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A formal total synthesis of the potent renin inhibitor aliskiren is disclosed exploiting an alternative coupling
strategy recently developed by this laboratory for the preparation of the hydroxyethylene isostere-based
class of protease inhibitors. The thioester derivative of the amino acid representingt® @agment
of the aliskiren carbon skeleton underwent a carbon chain extension viagp&mloted radical addition
to n-butyl acrylate. Introduction of the C3-isopropyl group with the correct relative configuration was
accomplished via stereoselective reduction of the obtained ketone with concomitant lactonization, followed
by an aldol reaction with acetone. Further functional group and protecting group manipulation culminated
in a formal total synthesis of aliskiren in 10 steps from the corresponding fully protected non-natural
amino acid.

Introduction HIV (HIV protease)!! opportunistic fungi infections in AIDS

) . . . atients (secreted aspartic protease filoamdida albicanj!?
Aspartic proteases (aspartic endopeptidases) comprise one ogr neurodegenerative disorders such as Alzheimer’s disgase (

the four primary classes of peptide cleaving enzymes, exploiting 5,4 y-secretase)® Enormous efforts have therefore been

two aspartic acid residues for their catalygic activity with the -, jertaken to develop selective inhibitors as therapeutic agents
direct participation of a lytic water molecute® These enzymes (o1 the treatment of disorders linked to the involvement of

play an important role in the regulation of a variety of aspartic proteaséé’® As illustrated by compoundé—4 in

physiological processes such as digestion (pepgfm,control  Figire 1, the hydroxyethylene isostere constitutes an important
of blood pressure (plasma renihjand the degradation of g4 cryral entity of many successful and potent aspartic protease
endocytosed peptides (lysosomal cathepsift Bluthermore, jnnipitors16-20 replacing the scissile bond in the specific

they are responsible for acute disease propagation caused eithefipentide portion of the substrate undergoing amide hydrolysis.
by parasites such as malaria (plasmep¥ivjruses, including  This' sybunit mimics the tetrahedral intermediate in the enzyme-

(1) Fruton, J. SAdv. Enzymol. Relat. Areas Mol. Bial976 44, 1. (11) (a) Wlodawer, A.; Erickson, J. WAnnu. Re. Biochem.1993 62,

(2) Acid Protease: Structure, Function, and Biolggyang, J., Ed,; 543. (b) Darke, P.; Huff, J. RAdv. Pharmacol. (San Diegd)994 5, 399.
Plenum: New York, 1977. (c) West, M. L.; Fairlie, D. PTrends Pharmacolol. Scl995 16, 67.

(3) Dunn, B. M.Adv. Detailed React. Mechl992 2, 213. (12) (a) Abad-Zapatero, C.; Goldman, R.; Muchmore, S. W.; Hutchins,

(4) Davies, D. RAnnu. Re. Biophys. Biophys. Cheni99Q 19, 189. C.; Oie, T.; Stewart, K.; Cutfield, S. M.; Cutfield, J. F.; Foundling, S. |.;

(5) Northrop, D. B.Acc. Chem. Re001, 34, 790. Ray, T. L. Adv. Exp. Med. Biol.1998 436, 297. (b) Abad-Zapatero, C.;

(6) Dunn, B. M.Chem. Re. 2002 102, 4431. Goldman, R.; Muchmore, S. W.; Hutchins, C.; Stewart, K.; Navaza, J.;

(7) Richardson, CAm. J. Med1985 79, 1. Payne, C. D.; Ray, T. LProtein Sci.1996 5, 640.

(8) Thaisrivongs, SDrug News Perspecfi989 1, 11. (13) (a) Selkoe, D. JTrends Cell Biol.1998 8, 447. (b) Vassar, R.;

(9) Scarborough, P. E.; Guruprasad, K.; Topham, C.; Richo, G. R.; Bennett, B. D.; Babu-Khan, S.; Kahn, S.; Mendiaz, E. A.; Denis, P.; Teplow,
Conner, G. E.; Blundell, T. L.; Dunn, B. MProtein Sci.1993 2, 264. D. B.; Ross, S.; Amarante, P.; Loeloff, R.; Luo, Y.; Fisher, S.; Fuller, J.;

(10) (a) Silva, A. M.; Lee, A. Y.; Gulnik, S. V.; Majer, P.; Collins, J.; Edenson, S.; Lile, J.; Jarosinski, M. A.; Biere, A. L.; Curran, E.; Burgess,
Bhat, T. N.; Collins, P. J.; Cachau, R. E.; Luker, K. E.; Gluzman, I. Y.; T.; Louis, J.-C.; Collins, F.; Treanor, J.; Rogers, G.; Citron, $tience

Francis, S. E.; Oksman, A.; Goldberg, D. E.; Erikson, J. Rkbc. Nat. 1999 286, 735.

Acad. Sci. U.S.A1996 93, 10034. (b) Li, Z.; Chen, X.; Davidson, E.; (14) Leung, D.; Abbenante, G.; Fairlie, D. .Med. Chem200Q 43,
Zwang, O.; Mendis, C.; Ring, C. S.; Roush, W. R.; Fegley, G.; Li, R.; 305.

Rosenthal, P. Xhem. Biol.1994 1, 31. (15) Bursavich, M. G.; Rich, D. HMed. Chem2002 45, 541.
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FIGURE 1. Some prominent protease inhibitors featuring the hydroxyethylene isostere moiety.

mediated cleavage with the hydroxyl group interacting with the
aspartic acid side chains through hydrogen bonétrig.

While renin represents a key player in the ren@mgiotensin
system for controlling blood volume, arterial pressure, and

failure 2122 Renin is secreted by the kidney in response to a
decrease in circulating volume and blood pressure and cleaves
the substrate angiotensinogen to form the inactive angiotensin
I. Angiotensin | is converted to the active angiotensin Il by

cardiac and vascular function, its manipulation also provides a angiotensin converting enzyme (ACE). Interestingly, the first
means for the therapeutic treatment of hypertension and heartinhibitors containing a hydroxyethylene isostere reported were

(16) (a) Lin, J. H.Adv. Drug Del. Re. 1999 39, 33. (b) Vacca, J. P;
Dorsey, B. D.; Schleif, W. A.; Levin, R. B.; McDaniel, S. L.; Darke, P. L.;
Zugay, J.; Quintero, J. C.; Blahy, O. M.; Roth, E.; Sardana, V. V.; Schlabach,
A. J.; Graham, P. |.; Condra, J. H.; Gatlib, L.; Holloway, M. K.; Lin, J.;
Chen, I.-W.; Vastag, K.; Ostovic, D.; Anderson, P. S.; Emini, E. A.; Huff,
J. R.Proc. Natl. Acad. Sci. U.S.A994 91, 4096. (c) Huff, J. RJ. Med.
Chem.1991, 34, 2305.

(17) Rahuel, J.; Rasetti, V.; Maibaum, J.; Rueger, H.; Goschke, R.;
Cohen, N. C.; Stutz, S.; Cumin, F.; Fuhrer, W.; Wood, J. M.; Grutter, M.
G. Chem. Biol.200Q 7, 493.

(18) Wood, J. M.; Maibaum, J.; Rahuel, J.; Gruetter, M. G.; Cohen, N.-
C.; Rasetti, V.; Rueger, H.; Goeschke, R.; Stutz, S.; Fuhrer, W.; Schilling,
W.; Rigollier, P.; Yamaguchi, Y.; Cumin, F.; Baum, H.-P.; Schnell, C. R,;
Herold, P.; Mah, R.; Jensen, C.; O'Brien, E.; Stanton, A.; Bedigian, M. P.
Biochem. Biophys. Res. Comm2003 308 698.

(19) Wolfe, M. S.J. Med. Chem2001, 44, 2039.

(20) For some examples on the synthesis and application of other
hydroxyethylene isosteres for the inhibition of a variety of proteases, see
ref 19 and (a) Holladay, M. W.; Rich, D. Hetrahedron Lett1983 24,
4401. (b) Evans, B. E.; Rittle, K. E.; Homnick, C. F.; Springer, J. P.;
Hirshfield, J.; Veber, D. FJ. Org.Chem.1985 50, 4615. (c) Bradbury, R.

H.; Major, J. S.; Oldham, A. A,; Rivett, J. E.; Roberts, D. A.; Slater, A.
M.; Timms, D.; Waterson, DJ. Med. Chem199Q 33, 2335. (d) Poss, M.
A.; Reid, J. A.Tetrahedron Lett1992 33, 1411. (e) Baker, W. R.; Pratt,
J. K. Tetrahedronl993 49, 8739. (f) Myers, A. G.; Barbay, J. K.; Zhong,
B. J. Am. Chem. So&997 123 77207. (g) Ghosh, A. K.; Shin, D.; Downs,
D.; Koelsch, G.; Lin, X.; Ermolieff, J.; Tang, J. Am. Chem. So00Q
122 3522. (h) Brewer M.; Rich, D. HOrg. Lett.2001, 3, 945. (i) Nadin,

A.; Sanchez Lope, J. M.; Neduvelil, J. G.; Thomas, S. Retrahedron
2001, 57, 1861. (j) Tossi, A.; Benedetti, F.; Norbedo, S.; Skrbec, D.; Berti,
F.; Romeo, DBioorg. Med. Chem2003 11, 4719. (k) Brewer M.; James,
C. A.; Rich, D. H.Org. Lett.2004 6, 4779. (I) Haug, B. E.; Rich, D. H.
Org. Lett.2004 6, 4783. (m) Hom, R. K.; Gailunas, A. F.; Mamo, S.; Fang,
L.Y.; Tung, J. S.; Walker, D. E.; Davis, D.; Thorsett, E. D.; Jewett, N. E.;
Moon, J. B.; John, VJ. Med. Chem2004 47, 158. (n) Vabeng, J.; Lejon,
T.; Nielsen, C. U.; Steffansen, B.; Chen, W.; Ouyang, H.; Borchardt, R.
T.; Luthman, K.J. Med Chem2004 47, 1060. (o) Brady, S. F Slngh S
Crouthamel M.-C.; Holloway, M. K.; Coburn, C. A.; Garsky, .M
Bogusky, M.; Pennlngton M. W.; Vacca J. P, Hazuda D.; Lai, M.-T.
Bioorg. Med. Chem2004 14, 601. (p) Hanessian, S.; Hou, Y.; Bayrak-
darian, M.; Tintelnot-Blomely, M.J. Org. Chem 2005 70, 6735. (q)
Hanessian, S.; Yun, H.; Hou, Y.; Tintelnot-Blomely, M. Org. Chem
2005 70, 6746. (r) Hanessian, S.; Yun, H.; Hou, Y.; Yang, G.; Bayrakdarian,
M.; Therrien, E.; Moitessier, N.; Roggo, S.; Veenstra, S.; Tintelnot-Blomely,

M.; Rondeau, J.-M.; Ostermeier, C.; Strauss, A.; Ramage, P.; Paganetti,

P.; Neumann, U.; Betschart, C.Med. Chem2005 48, 5175. (s) Specker,
E.; Battcher, J.; Heine, A.; Sotriffer, C. A.; Lilie, H.; Schoop, A.; Mer,
G.; Griebenow, N.; Klebe, GJ. Med. Chem2005 48, 6607.

developed in 1982 for the purpose of inhibiting refinvhile

many drug candidates in the subsequent years were identified
displaying potent in vitro and in vivo activity, their application

as new antihypertensive agents was abandoned due to inadequate
oral bioavailability properties (low stability, poor solubilit$.
Furthermore, compared to the ACE targeting drugs, renin
inhibitors require interaction with additional subsites for tight
binding resulting in the requirement of higher molecular weight
compounds and hence non-cost-effective syntheses. Neverthe-
less, in contrast to renin, ACE is implicated in alternative
pathways and its inhibition therefore results in side effects
(cough, angioneurotic edem&).

To improve the unfavorable pharmacokinetic behavior of
earlier peptide-like renin inhibitors, a combination of molecular
modeling and crystallographic structural analyses were em-
ployed by a team of Novartis chemists to design a new class of
hydroxyethylene-based renin inhibitors lacking the peptide back-
bone!® Out of this intensive study, the nonpeptidic compound,
aliskiren (Figure 1), successfully emerged as a potent renin mod-
ulator, exhibiting sub-nanomolar binding affinity to human renin
and oral administration propertié%.This compound is now

(21) Reid, I. A.; Morris, R. J.; Ganong, W. Annu. Re. Physiol.1978
40, 377.

