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Abstract: Reversible protein phosphorylation, which is
element of the cell. There is a diverse group of toxic

mediated by kinases and phosphatases, is a major control
natural products that inhibit certain phosphatases, thereby

disrupting normal biochemical pathways. These toxins can be useful for dissecting the individual biochemical pathways
associated with each of these enzymes. This Article describes the first total synthesis of one such toxin, the cyclic
heptapeptide microcystin-LA. The synthesis features a convergent route that is amenable to analog preparation in
the search for selective phosphatase inhibitors. A new route to the unusual amino acid Adda is described, which
incorporates an efficient diastereoselective aspartate alkylation and diene synthesis via a Suzuki coupling reaction.
This work also features an efficient preparation ofNumethylalanine containing peptide via a Horar&mmons
condensation and several difficult amino acid coupling reactions that relied heavily on Carpino’s remarkable HATU

reagent.

Introduction

There is considerable interest in the elucidation of signaling

There is a diverse group of structurally interesting microbial
defense toxins that act by inhibiting certain phosphatases,
thereby disrupting the normal biochemical pathways. Examples

pathway$in the central nervous system, both between neurons, include okadaic acié? tautomycin! calyculin2 and the

via neurotransmitters, and within them. The elements respon-

microcystinst® all of which are potent competitive inhibitors

sible for transmitting Signals from membrane bound receptors of two major classes of phosphataseS, protein phosphatase 1

to other destinations within the neuron comprise a complex

(PP1), and protein phosphatase 2A (PPZASeveral endog-

system that is only partially understood. One important aspect enous phosphoproteins, e.g., phospho-DARP 32, are substrates

of this system is the reversible phosphorylation of proteins,
which is mediated by kinases (phosphorylation catal§sts)l
phosphatases (dephosphorylation cataly$ts)t are indirectly

of PP2A but are selective inhibitors of PP4.In contrast, the
toxins inhibit both PP1 and PP2A, generally with little selectiv-
ity. The exceptions are cantharidihthyrsiferyl 23-acetaté$

linked, through modulation by second messengers such as cAMPand okadaic acil,which are PP2A selective. As a result of

or C&", to the activation of dopamine ahimethyl-p-aspartate
(NMDA) receptors' Reversible protein phosphorylation is a

this selectivity, these toxins can be useful for dissecting the
individual biochemical pathways associated with each of these

major control element of neurons and other cells, moderating enzymes, thereby providing a clearer picture of phosphatase
such diverse functions as neurotransmission, muscle contractioncontrol in some systenfs.Further information could be gained

glycogen synthesis, T-cell activation, and cell proliferafioh.

through the similar use of a PP1-selective inhibitor, but

Excessive protein phosphorylation, whether through the activa- compounds suitable for studies of this type are not yet known.
tion of kinases or through the inhibition of phosphatases, can The key to discovering such a PP1 selective inhibitor may lie

lead to uncontrolled cellular proliferation, suggesting an active
role for the phosphatases in tumor suppres8ion.

® Abstract published irAdvance ACS Abstractdyovember 15, 1996.
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The microcystins are produced by microcysfis, genus of Results and Discussion
cyanobacteria (blue-green algae) that populates freshwater in
many parts of the world and is responsible for the poisoning
deaths of animals that consume or inhabit heavily contaminated
waters!® The microcystins comprise a series of more that? 40
hepatotoxic and tumor-promoting cyclic heptapeptides with the

general structurer:yclo(D-AIa—X—(D)-erythroﬂ-methyl-lso- According to this strategy, the difficulN-methyl acylation
Asp—Y —Adda~(p)-iso-Glu—N-methyldehyhdro-Ala), where 105 4ing to fragmeri2 would be completed early in the synthesis,
the residues are numbered sequentially frajAla (1) to the fragment® and5 would be prepared and joined in at4
N-methyldehydroalanine (7), and the letters X and Y represent 2 segment coupling to form the hexapeptide, and the Adda
variable positions that are occupied by the only “natura)’ ( component would be introduced near the end of the synthesis,
amino acids in the molecule. For example, with microcystin- just prior to macrocyclization. Epimerization at the acid
LA (1),2%leucine () fills the “X” site and alanine (A) occupies  terminal of fragmen® during the 4+ 2 segment coupling was

the “Y” site. These toxins exhibit a number of synthetically to be minimized by employing the new segment coupling
challenging structural features, including the unusual amino acid techniques of Carpind2and epimerization of th8-amido Adda
Adda (cf.4), iso-(p)-glutamic andso-(p)-8-methyl aspartic acid ~ derivative4 during its incorporation was not expected to pose
residues antl-methyl dehydroalanine (Mdha). Many of these & problem?* Orthogonal protection of the advanced synthetic
features are conserved from one toxin to the next, but the intermediates would be accomplished with the Boc group and
variable regions X and Y can tolerate a fair amount of structural With methyl and trichloroethyl esters, as shown in Scheme 1.
diversity without complete loss of toxicil. The cyclic Our decision to close the macrocycle at Adda-Ala (position
pentapeptides nodulaffand motupori® share some of these A, Scheme 1) rather than at Adda-Glu (position B, Scheme 1)
features, and the latter has been synthesized by Schreiber an#/as based on conformational preferences and stereoelectronics,
Valentekovich?* Recent X-ray diffraction studies of micro- including the location of the Mdha residue within the cyclization
cystin-bound PP along with previous kinetic studies with ~ Précursor. Specifically, tertiary amides exhibit little or no
synthetically modified microcystin and nodularin derivatives, Preference for the trans conformations assumed by secondary

have indicated that the structural features Adda, iso-Glu, and amides and can even prefer the cis forms if supported by other
Mdha play important roles in phosphatase recog,nﬁibn ' favorable interactions such as intramolecular H-bctid€is

amides can promote cyclization in peptides by orienting the
reactive functionalities in closer proximity, thereby reducing the

Synthetic Plan. Our approach to the synthesis of microcys-
tin-LA begins with a division of the most challenging of these
structural components into the three fragments shown in Scheme
1: (i) the Mdha-containing fragmes (ii) the Adda fragment
4, and (i) the isoerythro5-methyl aspartate fragmers.
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residues, which can lead to some of the more frequently hydroxyl group of arN-methyl threonine residu®. A similar
observed side reactions during cyclization, such as dimerizationstrategy involves the elimination of sulfonium s&lsor

(or oligomerization) or epimerization of the C-terminal residue.
In general, cyclization attempts involving hindered amines (i.e.,
N-methyl residues, Val or lle residues) are ill-advig&tbut
cyclization attempts between tw&){amino acid residues can
also retard the cyclization reactié®.¢ In fact, for penta- and
hexapeptides consisting entirely ofresidues, the cyclization

sulfoxide$® derived from cysteine or related residues. In a
different approach, Rich et al. demonstrated the propensity of
dehydro derivatives to N-alkylate selectively over saturated
residues, but good yields can be difficult to obtain, and some
substrates do not rea®31¢ Our reluctance to rely on selective
N-alkylation and our desire for a flexible route that would allow

reaction often does not proceed until the acid terminal residue the incorporation of a variety of dehydro R groups for future

epimerizes to the configuration?®d Based on these observa-

analog preparation prompted us to explore other possibilities

attractive site for ring closure since it involves a union between

Based on these considerations, modification of Schmidt's

. . - d, i
(S and ®) residues, and because the amine component is Method¢¢seemed best suited for our purposes.

relatively unencumbered with a sterically nondemandingny!
group.

Preparation of Fragment 2. Having established this general
strategy, our synthesis of microcystin-LA begins with the largest
subunit, the Mdha containing fragmeht Of the many available
routes to dehydro amino acids and peptighed relatively few
have been applied to the preparatior\bélkylated versions of
this functionality. In a recent example, Schreiber and Valentek-
ovich introduced the dehydro functionality of motuporin in the
final step by the hydroxide-catalyzed elimination of the free

(29) (a) Wipf, P.Chem. Re. 1995 95, 2115. (b) Cavelier-Frontin, F.;
Pee, G.; Verducci, J.; Siri, D.; Jacquier, R.Am. Chem. S0d.992 14,
8885. (c) Wenger, R. MHelv. Chim. Actal984 67, 502. (d) Ehrlich, A.;
Rothemund, S.; Brudel, M.; Beyermann, M.; Carpino, L. A.; Bienert, M.
Tetrahedron Lett1993 34, 4781.

Our synthesis of SegmeRt{Scheme 2) thus begins with the
acid catalyzed condensation of methyl glyoxylate hemiacetal
732 andN-methyl benzyl carbamai@? in ether, which gives a
ca. 65:35 equilibrium mixture 08 and 9, respectively. We
made no attempt to drive the equilibrium, because the starting
materials are readily available in large quantity and the
purification is simple: water solublgis easily removed during
aqueous workup, anil-methyl benzyl carbamate is recycled
after silica gel chromatography to give the desired condensation
product 9 in 27-37% vyield (ca. 90% based on recovered
carbamate). Although rapidly equilibrates with its precursors
7 and8 in the presence of strong acid, pure samples are stable
for over 1 year at—15 °C. Conversion of9 into the
phosphonylsarcosine derivati#6za3* was achieved in 75% yield
by activation with methanesulfonyl chloride followed by in situ

(30) For reviews on dehydro amino acid and peptide synthesis, see: (a)treatment with sodium iodide and trimethyl phosphite. After

Schmidt, U.; Lieberknecht, A.; Wild, Bynthesid988 159. (b) Stammer,
C. H. In Chemistry and Biology of Amino AcidBeptides and Proteins
John Wright and Sons: London, 1982; Vol. 6, pp—33}. (c) o,f3-
Dehydroamino acids and peptides: Noda, K.; Shimohigashi, Y.; lzumiya,
N. In The PeptidesGross, E., Meienhofer, J., Eds.; Academic Press: New
York, 1983; Vol. 5, pp 285339.

(31) (a) Noda, K.; Gazis, D.; Gross, Et. J. Peptide Protein Re4982
19, 413. (b) Rich, D. H.; Tam, J. Rl. Org. Chem.1977, 42, 3815. (c)
Rich, D. H.; Tam, J.; Mathiaparanam, P.; Grant, JS&nthesid975 402.
(d) Schmidt, U.; Lieberknecht, A.; Schanbacher, U.; Beuttler, T.; Wild, J.
Angew. ChemInt. Ed. Engl.1982 21, 770. (e) Schmidt, U.; Lieberknecht,
A.; Wild, J. Synthesisl 984 53.

saponification, the resultant acidb was appended to-Ala-
L-Leu-OBu®® (DCC/HOBY), to supply the tripeptidElain high
yield as a 1:1 mixture of diastereomers.

(32) (a) Bernstein, Z.; Ben-Ishai, Detrahedronl 977, 33, 881. (b) Kelly,
T. R.; Schmidt, T. E.; Haggerty, J. ®ynthesidl972 544.

(33) Garcia, J.; Gonzalez, J.; Segura, R.; Vilarras@ettahedrorl 984
40, 3121.

(34) The corresponding diethylphosphonate derivative was prepared
previously by a different route: Shankar, R.; Scott, ATétrahedron Lett.
1993 34, 231.



11762 J. Am. Chem. Soc., Vol. 118, No. 47, 1996 Humphrey et al.

The next coupling reaction required the free amiid and Scheme 3
BocD-Glu-OMe ). We initially used Fmoc protection for this Me
purpose, anticipating later deprotection with an amine base prior MeO C/\‘,NBnPhFI 1. LHMDS MeO.C NBnPhF| LIOH
to macrocyclization. However, attempts to couple the secondary z COMe 2. Mel 2 CoM
aminellbwith Fmoc-Glu-OMe (HATU/Hwmig's base; HATU i 98% 2ve
= O-(7-azabenzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexaflu- 4 15
orophosphate, vide infra) were thwarted by competing Fmoc Me "{'e
deprotection. Concurrent model studies also implicated base HOZC/H/NB"”“F' Hozc/\rNB"PhF'
catalyzed imide formation at the aspartate residue as a potential CO,Me + CO,Me
side reaction during Fmoc deprotection later in the syntt#is. 16 17
Since Cbz deprotection conditions were likewise incompatible Me
with microcystin functionality, we instead chose the Boc 1. Hy/Pd-C, TFA NHBoc 1. Ala-OTce
protecting group. Our initial concerns over the stability of the '€ 2800 HO,C HATU, 88%
dehydroalanine residue to the acidic Boc deprotection conditions 88% (2 steps) COMe  2.TFA
were allayed by model studies demonstrating that the Mdha 18
residue survived prolonged exposure to trifluoroacetic acid. Mo

