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ABSTRACT ) &

L]
Ce

$

The varlous stere01somers of lanthlonlne (A (Y = S))

and 1ts correspond1ng sulfox1des (Y so) and sulfones (y

‘= 802) have been prepared»for studles Wlth enzymes

assoc1ated with the metabollsm of dlamlnoplmel1c ac1d (Y =

CH,) in plants and»znlcvoorgamsms. . _ |
“ A‘,‘\ ‘.‘ )
ﬂ‘L : ) J,<(§ 4;?\‘;‘ o s .
HoNoAS Al L NH,
HQOQT?.:‘ A COOHr S
- i \\ ‘ '- - . . N

The syntheses of thé lanthionlne derlvatlves
1ll e the problems and dlsadvantages often
Jencountered in conventlonal syntheses of amino ac;ds. An
alternatlve route to amxno ac1ds via stable B- lactones Qf

i

. serine has been developed.‘ Readily available optlcally
pure N-acyl (eq® PhCHZC(ﬁﬁ) or N- alkoxycarbonyl (eg.,
PhCHZOC(O)) der1vat1ves ‘of: serine (B) are cycllzed under
modlfled Mltsunobu cond1t1ons (Ph3P ROOC-N=N- COOR), in

high yield. Treatment:’ of the B lactones (C) with 1
OH

. q' - r‘ . ’
n,n,u‘l:nféﬂ L n n,u' ‘ R R,N’I:“’
B0 A’ : R i
. (R, =ROOC:, aco) Gl (uugx,o,n,s,r,n A7)
" * (RyzH, an) [

varlet& of. halogen, mygen,;n1troden, sulfur, or
phosphorus nucleophlles pr6v1des optlcally pure N-
protected B substatuted alanines (D) An excellent
ylelds‘ Ran onenLnQS hy caqbonknuoleophlies, 1nclud1ng

Cu(I) catalyzed Grlgnard’TRMgCI) addltlons, can generate




L v‘/
}
~. :

N-protected aliphatic and aromatic amino acids (Nu = R',
- T ,

Ar in D) in good yield with complete (>99.4%) retention of

“

optical purity, suitable for direct incorgorqtion into
peptides. -Acid-mediated dJeprotection Of‘ﬁf(SEEET
butoxycaraonyl)—seriné B—Iactone kc, Ry = thOOC, R, = H)
affordsr3—amino-2-oxetanbne (Rl,-R2v= H) which may be
\iqplated'és the stablé'tosylate salt. These unprotected
serine B-lactonés (C) react chemoselectively with
nucleophiles to directly prbvidg free amino gtids (b, Ry,
RE = H). In many cases syntheses employing serine B;w
:lactones are superior to previous methods with respect to
optical purify, yields and simplicity.z The alkyl azodi-
carboxylate reagent which is used in B;léqtoni;ation of
the serine derivatives and in the préparapion:of many
pharmaceutical .and chemical products has been immobilized
on a polystyrene matrix (i.e., Polymer~OOCjN;N-COOR).
rThis allowsiregeneration of the reagent, simplifies

isolation, and effectively reduces costs and dangers

associated with the Mitsunobu reaction on large scale.

vi
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INTRODUCTION |

An enormous:number (>700) of a-amino acids (A) have

been discovered in Naturel and many more have been

produced synthetically.

)
R )
H,N” > COOH H,N"" /S COOH
(2s8) . . (2R)

The 20 common (2§)-L—a-amino;écids play a central role in
the primary metabolism OF/;;: living organismé.z'3
Peptide and proiein pro ‘cts which are essential to all
life processes can be agsembled in an almost infinite™
array from this relativelly small number of proteinogenic
amino acids. A vast majority of the remaining naturally-
‘occurring nonprotein amino}acids are generated by various
plants (mostly (2§)—A)4 and lower organisms ((2S)-A and
(2R)-A) as seconddry metabolites,” products of
detoxification of forgign compounds, or as defense
mechanisms against predators or competitors.l'4 Either
free or as constituents in peptides or depsipeptides, the
éyhprotein amino acids are responsible fbr an incredible
spectrum of biological activities.

Pharmacologically the most-importaﬁt of thes$
activities are their actign as antibiotic and antitumor
agents and as antimetabolites and hormone analogs for the

treatment of various diseases.l’® as a result, natural

-




‘nonprotein amino acids and their almost innumerable
- . - R t
synthetic modifications function as important components

1,748 Importantly, all

in many drugs and pharmaceuticals.
the «-amino écids (A, RfH) producéd in Nature are
enantiomerically pure, and often each enéntiomer displays
a specifié biological activity.9
| The natgral a-amino acids represent an end¥mous pool
of optically pure chiral units for organic chemists, who
have recengly begun to realize their poteptial as chiral
synthons, reagents, catalysts, and auxiiiaries in organic .
synt}heses.la'lo'v12 In addition, with the emergence of

peptide synthesis as a powerful tool in molecular biology

there is an ever increasing demand for a wide range of N-
13114 e

protected amino acids with high oatical purity.
. . &

Oof all the natural a-amino acids, 6nly about 2-3% -
(i.e., the proteinogehic (2S)-L-isomers) occur abundantly‘
& in Nature. vMost others are much rarer and often localized
in a given species.l'4'5'ga Consequently, much recent
work has focussedion both achiral,15 and enantioselective
syntheses of a-amino acids (A)1+2/16 pased on the use of
chiral catalysts, reagents or augiliaries. Asymmetric
syntheses are still in an evolutionéry.state. As yet they
are unable to match‘both the convenience and high optical
purity of procedures gmploying derivatives of readily'
available proteinogenic amino acids for the éynfhesis of

11,17

other new, rare or unusual amino acids. In addition

most asymmetric syntheses are not generally applicable to
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prﬁduqtién‘of‘many of the amino aéiﬁs bearing a widé réngle
of funct10na11t1es in tpe 51de-cha1n (R of A) whlch
engender the most 1ntr1qu1ng biochemical propertles.

A primary objectlve of~thls research was the

synthesis“of both established and potential inhibitors of

amino acid metabolism for use as drugs, antibiotics,

herbicides, and mechanistic probes of thevtérget ' 7
‘enzymes. In amino acid metabolism a wide variety of
gdﬁémical transformations are performed by pyridoxal
.phosphate (PLP) depehdent enzymes.z'18 Plants and

o
microorganisms possess a number of unique PLP-dependent

v
enzymes wh}gﬁ are prime targets for expression of

- herbicidal or antibiotic action.z’g’ls'19

Irreversible inactivation by covalent modification of
the active site of a target enayme has generfally proven tb
be tﬁe most efficacjoué means of disrupting
metaboliém.7'8'70'21‘ In contrast to active-site directed
N )

affinft; labels in which a reactive functional group is
already present in a substrate analog before reaching the
target protein,' mechanism-based suicide éubstrates are ﬁot
indiscriminately reactive. Instead, suicide substrates
incorporate a "masked" latent functionality which‘is
revealed only in the microenvironment of the:active site
dﬁriﬁg an enzyme-catalysed transformation of the substrate
analog. Capture of the "unmasked" reactive entity by an
active-éite residue of'the enzyme or its cofactor thus

constitutes a "suicidal" 1nact1vatiqp event 8,20, 21




"

éﬁicide inactivation on a macfoscabic Jlevel is
characterized bffseveral kinetic and chemical
’ observables: the inactiv?tor should exhibit bihding
.equilibrium (Kp) followed by pseudo-fifst oréer time
dependent inactivation (kinacf)" This algo implies
protéction by substrate; the covalent enzyme-iﬁhibitor
adduct should display 1:1 stoichioméﬁ:y refléctive of a
specific modification; a "partiéion ratio” chéracteriétic
of the reactive intermediate should be measurable. This
.raﬁio is an estimate of the inactivation efficiency and

. »

represents the number of suicig§_§ubsttate molecules
procesged per jinactivation event. A partition ("kill")
ratio of one\is most desirable. however values of 103 are

8,21 )

not u;commpn. ‘
Since suicide-si Sstrates afe mechanism-based
inhibitors their design and rationalization requires some
knowledge of the mode of aéﬁion'of the target ehzyme.
Underlying the activity of essentially all pyridoxal!ﬁ
phosphate (PLP)—depeﬁdent enzymes is a simble, common

mechanistic prihciple: the pyridoxal phosphate (PLP)

cofactor acts as a temporary electron "sink" which

4

transiently "stores" electrons of various carbanionic’
intermediates for later use in the formation of new
bonds. This feature enables PLP to initiate events

leading to: cleavage of any of the four bonds to the a-

carbon (Category 1) (i.e., transamination, racemization,
a . N )

decarboxylation, retro-Aldol-type cleavaée); elect;ophgiic

K




3,

\ . : . 5

LN :
(PN
L

.. or nucleophilic reactions at the B—carﬁgg (Category 2)

)

" {i.e , decarboxylation, elimination, replactme ; or
. : <. A

- elimination and addition reactions at the y-cg%bon of‘a-

amino acids (Category_.3).2’8.’22

N ~ Regafdless of their specific réle,_gll ?LP-enzymic
reactions have 3 coﬁmon functioﬁal features8 22 (Figure
{1). First the amino group of the a=-amino agid"displaces
the e—gmino group of an active site lysine residyg to form

a cationic imine. Since this imine (ég. Cy or'ééj is
conjugated with the pyridine ring, the PLP provides

1

extensive charge delocalization and can exercise efficient -
; : E

electrophilic catalysis. Next, cleavage of one of‘the
three C-C or C-H bonds to the a-carbon, faéilitaﬁed by

»protonationvof pyridine nitrogen, génerates a stabilized
a-carbanionic intermediate (eg. DR Or Dy) which may
.experiencew; number of fates. \The last stép'iq all cases
is hydrolysis or transaldimination of the product imine.
The apoenzyme's role is iﬁ amino acid recognition, stereo-
electronic contro? of the reaction rate‘and course
primarily by fixing the'PLP—Schiff'é base (eg., Cy or Cy)
fonformation,z'9 and the determination of .the stage at
which the product imine is hydrolyzed. N =

Enzymes are subject to the same stereoelectronic

considerations that apply to all-heterolyt}c
fragméntations.zzfzj Following the initial

" transaldimination the énzyme must orient the bond to be

labilized pe‘pendicular to the plane of the aldimine x-

v




N a -Carbanionic Inlermediate /

-

<

system. In this conformation the cleavage of *the

~orthogonal o-bond to form an a-carbanionic intermediate is

:facilitated by maximum orbital overlap (eg., C+D, Figure

1).
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Figure 1. Mechanism of P.LP-Depéndent Enzymes Catalyzing Reactions

. at q-Ca.rbon (Category 1)




Consider first reactions occurring at the a-carbon

(Category 1). Pyridoxal phosphate (PLP) dependent
decarboxylation of cationic imine C; (Figure 1)
irreversibly generates the carbanionic intermediate D,

which 1is stereospggifically reprotonated at the a-carbon

¢ on.the re face (Ej). Hydrolysis of imire E; releases the

~

amine product (F) (with overall retention of configﬁration
fér (28}, and inversion for (2R) substrates) and
regenerates the PLP—enzyme.sl Alternatively, reversible
cleavage of the a-C-H bond of C, préduces.the a-

carbanionic intermediate D2 which is common to both -

epimerization and transamination. 1In epimerization

reprotonation of the a-carbon on the opposite féce by path
a and 'hydrolysis generates the epimeric amino acid (ep;mer
of B). Iv transamination, an overall 1,3-azaallylic

suprafédia; tautomerization of C, via D, (path b) followed

rby ketimine hydrolysis results in production of an a-keto

2,8,22

&
acid (G) and pyridoxamine phosphage. Completion of
the transamination cycle with regeheration of the PLP-
enzyme requires the analugous reverse reaction with an

acceptor a-keto acid (G') undergoing reductive

. amination. (We shall not be concerned with

o

hydroxymethylase enzymes which effect cleavage of the
remaining a-C-C bbnd in a retro-aldol fashion.)z'8
Vgrioué‘apprdaches have been proposed,24 or

inves_t:igat:ed7'8'21 for mechanism-based inactivation of

PLP-enzymes of Category 1 (a-carbon reactions). The most




@,
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,.%ﬁgccessfu‘l strategy involves rerouting the a-carba: .ic

———

intermediate (Dy or"Dz) by elimination of a
nucleofugala'zo'21 leaving. group from the B-carbon of the

substréte analog. Whether the nucleofuge (X~, .Figure 2) -

takes the form o{‘a pair of electrons in a B,y-unsaturated

substrate anaiég,e'la’zs or a true leaving group res}‘ul.ting

U - g
¢° (l ' .
== u=:'z'\" a-Carbanionic intermediste
'/ p, .
ro 8-Eliminstion 1,‘9 ‘
S : -
. \

Figure 2. Potential Inhibition by B-Elfminalion (Category 1) / Mechanism
for f-Replacement Enzymes {Category 2)




from héterolytib cleavége 8,20,21 its elimination from the

&
-carban10n1c 1ntermed1ate D3-generates an eleCtrophlllc

S

1m1ne (H) (Flgure 2).

Originally it was ?giieyed that inactivation was
e o

generally the result ﬁ%ﬁi;%ack of an enzymic nucleophile
‘ . 4‘

(path a, Figure 2) at d%e of the two "a" sites of 8.8;21

2

Although this may be true for some eﬁzymes,.%a there is
now substantial evidence indicating that the operative
~inactivation mechanism involves path b.26 Presumably,
transaldimination by an e=-amino sidechain of the enzyme

liberates aminoacrylate.™ The aminoacrylate may passively

diffuse out of the active site and harmlessly hydrolyze,

or this enafine may attack the electrophilic internal
i . .

Schiff's base to produce a covalently modified "dead"

<

enzyme.

Inierestingly, most of the PLP-enzymes of Category 2
which perform B-eliminatioh/reblacemgnt reactions by
expulsion of a B-leaving group produce the reactive
intermediate H in their normal catalytic cycle. B-
Replacement ehzymes do not catalyze rapid hydrolysis of
the enamino-PLP idduﬁt (H), but rather await the attack of
a.. external nucleophile (X}"), eséentially by path é
(Figure 2), to eventually produce a new B-substituted
alanine (X réplaced by X' in J). Several protein (eg.,

)2’8

cysteine, tryptbﬁhan and most nonpraotein p-substituted

13,4,6,27—306

alanines are biosynthesized in this fashion.

’
f-
AN




\r"‘ : A B-Substituted -Alanine *
COOH

‘In B-elimination enzymes- (eg., trybtpphan, and
S o _ | . ;
cystathionine B—lyases)&%pe enamino acid product is
released {path b," Figure ") and is hydrolyzed to ammonia
"o A

and an a-keto acid without enzyme inactivation. 1In fact,

- \

many of the same compbunds,thaf act as potent suicide,

inhibitors for the PLP-enzymes of Category 1 (eg.,'ﬁ-

- chloroalanine (X = Cl in_i),_gfacetylserine (X = OAc), and

~

serine-O-sulfate (X = S047)) ~are substraées for these B-

eliminétdon/replacement enz&@es (Category 2).2'6'126'31

This implies that thésg enzymeﬁ%%ave evolved some "safety
mechanism" which prevents inactiQation by, path a or b
(Pigure 2).

While expulsion of a Bp-leaving group generates an

enimine with electrophi'ic character at the B-carbon (eg.,

H of Figure 2), loss of an electrofuge (i.e., E = Bt or

C02)'fr6m the p-position of the a-carbanionic intermediate

(D) produces an enamine (I) with nucleophilic character at

the 8-carbon (Figure 3). This potential for reversed-
: , ,
polarity by loss of an-electrofuge is exercised in the

it
3

(Category 2) enzyme-catalyzed B-decarboxylation of

.
LS

aspartate (X = coz"of J; E=CO0p,", R=H in Figure 3). A

.\l' . »
subsequent repgéﬁ%ﬁatlon of the B- and a-carbons, and

L

transimination eventually releases (2S)-L-alanine (X = H

10

|
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Figure 3. Mechanism of PLP- Ennmes lnvolvmg

Intermediates. (When R=CH2Y,Y-c11mmauon-/ r¢placement is possible).

In y.-elimination/replacemerit enzymes (path b, Figu§e

3) the removal of a proton (E = H) generates the B-
carbanionic intermediate I which expels a y-nucleofugal
ileaving group Y . As w1th reactlons at the B-carbon,

comtrol of a-keto acid and amlno acid production depends

on the relative rate of protonathn (at the y-C, path ¢)

versus attack by an external hucl‘eophile (Y'") (path d),8

resp_ecti\\ely.

Suicide inhibition of the above enzymes in which g-

carbanions are mecha%ically involved (eg.,

cystathionine y-lyase:

Carbanionic iEnamine)

y-synthetase) is often achieved.

11
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through the dée of propargylic substrate analogs (eg.,

. Eropargyl glycine). _Perhapo, as illustrated in Figure
4,20'21 generation cf the Bécarbanion_allow5‘
‘tautooerization to ;h extremely electrophiiio conjugated
allene which io‘highly-irresrstible even to ‘enzymic
nucleophiles ofvthe normally cautious

elimination/replacement enzymes.

(;B-enz : ) CNU -enz

- H : Co,

COZ P CO + —D r 2
2/\( ) + e-PLP ——= 6514(1* ¢ \N?i"

+ -
NH.'S » 0 0
. =
. N . opo OF0 !
N ,
; t N

Figure 4. -Inactivation B{ Acetylenic Substrate Analogs.

As one might expect from the substantial potential

for error, it is not uncommon for these types of PLP-

%
enzymes to mistakenly catalyze a reaction of another
22 oiheci J 4
type, espeCLahﬂy on substrate analogs. This crossover
is often an important consideration in rationaiizing ,j
suicide ihhioition 8,18,20,21

v

Most éf the amlno acid products synthe51zed tn thls
the51s are - -substituted alanines having the general
structure J. EssentlaLly aill of these can be classed as

~substrates, products, or establlshed/potentlal 1nh1b1tors

’ 4 /
of pyridoxal Phosphate enzymes, so wé?@?all frequently

return to the above mechanistic concepts. = /

> In the rdtional design of ®micide substrates as

¢

possible herbicides or antibiotics often differences in



exploited.2'3'5"7 Ideally, in this manner, it may be
possible to lethally disrupt the target organism's

metabolism with minimal mammalig ity. Although PLP-

dependent amino acjd racemases

20

es) exist in

mammals, “* they are essent%al in microorganisms for

production of (2R)-D-amino acids (eg., D-Alanine, J (X =
H)) for use in conséruction of ceil walls.2r4c Hence,
suicide fnhibitors of D-alanine racemases with proven
antibiotic prdper£iesB'20’21'26C were among duf synthetic

targets.

/
Another metabolic disparity between bacteria and

mammals involves 2,6-diaminopimelit acid (DAP) (Figure 5).-

H,N H,N N '
COOH o _, ° % Epmene |

\ H,N NH,

NH, Decarborylase KN
—

HOOC Hooc COOH HooC COOH HOOC
L- Asp _ L-DAP mes0- DAP L-Lys

t : :

Figure S. Biosynthesis of L-Lysine,zind*’DiQinopimelic Acid (DAP).

¢ ~

L4 .
Various stereoisomers of 2,6-diaminopimelic acid (DAPY are
essential constituents in the cell walls of nearly all

25a,33 Furthermpre, decarboxylation of the

bacteria.
(25,6R)-meso-isomer at the (6R)-position by a PLP-
dependent g@ggfdiaminapimelate decarboxylase (EC
4.1.1.20)34'35 is the last step in the biosynthesis of L-
lysine in bacteria36 and green plqnts.6 Lysine is an
essential dietary aﬁino acid for mammals since they lack

i
this _biosynthetic.route.2 L-Lysine is universally

Fl

13



i
required for’protein biosynthesis and is'itself*involved
in crosslinking cell walls of many gram-positive
bacteria. DQF and small peptides containing it are
répidly‘excreted unaltered in urine.37/38 a5 a result;
DAP substraté analogs which disrupt diaminopimelate
metaBolism could be selectively lethal to bacteria by

'

inhibiting both lysin: production and cell wall

biosynthesis.z'39 Indeed, recent results with,DAP analogs
indicate this is a viable strategy for the design of
antibacterial agents. 25,40
Initial efforts of this.thesis research were centered
‘on the.use of lanthionine, an unusual thia-analog of
d-i'aminopimelate,41 in developing inhibitors oJf

diaminopimelate DAP metabolism, with the PLP-dependent

meso-DAP decarboxylase (Figure 5) as the primary target.

)

'H2N NH, (2 X X= t}‘Dlammoplmelate (DAP)
\I/\ S, X=H) anthionine —
HOOC COOH

L4

‘Lanthionine was first isolated from wool, feathers
and hair%43 as an artifact of alkaline hydrolysis.%32
Later, *lanthionine r?sidues were found in the highly
crosslinked antibiotic peptides nisin, subtilin,
cinnamycinA{and duramycin.i§ It hag,also been shown that.

lanthi y>nine can be formed in a B-replacement reaction via :

amino acrylate by PLP-dependent cystathionine synqLases

L
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(as in Figure i%.44

A comparison of “the physical diménsions of
lanthionine ;nd diaminopimelate indicates that the
increase in bond length (1.81 A iC-S)/1.54 A (C-C)) is
¥ partly offset by the smaller C-5-C bond angle (103.7° cf.
109.5° for C-C-C), so thatéﬁhé 2C-6C distance is only ~0.3
A (<5%) longe: in lanthionine. The van der Waal's radius
'of the sulfur is 1.70 A compared with 2.00 A for the sp3-

methylene group.41

Although'the electronegativity of S
causes all COOH and NH3+ pKa's to decrease 0.5-0.8
units4>a relative to DAP, this decrease in acidity should

have little effect at physiological pH. Not surprisingly

then, lanthionine is incorporated into the cell walls of

[

some bacteria in place of DAP,463'b and actually acts as

. . . . . . N . i
the essential diamino acid constituent in the

peptidoglycan of some Fusobacterium species.46c'47

There has been one earlier report that a mixture of (NNJ;\
stereoisomers of, lant..onine was turned over by meso-
3

diamirnpimelate decarboxylase at about 5% the rate of the

35c

" normal substrate. It is known that B-elimination of
. &-

cysteine thiolate (X = S~ in J) from lanthionine can be

effected by pyridoxal phosphate (PLP) both

48 49

nonenzymatically and by B- and y—éystathionases

(Category 2 and 3 enzymes) according to Figure 2. It

seemed reasonable that these propért\es could allow a B-

leaving group to be cohcealed in the methylene chain of
L3

DAP. Simple oxidatibn'og the central sulfur of (///
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lanthionine (d =S, X =Hof K) to a sulfdxide{ﬁ@ 7/3%0)),
or sulfone (G = S0,) conyerts the potential thi;iate (RS™)
leavingugrqpp to progressively better sulfenate (RSO™),
and sulfinate (RSOZ’) nucleofuges.50‘52, Expulsion of one
of these $-leaving groups during the catalytic cycle of-
mgég:diaminopihelate decarboxylase would jenerate Fmino-
acrylate in the active site, possibly leading to suicide

inactivation as previously described for Category 1 PLP-

enzymes (Figure_2).4 This sﬁrategy for increasing the
leaving group ability to promote heterolytic fragmentation
has been applied‘successfully in. the development of

pénicillanic acid sulfones aeruiqide—inhibitors of B-

53

8]

lactamases.

- The presence of the central S-atom of lenthionine (G
= § of K) is chemically advantagogs for other
Alkylation would generate.a sulf@nium salt (X
which would be expected to undérgo the desired‘Ech
relimination reaction (to pm@&uce H, Rigure 2) several
orders of magnitude faster'thaﬁ the corresponiing
sulfone.>0-352,54 The S-methyl sulfonium salt
r inactivation

lanthionine would alsd have the potential

of the enzyme by a very facile_sponianeous sulfonium ylid

rearrangement of the a-carbanionic intérmediate:55
Scheme 1
R + ’Sponlancous R « R
\IK\S’{_ _— \"5:'%,{ ——— \1? S"I
N I ) ,N N_—I
PLP’ . PLP PLP~

(R=H,CO )
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Because of their high reactivity however, sulfonium salts

are rather unstable and could be guilty of undesirable

noﬁselective alkylations.51'52(54'56 N
Furthermore, Pummerer-type rearrangemen£557'59 on

lanthionine derivatives (G = S, X

"

H of K) could

introduce additional halide (K, G

S, X = halide) leaving
groups at the Etposit}on. Although «-halosulfides

hydrolyze quite readily, the a-halo sulfoxides and

sulfones (G = SP, SO,, X = halide in K) should be

resistant to undesifakle nucleophilic attagk,50'60 but
readily undergo the desired a,B-eliminat&on which is
requisite for suicide inactivation (as in Figure 2).
Because its %an der Waals radius (1.35 AS and C-X bond
length (1.4 A) most closé1y$fesemb1es that of hydrogen

&\>Tf20 A radius, 1.1 A (CQH)), fluorine is the most
désirable halide to introduée at the B-position for
potential suicide substrates,21,61,63 h

The interaction of all "lanthionine énalogsx@ith L-

y diaminopimelate epimerase64

and meso-diaminopimelate D-
ldehydrogenase lNADP-dependent)65 enzymes is élso of
interest. The epimerase immediately precedes meso-DAP
decarboxylase in the biOSynthe§}s of 1§sine in most
ﬁicroorganisms and plants (Figﬁfé 5),3f5'64 while the

‘dehydrogenase represents a rec%ntly disCovered shunt
pathway which bypasses L-diaﬁiﬁgbimelatess in certain

bacteria. Even thoUgh'these are not PLP-dependent

o
" enzymes, possible .inhibition by lanthionine derivatives by

17
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alternative mechanisms could still disfupt DAP metabolism.
The syntheses of lanthionine by established

methods42'.66'67

are typical of the previous procedures for
preparing B-substituted alanines (J) in general, and <
illustrate the associated problems, pitfalls and
limitations.

Conjugate adN tions to N-protected aminoacrylates
(dehydroalanines) usually proceed in bood
yield,66'67'69'70 however, unlike their blological

counterparts (B-replacement gnzymes)[ze they suffer from

an almost complete lack of stereocontrol (Scheme 2).

®

A .
\; N Scheme 2 , X
oo X-H Racemic
————l
RNH” “COOR'. RNH COOR’
Dehydroalamnes J
(R'=H, alkyl)

NuéIeophflic displacement reactions on optically-pure
O-tosyl-serine (X = TsO in J) or B-chloroalanine (X = Cl
in J) are employed quite frequently but are often plaéued

?by low yields and/éf low optical purities resultihg from
elimination.aﬁd subsequent conjugate addition (Scheme 2)
side-reactions.42:71:72 ‘the classical general methods of
amino acid synthesis (eg;, Strecker, BUcherer;Bergs,
etc.)1? are of course applicable but they also prpvide
racemic products; "

In Nature, the proteinogenic ahino acid serine (X =
OH in J) or its O-acetyl derivative (X = OAc in J) is the

directprecursor of most B-substituted alanines.la'2'4f6

-
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In organic gynthesis, since both enantiomers of serine are
readily available’4 at reiatively low expense they are
also'especially éttractive chiral starting materials.ll
One earlier approach to the use of serine derivatives in
the synthesis of optically-pure s—substitutéd ;ianines has
involved *their cyclizatioh to an aziridine 2-ca;boxylic
acid followed by nucleophilic ring-opening {(Scheme

©

Scheme 3
1. MsClpyr
OH: X
2. HCOOH . :
T s ZN X-H >
3. Z-Ci .
Ph-CNH co0Bn c CO0Bn Z-NH COOBn

v

(Bn=CH,PF,, Z=C(O)OCH,Ph) .
The synthesis of the aziridine requires several steps
(<ﬁ0% overall) since the frityl protecting group necessary
for the desired cyclization must be replaced by an acyl
moiety (eg., Z) for successful ring—gpenings. The

reaction of the aziridine .with most nucleophiles requires

BF3-q§herate catalysis and proceeds well with simple

thiols (RSH) and alcohols (ROH). However, yields of only
21-37% were ., achieved in the synthesis of lanthionine.
With' amine nucleophiles ‘the predominant reaction is N-

transacylation.

7

Difficulties in the satisfactory preparation of
lanthionine derivatives by conveptional routes lead to the

conception of a new general route (Figure 6). According

to this strategy, the cyclization of N-protected serines

to the corresponding p-lactones would provide simultaneous
' xS (‘),",

)

”
-
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protection of the carboxyl group and activation of the
hydroxyl as a leaving group. Nucleophilic ring-opening
would introduce a side-chain substituenﬁvin the B-position
while concomitaptly deprotecting the car?oxyl, so that

. products would be ready for use in peptide.syntheses
without further modification or could be readily §j |

/
deprotected to the free amino acid.

OH | —A-A. ' - : . 3 .
; Nu: N : ‘
H;V[: m““I : H:y[:
R-NH' - COOH ’ H/ . . COQI‘-{’. .
R-NH o UL T
N-Protected Serines ’ / , * T 3.
Nu 7 e

| ~ Peptides , A
| | , Heoy A
' S . COOH -~

Figure 6. General Roufe to Amino‘AcideP‘v‘ia Sgrfne B-Lgc'tdne;g\.," ‘. e

)

v ¢ ‘ “

B-Lactones are unique among the cyclic esters becéﬁséiﬁ

the small-angle strain (~23 kcal mol™1)1"“ promotes’ ; A
? * L

nucleophilic attack with alkyl-oxygen cleavagé {(a); in- .

2 v

addition to the normal attack at the carbonyl with atyl fﬁA h
.aty , _

e oo

oxygen cleavage (b). The chemistry of the parent

heterocycle, B-propiolactone predicts that numerous

heteroatom-ﬂucleophiles76 and organocuprate reagents77

could attack at the B-methylene group in Sy2 fashion -

(Figure 6), while "hard" nucleophiles such as alkoxides.’:

and organolithiums would likely be acylated by attack ag

the carbonyl.76'78

A survey of the literature revealed that the N-

’



protected a-amino p-lactones, N-acetyl-L-threonine g -
' \
lactone amd obafluorin (below),79 are among the few p-

lactones which are produced natutally in microbes80 ang

exhibit weak antibiotic activity.
The use7%%idicyclohexylcarbodiimide (DCC) and

dlmethylamlnop ~idine (DMAP) in”the cyclization of racemic.

N- Acetyl :L-Threonine Obafluorin
f-Lactone

N- acetylthreonlne prov1ded the lactone in only 0.8%
yleld 79b  other attempts at lactonization of N-protected
.serlne derivatives via carboxyl activation with
‘éarbodi}mide }eagents gave yields ranging from 1%nof less
(N-acyl) to 26% (ﬁ;trityl).gl Cyclization of B-hydroxy
acids using banzenesulfonyl chloride in pyridine83 by a »
m1xed anhydrlde 1ntermed1ate is only successful for
pféparlng tri- and tetrasubstltuted B-lactones.

Alternative methods involving the generation of a
leaving group a{ the B:gosiiion of the amino acid have
‘been slightly more successful. The cyclization of N-

;acetyl-0O-tosyl-DL-allo-threonine was achieved with the aid

? 6f‘a'hindered base in 5.6% yiel<:1:'79b'81C

OH  1.BnCl ., OTs |
2780 ,[ Pr NEt o 9
‘ —_—
COOHR&&g& Pd aeNH” N cooH cH;” N’ o

(Ac;C(d)cH,, Ts=S0,CH,(p&H,))

% i



The Hofmann reafrangement and subsequent .
diazotization of g;(arenesulfonyl)—asparagines was
previbusly the most rewarding approééh, and provided the
corresponding B-lactones in up to 45% overall yields.84
However, this method appears to be Yestricted to the use

of .rather inconvenient E;arenesulfon¥£$protecting

groups.13 v
0 ,
NaOH ~ NHy  NaNo, 0
NHy —_—
| 2 —Naoci /E HOAC A
ArSO,NH” ~COOH ArSO,NH” ~COOH ArSO,NH 0
: (73%) '
+

None of the a;ove syntheses were convenient, high
yielding, or compat%ble with the E;alkoxycarbonyf
protecting groups égmmonly ernloyed in\peptide
.synthesis. Thus, they weré unattractive for use in the
approach depictéd in Figure 6.- Of the methods available
for cyclization of B-hydroxy acids to B-lactones, none i;
as direct or proceed under as mild condifions ag the

85,86 The Mitsunobu reaction

Mitsunobu reaction.
(Ph3P/ROdC—N=N—CCuR) has recently proven to be of great
synthetic utility in the formation of 47membéred B-lactam
rings from hydroxamate (Y ; NOR")87/88D 4p4 arylamide (Y
NAr) derivatives8? of N-protected B-hydroxy a-amino acids
(Figure 7). The‘analogous lactonization of B-hydroxy.
acids‘is‘somewhat more complicated. With most

.disubstituted (i.e., Ro=H, Ry or R4=H) acids, normal.

hydroxyl group activation usually results in primarily

—-—
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‘decarboxylatiye dehydration to alkene (L)t~ This olefin
(L) formation ordinarily proceeds by an‘anti-elimination
of CO, and Ph3P=0 (however in the closely related PhyP-

mediated deoxygenation of B-peroxylactones
)

, © ~ Ph,P Yy - ’
R‘-NH YH 2 > Y=NAr, N-OR" (B-lactams)
X ROOC-N=N-COOR R'NH O YO (B-lactones)
\
o ' ,
HO ‘2 R] . R‘ R2 R )
h v - . >_( L + CO, + Ph;P=0 , (ROOCNH),
Ra Rj ° - R, R v
OH . s 1 )
R.. .R
R; 4 2 R1 -
o M,
O -
R; R;
4 R1
o M.
N'o)

>y Figure 7. The Mltsundbu Reaction in the Formation of Four-Membered
i Rings.

when Ry (or Ry4) = Ph or vinyl a s n-elimination may
occur).86'90¢ Yields of p-lactones (M;) from anti-closure
;E disubstituted cases ére typically 0-44% under normal
conditions (THF, 25°C).86 With hindered disubstituted,
and tri- and tetrasubstituted acids abnorﬁal carboxyl
activation can occur to produce B-lactones (My) from syn-
closure 1n high yield (up to 100%)86 90 with a.net
retentlon of stereochemistry at ‘the B p051t1on.

Only one example of the lactonization of an a-

monosubstituted B-hydroxy acfd was found. ﬁ;?henylacetyl-

L-serine (R' = PhCH,C(O)-, Y = O in Figure 7) was

G
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reportedly lactonized in 1.4% yield using triphenyl-
phosphine and dlethyl azodlcarboxylate in THF at

&,
25°C. 796" 1q spfte of?}hls d;scouraglng result, and the

possibilities ‘of uﬁﬁ361xaple elxmlnatfan 86,90

or
a21r1d1ne,‘?a oxazolrﬁé,Jor oxazolone88 formatlon ‘as the
major pathway, the use of the Mltsunobu reaction in the .
lactonization of_ﬁ;acyl and_gjalkoxycarbonyl derivatives
of serine was investigated. -
Herein are reported successful direct syntheses q{ N-
nrotected serine B -lactones (typically 70-80% yields)
undgr modified #Mitsunobu reaction conditions from serine
derivatives commeily.employed in peptide synthesis. Their
utilizy as synthetic intermediates in the preparation of a
wide variety of optically-pure amino acids by nucleophilic

3
ring-opening (a) according to Figure 6 with both

heterocatom and_q;xboh nucleophi%es was examiqed. Thisv
differs from tpgjsrevious applications of E;p;oteéted (N-
ﬁrityl, §;£05y1) serine B—laétones in which they were used
primarily.for synthesis of seryl esters, amides and
peptides sy attack of alkoxides81a or,a,minesalb'84 at the
carbonyl resu1t1ng in acyl-oxygen cleavage (b). .
%;%he fac11e removal of the protectlng group from N-
(ter% butoxycarbonylbserlne B~lactones (R' = tBuOC(O)-—
, = Obﬁn Flgure 7) enébled the study of the heretofore

) unknpwn 3-amino-2-oxetanone salts (R' = +H2, Y =°0) as a

-di;%ct synthetic analogy of the PLP-dependent B-

rgplqcement enzymes (Category 2).
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- Our adva:&es,in the preparation of serine B-lagtones
under modified Mitsunobu reaction-conditions and
realization of their synthetic utiiity prompted us to

~

consider methods for 1arge~scale.productibn of the 8-

. lactones. ° The major pfgblems associated with industrial-

scale application of the Mitsunobu reaction have recently
. ) I ¢ '
been elaborated by Miller872 as the expense of the

.azodicarboxylate reagent (ROOC-N=N-COOR), and the

[
r

requisite chrohatographic separation of product from tri-
phenylphosphine oxide and dialkyl hydrazodicarboxylate

1
(ROOC-NHNH-COOR) side-products. In addition, there is

some danger of explosion on purification of the azodicarb-

.oxylate reagent by dlatlllatlon.gl Alternatlve methods of

-'x

produ01ng the same postulated oxyphosphonium intermediate

for lactonlzatlon were cons1dered,86b'87 and dismissed

bécause the faeility with which B-lactones are ring-opened
dictétes the need for essehtially neptral conditions and
the absence of ‘external nucleophiles.

Instead of avoiding the problems.associeted with

Mitsunobu reactions on industrial scale, an attempt was

»

made to overcome them. This would not only be important
- - »

19

*’for production of the serine B-lectones, but could

|
generally make the versatile condensation method expedient

in the syntheées of many pharmaceuticals, and related
compounds. .

As illustrated in Figdre 8, reactions employing tri-

phenylphosphine and dialkyl azodicarboxylates are capable

25




of replacing hydroxyl groups with a }?rge number of O, N,
C, and halogen nucleophiles.86'87- IH contfast to many
related condensation reactioﬁs, Mitsﬂnobu-type conversions
" proceed under mild, essentially ﬁeutral‘conditions and
exhibit ;téreospecificity, functional selectivity; and
regioselectivity.se'87 Because of these features it has

- many established, applications in syntheses of macrolide

a -

antibiotics,86 nqueosides (ihcluding azidofhymidine

86 93 -

#ino acids, amino

86

N ‘k é\? . .
(AZT))86’92 and nutlgotides,

sugars, steroids, natqral produeﬁs, and various

heterocycles88 including monobactam antlblotlcs and
87 89

4

precursors of other important f-lactams.

€
R
1

20+

ROAr . 3CN : ‘
. ArOH  [ZCH,
OQS \ Z HON 9
RSO
aogn' 2H oca' .
(RO)ZPOH Ny . ~
nop(on)z ‘
‘ o
Cyclzatiors .
"G G
Cooon —
=0 ;
YNHt})“ | YNH
———————— .

Dehydrosutturtzations
' sm;i_m —_— RN-O-NR

1]
RACNH,

RCuN

!

Figure 8. Applications of the Mitsunobu Reaction
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Triphenylphosphine is an inexpensive reagent {i.e.,
~$30/kg). Its progeny Ph3P=0 may frequently be separéted-
from Mitsunobu condensation products by selecti;é,Q
crystél}ization. Therefore, a logical sélution to the
above .practical problems.involves the immobilization of
the azodicarboxylate moiety on an insoluble polymeric
support (i.e. . Polymer~OOC—N=N—ébOR). This could
eliminate both the danger associated with distillation of
ROOGfoN—Cpr, and in many cases the requirement for
chroﬁatqgraphic purification of products. The high cost
of the azodicarboxylate reageht'would be greatly‘reduced
siace‘the'ﬂspent" resin in the hydrazodicarboxylate form
(Polymer~0QOC-NHNH-COOR) could be recovered by
filtration. Regeneration of the polymer—gupported reagent
by reoxidation with one of a number of .nexpensive
oxidizing agent591'94'95 would ailow it to be used over
and over.t Similar immobilization of reagent§96 and
catalysts97 hasrpreviously provén to be very effective at
simplifying‘purification and/or reducjhg costs by ailowing
regeneration. In éddinion, the advent of solid—phi§e
peptide synthesié has ptovided much supporting technology
for the preparation and use 6fkreagents covalently béund

3
to polymeric supports.14
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RESULTS AND DISCUSSION

L4

ey,
i)

Resolution of Diaminopimelate Stereoisomers

A.qﬁantitativé assessment of the degree of
stereochemical preference of the eniymes acting on
diaminopimeiéte (DAP) required the use of puré
stereocisomers in biochemical studies. In addition, the
>preparatidn of optically pure L—(2§,Q§)-isomer'eventually
allowed the utilization of a coupled.spectrophotometric
. assay for DAP-epimerase (see Appendix 1). This~
necessitated the resolution of 2,6-diamincheptanedioic
acid (diaminopimelate; DAP) which is ccmmercially

available?8

as a statistical (2:1:1) mixture ef Teso-
| (25,6R), L-(25,65)-, and Dyf2R,6R)-stereoisomers (1)
(Figure,9). | |

The separation . meso and racemic diaminopihelateg
was cohveniently achteved by selective crystallization of
the E?,ﬁf-bis(benzyloxycarbonyl) derivatives (2) according
to Wade et al.99 1In this précedure, DAP (1) is reacted
with benzyl chloroformate under Schotten-Baumann.
conditions to produce 2 (88%), which dfter successive
recrystallizations (typically thr¢ ) from ethyl acetate
provides crystalline ‘racemic bis(benzyloxycarbonyl)
derivative 3d. When this material is diastereotopically-

pure, further recrystallizations do not alter the melting

28
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; o HN NHz  Mixture of L, D, and
i meso-Diaminopimelic Acid
HOOC 1 COOH

Z=PhCH,0C(0)- = - | NeOH/ Z-0
5  LZNH NHE i R
M ’ ik (88%) -
' " HPOC 3 COOH '
OO : : \ . I
. A | R Selective Recryslglllzatlon' S
Z-NH . NH-Z . Z'EHY\/\KNHQ‘
- jI:ﬁzg’:I:(v=0H) L HooC - 3¢ cooH
Yo o7y o |
" | 1. Et3N, Me,CHCH,C(O)CI o H,, PdiC
‘3. H,, Pd-C '

NH-Z

Ko

HOOC 3¢ COOH

Racemic .
‘ meso-Diaminopimelic acid
-

-+
-

NH, -

O.. O NH,

3N HCI, Hellux

‘ /

’ Hzln\:,//\/\rNHz ° C HzN\MNm ;
HOOC 4a  COOH - 'Hooc  4b  COOH
L-Diaminopimelic acid ‘ : " " D-Diaminopimelic acid

Figure 9. Resolution of Stereoisomers of Diaminopimelic Acid.“

. NOTE: All L, D, meso, and racemic compbuﬁds hear a, b, ¢, d,
' designators, respectively, throughout the thesis.

B
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point (mp 164-165°C). The Egggfdiasteréomer 3c is
sﬁbseqpently obtained by concentration of ethyl acetate
mother liquors and recrystallization from chloroform. The
di?ijggg compound 3c was further purified by
recrystallization %nom acetonitrile as suggested by
Hgijnoort and Bricas,}oo before hydrogenolytic
.deprotection to meso-(2S,6R)-diaminopimelic acid fl4c) (58%
from 2). No diastereomeric (racemic) impurities could be
Jetected by 13c NMR in 4c prepared by this method (>97%
pure).

Both enzymic99 and physical methods!i00 have been
employed in the literature for the resolution of L-(2S,65)
ahd b—(zgqu) isomers of diaminbpimelate as its diamide
(GdY;  The physical methodl00 ytilizes selective
recrystallization of the diéstereomeric bis(dibenzoyl)-D-
taftéréte salts to provide partial .(80%) resolution,
followed by hydrolysis and numerous crystaliizations of
the bis(dicyclohexylamine) salt of the amino acid to
provide optically pure material (4a and ﬁb) (17-29%
overall yields)gloo Iﬁ?peaq, a modification of. the
A dure?9,10]

p&blished enzymic proééd&re (employing ;éuﬁﬁéé“
aminopeptidase in place of hgg kidney amidase&f&gg?ffgﬁf
chosen. 1t pfovides a greatér degréé of édmﬁiaé;ce;dﬁ‘the
final optical purity, and higher yields, and:may easily be

performed on several grams of material with much iess

sample manipulation (Figure 9) than the physical method.

-~

The racemic di-Z~derivative 3d is converted to the



’

corresponding diamide 5d (65%) by treatment of the mixed
anhydride of 3d and isovaleric acid witl ammonium

99,101 Hydrogenolysis- of 5d quantitatively

hydroxide.
afforded the diamide of racemic DAP as its diacetate salt
(6d) which was digested by leucine eminopeptidase at pH
8.0 to’Provide a miiture of L-DAP (4a) and D-diamino-
pimelate diamide'(Gd). These products were readily
separated by cation exchangev(Rexyn 102, Li+ form),
however the L-isomer 4a which eluted with H,0 was found to
be contaminated with much Li,S50,, théh originated from
the 2.9 M (NH4),S0, solution fﬁ wuich the commercial
enzyme was obtained. The steps requlred to reﬁgif L12804
by precipitation as BaSO, reduced the final overall‘yleld
of 4a to 52%, and should be av01Qed by removal of ammonium
sulfate from the commercial enzyme preparatlon by d1aly51s
or ultrafiltration before use.q

D-(2R,6R)- D1am1nop1me1ate diam1de (6b) eluted from
the ion-exchange resip-chromatographicalli-pure and free
of salts. Since'reincupation of ;'portgon of 6b with

leucine aminopeptgdaseveaused_nd %urther appreciable
hydrolysis, it wegﬁdirectly hydrolyzed in QEhHCI’tQ
liberate 4b. = Recrystallized L-(25,65)- (4a)and D-
(25,Qg)—diaminopimeleeesw(4b) possessed rotations matching

reported values for pure 1somers.99 101‘

Suusequent
incubations of 4a and 4b (10 mM) with me s0~DAP D~
vdehydrogenase,‘which has a very strict séecﬁ§}gitjufpf

meso-DAP (4c¢c) (K

a

m= 1.1 mM, see Appeqdix 1)(Tdfsp1ayed¥
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<
initial rates which were 0.0% and 0.2% respectively of
that obtained with meso-DAP (4c), thus indicating very .

high diagtereotopic purity.

Syntheses of Lanthionine and Its Derivatives

Lanthionine is also commercially available?® as a J
mixture of all stéreoisomers, however conditions for /
resolution have not been réported in the literature.
Since lanthionine may be considered to be a B-substituted
alanine (i.e., J (X = cysteine)), ig\appeared that
synthesis of optically-pure material would be easier than
resolution. ‘Thé disadvantages and problems asso;iated
with the syntheé}s of stereochemically-pure lanthionines

by established approaches are illustrative of those

commonly encountered in the preparation of B-substituted
alanines (J).

H2N Y\ S/\/ NH2  {anthionine

 Hooc  COOH

Cysteirrg Fragment

Syntheses of totally racemic lanthioninel02 by

classical metpods offered no advantage and were not
considered. The relatively high yield observed at minimal
expense in thé alkylation of cysteine (9) by
‘acetamidoacrylate (8)66 (analogous to biological

' s&ntheges) made that route attractive (Figure 10),

especially in light of earlier reports that meso-(2S,6R)



AiES

and L-(25,6S)-lanthionine diasteyjeomers could be“separated
by selective crystallization.67 In addition, it was
envision®d that a sélectiVely mono-N-acetyl-meso-
lanthionine could later be usefui in a stereospecific
ox1dat1on to provide a srngle sulfoxlde diastereomer

(Route a, Figure 10)103 afte* hydrolysxs.

NHAc

(o] NHAc
*
COOH  CHy—C-NH; NHAc cat. HCI COOH ! 2
: 7 (30%) 8 (58%)
N L -Cysteine
- N sH | pH 80
0. - Hooc 9a
L J
v
NH NHAc HyN NHAc
HzN\'/\s/\re 2, H’N\(\s/\/ N Acylase 1 H2 \(\3/\( (86%)
HOOC COOH HoOC COOH HooC 10 cooH
- - X
-
_ P | 2N HCl, Reflux
_ =7 auc
HoN NHAc (Route 8) H,N NH,
f. s
Hooc - © cooH Hooc 11 coon
: (58% trom 9)

Figure 10. i)ehy‘dr’oafanine Route to Lanthionines.

Bis(2-acetamido)propionic acid (7) was prepared in
low yield by conéensation of inexpensive pyruvic acid and
acetarr:ide,lo"'lo5 and converted to acetamidoacrylate (8) |
by heating in .glacial acetic acid with a catalytic amount
of HC1.104,106 e conjugate addition of the
proteinogenic amino acid, L-cysteine (9a) to 8 at pH 8.0,
g5°(C proceedé& smoothly to provide an 86% yield of mono-N-

acetyllahthionine as a mixture of meso-(2S,6R) and L-
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(25,6S) isomers (10) after purification by cétion exchange
chromatography. $

| Alternatively, the crude reaction mixture containing
10 could be directly hydrolyzed by refluxing 2N HC1l, and
(2S,6SR)-lanthionine (11) isolated by crystallization (58%
from 9a) near its isoelectric point (pI). A comparison of
the optical rotation of 11 with that of pure L-lanthionine
suggested 80%_39%37(2§J6§), and 20% L-(2S,6S)-isomers. A
possible rationalization for the diastereoselective
predominance of the meso-isomer is the involvement of a

" transition state in which steric and electrostatic
repulsions are minimized by an anti-addition to the re-
face of 8: | O-H |

H
('-coo'

” T TSNHAC
'S “:NH3
H
coo°
Selective crystallization of the less soluble meso-
isomer (0.22 ﬁg/mL at pH 7, 25°C) in the presence of L-
lanthionine £15 mg/mL)67'102 proved to bé\very slow,
tedioug and inefficient. Instead, the possibility of
enzymic resolution of meso-(25,6R) and L—(Z§,Q§)—i$omers
bjgﬁreatment of 10 with hog renal Acylase I, in a manner
‘analogous to tHat used to resolve its disulfide homolog
cystine (12),107 was examined, Mono-N-acetyl-L-
lanthionine proved to be extremely rgsistant to hydrolysis

by Acylase I at pH 7.5, 37°C,uwith less than 3% conversion

'
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in 24 h even in the preééﬁce of 25% by weight of .y 2
(much denaturation of the eﬁiyme;did occur however Tﬁis
approach was thereforé abaﬁdoned in favor of‘direct
chemicaf éynthesis of ppticaily-pure lanthionines.

( @arpp‘and Gleason’l2 havé'reported a nqvel éynthesis.
6f optically-pure L-lanthionine from readily available L-
- cystine by selective desulfurization accordfng to Figure
11 égme time later Olsen gt al.’1b reported a variation
of ;hié apprpach usiﬂg«cysgénejgjsulfinates to prepare

i

unsymmetrital lanthionines of undéﬁermiggd optical purity.

<+ * - -
H3N .NH CF .
2 \T/A\S-S/A\T, 3 1. MeOH, HCI . 3CONH
BOOC COOR 2. (CF,C0),0, CF,COOH
> CH;00C
L-Cystine 122 (R= ") (E1;N)4P

13a (R=Me) (78%)

’

' (E13N),P=S
CF,CONH g ‘////'
CH,00C ? _.NHCOCF, A>CF,C0NH 8 NHCOCF,
(Et;N);P*  COOCH, CH,00C COOCH,
15 (96%)
Hydrotysls
H
H;N s ¥H,
HOOC 163 COOH
L-Lanthionine

Figure 11. Selective Desulfurization Route to Lanthionine.

-~ Esterification of L-cystine (12a) with methanol/HC1

provided the dimetwyl ester (13a), which was treated with
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trifluorcacetic anhydride in TFA’1a to yield 14a (81%)
with high opticé\ purity (i.e., 97-100% based on [a]%s)-
When this material was subjected to desulfurization with &

tris(diethylamino)phosphine under the chditions
71a

o

pfﬁécribed by- Harpp and Gleason on a 5 to 50 mmol
scale, excellent'yields of 15 (96%) were obtained.

%A%% ¥ontrary to the literature report,7la‘the optical purity

of the recrystallized product (15) was highly variable,
with [alééjvalues of»-23°,_—15.5° and -2.8? observed fore
@v _reactions on 50, 10 and 5 mmol gcale reslzgctgvely (lit.
,(1[a]%i —21..6,‘-32.4'o both‘reportgd‘in aifferent 1oc5tions
of the same paper for the same compbund, (cO.z, MeOH) ).
Fur£hermore, thevauthors reported7la that a brief alkaline
‘hydrolysis'(NaOH/aqueous dioxane, 5°C, 30 min) produced L-
"lanthionine with aﬁ;TZ]%S exceeding any previously
reported by greater than 9§. In our hands, either
alkaline hydrolysis as described by Harpp and Gleas_on,71a
or acid hydrolysis (2.5N HCl reflux) qf 15 ([a]%5 -23°)"
yielded L-lanthionine (16a) with 21% and 30(#3)% optical
purity, respectively. The presence of 60—§5%’@g§9: .

e~

lanthionine and absence of salts in thése preparations was

L confirmed by HPLC analysis.laafv”«J‘

Racemization during the desulfurization of 14 by an
elimination/addition side-reaction appears likely,

especially considering the notoriety of esters and N-tri-
fluoroacetyl groupslar13 in stabilizing an incipient a-

[

carbanion and the proven facility of elimination of
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‘- \
R-S H .\
S .NHCOCF, o R-SH NHCOCF,
|
Et,N),P* COOCH COOCH
. (Et2N) : S=P(NE,), ‘ , 3
A n— . v

" similar thiolates.l13 Further losses in optiéal purity
probably occur in acid or base hydrolysis of 15 via
formation of theAazlactonev(oxazolinone) and subsequent
favorable tautomeriéatién w?ich is frequently observed

with N-trifluoroacetyl amino acid derivatives. Olsen et

al.?%bA

’ i
m have avoided these problems by the use of N-
(alké@?ézibonyl) protecting groﬁps,13 but suffered

" considerably reduced yields.

- o |
he Ho 0 O(H,)

H

RS” OMe RS OMe Rs/\H Rs/\'é(
(H,')NYO —’4_’ Nﬁ/O(H.') — Ny — N§<°
CF, CF; Azlactone CF, CF,

Discouraged by the failure of the selective
desulfurization route to provide optically-pure
lanthionine, we turned to the method of ‘Brown and du

~Vigneaud4za which was employed for the first syntheses of

lanthionine stereoisomers. This proczzgpe involves a o
A

nucledphili& attack on B-chloroalanin 2la,b) common in
many syntheses of B;substituted alanines. Forlﬁhéu

production of L-(2S5,6S)-lanthionine {16a) (Figure 12),109
B-chloro-L-alanine (20a) was pfepared in three;sfeps from.

the common proteinogenic amino acid L-serine._:Thisn

required esterificétion to 17a (85-958%) réaction'with

4

G
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\
phosphorus pentachloride with acetyl chloride«as a

solvent!10 (79-81% of 18a), and finally acid hYdrolysis to’
20a (78-90%).

. o ‘
OH 1. MeOH! HCI = - ¢ 2.5N HCI 20a, 20b HE salts)
/E : . " 21a, 21b (Zwitterion)
HyN coon-zfpcIs Cl" HaN” T COOMe - HpN” TCOOH
Scrlnq,(Rleg T . 18a ;
17a (RzMe, (2S)) - 18b SH ¥
17b (R=Me, (2R)) Cystelne -
- ' 9a, 9b
- ' - H,N” “COOH .
’J:OAC . N ‘ NH
" H2 s 2
I HaN7 S COOMe 'Ho;z/ﬁ\ IA\I;OH
19a Lanthionlne
16a, 16b, 16c¢
(L, D, meso)

,Figure 12. Synthesis of Lanthionine from B-Chloroalanine.

The Successfulrreplacement of the hydroxyl of 17a‘.
withrC1 by reaction with Péls required that L-serine
methyl ester hydrochloride (17a) be totally freed of
residual methanol by recrystallization, pulverization and
drying in vaéuo {over P,05/KOH). Otherwise the O-acetyl-
L-serine methyl ester.HCl (19a), a "dead—énd".side—product
(usually 3-5%), predbminated in 50—73%'yie1d. In order ta
minimize the aﬁguné'of KOH required in the next step, and
obtain a definitive-helting poiﬂt and rotation, 20a was
converted to the zwitterion of B—chléro-L-alanin?~(21a)110

by recrystallization at its isoelectric point (pﬁ~5.8).

‘The high optical-purity B-chloro-L-alanine (2la) was

.Y



treated with L-cysteine (9a) under alkaline conditions to

) \

produce L-lanthionine (16a) which cr&s;alliied upon
reduction 6f the pH to ~6} The yfeld of 16a was increased
from 56% to 81% (based on 2la) by the use of 1.8
equivalents’ of cysteine rather tﬁan 1.3 equivalents
origina%ly émployed by Brown and du Vigneaud.42a An
analogous‘procedure utilizing :elatibelY‘iﬁexpensive D-
serine’4 was enlisted to'produce_mgggf(2§J6§)-1anthionine‘
from B-chlo}o—D—alanine.(ilb) and L-cysteine (9a), while
the synthesis of D-(2R,6R)-lanthionine required the use 6§
21b and D-cysteine (9b). : ‘

HPLC analysesl08 on'lénfhioniﬁé stereoisomers
produced according to Figure 12 indicated less than 3%f)
diastereomeric impurity'was'present in all casés. Opticél
rotations. of the L- (1éa) and'D—iéomérs (16b) sggggsted~
optical purities greatéf than 96 and'92%y“fé§péctiveiy.
Later enzymological studies ‘with meso-DAP D-dehydrogenase
sﬁggeSted 1.0% ahq 2.7% mg§§ycontaminant, respectively, in
these materials (see Appendix 1). This procedure (Figure
12) was used sucéessfuliy’to prebare lanthionine isomgrs
on large scale (;100 9)109 without difficulty, but other
workers’12 Kave reporfed substantial losses in optical
purity and low yields under th§‘a1kaline reaction
"conditions. Such ﬁroblems:are typical -'in the preparation
of B-subséituted alaninesrfrom B-chlorgalanines,72 and
were eyentually avoided through the :e2 of the serine p-

lactones. “ :

3%

-
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°It was found G%at the preparation of lanthionine
¢ sulfoxides and sulfones from lanthionines (16) could be
conveniently effected by chemoselective S-oxidations under
aci@ic conditions in1which thé amino and carboxyl -
functidnalities were fully protoqated (Scheme 4).

The sulfoxides (22a, iZb,”22c) were’ prepared by

oxidation of the pure stereoisomers of lanthionine (16a,
Scheme 4

. 0 - & - . - ;“
H,N g NH2 HCO,H HaN s NHz H,0, (1.5 90gq.) H;N 7 .~¢‘7/£{H2
1} ) . It
HOOC O COOH HCOH  hooc coon 18N HCI HOOC O  COOH

24a, 24b, 24c 16a, 16b, 16¢ B 22a, 22b, 22c

(a=L, b=D, c=meso)
16b, 160) with hydrogen peroxide iﬁ agqueous acid. Under
‘acidic conditions the oxidation essentiéily stops at the
sulfoxide stage, and 22a (L)/22b (D) may be isolated‘in-
~71% recrystallized yiel The meso-compound 22c was
obtained in 86% yield under identical condigiohs }probably

\.

due to its lowér solubility) and is presumably a mixture
of two optically-inactive diastereomers (i.e., (25,45,6R)
and (Zgj{gqu)); ‘Because of the instabilityﬂof the
sulfbxides in-acid,67'the reaction: time shéuld ﬁot be
unnecessarily p:olonded.{ &
In the presence of 10 mol% molybdate (MQO4=) the )
oxidation with acidic H,0, goes beyond the sulfoxide to
the sulfone f23),67 however ovef—oxidation to cysteic
acid, low yields (30-38%), and product contamination with

molybdate made this method unsatisfacﬁory. A mixture of

performic acid in formic acid, produced from H,0, and
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HCOOH, 1s known to achieve chemoselective oxidation of

- half-cystine and methioniné residues of peptides and

~proteins under relatively mild conditions, 111 Simple

treatment of the pure isomers of lanthionine (16a, 16b,
16c) with 3.5 oxidizing equivalents of the HCO4H/HCOOH

mixture (0°, 2 h), followed by removal of the solvent in

vacuo and recrystallization, conveniently afforded'the'

correspondihg sulfones 24a, 24b, 24c in 90-91%
yields. 40,109 N
The variéus lanthionine derivatives (16, 22 and 24)

were tested against diaminopimelate-associated enzymes by
Dr. M. Palcic and Dr. L..Lam, and the results are 0
tabulated in Appendix 1. ‘Althoﬁgh none of these

derivatives caused pseudo-first order~inacti§ation of the
enzymés (the first criterion for;a suicide substrate), the

results are still,significént.

meso-Diaminopimelate decarboxylase from-B. sphaericus

and from wheat germ slowly acted on only meso-lanthionine

in accord with previous results,3°C and its conversion to

thialysing (i.e., the ‘thia-analog of lysine) wasilate: \\:;
confirmed by synthesis of authentic material. .This enzyme
usually displays extremely strict specifigity\fdr meso-
DAP, with . its L— and D~-isomers acting neither.a§
suﬁsérates nor cémpetitive inhibitors.34 This "tight-fit"

_ e ‘ e
of enzyme to substraté accounts for the nonacceptance of

the a,a-difluoromethyl analog of DAP (N) (prepared by Dr,

J. Kélland) at the active_sité} and its resultant failure

e o



as a suicide substrate for the decarboxylase, in spite of

ample precedent with related decarbOxylases.8'21'61'63

CHF,
HzN NH2

HOOC  ,  COOH
Similar exclusions of saturated and unsaturated analogs of
DAP bearing substituents in a- and y-positions by meso-DAP.

decarboxylase have been observed by other

researchers.2°® 1n violation of this enzyme's normally

high stereospecificity,34 all of the steteoisomeric
sélfoxidee wete reasonably good competitive inhibitors‘of

~ meso-DAP decarboxylase with L-(25,6S) (K; ~0.9°'mM)) > meso
- > D-(2R,6R) in order of effectiveness. The unexpectedly
greater effectiveness of the Lf(2§,6§)-lanthionine
sulfoxide (22a) reJative to the meso (22c) may euggeSt
that only one of the dlastereomerlc meso—sulfox1des (i.e.
either (25 4S 6R) ot (28 4R 6R)) is capable of binding at
103° 7. - ;,);:f;" -

the act1\e site.

o

i LA - .
me'so- D1am1nop1melate D—dehydrogenase (NADP dependent)

from B. sphaericus utili zed meso-lanth1on1ne (16c) as a

relatiVely poor substrate (Kpp 5.8 mM, Vmax  1% that of -
gggngAP) and largely ignored all other 1soﬁers and
derivativess In contrast,}mgggj}anthlonlne }16c)
~displayed effective mixed inniﬁjtien.(xi = 0.18 mM, Ky
0.66 m1) of DAP epjmerase (ngt a PLP4dependent enzyme),
while the L—isomet (lSa) actedfae a conpetitive inhibitor
(K; = 0.43 mﬁ);‘iA cbmperison of.binding affinities_for

.



lanthionines are ~40-50 fold better inhibitors of the

epimerase tnan the decarboxylase." Invérsély, the
corresponding sulfoxides, éspecially the L-isomer, are”
about ten-fold better inhibiﬁorsiof the oecarboxylaée than
the epimerase. This implies that the;specificiﬁy of o
lanthionine derivatives for oit_herjofl treée two enzymes
may be controllablo by sirp. man%puiaticn’of the:: |
‘oxidation state of the qutur..\ - | . o f"’,;
Slnce no suicide subctAJte for any of these enzymese
has'yet been found, the lar hlonlne backbone prov1des a .
. s :
most promising skeleton o~ which to append reactivaj Do
functionalities which may lead to mechanlsm based
inactivation. Since it was demonstrated.that all E@ég_and
.L-isomers of' the lanthlonlne,derlvaLlnes-blnd to some

extent (Appendix 1) the lack of suicide rnhlbltlon of the

[
i % e

PLF dependent decarboxylase by these compounds may be due
‘to any or all of several factors;I The first is that the
enzyme‘hustbexercise part of ips fonctionvbefoge the |
.latent reactive g¥cup: is fevefiea.; In?this cnoe,
generation of the a-carbanionic intermediate.D3‘(beiow)

. ,, : L4

must occur. However actual turnover nas only beeni ™

e oy
3 x
i

verified for meso-lanthionine (}GC); The second

D of Figure 2 (=
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possibility is that intermediate Dy forms, but perhaps due
to lack of protonation of the sulfur-containing fragment,'
the leaving group ablllty of the a nucleofuge (X). may have

been 1nsuff1c1ent to effectlvely reroute D,y from its

44.
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normal course (recall Elgure l1). A third con51derat10n is .

. ‘o
that in .order to exert its stereochemical preference for

a°

) N . 3 K )
meso-DAP, the decarboxylase must bind the substrate at

~ both ehirai cepters."The binding of the distal groups may:

v‘.
"misalign" the band between the p-carbon and the sulfur so

. R \ ‘ M
that it occupies the nonorthogonal R or R' sites which are

‘stereoelectronically disfavorable for elimination.

— Finally, the enzyme may be immune to ‘inactivation

‘ accordlng to Flgmré 2 as many B-elimination (Category 2)

._enzymes appear to be, llkely due to®a lack of an

fapprepriatelyﬁpﬁaced”nucleophilic group.

’ %i" If an unfavorable conformatlon is responsible for

fallure of ellanatlon (i.e., from D3 above) the
replacement of one or both B-hydrogens with a halogen
(e.g., fluofine)‘migﬁg afford a suicide inactivator for

the_deca_rboXylase.Gllﬂ'62 The introduction of a halogen in
_ ' T
the B~-position of-the lanthionines should be facilitated
! ‘ , :
by the potential for Pummerer-type rearrange- ’

‘ méngs.57'59'lE?'113 The most successful methods of

;introducing fluorine on a carbon adjacent to sulfur
involve the reaction of (diethylamino)sulfur trifluoride
with a ’sUlfoxi’_de,cs8 or direct fluorination of sulfides -

with xenon diflupfide.59’112'113' Both of these reactions
. ¢ 4 ’

7 i,
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are believed to proceed through the same sulfonium cation
. + D ’ ' :
intermediate (i.e., RCH=SR‘F').58'59'113 It was hoped that

the lower temperaturesll3b and more polar acetonitrile
M

solvent commonly used for the XeF, reactionssg"llz'113

would promote substitution and reduce HF-elimination.®0 /

2

Janzen et al.l132 hag recently reported high yields in the

oxidative fluorination at the 6é-methylthio position of
protected methionine derévatives by XeF, under mild

conditions, and the integrity of the CFH,S-moiety in

s NHCOR,  XeF, F_S NHCOR, R zCF;, O'Bu

A N
coor,  CHiCN ~u COOR, R=CH, ,C.H(p-NO,)
Xe, HF\ (70-90%) . ™

Yo

‘aqueous alkalingvmedia. Hence, these conditions appeared
ideal for generation of the a-fluorothioether of the d
previously prepared N,N'-bis(trifluoroacetyl)-~L-
lanthionine methyl ester (15), which could later be
deprotected by treatment under @ild?afkaline conditi,ons.71
injection of 15 in acetonitf%ﬁ%ﬂinﬁb_; solution of |
XeF, at;—23°C followed by slow warming t9"@g°c resulted in
the evolution of greater thap 2 mole equivalents of gas
k*e + >1§%z; HF). OQuenching of the reaction with hexa-
methyldisilazaﬁe (HMDS)* and removal of so}vent was
followed by NMR analysis.  1%F and H NMR indicated that
none of the desired fluorinated product (O, Scheme 5) was

present, but only the olefinic materials 25, 26 and methyl

[(N-trifluoroacetylaminolacrylate (~16% by 1H NMR). The 2-
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and E-bis(TFA)-L-dehydrolanthionine methyl esters (25 and
26) were subsequently isolated by chromatography in-75%

_and 7% yields, respectively. .

Scheme §
CF,CONH s _NHCOCF5  CH,CN crsconn\f¢ cnr:,cou'n\r,\s NHCOCF,
v +
CH,00C COOCH, F-xe-F * CH,y00C CH,00C COOCH,4
15 (~16%) © 25 (2, 15%) )
26 (E, 7% S
I » .
( ) g
: ¢
Fq H 4 '
b i NHCOCF
R. &) ENHCOCF, _‘}é, R‘SJ\f-H 3
4 SYaTH CH
- Kk COOCH,~ ‘ COOCH,
N . . RN '_.' EOTI S N Se. 3! .
P ' ‘j«"' .l j‘ % O ‘6}
, , s ‘ ?:. 7 ,
" ﬂ&v .
Although 1t was not obsévved in the methylthl “vB

fluorination of methionine (above), a,B olefln formatlon’?
from isopropyl sulfidesi13b op y-ketosulfides bearing

acidic hydrogeﬁsllz'113C in the B-position is not |
uncommon. In retrospect, thls behav1or is not surprlslng s}
in the case of 15 which has demonstrated the lablllty Qﬁ ¢§*§m
itsv2iC-H before in desulfurization and deprotect{oﬁ.
Sinée the desired fluorinated pro&uct.was totally absent,
and greater than the theoretical amount ‘of gas waé evolved
before quenching with HMDS, olefin formation probably does
not result from a simple léss of HF from the a- o
fluorothioether (0), but rather gs depicted by‘Scheme.S.

