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NK-1 Antagonist 1/2 NEts
A highly efficient synthesis of the potent and selective NK-1 receptor antagbisstescribed. The key
transformation involved the etherification reaction between cyclopeni&sid chiral imidate&0which

was catalyzed by HBRo initially give etherl4 as a 17:1 mixture of diastereomers and in 75% combined
yield. The diastereoselectivity was upgraded to 109:1 by crystallization of the triethylamine sbivate
which was isolated in 54% yield froh2. Mechanistic studies confirmed that the etherification reaction
proceeds through an unprecedentg@ &action pathway under typicak$ reaction conditions.

Introduction this class!® Efforts to target other potent, orally active hNK-1
antagonists has led to the discovery of a series of cyclopentane-
based compounds such &swhich have significant binding
affinity (subnanomolar) for the hNK-1 receptbdf.Compound

Located in specific areas of the central nervous system (CNS)
and primarily associated with sensory neurons, neurokinin-1

(NK-1) is a member of the seven-transmembrane G-protein- L .
1 contains five stereocenters: a central core possessing three

coupled receptor family. The natural ligand for NK-1 is the . e
tachykinin peptide substance P and has been implicated in thecontlguous all-trans stereocenters, a pendent bis(trifluoromethyl)-

pathophysiology of a wide range of conditions including anxiety, ~ (2) (a) Regoli, D.; Boudon, A.; Fauchere, J.4#harmacol. Re. 1994
asthma, cystitis, emesis, inflammatory bowel disease, migraine,46, 551. (b) Swain, C. J. IRrogress in Medicinal Chemistr§llis, G. P.,

; ; ; Luscombe, D. K., Oxford, A. W., Eds.; Elsevier Science BV: Amsterdam,
movement disorders, pain, and psoridsifie search for potent, 1998; Vol. 35, pp 5#81. (c) Harrison, T.; Williams, B. J.; Swain, C. J.;

nonpeptide antagonists of the human neurokinin-1 (hNK-1) ga|i, R. G.Bioorg. Med. Chem. Letl994 4, 2545. (d) Shaw, D.; Chicchi,
receptor has been an intensive area of investigdtfohhe G. G, Elliott, J. M.; Kurtz, M. M.; Morrison, D.; Ridgill, M. P.; Szeto, N.;
prevention of chemotherapy-induced emesis has been establishely/att A. P.; Williams, A. R.; Swain, C. Bioorg. Med. Chem. Let2001,
. , . . 1, 3031. (e) Elliot, J. M.; Castro, J. L.; Chicchi, G. G.; Cooper, L. C,;
with Merck’s aprepitant (Emend), the only approved drug in Dinnell, K.; Hollingworth, G. J.; Ridgill, M. P.; Rycroft, W.; Kurtz, M.
M.; Shaw, D. E.; Swain, C. J.; Tsao, K.-L.; Yang, Bioorg. Med. Chem.
(1) (@) Quatara, L.; Maggi, C. Aleuropeptide4998 32, 1. (b) Rupniak, Lett.2002 12, 1755. (f) Cooper, L. C.; Carlson, E. J.; Castro, J. L.; Chicchi,
N. M. J.; Kramer, M. STrends Pharmacol. Sc1999 20, 485. (c) Seward, G. G.; Dinnell, K.; Di Salvo, J.; Elliott, J. M.; Hollingworth, G. J.; Kurtz,
E. M.; Swain, C. JExpert Opin. Ther. Patl999 9, 571. (d) Kramer, M. M. M.; Ridgill, M. P.; Rycroft, W.; Tsao, K.-L.; Swain, C. Bioorg. Med.
S.; Cutler, N.; Feighner, J.; Shrivastava, R.; Carman, J.; Sramek, J. J.; ReinsChem. Lett2002 12, 1759. (g) Seward, E. M.; Carlson, E.; Harrison, T.;
S. A, Liu, G.; Snavely, D.; Wyatt-Knowles, E.; Hale, J. J.; Mills, S. G.; Haworth, K. E.; Herbert, R.; Kelleher, F. J.; Kurtz, M. M.; Moseley, J.;
MacCoss, M.; Swain, C. J.; Harrison, T.; Hill, R. G.; Hefti, F.; Scolnick, Owen, S. N.; Owens, A. P.; Sadowski, S. J.; Swain, C. J.; Williams, B. J.
E. M.; Cascieri, M. A.; Chicchi, G. G.; Sadowski, S.; Williams, A. R.;  Bioorg. Med. Chem. LetR002 12, 2515. (h) Williams, B. J.; Cascieri, M.
Hewson, L.; Smith, D.; Carlson, E. J.; Hargreaves, R. J.; Rupniak, N. M. A.; Chicchi, G. G.; Harrison, T.; Owens, A. P.; Owens, S. N.; Rupniak, N.
J.Sciencel998 281, 1640. (e) Snider, R. M.; Constantine, J. W.; Lowe, J. M. J.; Tattersall, F. D.; Williams, A.; Swain, C. Bioorg. Med. Chem.
A., lll; Longo, K. P.; Lebel, W. S.; Woody, H. A.; Drozda, S. E.; Desari, Lett.2002 12, 2719. (i) Gale, J. D.; O'Neill, B. T.; Humphrey, J. Mxpert
M. C.; Vinick, F. J.; Spencer, R. W.; Hess, H.Sciencel991, 251, 435. Opin. Ther. Pat2001, 11, 1837.
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benzylic ether, and a nipecotic acid moiety. To fully evaluate

romethyl)benzylic ether functionality which posed formidable

this compound, an efficient and practical synthesis was required synthetic challenges and required careful control of the relative

which would allow for the preparation of kilogram quantities.

and absolute stereochemistry. In this paper we disclose the

We have previously described the enantioselective synthesis ofpreparation ofl including a detailed account of the issues and

the core 1,2,3-trisubstituted cyclopentane carboxylic 48idhe
most challenging aspect for the preparatioft wfas construction
of the unsymmetrically substituted sesec chiral bis(trifluo-

(3) (a) Seto, S.; Tanioka, A.; Ikeda, M.; Izawa,Boorg. Med. Chem.
Lett. 2005 15, 1485. (b) Ishichi, Y.; Ikeura, Y.; Natsugari, Hietrahedron
2004 60, 4481. (c) Albert, J. S.; Ohnmacht, C.; Bernstein, P. R.; Rumsey,
W. L.; Aharony, D.; Alelyunas, T.; Russell, D. J.; Potts, W.; Sherwood, S.
A.; Shen, L.; Dedians, R. F.; Palmer, W. E.; Russel,JKMed. Chem.
2004 47,519. (d) Reichard, G. A.; Stengone, C.; Paliwal, S.; Mergelsberg,
I.; Majmundar, S.; Wang, C.; Tiberi, R.; McPhail, A. T.; Piwinski, J. J.;
Shih, N.-Y.Org. Lett.2003 5, 4249.

(4) Hale, J. J.; Mills, S. G.; MacCoss, M.; Finke, P. E.; Cascieri, M. A,;
Sadowski, S.; Ber, E.; Chicchi, G. C.; Kurtz, M.; Metzger, J.; Eiermann,
G.; Tsou, N. N.; Tattersall, F. D.; Rupniak, N. M. J.; Williams, A. R;
Rycroft, W.; Hargreaves, R.; Macintyre, D. B. Med. Chem1998 41,
4607.

(5) (@) Brands, K. M. J.; Payack, J. F.; Rosen, J. D.; Nelson, T. D.;
Candelario, A.; Huffman, M. A.; Zhao, M. M.; Li, J.; Craig, B.; Song, Z.
J.; Tschaen, D. M.; Hansen, K.; Devine, P. N.; Pye, P. J.; Rossen, K;
Dormer, P. G.; Reamer, R. A.; Welch, C. J.; Mathre, D. J.; Tsou, N. N;
McNamara, J. M.; Reider, P. J. Am. Chem. SoQ002 125 2129. (b)
Zhao, M. M.; McNamara, J. M.; Ho, G.-J.; Emerson, K. M.; Song, Z. J.;
Tschaen, D. M.; Brands, K. M. J.; Dolling, U.-H.; Grabowski, E. J. J.;
Reider, P. J.; Cotrell, I. F.; Ashwood, M. S.; Bishop, B.JCOrg. Chem.
2002 67, 6743. (c) Pye, P. J.; Rossen, K.; Weissman, S. A.; Maliakal, A.;
Reamer, R. A.; Ball, R.; Tsou, N. N.; Volante, R. P.; Reider, RCidem.
Eur. J.2002 8, 1372.

