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Prodrug Forms of N-[(4-Deoxy-4-amino-10-methyl)pteroyl]glutamatey-[yP(O)(OH)]-glutarate,
a Potent Inhibitor of Folylpoly- y-glutamate Synthetase: Synthesis and Hydrolytic Stability
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Ester prodrugs of the phosphinate pseudopeifi@d-deoxy-4-amino-10-methyl)pteroyl]glutamagef«yP-
(O)(OH)]-glutarate 1a) were synthesized. H-phosphinic acids derived from N-Cbz vinyl glycine esters were
converted to the desired pseudopeptides by Michael additiarmtethyleneglutarate esters. Pivaloyloxym-
ethyl (POM) ester moieties were incorporated in both the N-terminal and C-terminal fragments prior to
formation of either G-P bond.N-Alkylation of the corresponding amides derived frgw(N-methyl)-
aminobenzoic acid with 2,4-diamino-6-(bromomethyl)pteridine gave the target compounds. POM esters of
methotrexate and the correspondingllutamyl conjugate were also synthesized using the same strategy.
All prodrugs were evaluated in Chinese hamster ovary cells. Although the pseudopeptide prodrugs were
ineffective, prodrugs of methotrexate and the correspongligtytamyl conjugate were equipotent with the
parent compounds. Stability of the prodrugs was investigated in both phosphate buffer and cell line medium
to provide a rationale for the observed biological data.

Introduction | Prodrugs - Pseudopeptide FPGS Inhibitors I

Folic acid (pteroylk-glutamate, PteGlu) is an essential vitamin
which, when reduced to 8-5,6,7,8-tetrahydrofolic acid (44
PteGlu), leads to one-carbon donors involved in the biosynthesis
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novo synthesis of purinésDue to the critical functions of folic
acid in human metabolism, numerous antifolates have been  H,N
designed and synthesized as drugs for chemotherapy of malig-

. . : 1=R2=
nant diseases, such as leukehdad solid tumors; > as well 12 ';1 =';0MHR2 - Me
as for nonmalignant diseases such as rheumatoid arthritis and 1c. R' = POM. R2= H

psoriasi€ In most cells, both folates and antifolates occur 1d, R' = Me, R2=H
exclusively as their polyglutamate conjugateghich are formed

in a reaction catalyzed by folylpoly-glutamate synthetase
(FPGS, EC 6.3.2.17.FPGS catalyzes an ATP-dependent

| Prodrugs - FPGS Substrates I

ligation of glutamic acid to reduced folates, includingRteGlu, 1 %R ¥ CO.R
as well as anticancer drugs, such as methotrexate (MTX, NH, /@A”Mh T/\’} z
AMPteGlu, 2a), 5,10-dideazatetrahydrofolate, and related de- NN NS O CORJ.
rivatives. There are at least two contributions of FPGS-catalyzed s f Me

biosynthesis of polyglutamate derivatives to cell viability. First, HNTNT N

because these conjugates cannot exit the’¢b#, intracellular 28 n=0 R=H

concentration of folates and antifolates10 uM) are much 2b. n=0 R =POM

higher than that found in the extracellular compartmentsQ 2c, n=1,R=H

nM).” Second, the polyglutamate derivatives of folates or 2d, n=1,R=POM

antifolates are usually better substrates or inhibitors than the 0

parental monoglutamates in a variety of folate-dependent POM= jz;\O)J\’<

reactiong€ A Chinese hamster ovary (CHO) cell line that

transports monoglutamate folates normally, but cannot synthe- )
b 9 y Y Figure 1. Free acid and prodrug forms of AMPte-GlufyP(O)(OH} -

size folylpolyglutamatgs, is unable to survive even in the Glu (La—d), AMPte-Glu @a, 2b), and AMPte-Gluy-Glu (26, 2d).
presence of supraphysiological levels of reduced monoglutamate

folates!® Accordingly, specific inhibition of FPGS, resulting  have developed resistance to antifolates due to the reduced
in decreased levels of the polyglutamate conjugates, should leadactivity of FPGS*11
to a block of folate-dependent, one-carbon biosynthetic reactions  On the basis of the mechanism of FPGS-catalyzed ligation
and a cessation of DNA replication in the tumor céfl$.In of glutamic acid to reduced folates and antifoldtesye
addition, resistance to several antifolates has been attributed topreviously designed and synthesized a phosphorus-containing
reduced FPGS activity in several tumor-derived cell lies. pseudopeptide analogue of AMPteGhGlu (2c), N-[(4-amino-
Thus, FPGS is a new target for cancer chemotherapy to 4-dexoxy-10-methyl)pteroyll-glutamyl+-[W{P(O)(OH)CH}]-
introduce selective folate deficiency and/or attack tumors that glutarate (AMPteGlys[W{P(O)(OH)CH} ]-glutarate,la, Fig-
ure 1)-16to mimic the tetrahedral intermediate formed during

* Corresponding author. Phone: 734-036-2843. FAX: 734-647-4865. the ATP-dependent reaction. This compound is the most potent

E-mail: jkcoward@umich.edu. in vitro inhibitor of FPGS described to date based upon the
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4a, X-Y = P(O)(OH)CH,, R=H 1a, X-Y = P(O)(OH)CH,, R=H

4b, X-Y = P(O)(OMe)CHy, R = POM 1b, X-Y = P(O)(OMe)CH,, R = POM

4c, X-Y = P(O)(OH)CHz, R=POM 1c, X-Y = P(O)(OH), R = POM

4d, X-Y = P(O)(OH)CH,, R=Me 1d, X-Y = P(O)(OH), R=Me

4e, X-Y = C(O)NH, R=H 2¢, X-Y = C(O)NH, R=H

4f, X-Y = C(O)NH, R =POM 2d, X-Y = C(O)NH, R = POM
heterocyclic pharmacophore 2,4-diaminopteridine. Unfortu- Bﬁggl\lﬂ' é?gg'“ons for the Preparation &¥Cbz-glutamic Acid
nately, when used as an inhibitor of cell growth in human cancer Cbz N
cells (CCRF-CEM), the phosphinic MTX analogua was NH . POMX Base Additive
completely ineffectivé® presumably due to its highly hydro- HOZC/KACOZH Solvent, temperature
philic structure and inability to act as a substrate for either of
the folate transporters reduced folate carrier (RFC) or the folate bz

binding protein (FBP) to penetrate the cell membré&n&o

: . POMOZC/'\/\C02POM
overcome this transport barrier, a prodrug strategy was adapted

and investigated as an alternative approach for intracellular 5

FPGS inhibition, which could ultimately be lethal to tumor- X base yield
derived cell lines. entry (equiv)  (equiv) additive (equiv)  solvent temp(%)P

Prodrugs are derivatives of drug molecules that require a 1 CI(2.0) NaOH (2.2) AgN@(1.0) DMF 1t 13
chemical or enzymatic transformation in order to release the g g: gg Eg& ggg ﬁgz\lgsg-Z) %’}\ﬂﬂi frtt 12C;
; . -~ . . al (2.

pharmgcologlcally active drug Wlthln cells. To dgte, prodrug 4 CI(30) DBU(30) DMAP (0.2) THE  refux 28
strategies have proved to be an important method in pharmacol- g (4.0) KCO3(2.5) Nal (4.0) acetone reflux 45
ogy for the design and modification of drug candidates, because 6 cI(4.0) DBU (2.5) DMAP (0.2) dioxane reflux 45

they can result in better transport, uptake, and metabolism, all Nal (4.0)

of which are very important factors, together with the bioactivity ~ 7 1(22) KCO:(25) - DMF 1t 24
of the parent compound, in determining ultimate drug efficacy. g : gg; Rngg(()i('g.)O) _DMAP ©.3) d?(')(;)(;:]nee r;eﬂle:(x 1254
In preclinical and clinical studies, increasing the membrane 109 |(50) AgCO43.0) - DMF rt 71
permeability of polar and hydrophilic drug candidates with good 11 1(5.0) AgCO5(3.0) (MeO}P(O)Me (5) DMF 1t 80
inhibitory potency has been widely investigatéd?* For those 12 1(20) A@CO;(5.0) (MeOyP(O)Me (20) DMF  rt 92
candidates with acid functionalities, which have low cell a All of the reactions proceeded overnightisolated yield.

permeability and could therefore cause drug delivery problems,

masking the hydrophilic moieties results in a significant increase studied, AMPteGluy-Glu (2¢) is not a good RFC ligand and is
of the lipophilicity, which can make them good substrates for not effectively taken up by cef$35in the absence of hydrolysis
membrane transpoft. Numerous reports in the literature, by secreteg-glutamyl hydrolasé®37 The POM esters and their
including clinical studies leading to commercial drugs, have parent acids] and2, were evaluated in wild-type CHO cells
shown the value of using esters as prodrugs, among whichas well as a MTX-resistant mutdfand a “rescued” CHO cell
pivaloyloxymethyl (POM) esters are particularly attractive, line arising from transfecting the MTX-resistant mutant with
because they are very hydrophobic and are hydrolyzed (enzy-DNA coding for human RFG?

matic or nonenzymatic) to the parent acid in an irreversible

reaction?6-3! Since the membrane transport barrier is presum- Results and Discussion

ably a major reason the antifolate analoduass ineffective as In our previous work,la was synthesized successfully by
an inhibitor of cell growth> converting the phosphinic  coupling of the free phosphinic acith and acyl azid8 (eq 1)
pseudopeptidéato prodrug esters may be an effective solution which, in turn, was obtained from a pteroic acid analogue
to overcome the transport barrier probléhiderein, we report derived from the coupling of 2,4-diamino-6-(bromomethyl)-
the syntheses of POM esteib(and 1c) and methyl esterl(d) pteridine andN-methylp-aminobenzoic aci#*1640 The syn-
prodrugs of the phosphinic pseudopeptidggFigure 1) and an  thesis of 6§- and 6R)-5,10-dideaza-5,6,7,8-tetrahydrofolic acid
investigation of their chemical stabilities in phosphate buffer and its polyy-glutamate derivatives have recently been reported
and cell line medium. Because FPGS inhibitaris based on using similar method$ Accordingly, based on the same

the MTX heterocycle and the pharmacology of MTX has been strategy, target compoundsb-d and 2d should be accessible

investigated extensiveRf-**two reference compoundgb and as well by reaction of azid@with POM estergtb—d and4f in
2d, prodrug esters of MTX (AMPte-Gliza) and itsy-glutamyl the presence of an appropriate base. POM @tea derivative
conjugate (AMPte-Gly~Glu, 2¢), were also synthesized. of MTX should also be available via coupling & with

The main transport protein involved in the cellular uptake of glutamate di-POM estef7].
MTX and related compounds is the reduced folate carrier (RFC). As a key step, preparation of POM esteMsfCbz-glutamic
On the basis of the ideas discussed above, the prodrug esteracid using a POM halide was then investigated (Tabl& 4.
should not require functional RFC for cell uptake and would When using POM chloride antl-Cbz glutamic acid as the
cross the cell membrane by passive diffusion. However, MTX substrates, the yields were consistently low under several
(2a) requires RFC for uptake, and although not as extensively conditions (Table 1, entries—4), even in the presence of
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With di-POM N-Cbz-glutamates in hand, the synthesis of
L-glutamic acid bis-POM estef, was investigated (Scheme
1). Unfortunately, efforts to remove the Cbz group from the
amino group of the POM esté&mnwere unsuccessful. No desired
product was obtained. Instead, pyroglutamate derivafiaesd
9b were isolated and identified. That suggested that although
the desired free amine di-POM estérwas formed in the
hydrogenolysis, it was not stable. Immediately following its
formation, intramolecular reaction of the amine and POM ester
gave the more stable cyclized product, lac@anpart of which
reacted further with the formaldehyde generated in situ and was
then reduced to yield the-methylated derivativ®b. The use
of Boc,O to trap the free amine as formed during hydrogenolysis
was investigated. Unfortunately, the pyroglutamate derivatives
9a and9b were still the major products, with only 19% of the
desired\-Boc-protected di-POM glutamate obtained. Regardless
of the low yield and the byproducts, the small amounid3oc-
protected POM ester was converted to the amine TFA salt
(7-TFA) and allowed to react with the azidein the presence

catalysts such as silver nitrate and DMAP. Only when sodium of triethylamine. However, this attempted synthesis of POM
iodide was included to effect in situ generation of POM iodide, ester2b was unsuccessful and none of the desired product was
together with an increase in the reaction temperature, wereobserved. The POM ester of theglutamyl dipeptide6 was
modest yields (45%) of the desired product obtained (Table 1, also prepared. Unfortunately, similar to tiNeCbz-glutamic

entries 5, 6). When POM iodide (POM$) was employed

POM esters, removal of the Cbz from the amino group was

directly, an excellent yield was achieved when the iodide and also unsuccessful. After hydrogenolysis, multiple spots were

the additive dimethyl methylphosphon&evere both present

observed on TLC analysis, indicating probable intermolecular

in large excess (Table 1, entry 12). When less iodide and reaction of the amine with the POM ester moiety. This approach
phosphonate were used, the yield was lower but still good (Table was abandoned due to the lability of free amiifesnd8.

1, entry 11). If the additive was not utilized, the yield of the

Another approach to the prodrugs was then pursued, and the

reaction decreased even further (Table 1, entry 10). The use ofretrosynthetic route is illustrated in Scheme 2. In this approach,
POMI under other conditions led to unsatisfactory yields (Table 2,4-diamino-6-(bromomethyl)pteridinklb is used instead of

1, entries #9).

pteroyl azide3 to introduce the heterocycle. This strategy avoids

Scheme 2
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the generation of free amino acid POM esters that would react groups on25awere removed to afford the corresponding free
as described above (Scheme 1). Although the secondary aminecid, which was converted to the POM es&f was then
of N-Me-p-ABA might also be problematic in terms of possible deprotected by hydrogenolysis to gi&9. 2,4-Diamino-6-
reaction with the POM esters, the low nucleophilicity of the (bromomethyl)pteridind1bwas synthesized in situ by reaction
aromatic amine as well as steric hindrance of the adjacent phenylof 2,4-diamino-6-(hydroxymethyl)pteridine hydrochloridéa
and methyl groups should prevent inter- or intramolecular with dibromotriphenylphosphin¥.Upon addition o229to 11b

reaction of the amine and POM. Themethylp-aminobenzoyl-
protected POM ester of the peptide or pseudopeptitieould
be prepared in several ways. In the case of AMPte-Ghu-(
POM)-y-Glu-(a.,y-di-POM) (2d), synthesis of theN-acylated

in the presence of Hig's base, POM est&b was obtained in
good yield.