The undesirable basic character of the "naked" fluoride

anion predominates over its nucleophilic behavior and

e
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either causes elimination of RSF from P (path a) with °
formation of an aminoacrylate or loss of a second mole of
HF from Q (path b) to produpe 25/26 as the observed
pfoducts, in lieu of the desired O (path c).

| . These results discouraged further attempts af
introducing ﬁluoriﬁe py Pummerer-type rearrangemen;s.
However, since fluoride is unique among the halides in
pbssessing conéiderablensasic.character,ll4'115 it may be
possible td produce B—chiorélanthionines by reaction of
the éorrespondrng sulfoxide with N-chlorosuccinimide
(NCS)37a or vinyl chloroformate®’P un&er essentially
neuff;i conditions without the complications of

elimination.

o)
. ji cl- o | ,€*°2tﬂﬂ
A _ ° . cl
RNH NHR  ANg7 N N34 o y )
. R _ RNH NHR
, . , o cﬁ) : \r,\s
ROOC ~ O  COOR ) \H(N : R'00C coor’

. N-Chlorosuccinimide

J

If the léaving group ability”of the B-nucleofuge (X)
was insufffeient to reroute the a-carbanionic intgrmediate
(D3 above), then S-methylation of the sulfur of

lanthionine'should_gréatlyvincrease'the potential for

23

of D3 in the active site (see.

heterolytic fragmentation

3

below).so’szj54 In addition, there is a chance of the
aforementioned (Scheme 1) spontaneoué sulfonium ylid
rearrangement occurring with D;.

Since it was known that methioniﬁb {either free3® or Y
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HZNW/\EV/)\V\-( N=PLP-ENZ
. - | ‘
HOOC CH; COOH
\ H
in protelnsllﬁ) and N- protected derivatives of S- methyl
cystelne116b could be d1r<‘t1y and chemoselectively
alkylated at low pH (<3.5), it seemed logical to extend
th¥se reactions to the S-alkylation of lanthionine. )

o /HNHR1 , Mel, Me‘ia_r, CH g, (CH)C/HNHR,
( 2) \ ’ or TsOMe .r / 2 :
COOR, : ~w CHy x- COORz
O Methionine (n=2) (Acidic conditions if Ry or R,=H)
S-Mcthyl Cystcine (n=1) ) 27 (n=2; R,, Ry=H, X'zI)
- » ! ,<)

3 ]

All attempts at S-methylating unprotected lanthionine

in acidic media (pH 3116a * HCO H/AcOHSGa (l

methyl 1od1de (4-15 egq. ) were. unsuccess%ul Eﬁ'ver@when @e

i _}"
reaeﬁlon was stlrred two weeks w1th repeated ad;%t1ons of ™

‘

’CH3I, ly NMR indicated that only solvoly51s*of mq}hyl ":A”ﬁ
iodide had occurred. Slmllarly no]§jmethy1ation could Bé
detected with the more soluble mono-N-acetyllanthionine

(loflat pH 3.5 with 15 equivalents of Mel after twb .ij'f
weeks., . As a check.of thié procedure, L-methionine was |

- subjected to identical conditions with only 2 equivalents

of CH3I in D,0 and the.reaction was monitored by 1y NMR.
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Within 4 h at 25°C S-methylation 'had proceeded 45%. Afte?
23 h the reaction was B87% complete and the S-
methylmethionine sulfonium salt (as the iodide, 27$ was
iéolated in 64% récrystallized yield. A similér 1y NMRQ#
eiberimenc with“ﬁpe lower homolog §;methyl L-cysteine -
required more reactive dimethyl sulfate (3 eq.) and 13
days to reach 60%'c§mp1etion. fhese results suggest Ehat
increasing B—branchiqg greatly slows the reaction, ..
presuméb}y for steric reasons. 1In further attempts,
t:eatﬁené of 1an£hioniné in neat CF3COCH or CF3COOH/H20
with excéss methyl iodide, and silver trifluogoacetaté 
resulted in a small amount of S-methylation (~20%), but
was plagued by much decomposition; and rapid solvolysis of
CH3If Lanthionine remained unaltered aftef 9 weeks in‘the
presence of methyl‘E;toluenesuléonate (4.5 eq.)/p-
toluenesulfonic acid (2 eq.) in CF3COCH. Finally,
treatment of the ditgsylaté salt of 1anéhionih¢ in’CF3COOH
with trimethyloxénium fluoboratell”? resulted in thé

formation of only CF3COOCHy and TsOMe.

S-Methyl L-c§éteine was treated with 2-(tert-
: ' 118~
‘ .

to provide E;(tegt—butoxyca}bonyl)jgfmethyl—L-éysteine

butoiycarbohyloximino)424phenylacetoni£rile‘("EOC—ON")

(29) which was used ﬁo‘investigatgmhonprétic‘éonditioné
for §;alky1aﬁion of lanthionine derivatives. Studies with
29 indicated th§t;§;methy1ati§n only occurred at'an
appreciéble rate in polar solvents such as CH3CN and DMF
(DMF > CH3CN), and that attempted isolation by

4 ¥

iy



crystalllzatlon of the zw1tter10n led to rapld

decarboxylative elimination of® d1methyl sulflde.

Ph__CN
|§ ' X N
0-BOC Me v
HaN BOC-NH BOC-NH g
> S —_— S(CH
Y\SCHJ — - \(\ CH, ' r‘\ﬁ\ (CHy),
HOOC 3 HOOC ooc
H,0/ dioxane
29

BOC=(CH3)3COC(0)—
With this knowlfdge, y_,i';—bis(_t_:teLt:_—putoxycarbonyl)—
lanthionine (mixture of lsomers ) (28) was prepared by
reactioh of lanthioni%e with diﬁtggtfbutyl pyrocarbonate,
and its re_aion with metl)yl iodide (8.5 eq.) in DMF was
studied by 1H NMR. ‘S-Methylation proceeded to 45%
bcbmpletion in less than 22 h and then stopped. Neither
prolonglng the reactlon time nor further additions of CH31

altered the extent of reaction, suggesting an equ111br1um

, had>been reached (X™ = 17):

—‘ MeX, DMF * _‘ X )
BOC-NH : ' . | BOC-NH Ceu.
\ﬁs + —» | \(\%cns
HOOC € , HOOC
2 . 2
28 ;_ 30 (X=BFy)
Qw The analogous use of dimethylsulfate (6 Jeq- ) as the

alkylatlng agent, in which.the counterion (X~ ) is the less
nucleophilic CH3OSO3', required 12 days for >80% reaction
and several otker prcducts were also produced. 1Instead,
equ{librium in the methyl iodide reaction was shifted to
the right by addition of AgBF,, which precipitated the
nucleophilic Ijaceunterion and replaced lt wit., BFg ™.

This reduced the reaction time to 18 h and allowed

P
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isolation of the unstable methylsulfonium tetrafluoborate
saltf30 as:a'Yellow solid containing 1.5 mole equivalents
of DMF. Frustratingly,~a11 aitempts at CF4COOH

errotectlon of this materlal ‘and its 1solation as various

.4%1d~sa1ts (eg. ‘p—-TsOH), proV1ded impure, hygroscopic, -

materialvwhich repidly decomposed (>90% in 16 h as solid;

>90% in Hzo in 30 min) to predomlnantly lanthlonlne and S-

methyl cystelne (i.e., rap1d cleavage of one’ of the C S
bonds).l'B—ChIOroalanlne (21) was also detected among the

decomp051tlon products of the hydrochlorlde salt (TLC and
P . . '

POSFAB MS ev1dence) ' 5

The problems encountered in the synthﬁses and
attempted §;methylat10n of lanthionine and its derivatives

led to_;henconeideration of alternative approaches to

9

‘ assembiing_these molecules. One possibflity which could

avoid in part the—§$eric effects of g-branching of the
sulfi - would be the formation of one of the other C-S

bonds oy alyylatlon of S—methyl cysteine. For this

Scheme~6 S .
HzN +/\FNH2
\T/A\§

HOOC CHs COOH

X - h

& -

H,N”~ ~COOH :

J

alkylation, a’serine B-lactone or its equivalent seemed

ideal (Scheme 6).. The parent heterocycle, p-propiolactone

~ (2-oxetanone), was known to react with simple sulfides

&
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(R'R"S) in pc.ar aprotic solvents to provide the
corresponding sulfonlum salts (R! R"SCHZCHZCbO ) 1n good
yleld.78 Furthermore, B proplolactone had been eﬁployed
under aqueous conditions to chemoselectively §;a1ky1atq
methionine residues of proteins at pﬁ <3512 of course,
alkylations of various other nucleophiles by the sefipe.ﬁf
lactones also had the potential to provideanumerous
1nterest1ng B~ substltutfd . lanines (J), 1,4,6 for whlch
sat1sfactory general s?n{hetlc routes to several did not

B

previously exist..

Synthesis of N-Protected Serine g-Lactones

Ideally, the synthesis of the serine B-lactones

should be convenient and proceed in high yield from the

" relatively inexpensive g;prbtected serines commonly
employed in peptide synthéses. This requirement would
allow synthesis of Efprotected s—substituted alaniﬁes
which could be directly incorporated into peptides or
readily deprotected to free amino acids by established

'routes (recall F‘gure 6). "It would also take advghtage of
the establlshed commercial sources. of very high optical
purity (>99.8%)120'121lﬂ;protected serines currently
pro¥ided for peptide synthesis. None of the previous
li;srature preparations79'81'83'8_4 Qefe able to heet these

- criteria to provide rf,attractive geﬁeral’synthetic route

-to. B-substituted alanines.

Initial investigations were carried out with serines
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v " -
which were mono-N-protected with either benzyloxycarbonyl

(2) (35) or phenylacetyl (38) moieties. These represent
the most conmon carbamate and acyl protecting ¢ ups -
employed in pept1de synthesis that may be remo.:~
hydrogenolytically (H?/Pd—C), or by dissolving metal
reductlon.la 13 The methodology was "later ext%nded to N-

\
(tert- butoxycarbonyl) protected (BOC) derivatives 141)

which can be conveniently deproeected under mlld/;c1d1c
conditions (eg., CF3COOH).1a'13 When necessary, these N-
protected derivativés were generated from;serine under
Schotten-Baumann conditions (i.e., 35b, 38, 41b). For the
preparation of BOC derivatives the procedures using di-
tert-butyl pyrocarbonéfé“as described fo: 41b and 51 were
most, convenient and provided the highest yields.
ln all cases these N-alkoxycarbonyl (Z) (35), BOC;

(41) or g;acyl.(38) serine derivatives reacted with tri-
phenylyhosphine.(Ph3P) and a dialkyl azodicarboxylate ; %
(ROOC-N=N-COOR, R = Et, Me (34))%6 to produce only two
-products, along with the normal Ph3P=0 and dialkyl«S
hydrazodlcarboxylate byproducts (Flgure 13) The B-
lactoge and .enamine products could be 1solated w1th >90%
recovery by?flash chromatography on silica. Cycllzatlon
of N-phenylacetyl-L-serine (38) employed
diethylazodicarboxylste (R =~Et) (DEAD) typical of most
nitsunobu reactions. Use of the dimethyl analog (R = Me)
(DMAD) ,was preferred in lactonizations of Z—.(3§a, 35b)

' { . .
and BOC-serines (4la, 41b) since it facilitated the
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- OH ' R
PhsP . 9 ' JL + PhyP=0
ROOC-N=N-COOR - J——L +
R, AN .OH\ fo) RRyN" H
~ . .

. (R=Ms(34), EY) RiRyN + ROOC-NHNH-COOR

14

-

Flgure 13. Tnphemlphosphme / Dialkyl Azodicarboxylaic Mediated
Lactornization of N- Protected Serines

N

chromatographic separation of the desired B-lactones (36a,
36b and 42a, 42b, respectively) from the hydrazo-.
dicarboxylate_b?produét (R = Mé). In contrast to

- analogous B-lactam syntheses which utilize the less acidic

amide or hydroxémate N-H in place of COOH (Figure 7) no

,problems with productlon of aziridines8? or v | ;L

87 88

oxazollnes were observed.

.
_.,
L.

~+ The production of enamine (37‘(R1v= Z, Ry = H), 40
(Ry = PhCH,CO, Ry = H)) and B-lactoné productsg from g’
common . intermediate may be rétionélized according to
Figure 13. 'Attack of the serine hydroxyl at the

phosphorus‘atom of the phosphonium;édduct (ﬁ), formed from
' 85,86 Gees

»

tribhenylphosphine and the azodicarbox}late,

an alkoxyphosphonium species (SI).IZﬂ Intramolecular

t
. . e
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'hucieophilic displacement of triphenylphosphine oxide by
the carboxylate anion-(éggijclosufe) genéraées t;e desired
B-lectones according to path a. However, since an |
excellent leaving group'(Ph3P=6) kas been generated in the
B—positionlto avcafboxyléte, the common intermediate (Sy)
may undergo a net decarboiylative dehydretion90 by a Grob-
type fragmentat10n2% (path b) to produce the enaminel |

| In order to. mazlmlze tl» yield of B-lactone, a
signifieant departure from the usual Mitsunobﬁ reaction

4 conditions (Ehtry la, 1b, TableJI; was required. The
results of these investigationS'for 2-(36) and N-
phenylacetylserine g-lactones (39) a;e presehted.in Teble
1. Between 520°C and 25°C in THF -yields of B-lactone were
low (29—45%) and essentially independent_of the orde~ of
addition of reagenfs (Entries la*3a, lbs. becreasing the
temperature of additioh‘oﬁ‘the final component to between
-50°C aed -78°C'coneiderab1y reduced ghe extent of
deearboxylative deﬁydratioh, and increased

iactonization. ‘Furbhef improvements in the yield of‘g- - 1
lactone were obtained by preformation of a siurry of the Q{
| ?h3P/ROOCN=NCOOR‘adduct (R)GO followed by addition of the.}
Zerine‘derivetive at lowvtemperature, and by the use of
more polar-CH3CN eeSOIVente The@gnclu51on of at least 9%
THF was required to suppress the freezing p01nt of the f
"solvent and increase solublllty of reagents. Increa51ng

the "ionic strength"60 by the presence of 1.1 equ1va1ent

of tetra-%ybutylammonlum tetrafluoroborate (0.12 M) in THF

=
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Table 1. Lactonizqtions.ofaHonofETProteEted Setinea §t<4

: & =0
" Ph,P, ROOC-N=N-COOR 94| JL
- L SO +
o) R{NH® 'H

‘,Wswumfmmmnwn  ‘MNH

4L er > e & . .36 37
- nrnhcuzco.-»g,g 39,. a0 .
‘Entfy;QMﬁéébdﬂl CSeItht Temp. s Yields
J*D'f;ogfj S L (eC) ol B—Lactone (%) Enamine” (%)
et L | ~
', ‘Por’ Z-Serine: - )
. 'u';wJ. - «U. . .“, ' . By o
° - Ja’, - Alor A2 THF 25 [ AL 35-40 (36) (50) (37)
o0 "2 BT 0. THF 0o .. 40° n.d.
w7 3al . C ., THF =2p° 1h)+25  36-452 (44)
L 4w B2 " THF bip(o 5h)+25 572 38 (35)
toelsall oy THF ' /-j8°(0.5h)+25 60-64% (32)
- ea,, L CH3CN7THF ‘=50 (0.5h)+25 622 n.d. : N
Shpnt s (8d2) ‘ ‘
Ja: "C CHyN/THF =50 (0.5h)»25 76-81% 13-17 (15)
: (10:1) ‘
)?6r.EjPhenfifh-acetylserine:
ry ) L R . ) :
“1b . Al,. - THF 25 29 (39) 71¢ (70) (40)
26 'Cc. .. THF =50 (0.5h)+25 &8° 32° (30)
3b ‘+D. " THE - -50 (0.5h)»25 64 - 36° (40)
. 4b C' . CHyCNATHF =50 (0.5h)»25 76%'¢ . " 24%(25)
L B {9:1)

Isola@e& qx‘chromatography on silica.

’,.*,fh\'alué’s in parentheses represethe percentage of ellmlnatlon (35%)
¥ . estlmated from ratio of 1840/1650 cm™' bands in IR.

'3GHPLC yield ($3%) (see Experimental).

+

Methods:

DEAD (1) or DMAD (2) added .to 35/38 and Ph3P;
Ph3P added to 35/38 and DMAD;
35/38 edded to DMAD/Ph3P-adduct;

O N & >
1

As for C but 1.1 eq; ETBU4N+BF4~ present.
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had essentially no effect (Entry 3b). All reactions were

¢ ¢

complete within 2 h.
In the syntheses and subsequent reactions of serine

B-lactones, 1nfrared’ngk’speotroscopy served an1rably

/

' for both establishing the presence, and estlmatlng the
extent of B-lactone formatlon/consumptlon. Observatlon of
the ~1840 cm™1 carbonyl stretching band in the.reaction

mixture (0.1 mm cells) provided a sensitive and fairly
¥
accurate measure of the B-lactone concentration (2—310?

-

pmol/mL, +5%). - . f oY
The optlmal 1solated yields of 76- 81% for B- laptones
36 and 39 compare favorably with the 1.4% yleld of N-
phenylacetylserine B~-lactone previously reported under
normal Mitsunobu conditions.’2b Exteneion of £h¢
optihized'conditions to’ BOC-serine (41) (R1 = |
OC(O)C(CH3)3, R% = H) providedzthe corresponding ﬁ;laetone

42 in 68-72% yield. L )

<,

. It must be mentioned that in a s}ngle reportﬂﬁg;ig
and Gelger claimed to produce Z- L-ser;ne g~ 1a3§one (56a)
1n 91% yield by carboxyl actlvatlon with
dicyclohexylcarbodiimide (DCC) and. 1-hydroxybenzotriazole
(HBT).125 However, the authors provided pnly elehental
analysis es~evidence, and the meltlng p01nt of their
material (177- 179°C) is 44°C greater than our lactone

36a. In our hands tﬁ? synthesis with DCC/HBT cpuld not be

repeated, nor could we detect the presence of f-lactone by

IR at any point during the reaction.

4



For later investigations of reactions with

-~

organbmega111¢s the N,N-diprotectec serine derivative (R,

.= CH,Ph(Bn), Ry = Z) was prepared.124 N-Benzylserines
(43a or 43b) were produced by reductive amination of
v_benzaldeh§de with the aid of NaBH,, and reacted with

benzyl chloroformate at pH 10 to provide ﬁfbenzyligf
‘ ]
" (benzyloxycarbonyl)serines (44a and 44b). In the

| lactonization of 44 to 45 ?é or b) temberature effects

OOtweighed those of solvent polarity and the best yields

Scheme 7
OH OH

. ‘ 4 - o
, "OH 1. NaBH,, PhCHO _ OH PhyP /DMAD | |
RiNH 2. Z-€l, pH10 " RyR,N : *R, RN o
' o]

0.
Serine (Ry=H) - 3 44a,b (R,=Bn, R,=2) 45a,b(70-71%)

43a,b(Ry=Bn, 36%) = * _ : \

k70—71%) were obtained using THF at -78°C (Method‘C, Table
1). The choice of N-benzyl (Bn) and ﬁjbenzylo#ycarbonyl

(2) as protecting groups conveniently'allows deprotection
of“ring—dpened products in a.single étep (eg., by H,/Pd-C

or Na/NHj).

58

The preformation of the Ph3P/DMAD-adduct (R) at -42°C%

in‘acetonitrileq‘followed by addition of anhydrous N-
acetyl-DL-serine in CH3CN/HMPA and warming to 25°C

provided hygroscopic 46 in 51% yield?%6b$¢?§sed on.

rar 2

Z\

. PhyP / DMAD ~ l L
@ ’ - >
OH CH,CN / HMPA (95:5) pcNH

( o 46




recovered N—Ac—serine?;' The chromatographic purification
of 46 was hampered’ by the Similar mobility of Ph3P=0 on
silica.' This problem could be avoided by substitqtion of
(Q;Bo)3P for triphehylphosphihe only. at fhe expense of
’yields (33%) and reaction rate (8‘h.fot compietion).

With the exception of 46 above, all of these N-acyl
(39)'and N-alkoxyCarbonyl (36a, 36b, 42a, 42b, 45a, 45b)
B- lactones are stable crystalline solids whlch are not
appreciably hygroscopic. They- may be handled in air
without any special precautions, or storeo dry at -20°C
for over ohe year without measurable decompositidn.‘
Solutions of the B-lactones in pure organic solvents are
stahle for days, and in aqueous miktures (pH 2-55
hydrolysis occurs only slowly.

In their syhthesis of théésiderophore enterobactin
Shanzer and Libman8l2 reported a novel one-step

'cyclool1gomerlzat10n of N- trltyl L-serine g- 1actone u51ng

.an organotin template The authors also reported that a11

attempts to prepare N- acylated serine B-lactones

59

(1nclud1ng T) with dl1sopropy1carbod11m1de/d1methylam1nd\<>

pyridine (DMAP) falled. However, the apparent general
appllcablllty of the ~above Ph3P/d1a1ky1 azodicarboxylate-

d
medlated cycllzatlon to N-ag¢yl serines could enable d1rect

“‘

| p:eparatxon of Nr[2 3-b15(benzyloxy)benzoyl]-L-serlne B-

lactoné (T). The Cycllzatlon of T to the triester with

the above stannoxane could then prov1de the protected

enterobactin in-a single step.8la
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Scheme 8 nBu_ OCH;CH0( Bun : A !
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3. QCO,C.H.(p-NOz) 'E‘nloroblctln Rx -CO,
' ' HO OH

‘BnO OBn .

-

4. fy, Pd-C

OBn O o
BnO R
T:Ej<‘n o
: H
E T
N-Trityl-serine had been prepared (15-26%} by
carboxyl-activation on two occasions in the lit-~
erature.8l we investigated the possible lactonization
= with the modified Mitsunobu conditions. D-Serine was:
esterified with epﬁanolic-ﬁcl, and then reacted with
s
triphenylmethyl chloride in the presence of triethylamine
to provide 48.12% alkaline hydrolysis of 48127 yielded N-.
trityl-D-serine (49). Alﬁhouéh the material wa$

anhydrous,

B : EOH 1. EIOH, HCI ( 47 ,92%) OH KOH / EtOH OH
- 2. TrCl, E,N - . L
H,N" NCOOH 3 TINH” N COOE! TrNHy” > C00"
D-Serlne 48 (92%) : 49 (86%)

aftempts to produce the B-lactone usiﬁg Ph3P/DMAD were
Gnsuccessfui, and‘no B-lactone was detected at ahy point
in the reaction. Since none of the three products was
‘isolated, it is uncertain whether aziridine892 formation

occurred. IR and lH NMR of N-tgityl-D-serine (49) in the
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solid state and in>solution in THF 1nd1cate that it ex1sts
primarily in the zwitterionic f@rm, which is perhaps

incon atlble with PhyP/DMAD-mediated lactonization.

—-Acetyl- L—threonlne B- lactone has been 1solated from

the fermentatlon broth of Bac111us and exhlblts weak -

an®ibacterial act1v1ty.79b Ring-openings of threonine g-
. . ’ A
lactones (Scheme 9) analogous to those proposed for the '

serine B-lactones could pbtentially provide access to.B?
methylamino acids, many of which occur naﬁUrqlly.la Thus,

attempted lactonization of N-protected threonines was a
logical extension of our methodologyﬂ
L-Threonine and L-allo-threonine were converted to

their respective N-(tert-butoxycarbonyl) (BQC) derivatives

50 and 51 using either "BOC-ON" or the more convenient di-

"

Scheme 9

WL R X
COOH .

RNH COOH

I

”gggigjbutyljpyrocarbbnate.k When BOC-L-threonine (50) was

ﬁ“sﬁbjééted to the preformed adduct gf Ph3P/DMAb (R) in THF
at--78°C a siﬁgle product, the trans-enamine 52, was
observed and isolated ih*ﬁS%.yield by chromatography.

Similarly, BOC-L-allo-threonine reacted under-identicaL
J:)‘ ‘ ———

61
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conditions to give exclusive?y the more labile Eggjenémine
53. As depicéed in Scheme 10; the stereospecific
generation of 52 and 53 from L-threonine and ngllgf
,Qhreoﬁiﬁe dérivatives,V:espectively, implies that the

decarboxylative dehydration

Scheme 10
' H, .CHi /) '
- OH - Ph;P. . Ph_—,PQ" coo anti-elimination . H -CH:’
. _— !
: OH DMAD %) 7" - I
BOC-NH ' ) BOCN : BOC-NH H
o . / H N \ .
- 50 S 52
{2s, 3R) - P 2 (88% 1s0l.)
' BOCgL-Threbplne . €O, + phapk?o
: H
. OH Ph.P CHJ, - CSO\' CH;, H,
OH DMAD PH:‘P‘[Q M antivelimination - l
. ) H ‘
51 ° . ‘ 53

(25, 39) ot S3. . (87% 1sol.)
BOC-L-allo-Threonine '

proceeds byﬁexclusive_gggifeliminatibn with'no.observable
products of s n-eliminaéion.86'99b.fThis“also provides
compélliﬁg,evidence‘that the la@féﬁization and competing
elimination with the serine derivétives both occur by the
proposed intermediate S, (Figure 13) in the anti-
conformation, with no partitiéning{toward alkehé via syn-
elimination. u |
The single less serious gauche interaction in ﬁhe’
intermediate S3 genefated from (2§,3§)-51'appears to be of
no significant consequence, since both lactonization and
eliminaggén_mggg proceed Qia 8, or S3. In classic

2
A
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S Neo; ‘ " coi

H | H CH,

BOCKHT T “H | ROCNH H
%, OPPh, : o N _sOFPh,
S, from 50 | s3 from 51

studies of substltutlon versus e11m1nat1on it was
deanstrated that int:oduption of substituents at the
" displacement center gréatly retards nucleophilic attack,
thle ei}pér c&using»littfe effect or incréésing the ;ate
" of elimination.60/,128 Consistently, the 3-4 kcal mol~1
difference in activation energy'(AAGf)'required to cause
eliminatioﬁ to pfedominate (>99%) over intramoleculaf
substitution in progressing from the serine to threonine
derlvatlves is 1argely accountable b§ the difference in
™ Oy
substitution ‘rates on primary versu: secondary centers

‘.'w "

Ml mo1~1).128  These

(eg., AAG* (for Et vs._i;Pr)”~2—2.5 k
results unfortunately suggest that thég$}oduction of a-
amino B-lactones by Ph3P/DMAD—med1atede'cllzatlons are

probably limited to serine derivatives.: é?i
4
"!

M'!

Reactions of N-Protected Serine B—Lactones¥?ith Heteroatom
Nucleophiles

N
\\

As illustrated in Figure 14, the serine B-lactones
are ambident electrophiles susceptible to nucleoph{lic
/
attack at the g-methylene (Path A) or carbony] carbons
(Path B). Attack at the carbonyl (Path B, nucleophilic

acylation) is a characteristic shared by Beprgpiolactones
- ; ) .



witht the.r higher homolcgs, however reactivity is enhanced
considerably due solely to ring stfain78 in the 4;membe;§d
heterocycle. 7J. is *-h_.s "acyl halide"-like reactivity 6f
z:rine B-lactones v~ h was persved primarily: by previous
irvestigjatc-s in 7 _empts to introduce seridé/iesidues
into pep“id. - .chout the need for the usual hydroxy;'a'”
81b,84 3

protection. ,

N The enbrhdﬁs potentialzfor attack at the ﬁ;pqéigﬁon
(pPath A) with élkyl—oxygen cleavage éf B—propioiacto;e_by
many nuclebphiles has long been realizéd,78 however this
pathway has been largely unexploited (and in fact
undeéirablé) in the earlier stuaies‘with serine B-
lactones.81b/84 Although usually étﬁributed to ;ihg
strain (~23 kcal mol~1),129 the nucleophilic ring-opening
of B—laétonés by path A ié probably also facilitated by
the "transition—state“-lfke configuration imposed by éﬁe.

geometric cdnstraints of the B-lactone as illustrated

below (i.e., the"p'-character (6 ~93°)130 in the 01-C4-Cy

—® < :Nu . Nu
’// | _ PathA ‘)[:
N Lo , €00~
R-NH .
R=2, BOC

Figure _14.1 Possible Modes of B-Lactone Ring-Openings.
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uondxng would be expected to cause con51derabﬁe spz'-like

),_.

: bondlng in the H- C4£? hence an early *tran51t10n

f
state. These two arguments are however conceptually

inseparabie according to the Hammond postulate).

. e
. ;ﬁ'{"
& i ;

[ - .
/' b : d~115 o
Nu: _& .
, ~6=93 (t 1.5) 1

o

As this thesis shall illustrate, Path A.is operative
in numerous instances with serine B-lactoﬂ%s causing them
to behave %§ chiral dehydroalanine or alanlne g-cation

equ1va1ents. In this manner they may be con51dered

»

synthetlc analogs of the b1010g1ca1 conversion of serine
i .

ZV@kacetylserlne) to B-substituted - alanines by PLP-

'dependent g-replacement enzymes.4°lljl

Since they are employed most widely .in peptiae .

w

ISynthesis, N-alkoxycarbonyl ‘protecting groups were
. - ) , . e

employee with the serine B—iactones used ;o'stpdy
nﬁ%leophilic additions. The_ﬁ;(benzyloxycarbonyli (™)
moiety was usually employed because gt is compatible with
the Qidest range of conditione, however in almost all

cases’ identical conditions should be applicable to BOC

,derivatives. The results of these investigations are

summarized in Table 2 at the end of this sect!on.

v
Na_J
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Halfde Nucleophiles ’ ;‘?

( Z-Serine aslactones'(ﬂ-(36a) or D-(36b)) feacted

almost 1nstant1y with magne51um dibromide etherate to

/,rx
y Pacs ﬁ.z

produce the correspondlng Z- B -bromoalanine (55a, 55b)21h

€ Ai

'99% isolated yield. The anaiogous reaction of. 36b with
oo H

magne51um dlchlorlde etherate required somewhat‘longer

(6.5 h) but p€0v1ded optlcally pure Z-g8-chloro- D alanlne

4

(56b) in 94% yleld. The reaction with magne51um ?Fomlde

etherate is 1n dlrect contrast to reports that 5 lactones
‘1(,.

1ncapable of r1ng expansion normally decarboxylate under

these condltlons 129%a

\ o | MgX,-OEt, (5-7eq), THF . X o
‘ } A TiCl, (1.0eg), CH,Cl, oH (94-99%)
A,,;'[“ ] Z'NH | . »

. )
55a Br (25)-L .
- 55b Br (2R)-D
56a Cl (25yL
56b c1 (2R)-D

In these halide ring—openings, Lewis-acid (eg., Mg*+)
complexation of the lactone carbonyl appeafs to catalyze
and possihly direct the‘nucleophiliq)attéck. Further
evidence for. this comés from examination of the IR spectra
of solutions ot z-serine.B—lactones (36) in- the pfesence
of TiCl,.~Jn solvents such as THF or acetdﬁitrile which
may act as Lewis donors,;TiC14 reacts veryAslowly“T; T
days) and 11tt1e complexation of the lactone carbonyl is

1nitia11y apparent.. In dichloromethane however T1Cl4

immedlately broadens and shifts the carbonyl stretching

\
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band of 36a: (1835 + 1790 cm'l):indicative of complexation,

and after 30 min a near guantitative yield of, 2-L-8-

of the feactions with N-protegted serine
B-lactones," ation of these E;brotected amino acids
simply involved acidification -and extraction into organic
solvent with nolgequi;ed chrométograbhic purificafion.

The N-protected B-haloalanihes (55; 56) 2 produced
above} aﬁd the corresponding deprqtected ghino acidsllO
have been frequently employed as é}nthetic i;termediates,
usually in the pfeparatlon of other B-substituted alanlnes
(eg., lanthlonlne) 132 14 addition, because they possess
a leaving group in the‘S—position, the B—haloalanines are

well established as suicide substrates for several

Cgiegqu 1 PLP-dependent enzymes (according to Figure 2)

including bacterial amino acid (eg., alanine) r:acemases,?'6

various transaminases (aminotransferases),20 and L-

aspartate B-decarboxylase (Category 2).8

v

. Oxygeﬁ Nucleophiles

O

The syntheses‘of»thefﬁ-haloalanine derivatives from
serine B-léctones are the_first}of many examples of B-
substituted alanines which are not accessible by current
methods of asymmetric synthesis of amino acids.?r16
Another instance is the synthesis of N-Z-O-acetyl-L-serine

-

(57a) from 36a in 97% yield by reaction with exces-

nsodium

acetate in acetlc ac1d or DMF. O- Acetyl D—aé’f i

~IN
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R o NaOAc . OAc
ST A HOAc or DMF ' /E (87%).
Tz’ To | o ) Z-NH”. ~COOH
36a - 57a

a su1c1de inhibitor of bacter1a1 <&Mmino a01d racemases

(Category-l, Flgure 2)26 whﬁle 1ts L-antipode functions as

an_@ﬁmediate precursor“of B-substituted’alanines with the

aid of B-replacement enzymes jCategory 2) 4in higher
e la,4,28

plants.

o™
Neal

The reaction of~Z¥L—sergne'B-lactones (36a) with more
‘ 2

basic alkoxides waé/;n exception to the general
r

-observatlon of optlcally pure products from heterdatom

-nucleophlles. Treatment of 36a with sodlum methox1de (1

—

equiv.)iin methanol/THF for 25 min ‘at ZS?C provided only
racemic 584 and 59, as products of;attack at the carbonyl
(PatptA, Figurebl4) Z?Tehydroalanine metpyl ester 59
arises’ by dehydratlon of ‘the 1n1t1a1 racemlzed product
58d, however. the reaction 1s not. preparatlvely usefu; for
generating 59. - Prolonging.the exposure to methoxide in
'methanol only sllghtly 1ncreases the yleld of 59 and

-results in the productlon of methyl ether: 60 by conjugate

addltlon‘of MeOH. to 59. A similar dehydratlon/addltlon

o o IR ¢ - ¥ N P
O  NaOMe (leq) _ OH ' : ‘ OMe
L, . o _
,[:l§ MeOH IJHF - ’u\ S ,’1: .
ZNH" - O © Z.uH” NCOOMe .Z-NH” “COOMe 9.NHZ “COOMe
.- 36a - . . 58d - = ‘59 : 60
o, Sy <o
26°C (25min) 88% B F1 -

25°C (20min), 0°C (SOmin)  67% - .- 20% . 1%

i
'
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sequence has been observed in the methoxide-opening of p-

propiolactpne.76d . S

Sulfur Nucleophiles

Z-D-Serine B-lactone (36b) reacted with sodium

benzylthiolate (1.1 eq.) in DMF ;o provide optically-pure
@l

N- 2~ -S-benzyl- D-cystelne (61b) (78%) which was ready for'

direct incorporation intofantibiotic peptides such as

1lc

malformin. This illustrates how the B~lactone

methodoiogy may be.economically used to coﬁVert-relativelf
inexpensive D—seriné (<$190/mole) into much more‘éxpensive
D-amino acids (eg., p{cysteine,‘~$2900/mole);133 A
similarireactiop with the thiolgte of N-tritylcysteine may
be useful in geﬁeré%iﬁg lanthionineé whiqh'are
d{fferentially proteéted at'the‘ﬁ? and Eﬁ—positions.

A similar ring—opening‘with thiourea in.50% aqueous

)
THF prov1ded 2-8 - (1soth1ure1do)alan1nes 62b and 624 (from

L-(36a) and DL—(36d))102 which are ana{?gs of .the plant

la,134

amino acid alb1221ne and may be hydrolyzed with

dilute alkali‘to provide the corresponding cysteines.60

[

~In principle»these reactions demonstrate that many of

the numerous sulfur-containing amino acids found in Nature

(eg., in radishes, garlic, onions, chives, etc.)lard

- s | .
~_sBn | 4 ¢ 5K
) L BnSNa (1.1eq). - l ol HzN)LNHz - E _<NH
+—— " \
2w >coon Mz’ Yo % THE T imeScoor
61b (78%) 36b ~ 62b(79%) -




areaccessible by reaction of the appropriate S-nucleophile
‘with the B-lactone. In addition, the selenium containing
anglogsla"‘"6 which have been used as radiopharmaéeuticals

(7$Se)l3sgéﬁoulq_be easily prepared by this strategy.

A

Although ‘the N-protected serine g-lactones reacted
quite eagerly_with most sulfur nucleophilés; the BOC-(!Za)
- and Z-L-serine B—lactoneé (36a) reacted slugglshly with
dlmethyl sulflde to produce the correspondlng ?-
dlmethylcystelne sulfonium der;vatlve. “In THF v1rtually
no reaction occurred until 1 eqhivalent of the Lewis acid
titarium(IV)visopropoxide was addéd, and then the reaction
required 48 h. ’Thé rate of reaction of 36a w1th Mezs in
d4-DMF (15 NMR study) was increased go that in 4 days all
the lactone was consumed however on concentration the
product MezoCHz H(NHZ)COO fragmented to benzyl
v1ny1carbamate (37) with the evolution of CO, and Mezs.
D1sagpqlnL1ngly, BOC-S-methyl-L-cysteine (29) in DMF
fhiled to react (>3~weeks) with the N-protected serine g-

. lactones (36 og 42) to prov1de an N-protected lanthlonlne

_§:methyl sulfonlum salt} Slmllar attempts at reaction of

. g

S-methyl®L-cysteine with BOC¥L-seriné Belactcne (42a) at

pH—3 in Hp0/CH3CN resulted only in lactone hydrolysis.

Nitrogen Nucleophiles

In an attempt to produce Z-thi&lysine (i.e.,
. + v . .
H4NCH,CH,SCH,CH(NHZ)COOH), which is the N-protected form
3 2%72 2 - >

of the amino acid resulting from decarboxylation of

~
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lanthionine by g@éé;DAP decarboxy;ase, Z-D-serine $- -
lactone (36b) wds treated with ﬁé;captéethylamige (QEA)‘(2{6;<
eq.) in 50% aqueous acetonitrile or THF at an apparent pH;

of 5.5 (+0.5) (Scheme 11). Surprisingly, this providedr
aminothiol 63b as a rééult of amino rather‘than thiol

attdck of MEA

Scheme 11

o o ) ,
* + : N
E(L CIHNCH,CH,SH: HN" sH
s pH5.5, 50% aq THF ,
Z-NH 0 2 Z-NH” >C00"
.36b ' ' 63b (76%)

in 76% recrystallized yield, This isiin'contrast-to
reactions of mercaptoethylamine (MEA) with B—proﬁiolactpﬁe §
at pH 5.5 in H20.136 :Since this problem was later avoided
in the reaction ofiMEA.Qithv3-amino—2—oxetanone salts in
‘H,0 at pH 5.5, it appears that the predomiﬁant‘amino
aétéck to produce 63b is due to suppression of ionizatipn
of MEA bxfthe presence of orgdnit solvent (i.e.,
HQNCH2CH2éH attacks raéher t&én H3§CH2CHZS').

| The 2-(36a, 36b) and BOC-serine B-lactones (42a)
reacted quantitatively with ammonia tq.providé mixtures of .

the corresponding_g?—protected serine amide (64a, 64b from

36a,b) and a,p-diaminopropionic acid derivatives (65a, 55b

+ ’ T —
O  ExcessNH, NH; . OH
~ J k» T +
R,NH o " RyNH” “coo" R,NH” & CONH,
Ri=Z —= 36a,b | " 65a3,b 64a,b
R,=BOC— 42a 66a o
For RyzZ ——=CH,CN — 23% ' 7%

25%
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from 36a,b, and 66a from 42a). Both products were

optically-pure based on optical rotation, and were easily
: 3

separated by extraction. Interestingly the choice of
. . AY

solvent determined which of these was the major product.‘

%,
-In less polar THF the amine predominated 3:1 over amide,
whereas in acetonitrile this ratio was reversed.

As one might expect, a,B-diaminopropionit acid is

produced biosynthetically from serine by B-replacement

: £ . .
PLP—enzymes30a (Category 2). 1In addition to 1ts presence
in maﬁy-monobactam antibiotics, a,p~-diaminopropionic acid
is an importaht constiﬁuent*in “UT§EODS antitumor and

o

antlblotlc peptldes such as bleomycins, malonomyc1n,
¢
tuberactinomycins, galantlns, and edeines. 30 137 For the
synthesis of these coméoﬁnds bptieally-pure'a,ﬁ—
{

diaminopropionic acid derlvatlves in which N2 and N3 re
ZdlffebéntlallyC%iptected (eg., 65a, 65b 66a) are
essentlai starting materials. Slmple routes to mono-N-
protected a,ﬁ—diaﬁinopfepionic acids are lacking since
selective ﬁ;acylation.is not possible,’?2 thus much effort
‘has recently been devoted to alternative
Eyntheses.70'72'93a'l38'}39 The reaction of eerine B~
lactones with NH3 as described above_representé‘perhaps
the simplest route to these molecules.

in'contrast to~NH3, triméthylamine caused ring_
opening of QGa w1th exclusive alkyl-oxygen cleavage to.

quantltatxvely provide the quaternary ammonium salt

67a.140 The parent amino acid derlved from 67a 1sx\he

A
‘%
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betaine analog of the natural neurotoxic Bﬁgjmethyl-L-a,B?

~

diaminopfopionic aéiﬁpﬁ
O  (CHysN. NicHs)s
/ & THF,0°C ‘ : .
z.NH” . 0 | Z-NH” >C00°
- 36a | | - 67a

The B—lactone‘365 also reacts with relatively pgok_ﬂf
nucleophiles such as pyrazoleAin acetonitrile atv50°é,to‘
provide ZSB—(pyrazol—l—yl)—D—ala?ine (68b) in 71#1
recrystallized yieid. This is'thevfirst reported‘
synthesis of an optically-pure B-(pyrazol-ifyl)alanine,141
an amino acid whichlhas,beé% isolated from watermelon |
seeds®r142 ang empioygg/as é histidine analog. More
-importantly, its synthesis illustrates how the sefine'ﬁ-‘
lactonés may provide convenient access to a number ofl
.intefesting heterocyclic B-substituted alanines (Figure

~15) such as mimosine, willardiine, isowillardiine,

“"quisqualic acid,93b and stizolobic acid which occur in

™
o N ]1.05:99‘ N\';
. l | N L . /E (T1% recryst) .
2k Yo CH4CN,. 50°¢: :

* Z-NH” “COOH
36b 68b

Nl=>- )
PN

[¢]

Willardiine®

Ry
Fl

s Yo o

: Quuq\uhcwd Stzolobic acid - &
Figure 15. Natural Heferocyclic B-Substituted Alanines,

o
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- indole amino acids.la? ,

higher plants as products of g-replacement of O~

acetylserine by ﬁLP-enzymes (Category'2).1'6'28’131'143
The prcteinogenic_aminc acid tryptophan is also

produced from'serine‘and indole by aJa-replacement

reaction catalyzed by a PLP-enzyme.z'8 Since B-

mpropiolactone reacts with indole (120°C, 6 h, 40-50%) at

the 3-position,’8 it is likely thatvtﬁe analogous

=0 . M
J:J\\ " (M=H, MgClI, etc)

- RNH 0
"g-replacement" reaction of the serine B-lactones with

indole derivatives could provide many of the bicactive

>
8 o

- Phosphorus Nucleophiles

Triphenylphosphine is usually considered an excellent

nucleophile, 60 128 144 4ng 1n1t1a11y in . the optlmlzatlon

.of the lactonization condltlons there was concern that

' Ph3P could react w1th the product ﬁ-lactoneS'and decrease

yields through formation of U according to Scheme 12. .

Since Corey et al. had'demonstrated the synthetic utility
of Ph3P+?’CHCH2COO"in Wittig reactions for»preparing B,y-A
unsatuqated acids under spec1al condltlons,145 we later

\
'-"’ . 1

con51dered the use the ylid of U for 51m11ar preparatlons

of ﬁ,y unsaturated amino acids, whlch often act as suicide

substrates for Category 1 PLP-enzymes (Figure 2).
| > ; - o :
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\ Schéme 12

R{R,N 0

Surprisingly, when‘ﬁ-lactone 42a (Ry = BOC, R, = H)
was stirred yith;S equivalents Bf,Ph3P in THF for 7 weeks.
at 25°C‘on1y ~65% of the B-lactone had been consumed.
Additional heating to /70°C (5 h) resulted in'oniy ~6%
further-reactioh. Attempted isoiation of U fromtthe
'resultlng mixture by reverse phase MPLC prov1ded only
unreacted B lactone 42a (29%), and Ph3P, -and some Ph3P =0
(from air oxldqtlon). None of. the de51red U was isolable
possibly due to decarb0xy1at1ve ellmlhatlon of PhjyP .
stmilar to thatnebServed by Corey‘under~normal‘wittig
conditions.145 An}-further attempt to produce O shpqld
h utilize akﬁere,polar solvent to speed the reaction ané'
also 1ncorp$rate stab1llzat10n of the product by . |
protonatlon, etc. | |

Importantly, these results establlsh that negllglble
decomp051t10n by attack of éh3P occurs in the formathn of
the serine B—lactones; The 1ncrease,1n lactonization
yield achieved-by'preformatioh of the/Ph3P/DMADfadduct (R)
(~10%) is probabiy attributable to lhe,promotion of intra

versus intermolecular condensation achieved by maintaining

a low concentration of ﬂ;protected serine in the reaction
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mixture.

Although the.éucleophilic character 6f$phgsphites is
generally éonsidergd lower than that of the corresponding
éhosphines,128'146b BOC-L-serine B-lactdne (42a) did react
when heated to 50—70°C in an excess of trimethylphosphite
(Figure 16)."Analytically pure phosphonate prod%ct 69a

~resulting frém.a novel ihternal‘Michaelis-Arbuiov
rearrangement144'146'147'was obtained in 98% yield by

.simply removing excess (MeO)3P in vacuo, and filtering

ether inéoiuble impuritief. 1y -and 3lP_NﬁR, as well aé IR
and Ms—fragmengation confifméd the structure as 69a, and,
not a pentacoordlnate phosphorane intermediate (V) similar C
to those sometimes observed .in Arbuzov rearrangements..

The product 69a is a,protected B-phosphonoalanine.
Numérous racem;c syntheses of protected BJphoé— &
phonoalanines have appeared:in the literature, 148 aloné

with a single report of an optically-active (~50% e.é;ji

. [ ?Me“ OMe |
: ~-OMe - MeO_ ! -
tPE = >p—-
(MeO)aP (19 5eq) SOMe. _ o s OM?.
0'\.)- NEE 0
. BOC-NH'- BOC-NH ' BOC-NH
| 0 | vV ©O ]
. ’ ' é‘%ﬁ
o _
g:_OMe ‘ g@
OMe . R/L
M v T
BOC-NH OMe
69a ~ (98%)
‘ L
Figurel6. B- Phosphonoalanme Synthesis by Internal Michaelis-Arbuzoyv e
Reaction. .

23has., L7
TN

A



derivative prépared by an asymmetric Streéke:—type'
synthesis.149 Although 69a was optically-active, (Me0)3P
‘does have some appreciable basic char‘aclt:.er,60'128 and thus
partial racemization of the meﬁhyl ester‘product13 under
the reaction conditions was a concern. : .

In order to obtain an estimate of the optiéal'purity
of 69a, its interaction in CDC13 (0.1 mmol/mL) with | “
successivé C.l equivalent additions of the chiral NMR-
shift reagent, tris[3—(heptafluofopropylhydroxymethylene)—
(+)-cémphoréto]europium(III) derivative (hfc-Eu(III))150

was investigated. Due to probable;complexation of P=0 by

hfc-Eu(lll) 'H NMR
Chiral Shift Reagent

this Lewis acid, the 3lp NMR (lH decoupled) immediatel
broadened (Wy/, ~450 Hz with 0.1 eq. hfc-Eu(III)) and was

of no help. In the .1H NMR spectrum,  the adjacent CH,P .
. a' ' .,,

peak originally centefed at §2.38 pbm‘(31P decoupled) was
'split into two broad singlets 62.59 (1.84H) and 62.88 A
(0.16H) by the addition of 0.1 equivalent hf¢-Eu(111)
sugéestiye'of a 92/8 ratio of (zg)/(zg)-ehantipmers._
Unfortunégély other resonances (i.e., POMe, CH) were not
'split en;Qgh to allow accurate integration, and further .;:

additions of shift reagent caused extensive broadening and »g’

- overlap of peaks disallowing additional estimatesf This
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sort of behavior, along with a complicated dependence of
the magnitude of induced differential shift on

'feagent/subétrate'concentration, is common for these
150 |

chiral shift reagents. »

Although not indisputable evidence, these NMR
m2asurements suggest approximately 84%.enantiomeric excess
in 69a and Ehdicate that racemization did occur to some
extent under the teactidn conditions. This procedure
still represents thé most direct syn;hésis of optically
‘~ébtive{phosphondalanine to-date. The alternative use of
»Jthe*phosphite‘salt (Meo)zPONé, which also undergoes
Arbuzov rearrangements,146'148C could allow prepafation of
the Na*-carboxylate sal£ (MeO)2P(O)CH2CH(NHBOC)COONa whicﬁ»
would be less prone to epimerization ;han methyl ester
69a. |

Since the free B-phosphonQ-L-alanine.(70a)lwas
desired for enzymic studies‘it had to be deprotected.

-

‘Most previous literature deprotections of B-phosphono-

‘alanines involved viborous hydrolyses under acidi‘c148'151

148a

or basic conditions in low yields (50-69%). These

harsh conditions were conveniently avoided\by the use of

trimethylsilyl iodide (TMSI) for deprotection.lsz'ls3 {
. " N '
This reagent (5 eqg. in CDCl,) effected almost immediate )

152 ahd removal of

dealleétion of the phosphonatée moiety
*he BOC—groUp,153 but cleavage of the -COOMe required
considerably longer.153a After 1 h at 25°C the desiredKBA

phosphoanL-alanine (7la)Aand its correspbhding methyl:
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ester (70a) were isolated in 17% and 71% yield

respectively.
0 . 0 0
- PSoN . boow P oM
OMe  (CH,),SH.(Seq) o L o
: OM . oM + OH '
BOC-NE”. 8 CDCl, th HaN ° HaN ‘
- o} . 0 ' 0 '
.7 69a . r 70a . (71%) Tla (17%)
h ) o . o .
c 0—P—0OH |
Ic.OH 0—P- =
- o
: + o} + OH
H3N *n" HaN
o} : o} '

L-Aspartic Acld : O-Phospho-L-Serine

B-Phosphono-L-alanine (7la) is an analog of both 0~
phospho-L-serine and the proteinogenic L-aspartic acid

which are both important primary,me_ta';bolites.‘la'2 It'has

been 1solate 7 small amounts from sea anemone and
o K\{-\’vd o i
ciliate mlcroérganlsms, in which it appears to arise from

‘phosphoenolpyruvate (PEP) H,oC=C(PO4H,)COOH by a unigue

rearrangement to 3—phosphonopyruv1c acid

(Hg@zﬂﬁhTCH2C(O)COOH) followed by transamination (Category

)

1, PLP-—enzymg).ls4 1155

As an analog of_g_'-pposphq—L-serine,l56 B-phesphono—L-
alanine'is a competitivefinhibitor of;serine phosphatase
-(Ki = 0.2 mg),237 because its C-P bond is incapable of‘k | T\
being hydrolyzed by. ordinary phosphate cleavage

’“f
154a ) Phosphono L- alamlne is. nontoxic to -

y2 ’
mammalian cellsl44:s 154a and readlly transported into

enzymes.

bacterial and mammallan cells usﬁng the system established

for aspart:ate,w“4 however there have been few’ studies of



its therapeutic potential.

In general the phosphonate moiety has been shown to
be a readily accepted substitute‘for substrate
carboxylates by many enzymes;1r157 ofeen such compounds
are boteﬁt competitive inhibitors. The "de-
.phosphpnyiation" of B-phosphonoalanines by pyridoxai
phosphate and metal idns (ég., Al+3,'Cu+2,’Ga ) in

solution,158 exactly analogous to that of the g-

decarboxylation of aspartic acid (Category 2, PLP-enzyme,
"Figure 3), has been observed. As yet no enzyme has been -
found which ‘executes this C-P'bohdﬁgleavage

("dephosphonylation"):

o]
il

P...
+ . 0% ‘0
- Metaphosphate

For these reasons, the interaction of B-

phosphonoalanine with various aspartate enzymes

(aminotransferase,82 a-%8 ang ﬁ-decarboxylases34c) is

currently being studied ingcollaboratipﬁ with Dr. M.

Palcic. 1Initial results with aspartateaéﬁinotransferase

[y

indicate i;;ii/a potent competitive inhibitor (Appendix

1). If indeéed metaphosphate23 is released by one of the
'%nzymes'as proposed for the nénenzyﬁic dephosphonylation

above,158 it could phosphorylate a nucieophile at the

< . ar
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active site causing inactdivation. '~ The aspeét of active

site phosphorylation is similar to the action of nerve

gases and organophosphorus ins’ecticides,z's"21b but B-
phosphonoalanine would be acting as a suicide substrate
rather than an "affinity label”.

Whereas -aspartate aminotransferase (Category 1) and

B-decarboxylase (Category 2) are PLP-dependent ehzymes,,

the aspartate a- decarboxylase instead utilizes a pyruvoyl

residue (Enz- NH;B(O)C(O)CH3) as a 2- electron "sink" to
}

effect a-decarboxylation in a manner analogous to PLP-

2/68 A5 yet there are no known suicide

catalysis.
inhibitors for the a-decarboxylase, howevet since it is
the major metabolic pathway for producing B-alanine
required-for Coenzyme A 2‘biosynthesi‘s in

microorganisms,68 inhibitors could be potent antibiotics.

Because MeP(OEt)é reacts in Arbuzov reactions even .

more }eadily than its phosphite-counterpart,‘the patented
fungicide, 159 Me(HO)P(0)CH,CH(NH,)COOH (nontoxic to
mammals), should be readily accessible via the‘rougo we
have established for g- phosphonoalanlne (Figure 16).
Slmllarly, amldophosphltes (eg., (RO) P(NR§)3 ») could be

used to produce the corresponding phosphonamldes.146.

Since phosphohamides generally mimic the tetrahedral

? c.v
carbinolamine intermediate in the hydrolysis of thgir
carboxam1de analogs, they frequently act as slow binding

1nh1b1tor5160 of the corresgpﬂdlng hYGrolaqe enzyme (eg..

aypara%gnase ).
Yoo y

Py
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Table 2 summarizes the rifctions of heteroatom

ébcleoph Mz with N-protected serine B-lactones. It amply

ow ring-opening with alkyl-q}ygeh cléavage

i R * y ' .
occurs in most.instances to produce the optically-pure B-

4

substituted alanine derivatives, analogous$ to thé action
of'PLP—dependent S—replacémﬁnt enzymes. These reactions
can provide a convenient medns of inc&rporation of

isotopibally—labelled heteroatoms (eg., S, p,154a,c y,
0,247

> r—

X) for use in biological or mechanistic studies.:

Only the. "hardest bases" such ~as alkoxides and ammonia

82 .

» .

give substantial amounts of products resulting from attack

‘at the "harder acid" carbony1.60'128

Carbon Nucleophiles

¢ 7

An obvious extension of the serine B—lgctone
me;hodology is the formétion of carbon-carbon bonds .
‘through reactions with C-nucleophiles to produce amino
acids with hoholgga d sidechains. With the exception of
CN™ édditions, réactl ns of the E;protgcted serine f- i
lactones with carbon nutleophiles represent a departure
from their behavior as mimics of the action of B -
néplacémeﬁt/engymes. Aiéhpqgh these reactions proved more
challehgind to refine than thé gdéitio;s of heteroatom

" nucleophiles, they rewarded us with access to most major

classes of amino acids.
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l1-Carbon Nucleophiles

4 Cyanide is produced as'a byprcduct of ethylene

biosynthesis in plants.1§1

162 "3nd cyanide producing bacteria, 163 cn™ is

In planﬁs,lé{16l herbivorous

‘insect larvae
‘rapidly detoxified by incorporation into p-cyano-L-alanine

with the aid of a'B-replacement PLP-enzymes (Category
2).165 ’

Although some insect larvde utilize B-cyanoalanine
. L4 .

in their defense secretions,le‘and some legumes

accumulate it (possibiy) as a deterent to herbivores,164

in most cases it is rapidly degradeld enzymically to L-

asparagine and aspartic'acid.lm'165

s

Synihesié of -protected B-cyanoalanine by CN~

addition to serine B-lactones was attractive for a number

of reasons. It is gn example o 21 case where attack on

CN 2 ' | . 9 :
f-Cyanoalanine . '
c=N Synthase ' Hydrolase . NHz Asparaginage "OH -
e HaN COOH H,0 - HO
~ 0-Acf-Serine . HaN COOH . HaN% “COOH
: f-Cyano-L-Alanine . L-Asparagine o L-Aspartic Acid

\.

p-haloalanines fails. Previous synfheses by conjugate
addition of isbtopicallyllabelled CN™ to acetamidoacrylate.
(8), followed by resolution, allowed the preparation of

4-C-isotopically-labelled asparagine and aspartic acid for
A} ] ’ . s '
biologicalgstudies;l66 Recently optically-pure g-

cyanoalanine'derivétives have been employed as chiral

&

educts in alkaloid syntheses, etc.187 gur interest in Bg

cyénoalanine was'pfimarily;due to its biologiqa¥ activity

164

and inhibitor of many enzymes. It is a

L}

. as a neurotoxin
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'conpetitive inhiﬁitor of g ~*and y-cystathionases,,"

[}
aspartate B- decarboxylase (Cateqorles 2 and 34,‘and

/yglutamlnase.164 Moreblmportantly it acts as a suicide

v
1nh1b1tor of PLP- dependent alanlne168a and D-amino- 3, id -

transamlnases (Categogx 1), 168b p0551bly via a kEfenlmlne—
.PLP adduct exactly analogous to allenlc 1ntermed1ate

proposed for propargylglyc1ne inactivations :(recall Figure;

The nucleophilic ring-openingIOf Z-L=serine B-lactone

(36a) by cyanide anion was npt trivial,~and‘to facilitate-

~the identification and'purification of proi;%?%, authentic

Z-B-cyano-L-alanine was prepared,167a'169' N-(Benzyl-
oxycarbonyl)iL-asparagire (72a) was prepared from L-
asparagine at pH 8.2 (10.{), and dehyd;ated to 73a'using
dicyclohexylcarbodii;ide'in pyridine according to the

method of Ressler and Ratzkin.169

O _ 0
~ CN
HN” “cooH  PHB2 72 NH” ScOOH Z-NH” “COOH
Y 72a (71%) “ 73a (60%)

<

Thé reactions‘of Z—serinefﬁ-lactones (36) with
cyanide anion were plagued by the nucleophile's action'as
a base. Use of KCN in pethanol witn 36a gave exclusively
Z-serine methyl ester (58). from attack of metnoxide at the

cafbonyl (Path B, Figure 14). The use of KCN in DMF,

/\\\k\fﬁ3CN' or DMSO, or with 18-crown-6 in aprotic solvents

(THF, DMF)171 gave complex mixtures from which 73a was
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r

d1ff1cult to purlfy.v Although tr1me¥hy151lyl halxdes and
azldes (X = C1, Br, N3) have been used wlth B- e
proplolactone and a catalytlc amount of pyridine to |
provide xcazcnzcoosl(CH3)3 (44- 7583172 ynich could be
readily hydrolyzed the analogous reactlon of (CH3)381CN
and 36a (with cat. DMAP) ‘was very slugglsh and‘c1 warmlng

to 45°C prov1ded a mess.
P :
In the reactions of B-lactone 36a with K in aprotic

* <

solvents much decomposition cf the S-Iactone by a
"forbldden" e11m1nat10n to-z- denydroalanlne (74) was d
apparent. _With cyanlde (as well as fluorlde) anxon it has
been demonstrated that the less the anion is encumbered by
a counterion in an ion-pair the more substitution is
favored at the’expense of elin;nation.173 Consistent with
this observation, utilization of h ghly dlssoc1ated‘tetra-
'n butylammonlum cyanlde241 in acetonltrlke at -15 'C was
able to prov1de optlcally pure Z-3 cyano—L alan1ne 73a in

i,

64% yield,’ w1th1the balance of materaal,(TQQ resultlng
from elimination. Importantly none of the 2-p-

cyanoalanine was generated from CN™ addition to 74 which
would exist as the conjugate anion in the reaction

mixture.

o ; “* - _CN |
A n-BuNCN /E “ JL

O CHyCNi:-15'C z.NH” ~COOH Z-NH™ “COOH
J6a 73a(64%) - - 74 (35%)

Z-NH



Although 1t was not mentioned before,~51mllar
t

0 i:”‘ B i . Y :
, Lo . ol EE =
\v\‘-‘ .o A% _; B B ’ ,
" : L
.

problems were encountereﬂ 1n attempts at produc1ng the

‘

'.'xant1b1ot1c enzyme 1nh1b1tor, B fluoro-D-alanlne21b GIC 174
-(x = F in J&, from reactions of 36b with’ fluorlde.an1on
from varlous sources (eg., KF/lS €-6; n-Bu4N+F in TﬁF;
TAS-F in CH3CN).175 In_ell instances with F~, the .anion
behaved as a base,114f11§?176 end 74‘of?its decomposition
aproéhcts'predominated. Never‘was‘any of the~desiredh
fluorlnated product detectable in the reaction mlxture by.
19? NMﬁf Ac1d1c fluorlde s?urces (eg., (HF) —pyrldlne or
HF/CHzclz) reacted slowly with thelgfproteeted B-l ctgpes
ntomgive only serines on aqueous workup, prohably'by
,éjhydrolysis of the acyl‘fluoride from F~ t"herd—
. baSe")GO'izs attack-atzgke carbonyl.
The eliminations to N-protected dehydroalanines (eg.,
74) caused by f' and CN™ nucleophiles behaving as bases
while amines and thiolates do not, has iﬁportaht
mechanistio.implications. In attempt to rationalize the N
phenomenon inYhhich eliminations of good leaving groups

3 .
proceed at rates dependent on C-nucleophilicity and H-bond

1
accepting abilities w%th {ittle or no correlation‘wfth H-
basicity, Pe&rker et al.177 introduced the E2C mechanism.
In the E2C-transition state the base interacts both with.
| the carbon and the adjacent proton as a kihg of Sy2/E2
hybrid. While the éetual mechanism is controversial,60 it
appears that the observable phenomenon is operative and

recurrent with the E;protected serine p-lactones. \
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E2C

Transition State

"Indeed .the internal ellmlnatxon of Z L—serxne B=

WA

- 88

* 1actone (36a) caused by 1,8~ d1azab1Cyclo(5 4 0]undec-17- enel'

. w1th K’

a4
(DBU) occurs quantltatlvely, Qut cOn51derab1y slower than

’1; M -

(Scheme 133 he products 1solated depend

.; PR

\

on the condltlons of workup.w If the reactlon 1s quenched

and F

by addition to 0 lN HC1, alkyiation by dlazomethane and

N

*»chromatbgraphy ylelds only 18% of 59 and 68% of ‘the- acid-

\

catalyzed dimerization product 75. Alternat1ve1y, if the
pH 15/;;:n:;T333"at 3- 5 durlng aqueous workup, 59 may be

= 1solated in 87% yield. zg‘a'

Another 1nterest1ng mechanlstlc feature of the
»

X
T NN
DN

they are stereoelectronically ."forbidden”

' elim}natlons of the g;protected-sgrlne'a~lactones 1s«that

Since the

Scheme 13 ) .o

s ! ..
O - 1. DBU (1.5eq), THF | B
znw/ No 2 CHNnEGO g0 ‘coom
36a ‘ §9 . 75 ZNH COOH

el

=

orbital: of the 1nc1pient cafbanion is strlctly fixed

.!/ ’. .

orthogonal to the leavxng group60 178 by the planar

.\-n

geometry of the B lactone. ﬁlimxnation is qreatly

e a




T 89

",disfavoréd (see below). Because of this orthogonality
) : Co-
4 ‘ ) ¥ . ‘ ’

L

Mulzer et al. have successfully generatea the a-c%rbanions
of alkyl-substituted g-lactones with LDA and alkylated
thém at low temperatures.17§ At températures above -30°C
Ehége a-carbani@hs‘eliminate rapidly by an?Ech mechanism’
li.e., 2 ;ﬁep),178 which is quite unlikely4when F~, CN~ or
.even DRU are the bases. o

In yiew of Mulze;'s.achievemehts ét.alkylation f the
carbanions generated from B—lactones; it may becpossible

.

to alkylate carbanions produced from the di-N-protected
ser}ne ﬁ-lactones'at low tempera£ures to proddcé the
corresponding a-methyl serine Q-laciones (Schemg 14) .
These a-methyl B—liftones would be incapable of
eliﬁination and could provide access. to numerous a—mgthyl
‘amino ac1ds which have many important blologlcal |
' a‘ct1v1ties\’9a 17. It is even possible tﬁat the presence of
tﬁe plectfonegative/n-donor amino group on the a-carbon

could raise the barrier of inversion ‘of the)B-lactone‘

cérbanion sufficiently to favor pyramidal geometry with a

Schemeld ‘ ' ' Nu

&
RyRyN ‘" C. - Me o Me
2 LY o R{RaN COOH

RiRoN
(og..45 (Ry=Bn, Ry=2))
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; _
low inversion ratgz This could allow a "self-reproduction

of éﬁira}ity“17 thro. gl alkylation of a chiral a-carbaniong*
e _ . . .

and provide optically-a. ve a-methyl amino acids. To

date this remain® '~e Iorad and n-electron acceptor-
stabilized zarb. .~+ L1 5 @ Ddered ringe are the only
, o . 12: |
known pyraricz! cA-es,

Althokgh unre:<ctive w;:h,dinzcmethéne in etherzgr
dichlorometiane (= .- adc.tion of BF3*0Et,), in the
' presence of DMF Z-[ serine =13 .one (36a) undergoeg a
.unique ring—expanc.oﬂ rea~tic-. (Figure 17): Wheh excess !
diézomethane aﬂd'CH2C12/DMF sélvents were removed in Qécuo»
at 25°C, chrogatography yielded 60% of ketene" acetal 77:
g% of Z—homozérine (78) and 30% of Z-L-serine methyl ééte;
(S8a). If the excess of CH,N, from reaction in Et,0/DMF
_was quenched by addition of an excess of CE3COOH followed
by rﬁToval of the solvents in vacuo, benzyl carbamate (76) .
and 58a were isolated in 74% and 25% yield,
%eSpectivefy. Even if the diazomethane solution is dried
"over KOH and redistilled, Z-L-serine methyl ester (58) is
producec from hydrolysis and esterifigcation of 36a; The
Q generation of the remaining products 77, 78a and 76 may be
rationalized accérding to Figure 17. _
Ring-expanéionfcixg:lactong436a probably produces 2~
L-homoserine lactone which m;& hydrolyze to 78 . o undergo
enolization and methylation to 77 with loss of chirality

— v
by further reaction with diazomethane.179 Treatment of &

wé

" purified 77 in CH,Cl, with trifluoroacetic acid (TFA)
3



e

sproduced benzyl carpamqte (76) as the only‘UV active
product, thus suggesting the origin of 76 T74%) 1n the

reaction quenched with'TFA. Whereas reactions of

0 CdeqCHN ) : OH
TCH,ClLyOMF LCl/OMF /[:; ' .
J::k coouo

Z-NH o AT, 20,

OMQ;
\
78a(9%) 77 (60%) ) 583(2530%)
H,0 CH,N, CFyCOOH
NS

{ -NHK,
Z-NH Z NH
(o]

Figure 17. Ring Expansion of Z-L-Serine B-Lactone by piazometl\xane.
CH2N2 with cycllc and heterocycllc kétones are w711 known,
this appears to be the flrst report of a ring- expan51on of
a ﬂ-lactone by diazomethane.

Unfortuﬁgtely, the:synthetic utility 6f.this unique
Qring—expansioB may be limited. ”Aﬁtémpts to stg? the
reaction after addition of 1 equivalent of CHyNy in DMF -

(60% of p-lactone consumed) still resulted in a mixture of

products. Consumption of the p-lactone by reaction with

phenyldiazomethane in_D&??_ ired 24‘equiva1ehts'of

PhCHN, due to rapid poi;J 'f{égon of the diazoa;kape in
that solvent and precl&beo*fgolation of products. Ethyl

diazoacetate (2.5 eq.) requirgqﬂseveral days for reaction

in DMF and produced »12 products all in less than 15%

91
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The successful r1ng-axgpn51on of B- lactegg 36a wi
k4

’ 3
diazqmethane does however proylde hope that simple .
R - 3 . i N . N

"carbenoid"-type (iCHZ) additions ay'sgpcqu. For
ex@mple, homoserine lacton?E/A;;/;jj}Ecessible by a

. . o i .4 .
Simmons-Smith reaction (CHZI&/Zn-Cu,cqul;). Furthermore; *

the use of the chemoselective Collman's reagent,
[ ' . .
NazFe(CO)4-1 5 dioxane,62 with the N-protected _serine f-

lactones could be quite effectlve at produt1ng N-protected

P A
aspartate semialdehyde (E = H) (an 1mportqp;>synthet1c

(—'

v '
Y
¥

: J
'lntermedlatelso 1811£iilvarious other 4ijxo amino (. =
acids.}b This would

olve a reaction directly analogous
N -

N | . g
. o)
A NazFe(CO);‘/" ‘ E-
—_

RNH o} , OC-Fe _ , |
’ N e T RNH” N COOH

s - - > N 0 ¢ — . .