(6) (a) Finke, P. E.; Meurer, L.; MacCoss, M.; Mills, S. G.; Sadowski,
S.; Cascieri, M. A.; Metzger, J.; Eiermann, G.; Maclntyre, D. E. Presented
at the 219th National Meeting of the American Chemical Society, San
Francisco, CA, March 2000; Abstract 98. (b) Meurer, L.; Finke, P. E.;
MacCoss, M.; Mills, S. G.; Tsou, N.; Ball, R. G.; Sadowski, S.; Cascieri,
M. A.; Metzger, J.; Eiermann, B.; Macintyre, D. E.; Rupniak, N. M. J,;
Williams, A. Presented at the 219th National Meeting of the American
Chemical Society, San Francisco, CA, March 2000; Abstract 99. (c) Finke,
P. E. Presented at the National Medicinal Chemistry Symposium, Madison,
WI, June 2004. (d) Finke, P. E.; Meurer, L. C.; Levorse, D. A.; Mills, S.
G.; MacCoss, M.; Sadowski, S.; Cascieri, M. A.; Tsao, K.-L.; Chicchi, G.
G.; Metzger, J. M.; Macintyre, D. EBioorg. Med. Chem. Let200§ 16,
4497. (e) Meurer, L. C.; Finke, P. E.; Levorse, D. A; Mills, S. G.; MacCoss,
M.; Tsou, N.; Ball, R. G.; Sadowski, S.; Cascieri, M. A.; Chicchi, G. G.;
Egger, L. A.; Luell, S.; Metzger, J. M.; Maclintyre, D. E.; Rupniak, N. M.
J.; Williams, A. R.; Hargreaves, R. Bioorg. Med. Chem. LetR00§ 16,
4504. (f) Desai, R. C.; Cicala, P.; Meurer, L. C.; Finke, PTEtrahedron
Lett. 2002 43, 4569.

(7) () Caldwell, C. G.; Chen, P.; Durette, P. L.; Finke, P.; Hale, J.;
Holson, E.; Kopka, I.; MacCoss, M.; Meurer, L.; Mills, S. G.; Robichaud,
A. U.S. Patent 5,750, 549, 1998. (b) Finke, P. E.; Meurer, L. C.; Qi, H.;
Mills, S. G.; MacCoss, M. U.S. Patent 6,479, 518, 2002.

mechanistic details associated with the formation of the-sec
sec ether bond of this challenging substrate Scheme 1).

Results and Discussion

Preparation of Ether (2). Ether bond formation is one of
the most important and frequently utilized transformations in
organic synthesi®.The formation of carbonoxygen single
bonds via the attack of an alkoxide on an alkyl halide, first
reported in 1850 (Williamson ether synthesis), is still extensively
used at industrial scale. Carboaxygen single bond forming
reactions which lead directly to chiral acyclgecondary-
secondary(sec-sec) ethers of subclagsare particularly rare
(Scheme 2). Reactions leading to ssec ethers are typically
nonstereospecific, and mixtures of ethéasand6b are formed.
Notable exceptions have surfaced, including palladium-, iri-
dium-, and zinc-catalyzed allylic etherificatiotsasymmetric
aldol additions! diastereoselective additionsdeacetoxy ethers
using a-(trimethylsilyl)benzyl auxiliaried? oxa-Michael addi-
tions of alkoxides to Michael acceptoisand addition of silyl
enol ethers to 1,3-butadienes in the presence gf!$SBowever,
each of these methods give ethers with particular substitution
patterns which are not broadly applicable. The preparatiah of
was envisioned to arise from two possible disconnections as
shown in Scheme 2. Disconnection A would involve formation

(8) Kuethe, J. T.; Wong, A.; Wu, J.; Davies, |. W.; Dormer, P. G.; Welch,
C. J.; Hillier, M. C.; Hughes, D. L.; Reider, P. J. Org. Chem2002 67,
5993.

(9) For an extensive list of ether forming reactions, see: Larock, R. C.
Comprehensie Organic Transformation2nd ed.; Wiley-VCH: New York,
1999; pp 881-958.

(10) (a) Kim, H.; Lee, COrg. Lett.2002 4, 4369. (b) Roberts, J. P.;
Lee, C.Org. Lett.2005 7, 2679.

(11) For leading references, see: (a) Crimmins, M. T.; Tabet, El. A.
Am. Chem. So200Q 122 5473. (b) Crimmins, M. T.; She, Bynlett
2004 1371. (c) Crimmins, M. T.; Ellis, J. MJ. Am. Chem. SoQ005
127, 17200.

(12) Rychnovsky, S. D.; Cossrow, Qrg. Lett.2003 5, 2367.

(13) Enders, D.; Haertwig, A.; Raabe, G.; Runsinkgur. J. Org. Chem.
1998 9, 1771 and references therein.

(14) (a) Narkevitch, V.; Schenk, K.; Vogel, Rngew. Chem., Int. Ed.
200Q 39, 1806. (b) Narkevitch, V.; Megevand, S.; Schenk, K.; Vogel, P.
J. Org. Chem2001, 66, 5080.
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< 25% CF3

CF3
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of the ether bond by displacement of a suitable leaving group various bases (Na&Bu, KOt-Bu, BuLi, NEfs;, pyridine, NaH)

on the cyclopentane cor@ with chiral benzylic alcohol9. led to extremely low conversions<(L0%) to the desired ether
Disconnection B would involve formation of the ether bond by 14; however, the observed diastereoselectivity wad:1 for
displacement of a suitable benzylic leaving group on the bis- 14:15. In the presence of 30 equiv d8the yield of14improved
(trifluoromethyl)phenyl moietyl 1 with alcohol10. Each of these  to 22%. Under essentially all conditions examined, elimination
disconnections posed concerns including low substrate reactivity,of the mesylate and the formation of styretfewas the major
stereocenter scrambling, and elimination. From a synthetic reaction pathway. The use of other leaving groups such as OTSs,
standpoint, only disconnection B appeared to offer significant OSQ;CgHs-40Me, OTf, and Br did not improve the reaction
advantages, since botld and11would be available in a limited  profile and resulted in extensive formationi@ and led to only
number of steps and would not suffer from diminished reactivity to minor amounts{30%) of 14, and this approach was quickly
of alcohol 9. abandoned.

Our investigations began by examining the direct displace-  Substrate-controlled diastereoselective hydrogenation of vinyl
ment of11 bearing various leaving groups with alcod@under ethers has been utilized in the preparation of chiral secondary
strictly Sy2 reaction conditions analogous to the Williamson ethers and often can proceed with complete control of absolute
ether synthesis (Scheme 3). Conversion 4fto 12 was stereochemistri? A diastereoselective hydrogenation approach
accomplished by treatment 4fwith a catalytic amount of HCI was successfully utilized on large scale for the preparation of
in MeOH and gavel? in quantitative yield. Treatment of a  kilograms of Merck’s aprepitant (Emend) where a similar bis-
mixture of 12 with 10 equiv of mesylatd3in the presence of  (trifluoromethyl)benzylic ether was requirédVith a great deal

7380 J. Org. Chem.Vol. 71, No. 19, 2006
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achieved although the use of this methodology for the prepara-
tion of acyclic see-sec ethers has not been realized. It was
envisioned that construction of the ether bondlofia the
TMSOTf-mediated reductive etherification 25 with acetophe-
none26 in the presence of E$iH would provide an attractive
method for the preparation &f(Scheme 5). Trimethylsilyl ether

25 was prepared in 94% yield by reaction b2 with TMSCI

and NEg in CH.CI, at 0°C. Treatment of a mixture d5 and

26 with substoichiometric amounts (6:0.5 equiv) of TMSOTf

and EtSiH (1.2 equiv) in CHCI, at —78 °C and allowing the
mixture to warm to—20 °C afforded a 2.3:1 mixture df4 and
15in 37% HPLC assay yielt? The remaining mass balance
was identified as alcohal2, acetophenon@6, and racemic
alcohol5 arising from competitive reduction @b. Despite the

low conversion to products, it was encouraging that the major
product was the desired diastereomer. In an attempt to improve
the ratio of 14:15 the reaction parameters were varied with
respect to TMSOTHT, reaction temperature, and reducing agent.
The optimal reaction conditions involved reaction2¥ with

26 in the presence of 5 equiv of TMSOTf and 1.2 equiv of
Et;SiH for 18 h and gavd4 and15in 65% combined HPLC
assay yield and as a 3.2:1 mixture of diastereomers. To
rationalize the observed diastereoselectivities, molecular model-
ing calculations were conducted on the proposed oxonium ion
intermediateg® The oxonium ion can form in either thE
(shown) orZ conformations. Since th# oxonium ion conform-

ers were approximately 3 kcal/mol higher in energy, these
conformers most likely do not contribute to the stereochemical

of in-house experience, we examined the preparation andoutcome of the reactiot. The E conformation had two pre-

catalytic hydrogenation of vinyl eth@0 (Scheme 4). Reduction

of 12 with LAH in THF gave the intermediate diol in
quantitative yield. Subsequent protection of the primary alcohol
was accomplished with TBDMSCIl/imidazole in DMF and
furnished the monoprotected alcoHdl in 74% unoptimized
yield. Reaction ofL7 with bis(trifluoromethyl)benzoyl chloride
18 in the presence of NEtafforded esterl9 in 97% yield.
Conversion ofl9to vinyl ether20 was conducted with 2.3 equiv
of dimethyltitanocene (DMT} in toluene at 80C for 8 h and
gave20in 89% yield. Catalytic hydrogenation over 5% Pd/C
under an atmosphere of 20 psi hydrogen8d afforded a 1:4
mixture of 21:22 in 93% combined yield. Desilyation of this
mixture with TBAF gave23:24 which unequivocally established
the absolute stereochemistry (vida infra). This result confirmed
that hydrogenation d20was not completely diastereoselective

and that preferential formation of the undesired diastereomer W

21, most likely due to approach of the catalyst from théace,
would be a difficult hurdle to overcome. This approach was

also abandoned due to more promising routes under parallel

investigation (vida infra).