(22) Skeggs, L. T.; Doven, F. E.; Levins, M.; Lentz, K.; Kahn, J. R. In
The Renin-Angiotensin Systedohnson, J. A., Anderson, R. R., Eds.;
Plenum Press: New York, 1980; p 1.

(23) (a) Szelke, M.; Jones, D. M.; Hallett, Eur. Pat. Appl.EP45665,
1982;Chem. Abstr1982 97, 39405. (b) Szelke, M.; Jones, D. M.; Atrash,
B.; Hallet, A.; Leckie, B. J. IrPeptides, Structure and Functidroceedings
of the Eight American Peptide Symposijutinuby, V. J., Rich, D. H., Eds.;
Pierce Chemical Co.: Rockford, IL, 1983; p 579.

(24) (a) Rosenberg, S. H. Renin Inhibitors. Pmogress in Medicinal
Chemistry Ellis, G. P., Luscombe, D. K., Eds.; Elsevier Science: New
York, 1995; Vol. 32, pp 37#115. (b) de Gasparo, M.; Cumin, F;
Nussberger, J.; Guyenne, T. T.; Wood, J. M.; MenardBd. J. Clin.
Pharmacol.1989 27, 587. (c) Kleinbloesem, C. H.; Weber, C.; Fahrner,
E.; Dellenbach, M.; Welker, H.; Schroter, V.; Belz, G.@in. Pharmacol.
Ther.1993 53, 585.

(25) Antonios, T. F. T.; MacGregor, G. Al. Hypertensionl995 13,
S11.

(26) Nussberger, J.; Wuerzner, G.; Jensen, C.; Brunner, Hyperten-
sion 2002 39, el.
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FIGURE 2. Previous coupling strategies employed for the synthesis of aliskiren.

nearing completion of Phase Ill clinical studies and holds great
promise as the first marketable renin inhibitor. Since its dis-

covery a number of synthetic approaches to the preparation of
aliskiren or the generic structure represented by its tetrasubsti-

tuted 8-aryloctanoic acid amide framework have been under-
taken. The key bond disconnections and coupling reactions for
each of these syntheses are depicted in Figure 2. Three of thes
originate from Novartis, of which two led by Maibadfand
Sandhar®? rely on asymmetric enolate alkylations for the
installation of the appropriate alkyl appendages at C2 and C7
and an ensuing organometallic addition step to secure the
8-aryloctanoic acid backbone. An alternative approach from
Speedel Pharma exploits two asymmetric catalytic transforma-
tions and an Fe(lll)-mediated-€C bond-forming reactiof?
From academia, Dondoiand M&?* have separately reported
modified versions of the Maibaum and Sandham syntheses. A
conceptionally different route to the generic structure of aliskiren

SCHEME 1. Example of a Coupling Reaction with Smj}
and 4-Pyridylthioesters

R Smlp, THF R o
-78°C ]
Cbz\u/'ﬁfs\“:yr Cbz\u)\”/\)‘\X,R
(o] /\H/X\R. 0
5 o 6
X=0, NH
€ up to 92 %
)
Cbz/N\)J\S’4-Pyr
: Ph
~N
Ph Smly, THF [o] o
= [}
S LS S
Ph 61% ’\ o = o)
w © Ph Y
/\H/N\;)J\N O\ °
0 \|/H 0

was published by Hanessian and co-workers relying on the useexamining the generality of this synthetic approach to accessing

of L-pyroglutamate as a chiral template and exploiting internal
induction to install stereoselectively the required function&fity.

Herein, we report full details of our synthetic endeavors directed
to accessing aliskiren via an alternative coupling strategy which

a variety of the hydroxyethylene-based class of protease inhib-
itors (Figure 1) coupled with the structural complexity of

aliskiren suggested this compound would represent a worthy
opponent to evaluate the efficacy and flexibility of the synthesis

assembles the carbon backbone of the hydroxyethylene isosterglan.

unit in a unique two step protocol involving our recently dis-
closed SmJ-mediated radical addition reaction followed by a
simple diastereoselective reduction st&ép’ Our interest in

(27) Rueger, H.; Stutz, S.; Goschke, R.; Spindler, F.; Maibaum, J.
Tetrahedron Lett200Q 41, 10085.

(28) Sandham, D. A.; Taylor, R. J.; Carey, J. S.; FassleT.eirahedron
Lett. 200Q 41, 10091.

(29) Herold, P.; Stutz, S. WO 02/08172, Jan 31, 2002.

(30) Dondoni, A.; De Lathauwer, G.; Perrone, Tetrahedron Lett2001,

42, 4819.

(31) Dong, H.; Zhang, Z.-L.; Huang, J.-H.; Ma, R.; Chen, S.-H.; Li, G.
Tetrahedron Lett2005 46, 6337.

(32) Hanessian, S.; Claridge, S.; Johnstonel. &rg. Chem2002 67,
4261.

(33) Blakskjeer, P.; Hgj, B.; Riber, D.; Skrydstrup,Jl Am. Chem. Soc.
2003 125, 4030.

(34) Mikkelsen, L. M.; Jensen, C. M.; Hgj, B.; Blakskjeer, P.; Skrydstrup,
T. Tetrahedron2003 59, 10541.

(35) Jensen, C. M.; Lindsay, K. B.; Taaning, R. H.; Karaffa, J.; Hansen,
A. M.; Skrydstrup, T.J. Am. Chem. So2005 127, 6544.

(36) Jensen, C. M.; Lindsay, K. B.; Andreasen, P.; Skrydstrup, Org.
Chem.2005 70, 7512.

(37) For some recent reviews on the use of Simlorganic synthesis,
see: (a) Edmonds, D. J.; Johnston, D.; Procter, BChkm. Re. 2004
104, 3371. (b) Kagan, H. BTetrahedron2003 59, 10351. (c) Steel, P. G.
J. Chem. Soc., Perkin Trans.2D01, 2727. (d) Krief, A.; Laval, A.-M.
Chem. Re. 1999 99, 745. (e) Molander, G. A.; Harris, C. Retrahedron
1998 54, 3321. (f) Molander, G. A.; Harris, C. RChem. Re. 1996 96,
307.
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Results and Discussion

Synthesis Planin 2003, we reported the ability of thioester-
functionalized amino acids to effectively undergo a samarium
diiodide promoted radical addition to activated alkenes such as
acrylamides and acrylates affording products akin to a formal
acyl radical addition (Scheme $3.As rapid decarbonylation
of acyl radical generated from amino acid precursors precedes
the radical addition step, this unexpected observation suggested
that an alternative mechanism involving a ketyl-like radical
anion is operating for the low-valent lanthanide-mediateddC
bond-forming reactions. The-keto amides and esters generated
from this coupling step represent products of high synthetic
value requiring only a simple stereoselective reduction of the
ketone functionality in order to access the targeted hydroxy-
ethylene dipeptide isosteres. We have demonstrated the adapt-
ability of such a synthetic route to structures acquainted with
many aspartic protease inhibito¥sFor example, Scheme 1
illustrates rapid access & a compound possessing a similar
structure to the-secretase inhibitet.33 This pivotal C-C bond
forming reaction therefore represents a potential key synthetic
step for accessing the entire carbon skeleton of aliskiren.

A truncated retrosynthetic analysis of aliskiren with the above
considerations is illustrated in Scheme 2. The-C3 bond of
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SCHEME 2. Retrosynthetic Considerations of Aliskiren
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SCHEME 3. Possible Approaches to Installing thex-Isopropyl Group
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the 8-aryloctanoic acid skeleton was envisaged to be assembledscyeme 4. Approach | Model Study

in a highly convergent fashion by the addition of two fully 0

functionalized subunits, the acyl radicd) and the acrylamide
11. Alternatively, an acrylate derivative could also operate as CszNQk _4pyr CozN X
the radical acceptor with the amide moiety installed later in the : _ o]

7 Ph -
synthesis. Placing our major disconnection at the common  Ph SmIo/THF 18 (X=0) traces

+ T 19 (X=NH) traces

hydroxyethylene unit should introduce flexibility into the

) . , o -78°C, 48h
synthesis, which would in turn facilitate access to new ana- CbzHN.__~
logues. The acyl radical equivaled0 required from this N X 0
disconnection could be prepared from the corresponding non- 0 16 (x=0) Ph” 10-20%
natural amino acid, itself synthesized by asymmetric alkylation 17 (X=NH) 20

of a chiral glycine equivalert2 with the known alkyl bromide

13. The application of this non-natural amino acid was expected procedure®¥ and was converted to acrylamid& via basic

to complement our earlier studies with naturally occurring amino hydrolysis followed by an EDCI promoted amide coupling with
acids. Achieving high stereochemical control at C2 was n-butylamine. The key coupling reactions were then carried out
nevertheless a major concern which was addressed from theaccording to earlier work by subjecting a THF solution of the
outset of this synthetic project. In our earlier work with the acrylate or acrylamide combined with the 4-pyridylthioester of
thioester addition reactions, the influenceoefmethyl substitu- Cbz-protected phenylalaniig(1.5 equiv) to 3.3 equiv of Sral

tion on the acrylamide was examined, but 1,4-stereocontrol in for 3 days at—78 °C. Regrettably, concerns about the stereo-
those cases was only modésflthough the steric bulk of the  selectivity of this reaction were unwarranted as the coupling
isopropy! side group could reinforce any stereochemical prefer- products were not observed. Instead significant amounts of
ences in the enolate protonation step (Scheme 3, appitdach unreacted starting materials were obtained together with a
options were nevertheless required in the event of an unsuc-
cessful outcome such as low or incorrect selectivity. Theoreti-  (38) Numerous reports have illustrated the use of lactones as a precursor
cally, the stereoselective introduction of the C2-alkyl appendage Eg)d'Fﬂzgf'cf Eydfgggthé'e[‘e E&?;%Zi FEO’éePg;‘ge”Ctﬁg‘r’ﬁ 1%’;36m5’3'195 see:
could also be accomplished at two other stages, namely duringsgsg () Decamp, A. E.: Kawaguchi, A. T.; Volante, R. P.; Shinkai, 1.
the radical addition step (approatih) through the trapping of ~ Tetrahedron Lett.1991 32, 1867. (c) Hoffman, R. V.. Kim, H.-O.

the putative enolate intermediate resulting from the second IAEI;ahJEd(r)Oﬂ L&t]t19912932 63(?7799 2(;1) ED?HF?OHI A; PeSrronAeb 3Gsﬁm01l_a,
g em e anessian a rio
electron transfer or after (approath) via internal induction McNaughton-Smith, G Tetrahedron1997, 53, 6281. () Aguilar, N.;

from a cyclic lactone enolate intermedidte. Moyano, A.; Perica, M. A.; Riera, A.J. Org. Chem1998 63, 3560. (g)
Model Studies. The model study for approadh whereby Trost, B. M.; Rhe, Y. HJ. Am. Chem. So¢999 121, 11680. (h) Fukuzawa,
the isopropy! side chain had already been installed prior to the S:-i-: Miura, M.; Saitoh, TJ. Org. Chem2003 68, 2042. (i) Urban, F. J.;
. . . . Jasys, V. JOrg. Proc. Res. De 2004 8, 169.
coupling reaction, is shown in Scheme 4. Acryldté was (39) Lee, H.-S.; Park, J.-S.; Kim, B. M.; Gellman, S. H.Org. Chem.

prepared in two steps frombutyl acetoacetate using published 2003 68, 1575.
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SCHEME 5. Approach Il Model Study the hydroxyethylene isoster&s38 To this end, we next initiated
H a short study regarding the stereoselective reductigniafto
Ny ester24a—e with concomitant cyclization tg-butyrolactones
o Y 0 y 9-buty
o i as shown in Table 1. A series pfketo esters were synthesized
CbzHN 4 T e CszNMN\ : i - .
i \)ks P acetone (5 equiv.) : I Bu as recently reported by 8 via reaction of the 4-pyridylth-
P 7 fggé”;:h P g4 ioesters of Cbz-protected amino acifiswith Smb, in the
' Rty presence oftert-butyl alcohol and either methyl on-butyl
ace‘g;?ﬁ:g”"’-) /YO‘Bu acrylate at—78 °C in yields ranging from 40 to 80%.
-78°C, 48 h o} Ketone reduction withg)-Alpine Hydride*?2(entries 1, 3, 4,
75 % (2 diast.) 5, angl 7) generally proceedt_aq rapidly a8 °C_2 in THF
OH affording excellent stereoselectivity for tHg{stereoisomer, and
o ChzHN o o the intermediates then slowly reacted further overnight at
CbzHN. Xgy| ———> 2N a “Bu —78°C to give the desired lacton@s. Generally, the methyl
- o) Ph o esters (entries 3, 5, and 7) underwent conversion to the lactone
22 23 faster than the correspondimgbutyl esters (entries 1 and 4).