In order to more conveniently prepare the known selectively TceO,C H NHR O Q
protected b-glutamate 637 required to proceed through the PhFl = .
sequence, we developed a one-pot synthesis fsagtutamic Me O COMe Ph
acid. The procedure (Scheme 2) combines quantitative thionyl 19 (R =Boc)
chloride-induced esterificatiéhwith selectivey-ester hydrolysi§® SR=H) Tee = CHCCly

andN-tert-butyloxycarbonylation and gives multigram quantities

of the protected amino aci@l as its dicyclohexylamine salt in . . ) . R
63% overall yield® Regeneration of the free acid was for these difficult couplings. With HATU, acid activation

accomplished by acidification with aqueous NaHJ®ior to proc_eeds through the active ester dgrivgd from hydroxyazab_en-
coupling with theN-methylaminel1b. zotriazole (HOAt, Scheme 2), which is proposed to assist
Although the reactivity of secondary amines suchLab is _coupllng via m_tr_amolecular general bas_e catalysis that results
comparable with primary amines in,® reactions, such is not N good reactivity towardN-methyl amineg/>¢ Thus, the
the case with peptide coupling reactions, where low coupling HATU mediated coupling of the secondary amirieo with (p)-
rates often lead to undesired side reactions and extensiveBoc-Glu-OMe ) in DMF provided the phosphonate diaster-
racemization. In these difficult coupling cases, the acid €omers12 in good yield. Without purification beyond an
component of a coupling pair needs more powerful carboxyl aqueous workup, the diastereomers were treated with aqueous
activation, but this also raises concerns over racemization. formaldehyde and potassium carbonate, which afforded the
Furthermore, the traditional HOBt (1-hydroxybenzotriazole, desired dehydropeptidt3, now a single isomer, in 75% yield
Scheme 2) based reagents (DCC/HOBt, BOP, etc.) and otherover three steps fromila Conversion into the aci@ was
methods such abl-carboxyanhydride activation tend to give accomplished in high yield by TFA/thioanisole induced depro-
suboptimal or inconsistent resuffs That the unsuccessful cases tection of the Boc andert-butyl ester groups, followed by in
involving HOBL often give benzotriazole active esters as major situ reprotection of the amine group with teit-butyldicarbon-
producté! underscores the low reactivity of the benzotriazole ate.
ester toward hindered secondary amiffes:27e-¢
These difficulties with hindered amino acid couplings have
been addressed by several groups, and a number of specialize
reagents are now available that facilitate the union of sterically
hinderedN-methyl amino acid derivative$b43 The HATU
reagent developed by Carpino has proven particularly effective

Preparation of Fragment 5. Having secured segmeat

e next turned to the preparation of theerythro-5-methylas-
\éyartate containing dipeptidd. This effort begins with the
benzyl/phenylfluorenyl protected aspartaid (Scheme 3),
obtained in three steps and 78% overall yield froraspartic
acid as describet#2 We have previously shown tha# can
(35) The dipeptide>-Ala-Leu-OBu was prepared by a standard DCC/  be alkylated (LHMDS/Mel) regio- and stereoselectively to give

HOBL protocol as described by Bodanski: Bodanski, M.; Bodanskit®  the crystalline syn3-methyl diastereomet5 exclusively and
Practice of Petide SynthesiSpringer-Verlag: New York, NY, 1984. . o ield Thi hod ides 30 f
(36) (a) Bodanski, M.Principles of Peptide Synthesi€nd ed.; In near quantitative yield: Is method provides-30 g 0

Springer-Verlag: Berlin Heidelberg, 1993; p 170. fnciples of Peptide the requisite aspartate derivative in a high yielding route that

Synthesis2nd ed.; Springer-Verlag: Berlin Heidelberg, 1993; p 128. (c) requires no chromatography. Conversiori6finto the-acid
Bodansky, M.; Martinez, J. Iithe PeptidesGross, E; Meienhofer, J. Eds.; . . ' . L
Academi)cl Press: New York, 1983;'0 Vol 5. 16 was accomplished with excellent regioselectivity by treatment

(37) Schidler, E.; Klieger, EJustus Liebigs Ann. Cherh964 673 196. with lithium hydroxide at 60C, although this reaction was also

(38) Gmeiner, P.; Feldman, P. L.; Chu-Moyer, M. Y.; RapoportJH. i 0 i izati
Org. Chem 1990 55, 3068. accompanied by 30% epimerization at carbon 3 to dive

(39) The Fmoc and Cbz derivatives and the corresponding aspartic acid (Scheme 3).  Attempts to suppress this side reaction by
derivatives are available in similar yields by this method. Experimental conducting the reaction at low temperature °© to room

det(iiés) ‘(’g' Cbﬁeduisgc”gec% ?';‘2‘;\”2&;‘?]- N. Can. J. Chem1977 55. 911 temperature) failed due to the inherent low reactivity of

(b) Tung, R. D.; Rich, D. HJ. Am. Chem. Sod985 107, 4342. () Van ~ €Ompound15% but the epimers could be easily separated by
der Auwera, C.; Anteunis, M. Jnt. J. Peptide Protein Re4987 29, 574. selective crystallization o016, which gave the desired acid in

(d) Jouin, P.; Poncet, J.; Dufour, M.-N.; Pantaloni, A.; CastroJ.BOrg. 04 vi ;
Chem.1989 54, 617, 70% vyield after chromatography of the mother liquors (see

(41) (a) Anteunis, M. J. O.; Sharma, N. Rull. Soc. Chim. Belgl988

97, 281. (b) Coste, J.; Frerot, E.; Jouin, P.; CastroJTBtrahedron Lett. (43) Diago-Meseguer, J.; Palomo-Col, A. L.; Fernandez-Lizarbe, J. R;;

1991 32, 1967. Zugaza-Bilbao, ASynthesi498Q 547. (b) Van der Auwera, C.; Anteunis,
(42) For examples of efficient HOBt-induced acylations of secondary M. J. Bull. Soc. Chim. Belgl986 95, 203. (c) Coste, J.; Dufour, M.-N.;

amines, see: (a) Chu, K. S.; Negrete, G. R.; Konopelski, J. Rrg . Pantaloni, A.; Castro, Bletrahedron Lett199Q 31, 669.

Chem.1991 56, 5196. (b) White, J. D.; Amedio, J. G. Org. Chem1989 (44) (a) Humphrey, J. M.; Hart, J. A.; Bridges, R. J.; Chamberlin, A. R.

54, 736. (c) Grieco, P. A.; Perez-Medrano, Petrahedron Lett1988 29, J. Org. Chem1994 59, 2467. (b) Humphrey, J. M.; Hart, J. A.; Chamberlin,

4225. (d) reference 24. A. R. Bioorg. Med. Chem. Letfl995 5, 1315.
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Rof\H Scheme 5
Me., _.CO,Me Me.,J.CO,Me Me., .CO,Me HO O HO O
Pd? ' Ez Ph A Me,AIN(OMe)Me Ph_ - 1. NaHiMel, 95%
BocHN"" BocHN” X " BocHN \/\E)LXH M— \/\)LNMe
I | Me THF 87% Ne OMe 2. DIBAH,79%
I
22 36 : 37 30 39
Figure 1. MBC:) (o] Me(:) Me
g Ph\/:\)LR 1.PPh3/CBf‘ Ph\/:\l/ 1. HBBrZ
Scheme 4 ¥ie 2. BuLi, Mel H 2. Aq. Citrate Buffer
85% (2 steps) 56% (two steps)
1. Hy, Pd-C/ 32 (R = NMeOMe) b
1eq. TFA, 91% Me,, _CO;Me 1. Boc,O (98%) B(R=H)
By ek
2. CuCOy RO.C - 2. DCC/HOSuc M°? MeQ  B(OH), 0
Cu(OH), 2 NH,*CI 3. NaoBH4 Ph A A BOH, | Ph \ o)LN/\
7% 20 (R=Mo) 73% (2 steps) \/\Mf\r R v w7
(R=H) 20 21 PK Mo

Ratio of 20/21 = 4

Me,, ~CO,Me Me,, _CO,Me CrClp/CHIy
J: Swern ,E THF/dioxane
Me., _COR

R NHBoc OHC NHBoc 53% (2 Steps) 122, Pd(Phy on MG? ~
25 (R = CO,H) - 22, Pd(Phy),, N
26 (R = CO,Suc) 28 TIOE, H,0, 82% H NHBoc

27 (R = CH,OH) 2. LIOH, 88%
35: R = OMe
Me,, -CO,Me 9 4 (Boc-Adda): R = OH
/\): 2 «Me
HOSuc= HO-N . . . . .
17X “NHBoc O? )3, by formation of the diener bond in a Suzuki cross coupling
NHBoc P . .
22 29 o reaction®® This protocol is mild, chemoselective, and has

worked remarkably well in highly functionalized substrates.
. . . With this plan in mind, our synthesis of Adda originates with
Expe(rjlrgentzill stecf[;.on)t.. The ste,{/le ()I(/:S(;/lrrgstryéﬁf was con- the preparation of the backbone fragment, vinyl iod
Irmed Dy re-esteriication (KCOsMe ) and comparison (Scheme 4), which was obtained from enethylp-aspartate
with 15. derivative 15 as described below.
Although16 can be coupled with amino esters in high yield  \whereas the route t6 (Scheme 4) required regioselective
with HATU, the conditions required for the subsequent removal hydrolysis of the distal methyl ester @6, Adda called for the
of the benzyl/phenylfluorenyl N-protecting groupsz(Pd-C/ complementary selective hydrolysis of theester. One excel-
TFA) were not Compatible with pl’esel’vation of the triChloroethyl lent method for effecting this type of deprotection is the copper-
ester group we had chosen for the acid terminal of fragrent (1) assisted hydrolysis of the diester ammonium &&lfThis
So instead of couplinglé and alanine trichloroethyl ester  transformation (Scheme 4) requires N-deprotection of the
directly, we first replaced theN-benzylN-phenylfluorenyl  penzylphenylfluorenyl aspartaté5 (H./Pd-C/TFA), which
groups with the Boc group (#fPd-C/TFA, then BogO) which produces the hydrochloride sai after an appropriate workup
could later be removed with TFA without affecting the (see Experimental Section). Treatment of this salt with cupric
trichloroethyl ester. The HATU/DIEA mediated union of the carbonate in water/ethanol at 560 °C for several hours,
Boc derivativel8 and alanine trichloroethyl estéigave better followed by reductive workup with &8, gave the requisite acid
yields of the dipeptidel9 (88%) than DCC/DMAP (71%), 24 with high selectivity and in nearly quantitative yield. Boc
although neither method showed any epimerization according protection was followed by active ester formation (DEC/
to 'H NMR analysis. The Boc dipeptidtd was subsequently  hydroxysuccinimide}? and in situ reduction with sodium
N-deprotected with TFA to givé immediately prior to the 4 porohydride (73%j° Formation of the lacton29, which occurs
+ 2 segment coupling with fragmea@t(vida infra). spontaneously under basic conditions, is avoided by a final acid
Synthesis of Fragment 4. With the tetrapeptid® and the quench to give the amino alcoh®t. The rate of lactonization
dipeptide5 in hand, we next set about synthesizing the protected is reduced by the 2,8is carbamate and methyl substituents of
Adda derivative4. Several syntheses of Adda have appeared 29 (Scheme 43} but chromatographed samples2fstill slowly
in recent yeard**7 but most of these routes suffered from a lactonized at room temperature. When stored—di5 °C,
lack of selectivity during diene formation via the Wittig however, the alcohol solidified, and was stable for months when
condensation approach. We developed a new route that wouldkept in this manner. Swern oxidat®nof 27 gave the
not only diverge from the methylated aspartate derivatise epimerization-prone aldehy®8 in excellent yield, which was
which we had already used for fragméitut that would also used immediately in the next step without purification. Trans-
enable the mild and selective introduction of the Adda side chain formation of28into the requisite iodoalker22 was thus carried
out with CrCL/CHI3 (53% yield) according to Takai's proce-

(45) The distal ester of this compound is surprisingly unreactive, dure®3 to give exclusively thdrans alkene isomer.
presumably due to steric hinderance from tNephenylfluorenyl and
o-methyl groups. The compound does not react with hydrazine in refluxing (48) (a) Miyaura, N.; Yamada, K.; Suginome, H.; Suzuki, A.Am.
methanol. The failure of ester hydrazinolysis with hindered substrates has Chem. Soc1985 107, 972. (b) Miyaura, N.; Yamada, Y.; Suzuki, A.
been noted before: Davies, J. S.; Mohammed, AJ.KChem. SocPerkin Tetrahedron Lett1979 20, 3437. (c) Miyaura, N.; Suginome, H.; Suzuki,
Trans.11981, 2982. A. Tetrahedron Lett1981, 22, 127.

(46) (a) Alanine trichloroethyl ester was prepared through a higher (49) Anderson, G. W.; Zimmerman, J. E.; Calahan, FJMAmM. Chem.
yielding modification of the literature procedure. See Carson, Syfthesis Soc.1964 86, 1839.

1979 24. (b) Marinier, B.; Kim, Y. C.; Navarre, J.-MCan. J. Chem1973 (50) Nikawa, J.; Shiba, TChem. Lett1979 981.

51, 208. (51) Similar substrates without 2,3-syn substituents appear to lactonize
(47) (a) Beatty, M. F.; Jennings-White, C.; Avery, M. A.Chem. Soc. spontaneously. See Baldwin, J. E.; North, M.; Flinn,TRtrahedron Lett.

Perkin Trans. 11992 1637. (b) Namikoshi, M.; Rinehart, K. L.; Dahlem, 1987, 28, 3167, and references therein.

