
6.7), 4.29-4.21 (m, 1), 3.97 (s, 3), 3.95 (s, 3), 2:62.02 (m, 1), 1.96-

1.87 (m, 1), 1.7£1.65 (m, 1), 0.949 (d, X 0.5,J = 6.7), 0.945 (d,
3x0.5,J=6.7),0.92 (s, 9), 0.85 (s, 2 0.5), 0.84 (s, & 0.5), 0.16
(s, 6x 0.5), 0.15 (s, 6< 0.5), 0.12 (s, 6 0.5), 0.11 (s, 6x 0.5);1°C
NMR (172.41, 172.43), 171.1, 165.0, 155.8, 138.1, 136.5, 128.4 (2
C), 127.8, 127.6 (2 C), (115.8, 115.7), 97.3, 85.8, 81.9, 67.4, (65.33,
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65.29), 64.5, (60.95, 60.89), (54.68, 54.67), 53.8, (42.54, 42.53), (38.45, (125.4-127.4) (10 C), 97.2, (74.5, 74.3), (68.9, 68.8), 67.9, 67.0, 56.7,
38.34), (33.35, 33.24), 25.7 (6 C), (18.2, 17.9) (2 C), (11.42, 11.40), 54.5, 53.5, (51.89, 51.82), (47.77, 47.69), (39.00, 38.97), 38.2, (34.28,

—4.68,—4.70,—5.04,—5.18; IR (neat) 1706, 1696, 1573, 1461, 1357,
HRMS (FAB) calcd for GsHssN3OsSi; (MH™) 696.3864, found
696.3850.

Formation of Aldehyde 24.A stream of ozone was introduced into
a solution 0f23 (3.56 g, 5.11 mmol) in CkCl, (200 mL) at—78 °C
for about 20 min until the solution turned bluish. Nitrogen was bubbled
through the solution for 10 min to purge the excess ozongeS\M&.50
mL, 20.5 mmol) was added, and the mixture was then stirred7&

34.12), (27.47, 27.37), (25-25.6) (6 C), (17.95, 17.85) (2 C), (13.55,
13.50), 4.5,—5.2) (4 C); IR (neat) 1758, 1594, 1355; HRMS (FAB)
calcd for GsHesNsOgSiz (MH™) 682.4606, found 682.4603.

Data for the benzyl methylene groups of the byproduct: 5.04 (d, 1,
J=12.4),4.98 (d, 1) =12.4),4.24 (d, 1) = 14.8),4.19 (d, 1J =
14.8).

Formation of Diol 29. A solution 0f28 (370 mg, 0.429 mmol) and
TBAF (1 M in THF, 900xL, 0.90 mmol) in THF (10 mL) was stirred

°C for 20 min. The solution was concentrated, and the residue was at room temperature overnight. The solution was concentrated, and the

purified by flash chromatography on silica gel (5:1 hexane/EtOAc) to
provide 2.56 g (72%) oR4 as a 1:1 mixture of diastereomerd
NMR 9.77 (s, 1x 0.5), 9.67 (s, 1x 0.5), 7.36-7.26 (m, 5), 6.57 (s,

1 x 0.5), 6.55 (s, Ix 0.5), 5.35-5.13 (m, 5), 4.66-4.38 (m, 1), 3.96-

3.92 (m, 6), 2.72-2.53 (m, 1), 1.951.52 (m, 2), 0.90 (d, 3] = 6.8),

0.89 (s, 9), 0.83 (s, & 0.5), 0.82 (s, % 0.5), 0.15-0.05 (m, 12);1°C
NMR (201.1, 200.7), (172.5, 172.4), (170.6, 170.5), 165.1, (159.80,
159.78), (135.9, 135.8), (128.6, 128.5) (2 C), (128.3, 128.2), (127.86,
127.82) (2 C), (97.24, 97.18), (84.1, 83.9), 83.3, (68.23, 68.15), 66.7
(br), (65.14, 65.11), 64.5, (54.8, 54.7), (53.89, 53.87), (43.9, 42.8), 38.4,
(32.8, 32.3), (25.67, 25.64) (6 C), (18.2,17.9) (2 C), (10.0, 9-14..8,
—5.1) (2 C), £5.1,-5.2) (2 C); IR (neat) 1709, 1595, 1574, 1358;
HRMS (DCI/NH;) caled for GeHseN3zO7Si, (MH*) 698.3657, found
698.3698.