(E=H, R', elc)

b

to that of the hydroacylation of Michael acceptors by

~Collman's reagent. 52 '

4

——

Malonate Additions

+

y—Catboxyglutamic.acid (Gla) residues are produced in

select protelns by a.post-synthetic vitamin-K dependent

-]

N\

'carboxylatlon of glutamate side-chains. 13'182 The y- ' .
carboxyglutamate residues are resp;Aéible for the calcium

(ca**)-binding activity of numerous blood clotting factors

-~

~f
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- (ega, prothrombin) and bone proteins such as

_ osteocalcin.l@r182

. . . COOH | . ‘
’ » COOH
Y -Carboxy-L-Glutamic Acid
H,N” “COOH: “
. ,} N ’.\-*)J

g
Slnce the dlscovery of thls elusive amino acid (i.e.,
it read1ly decarboxqutes) in 1974, many syntheses?E;ve |
.o - 7 )

appeared in the literature.73'18\3"186 For use in peptlde
>

Syntheses differential protection of the y;carboxyl and
-amino functlénalltles are essentlal Previous ntheses
typically involved alkylation of malonate diesfers by B~ .

haloalanlne or O-toluenesulfonyl serine derlvatlves and
. ‘o x
result n racemic product Que to ellmlnatlon and

“~

subse uent conJugate additioh (see Scheme 15

below).183a'C1186 J-Protected dehydroalanine esters have

also been—~employed dir@%}lylss {rather than generéted in

51tu) to prov1de racemic products, which are 1nev1tably

resolved by tedious recrystalllzatlons as dlastereomerlc

" salts., 183 Despite reports of an asymmetric Strecker.

synthes15184a (10% yield), :ind biorimetic carboxylations"
of glutamate derivatives,w'lg4b opt ically-pure

differentially-protected y-caxboxyglutamfc acid

derivatives for peptide synthesis remain an extremely

'expen51ve commodity ($400/g for 80a from Bachem).

Al%ylatlonvof-malonate diesters by E}protected serine
t

N
\ |

93
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B~ lactones possessexi the potentlal ‘to produce .
Jw& ) S,

dlfferentlally protected derivatives of y- carboxyglutamlc
acid (Scheme 16). Importantly, if ellmxnatlon wére to

occur subsequent Mlchael add1t10n of the malonate angon to
the amlnoacrylate salt was unllkely. ThUS'the»desired;
P4 )

product‘should be optically-pure. | e : -

Because of the ambldent nature of both the malonate

Py ]

anion and the B- lactone, compllcated product mlﬁgures K
could be env151oned so authéntlc N Z-y,y-dlAtert butyl-
DL-v -carboxyglutamlc ac1d 80d J%s prepared. 183a "-PL
Serine was. quantltatlvely converted to its methyl ester
\
¢

(58d) with Qlazomethane and treated with E;toluenesulfonyl

chloride 1n pyrldme187a to- produce 794 in 65%

<
’t©Syl DL—serlne derivative .

v
i-tert-butyl sodiomalonate in
‘e
DMF.~ This operatign generates Z-dehydroalanine methyl

183a

recrystallized yleld.

(794) was treated with

ester (59) in situ

whlch subsequently adds the

malonate anion in M} hael fashion. "~ The crude product

Scheme 15 o \ -

, ,COOtBu
. CH(COO'BY a
/I:OR 1. ('BUOOC),CH,, NaH, DMF (~ ( ) -
2. KOH / E1OH : ’H\-
Z.NH” N cooMe ' Z-NH7 > EooMe 2.NH” S COOH
58d (R=H) §9 - - 80d (88%) -

79d (R=Ts) (65%) ~

. -~

r

"':. 9 ) .. *

- . . - ) 1‘4
methyl 'ester was directly sébdhffied to provide authentic -
80d in 88% yield from 79d. . Since citric a&id’is soluble

"in EtOAc or CH,Cl, used in extractions, the use of aqueocus
\ .

citric acid in workup as described ih\;everal literature
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preparation5183 was problematic. Instead, recoveries in
this andwlater cases were maximized and pfoduct
decompotition minimized by agqueous workup thle
maintaining pH 3-5 during quenching, and adjusting to pH

~

2.5 for.extraction.

A

Scheme 16 to accompany Table 3

o . OH
o R ' (COOR,); - |
A (R200C),CH,, Reagent s fﬂ. R NH CH(COOB{)Iz
y 1
R,NH o) OR -SiMes R,NH” “COOH o
] ! ( ;
36a (Ry=2) muo)\,comeu 80a(R,=Z, R,='Bu) _ 81(Ry=Z, R,='Bu)
= = R,=BOC, R,=B
™ 42a(R,=BoC) 83 84a (R,=BOC, R,=Bn) 85 (R,=BOC, Rp=Bn)
. . Hydrolysis
(& N
1L on
Z-NH”Z “COOH -
74 CH,COOR,
R,NH
™ 9 0 |
N X 82 (Ry=Z, Ry='Bu)
BnO” “NH,
‘ : 76 86 (R,=BOC, R,=Bn)

The results of séme of the'attempts to optimize thg
yield 6% thelY—carmbxyg1Wtamic acid derivatives (80a or
84a) are presentgd/in.Table 3. Typical experimentals have
been reported for anionic (Entry 5) and Lewis acidic

(Entry 13) conditions. Although the desired proddcts (80a

or. B4a) were obtained optically pure, the ma X imum observed

yields were only 7% and 36% respettively. . = - .
In most instances the major producxs'were thoséipfx*““

acylation of the malonate anion by the fB-lactones (i.e.,

v y
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81/85 and 82/86) and as. a result no real trends with

respect to counterion can be deduced. The formation of

these acyl adducts i+ - _al’y caused much confusion since
their behavior by - ard .C (in several literature
systems) is almost . “istinguishable from that of the

desired product. 1In addition 81/85'decompose‘rapidly on
silica or in H,0 at pHv<2'or >8 *to a number of products
inc uding;the—tcrrespﬁhding serine derivative:(35 or 41)
and the g-dicarbonyl compound 82/86. Thepcharacﬁeriiation
and separatioh of the products with minimal decomposition

AN

required mild workup conditions followed by reverse-phase

chromatography (RP—B{MPLC). Under theée conditions very
high yields of the acyl adducts 81/85 could be isolated,
and surprisingly were found to be optiua]ly—aétfbe.
Disappointingly, the only times acylation did not’
predominate wéfe when elimination ' did. Elimination was
especially prdnounced with the Lil+ counterion (Entries 1-
3). Hidrolysis of Z-dehydfoalanine (74) resulted in the
formation of,benzylcarbamate (76), so that their sum
represents the extent “ e¥imination. Although DBU and F~
have been used as bases for selective’Efmogéalkylations of
active methylene compbunds,114'llSd their use in this,casé
gave only elimination products. These resdits at least
indicate that no conjugate addition of malonate to Z- |
dehydroalanine (7‘).occurs. —_— | s
With the MgCl enolate of di-tert-butyl malonate, the

reaction with malonate was so slow that nucleophilic -

H



'attack by chloride competed to produée 60% of Z-B-chloro-

L-alanine. Formation of Z-B-bromo-i-alanine (55a) in situ

by reaction with MgBr,* OEt,, ‘followed by addition of the
K*-enolate provided -only unreacted 55a and Z-
dehydroalanine (74;.

The ﬁrime;hylsilyl %gtene acetal of diﬁsgggfbutyl
malonate.y@s prepared'by reaction of’ the Na+-enolate'with
trime;hylsilyl chloride and triethyiémine,‘189 sinceAtHe
usual conditions of Danishefsky (i;e., EtyN, Me3SiCl, cat.
ZnClz) were unsucceésful.190 It was hoped ?hit the use of
83 under Léwis acid conditions might-alter/;h?
regiochemistry of the ring-opening by directiﬁg the attack
through complexation-of the B-lactone carbonyl as was
previously observed with TiCly. The use of TiCl4191
(Entry 12) with 83 provided B-chloro-L-alanine (56) as the
major product. Tgis was effectively suppressed by
"buffering"” the reactivity of TiC14 with Ti(OiPr)4181vto
afford the. acyl adduct 81 in 87% yiéld. The alternate use
of tris(diethylamino)sulfonium difluorotrimethyl-
siliconate, [EQZN]3S+Me3SiF2-, (6~1 or 1.0 equivalents) to
préduce the "naked" enolatel’> from 83 was also
unsuccessful at providing appreciable amounts of the
desired y—carboxyélutamic acid derivative 80a.

There was a significant difference between both the

rates of reaction and optimaloconditioné for formation*of

98

80/84 from the pairs of protecting groups (compare Entries

4 and 5, 6 and 7). Since reactions of dibénzylmalonate



fwith Z-L-serine B—lactone (36) were as fast as those of
di-tert-butyl malonate under identical conditibns,lit :
appears that it is the N-BOC mdiety which greatly reduces
the rate of reaction and may even direct the attagk.
"In the course 6f the inQestigations with malona;e»
additions, several sets of conditions were found to }
- provide the acyl adductsABI/B; in very high yield (eg.,
Entries 5, 8, 13, Table 3). Comparison of the sprd%ture
of these acyl adducts and their more stable decomposition

. o . . .
products 82/86 with that of the unusual amino acid

statin?0 indicates obvious struq%pral similarities (Figure

18). it is believed that the ethemely strong binding of
pepstatin to pepsin'(Ki ~10;11 M) and oﬁher peptidases192
is due to the féct that statin component‘reéémbles the
té;rahedfal intermediate related to the transitibn state
for peptide hydrolysis.20 Similarly algehyde and ketone
analogs of ﬁépﬁide substrates are demonstrated potent
competitive inhibitors of cysteine and sefine proteases,

| Sas well as carbo#ypeptidases.lg} In some instance§,'
hydration or addition(of an enzymic nucleophiie to the

o
carbonyl as illustrated in Figure 18 has been postulated

to account for the potent inhibition,193

Based on this knowledge, it is quite likely that the

pﬁgducts of malonate acylation by the serine p-lactones

(81/85 or 82/86)'could be useful as, or in "transition-

state analog" inhibitors of peptidases. Because of their

highly elec%rophilic character they'wou1d be expected to

99
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:re&dﬁlyiﬁydra;efg .%gd an enzymic nucleophile. Simple
.réd&ﬁ,iéh:of'thié'B-Cafbonyl would ptodgée a secondary
éiéoﬁbl.anaIOQfof statin which would bélless susceptible
to hydrolysis. |
HO ) | ' - ' :
COOR, HO -
"RyNH ~ COOR, RyNH” COOR,
O  81(R,=Z, R,='Bu) o)
Ens-Nu 85 (R,=BOC, R,=Bn) | 82 (R,=Z, R,='Bu)
. ' 86 (R,=BOC, R,=Bn)
HO - '
. COOR, _ Statin
R,NH COOR, H2N7 ¢ CooH
T ‘
HO "OH Nu-ENZ : HO H
— 7

Figure 18. Comparison of Acylated Malonate Products with Statin.

Organo-Copper Nuéleophi}es~

-

Reactigns of copper-containing organolithium and
organomagnesium reagen£$ withrgjprotected serine B-
lactones'coulp-prOQUce_a wide variety of amino acids with
homblogated aliphatic and aromatié side chains; Previous

76 jndicated that most Grignard and

work on B-pgopiolactone
organolithium feagents attack the carbonyl of the lactone
with acyl-oxygen cleavage to generate the corresponding
ketone or tertiary alcohol products. While some

organocadmium compounds reacted to produce B-substituted

~—
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carboxylib acids, the method was not genérally

appllcable.76b More recently Normant et al. !l gestablished

that the de51red reggospec1flc rlng-openlngs of B-

-

proplolactone could Be accomplished with either
j

stoichiometric (ie. RpCuLi or R,CuMgX) or éatalyticélly-

gene;ated (10 mol & Cu(I) salt/RMgX) .organocuprate

reagents in excellent yield (R = n-Bu, i-Pr, t-Am, Ph).

.'Such approaches to three carbon homologation have proven

successful in the synthesis of numerous natural
products,77'194'l95 élthough they haGe not previously been

applied to optically-active 3-substituted 2-oxetanones.

'We have examined the ring-opening reactions of

- optically-pure N-protected serine B-lactones by

organometallic reaggnis with respect to regiospecificity

and stereochemical integrity. Conditions under which

these serine B-lactones react with a%iphatic and aromatic

carbanlons, Af&h essen-ia’.y no loss in opt1ca1 purity, tor

produce ngrotected amino acids ‘suitable for dlrect

f

incotporation into peptides (Scheme 17) have been

determined.
¢

With mono-N-protected Z-serine f-lactones (i.e., 36),

»

an organometallic reagent may abstract the relatively

. ‘ .
acidic NH proton to form an amidate anion (see below,

Scheme 20, X) which could open the lacﬂzne or'repel attack

by another equivalent of organometallic species. To

’ 1y
assess the influence of the NH on the outcome of reactions

of serine B-lactones with organometallics, the diprotected
o . : . .

’

4
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stereochemical purity encountered in the. addition of
organometallfcs to the B-lactonés, a measure<of the:
ehgntibméric excess (e.e.) of hoth the startind laetones
36 énd 45 and the adaition'broducts is required. fhe
éssay develobed to measure the optical purity of the

serine B-lactones 36 and 45 utilizes regiospecific ring-

‘opening by the potassium salt 87 of (S)-2-methoxy-2-

(trifluoromethyl)phenylacetatel96 (MTPA) i DMF (analogous
to the previously discussed opénihg by acetate) to produce
diastereomers from enantiomers (Figure 19).
Acidificafion, extraction, and esterification with
diazonrethane produces mixtures of B8a and 88b, or 89a4and
89b, along with side\product 92. Elimination to N-
proﬁeCted-dehydrdalanine is minimized (ie. < 0.6% of
product) by performing the reaction with k®MTPA® (87) in
DMF ht 0-5 °C. ‘Diastereomers 88a,b or 89a,b in the |
product mixture were diréctly separated and quantitated T
using HPLC. Cohblemehtary‘lgF and ly NMR results were
obtained after separation of the MTPA derivattwves 8§ or 89
from methyl MTPA (92) by chromatography. ‘
The accuracy and validity of the HPLC and 19F NMR
analyses on 88 or 89 were determlned by subjecting known
mixtures of the enantlomers of 36 or 45 to the analysis.

In the case of the mono-N- protected g - 1actones 36a,b,

derivatization and analyses of a standard mixture = _

. containing 65.22% 36al97 and 34.78% 36b&?8'§ave sﬁandarh

90 which provided'ratios of 65/35 byi}H NMR (8 3.66 and .
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Ph
KOOC—f,, | .
‘OMe
o FoC CH N,
H, —%
R{RoN o
36a,b(R,=H)
: R,=Z in'all cases >
) 453,b(RH=Bn) ‘
. o |
Jl\r o g
’( "OMe ¢ £ C‘;OMe Meooc—fﬂéMe
W FaC
RyRoN COOMe R1RN"Deoome 3
‘ 883(R1_H) 88b(n,_H) " o 92
89a(R1_Bn) 89b (Ry=Bn)

Flgure 19.- Derivatives for Determmatlon of Opucal Purity of Serine B
. Lactones.

3.73 ppm, reépectively; for CdOCH3's), and 19? 'NMR 16
-76,26 and --76.23 ppm, respectively, for CFy's), 199 and
64.8/35.2 (£0.11) Dy HPLC. The values reported for the
optical purity of 36a and 36b were obtained by HPLC énd,
when possible7 confirmed by NMR.

For the di-N-protected B-iactones 45a and 45b a
reference standard containing 67.12% 45a (§)200 and 32.88%

&
45b201 yag derivatized to provide 91 whigh was analyzed to

yield ratios of 2/1 by !H NMR (6 3.46 and 3.43,

respectively, for COOCH3's), 67/33 by 1%F NMR (6 -72.14
and -71.96 , -72.04, respectively, for CF3's),202 and
67.4/32.6 (+ 0.30) by HPLC. Although HPLC and 19F NMR
results complemented each other, the excellent resolution
19 203 :
and accuracy of F NMR with the di-N-protected

derivatives made it the method of choice. In all cases

the measured optical purity of the serine p-lactones 36 or
P « B .

104
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' GC as their N-(1S,4R)-camphanoyl methyl esters.

45 éxactly matched that of the starting materials (i.e., -

35;_43, 44 or free serine), thereby indicating no

‘detectable loss in optical purity in lac;énizatipn.121
Thisé?g consistent with our prewious observatiéns of
optically-pure ring-opened products based on [;ﬂ vilues
(Table 2). - ’

~ Whereas B-substituted»alaﬁines (Table 2) are not

%enerélly amenable .t0" analysis of optical-purity by GC as
' ' 204

diastereomeric derivatives due to facile eliminations,

the more stable amino acids.bearing aliphatic or aromatic

sidechains are. Rggently Dr. L.A. Trimble and Mr. J.G..

8
Drover of our research group demonstrated that several

such émino acids could be aqalyzéd for optical purity by
' 9i,124

This method was found to be geg;rally applicable to "all
amino acids produced from the organometallic additions.

In addition, these analyses were facilitated by the

/

commercial availability of the optically~pure amino

98

acids in all but one case.

To assess the optical purity of the amino acid
A

derivatives resulting from organometallic additions to the

serine p-lactones (Scheme 17, Table 4), the corresponding

free amino acids were liberated from mono- and di-N-"
BN -

préﬁected products by hydrogenolysis (or Na/NH3 reduction

for 1054, 106a to avoid reduction of?the sidechain C=C),
and then analyzed as their N-(1S,4R)-camphanoyl methyl

esters (Figure 20, Table 5). 1In all instances | '

&
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chromatograghicaily-pure but unrecrystallized E;proﬁected

products were deprotected, and the free‘amino acids

‘obtained ware derivatized directly without

recrystalllzatron in order to avoid p0551b1e enrichment ot

one enantiomer.’

In two cases (96b and 107a), ‘the complete:

-

'analysis was carried out on both recrystallized and

unrecrystallized materials; %
It was found that deﬁi%%{lzatlon of as little as 1 mg

of amino acid is conveniently effected in 80-95% Yielg

. ".7’;1 a0

. m
f )l

‘%%'identical results.

using (-)-camphanoyl chloride (2 equiv.) in-1 M sodium

‘carbonate/biQarbonate buffer (pH 10,
toluene (0.2 volumes)

e11m1nate the need to monltonﬁand adjust the pH durlng the

reactlon. 205

(Figure 20).

20 mole&eq.) and

The?e»mild conditions

Following esterification of the intermediate

acigs with diazgmethane, a mixture of diastereomers and

methyl camphanoate: (117) i's produced (Figure 20)

and gas chromatographlc (GC) analyses may be carried out

-

RyR,N

[o ]

o=z

Ry H,, Pd-C ,I:R,
COOH or NsiNH, H,N" XCcobH
- (91-99 %)
1. {-) camphanoy!-C|
2. CHN,
. [ 3 - »
10
o OLiX
R 02 R 2
3 : 3
”<:;ouo Ne=H Oue /;
A ;: COOMe 117

See Table 5 for Results and Compound numbers.

¢

Figure 20. Derivatives for Determination ofOptlcal Purity of Amino Acid
Products.
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P
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Iy NMR
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directly on this mixture or after removal of 111.8y
"sublimation er~chromatograp Yo

ilthough exeel’ent~?esolution of 8'-CH3 peaks of the
(PSJ— and (ZRi isomers o{\*gl of the examlned N- N
. camphanoyl-aming acid methyl esters (Table 5) in ly
'NM£¥06'207 &a511y allows‘accurate est1ma;1on'of the
.Adiastereoheric ratiO'downigohapproxihateiy 2 (£1)% cross-
~ contamination, the results oﬁd%c ana1y51s are reported
beeause of thelr greater sens;£1v1ty and accuracy. In all
cases standard mixtures of_(zgj- and (2S)-isomers N-
camphanoyl-amino acid meth?l esters (119, 122, 124, 126, °
128, 130) were used to develdplGC conditions and estimate
agcuracy . Invafiig}y the (23);iéomer emerged ahead of the
f(2S)-isomer,'and sufficient resoldtion to establish limits
of detection at 0.2+0.5 % of dlastereomerlc impurity was
easily obtained. With the exceptlonwef the 2-
,aminoheptanoate reference standard 122, all cc? standards
(119, {24, 126, 128, 130) were generated by derivatization
of known mixtures of commerciezlly available optically-purebk

98

amino acids. Since 2-aminoheptanoic acid was not

commercially available, a standard mixture of (8)--and
{R)-isomers 122 was produced by d.astereoselective
alkylation of the corresponding glycine;derivative
aceording to Scheme 18.216 the ln NMR spectrum of 122
suggested an S/R-ratip of 70/30 in agreement with the
resuit of 69.8/30.2 - (+ 0.1) by GC analysis.

When sufficient amounts of the various amino acids

9 By A R
) . e
. L T
) ) - 8
A4 4 .
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were deprotected to allow accurate measurement of optical

rotatlon, the ratlos agreed with those o tained by GC and
%
1

H-NMR ar(lys 5 ithin exper1menta1 error (see.Table 5).

Values for .i.e %,decrease in enantiomeric excess (e.e.)
\ _ _ o ‘
reported in gable'4 are obtained by subtraction of the
. . P ‘
optical purity of the products (Figure 20, Table 5) from

&
that of the serine B-lactone stavtlng materials ( igure

19). °

Scheme(18 ’ -

1. LDA, TMEDA © o
2. n-CsH“Br | 0 )
COOMe . - ‘:: H COOMe s
120 | - 122{70% S ,30% R) ..

.
ro-

General Features of Reactions of Seane Bp-Lactones with

—

0rganometa111c Reagents. ] \>

Organometallic reagents may attack serlne g~ lactones
at two 31tes (Scheme 19). Undesirable attack at the
carbonyl carbon (Path a) produce;’the corre;;onding ketone-
(AA, eg., 95, 98) which may add‘a second equivalent of

organometallic species to generate a tertiary alcohol (BB,

eg. s 108a). To produce the de51red Ndprotected amino

L

acids, the serine a-lactones must behave like “"chiral
enoné equivalents* with “1,4—attack” of the carbanion at
the p-methylene group (Path b) and concomitant ring-

opening to liberate the carioxylate functionality (cc).

‘.
EY




T
A 3
g
Schemel9 v . ‘ ‘ v
. /MG © H® ' (o) Base /a
R,R;N” “co0® - RRNT Yo R, n, é k
GG 36a b(R =H) ,_
45a b(n1—Bn) £2)
' =)
Path b Path a . '-30 c
Ry 0®
J G G |
RyR;N” ~COO RyRyN | RyReN” Ncoc®
' | 0
cc AA o EE
Base Rse |H?& :
4 a5 * 3 .
Rq i '09 . .
Lo .. L
: ~ R, R,
RiRN7Sc00® R{R,N } 1NHR,
c - ) =1 Rj
cc BB — ©  FF

¢ . o «

Organometallie substitutions on ﬁ;pfotetted O-tosyl
or b—halogene derivati&es of serine or homoserine methyl
estersvéive ﬁroducts which are susceptible to racemization
" under tHe reaction conditions or in the subsequent

lic 14 contrast, the N-protected 2-

hydrolysfs.
aminocarbdxylate'products-zCC) derived from B-lactone
cleavage shéul&'be‘rather resistant to racemization sénceﬂ
it teqnires a proximal dianionF(Cé', Scheme 19).
Interestingly, previeus.work76'?7'Rg4'19§-with B-
prc01olactones indicated that organocuprate reagents which
kadd in 1,4~ fashlon to a ,B- unsaturated carbQnyl systems
also\add to' the methylene group of ﬁ—lactones. The same

3 -
3 o
.3 t

- 109
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&
organometallic readents are also useful in alkylétions by

primary alkyl halides -and tosylates.l1C “To ¢ ir further

insight into the behavior of p-Yactones with

organometallic reagents, the réactions of some of the more

contemporary reagents with th« 'serine B-lactones (36 and

43) were'eﬁamined. Recently, BF3-et s been

reported to promote gddition of alkyl
217

to oxetanes

and oxiranes. Under similar‘conditions the attack of

RLi/BF3—OEt2 on 45a is not directed toward the é-methylene
cérbon, but instead the only prbducts are ketones AA and

]

alcohols BB resulting from reaction at the carbonyl (Path

a, Scheme 19).124 Organocerium reagents RCeX2,218 which

display enhanced oxaphilicity and reduced basicity
relative to their RLi ;nd,RMgX counterparts, similarly add
in 1,2-fashion to the serine B-lactones (Path a, Scheme
19), in direct analogy to their‘behavior with enones. For
exa%ple, feaction of MeCeCl, (1 equiv.) with 45a yields
‘only the ketoalcohol 95 (11%), diol (19%), -and unreacted’
B-lactone (57%).124 Lower order,cyénobuprates RCu(CN)Li,

in which CNe.economicaliy fuhctions as the residual

110

‘ .
ligand, have been reported to possess reactivity ‘

comparable to R2CuLi, but with higher thermal

219,220

sﬁability. Disappofntingly,‘PhCu(CN)Li (7 equiv.)

reacts with 36a to provide only a 4% yield of 2~
: . \ |
phenylalanine (107a). In contrast, higher-order

220,221

cyanocuprates R2Cu(CN)Li2 add o the mono- and di-

N-protected B-lactones to give the desired amino acids
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(Table 4), and are discussed below. Please note that 6 of
the entries in T;ble 4 involving cuprate additions to 45 -
have been exerpted fkgm Mr. J. Drover S the51s124 for

clarity in the dlscu551on.

~

SN
Organolithium-Derived Cuprate Reagents.

<

—Lipshuti and coworkers have illustrated the
advantages and utility of higher-order cyanocuprates
Ro,Cu(CN)Li, in reactions with primfry and secondary. alkyl
halides and tosylates, and in conjugéte additions to «,B-
unsaturated carbonyl system's.zzo'221 Earlier wofk by
Normant et ai.i7 had also established that R2CuLi reagents
add to B- proplolactones in the desired manner. The
results in Table 4 show that both types of reagents add to
ﬁ;protected serine B-lactones in the required fachion.
Si&ilar yields were obtained with both reagents, but the
cyanocuprates R,oCu(CN)Li, may be preferred due to their
higher thérﬁal stability. : —

'Yields of R,Cu(CN)Li, addiflons are q\gﬁlly higher
with dlprotected B-lactones 45a,b than with monoprotected
ﬁ-lactongs 36a,b'Jeg., compare Table 4 Entries 1/4, 5/6,
but 16/18?. In the caseiof vinyllic transfe; from
(CHy=CH),Cu(CN'Li, to 36a none of the desired allylglyci-e
defivative was detected, while a 56% yield was secured
with 45a (E;try 14). 1In o;der to obtain comparable‘yields

with mono-N-protected serine f-lactones, an excess of

cuprate reagent was required (typically 5 ‘equivalents were
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Table 4 Footnotes: .

%Unless noted optical purities of B-lactones 36a 36b, 45a, 45b were
99.5%, 97.0 (*0.2)%, 98.7 (*0.3)% and 96.9 (%0.3)%, respectively.

(.

bTHF solvent unless indicated. ' N

“betermined by comparlson with enantiomeric’ excess (e. e ) of starting -
lactone (see a). i
dBy comparison of [a]g5 .
JeBased on 22% recovered P-lactone; 72% isolated yield of 94b.
fWithin experimental erfor (£0.3%).
IMixture of at least two diasteromers.
RTuF/Me,S (20:1) solvent.
iXetone product isolated: 5% (Entry 3 §95), 6 (98)),.14% (Entry 5), 8%
keeone (Entry 7); 168 (Entry 8).
Jz-NH-Bn (104) isolated: 4% (Entry 9), 19% (Entry 11), 18% (Entry 12).

5§;21§;Bn—L-Alanine (103&) isolated: 14% (Entry 11), 23% (Entry 12).

lTertiary alcqpol sideproduct (108a) isolated in 43% yield.

—_
MThe S-isomer produced under analogous conditions also exhibited na
detectable decrease th optical purity. 4%dentical yield using DME

[

-solvent at =-23°C.
4
Note: Fer entries 12 and 17 the .cupratg additioh was performed by
J.C.G. Drover,124 with deprotection and derivatization by LDA.
Entries 2, 3, 9, 11, 12, and 19 are eﬁerpts from J.C.G. Drover,
M.Sc. Thesis, 24 with B-lactone optical purities determined by
LDA.

3
)
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employed). This is due in bart to consumption of an
equivalent of reagent in removing the "acidic" NH proton
from 36 to form X, or from the addit;bn broduct to form Y
(Scheme 20). 'In some cé;es a 20-25% excesé of CuCN
relative to RLi waslaléo required to suppress attack at

he cérbonyl (Path a, Scheme 19). For example, whén
exéctly 2:1 MeLi/CuCN was employed with 36a, 28% ketone
(AA), 37% tertiary algoholA(BB), and118% of the desired
écid (CC) were obtained (cf. Entry 1, Table ay. Lipshutz
et al.220,221 havelébseived the equilibriu% betwegn
Ro,Cu(CN)Li, and a mixture of RCu(CN)Li and RLi. They found
tha; the percg@ntage of free RLi-increa§esbwith |
temperature.: Presumably, tﬁis equilibrium accounts for  ,
the increase in Path a (Scheme 13) product§ encountered’at‘
the higher reaction temperature (-23°C) used with the
monoprotected lactoﬁés,.and tﬁe corresponding‘reduction in
these undesiged products on addition of excess CuCﬁ. A

\ «

A
reduction in the equilibrium concentration of RLi on

switching from THF to DME might also be expected,zzo'zzll‘

&

however such a solvent -substitution for Entry 5 (Table 4)
had no effect on produéévyields. E;en under ‘optimal
conditions with R2Cu(CN)L12,‘between 5 and 15% of ketone
- products (eg., 95, 98; AA of Scﬁeme 19) were usually
‘observed.

With the mono-N-protected s-lactoéés 36a and 36b

additional temperature-dependent side reactions require 2

that the addition.of p-lactone to RyCu(CN)Li, be done at

s
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-23 to -15.°C for optimum yield. At =78 °C no observable
reaction occurs in 1.5 hours. Upon warming to -46 °C the

B-lactones are slowly consumed, but considerable amounts

Scheme 20 o o C
Base I I
)Lff o Bno)b
H

(18-35%) ot optically pure Z-serine are generated on
agueous workup using condition§ which do not hyérolyze the
B—lactoneg} At temperatures greater thag -15 °C the yield
of desired products is lowered by increasing production of
Z-dehydroalanine (74) (Scheme 19, EE). The formation of
Z-serine aé low temperatures ;uggests intramolecular
rearrangement.to an oxa;qline (21), or gxazolone (22)
(Scheme 20) which would readily hydrolyze to Z-serine in
the acidic workup.88 This reaction predominates only at

~ low temperatures where intermolecular nucleophilic
addition of"'R3‘" to the anion X is'most significantly
retarded by Coulombic repulsion. Consistent with this

argument are the observations that the diprotected g-
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lactones (45a,b) generally react"much/more rapidly with.
'orgénometallics than 36, and that sélution IR 05 the
reaction mixtures of the Z-serine g-lactones (36) indicate
the absence Qf the NH proton (broad, 41615 em™! for —
C=0). As exbected, no corresponding serine derivative 44a
or 44b is produced in reactions of_E;diprotecied B-
lactones 45a or 45b. /
Although RyCu(CN)Li, and R2CuLi‘édditions to the di-  ‘§
“N-protected B-lactones 45a“anq 45b appear superior with
respect to yield and amount of-brgaﬁometallic reagbﬁﬁ
required{ they often suffer from major losses in‘opt‘icalu ’
purity (Table 4). 1In contrast, with the eXcéption.of
Entry 16, additions of RéCu(CN)Liz reagents to the A
monoprotected serine p~lactones 36a and 36b proceed with ' ;”,°

little or no decrease in enantiomeric excess'(eg., Entrie;"

1,5,10; Table 4). Comparison of Entries '3 and 4 which
- v “)‘;t;._p . N o

differ oniy in reaction times suggests that pacemiiatién,
of the di-N-protected products may occur on prolonged S

» o K
exposure to the orgarnometallic reagent at -46°C. Despite:

3 LI

the fact that’RZCu(CN)Liz addipions to’%he mou=N- i

4
3

protected lactones were done at higher temperatures (é.gih.' ir

°

v &
. —23 °C), little or no racemization is observed, presumably o

because deprotonation of species X or Y (Scheme 20) which o
already possess an anionic nitrogen is disfavored. o ?'
Racemization could in principle also occur by formation of |
the a-carbanions DD (Scheme 19), which are known to

undergo rapid "forbidden" elimination to EE at



temperatures above =30 oc.178 Although reaction of 45a
ahd 45b with hindered sec- or tert-butyl reagents produced
some benzyl N-benzylcarbamate (104) (PP, Scheme 19) after
hydrolytic workup>due to this elimination (Entries 9 (4%),
11 (19%), 12 (18%)), nucleophilic addition of "Ry™" to the
anion DD or its "elimination" product EE seems unlikely
and probably does not account for loss of stergochemical
purity. -
Lipshutzvand coworkers have noted that relativé to\
.if other R2Cu(CN)Li2; Ph2Cu(CN)Li2 exhibits low reactivity,
;.Qpébr yields, and lack of regiospecificity with
Jenones.221 Additions of Ph,Cu(CN)Li, to the diprotected

G

"B—factone produced only a low yield of the desired product

¢
3

(25%;'Entry 18) as did Ph,Culi reagent (36%, Entry 19,

Tablé‘4). A moderate yield of Z—phénylalanine (107b) was

]
Side-Products df Organometallic Additions

' OH OH
k] N
R1R,N Rs ‘RyRyN :1
o - HO ?

€ 95(R=8Bn Ry=2 Ry=Me) 108a (R =H,R,=Z, R =Ph)
98 ( R1=Bn,R2=Z,R3=mBu) '

v

v ' . Me
S Z~N-Bn znfé‘coon
® X b

SO ; 104 '
N : : 103a

,obtained with *he monoprotected lactone 36b (46%, Entry

: lgg,.howeVer substantial losses (5-67%) in optical purity

,fﬁg -

were apparent in &@}tYthree cases.

S ‘ l &
h L v
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In the reactions of (tert-Bu),Cu(CN)Li, (Entry 11)

and (tert-Bu),CuLi (Entry 12) with p-lactone 45a, yields-

. of the desired neopentylglycine derivative 102a were

reduced considerably (ie., 14-23%) due to the formation of
N-Z-N-Bn-alanine (103a). Since 103a is optically active,
the alanine derivative probably arises from hydride
transfer to the B-lactone (GG, Scheme lgf,érom the
organometallic compound, or from "CuH" typggkeagents which
are generated in the thermal decomposition.of labile
cuprates such as {Eg;ngu)2CuM.220'222'223 Sato et al.
previously found pivalic_acié}was the major product of the
Cu(I)-catalyzed ring-ogening of'a,a-dimeéthyl-g-
propiolactone by Egg&;BuMgCl.lgsc The hydride transfer

3
reaction was effectively abolished in tert-butyl addition ;
{ . EE— ¥

to the monojgjproteéted B-lactone 36a through use of the
sterically-less hindered mixed Tuprate, tert-
Bu(Me)Cu(CN)Li,, to provide Z-L-neopentylglycine 10la in
48% yield (Entry 10, Table 4). 1In accord with the
findings of Lipshutz et a}.220'221 with enones, this
reagent exclusively transfers its_ggggfgytyl ligand, and
no product of mefhyl transfer (i.e., 93a) was detected.

Initially problems were encountered with Cu*?
contamination of the proaucts since they chelate this
cation. Removal of cupric ion from products with Chelex
resin (BioRad) was successful but also resulted in

significant product losses.124 Tq avoid this, reactions

were gquenched by addition to told degassed 0.5 N HC1,
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which precipigafes most of the copper as cuprous(I)
chloride.r_The use of ether rather than ethyl acetate in
extractions and washing of the extracﬁs with aqueous EDTA
(pH 3.0) and saturated brine efficiently remoyes any
residual cbpper from the organic phases. Purification by
reverde-phase chromatography (RP-8 MPLC) was generally

most effective at 1 :0lving all of the products of the

reactions.

Grignard-Derived Organocuprates.

s

Most of the disadvantages associated with y
organolithium derived cuprate reagents, .such as losses in

oytical purity, yield decreases due to elimination, i

%
i,

@“) contaminatlon, and requ151te large excessg§ of
orgéﬁimetallic reagentA can be avoided byfthe use of
organomagne51um derlved reagents.223 Utilization of the
;énichiometric cuprate Ph,CuMgBr Qerivéd from PhMgBr and
CuBr-SMe2224 (Entry 17, Table 4) with the di-N-protected
B-lactone 45a resulted in a con51derab1e increase in both
the nyld (60%) and optical purity relative to the PhLi-
derived cuprates (Entries 18 (25%) and 19 (36%)).

Whereas organolithiums RLi are genéinlly more
reactive with enones than their respective cuprate adducts
R,oCuli, Grignard féagents RMgX. are considerably less
reactive tPan the corresponding cuprate RZCUMQX.223 This

difference in reactivities has been exploited for Cd(f)-

catalyzed 1,4-additions -of Grignard reagents to"_enones,223
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' . . ) . )

and to B-propiolactones,’?r194c

~

Enlistment of cnly a'catalytic'amount of CuBr-SMe2224 ,
in the reactions (Entrle; 7 8;13,15, Table 4) simplifies |
workup, ellmlnates probleﬂé w;th Cu(II) ~contamination, and
réduces the amount ;% crua%omet;Yilc reagent required by

at le{is 50%. Furthernoﬁb %ﬁ&gnard reagents RMgCl are )
less expensive,Qmore stable, and ea51er.to generate and
handle than their ordanolithium counterparts. The use of
Grignard reagents derived from alkyl chloride;qrather than\~
bromides is advantageous becauee MgBrz-etherate reacts

much more rapidly with B-lactones 36a and 36b than the

corr sponding dichioride (Table 2).

The unoptlmlzed yields of desired N- protected amino
acid products (44- 83§g’are superlor in all instances to
those obtained with R2Cu(§N)Liz and R2CuLi2. For example,

a 47$ yield&of Z-L-allylglycine 105a was'secured (Entry
13, Tabie 4) with catalytic CuBr/CH,CHMgC1, .whereas none
“of this desired mategxal was detected with
(CHZCH)2CU(CN)L12. As before, yields qbtalned with mono-
N-protected p-lactones 36a_anc 36b-are somewhat lower than
with 45a and §5b‘(e.g., 44% versus 83% for i-PrMgCl,
/téntries 7,8). Further'refinement of mole ratios should

L8

increase (gelds, and reduce ketone (Entries 7,8) and
siﬁctive tertiary . alcohol (43% in Entry 15) side

optically¥

¥y

prodgcts resultlng from nganometalllc additions at the
carﬁonyl"(?ath &, Scheme 19). Unlike reactions involving

organoliqbiums, the copper-catalyzed RMgCl additions were
G ~

. ’ ot



.coebeniently carrigd out'aE'-23ﬁgb ;itﬁ‘np observable
jformatiop of elimijbtion”éroduqts.. , ,

Most importantly, in all cases in'whichuCu(If-
catalytic RMgCl addit;ons were«émbloyed‘(Entries
7,8,13,15, Table 4); dreater than 99, 4% retengioelof'
optical pufity‘yas observed. The phenyl addition.results -
(Entry 15) draméticaliy contrast the largeldecreaee in
optical purity measured ;ith thce?zﬁsLizi(Entr§ 16). In
virtually all respects, copper-catalyzed organomagnesium
chlofide additions to both mono- and diﬁgjproﬁected serine
.B-lactones;(36, 45) are superior to alternative’ )
stoichiometric"cuprate additions (RZCULii RZCU(CN)Liz or
R,CuMgX) for production ,of N-protected aminotacids.

These invesﬁigations have established conditions for
the additions of organoﬁetallic‘feagen;s to both mono- and
df{ﬂjprotected sef&ne B-lactones (36 and 45) to afford N-
protected eminO‘acids in fair to excellent yields with 99-
100% retention of optical purity. The Qse of Cu(I)-
catalyzed Crlgnard (RMgCl) additions av01ds low ylelds,
loss of optlcal purity, and cupric ion contamination which
areloften encountered w1th st01ch10metr1c cuprates
(R2CuL1, R2Cu(CN)L12, Ro,CuMgX). Our procedure
conveniently produces deaivetives whidg are suitable for
girect incorporation intokpebtides (ie.,.in.terms of
optical purity and protecting Qroups),Aor can be
deprotected in a single step (91-99% yield) to the éree

“amino acids (as in Figure 6). The general synthetic : P

2
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‘utility of this methodologyﬂin providing access to most t

major classes of amino acids bearing aliphatic or aromatic’
side chains has been demonstratedvﬁy the addition of
methyl, primary (n-Bu),22> secondary (i-Pr, sec-Bu),
tertiary -(tert-Bu), vinyllic (H,C=CH), and aromatic (Ph)
carbanion rqagehts to both'the D- aﬁa L-isomers of the

- readily accessible N-protected serine B-lactones.

Among these producté are D-leucine (Ry = i-Pr), (23)—’

P

2-aminobutanoic acid and D-phenylalanine (Ry = Ph) which
are constituents in ngQ§rous microbial peptides with
antibiotic/gntitumor acfﬁvities and" impart resistance to

1:214 c-allylglycine (Ry = CH=CH, is a
\ . :

peptidases.
naturally-étgugii “enzyme inhibi* v, neurotoxic amino
acid, and useful chiral synthon,;80'226‘vNeopemtyiglycine
(R3 = tert-Bu) is a highiy lipanilic amino apid_with
unique sﬁace-filling gnd steric grOpcrLies Qﬁich make it
useful in syntheti? ana10g5fof~bioactive péptiqﬁs;211
L—Dihydroxyphenylélanine (L@ngDOPA) is nOE_only a

plant nonprotein amino acid,6 and a precursor to cuticle

\
\

crosslinkingfagénts in insec}:s,la but "also a,higHIY*~
successful d?ug in_thé'greatment of Parkinson's disease.
Begause'ofbthis numerous patents and literature reports
have appeared on its syntLhe,sis.z27 Using the Grignard-
reagent produced fr 4-bromoveratrole, optically-pure 2-
?§§1a)'was convenieﬁtly prepared in é

3,4-dimethoxy~-DOPA -

single step from'Z-L-Serine B-laqﬁong (36a).
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' } o OMe OMe
OMe ) OMe l ' MeO MeO 5
MeO Mg MeO 2-NH o
—_—— i —_—_——— + OMe
, THF, Reflux 25mol%
Br : HgBr CUBTz-SMOz
(-40%) Z-NH COOH OMe

131a(29%) 132(3s5%)

The depfogection of 13la to L-DOPA can.be 3chieved by
treatment with BBr3.228 The low yield is most probably a
reéﬁlt of problems encountered in preparing the
bromoveratrole-"rignard reagent and its extensive

| dimérization to 132. However, this single unoptimized
éttempf does.ﬁufther illustrate the potential of these
cuprate additions in preparing bipactive amino acids.

A‘similar extension of this méthodology to include

copper—cataly%ed ring-openings by acétylide anions®0/229

could potentially enable the simple preparation many of

the acetylenic/allenic amino acid analogs which act as

suicide substrates for Categories 2 and }_PLP—%nzYmes

?'analogous to propargylglycine (Figure 4).8’20',21b

- ~ R
0 _ o o
l | R-C=C-M (M=Na, LI) , - y
BOCNH o cat. CuBr -SMe,
| . ? BOCNH” “COOH -

(R=H for BOC-Propargylglycine)

9

2

Through the use of stable a-haloorganometallics such
-as ArSOZCH(Cl)MgBr23O iﬁﬂhay even be possible to
I4 3
4 synthesize Various stereoisomers of diaminopimelic acids

by dialkylations with N-protected B -lactones:
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Af502

O  Arso,CH(Cl)MgBr RiR;N NR,R,
ﬁi[:i§ TaLcuy) o —-— \T/N\r’\ﬁ/ ?
R, R, o catcul) HOOC Y COOH

R1 RzN COOMQBT (X:ArSOzu""! H)

These are but a few possible applications of
reactions of the N-protected B-lactones with C-

nucleophiles which remain untapped.

3-Amino—-2-oxetanone Salts

g ~Although;deprotection of the N-protected deri;atives
generated by nucleophilic ring-openings of BOC-(42), 2Z-.
(36) or N,N-Z-Bn-serine B-lactones (45) will produce many
free amino acids in near guantitative yield, some side-
chain functionalities (egq., -N3) cannot withstand typi.al
gepgotecﬁion methods.

The easily accessible E;(Egg&;butoxycarbonyl)seri"e
B-lactones (42a,b) may be'readily deprotected by trez ment
with trifluproacetic acic \TFA) to produce 3-amino-2-
oxetanone sélts (140, 141) in negg'quantitative yield
(Scheme 21 in Table 6). The unprotected éerine B-lactone
' may be obtained as its trifluoroaéetate'salt (140) simply
by removal 6f TFA and tert-butyl trifluoroacetate (b.p.gp mr
~30°C)231 jin vacuo at 25°C. This material " (140) is
usually obtained ac a syrup which is bt 3t used immediately
in subsequént‘reactions since.traces of salts and residual

TFA can cause decomposition. More conveniently, 3-amino-

2-oxetanone may he isolated, characterized, r{crystallized
' \
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-.PLP B*replacement enzymeg (Catego;y 2) haf*proven‘4"
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)
(from DMF/Et,0) and stored dry as a stable solid salt of
P-toluenesulfonic acid (141).

In contfast to their B-lactam counterparts (3- l
aminoazetidinones) which}may be E;acylated under@aqueo;s
Or nonaqueous conditions,87c the.unprotected serine B-
lactones eagerly add even tpe poorest of nucleophiles
(eg., CF3C007, Tso')23% to produc~ the corresponding

stereochemically-pure (based-on [a])) free amino acids in

high yield (Table g).' This direct synthetic mimicry of

o

_successful 1n th@’@reparatlon of several B- substltpteaﬂ

v 1‘0

halanlnes whlch were prev1ously 1nacce551ble (Entr1es li\\v/)

7, 12 in TabPe 6), and 51gn1f1cantly expands twe uf)llty

of the serine g- lactones. . o ’ e : ﬁ}
In many respects the 3eamiho%2~oxetanones are very

similar to their gjprotected bounterpafts,;howeve: there

are significanf differences. Reactions ‘may be carrled out

in THF (w1%h 140) or the usual polar aprotic solvents,

£

acetonvtr1le and dlmethylforwémlde. In addltlon, TFA may
be used)as hhe reactlon ‘solvent with generatlon of 3—
am1no-2~oxetanone in situ from 42a (eg., Entries 1, 2).
Despite'the fact that the 3—amino—2-0xetahone saltst
hydrolyze ?ulte rapidly in water (tl/z ~2.5 h in

unbuffered Hzo' t1/2 = 10.6 (+£0.5) min in pH 6 78, 50 mM
pota551um phosphate as determlned by quantltatrve solutlonl.
IR), with adequate nucleophiles (eg., thlols) extremely

hlgh y1elds and chemoselectivity can be attalned through
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control of pH (Entries 9-11). The use of the ﬁigh

ity TFA and H,0 solvents may account in part for the

pol
siderably enhanced reactivity of these B-lactones.

In the absence of impurities, the TFA salt of 3-

»

amino-2-oxetanone (140) is .stable for over one week in
CF3CO0H, however if impyrities are present O-

\
trifluorocacetyl-L-serine (142) rapidly forms (Entry 1,

»
Table 6). For this reason 140 is usually generated and
used immediately. Because it is difficult to liberate 140

of ai” residual CF3COOH and CF3COOtBu it is usually

employed under aqueous conditions with controlled pH '’

'}; (Entries 4, 9, 10, 11) or with an excess of nucleophile

(Entry 3, 5, 8). ‘

Isolation of 3—aan052-oxétanone as its tosylate salt
(141) offg;s distinct advantages. It may be prepared and
stbred (d;Q} 4°C) analytically pure in multigram
quantiéieS'gnd'handled without problem in air. B-Lactone
141 1is free of residual CF3COOH and CF3CbOtBu which can
consume nucleophilic reagents, and thus is particularly
well~§uited for reacéions in nonprotic solvents with a
miﬁimal amount of;nucleobhile or for reactions inQolving

\

acid sensitive reagents/pro@ﬁﬁ;s'(eg., Entry 7).

e o . .
Reaction in TFA.and subsequent isolation of the;’f’

B I A
~

. product as the tosylate salt by precipitation £;om?éthef
was desirable for products bearing electrophilic SY
nucleofugal g-substituents (eg., Entries 1, 2, 12)\in

'order to prevent decarboxylative elimination or -

‘
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decompositfan. fbr ex;mple, when 140 was treated with
anhydrous AGl resin in the CF3C00” form in TFA, O-
triflubroacetyl-L-serine was produced in high yield.
Attempted isolation of this product by removal of excess

L

TFA in vacuo resulted in O»N-acyl transfer and dehydration
. - L -

to produce a sublimate of N-(trifluorocacetyl)dehydro-
"alanine (143) in 83% yield (Scheme 22).23% The presence

of an equivalent of nonvolatile p-TsOH during the

Scheme 22 . -
o ,
OJLCF:, Qﬂ 0 0
. r ' CF Xﬂ?“ _'cra)LN COOH
HgNACOOH . 3 ” COOH H
 CF,C00" _ N _ 143 (83%)
CF,COOH
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isoiation.allowed_gjtrifluoroacetyl—L-serine to be secured

in 88% yield as its tosylate salt (142). 'When treated
with nucleophiles (eg., N3~) 142 produces exclusively
serine, and any serine observed in noﬁaqueous reactions of
B-lactone 140 probably arises in this manner from O-TFA-
serine impurities.

A prolonged exposure of 3-amino-2-oxetanones to the
pooriy nucleophilic p-tosylate anion232 in TFA eventually
generates_g;tosyl-L-seriﬁe which was isolated in 75%
purity (25% seriné impurity) as its tosylate salt 144
(Entry 2).

O-Phospho-L-serine (145) is a metabolic precursor of

~,

\ .
“'serine in plants,12 a suicide inactivator of glutamate a-
o N y



decarboxylase26a (Category 1, PLP-enzyme), and important

constituent in phosphorylated secreggry and other
proteins.lé;f35'237 It -is usually synthesized by a
%bundabout pfotection/deprotection strategy,235 however it
may be produced simply and direct1§ in 87% yield by attack
of phosphate anion on 3-amino-2-oxetanone in DMF (Entry
3).233 yse of concentrated H3Pb4 Qh?140 produced only
serine on agqueous workup. |

Based on the results with these relatively non-
nucleophilic oxygen nucleophiles, it is probably safe to
predict that the analogous reactigns of sulfate and
acetate anions with 3-amino-2-oxetanone could directly
produce serine Ersuffate (X = 804';238 and E&
acetylserine. These compounds are suicide substrates for
several a-decarboxylase, aminotransferase and racemase

PLP-enzymes (Category 1).26a-d

B-Chloroalanine (13a) may bevprodﬁced either from 149
or directly from BOC-L-serine B-lactones (42a) in 92%
recrystallized yield b; treatment with concentrated HC1
'(Entry-A) (cf. previously described conventional 3-step
synthesis110 fr§m serine). This materialv(13a) was used
~in the previous synkhesis of optically active lanthionines
(16), and also acts as a suicide substrate‘for aspartate

8,21b 239

alanine aminotransferase and

26,240

p-decarboxylase,
bacterial amino acid racemases. In collaboration
with Dr. Monica Palcic we have found 13a and 142 to also

be suicide inhibitors 6f'aspartate a-decarboxylase (see

130
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Appendix‘l);

The origins and activities of p-cyano-L-alanine as a
neurotoxin and enzyme inhibitor4,161-164,166,167 Lo o
previously mentioned in the synthesis bf its N-
(benzyloxycarbonyl) (Z) derivative (73a). As in syntheses
of 2-B-cyano-L-alanine (73a), the nucleophili; additions
by cyanide anion were ‘initially problematic, but in this‘
case elimination was not observed. To facilitate
investigationé, authentic B-cyano-L-alanine (146) was

produced from 73a by deprotection with trimethylsily]

iodidel®3¢ (TMSI) in CH3CN. This also proved to be

1

| 1. (CH,),SIl (1eq) ® -
/ECN CH,CN, 10min . J:CN C~NH,
> . /E
Z-NH” N COOH 2.89. NH,OH (tea)  \ wNcooH | H,N” > COOH
- 732 146 (84%) L-Asn '

somewhat triéky since use of éh alternative solvent, >1
equivalent of TMST, prolonged‘reaction, or simple H,0
quench resu}ﬁed in 18-40% hydrolysis to,L-asparaéine (L-
Aén). - The deprotection conditions eventually developed
with TMSI (84% recrystallized) are however a considerable
improvement over those in the literature usigb Na/NH3(1)
(50% yield¥69). Hydrolyses of B-cyano-L-alanine on AG50
(it form) resin and in recrystallizations from hot H,0
were also encountered. PB-Cyanocalanine could not be
produced by reactions of g-chloroalanine with KCN in Hp0. o
"Reaction of B-lactone 140 with aqueous KCN at pH 5

provided a 60/40 mixture of serine and B-cyanoalanine
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(146) . Treétmeht of 3-amino-210xeténones (140/141) with
NaCN in DMF yielded a ~2:1 mixture of the desired nit-

(R-CN) (146) .and thg\iifrespohding isonitrile (R-*NzC )
. ] 1

(IR: 2250 2160 cm~1; 13¢ NMR' (D,0) §119.8, 160.5 ppm for
nitrile‘and igonitrile, fespectively); Use of the more
highly dissociated n-Bu4N+CN' 241 4q DMF60 128 £5110weq by
desaltléc under neutral conditions on ion-retardation
resin and Fecrystallization (Hzo/dioxane, 25°C). avoided

these problems and provided B—cyaho-L-alaninev(l46) in 84%

yield. B-Cyano-L alanlne (146) is now under scrutiny as

an inhibitor of the varlous aspartate enzymes by Dr.' M.
' LN

Palcic. ’

Pyrazole reacted with 3-amino-2- -ox=2tanor.2

L

to provide free B-(pyrazol-l-yl)-L-alanine 14772 142‘ iw é,rJ
good yield (77%). This suggests that the related “
unprotected heteroé;clic B-substituted alanines (en.
guisqualic acid, willardiine, mimosine, etc. of Figure
15)4'2,8'93b'131'143 could be produced in this manner.

B-~Azidoalanine (148) is a mutagenic metapolite

recently isolated from Salmonella grown in the presence of

242

azide. It is an example of induced production of a 8-
substituted alanine by a microorganism via PLP-B -
replacement enzymes (from O-acetylserine) 1in attempt to
detoxify an external nucleophile (N3").242 The reaction
of NaN3 with p-lactone 141 in DMF to afford B-azido-L-

alanine in 96% yield repfesents the first chemical

synthesis of this labile compound.243 1¢ also illustrates
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v

J
how the 3-amino-2-oxetanone tosylate salt éerves édmirably
in the preparéggon of materials which could no£'withstand
deprotection by acid (eg., TFA) orlhydrogenolysis.
Because hothiné is known about the bioloéical properties
of p-azido-L-alanine (148) aside from }ts mutagenicity to

242

Salmonella, its integaction with various asparate-

~

: . 4 . . . .
associated enzymes is éurrently eing-investigated in

collaboration with Dr. M. Palci

g 3 Q : ‘
@&All of the sulfur nucleophiles in Table 6 reacted

rapidly with the unprotected serine B-lactones (140,

141). Reaction with lithium hydrosuifide produced L~ y
4

;steine:in 88% recrYstallized'yieidf233 thergﬁy ’
sh“'dembnstr;timg the potential tb'generate.expensive
unprotected D-amino acids (eg., D-cysteine) from
Tinexpensive D-ser%ne. Although this reaction (Entry 8,
Table 6) was carried out in CH3CN/THF,233'tég;{;sults with
other thiolate nucleophiles (En%ries,g—ll) suggest that
the same result could be achieved in H,0 at pH 5.
Both L-cyste}ne and mercaptoethylamine (MEA) reacted
rapidly and chemoselectively with 3-amino-2-oxetanone 140
at pH 5.5.to produce the diaﬁinopimelate (DAP) analog,
lanthionine (16a) and thialysine (149), respectively,
Interestingly, this is in direct contrast to .the
prev?busly observed N-alkylation of MEA by Ehe‘gjprotected
B-iactones in mixed aqueous/organié solvents. Since

thialysine would be}generated if lanthionine were

decarboxylated (Scheme 23), this material (149) was' used
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‘\
to establish that indeed:ééééflanthionine (16c) was
actively converted to thialysine by EE§QEDAP
Eécarboxyiase; The stereochemistry of this CO,/H
replacement is currently under investigation in
collaboration Qith Dr. _M.,Palcic.34

. The synthesis of L-lanthionine (16a) from the
< - -

unprotected L-serine B-lactone (En 10, Table 6) in 93%
¢ )
Scheme 23
-Diaminopimelat
HzN NH, meS(’Dcc::'t‘)onxomi;re,e e H,N S/\/ NH,

HOO?:\_,_»/\C/OOH ﬂ\ﬂco; -—>HOO\C(/\

recryétallized yield is the most efficient yet reported.
‘Notably, the product 1l6a i; produced without the need for
the strongly alkaline conditions previously required with
B-chloroalanines (i;e.,'16a from 14a), and provides L-
lanthionine of higher opt;;al purity “han we have ever
encountered. A

L-Thialysine (149) “was algo pfoduced acdordingmto
Ca?allini et al.244a py alkylation of L-cysteine with 2-
«bromoethylémine at high pH. 1Isolation and purification of
149 produced by this*method was considefably more |
difficult due to the presence of much salt, and yields
were substantially.lower (60% yield).

| L-Thialysines (149) prepared by either method

possessed indistinguishable physical properties.

L]
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NH :
HoN N H,N NH
2 \r/\SH Br 2 s\ NH2
© HOOC 8q. KOH HOOC  (60%) o
Lysteine 92 : L-Thlalysine 149

~

‘ThiaIYSine is produced naturally in mushrooms from serine
and mercapéoeﬁhylamine by a\B-féplacement eﬁzyme

(analogous to preparation from 3-amino-22 ¢
oxetanones41'24%?ywand acts as a lysine antiﬁetabolite in

. 245 v
biological systems.

In view of the extremely high chemoselec;ivit? of
alkyI;Zion of the above poly-functional thiols. by 3-amino-
2-oxetanone 140 at pH 5.3, this meﬁhodoloéy should prove
useful not only for the preparation of the numerous.
natural B-thia-substituted amino acids,1a but also in the
chemical modification of peptides and proteins.119

. ,
Considerable manipulation has previously been required to
" produce differentially N-protected lanthio'nines-7lb
necessary for synthesis of the antibiotic peptides in
yhich it is a constituent.l9% yse of the unprotected
serine B-lactones could allow simple synthesis of mono~N-
.protected lanthionines, or the post-synthetic conversion
of cysteinyl residues of a peptide to ianthionine residues
bf chemoselective S-alkylation at pH 5.5 in the presence
of all other side-chain functionalities.

The Bunte salt,§§;%91fo-L—cysteipe (150, Entry 11,
Table 6; X = -5503") {s the immediate metabolic precursor

»
of L-cysteine produced from serine and thiosulfate (i.e.,
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s—replacement) <in Asperglllus and other
52,246a

organlsms It also functions as 'the' natural direct

donor oft sulfur in the biosynthesis of the antibiotic

cephalosporin C from Cephalosporium aéremonium.246b This

material is readily prepared (83% yield) from 3-amino-2-

- oxetanone 140 by ring-opening with sédium thiosulfate in

H,0 at pH 5.8.

In contrast to the rather sluggish reactions of N-
protected serines with Me,S in DMF,ithe unprotected serine
Bélactones (140 or 141) reacted almost instantly and
quantitatively kby 1y NMR) with dimethyl sulfide in
CF3CO0H to produce the dimethylsulfonium salt of cysteine

which was isolated in 88% recrystallized yield as the

“stable bis(tosylate) salt (151, Entry 12, Table 6). The

. enormous increase in reactlon rate relative to that in DMF

is- llkely due in part to the 1ncreased solvent polarlty

nuclgophilic atta?k (i.e., chatged‘prqducté
generated).

The success of thé reaction with dimethyl sulfide
providedzmﬁch hope that the synthesis of the initial
target, S-methyl lanthionine sulfonium salkt might finally

be realized (Scheme 24). 1In the-reaction of S-methyl-L-

cysteine with 3-aminb-2-0xetanone (140) in trifluoroacetic

.acid no problem was expected or indeed encountered with

regard to attack on the lactone by amino or carboxyl

m01et1es./ However when monitored by lh NMP it was obvious

!
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_ anq Lewls acid-catalysis of*the‘ring-opening in this TypeFt
| 2128
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that no detectable S-alkylation was occurring either!

After 7 days at 25°C, O-trifluoroacetyl-

& Scheme 24
Co  HN

&
DY T e
: M

HoOoC Me HoOC e coou

L-serine (142), resilting from ring-opening of the lactone
by the solvent, was the sole product. Use of the tosylate
salt of S-methyl-L-cysteine in hope of reducing'attack by

the TFA 'solvent resulted only in the production of O-

tosylserine (1443 instead! Employment of DMF.as the
solvent with tosylate salts again resulted in the eventual
(3 weeks) production of_thosyiserine (144) as the O?EL\
product. It appears tha£ because of the sterié'hind}ance
»/’Hﬁg‘to the presence of the amino and carhoxyl mcieties ih
S-methyl-L-cysteine, S-alkylation is greatly retarded so
that even a poor nucleophile like tosylate succéésfully

\
competes.

A number of syntheses oé serine stereospecifically-
labelled with deuterium or tritium at the C-3 ppéition“
. have recently been feported.247 Recently A;. S.E.vRamer
of our laboratory utilizéd 59ch$lébelled serines to verify
that the Mitsunobu-type 1actoniiation of Z-L;serine does
in fact proceed by hydroxyl-activation with resultant
finQersion of C-3 as expected and dépicted in Figure

13.247 ge further‘ptbved that as anticipaied nucleophilic

a
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rlng-openlng by acetate anion agaln inverts the
stereochemlstry at C-3. Based on these results a wide,
variety of B-substituted alanines stefeospecifically.
labelled at the C-3 position with isotopic hydrogen may be
generated from the correspondlng serine v1a the g- lactones
with a net retention of €-3 stereochemlstry (Scheme 25).

Since attack oﬁ organocopper reagents on secondary

substrates bearing oxygen leaving groups (eg., tosylate or

mesylate) has' been demonstrated to ‘proceed with

"inversion, 220,221,223 _3 scereospec1f1ca11y 1abelled

e

amino acids bearing aliphatic and aromatic side- chalns
should be accessible by this route. These.labelled.
compounds are often valuable probes in stud&es of the
stereochemieal course of enzyme meehanisms and_biolegical
pathways.B'22 | -

The serine B-lactones which are read%ly accessible

from optically-pure inexpensive serine derivat ves have

Scheme 25

H* H H*
Heo S ‘ : ~ o £
IOH inversion ~&N—o0 Inversion HIR
e e g \ e ——
N COOH ‘ N4 ko . N COOH_

c.

nroven to be stable, convenient, versatile synthetic
intermediates. 1In many instances the B-lactone approach
has beenQdemonstrated to be superior to previous methods

in terms of optical purity, yield, economy, or ease of
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preparation of rnown Amiﬁo acids. Clearly the ﬂ;protected
and free 3-amino-2-oxetanone salts have enormous potential
apoications in organic syntheses, biochemistry and the

pharmaceuticaluindustry for producing both discovered and

as yet unconceived amino acids. .

Polymer-Supported Alkyl Azodicarboxylates in Mitsunobu

Resctions

’

" . Because of the established potential of the serine p-
lactones as versatile synthetic intermediates, convenient
{large scale methods for their preparation were
__1nvest:gated._ On an industrial scale, the prohibitive
cost and hazards of the dialkyl azodicarboxylate reagent, '
and required chromarographic purification of‘rhe product‘
“from Ph3P=0 and ROOC-NHNH-COOR sideproducts, disfavor thei
Mitsunobu reaction.872 Immobilization of the alkyl
azodicarboxylate moiety*on a‘polymeric support would

render it macrosc0p1cally 1nsofub1e yet reactive in a

qua51dlssolved stdte '14 ’Tbe Spent" immobilized reagent

h \m:f!’. ¢

could be phy51cally removedaafter the 1actonlzatlon
reaction, regenerated- by reox1dat10n w1th a number of 7

91 and used over and over in

inexpensive ox1d121ng agents,
this fashion. This would effectively avoid;the[dangers
associated with distillation of the azodioarborYIéresend*
considerablY'rOGuoe costs. Furthermore, purlfication of

the serine - lactones would be 51mp11f1ed bj the absence

of d1a1ky1 hydrazodicarboxylate in the product mixture
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(i.e., filtrate). I . o

Thé polymeric support matrix emplo}ed’mdet be inert
to the reaction conditions used 1n 1mmob111zat10n,’
oxidation and utlllzatign of the alkyl azodicarboxylate
functionality. Ideally it should be initjally free of
nitrogen in order to allow measurement“of loading by
elemental N analysis. Finally, it'Shodld possess
mechanical stability to physical degradation bnt:swell
’considerably on‘solvation by organicvsolvents,to»l
facilitate reactions. \These consfderationé fr axsuiteole
polymer are very similar to thcse vf\Merriilelo §olid—;:
phase peptide synthesis, 1314 2-4 consequently 1%

. $ . .
crosslinked polystyrene resin was found to be most ¢

14,96,97

« - o
suitable. This choice a so enabled us -to take

advantage of commercial sources of derivatized polystyrene PO

resins and the well-established chemlstry developed for
5011d -phase peptide synthesis (SPPSY. 14 248

To examine the viability of this approach“

commercxally available hydroxymethyl polystyrehe resin-

v . "

- (152) (1 meqg/g, ~10 mol% load, l%ﬂcrossllnk) swollen in
dichloromethane was converted to the corresponding'
chloroformate by reactlon with phosgene and pyridine
(Figure 21). Excess. rdajenks were removed by filtration

and the "activated" resin was treated with triethylamine
and methyl hydra21nocarboxylate to produce the methyl iﬁw

)

hydrazodlcarboxylate derlvatlzed resin 153. Incorporation

/A

of this functlonality was evident from ‘the very strong

o

‘}!'.
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-

carbonyl band ifi the IR (Fluorolube® mull, 1790-1680

cm’l), and analysis was consistent with the derivatization

of 88% of the available hydroxymethyl-mpieties (i.e., 0.75)

meq/g, 8.75 hol% of units),

Oxidafion of.dialkyl hydrazodicafboxyiates
‘ b

( ROOC-NHNH-COOR) to the corré:ponding é;o compounds

}ROOC-N=N-COOR) can be accomplished with many inexpéns%ve
»,Qxidizing agents such as Cl;i NpO4, oOr tert-butyl

hypqchlorite,91'95 which ﬁ%e compaﬁibié with thg resin.

On’small scale Ejbfomosuccinimide/pyrid;ne ié most rapid

and cbnvenient. Iniﬁiélly;ydicglgromethaneIwas used for
-ghis oxidation} but';azer resulejsuggest éEetonEtrile is‘

preferable since the succinimide side product is soluble

[

——CH—CH, CH—CHy—— _ ~——CH-—CH, CH=—=CHy——

‘ ;p%? X
) 3 . CH,0H

CH,CI )
€ . . " 1. CIC(O}X (X=Cl, Ph), pyr
' o
. . ¢ .
. ,;’ Coet ‘ 2 HyN-NH “OMe . DMAP or EtgN
LB
DELE
? 153 (8.75mol%)
; CH,;0 NH 160 (33morX)
D CHyO __NM
2. Y
: )

[}-,

o
N-Bromosuccinimide / pyr

154 (8.73mo1%)

¥ o
Eigure 21. Preparation .and Use of Polymer-Supported Methyl
. Azodicarboxylate

A
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invCH3CN, thus p%tentially allowing the utilization of
GOntinuous flow methods. On oxidation the snowy-white
hydrazodicarboxylate resin turns bright orange, ana IR on
the resulting azo resin (154) indicates >94% conversion of
hydrazo units by comparison of relative i;tenSities of N-H
bands_at 3360 cm~l. Semiquantitative iﬁfrared
spectroscopy on 154 resin alsv suggested 8 (+3)% of /
underivatized hydroxymethyi unitsf
}his immobilized alkyl azbdicarbox?late reagent 154
served admirably iq Mitsunobu condensations. Estimation
of the.cdncentration of accesiible (i.e., synthetically
usable)ﬁélkyl azodicarbox}late functionalities on the
resin wéslconveniently achieged by reaction with a known
excess triphenylphosphine, aléphol, and acidlic component
followed by chromatographic recSVery and detérmination of
unredcted Pﬁép and/ér Ph3§=0 product. Analysis of resin
154 in this manner indicated 0.61 (+0.03) meq/g of usable
azodicarboxyiate units correspond%ng to 86% of the 0.74
meq/g possible. This activity of the resin showed no
dimunition (£0.03 meq/g) over 5 redox c&%lek of the resin
(Figure 21). gkﬂq,
Synthesis of benzyl benzoate (155) from beggyl
alcohol and-benzoic acid using ex?ctly 1 equi&alent of
Ph3P and 1.3 é@%ivalents of resin 154 proceeded in 65%
yield. This compares favérably with 80-85% yields X

reported for this reaction in the literature,B86 with the

losses being due primarily to moisture. 1In later

>
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lactonization reactions ~0.5 eeuivalent excess of Ph3P and
reein 154 were typically employed to minimize/loeses due
to moisture.