Encouraged by the successful synthesi2laf synthesis of
our second target compourit], the tris-POM ester of AMPte-

y-glutamyl peptide would be effected through standard solution- Glu-y-Glu (2c), was then investigated. AcR was converted

phase peptide coupling reactiot<ollowed by conversion to
the corresponding tri-POM ester. In the casélof, the prodrug
esters of AMPteGly~[W{P(O)(OH)CHs}]-glutarate (a), two

to the corresponding azid®8 and then reacted with the-tert-
butyl glutamate24b in the presence of tetramethylguanidine
(TMG) to give acid25b, which was then converted to the

routes are available. One is through an Arbuzov reaction of the corresponding acyl azide by reaction with diphenylphosphoryl

2-amino-4-bromobutyraté6 with phosphinic acidl5 (route
A).4546 Phosphinic acidl5 could be obtained via a Michael
addition of (TMSO)PH to a-methyleneglutaraté&7.4”48 Bro-
mide 16 could be prepared from 2-amino-4-hydroxybutyrb®e
which is derived from 2-aminobutyrolacto28. The other route
is through a Michael addition of the phosphinic adifl to
a-methyleneglutaratd? (route B). Phosphinic acid8 could
be synthesized from vinylglycin2l by a radical reaction with
ammonium hypophosphite under Montchamp’s conditfof.

azide. Reaction of the resulting azide andeati-butyl glutamate
(249 afforded tritert-butyl ester26 in excellent yield. Treatment
of 26 with TFA gave the triacid, which was esterified to the
corresponding POM est@8 under the standard conditions. The
Chbz group of tris-POM estét8 was removed by hydrogenolysis
to give the coupling partne0. The resulting secondary amine
was allowed to react with1lb, generated in situ from1a to
give the AMPteGluy-Glu-tri-POM ester2d in good yield.

With the successful synthesis of prodrug estsand 2d

completed, a similar approach to synthesize the prodrug esters
of AMPteGlu+y-[W{P(O)(OH)CH}]-glutarate was then inves-
Accordingly, the syntheses of prodrug estérand 2 were tigated, initially via using the Arbuzov reaction (Scheme 2, route
then pursued. POM est2b was first synthesized starting from  A). Accordingly, efforts were made to synthesize the phosphinic
acid 22, as shown in Scheme 3. By using the same conditions acid35 (Scheme 4). The dimer of methyl acryl@Rawas first
used previously to synthesize pteroyl azi8eacid 22 was prepared following a literature procedure in which hydroquinone
converted in situ to the corresponding az&&'*5which was was used as an additiVé However, the yield of the desired
then allowed to react with dert-butyl L-glutamate 244 to dimer was quite low (ca. 30%). Since hydroquinone usually is
give compound®5a By treatment with TFA, the tweert-butyl used to prevent polymerization reactions, we carried out the

N-Protected vinylglycine1 could be derived from aminobu-
tyrolactone20 following a procedure developed by our gra®
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Scheme 4
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dimerization in its absence with encouraging results. Neat methyl during attempted removal of the Cbz group frafmCbz-

acrylate was treated with tn-butyl phosphine at low to ambient
temperature to yield the dimerized methyl es8a in an

glutamic acid bis-POM estés (Scheme 1).
In addition to pursuing the synthesispfbromo-POM ester

acceptable yield, the best yield reported to date. Under the same39, we also investigated conditions to realize the Arbuzov

conditions, ditert-butyl a-methyleneglutarate82b was also
synthesized in good yield. Dim&2awas then hydrolyzed to
give the free acid33 in nearly quantitative yiel§ Upon
treatment of acid33 with the POMI under the standard
esterification conditions, di-POM-methyleneglutaratd4 was

reaction between a''Pspecies and a relatedbromo este#1
(Scheme 6). Estetl was first synthesized by coupling a@@
with the methyl ester of 2-amino-4-bromobutyric acid. However,
reaction of the phosphinic acBb with the methyl este41 under
Regan’s conditiorf§ failed to provide the desired pseudopeptide.

obtained in modest yield. Subsequently, reaction of the POM A model reaction was then investigated using a smallér P
ester34 with the P species generated in situ under Regan’s species,44 (prepared in situ by the reaction of ammonium

conditiong® gave the desired phosphinic ad8 in excellent
yield.
With the phosphinic aci®5 in hand, synthesis of bromide

hypophosphite and hexamethyldisilazine), which was combined
with alkyl bromide41. Unfortunately, under several different
conditions, the desired Arbuzov substitution reaction was not

39, the other component for the Arbuzov reaction, was observed (Scheme 6). These failures are not surprising on the

investigated (Scheme 5). Azi@3 was generated in situ from

basis of several examples in the literature that document

acid 22 as described above (Scheme 3) followed by reaction intramolecular attack of the amide carbonyl group at a distal

with a.-aminobutyrolacton@0 to give lactone36 in excellent

carbon bearing a good leaving grot®354In the present case,

yield. The lactone was then hydrolyzed by treatment with intramolecular cyclization presumably occurred in which the

sodium hydroxide to afford the-hydroxybutyric acid37, a
proposed precursor of POM est&®. Unfortunately, afte37

amide carbonyl 089 or 41 attacked the’-bromide. On the basis
of these results, this approach was abandoned.

was treated with POMI under the standard conditions, no POM  Therefore, an alternate approach (Scheme 2, route B) to the

ester 38 was isolated. Instead, reversion to lactd® was
observed. A possible explanation may be that 8Zidias indeed
esterified to the corresponding POM esB& However, under
basic conditions, the hydroxy group at theosition attacked
the POM ester moiety to yield the lactor86. This facile

target phosphinate esters via Michael addition of a phosphinic
acid to ano-methyleneglutarate was explored starting from
N-Cbz-vinylglycine estergt6 (Scheme 7)8 To establish the
viability of this approach in the synthesis of ester derivatives
of pseudopeptidéa, synthesis of methyl estéd was explored.

intramolecular reaction is reminiscent of what was observed Formation of the first phosphoragarbon bond was effected
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Scheme 6
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by reaction of the vinylglycine methyl estééawith ammonium

OMe COMe

51

the secondary amine precurdst, which was allowed to react

hypophosphite in the presence of triethylborane open to the airwith pteridinylmethyl bromidel 1b generated in situ fromla
for several hourd® Addition of the resulting phosphinic acid  Interestingly, the isolated product was not the expected tetra-
47ato the Michael acceptor, dimethytmethyleneglutaratd2a, methyl ester but the diisopropylethylamonium salt of the
using BSA as the 'P initiator afforded theN-Cbz-protected phosphinic acid (POH), in which the methyl ester (FOMe)
phosphorus-containing pseudopeptide, which was methylatedwas removed. The salt was converted to the desired phosphinic
by trimethylsilyl diazomethane (TMSCHI¥® to give the acid 1d by treatment with Dowex-H.
tetramethy! este48a'® Removal of the Cbz group onthe amino  pemethylation of the phosphinic methyl ester may be due to
group of 48a by hydrogenolysis yielded the free amid8a the presence of bromide ion formed in the reaction, since
which was allowed to couple with acié2 to afford the key  phosphonic acid alkyl esters can be dealkylated by halide anion
intermediate50a for the prodrug estedd, and a possible  (Figure 2, path AF65”However, the use of AgOTf as a bromide
precursor to prodrug esteth andlc. ion scavenger failed to intercept the demethylation reaction.
Removal of the Cbz group of the tetramethyl ester of the Because the amount of the dibromotriphenylphosphine used in
phosphinate pseudopeptifi@aby hydrogenolysis in THF gave  the in situ formation ofllb from 1la was in excess, it is
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Figure 2. Possible mechanisms of demethylation of phosphinic acid P-O-methyl esters.
Scheme 8
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53
+
additional partially esterified products

possible that the reaction proceeded via an alternate mechanismof a methyl ester was chosen since tag-butyl groups can be
(Figure 2, path B). Which of the two pathways is operative easily removed with an acidic reagent, such as TFA. Following
remains to be determined. the procedure employed to synthesize tetramethyl pseudopeptide
Encouraged by the successful synthesis of the methyl ester50a the corresponding tritert-butyl estel50b was synthesized
1d, research on the synthesis of POM estbrwas initiated. (Scheme 7) starting witN-Cbz-vinylglycinetert-butyl ested6b
With the tetramethyl phosphinic pseudopeptiiza in hand, (see Supporting Informatiof§§:5 Treatment of46b with am-
hydrolysis of the methyl esters to give the corresponding monium hypophosphite and triethylborane in methanol open to
tetraacid, for conversion to the desired POM edi8rwas air afforded the phosphinic ac#&l’b. Compound47b was then
investigated (Scheme 8). However, hydrolysis of the tetramethyl allowed to react with BSA to form the corresponding nucleo-
ester to its free acid proved to be surprisingly slow. Several philic P'"" species followed by reaction with -trt-butyl
attempts using lithium hydroxide or sodium hydroxide in a a-methylene glutaratd2b to afford the corresponding ttert-
mixture of methanol and water failed, either at room temperature butyl phosphinic acid, which was reacted with TMSCHN
or at reflux.!H NMR spectra of the isolated products indicated to give the desired pseudopeptid8b. The Cbz group was
incomplete hydrolysis of the methyl esters. Initially, it was then exchanged fdd-Me-p-ABA simply by hydrogenation and
thought that the phosphinic acid methyl ester was the most coupling with acid22 in the presence of EDC to provide the
difficult to hydrolyze. However, after the methyl ester of the desired key intermediatBOb. Surprisingly, treatment of the
phosphinic group was hydrolyzed using thiophenol and triethyl- pseudopeptidé0b with TFA for 2 h gave a 5:1 mixture of two
amine$®5°further hydrolysis of the resulting trimethyl ester still  products, one of which (minor) was the expected tri-
could not be completed. Because the completely hydrolyzed acid containing a POMe ester, while the other was the fully
and incompletely hydrolyzed products were difficult to separate hydrolyzed tetraacicb2. Reaction of the mixture with TFA
and the nonhydrolyzed sites were difficult to determine, use of overnight led to complete hydrolysis of compouB@b to
the crude hydrolysis product to prepare the corresponding POMgive 52 (Scheme 8). This result indicates that the phos-
ester is untenable. phinic acid methyl ester is as sensitive to acidic hydrolysis
Considering the fact that the carboxylic methyl esters cannot as are the carboxylic acitkrt-butyl esters. Tetraaci2 was
be hydrolyzed completely under standard basic conditions, butthen used in an attempt to prepare the corresponding tetra-
that the phosphinic acid methyl ester can be removed during POM ester53 using POMI under the standard conditions.
the subsequent coupling reaction with 6-(bromomethyl)pteridine However, the yield 063 was very low (ca 10%), in addition to
11b (Figure 2), another approach to the synthesis of POM estera mixture of partially esterified mono-, di-, and tri-POM
53 was pursued. The use oftert-butyl ester precursor instead  esters'?
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Scheme 9
o) Cbz
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Given the inability to convert free tetraad@ to the plesired Table 2. Initial Cytotoxicity Data for Prodrug Forms of FPGS
POM ester precursof3, a strategy was adopted to install the  supstrates and Inhibitors (Chinese hamster ovary cells; 7 i®1)
POM ester on the precursors prior to the formation of either
. i compd  Pro-3 R2 43-10 compd Pro-3 R2 43-10
C—P bond of the phosphinate pseudopeptide. It was found that P P

: ; la  >1000 >1000 >1000 2a 5 350 5
POMI is stable to ovgrnlght exposure (rqom temperature). to  p ~1000 >1000 800  2b 8 350 9
aqueous Nz5,03 solution (Y. Feng, unpublished results). This 1c 700 350 250 2c 20 350 3
suggested that perhaps the POM ester moiety of a phosphinate 1d 500 >1000 300 2d 6 75 5

pseudopeptide would survive exposure to the numerous aqueous-

organic extractions in a multistep synthesis if att® bonds formation of the desired tri-POM est&0 in 46% yield over
were synthesized under acidic or neutral conditions after three steps. Removal of tieCbz group of tris-POM pseudopep-
installation of the POM esters on the N-terminal and C-terminal tide 59 afforded the secondary ami®®. Reaction of60 with
fragments. This approach was then investigated (Scheme 9).11b (generated in situ frori1g) led to a mixture of POM ester
Initially, methyl 4-bromobutyratetl was converted to phe- 1b and the corresponding free phosphinic add, the latter
nylselenide54, which, following hydrolysis to the free ackb, presumably arising from halide-mediated demethylation (Figure
was esterified with POMI to give POM esté6 in excellent 2). Methylation of the mixture with ChN; in EtOAc led to
overall yield. It should be noted that the successful use of alkyl POM esterlb, in modest yield. Since HPLC data showed that
bromide 41 as the electrophilic partner in the synthesis of the substitution reaction betwed0 and 11b, followed by
selenideb4 is in marked contrast to the failure 41 to undergo treatment with CHIN,, proceeded with complete consumption
reaction with two nucleophilic'® species, derived frorg5 and of 60 to yield a mixture oflb and triphenylphosphine oxide,
42, in the attempted synthesis b (Scheme 5) and5 (Scheme the modest yield of the last step may be due to the lability of
6), respectively. Evidence for the attenuated nucleophilicity of the POM ester to nucleophiles such agHand MeOH under
P species in reactions with unactivated alkyl halides has beenconditions used for purification by preparative HPLC or
reported previously® preparative TLC.

Neutral conditions were chosen to carry out the oxidative  Biological Data and Hydrolytic Stability. Cytotoxicity
elimination of the phenylselenide moiety to afford the corre- assays were carried out in collaboration with Prof. Larry
sponding olefif?2 The POM ester56 was heated at reflux ~ Matherly, Karamanos Cancer Center and Department of Phar-
temperature in a mixture of @, and THF. As expected, the = macology, Wayne State University, Detroit, MI. Five prodrug
oxidative elimination reaction proceeded very smoothly and the esters {b-1d, 2b, 2d) of the phosphinic acid-containing
desired N-Cbz-vinylglycine POM estei57 was obtained in pseudopeptidda, methotrexate?a, and itsy-glutamyl “con-
excellent yield. This result showed that under these conditions, jugate” 2c, were evaluated in three cell lines derived from
the POM ester is stable. Encouraged by this re&dtwas Chinese hamster ovaries (CHO). These included wild-type cells
subsequently converted to the H-phosphinic a6l using Pro3, with a fully functional reduced folate carrier (RF€x
Montchamp’s phosphorus radical reactiér?Michael addition mutant cell line, R2, which is ca. 70-fold less sensitive to
of 58to di-POM-a-methyleneglutarate3@) was accomplished  antifolates due to a marked decreased expression of R&@]
by BSA-mediated, in situ generation of the nucleophilic bis- the cell line 43-10, in which sensitivity to antifolates has been
TMS derivative of58 and monitoring of the reaction b3$!P restored as a result of transfection of RFC cDNA to R2 cells,
NMR.16 The use of TMSCHM in a mixture of toluene and  thereby restoring high sensitivity to MTX.As shown in Table
methanol to trap the resulting phosphinic acid as its correspond-2, pseudopeptideka—d were uniformly ineffective in all cell
ing methyl esteb9 resulted in complete methanolysis of the lines. However, the prodrug forms of MTX (AMPteGlu) and
POM ester. However, use of GN, in EtOAc resulted in its y-glutamyl conjugate, AMPteGlyGlu, were effective and
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Table 3. Half-Lives of the Prodrugs in Phosphate Buffer and Cell
Mediun?

ty2 (h)

phosphate buffer cell mediun®
compd (20 mM, pH 8.0) (pH 8.0)
1b 3 1
1c 8 3
1d >100 _c
2b 35 2
2d 0.8 0.5

aDetermined by HPLC? RPMI-1640 medium¢ Not determined.

in several cases equipotent with the parent compound_2be.,
vs 23, 2d vs 2c. As noted in the Introduction, the POM esters
of MTX and itsy-glutamyl conjugate were synthesized for use
as controls. It was anticipated that the prodrug fo2bsand

2d would cross the cell membrane by diffusion, after which
the esters would be hydrolyzed to provide MTX or AMPteGlu-
y-Glu, respectively.