Benzylamine 25.To a solution o024 (2.56 g, 3.67 mmol) in toluene
(40 mL) containing NgSO, (5 g) was added benzylamine (2.0 mL,
18.4 mmol) and HOAc (1.3 mL, 22.0 mmol) under nitrogen. The
solution was stirred at room temperature for 2 h. MeOH (50 mL) and
NaCNBH; (1.20 g, 18.4 mmol) were then added and the resulting

residue was purified by flash chromatography on silica gel (10:3-CH
Cl/MeOH) to give 226 mg (83%) of29 as a 1:1 mixture of
diastereomersiH NMR 7.44-7.22 (m, 10), 6.44 (s, X 0.5), 6.42 (s,
1 x 0.5), 5.13 (s, 2), 5.05 (br s, 2), 45@.48 (m, 1), 3.958 (s, X
0.5), 3.955 (s, 3« 0.5), 3.924 (s, 3 0.5), 3.920 (s, 3< 0.5), 3.96-
3.92 (m, 1), 3.7#3.67 (m, 1), 3.583.48 (m, 3), 2.552.30 (m, 1),
2.20-1.50 (m, 5), 0.94 (d, 3) = 6.8); °C NMR (174.05, 173.94),
172.2, 164.8, 159.0, 151.5, (149.9, 149.8), 137.1, 135.1, +22®8.6
(10 C), (97.30, 97.29), (72.53, 72.36), (68.29, 68.31), (67.94, 67.91),
67.3, (56.4, 56.3), 54.7, 53.8, (51.9, 51.7), (48.1, 47.9), (39.1, 38.9),
(38.45, 38.37), (33.7, 33.5), (27.7, 27.6), (13.00, 12.93); IR (neat) 1752,
1596, 1570, 1355; HRMS (DCI/Nji calcd for GsHioNsOs (MH™)
634.2877, found 634.2874.

Formation of Ketone 30. Activated MnQ (200 mg, 2.00 mmol)
was added to a solution @ (160 mg, 0.253 mmol) in 6 mL of CH
Cl, at room temperature. The reaction mixture was stirred at room
temperature fol h and filtered through a plug of Celite. The filtrate
was concentrated and purified on silica gel (1:1 hexane/EtOAc, EtOAc)
to give 138 mg (87%) 080 as an oil: *H NMR 7.37-7.20 (m, 10),

mixture was stirred at room temperature for another 2 h. Saturated 6.89 (s, 1), 5.13 (s, 2), 4.97 (s, 2), 3.99 (s, 3), 3.98 (s, 3),-33997

NaHCG; solution (60 mL) was added, and the solution was extracted
with EtOAc (3 x 80 mL). The combined organic layers were washed
with brine (100 mL), dried (N#50s), and concentrated. Flash chro-
matography of the residue on silica gel (3:1 hexane/EtOAc) gave 1.97
g (68%) of25as a 1:1 mixture of diastereomerd:d NMR 7.40-7.23

(m, 10), 6.65 (s, Ix 0.5), 6.47 (s, 1x 0.5), 5.36-5.13 (m, 4), 4.34

4.16 (m, 2), 3.97 (s, 3), 3.94 (s, 3), 3:82.60 (M, 2), 3.36-3.08 (m,

1), 2.94-2.82 (m, 1), 2.26-2.07 (m, 1), 1.971.80 (m, 1), 1.751.60

(m, 1), 1.06-0.80 (m, 18), 0.26:0.00 (m, 12)3C NMR 172.4, (171.11,
171.06), (165.1, 165.0), (140.6), 139.0, (136.49, 136.46), (+226.6),

(10 C), 97.3, (85.7, 85.6), 81.3, 67.5, (65.31, 65.25), 64.6, (58.6, 58.5),
51.2, 51.1, 49.5, 425, 35.3, 33.1, 27.4, (25.71, 25.68) (6 C), (18.2,
18.0) (2 C), (11.6, 11.5),(4.7,—4.9) (2 C), (5.0, —5.1) (2 C); IR
(neat) 3320, 1946, 1700, 1574, HRMS (FAB) calcd fagHsN4OsSiz
(MH™") 789.4443, found 789.4475.