The reductive etherification of carbonyl compounds with
alkoxytrimethylsilanes in the presence of TMSOTf and a
trialkylsilane has been reported to be a promising method for
the preparation of ethers under nonbasic conditiéi%.In

valent conformers27 and 28 where the steric bulk of the
4-fluorophenyl group blocks thg-face of the oxonium ions.
Reduction occurs from the-face on each conformer leading
to the dias-tereomeric mixture of products. Since there was only
a 0.6 kcal/mol energy difference in these lowest energy
conformers leading tdl4 and 15 this nicely supports the
observed product distribution 6$3:1 of 14:15 under the best
reaction conditions. Thus, the observed diastereoselectivity of
the reaction may be attributed to the energetic difference
between rotamerg7 and 28.

(17) (a) Hatakeyama, S.; Mori, H.; Kitano, K.; Yamada, H.; Nishizawa,
M. Tetrahedron Lett1994 35, 4367. (b) Sassaman, M. B.; Kotian, K. D.;
Prakash, G. K. S.; Olah, G. A. Org. Chem1987, 52, 4314. (c) Komatsu,

N.; Ishida, J.; Suzuki, HTetrahedron Lett1997 38, 7219. (d) Kato, J.;
Iwasawa, N.; Mukaiyama, TChem. Lett1985 743.

(18) (a) Tsunoda, T.; Suzuki, M.; Noyori, Rietrahedron Lett1979
20, 4679. (b) Tsunoda, T.; Suzuki, M.; Noyori, Retrahedron Lett198Q
21, 1357.

(19) HPLC assay yield refers to quantitative HPLC analysis of the crude
reaction mixtures using an analytically pure standard.

(20) The Titan software package was used to perform the analysis. The
“Conformer Study” option was selected as a computation type, and PM3
was selected as the method, the results in conformations being generated
using the included MMFF94 molecular mechanics force field and the
resulting structures being minimized with the PM3 semiempirical method.
Calculations were performed in the gas phase.

certain cases acceptable levels of diastereoselectivity have been (21) The followingZ conformations were-3 kcal/mol higher in energy

(15) For leading references on diastereoselective hydrogenations, see:

(a) Hoveyda, A. H.; Evans, D. A.; Fu, G. Chem. Re. 1993 93, 1307.
(b) Bouzide, A.Org. Lett.2002 4, 1347. (c) lkemoto, N.; Tellers, D. M.;
Dreher, S. D.; Liu, J.; Huang, A.; Rivera, N. R.; Njolito, E.; Hsiao, Y.;
McWilliams, J. C.; Williams, J. M.; Armstrong, J. D., llI; Sun, Y.; Mathre,
D. J.; Grabowski, E. J. J.; Tillyer, R. Dl. Am. Chem. SoQ004 126,
3048 and references therein.

(16) Payack, J. F.; Huffman, M. A,; Cai, D.; Hughes, D. L.; Collins, P.
C.; Johnson, B. K.; Caottrell, I. F.; Tuma, L. ODrg. Process Res. De
2004 8, 256 and references therein.

and most likely do not contribute to the stereochemical outcome of the
reaction:

CF3

M
FsC e

CFs
O. . 0=
<2 -OTf
$ 3 CF.
MeOZC<:|\<j\ MeO,C 3
E F
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The use of trichloroimidates for the preparation of ethers is
an effective method for O-alkylation of alcoh@f&This method

5 with 1.05 equiv of trichloroacetonitrile in the presence of
catalytic (0.1 equiv) DBU. Treatment of a mixture of alcohol

has found widespread use in the protection of alcohols as benzyl12 and chiral imidate30 with catalytic TfOH only afforded a

ethers since the corresponding trichlorobenzylimidate is inex-

pensive and commercially availald&The mechanism involves
activation of the imidate with a catalytic amount of a strong
acid (typically TfOH) which leads to ionization of the electro-
phile and the formation of carbocation which is trapped by the

1.2 to 1.3:1 mixture ofL4:15in a combined 91% HPLC assay
yield. The use of other acid catalysts (TMSOTf, HCLS®,,
TFA, MsOH) in a number of solvent systems and under a variety
of reaction conditions did not improve the diastereomeric ratio
of the products+{1.2:114:15) or simply resulted in no reaction.

alcohol. To achieve high conversions to the ether products, aThese results suggested that reactioh2fvith imidate20 was

large excess of the imidate is often required. This also generateoccurring under §L conditions when these catalysts were
large amounts of trichloroacetamide as the reaction byproduct.employed. Typical HPLC assay yields for reactions giving a
For the preparation of sesec ethers, this protocol has been 1.2:1 mixture of14:15 were >85%.

limited to glycosidation reactions due to thglSnature of the

reaction which leads to diastereomeric mixtures of prodtfcts.
The original synthesis of ethéd involved reaction of alcohol

12 with racemic imidate9in the presence of a catalytic amount

of TfOH and furnished an-1.2:1 mixture ofl4:15and required

careful chromatographic separation (Schem@6)’ We thought

it worthwhile to reinvestigate this reaction with chiral imidate

30in an effort to improve the selectivity of the reaction. Imidate

30 was prepared in 95% yield and in 99.5% ee by reaction of

(22) For leading references, see: (a) lversen, T.; Bundle, D. Rhem.
Soc., Chem. Commuh981 1240. (b) Schmidt, R. R.; Michel, Angew.
Chem., Int. Ed. Engl198Q 19, 731. (c) Schmidt, R. R.; Hoffmann, M.
Angew. Chem., Int. Ed. Endl983 22, 406. (d) Wessel, H. P.; Iversen, T.;
Bundel, D. R.J. Chem. Soc., Perkin Trans.1B85 2247. (e) Nakajima,
N.; Horita, K.; Abe, R.; Yonemitsu, OTetrahedron Lett1988 29, 4139.
(f) Nakajima, N.; Saito, M.; Ubukata, Mletrahedron Lett1998 39, 5565.
(g) Eichler, E.; Yan, F.; Sealy, J.; Whitfield, D. Metrahedror2001, 57,
6679. (h) Kusumoto, T.; Hanamoto, T.; Sato, K.; Hiyama, T.; Takehara,
T.; Shoji, T.; Osawa, M.; Kuiyama, T.; Nakamura, K.; Fujisawa, T.
Tetrahedron Lett199Q 31, 5343.

(23) Available from Aldrich Chemical Co.

7382 J. Org. Chem.Vol. 71, No. 19, 2006

Interesting reactivity was observed when a mixturé®éand
two equiv of imidate30 was treated with 20 mol % of BFOEL
in CH,Cl, at —15 °C (Scheme 7). While HPLC analysis of the
crude reaction mixture afte3 h indicated low conversion to
products 10%), the diastereomeric ratio 4#:15 was 8:1.
Upon warming the reaction mixture to room temperature and
stirring for an additional 15 h this ratio dropped to 1.6:1. This
indicated that the initial reaction betwed2 and 30 may be
proceeding through an unprecedente@ $eaction pathway.
Warming the reaction mixture appeared to divert into a
conventional {1 pathway. Unfortunately, prolonged reaction
at—15°C did not improve the overall conversionid and15
(36% combined). After considerable optimization of the reaction
parameters including similar catalysts and catalyst loading,
temperature, and solvent combinations, it was discovered that
reaction of a mixture of alcohdl2 and imidate30 (1.5 equiv)
with 10 mol % HBR2*in a solvent system of 1,2-dichloroethane

(24) Commercially available 54 wt % tetrafluoroboric acid solution in
diethyl ether was used in all transformations.
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1;,CN
e COHON .
CF3 cat. DBU 3
OH HNYO
5 CCl3 30
SCHEME 7
CFs CF3
10 mol% HBF4
DCE/heptane (1:2 Me,,
12 ptane (1:2) . CF, Me cF,
-15°C 12 h RS
warm to rt
)Nt' Me Me0,C
CF
Cle” Y0 3 ) F
14 _ 5
171
30 CF3 75% combined
CF3 CF,
10 mol% HBF,
DCE/heptane (1:2) Me
7, Me
12 CF; + CFs
-15°C12h 0
warm to rt
: MeO,C
F 2
Cl,e” TS0 CFs F
14 15
31 CF,4 1:13
59% combined
0 Me Me 0 Me
F3C CF3
16 + C|3C)LNH2 + O + C|3C)J\N CF3
32 H
CF3 33 CF3 34 CF,

(DCE)/heptane (1:2) at15 °C for 12 h and warming to room  center. Further evidence was obtained by repeating the experi-
temperature gavé4 and15as a 17:1 mixture of diastereomers ment with imidate31. Treatment of a mixture o012 and 31

and in a combined 75% HPLC assay yield. The remaining masswith 10 mol % HBF under identical reaction conditions
balance was predominantly unreacted starting mat&2iél 0— afforded a 13:1 mixture oi5 and14in an unoptimized 59%
13%). Also identified as minor reaction products in the crude assay yield®

reaction mixture were styrerié, trichloroacetamid82, bisether

33, and the racemic amid&4 arising from rearrangement of (25) The individual components of the crude reaction mixture were
imidate30 (vida infra) 25 Since ethefl4 was the major reaction identified by analysis of the crude NMR and were not separated from one
’ another.

product, the eth?riﬁcation r?aCtio_n was OCCU_rri_ng with ne"_ﬂly (26) We cannot completely rule out a matchedismatched interaction
complete inversion of configuration of the imidate reaction between chiral alcohat and imidates30 and 31,

J. Org. ChemVol. 71, No. 19, 2006 7383



]OCAT’tiCle Kuethe et al.
SCHEME 8
CF,
H
NH Me Me CFs
H
©Cle o)<©/CF3
CFs
29, racemic
< 3 equiv HBF,
12 -
23 to 82% Ratio H/D : 1.02-1.05:1
conversion
NH Me CFs
\_ D
C|3C O/KQ/CF:,
CF;
35, racemic A
3 equiv MeO.C
The use of HBE as the catalyst for the etherification was TABLE 1 :
crucial for obtaining high levels of diastereoselectivity and age time o ) aS-'j‘laY)gleld
relatively high conversion to product. The fact that -ssec Q) Lewis acid equiv 1415 (%)
ethers have rarely, if ever, been obtained with high levels of 0 HBF, 0.15 75
diastereocontrol in & fashion under @l reaction conditions é EEE‘* 8-12 gg
prpmpted us to investi_gate the co_m_plex mechanisti_c details of 5 HBF; 015 0
this exceptional reaction. The origin of the inversion of the 1 BFsOEb 0.15 <5
imidate center was established by kinetic isotope experiments 0 BFsOEtL 1.00 16
0 HBF, 1.00 42

(Scheme 8). For example, reaction & with a mixture of 3
equiv of racemic imidat@9 and 3 equiv of deuterated imidate
35 was conducted under the optimized conditions described
above. Examination of the crude NMR at different time intervals
clearly indicated a negligible secondary kinetic isotope effect
(Kup ~ 1.0) which was consistent with a minimal hybridization
change at the reacting centér.