For lactonization of BOC-L-serine t!la), PhaP was
added to a mixture of the B-hydroxy acid_(41a) end resin
}54 at -45°C in THF and allowed to warm to 0°C. After 3.5
h the reactien was complete according to solution IR on
the'sdpernatant. The filtrate and washings of the resin
conraining mostly Ph,yP, Ph3P¥O and B-lactone“yielded 56% ;%iﬁl
BOC-L-serinehﬁ-lactone (42a) by flash chromatography. N
This yieid,rivals-that ef'60465% obraineq in the
preparation of - 42a by the "analogous homegeneous reaction
in THF. As an alternative,vmhe B-lactone (425) could’ be

isolatgd in 51% yield (91& recovery) by prec1p1t§tlon of .
LU el : b‘?{a?

>90% of the Ph3P =0 from ether followed by crystéjl1zatfqn e P
: R
of 8-lactone from chldroform/CC14/ﬁexbne. Sucheselectlve o,

) NS
2 i

recrystallizations were not possible in the presence of
.dialkyl hydrazodicarboxylate and illustrate how use of the
resin 154 can eliminate the neeq for_chromatographie
purification of products from Mitsunobu reactions. . Yo
g?THF was preferred to CH3CN as the solvent employed TN AW
with the reein due to breater solubility of. reagents aeg (
increased swelling (2-2.5x) 14 of “the reéin, thereby -
fasilitating‘faster reactions in the former solvent.
Preformation of the PhiP/azo-resin (154) adduct did not
significantly increase yield;, perhaps due to more s

significant losses to moisture. Other workers have noted
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considerablé enhancements of the intra-aversus
yintermoleculaf\;ééctions aﬁd increased "lifetimes" of
"labile intermediates for reagents immobilizedlon polymeric
supports, which are attributable to reduced diffusion-
rates in the polymer matrix.249_ For this reason,
preformation of the N-phosphonium adduct probably achieves
no furthér gains in Qromoting lactonization versus
intermolecular condensation. o
_All resin reactions and manipulations including
drying in vacuo could be COnvenieptly.carried'out in a
stirred, jécketed reaction vessel equipped with a sintered
g}ass filter at the base (Figure 23 in Experimental);
thereby avoiding transfers of. the resin. The polymer
supported alkyl azodicarboxylate (i54) is also amenable to
'column/continudus flow and related production methods
currently utilized in solid-phase peptide)é?ntheses.14'250 .
The cost of recycling recovered hydrazgdicarboxylate
resin 153 by oxidation with_E;bromosuccinimide/pyridine to
154 is less than 1/10 that of purchasing dialkyl azodi- ~§@
carboxylateé (eg., DMAD or DEAD) and a saving'ofd
approximately $140/cycle/mole is easily realized through
the use of the ﬁgsin. Further savidﬁs are procured by
elimination of the need for chrgmptography, ‘and the
expense of production of serine f-lactones (eg., 42a) is )
reduced 3-4 fold relative to the'homogeneous solution

procedure.

Heavier loading of the polystyrene resin with
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reactive dialkyl azodicarboxylate units.would,ecénomize on
the vbluge of sglvent reduired fo;/reacﬁions and could
reduce losses.due to résiduél méfsture in the solvents and
resin. Since the cost of the polystyrene résin.starting
material is éssentially independeﬁt of the degree of
loading, an increase inlthe number of megqg/g would
substantially reduce theg initial production cost; of thg
resin. With resin 154 it is possible to produce ~70 g of
B-lactone 42/kg-resin/cycle,lhuwever an chreage to 35
moi% loading of Ehe resin could allow pfoduction of ~300-
350 g ;;lactone 42/kg resin/cycle. |

Because heavily-loaded hydroxymethyl polystyrene
resin is not commercially available, it was prepared from
Merrifield chloromethyl peptide'resin (BigBeads S-X1, 3.90
meq/¢, 50 mol% loading, 1% crosslink) according to

300

Wang. This invelved conversion to the acetoxymethyl

form (156) by heating in dimethylacetamide with potassium

e » red

KOAc o
Me,NC(O)CH;

CH,CI
Bir-Beads S-X1

.

acetate to react >97% of the CH,Cl moieties. Reductive
deacylation was next effected by treatment with lithium
aluminum hydride. 1In view of .the.extensive washing

required to free the resulting hydroxymethyl resin (157)
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"of aluminates, the aiternate’hydrazinolxsie proceeure.
appears more attractive especially on large scale.300 g
on hydroxymethyl resin 157 indicates >99% removal of
acetyl groups and elemental chloride analysis confirms <3%
residual chioromethyl functionalities. Coﬁversion of the
chlogomethyl to hydro%ymethyl resin via the acetoxymethyl' ™
form avoids Lne crdé%linking by Williemson—type benzyvl ‘
ether formation possible in endirect hydrolysis.

v?he heavy-loaded‘h?droxymethyl polystyrene resin (56
mol%‘hydroxyﬁethyl units) was subjected to "
pbesgene/pyridine—fqllowed by methyl carbazate
(HZNNHCOOMe)/Et3N anélogous to the light~loaded case
(Figure 21) but with extended reaction times to provide
158. Analyses indicated ~40% unreacted chloroformate
residues (Cl anal.) and ~40-50% hydrazodicarboxylate units
(N anel.)ﬂ The balance appeared to be rather unreactive
carbonate crosslinked units. 1In order to reduce the
possibility of crosslinking by formation of unreactiQe'
carbonate (Polymer~OC(O)o~Polymer) re51dues’and avoid the
presence of residual reactive chloroformate groups, an
alternative phenylcarbonate actlvatlon was attempted

On small scale,’heavy—loaded hydroxymethyl resin 157
was suspegded in‘CHzélz and treated with pﬁenyl |
chloroformate/pyridixe. After 16 h no detectable CH20H
functionalities remained accordlng to f%, and these were

replaced by a strong carbonyl band at 1760 cm™ =1 for the

phenyl carbonate (X = Ph in Figure 21). Oxygen analyses

¥
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were consistent with near quéntitative conversion to
(phenyloxycarbonyl)oxymethyl polystyrene resin (159). (50
mol% loading, 2.8 meqg/g). '

This phényl carbonate activated';esiq (159) reac;ed
oniy slowly Qith methyg carbazate and Et3N (pr = 2.99) in
DMF at 25°C, however over threefold enhancement in rate

~was obtained by substitution of the hypernuéleophilic
acylation catalyst;4—dimethy1éminopyfidiné (DMAP) (Skb =
14.35)251 4q triethylamine.; Af;er.S;days 70 (t2)§
incorporation of methyl carbazate (N anal.) corresponding
to 1.91 meq/g‘hydrazodicarboxylate units (35 molg%) in 160
was échieveq. ‘SeméguantitativelIR, elemental analyses and
solid-state 13C NMR (see below, Figure 22) on 160
indicatéd that the unreacted functionalities remained very
éonvénien;ly "capped" as relatively uhreactide phenyl
carbonates (15 molg) énd'gg_free hydroxymethyl moietiesl
were‘ﬁetéctable. Higher‘incorporation was ‘not attempted

ﬂ@pince unréacted functionalities are prgbaply relatﬁﬁely
i:accessible. How@igr ff desired, reactiop at higher
temperatures or activation as the more reactive p-nitro-
égenylcarbonate form bf the resin (from p-nitrophenyl-
chloggiormate‘+ 157) could probably achieve this.  With
yields ana conditions similar to those with the light
loaded resin (0.61 meq/g usable azodicarboxylate units),

. this 3% mols loaded resin hasothe.botential to produce: 30-
35% of iég.mass in BOC-L-serine B-lactone (42a) per éycle,

easily allowing complete recovery of production costs in 3

O
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cycles or lessf‘ Tpis:methyl hydrazodicarboxylate
derivatiied resin (160)[has been oxidized with 75%
conversion by 1.5 eﬁu1valents of NBS/pyr in

acetonmtrlle. The resulting ox1dlzed resin (1.43 meq/g

‘avo—unlts) produced a 34% y1€l( of B-lactone 42a when
O R
rgmploxed under cond1t1ons analogous to. those used with

S Although opt1m12at1on of condltlons is still

requlred thlS 1nd1cates that the heavy- loaded resin is
¢ .

indeed useful;;n Mitsunobu react1pns., S

4

The.diff}culties and shortcomings with analytical
methodsffor'quantitatively deternining the exact state of
functionaliiation of . the po;ymer_support whicn are -
inhe}entvih{SOlidrphase peptide s;htheses'(SPPS) were also
encountered in thls work Mass fecovery of régf% is only

at best a rough estlmate of the extent of reactlon,
especxally with the resin's tendency to stﬁbk to untreated
glasswa:e.‘ Elemental analyses were often successful when
redoubled'combustlon was employed; The H, N, 0, and X

. values we -sually cons{stent with other estimates, but

carbon determlnaﬁﬁons were frequently variable and low by

"v

R

3

~1%. Nitrogen detegmﬁnatlons on azodlcarboxylate re51nsé)

(154) were often iow,,probably because of thermal

\\v .

decomp051t1on and loss of N, in the analysis. With the

light loadzg resir -« (0.61 meq/g), the $0.4% accuracy of .
LR ’ ) P
the analyses represencs only +20% accuracy in'determining

loadinél IR spectroscopy is commonly used in SPPS to

qualitatlvely assess the success of a reaction on the

4



, . . 149
r;;in.‘ FT—IB’Oﬁ‘Fhe‘resinsAas a Fluoroiubeo mull reliably
provided é;semiﬁhaﬁiitative méasure (+5%) of the extent of
generation or ioss «f OH, NH, ande=O functionaiﬁ@ies by JJ
comparison of band intensities with those of relatively'
constant (+5%) C=C and aromatic C-H bands. The previously
described "back-titration" with an excess of Ph3P is,

however, the only reliable way to obtain én estimate of

the number of usable alkyl azodicarboxylate uni;s )
available, and is simple to perform.

As expected, conventional 1L NMR spectra of
suspensioai’of the resin in CDCl3 were completely useless
and were totally lacking any fine structure. 75 the best
of our knowledge there has been one previous report of
solid state 13C NMR on underivatized polystyrene in the
literature.232:253 yith the kind assistance of Nancy Cyr

of Alberta Research Council we wcre able to obtain the

-solid state 13C NMR spectra on the 50 mol% loaded resins

- (156, 157, 159, 160) shown in Figure 22. Although the

considerable presence of spinninﬁ\sidebands (SSB)
associated with the magic angle/spinning method reduce ,
sensitivity and obscure the high field region somewbat,254
the imbortant‘structural feaﬁures of t$¢ derivatized re®in
are clearly visible. Notably, the ;hemical shifts of the
carbons are within a few ppm of those expected ih normal
'solution phase'13C NﬁR.27 The A, B and.C ﬁeaks of
spectrﬁm 1 (Figure 22) represent overlapping‘reéonances of

methine and methylene carbonﬁ’gf the pdlystYrehe backbohe,
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Figure 22. Solid State 13C NMR on Derivétized Polystyrene Resins.
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4

and tertiary erpmatic, and C-1 quaternary earpons of
polystyrene, respeEtively. Spectrum 2 of the 50%
chloromethylated polystyrene resin (BioBeads S—Xl)
possesses peak D for>tﬂe CHéCl and.E for the quaternary
C-4 aromatichcarbon'to'which the chloromethyl group is
atfaehed. The presence of the acetyl methyl is obvious at
22 ppm (F), in the aceto;;methyl form of the resin 156 fs
is the acetyl carbonyl at 171 ppm (H) The llnklng CH20
is shlfted to 67 ppm (G) from its prev1ous poé}tlon D in
the chloromethyl resin. Hydrolysis of the acetoxymethyl
- resin 156 produced hydroxymethyl resin.157, for which tﬁe
13¢c nMR Spectrgm‘4lindicates the complete absenc~ <I the
~acetyl methyl and carbonyl (F and H). The resonance of
;the’quaternary aromatic carbon to which these functional
groups—are attached (E) is also sensitive to these %
transformations but is not alwaye'well resolved. The 13¢
NMR of (phenoxycarbonyl)oxymethyl polystyrene resin 159 -
(spec;rum 5) produced from 157 1llustrates the presence of
the carbonate carbonyl (Peak I) at 153 ppm and'ep
unresolved new arpmatic'peak at 123 ppm, dpe to the?
introduction of tpe pheneﬁy ring. In spectrum 6 foréthe

35 mols mefhyl hydrazodicarboxylate reein 160, peaks K and
J-répresent the newly iptrodueed methyl‘and carbaﬁate.
carbons‘respeetively. The reeidual peak I of reduced
intensity is consistent with the presence of ~15 mol% of
residual phenylcarbenage units. These six spect;a'quipe

satisfyingly reflect the suceess,of”é}l the iﬁporta
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functionél group’manipulatiooo on the resin and provide
useful insight’ as to the state of the re51n which 1s not
readily available from elemental or IR analyses. *Tn the
future with the constant improvements in resolution,.
sensitivity, and integration whichuate being achieved in

solid-state‘l\-lMR,zsz'254 it is likely this technique will

provide a very useful guantitative method of examining the

'functionalization of polymerio supports.
In suhmary, laﬁghionine.derivatives have been
‘prépared ahé appear to reore‘en: attractive skeletons on
which to append further functionalities in oeveioping
suicide inhibitors for DAP enzymes; The synthetic utility
. of serine B-lactones hés been fitmly'established through
additions of typical heteroatom and carbon nucleophiles.

3 ]

and a méthod has been devised to enable their economi-al "

large scale production through immobilization of the alkyi\

azodicarboxyiate‘teagént on a polyotyrene support, This
‘polymer supportedbreagent is oenerally applioable to all
Mitsunobu rééctions énd eliminates the major disadvantéges
associated with thésé condenéations. It should therefore
facilitate industrial- production of numerous chemical and
pharmaceutical products (Figure 8)86'89J92'93_(in'addition
to the formation of serine B-laotones) which are
accessible through utilization of this versatile

'_}:‘lg‘;i‘;‘

condensation reaction.,

a

152
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all reactions'requiring»anhydrous condiﬁiogs or

1nvqlv1ng a1r sen51t1ve reagents (eg., th%ols) were ‘done
under Sllght.pOSlthE pressure of dry Ar Dry reactions

were performed USlng oven-drled glassware (>6 h at 140°C)

: whlch was caoled under Argon. All organic layers from

. ,'uv

Sd
extractLons werendrled over Na2504 The term "in vacuo"

Q

refe?E,to the removal of solvenf on a rotary evaporator

J

(7
followed by evacuatlon (<0. Oxﬁptorr) to constant sample

\‘J LU

welght.; All ‘'solid products &%re drled in vacuo over P,0g

and KOH pellets Dry solvents were prepared under an Ar

'atmosphere accordlng to Perrin et al,:2°6 benzene,

~4.x“,

e

1
P

toluene, -and tegrahydrofuran (THF) were dlstllled from Na
or K/benzdphenone acetonltrlle (CH4CN), dllsopropylamlne,
and pyrldlne (pyr) were dlstllled from calcium. hydr1de-
methanol and ethanol were distilled from Mg/catalytlc I,:
d*meﬁhylﬁo;maﬁhde (DMF) was stirred with Bao (16 h),
deegited and dlstllled at reduqid pressure; dlchloro—
@ethaﬁe was' dlstllled from P,0g: trlfluoroacetlc acid
(TFA) was drled oyer P,0g, and distilled. Ethyl ether and
he;amethylphosphorenide (HMPA) were obtained‘and_used as
anhydrous reagents. Any solvent used for chromatography .
was distille%. Water was Milli-Q quality which when
i . o .
- , ]

153
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necessary wasfdegassed‘by boiling, further degaseing at re-,
duced pressure while hoﬁ,’end cooling under Ar. Aqueous HC1
was prepared free of metal ions from Milli-Q quality H,0 and
glass distilled constant-boiling (~110°C) 5.7 N HC1. o

All reagents employed were ACS grede or finer. «
Methyl iodide was percolated through silica and dlstlllqd
under Ar at 43°C onto Cu wire for storage. Commerc1a1
diethyl azodicarboxylate, dibenzyl malonate, and dii&éEE?
butyl malonate were distilled at reduced;pressu;e before

use (60°C/0.65 mm, 156°C/0.1 mm, and 90°C/8.0 mm Hg, '
respectively). Xenon difluoride was purchased from SCM ¢

Specialty Chemicals. buprous cyanide was obtained from L

& a

Flsher Chemicals and was drled and stored in vacuo in an
Abderhalden pistol at 64°C over P,0g. Copper(I)
'bromlde-dlmethylsulflde complex (CuBresSMe,) was prepared
according to Theis and Townsend257 and was recrystalllzed
and stored in a dessicator in darkness. All commercial
organometallic reagentéswere obtained f:om'AIdrich
Chemical Co., except for'einyllithium«fnbm Org;nomexellicé'
Inc., and vinyl and 1sopropylmagnes1um chlorldes from ﬂ§“§'
Ventron. Organometallic solutions were tltrated t‘}
immediately before use agatnst either 1,3-diphenyl-2-
propanone tosylhydrazone (RL_.iﬂvreagents),2583 or
menthol/phenanthroline (RLi or RMgX reagents).258b
Potassium tert-butoxide was sublimed at 220°C/1 mm

immediately before use. Anhydrous p-toluenesulfonic acid

(p-TsOH) was prepared from{the monohydrate by dissolving
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it i hot benzene witn the aid of. EtOAc, azeotropically
removing H40 by boiling to 50% volume, and cooling to 0°C;
cr?stalline anhydrous_g;TsOH (mp 94-95°C) was filtered,

drled in vacuo-«and stored in a dessicator.

Hydroxymethyl polystyrene resin (1 meq/g, 1%

'crossllnk) was obtained from Bachem Inc and

ychloromethylated polystyrene resin (3.90 meq/g{ 1%

-

.crosslink Bio~Beads S-X1) was from BioRad Laboratories.

b
Catlon exchange resins were BioRad AG50W-X8 (H+ form, 50—

100 mesh) and Fisher Rexyn-102 (H+ form, 100-200 mesh).
Anion exchange resin was BioRad AGl X8 (Cl~ form, 50-100
mesh), and ipn retardation resin was BioRad AGll AS.
Whenever possible the progress oé reactions wa;
monitored by thin-layer chromatography (TLC) using one or

more of the following'fbg-visualization: UV ‘absorption by

fluorescence quenching; I5-staining; (1:1) methanol/stO4

‘spray with charring; dodecaphosphomolybdic;édid spray for

reducing compounds; bromocresol green spray for acids;

ninhydrin or fluorescamine (Sigma) sprays for amino acids

~and amines; nitroprusside spray for thiols. All spray,

reagentS'were prepared and used as described by Krebs et

a1.259 For TLC of amino acids and their derivatives on

sidica, four solvent systems were commonly employed:

“ef/,,g\

buffer/ethanol (30/70) sttem B - n-BuOBfHﬁéq;.f

stéem A = pH-5 80, 50 mM pota551um phosp‘

(4:1:1); sttem C -zreOH/pyrldlne/ler ﬂ;HCl/Hzo

' (80/10/2.5/17.5); System D - CH;CN/ethylene glycol/pH



156 =

\\

o

7.15,10.1_ﬂ_NH4OAc (70/15/15)% For monitoring reactions
in DMF%cr‘HOAc, the soivent_was removed from the'plate_ig
vacuo before developing. hhless otherwise notedvthe
specified Rg values_arehon siliéé plates.

Reactions involvingigfprdtéctgd sgrine.a—laﬁtones,“
were monitored by TLC using bromécresbl gregn spfay (0.04%
in EtOH, made blue by NaOH)23° fé;lowea by heating of the
plate, fér detection. of the 3—lac£%ne és a yellow spot on
a blue background. Consqmption or ge&eration of ;helg;
protected seriﬁe«a—lactones could be followed.
quantitatively in the infrared regidn by observation of
tﬁe p-lactone carbonyl stretching band at ~1840 em~ L. pée

. ¥ o

o? 0.1 mm path length solution IR ceiLs allowed estimétipn
~of between 2.0 to 110 ymole/mL g-lactore with +5%
accuracy. |

Commercial thin-layer chromatqggépby (TLCi plates
:fwere‘siiica; Merck 60F-254, or revg;Se—p aSe, Merck
'RP—8F254S. Silica gél for column Ehromat graphy .was Mérck
t;pe 60, 70-230 mesh. Flash chromatogr;phy was executed'
accdfding to Still et.al.260;using Merck type 60, 230-420
mesh silica gel. Normal‘phasé medium pfessu;e liquid
‘chromatography (MPLC) employed a column of Merck Kieselgel -\KD
60 (~50 g, 2.5 x 30 cm). Réve£se-pha§e MPLC was
- performed on two Mgrck Loba; Lichroprep RP-Blco;umns (size ‘
A and B) in éeriegg\ All solvent/mixtdres are ;istea»as
volume. Fatios. (v/v); and all column chromatography was

~ ¢ ,
performed using solvents which. were previously degassed in
. . ,\_’. e ——
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"High pressure liquid éh;omatography (HPLC) was
performed on either a Hewlett Packard 1082B ar 1090
instrument equipped with ; variable wavelength UV
detector. Siliéa'gel'HPLp columns were either Whagman
Partisil M9 (i;o x 25 cm, semi—prepa;ative),‘or Beckman 5
pm Ultrasphere-Si (analytical, 0.5 x 15 cm).éolumn§.
"Analyses“of amino géids we£e’carried out on an amiﬁoéropyl
reverse pﬁase coiumn (4.6 x 200 mm,_packéd with 5 um Li-
Chrosorg—NHZ available from Hewlett Packard) using a
éi\”ﬁi;ary system of extengively degaséed 0.010 !LKH2PO4, pH
. 4.3 (A), and CH3CN/H,0 (500:70) (B) with detection A; 200
nm essen;ially as described by Schust_erlo8 (gradients: O
min (95% B), 5 min (95% B), 20 min (70% B), 27 min (50%
B), 30 min (0% B for column washing), 50 min (0% B), 55

min (95% B), 85 min (95%i§ for reequilibration)).
s
Gas chromatography ' (GC) was executed bn a Hewlet;
Packard 5890A instrumént‘fitteq with either an Alltech
FSOT RSL~300 pélyphenylmethylsiioxaﬁe column (0.5% mﬁ x 10
m) or a J&W Scientific fuséd-silica Megabdre‘(FSOf} |
DB—17+)'phénylmethylpolysiloxané cbiumm (0.53 x }5 m).i
Injector and déﬁector temperatures were cdnstént at 250°C .
and flame-ionization detection (FID) was used in all
~determinations. The He carrier gas pressure spécified in
the text was measured at‘fhe indicated,initiél |
temperature. All GC results reportea are the average of

’

at least 3 runs.

-
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’ ﬂ'compbunds had lH NMR, MS and IR

pectra consistent with the:- assigned structures. Melting

.93ints were determined on a Thomas Hoover or Buchi oil-

ypparatus using open capillary tubes and are

unco f rec l'é'-?;;‘.\z

#
Elmer 241 polarimeter with a microeell (10.00 cm, 0.9 mL)

Optical rotations were medsured on a Perkin

at ambient tempefature (25 + 2°C). Optical rotations on
 compounds having no previously,reported rotation were
determined at two concentrations (50-75% dilution) to
ensure the correct magnitude of the reported value.

Infrared spectra of pure materials were measured on a - -~
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Nicolet 7199 FT-IR spectrometer. The C-H stretching bands

are not necessarily reported. The kinetics.of hydrolyéié'
of 3—amino—2-oxetahone‘salts (140, 141) were followed by -
FT-IR using 0.1 mm'IR-Trahs cells (Kodak, polyérystallinel
ZnsS). Other_reactiéns'involvinglgfprotecﬁed serine g-
lactones were monitored.semi-qdantita£ively on a Perkin
Elﬂéf\ﬁe? IR spectrometer using 0.141 mm KBr sq&gtion
celis. Masg.spectra‘(MS)}were recorded'on Kratos AEI

'MS-50 (high res., electron impact ionization (EI)-MS),

MS-12 (low res. EI-MS and chemical ionization (CI)-MS),

- and Ms-9 (fast—étom bdmbérdment~(FAB) with Ar) instruments

A

~with an ionizing voltage of 70 eV.

Nuclear magnetic resonance (NMR) spectra were

Y
[

measured on. Bruker WP-80 {CW), WH-200, AM-300, WM-360, or

hAWHF4OQ'inStruments in the specified solvent with either

tetramethylsilane (TMS) or de%perated'sodium_3-(trimethyl-

Cp



silyl)—1—pfcpanesulfonate (TSP) in Dzolas internal
standards in 14 NMR. Deuteratgd solvent peaké were used
for.reference in 13c NMR.?7 19¢ fMR spectra were recorded
at 376.5 MHz using lH-broadband decoupling, and CDC13
solvent with CFCl3 as an internal standard at 298

(:0.3;K. 31? NMR was performed at 161.96 MHz at 298
(+0.3)K using an -external H3PO4,sténd§rd.' Sblid state 13c
NMR spectra on polystyrene resins were aquired at 50.3 MHz
on a Bruker CXP-200 NMR spectrometer using "magic” angle
“spinning and cross polarization ‘techniques. Samples were
packed in é}sapphi;g.roppf equipped with Kel‘F® end caps'
and épun'at14lksz.‘The éénﬁact time (or CP time) was 2.0
ms, with a 10 s recy lejdelay. Typically 500-2000 scans

were accumulated.

2,6—Bis[§f(benzyloxycarbonyl)aminp]heptéhedioié acids (2
and 34 (racemlc)) ‘ o

The procedure was that of Wade et al 299 a solutlon
ogDZ 6-diaminoheptanedioic ac1d (1) (Slgma, statistical
mixture of LL, DD and mggg_lsomers) (19 02 g, 1100 mmol) in
2N NaOH (25C mL) was cooled to 0-5° Ce@nd stirred
vigorously while benzyl chloroformate (39-mL, 270 mmol)
was added dropwise over 30 min. Vlgorous stlrrlng was
contlnued for 3 h at 25°C and the mlxture was extracted
with EtOAc (2 x 200 mL). The aqueous layer was cooled on
icé?g;o and acidified to pH 1.5 with 5N HCl. The mixture

was extracted with ethyl acetate (3 x 200 mL), and the

159
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~organic layers were pooled, dried over Na,50, and
-concentrated in vacuo to peave 40.3 g (88%) of 2 as a foam
(mixture of LL, DD, and ﬁggg;isomers). This material was
>95% pure byrlﬁ NMR: (80 MHz, CDCl3) 5§10.3 (g? s, 2H,
 COOH), 7.30 (s, 10H, Ph), 5.80 (br s, 2H, NH), 5.09 (s,
4H, PhC_QO), 4.35 (m, 2H, CH),'z 1-1.1 (m, 6H, (CH,),).
| A portlon of 2 (25.0 g) was recrystallized thrice
 from b0111ng EtOAc (cooling to 0°C) to prov1de white
crystals of 33 (racemic) which were suctlon filtered,
lwashéd_with a little\chilled (-30°C) ethyl acetate‘and
dried in vacuc (8f02 g. 64%5. All of the ethyl acetate
«fil£¥ates and wasﬁings were pooled and saved for recovery

of the meso-isomer (3c). The melting point of 164-165°C

for 3d was unaltered by further recrystéllization (litf mp
164-165°c%9, 165.5°c100).  Por 3a: IR (CH,Cl, cast) 3500-
2300 (mult, br, m), 1717 (vs), 1529 (s), ;@¥54 (w), 1341
(m), 1290 (), 1190 (m), 1050 (m), 696 lmr em~1: ln NMR

. (80 MHz,'dG—acetone)-6~8.75 (brs, 2H; COOH)‘§7 34 (s, SH

Ph), 6.45 (d, 2H, ~9 Hz, NH), 5.08 (s, 4H, § ;on), 4.28

(m, 2H, CH), 2.0-1.3 (br m, 6H, (Q§2)3 : EIQ& ¥ 306.1212

POSFAB-MS (glycerol) 459 (MHY).

(25,@§)—2,6—Bi8[§;(benzyloxycarbonyl)amino]heptanedioic
acid (3c). ‘ l o S .
According to the procedure of Wade et al.%? the

pooled ethyl acetate mother liquors secured from.3d above
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- were vaporated in vacuo * a gummy residue which‘was
rec:ys*allized from hot CHCl- (cooling to 0°C, 2 weeks).
~Tr  hit¢ s0.id obtained (9.38 g, mp 118-122°C; lit. mp

’
1°°-125°c%9, was furtler pu- ified by recrystallization
f- > minimal hot acetoni’t le (cooling to 4°C, 1 week)\as
suggesze. by Heijenoort ad Bricasl00 o yield 3c (ﬁgég) ‘
(8.13 g, 55%): e ,-125°C (lit. mp 123-;25°c99; 123.5-
124.5°c100); ;,, 15 NMR (80 MHz), and Ms characteristics IJ;

i

were’E$sentially as described for 3d above. 9
- (2R,68)-2,6-diaminoheptanedioic acid (4c).

A solution of 3c (3.00 g, 6.54 mmol) in ééetic
acid/H,0 (30 mL/10 mL) was stirred with 5% Pd on carbon
(150 hg) fdr 12 h under an étmosphere,of Hy. The catalyst
was removed by suction filtratjon (5'p frit) and washed
with HOAC/QZO (2:1, 3 x 2 mL). The filtrate was
evaporated to dfyngss in vacud (35°C), and tﬁe residue was
redissolved in Hzoland’evaporation repeated. The “
crystalline solid was dissolved in a minimum of hot H,0,
and the hot solution was filtered. The pH was adjusted to
6.0 with IN LiOH, and 4c crystallized by addition of hot
EtOH and slow cooling fo 0°C. The fluffy white solié was -
filtered and washed with MeOH and Et,0 and dried over péos
in vacuo to yield 0.72 g (58%) of 4é‘(gg§97isomer): '[a]%5
0.00° (c 2.0, 1N"WC1l); IR (KBr disk) 3300j2400 (m, br),
2100 (w, br),ri 31 (s), 1599 (vs), 1syg'(m>, 1503 (m),

1413 (m), 1397 (m), 1363 (m), 1317 (s), 534 (m) cm-); ly

&
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A

NMR (300 MHz, D20 + DCl) 54.14 (t, 2H, 6 3 Hz, CH), 2.16-"
& 9 f&‘

1.90 (m/ aH, CHCH,p), 1.80-1:50 (m, ‘2H, CH,); 13c NMR ;75 5
MHZ, D2O & DCl) 174. 04, 54 8qz 31, 63, 22.75 (no. detectable
dlastereomer) POSFAB-MS &%1ycerol/HC1 '19%VIMH+), 283

(M(gly)H*),. 381 (M,u*).

ﬂ@ff

Racemic 2,6?BisL§;¢?:ngyloxycarbonyl)amlno}heptanedlolc

acid diamjde (Sd)ﬁ:‘

‘ Following the method of Wade et al.,99.di—Z—DL-
diaminopimelic acid (3d) (7.50 g, 16:3 mmol) and
triethylamine (4.55 mL, 32.5 mmol) were dissolved in 1,4-
dioxane (100 mL) and cooled on ice/H,0. To this sblution
was added isovaleryl chloride (4.00 mL;’32.7_mmgl)

_ dropwise with'raﬁﬁd étirring while maintainiég the
temperature below 10°C. The mixture wés’stirred 1 h at
10°C andﬁ&pncentrated'aquepus.ammonia (4.3.mL, 60 mmol)
"was adégggéropwisé causing precipitation of the didmide.
The mixture was allowed to stand 4 h at 4°C, a little N
NH4OH was added, the slurry was;fiitered, aﬂd ?he zolid |

wds washed with 1N NH4OH and H,0. This material was dried

on the funnel and recrystallized from hot DMF by addltlon

-
of HZO and_coollng to 4°C to yield 4.80 q’(65%) of 5d

(iried in vacuo over PZOS): mp 227.0-227.5°C (lit.\mp
223-224°C99): IR (KBr disk) 3333 (s), 3314 (s), 3203 (m),
3109—2750'(m; mult), 1683 (s), 1658 (vs), 1547 (s), 1356
(m) 1434 (m), 1424 (m), 1313 (s), 1292 (m), 1256 (vs),

1051 (m), 695 (s) em™!: 1H NMR (80 MHz, Dg-DMSO) §7.32 (s,
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10, Ph), 7.16 (d, 2H, 9 Hz NHWﬁ(e 92 &b; s, 4H,
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c(oyngé), 5.02 (s, 4H, PhCHy0), 3 90 (m, 2H, ch), 1. 90—
'O

z‘kl;r'/’
S 1.10 (br m, 6H, (Cﬁ2)3),' Anal. CalC- for C23H28N406: C_,

60.52; H, 6.18; N, 12.27. Found:  C, 60. 72: H, 6.15; N,

/-\., . . A

' A PR, o 1
g
. ' ’ o
. PR

Racemic 2,6—diaminoheptanedioic‘acid diamide, diaqetate"

12.26; CI-MS (NH3) 474 (M+NH4+), 457 (MEY).

salt (6d).,9_9 ' N : " ’ ,ﬁﬂf.g '

Di-Z—DL?ﬂiaminopimelic acid diamide (5d) (4.44 g,

9.73 mmol) was suspended in HOAc (85 mL) and stlrred w1th
2.

5% Pd on' carbon (150 mg) under an atmosphere of - H2 for 12

“h. The catalyst ‘was removed by flltratlon and the

u& ¥
. ‘.’

e

flltrate concentrated in vacuo at 40°C. The syrupy.
,_re51due was dlssorved in H,0 (]S'mL) and evaporated (2x),
and drled 1n‘vacuo over P205 to produce 6d (dlhydrate) as
a.glassy colorless hygroscopic solld (3 35 g, l
quantltatlve). IR (KBr dlek) 3500-2000 (v5° br) 1692
(vs)}'iGZO (m), 1560 (vs), 1406 (s)*cmf : 1H NMR . (80 MHz,
D,0) 64.06 (~t, 2H, CH), 1.95 (s, 6H, CH3C007), 2.25-1.78
(m, 4H, CHCHp), 1.77-1.25 (m, 2H, CH,); POSFAB-MS
(glycerol) 189>(MH+). This materiai was used directly in

the enzymic resolution below.

Enzymic Resolutéon of (2§,§§)— and (25,@5)—
* diaminoheptanedioic acids (4a and 4b).
Ehe\procedure employed was a modificatidn of Wade et

3},99 A portion of the racemic hydrogenolysis product
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1

(6d) (1.86 g, 5.40 mmol) was incubated for 72 h at 25°C
with leucine aminopeptidase (3000 units, Sigma,‘from Hog
Kidney, 7 mL of 200 units/mg in 2.9 !_(NH4)2SO4) in 0.01 M

mgngahous gtate at pH 8.0. The enzyme was removed by

ultrafiltration .sing an Amicon apparatus (PM-10 membrane)

énd the filtfate’ap ied to a column of Fisher ﬁexyn 102
(methacrylate resin, }i+ form, 2.5 x 24 cm, ;90 mL at 3.6
meq/mL).' The resin was elutéd succéssivelyﬂwith Hy0 (350
mL), 0.5% HOAc (300 mLS,'and 1.0% HOAc (1 L)(,and.25 mL
fractions were collected. L-Diaminopimelic acid eluted in
the H,0 wagh} and a sméll amount of moqoamide emerged
early in elution with.1% HOAc followed by the D-
diaminOpimelic_aciﬁ di;mide (Gb)»- The early H,0 fractions
containing- 4a were‘pooled and evaporated in vacuo and
recrystallized (2X)>ffom Ho0 by addition of excess EtOH to
yield 1692 g,ofbwhite solid (100% theory = 513 mg). The
excess material was found to be primarily Lizso4 generated

fro the (NH4) 2SO4 in the commercial ehzyme‘prgparation.

The sulfate was removed by precipitation as BaSO, by

addition of a solution of BaCl,«2H,0 (2.56 g, 105 mmol)

in Hy0 (20 mL) to a solutiqn of the tecovered material in
HyO0 (20 mL) at pH 2.0. The suspension was stirred 30 min,
filtered and the precipitate washed well WithqhéO‘(pH

2). The cbmbinéd filtrate and washings were concentrated .

in vacuo at '35°C and the residue was dissolved in a

minimum of hot H,0, and the pH adjusted to 6.0 with dilute

NH4OH. Addition of methahol (100 mL) and céBling to 4°C

o 9



' precipitated a white gelatinous sqiid'which was
wreerystalliied twice more from H,0/MeOH to yield. 4a (267"

g, 52%): (@)$> +45.1 (£0.1)° (c 1.37, 1N HC1) (1it.

R - O)

(138 +45.0 (c 1—5, 1IN Hc1>99 101y, 1R (kBr disk) 3420 (m,

165

‘br), 3300- 2400 (br, s), 2100 (m), 1580 (V& bry, 1540 (8), -

1410 (s), 1345 (m), 1325 {m) cn™1{ lu NMR (400 MHz, D,0 +
DC1)"64.11 (m, 2H, CH), 2.00 (m, 4H,"CHCHp), 1.58 (m, 2H,
CH3); . Anal. Calc. for CqHy4N,04: C, 44.20; H, 7.42; N,

4. 53. Found: C, 43.80; H, 7.32; N, 14,53 (after drying

1 week in vacub at -64°C); POSFAB-MS~(glycerol/ﬁormic acid)-

. ¢
191 (MaY), 381 (MpH), 571

=

H*). Incubation of 4a (10

mM) w1th meso- DAP D- dehydrog

®

nase (see Appendix 1)
dlsp;ayed no‘measurable act1v1ty; )

; Late 1% HOAc column fraetions eOnteining"D}diamrno-‘
pimeiicvacid diamide (6b) QEre-pooled'end evaporated in
Xéggg;tb procide 914.0\pg (98%~Oﬁ'diagetate‘dinydrate) pf
~solid. As é‘check'of etereochemicai purity 12.0 mg kl.B%)
of ‘this materlar was re1ncubated with leucine
'amlnopeptldase for 24 h at 37°C. Since no free -
‘dlamlnoplmelate and only a falnt trace of monoamlde‘was
generated in thlS dlgestlon, the product was Judged to be
of- hlgh optlcal purlty. -The d1am1de 6b (900 mg, 2.61 |
mmol) was dlrectly hydrolyzed\by reflux1ng 3N HCl (150 mL)
fo¥ 6 h under an atmosphere of Ar. Thé so&vent.was

\

removed in _vacuo at '45°C, the cryotalllne re51due was

DO ST
> . ,.',

redlssolved in HZO (50 mLj, and the solvent ~was again 1, .

-

removed in vacuo., Th¢ solxd ‘was d1ssolved in m1n1maL hot

i
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H,0, filtered, and the pH raised to 6.5 Witﬁ.iﬂ_NH4Qﬂ§;

Lhe !
CA o>

Addition of MeOH (100 mL total vol.) and cooling ¢

precipiﬁated 4b which waS‘recrystallizedftwicerﬁoféyiféﬁ
HyO/MeOH (final yield 350 mg, 69% from 6d): [x]35 -45.7
(£0.2)° (c 1.05, 1N HC1) (1lit. [(a}36 -45.5° (c 1; IN
nc1)100,101y, t1p 1y NMR, and POSFAB-MS characteristics
were identical to 4a (L-isomer); Anal. Calc. for
CoH gN2O4: C, 44.20; H, 7.42; N, 1.73.. Found: c,
43.89; H, 7.i7; N, 14.58 ééfter drying in vacuo at 64°é
 for 7‘days). Incubé;ion éﬁ 4b (10 mM) with meso-DAP D-
dehydrogenase (see Appendix 1) displayed an initialyF
reaction rate 0.16% of that sbtained With‘mgingAP (;c)
(Kp ='1.1.mﬂj.
Bis(2~- acetam1do)propano1c ‘acid (7) 104 105
According to the procedure of Arnsteln and Clhbb 104
pyruv1c;ac1d‘(34? g, 3.94 mol) and acetam;de (465 g, 7.87
ﬁol) were suspended in tolueneﬁ(l:Z L) and refluxed with
Y azeotfopic rgmoval df H50 forﬁlé h. The mixturé was
\\\Ecgglgd (4°C) aﬁd tﬁe'toluene éééﬁﬁted from the crystalline
brown solid: ‘This material was suépended and washed with
‘warm ethanollto_perida‘YZi{ljg (308) of 7 as a white
_solid: mp 190-192°C (dec) (lit. mp 197°C {dec)104); IR
' %%Br disk) 3410‘(s)y'323o (m), 1735 (s), 1689 (vs), 1600
(s),.1585 (s), 1521 s, 1142 (s) cml; lu R (80 MHz,
D,0) 51.76 (s, 3H, qg3C(NHC(oicn3)2coou)}’1.93 (s, 6H,
, '¢§3c(oSNH); EI-MS (low res.) 143 (M-CO,H), 101
. ) _ ' P

G’
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(MfH2CéC=O), 59 (M—2(H2C=C=O)), 43'(CH3CO).

2- (Acetamldo)propen01c ac1d (8).104, 106
U51ng the method of Arnsteln ‘and Clubb,104 a solutlonA
of 7 (15.0 g, 80.0 mmol)'in glacial acetic acid (100 mL)

-

vcontalnlng 1 drop Qf ponc. HC1l was boiled gently for 20
min.‘ The hbt sii&%lon was flltered through glass wool and
on cooling to 10°C q acetamldoacryllc ac1d (8)
.‘crystalllzed. This solid was filtered, washed wlth H20
and drleé in vacuo over P205 to yleld 6. 10 g (59%) of 8:
mp 189-192°C (dec) (lit. mp 205°C,214 185-186°c261); IR
(KBr disk) 3335 (vs), 1710 (s), 1635 (vs), 1610 (s), 1535
(vs), 1372 (m),_léoo (s), 1270 (s), 1190 (s), 901 (s), 735
(m), 572 (m) em™!; 1 NMR (80 Mz, d,-DMSO) 59.03 (br s,
1H, COOH), 6.21 (s, 1&, CHH), 5.63 (s, lH%'CHﬁ).‘Z.Oz (s,
(3H, CHy): EI-MS: 120.0423 (129.0426 calcd. for C5HqNO3) .
(2§,Q§§)—MénOﬁgénacetyllanthionine €10) and (2S,6SR)~
lanthionine (11). - .

fhe procedufe of Schober166 was employed. To L-
lcys;eing (9a)‘(hydffphloride‘salt, monohydrate; 1.60 g,
9.11 mhol),and”ﬁ—aéetamid@écﬁYiic'acid (8) (1.78 g, 13.8
mmol) in degassed H,0 (10 mL) udﬁg§ Ar ‘was édded 1N NaOH
(28.mLV degassed) dropwiée over 10 min with’stirring
(final pH 8.0). The solution was heated unaer Ar to 95°C

for 25 min, and evaporated in ‘vacuo at 40°C to a slightly

yellow foam of crude (2S, 6SR)-mono-Ne-acetyllanthlonlne
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(10) (6.0 g). One half of this crude materia;,(3;d g).wgs.
Eu;ified by ion exchangé chromatography Qﬁ?ajcoiumn-of |
AG50 X8 (Bt form, 3.; x 20 cm, 220 mL).. The’resin‘qu
washed with Héo (800 mL) and 10 eluteg witﬁ OLQE'NH4OH
(i.a L, 100 vafraétions collectedf. Fractionsicontaining'
10 (Rf-0.45, System C) were pooléd aﬁd lyophilized to
yield 1.0509%(86%):of (2§fQ§§)-mon01§§-aCetyllanthiohine“
(105 qs_i£s hygroscopic ammonium salt: IR (KBr»disk)‘3420
(br sj, 3100-2300 (br, s), 2100 (w), 1640 (vs), 1625 (vs),
1600 (s), 1595_(s5,‘1525 (é),_1392 (m), 538 (m) em™1; ly
‘Nuk ‘80 MHz, D,0) §4.41 (~d@, T4, 6, 7 Hz, QENH34), 3.89
(~dd, 1lH, 6, 7 Hz, CHNHAc), 3.15-2.93 (overlépping m's,
44, Cd,SCH,), 2.03 (s, 3H, CH3); POSFAB-MS (glycerol) 252
(MEY . Treatment of 10 (26} mg, 0.98 mmol) Qith Acylase I
Sigma Grade II from Hog Kidney, 25-75 mg, 46~138 x 103 T
unite) in H,0 (8 to 20 mL) at bH 7.5 at‘37°C for 24 h
resulﬁeQ»in <3% hydrolysis of 10'(by 1y NMR on_dfalysate).
The remaining half of’crude 10 was refluxed in 2.5N
521 ﬂ25 mL) f5n54;5 h under‘gnvatﬁggéhére‘of Ar and the
sleent rembved in vacuo at 4Q°C.' The residue was
dissélved in H20’and the solvent again évagbratedf The
Vrécovered solid was dissolved in hot H,0 (7 mL) and a
saturated solution of NaOAc (2.8 mL) was added. The white
crystals produced after 16 h at 4°C were‘filtered,~Washed
with éthanol, aﬂd dried in vacuo to yield 0.60 g (58%

yield from 9a) of (2S,6SR)-lanthionine (11): [a135 +1.2

(+0.2)° (C 1.0, 2.4N NaOH) (lit. [413° +6°,%423 +8.4°42¢ (c
' L]
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1.0, 1N NaOH), +8.6° (c1.4-5.0, 2.4N NaoH)42d/102 £or tne
pure L-isomer): IR (KBr disk) 3200-2000 (br s, mult), 2100
(w), 1625 (s), 1590 (s), 1505 (m), 1525 (w), 1433 (m),
_.1303 (h), 1395 (m), 1350 (m),'134o (m), 555 (m) em™l; lg
NMR (80 Miz, D,0 + DCl) §4.50 (~t, 2H, ~5.5 Hz, CH), 3.38
(~d, 4H, 5.5 Hz, CH,S); POSFAB-MS (glycerol/HC1) 209

B s 2

(MHY)..
L—Cystinevdiﬁethyl ester dihydroéhlo:ide (13).
L-Cystine (30.0 g, 125 mmol, Sigma) z§5'suspended in
‘anhydroui méthanol (650 mL) ana dry HCi(g) Qas-rapidly
passed into the stirred mixturgﬁyﬁthout ekternql'
~cooling.  When saturation with Hél(g) w&(gghi externai
cooling ‘was achieved, the mixture was cooled to -10°C and
addition of HCl was continuedsuntil ~225 g total had been‘

added. The vessel was sealed+and allowed to stand 16 h at

-

9]

4°C. The unreacted(iiftine dihYdfochioride precipitate
(~6.5 g),wasAgemoved-

v filtration and washed with cold
methanol. The filtratg aéd washings were concentrated in
vacuo at 30°C to Aithick slurry (~150 mL), anhydrous ether
was»added‘(400 mL) and the mi xture cooled to -20°C. The
wﬁitevsolid}was filtered, #Eshed with dry ether (~300 mL),
and dried in vacuo over KOH and ong to provide 3313‘9
(78%) of 13: mp 182-3°C (dec) (1it. mp 173°c2622); [4)25
-45.5° (c 4.0, MeOH) (lit. [2120 -38.4° (c 4, MeOH)262P);

IR (KBr disk) 3200-2400 (br s), 1745 (vs br), 1580 (m),

{ : :
1505 (s), 1432 (m), 1330 (m), 1260 (s), 1200 (m), 1150 (w)

169
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; 1H NMR (80 MHz, D,0) §4.70 (m, 2H, CH), 3:94 (s, 6H,
COOCH3), 3.48 (~d, 4H, ~6 Hz, CH,S): POSFAB-MS (glycerol)

v
H

269 (MHY).

£L§f;Bis(trif1uoroacety1)fL-cystine dimethl ester}(14¥§

According to theVprocedure of‘Héfpp and Gleaéon,71 a.
suspension of 13 (9.00 g, 26.4 mmol) in trifluoroacetic
acid (30 mL) was cooled to -5°C and»trifluordacetic
'éhhydride (20 mL) was added dropwise over iS‘min. The
solution was stirred 1 hat -5°C and 1 h at 25°C. The
mixture was poured over ice/Hzo (400 mL), stirred 10 min
and- filtered. HThe crystalline product was wa;hed well
with H,0 and dried in vacuo oveﬁ KOH and P,05 to yield
9.85 g (81%) of 14: mp 152-153° ¢ (lit. mpA152—154°¢71)7
’ [a]%5t4188° (c 2.5, MeOH) (lit. [o135 -183°,71 -194°263 (¢
2.5, MeOH)); IR~(Kér disk) 3260'(5)5 1747 (s), 1700 {(vs),
1560 (s), 1175 (s), 463 (w) .cm™l; lH NMR (80 MHz, dg-DMSO)
§9.93 (4, 2H, 8 Hz, NH), 4.65 (m, 2H, CH), 3.65 (s, 6H,
COOCH3), 3.20 (m, 4H, CH,S); EI-MS: 460.0202 (MY, s
460.0197 calcd. for Cj,H),N,0gS,F¢).

| ¢

_gigf—Bis(tri%luoroaceéyl)—L-lanihionihe dimethyl ester
‘0s). . |
?; The method of Harpp éﬁ;i'“éan7l waéfutilized.

‘

Trts(dletHylamlno)phosphl

]mL, 55.0 mmol) was added

dropw1se to a stlrred suSpeﬁ _“of pulverlzed 14 (22. 8 g,ﬁ\

49.5 mmol) in dry benzene (250 mL). The~resu1t1ng mlxturec

. . . '
. »_.) . I% e
. - ‘ DA ) i S

SR |

1




éd the same paper by Harpp and Gleason

was stirred 7 to 10 min during which time 14 dissolved and
the.product reprecipitated'as a gel. Hexane (500 mL) was -
added and the grandlar precipitate was filtered, QaShed
‘well with hexane, and dried in vacuo to yield;20.2 g (56%)
of 15, mp 1i06-108°C. Thia material was twice
recrystallized fron'MeOH/Hzc (81% overall yield) to
prov1de 15 with mp 112- 113.5°C (11t mp 103~ 109 C, . 117—
118°C (3 recryst )71y and [a] -23 (+0. 3)° (c 0.4, MeOH)
(lit. [a] -21.6°, -32.4° (c O. 4, MeOH) boﬂh reported in
71) The experlment.
was also repeated on a 10 mmol and as mmol scale and the
optlcal rotatlon ofptheﬁanalytlcally pure products (mp
112—113l(+0 5)°C) after f%& recrystalllzations from
MeOH/HZO was [a]25,-15 5 (+O 3)° and -9.8 (+0. 3)° (c. 0.4,
MeOH), 'respectively. For 15: IR (acetone cast) 3295’(m,
br), 1758 (s),.17Sd (8), 16?5 (s), ‘1558 (m), 1179 (vs)
cﬁ*l; ';H NMR (300,MHa, dej%cetone with 1% DZQ) 54;18—4;73
(m, 2H, CH), 3.75 (s, 6H, COOCH;), 3.30-3.22 (m, 2H,
SCHH) , 3.11-3.02 (m, 2§} SCHH); Anal. Calc. for

CyoHy 4N90¢SFg:  C, 33}57; H, 3.30; N, 6.54. Found: C,
©33.76: H, 3.31; N, 6.63; EI-MS: 428.0478 (M*, 428.0477
calcd.); CI-MS (NHS) 446}(M+nﬁ4+). |
o
Alkallne Hydrolysis of 15 to L—lanth10n1ne (16a) .

: The method employed was that of Harpp and ‘
‘ Gleason;71_ A solution.of 15 (2. 58 g, 6.00 mmol. [a]D -23°

3
(c 0.4, MeOﬁ)) in dioxane (30 mL) was cooled to 5° C and

171
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chilled.yg_ﬁaOH>(54 mL)Hwas'aaaéd aropwisé ovefAlo miﬁ
‘with stirfing.’ Afﬁef 30 min at 5°C the mixture was
acidified with”céld 2N HCl (24 mL) and thé pH adjusted to
5.57t§ 6,0%’ The ;olvént volume\was reduced.in vacuo tollé
- mL and the mixture cooled to 4°C for 16 h;f The %
pfecipitate éf lanthioniné was>filtered, waéhed y{;% cold“.
sz (5 mL) 'and EtOH, andvreérysfallizédlby dissolution in
Hzo’(ﬁ mL) by additién of conc. NH4OH, cooling'tq SAC and
neutrgiization“(pﬁ 6)'with formic ?cid. lupOn staddiné at
4°C (2 days); 0J75£g (60%) of 16a was” recovered by
filtration, washed with EFOH and dried in vacuoé'-ta]%S
+1.8° (é 1.4, 2.Q§_Naoﬁ) (1it. [a]%S +§.ﬁ° reported by
Harpp and Gleason,’! +8.6° (c 1.4-5.0,:2.4§!Na0H)42d'102)
(also cf. later syntheses of ;6a); IR, - NMR ;nd'MS behavior
were identical to 11. HPLC énalysis108 of this product
'indicates it'iéﬁcompgsed of‘60‘(£0.é)é;mg§§ (2§Jé§)‘(tR,=
24.3 min) and 40 ({0;8)%'L/D((é§,qg)"or (2R, 6R))- |

»lédthidhines (tR = 23.5 min) an? is free of salté.

Acidic Hydrolysis of 15 to L-lanthionine (16a).
: -Eﬁgf_gis(triflubroac;tyl)lanthiénine\dime;h&l éster
(15) (1.50 g, 3.50 mmol; [a135 -23° (c 0.4, MeOH)) was l
suspended in.2.4N HCL and refluxed 18 h under Ar: Thé‘
soivent_was removed in vacﬁo at 35°C énd thé residue
dissolved in Hzo“(éo @L)-énd‘evaporatioh rgpeéted

(twice). The white solid waé'recrystalli?éd.from Hzo_with

the aid of NH4OH and formié acid as described for 16a
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abo;e.' The L-lanthionine 16a obtained possessed IR, NMR
and MS propertiesAidentical to 11 and 1l6a aboVe, and [a]%s
+2.6 (+0.3)° (c l.4,*2.4§_NaOH). HPLC analysislo8 of this
product indicates 65 (11;0)%_9359 (25,6R) (tR =‘%4.3 hin)«
and 35 (:1.0)% L/D((25,65) or (2R,6R))-lanthionine (tg =

23.5'min) which is free of salts. ¢

L- and D-Serine methyl ester hydrochloride (17a ahd i7b).
.TYéicaily, dry HCl(g) was rapidly passed into a‘
suspension of L- or D-serine (Sigma) (35.0 g, 333 mmol) in

dry Meoﬁ (1 L). Aftér all of the serine dissolved the
solution was cooiea to 20°C and addition of<HCi(g) was
continued until 300—550 g tota; héd been added. The flask
was equipped Qiﬁh a drying tube and allowed to stand 16 h
at RT. The solvent was removedaiﬁ:vacuo at 40°C, the
resiéue was dissolved in dry methanol and evaporation
repeated several times. Tﬁe crystalline product was dried =
in vacuo over P,0g and KOH pellets to affdrd a
qugnti£ative,yield (51(7 g) of 17(a or Q), which was
erecrystailized from dry MeOH/Et,0 in 85-95% overall yield.‘
For 17a:  hp 151-154°C (dec) (1lst recryst), 162-164°C
(2nd‘recryst) (Lit. mp 163-165°C, 261 167°C102)} [;ﬁ%5*+3.4

(+0:1)° (c 4.0, MeOH) (lit. [¢]3! +3.4°26l); 1R (KBr disk)

3350 (s br), 3330-2450 {vs, br), 1945 (w), 1745 (vs), 1595 &
‘ A

_ _ &,
(s), 1515 (vs), 1255 (vs), 1095 (s), 1040 (vs) em~1; 1y g&
- ' . ' : . £
NMR (80 MHz, D,0) §4.22 (m, 1H, CH), 3.98 (m, CH,), 3.8l L

(s, 3H, CHy): POSFAB-MS (glycerol) 120 (MH*), 239 (M H').
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For 17b:v mp 156-{57° (dec); [a]%s ~3.6 (+0.1)°* (c
4.0, MeOH) (cf. 17a above); IR, NMR and MS'properﬁies were
identical to 17a
L~ ard D-p—Chloroalanine méthyl ester hydrochlor%de (18a
ané 18b) and O-acetyl-L-serine methyl ester hydrochloride .
(19). | |
The proced;re’usea was that of Fischer and
Raske.l10 1o freshly distilled acetyl:chlcride (500 mL)
With rapid s;irring at 0°C was added serine methyl ester
hydrochioride (17a or 17b) (51.7 g, 0.333 mol; pulverized
and dried in vacuo over PéoéS‘followedvby pulverizéd'PCls
(78.9 g, 0.379 mol) édded in 5.portions over 15Amiﬁ. The
.miXthre was allowed to slowly warm to 25ﬂC‘aﬁd étir;ed-2
h. The suspension waércéoled to -10°C, and sdction
?bfiltered. The solid was washed with acetyl chloride (50
mL) and pet. ether (1 L)’and dried in vacuo to yield 50.0
g (86%) of crude L- or D-g-chloroalanine methyl ester
hydrqchloride (mé 143-144°C (dec)), typically containing’
3—5 moly of O-acetylserine methyl ester hydrochloride (19)
by lH’:NMR_. Recrystallization from methanpr/ethef yielded
pure 18a (L) or 18b (D) (45.6;46.8 g, 79-81%). FPor 1l8a: ;
mp 156-157°C (dec) (1it.102 mp 157°C); - IR (KBr disk) 3300-
v . Sy
2200 (s, br, mult), 2020 (w), 1750 (s), 1619 (w), 1518
(), 1446.(m),§i335 (m), 1249 (s),.iZOS (é), 1070 (m)
enl; lu NMR (80 Mz, dg-DMSO) 59.14 (br s, 3H, NH3*),

4.65 (m, 1H, CH), 4.18 (m, 2H, CH,Cl), 3.75 (s, 3H,



COOQﬂs); POSFAB-MS (glycerol) 139 kMH*), 141 ((M+2)HY, 33é
of Mut). | o

For 18b:' mp 148-150°C (dec); IR, NMR and MS.behaVior
was identical to 185. |

‘If the serine methyl ester hYdroéhloride (17) was.not
freed of residual MeOH by rei;yétallizétion, pulverization
and drying in vacuo Sefore'use, 19 becam; the major
product (50-73%): mp1154—156°C; [a]%S +9.101(¢0.085° (c
3.0, MeOH); IR (KBr disk) 3700-2400 (SJ vbr) , 20561(m),
1749 (vs, br), 1580 (m), 1517 (m), 1432 (m), 1378 (m),
1257 (s), 1233 (s), 1045 (s), 775 (m) cm™1; lH NMR (80
MHz, dg-DMSO) §9.03 (br s, 3H, NH3*), 4.5-4.30 (m, 3H, CH-
CHp0), 3.73 (s, 34, COOCH;), 2.00 (s, 3H, CH4CO0);
EI-MS: 162.0766 (MHY, 162.0766 calcd. for c6H12No4)}u

©102.0551 (M-CH4COOH); POSFAB-MS (glycerol) 162 (MH*).

L- and D—p—Chloroalénine hydrochloride‘(ZOa and 20b) and
free base (2la ana 21b). |
B—Chloroalanine methyl ester hydrochloride.(lsa or

18b) (30.42 g9, 175 mmol):was stirred 75 min i; refluxing
2.5N ‘HCl (300 mL) under ah.étmésphere of Ar. The solvent
was removed in vaéub at 40°C. The residue was dissolved
in H,0 (100 mL) and solvent again evaporated ané dried in
vacuo over P,Og. ~Th_ dried solid was recrystallized fro@

. i ™.
anhydrous methanol/ether to afford 21.8-25.2 g (78-90%) of

20a or 20b. 'This matlerial is reported to have an "[a]D

»102

close to zero in’'d,0, no distinct melting point.

175
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For 20a or 20b: IR (KBr disk) 3450-2200 (s, vbr, malt),
1970 (w), 1740 (s), 1596 {m), 1498 (m), 1415 (m), 1346
(m), 1230 (m), 1196 (m), 1067.(m), 894 (m). 850 (m), 792
(s), 680 (s). cm~1; 1n NMR (80 Miz, ozo) 54.60-4.45 (m, 1H,

CH), 4. 25 -4.07 (m, 2H, cg_zcl) POSFAB MS (glycerol) 124
(MH*)), 126 ((M+2)H*, 33% of MH+); Rg 0.76 (system A).
The'f;ee amino acids were prebared'by diSSOIVing either
20a or 20b (eg., 20(25 g, ié? mmol) inja mihimél amount of
H,0, raising the pH to 5.8 with 2N LiOH, diluting with
EtOH (1.5 volumes) and éooling to ~20°C (16 h). The
crystalline solid was filtered, washed with EtOH, apd~
dried in vacuo over P,0g to yield 13.3-14.1 g (85-90%) of}
21a_9r 21b. | .

For 2la: mp 164-165°C (dec) (1it.110 mp 160°C);

(0125 -17.0 (£0.2)° (¢ 2.0, Hy0) (Lit. [«J30 -15.5° (c

1.0, Hy0), 102 7*f ;;c39 % H,0)423); "IR (KBr disk) 3420-

. 2250 (br s, mult)y 2080 (w), 1625 (s), 1605 (s), 1535 (m),

S 1435 (m), 1399 (

o .

(m), 1015 ;
-(@ﬁﬁp ;. ) _ A

(m, 1H, EH7%£4;28 4. 06 (m, 2H, CH,Cl1);-EI-MS: 123.0088

S),’l345 (m), 1295 (m), 1190‘(m), 1054

642 (s) cm -1 1y MR (80 M, D,0) §4.60

(123.0087 calcd. for C3H6N02Cl); POSFAB-MS (glycerol) 124
(M%), 126 ((M+2)H*, 33% of MH*); CI-MS (NH3) 124 (MH'),
141 (M+ﬁﬂ4+). o |

Por 215; mp 160-161°C (dec); [aJ%S +17.0 (+0.2)° (c
2.0, Hy0) (cf. 21a’above).(lit.‘[d]a§l+15,0° (c 1,
Hzo)loz); IR, lH NMR; and MS chatacé%kistics were as

described for 2la above. = .

.
Y 1
)



L-Lanthionine (16a) from g-chloro-L-alanine (21a).40
A modification of the method of Brown andodu

V.Lgneaud‘na was employed Potassium hydroxide (77.4 g.

1.38 mol) was dlssolved in degassed H,0 (110 mL) and L~

..cysteine hydrochloride monohydrate (Sigma, 62.25 g, 0.354

mol) was added under Ar atmosphere. The stirred/ioiggion

was heated to 60°C and B-chloro-L-alanine (21la) (24.3 g,
0.197 mol) wasladded in smali porﬁions over 1 h. The
~mixture was removed from the heat, degassed H,0 (45_mL)
was added and etirring was continued 3Ah hnder Ar. H,0
(150 mL) was added, the pH was lowered to 5.5-6.0 with
.S.Z§;HC1 while cooling on ioe/Hzo, aqd tﬁ%ﬁmixture was
stored 16 h at 4°C. The crystalline L-lanthionine (33.2—

36.5, 81- 89%) was flltered under suction, washed w1th

EtOH, and drled briefly on the funnel. This material. was

&

dlrectly recrystalllzed from H,0 (175 mL). by addltlon of

‘y Tk

177,

~conc. ammonla, coollng on 1ce/H20, and neutrallzatron (pH -

x5.5—6.0) with formic acid. Upon’standlng 16° h at 4°C a
70-74% yield (28.7-30.4 g) of crystalline L-lanthionine
§16af was recovered by filtrarion, washing with a little
cold H,0 and E;OH, and drying in vacuo over P,0g: mp 279-
281°C (dec) (lit.2}% mp 203-205°C (dec)); (13> +6.8
(£0.2)° (c 1.4, 2.4N NaOH), +8;1>(¢0.1)° (c 5.0,:2.4N
NaOH), (lit. [q]8% +6 (+1)° (c 1, 1N Naoa),42;9"—,~+e.4' (c
1.0, {g_NaOH,%zc'or c 1.4, 2.4N NaoH%2d), 4+8.6° (c 5.0,

' ,2.4§_q§on)42@~1°2); IR (KBr disk) 3200-2400 (s, br, mult),

[
SN
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2075 (m), 1610 (vs, br), 1595 (vs, bf), 1518 (s), 1415
(1), 1390 (s), 1348 (s), 534 (m) cm™l; lH NMR (400 Mz,
D0 + DCl) 64.45 (dd, 2H, 4.4, 7.4 Hz, CH), 3;38b(6a, 2H,
4.4, 15.0 Hz,‘qus), 3.26 (dd, 2H, 7.4, 15.0 Hz, CHHS):
| “iAral. Cale. for CgHy,N,0,8: C, 34.60; H, 5.81;. N, 13.45;
S,-15.40. Found: C, 34:46; H, 5.81; N, 13.35; S, 15.40;:
POSFAB-MS (glycerol/HCl) 209 (M), 417 (M2H+); R¢ or33
(Sysgem A). HPLC analysisloe'of'IGa prepared by ﬁhis |
methdd was Qnable to_detect the presence of the meso-
isomef (16c) (i.e.,i}B%) in the sample (tg = 23.5 (10.1?
min (L) and 24.3 min (meso)); Rg 0.40 (System C).
Incubation of 16a with meso-DAP dehydrbgenasé §uggested

1.0% meso-contaminatant.

D-Lanthionine (16b) from p-chloro—D—alaniné'(2}b).40

| This material was prepared in 70—71%-reérys£élliéedfﬁ
y%eld as described for the L-isomer (16a'abové) using -
chloro—D—élanine (21b) and.D-cysteine (generated from
Na/NH3(1) reduction- of D—cystine»(sigma)loz) and’kOH (17.9
g, 0.32 mol): mp 277f278°C (dec) (lit. wp 293-295;0 ;.
(dec)214); [4125 -6.1° (c 1.0, 2.4N NaGH), -7.9 (:0.1)° (c
5.0, 2.4N NaOH) (lit [q122 -8.0 (c 5.0, 2.4N NaoH),102 ang
cf. 2la above); IR, 1H NMR and MS were 1dentical to 2la
above: Anal. Calc. for CeHi12lg0aS: C. 34.60; H, 5.81:; N,
13.45; S, -15.40. Foung: -C,:zgzé;u H, 5.79; N, 13.39; §,~

" +15.23.; HPLC analysislo8 of}16b prepared by this methodégl'
indicated no détectable (ie., <3%) mesof%gomer (16c) in -

N
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the sample (t, = 23.5 (+0.1) min ggr D; 24.3 min for

”ﬂ:ystem C). Incubation of 16b with meso-
. pr . r .
DAP dehydrod@i@se suggests 2.7% meso-contaminant (16c).

v

_Eggg—Lagthionine (16c) from awchlo;o—b—alanine (21b).40
This material was prepared‘in 81% réqrystallized

yiéld from"21bgand L—cysteipe hydrochloride hono%yd%ate
according to the procedure described for the L-isomer
(16a) above: mp 577-278°C (dec) (lix. mp 304?C (aec,‘
207°C softens)214); [4125 0.00° (c 5.0, 2.4N NaOH): IR
(KBr aiskf 3400-2360 (s, br, mult), 2290 (w), 1626 (s),

',1575 (s), 1488 (m), 1405 (m), 1337 (m), 1290 (m); 1145
(m)$ 558 (m) em™li lH wMR (400 Miz, D,0 + DCl) 64.26 (dd,
2H, 4.4, 664 Hz, CH), 3.31 cdé, 2H, 4.4, £415_Hz, CHHS),
3.23 (dd, 2H,.6.45 14.5 Hz, CHHS); Anal.-dalc. for

CGH‘12N204S: C, 34-60: ‘H, ) 5-817 N, 13-45(,’ S,. l‘].5-40. -(~.»”