Bis-Cbz-Protected Guanidine 28A suspension 025 (1.97 g, 2.49
mmol) and 5% Pd/C (1.00 g) in MeOH (70 mL) was stirred at room
temperature under H1 atm) overnight. The Pd catalyst was filtered
off, and the filtrate was concentrated to provide 1.02 g of cr2ée

To a solution of crude6 (1.02 g) in toluene (80 mL) was added
slowly a solution of CNBr (170 mg, 1.61 mmol) in toluene (40 mL)
over 3 h. The mixture was stirred at room temperature2fdr and
concentrated to provide crudy.

To a solution of crud®7in THF (20 mL) was added excess NaH
(400 mg, 9.60 mmol) and CbzCl (914, 6.40 mmol) at 0°C. The
mixture was stirred at room temperature for 8 h. Unreacted NaH was
filtered off and quenched carefully with 2-propanol. The filtrate was
concentrated and purified by flash chromatography on silica gel (10:1
hexane/EtOAc, then 2:1 hexane/EtOAc) to give 880 mg (45% from
25) of 28as a 1:1 mixture of diastereomers followed by 190 mg (10%)
of a byproduct with one Cbz group and one benzyl group on the
guanidine.

The data for28 H NMR 7.45-7.30 (m, 10), 6.58 (s, Xk 0.5),
6.56 (s, 1x 0.5), 5.19-5.05 (m, 4), 4.65 (dd, k 0.5, = 7.2, 3.6),
4.64 (dd, 1x 0.5,J=7.2, 3.6), 3.99 (s, X 0.5), 3.98 (s, 3), 3.97 (s,
3x 0.5),3.94-3.91 (m, 1), 3.76:3.40 (m, 4), 2.622.54 (m, 1), 2.46
2.30 (m, 1), 2.22-2.10 (m, 1), 2.051.54 (m, 4), 0.95 (s, 9), 0.94 (s,
9), 0.91 (d, 3J = 6.8), 0.11 (s, 6 0.5), 0.09 (s, 6 0.5), 0.084 (s,

6 x 0.5), 0.075 (s, 6x 0.5); °C NMR (175.57, 175.46), (172.00,

171.97), (164.69, 164.65), 158.8, 151.4, (149.15, 149.12), 137.1, 135.1,

(m, 1), 3.96-3.90 (m, 1), 3.823.74 (m, 1), 3.583.55 (m, 1), 3.55
(ddd, 1,J=10.8, 8.0, 5.6), 3.27 (brt, 3,= 7.0, 7.0, 1.2), 2.782.69

(m, 1), 2.26-2.17 (m, 1), 1.96 (ddd, = 13.0, 11.0, 3.1), 1.82 (ddd,
1,J=13.0,3.2,3.2), 1.741.64 (m, 1), 0.95 (d, 3] = 6.7);*H NMR
(CsDg) 7.40-7.00 (m, 11), 5.33 (s, 2), 5.02 (d, 1= 12.2), 4.96 (d,
1,J=12.2), 3.78 (s, 3), 3.50 (s, 3), 3.58.40 (m, 2), 3.20 (dd, 1]
=10.0, 8.0), 3.183.12 (m, 1), 2.99 (dd, 11 = 10.0, 5.6), 2.982.91

(m, 1), 2.84 (ddd, 1) = 12.8, 7.2, 5.6), 2.382.32 (m, 2), 1.51.2

(m, 3), 0.34 (d, 3)=7.3);'3C NMR 200.4, 172.9, 165.6, 161.5, 158.9,
151.5, 149.2, 137.1, 135.2, 128.6 (2 C), 128.49, 128.47, 128.1 (2 C),
127.9 (2 C), 127.4 (2 C), 99.1, 68.3, 68.1, 67.2, 56.5, 55.1, 54.3, 51.4,
47.8, 38.5, 38.1, 35.2, 25.8, 12.9; IR (neat) 1752, 1707, 1592, 1566,
1387, 1357, 1254; HRMS (FAB) calcd for 3i3sNsOg (MH™)
632.2720, found 632.2718.