These data suggest that hydrolysis of the prodrug esters is

occurring, either via an enzyme-catalyzed or nonenzymic route,
prior to and/or after entering the cell. If true, the resulting
y-glutamyl peptide derived fror@d would be a substrate for
y-glutamyl hydrolase (GH, EC 3.4.19.9), a secreted cysteine
peptidasé/ leading to free MTX 2a). However, the free acid-
containing phosphinic acid pseudopeptide, the desired
hydrolysis product oflb, 1c, and 1d, does not penetrate the
cell membran® and cannot be a GH substrate. Thus, extra-
cellular hydrolysis of all esters moieties bH—1d, 2b, and2d
would lead, respectively, to a highly polar phosphapeptiae
which is unable to cross the cell membrane or to free MTX
(2a), the latter either directly fron2b or via GH-catalyzed
hydrolysis of the isopeptide bond @t following ester hy-
drolysis @d — 2c— 24a).53 The proposed extracellular hydroly-
sis would explain the cytotoxicity data, i.e., the small effect of
the POM ester moieties on cell penetration and cytotoxicity of
phosphinic acid pseudopeptidds—d vs toxicity of POM esters
2b and 2d, which suggest ultimate hydrolysis to MTX4).
Similar results were obtained in vivo wi2b vs 2a and have
been reported in the patent literatdfdt should be noted that
the free phosphinic acidslc and 1d, have considerably
improved solubility when compared to the-PMe esterlb.
These solubility differences may explain the marginal improve-
ment in cytotoxicity noted fodc and 1d vs 1b.

A search of the literature revealed a paucity of kinetics data
on the hydrolysis of POM esters in aqueous buffer or cell
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Figure 3. Hydrolysis of AMPteGIuPOM (2b) in phosphate buffer
(20 mM, pH 8.0, 5% DMSO). Data for the hydrolysis 2 (®) are fit

to a pseudo-first-order kinetics equation. Formation of the mono-POM
derivatives f, 0O) is fit to a rectangular hyperbola. Following a lag
period of ca. 3 h, formation of MTX2a) (O) occurs with a linear
dependence on time.

second mono-POM derivative, which in turn was formed slightly
faster than the completely hydrolyzed product, MT2€) The
overall hydrolysis scheme can be summarized as follows:
AMPteGlu(,y-OPOM) (2b) — AMPteGlu(- or y-OPOM)

— AMPteGlu(@- or y-OPOM)— AMPteGlu 2a). On the basis

of steric considerations, we hypothesize thattHeOM ester

of 2bis more labile than the-POM ester, thus leading to initial
rapid hydrolysis of the/-POM ester and slower hydrolysis of
the o-POM ester. Formation of the free acid MTX4) is
observed, albeit at a rate indicating that hydrolysis of the initially
formed major product is slow. After prolonged reaction (115
h), the observed products were a mono-POM ester (ca. 60%),
presumed to be AMPteGlo{OPOM-+-OH), and2a (ca. 40%),
with none of the initially formed minor product, presumed to
be AMPteGluf{-OH-y-OPOM), remaining.

Hydrolysis of AMPteGlug-OPOM)-/-Glu(c,y-OPOM) (2d)
proceeded much more rapidly;4 = ca. 0.5 h) than was
observed with2b (data not shown). However, it was soon
determined that the product of this reaction was not the
corresponding free acid but rather a pyroglutamic acid derivative

medium. Therefore, we undertook a study of the stability of 61, resulting from intramolecular reaction of the peptide nitrogen
the four prodrug esters in phosphate buffer (20 mM, pH 8.0) on they-POM ester moiety (Scheme 10). Subsequent hydrolysis
and also in cell medium (RPMI-1640, pH 8.0). A comparison of each of the remaining twa-POM esters occurred with»

of prodrug half-lives determined in phosphate buffer and cell = ca. 4 h in phosphate buffer, thus providing an estimate for

culture medium is given in Table 3. As expected on the basis
of literature precederi, POM esterslb, 1c, 2b, and2d were
more labile than the methyl est&d. The more rapid reaction

of prodrug esters in cell medium vs phosphate buffer is
presumably due to the presence in medium of numerous oxygen
nitrogen, and sulfur nucleophiles (e.g., amino acids, glutathione,
vitamins, etc.) in addition to water.

The wide variety of nucleophilic reactions other than hy-
drolysis that are possible in cell medium led us to focus a more
detailed analysis of the hydrolytic stability of prodrug esters
1b—d, 2b, and2d in phosphate buffer, pH 8.0, as described
below. The bis-POM ester of MTX, i.e., AMPteGluf-
OPOM,), 2b, was the first compound studied in detail (Figure
3). Product analysis (LEMS) revealed that a product contain-
ing only one POM ester was formed much more rapidly than a

Scheme 10
O CO,POM
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Figure 4. Hydrolysis of AMPteGIu[P(O)(OMe)|GIuPOM (1b) in
Phosphate buffer (20 mM, pH 8.0, 5% DMSO). Data for the hydrolysis
of 1b (@) are fit to pseudo-first-order kinetics. Formation of the bis-
POM derivative(s) [{) is fit to a rectangular hyperbola. Following a
lag period of ca. 3 h, formation of the mono-POM derivativey (
occurs with linear dependence on time. At any time point, the sum of

peak percentage data is not 100% due to the formation of several
unidentified minor products during these experiments as monitored by

HPLC.

the rate of hydrolysis ofi-POM esters in related compounds
of interest in this research.

Hydrolysis of phosphapeptidd$—1d each proceeded at a
very different rate with half-livesfa h (1b, Figure 4) 8 h (Lc,
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Figure 5. Hydrolysis of AMPteGIlu[P(O)(OH)]GIuPOM (1¢) in
phosphate buffer (20 mM, pH 8.0, 5% DMSO). Data for the hydrolysis
of 1c (@) are fit to pseudo-first-order kinetics. Formation of the bis-
POM derivative(s) [0) is fit to a rectangular hyperbola. Following a
lag period of ca. 6 h, formation of the mono-POM derivativey (
occurs with linear dependences on time. At any time point, the sum of
peak percentage data is not 100% due to the formation of several
unidentified minor products during these experiments as monitored by
HPLC.

Figure 5), and>100 h (Ld, data not shown). These results are
consistent with the literature reports that the POM esters are
more susceptible to hydrolysis than the corresponding methyl
ester$®> LC—MS data indicate that the tris-POM derivatives,

Scheme 11
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1b and 1c, react initially to form a mixture of bis-POM  1b of phosphinate pseudopeptidia allows for the installation
derivatives, followed by a much slower loss of POM esters to of varied ester moieties on different carboxylic acids, to give
produce the free acida, via a series of mono-POM derivatives. additional prodrug candidates for structutivity relationship
The difference in hydrolysis rates of bis-POM species derived (SAR) investigations.

from the P-OMe (1b) and P-OH (1¢) derivatives presumably All newly synthesized pseudopeptidé) (and peptide )
reflects the fact that ther-esters are closer to the central prodrugs were evaluated in three cell lines derived from Chinese
phosphinic ester or acid, respectively, than the initially hydro- hamster ovaries (CHO), including wild-type cells with a fully
lyzedy-ester. The phosphinic acitt is ionized at pH 8.0 and  functional reduced folate carrier (RFC), a mutant cell line with
the more proximalo-esters may be less prone to attack by decreased expression of RFC, and a cell line in which RFC
negatively charged nucleophiles such as hydroxide ion. After a function has been restored by transfection of RFC-deficient CHO
more extended reaction time (24 h), the distribution of the bis- cells with human RFC cDNA. Although the pseudopeptide
POM:mono-POM derivatives of botth and1cwas determined prodrugslb—d were ineffective in all cell lines, prodrug&h

to be ca. 2:1. These are thought to be;th@ OOH, bise.-POM and2d were effective and in several cases equipotent with their
ester derivative and a mixture of twoCO,H, mono«-POM parent compounds, MTX and ifsglutamyl conjugate2a and
esters, derived from precursors containing fre€O,H and free 2c, respectively. The cytotoxicity data suggested that hydrolysis
o-CO,H, respectively, assuming that hydrolysis of thester of the prodrugs esters may have occurred prior to entering the
is faster than ther-ester as hypothesized above. cell. Thus, the hydrolysis rate of the prodrugs was investigated

The postulated hydrolysis pathways are shown in Schemein both phosphate buffer (pH 8.0) and cell line medium (pH
11, in which hydrolysis at the-ester, indicated in bold, leads  8.0). In phosphate buffer, all of the prodrugs, except the tris-
ultimately to one bis-POM ester and two mono- POM esters. methyl esterld, could be hydrolyzed with the loss of a single
Only small amounts of the final product, a triacid*(R Me) POM moiety within a few hours. In cell line medium, the initial
from 1b or tetraacid {a, R! = H) from 1c, were observed under  hydrolysis rates of the prodrugs were even faster. The results
these conditions. All routes to these final products involve a indicate that POM ester prodrugs of substituted glutamic acid
combination of hydrolytic reactions at oneester and two  (€.9., MTX and itsy-glutamyl conjugates, or phosphinate
a-esters, with the latter being rate-limiting and, in the event, pseudopeptides) contain one hydrolytically sensitive POM ester
preventing significant formation dfa or its P~-OMe ester. moiety, presumably at the more accessible C-termjredr-

The research described in this paper (Figures 4 and 5, Schemd0xyl group. Hydrolysis of the remaining POM esters, presum-
11) provides the first data on the hydrolytic lability of isopeptide ably at thea-carboxyl group(s), is much slower. The latter esters
prodrug esters in phosphate buffer and cell medium, pH 8.0. May be sub;trates for ceIIuIa_lr esterases, a hypothesis that is
The results obtained witlib—d indicate that spontaneous currently being tested experimentally. Since the C-terminal
hydrolysis of the prodrug esters does not lead to the parent?-POM ester is assumed to be the most labile, its removal in
compoundsla. In addition, the high lipophilicity of POM esters ~ future prodrug candidates may be appropriate. The desired
1b (log P = 3.50),1c (log P = 2.21),2b (log P = 2.54), and lipophilicity o_f prodrug esters results in poor aqueous solubility,
2d (log P = 2.90), results in solubility problems that have been & chara}cterlstlc that could be partially .amellorated by the
noted by otheré266 Thus, hydrolytic stability combined with ~ Synthesis of prodrug esters pfglutamyl peptides or pseudopep-
poor aqueous solubility leads to poor bioavailability of this initial  tides containing a free C-terminatcarboxylic acid. Research
series of pseudopeptide prodrugs. Studies on the lability of these@n the development of this and other second-generation prodrugs
esters in cell lysates and with cloned esterases are underway®f 1ais currently underway in our laboratory.
and the results will be reported in due course. Future research

will focus on the synthesis and evaluation of compounds with Experimental Section

alternate prodrug esters and/or containing a fregarboxyl General ProceduresAll reactions involving moisture-sensitive
group, both of which should result in compounds with better reagents were carried out under an inert atmosphere of nitrogen or
solubility properties as well as improved bioavailability. argon in oven-dried glassware. All solvents used in moisture-

sensitive reactions were dried as follows. Tetrahydrofuran and
toluene were freshly distilled over sodium/benzophenone. Dichlo-
romethane was freshly distilled over CaHrriethylamine was
Several routes to synthesize prodrug esters of methotrexatedistilled from KOH and stored ovet A molecular sieves. Thin-
its y-glutamyl conjugate, and a phosphinate pseudopeptide werel@yer chromatography was performed with aluminum-backed silica
investigated. The most effective method for synthesis of a 9€! 60-F254 plates. Column chromatography was performed with
pseudopeptide POM ester prodrug uses N-Cbz vinylglycine silica gel 60 (236-400 mesh) according to the protocol of Still et

. . . .~ al.¥” When applicable, column chromatography was carried out by
POM ester as the key intermediate to incorporate the N-terminal using the CombiFlash system (ISCO, Inc.) for better separation.

C—P bond andd,y-bis-POM)a-methyleneglutarate to set the  \ejting points were taken on a Thomas-Hoover Mel-Temp ap-
C-terminal P-C bond. Several other approaches proved to be paratus and are uncorrected. All NMR spectra were recorded on a
impractical for a variety of reasons. POM esters were found to Bruker AVANCE DRX300 300-MHz or AVANCE DRX500 500-

be quite stable under neutral or mild acidic conditions but more MHz spectrometefH NMR spectra were recorded and are reported
labile under basic conditions. However, hydrolysis of the as follows: chemical shifts in ppm downfield from internal
phosphonic pseudopeptide tetramethyl ester was ineffectivetetramethylsilane with multiplicity, integrated intensity, coupling
under common basic conditions, whereas while the phosphinic constant in hertz:*C NMR spectra were obtained at 75 or 126

; ; . ; MHz and referenced to tetramethylsilane. Assignment oflthe
acid P-OMe moiety was sensitive to acid, such as TFA, and . >
also to halide ion. )(llonditions required to effect phospherus and%C peaks was aided by acquisition of DEPT and 2D spectra

bon bond f i IS0 i tivated and optimized (COSY, HETCOR) of the compounds. Unless otherwise mentioned,
carbon bond formation were also investigated and opumized. o reagents used were purchased from Aldrich or Fisher. Am-

Prodrug esterslb, 1d, and 2b and 2d were synthesized  onium hypophosphite was purchased from Fluka and dried over
successfully by coupling of 2,4-diamino-6-(bromomethyl)- p,0; under vacuum for 2 days at room temperature prior to use.
pteridine with theN-p-ABA derivatives of peptide or pseudopep-  Analytical HPLC method A: flow rate, 1 mL/min; eluant A,
tide esters. Moreover, the synthetic route to the tris-POM ester phosphate buffer (20 mM, pH 7.0); eluant B, acetonitrile; gradient,

Conclusion
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0 min, 2% B, 35 min, 50% B, 90 min, 50% B; column, Chrompack
Kromasil 100 C18, 250< 4.6 mm. Analytical HPLC method B:
flow rate, 1 mL/min; eluant A, ammonium acetate buffer (20 mM,
pH 6.5); eluant B, acetonitrile; gradient, 0 min, 2% B, 30 min,
80% B, 40 min, 80% B; column, Chrompack Kromasil 100 C18,
250 x 4.6 mm). Detection was by UV/vid, = 254 and 310 nm.
Pivaloyloxymethyl iodide (POMI) was prepared according to the
literature?® decolorized with saturated aqueous Magsolution,
and purified by distillation (bp 6466 °C/10-11 mmHg, lit*3 bp

35 °C/0.1 mmHg).N-(N-Cbz+-glutamyl+)-L-glutamic acid!* as
well as compound4151:68:6922 70 24571.72 24}, 71.73 40,16:50 and

4631 were prepared according to the literature procedure. Experi-

mental details on the synthesis 46b from 40, via oxidative
elimination of a selenide, are given in the Supporting Information,
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171.42, 161.23, 80.11, 49.70, 38.81, 27.23, 21.32, 21.14. Further
elution (EtOAc:hexanes: 3:1, Ry = 0.2) to give 21 mg (40%) of

9b as a colorless oitH NMR (CDClg): 5.85 (d,J = 5.5 Hz, 1H),

5.79 (d,J = 5.5 Hz, 1H), 4.16-4.17 (m, 1H), 2.85 (s, 3H), 2.34

244 (m, 3H), 2.052.06 (m, 1H), 1.21 (s, 9H)}C NMR
(CDCly): ¢ 177.42, 171.45, 161.34, 80.23, 49.82, 38.81, 30.25,
27.23, 21.45, 21.01.

