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Abstract

Piperidines are ubiquitous in pharmaceuticals and bioactive natural products. Understanding the structural and
functional properties of piperidines plays key role in drug design and development. This paper reported
studies of conformation of a set of gem-disubstituted methylphenylpiperidines in the context of discovery of
NK; antagonists. The findings led to re-design and an efficient synthesis of a potent NK; antagonist with
excellent in vivo activity and rodent and monkey pharmacokinetic profiles.
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Graphic Abstract:

Conformation studies of piperidines 1 and 4-6 revealed insights that guided design and synthesis
of a potent NK; antagonist 7 with excellent pharmacokinetic properties.
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Piperidines are important motifs in pharmaceuticals and bioactive natural products.'<Understanding the
structural and functional properties of piperidines naturally plays key role in drug design and development.”
Synthesis of piperidines also attracted much attention and several reviews® have been published on that
subject. In this paper, we would like to report our study of conformation of a set of gem-disubstituted
methylphenylpiperidines in the context of discovery of neurokinin 1 (NK,) antagonists.” Our findings led to
re-design and an efficient synthesis of a potent NK, antagonist with excellent in vivo activity and rodent and
monkey pharmacokinetic profile.

Neurokinin 1 (NK;) receptor belongs to the family of G-protein coupled receptors (GPCRs). This receptor
mediates the action of substance P and other tachykinins in both the central and peripheral nervous systems.
Therefore, NK, receptor antagonists may have therapeutic values in treating emesis, anxiety, depression,
inflammation and pain.4 In 2003, US Food and Drug Administration (FDA) approved Merck’s Emend® for
the treatment of chemotherapy-induced nausea and vomiting (CINV).? This demonstrated the clinic utility of
NK, antagonists and further stimulated discovery research in this area. Recently we reported5 our discovery of
a non-racemic NK, antagonist 1 based on an earlier literature lead 2.% Shortly after establishment of 1 as our
program lead for in-depth medicinal study, we also accomplished two complimentary stereoselective
asymmetric syntheses7 of 1. Armed with these chemistries, we undertook an SAR investigation of 1 to
improve its overall biological profiles. Our efforts resulted in the discovery of a series potent, orally active
NK, antagonists® represented by compound 3a (Figure 1).

Figure 1. Representative NK; antagonists.
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During the process of this investigation, particularly in efforts to address development issues of 3a (vide
infra), we became interested by the conformation effect of these 2, 2-disubstituted piperidines. It was reported
that compound 2 existed in a single chair conformation in which the phenyl group took an axial position.’
This result was somewhat intriguing and prompted some questions. Considering the well-established 1,1-
methylphenylcyclohexane case, the phenyl showed only moderate preference of occupying axial position with
a ratio of 72:28."° For the strong axial phenyl preference of compound 2, did the large alkylether group play a
role or if the piperidine nitrogen contributed to it? Our desire to answer these fundamentally important
questions, coupled with long-standing interests in the properties of piperidines, motivated our studies of the
conformational equilibriums of 2,2-methylphenylpiperidine (4) along with 3,3- (5) and 4,4-methylphenyl (6)
piperidines. As in case of 1,1-methyl-phenylcyclohexane, conformational equilibriums of 4-6 are described by
two chair forms with axial (A) and equatorial (B) orientations of phenyl group (Figure 2):

Figure 2. Conformational equilibriums in compounds 4-6.
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Conformational equilibriums of 4-6 were studied by NMR spectroscopy.'' Conformational analysis was
performed based on vicinal proton-proton J-couplings. At room temperature the exchange between A and B
conformations is fast and therefore experimentally measured J-couplings are seen as average values described
by the following equation (Equation 1):

J7P? = paJa + pa/B, (1)

where J? is experimentally observed J-coupling, J and Jg are corresponding J-couplings in conformations
A and B, and pa and pp are probabilities of conformations A and B. Since probabilities are normalized (pa +
ps =1), only one of them needs to be determine.

The Ja and Jp-couplings was calculated quantum-mechanically using density functional theory (DFT) method
at the B3LYP/6-311+G(d,p) level. That method showed excellent accuracy in predicting homo- and
heteronuclear J —couplings,12 as well as NMR chemical shifts."