) ) To gain access to the complementaR)-§tereoisomer, Luche
equivalents of the radical acceptor or the reaction time did not examined (entries 2, 6, and 8. The selectivities were lower
improve the outcom& Thus, the normal addition pathway  and, with the exception of the-ketone derived from alanine
appears to be critically slowed by steric hindrance of the (entry 6), reactions ceased at the alcohol stage. In all cases the
isopropyl group. As such, the proposed ketyl radical intermediate jntermediate alcohol could be separated from the more polar
may resort to alternative.routes including either a hyqlrogen lactone upon purification by column chromatography. Con-
abstraction step or reduction by Snfibllowed by protonation  yersjon of any intermediate alcohd?$ to the desired lactones
with the formation of the aldehyde as the end result. could be readily promoted by treatment with NaH in THF in

Turning to approachl (Scheme 5), we explored the pos-  excellent yields (entries 2 and 6). Assignment of stereochemistry

sibility of introducing the isopropyl side chain during the s pased on the extensive reduction results obtained by other
coupling reaction by trapping the proposed samarium(lil) enolate researcheré®

intermediate with acetone followed by a deoxygenation step.

SUCh sequential radlcgl-amqnlc reactions promoted by Bavie . proceeded to complete the model study as planned in approach
literature precedence including the use of acetone as the couplin Il (Scheme 6). Introduction of the C2-isopropyl group pro-
reagenf’ Hence, attempts were performed to couple the ceeded by deprotonation of lacta@@awith LIHMDS, and then

thioester7 to n-butyl acryla_mide in the presence of 5 equiv of reaction with excess acetone generated the alkylated product
acetone. Although the radical reactions proceeded as planned27 in excellent yield and diastereoselectivity (91%, dr 20:1),

guit.e uln:axdpectzdly ?O?he of th(lekdle?irgd alEyQIZIGd prdeUCtdCOUId which is expected to favor the least hindered side of the lactone
| ?[ SO ‘la € t an " onfy ethuna )&a ed pro I\',;I<als t%rme Il i ring affording the trans produé# Removal of the unwanted
nternal protonation from the amide group was likely the culprit, hydroxyl group was achieved by its initial elimination, easily

y‘?t‘hw‘?tﬂa"i pirewously i[(rja%pzd sar.r:ﬁrlutm(llll) gly ?ne er][platefs accomplished by reaction with RCiving an 8:1 mixture of
with either ketones or aldenydes without major intervention regioisomers in favor of the terminal isom@8. Finally,

this protonation pathwaf. In St?‘rk contrast, whem-butyl completion of the hydroxyethylene isostere core was realized,
acrylate was used the enolate intermediate could be trappedby first ring opening the lactone using-butylamine and

prompting the suggestion that an internal proton transfer WaSA|M6320d'43pl'0Viding amide29in a 55% yield, followed by a

ian?eed thlf. probllfrln ;N'(;h th%re;;tiogs featuring th? acrylamgje. simultaneous reduction of the double bond and removal of the
€ resuiting alkylated producle undergoes ring closure an Cbz protection group affordin§0 upon subjection to hydro-

: . : . o i

%?.S |s:[olatted as its her:nace}al forZﬁtln.a go(?d 74/‘3{ yleld(.j genation conditions. The unoptimized yield of 55% for the ring
IS fhrucfure rspresenfslarlng constramduij rolxyes ?r art1 i Iopening step, was attributed to two undesired, though not

may theretore be a usetul precursor to a néw class of potentia surprising, competing reactions. Evidence of rearrangement of

protease inh_ibitors. It was inter(_asting to note that only two the double bond into conjugation with the amide carbonyl, and

|sorrr1]ers dgmlnated t];rlont] the P%Sl.s'ﬁ le thurr], tr;c#]gh ur;]fortl;natel)(; of further reaction of the product alcohol with the Cbz protecting

\(/ive tave ;en una ed_o establis t'W 'Cf tr? these asAt;)rmet 'group furnishing an oxazolidinone, were both observed within
ue 1o problems regarding separation ot the 1ISomers. AUEMPLS; o i op byproducts formed under the conditions required for

to react hemiacet@3 further by accessing its ketone form were the reaction

unsuccessful. For example, subjecting the hemiacetal to reduc- '

tion in order to produce the corresponding diol was unsuccessful

when using either§-Alpine Hydride or NaBH. We attribute (40) We have previously observed the formation of aldehyde products

L . ) - in attempts to couple amino acid thioesters with more sterically demanding
the low reactivity of23 to agemdimethyl effect bestowing a e chains (ref 36).
marked stability to the hemiacetal form. Therefore, we were  (41) (a) Ricci, M.; Madariaga, L.; Skrydstrup, Angew. Chem., Int.

prompted to explore approadH , introducing the isopropy! gd-2g3%039,1§§2-1(§215?icc(i,)’VlélB:?kkS,kiaeﬂPP-igkfy(_ilSt“fJAAg-Chem-L
: : OcC. . (C aKsKjeer, . avrila, i naersen, L.;
group at a later stage in the synthesis. Skrydstrup, T Tetrahedron Lett2004 45, 9091.

In approachll , a diastereoselective ketone reduction step is  (42) Asymmetric reduction ofw-amino ketones is comprehensively
required with concomitant lactone formation. Other researchers covered in: (a) Vabeng, J.; Brisander, M.; Lejon, T.; Luthman] KOrg.
have demonstrated the ability of chiratbutyrolactones to Ehim()zrzozczﬁz'n?zlgg'z (k) Hoffman, R. V.; Maslouh, N.; Cervantes-Lee,
undergo stereoselectivealkylation with good 1,4-asymmetric '(43) Basha, A.; Lipton, M.; Weinreb, S. Metrahedron Lett1977, 18,

induction® making these compounds common precursors to 4171.

With these successful reduction studies terminated, we then
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TABLE 1. Ketone Reduction Studies

JOC Article

) ? _ Reduction R 9 R
obz. WO,R neduetd Cbz\Nwo/R . Cbz\N/'\LO‘};
H o H o on Ho °

24aR=Bn, R'=Bu 25a R=Bn, R'=Bu, (4S) gg’_’;g‘,}:': 26a R=Bn, (55)

24b R=Bn, R'=Me 25b R=Bn, R'=Bu, (4R) 26b R=Bn, (5R)

24¢c R=Me, R'=Bu 25¢ R=Me, R'=Buy, (4S) 26¢ R=Me, (5S)

24d R=Me, R'=Me 25d R=Me, R'=Bu, (4R) 26d R=Me, (5R)

24e R=i-Bu, R'=Me 25e R=i-Bu, R'=Me, (4S) 26e R=i-Bu, (5S)

25f R=i-Bu, R'=Me, (4R) 26f R=i-Bu, (5R)
entry substrate reductant SR alcohol (yield, %) lactone (yield, %)

1 24a (9-Alpine Hydride 10:1 25a(19) 26a(79)
2 24a NaBH,, CeChk 1:4 25a(13),25b(81) 26b (91p
3 24b (9-Alpine Hydride 10:1 26a(95)
4 24c (9-Alpine Hydride 10:1 25c¢(15) 26¢(59p
5 24d (9-Alpine Hydride 10:1 26¢(93)
6 24d NaBH,, CeCk 1:4 26c¢+ 26d(87)
7 24e (9-Alpine Hydride 10:1 26e(88)
8 24e NaBH,, CeCh 2.5 25e+ 25f (84) 26f (66)2 26e(250

alactone derived from reaction of alcoh®b with NaH. ® Unoptimized yield.

SCHEME 6. Approach Il Model Study 2

o] o) o]
o o
BOE S S C RO O
Cbz” T Cbz™ Cbz”~ H
Ph” 26a P P 28
n oM 7 " . OH H
[
—>Cb{N : N_~_~ ———> HuN, N._~_~
0

- o
Ph
29 Ph 30

aReagents and conditions: (a) LIHMDS, THF7/8°C, 2 h, then acetone,

91%, dr= 20:1; (b) PC}, CH,Cl,, —78 °C, 88%, term/conj= 8:1; (c)
n-BuNH,, Al(CH3)s, CHzCl, 20 °C, 55%; (d) Pd/C/t4 EtOH, 94%.

SCHEME 7.

o -
HZNJN&‘)@
I on
31

Asymmetric Alkylation of Glycine Enolates

o - < ‘
HzN\)J\N PN
LiHMDS O
LiCl, THF, A (\/0 OH
0°CtoRT O \Om 22
X=Br, rec SM
X=I, 30% impure, no SM

o P Cbz  ph
2 LIHMDS, HMPA o N‘&_Ph
‘S__Ph THF, A — gﬁo
33 )G T8CIORT O - 4
o 34

X=Br, rec SM
o) X=l, elimination
oy (7 mx X=QTf, 20% impure, no SM
38x=0TfF O~ o
A

Formal Total Synthesis of Aliskiren. With our successful
model study in hand, we next moved toward the total synthesis
of aliskiren. For this the corresponding non-natural amino aci

repeating Myers’ chemistry was effective in our hands with
reactive bromides such as BnBr, bromi#id was recovered
unreacted under identical conditions even after prolonged
reaction times. When the corresponding iod&fewas exam-
ined, alkylation did proceed in 38% yield; however, the product
32 was difficult to purify which subsequently interfered with
the establishment of the stereoselectivity of this reaction.
Furthermore, reduction of the iodide was a major competing
reaction furnishing the corresponding alkane in 56% yield. As
an alternative, the cyclic glycine auxiliary3 developed by
Williams et al*® was also studied. Once again, good results
could only be obtained when using reactive electrophiles. When
unactivated electrophiles, such as bromid; iodide 35, or
triflate 36 were used, the coupling step proved unrewarding.
Thus we reasoned it was necessary to apply the'l&cpd
methodology’ as reported by the Novartis grotihsuspecting
that they may have reached this conclusion in a similar manner
(Scheme 8). Coupling of the bis-lacti®7 with bromidel3then
afforded 38 in an excellent yield (90%) and with a high
diastereomeric ratio (98:2). Acidic hydrolysis of the bis-lactim
auxiliary followed by Cbz protection under standard conditions
afforded the fully protected nonnatural amino a4@*® Ester
hydrolysis provided the free ac#fl, which was then coupled
with 4-mercaptopyridine using EDCI to give the required
thioester 42 in excellent yield, with no evidence of any
o-epimerization. Reaction of the thioester with either methyl
or n-butyl acrylate in the presence of Smand t-BuOH
proceeded slowly, but gave the methyl and bytdeto esters

43 and 44 respectively in satisfactory yields of 600% after

(44) Goeschke, R.; Stutz, S.; Heinzelmann, W.; Maibaurdel.. Chim.
Acta 2003 86, 2848.
(45) (a) Myers, A. G.; Gleason, J. L.; Yoon, T.; Kung, D. \lM. Am.

d Chem. Soc1997 119, 656. (b) Myers, A. G.; Yang, B. H.; Chen, H;

McKinstry, L.; Kopecky, D. J.; Gleason, J. U. Am. Chem. Sod 997,

was required, envisaged to be prepared by asymmetric alkylation; 19 6496 () Myers, A. G.. Schnider, P.; Kwon, S.; Kung, D. WOrg.

of a chiral glycine equivalent with the bromide3 previously
prepared by Maibaum and co-workers in eight stégdthough

the same researchers converted the bromide to the requisitéb)
amino acid exploiting Schikopf's methodology, we chose to

Chem.1999 64, 3322.