A. M.; Beasley, V. R.; Charmichael, W. WL.etrahedron Lett1989 30, (52) (a) Mancuso, A. J.; Swern, Bynthesid981, 165. (b) Tidwel, T.

4349. (c) Chakraborty, T. K.; Joshi, S. Retrahedron Lett199Q 31, 2043. T. Synthesidl99Q 857.
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The synthesis of the second Suzuki coupling partner, the Scheme 6

boronic acid20, begins with the known Evans aldol product
30 (Scheme 5¥7254 Transformation into the Weinreb amide
31 (87%Yp° was followed by methyl ether formation (NaH/Mel,
95%) and DIBAH reduction (79%j to the aldehyd&3. This
aldehyde was readily converted into the methyl alkgdab (via
the dibromoalken84a, not shown) in 85% yield via the Corey
Fuchs protocot® but the subsequent transformatior8ab into
the requisite boronic aci@0 proved troublesome. Hydrobo-

rations of internal alkynes are known to proceed with moderate

to poor regioselectivity, but branching to the alkyne (i.e.,
position 4 of 34b) reportedly raises this regioselectivity to
acceptable leve®. Recent modifications, such as the employ-
ment of pinacolborane withor withouf® catalysts such as Gp
ZrHCI, reportedly give significant improvements in hydrobo-
ration regioselectivities and efficiencies for a variety of terminal
and internal alkynes, but attempts to hydroborate alk3ie

COMe Me O
RHN N NH
0 o)
1. HATU/collidine Me "
+ 5 DMF  80% Vo
2. TFA TonEC\r N \(l\rﬂ__w
Me O COMe°
38 (R = Boc)
39 (R =H)

purification. Saponification of the methyl ester (LIOH/THF/
water) then gave the requisite Boc-ADDA-OHn 88% yield
after silica gel chromatography.

Preparation of Fragment 3 and Macrocyclization. Having
prepared the componergs4, and5, we were ready to assemble

according to these methods resulted only in its slow conversion the cyclization precurs@ and began this process with the-4

into complex product mixtures. Whe3db was subjected to

the Suzuki-Miyaura protocol for hydroboration and dealkylative
boronic ester formatioff the alkyne failed to react. Conversely,
catecholborarfé gave fairly efficient hydroboration when carried

2 segment coupling of fragmer?saand5 (Scheme 6). Segment
couplings can be troublesome, because racemization generally
occurs faster during the activation ldfacyl a-amino acids than

it does during activation of the urethane-protected amino acids

out in a nonchelating solvent such as benzene but was essentiallpsed in conventional stepwise coupling protoédfs. This

nonselective (1.5:1 ratio oR0:21). Of the reagents we
investigated, dibromoborane dimethyl sulfiélgave the best
results for the transformation 8#bto 20, but when the reaction

problem has often led to the rejection of segment coupling
strategies in favor of stepwise coupling methods, at the
unfortunate sacrifice of convergence. However, through the

progressed past 50% conversion, products from methyl etherdevelopment of new reagents and improved reaction conditions,
cleavage and elimination began to appear. These side reactionfow-racemization segment couplings are now possible in many

were suppressed in the presence 0§@@; but not completely.
Nonetheless, BBH-SMe, hydroboration 0f34b followed by

cases. For example, Carpino et al. have shown that acid
activation by HATU in the presence of collidine (rather than

hydrolysis of the resultant dihaloborane gave 56% (74% basedthe more commonly usedHig's base) gives little epimerization

on recovere®4b) of the boronic acid20and21, in a 4:1 ratio

even in difficult cased’® Using this method, the segment

respectively, which were readily separated by chromatography. acylation of5 with 2 proceeded well, supplying the hexapeptide

The undesired isom&1 was stable for weeks at15 °C, but
the desired isomeR0 was unstable and was immediately
subjected to the next step.

With the Suzuki coupling partner20 and 22 in hand, we

38in 80% yield with no observable epimerization. Deprotection
of the Boc group was accomplished with TFA immediately prior
to coupling with the Adda fragment

For the final coupling reaction, which gives the cyclization

attempted the palladium catalyzed Suzuki cross-coupling reac-precursor3, we relied again on the remarkable efficiency of

tion.*® Our initial attempts wit 1 M KOH as the base for this
coupling resulted in the formation of small amounts of the
product35, but the bulk of the vinyliodide was converted into
a single isomer of the undesired die3i& as verified by HRMS

HATU.27¢¢ The heptapeptiddwas thus obtained in satisfactory
yield and with no epimerization from the HATU/collidine
mediated coupling of the hexapepti@@and the Adda fragment
4 (Scheme 7). Deprotection of the trichloroethyl ester3of

and!H NMR (no attempt was made to assign the stereochem- proceeded well (Zn/HOAE 84%, Scheme 7), and the resultant
istry of 37). We suspect that this diene forms via the pathway acid 40 was activated for macrocyclization by treatment with
shown in Figure 1, whereby the palladium catalyzed alkene pentafluorophenol and DCC, followed +Boc deprotection

isomerization oR2to 36is followed by E' elimination to give
37.52 This side reaction was avoided by employing thallium
ethoxidé€32in the presence of wat&# and under these new

(TFA) of the resultant active estéd.42 The original literature
protocols for peptide cyclization via the pentafluorophenyl ester
call for dropwise addition of the amine TFA salt to a mixture

conditions the palladium catalyzed Suzuki cross-coupling of of saturated aqueous NaHg@r N&CO; and chlorofornf? but

vinyl iodide 22 and the boronic aci®0 provided the fully
protected ADDA fragment35 in 82% yield after HPLC

(53) Takai, K.; Nitta, K.; Ulimoto, K. JJ. Am. Chem. S0d.986 108
7408.

(54) (a) Gage, J. R.; Evans, D. Brganic Synt1989 68, 83. (b) Evans,
D. A.; Bartroli, J.; Shih, T. LJ. Am. Chem. S0d.981, 103 2127.

(55) Evans, D. A.; Kaldor, S. W.; Jones, T. K.; Clardy, J.; Stout, . J.
Am. Chem. Sod99Q 112, 7001-7031.

(56) Corey, E. J.; Fuchs, P. MTetrahedron Lett1972 3769.

(57) For an early review on hydroborations, see: Brown, H. C;
Campbell, J. BAldrich. Acta1981, 14, 3.

(58) Srebnik, M.; Pereira, $organometallics1995 14, 3127-3128.

(59) Knochel, P.; Tucker, C. E.; Davidson,11.0rg. Chem1992 57,
3482-3485.

(60) Suzuki, A.; Miyaura, T. N.; Kamabuchi, Aynth. CommurL993
23, 2851-2859.

(61) Brown, H. C.; Campbell, J. Bl. Org. Chem198Q 45, 389-395.

(62) Heck, R. FPalladium Reagents in Organic Synthesigademic
Press: London, 1985; pp $20.

(63) (&) Uenishi, J.; Beau, J.-M.; Armstrong, R. W.; Kishi, ¥.Am.
Chem. Soc1987, 109, 4756. (b) Smith, G. B.; Dezeny, G. C.; Hughes, D.
L.; King, A. O.; Verhoeven, T. RJ. Org. Chem1994 59, 8151.

we were concerned about the potential for carbonation of the
amine group under these conditions. We therefore attempted
this reaction under both the literature conditions and by
substituting pH 9.5 phosphate buffer for carbonate. This change
resulted in a 1620% improvement in yield, suggesting that
bicarbonate buffer may indeed not be optimal for this type of
cyclization. Macrolactamization was induced by the dropwise
addition d a 1 mM solution of the pentafluorophenyl ester TFA
salt to a two phase mixture of chloroform and pH 9.5 phosphate
buffer, which gave the cyclized diester in 56% yield from the
active ested1 after reversed phase HPLC purification. Slow
addition was not necessary for the cyclization, since addition
over 10 min gave the same result as did syringe pump addition
over several hours. Our synthesis concludes with the lithium
hydroxide induced saponification of the methyl esters (LiOH/

(64) (a) Schmidt, U.; Utz, R.; Lieberknecht, A.; Griesser, H.; Potzolli,
B.; Bahr, J.; Wagner, K.; Fischer, Bynthesid987 236. (b) Schmidt, U.;
Lieberknecht, A.; Griesser, H.; Talbiersky,JJ.Org. Chem1982 47, 3261.
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Scheme 7
COMe Me O

NH

1. TFA
2. NaHCO,

H 56% (2 steps)
H Nﬁ_ .
N“(L( 3. LIOH, 50%

1. HATU/ collidine
4+39 DMF, 79%

2. Zn/HOAc, 84%
3. DCC/Pfp-OH, 83%

THF/H0O, 0 °C), which gives a 50% vyield of microcystin-LA  part to Carpino’s remarkable HATU reagent in several difficult
(1).5586 The synthetic microcystin-LA co-eluted with authentic couplings of sterically hindered or racemization-prone amino
material by reversed phase analytical HPLC (80:20 MeOH:0.2% acid residues.
aqueous TFA), and théd NMR spectra of the samples in,D
were identicaf’-68 . .
Experimental Section
Conclusion )
General Methods. *H and*3C NMR spectra were obtained on an

In summary, the first total synthesis of a microcystin described Omega 500 (500 MHz) or a General Electric GN-500 (500 MHz)
herein features a convergent route that is amenable to analogspectrometer. For spectra measured in organic solvents, data are
preparation in the search for selective phosphatase inhibitors.reported in ppm from internal tetramethylsilane f6t NMR and in
It also features an efficient aspartate alkylation method that ppm from the solvent fofSC NMR. For *H spectra taken in £D,
provides large quantities of the alkylated asparteiea key data are reported in ppm relative to HDO (3.80 ppm). Data are reported
intermediate en route to both teeythro8-methyl aspartate and s follows: chemical shift, multiplicity (app= apparent, par obse
Adda amino acid units. To our knowledge, this work marks Partially obscured, ovrlp= overlapping, s= singlet, d= doublet, t=
the first application of Schmidt's phosphonoglycine method to [fiPlet, @ = quartet, m= multiplet, br = broad, abg= ab quartet),
the preparation ofN-alkyl dehydroamino acid containing coupling constant, and integration. Infrared (IR) spectra were taken

h L with a Perkin-Elmer Model 1600 series FTIR spectrophotometer.

peptides and demonstrates the compatibility of Mhmethyl-

- . f Optical rotations were obtained with a JASCO DIP-360 digital
dehydro residue with Boc andert-butyl ester protection polarimeter. Melting points (mp) were obtained from a Laboratory

schemes. Finally, the success of this route is due in no small payices Mel-Temp melting-point apparatus and are reported uncor-

(65) The remainder of the material is isomeric with the desired product '€cted. Elemental analyses were performed by Desert Analytics,
(HRMS and IH NMR). Assuming it to result from base catalyzed Tucson, AZ. Thin-layer chromatography (TLC) was performed on 0.25
epimerization competing with saponification, we attempted a number of mm Merck precoated silica gel plates (60 F-254), and silica gel
alternative saponification methods but with no success. Cesium Carbonatechromatography was performed using ICN 2@0 mesh silica gel.

(ref 66a) gave levels of isomerization comparable to those observed with . -
lithium hydroxide, and barium hydroxide gave more isomerization. Lithium Normal phase preparative HPLC was conducted with & 280 mm

hydroperoxide (ref 66bd) generated only small amounts of the desired Waters prep Nova-Pak HR silica cartridge (WAT038511), and reversed
product along with multiple side products. The level of isomerization during phase preparative HPLC was conducted with ax2500 mm Waters

this step is consistent with levels observed by Schreiber and Valentekovich prep Nova-Pak HR @ cartridge (WAT038510). Reversed phase
for the analogous saponification step in their synthesis of motuporin: Dr. analytical HPLC was conducted with a 4% 250 mm Rainin

sggﬂhﬂic\aﬁg}t%@g?h’ The University of California at Irvine, personal Microsorb-MV Gg column (86-200-C5). Solution pH measurements

(66) (a) Kaestle, K. L.; Anwer, M. K.; Audhya, T. K.; Goldstein, G.  Were made with Whatman type CF pH-Q4 indicator paper strips.
Tetrahedron Lett1991 32, 327. (b) Misra, H. K.; Virzi, F.; Hnatowich, Inert atmosphere operations were conducted under nitrogen passed
D. J.; Wright, G.Tetrahedron Lett1989 30, 1885. (c) Lucas, H.; Basten,  through a Drierite drying tube in oven or flame-dried glassware.
i‘ i‘ 'IMé;tr\;?\rc]adDrgrr]\gégl 4%';82"087“&”;%’352%"’?2_Aﬁfet' ISQFE):I;nCEg?aneI' Anhydrous tetrahydrofuran (THF) was distilled first from calcium
1992 57, 1952, ' ' o T ’ hydride and then from potassium; anhydrous ether was distilled from