After extensive optimization, complete conversion of the

starting material to products was never achieved. This observa-

tion was only noticed when HBFand BFR-OEL were employed

as the catalysts. Furthermore, the amount of time the starting
material was in contact with HBFhad a profound impact in
the conversion. For example, when HBWas added in one
portion to a mixture of the two starting materidl® and 30
under the optimized reaction conditions, typical conversion to
products was noted (75%). On the other hand, the longer the
starting material was aged with the Lewis acid prior to the
addition of imidate30, the lower the conversion to products

guent warming of the sample led to the exclusive formation of

38which was irreversible under the reaction conditions and does

not participate in the etherification reaction with imidége.

The nearly complete coordination of BRicely accounts for

the lack of reactivity of alcohdl2in the etherification reaction.
When12 was treated with 1.0 equiv of HBRat —10 °C for

1 h, <20% coordination was observed. TH8 NMR spectrum

clearly indicated the presence of a different coordinated

intermediate, which we speculate w8 although there were

also detectable amounts &8 present (Scheme 9). It is

hypothesized that a rapid equilibrium betweeghand complex

39 exists. Upon warming to room temperature, bothitdend

1B NMR spectrums of the crude reaction mixture became

increasingly broad and complex, most likely due to exchange

processes. As the etherification reaction progresses, increased

amounts of B and HF are present, since HBEan be

(Table 1). In an effort to understand this phenomenon, a seriesconsidered as an equilibrium mixture of B&nd HF. As the

of NMR experiments were devised to determine the nature of
the deactivation of the starting material. The course of the
deactivation ofl2 was conducted by the addition of HBBr
BF3;-OEL to a solution of12 in CD,Cl, and analyzing the
reaction mixture by*H, 1B, and°F NMR. Treatment of12
with 1.0 equiv of BR*OEf at—10°C gave a nearly 1:1 mixture

of 12:38. Analysis of the!lB NMR was consistent with
coordination of BE to the alcohoB8 (Scheme 958 In addition,
there were no detectable amounts46f-42 presen® Subse-

concentration of BEin the reaction medium increases, increased
amounts o838 are formed. Since HBfAs a more active catalyst
than BF, activation of30 and subsequent etherification is the
preferred reaction pathway at the early stages of the reaction.
When the concentration of Bfncreases, competitive deactiva-
tion and the formation 088 leads to unreacted starting material
at the end of the etherification reaction. Efforts to breakup this
coordination and increase the conversion by the addition of
certain additives such as water, NgPRPFs, LiPFg, or Na-

(27) Carpenter, B. KDetermination of Organic Reaction Mechanisms
John Wiley and Sons: New York, 1984.
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(28) N&th, H.; Wrackmeyer, BNuclear Magnetic Resonance Spectros-
copy of Boron CompoungdSpringer-Verlag: New York, 1978.
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SCHEME 9
- BF, _
= tis2) 8 ~(-152)
BF3OEt2 ‘\\OH 300 K
_ HBF4 BF3 + HF
) 8 ~(-150) ~171
CDCl, MeO,C 300 Kelvin % ?(,00 K br)
F
\\ HBF,
CD,Cl,  33~1.9,263K CHF 55 ~13 5 ~16 o5 ~18
& ~(-151), 300 K R*'OBF,  (R*0),BF  (R*0);B
B H BFe 40 4 42
orf b ' 7
Not Observed
MeO,C Ko
. R
F
TABLE 2 The isolation of the desired eth#&4 from the crude reaction
temperature  ee 0f30 % conversion mixture was accomplished by conversion of the ester to the
entry time (°C) % (14:15) corresponding carboxylic acid and crystallization as the triethyl-
1 0 _15 995 0 amin(.a. sollvate44 .(Schem.e 11). Up.on completion of the
2 5 min —-15 90 5 etherification reaction the insoluble trichloroacetam@®was
3 1h —15 90 20 filtered leaving a 17:1 mixture df4 and15 as a DCE/heptane
4 6h -15 20 35 solution. The solvent was switched to MeOH, and the ester was
5 12h —-15 90 72 " . ) . X
6 15h 20 20 75 saponified with KOH. The carboxylic acid was isolated after

SiFs either lead to no improvement or a shut down in th@ S
pathway, and significant erosion in the diastereoselectivity
resulted.

In an effort to identify the origin of the formation of the minor
diastereomed5 and understand whether its formation was a
function of a breakdown in thex@ pathway to an Gl pathway,
the activation of the imidate30Q) was investigated. When the
etherification reaction was performed under the optimized
conditions (1.5 equin80, 10 mol % HBFR, 1:2 DCE/heptane,
—15°C, 12 h, warm to room temperature) and the ee of the
imidate30 was monitored during the course of the experiment,
it was discovered that epimerization of the imid&@ was
occurring (Table 2). The data in Table 2 show that once the
HBF, was added to the mixture &R and30at —15 °C a rapid
epimerization occurred. No further epimerization 30 was

neutralization and the addition of Ngztwhich gave the highly
crystalline triethylamine solvaté4 as a 40:1 mixture of dia-
stereomers. Recrystallization from MTBE/heptane gave a 109:1
diastereomeric mixture of4 in 54% overall yield froml12.
Completion of the Synthesis. The completion of the
synthesis ofl required an effective method for the preparation
of the (R)-nipecotic moiety 8). While (R)-ethyl nipecotate
L-tartrate is commercially availabfé the saponification of the
ethyl ester moiety at the final stages of the synthesis was
accompanied by small amounts of epimerization at the car-
boxylic acid center resulting in diastereomeric contamination
of the final product. To avoid this epimerization under strongly
basic conditions, gert-butyl group was selected for its ease in
removal under acidic conditiontert-Butyl nipecotatet8 could
be prepared via two separate protocols (Scheme 12). For
example, reaction o45?° with isobutylene in the presence of a
catalytic amount of K5O, gavetert-butyl ested6in 97% yield.

noted even after the reaction reached room temperature. It isCatalytic hydrogenation over 10% Pd/C affordgiin quantita-

believed that addition of HBFto reaction mixture caused a
localized exotherm leading to a small amount4@&f(Scheme
10). Intermediatet3 can either reform the imidate leading to
racemization or rearrange to give racemic amide bypro8dict
Slow addition of HBRz to the reaction mixture failed to stop

tive yield. Since the preparation 46 began with R)-nipecotic
acid 47, a more streamlined approach was developed and
involved the direct conversion cf7 to 48. Treatment of47
with BF3:OEL in t-BuOAc furnished the desired produ in
70% vyield for the one-pot proceduté.While 48 could be

the epimerization and resulted in decreased conversion toisolated in analytically pure form by distillation, the purity of

product. When HBEFwas added to a78 °C solution of12
and 30, which effectively minimized any localized exotherm
resulting from the addition of HBfto the reaction mixture,
the diastereomeric ratio d#:15 jumped to 55:1; however, the
overall conversion after warming to room temperature was
only ~55%. We speculate that the formation of the minor
diastereomerl5 is a result of the reaction of2 with the
epimerized imidat&1 under $2 conditions, although we can-
not conclusively rule out the involvement df3 under {1
conditions.

the material from either synthetic route was sufficiently high
to allow for its use in subsequent transformations without the
need for additional purification.

Conversion of44 to the final productl involved a series of
high-yielding transformations wherk was the only isolated

(29) Das, J.; Kimball, S. D.; Reid, J. A.; Wang, T. C.; Lau, W. F;
Roberts, D. G. M.; Seiler, S. M.; Schumacher, W. A.; Ogletree, M. L.
Bioorg. Med. Chem. LetR002 12, 41.