Found: C,“34.54; H, 5.99: N, 13.42; S, 15.36; POSFAB-MS

. HPLC analysisliO8 of 1e6c

&

isomer (tg = 23.5 (:0.1) min

(glycerol/HCl) 209 (MHY)
indicated ¢3.0% of the D/

for D/L, 24.3 min for meso); Rg ~-0.4 (System C).

n

L—Lanthioninehsulfoxide (22a).40

v

A modification of the procedure of Zahn and

n67

- Osterlo was used. L-Lanthionine (16a from 2la) (2.0 g,

9.61 mmol) was suspended in H,0 (10 mL) and distilled 5.7N
HC1 (5.0 mL) was added. To the stirred éb{gtion was.added
30% H,0, (1.5 mL, 14.4 mmol). dropwise And'sgirrinngas

. N -
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continued 24 h. Thé mixture was cooled on ice/Hzo and the
pH was adjusted to"7.Q with conc. ammonia. ‘After standing
at 4°C several dayg,hthe'white crystalliné solid was -
filtered, 'Hed\with‘cold_Hzo and EtOH, épd
.fecrystallized,from Hy0 in the manner described above-for
i6a. L—Lanﬁhionine sulfoxide;(ZZa) was obtained as a
monohydra;e in 70-71% yield (1.63-1.65 g): mp 220-221°C
(dec); [ajgs +61.4 (+1.2)° (c 1.0, 1N HC1); IR (KBr disk)

—

3100-2300 (br, s), 1950 f(w), 1640 (s), 1620 (m), 1500 (s),

71390 (m), 1070 (m), 1010 (s), 545 (s) cm~1; lH NMR (400

MHz, D,0 + DCl) §4.54 (dd, 2H, 5.5, 6.5 Hz, CH), 3.64 (ad,
2H, 6.5, 14.5 Hz, CHHS(O)), 3.55 (4d, 2d, 5.5, 14.5 Hz,

CHHS(0)): Anal. Calc. for CgH;,N,0gSe+H,0: C, 29.75; H,

, 5.82; N, 11.56; S, 13.23.  Found: C, 29 i+ H, 5.84; N,

11.35; S, 13.27; POSFAB-MS (glycerol/HC1) 225 (MA*), 449

(M2H+); R¢ 0.15 (System C).

D-Lanthionine sulfoxide (22b).40

 This compound was prepared in 70% recrystallized
yield as the monohydrate from D-ianthioniﬁe (16b from 21b)
exactly as outlined for the‘L-isom%r'(?Za) above: mp 220-
221°C (dec); [a1E® -59.8 (+1.0)° (c 1.0, .1N'HC1) (cf. 22a

“above); IR, lH NMR, MS, and chromaﬁographic roperfiéé  |

were identical to the L-isomer 22a. An;IE Calc. for
CgH) gN7O5S+H,0: c 29.75; H, 5.82; N, 11.56; S, 13.23.
Found: C, 29.68; H, 5.91; N, 11.51; S, 13.30; Rg 0.15

(System C).

. -
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meso-Lanthionine sulfoxide (22c) .40

-

. This méterial was produced in anhydrous fqrm in 86%
recrystallized yield from meso-lanthionine (16c from 21b)
 as described for 22a'abovF. »PreSumably the product is a
mixture of two Opticall; inactivé diastereomers (i.e.,

mixed éhi;ality a£ S): mp >300°C (lit. mp 260-270°C
(dec) 87y, [«]3° 0.00° (c 1.0, 1N HC1); IR kxar_disk) 3300-
2200 (br, s), 2090 (w), 1637 (s), 1588 (s), 1507 (w), 1436
(m), 1408 (m), 1335 (m), 1325 (m), 1029 (s), 533 (m) cm~l;
15 NMR (200 MHz, D0 + DCL)*64.71 (m, 2H, CH), 3:88—3.54 :
(m, 4H, CH,S(D)); Anal. Calc. for CgHyoN,05S: C, 32.13;
H, 5.39; N, 12.49; S,'l4f30. Found c, 32.07; ﬁp 5.41;

N, 12.69; S, 14.55; POSFAB-MS (glycerol/HCl) 225 (MH*);'Rf

~0.15 (System C).

Lanthionine Sulfone (mixture of ail stereoisomers) (23).
This material was prepared according to the methoa of

Zahn ana Osterloh.®? Lanthionine (Sigma, mixture of DD,
LL, and meso) (1.00 g, 4.80 mmol) stigzgd in H,0 (10 mL)
and 20% HC104 (8 mL)"was treated with 10% agueous
(NH,},M00, (1 mL) and gropwife %th 30% Hy0, (2 mL, 19.2
mmol). The mixture wéé‘stirre%&@4 h at 25°C,~cooléd on
ice/H,0, and neutralized (pH 6) with isobutylamiﬁg. The
red-brown mixture was allowed to st#nd 3 days at 4°Ceand

the precipitated §olid was filtered, washed with a little

'cold“Hzo‘and EtOH and dried in vacuo to provide a slightly
s ~ .
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yéllow solid (0;49 g, 43%). TLC (System C) Ehdiciied
‘ | ng%yérin“positivé iﬁbur;;ies (eg., cysteic acid, etc.) in
_the lanthionine sﬁlféne'(Rf“~0.25), These were reﬁovéd by
sﬁirring successiQély with.écetone (15 mL). and H,0 (10 ﬁL
at 4°C) and reérystali&zing the s;lid (:ecovereg:by g
filt:ationj from H,0 as déSCfibed for~iantﬁioni;e (16a) (

above to yield 0.35.,g (30%) of 23 (cf. 87% récrystallized
yield for 24 below)} mp 187-189°C (dec); IR (KBF disk)

. N { .
3430 (m, br), 3300-2200 (s, br, malt), 2080 (w,.br), 1690

(s), 1245'(m), 1139 (vs) cm'l; 1y NMR (80 MHz, 0O + DC1)

(m), 1630 {vs, br), 1588, (s), 1510 (s), 1390 (v;f 1313
\ . .
D2
'64.56 (m, 2H, CH), 3.92 (m, 4H, CH,SO,); POSFAB-MS
(glycerol/HCl) 241 (MH"')‘, 481 (M,H™). |
c S _
J~. D- and meso-Lanthionine sulfones {24a, 24b and 24c).40>
A performic acid solution was prepgred by stirring
together 1 vol. of 39# hydrogen peroxide~and 9 vol. of 97é
formic acid for 1 h at 2S°C.111 An aliquot (2.0 mL, 1.7
\mmol) 6f this mixture was ééaed to each pd%é 1an£hionine
isomer (16a) from 2la, 16b from 21b: and 16& from 21b) (100
mg, 0.48 mmol) at 0°C and stirred 2 h. The solvent was
.evaporated at 30°C in vacuo ard the syrupy residue was
redissolved in H,0%(2 - 3 my) and reconcent}ated_ig
vacuo. The'solid’residue.was recrystallized ffothéO (1.0
m )<as described for lanthionine”(seé 16a) above._ In a
typical oxidat{on llé mg (90%) of 245 (L) or 24b (D) as

monohydrates, or 105 mg (91%) of 24c (meso, anhydrous) was
] qéb ) . e ]
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A

recovered after recrystallization.

b
-

For irlanthion@ﬁe #ulfone monohydrate (24a): mp $
300°C (darkening At”goo°c, 240°C black); [a125 +25.9° (c
1.0, 1IN HC1): IR (KBF disk) 3300-2150 (s, br), 2000 w),

1663 (s), 1625 (s), 1541 (s), 1379 (s), 1301 (s), 1130
(s), 517 (m§, 488 (m) cm~1; ln NMR’(460 MHz, D,0 + DC1)
' 54.62 (ad, -2H, 4, 8 Hz, CH), 4.16 (dd,-2H, 4, 15 Hg,
'CHHSO,), 3.97 (dd, 2H, 8, 15 Hz, CHHSO,); Anal. éalc.‘for
.‘CGledeésbﬂzO: C, 27.91; H, 5.46:9N, lOl84} S, 12.41.
Found: C, 27.93; H, 5.44; N, 10.87; S, 12.39; POSFAB-MS
(glyCeroi/HCl)‘241»(MH+); 481 (MH'); Rg 0.27 (System €).

‘For D-lanthionine ;ulfone'monohydra;e,(24b); mp >
300°C (darkening at 200°C, black by 240°C); [¢135--25.6°
{c 1.0, 1N HCl) (cf. 24a above); IR, f WMR, Ms and
: chromatoqraphic properties were identical.to'34a. Anal;
Found: C, 27.87; H, 5.48:; N, 10.80; S, 12.46. |

For_mgﬁg—lanthionine'sulfone (24&);;‘ﬁp”18i4188°c
(dec) (1it.ﬁj 270-300°C (dec, Browning at 210°C)): [a13°
0.0° (¢ 1,0, 1N HCl); IR (KBr disk) 3300-2180 (s, br),
1670 (s), 1635 (s), 1548 (m), 1395 (s), 1310 (s), 1133
(s), 490 (m) em™l; lH NMR (200 MHz, D,0 + DCl) 54.81 (dd,
2H, 4.0, 7.5 Hz, CH), 4.27 (dd, 2H, 4.0, 15 Hz, CHHSO,),
4.09 (dd, 2H, 7.5, 15 Hz, CHHSD,): Anal. Calec. for
CgHy oNHO(S: c,-3o.oo;gﬁ, 5.03; N, 11.66; S, 13.34.
Found: C, 29.89; H}£5522; N, 11;59;‘5, 13.14; POSFAB-MS

(glycerol/HC1l) 241 (MH*); R¢ ~0.3 (Syspem Cc).
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'Z- aﬁd é-[g_n 7Bls(tr1fluoroacet?1{;L—dehydrolanthlonlne]-

d1methy1 esters {25 and 26). o -@;

The proceddre of Janzen et al. 1133 was adapted

= NN gls(trlfluoroacetyl) -L- lanthlonlne d1methy1 ester

ot Y c—

L “[a]25 ~9.8° (c 0.44, MeOH)) (1.30 g, 3.04 mmol) in’

dry CH3CN (5 0 mL) was 1njected into a solutaon of XeF2

., (668 mg; 3.95 mmol) 1n CH3CN (4 0 mL) at -23 C. The

stirred solutlon ‘'was allowed to warm ‘to 20
4

C and gas

evolved in the reaction was collected in an»lnverted >

. .cylinder over hexane. After 40 min gas evolution cease

(~170 mL tatal generated, 100% theory Xe + HF = 140 mL)é\) .

»and 1,1,1,3,3,3-hexamethyldisilazane .(0.844 mmol, 4.0

mmol) was added and the sol@%nt was removed in' vacuo at—

6

30°C. The'residue was chromatographed (300 mg/run) on an

MPLC silica column (4C% EtOAc/60% hexanes,

26 (92 mg, 7%).

oy
'

3.0 mL/min) to

yield 25 (972 mg, 75%) as the major product, followed by

<

. For Z-[N,N' -bis(triflubroacetyl)-L-dehydro-

lanthionineldimethyl ester (25): mp 94-96°C; [413° -

? (£0.1)° (c 1.0, MeOH); IR }(CHCl; cast) 3300 (m, br), 3050

(w, br), 2958 (w), 1750 (m), 1718 (vs, br),
(m), 1439 (m), 1315 (m), 1253 (s), 1214 (s)

em~l; 1B NMR (300 MHz, CDC14) 58.06 (br.s,

1597 (m), 1544
» 1173 (vs, br)

1H, C=CNH),

7.68 (br d, 1H, 7 Hz, CHNH), 7.47 (s, 1H, SCH=C), 4.94 (~d

of t, 18, 7, 4.5 Hz, CH), 3.B4 (s, 3H, C=C-COOCH3), 3.81

(8, 3H, CHCOOCH3), 3.46 (~d, 2H, 4.5 Hz, CH,S); ?n nOe

enhancement of the 7.47 ppm resonance when
‘{l'

LN

irradfating at



1 _“‘ >

3.84 ppm suggests Z stefeochemlstry._ Anal. Calc. fef ' <
C12H12N206SF6 C, 33.81;H, 2.84; N, 6.57. Found: T, .
34,01; H, 3.15; N, 6.75; EI-MS: . 426. 0317 (42&.0321
calcd.),» 313.0227 (M CF3C(Di\\2), 196. 0221 (Base peak

M- SCH2CH(NHC(O)CF3)COOCH3).,CI MS' (NH3) 4@4 (M+NH4*). 427

.’r‘

() R 0.25 (408 EtOAc/hex).

2 1.

nou For the E-1soner 26. ;IB (KBr d&sk) 33lB (m, br),
l3060 (w, br), 2957 - (m), 2920 (m), 2845 (m), L722 (sz,

1659 (m), 1547 (s), 1440 (5), zase (vs). 1214 (vs), 1176
. (vs, br), 1108 (m) em~}; ly NMR&(300 MHz, toel,) 67.85 (br
s, 1n, c=c¥n§), 7.56 tbr d, 14, 7 Hz, NH), 7.26 (s; 1H,
'scn=C),°4/gAi4<g_2£_t, 1H, . 4 5 Hz, cn), 3.87 (s, 3H,
C=C-CO0CH3), 3. 82 (s, 38, cncooq_J),' .48 {~d, 2H, 4.5 Hz,
CH S), no nOe enhancement of the 7 26 ppm resonance was
obseryed on irradiation at 3. 87 ppm; EI-MS 426 0305
(426.0321 calcd. Sor c12 12N206ss6)—%§13:0213
(M- CF3C(O)NH2), CI-MS (NH3) 444 (M+NH4+), 427. (MHY); R
0.16 (40% Bt0AC/hex) A -
L-Methionine methylsulfonlum,‘iodide salt (27). //
__L-Methionine (1. 00 g,”6170 mel) was’ dlssolved in Dz£
(27 mL) and the apparent pH a&justed to 3 5 by addition of
CH4COOH. Methyl,lod1de (0 90 mL, 14 mmol) was added to
and the mlxture was stfrred lﬂ dark aﬂd monltored by ly
NMR; after 4 h- the react{on hﬂd proceeded 45% and after 23
h it was 87% complete by NMR.; After 24 h the vqlume was

reduced to 5 mL in vacuo at BO;C and MeOH (100 mL) was

Py
ALY

“pl

185-~_.‘,_ .
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] s

adaed‘slowly to cause the°crystalliiation’qfﬁZ? as large

‘ silvery flakes (yield 1.25 g, 643): mp 156;i60;c (dec)

| (lit. mp ~150°p (dec)'f§r DL (racemic)56)§;IR (KBr disk)

- 3660-3300 (m, br), 3260-2000 (s, br, mult)h-16l6 (52Q'1567
 (vs), 1542 (m), 1408 (m), 1371 (m), 1050 (w), 781 (m}, 547
(s), 440 (m) em™l; 13 NMR (8C MHz, D,0) 64.05 (~t, 1H,

~6.5 Hz, CH), 3.27 (m, 21, CH,ST), 2.70 (s, 6H, s*(qgé)z),‘
2.22 (5, 2H, CHCH,): pbspAB-MS'(glycerol) 164 (MHY), 327

(M,HY), 102 (MH™-Me,S). ; .

N,N' -Bvis(i'.igt.:_—butoxycarbonyl )lanthionine (é8—) .
The general method of Moroder et al.265 yas

adapted. To a stirred Qolutioh of lantﬁionine (Sigma, -

. mixturé°of éll isomers) (2.00 g, 9.60 mmol) in diéxéne/Hzo
‘ V(Z:IJ 50 mL) with IN NaOH (20 mL) was added dijzgzg;bsﬁyl‘
‘[‘pyrocarbonate (4.65 g, 21:1 mmol). The mixture. was |
gtirred.l.s h, more di-tert-butyl pyrocarbonate (1.50 9.
', 5.2 mmol) was added, and stirring was continued '3 h
loﬁgé%. The‘volume wa;greduced 50% in vacuo at 40°C and.
the mf&ture was acidifiéd to pH 2.25 with 2N H3PO4.
'<Extraction with.EtOAé (3 x 40 mL) followed by drying of
organic phases over Na,504 and e;aporation in vacuo
provided 4.48;9 of hygroscopic white foam. This material
was-recryé.tal_lized frorﬁ 'EtOAc/heXane to obtainl3.17 g ¢
(88%) of 28 as a wb}ie Erystalline solid: mp 128-129°C;
IR (CHCl; cast) 3500-2200 (m, br, mult), 1722 (vs, br),

1658 (m), 1523 (m), 1393 (m), 1367 (m), 1250 ,(m), 1225



. .
; . ,
¢/ .
N -
7

}A), 1163 (slgem™l; 14 MR (80 iz, dg-DMSO) §7.00 (bf q,
2H, 8 Hz, NH), 4.03 ‘brm 2 CH), 2.87 (m, 4H, qgés),
'i‘,l.40 (s, 18H‘, te t-Fai); A U Calc. fo- ClGHZéNZOBS:’ C,\
. 47.05; H, 6.91; ¥ o 8 S, 7.8  Founc: & 47.05; 1,
6.96; N., 6.76; S, 7¢ POSFAB-M: \glyce;‘ol). -409 _(MH+); ‘R¢

0.57 (40 MeOH/6) EtOXc, | HOA-)

N-(tert-Butoxycarbonyl)-S-methyl-L - ysteine (29).
The method of Pale.~da e. a’ 118 g adapted. To a

stirred solution of S-methyl-L-cysteine (Aldricﬁ, [a]%B]
-28.9° (c 1.0, Hy0)) (3.00 g, 22.2 mnol) and triethylamine
(4.7 mL, ?ﬂ mmol) in'H20 (14 mL)/dioxane (14 mL) was added
2;(EEEEjéatoxycarbohyloxyimino)—2—phénylacetdhitrile
("BOC-ON", Aldrich) (6:00 g, 24.4 mhél)} The mixture was
stirred 16 h at 25°C, diluted with H,0 (33 mL) and
extracted with diethYl ether (6 x 45 mL). The aqueous
phase was acidified to pH 2.5 with cold 2.5N HCl and
extracted with CHéClZ (5 x 20 mL). The organic layers-
were dried over Na,SO4 and concentrated in vacuo to give
5.%0 g of gélden syrup. The syrup was recrystallized from
EtQAc/hexane (50°C.» -20°C) to yield‘4.02 g (77é)méf fine
white needles of 29:266mpng6-78.5°C; [¢13% -17.9 ~ 0.1)°
(c 2.0, MeOH); IR (CHClj cast) 3;83-2200 s, br, mu.-),
1717 (vs, br), 1510 (s), 1394 (s), 1368 (s), 1248 (s),
il64‘(vs),‘1054 (m).cm'l; 14 NMR (80 MHz, CDC13)‘511.35‘
(s, 1H, COOH), 5.53 (brd, 1H, NH), 4.58 (br m, 1H, CH),

3.02 (~d, 2H, ~6 Hz, CH,S), 2.18 (s, 3H, CH3S), 1.47 (s,

187



.. .- 57897 S, 13.53: EI-MS: 235.0875 (M*, 235.0879 calcd.).

188

. . | : | | _ '2

9H, tert-Bu): Anal. Calc. for CgH,9NO46: C, 45.94; H, i.

$7.28; N, 5.95; S, 13.63. Found: C,. 46.27; H, 7.39; N,
.9 )

.

1 nuk §tuay of;§7nethy1atio; of N,N'-Bis-
(BOC)lanthionine: . g?; .
Methyl iodide-(156 wlL, 2.50 mmol) was added to a’
solution of 28 (120 mg, 0.294 mmol) in‘di-DMF (1.5 mL),"
‘?and the progress of the reaction was monitgred by IH'
.
NMR. After 21.5 h at 25°C in dark, 45 (:+4)% of 28 had
been_§7methylated (see 30 below), however neither
prqlonged reaction timesnﬁor further additions of CH4I
‘sﬁocéeded in driving‘tqg reaction past 45% compie£fon. Rf
~o 13 for sulfonium salt (40 MeOH/60 EtOAc/1 HOAc: ? Rf
0.57 .for 28).
glg_—Bls(tert-butoxycarbonyl)lanthlonlne methylgulfonlum,
tetrafluoborate salt (30).
Silver tetrafluoborate (120 mg; Oﬁeléymhol) was added ,(/
to 28 (250 mg, 0.612 mmol) in dry DMf (5;6 mL) followed by .

methyl iodide (228 L, 3.67 mmol). The mixture was sealed

under Ar and stirred in darkﬁ'
indicated most of 28 had be-f' 1fﬁﬁéd. Excess CH3I was
removed in vacuo at 35°C ané Aglﬂ&as precipitated by

addition of 2-propanol (25 mL) to the DMF solution. The
mixture was stirred 10 min in the dark, solid Agl was |

‘rgmoved by filtration, and the filtrate was concentrated



in vacuo to afford @fyellow syrup. Trituration of the

fes}due Jith‘dry ether remerdrunreacted 28,\3nd - A

precipitated the methyls&tfonit;/yEE;EEI&gbélat; salt 30 '

as a Qg;roscopic'yellow solid’ (9 mé,.47§i\jﬁnb&ining 1.5 \

mole equivéldhts of DMF. The DMF could not be’rémoved_ig -
vacuo without subspangaal decomposition of 30:. lH NMR ¢ |

. . ) )
(80 MHz, CD3CN) $§10:.15 (br 's, 2H, COOH), '8. 01 (br s, 1 5

H, (€Rg),NC(0)H), 6.30 (br a,"2H, 8 Hz, NH), f,,l Ao,
24, CH), 3.89 (m, 4H, CH,S*), 2.94 (s 4.5H, )

»

Ci3(CH3)NC(O)H) 2.79_ QSH CH3(C_3)NC(O~))h), 2.74 (si
3H, s¥cH,4 ), 1.45 (s, 1BH,»tert- Bu) POSFAB-MS (glycerol)
423 (M* = [BOC-NHCH(COOH)CHz]jS Me), 424218 of M%), 425

(8.5% of M¥), 845 (M™M*-H*): Rg 0.13'(40

EtOAc /1KOAc) . Thfs material decomposéd before it /could be
7 ' . . %' < ‘ . - \ -
fully charact%;1Zfdw : ‘

. v ~ - &
N
Dimethyl azodicarboxylate (34). '
The/modification of the method of MacKay and

4 waS‘émplpyed.*‘Dimethyl 1, 2-hydrazinedicarb-

McIntyre
: ‘
oxylategl'l24'(154.8 g, 1.05 mol) was suspended in CH,Cl,
(1.4 L) with pyridine (84.5 mL, 1.05 mol). N-Bromo- '
succinimide (186.0 g, 1.05 mol) was added slowly over 15
. ( . ‘ ’

min with rapid stirring..’ The solution was stirred 30 min
and extracted with Hy0 (3 x 1.5 L). The dlchloromethane
phase. was' dried over Na,S04 and concen£>§€ed in vacuarat

30°C to produce 171.9 g of dbright orange-red liquid. This

-liquid was distilled in vacuo,”and early low boiling
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fractions as well as the last 7-9% of the residue were

discarded (Note, there is a danger of»explogion in
.

»gistillationgl). The fraction of the distillate boiling
at 47°C/0,35 mm Hg provided 126.3 g k83%) pf‘34 which was
stored in dark under Ar at 4°C (so{idifies, mp ~10°C){ Jighi
(£ilm) 2960 (m), 1780 (vs), 1440 (s)., 1244 (vs), 876 (m) °
em~1; 1 NMR (80 MHz; neat with TMS) §4.10 (s, Oé§3); 'ty v;”
EI-MS: 59.0182 (Base peak, COOCH3), no MY observable. -

Chromatographic:properties of ROOC-N=NZCOOR and 4 ~
. : .. ‘\ , "
ROOC-NHNH—COOR=re@ﬁgétively in 45% EtOAc/55% hexane are:,

R¢ 0,58 and 0.13 (:0.05) (R=Me); 0.71 and 0.23 (s o/ 6)
(R4AEt); >0.8 and 0.41 (10.05) (R=Bn). For cdmparison 36

¢ R \

‘has R 0.31 (+0.04) in this solvent. . N

N .

N-(Benzyloxycarbonyl)-D-serine (QSb).

This materiJl was prép@;ed according to the general

‘procedure of Greenstein and Winitz.267 Benzyl chloro-
‘formate {35.4-9,'0.22 mol) wag.added dfoﬁwise over 30 min i
to a vigorousiy stirred mixture of NaHCO3 (42.0 g, 0.50
mbl) and D-serine kéigma) (21.0 g, 0.20 mol) in H50 (250
mL). The mixture wés séi;red 1 h, extr-cted with Et,0 (50
mL), cooled on ice/Hzo,'andbacidifiéd (pd 2.0) by‘carefdl
addition of 5;1§_HCl. The slur;y‘was extracted with EtOAc
(4 x 250 mL) and organic phaées wefe—pooled, dried over

’

Na,SO, and evaporated in vacuo to 32.5 g (68&) of white
foam. This material was recrystallized from EtOAq/hexane
, o - . ‘
to afford 30.0 g (62%) of Z-D-serine (35b) : mp,ll7-119'9

IS



- S sa, R
(1it. mp 117-119°c467P); (2125 -5.83° (c 7.0, HOchgglicr
[a]18° -5.6° (c 7, HOAc), 2673 _5.8° (¢ 6, noac)267b); 1R
‘f(Kér disk) 3440 fm, pr),‘3337 (s), 3318 (s),13208‘(m,-br),
1747 (s), .1690 (vs),.1831 (s),71247 (vs), 1059 (s), 1029
(s), 697 (s) em™l; 1y NMR.(300 MHz,!dG-acetone) §7.38 (m, -

S, Ph); 6.43 (br, 1H, NH), 5.08 (s, 2H, PhCHp), 4.30 fm,
- <@

*
1R, CH), 4.25 (br s, 1H, OH), 3.93 (m, 26, GHpOH); . s/
\‘ ,/
EI-MS: 239, 0789 (239.0794 calcd. forbbj;%13N05
POSFAB-MS (glycerol) 240 (MH ), 479 (M2H ). o l
- , ¥ v |
¥ . . PR

_E;(Benzyloxycarébnyl)serine B-lactonés (36a, 36b, 36d) and

benzyl N-vinylcarbamate (37),

"

K .~—

[ To a-stirred suspensiof of Ph3P‘(ét43 S, 24.5 mﬁol;

dried in vacuo over P, in dry‘GH3CN/TH§ (10'1, 110 mL)
at -50°T was added dim thyl azodicarboxylate (34) (2.70
mL, 3. 58 g, 24.5 mmol) \dropwise over 10 min. The mixture

was stirred 10-15 min ar -

¢

. -disappeared and a_ rry of'whitegsgiid formed. A

°C until the orange color

‘solutioq of 2z-serine (35a, 35b or‘336) (5.84 d} 24.4 mmol ;

dried in vacuo over PZOS)-in CH3CN/THF.i8:1, 80 - mL) was

added dropwise over 15 min to the well- é?frred slurry at

v/ 8
=50°C. The m1xture was st;pred 20 30 min at —50°C, and 2

h at 25°C. Solvent was removed in vacuo at 35°C and the.
residue was flash chromatographed on silica ge],260 (45%
EtOAc/55% héﬁane) to afford 4.10-4237 g‘bf 36. This

material could be recrystallized-as fine white needles

. . ‘ : v
with 91-95% recovery by dissolving in a minimal volume of
- “\ A Y " . '

/
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EtOAc at 45-50°C, adding two volumes of warm CCl,,
followed by hexane to permanent cloudiness gnd-cooling to
-20°C. L

Early fractions from the column yielded 0.56 tQ;0.73
g'(13—17%) of moisture and acid sensitive benzyl |
vinflcarbamate (37) which couid be freed of its
decompositidn‘producté by bulb—to-bu}b-distillation (0.1
mm Hg/90°C)s mp 41-43°C (l;t. mp 4}/£4°c269);*1R (CHc13
cast) 3320 (s, br), 1706 (vs), 1649 (s), 1520 (s), T499
(s), 4450 (m), 1402 (s), 1260 (vs), 1090 (s), 696 (s)
cn™l; 1H NMR (80 MHzy, CDCl;) 67.34 (s, SH, Ph), 7.30 (br

4

s, 1H, NH), 6.20-6.48" (m,”1H, N-CH), 5.15 (s, 2H, CH,Ph),

i

4.48 (~d, 1H, ~16 Hz, 2-CHH), 4.27 (~d, 1H, ~8 Hz, E-CHH);
_ Anal, Calc. for CygH;|NO,: C, 67.77; H, 6.26: N, 7.90.
Found: C, 67.27; H, 6.34: N, 8.00; EI-MS: 177.0792 (M*}
177.0790 caled.); Rg 0.70 (45% EtOAc/55% hexane).

For L-Z-serine p-lactone (364):120 mp 133-134°C
(dec); [a]%s -26.8 (+0.1)° (c 1.0 to 5.0, CH3Cﬁ); IR
(CH,Cl, cast) 3350 (m), 1845 (s, sh), 1830 (s), 1685 (vs),
1530 (vs), 1276 (s) em™l; €1847 om-l (0.1 mm KBr, THF)
0.25 mL mg~! mm-1, 57 M_i“mm'l; 14y NMR (100 MHz, CD,Cl,)
57.34'fs; 5H, Ph), 5.34-5:50 (br_a,.ln, 8 Hz, NH), 5.14
(s, oM, CH,Ph), 5.02 (dd, 1H, 6, 8 Hz, CH), 4.43 (~d, 2H,
6 Hz, ¢g2o); 13c NMR (50.32 MHz, CD,Cl,) 6169.2, 155.8,
136.4, 129.0, 128.9, 128.7, €8.1, 66.6, 60.3; Anal. cauc(f\/xm__~
for C) HNO4: C, 59.72; H, 5.01; N, 6.33. Found: C,.

59.60: H, 5.10: N, 6.21; EI-MS: 221.0691 (M*, 221.0688

o »
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" (34). Flash chromatography on silica gel260 (3<%

) - : -
1227 (s, br); 1071 (m), 726 (m), 694 (m) cm™'; H NMR (80
MHz, dg-DMSO) 68.20 (4, 1H, 8 Hz, NH), 7.27 (s, 5H, Ph),

4.33 (m, 1H, CH), 3.7 (& . * Hz, CH,0), 3.55 (s, 2H,

L3

_CH,Ph); Anall TCalc. for Cy 7. N(,: C, 59.19; H, 5.87; N,

6.27. Found: C, 59.04; H, =~ > N, 6.40; EI-MS:

'223.0845 (MY, 223.0845 calcd.).

2 .

N-(Phenylacetyl)-L-serine g-lactone (39) and,2-(2-Phenyl— .

acetamido)ethylene (40)-268'v

e

The lactonization of N-(phenylacetyl)-L-serine (38)

: v
(5.45 g, 24.4 nfmol) was performed as outlined for the

preparation of 36 above except that diethyl azodicarb-

oxylate (3.86 mL, 24.5 mmol) was used in place of DMAD

EtOAc/65% hexane followed by 60% EtOAc/40% hexane) -
provided 3.82 g (76%) of B—lactone 39 and 905 mg (23%) of
40. The p-lactone 39 was recrystallized from | '
EtbAE/hexane, whereas 40 was recrystallized from o
CHZClz/Hexane for analysis.» |
For 39: mp 118-1193C  =. mp 122-123°c271); [4)25
-31.7 (£0.2)° (c 2.0, CHyCN); IR (CHyCl, cast) 3320 (m),

1846 (m), 1819 (m),, 1651 (vs), 1533 (s), 1102 (m). 892

- (s), 697 (s) cm™}; lH NMR (400 MHz, d,-DMSO) 68.68 (d, 1H,

7.6 Hz, NH), 7.13 (m, 5H, Ph), 5.09 (m, 1H, CH), 4.25 (m,
T

2H, CHy0), 3.46 (s, 2H, CH,Ph); 13¢ NMR (100.6 MHz,

dg-DMSO) §171.2,- 169.9, 135.4, 129.1, 128.3, 126.6, 65.2,

!



N, 6.83. Found: C, 64.09: H, 5.45; N, 6.65: EI-MS:
205.0734 (M¥, 205.0739 calcd.), 175.0632 (M-CH,0),
161.0837 (M-CO,), 118.0418 (PhCH=C=0), 91.0532 (CqH49): R¢
0.35 (60% EtOAC/40% hexane). |

FPor 40:~ mp 82-83°C; IR (CHCl3 cast) 3235 (m), 1662
(m), 1635 (vs), 1530 qg),'1455 (W), 1422 (w), 1399 (w),
1263 (s), 1190 (m), 980 (m), 869 (m), 771 (m), 721 (m),
697 (s) em~!; lH NMR (400 MHz, CDCl;) §8.34 (d, 15' 9.2
Hz, NH), 7.07 (m, SH, Ph), 6.76 (m, 1H, CH,CH), 4.47 (4,
1H, 15.4 Hz, Z-CHH), 4 26 (d, 1H, 8.4 Hz, E-CHH), 3.40 (s,
om, phqu);.13c NMR (100.6 MHz, CDCly) 6169.2 (s), 134.6
(s), 129.3 (4), 128.8 (d),‘128.7 (d), 127.2 (d), 96.2 (t),
43.2 (t); Anal. Calc. for CygH, NO: C, 74.51: H, 6.87; N,
8.69. Found: ' C, 7- 77; H, 6.87: N, 8.70; EI-MS:
161.0832 (M¥, 161.0841 calcd.), 118.0405 (PhCH=C=0); Ry

0.68 (60% EtOAc/40% hexahg).

"HPLC Studies of N-(Phenylacetyl)-L-Serine Lactonization:
These investigations were ca;ried out using a Whatman
Partisil M9 10/25 Silica column (25 x 9.4 cm) with a'
.binary solvent gradient (A * hexane, B =AEtOAc) and a
detection at 260 nm (Program: 2.00 mL/mih; 0 min (45% B),
18 min (75% B), 25 min (100% B), 40 min (100% B), 45 min
(45% B), 60 min (45% B). Solutions of analytically pure
38, -39 and 40 were used to callbrate "the instrument on
alternate runs and results were reproduc1ble within

+2.0%. Reactions for HPLC analyses were carried out on

195
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0.6 mmol scale according to the method used for 36 making -
appropriate changes as described in Table 2. - Under the
- above conditions retention times for Ph,P, DEAD, 40, 39 .

0
and PhyP=0 were: 6.09 (£0.05), 6.95 (+0.09), 9.23

[

(10.02), 17.94 (+0.10) and 34.9 (+0.4) min, respectively.

~

N-(tert-Butoxycarbonyl)-D-serine (41b). T

The general method of Moroder et al.Z295 wasjésed.j To
a stirred solufion of D-égrine (Sigma) (12.5 g, 118 mmol)
in dioxané/Héb (2:1, 300 mL) and 1N NaOH (£2O mL) was
added di-tert-butyl pyrocarbonéte (28.5 g, 130 mmol). The
mixture was stirred 40 min and\ihe voluﬁe reduced to 150
mL in vacuo at 35°C. Aftér acidification (pH 2.25) with

;g_ﬁéso4, EtOAc (3 x 100 mL) was used to extract the

product. Organic layers were dried over Na,S0, -and
N ‘ ~ally . ) ﬂ
concentrated in vacuo to -a colorless oil which

3

crystallized on treatment with hexane. This crude

material was recrystallized from EtQAc/hexane to yield
T .

oef)

14.7 g (61%) of 41b: mp 88-89°C (lit. mp 75-78°C, 2722 gg-

1

89°22720); [(135 -7.0° (c 1.0, CH3CN); IR (CH,Cl, cast)
1715 (vs), 1689 (vs), 1519 (m), 1395 (m), 1368 (m), 1168
(s) em™!; lH NMR (80 MHz, CDCN) 10.1 (br s, 1H, COOH),
5.3-5.6 (br s, 2H, NH and OH), 4.0-4.3 (m, 1H, CH), 3.8-
3.65 (m, 2H, qg;on), 1.43 (s, 9H, tert-Bu); Anal. Calc.
-

! for CgHygNOg: C, 46.82; H, 7.37; N, 6.83. Found: C,

46.75: H, 7.25: N, 6.66.
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N-(tert—nutaxycarbonyl)serlne p»lactones (42a and 42b). 268
These compounds were prepared from the correspOndxng

"L~ and D—BOC-serlnes (41a and 41b) (5.00 g, 24.4 mmol) in

either AHF at -78°C (60 + 5% isolated yield), or CH,CN/THF

at -50°C (9:1; 70 + 2% Yield) accordiné to the precedure
outlined fgr 36. " Isolation b& flash chromatography en
silica?®0 (353 EtOAc/65% hexane) provides 2.51 to 3.29 g
of g-lactone which can be recrystallized as described for
36 above. - | ‘,

For gge‘beisomer (425): mp 119.5~120.5°C (dec); )
[¢13° -26.7 (:0.2)° (c 1.0, CH3CN): IR (CH,Cl, cast) 3358
(s). 1836,(s), 1678 (vs), 1532 (5), 1291 (m), 1104 (s) |
en™; 51;;7 cm~1 (0.1 mm KBr, THF or CH,CN) 0.34 mL mg™}
mmt, 64 M71 mm=1; 14 NMR (200 MHz, €D,Cl,) 65.53 (br s,
1H, NH), 5.05 (dd, 1H, 8, 6 Hz, CH), 4.47 (~d, 2H, 6 Hz,
CH,0), 1.47 (s, 9H, tert-Bu);: 3¢ wvr (50.32 Eﬁz, CD,C1,)
§170.0 (s), 155.1 (s), 81.5 (s), 66.6 (t), 59.9 (d), 28.2
(q); Anal. Calec. for CgH,4NO,: ‘c; 51.33; H, 7.00; N,
7.48. Found: C; 51.04; H, 6.97; N, 7.42: EI-MS:
188.0929 (MH*, 188.0923 calcd.); CI-MS (NH3) 205 (M+NH4Y),
392 (2M+NH,Y). | o

For the n—aﬁiipodé (42b): mp 119-121°C (dec); [«13°
+26.6 (+0.2)°* (c 1.0, CH4CN); IR, NMR, MS, and
chromatographic éroperties'were identicai to 42a.
N-Benzylserines (43a‘and 43b).268 "

The procedure of Quitt et al,273a was used to produce
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the L- (43a) and D- (43b) isomers from L- and D—sefide
~;(Sigma),.respectively. Distilled beﬁzaldehyde (20.3_mL,
_QOO mmol) was.added to serihe (21.2 g, 200 mmol) in 2N
NaOH (100 mL)' The §olution was stirrgd 30 miq under Ar,
cooled to qéc and NaBH, (2.28 g, 60.0 %mol) wag added in
small .portions over 15 min. The mixture was stirred(l h
and the procedure was repeated with the same quantities of
benzaldehyde and sodium borohydride.‘ The mixﬁu}e was
;ti;red 2 h at 25°C and extracted with ethe} (3'x 75
mL). The aqueous phase was -cooled on ice/H20 Qnd
‘carefully acidified to pH 6-6.5 with 2N HCl. After 2 h at
4°C £he white precipitate was filtered-and recrystallized*®
fr;m water to give 13J9 g jBB%f of §;benzylsgrine (43a or
43b). | ‘ |

Fdr ngfbenzylse;iﬁe (43a): mp 220-222°C (dec,
darkens .at 216°C) (1dt. mp 2:0°c 2732 220-222°C

(dec)273by .. [al%? +5.1 (¢0.1)° (c.i.O, Qﬁ_HCi) (lit. [afgl

+5.1° (c 1, 6N HC1)2733); IR (KBr disk) 350-2200 (s, br,’

mult), 3000 (s), 1643 (vs), 1590 (s), 1555 (s), 1456 (m),
1400 (m), 1376 (m), 1330 (m), 1066 (s), 730 (m), 695-(§)
cm™1; 'H MR (300 Mz, D20‘4 DCl) §7.52 (s, 5H, Ph), 4.36
(s, 2H, CH,Ph), 4.19 (m, 1H, CH), 4.14 (m, 2H, quéﬂ);
EI-MS: ' 195.0883 (M, 195.0896 calcd. for C, oHy3N03) :
POSFAB-MS (glycegol/form;c acid)_ 196 (MH*}, 391 (M2H+); R¢.
0.62 (System D).

| For the D-isomer (43b): mp 221-223°C (dec); [qJ3°

-5.1 (£0.1)% (c 1.0, 6N HCl); IR, NMR, MS, and

198
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chromatographic properties were identical to 43a.
Nd .

O L - ‘ @&

P )

ZE}Benzylfg;(béhiyloxycarbonyl)serines (44a and 44b). . ]

Benzyl chloroformate (3.4 mL, 4.06fg, 23.8 mmql)'wggi

added dropwise ;;;: 30 min to a chilled (5 °C). solution og
% N-benzyl-D-serine (435) (3.0 g, 15.4 mmol) in gg_ﬁaOH (7.5

-mL) ard THF (2.5 mL) with vigorous stirring. Thrbughout

the add%tidh the appare;t pH was maintained between 9.5- -

10.5 with 1N NaOH. The mixture was stirred 20 min, S

acidified to pH 2.0 with ?g;HCl at 5 °C and extracted with

EtdAc (3 x 75 mL). The érqde product obtained ci
ebaporation of tﬁé organic'phases was purified by reverse
phase MPLC (65% MeCN/Hzo, 3.0 mL/min) to afford~2,0:2.38 g
(40-47%) of 44b as_a colorless syrup:, [a]%s +25.2 (+.3)°
(c 0.8, CHC13); IR (CHCl3 cast) 3640-3100 (m, -br), 1740
(m), 1702 (s), 1685 (s), 1454 (m), 1428 (m),\géiz (s), 699
(s) em™1; 1n NMR (80 MHz, CDC13)202 §7.27 (br s, 10H, Ph),
6.72 (br s, 2H, COOH, OH), 5.12 (s, 2H, OCH,Ph), 4.65 (s,
0.75 x 2H) and 4.59 (s, 0.25 x 2H) (NCH,). 4.30-3.50 (m,

3H, CHCH,OH); Anal. Calc. for C1gH1gNOg: C, 65.64; H, 7

rd’

5.81; N, 4.25: Found: C, 65.64; H, 5.75; N, 4.06; EI-
MS: 329.1265 (MY, 329.1263 calcd.); Rg 0.55 (10 MeOH/9O
CH,Cl,/1 HOAC). - ' ‘

The L-isomer (44a) was prepared in an analogous
manner from 435 and possessed chromatographic and spéctral
properties identical to 43b: [a]%s -24.4° (c 1.3,

CHC13); Anal. Found: C, 65.42; H, 5.72; N, 4.25.
. —



200

E—Beniyl-_N_—(benzlylo'xiycarbony’l)serine p-lactones (45a and '’
45b).2768 ﬁese compounds were pre'pare'd in THF at f78‘°C .
from 44a and 44b, respectively, aécording to the
previously outlined‘ procedure for Z-serine B—Ia_'fcktones
' 5@36). Isolation b#/ flash chromatography on si).ica260 (25%
\’EtOAc/hexanes)' afforded g-lactone (71%) which was
recry'stallized asfwhite needles from Et,0 or
‘cc14[hexane: mp 73-74°C (L, 45a), 75.5-76.0°C (D, 45b) ;
[a']IZ)S -9.3° (45&),, +9.5° (45b) (c 1.1, THF): IR (CHC13 .
cast) 1833 (vs), 1702 (vs), 1454 (m), 1423 (m), 1246 (s),
1107 (m), 699 (m) em™l; 1H NMR (300 MHz," CDC14)202 §7.50-
7.10 (m, 10H, 2_22), 5.40—3.12 (m, 2H, PhQEzo), 5.00-4.82
(m, 1H, CH), 4.58 (br s, 2H, PhCH,N), 4.42 (~br s, 0.63H)
and 4.27-4.08 (m, 1.37H,/Chgaro) ; 13c NMR (75%5 Muz,
cDCI4) 202 168.5 and 169.17¢;55.4, 136.5, 129.1, 128.7,
128.5, 128.1, 127.5, 127.2, 69.0, 68.4, 65.8, 64.9, 51.93
Anal. Calc. for CygH,qNO4: C, 65.44; H, 5.50; N, 4.50.
Found: C, 69.44; H, 5.49; N, 4.44 (for 45a) and C, 69.57
!

H, 5.43: N, 4.73 (for 45b); EI-MS: 311.1157 (M¥, 311.1157

caled.); CI-MS (NH3) 329 (M+NH,*), 312 (Mu').

N-Acetyl-DL-serine g-lactone (46).

Dimethyl azodicarboxylate (34) (1.08 mL, 9.80 mmol)
was added dropwise over 5 min to a rapidly stirred
suspension of triphenylphosp“ine (2.57 g, 9.7 mmol; dried
in vacuo over P,0g) in dry acetonitrile (6(11» mL) at

-42°C. After stirring 10 min, a solution of anhydrous N-

v
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acetyl-DL-serine (1.25 g, 8.49 mmol) in CH4CN (50 mL) /HMPA

(5.0 mL) was added dropwise over 10 min at -42°C. The

mixture was stirred 10 min at -42°C and 3 h at 25°C, and

:‘@hen concentrated in vacuo at 30°C. _ Flash chromatography

on silica260

N "
(coﬁtaining some PR§P=O and\%MPA) and 0.18 g (14%) of N-

using 58% THF/42% toluene providéd crude 46

acetyl—?gﬁserine'sﬁart%ng material.‘ Rechromatography
(flash) of tbe drude’product usipg 75% THF/ZS%.tolueﬁe
affora;ajpule_E;acétyl-DL—serin; p-lactone (46) (0.56 g,
51% yield or 60% yield based on;recqvered starting
material). This wﬂite solid was hyéroscopic and quickly
turned brown in air thereby making.analysis difficult.
Two-dimensidnal‘TLC ind?cates appreciable decompositien‘onf
silica. Substitution of n-BujP (2.44 mL, 9.77 mmol) for
Ph4P in the abové procedure results in retardatioE of thg’
reaction‘(~d h required) and reduced yields of g-lactone
(0.36 g, ;3§), but does facilitatg purification (85%
EtOAc/lS% toluene, single flash column) from the phoéphine
oxide bypréduct. ’ '

- 'For_gfacetyl-DL—serine B-lactone (46): IR (KBr disk)
3420 (s, br), 1845 (m), 1653 (s))V1540 (s), 1376 (m), 1369
(m), 1107 (m), 890 (m), 614 (m) cm~!; lu NMR (400 MHz,
d6—DMS%§ 68.72 (b; d, 1H, NH), 5.16 (m, 1H, CH), 4.34 (m,.
2H, QEQO)' 1.87 (s, 3H, QEQCOO); Anal. Calc. for e
CgHyNO3: C, 46.51; H, 5.46; N, 10.85. Found: C, 45.87;
'H, 5.60;:N, 10.30 (samplé rapidly takes on hoisture);

EI-MS:‘ 129.0423 (M*, 129.0426 calcd.), 114.0191 (M-CHs),

-



101.0476 (M-CO), 85:0528 (M-CO,).

.
),
g

D-Serine ethyl ester hydrochlorlde (47).

i

This compound was prepared analogous to D-serine
methyl ester (17)274 from D—serlne (Slgma) (110 g, 1.05
mol) and HCl(g) (~0.91 kg) 1g:hnhydrous EtOH (3 L).

- Recrystallization from anhydrous EtOH/EtZO provided 164 g
(92%% of 47v;fter drying in. vacuo over P,0g and KOH
pellets: mp 129-130°C (lit. mp 130-131°C,274 for L-
isomer); [a]%5'+4.76 (i.OSfb_(é 2.1, Ho0) (1lit. [a]%s
-4.8° (c 2.1, Hz0) for L-isomer274); IR (KBr disk) 3420
(s, br), 3250-2400 (m, br),7197o (m,! br), 1743 (s), 1599
(m), 1502 (m). 1477 (m), 1274 (s)) 1247 (s), 1148 (m), ~
1116 (m), 1090 (s), 1023 (s), 552 (s) ofi-l; lH NMR (80
MHz, D,0) §4.50-4.00 (overlapplng m s, 5H, CHCH,OH,
OQ_2CH3 (q, 7 Hz, ‘at 4. 35)), l 31 (t, 3H, 7 Hz, OCH2Q_3)

POSFAB-MS (glycerol) 134 (MHY), 267 (M,H'), 400 (MjH').

.)

i

N-Trityl-D-serine ethyl ester (48).

The general procedure of Zervas and 'i‘heodoroppulos126

was utilized. To a stirred'suspensioﬁ of D-serine ethyl
ester hydfochloride (47) (100.0 g, 0,596 mol) in CHCl,
(850 mL) at 5°C was added triethylamine (181 _mL, 1.30 moli
fof&owed by trisyl chloride (165 g, 0.590 moB) in several
portions over 10 min. The mixture was stirred 12 h at

25°C and the orange solution was washed with HyO (2 x 1

L), drxed over Na2804, and Loncenirated in vacuo at
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45°C. :Aftér-éevefal days at 0.005 torr, 2}4Ag (96%)#Qf an
orange foémy solid (48) was obtaineé wﬁich was used
‘dlrggtly in the prepqrat;on of N trttyl D-serine (49)
below. = 1H NMR and TLC indicated ~5- 7 mol% of - trltyl ethyl

ether impurity was present.

~ For 48: IR (CHC13 cast) 34? : ‘br), 3106-2860 (m,
hult), 1728 (vs),»1490 (m), 1470 (m), 1447 (s), 1329 (m),
1185 (vs), 1050 (m), 1030 (s), 759 (vs), 748‘ (vs), 707
(vvs) cm';; ly NMR (80 MHz , CDCl3) §7.62-7.00 (m, lSH,‘
Ph), 3.83-3.39 (overlapplng m's, 5H, CHQ_20H, OCH,CH3) ,
2.70 (br s, 2H, OH, NH), 1.00 (t, 3H, 7 Hz, oCH,CH )
EI-MS: 375.1828 (M*, 375.1835 caled. for CpqHysNO3): R

0.47 (45% EtOAc/hexane).

&

E}Trityl-D—éérine (49).
| A modified prgceéure:of Guttmahn and Bois$anoil?’ was
used. :§;Trityl-D—serine ethyl ester (48) (90.0 g, 0.240
mol) was heated to boiling for 2 minuteévin 3.5N ethanolic
KOH (180 mL). The mixture was dooled to 0°C and @i HyPO,

(900 mL) was added slowly with stirring. H»0 (1 L) was
added and the pH was adjusted to 3.5 yvi%h 1_N_"H3po‘4. The
resulting whi“e p;ecipitate was_filtered, and. washed free
;f acid with\Hzo (3 x 500 mL) by resuspending, stirring,
and filtering. The residue (83.1 g, 99%) was dried‘jgl‘
Vvacuo oQ;r P,0g and then renystallized from hot THF by
‘addition of two volumes CCly, followed by hexane and

cooling to -20°C to yield 72.0 g%(86%) of N-trityl-D-

¢
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serine (49): mp 154-156°C (dec) (lit. mp 160°C127 gor L-
t - ) 4 P ‘ . .
_‘isomerlL,[a]zs -8;9 (:.1)° ‘e’ 1.0, MeOH) (1lit. [a]21 +9

(x2)° (c 1, MeOH)127 for L-lsomq\«; IR (CH,Cl, cast) 3320 -i-
(m,ﬂbr),/vfoo -3000 (5)& 1650 (m), 1595 (s, br), ~1492 (m), |
1449'15>, 1385 (m); 1030 (m), 747 (m), 704 (vs) em7l; lu'
~ NMR (80 MHz, d6—DMSO) £7.63-7.10° (m: 15H, Ph), 4.18 (br s,
3H, qu+; on), 3.10-2.65 (overlapp1n§ m's, CHCH,OH); Anal.
‘Calc. for C22H21NO3 " C, 76.06; H, 6.09; N, 4.03.

Found: C, 75.78; H, 6.6i; N, 3.92; EI-MS: 243.1174
(Ph,C, 243.1174 calcd.); POSFAB-MS (glycerol) 348 (MHY),
243 (Phyc%), 106 ((Ma*-Phyct)nt); R; 0.41 (10% MeOH/90
CH,CL,) . . - o \

p

_Ef(tert-Buéoxycarbonyl)-L-threonine (50)- .

.r_‘,..a

The general procedure of Paleveda et al. 118 yas

| adapted. Trlethyladlne (42 mL, 30.5 g, O. 30 mol) wa;
added to L- threonlne (Slgma) (23.82 g, 0.200 mol) in
H287dloXane (1:1, 240 mL). The mixture was stirred 10 min
at 25°C and Eb(Egg&;bupoxycarbonylbxyimino)—2-phenyi;
3ée£on§tryle;(“BOC-ON": 54.2 g, 7 0.2zZ mol’ waswadded. The
mixture was stirred 4.5 h, diluted with 4,0 (300 mL), and
extracted with ether (6 x 250 mL). The aqueous phase was
cooled, acidified (pH 2.5) witﬁ cold Z.ﬁg_HCI, and
extracted with'CHzélz (5 x 200 mL). The CH,Cl, phases
were dried over Na25b4'and'concentrated in vacuo to
prévidf 23.1 g (57%) of crﬂ>e yhité solid. This méterial
wés pgésea through a filtrggf :;Eélumn of silica in 85%

o
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QtOAc/hexape. Thie §§covered syrup crystalllzea\on

standing at -2’ °C u- %ﬂ hexane (yield 23.17 g, 53%): mp -
T77-81°C (lit. mp 76~ 80 c, 2758 94_97° c2723) [«13°.-9.0

(tQ 1)°, [a]578 -9.5 (+. 1)°'(C 1.0, HOAc) (11t [‘13578

=9.5° (c 1, HOAc)?72); IR (GHCl cast) 3600-220Q_(m, br,

mult), 1719 (vs), 1691 (vs), 1517 (s), 1392 (s). 1368 s),

1165 (vs), 1068 (m) cm 1: 14 NMR (80 MHz, cmc1 ) 57.83 (br

s, 2H, OH, goqg , 5.80 (br s, 1H, NH), 4f38 (m, CHCHOH),
1.47 (s, 9H) tertfBu): Anal. Calc. for C9H17Nos:' c,
49.31: H, 7.82; N, ¥.39. Found: C, 49.53; H, 7.76; N,
6.39: EI-MS: 220.1176 (MH*, 220.1186 calcd.): CIfﬁE (NH3)

237 (M#NHY), 220 (MH*).

_gf(tert-Butoxycarbonyl)—L—allo—threoniné\(51).

L-allo-Threonine (Aldrich, [a]p +9.0%(ec 2.0, H,0))
(153 mg, 1.54 mmol) was dissolved in pH 10.0 1.0 M odium
carbona’~7b1carbonate (6 mL), and THF (3 mL).and di- tert-
butyl pyrocarbonate (504 mg, 2.31 mmol) were added The
mixture'was stirred vigofously'for 2.5 h, carefully -

acidified to pH 2.5 with'Qﬁ_HC1, and extrdcted with EtOAc

(3 x 10 mL). .Ethyl acetatew. phases were pooled, dried over

.Na,s0, and evaporated in vacuo. The residue of colorless

t

syrup‘wéé récrystallized from CC14/hexane to provide 292.3
mg (87%) o{ BOCigllg—L—threoniné (51): mé 113-115°C (1it.
mp 115°C, 222 118-120°c276b); (4325 0.0°, [4123,c +3.5
(+.1)* (c 1.0, MeOH) (lit. [a]28 0.0°, [a]365 +3.1* (c

2.0, MeOH);2762 [4320 -7.5% (c ‘MeOH)z-’f’b) IR (CHCI,

4
¢ .
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cast) 3340 '(m, br), 2960 (s), 1715.(vs), 1695 (vs), 1512

(s), 1451 (m), 1392 (m), 1368 (s), 1250 (m), 1164 (vs),
754 (m) en]l; H NMR (300 MHz, CDCl3) §7.20 (br s, 18,
“Coqg), 5.69 (dj ‘1H, 7.2 Hz, NH), 4.42-4.30 (m, 1H, CHOH),

3

' 4.27-4.15 (m, 1§, NCH), 4.10 (br s, 1, OH), 1.53 (s, 9H,
ngg;gg)p.l,ZB (m, 3&, CHQ§3)} Anal. Calc. for .CgH,¢NOg:
C, 49.31;.H;.7.82; N, 6.39. Found: C,'49.b3; H, 7.91; N,
6.13; CI-'-.MS (NH3) 220' (MHY), 237 (M+NH,Y), 163 (MHT-C4Hg).
. B y _
Attempted Lactonigations of_Ejbrotected_Thréonines:
, g}i—[E;(Eggg;Butokycarbonyl)amino]propene (52). "
Dimetﬁyl azodicarboxylate Q34) (5?60_mL, 5.5 mmol)
was édded drop~ise OVeQFS“min to a sqlution of Ph3P (1.44
g, 5.5 mmol)cinATHF 625 mL) ét -78°C. The mixturévwas"'
E stirred 15 min at -78°C ﬁntil the orange color Vaniéhed
~and a slurry of white solid formed.a BOC—L—Thfeonine (50)
YILIO g, 5.01 mmol)- was added dropwise ih THF (25 mL) over
10 min at -78°C,” ang the solution was stirred 20 min at
-78°C and. 1.5 h at 25°C. No ﬁ—la@tone (Apmax = 1820
cm%i)79b could be de;scted at any time in the reaction by
IR of the mixture, even afZer 16 h at 2§°C.‘ A single  ( -
ptdéuéé (Rf 0.74, 25% E;OAc/hexanes runningvjust'behind
" PhyP @ﬁflq.éS) was obser&ea. In order to ensure isolation
of all productis), unreactéd Ph3P was consumed by addi;ibn
" of b few L of DMAD (34) and a filtration column (120 x 5
. qmi of silica,({3—63 Qm) was employéd. All eluant (22?

: EtOAc/hexane)lwasﬂpooled until_dimethyl 1,2-hydrazoai— ~

)
e
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carboxylate emerged and concentrated in vacuo to afford
0.69 g (88%) of 52 as white needles. This\material was
chromatographically and analytically pure nd all analyses
were performed without recrystallization. | The product

(52) was sen§itive to-.acid and moisture .nd decorposed

" slowly in CDCl, (50% in 3 days): mp 65.0-65.5%f:
(CHCly cast) 3325 (m), 2980 (m); 1710 {m), 1693 (s).> 1679
(vs), 1521 (vs), 1367 (s), 1307 (vs), 124¢* (s), 1167 (s),
1119 (s), 1018 (m), 950 (s), 861 (m), 680 (m) cm~1; ly nMR
’ \

(360 MHz, CDCl3) 56.60 (br s, 1H, NH), 6.45 (t, 1H, 13 Hz,

'N-CH), 5.06-4.84 (d of q, 1H,™8.4, 13 nz (3, . HC=CH),

E-CHCHy4), 1.62 (d, 3H, 6.4 Hz, CHCH3), 1.47 (s, 9H, tert-
Bu); 3¢ WMR (90.56 Mz, CDCl3) 6152.84 (s), 124.62 (d),
104.20- (d), 79.84 (s), 28.17 (q), 14’37,(q); Anal. Calc.
for C8H15N02: C, 61.12; H, 9.62; N, 8.91. .'Found; cC,
61.03; H, 9.59; N, 8.85; EI-MS: 157.1106 (%, 157.1103
calcd.?, :191.0481 A(M}—C458);/C1-Ms (NH4) 158 (Mﬁ+), 175
o O
. ¢ P

2-1-[N-(tert-Butpxy. arbonyl)amino]propene (53).

Tﬁis material was obtained from the reécﬁién of DMAD
(34) (72.3 pL, 0.664 mmol), PhyP (174.1 mg, 0.664 mmol)
and BOC-allo-L-threonine (51) (97.0‘mg, 0.44 mmol)
accoraipg to the‘procedufe described ,for 52 above, No g-
lactone was detected by IR or TLC in the reaction mixture
ap.any éoint, A'sinéle product (Rg 0.78, 25%'EtOAc/£exane

(cf. R¢ 0.74 for 52)) was observed, and isolated as
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outlined fof 52. Eveporation of the solvent in vacuo at
30°C provided 54.2 mg (78%) of 53 as whiﬂe needles. This
material was considerably more labile than 52, and was
decogpoeed"rapidiy by acid or moisture, and on standing in
CDCly (~50% in 8 h): mp\74.5-75.0°c (cf£. mp 65.0-65.5°C
for 52); IR (CHCly cast) 3300 (m), 1709 (m), 1677 (vs),
1515 (s8), 1366 (m), 1250 (m), 1160 (m) cm~!; 1H NMR (300
MHz, CDCl,) §6.42 (t,.1H, 10.0 Hz, N-CH), 6.14 (s, 1H,
NH), 4.70-4.56 (m, 1H, CHCH5), 1.56 (d4d, 3H, 7.3, 1.6 Hz

(J¢ rans HC=CCH3), CH3), 1.49 (s, 9H, tert-Bu): 13¢ NMR
(%;t;;_gHz, cDCl,) 6152.85 (s), 123.16 (d), 101.91 (d),
80.33 (s), 28.32 (q), 10.53 (q); EI-MS: 157.1102 (M%,

.157.1103 calcd.), 101.0477 (M-CuHg): CI-MS (NHj) 155

MHY), 175 (M+NHLT) .

'L~ and D-N-(Benzyloxycarbonyl)-g-bromoalanines (55a and
55p) . 129,268

>M93:2eethefe£e was prepared by dropwise addipion of
‘Brz(l) (dist. from P,0g) (1.0 mL, 19 ol) to a ﬁiipension
of excess Mg filings (1.0 g, 41 mmol) in Et,0 (20 mL) at
0°C in a flask equipped with an acetone/COz(s)
eonAensor. Foi}owing the disappearance of Br,, dry
benzene (5 mL) Qas added and en aliquot (2 mL, 1.6 mmol
MgBrz) of this solution was added to Z-L-serine g-lactone
(36a) (100 mg, 0.452 mmol) in Et,0 (20 mL)/THF (2 mL).
After 5 min, the suspension was cooled to 5°C and 1N H3PO4

(20 mL) was added carefully. The’Etzo phase was. separated
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¢ -
and the:aquéous phasé extracted with Etzo:(3bx 15 mL).
The etheral extras}s Qere dried over Na2804 and evaporatéd~
in vacuo to obtai:fl36 mg (99%) of chromatographically
pure 55a. . This materia}\couid be recrystallized as light-
sensitive white needles from EtOAc/hexane or CHZClz/hexane
\&§7% reérygtaliized yield): mp 70-71°C: [a]%s +14.2
(+0.2)° (c.l.O, MeOH); IR (KBr disk) 3390 (s), 1730 (vs),
1648 (s), 1525 (s), 1433 (m), 1290 (m), 1180 (m), 1072
(m), 992 (m), 756 (m), 698 (m) cm™); lH NMR (80 MHz,
C52C12)'5§.65v1br s, 1H, COOH), 7.,38 (s, 5H, Ph), 5.75
(br s, 1H, N_E), 5.15 (s, 2H, C_}izPh), 4.87 (m, 1H, C_Ii),
3.83 (m, 2H, CH,Br); Anal. Calc. for C)1H oNOyBr: C,
43.73; H, 4.00; N, 4.64; Br, 26.4. Found: C, 43.91; H,
4.10; N, 4.92; Br, 26.63; EI-MS: 302.9929 (302.9929
calcd. for Cy,H;,N0,BlBr); POSFAB-MS (glycerol) 302 (MH'),
304 ((M+2)H*, 99% of MHY), 603, 605, 607 (M,H* peaks in
~1:2:1 ratio); R¢ 0.7‘5 (40 CHC13/60 MeOH).
The D-antipode (55b) was obpainéd in an identical i
manner from Z-D-serine g-lactone (36b): mp 68769.S°C;
© [¢125 -14.2 (£0.2)° (c 1.0, MeOH) (cf. 55atabove): IR, NMR

and MS properties were identical to those of 55a; Anal.

Found: C, 43.50; H, 4.00; N, 4.48.

- N-(Benzyloxycarbonyl)-g —chloro-D-alanine (56b) . 268
Into a stirred flas containing Mg filings (5 g, 206
~

mmol) suspended in Et,0.(50 mL), and equipped with an

acetone/CO,(s) condensor, was condensed Cl,(1) (4.0 mL, 88
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mmol) at -78°C in the dark. The mixture was allowed to

react- 2 h and 1 mL of the resulting.suspension (~1.76 mmol

“en

ro

of Mgciz) was added dropwise with stirring to Z-D-serine (o
g-lactone (36b) (150 mg, 0.678 mmol) in Et 50 (30 mL)/THF
(2 mL). Afte; 6.5 h at 22°C the suspension Qas cooled to
5°C aﬁd ;E;H3PO4 {20 mL) was‘addeé carefully. The Et,0
phase was separated and the aqueous phase was extracted
with Et,0 (3 x 20 mL). After drying over Na,SO,, solvent
was removed in vacuo to obtain 165 mg of pure 56b (94%
yield),72a which could be recrystallizéd from EtOAé/hgxane
to yield ;20 mg of a fluffy white solid (69%5: mp 82-84°C
(cff L-isomer beiow); [a]%S -14.3 (+0.1)° (c 1.0, MeOH);
IR (CH,Cl, cast) 3320 (m, bg), 1156 (s), 1724 (vs), 1525
(s), 1455 (m), 1439 (m),.1409 (m), 1215 C%),_;oee (s),’553
(m), 740 (m), 696 (m) em~l; lH NMR (80 MHz, CD2CI2) 68.64
(s, 1H, COOH), 7.41 (s, SH, Ph), 5.95-5.70 (br, 1H, NH),
5.20 (s, 2H, Cﬂzph),'4.88, {m, 1H, C_E_), 4.0d2 (m, 2H,
quél); Anal. Calc. for Cy1H1oNO4CL: G, 51.?7; H, 4.69;
N,r 5.44; Cl, 13.76. f;;nd: C, 51.26; H, 4.69; N, 5.25:

Cl, 13.80; EI-MS: . 257.0455 (M*, 257.0455 calcd.),

259.0419 (30% of M"); Rg 0.40 (20 MeOH/80 CH,Cl,).

N-(Benzyloxycarbonyl)-g-chloro-L-alanine (56a).

<

Titanium tetrachloride (74.5 L, 0.678 mmol) was

added to a solution of Z-L-serine p-lactone (36a) (150 mg,

\

- 0.678 mmol) in CH,Cl, (10 mL) with stirring. Immediately

a white precipitate began to form and after 30 min the
: ‘ . ; ) 4

(o]
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solvent was removed in vacuo. - The residueans suspended
in HZO’(ZO mL) and the pH adjusted to 2.5. The TiO,
precipitate was filtered and washed with EtOAc (3 x 10
mL). The phases were partitioned and the aqueou% phase
was further éxtracted with EtOAc (2 x 10 mL). Pooled
ethyl acetate phases were dried over Na,504 and evaporated
in vacuo to provide 173 mg (99%) of Z-p-chloro-L-alanine
(56a); which was recryatéllized from EtOAc/hexane: mp 88-
89°C (lit. me, 89°C,722 ggop72c), [«13° +14.3 (20.2)° (c
1.0, MeOH) (lit. [«13° +14(25° (c 2.0, MeOH),722 4 27° (c
1.0, MeOE vzc);'iR, NMR, MS,\ijé\Ehromatographic'

properties were identical to 56b above.

_§7(Benzyloxycarbonyl)7gfacetyl—L;serine (57a).268

To 1.0 g of anhydrous NaOAc (drie®# 12 h at 120°C; 12
mmol) dis:;}qu in glacial acetic acid (15 mL) was added-
Z-L-serine g-lactone (36a) (199.0 mg, 0.90 mmol), and the

stirreg mixture was heated to 45°C for 7 h. Solvent was
0/. ¥ . &

removed- in vacuo at 35°C, and the residue was acidified to~
Y : :

pPH 2 by solution in 1IN HCl (~10 mL), and extracted with

CH,Cl, (3 x 30 mL). Organic phases were dried and

evaporated in vacuo to afford a clear colorless syrup

¥

‘which solidified after successive trituration with, and
. - \

evaporation of, toluene and ether to yield;246 mg of 57a
(97%). Recrystallization could be effected from
CHCl3/Et,0: mp 88-89°C (lit. 87.5-88.5°¢297), [«13> -18.5-

(¢0.1)°* (c 2.0, DMF) (lit. [a)p -18.6° (c 2.0, pMF) 277y,

-

.0'.
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IR (CH,Cl, éast)v3600—2700 (m, br, mult),.1706 (vs, br),
1607 (vs), 1522 (m), 1407 (s), 1252 (vs, br), 1060 (m),
697 (m) cml;1H NMR (80 Mz, CHCl,) §9.00 (br s, 1H,
CoOR), 7.31 (s, 5H, Ph), 5.91 (br 4, 1H, 8 Hz, NH), 5.12
(s, 24, CHPn), 4.53 (m, 1H, CH), 4.45 (m, 2H, CHCH,0), <
1.98 (s, 3é,-qgacoo); EI-MS: 281.0899 (M¥, 281.0900
caled. for Cy3H 5NOg), 221.0684 (M- CH3COOH) R¢ 0.68 (20

<

MeOH/80 CH,Cl,). i | .
g
N-(Benzyloxycarbonyl)-DL-serine methyl ester-(sgd),ygf
(Benzyloxycarbonyl )dehydroalanine methyl es§3r1(59), and
.Ef(Benzyloxycarbonyl)19;methyl-DL~serine methyl ester - .
(60d) .268 |
. To 9/é;1ution of NaOMe (1.36' mmol) in MeOH (5 mL) was
added a solution of Z-serine g-lactone (36a or 36b). (200.0
mgg 0.904 mmol) in THF (10 mL) dropwise with stirring over
5 min. After 25 mln, HOAC (0.1 mL) was added to éﬁench f/'"
and the volume was reduced to 2 mL in vacuo.at 30°C. Thef
residue was partltloned between EtOAc/Hzo (3 x 30 mL/25
EL) and the ethyl acetate extract was dried over Na2s04.
‘concentrated in vacuo and flash chromatographed on
silica260 (554 EtOAc/hexané). This provided 201.9 mg of
racemic Z-serine methyl ester (584, 88%) and 25.1 mg of 7-
dehydroalanine methyl ester (59, 12%) (Rg 0.23 and 0.80
(55% EtOAc/hex), réspectively). I1f the reaction was
allowed to btoceed 25 min at 25°C and 50 min at 0-5°C

before quenching, isolation as outlined above yields 153.6

-

o~
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mg }67%) of 58d, 42.5 mg (20%) of 59, and.31.2 mg (13%) of
racemic,Zigfmethyl-serine methyl ester (604) (Rg 0.53 (55%
EtOAc/hex)).