Acetate 31.To a solution 0f30 (138 mg, 0.218 mmol) in pyridine
(5 mL) was added acetic anhydride (62, 0.656 mmol). The mixture
was stirred at room temperature overnight and concentrated under
reduced pressure. Purification of the residue on silica gel (1:1 hexane/
EtOAc) provided 130 mg of a 5:1 mixture of acetdteand enol acetate
of 31 (87%) as an oil that was used for the next step.

The data for31 determined from the mixtureH NMR 7.36-7.21
(m, 10), 6.90 (s, 1), 5.15 (br s, 1), 5.13 (s, 2), 4.99 (s, 2), 3.99 (s, 3),
3.98 (s, 3), 3.953.92 (m, 1), 3.7+3.63 (m, 1), 3.56 (dd, 11 = 10.0,

5.5), 3.48 (ddd, 1) = 11.0, 8.8, 6.1), 3.27 (dd, 3,= 7.0, 7.0), 2.71
(dddd, 1,J = 13.4, 7.0, 7.0, 6.7), 2.22 (dddd, 1,= 13.4, 8.0, 7.0,
7.0), 2.08 (s, 3), 1.96 (ddd, 3,= 14.6, 3.7, 3.7), 1.88 (ddd, 1,=
14.6, 11.0, 3.1), 1.80 (ddq, 1,= 11.0, 3.7, 6.8), 0.88 (d, 3,= 6.8);

3C NMR 200.2, 172.9, 170.1, 165.6, 161.4, 158.8, 151.5, 148.8, 137.1,
135.1, 128.6:127.5 (10 C), 99.1, 70.4, 68.4, 67.2, 57.1, 55.1, 54.3,
51.9, 47.9, 37.0, 34.9, 34.8, 25.8, 21.0, 12.6; IR (neat) 1752, 1798,
1590, 1566, 1387, 1358; HRMS (DCI/NHcalcd for GsHaoNsOgy
(MH') 674.2826, found 674.2807.

The data for the enol acetate were determined from the mixture:
'H NMR 7.36-7.20 (m, 10), 6.72 (dd, 1] = 7.7, 7.3), 6.24 (s, 1),
5.15 (br s, 1), 5.14 (s, 2), 5.04 (s, 2), 4.06 (m, 1), 3.94 (s, 6), 3.67 (m,
1), 3.54-3.44 (m, 2), 3.26 (ddd, 11 = 14.4, 7.7, 4.8), 2.84 (ddd, 1,
=14.4,7.3,7.0), 2.25 (s, 3), 2.07 (s, 3), 1.94 (ddd) & 14.8, 4.0,
4.0), 1.86 (ddd, 1) = 14.8, 10.4, 3.2), 1.78 (ddq, 1,= 10.4, 3.1,
6.7), 0.88 (d, 3) = 6.7);3C NMR 120.9, 96.3, 68.7, 68.1, 67.5, 56.9,
54.9, 54.3, 51.1, 48.7, 37.4, 35.0, 29.5, 21.0, 20.6, 12.7 (the carbons
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were assigned from an HMQC experiment; the quaternary carbons were71.8, 70.6, 59.2, 55.2, 50.0, 46.3, 41.9, 40.1, 30.2, 15.4; HRMS (FAB)

not observed).

Formation of Tricycles 32 and 33.A suspension of CuBr(100
mg, 0.452 mmol) in EtOAc (30 mL) was stirred vigorously at I35
(oil bath temperature) for 20 min. A solution 81 and the enol acetate
mixture (65 mg, 0.089 mmol) in EtOAc (5 mL) was then added by
syringe. The mixture was stirred at 3& for 20 min, diluted with
EtOAc (10 mL), and filtered through Celite. The filtrate was washed
with brine (10 mL), dried (Ng5Qs), and concentrated to give 72 mg
of crude bromination product that was used immediately for the
hydrogenation step.

A solution of the crude bromo ketone (72 mg) in methanol (10 mL)
was stirred over 20% Pd(OKE (25 mg) at room temperature under
a hydrogen-filled balloon for 8 h, and filtered through Celite. The filtrate

calcd for GsH2oNsO4 (MHT) 336.1672, found 336.1687.