Among different J-couplings that can be measured in pepridines 4-6, the most relevant for conformational
analysis are trans-3JHH. The wide range of trans-3JHH from 2-3 Hz between diequatorial protons to 10-12 Hz
between diaxial protons makes them a sensitive parameter to small changes in conformational equilibrium,
particularly when equilibrium constants are close to unity. With J and Jg couplings calculated by DFT, the
pa:ps ratio can be estimated from a single experimentally measured J-coupling by solving equation 1. To
ensure a higher accuracy of estimated conformational probabilities we have used two trans->Jyy for each of
the studied piperidines. In this case a least-squares minimization approach was applied to find conformational
probabilities producing the best fit of both trans->J-couplings (J°*) to their corresponding experimental values
(JP) simultaneously. Results of conformational analysis of 4-6 are summarized in Table 1.

Table 1. Conformational analysis of piperidines 4-6.

Y Ph Hs Hs Ph H6H5 Ph
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JHs.He' JHs' He Jus.He JHs' He Jur 2 JHLHY
Ja, Hz 2.4 12.6 2.4 12.5 3.4 12.7
Jg; Hz 12.8 2.6 12.5 2.4 12.7 2.7
J7P Hz 4.1 10.7 7.5 7.2 6.4 9.9
Jcalc, H7? 4.23 10.84 7.60 7.30 6.19 9.70
RMSD” 0.17 0.10 0.21
PA:PB 82:18 48.5:51.5 70:30

@ J were calculated as paJa+psJs
" Root-mean-square deviations (RMSD) were calculated as (Z(J°-JP)%/2)"2,



As seen by a very small root-mean-square deviations (RMSD) of J-coupling fittings (0.10 — 0.21 Hz), the
DFT method used to predict J-couplings for individual conformations was well justified.

The combined experimental and calculated results were quite interesting. First of all, the conformer ratio of
phenyl ax:eq for 4,4-substituted piperidine was 70:30. This ratio was in good agreement with the
corresponding cyclohexane case of 72:28. As in 4,4-substituted piperidine system the nitrogen atom was not
in a position that could influence the conformation of 4 position, this result was indeed highly anticipated.
This also further validated our NMR-based method used in this study. Similarly, the 3,3-substitution can be
viewed to have less 1,3-diaxial interaction with axial methyl group,'* resulting in little difference between the
methyl and phenyl substituents. This was reflected by near equal distribution of axial and equatorial phenyl
group in a ratio of 48.5:51.5. A similar phenomenon had been observed in the 1,3-dioxane system.'*
Intriguing and relevant to NK; antagonists, the 2,2-piperidine pattern produced a more preferred
conformation, with an ax:eq ratio of 82:18. In addition, when the NK; antagonist 1 was subjected to the same
NMR analysis, the ax:eq ratio of 88:12 was observed. This result corroborated the fact that for 2,2-
disubstituted NK, antagonists, the preferred conformation is the axial phenyl. It is an inherent preference of
2,2-methylphenylpiperidines, the bulky bis-trifluoromethylbenzyl ether side chain contributed marginally to
this phenomenon.

The result of NMR study confirmed the preference of phenyl group in axial position in compound 1 and 2,
which shed a light of addressing the program issue of lead 3a. At the time, it was found that 3a was
metabolized in vivo to yield 3b. This diamine metabolite showed undesirable long half-life in rat brain.®
Literature precedents indicated that dibasic amine drugs tend to attach to lipid bilayer and were likely to
induce phospholipidosis.'> To circumvent the problem, it was envisioned that the acetyl group could be
cyclized to various positions on the piperidine ring to generate bicyclic lactam structures.'® Among a number
of potential targets, the fused analog 7, which would maintain desired axial phenyl conformation, emerged as
a high priority target (Figure 3).