For 58d: oil (lit. mp 36-38°C278); [4)25 o;o'.(c 10,
MeOH); IR (CHCly cast) 3600-3200 (vs, br), 1721 (vs, br),
1526 (s), 1453 (m), 1437 (m), 1343 (s), 1260 (s), 1213
(vs), 1061 (vs), 699 (s) cm'l; 15 NMR (300 MHz, CDC14)
67.36 (s, S5H, Ph), 6.03 (br d, 1H, 7.5 Hz, NH), 5.12 (s,
2H, CH,Ph), 4.43 {m, 1H, CH), 3.97 (da, 14, 3, 11“Hz,
CHHOH), 3.88 (44, 1H, ~5, 11 Hz, CHHOH), 3.75 (s, 3H,
COOCH3), 2.77 (br s, 1H, OH); EI-MS: 253.0957 (253.0951

~calcd. for Clbﬂlsﬁbg). |

For 59:27% o11; IR (CHCl; cast) 3415 _(m), 3360 (m),
1740 (s),vi716.(vs), 1638 (m), 1520 (vs), 1455 (m), 1441
(s), 1324 (s), 1222 (m), 1202 (s), 1068 (s), 895 (m), 698
(m) eml; 4 NMR (300 MHz, CpCly) §7.36 (s, S5H, Ph), 7.30
(br s, 1H, NH), 6.23 (br s, 1H, E-CHH), 5.76 (4, 1H, ~1.5
Hz, 2-CHH), 5.15,(s,‘2H, CHyPh) s 3.83 (s, 3H, COOCH;); }3c
NMR (75.5 MHz, CDGl3) §164.2 (s), 152.0 (s), 136.3 (s),
132.0 (s), 128.6 (d), 128.4 (d), 128.2 (d), 106.1 (t),
67.1 (t), 52.9 (q); EI-MS: 235.0845 (M%, 235.0845 calcd.

'Y '

EtOAc/hexane).\ i ;

Por 60d: [a135 0.0° (c 2.0, CHCl3): IR (CH,Cl, cast)
3340 (w, br%g 1729 (s, br), 1518 (m), 1455 (m), 1292 (m),
1240 (m), 1210 (m), 1122 (m), 1070 (m), 1053 (m) em-); 'H

NMR (400 MHz, CDC15)202 §7.38 (m, S5H, Ph), 6.0 (br s,

0'5%"-
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0.33H) and 5.63 (br 4, 0.67H, 8 Hz), (rotomeric NH), 5.15

(s, 2H, CH,Ph), 4.50 (m, 1H, CH)}, 3.83 (br s, 1.0H) and

3.78 (br s, 2.0H) (COOCH3), 3.87-3.78 (m, 1H, CHHOMe),

3.65-3.57 (dd, 1H, 4.12 Hz, CHHOMe), 3.35 (s, 2.0H) and

3.24 (s, 1.0H) (CH,0CH;); EI-MS: 267.1105 §267.1107

calcd. for'C13Hl7NO5)-

Ef(Benzyloxycarbonyl)f§7benzYI—D;cysteine.(61b).268
Benzylmercaptan (1.20 mL, 9.95 m&oij;yas added -
dropwise under Ar to NaH (227 mg. 9.45 mmol) suspended in

dry DMF (10 mL). The mixture was stirred 1 h and an
aliquot of the benzyl thiolate solution (1.15 mL, 0.995
mmol) was added ;9 Z-D-serine g-lactone (36b) (200;0 mg,
0.904 mmol) in DMF (7 mL). The mixture.wés stifréd 30 min
at 25°C, 0.0§§_H3PO4 (20 mL) was added‘(final_éé*Z.O),'and'
the mixture was extracted with EtOAc (3 x 30 mt)} 'Etﬁyll |

acetate phases were dried over Nézso4 and concentrated in

P2

vacuo. The residue (0.33 g} was chromatograpéed on s;;icé )
(CH,Cl, + 9% MeOH/CHyCl,) to 'provide 244 mg (78%) of 61b, -
which could be recrystallizeé from EtOAc/hexane or Etzo:.
mp 95-97°C (lit. mp 99°C for L-isomer289); [4]23 +45.0
(£0.2)° (c 1.0-2.0, acetone) (lit. [2135 +45.1° (c 2,
acetone)280); IR (KBr disk) 3267 (m), 1724 (vs), 1670 (s),
1544 (vs), 1495 (w), 1452 (m), 1424 (m), 1336 (m), 1321
(m), 1265 (vs), 1248 (s), 1054 (m), 696 (s) cm~1; lu NMR
(80 MHz, CD,Cl,) 69.19 (br s, 1H, COOH), 7.37 (s, 5H, Ph),

s
7.31 (s, 54, Ph), 5.63 (br s, 1H, NH), 5.15 (s, 2H,
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pﬁqﬁ&o), 4.60 (m, 1H, CH), 3.75 (s, 2H, phégzs). 2.95 (m,

2H, caqus); Anal. Calc. for C1gH1gNO4S:  C, 62.59; H,
'5.54; N, 4.05; S, 9.28. Found: C, 62.55; I, 5.68: N,

3.92; S, 9.32; POSFAB-MS (glycerol) 346 (MHY); R; 0.21

D~ and DL-N®-(Benzyloxycarbonyl)-g-isothiureido alanines
[ 4
(62b and 624).268

N
2 "2Z-D-serine g-lactone (36b) (100 mg, 0.452 mmol) in

THF Yé mL) was added to a solution of thiourea (263 mg,
3.45 m;ol) in 50% aquepus THF (5 mL). The mixture was
stirre5'2.h at 25°C, the solvent was removed in vacuo, and
tﬁé_residue‘was recrystallized from‘MeOH/acetone to
pro;ide 106:1 mg (792%) of 62b: mp 156-8°C’ (dec): [a]%s

fg?'+24.6 (£072)° (c 1.0, IN HCl): IR (KBr disk) 3600-2700 (s,

é‘ ‘br), 1689 (s):cleso (m, br), 1518 (m), 1394 (m) cf~1; lj

,aVJWMR (BQ MHz, D50 + DCl) §7.37 (s, SH, Ph), 5.18 (s, 2H,

\

. . {.
for C12H15N304S: C, 48-487 H, 5-087 N, 14.12.

C, 48 72; H, 5.13; N, 13. 72 POSFAB-MS

éalxceroi/HCl) 298 (MHY), 595 (MZH ): Rf 0.65 (n-

=

'g@Ac/pyr/Hzo (4:1:1:2)). h
Uy

: Racemic 62d was prepared gnalogously from Z-DL-serine
3 "v"e\ e S

5 3 .
3h1actone (36d) in 56% recrystalllzed yield: mp 173-

175° C IR (KBr dlsk) 3600 2700 (s, br), 1715 (vs), 1690
3
(vs), 1597 (s), 1582 (v§§§j§$28 (m), 1485 (s), 1462 (m),

" 1450 (m), 1430 (m), 1400 (m), 126b (s), 1046 (s), 733 (m),

a% ¥
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695 (s) cm™!; 1H NMR, MS and chromatdgraphic properties

~

~were identical to 62b above.

,‘E?—(BenzyloiYCérbonyl)-5—(meréaptoethylamino)—D-alanine

(63b) . 268
To Z-D-serine g~lactone (36b) (100.0 mg, dféSz mmol)

in CH3CN or THF (5 mL) was added a solution of Jﬁv
mercaptoethylamine hydrochloride (102ng, 0.90 mmol) in
degassed H,0 (5 mL). The pH of the mixture was raised‘to
and maintained at pH 5.5 (+0.5) by the dropwisé»addition
of O.Lg_NaOH'witﬁ rapid stirring. After 20 min no fu;thef,
addition of NaOH was required. The volume was reduced to
‘half in vacuo at 35°C, the pH was adjusted to 6.8 with
NH4OH, and the ﬁixtur%,Qas extracted witﬁyCHZClz (3 x 70y i
mL). The white solid(ll7 mg (87%) obtair.:i on drying and
evaporation of CH,Cl, was recrystallized from
CH,Cl,/hexane to yield 102 hg (76%) of 63b281; mp 127.5-
128.5°C; [¢]32 +13.9 (+0.1)° (c 1, MeOH); IR (KBr disk)
3360 (br s), 3293 (s), 2560 (w), 1689 (vs), 1647 (vs),
1565 (m), 1544 (m), 1245 (m), 1020 (m) cm~1; 1§ NMR (80
MHz, CDCl3) §7.28 (s, 5H, Ph), 6.85 (br s, 2H, CH,NH,
'COOH), 5.86 (br 4, 1H, 8 Hz, NHCH), 5.10 (s, 2H, CH,Ph),
~4.20 (m, 1H, Qﬁ), 4.08 (d4d, 1H, 12, 3 Hz, CHCHHS), 3.64
(dd,,lH, 12, 5.4 H%, CHCHHS), 3.29 (t, 2H, 6 Hz, |
CHpCHpSH), 2.80-2.37 (m, 2H, CH,SH), 1.38 (t, 1H, 8.4 Hz,
CH,SH). Absolute ;H NMR assignments were made with the |

aid of decoupling experiments; Anal. Calc. for
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G, 3H1gN204S: C, 52.33; H, 6.08; N,_9.39; S, 10.75.

Found: C, 52.06; H, 6.10; N, 9.29; S, 10.83; EI-MS:
298.0992 (MT, 298.0987 calcd.); POSFAB-MS‘(gIYCefol) 299

" (MHY), 597 (M2H*); Rf 0.60 (60% acetone/CHZley ninhydrin
~and n%tropruSSide.positive). After passing air through ;d
écetone solution of 63b, [ FAB-MS (glyéerol) shows.SQé

((My-2H)HT) as base peak.-

Reactioﬁs of p-lactongq with ammonia.Z268

Dry NH3(g) was bubbled (~100 mL/mim) through a
solution of the B—lactoné\(BGa, 36b or 42a) (1 mmol)‘in
10-15 mL of anhydrous solvent at C’C for either 15 min

;~sent)_or 1 h (THF), and the ﬁixture was

.

allowed to react until all pg-lactdne was
_ consumed (20 min-3 h at 0°C). Solvent was removed in -

vacuo at “35YC, and thé residue was stirred with H,0 (25
mL) and g;£racted with Et,0 (4 x 30 mL). : Evaporation of
the agueous phase provided amine products (eg., 65a, 66),
while amides éeg., 64)‘ were obtained from the organic
lavers; these compounds - could be recrystallized from
MeOri/Et,0 and MeOH/H,0, respectively. All reactions with
ammohia were quantitative with the balance of product
being amine or amide. -

From the reéction of Z-L-serine g-lactone (36a)
(221.2 mg, 1.00 mmol) with NH3 in CH5CN (o*c, 20 min)Awas
obtained 183.6 mg (778) of 2z-L-serinamide (64a) and 54.5

mg (23%) of_E?AZ-L-z,3—diaminopropanoic acid (65a) (R¢
- ﬁ

[
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0.77 and 0.54 respectively in n-BuOH/HOAc/pyr/H20

(4:1: 1.2)) ‘The analogous react1$; of Z-D-serine a-
lact®dge (36b) with ammonia in THBw(B ﬁ 0°C) provxded 59.1
mg (25%) of z- D-serinamide’ ‘){6419) &&fﬁ. 178 9 mg (75%) of Nz-

2-D- 2, 3—d1am1nopropan01c ac1d’: f’@éb) i
. {For L~ and D-N- (Bénzyloxycarbonylv)serlne amides (64a
and 64b). mp 131~ 132 c (L), 130-131°C (D) (l1it. mp 132-
1133°¢2822 for L-isomer); [a]D5.+14.8 (io.z)° (c 1.0, EtOH)
for\ L-isomer (lit. [a]%S +14.4,282a ;14.928_215’ (c 5,
'EtOH)); IR (CH,Cl, cast) 3500-3100 (s, br), 1690 (s), 1652
(vs, br), 1 37 (m), 1529 (s), 1278 (m), 1250 (s), 1234
(m), 1088 (m),. 1057 (s), 960 (m), 764 (s), 702 (m) em™;
5 NMR (80 MHz, d6—acetone) 57.28 (s, SH, Ph), 5.60 (br s,
1H, NH), 5.04 (s, 2H, CHyPh), 4.35 (m, 1H, CH), 3.75 (m,
2H, Cﬂ.ZOH)' .3.05 (br s, 3H, NE.Z' Oﬁ_);- EI-‘MS: 238.0952
(M*, 238.0954 calcd. for Cli“14N204)' 194.0816 (M-H,NCO):
POSFAB-MS (glycerol) 239 (Myl). ‘
For L~ and D-_§_2—(Beﬁz°yi.<.)xycarbc.)nyl)—2,3-di§mi.no-
prop'anoic acids (65a and 65b): mp 229-231°C (dec) (L),
©226-228°C (dec) (D) (lit. mp 228-230°C,13%2 279_.231°¢C
(dec), 139 240-241°C (dec)13%¢ for L:isomér); [a]gS -7.9
(+6 1)’ (c 0. ti%%w_NaOH) for L-isomer (1lit. [a]%s .

-7. e° 13%9a _5 4 %39b (e 0.4, 1N NaOH), -37 (+1)* (c 1.0,

IN HC1)139¢): [4385 +7.9 (£0.3)% (c 0.4, IN NaOH), +37.5
(;9.5)' (c 1.0, le HCl) for the D-isomer: IR (KBr disk)
3375 (vs), 3318 j(vs), 3205 (s), 1667 (vs), 1651 (vvs),
1632 (s), 1535" (s), 1467 (m), 1433 (m), 1309 (s), 1296

@ - . _ -
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(). 1255 (s), 1019 (s), jgo (mY, 697 (s) em~l; 1y MR (80
MHz, D,0 + DCL) §7.40 (s, SH, Ph), 5.13 (s, 2H, QEZP;),
4.23 (m, 1H, CH), 3.85 (m, '2H, CH,NH;*); Anal. Calc. for
C11HygNp04: C, 55.46; H, 5.92; N, 11.76. Found for p-\
isomer (65b): C, 55.41; H, 6.00; N, 11.37; EI-MS:

| 238.0952 (L), 238.0953 (D) (M*, 238.0954 calcd.);

+y L
POSFAB-MS (glycerol) 239 (MH") (L~ or. D-isomer).

Nz-(tert Butoxycarbonyl)-L 2, 3—d1am1noptopan01c acid
(66a). 268

From the reaction of BOC-L-serine 3-lactcnz (42a)
(163.0 mg, 0.871 mmol) with NH4 in THF (15 mL) at 0°C for
3 h outlined above, was obtained 37.6 ﬁg((2l%) of BOC-L-
serinamide (oil, Re¢ 0.71, not fhrthér ché}acterized) and
141.1 mg "(79%) of’Nz—BOC—L—Z 3—diaminopfobanoic acid (e6a)
(Rf'0.47 n- BuOH/HOAc/pyr/HzO (4 1:1: 2)) as a white
solid: mp 197-199°C (dec) (lit. mp 198- 2od‘c139a) [a13°
-2.7 (£0.1)° (c 1.0, AcOH) .(lit. [a]§% -2.7° (c 1, AcOH));
IR (KBr-digk) 3388 (s), 3341 (s), 3210 (m), 1685 (s), 1647
(vs), 1527 (s), 1317 {m), 1299 (m),..1251 (m), 1008 (m)
“em™l; ld NMR (400 MHz, D,0) 54.12 (~t, 1H, 4.8 Hz, CH),
3.82 (~d; 2H, 4.8 Hz, CHpNH3%), 1.43 (s, 9H, ig;gigg);
‘Anal. Calc. for CgH,N,04: C. 47.05; H, 7.90: N, 13.72.
Found: C, 46.85: H, 7.91; N, 13.34; bOSFAB-Ms {glycerol)
205 (MH%), 149 (MH ~C4Hg), 105 (Mu* -C4H8, Co,), 409

(MpH*) .
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AE?—(Benzyloxycarbonyl)%a—(trimethylamﬁbnio)—L—alanine,
iAner salt (67a)_.268 |

To a solution of Z—L—sefine p-lactone (36a) (200.0
mg, 0.904 mmol),in'THF (5 mL) at 0°C was added iiquid Me 3N
({0.50 mL, 5.65 mmol). The mixtufe was stirred 2 h at 0O-
5°C and the solvent was, removed in vacuo from t%e slurry
at 35°C to provide a quantitative yield (254 mg) of 67a as
a white powder. This was recrystallized from MeOH by
precipitation with Et,0 and étdxq§ over P,0g in ®acuo
(recryst. yield 237 mg; 91%): g§i§00~100.5°c 5dec); [a]%Z
7.9 (+0.2)° (c 1, MeOH); IR (MeOH Fast) 3240\%§, br),
1710 (vs), l6£5 (s), 1530 (m), 1450“Qm); 1257 (%), 1058

(m) em™}; 1H  NMR (400 MHz, d,-DMSO) §7.38 (< SH, Ph),

c

7.11 (br'd, 1H, 4 Hz, NH), 5.07 (s, 1H, CH,”h), 4.04 (m, *

1H, CH), 3.86 (dd, 1H, 13.7, 3.1 Hz, CHHN') 3.4) (dd, 1H,

13.7, 8.4 Hz, CHHN'), 3.10 (s, 9H, N¥(CH3)3): Anus. Calc.

fgr'Cl4H2bN204: c, 59.99;YH,f7.19F’N, 9.99. Found: C, g

4~

59.80; H, 6.94; N, 9.69 (hygroscopic); POSFAB-MS

(glycerol) 281 (M), 561 (M2H4), 841 (M3H"): R 0.60. (n-

BuOH/HOAC/pyr/H,0 (4:1:1:2)).

R4
T

L
_g?—(Benzyloxygarbonyl)—a—(pyrazol—l—yl)—D—qlanine (68b).
Pyrazole (81 mg, 1.2 mmol) in CH3CN (4 mL) was added

to a solution of Z-D-serine g-lactone (36b) (250 mg, 1.13

)

mmol) in CH3CN_(6 mL), " and the mixture was heated to'50°C
for 12 h. Solvent was removed in vacuo and.theuresidue

dissolved in hot MeOH (20 mL) and filtered.
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Recrystallization of 68b recovered from evaporation af the
'filtrate was achieved from MeOH/H20 or EtQAc/hexaﬁe to.
yield 233 mg (71%) of white soiid: mp 168.5-169,5°C (1lit.
mp }704171°C for L—iSOmer14l); [ajgs +53.1 (:0.3) (c 1;0,
DME) (1it. [ajgs -53.6° (c 1.0, DMF) for L-isomer14l): IR
(KBr disk) 3349((m),f197b (w), 1746 (m),-1696 (vs), 1534
(), 1403 (m), 1334 (m), 1260 (m), 1068 (m), 773 (m), 749
(m), 699 (m), 667 (m), 659 (m), 613 (m) cm~!; 'lH NMR (400
. MHz, CD;0D) §7.54 (s, 1H, R:HHH), 7.50 (s, 1H, ArHHH),
1Jf.33 (s,* SH, Ph), 6.26 (s, 1H, ArHHH), 5.08 (s, 2H,
_CHyPh), 4.75-4.60 (m, 2H, CHCH,N), 4.56-4.35 (m, 1H, <
NCHCH,N); Anal. Calc. ‘for Cy,HigNgO4: C, 58.12; H, 5.23;
N, 14.53. Found: C, 57.72; H, 5.32; N, 14.23; POSFAB-MS

(giYcerol)'29O (MHT) ; Rg 0.35 (40% MeOH/CHCL;).

~ Methyl (g)—2—[§7(tert-butoxycarbonyl)amino]—3-(dimethy1-
bhosphono)propanoate (69a). |

« BOC-L-serine p-lactone (42a) (250.0 mg, l.34 mmol)

~ was stirred in trimethylphosphite (3.0 mL, 25.4 mmol) at
50°C for 3 days, and 70°C for 2 days under®n atmosphere

of Ar. Excess (dH30)3P was removed in vacuo at 30°C and

[}

the residue (465 mg) was treated with boiling Etzo (15 mL)

and filtered. Evaporation of the filtrate afforded 407.8

mg (98%) of analytically pure 6%a as a clear colorless °

g,-!'ﬁ‘,

gqum: 149 [212%449.5 (:0.3)° (c 0.37, CHCl3); IR (CHCI,
cast) 3260 (w, br), 1742 (m), 1713 (s), 1523 (m), 1455

(m), 1367 (m), 1250 (s), 1164 (s), 1030 (vs), 840 (m)

-
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cm™l; 1H.NMR (400 MHz, CDCl;, with and without 31p-
decoupling) 65.65 (d, 1H, 8 Hz, NE), 4.65-4.40 (m; 1H,
J(HCCP) = 22 Hz), 3.78 (s, 3H, COOCH;), 3.75 (4,. 6H,
J(H;CoP) = 11 Hz, P(OCH3)5), 2.39 (dd, 2H, J(HCCH) = 5 Hz,
J(HCP) = 17.0 Hz, CHCH,P), 1.47 (s, 9H, tert-Bu); 31p MR
' (161.96 MHz, CDc13) 529.66 (br m, collapses to s with lH-
decoupling);149b Anal. Calc. for C11H22NO7P:‘ C, 42.45; H,

7.12; N, 4.50. Found: C, 42.05; H, 7.10; N, 4.39;

X

EI-MS: . 252.0995 (calc. 252.1002 for M—COOCH3), 196.0373
(MjSEEE;éu[ COOCH4), 152.0478 (Base peak,
H2§CH-CH2P(O)(OCH3)2); CI-MS (NH3) 329 (M+NH‘;’,, 312
(MH*). 1H NMR results with 0.1 equivalent of hfc-Eu(III)
~ chiral sﬁift.reageht in CDCls suggest 92% (2S)/8% (2R)~-

isomers (i.e., 84% e.e.).

Methyl (g)-2—amino—34phosphonopropanoate (70a) and (s)-2-
amino~3—phosphonopropan6ic acid (71a).
BOC—Q-(dimethylphosphono)-L—alaniné’methyl ester
(69a) (242 mg, 0.777 mmol) was dissolved in CDC1 4 (2.5 m;)
and treated carefully with iodotrimethylsilane (553 uL,
-3.89 hmol)lszlwith cooling on ice/H,0. After addition the
reactién-WQS'monitored By 14 NMR at 25°C. The reaction
very rapidly (<10 min) generated the monomethyl é;tef
which was consumed very slowly (~20% in 1 h). After 1 h
2t 25°C the reaction was quenched by addition to a'mixﬁure

of Et,0 (5 mL) and 30% HOAc in HZO.(BamL). The aqueous

layer was separated and reextracted with Et,0 (2 x 5 mL),

>
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and lyophili;ed. The'residge was dissolved in ﬁzo and
applied to a colﬁmrr of AG50-X8 W 20 .cm, HY form).
Elution with H,0 (0.5 mL/mln) prov1ded first 71a (23.4 mg,
18%, in 30-90 mL elutlon vol.) and then 70a (101.3 ng,
71%, in 120-250 mL elution vol.) which were recovered by
lyophilization. Recrystallizatiog of the monomethyl ester
70a could be effected, from sz/MeOHjaioxade (90%
recovery), whereas 71a wasg recrysmallized from .., f/QeOH.
For 70a'-/mp 211~ 212 c [MJD +14.8 (£0.2)°g(c 1.0, T,
§§O)§ IR (KBr disk) 3340, (s, “br), 2920*(w) 1750 (s), 1630
(@),‘1444“(W), 1384 (wf'”i246 (m), 1140 (m), 1055 (m), 921
a(m), 710 (m): cm 1; 1H NMR (4DO MHz, D,0, Wlth/Wlthout ?1P—
decoupling) 54.32 (add, 14, 4.3, 8.5 Hz, J(HCCP) = 1 .él
Hz, qﬁ), 3.83 (s, 3H,'cooqgé);w2.3f (dad, 14 4.3, 16.0
Hz, J(HCP) = 17.03Hz; CHCHHP), 2.15 (~d of t. .lH, 8.5 Hz,
J(HCP) = 16.5 Hz, CHCHHP): 3!p MMR (161 9% Mz, D,0)

617.12 (~q, i6. 5 17 Hz, collapses to s with 1H- °

decoupling); Anal. Caic. for C4H ONQSP' C; 26.24; H,

’)

o

5.50; N, 7.65." ‘Found: C, 26.04; H, 5.65; N, 7.62; .
POSFAB-MS (glyeeroi)w184 (ME*), 169 (MH'-CHjy), 125
(MH*-COOCH;3) ; QEGFAB—MS (glycerol) 182 (M7), 365 (MyH7),
168 (M—CH3),‘7§f(Baee peak, PO37):; R¢ 0.20 (System‘k).
{j> ' For the aeid 71a° no distinct mp, darkens above
’ 240°C, dec > 255° c: [u]25 +14 (+o 5)° (c 0. 20, IN NaOH)
(1it. [¢135 +22° for ee = B6% (c 2.0, IN NaoH);149P 1R
(KBr disk) 3430 Iyé, br), 1730 (m, br), 1654 (8), 1630

(my, 1381 (w), 1150 {m), 1130 (m) em™!; 14 NMR (400 MHz,

~
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D20) §4.22 (ddd, 1H, 4.2, 9.4 Hz, J(HCCP) = 15 Hz, CH),

2.37 (dadda, 1H, 4.2, 16 Hz, J(HCP)

n

17 Hz, CHCHHP), 2.15

n

(~d of t, 1H, 9.4, ~16 Hz (J(HCP) = J(HCH)), CHCHHP): 3lp |
NMR (161.96 MHz; D,0):§18.21 (~dd, 15, ~16.5 Hz, collapses
to s with lH-decoupling); POSFAB-MS (glycerol) 170 (MHY),
339 (M HY); NEGFAB-MS (glycerdl) 168 (M™), 337 (MpHT), 79

(Bése peak, PO3'); Rg 0.24 (System A).

_gf(Benzyloxycarbonyi)-L—asparagine (72a).

Mis r:cerial was prepared according to Res§ler and
Ratzkin.l69 L-Asparagine (15.0 g, 0.114 mol) was
susééhded;by vigorous stifring in H,0 (79 mL) at 5°C and
benzylchloroformate (15.3 mL,‘O.l36 mol) and 2N NaOH (115
mL) were addea_dropwise simultaneously over‘éo min so as
to maintain lepéﬁyeen 7.9-8.4. After 2 h the mixture was
éxtracted witﬁ etﬁer (4 x 150 mL) and the aqueous layer
cooled and acidified to pH 'l with 5.7N HCl. The slurry \
was filtered, and the residue was wqfhed with cold H,0 and
recrystallized from MeOH/ﬁzo (1:1) to yield 21.4 g (71%)
of 72a as white needles: mp 166-167°C (lit. mp 164-
165°¢169), [a13% -6.3 (+0.2)° (c 1.0, IN NaHCO3) (lit.

[«132 -6.5° (c 1, 1N NaHCO;)16%); IR"{cHCly cast) 3336

(s), 1694 (vs), 1642 (s), 1540 (m), 735‘(m) ?mfl: 1y NMRg;Q;ifii'-“
(80 MHz, CD3CN) §57.33 (5, 5H, Ph), ~6.0 (br s, 3H, qg;‘5 %'f
C(O)NHp), 5.08 (s, 2H, CH,Ph), 4.35 (m, 1H, CH), 2.85-2.67
(m, 2H, CHCH,): EI-MS: 266.0880 (M¥, 266.0903 calcd. for



_ - . 225

E;(Beniyloxycarbonyl)-ﬁ—cyand—L—alanine (73a) ffom 72a.
According to Ressler‘and Ratzkin,}sg-a so{ption of

1,3-dicyelohexylcérbodiimide (5.70 g, 27.6 mmol) in dry

distilled pyridine (15 mL) was added dfopwiéé over 30 min

>

to Z-L-asparagine (72a) (7.00 g, 26.3 rmol) in pyridine

(35 mL) at 15-20°C., A;ter 1.5 h at 25°C, the white slurry

‘ o; dicyclohexyluréa was.filtéred, and-tﬁe filtfate was

concentrated in vaguo at 30°C to 25 mL and?again A

filtered. The filtrate was concentrated ﬁo a thick syrup

which was‘diluted with H,0 (50 mL) "and cooled to 4°C for 1 A

h., Again the mixture was filtered, and ;héﬁcéid filnrate_

was acified to pH 2.0 with 5.7N HCl. Thé Qﬁite crystajs fﬁ%g,

of 73a which separated (4.45 g, 69%) were dried in vacuo

over §205 andlrecrystalli%ed from l,2-didh;or0eth§ne (~50

mL) to proQidé 3.94 g (60%) of pure 73a: 'ﬁb 136—131fc

(lit. mp 130-131°cl169), [a]%s -45.1 (t0.2){,(c-1-0p DMF )

(rit. [«133 -45.2° (c 0.96, DMF)!®%); IR (MeOH/CHC14 cast)

3315 (s, br), 2265 (w), 1744 (Vé)pjl696 (vs,:b§), 154}4

(s), 1404 (m, br), 1314 (m), 1268 (s), 1189 }m)?gloSQ (m),.

747 (m), 694 (m) cm~l; li MR 300 MHz, dg-acetone) 57.42-

7.25 (m, 5H, Ph), 7.08 (br a, 1, 7.5 Hz, NH), 5.12 (s, -

2H, CH,Ph), 4.67-4.57 (m, 1H, ¢5)3 3;10 (34, 1H, 5.6, I%g

Hz, CHHCN), 3.05 (dd, 1H, 7.8, 17.0 Hz, cagpu);-tx-gs:

248.0794 (M¥, 248.0797 calcd. for Cy,H sN,04); Re 0.18

(10% MeOH/CHCly on silica), 0.65 (608 CH3CN/H;0 on RP-8).
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J'Jﬁ;(Behzyloxycarbonyl;—B-cyano-L-alanine (735) and 2-[N- -
(Benzyloxycarbonyl)amino]propenoic acid (74) from 36a.

‘z-L-Serine B-lactone (36a) (100.0 mg, 0.451 mmol) in
dry CH3CN (2.5 ﬁL) &as added dropwise over 5 min to a
solutipn of anhygroug tetra-n-butylammonium cyanide (133.3
mg, 0.496 mmol)24! in acetonitrile (5 mL) at -15°C. The
solution was stirred 1 h at -15°C, and 1 h at RT, and the
Solvent was removed;in vacuof"The residue was partitioned
between pH-Z, 2 M KC1/HC1 buffer (10 mL) and EtOAc (3 x 10
ﬁL), and the pooled organic layers were washed with
saturated aqueous NaCl (2 x 10 mL), dried over Na,S04, and
concentrated in vacuo. ReQerse—phase MPLC (60% CH3CN/H,0,
3.25 mL/min) yielded 72.1 mg (64%) of pure 2-g-cyano-L- |
alanine (73a) followed by\39.7 mg (35%) Z-dehydroalanine
(74) which were recovered by evaporation of solvent in
Vvacuo at 30°C. Recrystallization of 73a was effected from
1,2—dichloroe;hane whereas 74 was recrystallized from
E;OAc/hexane. |

For 73a from 36a: mp 133-134°C (lit. 130-131°c,163
133-134°c*70); (135 -45.1 (£0.1)° (c 1.0, DMF) (lit.
(2132 -45.29,169 _44.20170 (¢ 0,96, DMF)); IR, lH NMR and
chromatographic properties-were‘identicalvto authentic 73a
(prepared from 72a above); EI-MS: 248.0798 (Mj, 248.0797
calcd. for Cj,H),N,04). |

For 2-[N-(benzyloxycarbonyl)amino}propenoic acid
(74):* mp 107-109°C (lit. mp 108-109°c,1872, 109-

110°c187R); IR (CHCly cast) 3350 (m, br), 3000-2800 (mult,
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m), 1720 (vs, br), 1610 (m), 1500 (m), 1390 (n), 1240 (m),
1180 (m), 1140 (m) cm~l; lu NMR (400 MHz, CDCl3) 87.38 (s,
5H, Ph), 7;20_ (br s, 1H, NH), 6.36 (s, 1H, E-CHH), 5.94

,g{(s, 1H," Z-CHH), 5.18 (s, 24, cg_zph); EI-Ms:_)ézl.ossa (mF,

221.0688 calecd. for C11H11N04); CI-Ms (NH3):239 (M+NH4).

N-(Benzyloxycarbonyl)-0-([N- (benzyloxycarbonyl)amlno]—
propenoyl)-DL—serlne methyl ester (75) and 59.

Z-Serine g-lactone (36a or 36b) (100.0 mg, 0.452
mmol) was dissolved . in THF (5.0 mL) and 1:8-diaza-
" bicyclo[5.4.0Jundec-7-ene (DBU) (103‘mg, 101 4L, 0.678
mmol) was added with stirring. The mixture was stirred 2
h at 25°C before workup. The products isolated depended
upon the method used:
Method A: The mixture ;gs added to Et,0 (35 mL) and
extracted with O.iE_HCl (3 x 20 mL), and the etheral phase
was dried over Na,S504 and concentrated to 3-5 mL. This
solution was treated with an excess of etheral
diazomethane, and evaporated in vacuo: The oily residue
was purified by MPLC (silica, 35% EtQAc/hexane, 3 mL/min)
to afford 19.5 mg (18%)vof(%jdehydroalanine methyl ester
(59) aﬁd 70.2 mg (68%) of 75; Method B: The reaction
mixture was added slowly to pH,3(H20 {20 mL) while
maintaining the pH between 3 and 5 with IN H3PO4. The
aqueous mixture was acidified to pH 2.5 and extracted with
EtOAc (3 x 15 mL); and the organic layers were dried over

Na,;S04 and concentrated in vacuo to ~5 mL. Treatment with

’
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excess diazomethane and chromatography as outlined in
Method A produced‘Z-dehydroalanine methyl ester (59) in
87% isolated yield'(i.e., 93.0 mg). The spectral and
chromatographic properties of 59 were identical to those
previously described.

For 75: white semisolid; [ajgs 0.0° (c l.b,.CHél3);
IR (CHC13 cast) 3350 {(m, br), 1740 (s, sh), 1718 (vs, br),
1635 (m), 1523 (vs), 1452 (m), 1317 (s), 1218 (s), 1068
(s) em™l; 1 NMR (300 MHz, CDCl;) 67.36 (s, 5H, Ph), 7.34
(s, 5H, Ph'), 7.20 (br s, NHC), 6.25 (br s, 1H, E-CHH),
5.71 (d, 1H, ~1 Hz, 2-CHH), 5.61 (br d, 1H, 8 Hz, NHCH),
5.15 (s, 2H, CH,Ph), 5.11 (s, 2H, CH,Ph'), 4.71 (m, 1H, -
CHCH,0), 4.53 (m, 2H, CHCH,0), 3.78 (s, 3H, COOCH;); 13c
NMR (75;5 MHz, CDC13) 5169.24, 162.99, 155.43, 152.85,
135.66, 135.52, 130.30, 128.38, 128.34, 128.17, 128.10,
128.02, 127.96, 106.81, 67.i3, 66.90, 65.37, 52.99, 52.80;
Anal. Calc. for Co3HoyNyOg: C, 60.52; H, 5.30: ﬁ,'6.13.
Found:' C, 60.00; H, 5.37; N, 5.95; EI-MS: 365.fb48
(M-CH, 365.1051 calcd.), 321.1093 (M-CqHq, CO,); CI-MS
(NH3) 474 (M+NH4Y), 366 (MHY-C,H;), 253 (Base peak,

[M+NH4-(CH,=C(NHZ)COOH); Rg¢ 0.39 (35% EtOAc/hexane).

Reactions of Z-Serine p-Lactones with Diazomethane:

A. Benzyl carbamate (76) and 58a from CF3COOH quench:
Etheral diazomethane solution (5 mL, 1.9 mmol;

distilled from KOH, and titrated vs. C6H5QOOH) was added to

Z-L-serine g-lactone (100.0 mg, 0.452 mmol) in dry DMF (5
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_ester (58a) . ﬁecryétallization of 76 could be effected

87-89°C261); IR (CHCl,) 3420 (s), 3330 (m), 327C (m)

, : - , 229
Y ‘ ' ,

mL) and the mixture was stirred in thg‘dark at 25°C.

After 25 h all g-lactone was consumeé‘(by IR and TLC) and
the excess of CH,N, Qas quenched by addi£ion’of CESCOOH
(~Q.5 mL) with the generation of a transie%t blue color.
Removal of the solven£ in vacuo at 25°C, and f;ish
chromatographyzﬁo,(45%.EtOAc/hexane) of tﬁe CH,Cl,-soluble
portion of the residue provided 50.3 mg‘(74%) of benzyl

carbamate_(76) anq128.6 mg (25%) of Z-L-serine methyl

from EtOAc/hexane or CCIZ/hexaﬁél“fCompmund_58a was

recrystallized from diisopfopylAethef/héxane. Y

For benzyl carbamate (76): 'mp 84.0-84.5°C (1lit.
1630 W7
(vs), 1610 (m), 1447 (s), 1404 (m), 1344 (m), 1071 (s),
732 (m) em™!; 1 NMR(300 MHz, CDCl,) 67.38 (s, S5H, Ph),

5.10 (s, 2H, CH,Ph), 4.85 (br s, 2H, NH,); Anal. Calc. for
atble ol

L)QgﬁgNozz C, 63.56; H, 6.00; N, 9.27. Found: C, 63.16;

H, 6.02; N, 9.03; EI-MS: 151.0633 (M*, 151.0634 calcd.):
CI-MS (NH3) 169 (M+NH,*); Rg 0.50 (45% EtOAc/hexane).

For 58a: mp 33-35°C (lit. mp 33-35°c283), [«13° -13
(£0.5)° (c 0.9, MeOH) (lit. [a13® -13.2° (c 10, Meon)283);
IR, !H NMR, and EI-MS characteristics Qére identical to
that reported above for 58d. In addition: 13c NMR (75.5
MHz, CDCl3) 6§171.02, 156.23, 136.02, 128.50, 128.20,
128.07, 67.17, 63.14, 56.03, 52.66; CI-MS (NH3) 271

(M+NH,Y), 254 (MHY).
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B.- 3-L§f(Benzyloxyc@?bonyl)amino]-z-méthoxy-4,5-diﬁydrp~
'fhran (77),_Ef(Benzyloxycarbonyl)-ﬁ-hombserine (78a) and
58a. , :

Diazomethané was freshly prepared from

'Diazald®261'284 with the substitution of CH2C12.for Etzo

»
as the solvent, and was_distilled twice and dried over

Na,S04 at 4°C. Diazomethane (2.38 mmol) in CH,Cl, (S.b
£ ' '

mL) was™ eg to Z-L-serine ﬁ—iactone (36a) (120.6 mg,

0.542 mmol) in dry DMF (5.0.;;?\and the mixture.was

ggred 19 h in the dark. The solvent was removed in

EtOAc/hexane, 3.0 mL/min). to afford 80.7 mg (60%) of 77,
41.1 myg (30%) of 58a, and 12.4 mg (9%) of 78a. " Z-L-Serine
methyl ester (5Ba) possessed spectral and chromatograpﬂ?p
properties‘identical with 58a from A above. Treatment of
77 in CH2C12 with CF4COOH (~3 eq)fgenerated 76 §s thengly
UV active product. Z-L-Homoserine was recrystailized from
EtOAc/hexane. \‘ v

For 3—L§;(Benzyloxycarbonyl)aﬁino]—Z-methoxy-éXﬁ—di—
hydrofuran (77): moisture and acid sensitive oil; IR
(CH613 solution) 3410 (m), 1747 (s, sh), 1726 (vs), 1564
(m), 1501 €s); 1450 (w), 1439 (w), 1298 (s), 1271 (m),
1241 (m), 1052 (s), 697 (m) cm™!; 1 ana 13c MR
assignments were verified by 1H-découpling and 13c-1y

heteronuclear'shift'correlatioh experiments: 1y NMR (300

MHz, CDCl;) §7.37 (br s, 5H, Ph), 6.82 (br s, 1H, NH),
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5.15 {m, 1H, J(HCH) = 16 Hz, CH,CHHO), 5.10 (s, 2H,
CHpPh), 4.73 (ddd, 1H, 7, 8, 16 Hz, CH,CHHO), 3.83 (s, 3H,
OCH3), 2.14 (m, 1H, CHHCH,0), 2.14 (m, 1H, CHHCH,0); 13c
NMR (75.5 MHz, CDCly) 6167.93 (s, C-2), 153.66 (s,
OC(O)NH), 135.62, C-1' of Ph), 128.49 (d), 128.25 (@),
128.06 (d) (CH's of Ph), 102.06 (s, c-3), 79.93 (t, c=5),
66.;3.(t, PhCHy), 53.71 (q, OCH3), 25.43 (t, C-4);
EI-MS: 249.0999 (M", 249.1001 calcd. for CysH,gNO).
158.0453 (M-CqHy), 114.0555 (CgHgNO,*, MZCqHy, CO,): CI-Ms
(NH3) 267 (M+NH,™), 250 (MH*), 516" (2M#NH,*); Ry 0.45 (453
! ;

- '.’y' ~
»
h .
¥

EtOAc /hexane). %3@5

For Z—p-homoéerihe (78a): mp 98-100°C (flt. mp 99-
100°c285); 1R (cHC1y cast) 3600-3140 (s, br), 3120-2800
(m, mult), 1750 (s, sh), 1722 (vs, br), 1526 (s, br), 1340

- "(m), 1260 (s), 1216 (s, br), 1084 (s, sh), 1064 (s), 697
(m) cm™l; 14 NMR (300 MHZ, dg-acetone) §7.35 (s, SH, Ph),
6.50 (br s, 1H, NH), 5.08 (s, 2H, CH,Ph),. 4.3 (br s, 1H,
OH), 4.40 (m, 1H, CH), 3.71 (m, 2H,,Q§20H}, 1.93 (m, 2H,

4'//.

CHQ52CH20H): EI-MS: 253.0554 (253.095i/éalcd._for P
, A

P

.E;(Benzyloxycarbonyl)fg;toluenesulfonyl—DL—serihe methyl
ester (79d). ﬂ.,

A modification of the procedure of PhotakilB72 was
employed. 2-DL-serine (Aldrich; 2.39 g, . 10.0 mmol) in
CH,C1, (40 mL)/THF (15 mL) was treated with a solution of

diazomethane in CH,Cl, (20 mL, 10 mmol) until a faint -
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yeflow color persisted and the evolution of Nz(g)

-~
o

\2\feased. Several drops of acetic acid were used to dispel

the color, and the solvent Qas_removed in vacuo to provide
‘a éuantitative yield of 584 (2.53 g) as a_éyrup. To a
solution of this Z-DL-serine methyl ester (58d4) k2.53 g,\
lOsO.mmbl) in pyridiné (9,0 mL, 11 mmol) at -15°C was -
adaéa.E;toluenésulgonyi’ghloridef(Z.lo g, 11.0 mmol) in %g{
small portions over 5,minf‘ The mixture was stirred 6 h at
-10 to'—5°C, and poured bnto crushed ice (200 mL). Enough
2O%G?queous citric acid was'added to adjust pH to 5.0 and
the mixﬁure was allowed to stand 16 h at 0°C. The mixture
was extracted with EtOAc (3 x 100 QZ) and the combined
orgaqic extracts were washed with 50% saturated aQueous
CuSO, (4 x 150 mkL) (to remove pyridine), and saturated
briné (3 :?150 mL). The EtOAc phases were dried over
Na280; and evaporaied in vacuo atL§5°C to provide 3.84 g
(94%) of crude 794 as a golden syrup. The syrup was
rec%yStallized from a sméli volume of hot MeOH and dried
in vacuo to yield 2.65 g (65%) of pure racemic 79d: mp
97-99°C (1lit. mp 119-120°C for L-isomer872); I1r (chel,
cast) 3380 (m, br), 1752 (s,dsh), 1725 (vs), 1523 (s),
1453 (m), 1438 (m), 1364 (vs), 13%5 (vs), 1250 (m)," 1214
(s), 1190 (s, sh), 1177 (vs) cm~l; 3 NMR (80 Mz, CDCl4)
57.64 (d, 2H, 8 Hz, Q_—Ari),{i\‘?.%« (d, 2H, 8 Hz, m-ArH),
7.37 (s, 5H, Ph), 5.60 (br g, 1HI, ~ 6 Hz, NH), 5.10 (s,
2H, quPh), 4.58 (m, 1H, QE), 4.40 (m, 2H, Q§20Ts), 3:72

(s, 3H, COOQ§3), 2.43 ‘8, 3H, AIQE3); CI-MS (NH3) 425
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(M+NH,%); Re 0.65 (50% EtOAc/hexane).

a ' )

E;(BeniylbxycarbonYl)-Y-Y'—diéggzsfbﬁtyl—DL—YLcafboxy-
'glutamic acid (80d). |
This compound waswprepared byia modificétion of the

procedure of Boggslﬁt al.183a Diigg££7butyl-malonate

(1.15 mL, 5.14 mmol) was added drobwise with stirring to a
suspension of NaH (88.5 mg, 3.68 mmol, washed 3x with dry
THF (3 mL)) in DMF (10 mL) at 0°C. -After 30 min the Naf
‘had dissolved and evolution of Hy (g) had ceased. This
solution was aqgef dropwise over 10 mln to Z-0-Ts- DL-
serine methyl ester (794) (1. 35 g, 3.31 ' mmol) in DMF (5.0
mL) at 25°C. The mixture was stirred 20 h at 25°C under
Ar, and worked up by. addltlon to HZO whlle malntalnlng PH |
between 3 and 5 with 1IN HCl. The pH was adjusted to 2.5,
satufated%brine (20 mL) was added, end-the‘mixeure was
'extracted_with CH2C12'(3 x 100 mL). Pooled organib‘phases
were washed with saturated NaHCO, (20 mL) and brine (20
Qﬁﬁ, dried, and concentrated in vacuo to yield 2.45 g 4&f

an oil containing z-di- tert butyl-y-carboxyglutamlc acid

-~

a—methyl‘ester (Rf'0.30, 20% EtOAc/hexane). This material
wa;‘6irectly saponified by stirring 25 min at 25°C in
0.48N ethanolic KOH (40 mL, 19 mmol). The mixture was
cooled On_ice/sz and neutraliéed (pH 7;0f with cold 1IN
A, and:thelethanol removed in vacuo. The aqueous

mixtqfe was acidified to pH 2.5 and extracted wir EtOAc

(3.% 100/ mL). Organic phases were pooled, dried over -
&t ' : . ’

p
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Na,S04, and evaporated. The residue was either flash

‘chromatographed on ci1ica20 (103 MeOH/CHCl3), or

¢ @5ubjected t; reverse-phase MPLC (40% MeOH/30% CH3CN/30%
-Hzo, 3.0 mL/min) to afford 1.28 g (88% yield) of 80d as a
Qirup whHich crystallized from CC14/pgntane: mp 74-76°C
(1it. mp 64-65°C83P); IR (CHCl, cast) 3340 (m, br), 2970
(m), 1740 (s, sh), 1727 (vs), 1523 (m, br), 1369 (m), 1255

(s, br), 1162 (m, sh), 1143 (s) cm™l; 1u NMR (100 MHz,

1

d, 14, 8.4 Hz, NH), 5.12 (s, .2H, CH,Ph), 4.68-4.30 (m, 1H,
N-CH), 3.38 (~t, 1H, ~6.5 Hz, CH,CH(COO%Bu),), 2.70-1.95
(m, 2H, CHCH,CH), 1.45 (br s, 18H,_Eg££:§5); 13c NMR (100
MHz, CDCly) 6175.67 (s), 168.29 (s), 168.00 (s), 156.21
(s), 136.11 (s), 128.42 (d). 128.23 (4), 128.04 (d), B2.16
(t),‘57{18 (s), 52.53 (d), 50.81 (d), 30.82 (t), 27.80
(q); Anal. Calc. for C22H31N08: C,?60.40; H, 7.14; N,
3.20. Found: C, 60.34; H, 7.14; N, 3.17; CI-MS (§H3) 455
(MfNH4fgi‘399 (M¥NH4-CyHg), 347 (MH-CqH3), 355 ]

(M+NH4-C4Hg, CO5): Rg 0.58 (0.5% HOAc in EtOAc). — °

Malonate Diester Additions to N-Protected Serine g-
’ N . :

Lactones: ' b

‘ .

Reagents, solvents and conditions were as specified

in Table 3. Typically the final concentration of N-

protzﬁied serine g-lactone in the reaction mixtures was
0.4-0.5 mmol/5 mL. For reactions done under basic

2
conditions (Entries 1-12), a solution of g-lactone (~0.25

0

. )
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M) was added dropwise to the malonate diestef and base.
Pfocedurés,involving the trimethylsilyl ketene acetal of
diiggzzfﬁutyl malonate (83) were performed by addition of
reagent to a solution of:the g-lactone and 83.  Reactions -
not inVolvihg Ti(IV) were worked up:by addition to H,0 (20
mL) while maintaining the pH betweén’3*and 5 with 1N 'HC1,
lowering pH to 2.5, and extracting with EtOAc (3 x 30

mL). Reactions employing Ti(IV) recagents were quenched by
addition to pH 3.0 agueous satufated EDTA (30 mL) in a
similar fashion, followed by filtratioﬁ, washing o% the =«
residué with Et,0, and extraction of thé aqueous layér~
‘with Et,0 (3 x 30 mL). Organic layers were dried over
Na,50, and Concentfated in vacuo. Products were isolated
by reverse;phaée MPLC (60% CH3CN/H,0 or 40% Mébﬁ/so%
CH3CN/30% H,0, 3.0 mL/min). Typical expefiméntals for

both types of reactions are described‘below.j

Data for Malonate Addition Products:

| Spectrai, physical, and chromatographic properfies ofv
Z—dehydroélanine (74) and benzyl carbamate (76) were as
ﬁfeviodsly described.

For_gf(benzyloxyca;bonyl)—Y,Y'-difggfgfbutyl—L-Yf

carbd*yglufamié acid (80a): mp Qg—87‘§ (1it.hmp 84-

86°c,183d g7_g9°c1832); [4125 411.8 (:0.1)* (c 1.2, CHCl3)
(it [«13° +11.9° (c 1.2, cucly),'839 -11.2 ana 12.4°1832
(c .1, MeOH)); IR, NMR, MS, and chromatographic

‘characteristics were essentially identical to 804 above.
Y ’ ‘ D

oty
Rha
S

235
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For~ tert—butyl (S) 4-[N-(benzlyoxycarbonyl)amino]-2-
(tert-butoxycarbonyl) -5-hydroxy-3-oxopentanoate (81):
gum; IR (CHCl3) 3380 (m, br), 2979 (s), 2934 (m), 1750 (m,
sh), 1725 (vs, br),.1516 (m), 1456 (m), 1394 (m), 1370
(s), 1310 (s, br), 1255 (s, .br), 1155 (s, br), 1058 (m,
br), 850 (m), 740 (m), 697 (m) cm™l; lu NMR (300 Mz,
CDCl3) 674.8 (br s, 0.35H, enmolic OH), 7.42-7.26 (m, 5H,
Ph), §... (4, 0.65H, 8.0 Hz, NH-keto), 5.54 (d, 0.35H, 8
Hz, Nﬂﬁbnol), 5.20-5.04 (m, 2H, CH,Ph), 4:96-4.86 (m,
0.35H, CHCHp-enol), 4.61-4.52 (m, 0.65H, CHCH,-keto), 4.64
(br s, 0.65, ca(ceﬁtsu) ), 4. 15 (dd™~0.65H, 3.0, 12.0 Hz,
CHHOH-keto), 3.78 |dd, 0.65H, 4.5, 12.0 Hz, CHHOH-keto),
3.88 (dd, 0.35H, 5.4, 11.0 Hz, CHHOH-enol), 3.76 (dd,
0'35H,'. 7, 11.0 HE, CHHOH-enol), 3.16 (br s, 1H, OH), 1.49
(br s) and i.45- (br s) (léH, 2 tert-Bu): 13¢ MR (75.46
MHz, CDCl3} (~2:1 keto(k)/enol(e)) 5198.70 (k, s), 175.83
(e, s), 170.64 (e, s), 165:63°ké, s), 163.95 (k, s),
163.78" (k, s), 156.26 (¥, s)%155.79 (e,s), 136.14 (s),
1136.02 (s), 128. 59 (d), 128: 55 (dr, 12@ ;0 (d), 128.14
(d), 103.69 (e, s)," 83. ob (x, s),,83 80" (e, 8), 83.60" (k.
s), 82.32 (e, s), 67.38 (k, t), 67.18 (e, 't), 64. 62 (kq\
d), 63.93 (e, t), 61.99 (k, t), 61.72 (e, d), 53.54 (x, |
af, 28.23 (e, q), 27.97 (e, q), 27.64 (k, q), 27;jef{k,}fgf
a): Anal. Cale. for CypH; NOg: C, 60.40; H,77}14: &;7'
3.20.  Founa: C, 60.39; H, 7. 39; N, 3. 09;. cr -MS (NH3) 455
(M4NH,), 437 (M+NH4—H2O), 337 (M+NH4—Hzo, coz, “C4Hg), 237

(M+NH4-H201 2CO2p 2C4H8, Baste peak); Rf ‘0.26 (25%

L 3
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EtOAc/tolpene,);.

For tert-butyl (§2—4—[_t3_-(benzqu_xyq:_arbonyl)m.nihci]'-s?
hydroxy-3-oxopentanocate (821:11011; IR (CHC13 cagt) 3330 ‘
(m, br), 1716 (vs, br), 1519 (m), 1455 (w), 1369 (m), 1330
(m), 1255 (s), 1151 (m), 1055 (m), 698 (m) cm-l; l§ NMRm
(360 MHz, CDC13) §7.37 (s, 5H, Ph), 5.91 (br &, In, 8 Hz,
NH), 5.14 (s, 2H, CH,Ph), 4.49 (m, 1H, quﬂéda); 4.14. (aa,
1H, 4,.12 Hz, CHCHHOH), 3.89 (dd, 1H, 6, 12 Hz, CHCHHOH),
3.58 (d, 1H, 18 Hz, C(O)CHHCOO'Bu), 3.54 (d, 1H, 18 <z,
C(O)CHHCOO*Bu), 2.8 (br s, 1H, OH), 1.4: s, 9H,.é£££:§3);
CI-MS (NHj3) 355 (M+NH4, Base peak) 33 (MrNH4-H26), 237
(M#NH4-H»0, COp, C4Hg): Rg 0.80 (0.5% dckc'}n EtOAc) .

For E—(_t_e__xl—buto'xycarbonyl)—?-Y'-dibeniyl—L-Y; -
carboxygluﬁamic acid (84): .gum: IR (CHCl, cast)v336d (m,
_br), 2970 (w), 1744 (s, sh), 1717 (vs), 1523 (h, br), 1373
(m), 1252 (s, br), 1162 (m), 1141 (m) 698 (m) cm 1;_1H_
NMR_ (400 MHz, CDCl3) 610.74 (br s, 1H; COOH), 7. 43-7.28
(br m, 108, Ph s), 5.50 (br, 1H, NH), 5.33-5,13 (m, aH,

. . - “ “
CHpPH's), 4.48- ..8 (br m, 1H, CH), 3.74-3.67 (m, 1H,
qgjcodén)z), 2.68-2.58 (m, 1, caquca(codaﬁ)é)[ 2.5%-2;23
(m, iH, cncquﬁ(coosn)zxf 1.43 (s, 9H,~E§££Eggf{ Angl.‘
Calc. for CygHpgNOg: -C, 63.68¢ 'i,.6.20; N; 2t97. i
Found: C, 63.49; H, 6.36; N, 3.03; CI-MS (NH3) 489
(M+NH, %), 415 (M+NH4-H 0, C4H8), 381 (MH-CyHy), 337
(“MH-C-,H-], CO2), 302 (Base peak, (CHz(COOBn)2;+NH4')).

. Por benzyl (§)-4—L§f(Eggﬁfbutoxyéarbonyl)hmino];é— _

(benzyloxycarbonyl)—5-hydroxy-3—oxopentanoate : (85)'_,': mp -

’ N
4 '
D
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92-97°C (from'iPr,0/pentane); [aJ25 +3.3 (£0.2)° (c 0.60,
CHC13); IR (CHCl3‘cast) 3400 (w, br), 1749 (s),01734 (sj, .
1718 (vs), 1660 (w, sh), 1500 (m), 1455 (m), 1392 (m),
1369 (m), 1265 (s, br), 1163 (s) cm~1; lH NMR (400 MHz,
CDCl,) §7.48-7.26 (m, 10H, 2Ph), 5. 50 (br d; 1H, 8 Hz,
NH), 5.30-5.04 (m, 4H, 2CH,Ph), 4.65 (s, 1H, CH(COOBn),),
'4563-4,so*(m, 1H,/§Q;H20H),‘4 13 (35, 14, 3.3, 12.0 Hz,
ACHqgﬁOH), 3}79 (aq, 1H,f5, 12 HZQ“CHCHHOH), 3. 62 (br s,
lﬁ,lqﬁ) '1;49 (s, 9 teff—Bu) (cf ‘81 above, <7% enol)
' ~1"3c‘ ﬁ"m (100 57 MHz, CDC13) 6199 0% (s),>189 03 (s),
"166@27 ;s), 138 29 (s), 135.16 (s),'128.75 (@), 128.62\
r‘(d), 128.51 (d); 128;45 (d),:128132 (d), 128.00 (&), 81.30
(s), 76.15 (t), 67.35 (t), 67.28 cy),564.21.(d), 58.81
‘(a), 28721 (q): Anal. Calc;?goggéé;hngOB: C, 63.68; H,
- 6.20; Ni 2,97. Found: C, 63.49: H, 6.21; N, 2.92; CI-Ms
”(NH3) 489 (M+NH,), 471 (M+Nm4—ﬂzoa, 381 (MH-C4H;), 337
(MH CoH4, C& Base peak), 302 (CHZ(COOBn)2+NH4 ).
For benzyl (S)r-4 [N (benzyloxycarbonyl)amno] 5-

.hydro&y 3—oxo-pentanoate (86) mp 104-105°C (from
i- Przo/pentane) [ajgs +4.5 (19.1);‘(c 1.30, CHC13); IR
3380 (m, br), 1749 (vs), 1719 (vs), 1695 (s, sh), 1500
(s). 1456 (m), 1392 (m), vl.368',;(hn;}?; 1264 (vs), 1163 (s),
1055 (m), 698 (M) em™1; 1H mMR (Zoo MHz, CDC13) 57.40-7.35 -
'( s, Ph), 5,41 (br'd, 1H NH), 5.30-5.08 (m, 3H, CH,Ph,
OH), 4 66 4. 56 (m, 1H, CHCHon), 4.57 (44, 1H, 4, 11 Hz,
qgﬁou), 4.39 (dd: 1, 3.5, 11 Hz, CHHOH), 3.70 (d, 1H, 16

Hz, D0 exchangeable, C(0)CHHCOOBn), 3.66 (d, 1H, 16 Hz,



D,0 exchangeabie, C(O)CHHCOOBn), 1.43 (s, 9H, tert- Bu)
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“13c NMR (100.13 MHz, CDCls) 199.59 (s), 166.78 (s), 155. 08 .-

(s), 135.07 (s), 128.89 (d), 128.80 (d), 128.72 (d),
128.64 (d), 128.60 (4), 81x5 (s), 70.11 (t), 67.29 (t),
66.14 (t), 58.80 (d), 27.99 (g): CI-MS (ha3) 355 (M+NH,Y),
337 (M+NH4-H,O, Base peak), 281 (M+Nﬁ4-H20, C4Hg), 229
(M+NH4-H,50, p;;§2oa>. ' ' ’
4
r') _
.EEEEFBUtYl 31§g££fbutoxy—3-tfimethyisiloxypropenoate (83).
A précedgre.modified f;om that gf“Ainsworth et al.189
rwas employed. Sodium hydride (0418 g,—l7.4 mmol; washed
with THF (3 x é mL)) was suspended in dry THF (20 mL) and
di-tert-butyl malonate (3.0 mL, lB.J}mmol; distingd) was
added dropwise and the mixture stirredx1~h at 25°C;
Chlorotrimethylsilane (6.8 mL, 53.5 mmol) was added to dry
Et3N (7.5 mL, 33.5‘mm91) in Et,0 (10 mL) and the mixture
was cen ri?hged to remove triethylamine hydrochIoridef
The supernatant was added to the malonate‘solution and
stirred 3 F~at 25°C under Ar. The mixture wasééenﬁrifuged
under Ar and the supernatant was concentratéd@&;:vacuo at
30°C. The golden oily residue vas stirred with |

Etzo/pentane (1:3,.50 mL) and filtered. The filgraté was
concentrated in vacugﬁgt 30°C to prov1de13 12 g (81l%) of
83 as a yellow 0il which was pure by 1. NMR.v This
material was further purified by bulbjto-pplb distillatiqp
(0.025 torr/50 (+3)°C) éo provfdé 2.94‘3 (76%) of clea!‘

colorless oil (B83). This material decomposes.on silica to
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di-tert-butyl malonate: IR (film) 2979 (s), 1745 (m, sh),
Li729 (s, sh), 1715 (vs), 1677 (m), 1606 (vs), 1392 (m). A

1369 (s), 1251 (vs), 1125 (vs, br), 1064 (vs), 854 (vs)
cmfl; NMR suggests a ratio of approximately 1.5 (+0.1):1
for E- and Z~isomers each having major/minor rotomers: 1y
NMR (360 MHz, CDClj) 64.31 (s, 0.34H, CH (2)), 4.16 (s,
0.05H, CH (2)), 3.18 (s, 0.354, CH (E)), 3.09 (s, 0.26H,
CH (E)), 1.47 (s, 10.7H, tert-Bu (E)), 1.46 (s, 7.3H,

tert-Bu (2Z)), 0.33-0.28 (m, 5.4H, 0Si(CHz)4 (E)), 0.23-

0.15 (m, 3.6H, 0Si(CH3)3 (2)): !3c NMR (90 MHz, cDClj)
6168.14 (E, 2), 80.95 (2), 79.87 (E), 49.61 (E), 44.51
(2), 29.32, 28.76, 28.64, 28.32, 28.14, 0.73 (2), -1.82
Found: C, 58.35; H, 9.76; EI-MS: no'M*}’béé;liéﬁ;V{.;?

o

R

- aee

(M-C4Hg, 232.1124 dalcd. for”Cloﬂéoo4s?$;plg6.0505 R
((CH3)3SiO-C(O)CH2C02H5, 75.0269 ((CH3)ZS§OH); GC )
(RSL-300, 100°C, 13.9 mL/min N,) single peak, tp = 15.6
min.' o e
Illuétra%ﬁbe Example of a Reactioﬁ of Halonate Diester-
Anion wiéh_E;P:otegted Serine g-Lactones (Entry 7, Table
3): ' | 5 ¥ |

A dispersion of 35% KH in mineral oil (w/w) (100.5
$@, 35.2 mg KH, 0.877 mmol) was‘Qashed by suspension and
setﬁling in ary THF (3 x 2 mL). To ;75tirted suspensiog
of the KH in THf (0.5 mL) at 0°C was added dibenzyl

malonate (240 yL, 0.962 mmol) dropwise. The mixture was
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o \
warmed to 25°C and é;&rfed 10 min until the evolution of.
Hy(g) ceased. - DMF (2.5 mL) was added followed by dr&pwise
addition of a solution of BOC-L-seriné a—lactone.(Qza)
(150‘mg, 0.801 mmol) in DMF (5.0 mL) at 0°C over 16 min.
After 39 h at 0 (:2)°C éll B-lactone was consumed and
workup and isolation as de;cribed in the general procedure
provided 137.3 mg (36%) of 84, 196.8 mg (528) of B85, and
23.9 mg (9%) of 86. ’
Illustrative Example of a Reaction of 83 with Z-L-Serine
p-Lactone (36a) (Entry 13,‘Tab1e'3):

Titanium tetrachloride (26 pL, 0.24 mmol) was added
dropwise to titanium(IV) isopropoxide 1252 ul, 0.85 mmol)
in dry CH,C1, (1.5 mL) at -78°C and the mixture warmed to
25°C. This solution was added dropwise over 25 mi® at
-15°C to 83 (190 pL, 0.68 mmol) and Z-L-serine (36a) (75.0 -
mg, 0.339 mmol) in CH,Cl; (5.0 mL).. The mixture was.
stirred 3 h at -15°C and 1 h at 25°C. Workup and 3 ‘

. d
isolation as outlined in the general procedure afforded

128.6 mg (87%) of B81.

(g)-2—Methoxy—2—(trifluoromethyl)pﬁ;nyiagetate, potassium
salt (87).268 |

(§)-(-)-2-Methoxy-2- (tr1f1uoromethyl)phenylacetlc
.ac1d196 286 (MTPA) (1.00 g, 4.27 mmol) was dissolved in
THF/MeCN/H,0 (8 mL/l mL/2 mL), and 2N aqueous KOH (~2.1

mL) was added dropwise to adjust the apparent pH t9'6.5ﬂ

‘.



%

The solvent was removed’in vacud‘(30°C)'an§‘the‘solid
4

,residﬁe was shaken with Et,0 (50 mL) and/chilled (4°C).

fhe salt 87 was obtained as a white powder (89% yield) by

-

filtration, washing\With chilled ether, and drying in

vacuo over P,0g and KOH: mp >330°C; [a]%s -69.2° (c 3.0,

MeOH); IR (KBr disk) 1660 (m), 1650 (s), 1629 (vs), 1378
. . x
(s), 1265 (s), 1167 (vs), 1154 (vs),_ﬁDl (s), 718 (s), 697
—1. . . N ., . . ) .
(s) ecm™7; Anal. Calc. for C10H803F3K. C, 44.12; H, s

2.96. Found: C, 44.13; H, 2.96; NEGFAB-MS (glycerol):

233 (M7). * : -
General Procedure for Determination of Optical Purity of
p-Lactones 36a, 36b, 44a, and 44b as (g)—MTPA De;ivati;es
88a, 88b, 89a, and 89b:268 )

A solution of the g-lactcne 36 or 44 (0.271 mmol) and
MTPA salt 87 (147.7 mg, 0.542 mmol) was stirred 18 h in
dry DMF at 3°C. Tﬁe DMF was.,remoyed inévacuo and the
residue was treated with an excess of etherai
diazomethane. .The syrup bbtaingd afterlevaéoratiSn of th
solvent was redfésolved\iﬁ CHCl 3, and @njaliqdotFwas “

. : o
Si;; 254 nm detection). For 19¢ nMR analysis, the

. ' n o,
remainder of the sample was pu;lfled‘ MPLC (silica,

EtOAE/hexahes (35:65) for 88a; SBb. and\ 90; (26:74) for
89a: 89b, and 91) to yield the appropr{atg_ﬁfprotected O-
[Qi)—zﬂnethoxy-z—(triflhoromethyl)phenylacetyl]serine
methyl ester (typically 63-68% isolgted) and meth}i (8)-2-

{ . ~

2
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~&§1

P

.
R P
st B0
.
. .

submitted to ang}ysis by HPLC (Beckman 5 um Urtraéphéfé;. iﬁ

4



243 =

methoxy—z—(trifluogomethyl)phenylaceiate (92)196.287
(Eyplcally 64.6 mg, 48%): s liquids. For 92: [a]25
-72.2° (c 0.34, acetone.f IR (CHC13 cast) 1752 (vs), 1450
(m). 1273 (s), 1170 (vs), 1030 (s) em™I; lH NMR (300 Mz,
CDCL3) 67.52 (m, 2H, o-Ph), 7.40 (m, -3H, m,_E:g_) 3.90
(s, 3H, COOCH;), 3.55 (~q, 3#, ~1.5 Hz, OCH;): 1°F NMR
(376 Mz, cnc13) 6-72.31 (CF3): EI-MS: 248.0661 (M%,
248.0661 cal;d. for C11H11F3O3).

