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A series of azacyclic phosphonic acids were synthesized fr@yroglutamic acid, 6-oxa-pipecolic

acid, and their enantiomers. The objective was to study the effect of constraining acyclic inhibitors of
endothelin converting enzyme on inhibitory activity. Potential pharmacophoric tethers were introduced
by stereocontrolled reactions to give highly substituted pyrrolidine- and piperédiplgasphonic acids.
Weak inhibitory activity was observed for one diastereomer in each series having the same relative

orientation of substituents.

Introduction

The role of endogenous vasoactive peptides in physiologically

important processes has been known for some tilimong

conjunction with other enzymatic events, notably the phospho-
rylation of the light chain of myosin, leads to the contraction
of blood vessels.

Thus, in addition to other targets such as RG#d renirf

these peptides is a family of potent vasoconstrictors acting on
smooth muscle tissues and the central nervous system, knowrihe inhibition of ECE has been considered as a relevant strategy
as the endothelirsThey consist of three isoforms in humans to control hypertensionThe physiopathologic implications of

that are encoded by different genes but differ in only a few ECE cover a wide range of serious disorders beyond hyperten-
amino acids$ A series of biochemical conversions mediated by sion, such as asthma, renal failure, cancer, and atherosclerosis
endopeptidases converts the initially formed pure proendothelinto mention a few?, Another endogenous endopeptidase, NEP
into big ET-1. Subsequently, endothelin-converting enzyme (neutral endopeptidase), is responsible for the degradation of
(ECE) cleaves big ET-1 at the Trp-Val site to produce the 21- natural natriuretic peptide, which is a potent vasodilator. ECE
amino acid peptide ET-1, which is the most powerful local and NEP are zinc metalloproteases that share a substantial degree

vasoconstricting peptide knowrET-1 binds to its receptor on

of homology? Thus, the search for an effective inhibitor of ECE

a G-coupled protein resulting in the activation of phospholipase has been the focus of intensive effoftg®

C and stimulation of protein kinase C. As a consequence, the

concentration of intracellular €& is increased, which in
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FIGURE 1. Examples of ECE inhibitors and projected constrained
analoguesA andB.

The interaction of phosphoramiddn(Figure 1), a naturally
occurringL-rhammosyl phosphoramidite of Trp-Lys with NEP,
has identified specific binding domains in the S;', and &'
sites? Phosphoramidon is also an inhibitor of ECRAIthough
the ultimate aim is to develop a dual or triple inhibitor, capable
of inhibiting ECE, NEP, and ACE2? we focused on gaining
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selective modes of bindiny.By choosing substituted prolines

as the azacyclic core units, we wished to maintain the relative
positions of pharmacophores compared to the acyclic m&lels
and3. In the absence of crystallographic data on the 3-dimen-
sional structure of ECE, we deemed it necessary to address the
stereochemical issues related to the arrangement of the phar-
macophoric sites by making availaldediverse set of diaster-
eomeric compounds within each enantiomeric seasshown

in the generic structurd. Our choice of a phosphonic acid as

a potential zinc chelator was based on known precetfems
synthetic convenience adopting a disconnective analysis that
was amenable to functional and stereochemical diversity as
shown in Scheme 1.

For the series A analogues, stereocontrolled enolate alkylation
of anL-pyroglutamic aciéf’ ester would introduce the,Rroup
at C,. Sequential introduction of requisite; Rnd R groups
via conjugate addition to am,3-unsaturated lactam derived from
pyroglutamic acié®18 or 6-oxopipecolic acid? followed by
enolate alkylatiorf? respectively, would give analogues in series
C and E. The phosphonic acid group in each series would be
introduced via the correspondiny-acyloxyiminium ions*
Functional group adjustments and amide coupling would
ultimately produce the 4-substituted or 3,4-disubstituted
5-phosphona-prolylamides4 and 4,5-disubstituted 6-phosphono-
D-pipecolic acid amide8. An identical sequence starting with
D-pyroglutamic acid and 6-oxo-pipecolic acid would provide
a selection of compounds in the enantiomeric series. Our initial

insights into the functional and stereochemical requirements for studies focused on the elaboration of a strategy toward obtaining

inhibitory activity of ECE. Our objective was to synthesize
azacyclic compounds related to theaminophosphonic acids
2™ and 3.7 Since the 3-dimensional spatial disposition of the

4-alkyl-5-phosphona-proline esters as intermediates corre-
sponding to series A (Scheme 1), relying on an anticipated
selectivity in the enolate alkylation. Since previous inhibitors

various groups in these compounds is not known, we hopedin the acyclic series such @sand3 deployed a bulky aromatic
that the stereocontrolled synthesis of individual substituted group as arw-alkyl appendage, we chose cinnamyl, isobutyl,

5-phosphonoproline amid€swith stereochemically fixed ap-
pendages on a rigid scaffold would provide insights into

and N-(1,8-dicarboxynaphthalimido)ethyl groups as potential
mimics of the presumed hydrophobig' Pharmacophore. For

SCHEME 1. Disconnective Strategy toward Diverse Substitution on-Proline and L-Pipecolic Acid Scaffolds
R2 R R2 R R?
. o) H 3 .
?\ /Z—X‘ Series C A Nj/R Series A ?\
Meo-P N TCOMe  ——— HOP N Yo T Meo-PTNTTCOMe
OMe Boc OH H © 2 OMe Boc
4
“ R'=H, Alkyl ﬂ
R2 R R?
LS ome = oAt — (L — oL
07N\~ ~COMe oﬁQ\/ 07\~ ~COH 07N~ ~COMe
Boc Boc H Boc
L-pyroglutamic acid
Series A (L-pyroglutamic acid) Series B Series C (L-pyroglutamic acid)  Series D
R'=H like series A starting from R’ = isobutyl like series C starting from
R?= allyl, cinnamyl, 3-(1-naphthyl)propeny! D-pyroglutamic acid R? = like in series A D-pyroglutamic acid
and N-(1,8-dicarboxynaphthalimido)ethyl R3= CHyPh, CHy(3-indolyl)
R! R R!
2 2 2
R Series E R R =z
O\\ n R3 fr—— O\\ . f—— . e . fr—— .
Ho-P” N ’n/ _P” "N” “CO,Me 07 "N~ “CO;Me O~ "N~ “CO,Me O~ "N” “COzH
(|)H H O COH MeO (|)M Boc Boc Boc H

2 e 6-ox0-D-pipecolic

5 acid

Series E (6-oxo-D-pipecolic acid)

R' = isobutyl

R? = N-(1,8-dicarboxynaphthalimido)ethy!
R3 = CHy(3-indolyl)

Series F
like series E starting from
6-oxo-L-pipecolic acid
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series C, the eventualzGubstituent was kept constant as an SCHEME 22

isobutyl group. The above protocol also allowed for the R! R
introduction of other zinc-chelating groups such as a carboxylic A N
: ; R? R?
or hydroxamic acid at £22
. . a /
Results and Discussion o‘z\;}‘cozm — 0@‘002,“3 o N~ CO,Me
. . . c Boc Boc
Formation of the Li enolate from.-pyroglutamic acid methyl 6 7a,R'=H,R?=H (2:1) 7b,R'=H, RZ=H
ester6 and treatment with allyl iodide afforded a 2:1 mixture 8a,R'=Ph,RZ=H(3.511)  8b,R'=Ph,RZ=H
of thetransandcis C, allyl derivatives7aand7b, respectively 9, R' =Naph, RE=H(7.8:1) 9b,R' = Naph, R?=H
(Scheme 2). Analogous treatment with cinnamyl bromide 10a. RT=H,R"=Me (1.51)  10b,R’=H, R"=Me
afforded a modegtans-selectivity to giveBaand8bin a 3.5:1 R R
ratio. On the other hand, treatment of the enolate with the bulkier \5 \S
1-naphthyl-2-propenyl bromide led to a preponderance of the / /
b,c.d B Q
(8) ECE inhibitors have been shown to be beneficial for the treatment 73, 8a, 9a ' & SPYNTTTCOMe + P77 TTCOMe
of others diseases. (a) Heart failure: Wada, A.; Tsutamoto, T.; Ohnishi, MeO OMe Boc MeO OMe Boc
M.; Sawaki, M.; Fukai, D.; Maeda, Y., Kinoshita, MCirculation 1999 11a, R=H (1:1.5) 11b,R=H
99, 570-577. (b) Cerebral vasospasm: Matsumura, Y.; Ikegawa, R.; Suzuki, 12a, R = Ph (1:1.9) 12b, R = Ph

Y.; Takaoka, M.; Uchida, T.; Kido, H.; Shinyama, H.; Hayashi, K.; 13a, R = Naph (1:1.8) 13b, R = Naph
Watanabe, M.; Morimoto, SLife Sci. 1991 49, 841-848. (c¢) Renal '
dysfunction: Vemulapalli, S.; Chiu, P. J.; Chintala, M.; Bernardino, V.
Pharmacologyl993 47, 188-193. For endothelin receptor antagonists and
therapeutic applications, see: (a) Dasgupta, F.; Mukherjee, A. K.; Gan-
gadhar, N.Curr. Med. Chem2002 9, 549-575. (b) Boss, C.; Bolli, M,;
Weller, T.Curr. Med. Chem2002 9, 349-383.

(9) () Roques, B. ARath. Biol.1998 46, 191—-200. (b) Keller, P. M.;
Lee, C.-P.; Fenwick, A. E.; Atkinson, S. T.; Elliott, J. D.; DeWolf, W. E. _
Jr. Biochem. Biophys. Res. Commaf96 223 372-378. (c) Roques, B. 1a
P.; Noble, F.; DaugeV.; FournieZaluski, M.-C.; Beaumont, APharmacol.

Rev. 1993 45, 87—146. a Reagents and conditions: (a) LIHMDS, RBr, THF/8°C, 30-57%;

(10) (a) Otter, W.; Kentsch, MCurr. Opin. Cardia/asc. Pulm. Ren. (b) Super Hydride, THF;-78 °C; (c) AcO, E&N, DMAP, DCM, rt; (d)
Invest. Drug200Q 2, 316-329. (b) Doherty, A. MAnnu. Rep. Med. Chem P(OMe}, BF;-OEL, DCM, —78 °C to rt, 45-80%.

1991, 26, 83—92.

(11) (a) De Nanteuil, G.; Benoist, A.; Remond, G.; Descombes, J. J.; ; Q- ;
Barou, V.; Verbeuren, T. Jetrahedron Lett1995 36, 1435-8. (b) Fukami, translsomerga (trang’cis ~8:1). The above dlasyereomers'were
T.; Hayama, T.: Amano, Y.; Nakamura, Y. Arai, Y.; Matsuyama, K.: Yano, €asily separable by flash chromatography. Since our aim was
M.; Ishikawa, K.Bioorg. Med. Chem. Letl994 4, 1257-1262. (c) Roques, to produce a diverse set of diastereomers from a common
B. P. Biochem. Soc. Transl993 21, 676-685. (d) McMahon, E. G.; intermediate within the same enantiomeric series, we did not

Palomo, M. A.; Moore, W. M.; McDonald, J. F.; Stern, M. Rroc. Natl. S . .
Acad. Sci. U.S.A1991 88, 703-707. (e) Fukuroda, T.; Noguchi, k.;  attempt to optimize the ratios of products. Their ease of

Tsuchida, S.; Nishikibe, M.; Ikemoto, F.; Okada, K.; Yano, Blochem. separation by chromatography allowed us to prepare sufficient
_I?Iokphysﬁ_ RﬁS-UCOmmu@EﬂQ k7t2_b3?01—937%5-2g)63lid%2 3H Aoyagi, T.; quantities of each diastereomer to pursue the functionalization
akeucni, |.; Umezawa, . ANntiplot. 3 — . : :
(12) Loffler, B.-M. Curr. Opin. Cardioasc. Pulm. Ren. est. Drugs of the resulting l.aCtamS atsCThusé reduction of the laCt.ams
1999 1, 352-364. 7a, 8a, and9a with Super hydridé? followed by acetylation
(13) Diel, P. J.; Maier, LPhosphorus Sulfut984 20, 313-321. and treatment with trimethyl phosphite gave three sets of
(14) (a) Leung, D.; Abbenante, G.; Fairlie, D. .Med. Chem200Q i ; i
43,305-341. (b) Babine, R. E.; Bender, S.Chem. Re. 1997, 97, 1359 diastereomeric Edimethylphosphonatesla11b, 12212h, and
1472 13a/13bin excellent overall yields. In each pair, the proportion
(15) For related examples, see: Hanessian, S.; MacKay, B. D.; Moitessier, 0f C,/Cs cis-isomer was favored, ranging from 1.5 to 1.9:1 (as
N'f]iel\)ﬂgﬂ' gheénZSOOJé 44, 307;—%0512- de. Do De Lombaert. S.- Jeng. A determined byH NMR). Furthermore, the £epimeric dimethyl
etty, S. S.; savage, P.; belgrande, D.; De Lombaert, S.; Jeng, A. . . .. . .
Y. J. Cardio. Pharm1998 31 S68-570. phosphonates could bg separated into individual ena.ntlomencally
(17) Ngera, C.; Yus, M.Tetrahedron: Asymmetrg999 10, 2245~ pure compounds. Their stereochemistry was determined by NOE
2303. studies of the respectiveHs in cis-phosphonates and by

(18) (a) Qiao, L.; Zhao, L.-Y.; Rong, S.-B.; Wu, X.-W.; Wang, S.; Fuijii, ; _ fat
T.: Kazanietz, M. G.. Rauser, L - Savage, J.: Roth, B. L.: Flippen-Anderson, single-crystal structure determination of the allyl analodLiess
J.; Kozikowski, A. P.Bioorg. Med. Chem. Lete001, 11, 955-959. () ~ and1lb(Scheme 2). S
Herdeis, C.; Hubmann, H. Fetrahedron: Asymmet992 3, 1213-21. It is of interest that the orientation of tHé-Boc and ester
() Hanessian, S.; Ratovelomanana,Synlett199Q 9, 501-503. carbonyl groups in the crystalline solid state were different in

19) (a) Hanessian, S.; van Otterlo, W. A. L.; Nilsson, |.; Bauer, U. . .
Tet(rah)e(dr)on Lett2002 43, 1995-1998. (b) Hanessian, S.. Seid, M.; thetrans andcis-phosphonate$laandl1lb, respectively. The

Nilsson, I. Tetrahedron Lett.2002 43, 1991-1994. (c) Muller, M.; minimization of A“? strain between the ester ard-Boc
Schoenfelder A.; Didier, B.; Mann, A.; Wermuth, C.-Ghem. Commun. groups?® coupled with thetrans- or cis-disposition of the

19?290??2;3@‘;‘1 M. J.: Bailey, J. H.: Cherry, D. T.: Moloney, M. G.: dimethylphosphonate, result in significant changes compared

Shim, S. B.; Statham, K. A.; Bamford, M. J.; Lamont, R. Betrahedron
1996 52, 3719-40. (b) Ezquerra, J.; Pedregal, C.; Rubio, A.; Yruretagoyena, (23) (a) Collado, I.; Ezquerra, J.; Pedregal,JCOrg. Chem1995 60,
B.; Escribano, A.; Sachez-Fernando, Fetrahedrorl993 49, 8665-8678. 5011-15. (b) Miller, S. A.; Chamberlin, R. AJ. Am. Chem. Sod.99Q
(21) (a) Maryanoff, B. E.; Zhang, H.-C.; Cohen, J. H.; Turchi, I. J.; 112 2,81006-8112. (c) Fisher, M. J.; Overman, L. E.Org. Chem199Q
Maryanoff, C. A.Chem. Re. 2004 104, 1431-1628. (b) Speckamp, W. 55, 1447-1459. (d) Herbert, C. B.; Krishnamurthy, $. Am. Chem. Soc.

N.; Moolenaar, M. JTetrahedron2000 56, 38173856. 1973 95, 1669-71.

(22) (a) Moradei, O.; Maroun, C. R.; Paquin, I.; VaisburgQurr. Med. (24) Shono, T.; Matsumura, Y.; Tsubata, Ketrahedron Lett1981 22,
Chem. Anti-Cancer Agen005 5, 529-560. (b) Muri, E. M. F.; Nieto, 3249-3252.
M. J.; Sindelar, R. D.; Williamson, J. €urr. Med. Chem2002 9, 1631 (25) Hanessian, S.; Seid, M.; Nilsson,Tletrahedron Lett2002 43,
1653. 1991-1994.

2762 J. Org. Chem.Vol. 71, No. 7, 2006



Azacyclic Inhibitors of Endothelin Cearting Enzyme

SCHEME 32
HO>
11a and 11b a,b \\
each taken separately CO,Me
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14a, C,/Cs trans
14b, C,/Cs cis

N
/ 7
. ~, H
O\\P“”O‘COZMe - 3 N

P
Meo 1 N MeO”

acs

o}

OMe Boc OMe BOC o] COR?
15a, C,/Cs trans 16a, C,/Cj trans; R' = Ph, R =¢t-Bu
15b, C,/Cs cis 16b, C,/Cs cis; R' = Ph, R2 =t-Bu

17a, C,/Cs trans; R' = indole, R2 = Me
17b, C,/Cs cis; R! = indole, R? = Me
18, C,/Cs trans; R1 CH,Ph, R2 = Me

(2

; H H
g.hi Q N R Q N R
,P“'% \(\ b \ \(\
NaO™ | 0 CO,H NaO CO,H

OH H OH H ©
19a,R=Ph 19b, R = Ph
20a, R = indole 20b, R = indole
O 21, R =CHyPh O
Q O Q o)
N N
o o
H H
Q N Ph Q N Ph
nao N 1 Nnao N
“on H o COM 054 H o COH
22a 22b

aReagents and conditions: (a) (i) ozone, DCM/MeOH (1:4J8 °C;
(i) Me2S, —78 to 0°C; (b) NaBH,, MeOH, 0°C to rt, 79-81%; (c) TsCl,
EtsN, DMAP, DCM, rt; (d) N-(1,8-dicarboxynaphthalimido) Nasalt, DMF,
33—42%; (e) LIOHH20, THF/H,O/MeOH (5:4:1), O°C to rt; (f) i-PrNEt,
EDCI, HOBt, H-Xaa-OR-HCI, DCM, 33-79%; (g) HCI (gas), dioxane,
reflux; (h) LiOH-H20, THF/H,O/MeOH (5:4:1), 0°C to rt; (i) TMSBr,
DCM then 1 equiv of NaOH 0.05 M, 3870%.

to N-Boc L-proline?8 The deviation from planarity is more
pronounced illaand1lb (rms N, G, Cz, Cs = 0.0312 and
0.0505 A, respectively), compared sBoc proline (rms G,
N, Cs, C4 = 0.018 A). In both diastereomeisaand1ib, Cs
is puckered out of plane compared tgi@ N-Boc proline. Two
rotamers can be observed By and!3C NMR for several peaks,
with a characteristic downfield shift forsin thetransanalogue
11a(Cs = 58.9 ppm, compared tosG= 53.2 ppm forllb).
The moderately higher proportion of the/Cs cis-phospho-
nates in the three series of produtts-13 was of interest. In
the absence of a &ubstituent, the attack of nucleophiles on
the correspondindN-acyloxyiminium ions is expected to be
mostly trans to the ester groufd by virtue of its pseudoaxial

JOC Article

SCHEME 42
10a 2P d Q\ / 0\ /
MeO N CO,Me Me O N CO,Me
OMe Boc OMe Boc
23a, C,/Cs trans (1.2:1) 23b, C,/Cs cis

13a and 23a e f, g h
each taken separately
ON H COzH

24a, R = CH,CH=CHNaph
25a, R = CH,CH(CH3),

13b and 23b
<each taken separately) et g h ro\«
ON H CO,H

24b, R = CH,CH=CHNaph
25b, R = CH,CH(CHs),

ey {p
%,

§ 0 NH
Y
11b i,k “, e f,g.h
S f& ‘\
M o—P N COzMe N
eL NaO COzH
OMe Boc H 0 2

26 27

a2 Reagents and conditions: (a) K60 psi), Pd(OHYC, EtOH, rt; (b)
Super Hydride, THF,—78 °C; (c) AcO, EgN, DMAP, DCM, rt; (d)
P(OMe}, BFs-OEL, DCM, —78°C to rt, 69%; (e) LIOHH,0, THF/H,O/
MeOH (5:4:1), 0°C to rt; (f) i-PrNEt, EDCI, HOBt, H-Phe-®Bu-HClI or
H-Trp-OMe HCI, DCM, rt; (g) HCI (gas), dioxane, reflux or LiO#i,0,
THF/H,O/MeOH (5:4:1), H-Trp-OMeHCI; (h) TMSBr, DCM then 1 equiv
of NaOH 0.05M, 46-70%; (i) (i) BHs* THF, THF, 0°C, (ii) NaOH, H0>
30% vlv, rt; (j) TsCI, EtN, DMAP, DCM, rt; (k) N-(1,8-dicarboxynaph-
thalimido) Na" salt, DMF, rt, 30%.

orientation due to A? strain?® However, in thel1—13 series,
the sterically favoredrans-approach of trimethyl phosphite is
counterbalanced by the presence of theoCoriented alkyl
group. The slight variations in favor of the/Cs cis-phospho-
nates with increasing bulk of thes@lkyl group in going from
allyl to cinnamyl or its naphthyl counterpart could be due to a
more pronounced vicinal steric effect.

It was of interest to incorporate the imidoyl group, like in
structure3, in our constrained azacyclic scaffold. The most
practical approach was to utilize the diastereomeric unsaturated
alkyl appendages ats@s precursors. Thus, ozonolysisidfa
and 11b, respectively, followed by reduction of the resulting
aldehydes with NaBl afforded the corresponding 1-hydroxyl-
ethyl derivativesl4a and 14b, respectively (Scheme 3). At-
tempts to introduce the naphthalimido group by a Mitsunobu
reactior?® of 14bwere not successful, affording starting alcohol
even upon heating to 60C. Therefore, a two-step procedure
was adopted which consisted of displacing the corresponding
tosylates with the Nasalt of the imide to afford5aand15b
(Scheme 3). We then proceeded with their elaboration into the
intended target structures in this Serie A (Scheme 1). Hydrolysis

(26) See the Supporting Information.

(27) For nucleophilic additions on iminium ions, see: (a) Hanessian,

S.; Margarita, R.; Hall, A.; Johnstone, S.; Tremblay, M.; ParlantiJL.
Am. Chem. So002 124, 13342-13343. (b) Collado, I.; Ezquerra, J.;
Pedregal, CJ. Org. Chem1995 60, 5011-5015.

(28) Overman, L. E.; Lesuisse, D.; Hashimoto, 8.Am. Chem. Soc.
1983 105 5373-5379. For a review, see: Johnson,Ghem. Re. 1968
68, 375-413.

(29) (a) Hughes, D. LOrg. React1992 42, 335-656. (b) Mitsunobu,
O. Synthesis 981, 1981, 1—28.
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SCHEME 52
o
N
D o
a,b,c N d,ef,g -
o —— MeO-P" NN~ ~COMe MeO-P" NN~ ~COzMe
OMe Boc OMe Boc
28 29
Sa™ o
N N
o o 7
h, i H H
— O\\P“. N Ph Q\PD” (N Ph
R20~ N 3 NaO~ N~
OR! f¢ O COR OH H o COoH

30, R", R = Me; R® = +-Bu; R* = Boc 32
o

31,R"=Na;R% R3, R*=H

aReagents and conditions: (a) Super Hydride, THF8 °C; (b) AcO,
EtzN, DMAP, DCM, rt; (c) P(OMe}, BFs-OEb, DCM, —78°C to rt, 68%;
(d) (i) ozone, DCM/MeOH (1:1)~78 °C, (ii) Me;S, —78 to 0°C; (e)
NaBH;, MeOH, 0°C to rt, 84%; (f) TsCl, BN, DMAP, DCM, rt; (g)
N-(1,8-dicarboxynaphthalimido) Nasalt, DMF, rt, 42%; (h) LiOHHO,
THF/H,0/MeOH (5:4:1), rt; (i)i-PNEt, EDCI, HOBt, H-Phe-Q-Bu-HCI,
DCM, rt, 65%; (j) HCI (gas), dioxane, reflux; (k) TMSBr, DCM then 1
equiv of NaOH 0.05 M, 38%.

of the methyl ested5a with LIOH in a mixture of aqueous
MeOH and THF required heating at 6C for 2 days. The
resulting acid was coupled withhPheOt-Bu in the presence
of HOBt and Hunig’s base to give the correspondied-butyl
esterl6a Similar treatment ofl5b on the other hand, resulted
in a surprisingly facile hydrolysis, requiring LIOH at room
temperature for only 2 h. Coupling withPheOt-Bu gavel6h.
The Trp analogué7aand17b corresponding to the £Cs trans
andcis-isomer, respectively, were prepared as describetGor
TheL-homoPhe analogui8 corresponding to the £Cs trans
isomer was also prepared. Hydrolysis of tieet-butyl esters
and theN-Boc group in16a 16b, 17a 17b, and 18 with HCI

gas in dioxane, followed by cleavage of the phosphonate with

TMSBr 2 gave, after preparative HPLC, the sodium salts of
the first intended prototyped9a 19b, 20a 20b, and 21,

respectively. Compounds in the diastereomeric series were

prepared by the same transformations starting fmipyro-
glutamic acid to give22aand22b (series B).