Di-tert-butyl N-[4-(N-benzyloxycarbonylIN-methyl)aminoben-
zoyl]-L-glutamate (25a).Diphenylphosphoryl azide (1.375 g, 5
mmol) and triethylamine (505 mg, 5 mmol) were added into a
solution of acid22 (1.14 g, 4 mmol) in 5 mL of DMF. The solution
was stirred at room temperature for 2.5 h.tBit-butyl L-glutamate
24a(1.554 g, 6 mmol) and another portion of triethylamine (606
mg, 6 mmol) were added. The resulting reaction mixture was then

since such details and spectral data are not available in thestirred at room temperature overnight. The resulting turbid mixture

literature80.61

Bis(pivaloyloxymethyl) N-benzyloxycarbonyl+ -glutamate (5).
To a solution ofN-Cbz4-glutamic acid (281 mg, 1 mmol) in 5
mL of DMF was added silver carbonate (828 mg, 3 mmol), dimethyl

methylphosphonate (620 mg, 5 mmol), and POMI (1.21 g, 5 mmol).

was poured into 200 mL of EtOAc and washediwit N HCI,
NaHCQ;, and brine. After being dried over h&O,, the solvent
was removed on a rotary evaporator to give a yellow oil as the
crude product, which was purified by flash chromatography (EtOAc:
hexanes= 1:1, Ry = 0.6) to give 2.1 g (90% over two steps) of

The color of the resulting mixture changed from gray greenish to 25aas an oil.*H NMR (CDCl): 6 7.81 (d,J = 8.52 Hz, 2H),

yellowish slowly. The resulting mixture was kept at room temper-

ature overnight and the precipitate was moved by filtration. The
residue was washed with EtOAc. Some precipitate was formed in

the filtrate again. The filtering operation was repeated twice until

7.33 (m, 5H), 7.08 (d) = 7.34 Hz, 1H), 5.18 (s, 2H), 4.664.68

(m, 1H), 3.35 (s, 3H), 2.202.44 (m, 3H), 2.042.09 (m, 1H),
1.41-1.50 (m, 18H)13C NMR (CDClk): 173.04, 171.69, 166.69,
155.45, 146.57, 136.65, 131.36, 128.92, 128.51, 128.32, 128.17,

the filtrate was clear. The filtrate was then combined, washed with 125.40, 82.82, 81.28, 68.02, 53.30, 37.80, 32.05, 28.45, 28.42,

saturated NaHC@and brine, and dried over NaSOrhe solvent

was removed to give a yellow oil as the crude product, which was

purified by flash chromatography (EtOAc:hexared:5,Ri = 0.4)
to yield 409 mg (80%) ob as a colorless oifH NMR (CDCl):
0 7.32-7.42 (m, 5H), 5.745.91 (m, 4H), 5.45 (s, br, 1H), 5.2
5.21 (m, 2H), 4.47 (s, br, 1H), 2.42.54 (m, 2H), 2.252.27 (m,
1H), 2.01-2.06 (m, 1H), 1.26-1.32 (m, 18H)23C NMR (CDCh):

27.81. ESI-HRMS 1{v2): calcd for GgHzgN,O/Na [M + NaJ*
549.2577, found 549.2592.

o-tert-butyl N-[4-(N-benzyloxycarbonylN-methyl)aminoben-
zoyl]-L-glutamate (25b).Diphenylphosphoryl azide (206 mg, 0.75
mmol) and triethylamine (101 mg, 1 mmol) were added into a
solution of acid22 (75 mg, 0.5 mmol) in 2 mL of DMF. The
solution was stirred for 2.5 hu-tert-butyl glutamate24b (102 mg,

177.46, 177.26, 171.62, 171.01, 156.35, 136.46, 129.10, 128.92,0-> mmol) and tetramethylguanidine (138 mg, 1.2 mmol) were
128.78. 128.62. 128.51. 80.32. 80.04. 67.53. 53.48. 39.01. 38.80 added and dissolved in 5 min. Two days later, the solvent was

30.17, 27.43, 27.28, 27.21, 27.18. ESI-HRM#Z): calcd for

CasH3sNOgNa [M + NaJt 532.2159, found 532.2161.
Bis(pivaloyloxymethyl) N-[N-benzyloxycarbonyl-a-pivaloyl-

oxymethyl-L-glutamyl-y]-L-glutamate (6). To a solution of the

N-(N-Cbz+-glutamyl+)-L-glutamic acid (100 mg, 0.36 mmol) in

5 mL of DMF was added dimethyl methylphosphonate (446 mg,

3.6 mmol) and AgCO; (607 mg, 2.2 mmol) followed by the

removed. The residue was acidified with 5% citric acid and
extracted with EtOAc. The extracts were washed witf©OHand
brine and dried over N&O,. Purification of the crude product with
silica gel column chromatography (methanol: L = 1:15,R =
0.3) gave 146 mg (86%) of the desired product as a yellowHdil.
NMR (CDCl): 6 10.30 (s, br, 1H), 7.80 (d] = 8.61 Hz, 2H),
7.28-7.38 (m, 7H), 7.11 (d) = 7.50 Hz, 1H)), 5.30 (s, 2H), 4.68
4.75 (m, 1H), 3.33 (s, 3H), 2.4%2.53 (m, 2H), 2.272,32 (m,

addition of POMI (871 mg, 3.6 mmol). Some gas was released. 1H), 2.03-2.10 (m, 1H), 2.17 (s, 9H}C NMR (CDCk): 0 177.75,
The color of the suspension changed from gray to yellow. The 177 59 167 66, 155.52, 146.69, 136.55, 131.00, 128.95, 128.57,
mixture was then stirred under room temperature for 18 h. The 128.36, 128.24, 125.41, 83.32, 68.12, 53.05, 37.77, 30.69, 28.40,
precipitate was filtered off, and the filtrates were poured into 200 5g 03 ESI-HRMS 1ifV2): caled for GsHaN,O:Na [M + NaJ*

mL of EtOAc. The whole mixture was washed with saturated
NaHCG; and brine and dried over NaO,. Removal of the solvent
gave a yellow oil as the crude product, which was purified with
flash chromatography (EtOAc:hexanesl:2, R = 0.55) to give
126 mg (70%) of6 as a colorless oitH NMR (CDCly): 6 7.32

(s, 5H), 6.60 (dJ = 7.34 Hz, 1H), 5.59-5.88 (m, 6H), 5.03 (s,
2H), 4.54-4.61 (m, 1H), 4.33-4.35 (m, 1H), 2.39-2.43 (m, 2H),
2.26-2.31 (m, 2H), 2.152.16 (m, 2H), 1.952.00 (m, 2H), 1.18
(s, 27H).13C NMR (CDCk): ¢ 177.55, 177.48, 177.29, 172.29,

493.1951, found 492.1954.

Di-tert-butyl N-{a-tert-butyl- N-[4-(N-benzyloxycarbonylN-
methylamino)benzoyl]+-glutamyl-y} -L-glutamate (26)Diphen-
ylphosphoryl azide (330 mg, 1.2 mmol) and triethylamine (151 mg,
1.5 mmol) were added into a solution of a&isb (470 mg, 1 mmol)
in 3 mL of DMF. The solution was stirred for 2.5 h. Bat-butyl
L-glutamate (102 mg, 0.5 mmol) and tetramethylguanidine (173
mg, 1.5 mmol) were added. The turbid resulting mixture was then
kept at room temperature overnight. The resulting mixture was

171.73, 171.18, 170.83, 156.55, 136.54, 128.90, 128,57, 128.49,,q 1red into 200 mL of E{OAC and washed Wi N HCI (40 mL
80.35, 80.25, 80.11, 67.46, 53.76, 51.88, 46.42, 39.12, 32.13,30.26,, 3) NaHCQ (40 mL x3). and brine (40 mL x 3). After being

27.44. ESI-HRMS 1fV2): calcd for GgHsoN2O1sNa [M + Na]*
775.3265, found 775.3278.

Pivaloyloxymethyl L-pyroglutamate (9a) and Pivaloyloxy-
methyl N-methyl-L-pyroglutamate (9b). To a solution of di-POM
N-Cbz-glutamate®) (102 mg, 0.2 mmol) in 10 mL of EtOH was

dried over NaSQ,, the solvent was removed on a rotary evaporator
to give a colorless ail as the crude product, which was purified by
flash chromatography (EtOAc:hexanesl:1, R = 0.35) to yield
628 mg (86%) of the title compound was obtained as anil.
NMR (CDCly): ¢ 7.83 (d,J = 8.55 Hz, 2H), 7.54 (dJ = 6.81

added 20 mg of Pd/C. The resulting mixture was then stirred under Hz, 1H), 7.28-7.34 (m, 7H), 6.65 (dJ = 7.32 Hz, 1H). 5.17 (s,
H, at room temperature overnight. Removal of the Pd/C and solvent 2H), 4.57-4.62 (m, 1H), 4.454.48 (m, 1H), 3.33 (s, 3H), 2.25

gave 61 mg of the crude product, which was purified by flash
chromatography (EtOAc:hexanes3:1, Ry = 0.4) to give 22 mg
(45%) of9a as a colorless oitH NMR (CDCl): 6 6.63 (s, 1H),

0 5.84 (d,J = 5.5 Hz, 1H), 5.80 (dJ = 5.5 Hz, 1H), 4.30 (ddJ;

= 5.0 Hz,J, = 8.7 Hz, 1H), 2.4%+-2.51 (m, 1H), 2.342.39 (m,
2H), 2.20-2.24 (m, 1H), 1.22 (s, 9H}3C NMR (CDCk): 6 177.48,

2.36 (M, 4H), 2.03-2.10 (m, 4H), 0.96-1.51 (M, 27H)33C NMR
(CDCl): 6 172.65,172.61, 171.57, 171.38, 166.91, 155.44, 146.50,
136.64, 131.27, 128.91, 128.48, 128.29, 125.38, 82.72, 82.66, 81.10,
67.98, 60.78, 53.50, 52.76, 37.80, 32.83, 31.88, 28.44, 28.39, 28.34,
21.44, 14.59. ESI-HRMSn{/z): calcd for GgHssNsOsNa [M +

NaJ* 734.3629, found 734.3649.
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Bis(pivaloyloxymethyl) N-[4-(N-benzyloxycarbonylIN-methyl)- without further purification. Evaporation of solvent gave 480 mg
aminobenzoyl]+-glutamate (27).A solution of the ditert-butyl (95%) 0of29. 'H NMR (CDCly): ¢ 7.64 (d,J = 8.61 Hz, 2H), 6.77
ester25a(2.1 g, 4 mmol) in 5 mL of dichloromethane was cooled (d,J= 7.47 Hz, 1H), 6.54 (d) = 8.64 Hz, 2H), 5.86 (dJ = 5.43,
to 0°C and TFA (5 mL) was added dropwise. The resulting mixture 1H), 5.67-5.74 (m, 3H), 4.76:4.83 (m, 1H), 4.33 (s, br, 1H), 2.84
was then warmed to room temperature and stirred overnight. The (s, 3H), 2.46-2.58 (m, 2H), 2.252.31 (m, 1H), 2.022.14 (m,
solvent was removed on a rotary evaporator to give a sticky oil, 1H), 1.16-1.20 (m, 18H).23C NMR (CDCk): 6 177.52, 177.36,
which was put on the pump overnight. The oil was then dissolved 172.24, 171.42, 167.54, 152.70, 129.28, 121.32, 111.69, 80.30,
in 20 mL of DMF. To the solution was added dimethyl meth- 80.00, 52.24, 39.13, 39.10, 30.56, 30.50, 27.21. ESI-HRM3)(
ylphosphonate (7.44 g, 30 mmol), silver carbonate (8.28 g, 30 calcd for GsH3zsN2OgNa [M + Na]* 531.2319, found 531.2328.
mmol), and POMI (14.5 g, 30 mmol). The whole was then stirred  Bis(pivaloyloxymethyl) N-[(4-deoxy-2,4-diamino-10-methyl)-
at room temperature overnight. The solid was filtered off. The pteroyl]-L-glutamate (2b).To a suspension of dibromotriphenyl-
filtrate was collected and poured into 400 mL of EtOAc. The phosphine (253 mg, 0.6 mmol) in 1 mL of dimethylacetamide was
combined organic solution was washed with NaHG@d brine added (2,4-diamino-6-pteridinyl)methanol hydrochloritiéd) (45
and dried over Ng&Os. The solvent was removed on a rotary mg, 0.2 mmol). The resulting mixture turned to clear and red in a
evaporator to give a black yellow oil, which was purified by silica few minutes with emission of gas. The reddish solution was stirred
gel column chromatography (EtOAc:hexarresl:2, Ry = 0.3) to at room temperature for 18 h before diethylisopropylamine (103
yield 1.5 g (60%) of the desired product as a pale yellow il. mg, 0.8 mmol) and a solution of the POM esg& (152 mg, 0.3
NMR (CDCly): 6 7.81 (d,J = 8.70 Hz, 2H) 7.26-7.40 (m, 7H), mmol) in dimethylacetamide (1 mL) was added. The resulting
6.95 (d,J = 7.45, 1H), 5.91 (dJ = 5.49 Hz, 1H), 5.7%+5.80 (m, reaction mixture was then kept at 8Q for 2 days. The solvent
3H), 5.20 (s, 2H), 4.824.83 (m, 1H), 3.38 (s, 3H), 2.52.58(m, was removed and the residue was extracted with 200 mL of EtOAc.
2H), 2.16 (m, 1H), 2.142.16 (m, 1H), 1.26-1.23 (m, 18H)13C The extracts were combined and washed with Nakl@@l brine
NMR (CDCly): 177.48, 177.33, 172.26, 171.01, 166.90, 155.43, and dried over sodium sulfate. Removal of the solvent gave 302
146.86, 136.61, 130.71, 128.94, 128.55, 128.34, 128.22, 125.43,mg of the crude product, which was purified by silica gel column
80.45, 80.10, 68.08, 52.52, 39.16, 39.12, 37.75, 30.49, 27.23, 26.96chromatography (MeOH:Ci€l, = 1:20, R = 0.3) to yield 113
ESI-HRMS (/2): calcd for GzH4oN201:Na [M + NaJ* 665.2686, mg (83%) of2b as a yellow oil.'H NMR (methanolely): ¢ 8.49
found 665.2695. (s, 1H), 7.68 (dJ = 8.80 Hz, 2H), 6.76 (d,) = 8.86 Hz, 2H),