Formation of 35. A solution of 33 (2.0 mg, 0.032 mmol) in
concentrated HCI (1 mL) was refluxed at 180 for 6 h. The mixture
was evaporated under reduced pressure to give 1.8 mg (908b)asf
the hydrochloride saltH NMR (D:0) 5.86 (s, 1), 4.57 (d, 1] =
7.2), 4.07 (br s, 1), 3.87 (ddd, 1,= 8.4, 7.2, 4.3), 3.80 (dd, 1 =
9.2, 8.8), 3.823.75 (m, 1), 3.683.54 (m, 1), 3.32 (dd, 1] = 9.6,
9.2), 2.44 (ddd, 1J = 14.0, 4.3, 3.0), 2.12 (ddd, 1,= 14.0, 3.7, 3.7),
1.98-1.90 (m, 1), 1.831.73 (m, 1), 1.58 (ddd, 1 = 14.0, 11.6,
2.5),0.97 (d, 3] = 7.2).

Formation of Cylindrospermopsin (1). A solution of34 (1.2 mg,
0.0036 mmol) in dry pyridine (0.15 mL) containing p&0; (20 mg)
was stirred at room temperature for 30 min. A solution of; ®MIF

was evaporated under reduced pressure, and the residue was purifieg}, dry DMF (0.1 M, 216uL, 0.0216 mmol, 6 equiv) was added to the

on silica gel (80:20:1 CKCl,/MeOH/HCQH) to give 31 mg of a 3:2
mixture of 32 and33. Careful flash chromatography on silica gel (96:
4:1 CHCI/MeOH/HCQH) gave 15 mg (37%) 082, followed by 7
mg (17%) of a 1:2 mixture 082 and 33, and 7 mg (17%) of a 8:1
mixture of 33 and an unknown impurity.

The data for32 H NMR (CDs;OD) 6.69 (s, 1), 5.12 (ddd, 1,=
3.6, 3.6, 2.4), 4.68 (d, 11 = 3.7), 3.99 (s, 3), 3.98 (s, 3), 3.95 (ddd,
1,J=110, 3.7, 3.6), 3.85 (dd, 1 = 8.6, 8.6), 3.80 (ddd, 1] =
10.4, 10.4, 8.6), 3.55 (dddd, 4= 11.6, 11.0, 3.6, 3.6), 3.25 (dd, 1,
= 10.4, 8.6), 2.15 (ddd, 1 = 14.0, 3.6, 3.6), 2.07 (s, 3), 1.95 (ddd,
1,J=13.4, 3.6, 3.6), 1.85 (ddq, 3,= 10.4, 2.4, 6.7), 1.62 (ddd, 1,
J=134, 11.6, 11.0), 1.50 (ddd, 3,= 14.0, 11.6, 3.6), 0.95 (d, 3,
= 6.7); 1°%C NMR (CD;OD) 174.3, 172.8, 172.0, 166.7, 157.0, 99.8,
73.8, 71.9, 58.9, 55.5, 55.2, 54.8, 48.9 (obscured bydID the

assignment was based on HMQC and HMBC experiments), 46.1, 40.0,

36.6, 29.2, 20.9, 13.7; HRMS (FAB) calcd fordBl2sNs0s (MH™)
406.2090, found 406.2082.

The data for33 were determined from the mixturéH NMR (CDs-
OD) 6.67 (s, 1), 5.14 (br s, 1), 4.60 (d,d1+ 4.9), 3.99 (s, 3), 3.98 (s,
3), 4.08-4.00 (m, 1), 3.86 (dd, 1) = 8.5, 8.5), 3.81 (ddd, 1) =
10.0, 10.0, 8.5), 3.803.70 (m, 1), 3.26 (dd, 1] = 10.0, 8.5), 2.34
2.26 (m, 1), 2.20 (ddd, 1] = 14.0, 3.6, 3.6), 2.13 (s, 3), 1.90..83
(m, 1), 1.62 (ddd, 1) = 14.0, 10.4, 5.5), 1.48 (ddd, 1= 12.2, 12.2,
2.4), 0.96 (d, 3,J = 6.8); 1°C NMR (CDsOD) (from an HMQC
experiment) 99.8, 75.7, 71.8, 59.1, 54.9, 54.8, 53.1, 49.0, 48.1, 38.9,
36.5, 27.9, 20.7, 13.3.