The same protocol was used to transform the 3-[1-(naphthyl)-

propenyl] analogues obtained frorh3a and 13b and the
4-(isobutyl) counterpart®3a 23binto their PheOH amide®4a,
24b, 253 and25b, respectively (Scheme 4). The homologated
analogue 27 was prepared by hydroboration of the allyl
intermediatel 1b, followed by tosylation of the resulting alcohol,
and introduction of the naphthalimide group to giaé.

Hydrolysis of the methyl ester, peptide coupling, and then

cleavage of the phosphonate esters afforaiéd

Hanessian et al.

SCHEME 6. Possible Mechanistic Pathways for Ester
Hydrolysis?
o]
LiOH Meo,‘#’Q\(o LiOH
Pathway A (l)Me ||3 oc OMe Pathway B
\‘\U\ / \
0 i0  OH
MeO~4 ;—%OH Nn\‘/i-:(-)o\’FE_]LOMe
< - OM o ‘)
MeO '.‘j e '}'
Boc Boc
j\—MeOH l\-MeOH
Li
\\\\\ \ IO
MeO-p_ = ,/1 MeO-p-O~ 20
MeG \N 770 MeO |

C\)\ VO\(O
MeO-P7 N

|
OMe g OH

a C3 substituent omitted for clarity.

trimethyl phosphite gave thes@rans phosphonat®8 as the
predominant product, although it could not be separated from
a minor quantity of its Gepimer (Scheme 5). Oxidative
cleavage of the allyl group and installation of the 1,8-
dicarboxynaphthalimido group as described above affo2ded
Cleavage of the methyl ester, peptide coupling3@® and
deprotection gave enantiopuBd. The same transformations
were effected starting from-pyroglutamic acid to affor82
(series B).

Before proceeding to the synthesis of analogues in series C,
we studied the course of basic hydrolysistans and cis-
phosphonates estet$aand11b, respectively. As observed also
for the G, naphthalimido seried5a and 15b, the cis-isomer
11bwas cleaved to the acid with 2 equiv of LIOH/THH,0
within 2 h atroom temperature. Thieansisomerllarequired
60 °C for 2 days. The reaction course was followedfHy NMR
for both compoundd! Thus, for1lathe signal corresponding
to the starting ester at 26.6 ppm diminished gradually in favor
of a new peak at 27.9 ppm corresponding to the carboxylic acid,
whereas forl1b, two 3P peaks, corresponding to rotamers of
the carboxylic acid, appear at 28.0 and 27.7 ppm within 5 min
at room temperature and continued to grow until the starting
ester was no longer observed after 1 h. It is possible that the
hydrolysis of thecis-ester is accelerated due to anchimeric
assistance from the favorably disposed phosphoridte
Alternatively, Lit-chelated tetrahedral intermediates may be
favored in thecis-ester (Scheme 6). We are not aware of sim-
ilar acceleration effects in the hydrolysis of mixed carboxylic
phosphonic esters in which proximity may play a role. The
distance of the 0 oxygen atom from the carbonyl of the ester
in the X-ray crystal structure of1b is 3.99 A. However, it
is speculative to extrapolate such a proximity effect in solu-
tion.

We then turned our attention to the preparation of 3,4-

Access to different diastereomers in series A was possible yigpstituted proline 5-phosphonic acids (series C and D). Since

from the minor G/C,-cis allyl isomer7b, which resulted from
the enolate alkylation reaction shown in Scheme 2. Thus
formation of the iminium ion from7b and treatment with

(30) (a) McKenna, C. E.; Higa, M. T.; Cheung, N. H.; McKenna, M.-C.
Tetrahedron Lett1977 18, 155-158. (b) Rabinowitz, RJ. Org. Chem.
1963 28, 2975-2978.
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this involved the elaboration of three new vicinal stereo-

' genic centers starting with- and L-pyroglutamic acids, we

(31) For related’P NMR values, see: (a) Davis, F. A.; Wu, Y.; Xu, H.;
Zhang, JOrg. Lett.2004 6, 4523-4525. (b) Pietri, S.; Miollan, M.; Martel,
S.; Le Moigne, F.; Blaive, B.; Culcasi, M. Biol. Chem200Q 275 19505~
19512.
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SCHEME 72

— a

qu}‘”/\ O N "l/\
Boc OTBDPS Boc OTBDPS
33

N
Boc OTBDPS

35a, C,/C4 cis
35b, C,/Cy trans
(4 : 1 cisltrans)

34

N\
c,d e f,g,h g
2 —— : O\\P “1CO,M
N 2Me
MeOQ” OMe Boc
37a, Cy/Cs trans
37b, Cz/C5 cis
(1: 2 translcis)
ij, k|
37b = ICOMe T
MeO OMe Boc
38
R1
H
N
PN 2
Meo'l Moo & COR
39, R'=Ph, R2=tBu 42, R"=Ph
40, R' = CH,Ph, RZ= Me 43, R" = CH,Ph
41, R = indole, R? = t-Bu 44, R" = indole

N Ph
0 SOH
o] N
N
PN
NaO'L N} coM
45

CO,H

R N
NaO’ O H 0
47

aReagents and conditions: (a) (CHCH,MgBr, Cul cat., E3O, —20
°C, 87%; (b) LIHMDS, allyl iodide,—78°C, 46%,; (c) TBAF, AcOH, THF,
rt; (d) Jones’ reagent, acetone, rt; (e) D4, EtO, 0 °C, 65%; (f) Super
Hydride, THF,—78 °C; (g9) AcO, EgN, DMAP, DCM, rt; (h) P(OMej},
BF;:OEt, DCM, —78°C to rt, 87%; (i) i. ozone, DCM/MeOH (1:1);78
°C; ii. MegS, —78 to 0°C; (j) NaBHs, MeOH, 0°C to rt; (k) TsCI, EsN,
DMAP, DCM, rt; (I) N-(1,8-dicarboxynaphthalimido) Nasalt, DMF, rt,
27%; (m) LiIOHH20, THF/HO/MeOH (5:4:1), rt; (n)i-PrNEt, EDCI,
HOBt, H-Xaa-OR-HCI, DCM, rt, 42-52%; (0) HCI (gas), dioxane, reflux
or LiOH-H20, THF/H,O/MeOH (5:4:1), rt; (q) TMSBr, DCM then 1 equiv
of NaOH 0.05M, 78-82%.

directed our effort toward the development of methodology
and stereochemical feasibility first. Thus, the readily available
3,4-unsaturated lactaB8'®3?was treated with isobutylmagne-
siocuprate to give thdéransadduct34 as the only isomer
(Scheme 7). Formation of the tienolate and alkylation with

(32) (a) Acevedo, C. M.; Kogut, E. F.; Lipton, M. Aletrahedror2001,
57, 6353-6359. (b) Woo, K.-C.; Jones, Kletrahedron Lett1991 32,
6949-6952. (c) Ohfune, Y.; Tomita, MJ. Am. Chem. Socd982 104
3511-3513.
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SCHEME 82
e :
., OMe — =
N
Boc O
48
Q-.,, OMe j\)j, OMe
N N
Boc O Boc O
49a (1.1:1) 49b

Hs
Y\ﬁ Boc
COOMe
J(Hz,H3ax) = 10.3 Hz J(H2,H3ax) = 5.8 Hz
J(H2,H3eq) = 6.4 Hz J(H2,H3gq) = 2.6 Hz

aReagents and conditions: (@BuMgBr, CuBrMe,S, EtO, —40 °C,
85%.

COOMe
N-Boc

allyl iodide gave theranstransadduct35aand its G epimer
35bin a 4:1 ratio, respectively. Desilylation of the major isomer
35a with fluoride ion, followed by a Jones oxidati&hand
esterification, gave the corresponding es36rin good yield.
Formation of theN-acyliminium ion and treatment with tri-
methyl phosphite gave thiandtrandtransproduct37a and

the G epimer37bin a 1:2 ratio, respectively. Oxidative cleavage
of the allyl group in37b, reduction to the primary alcohol and
displacement of the corresponding tosylate with the" Nalt

of the 1,8-dicarboxynaphthalimido group, afforded the adduct
38. Hydrolysis of the ester, followed by coupling withPhe-
(O-t-Bu), L-homoPhe(OMe), ar-Trp(O+-Bu), and deprotection
as described previously, gave the intended phosphonic acids
42, 43, and44, respectively. The analoguds, 46, and47 were
obtained starting from-pyroglutamic acid (series C).

The elaboration of the pipecolic acid in series E (Scheme 1)
presented challenges regarding the stereocontrolled introduction
of the requisite substituents. The readily availa¥té*6-oxo-
4,5-dehydroe-pipecolic acid ested8 was treated with isobu-
tylmagnesiocuprate to give the mixture of 4-isobutyl adducts
49aand49bin a 1.1:1 ratio as shown in Scheme 8.

Their stereochemistry was unambiguously assigned from
detailedH NMR analysis. Since the isomers could not be
separated by column chromatography, we proceeded with the
alkylation of the lactam enolates of a mixture4sfia and49b.

The yield and selectivity of alkylation with cinnamyl bromide
was found to be highly dependent on the solvent and counter-
cation present (Table 1). The best condition for #ighsproduct
50awas a mixture of THF and DME (1:1) in conjunction with
LIHMDS. This led to a 2:1 separable mixture &0aand50b,
each in high diastereomeric excess (Table 1, entry 7). The
recovered lactam (25%) was enriched in ttens-isomer49b.

(33) For recent references, see: (a) Jao, E.; Bogen, S.; Saksena, A. K;
Girijavallabhan, V.Tetrahedron Lett2003 44, 5033-5035. (b) Flamant-
Robin, C.; Wang, Q.; Chiaroni, A.; Sasaki, N. Aetrahedron2002 58,
10475-10484. (c) Hanessian, S.; Ninkovic, $. Org. Chem.1996 61,
5418-5424.

(34) Davies, C. E.; Heightman, T. D.; Hermitage, S. A.; Moloney, M.
G. Synth. CommuriLl996 26, 687—696.
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SCHEME 92 TABLE 1. Counterion and Solvent Study for Preparation of 50a
and 50b

)\ )\ nDe nOe
~ ’

N ‘ 49a,b
MeO BOC BOC i) Cinnamyl
OMe =" O bromide, -78 °C
51a, C,/Cy cis 52a, C2/Cg cis
51b, C,/Cg trans 52h, C,/Cy trans
(1.5 : 1 cisltrans) yield (%)
G ' entry solvents base 50a(ratiof 50b(ratiop 49 (ratio}p
0 )\_ 1 THF LIHMDS 44 (>98:2) 17 (72:28) 21 (0:100)
O N : 2 THF LIHMDS 17 (>98:2) 13(75:25) 50 (20:89)
3  THF/DME (1:1) LiIHMDS 48 ¢98:2) 24(80:20) 26 (5:95)
f o 9 . _OMe 4  THF/DME (1:1) NaHMDS 11%98:2) 10(79:21) 56
PN ﬂ/ 5 THF/DME (1:10) LIHMDS 37 ¢98:2) 15(88:12) 43 (30:70)
MeO OMe B9¢ g 6 ELO/DME (1:10) LIHMDS 25¢98:2) 15(91:9) 51 (37:63)
7  THF/DME (1:1) LiIHMDS 48 ¢98:2) 25(90:10) 25 (5:95)

53a, szCa cls

R . b . .
53b, Cy/Cq trans 53b Ratio determined byH NMR analysis.” Only 0.6 equiv of cinnamyl

bromide was used.Not determined? Cinnamyl bromide in THF was added
over 30 min using a syringe pump.

SCHEME 102
ab,c HO_ . ( 53a and 53b ab
50p — ONIe . Qi: "”"/OM e each taken separately

N

MeO OMa MeO' e BOC o
51¢, Co/Cg trans 52c, C,/Cg trans
51d, C,/Cy cis 52d, C,/C; cis
(2 : 1 trans/cis)

b |r N
Vol
® s iy
Ne_-., © "> ome © " oH
_..g'h Q 54a, C,/Cg cis 55a, C,/Cg Cis
O Ty eOMe 54b, C,/Cq trans 55b, C,/Cq trans

MeO' e BOC G

o

53c, C,/Cg trans
53d, C,/Cq cis O n
a . . ) o NH NH
Reagents and conditions: (a) (i) Super Hydride, THF38 °C, (ii) 7
H20,, 0 °C; (b) Ac,0, E&N, DMAP, DCM, rt; (c) P(OMe), BFs.Et;0, S 4
DCM, —78°C to rt, 81-94%; (d) (i) ozone, DCM/MeOH (1:1);-78 °C, Q NN H
H

(ii) Me2S, —78 °C to 0 °C; (e) NaBH, MeOH, rt, 79-87%; (f) N-1,8- Nao |
dicarboxynaphthalimide, PRmethyl azodicarboxylate, THF, rt, 8@®7%; H o7 “OH
(g) TsClI, EtN, DMAP, DCM, rt; (h) N-(1,8-dicarboxynaphthalimido) Na 57

salt, DMF, rt, 42-60%.

e

( 53c and 53d ) ab
y

Other combinations of solvent and bases led to inferior results,
especially in the case of NaHMDS. The structure$@& and
50b were determined by NOE measurements (Table 1).

With 50aand50bin hand, we proceeded to their elaboration
into the intended target compounds in this series (Scheme 9).

each taken separatel!

Thus, formation of theN-Boc iminium ion from 50a and /NH
treatment with P(OMe) in the presence of BFEL,O as

previously described afforded a 1.5:1 separable mixturexbf C

Cs cis- andtrans-dimethylphosphonatéslaand51bin excellent OH
yield (Scheme 9). Each isomer was subjected to ozonolysis, 54c, CylCq trans 55¢, C,/Cg trans

and hydride reduction of the resulting aldehyde to give alcohols 54d, C,/Cg cis 55d, C,/Cg cis
52aand52b. A Mitsunobu reaction with 1,8-dicarboxynaph- 2 Reagents and conditions: (a) LiGH,0, THF/H,O/MeOH (5:4:1), 50

thalimide was highly successful in this series to aff6Bhand °C; (b) H-Trp-OMeHCI, EDCI, HOBt, DIEA, DMF, rt, 67-82%; (c) (i)

53h. An analogous sequence was performed on the diastereoLiOHH20, THF/H,O/MeCH (5:4:1), O°C, (ii) TMSBr, CH,Cly, rt, then 1
meric 50b. The alcohols52¢ and 52d did not react under ~ dulV of NaOH 0.05 M, 6895%.

Mitsunobu conditions, but displacement of the corresponding yields (Scheme 10). Deprotection of the ester groups and

tosylates afforde®3c and53d (Scheme 9). purification by column chromatography affordé8aand55b
Compoundsb3a and 53b were individually converted into  respectively. The diastereomeric pairs sefég55c and54d/
the diastereomeric protected indolyl ami@&dsand54bin good 55d were similarly prepared as were two representative com-
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pounds56 and 57 starting from the enantiomeric 6-oxe-
pipecolic acid (Series F).

Conclusions

Biological testing of the phosphonic acids as inhibitors of
ECE did not reveal a distinct SAR. However, two compounds
stood out with promising results. The analogddsand 55d,
each originating fronp-pyroglutamic acid and 6-oxo-pipecolic
acid, respectively, showed 91% and 98% inhibition of ECE at
105 M.35 Clearly, the expected improved binding of the

JOC Article

3H), 2.86-2.69 (m, 2H), 2.53-2.35 (m, 2H), 1.871.71 (m, 1H),

1.50 (s, 9H);}3C (100 MHz, CDC}) 0 174.4, 171.9, 149.2, 136.8,
132.9,128.5, 127.4,126.1, 126.0, 83.8, 57.3, 52.5, 42.5, 34.4, 27.8,
26.7.

(2S,4R)- 4-(3-Naphthalen-1-ylallyl)-5-oxopyrrolidine-1,2-di-
carboxylic Acid 1-tert-Butyl Ester 2-Methyl Ester (9a) and
(25,49)-4-(3-Naphthalen-1-ylallyl)-5-oxopyrrolidine-1,2-dicar-
boxylic Acid 1-tert-Butyl Ester 2-Methyl Ester (9b). Following
the preparation ofa and7b gave compound8aand9b (7.8:1 in
favor of 9a). For9a: 1.1 g (63%); fJp —20.7 € 0.7, CHC}); IR
(neat/NaCl) 2981, 1790, 1750, 1717, 1314 ¢mH (300 MHz,

DCls) ¢ 8.06 (d, 1HJ = 8.8 Hz), 7.84 (d, 1HJ) = 7.2 Hz), 7.80

constrained analogues was not observed despite a high level of, 1H), 7.50 (m, 3H), 7.36 (m, 1H), 7.20 (d, 1B= 15.5 Hz)
stereochemical diversity. This may in part be due to nonoptimal ¢ 15 (m: 1H), 4.59 (d, iH] —94 Hz),’3_77 (s, éH),’2.90 (m, ZH),

deployment of the pharmacophoric group on the rigid 5- and

2.52 (m, 1H), 2.272.08 (m, 2H), 1.50 (s, 9H)}3C (100 MHz,

6-membered scaffolds compared to the acyclic inhibitors shown CDCly) ¢ 174.2, 171.7, 149.3, 134.6, 133.4, 130.9, 130.3, 129.0,

in Figure 1.

Experimental Section

(2S,4R)-4-Allyl-5-oxopyrrolidine-1,2-dicarboxylic Acid 1-tert-
Butyl Ester 2-Methyl Ester (7a) and (2S,4S)-4-Allyl-5-oxopyr-
rolidine-1,2-dicarboxylic acid 1-tert-Butyl Ester 2-Methyl Ester
(7b). Lactam®6 (2.6 g, 10.7 mmol) was placed in a flame-dried,
argon-filled flask, dissolved in dry THF (100 mL), and cooled to
—78°C. LIHMDS (11.8 mL, 11.8 mmol) was introduced a 1 M
solution in THF over 30 min (hypodermic syringe). The solution
was stirred (30 min) prior to the addition of a solution of allyl
bromide (1.39 mL, 16.0 mmol) in THF (160 mL), precooled to 0
°C, via a cannula. The solution was then stirred-&8 °C until
completion (monitored by TLC). A saturated solution of NaHCO

128.4, 127.7, 126.0, 125.7, 125.5, 123.7, 83.6, 56.9, 52.5, 41.6,
33.8, 27.8, 27.6; LRMS (FAB, NBAmM/z) 409, 309; HRMS for
C24H27NOs caled 409.188923, obsd 409.187996. Bbr 141 mg
(8%);*H (300 MHz, CDC}) ¢ 8.14 (d, 1H,J = 7.2 Hz), 7.82 (d,
1H,J = 7.2 Hz), 7.77 (d, 1HJ = 7.0 Hz), 7.61-7.40 (m, 4H),
7.19 (m, 1H), 6.16 (m, 1H), 4.57 (m, 1H), 3.75 (s, 3H), 222878
(m, 2H), 2.61-2.46 (m, 2H), 1.941.81 (m, 1H), 1.51 (s, 9H);
LRMS (FAB, NBA, m/z) 409; HRMS for G4H;NOs calcd
409.188923, obsd 409.188142.
(25,4R)-4-(2-Methylallyl)-5-oxopyrrolidine-1,2-dicarboxylic Acid
1-tert-Butyl Ester 2-Methyl Ester (10a) and (25,45)-4-(2-Meth-
ylallyl)-5-oxopyrrolidine-1,2-dicarboxylic Acid 1-tert-Butyl Ester
2-Methyl Ester (10b). Following the preparation ofaand7b gave
compoundd0aand10b (1.5:1 in favor of10g). For10a 620 mg
(30%); as a white solid; mp 5%C; [a]p —41.0 € 2.0, CHC}); IR

was added, and the solution was allowed to reach rt. The aqueougneat/NaCl) 2979, 1792, 1751, 1717 thi!H NMR (300 MHz,

layer was extracted with EtOAc, washed with brine, dried over
NaSQ,, filtered, and concentrated in vacuo. The resulting oil was
purified by flash column chromatography (hexanes/EtOAc, 9:1) to
yield the two alkylated compoundaand7b (2:1 in favor of7a).
For7a 1.2 g (40%); f]p —32.4 € 1.0, CHC}); IR (neat/NaCl)
2961, 1793, 1752, 1718, 1317 cii'H NMR (300 MHz, CDC})
0 5.65 (m, 1H), 5.01 (dd, 2H] = 6.4, 13.6 Hz), 4.48 (dd. 1H]
= 1.6, 9.6 Hz), 3.69 (s, 3H), 2.65 (m, 1H), 2.52 (m, 1H), 2.12 (m,
2H), 1.95 (m, 1H), 1.41 (s, 9H}EC (100 MHz, CDC}) ¢ 174.7,

CD3;0D) 6 4.60 (d, 2H,J = 23.8 Hz), 4.54 (dd, 1H) = 1.7, 9.6

Hz), 3.66 (s, 3H), 2.67 (m, 1H), 2.54 (dd, 1Bi= 3.7, 14.4 Hz),
2.05 (dddd, 1HJ = 1.7, 8.6, 13.5, 22.2 Hz), 1.89 (m, 1H), 1.82
(m, 1H), 1.58 (s, 3H), 1.37 (s, 9HYC (100 MHz, CDC}) 6 174.3,
171.5, 148.9, 141.7, 112.2, 83.1, 56.5, 52.1, 39.6, 38.5, 27.8, 27.4,
21.7; LRMS (FAB, NBA, n/z) 297, 250, 197, 241; HRMS for
Ci15H23NOsg calcd 297.157623, obsd 297.158752. EOb: 413 mg
(20%); as an amorphous solid; IR (neat/ NaCl) 2981, 1792, 1752,
1719 cnr?; 'H NMR (300 MHz, CB;OD) 6 4.68 (d, 2H,J = 40.8

172.2,149.8, 134.7, 118.2, 84.0, 57.3, 52.9, 41.6, 34.8, 28.3, 28.1;Hz), 4.47 (dd, 1HJ = 6.5, 9.0 Hz), 3.72 (s, 3H), 2.68 (m, 1H),

LRMS (FAB, NBA, m/z) 283, 183. For7b: 611 mg (20%); §lo
+12.0 € 3.5, CHC}); IR (neat/NaCl) 2981, 1792, 1752, 1719, 1320
cm % 'H NMR (300 MHz, CDC}) 6 5.68 (m, 1H), 5.08 (dd, 2H,
J=7.0, 13.0 Hz), 4.50 (dd. 1H] = 1.8, 6.9 Hz), 3.78 (s, 3H),
2.68 (m, 2H), 2.45 (m, 1H), 2.20 (m, 1H), 1.78 (m, 1H), 1.47 (s,
9H); 13C (100 MHz, CDC}) 6 174.4, 171.9, 149.1, 134.4, 117.6,
83.6, 57.3, 52.4, 41.9, 35.0, 27.7, 26.7; LRMS (FAB, NBA(z)
284, 228, 184.
(25,4R)-5-Ox0-4-(3-phenylallyl)pyrrolidine-1,2-dicarboxylic
Acid 1-tert-Butyl Ester 2-Methyl Ester (8a) and (25,45)-5-Oxo-
4-(3-phenylallyl)pyrrolidine-1,2-dicarboxylic Acid 1-tert-Butyl
Ester 2-Methyl Ester (8b). Following the preparation ofa and
7b gave compound8a and8b (3.5:1 in favor of8a). For8a: 5.1
g (57%); mp 107°C; [a]p —33.3 € 1.3, CHCY); IR (neat/NaCl)
2981, 1792, 1751, 1717, 1318 cinH NMR (300 MHz, CDC})
0 7.34-7.25 (m, 5H), 6.45 (d, 1H) = 15.8 Hz), 6.11 (m, 1H),
4.55 (dd, 1H,J = 1.6, 9.4 Hz), 3.75 (s, 3H), 2.78 (m, 2H), 2.39
(m, 1H), 2.16 (m, 1H), 2.08 (m, 1H), 1.48 (s, 9HJC (100 MHz,
CDCl;) 6 174.1, 171.6, 149.2, 136.7, 132.8, 128.1, 127.3, 125.9,
125.6, 83.4,56.8,52.4,41.4, 33.3, 28.1, 27.7; LRMS (FAB, NBA,
m/z) 360, 304, 260; HRMS for £H,sNOs, (MH™) calcd 360.183778,
obsd 360.182100. F&b: 1.5 g (16%); o —47.2 € 1.0, CHC});
IR (neat/NaCl) 2981, 1791, 1751, 1718, 1318, 1150%AH NMR
(300 MHz, CDC}) 6 7.36-7.21 (m, 5H), 6.42 (d, 1HJ = 15.8
Hz), 6.21-6.08 (m, 1H), 4.52 (dd, 1H] = 6.9, 8.8 Hz), 3.72 (s,

(35) See the Supporting Information.