Bis(pivaloyloxymethyl) N-{ a-pivaloyloxymethyl-N-[4-(N-Cbz- 5.68-5.82 (m, 4H), 4.75 (s, 2H), 4.58 (dd;=9.14 Hz,J,=5.46
N-methyl)aminobenzoyl]+ -glutamyl-y} -L-glutamate (28).To a Hz, 1H), 3.28-3.29 (m, 1H), 3.17 (s, 3H), 2.50 @,= 7.28, 2H),
solution of thetert-butyl ester26 (711 mg, 1 mmol) in 5 mL of 2.03-2.24 (m, 2H), 1.11 (s, 18H)Y3C NMR (methanold,): ¢
CH,Cl; at 0°C was added 5 mL of TFA dropwise. The resulting 177.32, 177.24, 171.90, 171.18, 169.26, 163.64, 162.99, 154.45,
solution was warmed to room temperature and stirred for another 152.15, 149.21, 148.16, 129.29, 122.33, 121.00, 111.58, 80.07,
4 h. The solvent was removed in vacuo. The TFA in the residue 79.81, 55.54, 52.47, 38.71, 30.13, 26.24, 25.87; IR (KBr,Ym
was removed by multiple coevaporations with £l and hexanes. 3332, 3161, 2975, 1755, 1632, 1607, 1557, 1509, 1480, 1450, 1366,
The resulting residue was then put on the high-vacuum pump 1332, 1282, 1201, 1157, 1114, 1032, 986, 827, 767, 736. ESI-MS
overnight to afford 560 mg (quantitative) @7 as a white oily (m/2): [M + Na]*: 705.3. HRMS (W2): calcd for GyH4oNgOqg
solid. *H NMR (MeOH-d,): o 7.88 (d,J = 8.60 Hz, 2H), 7.40 (d, [M + NaJ* 705.2972, found 705.2967. U¥ax (0.1 N NaOH)

J = 8.60 Hz, 2H), 7.29-7.35 (m, 5H), 5.16 (s, 2H), 4.574.60 255, 306, 378, 460 nm; (0.1 N HCI) 245, 308. Analytical HPLC
(m, 1H), 4.43-4.46 (m, 1H), 3.34 (s, 3H), 2.4492.47 (m, 2H), method A: tr = 47.6 min. Analytical HPLC method B: 27.4. Anal.
2.38-2.41 (m, 2H), 2.36-2.34 (m, 1H), 2.16-2.18 (m, 2H), 1.96- (C32H42NgOr0.5H,0): C, H, N.

1.93 (m, 1H).23C NMR (MeOH-d,): 6 175.3,174.2,174.0, 173.9, Bis(pivaloyloxymethyl) N-{ a-pivaloyloxymethyl-N-[4-(N-meth-
168.6, 155.9, 146.6, 136.7, 131.6, 128.6, 128.3, 128.2, 128.0, 125.5yl)aminobenzoyl]1 -glutamyl-y} -glutamate (30).To a solution of
67.8, 53.0, 52.1, 36.8, 32.1, 30.2, 27.0, 26.9, 26.7. the POM este28 (204 mg, 0.23 mmol) in 10 mL of EtOH was

To a solution of aci®7 prepared above (163 mg, 0.3 mmol) in added 40 mg of Pd/C, and the mixture stirred underaHroom
15 mL of DMF were added dimethyl methylphosphonate (1.12 g, temperature overnight, after which the catalyst was removed by
9 mmol), AgCO; (745 mg, 2.7 mmol), and POMI (2.18 g, 9 mmol). filtration. Evaporation of the filtrate gave 180 mg of the crude
The resulting mixture was allowed to stir at room temperature product, which was purified by silica gel column chromatography
overnight. The solution was then concentrated and the residue wagEtOAc:hexanes= 1:1, R = 0.25) to yield 165 mg (96%) d30 as
extracted with EtOAc. The extracts were combined and washed a colorless oil'H NMR (CDCl): ¢ 7.68 (d,J = 8.5 Hz, 2H),
with saturated NaHC®and brine and dried over N&aO,. The 7.23 (d,J = 6.8 Hz, 1H), 6.81 (dJ = 7.5 Hz, 1H), 6.59 (dJ =
solvent was removed to give 346 mg of a red oil as the crude 8.5 Hz, 2H), 5.88 (dJ = 5.5 Hz, 1H), 5.78 (dJ = 5.5 Hz, 1H),
product, which was purified by flash chromatography (EtOAc: 5.74 (d,J = 3.4 Hz, 1H), 5.73 (dJ = 3.4 Hz, 1H), 5.70 (dJ =
hexanes= 1:1,R = 0.3) to yield 227 mg (86%) a?8 as a colorless 5.5 Hz, 1H), 5.67 (d) = 5.5 Hz, 1H), 4.69-4.73 (m, 1H), 4.58
oil. *H NMR (CDCly): ¢ 7.83 (d,J = 8.62 Hz, 2H), 7.71 (d) = 4.63 (m, 1H), 2.352.52 (m, 4H), 2.1#2.28 (m, 2H), 2.06-2.14
6.66 Hz, 1H), 7.29-7.36 (m, 7H), 6.65 (dJ = 7.60 Hz, 1H), 5.90  (m, 1H), 1.98-2.05 (m, 1H), 1.21 (s, 9H), 1.20 (s, 9H), 1.19 (s,
(d,J =5.47 Hz, 1H), 5.78 (d) = 5.47 Hz, 1H), 5.75 (dJ = 2.05 9H).13C NMR (CDCk): 0 177.6,177.5,177.3,173.0, 171.7,171.4,
Hz, 1H), 5.74 (d,J = 2.05 Hz, 1H), 5.70 (dJ = 5.49 Hz, 1H), 170.7, 167.7, 152.4, 129.4, 121.7, 112.0, 80.4, 80.3, 80.1, 52.8,
5.66 (d,J = 5.49 Hz, 1H), 4.674.71 (m, 1H), 4.66-4.64 (m, 52.0, 39.2, 39.1, 32.6, 30.8, 30.3, 27.7, 27.6, 27.2, 26.9. ESI-HRMS
1H), 2.39-2.51 (m, 4H), 2.242.30 (m, 1H), 2.13-2.23 (m, 2H), (m/2): calcd for GegHssNsO1Na [M + NaJ~ 774.3425, found
2.00-2.06 (m, 1H), 1.21 (s, 9H), 1.20 (s, 9H), 1.19 (s, 9HC 774.3445.
NMR (CDCl): 6 177.6, 177.5, 177.3, 173.0, 171.8, 171.0, 170.6,  Bis(pivaloyloxymethyl) N-{ N-[(4-deoxy-2,4-diamino-10-meth-
167.0, 155.4, 146.8, 136.7, 128.9, 128.5, 128.3, 125.4, 80.5, 80.4,yl)pteroyl] -a-pivaloyloxymethyl-L-glutamyl-y} -glutamate (2d).
80.2,68.0,53.1,52.1, 39.2, 39.1, 37.8, 32.4, 30.3, 27.5, 27.3, 27.2,To the suspension of dibromotriphenylphosphine (152 mg, 0.36
27.0, 26.9, 21.4. ESI-HRMS1(2): calcd for C4HsgN:O:6Na [M mmol) in 1 mL of dimethylacetamide (DMA) was added (2,4-
+ NaJ* 908.3793, found 908.3816. diamino-6-pteridinyl)methanol hydrochloridéa (28 mg, 0.12

Bis(pivaloyloxymethyl) N-[4-(N-methylamino)benzoyl]+- mmol). The resulting mixture turned to clear and red in a few
glutamate (29). The di-POM ester27 (642 mg, 1 mmol) was minutes with emission of gas. The reddish solution was stirred at
dissolved in 10 mL of ethanol. To the solution was added 130 mg room temperature for 20 h before diisopropylethylamine (62 mg,
(20%) of 5% palladium on activated carbon. The mixture was 0.48 mmol) and a solution of the POM est&0 (135 mg, 0.18
saturated with hydrogen and stirred overnight undgmlfter which mmol) in dimethylacetamide (1 mL) was added. The resulting
the catalyst was removed by filtration with a short silica pad. TLC mixture was then kept at 6@ for 30 h and monitored by analytical
showed the product was sufficiently pure for use in the next step HPLC. The solvent was removed and the residue was extracted



Potent Inhibitor of Folylpolyy-glutamate Synthetase

with 200 mL of EtOAc. The extracts were combined and washed
with NaHCG; and brine and dried over N&O,. Removal of the
solvent gave 310 mg of the crude product, which was purified by
silica gel column chromatography (MeOH:@H, = 1:20, R =
0.25) to yield 83 mg (75%) oRd as a yellow oil.'H NMR
(CDCl): ¢ 8.56 (s, 1H), 7.65 (dJ = 8.4 Hz, 2H), 7.51 (dJ =

5.9 Hz, 1H), 7.43 (dJ = 7.2 Hz, 1H), 6.89 (s, br, 2H), 6.67 (d,

= 8.4 Hz, 2H), 6.25 (s, br, 2H), 5.86 (d,= 5.5 Hz, 1H), 5.77 (d,
J= 5.5 Hz, 1H), 5.72 (dJ = 4.8 Hz, 1H), 5.71 (dJ] = 4.8 Hz,
1H), 5.68 (d,J = 5.4 Hz, 1H), 5.64 (dJ = 5.4 Hz, 1H), 4.66
4.66 (m, 4H), 3.11 (s, 3H), 2.42.49 (m, 4H), 2.26-2.24 (m,
1H), 2.13-2.19 (m, 2H), 1.99-2.05 (m, 1H), 1.19 (s, 18H), 1.17
(s, 9H).13C NMR (CDCk): o 177.5, 177.4, 177.3, 173.2, 171.7,
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Bis(pivaloyloxymethyl) 2-[(hydroxyphosphinoyl)methyl]glu-

tarate (35). The suspension of ammonium hypophosphite (249 mg,
3 mmol) and 1,1,1,3,3,3-hexmethyldisilazane (497 mg, 3.1 mmol)
was heated at-110 °C under argon. Some gas was released and
some sublimate was formed on the wall of the flask. Ninety minutes
later, the mixture turned homogeneous and then cooled to room
temperature, followed by the addition of the solution of the POM
ester34 (186 mg, 0.5 mmol) in 2 mL of freshly distilled Gi&ls.
The resulting mixture was stirred at room temperature overnight.
HCI (5 mL, 2 N) was used to quench the reaction. The organic
layer was separated and the aqueous layer was extracted with CH
Cl, (30 mL x 3). The organic extracts were combined and dried
over NaSO,. Removal of the solvent gave 205 mg (94%)Rdfas

171.6,171.0, 167.7, 163.4, 163.0, 155.4, 151.9, 149.9, 147.4, 129.4a colorless oil'H NMR (CDCl): 6 9.99 (s, 1 H), 7.15 (dJ =
122.4,121.5, 111.8, 80.4, 80.3, 80.1, 56.1, 52.9, 52.0, 39.5, 39.1,567.4 Hz, 1H), 5.695.84 (m, 4H), 2.90 (m, 1H), 2.372.43 (m,

39.1, 32,5, 30.3, 27.5, 27.2, 27.1, 26.8; IR (KBr, ¢jr8322, 3155,

2H), 2.172.20 (m, 1H), 1.89-2.03 (m, 3H), 1.151.22 (m, 18H).

2974, 2935, 2874, 1755, 1607, 1558, 1535, 1508, 1481, 1449, 1368,°C NMR (CDCk): & 177.44, 177.32, 172.73, 172.64, 171.40,
1332, 1281, 1200, 1157, 1112, 1029, 985, 942, 854, 827, 766. ESI-80.20, 79.96, 39.10, 38.17, 31.77, 31.16, 30.51, 27.40, 27R1.

MS (m2): [M + NaJ*: 948.4. HRMS ((V2): calcd for GaHsoNgO14

[M + NaJ* 948.4079, found 948.4086. UM,ax (Phosphate buffer,
pH 7): 225, 360, 310, 380 nmi. Analytical HPLC method A:tg

= 58.2 min. Analytical HPLC method Bigr = 29.9 min. Anal.
(C43H59N9014‘0.5H20)Z C, H, N.

Dimethyl a-methyleneglutarate (32a).Methyl acrylate 813
(45 mL, 43 g, 500 mmol) was cooled te10 °C, followed by the
addition of trin-butylphosphine (10.1 g, 50 mmolCéution: This
reaction is exothermjc The reaction was allowed to warm to room

temperature, and after stirring for 1.5 h, the solution was concen-

NMR (CDCl): ¢ 35.02. ESI-HRMS fV2): calcd for GgH31010-
PNa [M + Na]* 461.1553, found 461.1554.
(29)-2-N-[4-(N-carbobenzyloxyN-methyl)aminobenzoyllami-
nobutyrolactone (36).To a solution of acic?2 (1.14 g, 4 mmol)
were added diphenylphosphoryl azide (1.1 g, 4 mmol) and
triethylamine (505 mg, 5 mmol). The resulting solution was stirred
at room temperature for 2.5 h, followed by the addition $fZ-
aminobutyrolactone hydrobromid20 (728 mg, 4 mmol). The
resulting mixture was allowed to react at room temperature
overnight and then poured into 200 mL of EtOAc, washed with

trated on a rotary evaporator and the residue distilled under reducedsaturated NaHC®and brine and dried over N8O, Removal of

pressure to give 27.9 g (65%) 8Raas a colorless oil (bp 9598
°C/10-11 Torr, lit52 bp 74-77 °C/9.5 Torr).'H NMR (CDCl):
0 6.20 (s, 1H), 5.61 (s, 1H), 3.76 (s, 3H), 3.64 (s, 3H), 2.64 (1,
= 6.57 Hz, 2H), 2.52 (tJ = 7.86 Hz).13C NMR (CDCk): ¢
173.52, 167.51, 139.17, 126.38, 52.31, 52.01, 33.30, 27.73.
Di-tert-butyl a-methyleneglutarate (32b).To neattert-butyl
acrylate 81b) (4.38 g, 34 mmol) was added-n-butylphosphine
(808 mg, 4 mmol) at room temperature, and the resulting mixture

was stirred for 2 h. The desired product was then isolated through

distillation (bp 95-98 °C/2 mmHg, lit’*bp 67—70 °C/0.3 mmHg)
to afford 3.27 g (75%) of32b as a colorless oil'H NMR
(CDCly): 6 6.08 (s, 1H), 5.49 (dJ = 1.27 Hz, 1H), 2.55 (tJ =
7.39 Hz, 2H), 2.55 (tJ = 7.5 Hz, 2H), 2.41 (t) = 7.5 Hz, 2H),
1.54 (s, 9H), 1.44 (s, 9H)}3C NMR (CDChk): 6 172.59, 166.43,
141.12, 124.78, 81.06, 80.73, 34.74, 28.50, 28.46, 27.96.
o-Methyleneglutaric acid (33).A mixture of the dimethyl ester
32a (3.44 g, 20 mmol), NaOH (2.4 g, 60 mmol), 10 mL of
methanol, and 10 mL of }© was heated to reflux for 2 h. The
solution was acidified wit 6 N HCI to pH < 1. The methanol was

the solvent and purifying the crude product with silica gel column

chromatography gave 1.4 g (95%)3#6 as a white solid!H NMR

(CDCly): 6 7.76 (d,J = 8.60 Hz 2H), 7.23-7.30 (m, 7H), 7.21

(d,J=16.40 Hz, 1H) 5.15 (s, 2H), 4.74 (4,= 8.74 Hz, 1H), 4.37

(t, J=8.79 Hz, 1H), 4.19 (dd);=8.90 Hz,J,=6.51 Hz, 1H), 3.28

(s, 3H), 2.59 (m, 1H), 2.31 (m, 1H)C NMR (CDCk): 6 176.40,

176.24, 167.34, 167.27, 155.48, 146.69, 136.57, 130.39, 128.94,

128.55, 128.38, 128.25, 125.24, 68.04, 66.53, 60.82, 49.70, 37.67,

29.57, 21.45, 14.59. ESI-HRM3n(2): calcd for GoHaoN2OsNa

[M + Na]* 391.1270, found 391.1273.
(25)-2-N-[4-(N-carbobenzyloxyN-methyl)aminobenzoylJamino-

4-hydroxybutyric Acid (37). To a solution of the lacton86 (736

mg, 2 mmol) in 3 mL of methanol was added 3 miL1oN NaOH.