(67) The final productl was only slightly soluble in BO, which potassium. Triethylamine and methylene chloride were purified by
complicated characterization B4 NMR analysis due to the large HDO  distillation from calcium hydride. Diisopropylethylamine (DIEA) and
solvent peak. The water supression NMR method developed by ShakapMF were dried over sieves. LHMDS (1.0 M in THF) was purchased

eliminated this problem. See: Hwang, T. L.; Shaka, Al. Magn. Reson. ; :
Series A1995 112, 275. from Aldrich Chemical Company. HATU was purchased from

(68) Whereas the proton NMR of microcystin-LA in,© exhibited a PerSeptive Biosystems In@-Boc-Glu(OH)-OMe was prepared by the
single set of sharp resonances, but such was not the case with most of thedne-pot procedure described in the text, and full experimental details
peptide intermediates. TAE spectra of these compounds exhibited rotamer-  will be published elsewhere. Alanine trichloroethyl ester was prepared
induced peak broadening and doubling at room temperature in &8Cl  through a higher yielding modification of the literature protot®ias

DMSO-ds. Coalescence of the rotamers generally occurred a800C in . _
DMSO-ds, which facilitated peak assignment and characterization. The described below. N-Methyl benzylcarbamate was prepared from

cyclized diestera2 exhibited severe peak broadening and doubling in Penzylchloroformate and aqueous methylamine as suggested in the
DMSO-ds at room temperature, but, when heated to-%90 °C, imide literature3® Methylglyoxylate hemiacetal was prepared according to
formation occurred as evidenced by the absence of a methyl ester resonancehe literature procedur®. All other reagents were used as purchased

in the™H NMR spectrum and by the loss of one unit of methanol according from Aldrich. Sigma-Aldrich. or Acros unless otherwise stated
to HRMS. The spectrum o#2 in CDCl; exhibited the presence of one 910 ' ) '
major rotamer and<10% of a minor one, which began to coalesce at 45  N-Carbobenzyloxy-a-hydroxysarcosine Methyl Ester (9). To a
°C. stirred solution of 35.3 g (214 mmol) 6f methylbenzylcarbamat&)¢3
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and 25.7 g (214 mmol) of methylglyoxylate hemiacet&lin 214 mL

of anhydrous ether was added 5.0 g (21 mmol) of camphor sulfonic
acid at room temperature. After 30 h, the solution was shaken with
200 mL of 50% saturated aqueous NaHCOrhe water layer was

Humphrey et al.

R: 0.24 and 0.38 (EtOAc); IR: 3289, 2957, 1734, 1697, 1667, 1247,
1150, 1035; FAB MSm/e calcd for GegHaN3sOPt (M + HT):
572.2737, found 572.2743. The high Riastereomer could be
selectively crystallized in low yield from ether/hexanes-a5°C over

extracted with an additional 200 mL of ether, and the combined ether 1-2 weeks: mp 5463 °C (dec);*H NMR (500 MHz, DMSQO¢s, 110

portions were washed with brine, dried with Mg&Qiltered, and
concentrated to give 40 g of a clear oil containing mai@lkgnd8 (in
a 1:2 ratio, respectively) and a trace by *H NMR analysis. The

°C) 6 0.85 (d,J = 6.1, 3H), 0.90 (d,]J = 6.4, 3H), 1.26 (d] = 7.1,
3H), 1.41 (s, 9H), 1.53 (appd,= 7.1, 2H), 1.64 (app dgl = 7.1, 7.1,
1H), 3.02 (s, 3H), 3.68, 3.69 (two ovrlp d,= 10.6 and 10.7, 6H),

material was chromatographed (3:7 EtOAc:hexanes) to give 14.9 g 4.17 (br app qJ = 7.2, 1H), 4.38 (br app dq] = 7.4, 1H), 5.14 (s,

(27%) of the title compoun® and 24.5 g of recoverefl. Spectral
data for9 are as follows: R0.35 (1:1 EtOAc:hexanes); IR (thin film):
3408, 2954, 1750 cm}; *H NMR (500 MHz, DMSO¢g, 70 °C): 6
2.77 (s, 3H), 3.66 (s, 3H), 5.12 (s, 2H), 5.77 (br s, 1H); 6.61 (br s,
1H); 7.31-7.39 (m, 5H); MSm/e calcd for G,H;gNOs™ (M + H™):
254.1028. Found 254.1022.
N-Carbobenzyloxy-o-dimethylphosphonylsarcosine Methyl Ester
(10a)3* To 13.3 g (52.6 mmol) o and 16.0 g (158 mmol) of
triethylamine in 100 mL of dry CkCl, at —20 °C was added dropwise
6.63 g (57.9 mmol) of freshly distilled methanesulfonyl chloride. The
mixture was warmed to room temperature aften and stirred for an

2H), 5.32 (d,J = 23.9, 1H), 7.32 (m, 1H), 7.36 (app d~= 4.2, 4H),
7.83 (br d,J = 7.7, 1H), 7.99 (br dJ = 6.8, 1H). *H NMR data for

the other isomer was obtained from a proton spectrum of the
diastereomeric mixture, and are as followd41 NMR (500 MHz,
DMSO-ds, 110°C) ¢ 0.86 (par obsc d] = 5.9, 3H), 0.91 (par obsc d,
J=5.9, 3H), 1.26 (d) = 6.9, 3H), 1.41 (s, 9H), 1.53 (appd= 7.1,
2H), 1.64 (app dgJ = 7.1, 7.1, 1H), 3.00 (s, 3H), 3.69 (d,= 10.8,
6H), 4.17 (app qJ = 7.2, 1H), 4.38 (br dgJ = 7.4, 1H), 5.14 (s, 2H),
5.30 (par obsc dJ = 23.9, 1H), 7.32 (m, 1H), 7.36 (app d,= 4.2,
4H), 7.86 (par obsc br m, 2H).

Boc-p-iso-Glu(OMe)-MeAAla-(p)-Ala-(L)-Leu-O'Bu (13). 1lla

additional 15 h. The solvent was then removed under vacuum and (5.0 g, 8.75 mmol) was hydrogenated in 16 mL of methanol over 500
replaced with 50 mL of dry acetonitrile. Powdered potassium iodide mg of 10% palladium on carbon for 2.5 h at 1 atm, then filtered, and
8.73 g (52.6 mmol) was added followed by 7.83 g (63.1 mmol) of concentrated. The residue was reconcentrated twice from 5 mL of

trimethylphosphite. After vigorous stirring for 22 h, the solvent was

toluene to remove residual methanol, and the remaining oil was

removed under vacuum, and the residue was partitioned between EtOAddissolved in 15 mL of DMF. Boc-Glu-OMegj (3.43 g, 13.1 mmol)
and water. The aqueous layer was extracted with an additional portionwas then added, followed by 3.39 g (26.3 mmol) of DIEA, and, after

of EtOAc, and the combined organic layers were washed with brine,
dried over MgSQ filtered, and concentrated to give an orange oil.
Chromatography (9:1 EtOAc:hexanes) gave 13.6 g (75%)0afas a
pale yellow oil: R0.35 (EtOAc) IR (thin film) 2957, 1750, 1704 cry

1H NMR (500 MHz, CDC}), two rotamers:d 3.09 (s, 3H, minor

rotamer), 3.12 (s, 3H, major rotamer), 3.73, 3.75, 3.777, 3.781, 3.798,

3.803, 3.829, 3.833, 3.86 (9S, 9H from each rotafhiassigned to the

cooling to 0°C, 4.99 g (13.1 mmol) of HATU. After stirring for 1 h

at 0°C and 17 h at room temperature, the resultant orange solution
was partitioned between 200 mL of 50% saturated citric acid and 200
mL of ether. The organic portion was washed with 150 mL of 50%
saturated NaHC§and the aqueous portions were back extracted twice
with 150 mL each of ether. The combined organic portions were then
washed with brine, dried with MgSQfiltered, and concentrated to

methyl esters of the phosphonate and the carboxylate groups), 5.11 (dgive an off-white foam consisting of the two diastereomersZfvhich

J=12.3, 1H, minor rotamer), 5.3%.22 (obsc d, 1H, minor rotamer),
5.19 (app dd, 2HJ = 11.7, major rotamer), 5.32 (d,= 26.5, 1H,
minor rotamer), 5.56 (d] = 26.0, 1H, major rotamer), 7.327.38 (m,
5H from each rotamer); M$®n/e calcd for G4H:NOP (M + HF):
345.0972, found 345.0963.

N-Carbobenzyloxy-a-dimethylphosphonylsarcosine (10b§* To
a solution of 10.9 g (31.6 mmol) df0ain 30 mL of THF at room
temperature was added a solution of 1.52 g (36.3 mmol) of lithium
hydroxide in 20 mL of water. After stirring vigorously for 3 h, the
bulk of the THF was removed in vacuo and the remaining solution
was washed with one 25 mL portion of ether. The aqueous portion
was then acidified with 5 mLfo6 M HCI and extracted with three 20
mL portions of EtOAc. The combined organic layers were washed
with brine, dried with MgS@ and concentrated to give 9.8 g (98%)
of a colorless oil that solidified upon standing and was pure according
to 'H NMR. Crystallization from EtOAc/hexanes gave 8.8 g (88%)
of 10b as a white solid: mp 9496 °C; R; 0.60 (80:20:15:1 CkCl,:
MeOH:HOAc:H0); IR (thin film) 3433-2578 br, 2956, 1739, 1700
cm % 'H NMR (500 MHz, CDC}, major rotamer):6 3.10 (s, 3H);
3.76 (d,J=11.2, 3H), 3.89 (dJ = 11.2, 3H), 5.14 (dJ = 12.4, 1H),
5.21 (d,J = 12.4, 1H), 5.60 (d,J = 26.7, 1H), 7.36-7.38 (m, 5H),
10.20 (br s, 1H); MSn/ecalcd for GsHidNO;P™ (M + HY): 332.0894,
found 332.0991. analysis calcd for#:1gNO;P: C, 47.13; H, 5.49;
N, 4.23. Found: C, 46.92; H, 5.67; N, 4.40.

N-Carbobenzyloxy- o-dimethylphosphonylsarcosyl-6)-alanyl-(L)-
leucinetert-butyl Ester (11a). To 7.79 g (19.8 mmol) oN-Cbz-)-
Ala-(L)-Leu-OBu in 40 mL of methanol was added 1.2 g of 10%

could be resolved by TLC, but were inseparable by silica gel
chromatography. £.26 and 0.36 (EtOAc); IR (thin film) 3326, 2962,
1728, 1712, 1697, 1666 cr) FAB MS calcd for M+ Na™: 703.3295;
found: 703.3291. The NMR spectra for this 1:1 mixture of diaster-
eomers was further complicated by the presence of rotamers and spin
coupling to phosphorus. For this reason, and to obtain a higher overall
yield for the sequence, further purification atiINMR characterization
were delayed until after the HornreEmmons reaction, which gives a
single stereoisomer: to the crude mixture of diastereomers was added
40 mL of THF, 20 mL of water, 4.8 g (35 mmol) of KOs, and 2.1

mL (ca. 10 equivalents) of 37% aqueous formaldehyde. The mixture
was stirred vigorously o8 h atroom temperature, then poured into
100 mL of water, and extracted twice with 100 mL of ether. The
organic extracts were washed with 100 mL of 50% saturated citric acid,
and the aqueous wash was back extracted with 100 mL of ether.
Combined organic portions were washed with brine, dried over MgSO
filtered, and concentrated to give 4.95 g of an off-white foam.
Chromatography (EtOAc) gave 3.80 g (75%) 18 as a foam that
exibited no distinct melting point. .38 (EtOAc); IR (thin film) 3320,
2971, 1722, 1658 cnt; *H NMR (500 MHz, DMSOss, 90°C) 6 0.85
(d,J=6.8, 3H), 0.89 (dJ = 6.5, 3H), 1.29 (dJ = 7.6, 3H), 1.37 (s,
9H), 1.40 (s, 9H), 1.53 (app & = 7.6, 2H), 1.63 (dgJ = 6.8, 6.8,

1H), 1.82 (app dgJ = 8.3, 8.3, 1H), 1.95 (app dd,= 7.2, 7.2, 1H),

2.32 (brapp gJ = 7.2, 1H), 3.01 (br s, 3H), 3.62 (s, 3H), 3.98 (br app
q,J = 6.0, 1H), 4.17 (app q] = 7.2, 1H), 4.39 (dg) = 7.6, 7.6, 1H),

5.52 (br s, 1H), 5.96 (br s, 1H), 6.79 (br s, 1H), 7.74 (br s, 1H), 7.86
(brd,J= 7.6, 1H); MS calcd for GHagN4sO™ (M + HT): 585.3499;

palladium on carbon. The mixture was hydrogenated at 1 atm for 2.5 found: 585.3489.

h, then filtered through Celite, and concentrated. The residue was

reconcentrated from toluene and then from,CH/hexanes to remove
residual methanol. The residue was then dissolved isgQGHand 7.20

g (21.8 mmol) ofl0b was added, followed by 2.94 g (21.8 mmol) of
HOBt and, at 0 C, 4.50 g (21.8 mmol) of DCC. The mixture was
stirred fa 2 h at 0 C and for 12 h at room temperature. After filtering
through Celite and concentrating, the resultant oil was dissolved in