(46) (a) Williams, R. M.; Im, M. NJ. Am. Chem. Sod991, 113 9276.
Williams, R. M. Aldrichim. Acta1992 25, 15.

(47) (a) Schoellkopf, U.; Westphalen, K. O.; Schroeder, J.; Horn, K.
Liebigs Ann. Chem1988 781. (b) Schoellkopf, U.; Groth, U.; Deng, C.

initially examine other perhaps more direct alternatives described Angew. Chem., Int. Ed. Endl981, 20, 798. (c) Bull, S. D.; Davies, S. G.;

by Williams and Myers (Scheme 7).

Initially, the pseudoephedrine amide of glycBewas reacted

according to procedures outlined by Myers et**alWhile

Moss, W. O.Tetrahedron: Asymmetr§998 9, 321.

(48) Previous experience within this group has shown that the Cbz group
is sterically better tolerated in the Sgntoupling reaction than the
corresponding Boc group thus dictating its choice here (refs 33 and 36).
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SCHEME 8. Synthesis of Advanced Lactone Intermediate

z Z e H
Ar Ar Ar o
42 43 R=Me
d 40 R=Me 44 R=Bu
L[> 41 Reti
g H R H o] 0 .Zi
— ooV ! _N </ Ar= (\/ jij
Cbz™ ™ oL ~o
Ar Ar
47
h[_ 45R=H

> 46 R=C(CH3),0H

aReagents and conditions: (@BuLi, THF, —75°C, then9 —75 to —18 °C, 90%; (b) HCI, HO, CHsCN, 99%; (c) CbzCl, pyridine, C¥Ll,, 88%; (d)
NaOH (2 M), THF, MeOH, 100%; (e) EDCI, 4-mercaptopyridine, £, 0 °C, 97%; (f) Smj, t-BuOH, —78 °C, 6 d, methyl acrylate, 67%, or butyl
acrylate, 60%; (g)9-Alpine Hydride, THF—78 °C, 91%, dr= 4:1; (h) LiIHMDS, THF,—78°C, 2 h, then acetone, 97%, &r5:1; (i) PCk, CH.Cl,, —78
°C, 99%, term/conj= 8:1.

6 days at—78 °C. It was gratifying that such a large amino completing a formal total synthesis of the renin inhibitor. Amine
acid side chain was tolerated in this radical coupling step, as 48is also readily transformed into the known lactd&#&through

we earlier had found that sometimes even small steric hindrancesa reductive alkylation with benzaldehyde and NaBFhis same
(such as with the 4-pyridylthioesters of Cbz-valine or Boc-leu- lactone represents a late stage intermediate in the total synthesis
cine, for example) can halt the reaction complet€lReduction of the aliskiren reported by Dondoni et3l

of compound43 to lactone 45 using ©-Alpine Hydride Access to the C2-epimer of the simple aliskiren analdsue
proceeded in high yield; however, the diastereoselectivity was was likewise possible by base-catalyzed isomerization of the
somewhat lower (4:1) when compared with the model study double bond of lactoné7 into conjugation. The corresponding
starting from phenylalanine, which we have tentatively assigned conjugated alkene b1 can thus be reduced selectiv@sy

a (59 stereochemistry based on earlier results. This is consistentaffording lactones4 after Boc protection, with inverted stereo-
with a mismatched case, where the substrate directs reductiorchemistry at C2. Ring opening with-butylamine and AlMe
toward the undesired face and the larger side chain exacerbateproceeded as with the lactod® generating C2-epimes5.

that effect. Nevertheless, separation of isomers could be achieve
by careful column chromatography on silica gel. Alkylation with
LIHMDS and acetone as before ga#@in excellent yield, but We have achieved our objective of applying a Spriomoted

with a decreased selectivity (5:1) as an inseparable mixture of acyl-like radical addition reaction between an amino acid
isomers. Finally elimination of the tertiary alcohol with BCl  thioester and an activated alkene as a key step to the formal
as described above supplied us with the advanced intermediatesynthesis of the potent renin inhibitor, aliskiren. Although this
47 displaying a selectivity of 8:1 for the terminal/conjugated synthesis does not compete with the industrial preparation of
regioisomers. Completion of the formal total synthesig aé aliskiren, it does provide a relevant example on the use of this
illustrated in Scheme 9. Attempts to ring open lactdiielirectly coupling methodology for accessing an important intermediate
with amines as per the model study were met with failure, in the synthesis of hydroxyethylene isosteres, the functionalized
leading instead to rearrangement of the double bond into y-lactone, in only two steps from an amino acid thioester. Work
conjugation and/or product decomposition. For this reason, the s now underway to identify conditions which permit the radical-
same lactone was subjected to Pd/C undervhiich both based G-C bond-forming step to be performed withbranched
reduced the double bond and removed the Cbz protecting groupacrylates and acrylamides as well as studying stereochemical
providing the free amind8. Reprotection of the amine as the issues. A successful venture in this direction would provide a
more stable Boc carbamate then gave a readily separable 4:¥apid and general approach to this class of hydroxyethylene
mixture of lactonegl9 and54. The major isomed9 responded dipeptide isosteres.

to ring opening conditions more predictably, for example
reaction withn-butylamine and AlMg in dichloromethane at
20°C produced the Slmpllfled aliskiren analogﬁ@in a 58% Buty| 5_((15)_1_Benzy|0xycarbony|amin0_2_pheny|ethy|)_5_
yield. Lactone49 has been previously converted to aliskiren hydroxy-2,2-dimethyltetrahydrofurancarboxylate (23). The
by Ma et al®! via lactone amidation and deprotection thereby thioester7 (177 mg, 0.45 mmol) was dissolved in anhydrous THF

%onclusions

Experimental Section
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SCHEME 9. Formal Total Synthesis of Aliskirer?

o 0
Cbz/N; . HZN, o — =
P :
R 47 R™ 48
lh

o]
(o] (o] 2 steps
/Hv&( Hvd< ref #30
Chz Y Bn~ — >
/ z
R 51 R~ 52
ie
~
OB
RN - I
z
R 55

f 53 R'=H
E 54 R'=Boc

JOC Article

0]
Boc” Y
R~ 49
2 steps
ref #31

f?i:qu
HoN,,. N\><H/NH2
o] o]

R
Aliskiren

aReagents and conditions: (a) Pd/G/HtOH, 99%; (b) BogO, NE&, THF, 83%; (c) AlMe, n-BuNH,, CHxCl,, 58%; (d) pyridine, NEf, 80°C, CH,Cly,
89%; (e) Pd/C/H, EtOH, 90%, dr= 10:1; (f) BoeO, NEg, THF, 81%; (g) AlMe, n-BuNH,, CH,Cl,, 48%.

(5 mL) and the flask flushed with argon for 10 mmButyl acrylate
(144ulL, 1.35 mmol) and acetone (164, 2.25 mmol) were added,
and then the mixture was cooled-+@8 °C before a 0.1 M solution
of Smk (15 mL, 1.50 mmol) was added via syringe. The mixture
was stirred at—=78 °C for 2 d, the flask flushed with ©before
satd NHCI solution (2 mL) was added, and the mixture warmed
to rt. The mixture was poured into 0.5 M HCI (40 mL) and extracted
with EtOAc (3 x 20 mL). The combined organics were dried
(MgSQy), filtered, and evaporated in vacuo. The pure product was
obtained by column chromatography 180% EtOAc in pentane
as eluant), which gave3 (Rr = 0.50-0.60, 30% EtOAc in pentane)

2.47 (t,J= 8.4 Hz, 2H), 2.03-2.18 (m, 2H);*3C NMR (100 MHz,
CDCl) 6 (ppm) 177.0, 156.5, 136.9, 136.2, 129.3 (2C), 128.7 (2C),
128.5 (2C), 128.1, 127.9 (2C), 126.8, 79.7, 67.0, 54.7, 39.2, 28.6,
24.0; HRMS GeH2iNO, [M + Na'] calcd 362.1368, found
362.1361.

Phenylmethyl [(15)-2-Phenyl-1-[(2S,4R)-tetrahydro-4-(1-hy-
droxy-1-methylethyl)-5-oxo-2-furanyl]ethyl]carbamate (27).The
lactone26a (59 mg, 0.174 mmol) was dissolved in THF (7.5 mL)
and the mixture cooled t6 78 °C. LiIHMDS (0.40 mL, 0.40 mmol,
1.0 M in hexanes) was added and the mixture stirred for 80 min
before the addition of acetone (0.15 mL, 2.04 mmol). The mixture

(156 mg, 0.332 mmol, 74%) as a colorless oil as an inseparablewas stirred for an additional 90 min, then satd J0H(aq) (5 mL)

1:1 mixture of diastereoisomerdH NMR (400 MHz, CDC}) 6
(ppm) 7.16-7.40 (m, 10H), 5.87 (br $/,H), 5.56 (br s}/;H), 4.85—
5.09 (m, 3H), 3.93-4.18 (m, 3H), 3.16-:3.37 (m, 2H), 2.09-2.89
(m, 3H), (m, 2H), 1.671.60 (m, 2H), 1.54 (s,4,H), 1.26-1.43
(m, 2H), 1.35 (s, ¥,H), 1.35 (s, ¥,H), 1.10 (s, ¥,H), 0.95 (t,J
= 7.2 Hz, /,H), 0.94 (t,J = 7.2 Hz, £/,H); 13C NMR (100 MHz,
CDCl) 0 (ppm) 176.3, 171.6, 156.4, 138-926.2 (multiple peaks,

24C), 106.8, 105.4, 85.0, 84.2, 66.8, 66.5, 65.7, 64.8, 60.7, 59.2,

was added and the mixture allowed to warm to rt. The mixture
was poured into water (30 mL) and extracted with EtOAc(35

mL), and then the combined organics were dried,@@), filtered,

and evaporated in vacuo. The pure product was obtained by column
chromatography (5:5:20:1:1 pentane/CkCI/EtL,O as eluant),
which gave compound?7 (R = 0.20, 1:1:1 pentane/GEI,/Et,0)

(60 mg, 0.151 mmol, 87%) as an oflH NMR (400 MHz, CDC})

o (ppm) 7.18-7.40 (m, 10H), 5.05 (s, 2H), 5.00 (d,= 9.6 Hz,

52.9,52.3, 39.9, 38.5, 37.9, 37.1, 30.9, 30.8, 30.7, 30.6, 25.9, 24.4,1H), 4.50 (ddJ = 8.4, 4.4 Hz, 1H), 4.054.15 (m, 1H), 3.08 (br

19.3, 19.2, 13.8, 13.7; HRMS ,@H3sNOs [M + Na'] calcd
492.2362, found 492.2362.