Figure 3. Evolution of design strategy based on NMR study.
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The synthesis-of 7 was based on reproduction of chirality approach'’ using commercial oxazolidinone
template 8."® Alkylation with alkyl bromide 9 (ref. 19) afforded the desired quaternary chiral center in 10. The
ester was reduced to the corresponding hydroxyl oxazolidine 11. Subsequent Wittig reaction provided
required carbon framework of piperidine. After saturation of alkene double bond with hydrogenation, an acid-
promoted cyclization on acetal 12 yielded enamide 13. The nucleophilic enamide was treated with NO,BF, to
install the nitro functionality20 and set the stage for the ensuing Michael reaction. The nitroalkene 14 reacted
with lithium enolate of EtOAc to afford key nitroester 15 and 16 as a pair of diastereomer in 2:1 ratio
separable with 0-80% EtOAc in hexanes (v:v) on silica gel column. Final approach towards target 7 was
completed by reduction of nitro group using hydrogenation with Ni(Ra) with concomitant removal of Cbz
group. The crude mixture was treated with K,COs in refluxing MeOH to afford the final product 7. The
diastereomer 17 was also obtained in the same fashion (Scheme 1).

Scheme 1. Synthesis of compound 7.
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The analog 7 indeed proved to be a potent NK| antagonist whereas diastereomer 17 showed significant 17 fold
loss of NK; potency based on their dissociation constants (Ki).® Additional data of analog 7, also known as L-
004060882, was obtained. In a pharmacodynamic model; the gerbil foot thumping (GFT) assay,® L-
004060882 showed 100% inhibition at 4 h and 6 h with 1 mpk per oral dosing. It showed excellent
pharmacokinetic profiles in rodents and monkeys.*'

The attractive preliminary profiles of L.-004060882 demanded a better synthesis in order to generate multi-
gram quantity for additional investigations. We decided to concentrate on improving the yield and selectivity
in key Michael addition step. Initially, we thought that the selectivity can be delivered by using chiral
nucleophiles, therefore, several chiral enolates were screened (Scheme 2). For example, neither enantiomer of
the lithium enolates of acetyloxazolidinone 20 or 21*' was reactive enough towards the nitroalkene 14. The
more reactive enolates of chiral cyclohexanola(:etate22 provided good yield of products. It was interesting to
confirm that selectivity was indeed predominantly controlled by the chirality of enolates. The (IS, 2R)
cyclohexnolacetate 22 afforded mostly 19, while the (/R, 2S) isomer 23 provided an excellent selectivity of
14.7:1 favoring 18, reflecting a match and mismatch case. The resulting nitroester 18, however, could not be
converted to the final product. After nitro group reduction, the lactam cyclization failed even under forcing
conditions, likely due to extreme steric hindrance of cyclohexylester. We were, therefore, forced to investigate
other routes. Literature search revealed that silylketeneacetal could add to nitroalkene efficiently23 when
promoted by Lewis acids, such as MAD (Figure 5).** This extremely hindered Lewis acid has been shown to
convey excellent selectivity” in a number of synthetic transformations. When substrate 14 was treated with 2
eq. of MAD followed by addition of silylketeneacetal at -78 °C, a very clean reaction occurred and the desired
product was obtained in greater than 20:1 selectivity and 90% yield. This excellent selectivity was a result of
spatial preference of MAD-nitro adduct, which took equatorial position, forcing the nucleophilic addition
from axial direction (Figure 4). With the improved Michael addition step adopted, the overall synthesis of L-
004060882 was achieved in 10 steps and 16% overall yield starting from 8. In the end, greater than ten grams
of this potent NK; antagonist was synthesized, which greatly facilitated its characterization (Scheme 2).
Scheme 2. Optimization of the key Michael addition step.
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To finally confirm the proposed conformation, NMR study was conducted on compound 7. As shown in
Figure 5, in the energy optimized conformation by MMX force filed (PCModel software), which was
consistent with experimental long-range NOE’s, the phenyl group indeed occupied an axial position (Figure
5).

Figure 5: Energy optimized conformation and long-range NOE’s (red arrows) of 7.

To summarize our research, we investigated the conformational preference of gem-disubstituted methyl-
phenyl piperidines. It was revealed that only in 2,2-methylphenylpiperidine system that the phenyl group has a
strong preference in occupying axial position. This information was used to design a constrained bicyclic



piperidine NK, antagonist L-004060882. A practical stereoselective synthesis was achieved to deliver the
designed NK, antagonist, which proved to be very potent and devoid of later stage metabolic complications.