(30) Grigan, N.; Musel, D.; Veinberg, G. A.; Lukevics, Bynth.
Commun.1996 26, 1183.
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SCHEME 10
CF3 CF; CF,
HBF,
Me —_— Me + ,
CFy CFy Me CF,
HNYO HN._ O HN. _O
CClz 30 CCl; 30 CCly 3
> 99%ee
B CFy | CFs
Me - Me CFq
+ CFs OsNH
HNs_O" Y
CCl; 34
CCl; 43 |
SCHEME 11
10 mol% HBF4 ]
1:2 DCE/heptane
<OH -15C,12h
tort
warm to CFs
NH Me
F
cl,e” Yo CFs
CF3 — 14 -
30
CF3
109:1
1. KOH/MeOH M
S —— e/
CF
2. NEts 3| NEt
3. Recrystallization
2
44
SCHEME 12

isobutylene

(j,cozt-su
cat. H,SO, N

PN

N

PN

97%

0”0 Q
Bn Bn

10% Pd/C

EtOH/EtOAC

100%

CO,H BuOAC O,cozt-su

H Hel BF 3 OEt, N

H
70%

47 48

product (Scheme 13). Direct reduction4fto alcohol24 was
conducted with 2 equiv of BHTHF in toluene at 65C and

furnished24in 96% HPLC assay yield. After workup, the crude

7386 J. Org. Chem.Vol. 71, No. 19, 2006

toluene solution oR4 was treated with 1.2 equiv of M® in

the presence of-PrNEt to give the intermediate mesylate.
Addition of 48 to the reaction mixture followed by additional
i-Pr,NEt and heating to reflux affordetd in 90% HPLC assay
yield for the two-step one-pot process. Finally, tieet-butyl
protecting group was cleaved with TFA in 1,2-dichloroethane
(DCE) at 75°C to give 1 in 95% vyield. The free base of
compoundl was not a crystalline solid and was converted to
its crystalline HCI salt by treatment Wi2 N HCI in ether (85%).

In conclusion, we have outlined a highly efficient method
for the preparation of seesec ether found in the potent and
selective NK-1 receptor antagonistThe key reaction involved
the displacement of alcohdl2 with chiral imidate30 in the
presence of 10 mol % HBFgiving the desired ether product
14as a 17:1 mixture of diastereomers where the diastereomeric
ratio could be further increased t0100:1 by crystallization of
the triethylamine solvaté4. The mechanistic details of the
reaction support the observation that the reaction was proceeding
through an unprecedentegZSreaction pathway under standard
Sw1 reaction conditions. Finally, the conversiondgfto 1 was
accomplished in four additional steps givittign 57% overall
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SCHEME 13

CF3

CF,
BHy THF

toluene, 65 °C

HOC o6%

1/2 NEtg
44

CF3

£BuO,C
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CF3

1. Msy0, i-Pr,NEt
toluene

_—

. O,wgt-su

N a8

i-ProNEt, toluene
reflux

90% for the 2 steps

24

1. TFA, DCE, 75 °C

1 HCI

2. 2M HCI, MTBE

85% overall

49

yield from 4. The overall sequence requires no chromatographic a colorless oil:'H NMR (CDCls, 400 MHz) 6 1.74 (d, 3H,J =

separations and is amenable to multikilogram scale.

Experimental Section

6.5 Hz), 2.97 (s, 3H), 5.85 (g, 1H,= 6.5 Hz), 7.87 (s, 3H)¥C
NMR (CDCls, 100 MHz)6 23.4, 38.9, 77.9, 122.7 (d,= 30 Hz),
122.8 (q,J = 271 Hz), 124.4, 132.3 (q] = 34 Hz), 142.6;1F
NMR (CDCls, 75 MHz) 6 —63.6. Anal. Calcd for GH10FsO3S:

Melting points are uncorrected. All solvents and reagents were C, 39.29; H, 3.00. Found: C, 39.42; H, 2.99.
used as received from commercial sources. Analytical samples were Preparation of (1S,2R,3R)-3-(tert-Butyl-dimethylsilanyloxy-

obtained by chromatography on silica gel using an ethyl acetate

methyl)-2-(4-fluorophenyl)-cyclopentanol (17).To a solution of

hexane mixture as the eluent unless specified otherwise. The waterl.24 g (5.20 mmol) ofl2 in 25 mL of THF was added 220 mg

content (KF) was determined by Karl Fisher titration.
Preparation of Methyl (1R,2R,3S)-2-(4-Fluorophenyl)-3-hy-

droxycyclopentane-1-carboxylate (12)To a solution of 1.24 kg

(5.53 mmol) of4 in 11 L of MeOH was added 230 mL (2.77 mol)

(5.70 mmol) of solid LiAlH,. The resulting mixture was stirred at
room temperature fo2 h and was cooled to €C and carefully
quenched wh 1 N HCI. The solution was extractedX2 with 25
mL of CH,Cl,, and the combined extracts were dried over MgSO

of concentrated HCI. The resulting mixture was heated to reflux The solvent was removed under reduced pressure, and the residue
for 1 h and cooled to room temperature. To the mixture was added was purified by silica gel chromatography to afford 1.09 g (100%)
6 L of 1,2-dichloroethane, and the resulting solution was neutralized of (1S 2R,3R)-2-(4-fluorophenyl)-3-hydroxymethyl-cyclopentanol

to pH 8 with saturated NaHCOThe layers were separated, and
the aqueous layer was back-extracteck2with 4 L of 1,2-
dichloroethane. The combined extracts were washeld @it of

as a colorless oil:'H NMR (CDCls, 400 MHz) 6 1.69 (m, 2H),
1.95 (m, 1H), 2.07 (m, 1H), 2.19 (m, 1H), 2.38 (m, 2H), 2.63 (dd,
1H,J =10.1 and 8.1 Hz), 3.45 (dd, 1H,= 9.9 and 8.1 Hz), 3.52

water and concentrated under reduced pressure to a final volume(dd, 1H,J = 10.1 and 5.3 Hz), 4.09 (g, 1H,= 6.9 Hz), 6.91 (m,

of 3.5 L and KF< 100 and used in the next step without further
purification. HPLC assay yield ot2 was 1.32 kg (100%). An

2H), 7.09 (M, 2H)13C NMR (CDCk, 100 MHz)6 25.2, 33.2, 47.2,
56.5, 65.2, 80.5, 115.2 (d,= 20 Hz), 129.1 (dJ = 10 Hz), 138.1,

analytical sample was obtained by silica gel chromatography as a162.3 (d,J = 240 Hz);®F NMR (CDCk, 75 MHz) 6 —116.4.

colorless oil: 'H NMR (CDClz, 400 MHz)6 1.85 (m, 1H), 1.93
(br s, 1H), 2.13 (m, 3H), 2.91 (g, 1H,= 8.6 Hz), 3.22 (dd, 1H,
J= 9.8 and 7.7 Hz), 3.62 (s, 3H), 4.18 (m, 1H), 7.02 (m, 2H),
7.21 (m, 2H);13C NMR (CDCk, 100 MHz) ¢ 26.3, 33.1, 49.3,
51.9,56.7, 79.6, 115.5 (d,= 20 Hz), 129.0 (dJ = 10 Hz), 136.6,
162.4 (d,J = 240 Hz), 175.6;%F NMR (CDCk, 75 MHz) 6
—114.0. Anal. Calcd for gHsFOs: C, 65.53; H, 6.35. Found:
65.15; H, 6.05.

Preparation of Methanesulfonic Acid (S)-1-(3,5-Bistrifluo-
romethyl-phenyl)-ethyl Ether (13). To a stirred solution of 1.35
g (5.23 mmol) of §-1-(3,5-bis-triflurormethyl phenyl)-ethanol in
15 mL of CH,CI, at 0°C was added 794 mg (7.84 mmol) of NEt
followed by 779 mg (6.80 mmol) of methanesulfonyl chloride. The
resulting mixture was allowed to warm to room temperature and
stirred for 1 h. The slurry was diluted with 15 mL of MTBE and
washed with saturated NaHGQ@ x 15 mL), 15 mL ¢ 2 N HCI,
and 15 mL of brine and then dried over Mg&Q@he solvent was

To a solution of 3.64 g (17.3 mmol) of the above diol in 3 mL
of DMF was added 1.53 g (22.5 mmol) of imidazole followed by
2.87 g (19.0 mmol) ofert-butyldimethylsilyl chloride. The resulting
mixture was stirred at room temperature for 18 h, diluted with 20
mL of water, and extracted with 25 mL of EtOAc. The organic
layer was dried over MgSQand the solvent was removed under
reduced pressure. The residue was purified by silica gel chroma-
tography to afford 4.18 g (74%) df7 as a colorless oil’H NMR
(CDCl, 400 MHz)6 0.01 (s, 6H), 0.87 (s, 9H), 1.73 (m, 2H), 1.88
(m, 1H), 2.09 (m, 1H), 2.19 (m, 1H), 2.34 (br s, 1H), 2.71 (dd, 1H,
J=10.1 and 8.1 Hz), 3.57 (m, 2H), 4.12 (q, 1= 6.9 Hz), 6.99
(m, 2H), 7.17 (m, 2H)#3C NMR (CDCk, 100 MHz)6 —5.4, 18.3,
25.0, 25.7, 25.9, 33.2, 47.0, 56.2, 64.9, 80.5, 115.3 &1,20 Hz),
129.0.2 (dJ = 10 Hz), 138.4, 162.4 (d] = 240 Hz);'F NMR
(CDClz, 75 MHz) 6 —117.5. Anal. Calcd for gH,oFO,Si: C,
66.62; H, 9.01. Found: C, 67.01; H, 9.22.