2.59 (dd, 1HJ = 3.7, 14.5 Hz), 2.40 (ddd, 1H,= 9.1, 9.1, 13.3
Hz), 2.06 (dd, 1HJ = 11.1, 14.4 Hz), 1.65 (s, 3H), 1.64 (m, 1H),
1.43 (s, 9H);13C (100 MHz, CDC4) 6 174.8, 171.9, 149.1, 141.9,
112.6, 83.5, 57.2, 52.3, 40.6, 39.1, 27.7, 26.7, 21.7; LRMS (FAB,
NBA, m/z) 298, 242, 198.
(2S,4R,5R)-4-Allyl-5-(dimethoxyphosphoryl)pyrrolidine-1,2-
dicarboxylic Acid 1-tert-Butyl Ester 2-Methyl Ester (11a) and
(2S,4R,55)-4-Allyl-5-(dimethoxyphosphoryl)pyrrolidine-1,2-di-
carboxylic Acid 1-tert-Butyl Ester 2-Methyl Ester (11b). Lactam
7a (500 mg, 1.77 mmol) was placed in a flame-dried, argon-filled
flask, dissolved in dry THF (10 mL), and cooled t6/8 °C. A 1
M solution of LIEEBH (2.12 mL, 2.12 mmol) in THF was added
dropwise over 30 min (hypodermic syringe). After being stirred
for 2 h, the reaction was quenched by addition of saturated NgHCO
and allowed to reach 0C. A few drops of HO, (30% v/v) were
added, and the mixture was stirred fbh at 0°C. The solvents
were evaporated and replaced by £CH, and the organic phase
was washed with brine, dried over )0, filtered and concentrated
in vacuo at rt to give the crude hemiacetal which was directly used
in the next step. The residue was dissolved in,CH (6 mL) and
cooled to 0°C prior to the addition of BN (740uL, 5.31 mmol),
Ac,0 (501uL, 5.31 mmol), and a catalytic amount of DMAP. The
mixture was allowed to reach rt and stirred for 16 h, and then the
reaction was quenched by the addition of saturated Naji@l
the aqueous layer was extracted with,CH. The combined organic
layers were washed with brine, dried over,N@), filtered, and
concentrated in vacuo at rt to furnish an oil which was directly
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used in the next step. The crude oil and P(OM@]L7 uL, 3.54
mmol) were dissolved in C¥l, (20 mL) and cooled te-78 °C.

Then, BR-OEYL, (449uL, 3.54 mmol) was introduced by dropwise

addition, and the solution was stirredrfb h at—78°C, 1 hat 0

Hanessian et al.

8.8 Hz), 7.83 (d, 1HJ = 3.05 Hz), 7.80 (d, 1H]) = 2.1 Hz),
7.53-7.38 (M, 4H), 7.21 (d, 1H] = 15.5 Hz), 6.18 (m, 1H), 4.53
(dd, 1H,J = 2.7, 7.2 Hz), 4.34 (d, 1H) = 8.2 Hz), 3.8+3.77
(m, 6H),3.69 (s, 3H), 2.80 (m, 2H), 2.59 (m, 2H), 2.03 (m, 1H),

°C and 1 h at rtWater was added to the mixture, and the aqueous 1.48 (s, 3H), 1.40 (s, 6H}3C (100 MHz, CDC}) 6 173.4, 153.1,

layer was extracted with Gi&l,. The combined organic layers were

washed with brine, dried over N&Qy, filtered, and concentrated

134.9,133.4,131.1, 130.9, 128.9, 128.3, 127.5, 125.8, 125.6, 125.5,
123.7,123.5, 80.7, 58.9, 56.9 (d), 53.3, 52.3,52.2, 39.4, 34.9, 33.2,

in vacuo. The residue was purified by flash column chromatography 28.1 and 27.9; LRMS (FAB, NBAy/2) 503, 447, 270; HRMS for

(hexanes/EtOAc, 1:1) to give the two phosphonditaand11b

(1.5:1 in favor ofllb). For11la 193 mg (29%, three steps); mp

108°C; [a]p —9.4 (¢ 1.0, CHCB); IR (neat/NaCl) 3478, 2958, 1749,
1711, 1381 cm?; for a mixture of two rotamerdH NMR (300
MHz, CDCL) 6 5.77 (m, 1H), 5.05 (m, 2H), 4.41 (dd, 0.7081=
2.6, 7.5 Hz), 4.30 (m, 1.30H), 3.73 (d, 3Bl= 10.4 Hz), 3.70 (d,

3H, J = 10.5 Hz), 3.69 (s, 3H), 2.66 (m, 1H), 2.55 (m, 2H), 2.25

(m, 1H), 1.92 (m, 1H), 1.44 (s, 3H), 1.36 (s, 6HJC (100 MHz,

CoeH3/NO7P (MH™) calcd 503.207291, obsd 503.2061&3b: 249
mg (40%, three steps)a]p +0.8 (€ 1.0, CHCE); for a mixture of
two rotamers'H (300 MHz, CDC}) 6 8.04 (d, 1H,J = 8.2 Hz),
7.80 (d, 1HJ = 8.3 Hz), 7.72 (d, 1HJ = 8.0 Hz), 7.50-7.36 (m,
4H), 7.15 (d, 1HJ = 15.4 Hz), 6.08 (m, 1H), 4.40 (m, 1H), 4.20
(m, 1H), 3.87 (d, 3HJ = 10.3 Hz), 3.78 (d, 3HJ = 11.8 Hz),
3.72 (s, 3H), 2.76 (m, 1H), 2.59 (m, 1H), 2.34 (m, 2H), 2.21 (m,
1H), 1.44 (s, 3H), 1.38 (s, 6H}P (161.3 MHz, CDGJ) 6 25.8;

CDCl3) 6 173.4,153.1, 136.2 and 130.4, 116.3, 80.9 and 80.7, 58.9 LRMS (FAB, NBA, nVz) 505, 448, 294; HRMS for gH3.NO;P
and 58.6, 56.1, 55.2, 53.2 (d), 52.3, 40.2 and 39.0, 34.8, 33.2, 28.1(MH™) calcd 504.215116, obsd 504.214216.

and 27.9;3P (161.3 MHz, CDQ) ¢ 26.1 (minor rotamer), 24.9
(major rotamer); LRMS (FAB, NBAM/2) 377, 378; HRMS for
Ci16H26NO;P calcd 377.160341, obsd 377.159649. Edb: 293
mg (44%, three steps); mp 6&; [a]p +1.5 € 1.0, CHC}); IR
(neat/NaCl) 3481, 2957, 1761, 1739, 1703, 1382%fior a mixture
of two rotamertH NMR (300 MHz, CDC}) 6 5.72 (m, 1H), 5.06
(m, 2H) 4.35-4.26 (m, 1H), 4.04 (m, 1H), 3.83 (d, 34d,= 10.3

Hz), 3.76 (d, 3HJ = 10.5 Hz), 3.71 (s, 3H), 2.57 (m, 1H), 2.48

(m, 1H), 2.08 (m, 3H), 1.43 (s, 3H), 1.40 (s, 6HYC (100 MHz,

(2S,4R,5R)-5-(Dimethoxyphosphoryl)-4-(2-hydroxyethyl)pyr-
rolidine-1,2-dicarboxylic Acid 1-tert-Butyl Ester 2-Methyl Ester
(14a). The phosphonatéla (385 mg, 1.02 mmol) was dissolved
in a mixture of CHCI,/MeOH 1:1 (10 mL) and cooled to 78 °C.

After 15 min, ozone was bubbled until a light blue coloration of
the solution persisted. The ozone flow was stopped and replaced
by argon until the solution turned colorless. Then,,Bl1€150uL,

2.04 mmol) was added, and the resulting mixture was allowed to
reach 0°C and then stirred for 1 h. After addition of saturated

CDCk) 6 173.4 and 173.0, 155.4 and 154.8, 135.6, 118.6, 81.4, NaHCQ;, the aqueous layer was extracted with £LH. The
59.2, 58.9 (d), 54.3, 52.9, 52.3, 39.7 and 39.0, 38.2 and 38.0, 33.9combined organic layers were washed with brine, dried over Na

and 33.2, 28.4 and 28.2}P (161.3 MHz, CDGJ) 6 25.5; LRMS
(FAB, NBA, m/z) 377, 378; HRMS for GHxsNO;P calcd
377.160341, obsd 377.159546.
(2S,4R,5R)-5-(Dimethoxyphosphoryl)-4-(3-phenylallyl)pyrro-
lidine-1,2-dicarboxylic Acid 1-tert-Butyl Ester 2-Methyl Ester
(12a) and (%5,4R,55)-5-(Dimethoxyphosphoryl)-4-(3-phenylal-
lyl)pyrrolidine-1,2-dicarboxylic Acid 1- tert-Butyl Ester 2-Methyl
Ester (12b). Following the preparation oflla and 11b gave
compoundsl2aand12b (1.9:1 in favor of12b). For12a 1.72 g
(28%, three steps); as a white solid; mp T2 [a]p —1.4 (€ 1.0,
CHCl); IR (neat/NaCl) 3468, 2956, 1748, 1704, 1382 ¢nfor a
mixture of two rotameréH NMR (300 MHz, CDC}) ¢ 7.35 (m,
4H), 7.12 (m, 1H), 6.48 (d, 1H] = 13.3 Hz), 6.10 (m, 1H), 4.46
(dd, 1H,3 = 2.5, 7.2 Hz), 4.32 (m, 1H), 3.763.74 (m, 6H), 3.68
(s, 3H), 2.76-2.68 (m, 1H), 2.63-2.43 (m, 3H), 1.98 (m, 1H),
1.46 (s, 3H), 1.38 (s, 6H)C (100 MHz, CDC}) 6 173.9 and

173.5, 154.2 and 153.6, 137.8, 132.2, 128.9, 128.3, 127.6, 126.4,

SQ,, filtered, and concentrated in vacuo. The formed benzaldehyde
was removed by filtration through a plug of silica gel (hexanes/
EtOAc, 8:2). The pure aldehyde was dissolved in anhydrous MeOH
(0.1 M) and placed under argon at®O. After portionwise addition
of NaBH, (77 mg, 2.04 mmol), the mixture was allowed to reach
rt and was stirred until completion (monitored by TLC). The
reaction was quenched by addition of saturated®IHThe organic
solvents were removed by evaporation, and the aqueous layer was
extracted with CHCIl,. The combined organic layers were washed
with brine, dried over Ng&8Q,, filtered, and concentrated to furnish
the desired alcohdl4aas a colorless oil which was used as a crude
in the next step, (315 mg, 81%, two steps): for a mixture of two
rotamers'H NMR (300 MHz, CDC}) ¢ 4.49 (dd, 1HJ = 2.0, 8.2
Hz), 4.19 (d, 1HJ = 9.6 Hz), 3.72-3.64 (m, 9H), 3.59-3.52 (m,
2H), 2.81-2.56 (m, 1H), 2.452.33 (m, 1H), 2.13-1.87 (m, 2H),
1.75-1.65 (m, 1H), 1.39 (s, 3H), 1.32 (s, 6H).
(2S,4R,59)-5-(Dimethoxyphosphoryl)-4-(2-hydroxyethyl)pyr-

81.4 and 81.2, 59.4, 56.3 (d), 53.7, 52.8, 52.5, 41.1 and 39.9, 35.4,rolidine-1,2-dicarboxylic Acid 1-tert-Butyl Ester 2-Methyl Ester

33.1, 28.6 and 28.42P (161.3 Mz, CDGQ) 6 25.2 (minor rotamer),
24.9 (major rotamer); HRMS for £H3,NO;P (MHT) calcd
454.19946, obsd 454.20050. Fozb: 3.32 g (53%, three steps);
as a colorless oil;d]p +3.6 (€ 0.8, CHC}); IR (neat/NaCl) 3473,
2956, 1760, 1702, 1381 crf for a mixture of two rotamersH
NMR (300 MHz, CDC}) 6 7.34-7.26 (m, 4H), 7.21 (m, 1H), 6.44
(d, 1H,J = 15.1 Hz), 6.10 (dd, 1HJ = 6.7, 15.1 Hz), 4.33 (m,
1H), 4.13 (m, 1H), 3.88 (d, 3H] = 10.3 Hz), 3.74 (s, 3H), 3.36

(d, 3H,J = 10.5 Hz), 2.71 (m, 1H), 2.53 (m, 1H), 2.27 (m, 2H),

2.18 (m, 1H), 1.59 (s, 3H), 1.41 (s, 6H¥C (100 MHz, CDC}) ¢

172.8, 154.2, 137.4, 133.5, 133.3, 128.9, 127.8, 126.5, 81.4, 59.3,

(14b). Following the preparation af4agave compound4b as a
colorless oil: 286 mg (79%, two steps¥]p +16.1 € 1.1, CHC});
for a mixture of two rotamer¥H NMR (300 MHz, CDC}) 6 4.40
(t, 1H,J = 8.8 Hz), 4.10 (m, 1H), 3.88 (m, 3H), 3.80 (d, 38=
10.6 Hz), 3.74 (s, 3H), 3.62 (t, 2H, = 6.1 Hz), 2.64 (m, 1H),
2.43 (m, 1H), 2.18 (m, 1H), 1.58 (m, 2H), 1.50 (s, 3H), 1.44 (s,
6H); 13C (100 MHz, CDC}) 6 172.3, 153.8, 80.9, 59.9, 58.8 and
57.7,53.2 (d), 51.9, 36.5, 36.5, 36.2, 34.6 and 33.9, 2820(161.3
MHz, CDCk) 6 27.1; LRMS (FAB, NBA,n/z) 381, 325, 272, 216;
HRMS for CsHsNOgP calcd 381.155256, obsd 381.154572.
(2S,4R,5R)-5-(Dimethoxyphosphoryl)-4-[2-(1,3-dioxo-H,3H-

59.2 (d), 54.4, 53.0 (d), 52.5, 39.5, 37.8 and 37.6, 34.1, 28.6 and benzofdisoquinolin-2-yl)ethyl]pyrrolidine-1,2-dicarboxylic Acid

28.4; 3P (161.3 MHz, CDGJ) ¢ 25.5; HRMS for G;H3,NO;P
(MH™) calcd 454.19946, obsd 454.19820.
(2S,4R,5R)-5-(Dimethoxyphosphoryl)-4-(3-naphthalen-1-ylal-
lyl)pyrrolidine-1,2-dicarboxylic Acid 1- tert-Butyl Ester 2-Methyl
Ester (13a) and (35,4R,55)-5-(Dimethoxyphosphoryl)-4-(3-naph-
thalen-1-ylallyl)pyrrolidine-1,2-dicarboxylic Acid 1-tert-Butyl
Ester 2-Methyl Ester (13b).Following the preparation dflaand
11b gave compound43a and 13b (1.6:1 in favor of13h). For
13a 152 mg (25%, three stepsp]p +20.0 € 1.1, CHC}); for a
mixture of two rotamers$H (300 MHz, CDC}) 6 8.09 (d, 1HJ =
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1-tert-Butyl Ester 2-Methyl Ester (15a). To a solution of the
alcohol 14a (530 mg, 1.39 mmol) in dry CKCl, (3 mL) at 0°C
were added TsCl (292 mg, 1.53 mmol)gE{(213uL, 1.53 mmol),

and a catalytic amount of DMAP. The resulting mixture was
allowed to reach rt and was stirred for 24 h. The reaction was
quenched by addition of saturated MH, and the aqueous layer
was extracted with CKCl,. The combined organic layers were
washed with brine, dried over M&O,, filtered, and concentrated

in vacuo to yield the desired tosylate, which was used without
further purification. Then, NaH (222 mg, 5.56 mmol, 60%
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dispersion in oil), washed three times with dry hexanes, was Hz), 2.97 (m, 1H), 2.57 (m, 2H), 2.22 (m, 2H), 1.97 (m, 1H), 1.47
suspended in dry DMF. The mixture was cooled té@prior to (s, 3H), 1.35 (s, 6H), 1.33 (s, 9HYC (100 MHz, CDC}) 6 172.0,

the addition of 1,8-dicarboxynaphthalimide (1.23 g, 6.25 mmol). 170.5 and 170.4, 164.0, 153.3, 136.3, 133.8, 131.5, 131.2, 129.8,
After 30 min, a solution of the tosylate in dry DMF was introduced 129.3, 128.4, 128.2, 126.9, 122.6, 82.4 and 82.2, 80.8 and 80.7,
via a cannula, and the resulting suspension was stirred for 48 h at60.4 and 60.2, 56.2 (d), 53.9 and 53.7, 53.1 (d), 52.3 (d), 39.2 and

rt. After evaporation of DMF, KO was added to the residue, and
the aqueous layer was extracted withCH. The combined organic
layers were washed with brine, dried over,N@), filtered, and

39.1, 38.7 and 38.6, 37.2, 35.8, 34.6, 28.2 and 27.9, 2R1161.3
MHz, CDCk) 6 25.7 (major rotamer), 25.3 (minor rotamer); LRMS
(FAB, NBA, m/z) 750, 650, 484; HRMS for §H4gN3010P (MHT)

concentrated in vacuo. The excess of reagent was removed by flasltalcd 750.315559, obsd 750.317400.

chromatography (hexanes/EtOAc, 1:1) prior to the recovery of the
desired compound (hexanes/EtOAc, 3tBp, (210 mg, 27%, two
steps): mp 58C; [a]p —8.1 (¢ 0.9, CHC}); IR (neat/NaCl) 2956,
1747, 1701, 1667, 1366 cry for a mixture of rotamerdH NMR
(300 MHz, CDC¥}) ¢ 8.47 (dd, 2HJ = 7.2 Hz), 8.13 (d, 2HJ =

8.2 Hz), 7.66 (t, 2HJ) = 7.8 Hz), 4.41 (dd, 1HJ = 2.5, 7.2 Hz),
4.32 (dd, 1HJ = 7.9, 13.5 Hz), 4.253.97 (m, 2H), 3.73 (d, 3H,
J=4.9 Hz), 3.70 (d, 3HJ = 7.2 Hz), 3.67 (s, 3H), 2.58 (m, 2H),
2.22 (m, 2H), 1.88 (m, 1H), 1.41 (s, 3H), 1.33 (s, 6MC (100
MHz, CDCk) 6 173.2 and 172.9, 163.9, 153.6 and 153.0, 133.8,

131.3, 130.9, 127.8, 126.7, 122.3, 80.7 and 80.5, 58.6, 55.9 (d),

(2S,3R,59)-5-[(19)-tert-Butoxycarbonyl-2-phenylethylcarbam-
oyl]-2-(dimethoxyphosphoryl)-3-[2-(1,3-dioxo-H,3H-benzo[dd-
isoquinolin-2-yl)ethyl]pyrrolidine-1-carboxylic Acid tert-Butyl
Ester (16b).Following the preparation df6agave compound6b
as a white foam, 65 mg (79%, two stepsi]d +3.0 € 1.3, CHC});
IR (neat/NacCl) 3279, 2977, 1735, 1701, 1663 ¢mH NMR (300
MHz, CDCk) 6 8.75 (d, 2H,J = 7.3 Hz), 8.20 (d, 2HJ = 8.3
Hz), 7.73 (dd, 2HJ = 7.4, 8.1 Hz), 7.25 (m, 5H), 4.75 (m, 1H),
4.30 (t, 1H,J = 7.5 Hz), 4.15 (m, 2H), 4.02 (m, 1H), 3.82 (d, 3H,
J = 10.5 Hz), 3.75 (d, 3HJ = 10.6 Hz), 3.09 (dd, 1HJ = 6.8,
13.7 Hz), 3.00 (dd, 1H) = 8.0, 13.7 Hz), 2.49 (m, 1H), 2.29 (m,

53.0 (d), 52.4 (d), 51.9, 38.8, 38.0 and 37.0, 34.8, 30.4, 27.8 and 1H), 2.15-1.86 (m, 2H), 1.66 (m, 1H), 1.42 (s, 9H), 1.33 (s, 9H):

27.4;3P (161.3 MHz, CDGJ) ¢ 25.16 (minor rotamer), 25.48
(major rotamer); LRMS (FAB, NBAmM/z) 561, 505, 351, 326;
HRMS for GH33N,OgP (MH™) caled 561.200195, obsd 561.199200.
(25,4R,59)-5-(Dimethoxyphosphoryl)-4-[2-(1,3-dioxo-H,3H-
benzo[ddisoquinolin-2-yl)ethyl]pyrrolidine-1,2-dicarboxylic Acid
1-tert-Butyl Ester 2-Methyl Ester (15b). Following the preparation
of 15agave compound5b, 92 mg (42%, two steps):a]p +5.3
(c0.9, CHC}); IR (neat/NaCl) 2957, 2360, 1700, 1661, 1367 ém
for a mixture of two rotamerdH NMR (300 MHz, CDC}) ¢ 5.58
(dd, 2H,J = 1.1, 7.5 Hz), 8.22 (dd, 2H] = 1.1, 8.5 Hz), 7.77 (t,
2H,J = 7.5 Hz), 4.43 (m, 1H), 4.25 (m, 2H), 4.19 (m, 1H), 3.87
(d, 3H,J=10.8 Hz), 3.76 (d, 3H) = 10.9 Hz), 3.74 (s, 3H), 2.63
(m, 2H), 2.38 (m, 1H), 1.961.62 (m, 2H), 1.51 (s, 3H), 1.41 (s,
6H); 13C (100 MHz, CDC}) 6 172.3 and 172.0, 164.0, 153.7, 134.6

13C (100 MHz, CDC4) ¢ 172.3, 171.0, 164.3, 154.8, 137.4, 134.4,
131.9, 131.6, 129.9, 128.7, 128.5, 127.3, 126.9, 122.9, 82.1, 81.6,
62.8,61.3,59.1, 54.0, 53.1, 39.0, 38.7, 38.1, 35.0, 32.2, 28.4, 28.3;
31p (161.3 MHz, CDGJ) 6 29.5; LRMS (FAB, NBA, n/2) 750,
540, 484.
(2R,3R,59)-2-(Dimethoxyphosphoryl)-3-[2-(1,3-dioxo-H,3H-
benzo[ddisoquinolin-2-yl)ethyl]-5-[2-(3H-inden-1-yl)-(1S)-meth-
oxycarbonylethylcarbamoyl]pyrrolidine-1-carboxylic Acid tert-
Butyl Ester (17a). Following the preparation df6éagave compound
173 26 mg (36%, two steps).a]p +27.4 € 1.2, CHC}); IR (neat/
NaCl) 3284, 2953, 1702, 1699, 1660 cnfor a mixture of two
rotamerstH NMR (300 MHz, CDCI3)d 8.62 (d, 2HJ = 7.3 Hz),
8.20 (d, 2H,J = 8.2 Hz), 7.78 (m, 2H), 7.56 (m, 1H), 7.38 (m,
1H), 7.18-7.01 (m, 3H), 6.32 (d, 0.4H), 6.04 (d, 0.6H), 4.81 (m,

and 134.1, 131.5, 131.2 and 130.9, 128.1, 126.9, 122.4, 81.1 andlH), 4.27-4.10 (m, 3H), 4.02 (m, 1H), 3.863.68 (m, 9H), 3.33