Phenylmethyl [(1S5)-2-Phenyl-1-[(2)-tetrahydro-5-oxo-2-fura-
nyllethyl]carbamate (26a)38¢ The y-keto esteP4a (40 mg, 0.0972
mmol) was dissolved in THF (10 mL), and then the solution was
cooled to—78 °C before the addition ofS)-Alpine Hydride (0.5
mL, 0.25 mmol, 0.5 M in THF). The mixture was stirred -af8
°C for 3 h, en satd NECI solution (5 mL) was added, and the
mixture was warmed to rt before being poured into water (30 mL)
and extracted with EtOAc (X 15 mL). The combined organics
were dried (MgSQ), filtered, and evaporated in vacuo. The pure
product was obtained by column chromatography-(40% EtOAc
in pentane as eluant), which gave lact®@&a (R = 0.45, 35%
EtOAc in pentane) (26 mg, 0.0766 mmol, 79%) as an oil, and the
intermediate alcoha®5a (R = 0.60, 35% EtOAc in pentane) (8
mg, 0.019 mmol, 20%) as a white sol@ba H NMR (400 MHz,
CDCls) 6 (ppm) 7.20-7.40 (m, 10H), 5.07 (AB systend,= 12.0
Hz, 2H), 4.98 (dJ = 9.6 Hz, 1H), 4.48 (t)J = 7.2 Hz, 1H), 4.08
(g, J = 8.8 Hz, 1H), 2.95 (AB system d] = 15.2, 7.2 Hz, 2H),

s, 1H), 2.91 (dJ = 8.0 Hz, 2H), 2.66 (ddJ = 10.4, 8.0 Hz, 1H),
2.27 (td,d = 12.4, 4.8 Hz, 1H), 2.052.17 (m, 1H), 1.24 (s, 3H),
1.18 (s, 3H);*3C NMR (100 MHz, CDC}) 6 (ppm) 178.6, 156.6,
136.8, 136.1, 129.2 (2C), 128.7 (2C), 128.5 (2C), 128.2, 127.9 (2C),
126.8, 78.3, 71.4, 67.0, 55.7, 49.9, 38.8, 27.6, 27.2, 22.8; HRMS
Ca3H27/NOs [M + Na'] calcd 420.1787, found 420.1782.
Phenylmethyl [(1S)-2-Phenyl-1-[(2S,4R)-tetrahydro-4-isopro-
penyl-5-oxo-2-furanyl]ethyl]carbamate (28).The alcohoR7 (55
mg, 0.138 mmol) was dissolved in GEl, (10 mL) and the mixture
cooled to—78 °C before PG (70 mg, 0.336 mmol) in CkCl; (3
mL) was added via syringe. The mixture was stirree-@8 °C for
40 min, satd NaHCgaq) (5 mL) was added, and the mixture was
allowed to warm to rt. The mixture was poured into water (30 mL)
and extracted with CHCl, (3 x 15 mL), and then the combined
organic portions were dried (MaQy), filtered, and evaporated in
vacuo. The pure product was obtained by column chromatography
(10—20% EtOAc in pentane as eluant), which gave compaéd
(Rr=0.50, 20% EtOAc in pentane) (46 mg, 0.121 mmol, 88%) as
white solid. An 8:1 mixture of terminal:conjugated regioisomers
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was evident from'H NMR spectroscopy:*H NMR (400 MHz,
CDCls) 6 (ppm) terminal regioisomer 7.357.38 (m, 10H), 5.07
(s, 2H), 4.93 (s, 1H), 4.90 (br s, 1H), 4.82 (s, 1H), 4.52¢ 7.2

Hz, 1H), 4.10 (q.J = 8.4 Hz, 1H), 3.24 (ddJ = 10.0, 5.6 Hz,
1H), 2.94 (dJ = 7.6 Hz, 2H), 2.28-2.38 (m, 1H), 2.16-2.22 (m,
1H), 1.76 (s, 3H) conjugated regioisomer inter alia 2.21 (s, 3H),
1.61 (s, 3H);*3C NMR (100 MHz, CDC}) 6 (ppm) 176.7, 156.5,

140.1, 136.9, 136.2, 129.2 (2C), 128.7 (2C), 128.5 (2C), 128.2,
127.9 (2C), 126.8, 114.0, 78.4, 67.0, 55.0, 47.6, 39.2, 29.8, 20.6;

HRMS Cy3HsNO4 [M + Na'] calcd 402.1681, found 402.1670.
(2R,4S,5S)-(1-Methyl-2-ethenyl)hydroxy[(phenylmethoxy)-
carbonyllamino-6-phenylhexanoic AcidN-Butylamide (29). n-
Butylamine was dissolved in G, (2 mL), and then trimeth-
ylaluminum (0.4 mL, 0.80 mmol) was added. The mixture was
stirred at rt for 15 min and then transferred via syringe to a solution
of the lactone28 (46 mg, 0.121 mmol) in CkCl; (2 mL). The
mixture was stirred at rt for 3 h, poured directly into 0.5 M HCI
(30 mL), and extracted with Ci€l, (3 x 15 mL), and then the
combined organics were dried (pB0O,), filtered, and evaporated

in vacuo. The pure product was obtained by column chromatog-

raphy (1:2:2-1:1:0 EO/CH,Cl,/pentane as eluant), which gave
compound29 (R = 0.35, 1:1:1 pentane/GEl,/Et;0) (30 mg,
0.0663 mmol, 55%) as a white solidHd NMR (400 MHz, CDC})

o (ppm) 7.16-7.35 (m, 10H), 5.75 (br s, 1H), 5.25 (@= 9.2 Hz,
1H), 5.05 (AB system,) = 13.6 Hz, 2H), 4.90 (s, 1H), 4.85 (s,
1H), 3.88 (br s}/>H), 3.79 (q,J = 8.0 Hz, 1H), 3.66 (br s, 1H),
3.06-3.25 (m, 3H), 2.91 (dJ = 7.6 Hz, 2H), 1.75-1.90 (m, 2H),
1.68 (s, 3H), 1.321.45 (m, 2/,H), 1.20-1.32 (m, 2H), 0.89 (t)

= 7.2 Hz, 3H);13C NMR (100 MHz, CDC}) 6 (ppm) 173.3, 156.6,

143.7, 138.3, 136.8, 129.3 (2C), 128.5 (2C), 128.4 (2C), 128.0,
127.8 (2C), 126.3, 114.0, 68.6, 66.5, 56.5, 50.9, 39.3, 38.9, 34.7,

31.4, 21.1, 20.0, 13.7; HRMS ,@&36N,04 [M + Na'] calcd
475.2573, found 475.2585.
(2R,4S,5S)-Isopropylhydroxyamino-6-phenylhexanoic  Acid
N-Butylamide (30). The alkene29 (15 mg, 0.0331 mmol) was
dissolved in MeOH (2 mL), and then Pddb mg, 0.338 mmol)
was added. The mixture was stirred under an atmosphere foir H
18 h, and then the flask was flushed with before the mixture
was filtered through Celite and the solids were washed with MeOH
(3 x 3 mL). The filtrates were evaporated to dryness in vacuo,
dissolved in CHCI,, poured into satd NaHC£ (25 mL), and
extracted with CHCI, (3 x 15 mL). The combined organics were
dried (NaSQy), filtered, and evaporated in vacuo to give compound
30(R = 0.10-0.35, 20% MeOH in CKCl,) (10 mg, 0.0312 mmol,
94%) as a white solid*H NMR (400 MHz, CDC}) 6 (ppm) 7.05-
7.26 (m, 5H), 5.74 (br s, 1H), 3.68.30 (m, 3H), 2.86 (dd) =
13.2, 4.0 Hz, 1H), 2.74 (dfj = 10.0, 4.4 Hz, 1H), 2.39 (ddl =
13.2, 9.6 Hz, 1H), 2.05 (ddd] = 11.2, 8.4, 3.2 Hz, 1H), 1.72
1.86 (m, 3H), 1.50 (dddj = 13.6, 10.8, 2.8 Hz, 1H), 1.151.33
(m, 6H), 0.82-0.90 (m, 9H);}3C NMR (100 MHz, CDC}) 6 (ppm)

175.3,138.8, 129.3 (2C), 128.6 (2C), 126.4, 71.3, 57.2, 51.3, 40.8,

39.0, 35.2, 31.7, 30.5, 21.1, 20.4, 20.1, 13.7; HRMgHg:N,O;

[M + Na'] calcd 321.2542, found 321.2544.
4-(2S-lodomethyl-3-methylbutyl)-1-methoxy-2-(3-methoxy-

propoxy)benzene (35). Method 1(29)-2-[4-Methoxy-3-(3-meth-

oxypropoxy)benzyl]-3-methylbutan-1481(153 mg, 0.516 mmol)

was dissolved in CkCl, (16 mL), and then PRH444 mg, 1.168

mmol) and imidazole (112 mg, 1.168 mmol) were added. After 5

min, iodine (348 mg, 1.32 mmol) was added, and then the mixture

was stirred at rt for 16 h before it was poured into satgHa;
solution (30 mL) and extracted with GBI, (3 x 20 mL). The
combined organic portions were dried (MggQOfiltered, and
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mL). The combined organic portions were dried (Mgjdiltered
and evaporated, which gave iodi@8 (86 mg, 0.212 mmol, 95%)
as a white solid requiring no further purificatiofH NMR (400
MHz, CDCk) ¢ (ppm) 6.71 (dJ = 8.4 Hz, 1H), 6.68 (dJ = 1.6
Hz, 1H), 6.66 (dd,) = 8.4, 1.6 Hz, 1H), 4.03 (t) = 6.4 Hz, 2H),
3.76 (s, 3H), 3.50 (1) = 6.5 Hz, 2H), 3.28 (s, 3H), 3.14 (dd,=
10.0, 4.8 Hz, 1H), 3.02 (dd] = 10.0, 4.4 Hz, 1H), 2.69 (ddl =
13.6, 4.8 Hz, 1H), 2.28 (dd] = 13.6, 9.6 Hz, 1H), 2.02 (quinJ
= 6.4 Hz, 2H), 1.64 (oct.J = 6.8 Hz, 1H), 1.07 (dddt) = 9.6,
6.8, 4.8, 4.8 Hz, 1H), 0.93 (dl = 6.8 Hz, 3H), 0.87 (dJ = 6.4
Hz, 3H);13C NMR (100 MHz, CDC}) 6 (ppm) 148.3, 147.8, 132.9,
121.1, 114.1, 111.8, 69.3, 66.0, 58.6, 56.0, 47.5, 36.6, 30.5, 29.5,
19.8, 19.5, 14.3; HRMS GH,703l [M + Na'] calcd 429.0903,
found 429.0906.

Methyl (2S,49)-2-[[(Phenylmethoxy)carbonyllamino]-4-meth-
oxy-3-(3-methoxypropoxy)y-(1-methylethyl)benzene pentanoate
(40). The free amine89* (2.043 g, 5.56 mmol) was dissolved in
CH,Cl, (35 mL), and then benzyl chloroformate (1.65 mL, 11.59
mmol) was added. Pyridine (0.94 mL) was then added carefully
(modest exotherm), before the mixture was stirred at rt for 2 h.
The mixture was poured into 0.5 M HCI (100 mL) and extracted
with CH,Cl, (3 x 30 mL). The combined organic portions were
dried (MgSQ), filtered, and evaporated in vacuo to give an oil.
Pure product was obtained by column chromatography (increasing
polarity from 10% to 40% EtOAc in pentane as eluant), which gave
compound40 (Rr = 0.45, 35% EtOAc in pentane) (2.468 g, 4.92
mmol, 89%) as a colorless oil*H NMR (400 MHz, CDC}) ¢
(ppm) 7.25-7.35 (m, 5H), 6.736.77 (m, 2H), 6.66 (dJ = 7.6
Hz, 1H), 5.26 (dJ = 6.4 Hz, 1H), 5.10 (s, 2H), 4.41 (app §~=
7.2 Hz, 1H), 4.09 (t) = 6,4 Hz, 2H), 3.81 (s, 3H), 3.69 (s, 3H),
3.55 (t,J = 6.4 Hz, 2H), 3.31 (s, 3H), 2.60 (dd,= 13.6, 4.8 Hz,
1H), 2.46 (ddJ = 13.6, 7.2 Hz, 1H), 2.0 (p] = 6.4 Hz, 2H), 1.71
(h,J=6.4 Hz, 1H), 1.56-1.66 (m, 3H), 0.84 (dJ = 6.8 Hz, 3H),
0.82 (d,J = 6.8 Hz, 3H);°C NMR (100 MHz, CDC}) 6 (ppm)
173.2, 155.9, 148.1, 147.5, 136.2, 133.4, 128.3 (2C), 127.9, 127.8
(2C), 121.1, 114.3, 111.6, 69.2, 66.7, 65.8, 58.4, 55.9, 52.3, 52.1,
41.8, 36.4, 33.1, 29.5, 27.8, 19.7, 171.1; HRMSHE,NO; [M +
Na'] calcd 524.2624, found 524.2603.