The mixture was stirred at room temperature for 2 h. The methanol

was removed on a rotary evaporator. The resulting agueous mixture

was acidified wih 2 N HCI and extracted with EtOAc. The extracts

were put together and dried over dried over,8l&,. Removal of

the solvent gave 710 mg (92%) 87 as a colorless oil, which was

used without further purificatiorH NMR (CD3;OD): ¢ 7.85 (d,J

= 7.76 Hz, 2H), 7.36 (dJ = 8.18 Hz, 2H), 7.30 (m, 5H), 5.14 (s,

removed on a rotary evaporator. The aqueous mixture was thenpn) 4.80 (t,J = 9.72 Hz, 1H), 4.44 () = 8.22 Hz, 1H), 4.29 (q,

extracted with EtOAc (100 mlx 5). The organic extracts were
combined and dried over N&O,. Removal of the solvent afforded
2.76 g (96%) of a white solid as the desired product. Mp: 130
132°C (Lit.** mp: 130-136°C). 'H NMR (DMSO-ds): ¢ 12.33
(s, 1H), 6.04 (s, 1H), 5.59 (s, 1H), 2:32.50 (m, 4H).23C NMR
(DMSO-dg): 0 174.55, 168.63, 140.50, 125.67, 33.34, 27.61.
Bis(pivaloyloxymethyl) a-methyleneglutarate (34).To the
solution of the acid3 (710 mg, 5 mmol) in 10 mL of DMF were
added AgCOs (4.14 g, 15 mmol), dimethyl methylphosphonate
(3.72 g, 30 mmol), and POMI (7.26 g, 30 mmol). The resulting
mixture was stirred overnight. The solid was filtered off. The residue
was washed with 200 mL of EtOAc. The filtrate was collected and
washed with NaHC®@and brine. After being dried over BNaO,,
the solvent was removed. Purification of the residue by silica gel
column chromatography (EtOAc:hexaresl:8, Ry = 0.55) gave
780 mg (42%) of34 as a colorless oitH NMR (CDCL): ¢ 6.27
(s, 1H), 5.82 (s, 2H), 5.73 (s, 2H), 5.70 (s, 1H), 2.64)(t 6.87
Hz, 2H), 2.55 (t,J = 6.16 Hz, 2H), 1.19 (s, 18H}C NMR
(CDCly): 6 177.51, 171.57, 165.39, 137.93, 128.40, 80.12, 79.81,
39.17, 39.11, 32.96, 27.22. ESI-HRM®/f): calcd for GgH2g0s-
Na [M + NaJ* 395.1682, found 395.1683.

J=7.28 Hz, 1H), 3.28 (s, 3H), 2.53 (m, 1H), 2.41Jt 10.4 Hz,
1H).13C NMR (CDCh): 6 176.61, 168.02, 155.72, 146.76, 136.73,
130.83, 128.67, 128.30, 128.24, 125.40, 67.84, 66.40, 49.53, 36.90,
28.47, 20.00. ESI-HRMSn{/2): calcd for GoH2.N,O¢Na [M +
Na]* 409.1376, found 409.1362.

(25)-Methyl 4-bromo-2-N-[4-(N-carbobenzyloxyN-methyl)-
aminobenzoyllaminobutyrate (41).To a solution of the free acid
40 (395 mg, 1.5 mmol) in 5 mL of anhydrous MeOH af0 was
added SOGI(0.22 mL, 3 mmol) dropwise. The resulting solution
was then warmed to room temperature and stirred overnight.
Removal of the solvent in a vacuum gave 783 mg of a yellow solid
as the desired product, which was used in the next step without
purification. To the mixture of the product obtained above puN-
carbobenzoyloxyN-methyl-amino)benzoic acid (456 mg, 1.6 mmol)
in 10 mL of freshly distilled CHCI, at 0°C were added BN (162
mg, 1.6 mmol) and EDC (307 mg, 1.6 mmol). The solution was
then warmed to room temperature and stirred for 2 h. HCI (2 mL,
2 N) was added to quench to reaction. The resulting mixture was
diluted with 100 mL of EtOAc, washed with NaHG@nd brine,
and dried over Ng0O,. Removal of the solvent gave 603 mg
of the crude product, which was purified by flash chroma-
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tography (hexanes:EtOAe 1:1, Rr = 0.5) to give 528 mg (76%
over two steps) ofil as a colorless oitH NMR (CDCly): 6 7.77
(d, J = 8.54 Hz, 2H), 7.257.29 (m, 7H), 5.14, (s, 2H), 3.79 (s,
3H), 3.58 (t,J = 6.56 Hz, 1H), 3.42 (t) = 6.82 Hz, 1H), 3.28 (s, 3H), 1.45 (s, 9H)13C NMR (CDCk): ¢ 170.98, 156.58, 136.55,
3H), 2.29-2.49 (m, 2H).13C NMR (CDCk): ¢ 172.60, 167.20, 128.94, 128.62, 128.54, 83.26, 67.52, 54.81, 30.09, 28.34, 24.39.
155.44, 146.64, 136.58, 130.86, 128.92, 128.54, 128.38, 128.25,31P NMR (CDCk): 6 37.61. MS Wz, M + Na*): 380.
125.27, 68.03, 52.89, 52.16, 41.34, 37.70, 35.35, 29.17. ESI-HRMS  To the solution of the H-phosphinic acid obtained above (290
(m/2): calcd for GiH23BrN-OsNa [M + Na]* 485.0688, found mg, 0.8 mmol) was added the solution oftdrt-butyl a-methyl-
485.0683. eneglutarate (614 mg, 2.4 mmol) in 2 mL of freshly distilled £H

Dimethyl N-[(N-carbobenzyloxye-methyl)-L-glutamyl-y]-[ ¥- Cl, dried over MgSQthrough a syringe with a filter under argon,
{P(O)(OCHg3)CHj}]-glutarate (48a). To a solution of the methyl followed by addition of BSA (812 mg, 4 mmol). The resulting
vinylglycine 46a (360 mg, 1.44 mmol) in 10 mL of methanol were  solution was heated at reflux temperature overnight and then
added ammonium hypophosphite (300 mg, 3.6 mmol) and trieth- quenched wh 2 N HCI (5 mL). The mixture was stirred vigorously
ylborane (1 M in hexanes, 1.5 mL, 1.5 mmol). The resulting mixture for 3 h. The organic layer was separated. The aqueous layer was
was stirred open to the air at room temperature for 2 h. The solventextracted with EtOAc (10 mLx 3). The organic solutions were
was then removed on a rotary evaporator while the temperature ofthen combined and dried over p}&0s. Removal of the solvent gave
the water bath was kept lower that 36. KHSQ, (20 mL, 1 M) 970 mg of the crude product as a colorless oil, which was used in
was added to the residue. The resulting agueous mixture was therthe next step without further purification.
extracted with EtOAc (50 mLx 3). The organic extracts were The product obtained above was dissolved in 5 mL of MeOH,
combined and dried over MaO,. Removal of the solvent gave  followed by addition of trimethylsilyldiazomethane (2.0 M in,&t
430 mg of the desired phosphinic adida, which was used in the 1 mL, 2 mmol) until the color of the mixture remained green yellow.
next step without purification®tH NMR (methanold,): ¢ 6.69 (d, The resulting mixture was then stirred at room temperature for
J =546 Hz, 1H), 7.00 (m, 5H), 4.76 (s, 2H), 3:93.96 (m, 1H), another hour. A drop of AcOH was added to quench the reaction.
3.38 (s, 3H), 1.681.77 (m, 1H), 1.46:1.58 (m, 3H).13C NMR Removal of the solvent gave 986 mg of the crude product, which
(methanold,): 6 170.91, 155.85, 135.38, 126.84, 126.41, 126.18, was purified by flash chromatography (EtOAc:hexare8:2, R
65.09, 52.91, 52.68, 50.29, 21.62P NMR (CD;OD): ¢ 33.36. = 0.3) to yield 209 mg (42% over three stepsy8b as a colorless

A solution of the phosphonic acid7a (505 mg, 1.6 mmol) 0il.1H NMR (CDCly): 6 7.29-7.35 (m, 5H), 5.66-5.67 (m, 1H),
obtained above and dimethglmethyleneglutarate (550 mg, 3.2 5.09 (s, 2H), 4.254.26 (m, 1H), 3.623.73 (m, 3H), 2.67 (m,
mmol) in 10 mL of fresh-distilled CkCl, was dried over MgS© 1H), 2.22-2.26 (m, 2H), 2.16:2.19 (m, 2H), 1.86'1.89 (m, 3H),
and then injected into a round-bottom flask through a syringe filter 1.71-1.74 (m, 3H), 1.45 (s, 9H), 1.44 (s, 9H), 1.43 (s, 9HC
under argon. BSA (1.02 g, 5 mmol) was added. The resulting NMR (CDCl): ¢ 173.77,172.30, 172.26, 172.23, 171.01, 156.40,
solution was stirred at room temperature overnight. The resulting 136.67, 128.89, 128.53, 83.00, 82.96, 82.94, 81.80, 81.74, 81.01,
mixture was allowed to open to the air, followed by addition of 5 80.96, 67.34, 54.94,51.62, 51.42, 39.79, 39.59, 33.02, 32.96, 30.54,
mL of 2 N HCI. The mixture was stirred vigorously for 2 h. The 30.07, 29.81, 29.72, 29.36, 28.46, 28.38, 28.36, 25.51, 25.36, 25.11,
organic layer was separated. The aqueous layer was extracted witt24.74, 24.48, 24.38, 24.03!P NMR (CDC}): o 57.23, 57.12,
EtOAc (10 mL x 3). The organic solutions were then combined 56.68, 56.62. ESI-HRMSn{/2): calcd for GiHsgNOigPNa [M +
and dried over Ng&8O,. Removal of the solvent gave 1.2 g of a  Na]* 650.3070, found 650.3075.
colorless oil as the crude product, which was used in the next step  Dimethyl (a-methyl-L-glutamyl-y)-[W{P(O)(OMe)CH_}]-glu-
without further purification. tarate (49a).To a solution of the tetramethyl phosphinic pseudopep-

The product obtained above was dissolved in 15 mL of MeOH, tide 48a (501 mg, 1 mmol) in 20 mL of freshly distilled THF was
followed by addition of trimethylsilyldiazomethane (2.0 M in&t added 100 mg of 5% Pd/C, and the mixture was saturated with H
2 mL, 4 mmol) until the color of the mixture remained green yellow. The resulting mixture was then stirred at room temperature under
The resulting mixture was then stirred at room temperature for H, overnight. The Pd/C was filtered off. The filtrate was collected
another hour. A drop of AcOH was added, resulting in loss of the and concentrated to give 370 mg of an oil as the crude product,

in the next step without further purificatio#d NMR (CDCL): o
11.18 (s, br, 1H), 7.297.34 (m, 5H), 7.07 (dJ = 553 Hz, 1H),
5.09 (s, 2H), 4.29 (m, 1H), 2.62.11 (m, 1H), 1.781.90 (m,

color. Removal of the solvent gave 1.3 mg of a yellow oil as the
crude product, which was purified with CombiFlash (MeOH:EtOAc
= 1:50,R = 0.2) to yield 600 mg (75% over 3 steps)4Baas a
colorless 0illH NMR (CDCl): 6 7.89-7.92 (m, 2H), [7.78 (dJ
= 6.8 Hz, 0.5H), 7.73 (d) = 6.9 Hz, 0.2H), 7.69 (dJ = 7.0 Hz,
0.3H), amide N-H, 3 rotamers], 7.297.36 (m, 7H), 4.76-4.82
(m, 1H), 3.78-3.79 (m, 3H), 3.6+3.73 (m, 9H), 2.86-2.86 (m,
1H), 2.33-2.37 (m, 2H), 2.272.32 (m, 2H), 2.242.27 (m, 1H),
1.93-2.00 (m, 3H), 1.751.87 (m, 2H).13C NMR (CDChk): o

which was purified by flash chromatography (MeOH:EtOAd.:4,

R: = 0.4) to yield 348 mg (95%) of9aas a colorless oitH NMR
(CDCL): 6 3.74 (s, 3H), 3.72 (s, 3H), 3.68 (s, 3H), 3:63.71 (m,

3H), 3.48-3.51 (m, 1H), 2.822.88 (m, 1H), 2.33-2.38 (m, 2H),
2.22-2.26 (m, 1H), 1.972.03 (m, 3H), 1.771.88 (m, 4H), 1.68

(s, br, 2H).13C NMR (CDCk): 6 175.93, 175.04, 175.00, 173.32,
173.28, 54.89, 54.77, 52.58, 52.55, 52.15, 51.67, 51.61, 51.56,
51.51, 39.02, 38.83, 38.80, 31.66, 31.56, 30.71, 30.43, 29.99, 29.72,
29.23, 29.14, 27.36, 25.48, 25.14, 24.83, 24.75, 28UWONMR

174.9,174.8,173.2, 173.1, 172.5, 172.4, 167.0, 155.4, 146.7, 136.7(CDCl): ¢ 56.97, 56.56. ESI-HRMS/2): calcd for G4H,eNOg-
130.9, 128.9, 128.5, 128.4, 128.3, 125.4, 68.0, 53.04, 53.02, 52.62, PNa [M + NaJ* 390.1294, found 390.1289.
52.60, 52.2, 52.0, 51.92, 51.87, 51.7, 39.1, 38.9, 37.8, 31.54, 31.45, Di-tert-butyl (a-tert-butyl-L-glutamyl-y)-[¥{ P(O)(OMe)CH2} ]-

29.2, 24.53P NMR (CDCk): 6 57.42, 57.36, 56.8. ESI-HRMS
(m/2): calcd for GoH3NO;oPNa [M + Na]t 524.1662, found
524.1666.