80.9, 59.8 (d), 58.6 and 58.4, 54.0, 52.5, 51.9, 38.2, 37.5, 33.5,

31.7, 28.13P (161.3 MHz, CDQ) 6 25.2; LRMS (FAB, NBA,
m/z) 561, 460, 410; HRMS for &H33N,OP (MHT) calcd
561.200195, obsd 561.198600.
(2R,3R,59)-5-[(19)-tert-Butoxycarbonyl-2-phenylethylcarbam-
oyl]-2-(dimethoxyphosphoryl)-3-[2-(1,3-dioxo-H,3H-benzojdd-
isoquinolin-2-yl)ethyl]pyrrolidine-1-carboxylic Acid tert-Butyl
Ester (16a). The methyl esterl5a (147 mg, 0.26 mmol) was
dissolved in THF/HO/MeOH 5:4:1 (3 mL) and cooled to €C.
LiOH-H,0 (22 mg, 0.52 mmol) was added, and the solution was
stirred fa 2 h at rt. In thecase of the @Cs trans derivatives the
hydrolysis was done at 60C over 48 h. The aqueous layer was
washed with CHCl,, acidified to pH 3 with HCI 1 N, and extracted
with EtOAc. The combined organic layers were washed with brine,
dried over NaSQ,, filtered, and concentrated in vacuo to give the
carboxylic acid, which was used in the next step without further
purification. The HCI salt of H-Phe-4Bu (81 mg, 0.31 mmol)
was suspended in GBI, (1.5 mL) at 0°C. Diisopropylethylamine
(54 uL, 0.31 mmol) was added, followed by HOBt (50 mg, 0.37
mmol) and a solution of the described carboxylic acid in,CH
(1.5 mL). The resulting mixture was stirred for 15 min afQ,
and EDCI (65 mg, 0.34 mmol) was added. The solution was stirred
for 16 h at rt. The organic layer was washed with saturated
NaHCGQ;, 1 N HCI, and brine, dried over N&Q,, filtered, and
concentrated in vacuo. Purification by flash chromatography:{CH
Cl,/MeOH, 10:0 to 9.8:0.2) afforded pudba (65 mg, 33%, two
steps) as a white solid: mp #82 °C; [o]p +2.3 (€ 1.1, CHC});
IR (neat/NaCl) 2955, 1721, 1500 cfy for a mixture of two
rotamer$H NMR (300 MHz, CDC}) 6 8.54 (m, 2H), 8.18 (d, 2H,
J=8.2 Hz), 7.72 (m, 2H), 7.26 (m, 3H), 7.16 (m, 2H), 6.23 (bd,
0.30H), 6.05 (bd, 0.70H), 4.68 (m, 1H), 4.51 (d, 0.7QHs= 7.4
Hz), 4.45 (d, 0.30H,) = 7.5 Hz), 4.20 (m, 3H), 3.75 (d, 3H,=
10.4 Hz), 3.73 (d, 3HJ = 10.2 Hz), 3.12 (dd, 1H) = 5.7, 13.8

(m, 2H), 2.55 (m, 1H), 2.20 (m, 2H), 1.92 (m, 2H), 1.59 (s, 3H),

1.34 (s, 6H);13C (100 MHz, CDC}) 6 172.2, 172.0, 168.5, 153.6

and 153.0, 136.4, 134.0, 131.5, 128.1, 127.4, 123.1, 121.8, 119.8,

118.2, 111.6, 109.3, 81.0, 60.3, 57.0, 54.9, 53.1, 52.8, 52.3, 39.4,

37.7,35.7, 34.7, 29.6, 28.1 and 273%? (161.3 MHz, CDGJ) ¢

25.6 (minor rotamer), 25.0 (major rotamer); LRMS (FAB, NBA,

m'z) 747, 647.
(2S,3R,55)-2-(Dimethoxy-phosphoryl)-3-[2-(1,3-dioxo-H,3H-

benzoddisoquinolin-2-yl)ethyl]-5-[2-(3H-inden-1-yl)-(1S)-meth-

oxycarbonylethylcarbamoyl]pyrrolidine-1-carboxylic Acid tert-

Butyl Ester (17b). Following the preparation df6agave compound

17b as a yellow foam, 63 mg (74%, two steps): mp 45 [olp

—5.5 (1.0, CHC}); IR (neat/NaCl) 3285, 2956, 1745, 1700, 1661,

1368 cn1; *H NMR (300 MHz, CDC}) 6 8.75 (bs, 1H), 8.60 (d,

2H,J = 7.2 Hz), 8.37 (bs, 1H), 8.22 (d, 2H,= 8.2 Hz), 7.76 (t,

2H,J= 7.8 Hz), 7.61 (d, 1HJ) = 7.6 Hz), 7.31 (d, 1H) = 7.6

Hz), 7.12 (m, 3H), 5.06 (m, 1H), 4.38 (t, 1H,= 5.8 Hz), 4.10

(m, 2H), 3.86 (m, 1H), 3.78 (d, 3H,= 9.8 Hz), 3.69 (s, 3H), 3.58

(d, 3H,J = 10.7 Hz), 3.40 (dd, 1HJ = 5.03, 14.8 Hz), 3.28 (dd,

1H,J = 8.9, 14.9 Hz), 2.41 (m, 1H), 2.17 (m, 1H), 2.05 (m, 2H),

1.73 (m, 1H), 1.44 (s, 9H)}SC (100 MHz, CDCH) 6 172.8, 172.4,

164.5,154.7,136.7, 134.6, 132.0, 131.8, 128.5, 127.8, 127.4, 123.5,

122.8,122.2,119.6,119.2, 111.5, 111.3, 82.1, 62.0 (d), 59.2, 54.7,

52.6, 52.5, 39.1, 39.0, 38.6, 35.6, 31.9, 28¥ (161.3 MHz,

CDCls) 6 30.3; LRMS (FAB, NBA,m/2) 747, 537, 307; HRMS

for CagHaaN4O10P (MHT) calcd 747.279508, obsd 747.277900.
(2R,3R,59)-2-(Dimethoxyphosphoryl)-3-[2-(1,3-dioxo-H,3H-

benzo[dglisoquinolin-2-yl)ethyl]-5-[(1S)-methoxycarbonyl-3-

phenylpropylcarbamoyl]pyrrolidine-1-carboxylic Acid tert-Butyl

Ester (18). Following the preparation of6a gave compounds,

25 mg (35%, two steps):afp +5.3 € 1.2, CHC}); IR (neat/NacCl)

3282, 2954, 1744, 1701, 1663 cinfor a mixture of two rotamers

IH NMR (300 MHz, CDC}) 6 8.56 (m, 2H), 8.18 (m, 2H), 7.73
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(m, 2H), 7.29-7.13 (m, 5H), 4.66 (m, 1H), 4.50 (dd, 18= 7.5,
17.2 Hz), 4.29-4.20 (m, 3H), 3.83-3.70 (m, 9H), 2.73-2.63 (m,
3H), 2.31-2.16 (m, 3H), 2.16-2.02 (m, 1H), 2.02-1.91 (m, 2H),
1.45 (s, 9H):13C (100 MHz, CDC}) 6 172.6, 172.5, 171.9, 164.1,

Hanessian et al.

of 16a and the preparation df9a gave compoun®0b; 22 mg
(69%, four steps): dlp —22.5 € 1.2, HO); IR (KBr) 3428, 1654,
1591, 1129 cm?; *H NMR (300 MHz, D,O) 6 8.03 (d, 2H,J =
6.3 Hz), 7.98 (d, 2H) = 7.5 Hz), 7.67 (d, 1HJ = 7.5 Hz), 7.59

153.7 (d), 140.7 (d), 133.8, 131.2, 128.7, 128.5, 128.3, 126.9, 126.1(d, 2H,J = 7.5 Hz), 7.50 (d, 1HJ = 7.0 Hz), 7.17 (m, 2H), 7.08

(d), 122.7, 80.8 (d), 60.3, 57.0 (d), 55.8 (d), 52.7 (d), 52.4, 39.0,
37.9(d), 35.0 (d), 34.6, 31.5 (d), 30.9, 28.2, 27!, (161.3 MHz,
CDCl;) 6 25.8 (major rotamer), 25.2 (minor rotamer); LRMS (FAB,
NBA, m/z) 722, 623, 513.

(25,4R,5R)-(29)-({ 4-[2-(1,3-Dioxo-H,3H-benzo[d€gisoquino-
lin-2-yl)ethyl]-5-phosphonopyrrolidine-2-carbonyl} amino)-3-
phenylpropionic Acid (19a). The phosphonat&6a (60 mg, 0.08
mmol) was placed in a flame-dried flask and dissolved in dry
dioxane (1 mL). After bubbling of HCI for 1 h, the solution was
refluxed fa 6 h and stirred at rt until completion. The solvent was
evaporated and replaced by &,. The suspension was cooled to
0 °C, and TMSBr (42uL, 0.32 mmol) was added dropwise. The
solution was stirred for 2448 h (monitored by TLC). The solvent
was removed, and deionized,® (few mL) was added. The
resulting suspension was stirred in the cold rooni@} for 16 h.

The suspension was transferred in a conic 2 mL Eppendorf tube
and centrifuged at 4C for 10 min. The supernatant was removed
and replaced by freshJ@, and the same operation was repeated
twice. The amorphous solid was suspended in 2 mL of deionized
H,0, and the pH value was adjusted to 7 by addition of an aqueous
solution of NaOH 0.05 M (1.6 mL, 0.08 mmol). The solution was
filtered on a 0.45m filter and lyophilized to givel9a Purification

by preparative g RP-HPLC gave a yellow foam (7 mg, 15%):
[a]o —78.7 € 0.5, HO); IR (KBr) 3433, 1698, 1656, 1591 crh

IH NMR (300 MHz, D,O) 6 8.15 (m, 4H), 7.58 (t, 2HJ) = 7.7

Hz), 7.24 (m, 2H), 7.11 (m, 3H), 4.70 (dd, 18l= 2.3, 3.2 Hz),
4.35 (dd, 1H,J = 5.1, 9.0 Hz), 4.24 (dd, 1H] = 5.4, 9.5 Hz),
3.88 (t, 2H,J = 6.5 Hz), 3.48 (dd, 1HJ = 9.2, 6.0 Hz), 3.10 (dd,
1H,J = 5.0, 13.9 Hz), 2.87 (dd, 1H} = 9.1, 13.9 Hz), 2.39 (m,
1H), 2.18 (m, 1H), 2.10 (m, 1H), 1.90 (m, 1H), 1.62 (m, 1HC

(100 MHz, D,0O) 6 178.4, 171.8, 166.2, 138.6, 136.0, 132.4, 131.7,
130.0, 129.3, 127.9, 127.6, 127.5, 121.5, 61.8, 59.6, 57.6, 40.0,
38.8, 38.2, 35.0, 27.7!P (161.3 MHz, RO) 0 11.6; LRMS (FAB,
NBA, m/z) 565, 549, 485.

(25,4R,55)-(29)-({ 4-[2-(1,3-Dioxo-H,3H-benzofd€isoquino-
lin-2-yl)ethyl]-5-phosphonopyrrolidine-2-carbonyl} amino)-3-
phenylpropionic Acid (19b). Following the preparation df9agave
compound19b, 30 mg (64%, two steps): IR (KBr) 3443, 1697,
1656, 1591, 1456 cm; 'H NMR (300 MHz, D,O) ¢ 8.24 (d, 2H,
J=8.2 Hz), 8.17 (d, 2HJ) = 7.7 Hz), 7.63 (t, 2HJ = 8.2 Hz),
7.33 (t, 2H,J = 7.5 Hz), 7.25 (t, 3HJ = 9.2 Hz), 4.45 (dd, 1H,
J=5.28.9Hz),4.36 (dd, 1Hl = 5.1, 9.5 Hz), 3.99 (m, 1H), 3.87
(m, 1H), 3.26 (t, 1HJ = 10.0 Hz), 3.21 (dd, 1HJ) = 5.4, 14.1
Hz), 2.98 (dd, 1HJ) = 8.8, 13.6 Hz), 2.44 (m, 1H), 2.34 (m, 1H),
2.23 (m, 1H), 2.13 (m, 1H), 1.54 (m, 1HYC (100 MHz, B,O) ¢
178.0, 169.2, 165.3, 138.6, 135.7, 131.9, 131.1, 130.0, 129.8, 129.4
127.6, 126.9, 120.7, 62.6, 61.2, 59.9, 39.4, 38.6, 38.0, 36.4, 30.0;
31pP (161.3 MHz, RO) 6 10.8; LRMS (FAB, NBA,m/z) 566.

(2S,4R,5R)-(29)-({ 4-[2-(1,3-Dioxo-H,3H-benzoldgisoquino-
lin-2-yl)ethyl]-5-phosphonopyrrolidine-2-carbonyl} amino)-3-
(1H-indol-3-yl)propionic Acid (20a). Following the preparation
of 16aand the preparation dPagave compoun@0a 16 mg (80%,
four steps): §p —3.2 (€ 0.4, HO); IR (KBr) 3413, 2926, 1698,
1654, 1590 cm?; 'H NMR (300 MHz, D;0) 6 8.02 (m, 2H), 7.56
(m, 2H), 7.44 (m, 1H), 7.24 (m, 1H), 7.04 (m, 2H), 6.95 (m, 2H),
6.72 (m, 1H), 4.42 (m, 1H), 3.85 (m, 2H), 3.48 (m, 2H), 3.02 (m,
2H), 2.07 (m, 2H), 1.98 (m, 1H), 1.71..25 (m, 2H);3C (100
MHz, D;,0) 6 179.2, 175.6, 166.1, 136.6, 135.7, 132.1, 131.0, 128.0,

(t, 1H,J = 6.8 Hz), 4.51 (t, 1HJ = 4.6 Hz), 3.90 (m, 1H), 3.80

(m, 1H), 3.65 (m, 1H), 3.31 (m, 1H), 3.13 (dd, 18i= 9.0, 13.5

Hz), 2.97 (t, 1H,J = 8.3 Hz), 2.19 (m, 1H), 2.01 (m, 1H), 1.89
(m, 1H), 1.70 (m, 1H), 1.41 (m, 1H}3C (100 MHz, BO) 6 178.9,
171.6. 165.5, 136.8, 135.6, 131.9, 131.1, 127.9, 127.5, 127.0, 125.1,
122.4, 120.9, 119.9, 119.3, 112.6, 111.3, 63.5, 59.7, 56.8, 39.9,
38.6, 36.3, 31.3, 28.8!P (161.3 MHz, RO) 6 13.4; LRMS (FAB,
NBA, nm/z) 605.

(2S,4R,5R)-(29)-({ 4-[2-(1,3-Dioxo-H,3H-benzoldgisoquino-
lin-2-yl)ethyl]-5-phosphonopyrrolidine-2-carbonyl} amino)-4-
phenylbutyric Acid (21). Following the preparation ot6a and
the preparation ofl9a gave compound1, 15 mg (90%, four
steps): §]p —50.2 € 0.4, HO); IR (KBr) 3389, 2927, 1699, 1656,
1591 cmt; *H NMR (300 MHz, D,O) 6 8.07 (m, 3H), 7.53 (m,
3H), 7.03 (m, 3H), 6.82 (m, 2H), 4.15 (m, 1H), 4:63.62 (m,
3H), 3.58 (m, 1H), 3.46 (m, 1H), 2.64 (m, 1H), 2.24 (m, 4H), 2.05
(m, 1H), 1.91 (m, 1H), 1.70 (m, 1H}3C (100 MHz, BO) 6 179.4,
175.2,166.1, 141.8, 135.9, 132.3, 131.5, 129.2, 129.0, 127.7, 127.4,
126.7,121.1,61.4 (d), 59.5, 55.5, 40.5, 38.7, 35.6, 34.3, 32.4, 28.0;
1P (161.3 MHz, RO) 6 14.0.

(2R,4S,59)-(29)-({ 4-[2-(1,3-Dioxo-H,3H-benzo[d€lisoquino-
lin-2-yl)ethyl]-5-phosphonopyrrolidine-2-carbonyl} amino)-3-
phenylpropionic Acid (22a). Prepared following the synthetic
sequence for the preparation g, starting fromp-pyroglutamic
acid: 36 mg; f(Jp —47.8 € 0.1, HO); 'H NMR (300 MHz, D,O)

0 7.76 (m, 3H), 7.56 (m, 1H), 7.287.07 (m, 4H), 6.93 (m, 1H),
6.85 (m, 1H), 6.71 (m, 1H), 4.31 (m, 2H), 3.70 (m, 1H), 3.57 (m,
1H), 3.49 (m, 1H), 3.00 (m, 1H), 2.60 (t, 1H,= 0.8 Hz), 2.24

(m, 1H), 1.98 (m, 1H), 1.87 (m, 1H), 1.48 (m, 1H), 1.25 (m, 1H);
13C (100 MHz, O) 6 178.1, 169.7, 165.4, 138.0, 135.4, 131.7,
130.4, 129.4, 129.2, 128.6, 127.3, 126.7, 120.6, 60.8, 58.8, 56.5,
39.7, 38.3, 35.1, 30.1, 27.2'P (161.3 MHz, BO) 6 9.0; LRMS
(FAB, NBA, m/z) 566.

(2R,4S,5R)-(29)-({4-[2-(1,3-Dioxo-H,3H-benzoldgisoquino-
lin-2-yl)ethyl]-5-phosphonopyrrolidine-2-carbonyl} amino)-3-
phenylpropionic Acid (22b). Prepared following the synthetic
sequence for the preparation b, starting fromp-pyroglutamic
acid: 31 mg; ft]p +14.3 € 0.1, HO); *H NMR (300 MHz, D:O)

0 7.82 (m, 4H), 7.4%7.01 (m, 7H), 4.59 (m, 1H), 4.31 (m, 1H),
3.69 (m, 1H), 3.60 (m, 1H), 3.24 (m, 1H), 3.05 (m, 1H), 2.84 (m,
1H), 2.06 (m, 3H), 1.75 (m, 1H), 1.35 (m, 1H}C (100 MHz,
D,0) 6 178.1, 169.3, 164.8, 138.1, 135.1, 131.3, 130.6, 129.5,
128.9,127.1,126.3, 121.2, 120.3, 63.6, 61.9, 58.9, 56.5, 39.4, 38.2,
36.6, 30.58'P (161.3 MHz, RO) 6 10.3; LRMS (FAB, NBA,n/2)

566.

(25,4R,5R)-5-(Dimethoxyphosphoryl)-4-isobutylpyrrolidine-
"1,2-dicarboxylic Acid 1-tert-Butyl Ester 2-Methyl Ester (23a)
and (25,4R,55)-5-(Dimethoxyphosphoryl)-4-isobutylpyrrolidine-
1,2-dicarboxylic Acid 1-tert-Butyl Ester 2-Methyl Ester (23b).

The lactaml0a (406 mg, 1.36 mmol) was dissolved in EtOH (15
mL), and a catalytic amount of Pd(OK)20% over carbon, was
added. The reaction was kept under 60 psi ofdt 3 h at rt. The
suspension was filtered through a pad of Celite and concentrated
in vacuo to afford the desired intermediate in quantitative yield.
Following the procedure for the preparationidfa and11b gave

the two phosphonate®3a and 23b (1.2:1 in favor of23hb). For

23a 172 mg (32%, three stepsyy]b —22.6 € 0.9, CHCh); IR
(neat/NaCl) 2957, 1749, 1712, 1367 cinfor a mixture of two
rotamers'H NMR (300 MHz, CDC}) 6 4.35 (dd, 1HJ=2.6, 7.8

127.7,126.9,124.7,122.3,121.2,119.7,119.1, 112.4, 111.0, 62.3Hz), 4.24 (m, 1H), 3.7%3.68 (m, 6H), 3.67 (s, 3H), 2.64 (m, 1H),

59.6, 56.3, 40.4, 38.6, 35.0, 283p (161.3 MHz, BO) 6 14.6.
(2S5,4R,5S)-(29)-({ 4-[2-(1,3-Dioxo-H,3H-benzo[d€isoquino-

lin-2-yl)ethyl]-5-phosphonopyrrolidine-2-carbonyl} amino)-3-

(1H-indol-3-yl)propionic Acid (20b). Following the preparation

2770 J. Org. Chem.Vol. 71, No. 7, 2006

2.46 (m, 2H), 1.84 (dd, 1H] = 5.8, 12.6 Hz), 1.54 (m, 2H), 1.42

(s, 3H), 1.35 (s, 6H), 0.86 (d, 3H,= 6.1 Hz), 0.81 (d, 3H,) =

5.8 Hz); 13C (100 MHz, CDC}) ¢ 173.4, 153.0, 80.7 and 80.5,
58.8 and 58.5, 56.6 (d), 53.0, 52.1, 51.9, 37.6, 37.1, 35.1 and 33.9,
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28.0 and 27.8, 26.4, 22.8, 22.3P (161.3 MHz, CDGJ) 6 25.7
(minor rotamer), 25.4 (major rotamer); LRMS (FAB, NBAYZ2)
394, 338, 307; HRMS for GH3,NO/P (MH") calcd 394.199466,
obsd 394.199019. F@3b: 204 mg (37%, three stepsyi]p +12.7

(c 0.8, CHC}); IR (neat/NaCl) 2958,1761, 1706, 1368 Tinfor a
mixture of two rotamersH NMR (300 MHz, CDC}) ¢ 4.35 (m,
1H), 4.21 (m, 1H), 3.80 (d, 3Hl = 10.4 Hz), 3.70 (d, 3H) = 9.8
Hz), 3.66 (s, 3H), 2.52 (m, 2H), 1.96 (m, 1H), 1.52 (m, 1H), 1.42
(s, 3H), 1.36 (s, 6H), 1.18 (m, 1H), 1.10 (m, 1H), 0.85 (d, 3

3.3 Hz), 0.83 (d, 3HJ = 3.3 Hz);3C (100 MHz, CDC}) 6 172.4,
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(2S,4R,59)-5-(Dimethoxyphosphoryl)-4-[3-(1,3-dioxo-H,3H-
benzofddisoquinolin-2-yl)propyl]pyrrolidine-1,2-dicarboxylic Acid
1-tert-Butyl Ester 2-Methyl Ester (26). The olefin11b (100 mg,
0.26 mmol) was placed in a flame-dried flask and dissolved in dry
THF (4 mL). BHs*THF (278 L, 0.28 mmo| 1 M in THF) was
slowly added at 0C, and the resulting mixture was stirred for 1.5
h. NaOH (344uL, 0.34 mmo] 1 M in H,0) was added dropwise,
followed by H,O, 30% v/v (300uL, 2.65 mmol). The solution was
stirred for 10 min before addition of brine. The aqueous phase was
extracted with EXO. The combined organic layers were washed

153.9, 80.8, 59.1 (d), 58.7, 53.9, 52.3, 51.8, 42.7 (d), 38.0 and 37.2,with water and brine, dried over M&Q,, and concentrated in vacuo

34.4 and 33.5, 28.0, 25.7, 22.3, 22%1? (161.3 MHz, CDGJ) ¢
25.7; LRMS (FAB, NBA,m/z) 394, 338; HRMS for @H3,NO/P
(MH™) calcd 394.199466, obsd 394.199255.

(2S5,4R,5R)-(29)-{ [4-(3-Naphthalen-1-ylallyl)-5-phosphonopyr-
rolidine-2-carbonylJamino} -3-phenylpropionic Acid (24a).Fol-
lowing the preparation ofl6a and the preparation df9a gave
compound24a, 16 mg (41%, four steps): mp 10Z; [a]p —10.6
(c 0.9, MeOH); IR (KBr) 3360, 2926, 1676 crit 'H NMR (300
MHz, CD;0D) 6 8.15 (m, 1H), 7.83 (d, 1H] = 7.7 Hz), 7.75 (d,
1H,J=8.5Hz), 7.59 (d, 1HJ = 6.2 Hz), 7.48 (m, 3H), 7.24 (m,
5H), 7.10 (m, 1H), 6.23 (m, 1H), 4.68 (dd, 18l= 4.6, 9.8 Hz),
4.45 (m, 1H), 3.88 (d, 1HJ = 10.8 Hz), 3.65 (d, 1HJ = 10.4
Hz), 3.31 (t, 1H,J = 1.6 Hz), 3.26 (m, 1H), 2.95 (dd, 1H, =
10.0, 14.0 Hz), 2.58 (m, 1H), 2.33 (m, 2HfC (100 MHz, CDQ-

0OD) 6 172.5,168.2,137.9, 136.1, 134.7, 132.0, 129.9, 129.1, 128.5,

to afford the desired alcohol. Following the procedure for the
preparation ofLl5agave compoun@6 (45 mg, 30%, three steps):
[o]p +5.8 (€ 1.1, CHC}); IR (neat/NaCl) 2956, 1759, 1702, 1662
cm1; for a mixture of two rotamerdH NMR (300 MHz, CDC})
0 8.60 (d, 2HJ = 7.2 Hz), 8.22 (d, 2HJ = 8.2 Hz), 7.76 (t, 2H,
J = 7.6 Hz), 4.46-4.22 (m, 1H), 4.18 (m, 2H), 4.163.95 (m,
1H), 3.86 (d, 3H,J = 10.4 Hz), 3.76 (d, 3HJ = 10.6 Hz), 3.73 (s,
3H), 2.50 (m, 2H), 2.08 (t, 1H} = 9.7 Hz), 1.80 (m, 3H), 1.55
(m, 1H), 1.42 (s, 9H)!3C (100 MHz, CDC}) 6 172.3, 164.2, 156.8,
134.0, 131.6, 128.2, 126.9, 122.5, 81.0, 58.7, 58.4, 54.0 (d), 52.5,
52.0, 39.9, 39.8, 33.9, 32.4, 28.1, 26*P (161.3 MHz, CDG)) 6
26.3 (major rotamer), 26.2 (minor rotamer); LRMS (FAB, NBA,
m/z) 575; HRMS for GgH3sN,OgP calcd 575.215845, obsd
575.215957.