(2S,49)-2-[[(Phenylmethoxy)carbonyllamino]-4-methoxy-3-(3-
methoxypropoxy)-y-(1-methylethyl)benzenepentanoic Acid (41).
The methyl ested0 (273 mg, 0.544 mmol) was dissolved in THF
(5.6 mL), and then MeOH (5.6 mL) d2 M NaOH solution (0.7
mL) were added. The mixture was stirred at rt for 3.5 h and then
poured into 0.2 M HCI (40 mL) and extracted with g1, (3 x
15 mL). The combined organic portions were dried (M@g50
filtered, and evaporated in vacuo giving the crdd€264 mg, 0.541
mmol, 99%) as a colorless gum that required no further purifica-
tion: ™H NMR (400 MHz, CDC}) 6 (ppm) 8.95 (br s, 1H), 7.25
7.36 (m, 5H), 6.656.80 (m, 3H), 5.33 (dJ = 8.8 Hz, 1H), 5.11
(s, 5H), 4.40 (tdJ = 8.8, 5.2 Hz, 1H), 4.044.15 (m, 2H), 3.81
(s, 3H), 3.58 (tJ = 6.4 Hz, 2H), 3.33 (s, 3H), 2.60 (dd,= 13.6,

5.2 Hz, 1H), 2.48 (ddJ = 13.6, 7.2 Hz, 1H), 2.07 (p] = 6.4 Hz,

2H), 1.58-1.80 (m, 4H), 0.85 (dJ = 7.2 Hz, 3H), 0.83 (dJ =

7.2 Hz, 3H);1C NMR (100 MHz, CDC}) 6 (ppm) 176.2, 156.0,
148.1, 147.7, 136.2, 133.4, 128.5 (2C), 128.1 (2C), 127.9, 121.6,
114.4, 111.7, 69.4, 66.9, 65.9, 58.4, 56.0, 52.3, 41.8, 36.2, 33.4,
29.2, 28.2, 19.5, 17.8; HRMS ,@3;,NO; [M + Na'] calcd
510.2468, found 510.2468.

Pyridin-4-yl (2 S,4S)-2-[[(Phenylmethoxy)carbonyllamino]-4-
methoxy-3-(3-methoxypropoxy)y-(1-methylethyl)benzenepen-
tanethioate (42).The acid41 (264 mg, 0.541 mmol) was dissolved
in CH,Cl, (10 mL), and then the solution cooled to°C before

evaporated in vacuo. The pure product was obtained by column mercaptopyridine (79 mg, 0.707 mmol) and EDCI (156 mg, 0.816

chromatography (520% EtOAc in pentane as eluant), which gave
iodide 35 (R = 0.5, 10% EtOAc in pentane) (161 mg, 0.396 mmol,
77%) as a white solidMethod 2. Bromide 13** (80 mg, 0.223

mmol) were added. The mixture was stirred &®for 3.5 h, and
then the mixture was poured into water (40 mL) and extracted with
CH.Cl, (3 x 20 mL). The combined organic portions were dried

mmol) was dissolved in acetone, and then Nal (200 mg, 1.334 (MgSQy), filtered, and evaporated in vacuo. The pure product was

mmol) was added. The mixture was stirred at rt for 20 h, then
poured into water (30 mL) and extracted with €H, (2 x 20
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obtained by column chromatography (5000% EtOAc in pentane
as eluant) which gave compoud@ (R = 0.25, 50% EtOAc in
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pentane) (294 mg, 0.506 mmol, 94%) as a colorless gihMIMR
(400 MHz, CDC}) 6 (ppm) 8.52 (dJ = 5.6 Hz, 2H), 7.16-7.32

(m, 7H), 6.68 (dJ = 8.0 Hz, 1H), 6.64 (dJ = 2.0 Hz, 1H), 6.58
(dd, J = 8.0, 2.0 Hz, 1H), 5.43 (dJ = 8.8 Hz, 1H), 5.09 (AB
system,J = 12.4 Hz, 2H), 4.354.43 (m, 1H), 4.00 (t) = 6.4 Hz,
2H), 3.74 (s, 3H), 3.47 () = 6.4 Hz,. 2H), 3.24 (s, 3H), 2.39
2.50 (m, 2H), 1.99 (pJ = 6.4 Hz, 2H), 1.56-1.74 (m, 4H), 0.81

(d, 3 = 6.8 Hz, 3H), 0.76 (dJ = 6.8 Hz, 3H);13C NMR (100
MHz, CDCk) ¢ (ppm) 197,2, 155.8, 149.9 (2C), 148.3, 147.7,
138.3, 136.0, 133.0, 128.5 (2C), 128.2, 128.0 (2C), 128.0 (2C),

JOC Article

cooled to—78 °C before the addition ofg)-Alpine Hydride (1.1
mL, 0.55 mmol, 0.5 M in THF). The mixture was stirred-a78

°C for 24 h, satd NKCI solution (5 mL) was added carefully, and
the mixture was warmed to rt before being poured into water (40
mL) and extracted with EtOAc (3x 20 mL). The combined
organics were dried (MgSfp filtered, and evaporated in vacuo.
The pure product was obtained by column chromatography
(15-70% EtOAc in pentane as eluant), which gave compotihd
(Rs = 0.25, 50% EtOAc) (124 mg, 0.235 mmol, 91%) as a 4:1
mixture of isomers as determined B4 NMR. These were

121.1, 114.3, 111.8, 69.3, 67.2, 65.9, 59.9, 58.5, 55.9, 42.0, 36.5,separable by careful column chromatography—-{30% EtO in

33.0,29.5, 28.6, 19.6, 17.5; HRMSE40N206S [M + Na'] calcd
603.2505, found 603.2520.

y-Ketoester 43.The thioested?2 (271 mg, 0.470 mmol) was
dissolved in anhydrous THF (7.5 mL) and the flask flushed with
argon for 10 min. Methyl acrylate (454, 5.06 mmol) andert-
butyl alcohol (112:L, 1.52 mmol) were added, and then the mixture
cooled to—78 °C before a 0.1 M solution of Sm(20 mL, 2.00
mmol) was added via syringe. The mixture was stirree-@8 °C
for 2 d and then the flask flushed with,®@efore satd NKCI (aq)
(5 mL) was added and the mixture warmed to rt. The mixture was
poured into 0.5 M HCI (30 mL) and extracted with EtOAc £3
15 mL). The combined organics were washed with satgSh@s
solution (20 mL), dried (MgSg), filtered, and evaporated in vacuo.

1:1 CHCl,/pentane as eluant), which gave isomerically pd&be
(R = 0.45, 25% E4O in CH,CI;) (85 mg) and the corresponding
epimer & = 0.35, 25% E{O in CH,Cly) (21 mg).*H NMR (400
MHz, CDCl) 6 (ppm) 7.26-7.36 (m, 5H), 6.726.77 (m, 2H),
6.64 (dd,J = 8.4, 2.0 Hz, 1H), 5.13 (s, 2H), 4.82 (@~ 10.0 Hz,
1H), 4.42 (tdJ = 7.2, 1.6 Hz, 1H), 4.09 () = 6.4 Hz, 2H), 3.78
3—88 (m, 1H), 3.82 (s, 3H), 3.55 (@,= 6.4 Hz, 2H), 3.31 (s, 3H),
2.60 (dd,J = 13.6, 5.6 Hz, 1H), 2.362.48 (m, 3H), 2.122.23
(m, 1H), 2.07 (pJ = 6.4 Hz, 2H), 1.952.05 (m, 1H), 1.6%+1.73
(m, 2H), 1.49-1.58 (m, 1H), 1.30 (ddJ = 13.6, 9.2, 3.2 Hz, 1H),
0.82 (d,J = 6.8 Hz, 3H), 0.81 (dJ = 7.2 Hz, 3H);13C NMR (100
MHz, CDCk) 6 (ppm) 176.9, 156.8, 148.2, 147.6, 136.3, 133.6,
128.5(2C), 128.1, 127.8 (2C), 121.2, 114.4, 111.7, 82.6, 69.3, 66.8,

The pure product was obtained by column chromatography 65.9, 58.5,56.0, 51.9, 42.4, 37.1, 33.4, 29.6, 28.4, 27.9, 28.4, 27.9,

(20—50% EtOAc in pentane as eluant), which gave compotéd
(R = 0.55, 50% EtOACc in pentane) (167 mg, 0.299 mmol, 64%)
as a clear oil:*H NMR (400 MHz, CDC}) 6 (ppm) 7.26-7.36
(m, 5H), 6.80 (s, 1H), 6.76 (d] = 8.0 Hz, 1H), 6.69 (dJ = 8.0
Hz, 1H), 5.30 (dJ = 8.0 Hz, 1H), 5.09 (AB systend, = 12.4 Hz,
2H), 4.33 (t,J = 8.0 Hz, 1H), 4.09 (tJ = 6.8 Hz, 2H), 3.81 (s,
3H), 3.64 (s, 3H), 3.55 ( = 6.4 Hz), 3.31 (s, 3H), 2.79 (dj,=
17.6, 7.6 Hz, 1H), 2.07 (@ = 6.4, 2H), 2.43-2.70 (m 5H), 1.44
1.74 (m, 3H), 1.39 (tJ = 11.2 Hz, 1H), 0.76:0.86 (m, 6H);13C
NMR (100 MHz, CDC}) 6 (ppm) 207.8, 172.7, 156.1, 148.3, 147.6,

136.3, 133.3, 128.4 (2C), 128.0, 127.8 (2C), 121.2, 114.3, 111.7,

24.3, 20.2, 16.7; HRMS £H4NO7 [M + Na'] calcd 550.2781,
found 550.2781.
Lactone 46.The lactonet5 (137 mg, 0.258 mmol) was dissolved

in THF (15 mL) and the mixture cooled t678°C. LiIHMDS (0.70
mL, 0.70 mmol 1 M in hexanes) was added and the mixture stirred
for 2 h before dropwise addition of acetone (0.70 mL, 9.54 mmol).
The mixture was stirred for an additional 2 h, and then satd
NH.Cl(aq) (5 mL) was added and the mixture allowed to warm to
rt. The mixture was poured into water (30 mL) and extracted with
EtOAc (3 x 20 mL), and then the combined organics were dried
(NaSQ,) filtered, and evaporated in vacuo. The pure product

69.3, 66.8, 65.9, 58.5, 58.1, 55.9, 51.7, 42.0, 37.0, 34.3, 32.1, 29.5,was obtained by column chromatography (5:5021:1 pentane/

28.3, 27.4, 20.1, 16.5; HRMS s¢H43NOg [M + Na'] calcd
580.2886, found 580.2867.

y-Ketoester 44.The thioested?2 (275 mg, 0.473 mmol) was
dissolved in THF (7.5 mL), and thembutyl acrylate (372.L, 2.59
mmol) andtert-butyl alcohol (106uL, 1.43 mmol) were added.
The mixture was cooled te 78 °C, and then Sml(0.1 M, 20 mL,
2.00 mmol) was added slowly via syringe. The mixture was stirred
at —78 °C for 3 d and then the flask flushed with, ®efore satd
NH4CI (aq) (5 mL) was added and the mixture warmed to rt. The
mixture was poured into 0.5 M HCI (40 mL) and extracted with
EtOAc (3 x 15 mL). The combined organics were washed with
satd NaS,0; solution (20 mL), dried (MgSg), filtered, and

CH,CI,/Et,O as eluant), which gave compou#@ (R = 0.30, 50%
Et,O in CH,CI;) (133 mg, 0.234 mmol, 91%) an inseparable 5:1
mixture of isomers:*H NMR (400 MHz, CDC}) 6 (ppm) 7.27
7.37 (m, 5H), 6.7+6.78 (m, 2H), 6.64 (dJ = 8.0 Hz, 1H), 5.13
(AB system,J = 12.8 Hz, 2H), 4.70 (dJ = 9.6 Hz, 1H), 4.42 (t,

J = 6.0 Hz, 1H), 4.09 (tJ = 6.4 Hz, 2H), 3.75-3.85 (m, 1H),
3.83 (s, 3H), 3.56 (t) = 6.4 Hz, 2H), 3.32 (s, 3H), 3.04 (brs, 1H),
2.51 (m, 4H), 2.44 (dd]) = 12.8, 8.0 Hz, 1H), 2.032.25 (m, 2H),
1.46-1.63 (m, 3H), 1.31 (ddd] = 12.8, 9.2, 3.2 Hz, 1H), 1.25 (s,
3H), 1.20 (s, 3H), 0.83 (d] = 7.2 Hz, 3H), 0.81 (dJ = 8.4 Hz,
3H); 13C NMR (100 MHz, CDC}) 6 (ppm) 178.4, 156.8, 148.2,
147.6, 136.3, 133.5, 128.5 (2C), 128.2, 127.8 (2C), 121.2, 114.4,

evaporated in vacuo. The pure product was obtained by column111.8, 81.0, 71.4, 69.4, 66.9, 66.0, 58.5, 56.0, 52.8, 49.9, 42.4, 37.1,

chromatography (1640% EtOAc in pentane as eluant), which gave
compound4 (R; = 0.40, 30% EtOAc in pentane) (170 mg, 0.283
mmol, 60%) as a colorless solidH NMR (400 MHz, CDC}) 6
(ppm) 7.277.37 (m, 5H), 6.81 (dJ = 1.6 Hz 1H), 6.77 (d] =
8.0 Hz, 1H), 6.70 (ddJ = 8.0, 1.6 Hz, 1H), 5.19 (1H, dl = 8.4
Hz, 1H), 5.03 (s, 2H), 4.28 (app brd,= 8.4 Hz, 1H), 3.94-4.06
(m, 4H), 3.75 (s, 3H), 3.49 (1 = 6.4 Hz, 2H), 3.25 (s, 3H), 2.68
2.78 (m, 1H), 2.36-2.64 (m, 5H), 2.01 (p, 6.4 Hz, 2H), 1.48
1.67 (m, 5H), 1.241-37 (m, 3H), 0.85 (tJ = 7.2 Hz, 3H), 0.76
(d, J = 7.2 Hz, 3H), 0.74 (dJ = 6.8 Hz, 3H);13C NMR (100
MHz, CDCl) 6 (ppm) 207.9, 172.4, 156.2, 148.3, 147.7, 136.3,

133.4, 128.5 (2C), 128.1, 127.9 (2C), 121.2, 114.4, 111.7, 69.4,

33.1, 29.6, 28.2, 27.6, 27.5, 26.1, 20.2, 16.9; HRMgHGNOg
[M + Na'] calcd 608.3199, found 608.3201.