Preparation of 3,5-Bistrifluoromethyl Benzoic Acid (1S,2R,3R)-

removed under reduced pressure, and the residue was purified by3-(tert-Butyl-dimethylsilanyloxymethyl)-2-(4-fluorophenyl)-cy-

passing through a plug of silica gel to afford 1.70 g (97%]®&s

clopentyl Ester (19).To a stirred solution of 354 mg (1.09 mmol)

J. Org. ChemVol. 71, No. 19, 2006 7387



JOC Article

of 17 in 7.5 mL of CHCl, was added 143 mg (1.42 mmol) of
NEt; followed by 332 mg (1.20 mmol) of bistrifluoromethyl benzoyl
chloride (L8). The resulting mixture was stirred at room temperature
for 30 min and quenched with 20 mL of water. The organic layer
was dried over MgS@and concentrated under reduced pressure.
The residue was purified by silica gel chromatography to give 616
mg (100%) of19 as a colorless oil!H NMR (CDCl;, 400 MHz)

0 0.02 (s, 6H), 0.89 (s, 9H), 1.94 (m, 3H), 2.25 (m, 1H), 2.37 (m,
1H), 3.19 (dd, 1HJ = 10.0 and 7.2 Hz), 3.54 (dd, 1H,= 10.0
and 5.3 Hz), 3.64 (dd, 1H] = 10.0 and 4.2 Hz), 5.42 (m, 1H),
7.03 (m, 2H), 7.23 (m, 2H), 8.05 (s, 1H), 8.42 (s, 2HC NMR
(CDCl;, 100 MHz)6 —5.3, 18.5, 25.9, 26.0, 31.5, 48.3, 52.8, 63.9,
84.4,115.7 (dJ = 20 Hz), 125.9 (qJ = 190 Hz), 126.4, 129.3
(d,J 10 Hz), 129.8, 132.4, (41 = 30 Hz), 132.8, 137.5, 162.4 (d,

J = 240 Hz), 163.8. Anal. Calcd for H3,F03Si: C, 57.44; H,
5.53. Found: C, 57.75; H, 5.66.

Preparation of [(1R,2R,35)-3-{ 1-(3,5-Bistrifluoromethylphen-
yl)-vinyloxy } -2-(4-fluorophenyl)-cyclopentylmethoxyltert-butyl-
dimethylsilane (20). To a solution of 730 mg (2.93 mmol) of
dichlorotitanocene in 25 mL of toluene at5 °C was added 4.6
mL (7.33 mmol) of a 1.6 M solution of MeLi. The resulting mixture
was stirred at 0C for 1 h and was quenched with 10 mL of 6%

Kuethe et al.

ethoxy} -2-(4-fluorophenyl)-cyclopentyl]-methanol4) and was
obtained as a colorless solid: mp-390 °C; *H NMR (CDCls,
400 MHz) 6 1.38 (d, 3H,J = 6.5 Hz), 1.49 (br s, 1H), 1.77 (m,
2H), 1.95 (m, 1H), 2.10 (m, 2H), 2.76 (dd, 18 = 10.1 and 8.1
Hz), 3.48 (m, 1H), 3.58 (m, 1H), 3.73 (q, 14,= 7.0 Hz), 4.50
(9, 1H,J = 6.5 Hz), 6.92 (m, 2H), 7.04 (m, 2H), 7.44 (s, 2H), 7.68
(s, 1H); 13C NMR (CDCk, 100 MHz) 6 24.8, 25.8, 30.3, 47.3,
54.6, 65.3, 75.3, 85.6, 115.4 (@~ 20 Hz), 121.3, 122.3 (¢] =
190 Hz), 126.1, 128.8 (dl,= 10 Hz), 131.4 (qJ = 30 Hz), 137.7,
146.9, 162.3 (dJ = 240 Hz);1%F NMR (CDCk, 75 MHz) 5 —63.4,
—117.2. Anal. Calcd for &H»F0O,: C, 58.67; H, 4.70. Found:
C, 59.01; H, 4.69.

Reductive Etherification of 25. To a 0°C solution of 180 mg
(0.756 mmol) oft2in 6.5 mL of CH,Cl, was added 115 mg (1.13
mmol) of NEg followed by 285 mg (1.28 mmol) of TMSOTTf. The
reaction mixture containing5was cooled to-78 °C, and 840 mg
(3.78 mmol) of TMSOTf, 213 mg (0.832 mmol) of,3-bis-
(trifluoromethyl)acetophenon2s, and 105.5 mg (0.910 mmol) of
triethylsilane were added. The cooling bath was removed, and the
reaction mixture allowed to slowly warm to room temperature and
was stirred an additional 18 h. HPLC analysis of the crude reaction
mixture indicated 80% conversion 1@ and15and 65% combined

NH4CI. The layers were separated, and the organic layer was driedassay yield. The reaction mixture was quenched with water and
over MgSQ and concentrated to a final volume of 7 mL. To the extracted with EtOAc. The organic layer was washed with brine,
solution of dimethyltitanocene was added 550 mg (0.974 mmol) dried over MgS@, and concentrated under reduced pressure. The
of 19in 1 mL of toluene, and the mixture was heated to’80for residue was purified by silica gel chromatography employing 15%
4 h and cooled to room temperature. The reaction mixture was EtOAc in hexanes. The first product to elute from the column (56
qguenched with 3 mL of 5% MeOH in water, stirred at room mg, 16%) was identified as RI2R,39-3-[(9-1-(3,5-bistrifluoro-
temperature for 15 min, and diluted with 10 mL of water and 15 methylphenyl)-ethoxy]-2-(4-fluorophenyl)-cyclopentanecarboxyl-

mL of EtOAc. The organic layer was dried over Mgs@nd

ic acid methyl ester(5) and was obtained as a colorless oitt

concentrated under reduced pressure. The residue was purified byNMR (CDClz, 400 MHz) 6 1.38 (d, 3H,J = 6.5 Hz), 1.92 (m,

silica gel chromatography to afford 486 mg (89%) 20 as a
colorless oil: I1H NMR (CDCl;, 400 MHz)6 —0.01 (s, 6H), 0.88
(s, 9H), 2.01 (m, 2H), 2.19 (m, 3H), 3.12 (dd, 18~ 10.0 and
5.8 Hz), 3.53 (dd, 1HJ = 10.0 and 5.8 Hz), 3.63 (dd, 1H,=
10.0 and 4.4 Hz), 4.19 (d, 1H,= 3.3 Hz), 4.54 (m, 1H), 4.74 (d,
1H,J = 3.3 Hz), 7.03 (m, 2H), 7.22 (m, 2H), 7.80 (s, 1H), 7.97 (s,
2H); 13C NMR (CDCh, 100 MHz)6 —5.3, 18.4, 26.0, 27.5, 31.7,
49.1, 53.9, 64.4, 86.9, 115.6 (@~ 20 Hz), 122.1, 122.3 (4] =
190.0 Hz), 125.7, 129.3, 129.4, 131.7 Jg= 30 Hz), 138.9, 139.0,
156.3, 162.4 (dJ = 240 Hz). Anal. Calcd for gHs3F/0,Si: C,
59.77; H, 5.91. Found: C, 60.10; H, 6.01.
Palladium-Catalyzed Hydrogenation of Vinyl Ether 20.To a
solution of 263 mg (0.467 mmol) a20 in 8 mL of EtOAc was

1H), 2.12 (m, 3H), 2.79 (m, 1H), 3.36 (dd, 18= 10.7 and 8.2

Hz), 3.58 (s, 3H), 3.75 (m, 1H), 4.52 (q, 18l= 6.5 Hz), 6.93 (m,

2H), 7.05 (m, 2H), 7.46 (s, 2H), 7.69 (s, 1HJC NMR (CDCk,

100 MHz) 6 24.6, 26.8, 30.5, 49.5, 51.7, 54.9, 75.6, 84.6, 115.3

(d,J=20Hz), 121.3,125.1 (g1 = 190 Hz), 126.1, 128.9 (d, =

10 Hz), 131.6 (9J) = 30 Hz), 136.4, 146.8, 162.4 (d= 240 Hz),

174.9;'% NMR (CDChk, 75 MHz) 6 —62.9,—116.7. Anal. Calcd

for CosH21F/Os: C, 57.74; H, 4.42. Found: C, 57.54; H, 4.29.
The second product to elute from the column (178 mg, 49%)

was identified as [R,2R,39-3-[(R)-1-(3,5-bistrifluoromethylphen-

yl)-ethoxy]-2-(4-fluorophenyl)-cyclopentanecarboxylic acid methyl

ester (4) and was obtained as a colorless dii NMR (CDCls,

400 MHz) 6 1.29 (d, 3H,J = 6.5 Hz), 1.82-2.15 (m, 4H), 2.80

added 25 mg of 5% Pd/C. The resulting mixture was stirred under (g, 1H,J = 8.9 Hz), 3.43 (dd, 1HJ = 10.1 and 7.3 Hz), 3.61 (s,
an atmosphere of 40 psi hydrogen for 5 h, filtered through a pad 3H), 3.80 (q, 1HJ = 6.9 Hz), 4.36 (q, 1HJ = 4.6 Hz), 7.01 (m,
of Celite, and concentrated under reduced pressure to afford 2452H), 7.18 (m, 2H), 7.54 (s, 2H), 7.75 (s, 2H}C NMR (CDCk,

mg (93%) of a 1:4 mixture 021:22 which could not be separated.
The above crude product was redissolved in 10 mL of THF,
and 0.51 mL 6a 1 M solution of TBAF in THF was added. The