(2S,4R,5S)-(29)-({ 4-[3-(1,3-Dioxo-H,3H-benzo[delisoquino-

126.8, 125.9, 125.7, 123.8, 123.7, 123.6, 59.2, 54.8, 41.1, 36.9,lin-2-yl)propyl]-5-phosphonopyrrolidine-2-carbonyl} amino)-3-

35.0, 32.8, 29.7¢'P (161.3 MHz, CROD) 6 12.9; LRMS (FAB,
NBA, m/z) 509, 427, 421.

(25,4R,59)-(29)-{ [4-(3-Naphthalen-1-ylallyl)-5-phosphonopyr-
rolidine-2-carbonyllamino}-3-phenylpropionic Acid (24b). Fol-
lowing the preparation ofl6a and the preparation of9a gave
compound24b, 16 mg (40%, four steps): mp 9T; [a]p —72.7
(c 0.8, MeOH); IR (neat/NaCl) 3360, 2925, 1678 ti'H NMR
(300 MHz, CyOD) ¢ 8.15 (d, 1HJ = 7.7 Hz), 7.85 (d, 1HJ =
7.4 Hz), 7.77 (d, 1HJ = 8.5 Hz), 7.62 (m, 1H), 7.49 (m, 3H),
7.22 (m, 5H), 7.10 (m, 1H), 6.24 (m, 1H), 4.69 (t, 1B= 4.3
Hz), 4.28 (m, 1H), 3.67 (m, 2H), 3.29 (m, 1H), 3.01 (m, 2H), 2.38
(m, 3H); 13C (100 MHz, CQOD) ¢ 173.4, 170.8, 138.3, 136.2,

(1H-indol-3-yl)propionic Acid (27). Following the preparations
of 16aand of 19a gave compoun@7, 11 mg (53%, four steps):
[a]p +2.6 € 0.6, HO); IR (KBr) 3402, 2955, 1754, 1701, 1663
cm L IH NMR (300 MHz, D:O) 6 7.82 (m, 2H), 7.34 (m, 2H),
6.99 (m, 2H), 6.79 (m, 2H), 6.66 (m, 2H), 6.50 (m, 1H), 4.36 (m,
1H), 3.79 (m, 1H), 3.50 (m, 2H), 3.19 (m, 1H), 3.08 (m, 1H), 2.76
(m, 1H), 2.06 (m, 1H), 1.75 (m, 2H), 1.25 (m, 2H), 1.16 (m, 2H);
13C (100 MHz, O) 6 176.6, 172.2, 163.2, 134.0, 133.2, 130.6,
129.5,127.8,125.3,125.1, 122.3, 119.5, 118.5, 117.1, 116.5, 109.4,
108.5, 57.5, 53.9, 38.7, 37.9, 34.3, 28.2, 25.4, 23.8, $80(161.3
MHz, D,0) ¢ 14.3.
(25,49)-4-Allyl-5-(dimethoxyphosphoryl)pyrrolidine-1,2-di-

135.1, 132.4,131.0, 129.5, 128.7, 127.8, 127.0, 126.7, 126.6, 124.8 carboxylic Acid 1-tert-Butyl Ester 2-Methyl Ester (28). Following

124.7, 60.4, 59.6, 55.7, 37.7, 30.7, 30.1, 24@, (161.3 MHz,
CD;0D) 6 11.6; LRMS (FAB, NBA,m/2) 522, 508, 505; HRMS
calcd for G7H2gN,06P 507.168500, obsd 507.168697.
(2S5,4R,5R)-(2S)-[(4-Isobutyl-5-phosphonopyrrolidine-2-car-
bonyl)amino]-3-phenylpropionic Acid (25a). Following the prepa-
ration of 16aand the preparation df9a gave compoun@®5a, 19
mg (66%, four steps): o]p —63.0 € 0.3, HO); IR (KBr) 3420,
2959, 1683, 1455 cmi; 'H NMR (300 MHz, D;0) 6 7.34-7.16
(m, 5H), 4.55 (d, 1HJ = 1.89 Hz), 4.45 (d, 1HJ = 9.4 Hz), 4.22
(t, 1H,J = 8.7 Hz), 3.22 (dd, 1HJ = 4.4, 14.2 Hz), 3.07 (dd, 1H,
J =44, 14.1 Hz), 1.82 (m, 1H), 1.63 (m, 1H), 145.38 (m,
4H), 0.81 (d, 3HJ = 6.2 Hz), 0.73 (d, 3HJ = 6.2 Hz);**C (100
MHz, D;O) ¢ 178.5, 172.5, 135.3, 130.6, 129.0, 127.9, 61.1 (d),
56.9, 56.7, 38.9, 38.8, 36.5, 32.7, 26.5, 21.4, 24@(161.3 MHz,
D,0) 6 14.4; LRMS (FAB, NBA,m/z) 395, 299.
(2S,4R,59)-(29)-[(4-1sobutyl-5-phosphonopyrrolidine-2-carbo-
nyl)amino]-3-phenylpropionic Acid (25b). Following the prepara-
tion of 16aand the preparation df9agave compoun@5b, 26 mg
(70%, four steps): d]p —56.0 € 0.3, H0); IR (KBr) 3437, 2957,
1618, 1385 cm?; 'H NMR (300 MHz, D;0) 6 7.31 (m, 2H), 7.23
(m, 3H), 4.42 (dd, 1HJ = 5.0, 8.8 Hz), 4.14 (dd, 1HI = 5.6, 9.5
Hz), 3.17 (dd, 1HJ = 5.05, 13.9 Hz), 2.99 (t, 1H] = 3.2 Hz),
2.92 (dd, 1HJ = 8.8, 13.9 Hz), 2.28 (m, 1H), 2.20 (m, 1H), 1.99
(m, 1H), 1.52 (m, 2H), 1.14 (m,1H), 0.84 (d, 3d,= 6.2 Hz),
0.81 (d, 3H,J = 6.0 Hz); 13C (100 MHz, BO) 6 178.3, 170.2,

the preparation af 1 gave compoun@8, 789 mg (68%, three steps,
inseparable mixture): IR (neat/NaCl) 3479, 2958, 1761, 1706, 1381
cm%; for a mixture of two rotamerdH NMR (300 MHz, CDC})
0 5.76 (m, 1H), 5.08 (d, 1H) = 17.3 Hz), 4.98 (d, 1HJ = 9.9
Hz), 4.29 (m, 1H), 4.18 (m, 1H), 3.87 (d, 38,= 10.3 Hz), 3.72
(d, 3H,J = 10.7 Hz), 3.70 (s, 3H), 2.51 (m, 1H), 2.32.28 (m,
4H), 1.44 (s, 3H), 1.39 (s, 6H}C (100 MHz, CDC}) 6 172.0,
153.6, 136.1, 116.4, 80.8, 59.4, 57.9, 55.8, 54.0, 51.9, 41.2, 34.4,
33.2,28.2 and 28.G!P (161.3 MHz, CDGJ) 6 25.5; LRMS (FAB,
NBA, m/z) 378, 322; HRMS for GHeNO/P (MH*) calcd
378.168166, obsd 378.169900.
(2S,49)-5-(Dimethoxyphosphoryl)-4-[2-(1,3-dioxo-H,3H-ben-
zo[ddisoquinolin-2-yl)ethyl]pyrrolidine-1,2-dicarboxylic Acid
1-tert-Butyl Ester 2-Methyl Ester (29). Following the preparation
of 14a and of 15a gave compoun@®9 as a white solid, 355 mg
(32%, four steps): IR (neat/NaCl) 3470, 2957, 1757, 1699, 1660,
1366, 1327 cm?; for a mixture of two rotamersH NMR (300
MHz, CDCk) 6 8.55 (m, 2H), 8.19 (m, 2H), 7.70 (m, 2H), 4.35
(m, 1H), 4.25 (m, 2H), 4.08 (m, 1H), 3.88 (d, 38i= 10.2 Hz),
3.74 (d, 3H,J = 10.6 Hz), 3.71 (s, 3H), 2.58 (m, 1H), 2.32.18
(m, 3H), 2.01 (m, 1H), 1.46 (s, 3H), 1.38 (s, 6HJC (100 MHz,
CDCly) 6 172.0, 164.1, 153.5, 133.9, 131.4, 131.2, 128.0, 126.8,
122.4, 80.7 and 80.6, 59.4, 59.2 (d), 55.9, 54.1, 52.1, 38.9, 38.2,
34.6, 33.6, 28.0 and 27.8'P (161.3 MHz, CDGJ) 6 24.6 (minor
rotamer), 24.4 (major rotamer); LRMS (FAB, NBAyZz) 561, 505,

138.5, 130.0, 129.4, 127.6, 63.9 (d), 59.5, 57.8, 42.3, 38.9, 38.2,351; HRMS for G7HsN,OsP (MH") calcd 561.200195, obsd

36.7,26.7, 23.9, 21.5!P (161.3 MHz, BO) 6 11.0; LRMS (FAB,
NBA, m/z) 421, 307; HRMS for GgH2eNOsP (MH™) calcd
421.150445, obsd 421.152400.

561.198600.
(2R,3S,59)-5-[(19)-tert-Butoxycarbonyl-2-phenylethylcarbam-
oyl]-2-(dimethoxyphosphoryl)-3-[2-(1,3-dioxo-H,3H-benzo[dd-
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isoquinolin-2-yl)ethyl]pyrrolidine-1-carboxylic Acid tert-Butyl (3R,4R,5R)-3-Allyl-5-(tert-butyldiphenylsilanyloxymethyl)-4-
Ester (30). Following the preparation cf6a gave compoun@o, isobutyl-2-oxopyrrolidine-1-carboxylic Acid tert-Butyl Ester
131 mg (65%, two steps):afp —2.9 (€ 1.1, CHCE); mp 82°C; (35a) and (35,4R,5R)-3-Allyl-5-(tert-butyldiphenylsilanyloxy-
IR (neat/NaCl) 2978, 1703, 1664, 1364 chi'H NMR (300 MHz, methyl)-4-isobutyl-2-oxopyrrolidine-1-carboxylic Acid tert-Butyl

CDCl) 6 8.54 (d, 2HJ = 7.2 Hz), 8.18 (d, 2HJ) = 7.6 Hz), 7.84 Ester (35b). Following the preparation offa and 7b gave

(bs, 1H), 7.72 (t, 2HJ = 7.8 Hz), 7.25 (m, 5H), 4.71 (dd, 1H, compounds35a and 35b (4:1 in favor of 35g). For 35a 2.1 g

= 7.52 Hz), 4.46 (m, 1H), 4.23 (m, 2H), 4.08 (m, 1H), 3-879 (37%); [o]o +14.9 € 1.5, CHC}); IR (neat/NaCl) 3638, 3470,

(m, 6H), 3.02 (d, 2HJ = 7.3 Hz), 2.46-2.35 (m, 2H), 2.25 (m, 3074, 3052, 3002, 2959, 2933, 2893, 2860, 1959, 1887, 1822, 1780,

1H), 2.11 (m, 1H), 1.95 (m, 1H), 1.38 (s, 9H), 1.28 (s, 9HL 1722, 1591, 1568, 1473, 1429, 1393, 1364, 1305, 1259, 1189, 1153,

(100 MHz, CDC}) 6 171.9, 170.4, 164.1, 154.4, 136.7, 133.9, 1119, 1030 cmt; *H NMR (300 MHz, CHC}) 6 7.66-7.61 (m,

131.5, 131.2, 129.6, 128.2, 128.0, 126.8, 126.5, 122.4, 81.4, 81.2,4H), 7.46-7.35 (m, 6H), 5.825.73 (m, 1H), 5.1%+5.04 (m, 2H),

63.5, 54.0, 53.7, 52.5, 52.4, 39.3, 39.0, 38.8, 35.9, 28.2, 27.9, 27.1;3.83-3.69 (m, 3H), 2.66-2.54 (m, 1H), 2.46-2.22 (m, 3H), 1.65

31p (161.3 MHz, CDGJ)) 6 25.7; LRMS (FAB, NBA, m2) 750, 1.56 (m, 1H), 1.42 (s, 9H), 1.38L.29 (m, 2H), 1.07 (s, 9H), 0.94

540, 484; HRMS for GoH,g010N3P (MH™) caled 750.315559, obsd  (d, 3H,J = 6.3 Hz), 0.89 (d, 3H,) = 6.3 Hz); *3C (100 MHz,

750.318900. CDCl) 0 175.8, 149.9, 135.5, 132.9, 132.7, 129.7, 127.7, 117.3,
(25,45 5R)-(29)-({ 4-[2-(1,3-Dioxo-H,3H-benzofddisoquino- 82.7,64.1,63.7,49.6, 46.3, 36.1, 33.8, 27.8, 26.7, 25.1, 22.6, 19.1;

lin-2-yl)ethyl]-5-phosphonopyrrolidine-2-carbonyl} amino)-3- LRMS (FAB, NBA, m/z) 450; HRMS for GgH4NO,Si (MNa')

phenylpropionic Acid (31). Following the preparation df9agave calcd 572.317208, obsd 572.318400. B&b: 0.5 g (9%); ko

ol . +31.6 € 0.6, CHC}); IR (neat/NaCl) 3448, 3073, 2958, 1789, 1755,
compound31, 13 mg (38%, two steps):ajp —8.2 (€ 0.4, HO);
IR (KBr) 3407, 1699, 1658, 1591, 1388 cip*H NMR (300 MHz, 1714, 1642, 1590, 1560, 1541, 1508, 1472, 1429, 1392, 1369, 1312,

D,0) 3 8.10 (0, 2HJ = 8.1 Ha), 8.08 (0. PH) = 6.0 Ha), 7.5 1258, 1157, 1113 cni; *H NMR (300 MHz, CHCY) 0 7.69-7.62
(t, 2H,J = 7.7 Hz), 7.34-7.29 (m, 2H), 7.10 (m, 2H), 6.94 (t, 1H, (T 4H), 7.50°7.37 (m, 6H), 5.83 (dddd, 1H = 5.8, 7.4, 10.2,
=68 Ha), 4.70 (. 1H), 4.36 (dd. 10— 5.0, 7.6 112) 408 174 H2), 5.17:500 (m, 2H), 3.94 (dd, 1H|= 32,5.7 Hz), 3.86
(00, 1H.9 2’56, 0.1 (D). 377 (1 240 = 7.2 1iz), 5.44 (4. 11, 374 (m, 2H), 3.06 (ddd, TH) = 4.6, 7.9, 10.8 Hz), 2.62 (ddd,
3= 72.9.0 Hz), 3.08 (dd. 1HI = 5.1, 14.0 Hz), 2.00 (dd, 13 H:I=5.1, 5.1, 15.8 Hz), 2.49 (ddd, 18,= 3.8, 8.0, 115 Hz),
B 140 Ha) 244 (m. 1H), 2.36 (. 1H). 248,08 (m. 2y, 212 (ddd, 1HI= 74,108, 15.6 Hz), 1.72162 (m, 1H), 1.4
13C (100 MHz, DO) 6 178.3, 172.2, 165.8, 138.5, 135.8, 132.1, (S 9H), 1.17 (ddd, 2H) = 3.7, 10.8, 10.8 Hz), 1.07 (s, 9H), 0.96

1315, 130.0, 129.2, 127.8, 127.4. 121.2, 62.6, 60.8, 60.0, 40.0,(d: 3H,J = 6.6 Hz), 0.89 (d, 3HJ = 6.5 Hz);**C (100 MHz,
36.9. 36,4, 35.2. 26 3P (1613 Mity, 008 12,3 LRMS (FAB,  CDCh) 0 1758, 150.8, 136.3, 135.9, 133.2, 130.3, 1283, 1166,
NEA. i) 565, 506, 484 ’ ; ' 831,641,616 456, 36.0,34.9, 29.6, 27.2. 25.6, 24.7, 21.5, 19.6;

_ o LRMS (FAB, NBA, m/2) 450; HRMS for GaHa:NO,Si (MNa®)
(2R,4R,55)-(29)-({ 4-[2-(1,3-Dioxo-H,3H-benzoldgisoquino- caled 572.317208, obsd 572.315500.

lin-2-yl)ethyl]-5-phosphonopyrrolidine-2-carbonyl} amino)-3- (2R 3R 4R)-4-Allyl-3-isobutyl-5-oxopyrrolidine-1,2-dicarbox-

e ntor s i vyt 2166 Tierouylcotr 2ot Estr (36 Glao acec
- : 2 ul, 14. . , 4. )

acid: 11 mg; f]p +28.6 €0.05, HO); *H NMR (300 MHz, DO) in THF) were added to a solution of lacts886a(2.0 g, 3.64 mmol)

0 7.87 (m, 4H), 7.37 (m, 2H), 7.257.07 (m, 5H), 4.42 (dd, 1H] indry THF (72 mL) at rt. The solution was stirred until completion

=5.5, 8.4 Hz), 4.12:4.06 (m, 1H), 3.52 (m, 2H), 3.25 (dd, 1H, (monitored by TLC, ca. 48 h). An aqueous saturated solution of

=6.0, 11.1 Hz), 3.05 (dd, 1H] = 5.0, 13.7 Hz), 2.79 (dd, 1H] NaHCQ; was added, and the aqueous layer was extracted with Et

=8.5,13.2 Hz), 2.25 (m, 2H), 2.641.95 (m, 1H), 1.651.59 (m, The combined organic layers were washed with brine, dried over

1H), 1.33-1.25 (m, 1H);**C (100 MHz, DO) 6 178.2, 169.7, Na,SO,, filtered, and concentrated in vacuo. The crude alcohol was
165.5,137.9,135.3, 131.6, 131.0, 129.6, 128.9, 127.2, 127.0, 121 2jissoived in acetone (72 mL). and Jones' reagent was added

120.8, 62.7,59.5, 56.9, 39.2, 38.3, 38.1, 35.1, Z75(161.3 MHz, dropwise until an orange-red color persisted. The solution was

D20) 6 9.2; LRMS (FA?’: NBA, I-’T]/Z) 566. _ stirred at rt until completion (monitored by TLC). A solution of
(2R,3R)-2-(tert-Butyldiphenylsilanyloxymethyl)-3-isobutyl-5- brine was added, and the aqueous layer was extracted with Et
oxopyrrolidine-1-carboxylic Acid tert-Butyl Ester (34). A cata- and then with EtOAc. The combined organic layers were dried over

lytic amount of Cul (232 mg, 1.22 mmol), previously flame-dried Na,SQ,, filtered, and concentrated in vacuo. The crude acid was
under vacuum until bright yellow, was added in one portion to a suspended in dry ED (72 mL) at 0°C. A freshly prepared ChN>
solution of MeCHCH,MgBr (8.52 mL, 17.0 mmql2 M in Et,O) etheral solution was added dropwise until a yellow color persisted.
in dry ELO (170 mL) cooled at-20 °C. After 15 min, the solution After 1 h, the solvent was removed in vacuo at rt. Purification by
turned black, and the unsaturated lactag(5.5 g, 12.2 mmol), flash chromatography (hexanes/EtOAc, 8:2) gave the desired methyl
dissolved in dry BEO (120 mL), was added dropwise via a cannula. ester36 (0.8 g, 65%, three steps)o]p —30.7 € 0.8, CHC}); *H

The mixture was stirred at20 °C until completion (monitored by NMR (300 MHz, CHC}) 6 5.73 (m, 1H), 5.16-5.03 (m, 2H), 4.17
TLC ca. 3 h). After addition of saturated N&I and a 0.5 M (d, 1H,J = 4.3 Hz), 3.77 (s, 3H), 2.552.49 (m, 1H), 2.39-2.27
solution of NHOH, the solution was allowed to reach rt. The (m, 2H), 2.14-2.07 (m, 1H), 1.76:1.69 (m, 1H), 1.49 (s, 9H),
aqueous layer was extracted with @&t and the combined organic ~ 1.49-1.45 (m, 1H), 1.38-1.31 (m, 1H), 0.93 (d, 3H] = 6.6 Hz),
layers were washed with brine, dried over,N@), filtered, and 0.87 (d, 3H,J = 6.6 Hz);3C (100 MHz, CDC}) ¢ 175.0, 172.6,
concentrated in vacuo. The resulting oil was purified by flash 149.8, 135.1, 118.4, 84.1, 63.9, 52.8, 49.8, 45.6, 36.8, 35.6, 28.3,
chromatography (hexanes/EtOAc, 8:2) to g8(5.4 g, 87%): fp 25.5,23.2, 22.5; LRMS (FAB, NBAyV2) 240.1; HRMS for GgHao-
+19.9 € 3.7, CHC}); IR (neat/NaCl) 3410, 3073, 3050, 2958, 2933, NOs (MNa') calcd 362.194343, obsd 362.194900.

2900, 2860, 1789, 1753, 1713, 1590, 1568, 1472, 1428, 1392, 1368, (2R,3R,4R,55)-4-Allyl-5-(dimethoxyphosphoryl)-3-isobutylpyr-
1311, 1257, 1207, 1155, 1113 cin'H NMR (300 MHz, CHC}) rolidine-1,2-dicarboxylic Acid 1-tert-Butyl Ester 2-Methyl Ester

0 7.59 (m, 4H), 7.33-7.25 (m, 6H), 3.883.81 (m, 2H), 3.69 (d, (37a) and (R,3R,4R,5R)-4-Allyl-5-(dimethoxyphosphoryl)-3-
1H,J = 9.2 Hz), 2.86 (dd, 1HJ = 8.8, 17.6 Hz), 2.37 (m, 1H), isobutylpyrrolidine-1,2-dicarboxylic Acid 1-tert-Butyl Ester
2.09 (d, 1IHJ=17.6 Hz), 1.66-1.53 (m, 1H), 1.39 (s, 9H), 1.33 2-Methyl Ester (37b). Following the preparation dilaand11b
1.21 (m, 2H), 1.01 (s, 9H), 0.85 (d, 6H,= 6.4 Hz);3C (100 gave compound37aand37b; (2:1 in favor of37b). For37a 262
MHz, CDCk) 6 175.0, 150.4, 135.9, 133.3, 130.3, 128.3, 83.2, 65.0, mg (29%, three steps)a]p +36.9 € 2.0, CHC}); IR (neat/NaCl)
64.8, 44.9, 39.0, 31.4, 28.4, 27.2, 25.7, 23.2, 22.8, 19.6; LRMS 3486, 3078, 2956, 1752, 1706, 1641, 1456, 1392, 1254, 117%.cm
(FAB, NBA, m/z) 410.2. for a mixture of two rotamertH NMR (300 MHz, CHC}) ¢ 5.60—
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5.51 (m, 1H), 4.944.88 (m, 2H), 3.94 (m, 1H), 3.84 (d, 1H,=

3.7 Hz), 3.64-3.59 (m, 9H), 2.342.11 (m, 3H), 1.99 (m, 1H),
1.53-1.37 (m, 2H), 1.25 (s, 10H), 0.72 (m, 6HYC (100 MHz,
CDCls) 0 173.7 and 173.0, 153.7, 135.9, 118.0, 81.1 and 81.0, 66.4,
60.6, 58.5, 53.5 (d), 53.2 (d), 52.2, 46.8, 45.0 (d), 40.4, 28.3, 25.9,
23.1, 22.33P (161.3 MHz, CDGJ) ¢ 28.8; LRMS (FAB, NBA,

nvz) 434; HRMS for GoH3gNO;P (MH™) calcd 434.230766, obsd
434.232700. FoB7b: 544 mg (58%, three steps)]p +36.5 €

1.2, CHC}); IR (neat/NaCl) 3491, 2957, 2871, 1758, 1707, 1641,
1455, 1387, 1367, 1250, 1175, 1147, 1123 &nfior a mixture of

two rotamerstH NMR (300 MHz, CHC}) 6 5.77-5.66 (m, 1H),
4.94-4.82 (m, 2H), 4.244.09 (m, 1H), 3.7#3.63 (m, 4H), 3.57

3.54 (m, 6H), 2.452.35 (m, 2H), 2.1#2.12 (m, 1H), 1.92-1.77

(m, 1H), 1.6+1.57 (m, 1H), 1.29-1.16 (s, 11H), 0.81 (d, 3H]

= 6.5 Hz), 0.53 (d, 3HJ = 6.5 Hz); 13C (100 MHz, CDC}) ¢
172.9, 153.6, 137.0, 116.2, 81.1, 66.5, 58.0, 55.9, 54.1, 52.0, 48.4
45.0, 41.7, 31.8, 28.3, 26.3, 23.9, 228 (161.3 MHz, CDGJ) 6
24.6; LRMS (FAB, NBA,m/2) 434; HRMS for GoHzgNO;P (MH)
calcd 434.230766, obsd 434.232200.