Lactone 47.Alcohol 51 (133 mg, 0.234 mmol) was dissolved
in CH,Cl, (15 mL) and then the mixture cooled tG. PCk (210
mg, 1.01 mmol) dissolved in Gi€l, (5 mL) was added over 5
min via syringe then the mixture stirred for 2.5 h. Saturated
NaHCG; solution (5 mL) was added, and then the mixture was
warmed to rt, poured into water (30 mL), and extracted with
CH,Cl, (3 x 20 mL). The combined organic portions were dried
(MgSQy), filtered, and evaporated. The pure product was obtained
by column chromatography (260% EtOAc in pentane as eluant)
which gave compound7 (R = 0.60, 40% EtOAc in pentane) (132

66.8, 65.9, 64.6, 58.6, 58.1, 56.0, 42.0, 37.1, 34.4, 32.2, 30.5, 29.6,mg, 0.233 mmol, 99%) as an inseparable 40:8:6 mixturd 7af

28.3, 27.7, 20.2, 19.0, 16.9, 13.6; HRM34849NOg [M + Na']
calcd 622.3356, found 622.3354.

Phenylmethyl [(1S,39)-3-[[4-Methoxy-3-(3-methoxypropoxy)-
phenyllmethyl]-4-methyl-1-[(2S)-tetrahydro-5-oxo-2-furanyl]-
pentylJcarbamate (45).They-keto methyl este43 (144 mg, 0.257
mmol) was dissolved in THF (25 mL), and then the solution was

47b,and51: *H NMR (400 MHz, CDC}) 6 (ppm) 7.28-7.37 (m,
5H), 6.72-6.77 (m, 2H), 6.64 (dd) = 8.4, 1.6 Hz, 1H), 5.14 (AB
systemJ = 12.0 Hz, 2H), 4.96 (s, 1H), 4.84 (s, 1H), 4.68 {d+=
10.0 Hz, 1H), 4.45 (td) = 7.2, 1.6 Hz, 1H), 4.09 (i) = 6.8 Hz,
2H), 3.80-3.90 (m, 1H), 3.83 (s, 3H), 3.36 (3, = 6.4 Hz, 2H),
3.32 (s, 3H), 3.19 (dd) = 10.0, 5.2 Hz, 1H), 2.60 (ddl = 13.6,
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5.2 Hz, 1H), 2.40 (ddJ = 13.6, 8.8 Hz, 1H), 2.122.30 (m, 2H), The pure product was obtained by column chromatography
2.09 (p,J = 6.4 Hz, 2H), 1.79 (s, 3H), 1.601.72 (m, 3H), 1.4# (15-60% EtOAc in pentane as eluant) which gave compoba®d
1.57 (, 1H), 1.31 (ddd) = 13.6, 8.8, 3.6 Hz, 1H), 0.82 (d,= 7.2 (Rs = 0.30, 50% EtOAc in pentane) (9 mg, 0.0152 mmol, 58%) as
Hz, 3H), 0.81 (3H, d,J = 7.6 Hz, 3H);1C NMR (100 MHz, a colorless solid:'H NMR (400 MHz, CDC}) ¢ (ppm) 6.72-
CDCl) 6 (ppm) 176.6, 156.8, 148.1, 147.7, 140.1, 136.2, 133.6, 6.82 (m, 2H), 6.69 (dJ = 8.0 Hz, 1H), 5.70 (br s, 1H), 4.67 (d,
128.6 (2C), 128.2, 127.9 (2C), 121.2, 114.4, 113.9, 111.8, 81.2, = 8.8 Hz, 1H), 4.10 (t) = 5.6 Hz, 2H), 3.82 (s, 3H), 3.74 (br s,
69.4, 67.0, 66.0, 58.6, 56.1, 52.1, 47.6, 42.5, 37.2, 33.5, 30.1, 29.6,1H), 3.57 (t,J = 6.4 Hz, 2H), 3.48-3.55 (m, 1H), 3.38-3.46 (m,
28.0, 20.7, 20.3, 16.8; HRMS 5@1,sNO; [M + Na'] calcd 1H), 3.35 (s, 3H), 3.273.37 (m, 1H), 3.123.23 (m, 1H), 2.61
590.3094, found 590.3098. (dd,J = 13.2, 4.4 Hz, 1H), 2.38 (dd] = 14.0, 8.8 Hz, 1H), 2.08

(3S,59)-Dihydro-5-[(1S,35)-3-[[4-methoxy-3-(3-methoxypro- (p,J=6.4 Hz, 2H), 1.98 (tdJ = 8.8, 3.2 Hz, 1H), 1.861.94 (m,
poxy)phenyl]methyl]-4-methyl-1-amino-pentyl]-3-(1-methylethyl)- 4H), 1.44 (s, 9H), 1.161.80 (m, 7H), 0.89-0.95 (m, 9H), 0.82
2-(3H)-furanone (48). Alkene 47 (51 mg, 0.0898 mmol) was  (d,J= 7.2 Hz, 6H);*3C NMR (100 MHz, CDC}) d (ppm) 176.2,
dissolved in EtOH (5 mL), and then 10% Pd/C (10 mg) was added. 156.9, 148.4, 147.7, 134.5, 121.5, 114.7, 111.8, 79.3, 71.3, 69.6,
The mixture was stirred under an atmosphere gffiéd 2 d, and 66.2, 58.8,56.2,54.1,51.7, 42.4, 39.3, 37.6, 34.7, 32.8, 31.8, 29.8,
then the flask was flushed withNbefore it was filtered through ~ 29.8, 28.6 (3C), 28.3, 21.4, 2p0.6, 20.5, 20.3, 17.0, 13.9; HRMS
Celite. The solids were washed with EtOH, and then the combined CasHsoN207 [M + Na*] calcd 631.4298, found 631.4294.

filtrates were evaporated to dryness giving compod@(R = 0.20, Lactone 51.Lactone47 (36 mg, 0.0634 mmol) was dissolved
5% MeOH in CHCl,) (39 mg, 0.0895 mmol 99%) as a 4:1 mixture in CHCN (1.0 mL), and then NE{0.5 mL) and 2-hydroxypyridine
of diastereoisomers that was not purified any furthé: NMR (10 mg, 0.104 mmol) were added. The mixture was heated at 80

(400 MHz, CDC¥) 6 (ppm) 6.76 (dJ = 8.0 Hz, 1H), 6.66-6.73 °C for 2 d, and then all volatiles were removed in vacuo. The pure
(m, 2H), 4.08 (tJ = 6.4 Hz, 2H), 3.99 (dtJ = 10.0, 6.4 Hz, 1H), product was obtained by column chromatography-(86% EtOAc
3.82 (s, 3H), 3.56 (t) = 6.0 Hz, 2H) 3.45 (s, 3H), 2.462.60 (m, in pentane as eluant) which gave compo&®idR; = 0.55, 1:1:1
4H), 1.906-2.02 (m, 4H), 1.16-:1.82 (m, 7H), 1.02 (dJ = 6.4 Hz, pentane/ChHCI/Et,O) (32 mg, 0.0564 mmol, 89%) as a white
3H), 0.82-0.92 (m, 9H);*C NMR (100 MHz, CDC}) d (ppm) solid: *H NMR (400 MHz, CDC}) 6 (ppm) 7.277.36 (m, 5H),
178.0, 148.3, 147.7, 132.8, 121.4, 114.6, 111.9, 77.8, 69.4, 66.1,6.73-6.78 (m 2H), 6.65 (dd) = 8.0, 1.2 Hz, 1H), 5.11 (AB system,
58.5, 56.0, 53.4, 45.0, 40.6, 37.0, 30.6, 29.5, 29.2, 28.8, 26.5, 20.1,J = 12.4 Hz, 2H), 4.68 (d) = 12.4 Hz, 1H), 4.37 () = 6.8 Hz,
19.5, 18.6, 17.5; HRMS £H41NOs [M + Na'] calcd 458.2882, 1H), 4.09 (t,J = 6.4 Hz, 2H), 3.86-3.90 (m, 1H), 3.83 (s, 3H),

found 458.2896. 3.56 (t,J = 6.4 Hz, 2H), 3.32 (s, 3H), 2.82 (dd,= 16.4, 8.0 Hz,
1,1-Dimethylethyl [(1S,35)-3-[[4-Methoxy-3-(3-methoxypro- 1H), 2.58-2.68 (m, 2H), 2.41 (dd) = 13.6, 9.2 Hz, 1H), 2.20 (s,
poxy)phenyllmethyl]-4-methyl-1-[(2S,49)-tetrahydro-4-(1-meth- 3H), 2.08 (pJ = 6.4, 2H), 1.77 (s, 3H), 1.631.74 (m, 2H), 1.48