Boc-p-iso-Glu(OMe)-MeAAla-(p)-Ala-(L)-Leu-OH (2). To 1.00
g (1.71 mmol) ofl3in 6 mL of TFA was added 212 mg (1.71 mmol)
of thioanisole. After 30 min, the solution was concentrated and then
reconcentrated once from GEl,/hexanes and three times from 20 mL
portions of EtOAc. The remaining residue was diluted with 4 mL of
water, and 1.1 g (10.3 mmol) of WaO; was added, followed by, after
cooling to 0°C, 410 mg (1.88 mmol) of diert-butyldicarbonate in 4

EtOAc and washed succcessively with saturated citric acid, saturatedmL of dioxane. The mixture was warmed to room temperature, stirred

NaHCGQ;, and brine. The solution was dried over MgS@ltered,

for 12 h, then poured into a separatory funnel, diluted with 30 mL of

concentrated, and chromatographed (EtOAc) to give 10.3 g (91%) of water, and washed twice with ether. The aqueous portion was acidified

1laas a white foam consisting of a 1:1 mixture of two diastereomers:

to pH 2—3 with saturated citric acid and extracted twice with EtOAc.
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The combined extracts were washed with brine, dried with MgSO  temperature, diluted with 440 mL of fresh ether, and cooled in an ice
filtered, and concentrated to an oil. Chromatography (1:10:90 HOAc: bath for 2 h. The resultant white precipitate was collected by filtration
MeOH:CHCI,) gave 817 mg (90%) a2 as a white foam. A sample and recrystallized from MeOH/ED to give 22.3 g (81%) of alanine

precipitated as a white powder from ether/hexanes7 °C exhibited trichlorethyl estemp-toluene sulfonate as a white solid. The physical

no distinct melting point: R0.40 (1:10:90 HOAc:MeOH:CkCl,); IR properties of the product matched the literature vafffesThe free

(thin film) 3318, 2959, 1722, 1653 crf *H NMR (500 MHz, DMSO- amine was generated as follows: the tosylate salt (998 mg 2.76 mmol)

ds, 90°C) 6 0.85 (d,J = 6.4, 3H), 0.88 (dJ = 6.8, 3H), 1.37 (s, 9H), was shaken with 30 mL of 50% saturated NaH@®d 30 mL of ether.

1.55 (t,J= 6.8, 2H), 1.62 (app dq, J-13.5, 7.2, 1H), 1.80 (appXis;, The aqueous portion was extracted with an additional 30 mL of ether,

14.7, 6.8, 1H), 1.95 (app dg,= 12.7, 6.0, 1H), 2.31 (m, 3H), 3.00 (s,  and the combined organic extracts were dried WitC&, filtered,

3H), 3.61 (s, 3H), 3.98 (br app d,= 5.2, 1H), 4.26 (app q) = 7.6, and concentrated to give 531 mg (100%) of alanine trichloroethy! ester,

1H), 4.40 (app dgJ) = 7.2, 7.2, 1H), 5.52 (br s, 1H), 5.98 (br s, 1H),  which was used directly in the next step.

6.89 (br S, lH), 7.79 (br S, lH) 7.92 (br S, lH), FAB M8ecalcd for Boc-D-erythroﬁ-Me-is&Asp(OMe)-AIa-OTce (19) The acid18

CaaHuN4Og™ (M + HT): 529.2873. Found: 529.2895. (360 mg 1.38 mmol) and 531 mg (2.76 mmol) of alanine trichloroethyl
p-erythro-N-(9-Phenylfluoren-9-yl)N-benzyl#-methylaspartic Acid ester were concentrated together from 5 mL of toluene, and the residue

o-Methyl Ester (16). To 4.19 g (8.28 mmol) ofl5 in 150 mL of was dissolved in 4 mL of DMF and cooled in an ice bath. To the
THF was added 45 mL of MeOH, and the resultant solution was heated so|ution was added 535 mg (4.14 mmol) of DIEA, followed by 577
to 6C° C. Lithium hydroxide monohydrate (3.47 g, 82.8 mmol)in 90 mg (1.52 mmol) of HATU. The solution was warmed to room
mL of H;O was then added over 10 min, and the resultant cloudy temperature aftel h and stirred for an additional 8 h. The mixture
mixture was stirred at 60C for 24 h. After cooling to room was worked up as for compouri8 to give 644 mg of an off-white
temperature, the mixture was washed twice with ether, and the combinedsp|id. Chromatography (1:1 EtOAc:hexanes, 36 g of Bigave 563
organic phases were back-extracted twice with water. The combined mg (88%) of19. Crystals were obtained from EtOAc/hexanes-46
aqueous phases were acidified with saturated citric acid and extractedoc. mp 161-162°C: R 0.44 (1:1 EtOAc:hexanes); IR (thin film) 3330,
twice with EtOAc. The combined EtOAc phases were washed once 5979 1750 cmt: 'H NMR (500 MHz, CDC}) 6 1.28 (d,J = 7.6,
each with water and brine, dried over Mg&@itered, concentrated to 3H), 1.45 (s, 9H), 1.50 (dJ = 7.2, 3H), 3.11 (m, 1H), 3.74 (s, 3H),
approximately 1/2 the original volume, and diluted with hexanes. The 4 44 (dd,J = 4.0, 9.9, 1H), 4.63 (d) = 11.9, 1H), 4.64 (par obsc dq,
desired epimer (1.64 g) was obtained as a crystalline solid, and the j — 7.2,7.2, 1H), 4.96 (d) = 11.9, 1H), 5.72 (d,J = 8.7, 1H), 6.20
mother liquors were chromatographed (65 g silica/g sample, 25:75 d, J = 6.4, 1H) HRMSm/e calcd for GeHagN2O/Cls* (M + H*):
EtOAc:hexanes) to provide an additional 1.12 g (69% combined yield) 463 9805 Found: 463.0805.

of the title compound.6;: R;0.63 (1:1 EtOAc:hexanes); IR (thin film . .
3055 br, 2933,%700 piey 1|f_| NMF\(’ (500 MHz, CDC}) 6)0.66( dJ= ) p-erythro-fi-Methyl Dimethylaspartate Hydrochloride (23). To

_ _ 19.0 g (37.6 mmol) ofL5in 20 mL of CHCl, and 40 mL of MeOH
IZH}izST})-I)ijl(d(%f] =7131.'1—>5H:|21}i)|_|)4250?d(,15=3|:)3§|i§(iH) was added 8.57 g (75.2 mmol) of TFA. The resultant solution was
7.25-7.84 (m, 20H); HRMSn/ecalcd for (VHH)*:492.2176. Found hydrogenated over_3.8 g of 10% Pd-Q at 52 psi fqr 8 h. The ml_xture
492.2174. Anal. Calcd for £H,NO4C, 78.16; H. 5.96: N, 2.85. was then carefully filtered through Celite, and the filter pad was rinsed
Found: C, 78.14; H, 6.01; N, 2.87. The undesired epitigwas ~ With copious CHCl> and MeOH. The CbCl, was removed under

obtained as 1.18 g (29%) of a white solid; (R33 (1:1 EtOAc:hexanes); vacuum, and the resultant methanolic slurry was filtered through Celite

IR (thin film) 3055 br, 2933, 1716 cm 'H NMR (300 MHz, CDC}) to remove the white_s_olids. The filtrate was concentrated to an oil,
6 1.10 (d,J = 7.1 Hz, 3H). 2.18 (dgJ = 11.3, 7.2 Hz, 1H). 2.88 (s, which was then partitioned between 20 mL of water and 40 mL of
3H), 3.41 (d,J = 11.3 Hz, 1H), 4.05 (dJ = 13.4 Hz, 1H), 4.35 (dJ ether. Three milliliters of concen?rated HCl was added, and the mixture
= 13.4 Hz, 1H), 7.18-7.75 (m, 20H); M&/e calcd for (MH-H)*: was shaken. The aqueous portion was removed, cooled with ice, and
492.2176, found 492.2168. basified to pH 10.0 with cold concentrated ammonium hydroxide. The
mixture was then extracted twice with EtOAc, and the combined EtOAc

Boc-p-erythro-#-methyl Aspartic Acid o-Methyl Ester (18). A . - . . .
Par bottle was ch’;rged with 271 g (5.51 mmol16,¥51 mL m(‘ Et)OAc portions were washed with brine, dried with®0s, and concentrated
and 9 mL of CHCI,. After the solids had dissolved, 0.85 mL (1.10 to give a colquess 9" that was pure _accordlnglkbNMR analysis. .
mmol) of TFA was added, carefully followed by 405 mg of 10% Pd/ The oil was immediately dissolved in dry ether, and a methanolic

C. The mixture was hydrogenated at 50 psi for 14 hours, then filtered Solution of 37.6 mmol of HCI (prepared by carefully dissolving 2.7
through Celite, and concentrated. The resultant white crust was ML (37.6 mmol) of acetyl chloride in 10 mL of MeOH at®C) was

partitioned between 50 mL of ether and 24 mL of water. The aqueous 2dded to generate the HCl salt. The solvent was removed under vacuum
layer was washed once with ether, and the combined organic portions© 9ive @ white residue, which was then dissolved in,Chj diluted
were extracted once with 20 mL of water. The combined aqueous With hexanes, and reconcentrated to give 7.25 g (919%4Bak a white
phases were then cooled t6 @, and 2.92 g (27.1 mmol) of NGO, solid that was pure according ¥ NMR. Crystalllza_tlor] from MeOH/
was added, followed by 1.40 mL (6.06 mmol) of te#-butyldicar- EtOAc gave white needles: mp 12426 °C; IR (thin film) 3413 br,
bonate in 33 mL of dioxane, and the resultant slurry was warmed to 2956, 1745, 1234 cm*; *H NMR (500 MHz, D,O) 6 1.33 (d,J =
room temperature, stirred vigorously for 25 h, and then partitioned /-5, 3H), 3.49 (dgJ) = 4.1, 7.5, 1H), 3.76 (s, 3H), 3.85 (s, 3H), 4.51
between ether and water. The aqueous layer was washed once witHd: J = 4.1, 1H); MSm/e calcd for (M — CI")*: 176.0919. Found
ether, and the combined organic phases were back-extracted once witd-76-0917. Anal. Calcd for f1.,NO,CI: C, 39.72; H, 6.68; N, 6.62.
water. The combined aqueous phases were then acidified with 1 M Found: C, 39.72; H, 6.72; N, 6.50.
NaHSQ and extracted twice with EtOAc. The combined EtOAc phases  p-erythrof-methylaspartic Acid -Methyl Ester Hydrochloride
were washed twice with water and once with brine, dried over MgSO  (24). To 2.00 g (9.45 mmol) 023 in 32 mL of water and 8 mL of
filtered, and concentrated to a clear oil. Chromatography (30 g silica/g EtOH was added 2.52 g (11.4 mmol) of basic cupric carbonate
sample, 1:49:50 HOAc:EtOAc:hexanes) gave 1.27 g (88%8als a (CuCQCu(OH)), and the mixture was stirred vigorously at 70
colorless oil: R0.35 (1:10 MeOH:CECl,); IR (thin film) 3355 br, for 2.5 h. The mixture was then filtered through Celite, and the filter
2977, 2611, 1711 cm; *H NMR (500 MHz, DMSO¢s) 6 (major pad was rinsed with copious water. The resultant blue solution was
rotamer) 1.04 (dJ = 7.5 Hz, 3H), 1.37 (s, 9H), 2.81 (dq,= 6.5,7 diluted with more water to bring the final volume to 60 mL. Hydrogen
hz, 1H), 3.60 (s, 3H), 4.37 (dd,= 6, 8.5 Hz, 1H), 6.95 (d) = 8.5 sulfide was then bubbled through the solution until an aliquot filtered
Hz, 1H); MS m/e calcd for (MH+H)*: 262.1290, found 262.1289.  through Celite was colorless. After filtering the remaining black
analysis calcd for GHioNOs: C, 50.56; H, 7.34; N, 5.36. Found: C,  mixture through Celite, the resultant clear, colorless solution was
50.28; H, 7.19; N, 5.07. concentrated under vacuum at 8Dto constant mass, which provided
Alanine Trichloroethylester, p-Toluene Sulfonate*®2 To 6.78 g 1.83 g (98%) of24 as a white solid that was pure accordingtd
(76 mmol) of L-alanine in 150 mL of toluene in a round bottom flask NMR analysis: mp 276280°C (dec); IR (KBr) 3425-2367 br, 1719,
equipped with a Dean-Stark trap was added 68 mL of trichloroethanol 1619 cnt?; *H NMR (500 MHz, D,O) ¢ 1.27 (d,J = 7.3, 3H), 3.33
and 21.6 g (114 mmol) op-toluenesulfonic acid. The mixture was  (dq,J = 4.0, 11.1, 1H), 3.71 (s, 3H), 4.25 (d= 3.74, 1H); MSm/e
refluxed with azeotropic water removal for 15 h, then cooled to room calcd for GH12NO, (M — CI7)*: 162.0763. Found 162.0768. Anal.
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Calcd for GH13NO,4: C, 36.46; H, 6.13; N, 7.09. Found: C, 36.16;
H, 6.33; N, 6.97.