(2R,3R 4R 5R)-5-(Dimethoxyphosphoryl)-4-[2-(1,3-dioxo-H,3H-
benzo[ddisoquinolin-2-yl)ethyl]-3-isobutylpyrrolidine-1,2-dicar-
boxylic Acid 1-tert-Butyl Ester 2-Methyl Ester (38). Following
the preparation of4aand the preparation df5agave compound
38, 100 mg (27%, four steps)a]p +18.6 € 1.1, CHC}); IR (neat/

NaCl) 3455, 2957, 2361, 1756, 1703, 1663, 1627, 1591, 1439, 1386,

1248, 1175 cm?t; for a mixture of two rotamerdH NMR (300
MHz, CHCk) 6 8.54 (d, 2H,J = 7.2 Hz), 8.16 (m, 2H), 7.70 (m,
2H), 4.63-4.58 (m, 1H), 4.434.17 (m, 2H), 3.86 (m, 7H), 3.69

(s, 3H), 2.7+-2.53 (m, 1H), 2.372.15 (m, 1H), 2.08-1.86 (m,
2H), 1.78-1.12 (m, 1H), 1.48 (s, 3H), 1.40 (s, 6H), 1-40.18

(m, 2H), 0.85-0.67 (m, 6H):13C (100 MHz, CDC4) 6 172.6 and
172.2, 163.9, 156.3 and 153.1, 133.7, 131.4, 131.0, 127.9, 126.7

JOC Article

54.5,53.2,52.4, 46.6, 42.6, 39.8, 34.6, 32.5, 28.9, 28.6, 27.2, 25.7,
24.4, 22.1;3P (161.3 MHz, CDG)) 6 26.9; LRMS (FAB, NBA,
m'z) 777.
(2R,3R,4R,5R)-2-[(1S)-tert-Butoxycarbonyl-2-(1H-indol-3-yl)-
ethylcarbamoyl]-5-(dimethoxyphosphoryl)-4-[2-(1,3-dioxo-H ,3H-
benzo[ddisoquinolin-2-yl)ethyl]-3-isobutylpyrrolidine-1-carbox-
ylic Acid tert-Butyl Ester (41). Following the preparation af6a
gave compoundl, 35 mg (42%, two steps):a]p +34.7 € 1.0,
CHCl); IR (neat/NaCl) 3295, 2957, 1734, 1702, 1662, 1626, 1591,
1537, 1458, 1368, 1236, 1156 cinfor a mixture of two rotamers
IH NMR (300 MHz, CHC}) ¢ 8.60 (d, 2H,J = 7.2 Hz), 8.21 (d,
2H,J = 8.3 Hz), 7.75 (t, 2H) = 7.4 Hz), 7.45 (m, 1H), 7.31 (m,
1H), 7.19-7.03 (m, 4H), 4.85 (ddd, 1H) = 5.5, 5.5, 7.9 Hz),
4.73 (m, 1H), 4.34 (m, 2H), 3.92 (m, 3H), 3.78 (m, 4H), 3:34
3.21 (m, 1H), 3.18 (m, 2H), 2.58 (m, 1H), 2.14 (m, 2H), 1.93 (m,

J1H), 1.88-1.77 (m, 1H), 1.58 (m, 1H), 1.39 (s, 9H), 1.25 (s, 9H),

0.98-0.88 (m, 1H), 0.76 (m, 6H):3C (100 MHz, CDC}) 6 185.3,
172.5,171.1,164.1, 135.9, 133.8, 131.4, 131.1, 128.0, 127.4, 126.8,
1225, 121.9, 121.7, 119.1, 118.6, 111.1, 110.8, 81.4, 81.2, 70.1,
65.0, 60.2, 53.3, 52.8, 52.6, 45.9, 41.7, 39.3, 28.3, 27.9, 27.6, 26.6,
25.2, 23.7, 21.73P (161.3 MHz, CDGJ) 6 27.4; LRMS (FAB,
NBA, m/z) 846.

(2R,3R,4R,5R)-(2S)-({ 4-[2-(1,3-Dioxo-H,3H-benzo[d€liso-
quinolin-2-yl)ethyl]-3-isobutyl-5-phosphonopyrrolidine-2-
carbonyl}amino)-3-phenylpropionic Acid (42). Following the
preparation ofl9a gave compound2, 40 mg (82%, two steps):
[alp +7.1 € 0.2, HO); *H NMR (300 MHz, D;O) 6 7.72 (d, 2H,
J=6.9 Hz), 7.63 (d, 2HJ = 6.6 Hz), 7.26-7.02 (m, 7H), 4.43 (t,
1H, J = 6.2 Hz), 3.73 (m, 1H), 3.42 (m, 3H), 3.03 (d, 1Bl=
10.1 Hz), 2.89-2.81 (m, 1H), 2.08 (m, 3H), 1.381.23 (m, 4H),

0.69 (m, 6H);1°C (100 MHz, BO) 6 178.1, 169.8, 164.5, 137.9,

,134.9, 131.3, 130.8, 129.4, 129.0, 127.1, 127.0, 126.7, 120.6, 66.1,

122.4, 80.7, 66.0 and 63.5, 57.5, 55.9, 53.9, 51.9, 51.7, 46.3 and61.4, 60.1, 57.0, 47.1, 44.2, 39.3, 37.7, 27.4, 26.0, 22.9, 2P1;
46.1, 44.6 and 44.0, 41.6 and 41.0, 39.4, 28.1 and 28.0, 26.0 and(161.3 MHz, BO) ¢ 8.9; LRMS (FAB, NBA, m/z) 624.

25.8, 23.5, 21.9%P (161.3 MHz, CDG)) 0 24.4 (major rotamer),
24.1 (minor rotamer); LRMS (FAB, NBAm/z) 617; HRMS for
C31H41No-OgP (MH+) calcd 617.262795, obsd 617.260922.
(2R,3R,4R,5R)-2-[(15)-tert-Butoxycarbonyl-2-phenylethylcar-
bamoyl]-5-(dimethoxyphosphoryl)-4-[2-(1,3-dioxo-H,3H-benzo-
[ddisoquinolin-2-yl)ethyl]-3-isobutylpyrrolidine-1-carboxylic Acid
tert-Butyl Ester (39). Following the preparation ofl6a gave
compound39, 63 mg (50%, two steps):a]p +36.1 € 1.4, CHC});
IR (neat/NacCl) 3265, 2957, 1737, 1703, 1664, 1627, 1591, 1544,
1498, 1456, 1368, 1236, 1154 cin'H NMR (300 MHz, CHC})
0 8.58 (d, 2H,J = 7.1 Hz), 8.19 (d, 2HJ = 8.1 Hz), 8.13 (bd,
1H), 7.73 (t, 2H,J = 7.5 Hz), 7.23-7.18 (m, 5H), 4.74 (m, 2H),
4.36 (m, 2H), 3.92 (d, 3H] = 9.3 Hz), 3.74 (m, 1H), 3.67 (d, 3H,
J = 10.2 Hz), 3.06-2.99 (m, 2H), 2.54 (m, 1H), 2.211.92 (m,
4H), 1.77 (m, 1H), 1.39 (s, 9H), 1.30 (s, 10H), 0.75 (m, 61
(100 MHz, CDC}) 6 171.1, 164.6, 154.9, 137.4, 134.3, 132.0,

131.6, 129.8, 128.6, 127.3, 126.9, 123.1, 81.7, 81.6, 71.1, 60.9,
54.3, 53.8, 53.2, 46.5, 41.0, 39.9, 39.0, 28.6, 28.3, 28.2, 27.3, 25.8,

24.2, 22.431P (161.3 MHz, CDGJ) 6 26.5; LRMS (FAB, NBA,
m/z) 807.
(2R,3R,4R,5R)-2-[(1S)-Methoxycarbonyl-3-phenylpropylcar-
bamoyl)-5-(dimethoxyphosphoryl)-4-[2-(1,3-dioxo-H,3H-benzo-
[dgisoquinolin-2-yl)ethyl]-3-isobutylpyrrolidine-1-carboxylic Acid
tert-Butyl Ester (40). Following the preparation ofl6a gave
compound40, 49 mg (52%, two steps):a]p +26.9 € 1.3, CHC});
IR (neat/NaCl) 3267, 2956, 1747, 1702, 1663, 1627, 1591, 1551,
1498, 1455, 1366, 1236, 1173 ci'H NMR (300 MHz, CHC})
0 8.60 (d, 2H,J = 7.3 Hz), 8.58 (bd, 1H), 8.22 (d, 2H,= 8.1
Hz), 7.76 (t, 2H,J = 7.8 Hz), 7.29-7.14 (m, 5H), 4.77 (m, 1H),
4.57 (ddd, 1HJ = 4.9, 8.4, 8.4 Hz), 4.39 (m, 1H), 4.31 (m, 1H),
3.96 (d, 3H,J = 10.6 Hz), 3.85 (d, 3HJ = 10.5 Hz), 3.84 (m,
1H), 3.65 (s, 3H), 2.742.59 (m, 3H), 2.161.98 (m, 5H), 1.8%
1.78 (m, 1H), 1.43 (bs, 9H), 1.32 (t, 2H,= 6.8 Hz), 0.78 (M,
6H); 13C (100 MHz, CDC4) 6 172.9, 164.7, 154.8, 141.4, 134.4,

132.0, 131.7, 128.8, 128.6, 127.4, 126.4, 123.0, 81.5, 70.9, 60.8,

(2R,3R,4R,5R)-(2S)-({ 4-[2-(1,3-Dioxo-H,3H-benzo[d€liso-
quinolin-2-yl)ethyl]-3-isobutyl-5-phosphonopyrrolidine-2-
carbonyl}amino)-4-phenylbutyric Acid (43). Following the prepa-
ration of 19a gave compound3, 7 mg (18%, three steps).a]p
+9.3 0.1, H0); *H NMR (300 MHz, CHC}) 6 7.89 (d, 2H,J
=7.9Hz), 7.83 (d, 2HJ) = 7.0 Hz), 7.36 (t, 1HJ = 7.3 Hz), 7.26
(t, 2H,J=6.9 Hz), 7.19 (d, 2HJ = 6.3 Hz), 7.12 (d, 2H) = 7.3
Hz), 4.14 (dd, 1HJ = 4.0, 9.0 Hz), 3.80 (m, 1H), 3.733.68 (m,
1H), 3.66-3.61 (m, 1H), 3.49 (dd, 1H] = 5.5, 12.7 Hz), 2.53
2.38 (m, 2H), 2.28 (m, 2H), 2.182.14 (m, 1H), 1.96:1.87 (m,
1H), 1.86-1.81 (m, 1H), 1.781.62 (m, 1H), 1.47 (t, IH) = 7.6
Hz), 1.40-1.31 (m, 1H), 1.16:1.11 (m, 1H), 0.97 (d, 3H] = 6.5
Hz), 0.77 (d, 3H,J = 6.7 Hz);13C (100 MHz, CDC}) 6 178.8,
165.0, 160.8, 141.9, 135.2, 131.7, 129.1, 128.9, 127.3, 127.2, 126.6,
120.9, 66.2, 61.2, 55.6, 45.3, 44.6, 39.5, 34.4, 32.4, 27.2, 25.9, 22.6,
22.3;3P (161.3 MHz, CDG) ¢ 8.9; LRMS (FAB, NBA, m/2)
637.

(2R,3R,4R,5R)-(2S)-({ 4-[2-(1,3-Dioxo-H,3H-benzo[d€liso-
quinolin-2-yl)ethyl]-3-isobutyl-5-phosphonopyrrolidine-2-
carbonyl}amino)-3-(1H-indol-3-yl)propionic Acid (44). Follow-
ing the preparation of9a gave compound3, 26 mg (86%, two
steps): fp +11.1 € 0.1, HO); IH NMR (300 MHz, CHC}) ¢
8.31 (d, 2H,J = 7.4 Hz), 8.27 (d, 2HJ) = 8.2 Hz), 7.71 (t, 2H,)
= 7.6 Hz), 7.53 (d, 1HJ = 8.0 Hz), 7.19 (s, 1H), 7.10 (d, 1H,
= 8.7 Hz), 6.61 (t, 1H) = 6.5 Hz), 6.52 (t, 1HJ = 7.3 Hz), 4.56
(dd, 1H,J = 4.1, 9.6 Hz), 3.92 (d, 1H) = 1.7 Hz), 3.56-3.48
(m, 1H), 3.30 (dd, 1HJ = 4.2, 14.8 Hz), 2.99 (dd, 1H} = 10.5,
15.2 Hz), 2.28-2.23 (m, 1H), 2.1#2.12 (m, 1H), 1.89-1.83 (m,
1H), 1.58-1.49 (m, 2H), 1.451.28 (m, 2H), 1.25 (d, 2H] = 6.9
Hz), 0.81 (d, 3H,J = 6.3 Hz), 0.71 (d, 3H,) = 6.4 Hz);13C (100
MHz, D,O) 6 178.4, 172.4, 163.9, 162.1, 135.6, 134.1, 130.5, 130.0,
126.6, 126.3, 126.0, 123.1, 121.0, 119.9, 118.3, 117.8, 111.0, 109.6,
66.8 (d), 60.9, 59.5, 55.4, 47.2 (d), 45.0, 44.1, 38.9, 27.4, 27.1,
25.2,22.8,22.2,21.8,21.3pP (161.3 MHz, CDGJ) 6 8.5; LRMS
(FAB, NBA, m/z) 683.1.
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(2S,35,4S,5R)-(29)-({ 4-[2-(1,3-Dioxo-H,3H-benzoddisoquin-
olin-2-yl)ethyl]-3-isobutyl-5-phosphonopyrrolidine-2-carbonyl} -
amino)-3-phenylpropionic Acid (45). Prepared following the
synthetic sequence for the preparation 4% starting fromv-
pyroglutamic acid: 5 mg;d]p —79.0 €0.2, HO); IR (KBr) 3453,
1654, 1465 cm?; 'H NMR (300 MHz, D;0) 6 8.25 (m, 4H), 7.68
(m, 2H), 6.98 (m, 2H), 6.84 (m, 2H), 6.59 (m, 1H), 4.24 (dd, 1H,
J=4.8, 7.3 Hz), 3.853.80 (m, 2H), 3.60 (s, 1H), 3.55 (dd, 1H,
J=26.1, 9.7 Hz), 2.98 (dd, 1H] = 4.4, 13.8 Hz), 2.86 (dd, 1H]
=7.7,14.1 Hz), 2.35 (m, 1H), 2.21 (m, 1H), 2.05 (m, 1H), 1.59
(m, 1H), 1.38 (t, 2HJ = 7.2 Hz), 1.22 (m, 1H), 0.91 (d, 3H,=
6.4 Hz), 0.80 (d, 3H, = 6.4 Hz); *3C (100 MHz, }O) 6 178.0,

Hanessian et al.

27.7,27.4,24.6,24.4,225,22.4,22.3,22.3; LCMS (MN286.1;
HRMS for CgH,7NOs (MH™) calcd 314.19620, obsd 314.19682;
(MNat) calcd 336.17814, obsd 336.17885.
(2R,4R,5S)-4-Isobutyl-6-0x0-5-(3-phenylallyl)piperidine-1,2-
dicarboxylic Acid 1-tert-Butyl 2-Methyl Ester (50a) and
(2R,4S,5R)-4-Isobutyl-6-0x0-5-(3-phenylallyl)piperidine-1,2-di-
carboxylic Acid 1-tert-Butyl Ester 2-Methyl Ester (50b). The
diastereomeric mixture gf9aand49b (244 mg, 0.78 mmol) was
placed in an argon-filled round-bottom flask, dissolved in THF/
DME 1:1 (5 mL), and cooled te-78 °C. LiIHMDS (934 uL, 0.93
mmol) was introducedsaa 1 Msolution in THF via a hypodermic
syringe. The solution was allowed to reacb0 °C and stirred for

174.3,165.7,138.1, 136.0, 132.3, 131.8, 129.7, 128.9, 127.9, 127.72 5 h. After the solution was cooled 678 °C, cinnamoyl bromide
126.9, 121.5, 66.2 (d), 60.9, 57.5, 47.5, 45.3, 44.3, 39.9, 38.2, 28.7,(230 mg, 1.17 mmol) in solution in THF (2 mL) was added over

26.2,22.9, 22. 7P (161.3 MHz, RO) 6 14.8; LRMS (FAB, NBA,
m'z) 622.

(2S,3S,4S,5R)-(29)-{ [3-Isobutyl-4-(3-phenylallyl)-5-phospho-
nopyrrolidine-2-carbonyllamino}-3-phenylpropionic Acid (46).
Following the synthetic sequence for the preparatiodiZif starting
from L-pyroglutamic acid and using cinnamoy! bromide instead of
allyl bromide gave a phosphonate which, following sequentially
the preparation of6aand19a gave46: 24 mg; [oJp —0.4 0.8,
H,0); IR (KBr) 3429, 1619, 1222 cni; *H NMR (300 MHz, D;0O)

0 7.37 (m, 3H), 7.32 (m, 2H), 7.21 (m, 5H), 6.23 (d, 2H+ 16.0
Hz), 6.14 (m, 1H), 4.36 (dd, 1Hl = 4.8, 8.5 Hz), 3.71 (d, 1H]
=4.1Hz), 3.60 (dd, 1H) = 6.2, 11.5 Hz), 3.19 (dd, 1H, = 5.0,
14.1 Hz), 2.98 (dd, 1HJ = 8.5, 14.0 Hz), 2.73 (d, 1H] = 13.7
Hz), 2.30-2.24 (m, 2H), 1.99 (td, 1H) = 9.8, 13.6 Hz), 0.71 (d,
3H,J = 6.5 Hz), 0.62 (d, 3H,) = 6.4 Hz);3C (100 MHz, O)

30 min using a syringe pump. After 4 h, the reaction was quenched
by the addition of an excess of saturated/8H The mixture was
allowed to reach rt and vigorously stirred for few minutes. The
THF was evaporated and replaced by EtOAc, which was washed
with water. The organic layer was dried over 8@y, filtered,
concentrated, and purified by flash column chromatography,{CH
Cl/Et,0, 95:5) to gives0aand50b. For50a 160 mg (48%, sole
diastereomer); colorless oilop +52.3 € 1.1, CHCE); IR (neat/
NaCl) 2956, 1778, 1748, 1715, 1598, 1448, 1368, 1288, 1153;cm
14 (400 MHz, CDC}) ¢ 7.35-7.27 (m, 4H), 7.247.20 (m, 1H),
6.45 (d, 1H,J = 15.7 Hz), 6.16 (ddd, 1H] = 6.4, 8.5, 15.6 Hz),
4.54 (dd, 1HJ = 6.0, 9.3 Hz), 3.76 (s, 3H), 2.952.89 (m, 1H),
2.59-2.52 (m, 1H), 2.352.29 (m, 2H), 1.96-1.81 (m, 1H), 1.7+

1.64 (m, 1H), 1.62-1.57 (m, 1H), 1.50 (s, 9H), 1.39 (ddd, 18i=

3.3, 10.3, 13.6 Hz), 1.10 (ddd, 1H,= 3.8, 10.5, 13.6 Hz), 0.94

0 1775, 170.4, 138.6, 138.1, 133.1, 130.0, 129.6, 129.4, 128.1,(d, 3H,J = 6.6 Hz), 0.86 (d, 3HJ = 6.5 Hz); *3C (100 MHz,
127.5,126.9, 66.6, 61.1, 57.7, 58.0, 45.9 (d), 44.6, 38.1, 33.9, 26.2,CDCl3) 6 172.8, 172.0, 151.7, 137.2, 132.9, 128.3, 127.0, 126.1,

23.1, 21.7;3P (161.3 MHz, RO) ¢ 10.03; LRMS (FAB, NBA,
m/z) 515, 433.

(2S,3S,4S,5R)-(29)-{ [3-Isobutyl-4-(3-phenylpropyl)-5-phospho-
nopyrrolidine-2-carbonyl]Jamino} -3-phenylpropionic Acid (47).
Following the preparation d3b starting from46 gave compound
47 13 mg; fo]o —59.0 € 0.6, HO); IR (neat/NaCl) 3434, 2927,
1638, 1455, 1385 cnt; *H NMR (300 MHz, D,O) 6 7.47-7.06
(m, 10H), 4.87 (m, 1H), 3.71 (m, 1H), 3.56 (m, 1H), 3.13 (M, 1H),
2.96 (m, 1H), 2.64 (m, 2H), 2.47 (m, 1H), 2.12 (m, 1H), 1.84 (m,
1H), 1.52 (m, 3H), 1.22 (m, 2H), 1.10 (m, 1H), 0.76 (s, 6M¢
(100 MHz, D,O) 6 177.4, 169.5, 143.7, 138.4, 130.0, 129.4, 127.6,

126.0, 83.4,57.9,52.2,50.1, 42.7, 32.6, 31.6, 30.0, 27.7, 24.9, 23.9,
21.3; LCMS (MNa&) 452.1. For50b: 84 mg (25%, inseparable
mixture with the corresponding diastereomer, 9:1); colorless oil;
[o]o —4.4 (0.9, CHC); IR (neat/NaCl) 2955, 1778, 1748, 1715,
1598, 1448, 1368, 1288, 1153 ctin'H (400 MHz, CDC}) 6 7.37—
7.35 (m, 2H), 7.36-7.26 (m, 2H), 7.26-7.17 (m, 1H), 6.40 (d,
1H,J=15.7 Hz), 6.18 (ddd, 1H] = 6.0, 8.8, 15.6 Hz), 4.72 (dd,
1H,J = 3.3, 5.1 Hz), 3.56 (s, 3H), 3.063.00 (m, 1H), 2.56-2.49

(m, 1H), 2.34 (dt, 1H) = 13.4, 2.9 Hz), 2.362.25 (m, 1H), 1.75
1.69 (m, 1H), 1.68-1.59 (m, 2H), 1.51 (s, 9H), 1.35 (ddd, 18i=

3.1, 10.4, 13.6 Hz), 1.07 (ddd, 1H,= 4.2, 10.0, 13.7 Hz), 0.92

126.7,66.2, 60.1, 57.6, 46.6, 46.2, 44.5, 38.0, 35.7, 29.9, 29.1, 26.3,(d, 3H,J = 6.6 Hz), 0.76 (d, 3HJ = 6.5 Hz); 3C (100 MHz,

22.9,22.2%P (161.3 MHz, RO) 6 9.61; LRMS (FAB, NBA,nV2)
517, 435.