Data for 88a (§L§;isoher)‘from Z-L-serine p—lactoﬂé
(36a):121 IR (CHC1, cast) 3470-3200 (w, br), 1754 (vs),
1728 (s), 1510 (m), 1271 (55?/1220 (s), 1170 (vs) em~1; lg
NMR (300 MHz, CDCl3) $7.46 (m, 2H, o-Ph), 7.37 (m, 3H, m,
P-=Ph), 7.35 (s, 5H, PhCH,0), 5.51 (4, 1H, 7 Hz, NH), 5.12
(s, 2H, CHyPh), 4.72 (dd, 1H, 10.5, 3.5 Hz, CHCHHO), 4.68
(m, 1H, CH), 4.60 (4d, 1H, 2.5, 10.5 Hz, CHCHHO), 3.66 (s,
3H, COOCH;), 3.47 (~g, 3H, ~1.5 Hz, OCHy): %F NMR (376.5
MHz, CDCl3) 5—72.76;(Q§3);199 Andl. Calc. for

CyoHyoNO4F3: C, 56.29; H, 4.72; N, 2.98.  Found: c,

56.11; H, 4.76: N, 2.91; EI-MS: . 469.1345 (M*, 469.1349
ci%%?.).
b' B " g ¢

Data for 88b (§L§fisomer) from Z-D-serine ﬁ-lag&one

A

' (36b):288 1R and EI-MS as described for 88a. lH NMR
(300 MHz, CDCl,) was indistinguishable from 88a except for
63.73 (s, 3H, COOCH3), 3.49 {~q, 3H, ~I.5 Hz, OCH); l9F

"NMR (376.5 MHz, CDCl3) §-72.23 (qg3);199 Anal. Found: C,
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56.20; H, 4.72; N, 2.94.

Data for 90: This standard was prepared by,ssubjecting a
mixture of 36al®7 (65.22%, 0.1768 mmol) and 36bl98

& . .
(34.78%, 0.0942 mmol) to the above general procedure.

19
NMR (376.5 MHz, CDClj) §-76.26 (65% (S,S)-CF5), -76.23
(35% (R,5)-CF3).1%% HPLQ analysis (9% EtOAc/91% hexane,
0.8 mL/min) provided a ratio of 6:;1.8() (110.1.‘1)% _S_',§ (tR =
78 min) and 35.20% R,S-isomer (t‘R = 8‘5 min).

v |
Data fqr 89a (E,E—isomr@from B-lactope 44a:203  1g
(CHCl3 cast) 1754 \‘(,vs), 1706 (s)_’, 1273 (s), 1244 (s), 1183
(s), 1172 (s)/ 1028 (s) cm™!; u NMR (300 MHz, CDCL,)202
67.50-7.10 (m, 15H; 3 Ph), 5.13 (m, 2H, PhCH,0), 4.82-4.00

©  (m, 5H, qg;qud, PhCH,N), 3.60 (s, 0.59 x 3 H) and 3.33
(s, 0.41 «x 3 Hj, _(COOCEB conformers), 3.40 (br s,. 3H,
9Qﬂ3*§§l9F NMR (376.5 MHz, CDCl,) 6-72.14 (CF3); Anal. ‘4
Calc. for CpgHpgNOsFy: C, 62.25; H, 5.04; N, 2.50.

Found: C., 62.43; H, 4.98%§)g, 2.46%; CI-MS (NH3) 577
(M+NH,*), 560 (MHY). g m |

- S

g %‘ . . a
Data for 89b (g;g—isorner) from 44b:289 . 1R (CHC13 cast) -

1754 (vs), 1705 (s), 1270 (m), 1237 (s), 1182 (s), 1171
(s), 1026 (s) cm~!; 1H NMR (200 MHz, 'CDC14)292 §7.53-7.05
(m, 15H, 3 Ph), 5.16 (m, 2H, PhCH,0), 4.91-4.01 (m, 5H,
CH-CH,0, PhCH,N), 3.61 (s, 0.58 x 3 H) and 3¢34 (s, 0.42 «

3 H) (COOCH3 conformers), 3,40 (br s, 3H, OCH3): 19F NMR
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(376.5 MHz, CDCl,) 5-72.04 (s, 0.58 xCZfF) and -71.96 (s,

R

A B ("l N ‘
0.42 x 3 F) (CF3 conformers); Anal. Found: C, 61.90~/,

* 95.03: N/ 2.37¢ CI-MS.(NH;) 577 (M#NH,*), 560 (MH').

.?Thls refefence sample was prepared by

) sabmltting,a;plxture of (S) -B lactone (44a)200 (67.12%,
0.1292 mﬁql) and (R)- —g-lactone (44b)201 (32.88%, 0.0633
mmol) to ﬁhe abovevgeneral procedure.. 1H NMR (200 MHz,
€pcl4)202 53.46 (shpg§,§)59q53), 3.43 (s,Agg;§)-bqg3)
(total 3H, ~2:i;'ineomplete resolution) with the remainder
of spectrum as* descrlbed for 89%a and 89b above 19g¢ NMR
(;36 .5 MHz, coc1 )202 5- -72. 14 (s, 67% (sjs) qg3), -71.96
(s) -72.04 (s) (58 42 ratlo of conformers) 33% (R(K#-
QE3) HPLC ana1y51s (6% EtOAc/94% hexane, 1.0 mL/min)
prOVlded a ratio of' 67. 4 (+o 1% 5,5 (tg = 79.5 m@n) and -

32. 6% R, S- -isomers (tR ; 73 8 mln)
Sy

>

Reactions of Hi:. «r--Order Organocyanocuprates RZCu(CN)Liz

A
tf
with fg—Lactones;:268 R
g ' &

a . ¥
These reagents were prepared 1mmedlate1y before use

as outlined by Llpshutz*et al 221a Reactlons were -
o
routlnely followed by spotfwng onto TLC silica plates
whlch'rad prev1ou§§y bee ¢ ed with HOAc. Following
removal of HOAc in vacuo, the plate was developed
o 0 ’
(EtOAc/hexane), sprayed with alkaline bromocresol green

spray,290 and heated. When a-lactone could no longer be

detected the reaction was terminated by addition to

I
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L

degassed b.ﬁﬁ_HCl (~15rhol eq. relative to p-lactone) at

0-5°C, 0.25 volumes MeOH were added, and the mixture was

4

stirred 20 min under Ar. The CuCl pr:;ig@tate'&as rémoved .

i

by suction filtration and waghed with7Et 5,0 (1 volume)..
The filtrate Qas part;tioned, and the agueous layer
further extracted with Et,0 (3 x 1.vol.). EtherAphases
were pooled and washed successively with séturated brine,
pH 3.0 saturated EDTA solution, and again with brine (QZ25

volumes of each),vdried over Na2504 and evaporated_ig

vacuo. Chromatographic purification of the residue

afforded the results indicated below.

(g)—z—[(Benzyloxycarbonyl)amino]butahoic acid (93a, Table
4, Entry 1) |

The cuprate Me,Cu(CN)Li, was formed by addition of
“MeLi in Et,0- (7.23 mmol, 4.13 mL) to CuCN (417 mg, 4.65

mmosl ) in' THF (8 mL) at -78°C.2212 Tne mixture was stirred

;. at -23°C for 20 min and p-lactone (36a)208 (200 mg, 0.904

mﬁol) was added dropwise in THS\(z.S mL) over .5 mins The
w:mixéure was stirred 2 h at -23‘C and 15 min at 0°C. The A
reacﬁionhmixtﬁre was then quenched énd extracted ;s
outlined above. Reverse phase MPLC (45%"C§3CN/H20, 3.0
mL/min).yielded 100.8 mg (47%) of 93a as avsyrup which
Acfystallized from Et20/hexane: mp 78.5779.0°C‘(1it.267a
. 78-79°C); [algsi‘-$1-3 (+.2)° (c 2.0, EtOH) (1it.2678
(2325 -32° (c 2, EtOH)); IR (CH,¢l, cast) 3350-2200 (m,

br), 1717 (vs), 1526 (s), 1456 (m), 1415 (m), 1345 (m),
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697 (!ﬁ) 'l‘:ém-l; 1y - ’-&"

1231 (m), 1216 (s), 1085 (m), 1054‘(m),
CNMR (200 MHz, CDC14)202 §7.70 (br s, 1H, COOH), 7.33 (s,
5H, Ph), 6.30 (br s, 0.2 H) and 5.35 @, o.aa,is Hz)
(rotoﬁeric NH), 5.11 ¢s,. 2H, PhCH,0),, 4.46-4.15 (m, 1He
CH), 2.07-1?@2 (m, 2H, CHHMe), 0.96 (t, 3H, 7.5 H?, CHj):
EI-MS: 237.1004 (M*, 237.1001 calcd. for CyoH gNO,);: CI-
MS (NHj3) QSS.(M+NH4f)3 Deprotection to.gg)-z- \

ami nobutanoic acid (11la) and GC analysis as the
cé%phanamide methyl ester derivative (118a) U"nd‘icated .
197.83 (+0.14)% enantiomeric exée?s (i.e., 1.68% D-isomer -

present).

‘(3)-2—[§;Benzylﬁ§;(benzyloxycarboqxl)amino]butanoic acid
(94b,lEntry 4, Table 4). .

|  The cupratelMeZCu(CN)Liz was p§g§Ared from CuCN (59.3
“mg, 0.636 mmol) in THF (3 mL), and MeLi in Et,0 (1.06

" mmol, 0.95 mL).2?%12 The (R)-g-lactone (44b)2°1 (110 mg,
.00353>mmol) was added in THF (2 mL) dropwise over 5 min at’
-78°C, and.the mixture was stirred at -78°C (I.h), and
—45°CA($0 min).()oégnching ahd extraction in the usual
fEShiob follo@ed by reverse-phase MPLC (56% CHjCN/HZO, 3.0
" mL/min) pfovided 24.0.mg of unreacted p-lactone (44b) -

. P

K22%), 6.9 mg.ketone'(95) (6%), and 75.7 mg (72%) of  the
(R)-acid 94b: [q12° +37.3 (£0.7)° (e o.46,cac135; IR
(CHCL cast) 3030 (m, br), 1741 (m), 1705 (vs), 1670 (m),
1454 (m), 1420 (m), 1250 (m), 698 (m) cm~!; 1H NMR (200

‘MMz, CDC13)202 59.12 (br s, 1H, COOH), 7.27 (b
I

r s, 10H, o
‘)} o . gt

247
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2Ph), 5.17 (s, 2H, PhCH,0), 4.80-4.00 (m, 3H, CH, PhCH,N),
2.14-1.60 (m, 2H, CHCH,CH3), 0.81 (m, 3H, CHj); EI-MS: |
327.1469 (M*, 327.1471 calcd. for CygH, NO,);: CI-MS (NHj)
345 (M+NH,"), 328 (MHF). - Optical purity analysis (GC) as
der{;ative 116b indicated 2-07 (+0.21)% of the S-isomer or
95.9D(1O.5)% e.e.i | |
| For 2—[§fbenzylf§;kbeniyloxyé;rbonyl)amino]-l—

hydroxybutan-3-one (95): IR (CHClj cast) 3450 (m), 1697

E)

(s), 1238 (s), 1127 (m), 700 (m) em }; i NMR (200 My,

'cnci3)202 57.30 (m, YOH, 2Ph), 5.20 (m, 2H, PhCH,0), 4.56
‘ (m;‘ZH;:PhgﬂzN)f 4.13 (m, AH, CH), 3.8-3.4 (m, 2H,
CHCH,0), 3.26 (br s, 0.6H) and 2.36 (br s, 0.4H), (CH,0)
2.00 (s, 1.8H) and 1.74 (s, 1.2H) (C(O)CH3); Anal. Calc.
for C19H21504: é, 69.71; H, 6.47; N{ 4.28. Found: C,
69.78; H, 6.42; N, 4.08; CI-MS (NH3) 345 (M+NH,'), 328
(MHY). - )
QB)—Z-[gf(Benzyloxycarboﬁyl)amino]heptanoic agid i96b,
Entry 5, Tablg 4). )

The cuprate Q;BuZCutCN)Liz was formed from CuCN (528’W’
mg, 5.90.mm015 in THE (6:OlmL) and n-BuLi in hexéhes (11.3 ,
.mmol: 4.30 mL).22an " The g -lactone (36b)198 (250 mg, 1.13
mmol) was fﬁtrdduéed in THF (4 mL) dropwise over 7 min at
—23°C,-ana the mixture was stirred 2 h. Workup in £he
usual manner and reverse phase MPLC (40 MeOH/ZS MeCN/35
H,0, 3 mL/min)/yieldedv196 mg of 96b (62%) which was ;
recfystallized ffom CCl4/hexahe:, mp 63-64°éu(lit.225‘mp

. ;
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63-65°C-for-§;isome}); [«13> +3.4 (;0.1)“ (c 1.43, 95%
CEtoH) (1it.225 [122 -3.5° (c 2, 95% EtOH) for S-isomer);
IR_(CHCl3 cast) 3320,(%, br), 17i7 (vs, br), 1521 (m),
1453 (m), 1412 (m), 1340 (m), 1230 (m), 1212 (m), 1053
(m), 695 (m) em”l; 1 MR- (300 MHz, ©DC14)202 §10.20 (br
s, 1H, COOH), 7.36 (s, S5H, Ph), 5.80 (br:s, 0.3H) and 5.22
(4, 0.7H, 8.2 Hz) (NH), 5.18-5.07 (m, 2H, PhCH,0), 4.45-
4.34 (m, IO.7H) and 4.34-4-29 (m, 0.3H), (C_li), 1.95-1.79
(m, " 1H, CHCHH-Bu), .1.77-1.60%(m, 1H, "HCHH-Bu), 1.45-1.20
(m, 6H, (CHy)s), o,éa (~t, 3H, CH3). EI-MS: 279.1468 (M¥,
279.1470 calcd: for C15H21N04). Opticai‘pgfity anaiysis
(GZ) as 121b indicated i.24 (fb.lG)%_gfisomer or 97.5 -
(¢O.3)% e.e. . | | . ‘ .
(5)-2-(§7Ben2y11§f(behzyloxycarbonyl)amino)heptandic acid
(97a, Entry 6, Table 4).
The cuprate was formed from CuCN (101 mg, 1.13 mmol)
in THF (2 2 mL) and n- BuLl in hexanes (1.9 mmol, 1. 6
mL).221a A solutlon of g~ 1actone (44a)200 (171 mg, 0.548
mmol) in THF (3 3 mL) was added dropw1se over. 5 min at
-78°C, the mlxtq;e was st1rred.40 min at ~78°C, warmed to .
-46°C and aliowed‘to reach -36°C over 1 h. ﬁofkup and
‘reverse pﬁaseA%PLC (dS% MeCN/Hzo, 3.mL/min) gave 154 mg
(76%) of acid 97a and 11 mg (5%) of keton%%98 For 9?5:
[a] -32.3° (c 0.5, CHCl3); IR (CHCly cast) 3100 (m), .
1706 (s), 1235 (m), 1100 (m), 698 (m) cm~); 1H NMR (200
MHz, cbél3)2°2 69.84 (br s, 1H, COOH), 7.26 (m, 10H, 2°

. &



e

“g‘mg_pr C22H27N04: Cl. 71 52 7 7 37,' 'N' ' 3 c 79‘ Found "g];' 3 o
FREY O .

o ’ . Pos 3
J - PRt

Ph), 5.18 (s, 2H, PhCH,0), 4 64 (m, 1H, dH), 4.5-4.15 (m,- _';
., .—‘-J_:I/ :

2H, PhCH,N), 1.91 (m, 1#, ' CHCHH- Bu), 1.7% (m, 1H, CHCHH- . 7~

Bu), 1.11 (m, 6H, (CH, ,3), 0.78 Am, 3H, CH4): 'Anal. Ca1c¢;f”

2

71.30; H, 7.43; N, 3.55; EI MS- 369. 19353(M+' 369, 910

calcd. ). Optlcal purlty ana1y51s (GC) as derlvamfve 121a

indicated 87.0, (+O 6)% e e.vf f'*ﬁi'

For 2- [N-benzyl*ﬁ—(benzyloxycarbonyl)amlno] -1-

'hydrbxyheptan—ﬁébne 098) ; lR (CHC13 cast) 3440 (m, br),

1700 (s),.azés (m), 1125 (m), 699 (m) cm I- 1H NMR (300

MHz, CDCL: )202 57 34 (m, 108; 2 Ph), 5420 (m,‘2H PhCH,0),

4.53 (m zH, Pﬁq_zN), 411 Km. 1H,>éh)p 3.8-3.5 (m, 2H,

CHQEQ), 3. 24 (m, 0 6H) and l 85 (m, O 4H) (Qﬂ), 2.25 (m,

2H’ C(O\)C—z_Pr)[ l‘-'4»0 (m‘]/ lH' CHE.) 2 l- 17 (m, 2H, Cﬂz),{

1_00#§m, IH,HQEﬁ), 0.77 (m, 3H, qg3); Anal. Calc. for
ik Y @ -
CoaHp7NOg: “C, 71.524 H, 7.37; N.'3.79. Found: C, 71.52;

“7.28;.N, 3.67: EI-MS:  369.1943 "(M*, 369.1940 calcd.),

_284,12866}M4CfD)BQ)w"

n $ € 8
g o 51 ,

':»:‘:{:ar yl)-L-leuc1ne (993,@¢ry 7, Table 4).

Isoptopylmagne51um chloride in Et,0 (5.42 mmol, 1. 80

-p:a R “m,

"AmL) wa% added dropw1se over 5 min to g~ -lactone (36a)208

;.

(200 mg, 0. 904 mmol) and CuBr-SMez (35.0 mg,‘O 17 mmol) in
THF (8 mL)/MeZS (0.4 mL) at -23°C. The mixture was

stirred 1.5 h at -23°C, and duenched by addition to cold

degassed 0. SN HCl (20 mL). ‘Extractibn‘and washing in the

J
usual fashfon followed by reverse phase MPLC (46%

’J



o . . : )
“‘derivative 123a indicated no detectable R-isomer (i.e.,

4

. + - v .
265.1313 (M7, 265.1314 calcd. for C14H19NO4), 220.1336

251
MeCN/HZO,’3.5.mL/min)‘afforded 1Q6[mg (44%) of 99a as a

syrup: [aj%S -16.8 (+0.2)° (c 1.0, 95% EtOH) (1it.133

lalp -16.5 (+1)° (c 1.0, EtOH)); IR (acetone cast) 3320

(m, br), 2959 (s), 1716 (vs, br), 1528 (s), 1451 (m), 1410

(m, br), 1341 (m), 1260 (m), 1225 (m), 1047 (m), 692 (m)
cm™1; 1n NMR. (300 MHz, cDC15)202 59.21 (br s, 1H, coon), /

7.31”(5, 5H, Ph), 6.70 (br d, 0.23H) and 5. 27 (d 0.77H, 8

Hz) (NH, rotomers), 5.18-5. 03 (m, 2H, Oq_zPh), 4.40 (br m,

O 77H) and 4. 25 (br m, 0 23H) (NCH rotomers), 1. '82-1.48

(m, 3H, CH,CHMep), 1.04-0.82 (m, 6H, 2CH3); EI-MS: s

i

(M-CO,H); CI-MS (NH4) 283 (M+NH,%), 266 (MH*). Optical
o 3) 2 4

purity analysis (GC) as the .camphanamide methyl ester

>99.4% e.e.).

d

N-Benzyl-N-(benzyloxycarbonyl)-L-leucine (100a, Entry 8, - i

, < . . . . ’

Table 4). . ‘ N
Isopropylmagnesium chloride in Et,0 (3.6 m&ol, 1.0

mL) was added'dropwiée over 5 min to g-lactone (4E£)200 -
(180 mg, 0.578 mmol) and CuBre.SMe, (25 mg, O. 122 mmol) 1h‘ﬁ-
THF (6 mL)/Me28(0 3 mL) at -23°C. The mixture was,stlrred
2 h at -23°C and quenched by addition td cold degassed
0.5N HC1 (20 mL). Extraction and_washing of the etheral - -
.phases‘followed by reverse phase'MPLC (55% MeCN/Hzo( 3.3
mL/min) yielded 170 mg (83%) of 1Q9§f§§‘5ﬁ oii: '[ajgs

344.7° (c 2.5, CHCl;); IR (CHCly dast) 3160 (m br), 1740
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(s), 1705 (vs),-1680'(s), 1498 (m), 1468 (s), 1454 (s),
1418°(s); 1315 (s), 1240 (vs), 1208 (s), 1179 (s), 699
. ' /

L
(vs) cm 1, 14" NMR (300 MHz, CDCl )202 59.75 (br s, 1H,

‘COQE),'7'45-7.10 (m, 10H, 2 Ph), 5.19 (s, 2H, PhCH,0),

4.87-4.62 (m, 1H, CH), 4.60-4.30 (m, 2H, PhCH,N), 1.90-

1.20- (m, 3H, CH,CHMe,), 0.94-0.53 (m, 6H, 2 CHy): Anal.

- Calc. for Cp HygNOg: C, 70.97; F, 7.09: N, 3.94.

Fognd:“C, 70.68; H, 7.10; N, 3.87; EI—MS; 355.1785
(M*,355.1784 calcd.); CI-MS (NHj) 373 (M+NH,), 356
(MH+). Optical purity analysis (GC) as 123a showed no

detectable R-isomer (ie., »99.4% e.e.).

.-

(s)-[N-(Benzyloxycarbonyl)amino]-4, 4-dimethylpentanoic

acid (10la, Entry 10, Table 4),

The higHer-order mixed‘brgaqpéuprate tert-
Bu(Me)Cu(CN)Liz was formed from CuCN (267 mg, 2.98 mmol)
in THF (7 5 mL), MeLi in Ety0 (2 80 mmol, 1.65 mL), and

tert—BuLl in pentane (2. 80 mmol 1.55 mL). 221b The g-

la_ctone'(36a)208 (200 mg, 0.904 mmol) in THF (3.5 mL) was

. added aropwise over 5 min at -23°C, and the mixture was

stirred 1 h. Workup in the uSUal,fashioh and reverse

"phase MPLC (57% MeCN/HZO, 3 mL/mln) provided 121 mg (48%)

of 101a which crystallized from Etzo/hexane. mp- 3? -97°C;
[«125 -16.7 (:0.2°) (¢ 1.17, MeOH)zllb, IR (c3013,éaiyg
£&r

3320 (m br), 2957 (s), 1719 (vs), 1531 (s), 1245 (5? IOSO

(m), 694 (m) cm-l: lH NMR (soo MHz, CDCl )202 57.90 (br s,

1H, COOH), 7. %a (s, SH, Ph), 6.10 (br d 0. ZOH, 8Hz) and
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©5.33 (4, 0.80H, 8.5 Hz) (NH), 5.20-5.00 (m, 2H, PhCH,0),
4.45-4.20 (m, iH,“QE), 1.85-1.70 (m,- 1H, CHHBu-tert),
1.53-1.40 (dd, 1H, 9, 14 Hz, CHHBu-tert), 0.92 (br s, 9H,
EEEEIEE)’ Anal. Calc. for C15H21N04: ACC 64.50; HI'7.58:

N, 5.0l Found: C, 64.54; H, 7.33;: N;:s.gl. EI-MS:
279.1470 (M%, 279.1470 calcd.),¢234.1499~(M-cozé);‘c14ms
(NH3) 297 (MfNH4+), 280 (MH"). oOptical péfiﬁy analysis

(GC) of the derivative 125a indicated 99.3 (+0.4)% e.e.

' g§)—2—[§7£enzy11§:(benzyloxygarbonyl)amiho]j4,4-

‘dimethylpentanbic acid (102a), N-Benzyl-N-
(benzyloxycarboﬁyl)—L;élanine (103a), and Benzyl N-benzyl
carbaQ§té'(104).

v This reaction was carried out by,J.C.G. Drover.l124
EEEE;Butyllitﬁium (3.0 mmol, 2.0 mL) was added dropwise to
a suspgension of CuBroSMez (0.340 g, 1.66 mﬁoi) in THF (3”1
mlL) atf;78°C_and the mi#ture was stirred for 40 min at |
-78°C and' 20 min at -45°C. A solution of g-lactone
(44a)200 (199 mg, 0.382 mmol) in THF (3 mL) was added
dropwise over 15 min, and stirring was copt;pued f h at

- -46°C, and 1 h at -10°C. Workup and reverse phase MPLC
(60% CH3%N/H20,ﬂ3'mL/min) afforded 71.9 mg (51%) of 102a,
16.9 mg (18%) of urethane 104; énd 27.0 mg (23%) of .
alanine derivative 103a. o v |

For 102a, Entry 12, Tible 4: mp 1J4-116°c;‘[a]g5
-32.4° (c l.O;vCHijj; iR (CHCKB cast) 3100 (m, br), 2957

(s), 1742 (m), 1706 (vs), 1453 (m), 1367 (m), 1244 (m),
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698 (s) em™}; Lif MR (80 MHz, CDCl;) §10.20 (br s, 1H,
COOH), 7.30 (s, 10H, 2Ph), 5.22 (s, 2H, PhCH,0), 4.74-4.27
(m, 3H, CH,” PhCH,N), 2.08 (dd, 1H, 5, 14 Hz, CHHBu-tert),
1.60 (da, 1H, 5, 14 Hz, CHHBu-tert), 0.82 (s, 9H, tert-

Bu); Anal. Calc. for CpoHyyNOy: C, 71.52; H, 7.37; N,
3.79. Found: C, 71.25; H, 7.31; N, 3.74;rEi;MS:
369.1938 (M*, 369.1940 calcd.). Subsequent deprotection

to (g)—2—amino-;;4-dime£h§lpentanoic acid (1l4a) and GC
analysis as }25a indicated 99.2 (10.1)% enantiomeric

excess. . | .

_ For 103a: [q135 ~28.8°" (c 0.88, CHCl3): IR (CHCly

cast) 3100 (m), 1704 (s), 1260 (m), 1213 (m), 1070 (m),
1015 (m), 698 (s) cm™l; lH NMR (80 MHz, CDCly) 68.75 (br
s, 1H, COOH), 7.27 (s, 10H, 2Ph), 5.22 (s, 2H, PhCH,O),

4.92-4.2 (m, 3H, PhCH,N, CH), if37 (d, 3H, 7 Hz, CH3):

EI-MS: 313.1311 (M*, 313.1314 calcd. for clsalgudg).

For 104: mp 59-61°C (lit.z91 mﬁ 60°C): IR (CHClj
cast) 3325 (m), 1690 (s), 1532 (m)u 1454 (m), 1268 (s),
1140 (m), 748 (m), 697 (s) cm~Y; 1y NMR (360 MHz, coc13)f
57.34 (m, 10H, 2Ph), 5.15 (s, 2H, PhCH,0), 5.10 (br's, 1H,
NH), 4.38 (4, 2H, 6 Hz, CH,N); EI-MS: 241.1103 (M%,: t

241.1102 qalcd. for C15H15N02).

(§)-Zf[gf(Benzyloxycatbonyl)amino]-4—pentenoié acig?26
(105a, Entry 13, Table 4). ‘
To B—lactoné'(36a)32 (74.0 mg, 0.334 mmol) and

Cuﬁr-SMez (17.2 mg, 0.084 mmol) in THF (3.0 mL) and Me,S



o
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-(0.15 mL) was added v magne51um,chlor*de in THF' (1 67

manner. Reversef;

mL) dropw1se over 5 min at -23° C. The mixture

-23°C-and worked up in the usuﬁl

was stigréd 2ha
'ase MPLC (43% CH3CN/H20 3.0 mL/min)
yielded 39.1 mg (4'%) of 105a as a white golid which was
recrystallized from Etzo/hexane: mp 63.5-64.5°C (li£7292a
mp 65°C); [a]%5‘+17.5 (£0.2)° (c 2.0, ,CHCl;) (1it.2923 -
[03%5 +17.6 (+0.6)° (c 5.0, CHCl3));'IR (;cetone cast)
3400 (m, br), 1718 (vs), 1525 (s), 1415 (m), 1345 (m),

1210 (s), 1054 (s), 697 (m) cm~!; lu NMR (300 MHz, CDCl4)

510.5 (br s, 1H, COOH), 7.34 (br s, 5H, Ph), 5.80-5.64 (m,

1H, CH,CH=CH,), 5.31-5.10 (m, SH, NH, CH,Ph, C= CH,), 4.54-
4.44 (m, 1H, CH), 2.70-2.50 (m, 2H, CHCH,CH); EI-MS:
249.0995 (MY, 249.1001 caled. for Cj3H;4NO,), 2oé.0597
(M=CH,CH=CH,); CI-MS (NHé)‘268 (M+NH,), 250 (Mut),292D
Optical purity analysis (GC) of the derivative 127a

indicated %¥8.40 (+0.20)% e.e.

Lg)—2—[§7Bgnzy11§;(behzyloxycarbohyl)amino]74—pentenoic

acid (106a, Entry 14, Table 4).

The cuprate (CHZCH)ZCu(CN)le was .prepared from CuCN
(103 6 mg, r. 16 mmol) in THF (5.0 mL) and vinyllithium in

THF (1 93 mmol,  1.04 mL).2212 The g-lactone (44a)200 (200

'vf'mg.a@.6§2 mmol) in“THF (2.5 mL) was added dropwise over 5

min a; -78 C and the mixture stlrred 1 h at -78°C, 3 h at

-46 C and 30 min at O°C. Workup in the usual manner and
: : L
reverse phaae MPLC (55% CH3CN/H,0, 3 mL/min) afforded 122

255



mg (56%) of 106a as an oil: [a]3> -33.3° (c 2.5, CHClj);
iR (CHC13 cast) 3100° (m, br), 1742 (m), f;06 (vs), 1678
(m), 1498 (m), 1455 (m), 1421 (m), 1240 (s), 698 (s) cm~1i;
Ly wMR (300 MHz, CDCl3) §8.55 (br s, 1H, COOH), 7.27 (m,
10H, 2Ph), 5.71-5.44 (m, 1H, vinylic-CH), 5.18 (s, 2H,
PhCH,0), 5.07-4.81 (m, 2H, vihylic-qgé), 4.69 (m, 1H, CH),
4.49-4.02 (m, 2H, PhCH,N), 2.80-2.40 (m; 2H, CHCH,):
EI-MS: 298.1083 ((M-CH,CH=CH,), 298.1080 calcd. for
C17H16NO4), 294.1491 (M-COpH, 294.1494 calcd.), 254. 1180

(M-C3Hg, CO,), 204 1027 (M- cozan) CI-MS 43) 357

(MwNH4+), 340 (MH-). Optlcal purlty ana1y51s-(GC) as 127a

indicated 71.5 (+0.5)% e.e.

_Ef(Benzyloxycarbonyl)-L—Phenylalanine‘(107§, Entry 15,
| Table 4) and (g)—2—[§7(Beqzylogyc?rﬁohyl)apino]—l,l-di-
phenylpropan-1,3-diol (108a). B
Phenylmagnesium chloride in THF (5.42 mmol, 2.7] mL)
| was addeéadropwiée to Bilactone (36§)208 (200 mg, 0.904
mmol) and CuBr.SMe, (55.8 mg, 0.271 mmol) in ?HFT(B mL)
and Me,S (0.4 mL) at -23°C over 5 min, and'ﬁﬁé;ﬁﬂkture was
stirred 2 h at -23°C. Workup and reverse éhase MPLC (46%
CH4CN/H,0, 3.5 mL/min) provided 149 mg (55%) of Z-L- .
phenylalanine (107a), and 147 mg (43%) of the tertiary
alcohol 108a, which was reérystallized from CHClé/hexane.
For 107a, Entry 15: mp 86-87°C (lit.2673 pp gg-
89°C); [a)3> +5.1 (£0.1)° (c 2.0, 988 EtoH) (1it.267 [«13°

+5.1° (c 2.0, EtOH)); IR (acetone cast) 3320 (m), 2850

W =

256
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.
(m), 1720 (s, br), 1520 (m}, 1498 (m), 1456 (m), 1417 (m,
br), 1349 (m), 1260 (m, br), 1218 (m, br), 1056 (m), 689
(m) em™!; lH NMR (300 MHz, CDCl )202 58.74 (br s, 1H,
COOH), 7.45-7.05 (m, '10H; 2Pn), 6.24 (a, o. 234, 7 Hz) and
5.25 (4, 0.78H, 8 Hz) (NH, rotomers), 5.15-4.93 (m, 2H,
OCH,Ph), 4. 68 (m, 0.78H) and 4.51 (m, 0.22H) (NCH), 3.19
(dd, o. 78H, 5.5,_14 Hz)” and 3.08 (brldd, 0.22H) (CHHPh),
3.10 (44, 0.78H, 6.5, 14 Hz) and 2.95 (br ad, 0.22H)
(CHHPh); EI-Ms: 299.1146 (M}, 299.1158 calcd. for
Cy7H)7N04), 208.0603 (M—C7é7), 148.0524 (M-PhCH,0,CNH,);
'YCI—MS (NH3)A317 (M+NH4+),.3OO (MHEY). Optical purity
determination (GC) as the derivative 129a indicated no
détqptable.gjisomer (i.e. >99.4% e.e.). |

$  For 108a: mp 134. 0-134:5°C; [¢13° ~68.4 (+o 2)° (c
1.0, cnc13) IR (CHCl, cast) 3360 (m, br), 1692 ¢§ 1538

(m), 1492 (m), 1448 (m), 1258 (m), 1062 (s), 747 ( ), 695

(vs) em™1; ln NMR (300 MHz, CDC14)202 57.55-7.00 (mﬁg;sn,_
3Ph), 5.90 (d, 1H, 9 Hz, NH), 4.98 (d, 1H, 12.5 Hz vﬁ?

PhCHHO), 4.91 (d, 1H, 12.5 Hz, PhCHHO), 4.88 (m, lH:f

CHPhZ). 4.70 (m, 0.9H) and 4.56 (m, O 1H) (N-CH), 3. 7 w '

SA RN

1H, CHHOH), 3.65 (m, 1H, CHHOH), 3.04 (br's, 2H, 2Q§),
Anal. Calc. for C,3H,3NO,: C, 73.19; H, 6.14; N, 3.71. Ch
Found: C, 73.14;-H,~6 31; N, 3.70; EI-MS: 183.0809
(Ph,COH*, Base peak): CI-MS (NH3) 395 (M+NH4 ), 378 (Mu%),

360 (MH? —Hzo, Base peak).
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E&(Beﬁzylo*‘carbonyl)—D—phenylalan;1e (107b, Entry 16,
Table 4). ; s

The ;upra£;-P?2Cu(CN)Li7 was [ ‘epared from CuCN
(311.5 m . 5.43 mmol, in TEF (7.2 =2L), and PhLi in
cyclohexane £z,7 (7:3% 76.75 mr 3.55 mL).2212 e B-
lactone (36b)“‘8 (.50 ry £ o mmol) in THF (2.5 mL) was
added dropwise.over .. at =15°C and the mixture was
stirred 2 h. Workup 1 the usual fashion followed by
reverse phase MPLC (62% MeOH/H,0, 3 mL/min) afforded 93.5
mg (46%) of Z—D-pﬁenylalanine (107b): mp 100-101°C
(1it.2672 oy gg-goec; mp 103°C for DL); [aJ3% -1.6 (:0.1)°
(c 2.0, 95% EtoH) (11t.2673 [(125 45.1 (c 2, EtOH) for L-
isomer);'IR, 14 NMR and MS identical to 107a above.
Optical purity determination (GC) as the derivative 129b

o -

indicated 29.6‘(107#)% e.e.

. S : <
_EfBenzy17§}(bgnzyloxycarbopyl)—L—phenylalanines (109a,
Entry 17, Table 4).

This reaction was performed by J.C.G. Drover. 124
‘Phenylmagpesium bromide in THF (1.87 mmol, 3.55 mL) was
added dropwise over 10 min to a stirred suspension of
CuBr.SMeé (197 mg, 0.957 mmol) in THF (5 mL) and Mé,S (0.2
mL) at -12°C. The mixture was stirred 2 h at -12°C and - |
lactone (44a)215 (120 mg, 0.384 mmol) in THF (3 mL)vwas
introduced dropwise over 5 min. The mixture was stirred 4

. - . H Q
h at -12°C and worked up in the usual fashion/

Purification by reverse phase MPLC (60% CH3CN/H,0, 3
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mL/mln) afforded 24 6 mg (17%) of b1pheny1 (110) (mp 68- wwfﬁ”

> f‘

70°C; 11t 214 mp: “69-71°C), and 89.5.#g (60%8) of 109a: :
[«13° -107° (c 0.59, cnc13) Iagﬁtac13 cast) 3100, (m),.
3025 (m), 1706 (s), 1238 (s), 1123 (m), 986 (m), 750 (m),
698 (s) em™1; lu NMR (80 MHQ#~CDC13) §9.95 (br s, 1H,

i ,
COOH), 7.25 (m, 154, 3ph)6:26 (s, 20, PhcH,0), 4.7-3.72
Ao

(m, 3H, PhCH,N, CH), 3.3% (m, 2H, CH,Ph): Anal. Calc. for
CogqHp3NO4: C, 74.02:; H, 5.95; N, 3.60. Found: C, 74.11:
H, 6.03; N, 3.36; EI-MS: 389.1631 (M*, 389:1627

calcd.). Optical. purity determination (GC) as derivative

129a indicated 88.5 (3@.5)%‘e.e,'

General ProcedureS'forwﬁéprotection of Amino Acid
Derivatives and Determination of Stereochem1ca1 Purlty?

Hydrogenolytlc Qpprotectlon of 93, 94, 96, 97, 99, 100,

101, 102, 107, fg 109(ab) to Free Amino Acids (see Table
5).

Typically a solution of chromatographically pu?é_but
unrecrystallided_gfprotected amind acid (approx. 50.mg) in
HOAC/Hzo (2;1; ~7 mL) was s£irre3 with 5% Pd on carbod‘
undef an atmos;;ere of Hy for 12-16 h. The catalyst was
removed by filtration, and washed with HOAC/HZOY(2:1, 3 xk\
1 mL). The filtrate was evaporated to dryness'in vacdo
(35-40°C) and the re51due was redlssolved in H,0 and
lyophlllzed* Fgrtheg drylng to constant weight in vacuo.

over P,0g and KOH pellets afforded the free zwitterionic

amino acids in 91-99% yield. Optical rotations were
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“measured when >10 mg of deprotected amlno azld was
generated s I '  e;“; .

For (S)- 2-am1nobutan01c acid (llla) from 93a:
Deprotectlon of 93a (Entry 1:wTable 4) (16 90 mg, 71.2
pmol) produced llla (7. 13 g, 97%) s IR (KBr dlsk) 3440
(vs, br), 1626 (s, br), 1474 (w)5~1396.(w), 1115 (m) em”l;
1§ NMR (300 MHz, D,0) 53.87 (t, 1H, 6.0 Hz, CH), 2:0;1.85;:
(j, 23}CHQ§2¢H3); 9797 (t, 38,‘7:5 Hz, CHj3): pOSFAB-MSe‘
(L;ycerol/HC1)_§o4 (MHY), 205 (MHY); Re 0.18 (System B).

Fof (5)-2—aminobu£an6ic,acid (lllb) from 94b:
Deprotedtlon of 94b (Entry 4, Table 4) (36.96 mg, 113
umol) prov1ded 111b (11 24 mg, . 97%): [¢13> -7.9 (£0.1)°
(c 0.8, Hy0), -40.5 (+0.2)° (c 1.0, AcOH) (lit. [q135

_-7.94 (c 4.0, H,0),261 442.0 (c 1.2, -AcOH) for (S)-
isomerzbg); iR,'NMRjHMS, and chromatograppie properties

i

‘were ideﬁticél|te 11la above. n
;-For gg)-i;aminoheptanoic acid (112b)_f{om 96bf
Deérotectiohvof §6b (Entry 5, Table 4) (32.83‘mgf 117
umol) yielded 112b (16.38 mg, 96%): [aJ%S'—32,3'(¢0.2)°
(c 1.02, AcOH) (lit. [;]%5 +33.0 (c 1 to 2; HOAc) for (S)-
isomer209); IR (KBr disk) 3420 (m, br), 2980-2800 (m,
malt), 1625 (m), 1585 (), 1510 (m), 1405 (m), 1050 (m,
br) em~!; 1B NMR (300 MHz, D0) §3.74 (t, 1H, 6.3 He, CH),
1.86 (br m, 24, CHCHpBu), 1.35 (br m, 6H, (q_2)3), 0. 87 |
(~t, 3H, ~7 Hz, CH3): POSFAB-MS (glycerol/HCl) 146 (MH*),
291 (M2H+); Rf'b,ss_(System B). Ahaiqgous deprdtectien

and optical purity analyses on recrystallized 96b provided

N
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112b with identical properties and e.e.
~ Por (S)-2-aminoheptanoic acid (112a) from 97a:

Deprotection of 97a (Entry 6, Table 4) (39.66 mg, 107

pmol) prowded 112a (14.95 mg, 943): [¢135 +28.5 (£0.2)°

{c 0.97, HOAc
IR, NMR. MS, and chromatographic properties were identical

to 112b above. )

For L~leucine (113a) from 99a: Liberation of L~
leucine (113a) from 99a (Entry 7, Table 4) (26.07 mg, 98
‘umol) proceeded in 97% yield (12.46 mg): [u]%5>+22“5 -
(£0.1)° (c 1.0, HOAc) (lit. E%j%S +22.49_(c'2.0}
HOoAc)210); 1R (kBr disk);3422ﬁﬂm, br), 3075 (vs, br), 2957
(vs), 2929 (s, sh), 2872 (m), 2000 (w, br), 1690 (s, br),
1579 (m), 1509 (m), 1487 (s), 1388 (m), 1369 (m), 1139
(m), 1076 (m), ;2024 (m), 821 (m) cm™!; lH NMR (400 MHz, -
Dy0) 64.04-3.92 (~t, 1H,: CH), 1.90-1.67 (m, 3H,
- CHCH,CHMe,  1.03-0.91 (m, 6H, 2CH;);: POSFAB-MS
(glycerol/aci) 132 (MHY), 263 (M,HY), 86 (MH*-H,0, €O); R¢
9.32 (Sys;eh B). | |

For 113a from. 100a: Hydrogenolysis ofGIOOa (ﬁntry 8,
Table 4) (49.64 mg, 140 ymol) yielded 18.19 mg (99%) of

e
7

113a: [¢]3° +22.5 (+0.2)° (c 1.0, AcOH) (cf. aone){"iR}'
lH.NMR, POSFAB-MS, and.chromatographic.propefties were |
identical to 113a above; EI-MS: 131.0946 (M*, 132.1025
palcd. for C6H13N02).: |

v For (§)-2—amino—4,4-dimethy1pent$noic acid 114a from

10la: This compound was generated in 99% ;ield (14.01 mg)



?

from 10la (Entry 10, Table 4) (27.11 mg, 97 pmol): [a]%S

"4+16.0°(£60.2)° (c 1.0, AcOH) (lit. [olp + 14.7°,211P
+16.3°212 (c 1.0 to 1.2, HOAc));IR (KBr disk) 3440 (s,
" br), 3100 (m, br)i=2956 (m3, 1624 (s), 1576 (), 1410 (m),

1321 (m) em i ln NMR (300 MHz, D,0) $3.70 " (4a, 1H, 5.0,

7.3 Hz, CH), 1.92 (dd 1H, 5.0, 15 Hz, CHHtBu), 1.61 (aa,
1H, 7.3 15 0 Hz, CHHtBu), 0.97 (s, 9H, tert Bu) ;

POSFAB MS (glycerol/HCl) 146 (Mt ), 291 (M2H » 57

Id

n(C4H9‘); Re¢ 0.43 (System B).

For 114a from 102a: ‘Deproteétion of 102a (Entry 12,

- o e

Table 4) (39.5 mg, 107 ymol) produced a 99% yield (15.50
mg) of 114a: [¢]3> +15.6 (+0.4)° (c 0.55, HOAc) (cf.

above); IR, NMR, MS, and chromatographic properties'were

identical to 114a above. . :

; o o °

Por L-phenylalanine (116a) from 107a: Deprotection’

» of Z~L—phehylalanine (107a, Entry 15, Table 4) (42.80 ng,

143 umol) .provided 21.43 mg?(9ﬂ%5 of 116a: [q]3> -7.50°

2, HOAc), 213 234.5°,213 _35,3°214 (¢ 1.2, H,0); IR (KBr

‘disk) 3420 (i, br), 3030 (vs, br), ZlOOs(w),‘IGBI“(s),
1561 (vs), 1494 (vs) 1478 (vs), 1409 (m)..Laoe (m), 745

(s), 699 (vs) cm™L; lH NMR (400 MHz, DZO) 87.50-7.26 (m,

5H, Ph), 4.14- 4.03 (m, 1H, (GH). 3.34-3, 24-(da; lH, CHHPh) ,
3 19-3. 10 (dd 1H,. CHHPh), POSFAB- MS (glycerol/HCl) 166
- (MET), 331 (M2H ), 120 (MH+-H20 co), 91 (coH*): Re 0.38

(System B) o ‘ .

262
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For D-phenylalqpine (116b) froﬁ 107b: Deprotection,p”f,}e'
of 107b. (Entry 16, Table 4) (5.09 mg, 17 pmol) Prov1ded fonlP
2.80 mg (99%)70f 116b with speceral and chromatographlc
~characteristics identical to those for 116e above.
‘Recryetallized 167b was similarily dep:otecped ano optiéalp
.pufityeanalyses"indicated exactlj the samé e.e. (29.6%).

For L-phenylalanine (116a)'from 109a-‘ Hydrogenolytlc
Adeprotectiou of 109a (Entry 17, Table 4) (3% 10 mg, 61.9
pmol)‘afforded 10.19 mg (99%) of1116a. [aQD -30.5
(£0.2)° (c 1.0, Hy0) (lit. [¢13% -34.5°,213 _35,1°214 (¢
1-2, Hy0);" IR, NMR, MS, and chromatographic properties ’F

were identicel to those of 116a above.

Déprotecpion of 105a and 106a to {g)—é-aminof4—pentenoic
acid (115a). - o h
Compound 105a (16.9 mg) or 106a (23.0 mg) (0.068" !
mmol) in TﬁF (%.5 mL) was added to a blue solution of
Na(s)~(;1 mg) in NH3(1).(6'mL). Tinyjshavings of sodium
(~0.3 mg each) were added to the migﬁupe;until the blue
color obtained on dissolution of the ﬁetal persisted for >
apout 1 min. A crystal of NH,OAc was added to decolorize
'the‘solution, and the solvents were evaporated in a stream
of dry'aigon. The re51due was dried briefly in vacuo,
dlssoived in H,0 (l 5 mL), and the pH adjusted to 6. 0 with
lac»tlc ac1d The aqueous solutlon was extracted,w1th
CH2012 (3 mL) to remove resxdual organlc impurities, and

appl;ed to a column of BloRad Ion Retardat;on.Re51n Agll

]
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A8 (30 g, 1 x 40 em)293 packed id H20 Elutlon w1th Hzo«
(0 4 mL/mln) prov1ded the amino acid free of salts.
Lyoph111zat10n of these fractions afforded 7.4-7.25 mg
(93~95%}‘of {S}-ifemih074;pentendic‘acid 115a:"IR (KBf
disk) 34io (m, br), 3140 (s, br), 2950 (s, br), 2100 (w),
1750 (w), 1695 (m), 1ei§§gg§i; 1587 (s), 1560 (s), 1512
(vs), 1404 (s), 1305 (m), 910 (m) cm‘l; 1 NMR (300 MHz,
D,0) 85 84 5.68 (m, 1H, CHZCH—CH2), 5.30-5.20 (m, 2H,
CH=CH,J, 3.81-3.75 (dd, 1H, 5.0, 7.0 Hz, CH), 2. 70-2.51
~”(m, 2Hﬁ caqu)w POSFAB- MS (glycerol/HCl) 116 (MH/), 231

(M,H%); R 0.80 (System c).
M2 £

Preparation of N-(1S,4R)-y—camphanoyl-amino acid methyl'
esters for Determination of Stereochemical Purityﬂ(eee

Table 5).

A modification of the procedure of Armarego et al. 205
was employed. 1In SLl cases the free amino acids obtained

_ by deprotection (above) were dlrectly derlvatlzed w1thout

( .
recrystak}fﬁatlon ta avoid possxble enrichment of one

antipode. Typically, (-)-(IS,4R)—camphanoy1 chloride

"

(46.9 mg, O. 216 mmol) was added t%ya mixture of the amino
acid (0. 108 ‘mmol) 1n l M NaHCO3/Ne2C;3 buﬁfer (DH 10,,2\
mL) with toluene (0.4 mL). The mixture was stoppered and
~st£rred vigorously for 2 h. Following acidification to pH .
1 with 5.7N HCl and extraction with CH,Cl, (4 x 5 mL), the
organic phases were dried over Na2504 and evaporated 1n

vacuo. The residue was treated w1th an excess of CH2N2 in
[ .
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Etzo, and the solvent and excess reagent were rem%yed in
nggg_to prov1de a. crude sample for analytlcal GC
separation of dlasgereomers( Analytlcally-pure saméles
were secured by removal of the side-product, methyl (-)-
(lS 4R)- camphanoate (1r7), by subllmatlon (65°C, 0.01 mm
Hg, ~6 h). N-camphanoyl amino acid methyl esters were
obtained"zn Yields.of 78455% in this manner, along with a
subljmate of 22.b—33.4 mg (48-51%) of mepnyi,(Lgfﬁg)-‘
4,7,7-trimethyl—3—ox042—6xabicyelot2.2.l]hepﬁaneli-
carboxyla* (117)-. mp 108.0-108.5%C; [a] -12.1° (c
2.0, 958 Etod) (1it.294 mp 108.4-108.5°C; [«13> -12.4° (c
2.2,” EtOHy,; IR (CHCl; cast) 1782 (vs), 1727 (s), 1277
(m), 1100 (m', 924 (m) em™1; 1y NMR (300 MHz, CDCly) 63.86

2.10-1.99 (m,

(s, 34, COOCH,), 2.47-2.36 (m, 1H, 6 “Heyo) s 9 B

1H, 6-H,.4,) 1.98-1.88 (m, 1H, 5igexo), 1.73-1.62 (m, 1H,
5-Hango)r 113 (s, 3H, 10-CH3), 1.07 (s, 3H, 9-CHj), 0.97
(s, 3H, &- Q_3), (Absolute 1y NMR aSSLgnments were made on ‘
the bacis of nOe enhancements and conflrmed by IH-

decoupiing experlments.‘ See 117 structure- (Flgure 20) fori
number: ng syStem.); Anal. Calc. for C11H16O4: C, 62.25;

H, 7.60. Found: C, 62.14; H, 7.55; EI-MS: 212.1049 (M*,
212.1049 calcd.); | , _

“The values reported in Table 4 are the fesult of the
differences in the optical purity of amino ‘acid products
(determined as these derivatives) from that of the
starting serine p<lactones (deﬁermined as the MTPA

derivatives (88, 89)).




»Hethyl'Z—(E(ls 4R)-4,7, 7—£rimethyl-3—oxo-2-
oxablcycla[z 2. 1]heptane—l-carbonyl]amlno)butanoates
(118a, 118b, and 119).
. These compounds were preparéd from le— and (R)-2-
aminobutandi; acids, respeétively (usingaproducts 111a and
111b from déﬁrotectiqnjof 93a and 94b as well as authentic
mategialga) as outlined above. * |

For the (25)-isomer 118a: mp 74-76°C; [«12® -16.5°
(c 1.08, CHCl3); IR (CHClj cast) 33é§ (m, br),_2960;(s),
1790 (vs), 1749 ¢s), 1672 (s), 1528 (s) cm™}; 1B NMR (300

MHz, CDC1.)20® 56.92 (br d, 1H, 8 Hz, NH), 4.59 ( 1H;
' 3
: , ;4(9ﬁ _
CH), 3.76 (s, 3H, cooqv3), 2.56-2.43 (m, 1H, 6'-Hg,.).
2-03"1 086 (m, 3H, 6’ B_endO' 5. —‘P-I-EXO' CEHCH3)’ 1-81-1-68

(m, 2H, 5'-Hgp4q0¢ CHHCH3), 1.13 (s, 3H,,}0'- H3), 1.12 (s,
38, 9'-CHs), 0.93 (s, .3H," 8'-CHs), of§2 (ﬁ, 34, cﬁzqg3):
EI-MS: 297.1576 (Mfy 297. lSQZ>calcd for C15H23N05)

For the (2R) 136mer 118b: o}l; [a] -13.8° (c
1.06, cac13); IR (CHC13 cast) 3370 (m, br), 2968 (s), 1792
(vs), 1742 (s), 1675 (s), 1526 (s), 1265 (s) cm~l; ln nur
(300 MHz, CDCi,)20€ 56.79 (4, 1H, 8 Hz, NH), 4.61-4.52 (m,
1H, Cﬂ),‘3.74'(s, 3H, OCH3), 2.60-2.46 (m, 1H, 6'-Hg,.).

5'-H CHHCH4), 1.78 ‘ad, . =

2.02-1.86 (m, 3H, 6'- Heyor

“Hendo!
1H, 7, 14.5 Hz, CHHCH;), 1.75-1.68 (m, 1H, 5'=Hgnqo)+ 1-13
(s, 3H, 10'-CHy), 1.09 (s, 3H, 9'-CHj), 0.98 (s, 3H, 8'-

. ET-MS¥ +

o

297.1577 calcd. fgr C15H23NQS).
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Reference Standard 119: This material was prepared -+

from.commercial,racehicyzﬁaminobutanOic acid98 as an oil
.which possessed spectrai properties consistent with an ‘
equimelar mixture of 118a and 118b. GC analysxs (RSL-300, Q
160°C, 1.0 min, 1.5° C/mln to 200 C, 50°C/min to 250°C, 6.6
psi) afforded a ratio ?fv48.25% to 51.75 (+0.08)% for the
2R- (tR'= 17.54 min) and 2S-isomers (tR = 18.57 min),
respectively, in 119. Samples apd'standards estabiished
limits of detection at appreximaeely 0.3%.‘
» : \
Methyl 2- ([(1s 4R) 4,7, 7—tr1methyl 3—oxo—2— )
oxabicyclo[2.2.1]heptane-1- carbonyl]amlno)acetate (120).

» To glyc1ne (250 mg, 3.33 mmo}) in llg_NaHCO3/NaZCO3
buffer (pH 10, 15 mL) was added (-);({g,eg)—camphanoyl
chleride (1.44 g, 6.66 mmol) in toluene (3 ﬁL).' The

mixture was stirred vigorously for 2 h, with maintenance-

~of pH 10 #0.5 with 2N KOH. The mixture was acidified to

PH 1 by careful addition of 5.7N HCl and extracted with
CH,Cl, (4 x>8 mL). Organic extracts were dried over
Na2804, concentrated in vacuo and treated‘with excess

»

etheral diazomethane; 'Solvent and excess reagent were

"removed in vacuo,»aﬁd the re51due was - fractlonated by MPLC

»(51%)sof'methyl,camphonoate'(117)

(5111ca,°50% EtOAc/hexane, 3 mL/ml' :-rQV1de 0.49 g

120. - This materlal could. be rec;ys v“h ed from . o Ty
CCl4/hexane for analy31s . mp 85 5- 86 O C (llt 205 mp

84°C); [aJD'K-IB.I (+8.1)°; [a]578 -18° 9 w+o 1) (c 1. i’
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MeOH) (lit. [a139g -21.3° (c 1.5, MeOH) from ORD |
cg;§e205);'IR (CHC13-cast)'3380 (w, br), 1790 (vs), 1756;
(s), 1675 (vs), 1530 (s), 1209 (m), 1179 (m), 920 (m)
“em™1; ln NMR (300 MHz, cDC13)206 56.95 (br s, 1H, NH),

4.20 (dd, 1H, 6, 18 Hz, 2-pro-S-CHHCOOCH,), 4.00 (dd, H,
5, 18 Hz, 2-pro-R-CHHCOOCH3), 3.77 (s, 3H, COOCH;), 2.60-
2.45 (m, 1H,*6fé§éx¢), 2.03-1.87 (m, 2H, 6'-Hgopgo-

5.-H . ), 1078-1-62 (m, 1H, 5.'TH ndo)l 1013 (s" 3Hl.)';‘

- —£X0 —£

10'-CHz), 1.11 (s, 3H, 9'-CH3), 0.98 (s, 3H, 8'-CHj);
Anal. Calc. for C13519ﬁ05= C, 57.98; H, 7.11; N, 5.20.
Found: C, 57.74; ﬁflﬁ}ll;im, s.o3;_Ei-Ms: 269.1263 (M™%,
269.1263 caled.), 223.1207 (M-iyfy’ CO). |

(S) and (R)-Methyl 3r([(Lé,{g)—4,7;7—trimethyl—3-o;o-2—
oxabicyclo[2,2)1]heptane—1-C?Fbony%gamino)heptanoa&es
(121a) and (121b) " 8

These compounds were produced by deprotection.of'96b

and 97a to (R)- and (S)-2-aminoheptanoic acids (112b angd

{12a respectively) followéq\by deriva;izgtion as outl}ir:é“-;i
above.

For the (2S)-isomer 12la frpm 112a: IR (CHClj cast)
3360 (w, br), 2959 (s), 2926 (s), 2850 (T), 1796 (vs),
1746 (s)7 1678 (s), 1527 (m)h 1260 (m), 1060 (m), 1015 -
(m), 921 (m), 795 (m) em™; H NMR (300 Mz, cDC1,)206
66.87 (d, H, 8 Hz, NH), 4.62 (m, 1H, CH), 3.75 (s, 3H,

. g5
COOCH3), 2.60-2.42%m, 1H, 6'-Heyo)s 2.04-1.79 (m, 3H, 6'-

—L

H ndo: S.H_Eexo' CHCE_H"'BU) ’ 1'78-1060 (m, 2H, 5'-Eendol



CHCHH-Bu), 1.40-1.21 (m, 6H, (¢§2)3), 1.12 (s, 34, 10'-
CHy), 1. 11 (s, 3H, 9'-CHj), 0.92 (s, 3n, 8'~CH3), 0.90-
0.82 (m, 3H, CH,CH,); EI-MS: 339.2042 (M*, 339.2046
caled. for CygHygNOg); CI-MS (NHj) 357 (M+NH4+)7“340' ,kj
. | | o - | SR
| For thel(zg)-isomer 121b from llzb; IR and MS
~behavior were idehtical to 121a. lH_NMR (500 MHz,
CDC13)206 wag virtﬁally'idenﬁical to 121a ekceptvkbr:
§6.75 (d, 1H, 8 Hz, NH), 3.73 (s, 3H, ¢ooqg3;, 1.09 (s,

Loa

3H,'9'-C§_3), 0098 (S, 3H, BI—C‘[_'IJ)o

Reference Standard>122.

Since 2;aminohep£anoic‘§cid was: not commércially
available, this compound was prepared by a .
diastereoselective alkyiat?on}of the corresppnding giycine
derivativé 126 by an adaptaﬁion.of the method of .

:a

Piotrowska and’ Abramski. 216 . To, a solutlon of dry dllSO-

.propylamlne (2.0 mmol, 282 pL) and tetramethylenedlamlne

(2;0 mmol, 270 yL) in THF (5 mL) was added n-BuLi (2.0
-mﬁol in 0.760 ﬁL héxane).  The mixtﬁre was stifréd 20 min
at 25°C and coolea to e78°C.” A solution of 120’ (269 mg,
1.0 mmol) in THF (6;0 mL)IWas added'dropwise and:the |
mixture stirred 15 min at -=78°C. 1—Brohopentane'(124 pL:
1.0 mmol) was iﬁjected and stirring'continuéa S'hjat
~78°C. The mixture was poured into 5% aqueous NH,Cl (15
mL), pH was adjusted to 6;0. and the mixtu;e was‘extracted

with Et,0 (3 x lS'mL). Etheral phases were dried over

w»

269

AR
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Na2504, concentrated in vacuo and subjected to MPLC

(silica, 25% EtOAc/hexane, 3 mL/min) to provide 37.3 mg

(118) of 122 as a mixture of diéstereome;g: IR and MS.~

properties were identical to 12la énd 121b above; Anal. -

calc. for CygHogNOg: C, 63.69; H;»8;61; N, 4.13. ¢

‘Found: C, 63.57; H, 8.40: N, 4.16: H NMR (300 MHz,

CDC13)206 indicated 70% of (2S)- and 30% (2R)~-isomers from

the ratioAdf,8'§Q§3 (0.92 and 0.98 ppm)207 and COOCH4 .

(3.75 énd.3.73 ppm) integrals, respectively.. GC analysis

(DB 17*, 170°C, 2.0 min, .2°C/min to 230°C, 7.12 psi)

afforded a rq{io of 69.79 (+0.10)% to 30.21% for the (25)-

(tgi= 24.65 ﬁih) and (gg)figomers (tR-='24,07 min), |

respectively. The thimated limit of dgtection‘is <0.5%.

Hethyi_2-([(L§,4§)—4,7.7—trimethyl-3fo§6;2- - -

oiabicyclo[zl2.1]heptane-l-carbonyl]amind)-4-

thylpentanoates (123a) and (124) » &
(2S)-isomer 123a. This compound was prepared using

products 113a of the deprotection of 99a or 1002 as

outlipeg-above:' mp 51-52°C; IR (CEC13 cast) 3438 (m, br),

3355 (m, br{,72955 (m), 1793 (vs), 1745 (m), 1675 (s),

1525 (m), 1167 (m),.';buvgm), 921 (m) cm~l; lg wMR (3’»0'0

MHz, CDC14)206 56.76 (br 4, 1H, 8.4 Hz, NH), 4.70-4.60 (m,

C1H, qg);'3.75 (s, 3H, COOQ§3),;2.56—2,43‘(m, 1H, 6'-Hg o)

2‘02—1‘89 (m' 2H, 6'—H

Hordor 5 ~Haxo): 1.76-1.55 (m, 4H,

—£X0 v

Hz, CH(CH3)CH;), 0.91 (s, 3H, 8'-CH3); Anal. Calc. for

»



‘;

vmln, 6.7 psi) indicated 44 1 (+O 30)% and 55. §% of the

Cy7Hp7NOs: C, 62.75; H, 8.36; N, 4.30." Found: C, 62.80;
H, 8.23; N, 4.19; EI-MS: 325.1889 (ut, 325.188§‘ca1cd.).
Reference standard 124: This material was prepared as an
oil from éuthentic L-leucine (8.42 mg) and D—lqucine
(10.67 mg)98 (0.146 mmol total) according to the general
procedure: IR and MS pehavior was essentially identical
to 123a. lH NMR (300 MHz, cDC14)206 indicatea 44% (25)-
and 56% (25)—isomersc with resolved peaks due to fhé (25)—
isomer at 56.70 (br 4, 1H, 8.4 Hz, NH), 3.73 (s, 3H,
COOCH3), 1.08 (s, 34, 9 -CH3), 0.99 (s, 3, 8'-CHy) , 207

and all other peaks as descrlbed for 123a above. Anal.

Found: C, 62.38; H, 8.07; N, 4.29. o analysis (RSL-300,

110°C, 1.0 min, 1. 5°C/min to 210°C, 50°C/min to 250°C, 2.0

A(2S)- (tR = 53.80 min) and (2R)-isomers (tg = '52.95 min)

v

respectively. Limits of detection were established with

additional standards as <0.5% of the (2R)-f{somer.

Methyl 2-([(1S,4R)-4,7,7-trimethyl-3-oxo-2-

oxabicyclol2.2.1]-heptane-1-carbonyl}amino)-4, 4-

u dimethylpehtanoates (125a and 126).

(ZS)-isomef 125a: This compound was prepared using

product l14a of the deprotectlon of 10la or 102a in the

R4

~usual manner: IR (CHC13 cast) 3365 (m, br), 2957 (8),

1792 (vs), 1748 (s), 1675 (s), 1527 (s), 1274 (m), 1169

(m), 1060 (m), 923 (m) cm~!; lu NMR (300 MHz, CDC1,)206

271

e,



56.68 (4, 1H, 8 Hz, NH), 4.59 (~d of t, 1H, 8.4, 3.7 Hz,
CH), 3.74 (s, 3H, COOCH3), 2.54-2.38 (m, 1H, 6'-Hg,.).

2.03-1.87 (m, 2H, 6'-Hgnqor 5'-Hpyxo): 1.81 (dd, 1H, 14.6,

——£n —£X0
3.7 Hz, CHH-Bu-t), 1.76-1.66 (m, 1H, 5'-H, 4qo), 1.52 (dd,

1H, 14.5, 8.4 Hz, CHH-Bu-t), 1.13 (s,¢3H, 10'-CHj), 1.12

(s, 3H, 9'-CH3), 0.97 (s, 9H, t-Bu), 0.92 (s, 3H, B'-CHj):

EI-MS: 339.2045 (M', 339.2046 calcd. for C;gH,gNOg),
Reference Standard 126. This material was preparéd

from a mixture of authentic D- and L-y-methylleucine

(58.90 mg and 33.70 mg, respectively)98 as outlined in theg

general procedure: IR and MS behavior were as described

for 125a. B NMK (300 MHz, CDC1,)206 indicated 64% (2R)-

and 36% (zg)fisomers.207

with resolved peaks due to the
" (2R)£isomer at §4.67 (d of t, 1H, 3.0, 9.0 Hz, CH), 3.73

(s,/3H, COOCH,), 1.10 (s, 3H, 9'-CHs), 0.99 (s, 3H, 8'-
g —3 223

e

Qgé), and all other peaks as described for 125a above. GC

.analysis (RSL—BOO, 160°C, 1.0 min, 1.5°C/min to 210°C,

50°C/min to 250°C, 1.0 min, 6.6 psi) afforded a ratio of

64.43 (+0.04)% and 35.57% of the.(2R)- (tp = 24.0 min) and

—

(2 ﬁiSomers'(tR = 25.2 min) respectively. Limits of

detection were, established as ¢0.25% of the (25)-isomer.

~

Methyl 2-([(15,4R)-4,7,7-trimethyl-3-oxo-2- N

oxabicyclo[2.2.1]-heptane-1-carbony) Jamino)-4-pentenoates

(127a and 128).
For (2S)-isomer 127a: This compound was prepared

from.product 115a of the deprotection of 105a or 106a

272
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using the general procedure outlined above. Due to the

volatility of 127a under the usual sublimation condltlons,
purlflcatlon by MPLC (5111ca, 35% EtOAc in hexane, 3

mL/min) was used to provide 127a as an o0il¢ (91% yield):
’ ' .
" IR (CHC13 cast) 1793 (vs), 1746 (m), 1677v(s), 1524 (m), -

920 (m) em~l:; lu NMR (300’Mﬁz,'cnc13)206 56.94 (br.d, 1H,
8 Hz, NH), 5.77-5.59 (m, 1H, vinylic-CH), 5.51-5.18 (m,
2H, vinylic-CH,), 4.78-4.64 (m, 1H, CH), 3.77 (s, 3H,

COOCH3), 2.68-2.43 (m, 3H, 6'-Hgy ., CHCH,), 2.01-1.84 (m,

2H 6 _endo’ sl—ﬂexo), 1-76“1-63 (m, lH 5|_ﬁendo) 1.11

3 4.53. Found: C, 62.14; H, 7.30; N, 4.43; EI-MS: 4
- » '
%, 309.1573 (M*, 309.1576 ¢

)

7d4)

%~ - Reference Standard f@ﬁ. Thls materlal was prepared

------

%rom authentic D-(7. 06 mq%dand L—allylglyc1ne (12.00 mg)98 )
.4‘75, ,.l
as daﬁprlbed for 127a'g IR and M$ behavior was identical

to 127a. &ﬁ"NuR (3‘ 3MHz, CDCl )206 provided a ratio of
: gz ;g_-h i
%)yv

37% (2R)- and 63% (35)-isomers, Wlth resolved peaks due to

the (2R)-isomer at §6.83 (br d, 1H,. 8 Hz, NH), 3.75 (s,

- 3H, COOCH ), 1.12 (s, 3H, lO'-q_s), l 09 (s, 3H, 9 —Q§3),

0.98 (s, 3H, 8'-QE3),207 with all other peaks as descrlbed‘

f£or 127a above. GC analysis (RSL-300, 120°C, 2.0 min,

2.0°C/min to 220°C, 50°C/min to 250°C, 7.ld§%si)-afforded
T

a ratio of 37.47 (+0.32)% and 62.53% of theJWZR)- (tg =

36.50 min) and (28)~-isomers (tg = 37 26 mln),f

respectively. lelts of detectlon were determlned to be

Ty



<0.6% of (2R)-isomer.

Methyl 2—([({§,{§)—4.7,7-trimethyl-3—oxo—2-o;abicyclo:
[2.2.1Jheptane-1-carbonyl]amino)-3-phenylpropionates
i(129a. 129b, and 130).