Boc-p-erythro-#-methylaspartate f-Methy| Ester (25). To 5.29
g (26.8 mmol) of24 in 53 mL of 1 M pH 12.5 phosphate buffer
(resultant pH= 8.0) was added 53 mL of dioxane, and the resultant
mixture was cooled in an ice bath, and 1.5 g (26.7 mmol) of KOH was
added. When the base had dissolved, 7.01 g (32.2 mmol) efri-
butyldicarbonate was added in one portion, and 10 min later the mixture
was allowed to warm to room temperature where stirring was continued
for 1.5 h (resultant pH= 7.0). At this point, an additional 1.5 g (26.7
mmol) of KOH was added and stirring was continued &h (final
pH = 9.0). The mixture was washed with one portion of ether, and to
the remaining aqueous layer was added a solution of 6.6 mL of
concentrated HCI in 50 mLfdl M pH 3.1 citrate buffer (final pH=
3.5). The mixture was then extracted twice with ether, and the
combined organic extracts were washed with brine, dried over MgSO
filtered, and concentrated to give a colorless oil. Crystallization from
EtOAc/hexanes at-20 °C gave 6.43 g of a white solid that was
contaminated by a trace of ninhydrin-positive baseline material ac-
cording to TLC analysis (4:1:95 MeOH:HOAc:CH{|I Recrystalli-
zation (EtOAc/hexanes;20 °C) gave 5.20 g of pure white crystals.

Humphrey et al.

concentrated under vacuum to constant mass to give 248 mg (100%)
of 28as a colorless oil: F0.65 (40:60 EtOAc:hexanes); IR (thin film)
3377, 2967, 2833, 2722, 1722, tin'H NMR (500 MHz, CDC}) 6
1.28 (d,J = 7.5 Hz, 3H), 1.47 (s, 9H), 3.31 (d4,= 3.5, 7.5 Hz, 1H),
3.68 (s, 3H), 4.34 (dd] = 3.5, 9.5 Hz), 5.60 (dJ = 9.0 Hz), 9.65 (s,
1H); MS m/e calcd for (Mt+H)*: 246.1342, found 246.1338. The
material was used immediately in the next step without further
purification.
trans-(3R,4S)-N-tert-Butoxycarbonyl-1-iodo-3-amino-4-car-
bomethoxy-1-pentene (22).The crude aldehyd@8 (248 mg 1.02
mmol) in 7.5 mL of dioxane was cannulated into a flask equipped with
a stirbar and charged with a slurry of 750 mg (6.09 mmol) of flame-
dried chromium(ll) chloride in 1.3 mL of THF. To the resultant green
slurry was added 1.04 g (3.04 mmol) of iodoform, and the resultant
dark brown mixture was stirred vigorously in the dark for 19 h. The
mixture was then partitioned between ether and 50% saturated brine,
and the phases were separated. The aqueous phase was then saturated
with NaCl and extracted twice with ether. The combined organic
material was then washed twice with brine, dried over MgSiered,
and concentrated to give a yellow oil. The oil was chromatographed
(60 g silica/g sample, 1:9 EtOAc:hexanes) to give 197 mg (53%) of

The mother liquors were combined and chromatographed to supply an2; as a colorless oil that solidified over time:; ®63 (30:70 EtOAc:

additional 1.79 g for a total of 6.99 g, 99% 25. mp 72-73 °C; IR
(thin film) 3300—2600 br, 1724, cmt; 'H NMR (500 MHz, CDC},
major rotamer of a 10:1 mixture) 1.27 (d,J = 7.4 Hz, 3H), 1.44 (s,
9H), 3.27 (dgJ = 3.7, 7.2, 1H), 3.70 (s, 3H), 4.53 (dd,= 3.7, 9.4,
1H), 5.51 (d,J = 9.4, 1H); MSml/e calcd for (M+H)*: 262.1290.
Found 262.1298. Anal. Calcd fon1190NOs : C, 50.56; H, 7.34; N,
5.36. Found: C, 50.77; H, 7.42; N, 5.06.
(2S,3R)-N-tert-Butoxycarbonyl-2-methyl-3-amino-4-hydroxy Meth-
yl Butanoate (27). To 4.78 g (18.3 mmol) oR5 in 19 mL of dry
Glyme was added 2.21 g (19.2 mmol)Ndhydroxysuccinimide. After
cooling in an ice bath, 3.96 g (19.2 mmol) of DCC was added. The
mixture was stirred fol h at 0°C and for 2.5 h at room temperature,
then diluted with 20 mL of dry ether, filtered through Celite, and
concentrated to give the active estéras white solid. The active ester
was crystallized from ether/hexanes for characterization, but, since
crystallization or chromatography resulted in lower overall yields, it
was generally used crude in the next step. Spectral dataéfoitR
(thin film) 3353, 2980, 1740, 1710 crth 'H NMR (500 MHz, CDC})
0 1.36 (d,J = 7.3 Hz, 1H), 1.46 (s, 9H), 2.83 (br s, 4H), 3.35 (dq,
=3.9, 7.3 Hz, 1H), 3.75 (s, 3H), 4.89 (ddl= 3.9, 10.0 Hz, 1H), 5.60
(d, 10.0H); MSm/ecalcd for (M+H)*": 359.1448, found 359.1455.
Reduction: the crude active est28 was dissolved in 17 mL of dry
THF and cooled in an ice bath, and then 1.73 g (45.7 mmol) of NaBH
was added. After 2 h, the mixture was warmed to room temperature
and stirred vigorously for an additional 15 h. The mixture was then
added dropwise to 400 mL of an ice cold, vigorously stirred solution
of 1 M pH 3.1citric acid buffer. The resultant mixture was extracted
twice with ether, and the combined extracts were washed once with
water, once with brine, dried over MggJiltered, and concentrated
to give an oil. Chromatography (1:1 EtOAc:hexanes) gave 3.30 g
(73%) of the alcohoR7 as a white solid: RD.27 (1:1 EtOAc:hexanes);
IR (thin film) 3420 br, 2978, 1718 cnt; *H NMR (500 MHz, CDCH})
0 1.23 (d,J =7 Hz, 3H), 1.43 (s, 9H), 2.87 (dd,= 5.5, 6.5 Hz, 1H),
3.61 (dd,J = 5.5, 11 Hz, 1H), 3.65 (dd] = 5.5, 11 Hz, 1H), 3.68 (s,
3H), 3.76 (overlap app dd,= 5.5, 8.5 Hz, 1H), 5.42 (d] = 8.5 Hz,
1H); 13C NMR (125 MHz, CDC}) ¢ 14.9, 28.3, 39.7, 51.9, 54.8, 63.9,
79.7, 156.4, 175.9; M3n/e calcd for (M+H)™: 248.1498. Found
248.1500.

(2R,39)-N-tert-Butoxycarbonyl-2-amino-3-carbomethoxybuta-
nal (28). To 193 mg (1.52 mmol) of freshly distilled oxalyl chloride
in 2.5 mL of CHCl, at —50° C was added 173 mg (2.03 mmol) of dry
DMSO. After 15 min, 250 mg (1.02 mmol) &7 in 7 mL of CH,Cl;
was added via cannula over 10 min. The resultant cloudy mixture was
stirred for 1 h, at which point 416 mg (4.07 mmol) of dry triethylamine
in 1.5 mL of CHCI, was added dropwise. The reaction was quenched
after 40 min by the addition of 0.5 mL of water and was then diluted
with 20 mL of hexanes. The mixture was washed twice with 5 mL of
ice cold 1 M NaHSQ, and the combined aqueous phases were back
extracted once with ether. The combined organic material was then
washed once with 10 mL of saturated NaH{@vice with 10 mL of
water, and once with 10 mL of brine, dried over MgS@ltered, and

hexanes); IR (thin film) 3422, 3044, 2978, 2300, 1711 &H NMR
(500 MHz, CDC}) 6 1.21 (d, 7.5 Hz, 3H), 1.43 (s, 9H), 2.70 (m, 1H),
3.68 (s, 3H), 4.27 (m, 1H), 6.32 (dd= 1, 14 Hz, 1H), 6.45 (ddj =
6.5, 14 Hz, 1H)13C NMR (125 MHz, CDC}) 6 14.4, 28.3, 42.8, 51.9,
56.9, 78.4, 79.8, 144.0, 155.3, 174.8; MSe calcd for (M+H)*:
370.0516. Found 370.0516. Anal. Calcd fopl@yNO4: C, 39.03;
H, 5.47; N, 3.79. Found: C, 39.32; H, 5.47; N, 3.74.
(2R,39)-N-Methyl- N-methoxy-2-methyl-3-hydroxy-4-phenylbu-
tanamide (Weinreb Amide 31). To a slurry of 7.90 g (81.0 mmol)
of N,O-dimethyl hydroxylamine hydrochloride and 35 mL of THF in
a flame dried flask at OC was added dropwise over 20 min 40.5 mL
(81.0 mmol) d 2 M trimethylaluminum in hexanes (caution: vigorous
effervescence), and the resultant solution was stirred for 30 min. A
solution of 10.0 g (29.2 mmol) 30 in 20 mL of dry THF was then
added over 15 min, and, after stirring for 1 h, the solution was
cannulated into 350 mL of rapidly stirred, ice-ddl M HCI (caution:
vigorous effervescence). The mixture was then extracted twice with
400 mL of EtOAc, and the combined organic phases were washed once
each with water and brine, dried over Mg&@ltered, and concentrated
under vacuum to give a clear oil. Chromatography (100 g silica/g
sample, 4:6 EtOAc:hexanes) gave 6.06 g (87%3bhs a clear oil:
Rf 0.55 (50:50 EtOAc:hexanes); IR (thin film) 3424, 3036, 2931, 1637
cm % *H NMR (500 MHz, CDC}) 6 1.23 (d,J = 7.0 Hz, 3H), 2.71
(dd,J = 7.0, 13.5 Hz, 1H), 2.85 (par obsc, 1H), 2.89 (dd= 7.5,
13.5 Hz, 1H), 3.46 (br s, 3 H), 3.65 (br s, 1H), 4.11 @ 3, 7.0 Hz,
1H), 7.21-7.30 (m, 5H);*3C NMR (125 MHz, CDC}) ¢ 10.03, 31.75,
37.21, 40.01, 61.20, 72.86, 126.3, 128.4, 129.1, 138.3, 177.9nMS
calcd for (MH+H)*: 238.1443. Found 238.1447. Anal. Calcd for
CisH1NOs: C, 65.78; H, 8.09; N, 5.90. Found: C, 65.78; H, 8.04; N,
5.81.
(2R,3S)-N-Methyl- N-methoxy-2-methyl-3-methoxy-4-phenylbu-
tanamide (Weinreb Amide 32). To 3.81 g (16.1 mmol) 081 in 56
mL of dry THF and 24 mL of dry DMF was added 10.0 mL (160
mmol) of iodomethane. The resultant solution was cooled €0
and 1.93 g (48.1 mmol) of 60% sodium hydride in oil was added. After
stirring for 1.5 h, the solution was poored into 300 mL of ice cold 1 M
pH 7 phosphate buffer, and the mixture was extracted twice with 250
mL of EtOAc. The combined organic phases were washed once each
with water and brine, dried over MgSQCfiltered, and concentrated
under vacuum to give an oil. Chromatography (25 g silica/g sample,
25:75 EtOAc:hexanes) gave 3.84 g (95%)B@fas a clear oil: R0.45
(40:60 EtOAc:hexanes); IR (thin film) 3060, 2931, 2813, 1660 tm
IH NMR (500 MHz, CDC}) 6 1.21 (d,J = 7.0 Hz, 3H), 2.74 (dd)
=7.0, 14 Hz, 1H), 2.86 (dd] = 3.5, 14 Hz, 1H), 2.90 (obsc dqg, 1H),
3.15 (s, 3H), 3.24 (s, 3H), 3.44 (br s, 3H), 3.61 (appJdt 4, 7 Hz,
1H), 7.17-7.23 (m, 5H)33C NMR (125 MHz, CDC}) 6 13.43, 32.01,
38.48, 39.62, 58.84, 60.95, 83.75, 125.97, 128.04, 129.51, 138.77,
175.95; MSm/ecalcd for (M+H)*: 252.1600. Found 252.1597. Anal.
Calcd for G4H2:NOs: C, 66.89; H, 8.44; N, 5.57. Found: C, 66.79;
H, 8.35; N, 5.53.
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(2R,39)-2-Methyl-3-methoxy-4-phenylbutanal (33). To 1.94 g obsc. mult., 1H), 3.12 (dd] = 4.5, 13.5 Hz, 1H), 3.37 (ddd} = 2,
(7.72 mmol) of32in 53 mL of dry CHCI, at —100 °C was added 4.5, 10 Hz, 1H), 3.42 (s, 3H), 6.21 (4,= 7 Hz, 1H), 7.26-7.33 (m,
over 10 min 10.3 mL (15.4 mmol) of 1.5 M diisobutylaluminum hydride  5H). Chromatography fractions containing unreacted starting material
in toluene. After 1.5 h, 2 mL of dry methanol was added, and the were purified via HPLC (0.5:99.5 EtOAc:hexanes) to give 69 mg (18%)
solution was warmed to 8C. To the resultant solution was added 50 of recovered34b.