(2R,4R)- and (2R,4S)-4-Isobutyl-6-oxopiperidine-1,2-dicar-
boxylic Acid 1-tert-Butyl Ester 2-Methyl Ester (49a and 49b).
A solution ofi-BuMgBr (7.83 mL, 15.7 mmgl2 M in EO) was
added dropwise to a suspension of Ci#fe, (160 mg, 0.78 mmol)
in EO (10 mL) at—40 °C. The suspension was stirred for 1 h
prior to the addition o#8 (2.0 g, 7.83 mmol) in solution ED (5
mL). The mixture was stirred for an additidriah and quenched
by the addition of saturated NBI. The resulting mixture was
diluted with water and extracted twice with,Bt The combined
organic layers were dried over &0, filtered, and evaporated to
give a colorless oil. Purification by flash column chromatography
(hexanes/EtOAc, 8:2) gave compound9a and 49b as an
inseparable mixture, (2.09 g, 85%, 1.1:1 in favod68): colorless
oil; [a]p +15.6 € 1.1, CHC}); IR (neat/NaCl) 2957, 1780, 1748,
1715, 1456, 1368, 1287, 1143 cin'H (400 MHz, CDC}) 6 4.70
(dd, 1H,J = 2.6, 5.8 Hz,49b), 4.54 (dd, 1H,J = 6.4, 10.3 Hz,
493), 3.74 (s, 3HA9b), 3.73 (s, 3HA99), 2.67-2.62 (m, 1HA9b),
2.61-2.57 (m, 1H,498), 2.32-2.26 (m, 1H,499), 2.23-2.18 (m,
1H, 49b), 2.07-2.00 (m, 2H), 1.95-1.81 (m, 2H), 1.65-1.56 (m,
4H), 1.47 (s, 9H499), 1.47 (s, 9H49h), 1.15-1.08 (m, 4H), 0.86
(d, 3H,J = 2.3 Hz,49g), 0.85 (d, 3H,J = 2.1 Hz,493), 0.84 (d,
3H, J = 6.6 Hz,49b), 0.81 (d, 3H,J = 6.6 Hz,49b); 13C (100

MHz, CDCk) 6 172.0, 171.9, 170.1, 169.8, 152.0, 151.8, 83.6, 83.4,

CDCl) 6 172.1, 171.5, 152.0, 137.1, 132.0, 128.0, 126.6, 126.5,
125.7,83.1,57.4,52.0,50.0, 42.5, 32.2, 30.2, 29.7, 27.5, 24.5, 23.6,
20.8; LCMS (MN&) 452.0.
(2R,4R,5S,6R)-6-(Dimethoxyphosphoryl)-4-isobutyl-5-(3-phen-
ylallyl)piperidine-1,2-dicarboxylic Acid 1-tert-Butyl Ester 2-
Methyl Ester (51a) and (R,4R,5S,65)-6-(Dimethoxyphospho-
ryl)-4-isobutyl-5-(3-phenylallyl)piperidine-1,2-dicarboxylic Acid
1-tert-Butyl Ester 2-Methyl Ester (51b). Following the preparation
of 11laand11b gave compoundSlaand51b (1.5:1 in favor of
518 as colorless oils. Fosla 92 mg (58%, three steps)x]p
—24.9 € 1.0, CHC}); IR (neat/NaCl) 2955, 1760, 1700, 1455, 1382,
1254, 1170, 1032 cmi; for a mixture of two rotamerdH (400
MHz, CDCk) ¢ 7.34-7.17 (m, 5H), 6.46 (d, 1HJ = 15.7 Hz),
6.19-6.13 (m, 1H), 4.69 (d, 0.67H] = 21.6 Hz), 4.50 (d, 0.33H,
J=22.0 Hz), 4.27 (dd, 0.33H, = 6.6, 12.4 Hz), 4.13 (dd, 0.67H,
J=15.7,12.9 Hz), 3.85 (d, 3H] = 10.6 Hz), 3.73-3.66 (m, 6H),
2.47-2.38 (m, 1H), 2.36-2.11 (m, 3H), 2.03-1.92 (m, 2H), 1.74
1.61 (m, 1H), 1.44 (s, 3H), 1.41 (s, 6H), 1:38.27 (m, 2H), 0.93
(d, 3H,J = 6.5 Hz), 0.87 (d, 3HJ = 6.5 Hz); 13C (100 MHz,
CDCly) 6 172.2, 154.6, 137.3 and 137.0, 133.2 and 133.0, 128.4
and 128.2, 126.9, 126.3, 126.0 and 125.8, 80.9 and 80.8, 56.8 and
56.0, 53.6 (d), 52.2 (d), 51.7 and 51.6, 49.2 and 48.6 (d), 44.4,
41.2 and 41.0 (d), 38.3 and 38.2 (d), 34.2 and 33.4, 29.5, 28.1 and
27.8, 25.1 and 25.0, 23.8, 213% (161.3 MHz, CDG)) § 28.0
(major rotamer), 27.7 (minor rotamer); LCMS (M 524.9,

58.5,58.0,52.4,52.3,44.7,44.6, 41.3,41.2, 32.5, 31.7, 28.8, 27.7,(MNa") 546.1; HRMS for GHs,NO;P (MH') calcd 524.27717,
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obsd 524.27738; (MN3g calcd 546.25911, obsd 546.25901. For
51b: 60 mg (38%, three stepsii]p +1.4 (€ 0.9, CHC}); IR (neat/
NaCl) 2955, 1751, 1700, 1454, 1384, 1250, 1169, 1033'cfor
a mixture of two rotamer&d (400 MHz, CDC}) 6 7.37—7.28 (m,
4H), 7.25-7.19 (m, 1H), 6.50 (d, 1H) = 15.7 Hz), 6.276.19
(m, 1H), 4.70 (dd, 0.67H) = 5.0, 13.1 Hz), 4.58 (dd, 0.33H,=
3.6, 12.8 Hz), 4.464.36 (m, 1H), 3.79 (d, 3H) = 9.1 Hz), 3.77
(d, 3H,J = 8.7 Hz), 3.74 (s, 3H), 2.622.40 (m, 2H), 2.152.05
(m, 1H), 2.03-1.94 (m, 2H), 1.92-1.85 (m, 1H), 1.69-1.57 (m,
1H), 1.43 (s, 3H), 1.42 (s, 6H), 1.21.14 (m, 1H), 0.970.92
(m, 1H), 0.89 (d, 3HJ = 6.6 Hz), 0.85 (d, 3HJ = 6.5 Hz);13C
(100 MHz, CDC¥}) 6 174.1, 154.2, 137.3, 132.2 and 132.0, 128.3,
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2.03 (m, 1H), 1.96-1.78 (m, 3H), 1.76-1.60 (m, 1H), 1.48 (s,
2H), 1.42 (s, 7H), 1.361.10 (m, 4H), 0.90 (d, 3HJ = 6.6 Hz),
0.85 (d, 3H,J = 6.4 Hz);3C (100 MHz, CDC}) 6 172.6, 155.6,
81.7, 59.4, 56.9 and 55.9, 53.9 and 53.8 (d), 53.5 and 53.3 (d),
52.3 and 52.1, 49.9 and 48.1 (d), 44.3, 38.6 and 37.7 (d), 37.7 and
37.6,35.5and 35.2, 29.0, 28.7 and 28.5, 25.8, 24.4, P4161.3
MHz, CDCk) 6 29.7 (major rotamer), 29.1 (minor rotamer).
(2R,4R,5S,69)-6-(Dimethoxyphosphoryl)-5-(2-hydroxyethyl)-
4-isobutylpiperidine-1,2-dicarboxylic Acid 1-tert-Butyl Ester
2-Methyl Ester (52b). Following the preparation ofi4a gave
compound®$2b, 163 mg (79%, two steps), as a colorless o]
—12.7 € 1.0, CHC}); IR (neat/NaCl) 3423, 2955, 1751, 1698, 1456,

127.8, 126.9, 126.0, 80.7, 53.6 and 53.3, 53.0 (d), 52.2 (d), 51.7,1390, 1254, 1176, 1056 crf for a mixture of two rotamerH
50.0 (d), 42.8 and 42.7, 42.2, 34.5 and 33.5, 31.1, 29.5, 28.0, 25.3,(400 MHz, CDC}) 6 4.75 (dd, 0.67HJ = 5.1, 14.0 Hz), 4.63 (dd,

24.1, 21.2'P (161.3 MHz, CDG) 6 29.3 (major rotamer), 29.1
(minor rotamer); LCMS (MH) 524.3; HRMS for G;H4,NO;P
(MH™) calcd 524.27717, obsd 524.27691; (M)aalcd 546.25911,
obsd 546.25814.
(2R,4S,5R,69)-6-(Dimethoxyphosphoryl)-4-isobutyl-5-(3-phen-
ylallyl)piperidine-1,2-dicarboxylic Acid 1-tert-Butyl Ester 2-
Methyl Ester (51c) and (&R,4S,5R,6R)-6-(Dimethoxyphospho-
ryl)-4-isobutyl-5-(3-phenylallyl)piperidine-1,2-dicarboxylic Acid
1-tert-Butyl Ester 2-Methyl Ester (51d). Following the preparation
of 11laand11bgave compoundSlcand51d(2:1 in favor of51¢
as colorless oils. Fdslc 206 mg (54%, three stepsi]p —65.3
(c1.1, CHCY); IR (neat/NaCl) 2955, 1755, 1699, 1455, 1390, 1253,
1174, 1033 cm?t; for a mixture of two rotamerdH (400 MHz,
CDCl) 0 7.37-7.35 (m, 2H), 7.327.25 (m, 2H), 7.23-7.16 (m,
1H), 6.50 (d, 1HJ = 15.8 Hz), 6.25-6.16 (m, 1H), 4.69 (d, 0.60H,
J = 18.6 Hz), 4.50 (d, 0.40H] = 18.5 Hz), 4.39-4.36 (m, 1H),
3.74-3.65 (m, 9H), 2.53-2.34 (m, 3H), 2.06-1.77 (m, 2H), 1.65
1.54 (m, 1H), 1.4%1.39 (m, 1H), 1.41 (s, 5H), 1.39 (s, 4H), 1:33
1.26 (m, 2H), 0.9%£0.88 (m, 3H), 0.79 (d, 1.20H] = 6.5 Hz),
0.76 (d, 1.80HJ = 6.5 Hz);3C (100 MHz, CDC}) 4 173.1 and

0.33H,0J=4.1, 13.1 Hz), 4.324.28 (m, 1H), 3.74 (d, 3H] = 6.0
Hz), 3.72 (d, 3HJ = 5.8 Hz), 3.7%+3.66 (m, 2H), 3.68 (s, 3H),
3.05 (bs, 1H), 2.5%2.43 (m, 0.67H), 2.362.29 (m, 0.33H), 2.08
1.98 (m, 1H), 1.961.66 (m, 4H), 1.63-1.51 (m, 1H), 1.44 (s,
3H), 1.38 (s, 6H), 1.081.02 (m, 1H), 0.87#0.81 (m, 1H), 0.83
(d, 3H,J = 6.5 Hz), 0.79 (d, 3H,) = 6.4 Hz); 13C (100 MHz,
CDClg) 6 174.6, 154.9, 81.6 and 81.3, 61.4 and 61.0, 54.0, 53.4
(d), 53.0 (d), 52.4 and 52.3, 50.7 (d), 43.2 and 43.1, 38.6 (d), 34.0,
31.6,28.5,28.1, 25.8 and 25.6, 24.6, 231F;(161.3 MHz, CDGJ)
d 29.6.
(2R,4S,5R,65)-6-(Dimethoxyphosphoryl)-5-(2-hydroxyethyl)-
4-isobutylpiperidine-1,2-dicarboxylic Acid 1-tert-Butyl Ester
2-Methyl Ester (52c). Following the preparation ofl4a gave
compound$2¢ 75 mg (87%, two steps), as a colorless oilk]{
+31.0 € 1.0, CHCY); IR (neat/NaCl) 3428, 2956, 1751, 1705, 1455,
1384, 1178, 1036 cnt; for a mixture of two rotamersH (400
MHz, CDCk) 6 4.63 (dd, 0.77HJ = 1.4, 17.9 Hz), 4.50 (dd, 0.23H,
J=1.0, 18.6 Hz), 4.3%4.29 (m, 1H), 3.74 (d, 3H) = 6.7 Hz),
3.74-3.70 (m, 2H), 3.71 (d, 3HJ = 6.8 Hz), 3.69 (s, 0.64H),
3.68 (s, 2.36H), 2.81 (bs, 1H), 2.22.13 (m, 1H), 1.971.88 (m,

172.3, 154.7 and 154.3, 137.2 and 136.9, 132.9 and 132.6, 128.21H), 1.81-1.72 (m, 2H), 1.66-1.50 (m, 2H), 1.43 (s, 2H), 1.37
and 128.0, 127.5 and 127.2, 126.8 and 126.6, 125.8 and 125.6s, 7H), 1.30-1.19 (m, 2H), 1.17#1.10 (m, 1H), 0.84 (d, 3H] =

80.6 and 80.5, 55.5 and 54.8, 52.7 and 52.6 (d), 52.4 and 52.3 (d),6.6 Hz), 0.72 (d, 3H) = 6.5 Hz);13C (100 MHz, CDC}) 6 173.1,

51.6 and 51.4, 49.0 and 48.3 (d), 44.5 and 44.4, 40.5 and 40.6 (d),154.6, 80.9 and 80.8, 59.3 and 58.9, 55.3 and 54.5, 53.0 and 52.8
38.1 and 38.0 (d), 30.4 and 30.0, 28.0, 27.7 and 27.6, 24.7 and(d), 52.6 and 52.5 (d), 51.7 and 51.5, 48.0 (d), 44.0 and 43.7, 36.9

24.6, 23.4 and 23.3, 21.0 and 20';(161.3 MHz, CDGJ) 6 29.1
(minor rotamer), 29.0 (major rotamer); LCMS (MNa546.1;
HRMS for G7H4,NO7P (MH™) calcd 524.27717, obsd 524.27716;
(MNa™") calcd 546.25911, obsd 546.25835. bad: 104 mg (27%,
three steps);d]p —3.8 (¢ 1.0, CHC}); IR (neat/NaCl) 2954, 1757,
1700, 1454, 1392, 1254, 1166, 1033 ¢mfor a mixture of two
rotamerstH (400 MHz, CDC}) § 7.36-7.26 (m, 4H), 7.2+7.17
(m, 1H), 6.46 (d, 1HJ = 15.6 Hz), 6.24-6.19 (m, 1H), 4.69 (dd,
0.70H,J = 5.5, 17.2 Hz), 4.594.53 (m, 0.30H), 4.364.27 (m,
0.30H), 4.15-4.10 (m, 0.70H), 3.88 (d, 3H} = 10.6 Hz), 3.78
3.75 (m, 3H), 3.73 (s, 0.77H), 3.72 (s, 2.24H), 227061 (M, 1H),
2.57-2.41 (m, 2H), 1.981.90 (m, 1H), 1.76-1.54 (m, 3H), 1.41
(s, 9H), 1.25-1.18 (m, 2H), 0.91 (d, 3H] = 6.6 Hz), 0.85 (d, 3H,
J = 6.4 Hz);13C (100 MHz, CDC}) 6 172.8, 154.3, 137.1, 131.8,

(d), 36.6 (d), 30.3 and 30.1, 27.8 and 27.6, 28.2, 24.8, 23.4, 20.8;
31p (161.3 MHz, CDGJ)) 6 29.9 (major rotamer), 29.5 (minor
rotamer).
(2R,4S,5R,6R)-6-(Dimethoxyphosphoryl)-5-(2-hydrox-ethyl)-
4-isobutylpiperidine-1,2-dicarboxylic Acid 1-tert-Butyl Ester
2-Methyl Ester (52d). Following the preparation ofi4a gave
compounds$2d, 70 mg (81%, two steps), as a colorless o]
+17.5 € 1.0, CHC}); IR (neat/NaCl) 3421, 2955, 1755, 1700, 1456,
1392, 1254, 1171, 1034 crh for a mixture of two rotamersH
(400 MHz, CDC}) 6 4.78 (dd, 1HJ = 5.3, 17.6 Hz), 4.424.39
(m, 0.22H), 4.26-4.17 (m, 0.76H), 3.82 (d, 3H] = 10.6 Hz),
3.73(d, 3HJ =10.6 Hz), 3.76-3.70 (m, 2H), 3.69 (s, 3H), 2.59
2.51 (m, 2H), 1.931.85 (m, 1H), 1.841.75 (m, 2H), 1.741.57
(m, 2H), 1.55-1.48 (m, 1H), 1.46 (s, 2.13H), 1.41 (s, 6.85H), 1-16

128.1,127.7,126.7,125.7, 81.1, 53.6 (d), 52.6, 51.6 (d), 51.6, 50.21.12 (m, 2H), 0.90 (d, 3H] = 6.6 Hz), 0.84 (d, 3H)J = 6.4 Hz);

(d), 44.7, 42.4, 34.5, 30.9, 28.5, 27.7, 25.1, 23.8, 2WP9(161.3
MHz, CDCk) 6 26.8 (major rotamer), 26.4 (minor rotamer); LCMS
(MH*) 524.0, (MN&) 546.1; HRMS for GH4,NO-P (MH™) calcd
524.27717, obsd 524.27706; (MNacalcd 546.25911, obsd
546.25925.
(2R,4R,5S,6R)-6-(Dimethoxyphosphoryl)-5-(2-hydroxyethyl)-
4-isobutylpiperidine-1,2-dicarboxylic Acid 1-tert-Butyl Ester
2-Methyl Ester (52a). Following the preparation ofi4a gave
compounds2a, 144 mg (84%, two steps), as a colorless od]
—34.2 € 1.0, CHC}); IR (neat/NaCl) 3423, 2956, 1760, 1698, 1456,
1388, 1252, 1172, 1044 crh for a mixture of two rotamersH
(400 MHz, CDC}) 6 4.71 (d, 0.67H) = 20.4 Hz), 4.64 (d, 0.33H,
J=22.5Hz), 4.35(dd, 0.33H = 6.8, 12.7 Hz), 4.20 (dd, 0.67H,
J=6.3, 12.7 Hz), 3.81 (d, 3H) = 10.6 Hz), 3.77 (d, 3HJ =
10.9 Hz), 3.76-3.68 (m, 2H), 3.71 (s, 3H), 3.23 (bs, 1H), 2:09

13C (100 MHz, CDC}) 6 172.6, 154.4, 81.1, 60.3, 53.1 (d), 52.5,
52.0 (d), 51.4, 50.0 (d), 42.2, 40.4 (d), 33.0, 30.7, 28.7, 27.8 and
27.7, 25.0, 23.8, 20.92P (161.3 MHz, CDGQ) 0 27.6.
(2R,4R,5S,6R)-6-(Dimethoxyphosphoryl)-5-[2-(1,3-dioxo-H,3H-
benzoldgisoquinolin-2-yl)ethyl]-4-isobutylpiperidine-1,2-dicar-
boxylic Acid 1-tert-Butyl Ester 2-Methyl Ester (53a). 1,8-
Dicarboxynaphthalimide (32 mg, 0.16 mmol) and PR43 mg,
0.16 mmol) were added to a solution &2a (37 mg, 0.08 mmol)
in THF (2 mL). The resulting suspension was cooled f&€Qrior
to the dropwise addition of a solution of methyl azodicarboxylate
(24 mg, 0.16 mmol) in THF (0.5 mL). The solution was stirred
overnight with a slow increase of temperature froit0to rt. The
suspension was filtered off, and the solid was washed with EtOAc.
The filtrate was evaporated to afford a residue, which was purified
by flash column chromatography (hexanes/EtOAc, 1:9) to §Bee
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as a colorless oil (45 mg, 87%)a]p —25.7 € 0.9, CHC}); IR
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(s, 5H), 1.25-1.00 (m, 3H), 0.93-0.80 (m, 7H);:*C (100 MHz,

(neat/NaCl) 2958, 1750, 1700, 1663, 1591, 1438, 1366, 1237, 1175,CDCl;) 6 172.8 and 172.4, 163.8 and 163.6, 154.5 and 154.3, 133.6

1033 cn1?; for a mixture of two rotamerdH (400 MHz, CDCH})

6 8.60-8.58 (m, 2H), 8.22:8.19 (m, 2H), 7.777.72 (m, 2H), 4.77
(dd, 1H,J = 12.6, 21.3 Hz), 4.304.05 (m, 3H), 3.93-3.87 (m,
3H), 3.77 (d, 3HJ = 10.5 Hz), 3.73 (s, 3H), 2.182.07 (m, 1H),
1.95-1.82 (m, 3H), 1.741.65 (m, 1H), 1.60 (s, 4.5H), 1.42 (s,
4.5H), 1.35-1.29 (m, 4H), 0.93-0.86 (m, 6H);3C (100 MHz,

and 133.4, 131.2, 130.8, 127.8, 126.6 and 126.5, 122.3 and 122.2,
81.0 and 80.8, 53.8 and 53.5 (d), 52.6, 51.9 and 51.5 (d), 51.6 and
51.5, 51.3 and 50.0 (d), 42.8 and 41.5 (d), 42.2 and 42.0, 38.8 and
38.0, 31.0 and 30.5, 29.2 and 28.8, 28.5 and 28.4, 27.8 and 27.7,
25.0 and 24.8, 23.8, 20.9'P (161.3 MHz, CDGJ) 6 26.7 (minor
rotamer), 26.5 (major rotamer); LCMS (MH 631.5, (MN&)

CDCl3) 6 172.3 and 171.6, 163.7 and 163.6, 154.9 and 154.7, 133.8 653.5; HRMS for G,H4N,OP (MH*) calcd 631.27789, obsd
and 133.7, 131.5 and 131.4, 131.0, 128.0, 126.7, 122.5, 81.3 and631.27768; (MN&) calcd 653.25984, obsd 653.25961.

81.0, 56.6 and 55.8, 53.8 (d), 52.3 (d), 51.7 and 51.6, 50.6 and
49.6 (d), 44.8 and 44.0, 39.9 and 39.5 (d), 37.8 and 37.5, 34.2 and

34.0,28.1,28.1and 27.9, 27.7, 25.1 and 25.0, 23.8, ?P3161.3
MHz, CDCk) 6 27.7; LCMS (MN&) 653.2; HRMS for GaH43N2OgP
(MH™) calcd 631.27789, obsd 631.27656; (Maalcd 653.25984,
obsd 653.25818.
(2R,4R,5S,69)-6-(Dimethoxyphosphoryl)-5-[2-(1,3-dioxo-H,3H-
benzoldgisoquinolin-2-yl)ethyl]-4-isobutylpiperidine-1,2-dicar-
boxylic Acid 1-tert-Butyl Ester 2-Methyl Ester (53b). Following
the preparation 063a gave compoundS3b as a white solid, 60
mg (86%): p]p —9.3 (€ 1.0, CHCE); mp 154-156°C; IR (neat/

(2R,3S,4R,6R)-2-(Dimethoxyphosphoryl)-3-[2-(1,3-dioxo-H,3H-
benzoldgisoquinolin-2-yl)ethyl]-6-[2-(1H-indol-3-yl)-(1S)-meth-
oxycarbonylethylcarbamoyl]-4-isobutylpiperidine-1-carboxyl-
ic Acid tert-Butyl Ester (54a). Compoundb3a(32 mg, 0.05 mmol)
was dissolved in a mixture of THFA®/MeOH 5:4:1 (1 mL). LiOH
H.O (4 mg, 0.10 mmol) was added, and the solution was stirred
for 24 h at 50°C. The organic layer was extracted with &b,
and the aqueous layer was acidified to pH 3wiitN KHSQ,. The
aqueous phase was extracted with EtOAc, washed with brine, dried
over NaSQ,, and concentrated in vacuo to give the crude carboxylic

NaCl) 2954, 1750, 1700, 1662, 1590, 1436, 1367, 1235, 1175 1030&Cid used in the next step without further purification. Diisopro-

cm~%; for a mixture of two rotamer&d (400 MHz, CDC}) 6 8.57
(d, 2H,J = 7.2 Hz), 8.19 (m, 2H), 7.757.70 (m, 2H), 4.96-4.84
(m, 1H), 4.46-4.10 (m, 3H), 3.91 (d, 1.67H] = 10.9 Hz), 3.86
(d, 1.33H,J = 10.9 Hz), 3.79 (d, 3H]) = 10.4 Hz), 3.66 (s, 1.67H),
3.60 (s, 1.33H), 2.602.52 (m, 0.55H), 2.422.35 (m, 0.45H),
2.03-1.87 (m, 4H), 1.53 (s, 4H), 1.42 (s, 5H), 1:29.19 (m, 2H),
1.14-1.06 (m, 1H), 0.83:0.73 (m, 7H);13C (100 MHz, CDC}) 6

pylethylamine (25:L, 0.14 mmol) was added dropwise to a solution
of the acid, EDC (14 mg, 0.07 mmol), HOBt (10 mg, 0.07 mmol)
and HCHH-Trp-OMe (19 mg, 0.07 mmol) in DMF (2 mL) at rt.
The solution was stirred for 16 h before quenching by addition of
saturated NECI. The solution was extracted with EtOAc and the
combined organic layers were washed with brine, dried over Na
SQ,, filtered, and concentrated in vacuo. The residue was purified

174.4 and 174.0, 164.4 and 164.3, 155.1 and 154.9, 134.3 and 134.2py flash column chromatography (GEl./MeOH, 95:5) to givéb4a
132.0, 131.6, 128.5, 127.3, 123.2 and 123.1, 81.5 and 81.3, 54.2,(34 mg, 86%) as a yellowish oil:ofp —26.5 € 1.0, CHC}); IR
54.0 and 53.7 (d), 53.8 (d), 52.8 and 52.6 (d), 52.3, 43.2 and 43.0, (neat/NaCl) 3288, 2955, 1747, 1700, 1661, 1591, 1438, 1367, 1234,
40.6 and 40.4 (d), 39.6 and 39.2, 31.9 and 31.7, 29.7, 28.6, 28.2,1052 cm'%; for a mixture of two rotamer$H (400 MHz, CDC})

25.8 and 25.6, 24.6, 21.8'P (161.3 MHz, CDGJ) 6 29.1 (minor
rotamer), 28.9 (major rotamer); LCMS (MNRp653.0; HRMS for
C3HagN2OgP (MHT) calcd 631.27789, obsd 631.27702; (MNa
calcd 653.25984, obsd 653.25859.
(2R,4S,5R,65)-6-(Dimethoxyphosphoryl)-5-[2-(1,3-dioxo-H,3H-
benzofdgisoquinolin-2-yl)ethyl]-4-isobutylpiperidine-1,2-dicar-
boxylic Acid 1-tert-Butyl Ester 2-Methyl Ester (53c). Following
the preparation oi5agave compoundS3cas a colorless oil, 39
mg (47%, two steps): of]p +19.8 € 1.2, CHC}); IR (neat/NacCl)
2955, 1749, 1701, 1662, 1591, 1438, 1367, 1237, 1175, 1033 cm
for a mixture of two rotamerdH (400 MHz, CDC}) 6 8.59 (m,
2H), 8.22-8.18 (m, 2H), 7.7#7.71 (m, 2H), 4.76 (dd, 1H] =
9.2,18.4 Hz), 4.38 (dd, 1H,= 6.8, 14.6 Hz), 4.294.19 (m, 2H),
3.81-3.77 (m, 6H), 3.73 (s, 1.60H), 3.70 (s, 1.40H), 24331
(m, 1H), 2.04-1.82 (m, 4H), 1.58 (s, 4.20H), 1.51..45 (m, 1H),
1.41 (s, 4.80H), 1.321.26 (m, 2H), 0.88 (m, 3H), 0.79 (d, 3K,
= 6.5 Hz);3C (100 MHz, CDC}) 6 173.1 and 172.3, 163.5 and

163.4, 154.9 and 154.4, 133.5 and 133.4, 131.2, 130.7 and 130.6

0 8.66 (bd, 1H), 8.57 (d, 2H) = 7.3 Hz), 8.26-8.18 (m, 2H),
8.36 (bs, 1H), 7.73 (t, 2H] = 7.8 Hz), 7.64-7.55 (m, 1H), 7.34

7.32 (m, 2H), 7.13 (t, 1HJ = 7.1 Hz), 7.07 (t, 1H,) = 7.2 Hz),
4.94-4.82 (m, 1.3H), 4.684.63 (m, 0.7H), 4.224.18 (m, 2H),
4.00-3.79 (m, 7H), 3.67 (s, 2H), 3.57 (s, 1H), 3.31 (dd, 1Hs
14.6, 5.4 Hz), 3.20 (dd, 1H,= 14.6, 8.8 Hz), 2.262.08 (m, 1H),
2.01-1.79 (m, 2H), 1.781.59 (m, 3H), 1.52 (s, 2.6H), 1.33..23

(m, 3H), 1.09 (s, 6.4H), 0.890.83 (m, 6H);13C (100 MHz, CDC})

0 173.3, 172.9, 163.5, 155.1, 136.0, 133.6, 131.2, 130.8, 127.7,
126.8,126.5, 123.5, 122.2,121.5, 118.9,118.1, 110.8, 110.2, 81.4,
59.6, 53.6, 53.1 (d), 52.9 (d), 51.6, 49.3 (d), 45.1, 39.4 (d), 37.6,
34.6, 34.0 (d), 29.2, 27.4, 27.2, 24.6, 23.6, 2317;(161.3 MHz,
CDCl) ¢ 31.3 (major rotamer), 30.5 (minor rotamer); LCMS
(MH+) 817.2, (MNd) 839.2; HRMS for GaHsaN4O10P (MH+)
calcd 817.35721, obsd 817.35755; (MN&alcd 839.33915, obsd
839.34013.