Formation of 34. A solution of 32 (2.5 mg, 0.004 mmol) in
concentrated HCI (1 mL) was refluxed at 100 for 6 h. The mixture
was evaporated under reduced pressure to give 2.4 mg (9584)asf
the hydrochloride saltH NMR (D;0) 5.83 (s, 1), 4.78 (d, 1] =
3.6), 4.03 (br s, 1), 3.88 (ddd, 1,= 11.6, 3.7, 3.6), 3.86 (dd, J,=
9.2, 8.8), 3.76 (ddd, 1] = 11.0, 11.0, 8.8), 3.62 (dddd, 1,= 11.8,
11.6, 3.7, 3.6), 3.27 (dd, 3,= 11.0, 9.2), 2.15 (ddd, 1= 13.4, 3.7,
3.7),2.10 (ddd, 1J=14.7, 3.6, 3.0), 1.73 (ddq, 3,= 11.0, 1.9, 7.2),
1.59 (ddd, 1) = 13.4, 11.6, 11.6), 1.54 (ddd, 1= 14.7, 11.8, 2.5),
0.97 (d, 3, = 7.2); 1°C NMR (D;0) 169.1 (assignment was based on
HMBC), 158.0, 157.8, 153.3 (assignment was based on HMBC), 101.5,

mixture, which was stirred at room temperature overnight. Pyridine
and DMF were evaporated, and the residue was taken up in MeOH to
remove NaSQ,. The methanol solution was concentrated, and the
residue was purified by flash chromatography on Bakerbonpd4D
um) prep LC packing using D as the eluent. Pyridinium salts eluted
in the earlier fractions, followed by 1.1 mg (5@0%) of cylindrosper-
mopsin @): *H NMR (D;0) (600 MHz) 5.83 (s, 1), 4.72 (d, T,=
3.7), 4.63-4.60 (m, 1), 3.86 (ddd, 1] = 11.2, 3.7, 3.5), 3.84 (dd, 1,
J=9.2,9.0), 3.73 (ddd, 1J = 11.4, 10.8, 9.0), 3.65 (dddd, 1,=
11.7, 11.7, 3.5, 3.5), 3.24 (dd, 1,= 10.8, 9.2), 2.44 (ddd, 1] =
14.2, 3.5, 2.8), 2.15 (ddd, 1, = 13.2, 3.5, 3.5), 1.85 (ddq, I,=
11.4, 2.6, 6.8), 1.57 (ddd, 3,= 13.2, 11.7, 11.2), 1.54 (ddd, 1,=
14.2,11.7, 3.0), 0.98 (d, 3,= 6.8);3C NMR (D-0O) (600 MHz) (from
an HSQC experiment) 99.6, 78.2, 70.8, 57.9, 53.7, 48.3, 45.0, 39.7,
36.3, 28.5, 13.6; HRMS (FAB) calcd forn&,oNs0;S (MH') 416.1240,
found 416.1252. The data are identical to those previously repbfted.
A similar reaction with 10 equiv of S@DMF gave a mixture of
bis-sulfate esteB6 andl. Reverse phase flash chromatography as above
gavel preceded by bis-sulfate es@& as the pyridinium salt!H NMR
(D,0) (600 MHz) 5.83 (s, 1), 5.20 (d, 1,= 4.3), 4.63-4.60 (m, 1),
3.99 (ddd, 1J = 12.2, 4.3, 4.0), 3.85 (dd, 3,= 9.2, 8.5), 3.73 (ddd,
1,J=11.0, 10.8, 8.5), 3.723.64 (m, 1), 3.27 (dd, 1] = 11.0, 9.2),
2.46 (ddd, 1,0 = 14.7, 2.5, 2.5), 2.28 (ddd, I, = 13.4, 4.0, 3.5),
1.90-1.84 (m, 1), 1.64 (ddd, 11 = 13.4, 12.2, 11.6), 1.56 (ddd, 1,
=147, 12.0, 3.0), 0.99 (d, 3,= 6.8).
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