mL of ice-cod 1 M tartaric acid, and the mixture was stirred vigorously Boc-Adda-OMe (35). To 184 mg (0.74 mmol) 020 was added
for 20 min at 0°C. The phases were separated, and the aqueous phase22 mg (0.60 mmol) 022, 5 mL of THF, and 43 mg (2.4 mmol) of
was extracted twice with Cﬁﬂ:lz The combined Organic phases were ater. The colorless solution was cooled td@ and 49 mg (007
dried over MgSQ filtered through Celite, and concentrated under mmol) of Pd[PPH in 1.5 mL of dry THF was added via cannula.
vacuum to a clear oil. Chromatography (100 g silica/g sample, 6:94 After 5 min, 377 mg (1.51 mmol) of TIOEt was added to the orange

EtOAc:hexanes) gave 1.17 g (79%) 38 as a clear oil: R0.36 (10: solution over a 10 min period. After 2 h, the light brown suspension
90 EtOAc:hexanes); IR (thin film) 3055, 2933, 2822, 2711, 1722 br, \yas partitioned between EtOAc and water, and the aqueous phase was
1600 cnt?; *H NMR (500 MHz, CDC}) 6 1.18 (d,J = 7 Hz, 3H), extracted twice with EtOAc. The combined organic phases were

2.39(dgJ = 3.5, 7 Hz, 1H), 2.72 (dd) = 7, 13.5 Hz, 1H), 3.00 (dd,  washed twice with water and once with brine, dried over MgSO
J=6.5, 13.5 Hz, 1H), 3.26 (br s, 3H), 3.90 (ddik= 3.5, 6.5, 6.5 Hz, filtered, and concentrated under vacuum to give a dark residue. The

1H), 7.21-7.32 (m, 5H), 9.69 (s, 1H}*C NMR (125 MHz, CDC}) 6 residue was filtered through silica (10:90 EtOAc:hexanes) to give an
7.5, 37.4, 48.9, 58.0, 81.6, 126.5, 128.6, 129.2, 138.0, 204.3m4S orange oil, which was then purified by HPLC (4:96 EtOAc:hexanes)
caled for (V-NH,)™: 210.1495. Found 210.1503. to give 219 mg (82%) 0B85 as a yellow oil: R0.39 (20:80 EtOAc:

Dibromoalkene 34a. To 7.59 g (22.9 mmol) of carbon tetrabromide  hexanes); IR (thin film) 3424, 3025, 2931, 1713 ¢mtH NMR (500
in 35 mL of dry CHCIl, at —20° C was added over 5 min 11.1 g (42.3 MHz, CDCk) 6 1.02 (d,J = 6.5 Hz, 3H), 1.22 (dJ = 7 Hz, 3H), 1.45
mmol) of triphenylphosphine in 12 mL of dry GBl,. After 15 min (s, 9H), 1.59 (dJ = 1 Hz, 3H), 2.58 (ddgJ = 6.5, 7, 9.5 Hz, 1H),
the resultant orange solution was cooled-68 °C, and 2.20 g (11.4 2.67 (dd,J = 7.5, 14 Hz, 1H), 2.722.77 (m, 1H), 2.80 (dd) = 4.5,
mmol) of 33in 11 mL of dry CHCI, was added by cannula over 10  13.5 Hz, 1H), 3.18 (ddd] = 4.5, 6.5, 7.5 Hz, 1H), 3.23 (s, 3H), 3.66
min. The solution faded to a light yellow after 10 min, at which point (s, 3H), 4.36 (br, 1H), 5.2¢5.30 (m, 1H), 5.38 (dJ = 9.5 Hz, 1H),
it was concentrated under vacuum to a brown crust. Chromatography5.43 (dd,J = 6.5, 15.5 Hz, 1H), 6.18 (d] = 15.5 Hz, 1H), 7.1#7.28
(80 g silica/g sample, 1:99 EtOAc:hexanes) gave 3.80 g (95%¥af (m, 5H); *3C NMR (125 MHz, CDC}) 6 12.6, 14.3, 16.1, 28.3, 36.6,
as a colorless oil: F0.39 (5:95 EtOAc:hexanes); IR (thin film) 3055, 38.2,44.0,51.6, 54.4,58.6, 79.2,86.9, 125.1, 125.9, 128.1, 129.4, 132.4,

3022, 2922, 2822, 1605 crhy *H NMR (500 MHz, CDCH) 6 1.07 (d,  135.9, 136.1, 139.3, 1555, 175.3; M@/e caled for (MHH)":
J=7Hz, 3H), 2.59 (ddgJ =5, 7, 9.5 Hz, 1H), 2.73 (ddl = 5.5, 14  446.2906. Found 446.2899.
Hz, 1H), 2.81 (ddJ = 7, 14 Hz, 1H), 3.25 (s, 3H), 3.30 (dddi= 5.5, Boc-Adda (4). To 80 mg (0.18 mmol) 085 was added 4.7 mL of

5.5, 7.5 Hz, 1H), 6.36 (dJ = 9.5 Hz, 1H), 7.26-7.31 (m 5H);13C THF and 0.91 mL (0.90 mmol)fdl M LiOH. The resultant mixture
NMR (125 MHz, CDC}) 6 13.7, 37.9, 41.6, 58.6, 85.0, 88.7, 126.2, \as stirred vigorously for 50 h at ambient temperature and then was
128.4,129.3, 138.7, 141.2; M@/ecalcd for (M+NH,)*: 363.9912. partitioned between ether and water. The aqueous phase was washed
Found 363.9902. with ether, and the combined ether phases were back-extracted once
(4R,55)-4-Methyl-5-methoxy-6-phenyl-2-hexyne (34b).To 2.55 with water. The combined aqueous phases were then acidified with 1
g (7.33 mmol) of34ain 100 mL of dry THF at—78 °C was added M NaHSQ, and extracted twice with EtOAc. The combined EtOAc
dropwise over 10 min 13.7 mL (25.6 mmol) of 1.87 M nBuLi in  phases were washed twice with water and once with brine, dried over
hexanes, and the solution was stirred for 1 h. To the resultant purple MgSQ,, filtered, and concentrated to an oil. The sample was filtered
solution was added 4.6 mL (73.4 mmol) of iodomethane, and the through silica (20:79:1 EtOAc/hexanes/HOAC) to give 68 mg (88%)
solution was then warmed to ambient temperature and stirred for 2 h. of 4 as an oil: R0.44 (25:74:01 EtOAc:hexanes:HOAC); IR (thin film)
The solution was then partitioned between ether and 5% NaS@ 3055, 2966, 2866, 1727 br ch *H NMR (500 MHz, DMSO¢s) 6
the phases were separated. The organic phase was washed once eatt®4 (d,J = 7 Hz, 3H), 0.96 (dJ = 7 Hz, 3H), 1.35 (s, 9H), 1.51 (br
with water and brine, dried over MgS(filtered, and concentrated s, 3H), 2.52 (par obsc m, 2H), 2.63 (db= 7, 14 Hz, 1H), 2.72 (dd,
under vacuum to an oil. Purification via MPLC (1:99 EtOAc:hexanes) J=5, 14 Hz, 1H), 3.16 (s, 3H), 3.23 (dddi= 5, 5.5, 7 Hz, 1H), 4.22
gave 1.31 g (89%) 084b as a colorless oil: R0.24 (1:99 EtOAc: (app 9,J = 8 Hz, 1H), 5.37 (par obsc dd,= 7.5, 15.5 Hz, 1H), 5.39
hexanes); IR (thin film) 3066, 2922, 1944, 1600, ¢ritH NMR (500 (d, J=10.5 Hz, 1H), 6.08 (dJ = 15.5 Hz, 1H), 6.91 (dJ = 8.5 Hz,
MHz, CDCk) 6 1.19 (d,J = 7 Hz, 3H), 1.83 (dJ = 2.5 Hz, 3H), 2.55 1H), 7.15-7.27 (m, 5H); MSm/ecalcd for (MV+H)*: 432.2751. Found
(ddqg,J = 2.5, 6.5, 7 Hz, 1H), 2.85 (dd,= 7.5, 14 Hz, 1H), 2.98 (dd, 432.2761.
J =4, 14 Hz, 1H), 3.24 (ddd) = 4, 6.5, 7 Hz, 1H), 3.27 (s, 3H), BocD-iso-Glu(OMe)-Me AAla-(p)-Ala-(L)-Leu-(p)-erythro-Me-
7.20-7.30 (m, 5H);**C NMR (125 MHz, CDC}) 6 3.7, 17.4, 30.1,  jso-Asp(OMe)-(L)-Ala-OTce (38). Dipeptide19 (314 mg, 0.68 mmol)
37.9,58.5,77.5,81.1, 85.9, 126.0, 128.1, 129.6, 139.2nMalcd was mixed with 2 mL of TFA for 30 min and concentrated, and the
for (M+NH,)*: 220.1702. Found 220.1700. Anal. Calcd for residue was partitioned between EtOAc and saturated NaHT®e
CiH10: C, 83.11; H, 8.99. Found: C, 83.42; H, 9.07. aqueous layer was extracted with two additional portions of EtOAc,
Boronic Acid 20. To 400 mg (1.98 mmol) 084bin 1 mL of dry and the combined organic material was washed with brine, dried with
CH.Cl, was added 545 mg (1.98 mmol) of AZOs;, and the mixture K.CO;, filtered, and concentrated. To the residue was added 431 mg
was cooled to 0 C. To the mixture was then added 6.0 mL (6.0 mmol) (0.82 mmol) of the tetrapeptid2and 4 mL of toluene. The mixture
of 1 M Br,BH-SMe, in CH,Cl,, and the resultant mixture was stirred  was then concentrated, and the residue was dissolved in 2 mL of DMF.
vigorously in the dark for 11 h at @C. The mixture was then poured  To the solution was added 247 mg (2.04 mmol) of collidine and, after
into 40 mL of rapidly stirring ice cold 0.5 M pH 3.1 citrate buffer and cooling to 0°C, 310 mg (0.82 mmol) of HATU. The solution was
extracted twice with EtOAc. The combined organic phases were stirred fa 1 h at 0°C, and for 19 h at room temperature. The mixture
washed once with water and twice with brine, dried over MgSO  was worked up as for compourd@, substituting 1:1 Ether:EtOAc for
filtered, and concentrated under vacuum to an oil. Rapid chromatog- the extractions, to give 729 mg of crude product. Chromatography
raphy (100 g silica/g oil, 25:75 EtOAc:hexanes) gave 220 mg (45%) (5:95 isopropy! alcohol:CkCl, to elute the nonpolar impurities, then
of 20 as a colorless oil, which required immediate use to avoid 10:90 isopropyl alcohol:CkCl, to elute the product) gave 476 mg
significant decomposition: F0.20 (30:70 EtOAc:hexanes); IR (thin  (80%) of38: R;0.49 (1:9 isopropyl alcohol:EtOAC) IR (thin film) 3301,
film) 3031, 2940, 2858, 1628, criy *H NMR (500 MHz, CDC}) o 2957, 1747, 1651 cm; *H NMR (500 MHz, DMSOss, 90°C) 6 0.83
1.07 (d,J = 6.5 Hz, 3H), 1.70 (dJ = 1.5 Hz, 3H), 2.73 (ddJ = 8, (d,J=6.4, 3H), 0.87 (dJ) = 6.8, 3H), 1.06 (dJ = 7.2, 3H), 1.30 (d,
14 Hz, 1H), 2.78 (par obsc mult., 1H), 2.85 (did= 4.5, 14 Hz, 1H), J=17.2,3H), 1.36 (obsc d, 3H), 1.37 (s, 9H), 4.69 (par obgct,7.2,
3.27 (obsc. mult., 1H), 3.27 (s, 3H), 6.64 (dd= 1.5, 9.5 Hz, 1H), 2H), 1.60 (m, 1H), 1.82 (m, 1H), 1.96 (m, 1H), 2.32 (m, 2H), 2.96
7.19-7.29 (m, 5H). Also isolated during the chromatography was 54 (par obsc m, 1H), 3.00 (br s, 3H), 3.60 (s, 3H), 3.61 (s, 3H), 3.97 (br
mg (11%) of the undesired isom&i as a clear oil: R0.32 (30:70 app q,J = 5.6, 1H), 4.28 (app g] = 7.2, 1H), 4.37 (par obsc m, 1H),
EtOAc:hexanes)!H NMR (500 MHz, CDC}) ¢ 1.08 (d,J = 7 Hz, 4.38 (par obsc m, 1H), 4.52 (dd,= 5.6, 8.4, 1H),4.80 (dJ = 12.3,
3H), 1.22 (dJ = 7 Hz, 3H), 2.66 (dd) = 10, 13.5 Hz, 1H), 2.68 (par. 1H), 4.92 (d,J = 12.3, 1H), 5.52 (br s, 1H), 5.96 (br s, 1H), 6.80 (br
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s, 1H), 7.74 (br dJ = 8.0, 1H), 7.88 (br m, 2H), 8.29 (br d,= 6.8,
1H); FAB MS calcd for GsHseClsNgO13 (M+H)*: 873.2970.
Found: 873.2969.