Di-tert-butyl (a-tert-butyl-N-carbobenzyloxy+ -glutamyl-y)-
[W{P(O)(OMe)CH_}]-glutarate (48b). To a solution of theert-
butyl vinylglycine 46b (122 mg, 0.4 mmol) in 2 mL of methanol

glutarate (49b). This compound was obtained in 95% yield from
48b using the same procedure described abovetéar *H NMR
(CDCly): 0 4.05 (m, 1H), 3.68-3.77 (m, 3H), 2.66-2.72 (m, 1H),
2.37 (m, 2H), 2.182.28 (m, 4H), 2.1+2.13 (m, 1H), 1.841.91

(m, 3H), 1.51 (s, 9H), 1.46 (s, 9H), 1.44 (s, 9H}C NMR
(CDClg): 0 173.74,173.68, 173.63, 172.40, 172.37, 172.35, 168.19,

were added ammonium hypophosphite (91 mg, 1.1 mmol) and 84.58, 84.55, 81.76, 81.71, 81.63, 80.94, 80.92, 53.87, 52.50, 52.45,
triethylborane (1 M in hexanes, 0.5 mL, 0.5 mmol). The resulting 52.34, 52.29, 52.20, 52.14, 52.09, 39.78, 39.50, 33.08, 33.04, 32.99,
mixture was stirred open to the air at room temperature for 3 h. 30.53, 30.35, 30.09, 29.71, 29.60, 28.49, 28.42, 28.38, 28.20, 24.84,
The solvent was then removed on a rotary evaporator while the 24.38, 24.13, 23.69, 23.52P NMR (CDCh): ¢ 57.74, 57.35. ESI-
temperature of the water bath was kept lower tharfG0To the HRMS (m/2): calcd for G/Hs;N,O;sPNa [M + NaJt 494.2883,
residue was added 10 mlf & M KHSO,. The resulting aqueous  found 494.2888.

mixture was then extracted with EtOAc (20 nd_3). The organic Dimethyl { N-[p-(N-carbobenzyloxyN-methylamino)benzoyl]-
extracts were combined and dried over,8i@,. Removal of the a-methyl-L-glutamyl-y} -[W{P(O)(OMe)CH_} ]-glutarate (50a).
solvent gave 150 mg of the desired proddb, which was used A solution of the free amind9a (300 mg, 0.82 mmol) ang-(N-
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carbobenzyloxyN-methylamino)benzoic acid (285 mg, 1 mmol) 0.2) to afford 37 mg of a yellow solid. The yellow solid was then
in 10 mL of fresh-distilled CHCI, was stirred at ®C under N stirred fa 3 h with 40 mg of Dowex-H in MeOH. Removal of the
for 5 min, followed by addition of EDCI (192 mg, 1 mmol) in one  resin and solvent gave 25 mg (42% over three stepg)dads a
portion. The resulting mixture was then warmed to room temper- yellow solid. 'H NMR (MeOH-d,): 6 8.58 (s, 1H), 7.75 (dJ =
ature and stirred for 2 h. The reaction mixture was put in arrice  14.7 Hz, 2H), 6.78 (dJ = 14.7 Hz, 2H), 4.85 (s, 2H), 4.534.54
water bath and 2 mLf® N HCIl was added to quench the reaction. (m, 1H), 3.72 (s, 3H), 3.6063.69 (m, 6H), 3.25 (s, 3H), 2.80 (m,
The resulting mixture was poured into 200 mL of EtOAc, washed 1H), 2.32-2.33 (m, 2H), 2.21 (m, 1H), 2.08 (m, 2H), 1.97.98

with NaHCGQ; and brine, and dried over Ma0O,. Removal of the (m, 1H), 1.88-1.93 (m, 1H), 1.70 (m, 3H}3C NMR (MeOH-d,):
solvent gave 610 mg of the crude product, which was purified by 6 174.95, 172.48, 171.81, 167.75, 162.16, 161.10, 152.37, 150.62,
silica gel column chromatography (2% MeOH in EtOA&= 0.4) 147.70, 146.97, 127.87, 120.78, 119.70, 110.08, 54.03, 53.21, 52.68,
to yield 478 mg (92%) of50a as a colorless oil!H NMR 50.13, 49.83, 49.57, 41.18, 38.52, 37.17, 31.64, 29.80, 27.63, 27.55,
(CDCl): 6 7.89-7.92 (m, 2H), 7.78 [(dJ = 6.84 Hz, 0.5 H), 26.10, 25.38, 23.1BP NMR (MeOHd,): 6 42.48. ESI-HRMS
7.73 (d,J = 6.89 Hz, 0.2 H), 7.69 (d] = 7.00 Hz, 0.3 H), amide (m/2): calcd for GgH3z/NgOgsPNa [M + Na]™ 683.2319, found
N—H, three rotamers], 7.287.36 (m, 7H), 3.783.79 (m, 3H), 683.2328. UVimax (phosphate buffer, pH 7.0) 225, 260, 310, 375
3.61-3.75 (m, 9H), 2.86-2.86 (m, 1H), 2.33-2.37 (m, 2H), 2.24 nm. Analytical HPLC method Bz=23.6 min. Anal. (GHzNgOgP-3CH;OH)

2.32 (m, 2H), 2.16-2.22 (m, 1H), 1.93-2.00 (m, 3H), 1.751.87 C, H, N.

(m, 2H). 13C NMR (CDCk): o 174.88, 174.84, 173.22, 173.18, N-{[4-(N-benzyloxycarbonylN-methyl)amino]benzoy} -L -
172.48, 172.43, 166.97, 155.45, 146.69, 136.66, 130.90, 128.92,glutamyl-y}-[W{P(O)(OH)CH,}]-glutaric Acid (52). To a solu-
128.51, 128.44, 128.32, 125.40, 68.02, 53.04, 53.02, 52.62, 52.57 tion of tri-tert-butyl phosphinaté&0b (22 mg, 0.03 mmol) in 0.5
52.16, 51.92, 51.87,51.74, 39.12, 38.88, 37.78, 31.54, 31.45, 29.29mL of freshly distilled CHCI, was added TFA (0.1 mL, 1.2 mmol)
24.54.3'P NMR (CDCk): ¢ 57.42, 57.36, 56.84. ESI-HRM®n( at 0°C. The resulting solution was warmed to room temperature
2): calcd for GoHzgN,O:1;PNa [M + NaJ* 657.2189, found and stirred overnight. Removal of the solvent in a vacuum gave

657.2204. the free tetraacid as an oily solid (yield 17 mg, 100%).NMR
Di-tert-butyl {N-{p-[(N-carbobenzyloxyN-methyl)amino]ben- (MeOH-dy): 6 7.90 (d,J = 8.4 Hz, 2H), 7.42 (dJ = 8.4 Hz, 2H),
zoyl} -o-tert-butyl- L-glutamyl-y} -[W{ P(O)(OMe)CH_} ]-glut- 7.31-7.37 (m, 5H), 7.04 (dJ) = 8.1 Hz, 1H), 5.17 (s, 2H), 4.67

arate (50b). This compound was obtained in 92% yield fretb (dd, J; = 8.4 Hz,J; = 4.3 Hz, 1H), 3.35 (s, 3H), 2.82 (m, 1H),
using the same procedure described above5@a 'H NMR 2.38-2.43 (m, 2H), 2.28-2.36 (m, 2H), 2.13-2.14 (m, 1H), 1.96-
(CDCly): ¢ 7.88 (d,J = 7.87 Hz), 7.46-7.53 (m, 1H), 7.29-7.35 2.10 (m, 5H).13C NMR (MeOH-d,): 6 176.67, 175.46, 173.96,
(m, 7H), 5.18 (s, 2H), 4.644.71 (m, 1H), 3.66-3.71 (m, 3H), 173.80, 173.62, 168.89, 168.74, 155.86, 146.66, 136.72, 131.48,
3.34 (s, 3H), 2.66 (m, 1H), 2.18.24 (m, 4H), 2.09-2.14 (m, 129.56, 129.23, 128.58, 128.38, 128.22, 127.96, 125.46, 67.81,
1H), 1.80-1.99 (m, 3H), 1.69-1.78 (m, 2H), 1.49 (s, 9H), 1.42  53.82,53.73, 53.61, 38.93, 36.89, 32.06, 31.18, 31.11, 30.30, 29.75,
(s, 9H), 1.41-1.46 (m, 9H).13C NMR (CDCk): 6 173.73, 172.24, 28.93, 26.38, 25.66, 23.95'P NMR (MeOH4,): o 53.39. MS
172.22, 172.19, 172.17, 171.17, 171.13, 166.91, 166.83, 155.44,(m/z, M + Na'): 601.
146.57, 136.66, 131.22, 128.91, 128.48, 128.32, 128.29, 125.40, Methyl (2S)-2-N-[p-(N-carbobenzyloxyN-methyl)aminoben-
82.98, 82.96, 82.94, 81.80, 81.77, 81.75, 80.95, 67.99, 53.88, 53.84 zoyllamino-4-phenylselenylbutyrate (54).To the suspension of
53.78, 53.74, 53.68, 53.59, 51.74, 51.69, 51.55, 51.50, 39.89, 39.82diphenyl diselenide (463 mg, 1 mmol) in 15 mL of EtOH was added
39.68, 39.65, 37.79, 33.00, 32.96, 32.91, 30.69, 30.30, 30.23, 29.96 sodium borohydride (95 mg, 2.5 mmol) in portions under argon,
29.80, 29.70, 29.58, 29.51, 28.46, 28.41, 28.37, 25.21, 25.01, 24.94 until the orange color of the mixture disappeared. The solution of
24.78, 24.49, 24.11, 24.05'P NMR (CDCk): o 57.84, 57.72, bromide41 (1.19 g, 3.2 mmol) in 20 mL of EtOH was then added.
57.35, 57.26. ESI-HRMS{/2): calcd for GgHs;N,0O1.PNa [M + After 30 min, the resulting mixture was poured into 200 mL of
Na]* 783.3598, found 783.3617. Et,O. The resulting mixture was washed with NaH£and brine
Dimethyl { N-[p-(N-methyl)aminobenzoyl}-o-methyl-L-glutamyl- and dried over Ng&50O,. Removal of the solvent gave 620 mg of
y-[W{P(O)(OCH,)CH, }]-glutarate (51). To a solution of the the crude product, which was purified by flash chromatography
tetramethyl phosphinic pseudopeptii@a (60 mg, 0.09 mmol) in (hexanes:EtOAe 1:9, R = 0.45) to give 483 mg (90%) &4 as
5 mL of fresh-distilled THF was added 12 mg of 5% Pd/C, and a colorless oil.tH NMR (CDClg): 6 7.79 (d,J = 8.6 Hz, 2H),
the mixture was saturated withp,HThe resulting mixture was then ~ 7.49-7.50 (m, 2H), 7.3+7.38 (m, 7H), 7.247.27 (m, 3H), 7.07
stirred at room temperature undek dvernight. The Pd/C was  (d, J = 7.8 Hz, 1H), 5.20 (s, 2H), 4.944.95 (m, 1H), 3.75 (s,
filtered off. The filtrate was collected and concentrated to give 45 3H), 3.35 (s, 3H), 2.943.01 (m, 2H), 2.352.40 (m, 1H), 2.18
mg (100%) of51 as an oil, which was used without further 2.22 (m, 1H)13C NMR (CDCk): ¢ 172.88, 166.90, 155.45, 146.70,
purification.'H NMR (CDCly): 6 7.75 (d,J = 12.2 Hz, 2H), 7.25 136.64, 133.22, 131.07, 130.04, 129.61, 128.97, 128.58, 128.35,
7.34 (m, 1H), 6.57 (dJ = 12.2 Hz, 2H), 4.79 (m, 1H), 4.36 (m,  128.27, 127.59, 125.38, 68.09, 53.23, 53.03, 37.77, 33.40, 23.68.
1H), 3.77 (s, 3H), 3.6%3.72 (m, 9H), 2.86 (s, 3H), 2.312.33 MS (m/z, M + Na'): 563. Anal. (G/H2sN2Os): C, H, N.
(m, 2H), 2.272.29 (m, 2H), 2.23-2.25 (m, 1H), 1.93-1.98 (m, (29)-2-N-[p-(N-carbobenzyloxyN-methyl)aminobenzoylJamino-
3H), 1.82-1.87 (m, 2H).13C NMR (CDCk): ¢ 174.91, 173.25, 4-phenylselenylbutyric Acid (55).To a solution of the methyl ester
172.85, 167.65, 152.61, 129.41, 121.59, 111.63, 52.93, 52.54, 52.1354 (390 mg, 0.72 mmol) in 4 mL of MeOH and 1 mL of Gél,
51.85, 39.00, 38.83, 31.50, 30.55, 29.73, 29.21, 29.05, 22'@3.  at 0°C was added 1 mLfal N LiOH. The resulting mixture was
NMR (CDCl): ¢ 57.20, 56.71. ESI-HRMSn{/2): calcd for stirred at room temperature for 2 h. Dowex-H was added to

CaH33sN>OgPNa [M + NaJ*t 523.1821, found 523.1824. neutralize the reaction mixture and was then removed by filtration.
Dimethyl {N-[(4-deoxy-2,4-diamino-10-methyl)pteroyl]e- The filtrate was collected and concentrated in vacuo to yield 380
methyl-L-glutamyl-y} -[W{ P(O)(OH)CH}]-glutarate (1d). Di- mg (100%) of55, which was used without further purificatiotH

bromotriphenylphosphine (127 mg, 0.3 mmol) was suspended in 1 NMR (CDCly): 6 7.69 (d,J = 7.0 Hz, 2H), 7.29-7.34 (m, 7H),

mL of dry dimethylacetamide, followed by addition of (2,4-diamino- 7.10-7.16 (m, 5H), 5.15 (s, 2H), 4.64 (m, 1H), 3.22 (s, 3H), 2.89
6-pteridinyl)methanol hydrochloridd {8 (23 mg, 0.1 mmol). The (m, 2H), 2.27 (m, 1H), 2.13 (m, 1H}*C NMR (CDC}): ¢ 168.50,
resulting mixture turned clear and red in few minutes with emission 155.53, 146.47, 136.56, 132.54, 130.82, 129.48, 128.95, 128.58,
of gas. The reddish solution was stirred at room temperature for 128.52, 128.35, 127.11, 125.14, 68.13, 53.40, 37.57, 32.74, 4.07.
20 h before diethylisopropylamine (52 mg, 0.4 mmol) and a solution ESI-MS Wz, [M—H" + Na']): 548.9.

of the tetramethyl esteés1 (45 mg, 0.09 mmol) in dimethylaceta- Pivaloyloxymethyl (25)-2-N-[p-(N-carbobenzyloxyN-methyl)-

mide (1 mL) was added. The resulting mixture was then kept at 60 aminobenzoyl]lamino-4-phenylselenylbutyrate (56)To a solution