100 MHz) ¢ 24.0, 27.1, 32.0, 50.5, 51.8, 55.2, 75.6, 85.2, 115.6
(d,J = 20 Hz), 121.4, 123.9 (g1 = 190 Hz), 126.3, 128.9 (d =
10 Hz), 131.7 (qJ = 30 Hz), 137.8, 146.9, 162.5 (d,= 240 Hz),

mixture was stirred at room temperature for 30 min and concentrated174.9;1°F NMR (CDCk, 75 MHz) 6 —63.5,—116.5. Anal. Calcd
under reduced pressure. The residue was purified by silica gelfor C,3H,:F/O3: C, 57.74; H, 4.42. Found: C, 57.67; H, 4.39.

chromatography using a 25% solution of EtOAc in hexane. The
first product to elute from the column (158 mg, 75%) was identified
as [(IR,2R,39)-3-{(9)-1-(3,5-bis-trifluoromethyl-phenyl)-ethoky
2-(4-fluorophenyl)-cyclopentyl]-methand38) and was obtained as
a colorless oil: '"H NMR (CDClz, 400 MHz) 6 1.27 (d, 3H,J =

6.5 Hz), 1.69 (m, 2H), 1.85 (m, 3H), 2.10 (m, 1H), 2.81 (dd, 1H,
J=9.9 and 7.2 Hz), 3.48 (dd, 1Hd,= 10.7 and 6.7 Hz), 3.58 (dd,
1H,J = 10.7 and 4.8 Hz), 3.78 (q, 1H,= 7.2 Hz), 4.32 (q, 1H,

J = 6.5 Hz), 7.01 (m, 2H), 7.16 (m, 2H), 7.52 (s, 2H), 7.75 (s,
1H); 13C NMR (CDCk, 100 MHz) 6 24.0, 25.9, 31.7, 48.3, 54.9,
65.1, 75.5, 86.1, 115.5 (d,= 21 Hz), 121.4, 123.1 (dJ = 190
Hz), 126.3, 128.9 (dJ = 10 Hz), 131.5 (qJ = 30 Hz), 138.9,
147.0, 161.4 (dJ = 240 Hz);*F NMR (CDCk, 75 MHz) 6 —63.5,
—116.9. Anal. Calcd for gH»1F0O,: C, 58.67; H, 4.70. Found:
C, 58.54; H, 4.66.

Preparation of (1S)-1-[3,5-Bis(trifluoromethyl)phenyl]ethyl-
2,2,2-trichloroethanimidoate (30).To a solution of 8.00 kg (31.0
mol) of 5in 37 L of a 4:1 mixture of cyclohexane/Gal, was
added dropwise 4.92 kg (34.1 mol) of trichloroacetoritrile followed
by 92 mL of DBU. The resulting mixture was stirred at room
temperature for 5.5 h. The resulting reaction mixture was then
washed with 27 L of water, 27 L of brine, and then concentrated
under reduced pressure to a final volume of 15 L and a<KZ00
and was used without further purification. HPLC assay of the crude
solution was 12.00 kg (96%) d30. An analytical sample was
obtained by silica gel chromatography to gi86 as a colorless
oil: 'H NMR (CDCls, 400 MHz)6 1.72 (d, 3H,J = 6.4 Hz), 6.11
(9, 1H,J = 6.4 Hz), 7.85 (s, 1H), 7.91 (s, 2H), 8.43 (s, 1MC
NMR (CDCls, 100 MHz) ¢ 22.0, 75.5, 91.2, 121.9, 123.3 @=
272 Hz), 126.1, 132.0 (q] = 33 Hz), 144.1, 161.2}%F NMR

The second product to elute from the column (32 mg, 15%) was (CDCls, 75 MHz) 6 —63.4. Anal. Calcd for GHgClsFeNO: C,

identified as [(R,2R,39)-3{ (R)-1-(3,5-bistrifluoromethylphenyl)-
7388 J. Org. Chem.Vol. 71, No. 19, 2006

35.80; H, 2.00; N, 3.48. Found: C, 36.19; H, 1.97; N, 3.44.
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Preparation of Racemic 1-Deuterio-1-[3,5-bis(trifluorometh- = 240 Hz), 179.92°F NMR (CDChk, 75 MHz) § —63.4,—117.8.
yl)phenyllethyl-2,2,2-trichloroethanimidoate (35).To a solution Anal. Calcd for GoH1gF;03:1/-,NEt;: C, 58.31; H, 5.19; N, 1.36.
of 1.00 g (3.90 mmol) of 35-bis(trifluoromethyl)acetophenone  Found: C, 58.01; H, 5.20; N, 1.33.
in 30 mL of THF was added 3.90 mLfa 1 M solution of LiAID,4 Preparation of tert-Butyl Nipecotate (48). Method A.To a
in THF. The resulting mixture was stirred at room temperature for stirred solution of 62.05 g (0.236 mmol) oR)-piperidine-1,3-

30 min and carefully quenched Wwi2 N HCI and extracted with  dicarboxylic acid-1-benzyl este¥5?¢ in 500 mL of CHCl, was
MTBE. The MTBE extract was washed with brine and dried over added 2.1 mL of concentratec,$0;. Isobutylene gas was then
MgSQ,. The solvent was removed under reduced pressure to give bubbled through the reaction mixture for 4 h, and the reaction
1.00 g (99%) of 1-deuterio-1-[3,5-bis(trifluoromethyl)phenyl]- mixture was stirred overnight at room temperature. The reaction
ethanol as a white solid: mp 562 °C; 'H NMR (CDCls, 400 mixture was diluted with 100 mL of NaHCQand the layers were
MHz) 6 1.53 (s, 3H), 2.95 (br s, 1H), 7.79 (s, 1H), 7.84 (s, 2H); separated. The organic layer was dried over Mg&@d concen-
13C NMR (CDCk, 100 MHz) 6 25.3, 68.9 (tJ = 21 Hz), 121.3, trated to give 69.0 g (92%) oRjj-piperadine-1,3-dicarboxylic acid-
123.1 (g,J = 271 Hz), 125.7, 131.8 (q] = 32 Hz), 148.2;'% 1-benzyl ester-3ert-butyl ester as a colorless oil which was used
NMR (CDCl;, 75 MHz) 6 —63.5. in the next reaction without further purification.

To a solution of 1.00 g (3.89 mol) of the above deuterio alcohol ~ To 66.00 g (0.21 mol) of the above compound in 300 mL of
in 37 mL of a 4:1 mixture of cyclohexane/GEl, was added EtOH and 100 mL of EtOAc was added 1.00 g of 10% Pd/C. The
dropwise 4.92 g (34.1 mmol) of trichloroacetoritrile followed by mixture was stirred under an atmosphere of 20 psi hydrogen for 8
0.92 mL of DBU. The resulting mixture was stirred at room h, and the reaction mixture was filtered through a pad of Celite.
temperature for 5.5 h. The resulting reaction mixture was then The filtrate was concentrated under reduced pressure and the residue
washed with 27 mL of water, 27 mL of brine, and then concentrated distilled to give 32 g (90%) ofert-butylnipecotatel8 as a colorless
under reduced pressure to give 1.20 g (96%39fs a colorless oil: bp 110-112 °C/15 mmHg;*H NMR (CDCl;, 400 MHz) ¢
oil: H NMR (CDCls, 400 MHz)6 1.72 (s, 3H), 7.84 (s, 1H), 7.92  1.43 (m, 1H), 1.44 (s, 9H), 1.49 (br s, 1H), 1.63 (m, 2H), 1.97 (m,
(s, 2H), 8.45 (s, 1H)*3C NMR (CDCk, 100 MHz)6 22.1, 75.5 (t, 1H), 2.33 (m, 1H), 2.63 (dt, 1H] = 10.1 and 3.0 Hz), 2.77 (dd,
J=21Hz), 91.2, 121.9, 123.3 (4,= 271 Hz), 126.1, 132.0 (g,  1H,J=12.5and 9.3 Hz), 2.93 (dt, 1H,= 12.5 and 3.9 Hz), 3.13
J = 33 Hz), 144.1, 161.1*9F NMR (CDCk, 75 MHz) 6 —63.5. (dd, 1H,J = 12.5 and 3.9 Hz)C NMR (CDCk, 100 MHz) 6