(2S5,35,4R,6R)-2-(Dimethoxyphosphoryl)-3-[2-(1,3-dioxo-H,3H-

127.8, 126.5, 122.4, 81.1 and 80.6, 55.6 and 54.9, 53.0 and 52.8°enzokdisoquinolin-2-yhethyl]-6-[2-(1H-indol-3-yl)-(1S)-meth-
(d), 52.5 and 52.4 (d), 51.6 and 51.5, 51.0 and 49.4 (d), 44.7 and oxycarbonylethylcarbamoyl]-4-isobutylpiperidine-1-carboxyl-
44.2, 39.1 and 38.9 (d), 37.6 and 37.5, 33.3 and 32.6 (d), 30.0 ic Acid tert-Butyl Ester (54b). Following the preparation dd4a

28.1, 27.8 and 27.7, 24.7 and 24.6, 23.5 and 23.4, 2Pg161.3
MHz, CDCk) 6 29.0 (major rotamer), 28.8 (minor rotamer); LCMS
(MNat) 653.1; HRMS for G;H43N209P (MHT) calcd 631.27789,
obsd 631.27816; (MNg calcd 653.25984, obsd 653.26048.
(2R,4S,5R,6R)-6-(Dimethoxyphosphoryl)-5-[2-(1,3-dioxo-H,3H-
benzoldgisoquinolin-2-yl)ethyl]-4-isobutylpiperidine-1,2-dicar-
boxylic Acid 1-tert-Butyl Ester 2-Methyl Ester (53d). Following
the preparation ot5agave compoundS3d as a colorless oil, 59
mg (73%, two steps): of]p +24.5 € 1.0, CHC}); IR (neat/NacCl)
2955, 1755, 1701, 1662, 1591, 1439, 1366, 1243, 1175, 1036 cm
for a mixture of two rotamerdH (400 MHz, CDC}) 6 8.56 (d,
2H,J = 7.2 Hz), 8.2+8.17 (m, 2H), 7.767.70 (m, 2H), 4.98
(dd, 0.40H,J = 4.9, 16.8 Hz), 4.85 (dd, 0.60H,= 5.0, 17.4 Hz),
4.45-4.30 (m, 1H), 4.274.09 (m, 2H), 3.93-3.83 (m, 6H), 3.70
(s, 3H), 2.76-2.56 (m, 1H), 2.141.81 (m, 4H), 1.56 (s, 4H), 1.44
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gave compoundS4b as a yellowish oil, 89 mg (78%, two steps):
[a]p —10.6 €£1.0, CHC}); IR (neat/NaCl) 3289, 2954, 2244, 1744,
1662, 1591, 1439, 1386, 1236, 1175, 1034 &nfior a mixture of
rotamerstH (400 MHz, CDC}) 6 8.59 (d, 2H,J = 7.2 Hz), 8.3+

8.29 (bd, 1H), 8.228.20 (m, 3H), 7.7#7.73 (m, 2H), 7.627.60

(m, 1H), 7.32-7.30 (bd, 1H), 7.18 (bs, 1H), 7.14 (t, 18~= 7.2

Hz), 7.07 (t, 1HJ = 7.1 Hz), 4.96-4.89 (m, 2H), 4.244.12 (m,

3H), 3.76-3.72 (m, 6H), 3.59 (s, 3H), 3.33 (dd, 1Bl= 6.5, 14.8
Hz), 3.26 (dd, 1H,) = 6.8, 14.6 Hz), 2.081.64 (m, 9H), 1.39 (s,
6H), 1.25 (s, 3H), 0.90 (d, 3Hl = 6.3 Hz), 0.84 (d, 3HJ) = 6.4

Hz); 3C (100 MHz, CDC}) ¢ 173.3, 172.9, 163.7, 155.3, 135.8,
133.8,131.4,131.0, 128.0, 127.5, 126.8, 123.1, 122.5, 121.6, 119.1,
118.7,110.7,110.4, 81.8, 60.1, 53.4, 52.8 (d), 52.7 (d), 51.8, 49.5
(d), 45.3,39.7 (d), 37.8, 34.8, 34.2 (d), 29.5, 28.1, 27.8, 24.8, 23.8,
21.3;%1P (161.3 MHz, CDGJ) 6 29.2 (major rotamer), 29.0 (minor
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rotamer); LCMS (MNa&) 839.2; HRMS for GgHsaN4O10P (MHT)
calcd 817.35721, obsd 817.35747; (Miyl@alcd 839.33915, obsd
839.33967.
(2S,3R,4S,6R)-2-(Dimethoxyphosphoryl)-3-[2-(1,3-dioxo-H,3H-
benzo[ddisoquinolin-2-yl)ethyl]-6-[2-(1H-indol-3-yl)-(1S)-meth-
oxycarbonylethylcarbamoyl]-4-isobutylpiperidine-1-carboxyl-
ic Acid tert-Butyl Ester (54c). Following the preparation dd4a
gave compound54c as a yellowish oil, 23 mg (67%, two steps):
[a]p +75.6 € 1.0, CHCh); IR (neat/NaCl) 3279, 2955, 1744, 1699,
1661, 1591, 1439, 1367, 1236, 1174, 1034 &nfor a mixture of
rotamers'H (400 MHz, CDC}) 6 9.00 (bs, 1H), 8.698.62 (m,
2H), 8.29-8.25 (m, 2H), 7.83-7.77 (m, 2H), 7.447.42 (bd, 1H),
7.17-7.15 (m, 1H), 7.06-6.85 (m, 3H), 6.56:6.52 (m, 1H), 4.93
4.83 (m, 1H), 4.76 (d, 0.66H] = 17.6 Hz), 4.70 (d, 0.34H] =
17.6 Hz), 4.3+4.12 (m, 3H), 3.823.76 (m, 6H), 3.48 (s, 2H),
3.46-3.37 (m, 1H), 3.35 (s, 1H), 3.243.07 (m, 1H), 2.24-2.11
(m, 1H), 2.0%1.62 (m, 5H), 1.55 (s, 3H), 1.551.48 (m, 1H),
1.39 (s, 6H), 1.291.21 (m, 2H), 0.840.80 (m, 3H), 0.67 (d, 1H,
J= 6.4 Hz), 0.63 (d, 2H,) = 6.5 Hz); 13C (100 MHz, CDC}) ¢
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mmol). The solution was filtered through a 0.45n filter and

lyophilized to give55a as a foam (82 mg, 95%):a]p —15.8 €

0.5, HO); IR (KBr) 3395, 2954, 1700, 1658, 1591, 1441, 1389,

1356, 1238, 1074 cnt; *H NMR (400 MHz, D;0) 6 7.74 (bd,

2H), 7.55 (bd, 2H), 7.14 (m, 2H), 7.64.02 (m, 1H), 6.93 (bs,

2H), 6.59-6.55 (m, 1H), 6.56-6.47 (m, 1H), 4.43 (dd, 1H]) =

5.5, 5.8 Hz), 3.843.72 (m, 2H), 3.243.19 (m, 1H), 2.99-2.86

(m, 2H), 2.77 (t, 1H,J = 10.1 Hz), 1.93-1.81 (m, 2H), 1.3#

1.29 (m, 1H), 1.16-:0.90 (m, 3H), 0.76:0.69 (m, 1H), 0.56-0.49

(m, 1H), 0.42-0.34 (m, 1H), 0.22 (m, 3H), 0.01 (m, 3H¥C (100

MHz, D;O) 6 177.1, 170.2, 163.1, 135.1, 133.9, 130.6, 130.0, 127.1,

126.2,126.1, 123.5, 120.5, 120.2, 118.2, 117.5, 110.9, 109.4, 58.5,

57.6 (d), 55.2, 40.5, 39.3, 37.3, 34.6, 31.6, 26.5, 25.3, 23.3, 22.8,

19.2;3'P (161.3 MHz, RO) 6 10.9; LCMS (MH") 675.0, (MN&)

697.1; HRMS for GsH3gN4OgP (MH*) calcd 675.25783, obsd

675.25819; (MN4) calcd 697.23977, obsd 697.24023.
(2R,4R,5S,69)-(29)-({ 5-[2-(1,3-Dioxo-H,3H-benzo[ddisoquin-

olin-2-yl)ethyl]-4-isobutyl-6-phosphonopiperidine-2-carbony} -

amino)-3-(1H-indol-3-yl)propionic Acid (55b). Following the

172.0,171.7,164.1, 156.1, 136.1, 134.1, 131.5, 131.2, 128.0, 126.9 preparation ob5a gave compound5b as a yellowish foam, 42
122.8, 122.5, 121.9, 118.3, 119.2, 110.9, 109.0, 81.9, 57.8, 53.0mg (93%, two steps): ofJo —47.6 € 0.5, HO); IR (KBr) 3403,
(d), 52.8 (d), 52.1 and 51.6, 51.0 (d), 50.8, 45.4, 39.2 (d), 38.9, 2956, 1696, 1657, 1590, 1442, 1386, 1347, 1238, 1179, 1078 cm

32.7 (d), 30.8, 28.8, 28.0 and 27.9, 27.8, 24.8, 23.7, 21P1(161.3
MHz, CDCL) ¢ 29.7 (minor rotamer), 29.5 (major rotamer); LCMS
(MNa™) 839.2; HRMS for GsHsaN4O10P (MHT) calcd 817.35721,
obsd 817.35697; (MN9g calcd 839.33915, obsd 839.33882.
(2R,3R,4S,6R)-2-(Dimethoxyphosphoryl)-3-[2-(1,3-dioxo-H,3H-
benzo[ddisoquinolin-2-yl)ethyl]-6-[2-(1H-indol-3-yl)-(1S)-meth-
oxycarbonylethylcarbamoyl]-4-isobutylpiperidine-1-carboxyl-
ic Acid tert-Butyl Ester (54d). Following the preparation dd4a
gave compoundS4d as a yellowish oil, 55 mg (77%, two steps):
[a]p +7.2 (€ 1.0, CHCY); IR (neat/NaCl) 3270, 2955, 1745, 1698,
1662, 1591, 1439, 1384, 1234, 1174, 1050 &nappeared as a
mixture of rotamersH (400 MHz, CDC}) ¢ 8.78 (bd, 1H), 8.60
(d, 2H,3 = 7.2 Hz), 8.21 (d, 2HJ = 8.1 Hz), 8.14 (bs, 1H), 7.75
(t, 2H,J = 7.8 Hz), 7.65-7.63 (m, 1H), 7.37 (bs, 1H), 7.317.29
(m, 1H), 7.14 (t, 1H) = 7.4 Hz), 7.11 (t, 1H) = 7.4 Hz), 4.99-
4.93 (m, 1H), 4.624.57 (m, 1H), 4.354.28 (m, 1H), 4.254.18
(m, 1H), 3.97 (d, 3HJ = 11.4 Hz), 3.94 (d, 3H) = 11.2 Hz),
3.92-3.88 (m, 1H), 3.67 (s, 3H), 3.30 (dd, 18I= 4.8, 14.4 Hz),
3.18 (dd, 1H,J = 9.2, 14.5 Hz), 2.122.00 (m, 2H), 1.9+1.86
(m, 1H), 1.72-1.55 (m, 3H), 1.47 (m, 1H), 1.05 (s, 9H), 086
0.80 (m, 8H);'3C (100 MHz, CDC}) 6 174.8,173.8, 164.4, 155.4,

H NMR (400 MHz, D,O) 6 7.50 (m, 2H), 7.15 (m, 2H), 7.07 (m,
1H), 6.92 (s, 1H), 6.81 (m, 2H), 6.75 (m, 1H), 6.33 (m, 2H), 4.46
(t, 1H,J = 6.4 Hz), 3.95 (bd, 2H), 3.68 (bd, 1H), 3.49 (m, 1H),
3.12 (bd, 1H), 2.962.82 (m, 1H), 1.96:1.69 (m, 3H), 1.2+1.02
(m, 2H), 0.870.77 (m, 1H), 0.720.61 (m, 1H), 0.36 (m, 3H),
0.24 (m, 4H), 0.26-0.00 (m, 1H);13C (100 MHz, DO) 6 177.9,
168.5, 164.2,135.1, 133.7, 130.3, 129.6, 126.8, 125.9, 125.6, 123.4,
120.3, 119.6, 118.1, 117.7, 110.7, 109.5, 55.2, 54.1 (d), 53.8, 41.5,
38.3,37.8, 32.0, 30.0, 26.7, 26.1, 23.3, 23.1, 19@(161.3 MHz,
D;0) 0 8.7; LCMS (MH') 674.9, (MN&) 697.1; HRMS for
CssH3gN4OgP (MHT) calcd 675.25783, obsd 675.25900; (Ma
calcd 697.23977, obsd 697.24136.

(2R,4S,5R,69)-(29)-({ 5-[2-(1,3-Dioxo-H,3H-benzoddisoquin-
olin-2-yl)ethyl]-4-isobutyl-6-phosphonopiperidine-2-carbony} -
amino)-3-(1H-indol-3-yl)propionic Acid (55c). Following the
preparation ob5a gave compound5c as a yellowish foam, 29
mg (93%, two steps): of]p +8.8 (€ 0.5, HO); IR (KBr) 3408,
2956, 1698, 1657, 1590, 1442, 1386, 1351, 1237, 1178, 1089 cm
H NMR (400 MHz, D,O) 6 7.78 (m, 2H), 7.62 (m, 2H), 7.22 (m,
1H), 7.17 (m, 2H), 6.97 (bs, 2H), 6.60 (m, 2H), 4.50 (m, 1H), 4.06
(m, 1H), 3.66-3.46 (m, 2H), 3.18 (t, 1HJ = 9.0 Hz), 3.04-3.01

136.7, 134.4, 132.0, 131.7, 128.6, 127.7, 127.3, 124.4, 123.0, 119.7(m, 1H), 2.89-2.84 (m, 1H), 1.861.78 (m, 1H), 1.621.41 (m,
118.9,122.2,111.4, 111.2, 82.1, 55.6, 54.3, 53.7 (d), 53.6 (d), 52.4,3H), 1.36-1.23 (m, 1H), 1.16-0.82 (m, 3H), 0.73:0.62 (M, 1H),
50.4 (d), 43.5, 43.1, 39.4, 32.3, 30.2, 29.1, 28.1, 27.9, 25.6, 24.3,0.40 (m, 3H),—0.08 (M, 3H):3C (100 MHz, D,O) 6 178.1, 168.4,

21.6;%1P (161.3 MHz, CDG) 0 33.4; LCMS (MH") 817.2, (MN4&)
839.2; HRMS for G3HsaN4O10P (MHT) calcd 817.35721, obsd
817.35750; (MN4) calcd 839.33915, obsd 839.33998.
(2R,4R,5S,6R)-(29)-({ 5-[2-(1,3-Dioxo-H,3H-benzoddisoquin-
olin-2-yl)ethyl]-4-isobutyl-6-phosphonopiperidine-2-carbony} -
amino)-3-(1H-indol-3-yl)propionic Acid (55a). The phosphonate
54a (100 mg, 0.122 mmol) was dissolved in a mixture of THF/
H,O/MeOH 5:4:1 (2 mL) and cooled to . LiOH-H,O (10 mg,
0.245 mmol) was added, and the solution was stirred°& Qntil

164.2,135.5,134.3, 130.7, 130.2, 126.6, 126.4, 126.2, 122.9, 120.9,
120.1, 118.4, 117.7, 111.0, 109.5, 55.3, 53.5 (d), 53.1, 40.5, 38.1,
36.8,30.1, 28.1, 26.0, 27.2, 23.2, 23.0, 19'B;(161.3 MHz, RO)
0 10.5; LCMS (MH") 675.1, (MN&) 697.1; HRMS for GsH3gN4OgP
(MH™) calcd 675.25783, obsd 675.25870; (M)laalcd 697.23977,
obsd 697.24019.

(2R,4S,5R,6R)-(29)-({ 5-[2-(1,3-Dioxo-H,3H-benzo[ddisoquin-
olin-2-yl)ethyl]-4-isobutyl-6-phosphonopiperidine-2-carbony} -
amino)-3-(1H-indol-3-yl)propionic Acid (55d). Following the

completion (monitoring by TLC). The organic layer was extracted preparation ob5a gave compound5d as a yellowish foam, 29
with CH,Cl,, and the aqueous layer was acidified to pH 3 with 1 mg (68%, two steps): of][p —23.8 € 0.5, H0); IR (KBr) 3408,
N KHSO,. The aqueous phase was extracted with EtOAc, washed 2957, 1695, 1652, 1590, 1441, 1385, 1352, 1237, 1111%cHdl

with brine, dried over Ng50y, and concentrated in vacuo. The oily
residue was dissolved in GHI, and cooled to OC. After dropwise
addition of TMSBr (64uL, 0.488 mmol), the solution was allowed

NMR (400 MHz, D,0) 6 7.88 (m, 4H), 7.387.34 (m, 2H), 7.16
(d, 1H,J = 7.6 Hz), 6.90 (m, 2H), 6.61 (t, 1H, = 7.0 Hz), 6.52
(t, 1H,J = 6.6 Hz), 4.43 (dd, 1HJ = 5.3, 8.4 Hz), 3.69-3.60 (m,

to reach rt and stirred for 48 h. Solvent was removed,and deionized1H), 3.58-3.45 (m, 2H), 3.1+2.96 (m, 2H), 2.82 (dd, 1H] =
H,O (few mL) was added. The suspension was stirred in a cold 8.9, 14.2 Hz), 2.242.13 (m, 1H), 1.7#1.73 (m, 1H), 1.4%+1.34
room (4°C) for 16 h. The suspension was transferred in a conic 2 (m, 1H), 1.3%1.21 (m, 1H), 1.13-1.03 (m, 2H), 0.96:0.82 (m,

mL Eppendorf tube and centrifuged at°€ for 10 min. The
supernatant was removed and replaced by fregh &hd the same

2H), 0.77-0.68 (m, 1H), 0.61 (d, 3H] = 5.5 Hz), 0.41 (d, 3H,
= 5.3 Hz);1%C (100 MHz, 30) 6 177.9, 170.0, 164.2, 135.2, 134.5,

operation was repeated twice. The amorphous powder was sus-130.9, 130.3, 126.9, 126.5, 126.3, 123.4, 120.7, 120.1, 118.4, 117.8,

pended in 2 mL of deionized 40 and the pH value was adjusted

110.9, 109.5, 55.1, 54.1 (d), 52.5, 39.4, 39.1, 35.7, 30.2, 26.8, 25.1,

to 7 with an aqueous solution of NaOH 0.05 M (2.44 mL, 0.122 24.4,24.0, 22.0, 21.G!P (161.3 MHz, BO) ¢ 11.0; LCMS (MH")
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674.8, (MNa) 697.1; HRMS for GsHzgN,OgP (MH™) calcd
675.25783, obsd 675.25818; (MNacalcd 697.23977, obsd
697.24061.

(25,4S,5R,65)-(29)-({ 5-[2-(1,3-Dioxo-H,3H-benzoddisoquin-
olin-2-yl)ethyl]-4-isobutyl-6-phosphonopiperidine-2-carbony} -
amino)-3-(1H-indol-3-yl)propionic Acid (56). Prepared following
the synthetic sequence for the preparatiorbb§ starting from
L-oxopipecolic acid: 13 mgiof]p —4.3 (€ 0.5, H,0); *H (400 MHz,
D,0) 6 8.01 (m, 4H), 7.47 (m, 2H), 7.35 (m, 1H), 7.16 (m, 1H),
7.01 (s, 1H), 6.82 (m, 2H), 4.32 (t, 1d,= 7.0 Hz), 3.98 (m, 1H),
3.78 (m, 1H), 3.12-3.02 (m, 3H), 2.82 (t, 1HJ = 7.0 Hz), 2.05-
1.76 (m, 2H), 1.29-0.87 (m, 4H), 0.470.28 (m, 2H), 0.21 (m,
3H), 0.04 (m, 1H), 0.01 (m, 3H}'P (161.3 MHz, RO) ¢ 12.9;
LCMS (MNa") 697.1; HRMS for GsHszoN4OgP (MHT) calcd
675.25783, obsd 675.25757; (MNacalcd 697.23977, obsd
697.23928.

(2S,4S,5R,6R)-(29)-({ 5-[2-(1,3-Dioxo-H,3H-benzo[ddisoquin-
olin-2-yl)ethyl]-4-isobutyl-6-phosphonopiperidine-2-carbony} -
amino)-3-(1H-indol-3-yl)propionic Acid (57). Prepared following
the synthetic sequence for the preparatiorbb§, starting from
L-oxopipecolic acid: 12 mg;d]p +17.1 € 0.5, HO); H (400
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MHz, D,0) & 7.92-7.84 (m, 4H), 7.39-7.37 (m, 2H), 7.11 (m,
2H), 7.01 (s, 1H), 6.74 (m, 2H), 4.26+.24 (m, 1H), 3.87-3.82
(m, 2H), 3.67-3.64 (m, 2H), 1.91 (m, 2H), 1.76 (M, 1H), 1.60 (m,
1H), 1.11-1.03 (m, 5H), 0.50 (dJ = 6.3 Hz, 3H), 0.46 (m, 5H);
31p (161.3 MHz, RO) 6 10.3; LCMS (MH") 675.1; HRMS for
CasH3oN4OgP (MH+) calcd 675.25783, obsd 675.25760; (M*I‘)la
calcd 697.23977, obsd 697.23952.
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