°C for 40 h and monitored by HPLC. The solvent was removed in of the acid55 (273 mg, 0.52 mmol) in 5 mL of dry DMF was

a vacuum to give 240 mg of the crude product, which was purified added POMI (630 mg, 2.6 mmol), dimethyl methylphosphonate
by silica gel column chromatography (MeOH:gH, = 1:1, R = (322 mg, 2.6 mmol), and A€O; (360 mg, 1.3 mmol). The
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resulting mixture was allowed to stir at room temperature overnight 172.89, 171.34, 171.30, 170.73, 170.67, 167.12, 167.05, 155.42,

and quenched with 2 mLf@ N HCI. The precipitate was removed
by filtration. The filtrate was collected and concentrated to give
483 mg of the crude product, which was purified by flash
chromatography (hexanes:EtOAc 2:1, R = 0.45) to yield 276
mg (83%) of56 as a colorless oitH NMR (CDCl): 6 7.78 (d,J

= 8.6 Hz, 2H), 7.56-7.52 (m, 2H), 7.327.39 (m, 7H), 7.26
7.29 (m, 3H), 6.78 (dJ = 7.7 Hz, 1H), 5.89 (dJ = 5.5 Hz, 1H),
5.78 (d,J = 5.5 Hz, 1H), 5.21 (s, 2H), 4.954.99 (m, 1H), 3.38
(s, 3H), 2.97 (m, 2H), 2.342.41 (m, 1H), 2.16-2.24 (m, 1H),
1.22 (s, 9H)13C NMR (CDCk): ¢ 177.30, 171.19, 166.82, 155.44,

146.72, 136.66, 130.73, 128.90, 128.48, 128.28, 125.34, 80.49,
80.31, 80.19, 79.98, 67.99, 53.38, 53.13, 53.05, 52.93, 52.03, 51.82,
39.23, 39.11, 38.79, 38.66, 37.74, 31.20, 31.15, 31.11, 30.48, 30.11,
29.73, 29.40, 28.59, 28.51, 28.07, 27.61, 27.22, 25.31, 24.87, 24.58,
24.28, 24.14, 23.95, 23.771P NMR (CDCk): 6 57.18, 57.04,
56.61. ESI-HRMS 1fV2): calcd for GsHgaN2O;7/PNa [M + NaJ*
957.3762, found. 957.3786.

Bis(pivaloyloxymethyl) {N-[p-(N-methyl)aminobenzoyl]-a-
pivaloyloxymethyl-L-glutamyl-y} -[W{P(O)(OCH3)CH} ]-glu-
tarate (60). To a solution of the tri-POM estés9 (56 mg, 0.06

146.89, 136.61, 133.49, 130.89, 129.64, 128.96, 128.58, 128.37,mmol) in 10 mL of freshly distilled THF was added 12 mg of Pd/
128.19, 127.76, 125.46, 80.43, 68.11, 53.12, 39.16, 37.76, 33.21,C. The resulting mixture was then stirred overnight underat

27.24, 23.46. MSrfyz, M + Na'): 663. Anal. (GH3sN,0;Se):
C, H, N.

Pivaloyloxymethyl (2S)-N-[p-(N-carbobenzyloxyN-methyl)-
aminobenzoyl]-2-vinylglycine (57).To a solution of the POM ester
56 (276 mg, 0.43 mmol) in 25 mL of freshly distilled THF was
added 0.5 mL of KO, (30% in HO). The resulting mixture was
heated at reflux temperature for 1 h, diluted with 200 mL of EtOAc,
washed with brine, and then dried overJ8&,. Removal of the
solvent gave 210 mg of the crude product, which was purified by
flash chromatography (hexanes:EtOAc2:1, Ri = 0.4) to yield
187 mg (90%)of 57 as a colorless diH NMR (CDCL): 6 7.82
(d,J=8.6 Hz, 2H), 7.29-7.37 (m, 7H), 6.92 (d) = 7.4 Hz, 1H),
5.95-6.01 (m, 1H), 5.91 (dJ = 5.5 Hz, 1H), 5.80 (dJ = 5.5 Hz,
1H), 5.44 (dd,J;=17.1 Hz,J,=1.4 Hz, 1H), 5.36-5.38 (m, 1H),
5.34 (dd,J;=10.4 Hz,J,=1.4 Hz, 1H), 5.19 (s, 2H); 3.36 (s, 3H),
1.22 (s, 9H)3C NMR (CDCh): ¢ 177.28, 169.89, 166.57, 155.45,

room temperature, after which the Pd/C was removed by filtration.
The filtrate was collected and concentrated to give the 40 mg of
the crude product, which was purified by the preparative TLC
(EtOAc:hexanes= 4:1, R = 0.6) to yield 35 mg (73%) 060 as a
colorless oil.*H NMR (CDCly): 7.75 (d,J = 8.4 Hz, 2H), 7.3%

7.42 (m, 1H), 6.58 (dJ = 8.4 Hz, 2H), 5.8%5.88 (m, 3H), 5.68

5.80 (m, 5H), 4.774.81 (m, 1H), 3.633.74 (m, 3H), 2.87 (s,
3H), 2.87 (m, 1H), 2.352.42 (m, 2H), 2.22-2.27 (m, 2H), 2.0&

2.14 (m, 1H), 1.96-2.00 (m, 3H), 1.7#1.88 (m, 2H), 1.19-1.21

(m, 27H).13C NMR (CDCk): 6 177.48, 177.41, 177.37, 173.09,
173.04, 173.01, 172.96, 171.39, 171.34, 171.12, 171.10, 167.79,
167.76, 167.71, 152.66, 152.62, 129.50, 121.57, 121.54, 121.49,
111.73, 80.54, 80.48, 80.33, 80.30, 80.25, 79.99, 53.13, 52.98,
52.93,52.84,52.01, 51.96, 51.83, 51.79, 51.73, 39.12, 38.77, 38.71,
38.61, 31.23, 31.17, 31.14, 30.59, 30.43, 30.07, 29.71, 29.28, 28.60,
28.51, 27.61, 27.23, 24.57, 24.47, 24.28 NMR (CDCk): o

146.85, 136.60, 131.80, 130.84, 128.94, 128.56, 128.34, 128.27,57.00, 56.89, 56.47. ESI-HRM®(2): calcd for G;Hs/N,O1sPNa

125.44, 119.14, 80.33, 68.08, 55.26, 39.18, 37.74, 27.23. ESI-

HRMS (m/2): calcd for GeHzoN,O;Na [M + NaJ* 505.1951, found
505.1950.

Bis(pivaloyloxymethyl) { N-{ p-[(N-carbobenzyloxyN-methyl)-
amino]benzoy} -a-pivaloyloxymethyl-L-glutamyl-y} -[W{P(O)-
(OCH3)CHy}]-glutarate (59). To a solution of the POM esté&7

[M + Na]* 823.3394, found 823.3395.

Bis(pivaloyloxymethyl) { N-[(4-deoxy-2,4-diamino-10-methyl)-
pteroyl]- a-pivaloyloxymethyl-L -glutamyl-y} -[W#{ P(O)(OCHs)-
CHj}]-glutarate (1b). To the suspension of dibromotriphenylphos-
phine (63 mg, 0.15 mmol) in 0.5 mL dfi,N-dimethylacetamide
was added (2,4-diamino-6-pteridinyl)ymethanol hydrochloridies)

(73 mg, 0.15 mmol) and ammonium hypophosphite (38 mg, 0.45 (12 mg, 0.05 mmol). The resulting mixture turned to a red
mmol) in 1 mL of MeOH was added triethylborane (1 M in hexanes, homogeneous solution in a few minutes with emission of gas. The
0.18 mL, 0.18 mmol). The resulting mixture was stirred open to reddish solution was stirred at room temperature for 18 h before
the air at room temperature for 3 h. The solvent was then removeddiisopropylethylamine (26 mg, 0.2 mmol) was added. To the
on a rotary evaporator while the temperature of the water bath wasresulting mixture was added a solution of the POM e8@(40

kept lower than 30°C. KHSQ, (2 mL, 1 M) was added to the  mg, 0.05 mmol) in dimethylacetamide (1 mL). The resulting mixture
residue. The resulting aqueous mixture was extracted with EtOAc was then kept at 60C for 2 days and reaction progress was
(10 mL x 3). The organic extracts were combined and dried over monitored by analytical HPLC. After the reaction was completed,
N&S0O,. Removal of the solvent gave 82 mg of the desired product the solvent was removed in a vacuum. The residue was dissolved

58, which was used in the next step without further purification.
To the solution of the phosphinkS8 obtained above in 1 mL of
freshly distilled CHCI, was added the solution of bis(pivaloyl-
oxymethyl)o-methyleneglutaratd4 (140 mg, 0.38 mmol) in 1 mL
of freshly distilled CHCI, dried over MgSQ@ through a syringe
with a filter under argon, followed by addition of BSA (153 mg,

in 100 mL of EtOAc and washed viitl N HCI (5 mL x 3) and
brine (5 mL x 3) and then dried over N&O,. Removal of the
solvent gave 116 mg of a brown oily solid as the crude product,
which was dissolved in 5 mL of EtOAc and treated with £k
(~1 mmol). Concentration of the reaction mixture gave 120 mg of
the crude product, which was purified by semipreparative HPLC

0.75 mmol). The resulting solution was heated at reflux temperature to yield 20 mg (41%) ofLb as a yellow oil*H NMR (DMSO-dg):

overnight and then quenched wi2 N HCI (2 mL). The mixture
was stirred vigorously o3 h and diluted with 50 mL of EtOAc
(10 mL x 3). The resulting mixture was washed with brine and
dried over NaSQO,. Removal of the solvent gave 61 mg of the crude
product as a light yellow oil, which was used in the next step
without further purification.

The product obtained above was dissolved in 5 mL of EtOAc,
followed by addition of the solution of Cil, in Et,O until the
color of the mixture remained green yellow. The resulting mixture

5 856 (s, 1H), 8.47, (dJ = 7.0 Hz), 7.72 (dJ = 8.5 Hz, 2H),
7.72 (bs, 1H), 7.48 (bs, 1H), 6.82 (d= 8.5 Hz, 2H), 6.67 (bs,
2H), 5.65-5.76 (M, 6H), 4.78 (s, 2H), 4.374.38 (m, 1H), 3.52
(d,J = 10.5 Hz, 3H), 3.21 (s, 3H), 2.75 (m, 1H), 2:32.40 (m,
2H), 2.04-2.10 (m, 1H), 1.851.91 (m, 4H), 1.78-1.85 (m, 3H),
1.17 (s, 9H), 1.12 (s, 9H), 1.10 (s, 9HJP NMR (DMSOdg): 6
55.80, 55.76, 55.63, 55.56. ESI-HRM®%): calcd for GuHeNgO1s-
PNa [M + NaJ* 997.4048, found 997.4053. U¥pa: (0.1 N
NaOH) 255, 306, 370 nm; (0.1 N HCI) 245, 308. Analytical HPLC

was then stirred at room temperature for another hour. A drop of method B: tg = 25.8 min.

AcOH was added to quench the reaction. Removal of the solvent

gave 70 mg of the crude product, which was purified by flash
chromatography (EtOAc:hexanes2:1, Ry = 0.4) to give 65 mg
(46% over 3 steps) 9 as a colorless oifH NMR (CDCL): 6
7.93-8.00 (m, 1H), 7.91 (dJ = 8.4 Hz, 2H), 7.29-7.36 (m, 7H),
5.61-5.89 (m, 6H), 5.17 (s, 2H), 4.7%4.79 (m, 1H), 3.623.73
(m, 3H), 3.34 (s, 3H), 2.862.87 (m, 1H), 2.352.40 (m, 2H),
2.22-2.27 (m, 2H), 2.182.21 (m, 1H), 1.972.03 (m, 3H), 1.82
1.88 (m, 2H)13C NMR (CDCk): 6 177.42,177.36, 177.33, 172.94,

Bis(pivaloyloxymethyl) { N-[(4-deoxy-2,4-diamino-10-methyl)-
pteroyl]- a-pivaloyloxymethyl-L-glutamyl-y} -[W{P(O)(OH)CH_} -
glutarate (1c). To a suspension of dibromotriphenylphosphine (76
mg, 0.18 mmol) in 0.5 mL ofN,N-dimethylacetamide was added
(2,4-diamino-6-pteridinyl)methanol hydrochloridé1@ (14 mg,
0.06 mmol). The resulting mixture turned to a red homogeneous
solution in a few minutes with emission of gas. The reddish solution
was stirred at room temperature for 18 h before diisopropylethyl-
amine (30 mg, 0.23 mmol) was added. To the resulting mixture
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was added a solution of the POM estr(32 mg, 0.04 mmol) in
dimethylacetamide (1 mL). The resulting mixture was then kept at
60 °C for 2 days and reaction progress was monitored by analytical
HPLC. After the reaction was completed, the solvent was removed
in a vacuum. The residue was dissolved in 100 mL of EtOAc and
washed with 1 N HCI (5 mL x 3) and brine (5 mLx 3) and then
dried over NaSQ,. Removal of the solvent gave 134 mg of a brown
oily solid as the crude product, which was purified by preparative
HPLC (method B) to yield 12 mg (31%) dfc as a yellow solid.

IH NMR (DMSO-dg): 0 9.28 (s, 1H), 9.08 (s, 1H), 8.72 (s, 1H),
8.64, (d,J=6.5Hz), 7.75 (dJ) = 9.0 Hz, 2H), 7.56 (bs, 1H), 7.36
(bs, 1H), 6.82 (dJ = 9.0 Hz, 2H), 5.63-5.76 (m, 6H), 4.88 (s,
2H), 4.38 (m, 1H), 3.25 (s, 3H), 2.75 (m, 1H), 2.36 (m, 2H), %78
1.93 (m, 5H), 1.63-1.72 (m, 3H), 1.19 (s, 9H), 1.16 (s, 9H), 1.13
(s, 9H).31P NMR (DMSO4g): o 47.11. ESI-HRMS1{V2): calcd

for C43HeiNgO1sPNa [M + NaJ* 983.3892, found 983.3054. UV
Amax (0.1 N NaOH) 255, 306, 370 nm; (0.1 N HCI) 245, 308.
Analytical HPLC method B:tg = 23.5 min.

Cytotoxicity and Hydrolysis Studies. Compoundsla—d and
2a—d were dissolved in DMSO to provide 1 mM stock solutions.
Serial dilutions were done either in DMSO (cell culture cytotoxicity)
or phosphate (20 mM, pH 8.0) (hydrolysis studies). Cells were
grown in RPMI 1640 cell culture medium (Sigma) as previously
describeé® and exposed continuously to compounds for a period
of 72 h. Cytotoxicity was determined by use of a Cell Titer-Blue
Cell Viability kit (Promega), and 16; data (Table 2) were obtained
from dose-response curves obtained over a concentration range
from 1 nM to 1uM. For hydrolysis studies (Figures-5), thet =
0 points indicate the time a sample was applied to the HPLC column
by the autosampler following dilution of the stock solution with
phosphate buffer or cell line medium and filtration of the sample.
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