Preparation of (1R,2R,3S)-3-[(R)-1-(3,5-Bistrifluoromethyl- 25.9, 27.7, 28.3, 43.7, 46.7, 48.9, 80.3, 174.1. Anal. Calcd for
phenyl)-ethoxy]-2-(4-fluorophenyl)-cyclopentane Carboxylic Acid CioH1oNOy: C, 64.83; H, 10.34; N, 7.56. Found: C, 64.77; H,
Triethylamine Solvate (44).To a solution of 1.30 kg (5.46 mol) ~ 10.55; N, 7.55.
of 12in 4.0 L of 1,2-dichloroethane was added 4.38 kg (10.92  Method B. To a solution of 850 g (5.13 mol) oRj-nipecotic
mol) of imidate30 in 8 L of heptane. The reaction mixture was acid hydrochloride47 in 13.9 L of tert-butyl acetate was added
purged with N for 15 min and cooled te-16 °C. To the resulting dropwise 3.90 L (4.37 kg, 30.8 mol) of BOEL. The resulting
mixture was added in one portion 75.2 mL (0.55 mol) of H&F mixture was stirred for 45 min at which point the internal
Et,O. The reaction mixture was stirred belowl5 °C for 18 h, temperature was-9 °C. To the clear yellow solution was added
warmed to 15°C, and filtered to remove insoluble trichloroaceta- 17.8 L of water, and the layers were well mixed for 15 min and
mide. The filtrate was concentrated under reduced pressure, andhe bottom aqueous layer was separated. To the aqueous layer was
the residue was redissolved in 13 L of MeOH and 1.2 L of water. added 25 L of toluene, and the biphasic mixture was cooled to
The solution was cooled to &, and 1.90 kg (33.9 mol) of solid 0 °C, and 16. 3 L of 5 NNaOH was added at such a rate that the
KOH was added in portions while maintaining the internal reaction internal temperature was maintained below’25 The layers were
temperature below 25C. The reaction mixture was warmed to 35 separated, and the aqueous layer was back-extracted with 25 L of
°C for 3.5 h, cooled to room temperature, and diluted with 15 L of toluene. The combined toluene extracts were combined and
water. The aqueous layer was washed with toluene (23 L), concentrated under reduced pressure to afford 727 g (77%$ of
cooled to 10°C, and acidified wih 4 L of concentrated HCI. To as a clear oil, which was identical to that prepared by method A
the milky suspension was added 18 L of MTBE, and the layers and was used without further purification.
were well mixed for 30 min and allowed to settle. The layers were  Preparation of [(1R,2R,3S)-3-{(R)-1-(3,5-Bistrifluorometh-
separated, and the aqueous layer was back-extracted with 18 L ofylphenyl)-ethoxy} -2-(4-fluorophenyl)-cyclopentyl]-methanol (24).
MTBE. The combined organic extracts were washed with 24 L of To a solution of 2.30 kg (2.23 mol) &f4in 12 L of toluene was
saturated NaHC¢) 24 L of water, and then concentrated under added 4.46 L (4.46 mol)foa 1 M solution of BH:THF. The
reduced pressure to a final volumie3oL and a KF of<300. HPLC resulting solution was heated to 68 for 3 h, cooled to room
assay of the organic layer indicated 1.68 kg (66%) of the temperature, and inversely quencheintL of 1 M HCI solution.
corresponding carboxylic acid. The crude reaction mixture was then The layers were well mixed for 20 min, allowed to settle for 30
diluted with 10 L of heptane, and 218 g (2.15 mol) of MEias min, and the bottom aqueous layer was removed. The organic layer
added in one portion. The resulting slurry4sfwas heated to 7¢C, was washed wit 5 L of water and was azeotropically dried to a
stirred at this temperature for 30 min, and slowly cooled to room final volume d 3 L and a KF of <200 and was used in the next
temperature. The slurry was filtered, and the product was dried reaction without further purification. HPLC assay gave 966 g (96%).
under vacuum/plsweep for 8 h. The diastereomeric ratio was 42: Preparation of (R)-1-[(1R,2R,39)-34 (R)-1-(3,5-Bistrifluoro-

1. The crude solid was redissolved at®5in a mixture consisting methyl-phenyl)-ethoxy} -2-(4-fluorophenyl)-cyclopentylmethyl]-

2.0 L of MTBE ard 7 L of heptane. The reaction temperature was piperidine-3-carboxylic Acid tert-Butyl Ester (49). To a stirred
then allowed to cool to 18C over a 4 hperiod and filtered. The solution of 268 g (0.595 mol) of crud&4 in 1.1 L of toluene was
wet cake was washed wit2 L of 4:1 heptane/MTBE and then  added 100.0 g (0.775 mol) 6fP,NEt. The mixture was cooled to
dried under vacuum/Nsweep for 12 h to afford 1.52 kg (54%) of 9 °C, and 124.4 g (0.714 mol) of methanesulfonic anhydride was
44 (diastereomeric ratie-110:1) as a white solid: mp 12829 added portionwise over 10 min while maintaining the internal
°C; 'H NMR (CDCl;, 400 MHz) 6 1.03 (t, 4.5 H,J = 7.3 Hz), reaction temperature40 °C. The reaction mixture was stirred at
1.35 (d, 3HJ = 6.5 Hz), 1.85 (m, 1H), 2.05 (m, 3H), 2.67 (q, 1H, 38°C for 1.25 h and cooled to room temperature. To the resulting
J=28.7 Hz), 2.85 (q, 3HJ = 7.3 Hz), 3.31 (dd, 1HJ = 10.1 and mixture was added an additional 131.0 g (1.01 mol)-8f,NEt

8.7 Hz), 3.66 (g, 1HJ = 7.1 Hz), 4.47 (q, 1HJ = 6.5 Hz), 6.83 followed by 207.12 g (1.12 mol) of8. The reaction mixture was
(m, 2H), 7.04 (m, 2H), 7.43 (s, 2H), 7.66 (s, 1H), 11.40 (br s, 1H); heated to reflux for 16 h, cooled to room temperature, and quenched
13C NMR (CDCk, 100 MHz) ¢ 8.2, 24.7, 27.1, 30.5, 44.8, 50.8, with 1.6 L of saturated NECI. The layers were separated, and the
55.2, 75.4, 84.9, 115.1 (d,= 20 Hz), 121.1, 121.9 (¢ = 190 toluene layer was washed with 1.6 L of saturated,8Hand 800

Hz), 126.1, 129.0, 131.5 (d,= 30 Hz), 137.3, 147.0, 161.6 (d, mL of water. The solvent was removed under reduced pressure,
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and the residue was used in the next reaction without further layer was concentrated again under reduced pressure and dissolved
purification. HPLC assay o#9 was 330 g (90%). An analytical  in 1L of MTBE. HPLC assay gave 271 g (95%) bfand the KF
sample was obtained by purification on silica gel to gi\&as a was <250. To the resulting MTBE solution was added 284 mL of
colorless oil: 'H NMR (CDClz, 400 MHz) 6 1.25 (m, 2H), 1.33 a 2 M solution of HCI in diethyl ether. The slurry of the HCI salt
(d, 3H,J=6.4 Hz), 1.43 (s, 9H), 1.49 (m, 1H), 1.61 (m, 1H), 1.77 was stirred at room temperature for 3.5 h and was filtered to afford
(m, 3H), 1.92 (m, 2H), 2.06 (m, 2H), 2.29 (m, 3H), 2.41 (m, 1H), 258 g (85%) of crystalline HCI salt as a colorless solid: ofl o
2.62 (dd, 1HJ = 10.1 and 8.1 Hz), 2.83 (m, 1H), 3.68 (g, 1H, +58.0 € 1.00, MeOH); mp 185186 °C; IH NMR (CDCls, 400

= 7.1 Hz), 4.47 (q, 1HJ = 6.4 Hz), 6.91 (m, 2H), 7.05 (m, 2H), MHz) 6 1.34 (d, 3H,J = 6.4 Hz), 1.40 (m, 1H), 1.84 (m, 3H),
7.39 (s, 2H), 7.66 (s, 1H)C NMR (CDChk, 100 MHz) 6 21.9, 2.13-2.67 (m, 8H), 2.82 (m, 1H), 3.00 (m, 1H), 3.17 (m, 1H),
24.7,25.1, 28.3,29.7, 30.3, 38.5, 39.7, 53.2, 54.0, 56.9, 62.2, 75.5,3.40 (br d, 1H,J = 10.6 Hz), 3.49 (br d, 1H) = 10.6 Hz), 3.67
80.3, 84.2, 115.8 (d) = 20 Hz), 124.4, 125.1 (dJ = 190 Hz), (q, 1H,J = 7.1 Hz), 4.46 (q, 1HJ = 6.4 Hz), 6.91 (m, 2H), 7.08
126.3, 129.3 (dJ) = 10 Hz), 131.4 (q) = 30 Hz), 135.1, 146.5, (m, 2H), 7.38 (s, 2H), 7.65 (s, 1H), 9.14 (br s, 1H), 10.92 (br s,
162.4 (d,J = 240 Hz), 174.71%F NMR (CDCk, 75 MHz) 6 —63.2, 1H); 13C NMR (CDCk, 100 MHz) 6 21.9, 24.7, 25.1, 29.7, 30.3,
—115.5. Anal. Calcd for gHsgF7NOs: C, 62.23; H, 6.20; N, 2.27.  38.5, 39.7, 53.2, 54.0, 56.9, 62.2, 75.5, 84.2, 115.8 (20 Hz),

Found: C, 61.94; H, 5.99; N, 2.25. 124.4,125.1 (dJ = 190 Hz), 126.3, 129.3 (dl = 10 Hz), 131.4
Preparation of (R)-1-[(1R,2R,3S)-3-{(R)-1-(3,5-Bistrifluoro- (g, J = 30 Hz), 135.1, 146.5, 162.4 (d,= 240 Hz), 172.71°F
methyl-phenyl)-ethoxy} -2-(4-fluorophenyl)-cyclopentylmethyl]- NMR (CDCl;, 75 MHz) 6 —63.4, —115.7. Anal. Calcd for

piperidine-3-carboxylic Acid Hydrochloride (1). To a solution CogH3oF7NO3HCI: C, 56.24; H, 5.23; N, 2.34. Found: C, 56.22;
of 314 g (0.508 mol) o419 in 725 mL of 1,2-dichloroethane was H, 5.19; N, 2.28.
added 196 mL (2.54 mol) of TFA. The mixture was heated t6@B0

for 12 h, cooled to room temperature, and concentrated under Acknowledgment. We thank Mr. Ben Suhr for experimental

reduced pressure. The crude residue was redissaivad iof 1,2- assistance and Dr. Matthew Walker for performing the theoreti-
dichloroethane and washed with saturated Nakl(@0x 600 mL) cal calculations ' P 9

and 500 mL of water. The organic layer was concentrated under
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