ylethyl)-5-oxo-2-furanyl]pentyl]carbamate (49)3! Amine 48 (39 1-58 (m, 1H), 1.30 (ddd] = 14.0, 9.6, 3.2 Hz, 1H), 0.83 (d,=
mg, 0.0895 mmol) was dissolved in THF (1.0 mL), and thenqNEt 6.4 Hz, 3H), 0.81 (dJ = 6.4 Hz, 3H);*C NMR (100 MHz, CDCY)
(51 mg, 0.10 mmol) and dert-butyl dicarbonate (51 mg, 0.10 0 (ppm) 170.1, 157.0, 150.6, 148.4, 147.7, 136.6, 133.9, 128.6 (2C),
mmol) were added. The mixture was stirred at rt for 18 h, and 128.2,127.9(2C), 121.4,119.0, 114.6, 111.9, 78.2, 69.9, 66.1, 58.8,
then all volatiles were removed in vacuo. The pure products were 56.2, 52.6, 42.6, 37.3, 33.4, 31.0, 29.8, 28.0, 24.6, 20.5, 20.0, 16.8;
obtained by careful column chromatography-@% EtOAc in HRMS GgsHssNO7 [M + Na'] caled 590.3094, found 590.3097.
pentane as eluant), which gave isomerically pd@e(R; = 0.60, (3S,55)-Dihydro-5-[(1S,35)-3-[[4-methoxy-3-(3-methoxypro-
40% EtOAc in pentane) (30 mg, 0.0560 mmol, 63%) and a mixture Poxy)phenylmethyl]-4-methyl-1-[(phenylmethyl)amino]pentyl]-
of 49 and53 (R = 0.55, 40% EtOAc in pentane) (10 mg, 0.0187 3-(1-methylethyl)-2(3H)-furanone (52)3° Amine 48 (29 mg,
mmol, 21%).49: *H NMR (400 MHz, CDC}) 6 (ppm) 6.76 (dJ 0.0669 mmol) was dissolved in ethanol (1.0 mL) and then the
= 8.0 Hz, 1H), 6.73 (s, 1H), 6.68 (d,= 8.0 Hz, 1H), 4.33-4.40 solution cooled to OC before benzaldehyde (2., 0.197 mmol)
(m, 2H), 4.09 (t,J = 6.4 Hz, 2H), 3.82 (s, 3H), 3.753.85 (m, was added. The mixture was stirred af®© for 90 min. NaBH
1H), 3.57 (t,J = 6.4 Hz, 2H), 3.35 (s, 3H), 2.62 (dd,= 13.6, 5.6 (10 mg, 0.264 mmol) was then added quickly and stirring continued
Hz, 1H), 2.54 (tdJ = 10.0, 6.0 Hz,), 2.38 (dd] = 14.0, 9.6 Hz, at rt for a further 40 min. The mixture was poured into water (20
1H), 2.00-2.20 (m, 5H), 1.33-1.70 (m, 3H), 1.45 (s, 9H), 1.22 mL) and extracted with CKCl, (3 x 20 mL). The combined organic
1.32 (m, 1H), 1.00 (dJ = 6.8 Hz, 3H), 0.93 (dJ = 6.4 Hz, 3H), portions were dried (MgS§), filtered, and evaporated. The pure
0.82 (d,J = 6.8 Hz, 6H);13C NMR (100 MHz, CDC}) 6 (ppm) product was obtained by column chromatography (5:8:1:1
179.2, 156.4, 148.4, 147.8, 133.9, 121.5, 114.5, 111.9, 81.6, 79.9,pentane/ChHCI/EtO as eluant), which gave2 (R = 0.45, 1:1:1
69.6, 66.2, 58.8, 56.2, 52.1, 46.0, 42.6, 37.6, 33.5, 29.8, 29.4, 28.5pentane/CHCI/Et,0) (24 mg, 0.0457 mmol, 68%) and the dia-
(3C), 27.9, 26.8, 20.6, 20.5, 18.6, 16.7; HRMHLNO; [M + stereoisomerR; 0.25, 1:1:1 pentane/GEI,/Et,O) (6 mg, 0.0114
Na'] calcd 558.3407, found 558.3406. mmol, 17%) as colorless 0il§2: *H NMR (400 MHz, CDC}) 6

(2R,4S,5S,7S)-Isopropylhydroxy( N-butoxycarbamoyl)ami- (ppm) 7.14-7.27 (m, 5H), 6.70 (dJ) = 8.4 Hz 1H), 6.62 (dJ =
noisopropyl-8-(4-methoxy-3-(3-methoxypropoxy)benzenoctano- 2.0 Hz, 1H), 6.56 (ddJ = 8.4, 2.0 Hz, 1H), 4.23 (ddd] = 8.0,
ic Acid n-Butylamide (50)49% n-Butylamine (120 mg, 1.641 6.0, 4.8 Hz, 1H), 4.00 (1) = 6.4 Hz, 2H), 3.77 (dJ = 12.8 Hz,
mmol) was dissolved in C¥Cl, (2 mL), and then trimethylalumi- ~ 1H), 3.76 (s, 3H), 3.67 (d] = 12.8 Hz, 1H), 3.49 (t) = 6.0 Hz,
num (0.8 mL 2 M solution in toluene, 1.60 mmol) was added. 2H). 3.27 (s, 3H), 2.382.47 (m, 3H), 2.33 (dd] = 13.6, 6.8 Hz,
The mixture was stirred at rt for 30 min and then transferred 1H), 1.98-2.10 (m, 3H), 1.7#1.89 (m, 2H), 1.58-1-69 (m, 2H),
via syringe to a solution of lactord9 (14 mg, 0.0261 mmol) in ~ 1.30-1.40 (br s, 1H), 1.43 (ddd] = 14.0, 7.6, 4.8 Hz, 1H), 1.22
CH,Cl, (1 mL). The mixture was stirred at rt for 20 h, and then (ddd,J=14.0, 7.2, 5.6 Hz, 1H), 0.91 (d,= 6.8 Hz, 3H), 0.79-
the reaction was quenched by careful addition of satd,®H  0.84 (M, 9H)*C NMR (100 MHz, CDCY) 6 (ppm) 179.4, 148.4,
solution (3 mL). The mixture was poured int M NaHCQ solu- 147.9, 140.7, 134.0, 128.5 (2C), 128.3 (2C), 127.1, 121.3, 114.3,
fion (20 mL) and extracted with GiEl, (4 x 15 mL). The com-  111.8,80.9,69.5, 66.2, 58.8, 58.8, 56.1, 51.9, 46.0, 42.5, 37.3, 3.7,
bined organic portions were dried (Mg§Cfiltered, and evaporated. 297, 29.1, 26.6, 20.5, 19.2, 18.4, 18.3; HRMGHGNOs [M +

Na'] calcd 548.3351, found 548.3373.
— - (3S,55)-Dihydro-5-[(1R,3S)-3-[[4-methoxy-3-(3-methoxypro-

Wé4%gghg,6\é.blg/l-alllard, MPCT Int. Appl.(Elan Pharmaceuticals, Inc.) poxy)phenylJmethyl]-4-methyl-1-aminopentyl]-3-(1-methylethyl)-

(50) Goeschke, R.; Maibaum, J. K.; Schilling, W.; Stutz, S.; Rigoliier, 2-(3H)-furanone (53). Alkene 51 (32 mg, 0.0564 mmol) was
P.; Yamaguchi, Y.; Cohen, N. C.; Herold, Bur. Pat. Appl.(Ciba-Geigy dissolved in EtOH (5 mL), and then 10% Pd/C (15 mg) was added.
A.-G., Switzerland) Ep, 1995, 115 pp. The mixture was stirred under an atmosphere ofdd 18 h, and
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then the flask was flushed with Nbefore it was filtered through
Celite. The solids were washed with EtOH and then the combined
filtrates evaporated to dryness giving compo&8d23 mg, 0.0528
mmol, 94%) as a 10:1 mixture of diastereoisométs:NMR (400
MHz, CDCk) ¢ (ppm) 6.76 (dJ = 8.0 Hz, 1H), 6.66-6.74 (m,
2H), 4.08 (t,J = 6.4 Hz, 2H), 3.99 (dtJ = 10.0, 6.4 Hz, 1H), 3.82

(s, 3H), 3.56 (tJ = 6.0 Hz, 2H), 3.45 (s, 3H), 2.462.60 (m, 4H),
2.00-2.02 (m, 4H), 1.16:1.82 (m 7H), 1.02 (dJ = 6.4 Hz, 3H),
0.82-0.92 (m, 9H);'13C NMR (100 MHz, CDC}) 6 (ppm) 177.7,

148.3, 147.7, 133.9, 121.1, 114.3, 111.7, 82.9, 69.3, 66.1, 58.6,

JOC Article

mmol) was dissolved in €I, (2 mL) and then trimethylaluminum
(0.8 mL, 2 M solution in toluene, 1.60 mmol) was added. The
mixture was stirred at rt for 30 min and then transferred via syringe
to a solution of lactone7 (15 mg, 0.0280 mmol) in CkCl, (1
mL). The mixture was stirred at rt f® d and then the reaction
quenched by careful addition of satd MH solution (3 mL). The
mixture was poured iot 1 M NaHCQ solution (20 mL) and
extracted with CHCl, (4 x 15 mL). The combined organic portions
were dried (MgSQ), filtered, and evaporated. The pure product
was obtained by column chromatography—8P6 MeOH in

56.0, 53.6, 46.9, 41.9, 37.7, 34.0, 29.8, 29.6, 27.5, 27.0, 20.6, 19.9,CH.CI; as eluant) which gave compoub# (R; = 0.33, 5% MeOH

18.2, 17.5; HRMS @H4NOs [M + Na'] calcd 458.2882, found
458.2896.

1,1-Dimethylethyl [(1S,39)-3-[4-Methoxy-3-(3-methoxypropoxy)-
phenyllmethyl]-4-methyl-1-[(2S,4R)-tetrahydro-4-(1-
methylethyl)-5-oxo-2-furanyl]pentyl]carbamate (54).Amine 53
(16 mg, 0.0369 mmol) was dissolved in THF (0.4 mL), and then
NEt; (21 mg, 0.10 mmol) and dert-butyl dicarbonate (21 mg,
0.10 mmol) were added. The mixture was stirred at rt for 18 h,
and then all volatiles were removed in vacuo. The pure product
was obtained by column chromatography {4D% EtOAc in
pentane as eluant) which gave compolt (R = 0.60, 40%
EtOAc in pentane) (16 mg, 0.0299 mmol, 81%) as a gdthNMR
(400 MHz, CDC}) 6 (ppm) 6.72-6.78 (m, 2H), 6.69 (dd] = 8.4,
2.0 Hz, 1H), 4.47 (dJ = 10.4 Hz, 1H), 4.30 (dd) = 9.6, 6.4 Hz,
1H), 4.09 (t,J = 6.4 Hz, 2H), 3.76-3.85 (m, 1H), 3.82 (s, 3H),
3.57 (t,J = 6.4 Hz, 2H), 3.34 (s, 3H), 2.64 (dd,= 14.0, 5.6 Hz,
1H), 2.58 (dddJ = 12.4, 9.2, 4.8 Hz, 1H), 2.38 (dd,= 14.0, 9.6
Hz, 1H), 2.03-2.26 (m, 4H), 1.84 (tdJ = 12.0, 10.8 Hz, 1H),
1.50-1.72 (m, 3H), 1.44 (s, 9H), 1.27 (ddd= 14.4, 9.6, 3.6 Hz,
1H), 1.01 (d,J = 6.4 Hz, 3H), 0.90 (dJ = 6.8 Hz, 3H), 0.82 (d,
J = 6.8 Hz, 6H);13C NMR (100 MHz, CDC}) 6 (ppm) 178.0,

156.2, 148.3, 147.7, 133.8, 121.4, 114.5, 80.4, 79.5, 69.5, 66.0, ,
58.6, 56.1, 50.5, 46.3, 42.4, 37.1, 33.6, 29.6, 28.3 (3C), 27.7, 27.5,

26.1, 20.5, 20.4, 17.9, 16.6; HRMS¢E,oNO; [M + Na'] calcd
558.3407, found 558.3406.

(2S,4S,5S,B)-Isopropylhydroxy-( N-butoxycarbamoyl)ami-
noisopropyl-8-(4-methoxy-3-(3-methoxypropoxy)benzenoctano-
ic Acid n-Butylamide (55)4950 n-Butylamine (120 mg, 1.641

in CHyCl,) (8 mg, 0.0135 mmol, 48%) as a colorless solitH
NMR (400 MHz, CDC}) & (ppm) 6.72-6.80 (m, 2H), 6.71 (dJ

= 8.0 Hz, 1H), 5.77 (tJ = 5.6 Hz, 1H), 4.76 (dJ = 10.0 Hz,

1H), 4.05-4.15 (m, 2H), 3.82 (s, 3H), 3.58.67 (m, 1H), 3.57 (t,

J= 6.4 Hz, 2H), 3.45-3.52 (m, 1H), 3.45 (s, 3H), 3.243.34 (m,

1H), 3.10-3.24 (m, 1H), 2.61 (dd) = 13.2, 6.4 Hz, 1H), 2.53 (d,
J=4.0 Hz, 1H), 2.38 (ddJ = 14.0, 9.2 Hz, 1H), 2.08 (a] = 6.4

Hz, 2H), 1.73-1.94 (m, 4H), 1.46-1—70 (m, 5H), 1.45 (s, 9H),
1.25-1.40 (m, 2H), 1.14 (ddd) = 13.6, 8.8, 4.8 Hz, 1H), 0.87
0—94 (m, 9H), 0.83 (dJ = 2.8 Hz, 3H), 0.82 (dJ = 2.8 Hz, 3H);

13C NMR (100 MHz, CDC}) 6 (ppm) 175.6, 156.6, 148.4, 147.7,
134.5,121.6,114.8, 111.9, 79.1, 73.0, 69.6, 66.2, 58.8, 56.2, 51.6,
51.4,42.2,39.4,37.3, 34.4,33.2, 31.9, 31.6, 29.8, 28.6 (3C), 28.1,
20.9, 20.3, 20.3, 20.2, 17.2, 13.9; HRM$/850N,0; [M + Na']
calcd 631.4298, found 631.4089.
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