Por.(ggj-iSOmér 129a: This cbmpound was pfepafed
from the depfotection ptoduct 116 of 107a or 109a
according to the generai procedure,’with purificafiGﬁ/g;
flash chromatography26o (40% EtOAc in hexane) or |
sublimative removal of 117: IR (CHCl; cast) 3360.(m, br),
' 2960 (m), 1789 (vs), 1752 (m), 1671 (s), 1523 (m) cm~l; ln
NMR (300 MHz, CDClj) §7%34-7.18 (m, 3H, m, p-Ph).u7.18-
7.10 (m, 2H, o-Ph), 6.8l (br d, 1H, 8.5 Hz, NH), 4.94 (Q,
1H, CH), 3.734(5, 3H, COOQﬂs), 3.22 (44, 1H, 5.5, 14 Hz,

CHHPh), 3.02 (dd, 1H, 8.5, 14 Hz, CHHPh), 2.52-2.39 (m,

1H, 6'-Hgyo)s 1.97-1.84 (m,  2H, 5'-Hgyos 6'=Hengo)s 1.72-
1.57 (m, 1H, 5'-Hgpgo). 1.07 (s, 3H, 10'-CHz), 1.01 (s,

34, 9'-CH3), 0.61 (s, 3H, 8'-CH;)207 (Absolute assibhméhts
are based on nOe and lH-decohpling results.); Anal. Calc.
for CpgH,gNOg: C, 66.84; H, 7.01; N, 3.90. Found: C,
66.63; H, 6.99; N, 3.87; EI-MS: 359.1735 (M*, 359.1733
calcd.).

For (25)-isome; 129b: This compound was prepared
from the déprotection product of 107b (Entry 16) exaéﬁxy;
és described for 129a abowe. Spectral characteriétic;/of

the resulting stereochemically impure material (64.8?

(2R)) were esd&ntially as described for 130 below.

(3
i
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Reference Standard 130: The procedure outlined for
- 129a was‘employed to derivatize a mikguré of D- (0.209 g)
| and L-phfénylalgnine98 (0.100 g): IR and MS behaQioriwaé
f&eﬁti;gi to 129a. 1H NMR (300 MHz, CbCl3)'providedfa '
fr;tio of 66% (25)— and 34% (2§)—isomérs, with resolved
peaks due to the (25)-isomer207 at §3.72 (s,'3H, COQCH,4 ),
11.09 (s, 3H, 10'-CHy), 1.06 (s, 3H, 9'-CHj), 0.88 (s, 3H,
8'-¢§3) with all other peaks as described for 129a

above. Anal. Found: C, 66.47; H, 7.11: N, 3.89. GC
analysis (RSL—BOO, 170°C, 2.0 min, 2.03C/min to 250°C, 3.0
min, 6.8 psi) indicated 66;0? (+0.36)% and 33.93% of the
(2R)~ (tR = 32.3 min) and,(2§);isomers (tR = 33.1 min),
respectively. Limits of detection wére established as

<0.4% under these conditions.

&
»

N—(Benzlexycarbonylf;3-(3 4—dimethoxypheny1)-L—alanine

‘Q&31a) and 3,3',4,4°' -Tetramethoxy -1,1'-biphenyl (132)

| - To Mg (2.18 g,_89 5 mmol; 40 80 mesh) suspended in

dry THF (8 mL) was added 4-bromoveratrole (2.0 mL) in THF - %J
(3 mL).- While heating to reflux, moré.4—bromoQératrole g
(10.0 mL, 20.4 g total, 94.0 mmol) in THF (15 mL) was

added dropwise over 30 min. The mixture waé heated to

reflux 2 h and stirred 16 h at 25°C Egmproduce a viscous

brown solution which was diluted with THF (15 mL) to

facilitate transfers. Titration agaihst menthol/phenan-
throline258P at -23°C.indicated ~0.7 M (40% yieidl;in the

corresponding Grignard reagent. An aliquot’(S.O mL) of
. a ‘
oRul ER X N S
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this solution (~4 mmol,~55#rmﬁ was added dropwise over 8

min olution of Z-L-serine 5—1actonev(363)i(l75 mg,

6.791@ P) and CuBr.sSMe, (40.65 mg, 07198 mmol) in THF (5
mL)/MééS (0.3 mL) "at -23°C. After stirring 1 h at -23°b | .
the mixture was borkédﬂup in the usual fashién. Etheral
extracts were washed wit% brine (225’25 mL) and HZO} anq
concentrated to'a red—oraﬁge 0il which was subjeéted to‘
reverse phase MPLC (46% CH3CN/H20, 3 mL/min) té yield

impure (colored) 13la and 175.0 mg (~35%) of 132 (Rg 0.56
(40% EtOAc/hex), 0.73 (0.5% HOAc in EtOAc)). The colored .
13th was further purified by brephrative TLC (0.5% HOAc in
EtdAc) to yield 75.9 mg (27%) of‘chromafographically pure
131& which was recrystallized from EtOH/héXane (92%
rec%very): mp 116-117°C (lit. mp 117°c228): [aJ%S +13.3
(+0.2)° (c 1.0, EtOH) (lit. [«J3° +13.4° (c 1.0,

EeoH)228); IR (CHCl, cast) 3330 (w, br), 2950 (m), k?lé

(s, br), 1590 (w), 1516 (vs), 1453 (m), 1263 (s), 1237,

(s), 1140 (m), 1025 (s), 755 (w), 695 (w) cm™b; lu wMR
(400 MHz, coc13) 10.4 (br s, 1H, céqg), 7.40-7.28 (m, SH,
Ph), 6.78 (d, 1H, J

b
= 8.0 Hz, J

ortho = 8:0 Hz, ArH), 6.70 (dd, 1H,

J = 2.0 Hz, ArH'), 6.68 (~d, 1H,°

ortho meta .

Jneta = 2-0 Hz, ArH"), 5.17 (4, 1H, 8.0 Hz, NH), 5.13-5.08
(m' ZH' Ocizph)l 4070—4'62 (m, lH, C-H_), 3-86 (S, 3H,

OCH;), 3.80 (s, 3H, OCH3'), 3.16 (dd, 1H, 5.5, 14.0 Hz,
CHCHHAr), 3.09 (d4, 1H, 6.0, 14.0 Hz, CHCHHAr); EI-MS:
359.1375 (M*, 359.1359 caltd. for C gH,)NOg), 151.0764

(Base peak, (MeO),ArCH,*); Rg 0.52 (0.5% HOAc in EtOAc).
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y—==—For132: mp 130-132°C (lit. mp 132-133°c295); IR

~

(CHCL, cast) 1600, (m). 1502 (s), 1462 (m), 1434 (m), 1253
(s), 1230 (vs), 1175 (m), 1143 (s), 1058 (m), 1022 (vs),
75¢ ) en™d;"1H WMR (300 MHz, CDCl3) §7.15-7.03 (m,- 4H,
o-, m-ArH), 6.94 (d, 2H, ~9 Hz,_gj—A;é),'3.96 (s, 6H,
OCH3), 3.93 (s, 6l OCH3'): EI-MS: 274.}204 (M, Base.
peak, 274.1205 calcd. for Cj¢HigO,), 259.0970 (M-CH,).

| u r

d /
e

Q§)-3-Amino—2—oxetanone, trifluoréigétic.acid salt (140).
Typically BOC-L-serine g-lactone (42a) (187.2 mé,
l;OO mmol) was treated with aistilled CF5CO0H (3.dme) at
0-5°C for 10 min. %he solvent was removed in vacuo by
| 'bulb—to—bulb distillation.at 25°C '~eceiving bulb at
-78°C) with the aia of a Kugelrohr apparétus ané»the'
residue of i40 was dissolved -in the desired solvent and
, immediately reacted with a nucleophile. The yield of 140
i;:_igrquanxiiaiive by B NMR (360 MHz, CF4CO0D): §5.51 (m,
| 1H, CH), 4.87’(m,K2H, CHy): IR (H,O solution) 1836 cm™1;
IR (CH3CN solution) 1842 qm‘l; POSFAB-MS (glycerol) 88
(MH+), 289 ([(MH)z.éF3COO]+); R ~0.77 (System A, some

hydrolysis on plate), Fullxkharacterization was only

éossible as the tosylate salt.
(§)—3—Amino—2—oxetanone, p-toluenesulfonic acid salt

G (141).

!

{
BOC-L-serine g-lactone (42a) (600.0 mg, 3.20 mmol)

277

3

and anhydrous p-toluenesulfonic acid (578.6 mg, 3.36 mmol)

' [y
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+
were ;réated with distilled CF3COOH (10 mL) at 0-5°C" for
.10 min. Removal of TFA in vacuo (see 140) provided a

white crystalline residue which was trituratfd with dry

Et,0 (20 mL) and filtered to yield 141 (806 mg, 97%).

. -

This material was analytically pure howeveA if desired

t

recrystallization could be effected from DMF/Etzo (25°Cs~

\

2o°c)=’ mp (~4°/min) 135°C (darkening), 173°C (dec.
® rapia); [213° -15.9 (£0.1)° (c 2.2, DMF); IR (Fluorolube®

mull) 3040 (s,. vbw®);—1838 (vs), 1600 (w), 1585 (w), 1550

- . o
(m) cm'l; IR (pH 6.8,.lfagqueous solution) 1820 em~l; IR (DMF

. . t -
solution) 1830 cm™!; lH NMR (300 MHz, d,-DMF) §7.66 (4,

_2H, 8.0 Hz, o-ArH), 7.15 (4, 2H 8.0 Hz, m-ArH), 5.53 (dd,

\H, 4.6, 6.5 Hz, CH). 4.74 (r H, CHHa 468 m[ 1H,
.

CHHO), 3.70 (vbr s, 3H, N§3+), 2.31 (s, 3, ArCH,); . 13c
NMR (75.5 MHz, d9-DMF) $165.84, 145.12, 139.14, 128.67,
126.08, 64.70, 57.45, 20.70; Anal. Calc. for Cy o] 3NOsS
C, 46.32; H, 5.05; N, 5.04: S, 12.37. Found: C, 46.44,
H, 5.14; N, 5.24; S, 12.41; POSFAB-MS (giycerol) 88
(MH+=C3H6N02)$ 180 (MHY(gly)), 260 (MH*(TsOH)).

O-Trifluoroacetyl-L-serine, p-toluenesulfonic acid salt

’

142). : )

BOC-L-serine p-lactone (42a) (106.0 mg, 0.566 mmol)

and AGl-%8 resin (240 mg, ~0.8 meq; CF3CO0” form, dried in
vacuo at 64°C) were treated with distilledoTFA (4 mL) and ¢
the mixture was stirred 16 h under Ar. The resin was

N~

removed by filtration and washed with CF3COOH (2 x 1
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4

mL) . _E;Toluenesquonic.acid (97.5 mgﬁ30.566_mmol) qu;
. - - » * A .
added to the combined filtrate and washings and TFA was
L ] .

removed_ﬁy bulb-to-bulb distillation in vacuo (see fEO).
The white solid residue was triturated with dry éf}o (5
mL), filtered and washed well with etherkto,yield 142

(178.5 mg, B7%): mp 181.5-182.0°C (darkens at 178°C);  ’

[ajgs +10.0 (+0.4)° (c 0.45, DMF); IR (KBr disk) 3420 (m,

P

vbr), 330052400 (s, vbr), 1799 (s), 1754 (s), 1621 (w),
1600 (w), 1532 (m), 1345 (w), 1229 (m), 1194 (s), 1156
(vs), 1129 (m), 104L (s), 1014 (s), 812 (m), 691 (s) cm~};

14 NMR (400 MHz, d,-DMF) §9.15 (br s, ~4yf COOH, NH3%),

7.66 (d, 2H, 8.0 Hz, o-ArH), 7.14 (d, 2H, 8.0 Hz, m-ArH),

5.14_{dd, 1H, 2.4, 12.3 Hz, CHHO), 5.0l (dd, 1H, 4.6, 12.3
Hz, CHHO), 4.88 (br m, H, CH), 2.30 (s, 3H, ArCHj): 19¢
NMR (376.5 MHz, d,-DMF) §-75.5 (5, CF3C00); Anal. Calc.
for ' Cy,H, sNO;SF4: C, 38.61; H, 3.78; N, 3.75. Foﬁnq: c.
38.96; H, 3.93; N, 3.99; EI-MS: 172.0195 (TsOH), 156.0274
((M-CO,H)=C,HSNO,F3); POSFAB-MS (glycerol) 202
(MH*=CF5COOCH,CH (Nii3*)COOH) ,» 374 (MH?;TSO%Z, 294

(MH+;glyf; Re¢ ~0.68 (Systeva, sbme hydrolysis on plate).

2—[(g;Trifluoroacetyl)émino]propedgic acid (143).

BOC-L-serine g-lactone (42a) (1:4.0 mg, 0.769 mmol)

. was dissolved in distilled TFA and ailowed’to stand 16

days under Ar. Bulb-to-bulb distillation in vacuo (0.1

N . b . e e ——
torr) at 25°C (see 140) first removed the TFA and
subsequently caused g sublimation of .a white solid which

I
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was collected 15 a clean chilled recelv1ng bulb. The‘last
. third of 143 Subllmate was obtained on warmlng to_45°C for
a total of 116 9 mg (83%) of 143. 1a NMR on the residue
}ndlcated~1t'was primarily O- trlfluoroacetquperlne
. .(142). For 143: mp 126—12$'C; IR~(CH3CN cast) 1380 (m),
© 3400-2200 (mult, br, w), 1744 (m), 1702 (vgd, 1638 _(w),
1552 (s), 1445 (s), 1300 (m), 1213 (s), 118§ (m), 1164
(s), 916»(m) em™1; 1H NMR (300 Mz, CD3QN) 6872 (br s,
JI1H, NH), 6.46 (s, 1H, E-CHH), 6.11 (s, 1H, Z-CHH): Anal.
Calc. for CgHyNOyFy: C, 32.80; H, 2.20; N, 7.65.
Found: C, 32.52; H, 2.18; N, 7.62; EI-MS: 183.0134
,$L&3.0144'ca1cdi); CI-MS (NH3) 291'(M+Ng4+); R¢ ~0.87
\ (System B; UV éc;ive, pink—ﬁrown witb ninhydrin). -
- - : .
\ ]

;97(E;Toluenesulthyl)-L—sérine,_Ef;olqgnesulfonic acid
. A

salt (144)- '
. | o S
To g—lactohe 141 (50.0 mg, 07I92'mmpl), anhydrous p-
toluenesulfonlc -ac¥d, (69.0 mg, 0.40 mmol) and AGl-X8 resin
(%10 mg, ~0.35 meq, CF3COO" form, drled in vacuo at 64 c)
was added dlstllled TFA (4 mL) The mixture was stlrred
at 25°C for 1 week under Ar. Thg resin was removea)by
filtration and washed:yith TFA (2 x 1 ﬁL). The filtraﬁg‘
and washings were coné%ntrated in vacuo to yield a -
hygroscopic whi@e solid (82.6 mg). lH NMR indicated this
~product was_7§ mol% pure, with the balance belng serine

(TsOH salt) which was presumably generated by hyd:olysis

in the reaction or isolation. Recrystallization from
; g ) :

vy

o .
Py ‘a
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‘appreciably. For,144: IR {MeOH cast).~3000°(m, br), 2919 ¢

'CH), 4.34 (d, 2H, CH,OH)]; POSFAB-MS (glycerol) 260
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DﬁF/Etzol(Zi) did not%élter the producfécomposition

LY

(m), 1750 (m), 1630 (m), 1495 (w), 1370 (m), 1211 (m),
1192 (s), 1178 {vs), 1125 (m), 1085 (m);, 1011 {m), €85
(m), 570 (n) ém™1; 1H NMR (300 MHz, d,=DMF) §9.2.(br s,

1H, COOH), 7.86 (d, 2H, 8 Hz, O-ArHSO3R), 7.66 (4, 2H,. 8

- Hz, o-ArHSO;”), 7.54 (d, -2H. 8 Hz, 'm-ArHSO4R),. 7.17 (d,. .

| 2H, 8 Hz, m-ArHSO3”), 4.85-4.80 (m, 1H," CH), 8.70-4.60 (m,

A

‘(ETCH3A;§O3"). [25 mol% Serine (TsOH sal?):' 54.88 $m,hlé,

LN

(TSOCH,CH(NH3")COOH), 173 (TsOH,%); Rg 0.80 (System A:

Seripe Rf'O.SSY. @%' | : : ' .

vy

_QfPh%spho-L—serine (145).233, - o
k2up94 (0.446 g, 3.28 mmol, dried 4 h at 130°C).and"
18-crown-6'. ether (0.867 g, 3.28 mmol)-were stirred 16 h in <

. .
anhydrous DMF (10 mL). BOC-L-serine g-lactone (4296~

- (169.0 mg, 0.902 mmol) was deprotected to 140 and -added as

: ’ .
a solution in DMF (? mL). The mixture was stirred 3 days,

diluted with H50 (£o 50 mL), and applied to a column of
. )
AG1-X8 (80 mL, 3 cm dia., OH™ form). Elution (2 mL/min)

with a linear gradient (0+3 M over 1.0 Lf of formic acid
afforded_gfphosphd—L-sexihe,(l45 (145.6 ﬁg) in 87% yield
after lyophilization: mp 170-171°C (dec) (lit.296 mp {5?7‘
176°C (dec)): [a125 +7.2% (c 1.0, Hy0) (lit.296 [¢325

+7.2° (c 1.0, H,0)); IR (KBr disk) 3420 (w, br), 3180 (w),

AN

’
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2700; (w), 2400-2260 (w), 1620 (W), 1560 (m),‘1260 (m),
1089 (s), 1045 (s), 1000 (s), 970 (s), 740 (m), 810 (m)
em™1; ln NMR’ (400 Mz, Dzo + DC1) 54 37-4. 27 (m,,za,

7

| CH-CHH), 4.26: 4.16 (m, 1H, CHH) e NMR (161 % MHz, DO

+ DCl) -0.45 (br s): Anal. ‘Calc. for c3H3N069 ‘,19.47,5

H, 4 35 N, 7 57., Found: 19 27 »H,}§'29 N, 7.82;

POSFAB—MS (glycerol/HCl) 186\gnﬁ*). 371 (MZH ): Rf@..43

.'_7_ ",. e - e

(System A) ' :- M A

BN . N
e TR
R I
Y3 TN .
. PR PN

o s
- 'g

Q\/’}Oro-L-alanlne (hydroéhlorrge (20a) ‘and free base
ORI N

Concentrated HCl1 (1 O mL, ~12 mmol) was added to 140

'._produced from’ BOC L= serlne s—lactone (42a) (92 0 mg, 0.492
mmol ). After 5 ‘min H20 (5 mL) ‘was added and the solvent

was removed in' vacuo at 35° c. The re51due was redissolved
— N

in, HZO (5 mL) and again éﬁe so%fent was removed.
Recrystalllzatlon of the solld re51due from MeOH/Bt20
ylelds 78.5 mg f92%) of a—chloro-L—alanrne, hydrochloride

salt (20a). Since 1iterature3reborts that. 20a has "no

distinct mp" and [a]D closéitd'zero“ 102 the material was

/

converted to the free base 21a for cgnplete
characterlzatlon. Hence, 203 was dlssolved in a minimal
. amount of Hzo, one équlvalent of 2N L10H was added, and
(

2la (56. 5 mg, 93% recovery) was'obtalned by addition of

excess EtOH wlth cool;ng to PIO’C.

ot

An 1dent1ca1 yreld“bf 20a wae also obtalned simply by

addition of conc. PCl to BbC-L—serlne a lactone (42a) (1.0

e
K

~o
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3 : g

mL/100 mg). ’ :,2

For 20a from 140: [qJ35 +0.80° ‘(¢ 1.0, H,0); IR (KBr
. disk) 3720-2200 (vs, 5r),’1980 (m)g'19eo (m), 1745 (vs),
1600 (s), 1500 (vs), 1410 (s), 1350 (s), 1230 (s), 1200
(s), 1150 (m), 1070 (m), 890 (m), 850 (s),,79o;(s),'6so
(s) cm™l; 1H NMR (80 M:z, D20)454.60-4.44 (m, 1§,bqg),
© 4.25-4.07 (m, 2H, CH,Cl); Anal. Calc. for C3H7N02Clér c,
22.52; H, 4.42; N, 8.75. Found: C, 22.09; H, 4.48; N,
8.63; ;OSFAB—MS (glycerol) 124 (MHY): Re 0.76 (Syatem A)
| For 2la: mp 156-157°C (1it. 10 mp 160°C) 75
-15.8} (c 1.0, H,0) (1it.102 [4320 l15.5° (c 1, ng), -15°
(¢ 9.9, H,0)423); IR (KBr disk) 3660-2160 (m, malt, br),’
2080 (w), 1630 (s), 1600 (s), 1390 (s), 1300 (s), 860 (s),
640 (s), 540 (s), 450 (s) cm™l; ln NMR (300 Mz, D,0)
54.62 (dd, 1H, 3.25, 4.5 Hz, cH), 4.21 (da, 18, 4.5, 13.0
Hz, CHHC1), 4.10 (dd, 1H, 3.25, 13.0 Hz, Cﬂﬂplj;'Anall
Calc. ‘fdr C3H6N02(;l: C, 29.16; H, 4.90; N, 11‘.34;' Cl,-
28.69. Found: C, 28.99; H, 4.95; N, 11.08; Cl, 28.51;

3

POSFAB-MS (glycerol) 124 (MHT).

ﬁ—CyandFL—alanine (146). from 140. .

A solution of 140 (prepared ffom 79.0 mg, 0;422 mmoi
of BOC-L-serine 5 -lactone (42a)) in DMF (2 mL) was added
dropw1se to tetra-n—butylammonlum cyanlde (170 mg, 0.633
mmol) in DMF (3 mL) at -10°C over 10 min. ‘Th; solutlon -
was stirred 30 min at -10°C and allowed to warm to 25°C
oOef 30 min: The'sblvent.was removed in’vacuo at 25°C to

{ &
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yield an orangé syrup which»was dissolved in H,0 (1 mL)

and. apflied to a colum of AGll A8 (30 g, 1 x 40 xcm) . 297
Elﬁti§ﬁ with 1,2 7° t we/min), and lyophilization @f the
fractions whi - pr- 23 ~he :ha:acteiistié blue-green

coldr with ujﬁhydrin sprx, -eacent provided 40.3 mg f84%)

of 146 free ¢t c2lts. F,. an impréveq-mélting poiét this
solid was precip tcrea ._cn pH (.0 H,0 by addition of —

dioxane an. driz¢ i v..uc over P,0c (34.5 mg, 72% yield

after two precipizations): p 213-216°C (dec, lst ppt),

P

217-218°C (2nd ppt) (1i.. mp 206°C, 208-209°C, 218- —
T U ' ] : ,

218.5°c169); [0185 ~2.9° (c 1.4, 1IN HOKc)- (1it. [q135

-2.9° (c 1.4, 1N HOAc)!®?); IR (KBr disk) 3420 (m, br),

3020 (s, br), 2225 (w), 1630 (vs, br), 1610 (s), 1575 (m),

- !
1528 (s), 1417 {s), 1330 (s), l{gg (w), 1070 (w), 880 (w) -~

cm~!l: lH NMR (200 MHz, D,0) §4.10 (t, 1H, 5.8 Hz, CH),

[y

x »
3.08 ((d, 2H, 5.8 Hz, CH,CN); POSFAB-MS- (glycerol/HCL) 115

(ME¥), 229 (M,B*), 3437(M3H%): Rp ~0.65 (System A,
characteristic blue-green” color with ninhydrin).

A ) N 1 }
B—Cyano—L—alanine (146) from 73a. g

E;(Benzyloxycarbbnyl)-B-cyano?L—alanine~(73a) (300.0

'mg, 1.21 mmol) was dissolved in distilled CH;CN (3.0 mL)

and iodotrimethyigzzzﬁé (1%9 pL, 1.21 mmol)17 was added -
and the mixture was stirred 10 éin. The reaction was
quenched by addition to H,0 (5 mL) containing 1N NH,OH
(1.4 mL) and extracted with Etzor(3 x 20 mL). If

.

necessary the pH of the agueous phase was adjusted to



the residue was

v \

»

6.0. Dioxane (~100 mL) was added to prétipitaLe the

product (146) (117.3 mg, B84%) which was filtered, washed

with~Et20 and dried in vacuo over PZOS; mp 214-216°C;
[a]%S -2.9° (c 1.4, {g_HOAc) (lit;169 mp 218-218.5°C,

[a]gi -2.9° (c~L.4ﬁ %ﬁﬁdAcY). Spectral—ghd .

-

chromatographic properties were identical to those
repo;ted for 146 (from.14d) above.
5F(Pyrazol-1;yl)—L-alanine (147).
Qi)—B-Ahino—Z-oxeLanone salt 141 (100.0 ﬁg, 0. 385
mmol) was added to pyrazole ‘(131.3 mg, 1.93 mmol) in
distilled 'DMF (3.0 mL) And the mi*ture was stirreé at 25°C
for 2.5 ﬁ. Th2 solvent was removed in vacuo/at 25°C and

'Hg' : IR
dissolved in H,0 (3 mL) and applied to a

.. column bf AG50-X8 (1 x 10 em, HY form).” The resin was

"Qashed with HZO {30 mL) and eluted with a gradient of

aqueous NH,0H (070.25§_over 70 mL, then iOO mL of 0.25N

NH40H). The product gmergéd chramatographically pure witﬁ.
0.25§_NH40H and w;s lyopﬁilizéd'(2x) and dried in yicuo
over P,0g to yieldl77% (46.2 mg)‘of 147 (mp 234-236"C
(dec)). For an improved meltihg~point\this material bguld

be recrystallized f%onA.‘;tOH: mp 241-243°C (lit. mp

236-238°C (dec), 1422 ENENN(3ec)142D); [4325 —72. (+1)° (c

%Z

1.0, H,0)142P); IR (KBr disk) 3700-2200 (m, vbr), 1617
(s), 1580 (s), 1485 (m), 1395 (m), 767 (m) cm~!; lH NMR

(300 MHz, D,0) §7.65 (d, 1M, 2 Hz, ACHH'H"), 7.61 (d, 1H, -



! — ]
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"2 Hez, ArHH H"), 6.38 (+,\4H, 2 Hz, ArHH'H"» 4.66 (

5 iz, CHpN), .18 &d H, 5 Hz, CH): PQSFAB-MS

(glycerol/HCl) 156 (MH+). 311 *);ioRg.0.67 (Solvent A;
haracteristic blue-purple color with ni?Bydrin). X .

Ne ot

-~

’:. | \ . \)'~ ~ 9
~-Azido-L-alanine (148). a
B ’ 1n

A solutlon of 141 (53.0 mg, 0 204 mmol)vln DMF (1 mL)

was added to NaN4 (1 ! 61 mg, '0.225 mmol) in” DMF (5 mL) - and

{

the mixture was stlrred 3.5 h. ' The solveﬁi was removed 1n
J

‘'vacuo at 25° C .Th esidue was dlsso{yed in H20 @O 3 HL)
and applled to a g\T”mn of Bio-Rad Ion Retardation Resin
w®

Agll A8 (15 g, 1 x 20 cm)2%7.ang gluted with H,0 (0.3

mL/mip).' Fractions containing amino_acid were pooled and

lyophilized to yield 25.6 mg (96%)165 B~ 6—L-a1anihe.

1 » , . :
recrystallized by dissolving in*a minimal. volume, of Hy0 at

“For the optihum Seltiﬂﬁ“pbint.this maten?al was

40°C, édding MeOH (3 vol.) and acetone (until é&oudy) and
cdoling to -20'c:242f243 mp 174-175.5°C (dec): [¢135
+37.2 (£0.5)° (c 0.5, H,0); IR {KBr disk) 3420 (m, br),
13070 (s, br), 2113 (s), 1600 (vs, br), ‘1440 (s) cm~1; lu
NMR (300 MHz, d,4-MeOD) 53.63 (dd, 1H, 4.5, 12 Hz, qgﬁng),
3.53 (ad, 1H, 7.2, 12 Hz, CHHN;), 3.37 (dd, 1H, 4.5, 7.2
Hz, qgg; QH NMR (300 MHz, D,0) §3.93 (dd, 1H, 5.0, 17.5
Hz, CHHN;), 3.92 (m, 1H,. CH), 3.84 (dd, 1H, 7.0, 17.5 Hz,
CHHN,) ; EI-Mg: 131.0570 (MHY, CAkf,'131.057o for
C3HoN40,), 88.0400 (MH'-HN;), 85.0515 (M-COH), 74.0245 ¢

(Base peak, M-CH2N3); PQSFAB4MS (glycerol) 131 (MH*): R¢




f

~ Ar, acidified with conc. HKCl (O 15 mL, 1.8 mmol), and

¢ o

0.80 (System A;.UV active:; brown-purple with ninhydfin).

N

A suspen31on of LiSH (1 23 M) in THF was produced by
bubbling H,S(g) into THF containing 1.°23 M n-BuLi at - .
0°C. To the suspension of~L15H (2.24 mmol, 1.82;;§7gf f
1.23 M) was ‘added 140 (produced from 210 mg, 1.12 mmol of

-

42a) “in CH,CN (1 mLl. The mixture‘wae stirred lAE7undef.
™~
solvent was ggmoved in vacuo .at 35 C. e residue was
dissolved 1n H,0 and applied to a column of anE'XB (80
mL, 3 cm dia., H* form). Elution w1th,a 1inéar gradientvr
of degassed agueous HC1 (042;!_OVer 1 L) provided L~

X
cysg€ine hydrochloride fre4 of cystine after removal of :

' solvent in vacuo. This.me}erial was isolated as the

. . . . @
zwitterion[from a minimal amount of EtOH by adjusting the

. Y
pH to 675 with conc.%ﬁHé, cooling to -20°C, and immediate
recryétallization of the precipitate from hot degassed H,0

to yield 9a® (120.1 mg, 88% owerall): mp 240-241°C (dec)

(1it.298 mp 240°C (dec)); [a125 +6.5 (:0.2)° (c 2.0, 5N.

./

HC1) (1it.214 [4125 +6.5° (c 2, 5N HC1)); IR (KBr disk)
3600-2650 (s, br), 254- (m), 2160-1980 (w, br), 1610 (s),

1582 (s), 1519 (s), 13%7 (s). 12°. (m), 658 (m), 528 (m),

590 (m) em~1: lH NMR (300 M, D,0 §4.31 (ad, 1H, 4.5, 5.5

Hz, CH), 3.16 (A4, 1H, 5.5, 15.0 Hz, CHHS), 3.13. (dd, 1H,

- 4.5, 15.0 Hz, CHHS); Anal. Calc. for C3H,NO,S: C, 29.74;

" H, 5.83; N, 11.56:'S,-26.46. Fgund: C, 29.46; H, 5.85;

) .
- , . A
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, L—Cysteine (9a) from 140. 233 _ T ; ’ b'
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' S + P
N, 11.55; S, 26.68; POSFAB-MS (glycerol/HCl) 122 (MH ), ,

243 (M2H ); Re 0.45 (system a).

_§7(Amihoethy1);L4cysteine_hydrochlori@e (149) from 140.233 \ti\
~ To 2-amidoe££anethiol hydrochle}ide\(ZOI.O mg, 1*77

mmol) in degassed Hzo (3.0 mL) was added- 140 (produeed

'from BOC—L-serlne B~ lactone (42a) (151.0 mg, O 807 mmol))

in HZO (1.0 mL). The pH of the stirred _soblution W%s

malntalned at 5.0-5.5 by dropwi;e addltlon of 1N NaOH.

When additions of base were no.longer requlred‘io maintain

the pH a%\s 52(~35 min), Ehe mlxture was applled to a.

"3

column of AGSO X8 (80 mL, 3 cm dia., HY form) and eluted

viggever 1.0 L).of agueous HCl

. . . N
(2 mL/min). Lyophilj¥ation of the chromatographically-

v

LY .
pure fractions.- yfelded 138.3% mg (85%) of 149, which was

N

recrystallized firom -EtOH/acetone (85% recovery) for .

elemental analysiIsg ﬁp 193-194”C (dec) (1it. mp 192- -

A}

192.5°C, 2442 205-207°c?44P); 4125 +7.2° (c 1.0, H,0) o
(1it.244a Calp +7.2° (c 1, .Hy0)): IR (KBr disk) 3650-2100

+° Y < - i
{s, br), 2000 (w, br), 1622 (s), 1587 (s), 1516 (s), 1494
(s), 1463 (s), 1427 (s), 1415 (s}, 1400 (s), 1348 (s), \
b . — o
1303 (s), 560 (m) cm™!i 1y NMR "300 MHz, D,0) 64.00 (dd,

1H, 4.8, 6.0 Hz, CH), 3.27 {t} 2H, 6.5 Hzy CH,NH3*),.3.16
| | 2 RN

L'y

(ad, 1H, 4.8, 14 Hz, CHCHHS), 3.14 (4, 6.0, 14 Hz,

CHCHHS), 2.94 (t of 4, 1H, 6.5, 14 Hz, SCHH), 2.92 (t of

N

d, 1H, 6.5, 14.0 Hz, SCHH); -Anal. (Calc. for
o

C5H13N2928Cl': C, 29.92;:; H, 6.54; 13.-.96: Cl, 17.66; ,S’
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15.97. Found: ‘C, 29.59; H, 6.44; N, 13.98;_Cl, 1_7.40,- S,
15.88; POSFAB-MS (glycerol/HCL) 165 (MHY), 329 (M,H'); R
~0.20 (System A). | “
_§72—}Aminoethy1)rL—cysteine hydrochloride (149) from 3a..
This material was prepared accerding to Cavallini et

al.244a To a solution of L-cysteine (3a) (5.61 g, 46.3

+

ﬁmol) a UKQH (8.05 g} f;éxmmél) in degassed H,0 (2§ mL)
?t@70°c\w§s added 2—bromo¢thylamine hydrobromide (9.25 g,
46.2 mmol).over 10 min. The}mi*tufe was stirred 4 h at
2S°C,'thc. HBr (1.8'mL>“waébaddéd; and the'aQidic mixture
was applied to.a column of~AG50;X8 (300 ijAS'Cm dia., BT
form). The.res&n yas\ﬁashed well with H,0 and S-2-
(ami;%gthyl)—L;cysteine,was elutéd-wiﬁh l.O‘E_NH4OH._
LyOphilization,vacification (pH 3) with aqueous BCI, ana
recrystallizaiion from'EQOH/Etzo provided 149 (5;58 g, )
60%): mp 193-194°C (dec) (lit. mp 192-192.5°C, 2443 205- |
207°C244P); [4125 47.2° (¢ 1.0, Hy0) (1it.2442 [312547.2
(H,0)). Spectigl'éﬁaractgristiés Wereiideﬁﬁical to thosé.

of 149 (from 140) above.

/

L,L-Lanthionine (16a) from 140.233

+ To L-cysteine (9a) (0.473.9, 3.91 mmo}) in degassed .
H,0 (5 mL) at pPH 5:3 was édded 130 (predﬁced fom 0-24?'9,
1.30 mmol o@ BOC-L-~serine B-fgctoné 42a) iR mL) .
The pH of the mixturerwas maintained at 5.0-5.5 with

dropwise addition of 1N NaOH. After 40 min the pH

I



remained constant and the materia;&was applied to a column.

!

of AG50-X8 resin (80 mL, 3 cm dia., H* form). Elution
with a linear gradieng of aqueoué HCl [0+5 M over llS L)
provided chromatographically pure 16& which was recovered
by removal of solvent in vacuo. This maﬁerial was
recrystallized by suspending.inAH2O (2.5 mL), dissolving
by addition of conc. ammonia, cooling’to:0°c, and
neutralization (pH 6) wi£h formic acié. Cooling seye;al

L T
hours at 4°C yielded 16a (251 mg, 93% overall)sas the

zwittgrioni mp 294-295°C (dec, darkens a%,247°€)_(lit.214

mp 293- .. °C (dec)); [a]25 +8.6° (c 5.0, 2.4N NaOH) (lit.

[213% +6 (+1)° (c 1.0, 1N NaOH),%22 +7° (c 1, N NaoOH),4?P

+8.4° (c 1.0, 1.o_§_NaOH),42é (c1.4, 2.4N NaoOH), %424 4+8.6°
(c 5.0, 2.4N NaoH),423/102 19 4° (c 1.4, %;QE_NaOH)7l);:IR
(KBr disk) .3400 (w, br), 3300-2250 (s, br), 2080 (w), 1608
(s), 1593 (s), 1512 (s), 1389 (s), 1347 (s), 539 (m) cm™%;
14 NMR (400 MHz, D,0 + DCl) §4.45 (ddy, 2H, 7.4, 4.4 Hz,
2CH), 3.38 (dd, 2H, 4.4, 15.0 Hz, 2CHHS), 3.26 (dd, 2H,.
7.4, 15.0 Hz, 2CHHS); Ahal. Calc. for C6é12N204: cC,-
34.61; H, 5.81; N, 13.45; 'S, 15.40. Found: C, 34.63; H,
5.84; N, 13.50; S, 15.43; POSFAB-MS (glycerol/HCL) 209
(MEY)., 417 (M2H+); R¢ 0.33 (System A). HPLC analysis of
16a from 140 aochding to Schusterloafindicates no

detectable meso-lanthionine (i.e. <1%) in the sample (tR =

2:.5 (+#0.1) min (LL), 24.3 min (meso)).

+ <

290
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S-Sulfo-L-cysteine, monosodium salt dihydrate (150).
_ . . ‘
Td Na,yS,05 (73.2 mg, 0.463 mmol) in.H,0 (1 mL) at pH
5.0 was added 14 p .ced from BOC-L-serine g-lactone

(42a) (43.0 mg, 7 2. mm 1)) in H,0 (1 mL). The pH was .

maintdined at 5.0 .. 1 h and the solvent was removed in

al

‘vacuo atl25°C. The residue was dissolved in H,0 (1.0 mL),

~r .

applied to a column of Rexyn 102 (1 x 10 cm, HY form) and
eluted with H,0 (0.25 mL/min).  S-Sulfo-L-cysteine (Rg
0.81, System A;'characteristic brown color ‘with ninhydrin)

<

eluted chromatogréphicaily pure asithe monosodium salt . ~—

‘after 15-20 mL. ‘Lyophilization and recrystallization from

Hzo/Etzo (pH 5) provided 49.7 mg (83%) of 150 as a white
solid: mp 135°C foams_but remains white (loss of Hzo),
202-204°C (dec): [o13° -83.7 (£2.2)° 'c 2.5, Hy0) (lit.
[«12% -86.8° (c:4.73, H,0)2%? for the 1 1/2 hydrate); IR
(KBr disk) 3450 (m, br), 3150 (m, br), 1635 (s? br), 1515
(m), 1400 (m)} 1358 (m), 1235 (s), 1217 (s), 1200 (s),
1137 (s), 1030 (s), 636 (s) cm™l; lH NMR (300 MHz, D,0)
54.18 (dd4, 1H, 3.7, 8.0 Hz,‘gg), 3.68 (dd, iH{ 3.7, 15.5
Hz, CHHSSO3”), 3. . (dd, 1H, 8.0, 15.5 Hz, CHHSSO;”);
Anal. Calc. for C§H6N0552Nao2H20 (FW 259.2): C, 13.90; H,
3.89; N, 5.40; S, 24.74. Found: C, 14.11; H, 3.85; N,
5.21; S, 24.59; NEGFAB-MS (glycerol) 200

(_O3SSCH2CH(NH2)COOH).

/o

e
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L-Cysteine dimethyisulfonium, bis(gftolu;ﬁ;;ulfoﬂic qcid)
salt (151). ‘ ‘

To Q§)—3—amino—2—bketandne_BftoLuenesulfonic acid
salt (141) (100.0 mg, '0.386 mmol) and anhydrous p-
, tolugnesulfonic acid (99.6 mé, 0.579 mmol) in TFA (3.0 mL)
was added dimethylsulfidegfll3 L, 1.54 mmol). After 15
mih the solvent was removed in vacuo. The syrupy résidue
was dissolved in MeOH (5 mL) and 151Rcrysta11ized as shiny
‘white needles (168.1 mg, B88%) following addition of Et,O0
h(20 mLL;ﬁpd éooling'to.-20°c: mp 141-142°C (dec); [a]%s
+11.8 (£0.4)° (c 0.96, DMF); IR (MeOH cast) 3483 (m), 2930
(m, vbr), 1742 (m), 1193 (vs), 815 (m), 682 (m), 567 (s)
em™!; ln NMR (300 MHz, d4-MeOH) §7.70 (4, 4H, 8 Hz,
o-ArH), T 24 (d, 4H, 8 Hz, EEA;E); 4.65 (dd, 1H, 5.8, 8.2
Hz, CH), 3.95 (dd4, 1H, 8.2, 13.8 Hz, CHHS), 3.81 (dd, 1Hf
5.8, 13.8 Hz, CHHS), 3.07 (s, 3H, S(CH3)CH3), 3.06 (s, 3H,
S(CH3)CH3), 2.36 (s, 6H, ArCH); Anal. Cal~. for
CygHy7NOgSy: C, 46.23: H, 5.51; N, 2.84; S, 19.48.
Found: C, 46.15; H, 5.49: N, 2.91; S, 19.55; EI-MS:
172.0195 (TsOH), 62.0207 (Me,S); POSFAB-MS (glycerol) 150

(1008, Me,S*CH,CH(NH,)COOH); Rg ~0.08 (System A).

General Methodology with Polystyrene Resins..

All glassware employed in reaqtions‘and handling of
resins was pretreated with a 10% solutisn of Surfigil
siliconizing agent (Pierce) in hexane and oven dried at

least 4 h at 140°C in order to minimize loses of resin due
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to adhesion. All resin manipulations, including drying i2

+

vacuo at elevated temperatures, were conveniently. carried e

out in the appa?atus illustrated in Figure.23. A pdsitive

IS

pressure of Argon was used at the vacuum take-off pdbrt to
S -

maintain solvents in the top reactor vessel. For

~

filtration, the Ar was replaced by a vacuum to remove

A 4

.solveﬁt and'solutes'thereby;leaving the resin behindoin
the reactor vessel. Reactions atklow temperature were
carried out.wit@ a dry ice/gélvent mixture in the oﬁter
glass jacket. Fér drying the resin at elevated
temperatures, water was placed in\@he jacket and heaﬁed
with a thermostatted coil. The stir rod was withdrawn;
the Qessel‘stoppered and a vacuum (<0.05 torr) applied to
both the vacuum take-off and a neck of the reactor vessel
for érying»in vacuo: In this fashgon the resin could be
left in the reactor.vessel at’ all times and subjected«to
reactions, washes, drying, regénération, etc. Gentle
stirring (50-140 rpm) was used at ali times to avoid
mechanical destru;tion of resin particles. The term
"washing” implies the suspension of the resin in solvent,
stirring 15-20 min followed by removal of solvent by
suction filtration. p-Lactonization reactioné were
conveniently monitored by solution IR on the supernatant
ogh?iltrate. IR characteristics of the resin were
recorded as a quorélubeO mull in the absorbance hode to

allow direct.comparison of relative intensities of

bands. Elemental analyses are the result bf“}edoubled
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- Regin (152).

combi.stion. . L

Chanacterization of Commercial Hydroxymethyl Polystyrene‘

AN

Commercial hydfoxymeﬁhyl polystyrene -resin (~1 megq/g

or ~10 mol% of units; 1% crosslinked from Bachem Inc.)

(20.0 g) was washed with THF/CH,Cl, (1:1, 2 x 500 mL) and

dried in vacuo at 64°C to constant weight: IR

(Fluorolube® mull) 3575 (m), 3440 (m, vbr), 3080 (m), 3060

(m), 3030 (s), 2920 (vs), 2850 (m), 1993 (w), 1870 (w),.

. 1805 (w), 1742 (w), 1601 (vs), 1583 (m), 1493 (s), 1451

(m) cm:ly_Anal. Calc'. for (C8-107H8-21500.107)X based on

1.00 med/g or 107 mol% loading of units (ave. unit FW

107.38):; €, 90.68; H, 7.71. Found: C, 90.13; H, 7.64.

‘
\

B

Methyl HYdK?zodicarboxylate—Derivatized Polystyrene Resin‘-

(iS}l:

Hydroxymethyl resin (152) (49.0 g, ~19 meq) was

[\

stirred in CH,Cl, (350 mL) with pyridinq (1.53 mL, 19.6'
& . :
mmol)‘in a"ary atmosphere, and excess phosgene (8.0 mL at
0°C, 11.3 g, ~114 mmol) was bubbled into the stirred
mixture at 25°C over 30 min. 'The mixtufe was stirred 1.5
h at 25°C, solvent was removed by f%ltratioﬁ under dry Ar,
and the chloroforﬁatleorm of the resin was washed with

dry,CHpCl, (3 x 5 min, 250 mL) to remove excess: phosgene

and pyridinium hydrochloride. A mixture of triethylamine

K

(7.95 mL, 57 mnfbl) and methyl hydrazinocarboxylate (5.14

A

295
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g, 57 mmol) in HMPA (25 mL)/CH2c12 {250 mL) was added to

\
the activa@ed resin at 0-5°C, and stlriid 16 h at 25°C.
V4 — &

" The solvent was removed by filtration and “i resin was - A

| Yasmr; successively with MeOH (250 mL), MeOH/320 (1:1, 250
mL), MeOH (250 mL), and Et20 (2 x 250 mL) and arled in
'nggg_at 60°C to provide approxlmately 20.3 g (~98%) of

‘ snowy-white derivatized resip 153: IR (Fluorolu e® mullf
3380 (s, Br), 3310 (s, br), 3082 (s), 3060 (s), EBao (s),
‘3002 (m),_2925 (vs, br), 2850 (q), 1945 (w), }860 (w),
1800 (w), 1790-1680 (vs, vbr), 1601 (&s), 1583 (s), 1500 ¥
(ml, 1450 (m, br) cm™l; Anal. Calc. for 8.75 mol$ loading
or ~0.75 meq/g"kc8.3SOH8.524NO.1;500.349)x (ave. unit Fw
116.92): C, 85.77; H, 7.35; N, 2.09.  Found: C, 85.33;

’

H, 7.28; N, 2.07.

AS
-

Oxidation of 153 to Methyl Azodic§<:::ylate—DerivgfLyed
Polystyrene Resin (154).
Methyl hydrazodicarboxylate resin 153 (17.0 g, ~12.7

meq at 0.75 meq/g) was gently stirred in CH2C12 or CH3CN
(250 mL) and pyridine Zl.SS mL, 19.0 meq) wasradded
followed by N-bromosuccinimide (18.4 mmol, 3.é8 g). The
mixture was étirred 1 h in the dark, and filtered. The
resin was washed w1th CH4@N (3 x 250 mL, until no orange
~color in flltraz/3 and Et,0 (2 x 250 mL) and dried in
vacuo at 45°C to provxde 16.84 g (~99%) of 154 as a brlgﬁt
crange resin: IR (Fluorolube® mull) 3540 {vw), 3360 (VW),

3100 (w), 3080 (m), 3055 (s), 3020 (vs), 2998 (m), 2920

-
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(vs, br),t 2845 (m), 1940 (w), 1920 (w), 1780 (vs, br),

1744 (m, sh), 1600 (s), 1581 (m), 1401 (vs), 1450 (s)

»

cm'l; From comparisoh of“the absorbance ratios A(%%g%) and
A(%%%%)- with those of 152 and 153 an estimate of the

percent of residual CH,0-H and N?H units could be ¥

A2 /::‘
i

-obtained. Typically this suggests 5 (+1)% of unoxidized
. hydrazo units (i;e., ;94% yield in oxidation) and 8 (+3)%
' ) of underivatized hydroxyme@hyl units. Anal. Calc. for

8.75 mol% azodicarboxylate units (~0.74 meq/g

- azodicarboxylate units), (Cg,350fg.350%.1748%. 3296 x
-~ (ave. upit FW 115.71): C, 85.90; H, 7.21; N, 2.09.
.Found: C, 85.61; H, 7.36; N, 1.91. Reaction with excess
'Pn3P‘and-BOC—serine (41), suggests 0.61 (+0.03) meq/g of
usable azodicarboxyl;pe units (86% of total azo units)
bésed.oﬁ chromatographic recoveries of un;eactea tri-
phenylphosphine, and Ph3P=0 pyprbduct.. Both the elemental
analysis (+0.3%) and this value of reducible
azodicarngyla£e units remained constant (+0.3 meq/g) over

' the five oxidation/Mitsunobu reaction cycles in which this__

resin was employed.

5

~

Resin-Mediated Formation of Benzyl Benzoate (155).
Methyl ézodicarboxyiate-derivatized resin (154) (6.55
g, 4.0 meq) was swollen in dry THF (100 mL, 15 min) and
\\\ " benzoic acid (366.4 mg, 3.0 mmol) in THF (50 mL) was
added. To the stiried mixture a%ﬁZS‘C was added dropwise

e a solution of PhyP (786 mg, 3.0 mmol) and benzyl alcohol

v
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5.

' (Base peak, PhC=0). ,

- Y

. \' o
(361 4L, 3.5 mmol) in THF (5 mL). After stirrﬂng'IG h the

>

resin was filtered and washed with£§H2C12 (4 x 150 mL).
The filtrate was concentrated in vacuo at.30’C and flash
chromatographedzeo (3.5% EtOAc/hexane) to yield 417 mg
(65%) of benzyl benzoate, (155): IR (film) 1720 (vs), 1451

(m), 1272 (vs),- 110 (m), 710 (s), 697 (m) cn™}; ln wmm

<

- (8Q MHz, CDCl3) §8.25-8.05 (m, 2H, 0-PhCOO), 7.65-7.25 (m,

8H, m-, p-PhCOO, OCH,Ph), 5.32 (s, 2H, OCH,Ph); EI-MS:

212.0839 (M*, 212.0837 calcd. for C,,H,~0,), 105.0343
. for €y 4H,,0,

3
Resin-Mediated Lactonization ;of BOC-L-Serine. ; /

Typically, methyl azodicarboxylate-derivatized resin

‘-

(154( (6.55 g, 4.0 meqg) was swollen briefly (15 min) in
dry THF (100 mL). Tﬁe stirred suspension of beads was
cooled to‘—4a°J and BOC-L-serine (41la) (473.5 m§, 2.30
mmol) was addédt To this mixture at -45°C was added a
_solution of triphenylphosphine (1.06 g, 4.0 mmol) in THF
(5 mL) dropwise over 10 min. The susgenszon was stirred

30 min at -45°C], allowed to warm slowly to 0°C over 1 h,

and stirred 2 h further. H,0 (36 L) was added as a

>

precgutioﬁary quench and the resin was filtered and washed

c L

with THF (2 x 100 mL) and CH3CN (100 mL). The filtrate
and washings were pooled and ¢oncentrated in vacuo at ™
35°C. The résidue was flash chromatographed260 (35%
EtOAc/hexané) to yield 242.7 mg (56%) of BOC-L-serine g-

Yactone (42a) which poseessed physical and spectral

298
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properties identical to those prev1ously described.

Alternatlvely BOC-L-serin#& B- -lactone could be = ured

i,
:h 51% 1solated yleld (91% recovery) by selective
crystalllzatlon as follows: The residue obtained from the
filtraﬁe (above) was treated with boiling anhydrOQS'ether
(60 mL) followaién*coollng to 4°C (16 h). Precipitated
triphenylphosphine oxide (1.08 g, ~95%) was removed by
filtration. The etherallflltrate was concentrated iﬂ.
vacuo, and recrxétaliized by addition of hexane (~60 mL)
ﬁo a solution o¥ the residue in CHC1 4 (3 mL) and CCI4 (7
mL) until persistéht cloudiness at 45°C The mixture was |
flltered at 25°C and the! filtrate was cooled to -20° C (48

h). Pure crystalllne 3 lactone (42a) (220.1 mg, 51%

overall) was collected by filtration.

Acetoxymethyl Polyspyrene Resin (156).

The procedure of Wang%Pp was emp}oyed. Analyses on
the chloromethylated polystyrene starting material (Bio-
Beads S—Xl from Bio-Rad, 1% crosslinked, 200—460 mesh,
~3.90>meq/g) indicated 50.1 mol3% loading (Calc. 13.83%

1. found: 14.22, 13.79% Cl). Bio-Beads S-XI (30.0 g.
117 mmol) were snspended4in dimethylacetamide (706 mL) and
stirred gently with potassium acetate (17;23 g, 176 mmol)
at'8%—90°C for 20 h. The resin was filtered and washed
successively with H20/DMF (1:1, 2 x 500 mL), dioxane (3 «x
250 mL), MeOH (2'x 3061mL) and Etzb (2 x 300 mL). The

vhite resin was ‘'ried in vacuo at 50°C to constant weight



-

-

to provide 32.28 g (98.5%) of acetoxymethyl resin 156
Qlorlnp analy51s indicates 0.37% Cl suggesting »97% -

‘ conversioniﬂ'IR'(Fluqrolube :mull)<2924 (s), 1736 (vs7¥,
1601 (m), 1293 (m), 1452 (m), 1378 (m), 1361 (m) em-1; a

(1736 cm~1/2924 cmd) = 1;'26, A (Jj36-/1601) = 2.72; Solid

State 13¢c nMr (50.30 MEEFe£a71 (CH3E_OO), 147 (C-1 of Ar,
ArCH2OAc), 137 (c-4 o.@ﬁt%oz\c), 127 (Ax's), 67 (CH20Ac)
 52-35 (CH(Ar)CH,), 22 (CH;CO0) (see Figure 22);: Anal.

. Calc. for 50.1 mol% acetoxmethyl residaes (3.57 meg/g) “or
" an averag@vreéidﬁe éo}mula of C9.;03H10.OO401.002 (ave. FW
140.25/un}t): C, 81.38; H,.7.19; C%, 0. Found: b! |
80.38: H, 6.92; C}1, 0'37"‘1
Heavy-Loadeq Hydroxyméthyl‘Polystyrene Resin (157).

; The procedure for .eductive éleavage of 156 was
adapted from Wang. 300 Aéetbxyﬁethyi resin 156 (32.0 g,
114 mmaI) was suspended in dry ethér (800 mL) and
carefully treated with LiAlH4,(15.75 g, 415 mmol) added in
small portions over 30 min. The mixture was stirred 4 h,
the vessel was equipped with a reflux condensor, and EtOAé
(250 mL) was added slowly to quenqh. The &ixture wéh
stirred 30 min, and the resin was filtefed and washed with
Et %~ (200 mL), EtOAc/MeOH (1:1, 2 x 200 mL), and H,0 (2
L). Ligeration of the resin from alg@inates required

extensive washing. The resin was gently stirred 2 days in

(1:1:1) ethylene glycol/MeOH/pH 3, .20% agueous citric acid

(2 L) and’ filtered. The remaining grey color was removed

A
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by'washihg euccessively withb(l:Z) {§ H2So4/dioxane (3 x 2

L, 8 hj, 0,1-'14_ EDTA"pat oH 7 (1.5 L), 1N HS04 (2 x 1 L),
MeOH (3 w»: 300 mL), ZQ\(}Z x 500 mL) and Et,0 (2 x 400
mL) . The rgsultlng ‘snowy white resin was flltered and
dried in vacuo at 60°C to constant weight (21.70 g,

99.7%) -The complete abﬁence of the carbonyl band at’

~1730 cm 1,1n IR suggest:
B B l Y

\¢v

removed, and replacea with the genertion of hydroxyl (3350

cm':l )

(vs), 1610 (m), 1492 (m), 1450 (m) cm~!. solid State 18c

'NMR (50.30 MHz) 5147 (C-1 of Ar, ArCH,OH), 137 (C-4 of

‘ArCHzoﬂ)) 127 r's), 65 (Sﬁzoﬁ), 52-35 (g@(Ar[gHz) (see

{ »
"Figure 22); Anal. Calc. for §0.1 mol3® hydroxymethyl

1
residues (4.2 meq/g) or an aveérage unit formula of

RS ,A

_C8 501H9 00200 501 (ave. FW 119119/un1t) C, 85-66} H,

:C‘élr 0.42.

R
7.61; N, b; Cl, O0.. Found: C, 83.21: H, 7.34; N, 0.09;

1}

4

Hethyl”HydrazodiCarboxyiatewPolystyrene Resin (1§8).

-Dry hydroxymethyl resin 157 (%5.0 g, ~105 meq) was-

added to CH,Cl, (400 mL) containing phosgene (35.8 g, 362

mmol) at 0°C. Pyridine (8.50 mL, 105 mmol) was carefully

A - ! .
added to this stirred mixture at 0°C. The mixture.was

stirred 2.5 h at 25°C and the resin was filtered under dry

Ar and washed with CH,Cl, (2 x 500 mL). Triethylamine

(43.9 mL, 31§\mmol) ang methylearbazate (28.4 g, 315 hmolf
~ | o .

in HPMA (100 mL) e ‘added slowly to. this chloroformate

TJ>99% of acetyl groups have been

groups: IR (Fluorolube® mull) 3350 (s, br), 2920 .

301
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form of the resin*in CH,Cl, (460 mt) at 0°C. The mixture
was st* 5&%;6 h at 25°C, and the res was filtered and
washe. su~cgssively with MeOH (500 mL), MeOH/H20 (1:1, 2 x
400 mL)ﬁ MeOH (400 mL) and Et20 (2 x SOQ‘mL) before drying
in vacuo at 60°C. . Analyses suggest.ﬁ60% incorporation of
methylhydrazod1carboxylate reSLdues (fpem’fﬁ) and ~40%

unreacted chloroformate regldues _fr?m Cl analysis): IR

(§luorolype® mull) 3300 (W) 12920 '(s), 1723 (vs, br),'leoo

(m). cm Anal. Calc. for 50 1. mol% methyl hydrazodl—
carboxyldte units: (C, 67.75; H, 6.26; N, 7.91. Found:

C, 73.08:-~H, 6.85; N, 4.96: Cl, 4.50. sy
: . <

{
(Phenyloxycafbonyl)6xymethy1¥Polys§yrene resin (159). T
Hydrexymelhyl_resin 157 (1.38 g, 5.79 meq) Wae'
suspended in CH,Cl, (15 mL) aed:phenylchloroéormate (1.09
mL, 8.70 mmol) was ‘added at 0°C.  Pyridine -(0.75 mL, 9.3
1_:m§ol) was added carefully at"O‘C to this. sgirred
mixture. After gentle stlrrlng 16 h at 0 C, the resin wie
_flltered and wthed with CH2C12, acetone (3x), THF ‘and
Et,0 (2x) (25 mL) each and dried in vacuo at _50°C: IR
GFluorolubéQ mull) 2920 (s), 1760 (vs), no detectable OH
stretch; Solid Statéal3C‘NMR (éb.30qMézL §153 (C=0), 146,
|, 138, 123 (Ar),- 71 (ACH,CO,Ph), 52-35 (CH(Ar)CH,) (see
Figure 22); Anal. Calc. for 50.1 mol% phenylcarbonate
residues (2. e\meq/g) C, 80.42; H, 6.19; 0, 13.39.

Found: C, 79.36; H, 6.17: O, 13.10:°

—
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Héthyl Hydrazodicarboxylate Rééin 160‘from 159.
PhenylcarbOngte resin 159 (2.00 g, ~5.57 meq) was

suspended in DMF. (20 mL) and treated withfmétﬁyl carbazate

M1.57 g, 17.4 mmol) and 4-(dimethylamino)pyridine (1.07 g,
8.7 mmol). After stirring 5 days at 25°C the mixture was
.dilutéd withiﬁzo (éO mL), énd‘fiktered{ The' resin was
washed with_(l;l) MeOH/HZO (3 x 50 hL), MeOH (2 x 50 mL),
and ether (2 x 50 mL) and dried in vacuo at 60°C.
Analyses indicate ~70 molt of derivatized units are in the
methyl hyd;azodicarbéxylate'form and ~30% 1n the | |

_ : '
2920 (s), 1720 (vs), 1601 (m) cm~l; Comparison of IR band

pﬁenylcagponate form: \ER (Fluorolube® m&ll) 3300 (s, br),
- 5 ~ '

intensi;y,ratios (NH, Ar(CH), C=0) 'with those of 159 and
i53 suggegls 30% phéhyléarfonaﬁéAjO% hydrazodicarboxylate
'functionaliﬁies; Solid State !3c NMR (50:30 MHz) 5158
(carbémate C=O), 153 (carbonaﬁe C=O); 146 (C-1 of Ar), 128>
(Ar), 68 (ArCH,0,CNH), 53 (COOCH3), 52-35 (CH(Ar)CH,) (see
Figure 22); Aﬁél.‘Calc. for‘35 ﬁol% of Eg&gl_units as

P
metbyl hyérazodicarboxylate residues and 15 mol% in phenyl
Earbonafeuforh: c, 71.23; H, 6.23; N, 5.53. Found: C, s/&
69;35; H, 6.16; N, 5.36. From the N analysis this suggsts”™ .

o L
1.91 meq/g hydrazo units. . : X
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APPENDIX 1

The following enzymological results on amiha acids
prepared in the thesis have been obtained by Dr. M. Palcic
. . C
~and Dr. L. Lam.. In all cases initial velocity data were

analyzed by the method of Wilkinson.301

Diaminopimelate-Associated Enzymes:

Therp—(zgfqgj? D—{Zgjéj) and meso-(2S,6R) isomers of
lanthionihe (16a, 16b, 16~ respectively) aﬁd the
corréspohding sulfoxidés (22a;42ﬁb,-22c) and sulfones
(24a,‘24b, 24c> respéctively) were tested for inhibition
of diaminOpimelate—associated eniymes. ‘In no case was
timé—dependent inact}vaticn characteristic of a su.cide
substrate observed. . | N

K

meso-Diaminopimelate D- dehydrogenase (EC 1.4.1. 16)

catalyzes the blosynthe51s of meso—dlamlnoplmellc acid

from L-p" -tetrahydrqdlplcollnaté.65

N . . -NADP* : ' : q
.HzNMNHz : e~ > Q
’ — - A A “
B Ho c' .

1900 | COOH T~ . ) N”cooH |

NADPH, "NH ;" : :
meso-DAP _ L-A'-Tetrahydrodipicolinate

‘The enzyme occurs. 1n various ba%terlae‘sa and has
%
previously been noted to exhibit absolute spec;flcity for

a

the meso-isomer of d1am1nop1melate.6sa'c meso- -

346



Diaminopimelate D-dehydrogenase waS’isolated frdthicillus

Iy

A

sphaericus 1FO 3526 and enzyme act1V}ty was monltored

~\spectr0photometr1cally by monltorlng NADPH formatlon at
o |r,q’é
340 nm with meso DAP as- a substrate 65 Incﬁb@tlons of the

‘»"\'"I

resolved L—(4a) and D—DAP (4b) éreparatrons w1th the .

’1 \3“. \‘

: £
’enzyme:were useful 1n estlmatlng stereochemlcal purlty

“Of the va%mops lanthlonlne derlvatlves, only the meso-

o

lsome?s LGG, 22c and 24c show any apprec1able 1nteract10n

o ‘
0 N

4
_lWlth the enzyme The Km for meso—lanthlonlne 1l6¢c is 5.8

S e .

mM3c0mpared~w1th 1.1 mM for mesb DAP, with a relative Vimax

(bi 1 1% that of the naturaL}substrate. The meso-sulfoxide
?

22c and Sulfone 24c are progre551vely poorer substrates,

e g

howeVerusome turnover is detected in the assay (Table 7).

7

g

_%y Table 7. Lanthlonlne Derlvatlves as Substrates for

B . ) } o5 .
’ ; ’, Blamlnoplmelate Dehydrogenase
Substrate'{'.}Af’ ,‘ Relative Velocity
meso—d{?Qinoylmelate (4c) (10 mM) 100§‘(Km=1.0.m§)
.mﬁ&o lanthlonlne (16c (10 ‘;ﬁP ‘ 1.08% (K;=5.8 mM)

o ego—lanthlonlne sulfoxlde (22¢) (14 mM) 0.09%
o ©

& meso—lanthlonlnessulfone (24c) (10 mM) 0.02%

‘

These results reflect the extremely hlgh specificity of

this enzyme andllts poor tolerance for substltutlons in the

carbon.chain. ]
' /

!
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‘meéo—Diaminopimqlate decarboxylase (EC 4.1.1.20) was

isolated from Bacillus éphaericus and wheatgerm (Triticumi
vulgaris) and tested‘for inhibition of felease of 14C02
from [l,7-14C]-diaminopime1ate (1.2 mﬁ_[bAP] total) b}
lanthionine'derivatives (16a»c, 22a;c, 24a»c) (Table ®
8). 40_ Lanthionine sufoxides (22a+c) are good comget1t1ve ’

inhibitors (~50% inhibition at 1 mM) of both

decarboxylases. The meso-‘and L-isomers (24c. and 24a,

respectively) and lanthlonlne (16c and 16a, respectlvely)
are weaker competitive inhibitors (~50% inhibition at’lO—QO

mﬂ).' The ‘corresponding D-isomers of the sulfone (24b) gnd;
. . ' "\s
sulfide (16b) are less effective. For comparison the

-

. observed K, for thg/natural substrate meso—diaminopihelate

(DAP) is 1.7 mM and 0.14 mM for the enzyme from B.

sphaericus and T. vulgaris, respectively. Turnover of
meso-lanthionine to produce thialysine (149) was verified:
by synthesis of authentic material. The lanthionine -

derivatives were not competltlve inhibitors of lysine
&
decarboxylase which doés occur in mamméals. “

i

by

L4

L-Dlamlnoplmelate Qplmerase (EC 5.1.1.7) catalyiqh the

interconversion of L- and meso-DAP without the aid of
pyridoxal phosphate (PLP);64 The enzyme was isolated from

Escherichia coli,64b and activity was measured by

monltorlng ‘the conversion ?f optlcally pure L-DAP (4a) (Kp

= 0 26 (0. 02) mM ) to the meso-isomer (4c) with the aid of

meso- DAP D-dehydrogenase@4b in a coupled assay. The meso-
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on.

" Table 8. Inhibition of Dianinopi-elate Decarboxylase by Lanthionine

" Derivatives
. B; sphaericus enzyme f. vulgaris enzyme
e .
‘Analog® Concentration of % Activity ~oncentration of % Activity
' “Analog (mM) Remaining Analog (mM) Remaining
4, a-aiF-DAPP .10 | 64 7 88

‘Lanthionine‘shlfoxiaes

220 : 0.90 61 | 0.90 a6

222 - 0.90 . 56 0.90 49
o '
22 | ' 0.90 69 0.90 - . 87
| - | i
Lanthionine sulfones > //
24c - : 0 60 . 10 57
24a 10 71 1 64
24b N 10 91 0 - 86
’Lanthionines
16c ‘ 10 52 | 14 55
t6a . 2 6 T a9
16b. 10 " 100 14 81

e,

Designators: a = L-(25,68), b = D-(2R,6R), ¢ % meso-(28, 6R).

ba a-le1uoromethyldlamlnopxmelate (a, a-le DAP) was prepared by Dr. J.
Kelland.4

CHF, -
HoN [ NH, HaN AL _NH,

a

'HOOC COOH HoOC ~ COOH
o,c-di-F-DAP
- | 16a —bc (G= S)
| Zab (G=50)
éﬂﬁgit- (G=S0,)
ST R
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isomer of lanthionine (16c) .exhibited mixed inhibition of
the gnzymic epimerizatioh (Ky = 0.18 mM, Kj' = 0.67 mM)
whereas the L-isomer 16a:acted prlmarlly as a competltlve

inhibitor (K- = 0. 42 mM K;' ¥ 7.9 mM) and was not a

substrate. The remalnlng 1anth10n1ne der1vat1‘es were poor.

}

1nhlbltors of the epimérase (Table 9) v ’

Bl

Studies with Other’ Enzymes

~ Aspartate aminotr-nsferase (EC 2.6.1.1) plays a-

central role in the intermediary metabolism of most
organisms including‘mamméls.2'82'25.5'264 a-Phosphono-L—
/alanihe (71a) acts as a good competitive inhibitdrvbf this
.enzyme (Kj ~2 mM, compared with K ~6-8 mM for |
aspartate). pB-Azido-L-alanine (148) was neither a suicide
substrate or a competitive inhibitor. ‘&

Alanine am1notransferase (EC 2 6.1. 2)2 1683 was not

1nact1vated or compet1t1vely 1nhib1ted by either g-
phosphono—L-alanine (71a) or B-azido-L-alanine. In
accordance with a previous report,168a B-cyano-L-alanine
(146) exhibited time dependent inactivation of thls enzyme

which is characterlstlc of a suicide substrate.

Studles with aspartate a- decarboxylase (EC 4.1.1. 11)68\r>
are st111 in progress. B—Cyano-L-alanlne (146) acts only |
as a competitive inhibitor and not a suicidé substrate of %
this pyruvoyl—deﬁendent enzyme/ Early . results indicate
that B-chloro—D—alanl%e (21b) and O-trlfluoroacetyl L-

serine (142) are suicide subst;ates for this enzyme.
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‘Table 9. Interaction of Lanthionine Derivatives with Diaminopimelate

Epimerase :
Lanthionine Derivative ” ki (Competitive) Ky' (ﬁo;coﬁpetitive)
a (mM) o (mM)
16c (meso, X = s) ’ : 0.18 S 0.7
16a (L, G = S) 042 7.9
165 (D, G = §) A s 7 & ~19
' 22c (meso, G = SO) o 11 o 520
22a (L,,G = S0) . ' >100 | -
22b (D, G = SO) - - . -
24c’ (meso, G = S0,) 2 \ ' -
24a (L, G =‘sozl) | - | -
2 (D, G =50, - - .

NOTE: -K; and Ki' values which are not reported were too high to be
reliable.