Boc-Adda-(p)-iso-Glu(OMe)-Me AAla-(p)-Ala-(L)-Leu-(p)-erythro-
p-Me-iso-Asp(OMe)-(L)-Ala-OTce (3). Compound38 (94 mg 0.11
mmol) was mixed with 1 mL of TFA for 30 min. The solution was

Humphrey et al.

EtOAc. The solution was cooled in an ice bath, and 13 mg (0.064
mmol) of DCC was added. The mixture was stirred 2oh at 0°C
and for 22 h at room temperature, then filtered through Celite,
concentrated, and passed through a plug of dry silica gel (10:1 EtOAc:
isopropyl alcohol) to give 50 mg (83%) @fl: R; 0.38 (9:1 EtOAc:
acetone); FAB MS calcd for £HgiN;Ois™ (loss of GFs): 1056.

then concentrated, and the resultant oil was partitioned between EtOACFound: 1056. The active estél was used in the next step without

and saturated aqueous NaH{£Orhe aqueous portion was extracted
with two additional portions of EtOAc, and the combined organic
extracts were then washed with brine, dried witfCi;, filtered, and

further purification: to 33 mg (0.027 mmol) @fl was added 1 mL of
freshly distilled TFA. After 50 min, the mixture was concentrated and
then reconcentrated twice from CHCIThe residue was then dissolved

concentrated. To the resultant residue was added 40 mg (0.090 mmol), 27 mL of CHCE and added dropwise over 40 min to a vigorously

of Boc-Adda-OH as a solution in GBl,. The solution was again
concentrated and then reconcentrated from 2 mL of toluene. To the
resultant residue was added 0.5 mL of DMF and 33 mg (0.27 mmol)
of collidine. After cooling the solution in an ice bath, 41 mg (0.11
mmol) of HATU was added. After stirring the solutionrfb h at 0°C

and 14 h at room temperature, 1 mL of saturated Nak®@&s added.
The mixture was stirred for 10 min and then was partitioned between

stirred mixture of 27 mL of CHGland 27 mL of 0.5 M, pH 9.5
phosphate buffer. After stirring the mixture for an additional hour,
the layers were separated. The chloroform layer was passed through
a plug of cotton, and the aqueous portion was extracted twice with
EtOAc. The combined EtOAc layers were washed with brine and added
to the CHC} portion. The solution was then dried with Mgs@énd

ether and water. The aqueous layer was extracted with two additional Concentrated. Reversed phase HPLC (52:48C10 mM HOAc)

portions of ether, and the combined organic layers were washed with
brine, dried with MgS@, and concentrated. Chromatography (EtOAc
to elute nonpolar material, then 1:10 isopropyl alcohol:EtOAc to elute
the product) gave 74 mg (69%) 8f R; 0.39 (10:5 EtOAc:isopropyl
alcohol); IR (thin film) 3299, 2957, 1747 cth *H NMR (500 MHz,
DMSO-ds, 70°C) 6 0.82 (d,J = 6.4, 3H), 0.86 (d,J) = 6.8, 3H), 0.96
(d,J = 6.8, 3H),1.00 (dJ = 7.2, 3H), 1.06 (dJ = 7.2, 3H), 1.29 (d,
J=17.2, 3H), 1.36 (par obsc d, 3H), 1.37 (s, 9H), 1.50 (apb~ 6.8,

2H), 1.55 (d,J = 0.8, 3H), 1.59 (m, 1H), 1.82 (m, 1H), 1.96 (m, 1H),
2.21-2.35 (m, 2H), 2.55 (m, 2H), 2.65 (dd,= 7.6, 14.0, 1H), 2.74
(dd,J=4.8,14.0, 1H), 2.74 (ddl = 4.8, 14.0, 1H), 2.97 (par obsc m,
1H), 2.98 (br s, 3H), 3.17 (s, 3H), 3.24 (ovrlp dt= 5.2, 7.2, 1H),
3.588 (s, 3H), 3.593 (s, 3H), 4.05 (br applgs 6.0, 1H), 4.22 (br app
q.J = 6.8, 1H), 4.27 (app qJ = 7.6, 1H), 4.33-4.38 (m, 2H), 4.51
(dd,J = 5.6, 8.8, 1H), 4.79 (d) = 11.9, 1H), 4.93 (dJ = 11.9, 1H),
5.38 (d,J = 9.5, 1H), 5.44 (ddJ = 3.2, 15.9, 1H), 5.48 (br s, 1H),
5.98 (br s, 1H), 6.07 (d] = 15.9, 1H), 6.32 (br s, 1H), 7.157.19 (m,
3H), 7.24-7.27 (m, 2H), 7.79 (dJ = 9.2, 1H), 7.92 (br ovrlp d, 2H),
8.01 (br d,J = 7.2, 1H), 8.35 (dJ = 7.2, 1H). FAB MS calcd for
CssHgaN7O1sCls™ (M+H)™: 1186. Found: 1186. FAB MS calcd for
the molecular envelope ofsgHg.N;O1:ClsNat (M + Na)*: 1208.5
(83.3%), 1209.5 (54.6%), 1210.5 (100.0%), 1211.5 (57.8%), 1212.5
(46.0%), 1213.5 (22.1%), 1214.5 (10.0%). Found: 1208.5 (83.2%),
1209.5 (57.0%), 1210.5 (100.0%), 1211.5 (57.8%), 1212.5 (44.0%),
1213.5 (20.0%), 1214.5 (6.4%).

Boc-Adda-b-iso-Glu(OMe)-Me AAla-(p)-Ala-(L)-Leu-(p)-erythro-
p-Me-iso-Asp(OMe)-(L)-Ala-OH (40). To 70 mg (0.0589 mmol) of
3in 2 mL of HOAc was added 0.5 g of zinc powder. The mixture
was stirred vigorously o4 h and then filtered through Celite. The
filter cake was rinsed with copious EtOAc, and the filtrate was
concentrated. Chromatography of the residue (10:1:0.1,GGH
isopropyl alcohol:HOAc to elute the nonpolar material, then 10:2:0.1
to elute the product) gave 52 mg (84%)4#f R 0.31 (10:2:0.1 Cht
Cly:isopropyl alcohol:HOAC); IR (thin film) 3301, 2958, 1743, 1650
cm; *H NMR (500 MHz, DMSO¢s, 90°C) ¢ 0.82 (d,J = 6.4, 3H),
0.86 (d,J = 6.4, 3H), 0.97 (dJ = 6.8, 3H), 1.01 (dJ = 7.2, 3H),
1.04 (dJ=7.2,3H), 1.25 (d = 7.2, 3H), 1.29 (dJ = 7.2, 3H), 1.37
(s, 9H), 1.51 (app 8 = 7.6, 2H), 1.55 (s, 3H), 1.60 (par obsc app dq,
J =135, 6.8, 1H), 1.84 (app dd,= 14.3, 6.4, 1H), 1.96 (app dq,
= 13.1, 6.4, 1H), 2.29 (m, 2H), 2.57 (m, 2H), 2.66 (dd= 13.9, 7.2,
1H), 2.74 (dd,J = 13.9, 4.8, 1H), 2.95 (par obsc m, 1H), 2.98 (br s,
3H), 3.18 (s, 3H), 3.24 (ovrlp § = 5.2, 7.2, 1H), 3.59 (s, 3H), 3.60
(s, 3H), 4.06 (br app ] = 7.6, 1H) 4.14-4.28 (three ovrlp m, 3H),
4.37 (app dgJ = 7.6, 1H), 4.48 (ddJ = 5.6, 8.8, 1H), 5.38 (dJ =
9.6, 1H), 5.45 (par obsc dd,= 6.8, 15.9, 1H), 5.46 (par obsc br s,
1H), 5.98 (br s, 1H), 6.07 (dl = 15.5, 1H), 6.25 (br s, 1H), 7.18 (m,
3H), 7.25 (app tJ = 7.6, 2H), 7.77 (br dJ = 8.8, 1H), 7.82-7.86 (br
m, 2H), 7.92 (br dJ = 6.8, 1H), 7.96 (br dJ = 6.4, 1H); FAB MS
calcd for G3HgiN7O15 (M+H)™: 1056.6. Found: 1056.6. FAB MS
calcd for the molecular envelope offsNaN;O:5 (M + Na)™: 1078.6
(100.0%), 1079.6 (63.4%), 1080.6 (22.7%), 1081.6 (5.9%). Found:
1078.6 (100.0%), 1079.6 (58.8%), 1080.6 (20.8%), 1081.6 (5.0%).

Microcystin-LA Dimethyl Ester (42). To 52 mg (0.049 mmol) of
40 was added 24 mg (0.13 mmol) of pentafluorophenol in 1 mL of

provided 14 mg (56%) o#2. R; 0.35 (2:8 isopropyl alcohol:Cily);

IR (thin film) 3296, 2927, 1741, 1649 criy *H NMR (500 MHz,
CDCls) 6 0.844 (d,J = 6.4, 3H), 0.900 (dJ = 6.4, 3H), 1.02 (dJ =
6.8, 3H), 1.12, 1.13 (two ovrlp d = 6.8, 7.2, 6H), 1.29 (d) = 7.2,
3H), 1.37 (d,J = 7.2, 3H), 1.56 (obsc m, 2H), 1.60 (s, 3H), 1.66 (m,
1H), 1.75 (m, 2H), 2.21 (m, 1H), 2.45 (m, 1H), 2:53.64 (m, 2H),
2.68 (dd,J = 7.6, 13.9, 1H), 2.80 (obsc dd, 1H), 2.81 (obsc m, 1H),
3.20 (m, 1H), 3.24 (s, 3H), 3.31 (s, 3H), 3.69 (s, 3H), 3.94 (s, 3H),
4.18 (dg,J = 6.0, 6.0, 1H), 4.38 (dq] = 8.0, 8.0, 1H), 4.56 (dd] =
2.0, 8.4, 1H), 4.65 (app &), = 9.1, 1H), 4.72 (m, 1H), 4.86 (dd),=
4.0, 1H), 5.28 (ddJ = 8.8, 15.5, 1H), 5.30 (s, 1H), 5.41 (d,= 9.9,
1H), 5.99 (s, 1H), 6.25 (dJ = 15.5, 1H), 6.73 (dJ = 9.1, 1H), 6.81
(d, J = 8.4, 1H), 6.89 (dJ = 9.6, 1H), 7.19 (app t) = 7.6, 3H),
7.25-7.28 (obsc m, 2H), 7.90 (dl = 6.0, 1H), 8.28 (br dJ = 8.4,
1H) FAB MS calcd for GgH7z:N;O:2" (M+H)*™: 938.5238. Found:
938.5222.

Microcystin-LA (1). To 6.0 mg (0.0064 mmol) o42in 1 mL of
THF at 0°C was added 1 mL of cold 0.1 M LiOH. After stirring
vigorously fa 5 h at 0°C, the mixture was acidified witl M NaHSQ
(ca. 4 drops) and extracted three times with EtOAc. The combined
organic portions were washed with brine, dried with MgSfitered,
and concentrated. Preparative reversed phase HPLC (72:28 MeOH:
0.2% aqueous TFA) gave 3 mg (50%) of an unidentified isomer (FAB
MS calcd for GeHssN7O12" (M+H)*™ 910.4925. Found 910.4920) and
3 mg (50%) of microcystin-LA1): IR (thin film) 3307, 2926, 1640,
1504, 1257 cmt; *H NMR (500 MHz, D;O; some resonances are
obscured by the solvent peak).860 (d,J = 6.7, 3H), 0.900 (dJ) =
6.7, 3H), 1.02 (two overlp d] = 7.3, 6H), 1.05 (dJ = 7.3, 3H), 1.28
(J=7.3,3H), 1.39 (dJ= 7.3, 3H), 1.67 (m, 2H), 1.70 (s, 3H), 1.90
2.05 (m, 3H), 2.60 (m, 1H), 2.692.80 (three ovrlp m, 3H), 2.92 (dd,
J=5, 14, 1H), 3.01 (dd) = 7.9, 7.9, 1H), 3.16 (m, 1H), 3.27 (s, 3H),
3.39 (s, 3H), 3.47 (m, 1H), 3.96 (appX,= 7.9, 1H), 4.30 (m, 1H),
4.39 (m, 1H), 5.54 (s, 1H), 5.535.64 (par obsc m, 2H), 5.90 (s, 1H),
6.31 (d,J=17.1, 1H), 7.28 (app dl = 6.7, 3H), 7.36 (app ) = 6.7,
2H); FAB MS calcd for GgHesN7O12 (M+H)* 910.4925. Found
910.4942. ThéH NMR spectrum of the synthetic sample was identical
to theH NMR spectrum of authentic microcystin-LA, and the synthetic
sample coeluted with authentic microcystin-LA by analytical reversed
phase HPLC (80:20 MeOH:0.2% aqueous TFA).
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