Acknowledgement: We would like to thank Dr. Ruth Duffy for NK; binding assay, Dr. Goeff Varty for GFT
assay, Dr. Walter Korfmacher for DMPK studies and Dr. John J. Piwinski for support of this program.

References:

1) Pati, B.; Banerjee, S. J. Pharm. Res. (Mandsaur, India) 2012, 5, 5493.

2) (a) Campo, V. L.; Bernardes, L.S.; Carvalho, 1. Curr. Drug Metab. 2009, 10,188. (b)Gross, A. S.;
Somogyi, A.; Eichelbaum, M. Handb. Exp. Pharmacol. 2003, 153, 313.

3) (a) Companyo, X.; Alba, A.-N.; Rios, R. Targets in Heterocyclic Systems 2009, 13, 147. (b) Vicario, J. L.;
Badia, D.; Carrillo, L.; Ruiz, N.; Reyes, E. Targets in Heterocyclic Systems 2008, 12, 302. (c) Fraser, H.L.;
Floyd, M.B.; Sosa, A.C.B. Prog. Heterocycl. Chem. 2005, 17, 261. (d) Buffat, M.G.P. Tetrahedron 2004, 60,
1701. (e) Weintraub, P. M.; Sabol, J. S.; Kane, J. M.; Borcherding, D. R. Tetrahedron 2003, 59, 2953.

4) (a) Jones, S.; Gibbins, J. M. Curr. Opin. Pharmacol. 2008, 8, 114. (b) Alvaro, G.; Di Fabio, R. Curr. Opin.
Drug Discov. Dev. 2007, 10, 613. (c) Duffy, R.A. Exp. Opin. Emerg. Drugs 2004, 9, 9. (d) Albert, J.S. Exp.
Opin. Ther. Patents 2004, 14, 1421.

5) Dando, T.M.; Perry, C.M. Drugs 2004, 64, 777.

6) Xiao, D.; Lavey, B.J.; Palani, A.; Wang, C.; Aslanian, R.G.; Kozlowski, J.A.; Shih, N.Y.; McPhail, A.T.;
Randolph, G.P.; Lachowicz, J.E.; Dufty, R.A. Tetrahedron Lett. 2005, 46, 7653.

7) Xiao, D.; Wang, C.; Palani, A.; Reichard, G.; Aslanian, R.; Shih, N.-Y.; Buevich, A. Tetrahedron:
Asymmetry 2006, 17, 2596.

8) Xiao, D.; Wang, C.; Palani, A.; Tsui, H.-C.; Reichard, G.; Paliwal, S.; Shih, N.-Y.; Aslanian, R.; Duffy, R.;
Lachowicz, J.; Varty, G.; Morgan, C.; Liu, F.; Nomeir, A. Bioorg. Med. Chem. Lett. 2010, 20, 6313. For NK;
receptor binding assay: Binding data are the average of two or three independent determinations. Receptor
binding assays were performed on membrane preparations from CHO cells in which recombinant human NK;
receptors were expressed. [*H]-Sar-Met  Substance P was used as the ligand for the NK; assay, at
concentrations near the experimentally derived Ky value. K; values were obtained using the Cheng and Prusoff
equation. Cascieri, M. A.; Macleod, A. M.; Underwood, D.; Shiao, L. L.; Ber, E.; Sadowski, S.; Yu, H.;
Merchant, K. J.; Swain, C.J.; Strader, C.D.; Fong, T.M. J. Biol. Chem. 1994, 269, 6587.

9) (a) Stevenson, G. I.; MacLeod, A. M.; Huscroft, I.; Cascieri, M. A.; Sadowski, S.; Baker, R. J. Med.
Chem. 1995, 38, 1264. (b) Harrison, T.; Willaims, B.J.; Swain, C.J. Bioorg. Med. Chem. Lett. 1994, 4, 2733.
10) Eliel, E. L.; Manoharan, M. J. Org. Chem. 1981, 46, 1959.

11) NMR experiments were carried out in CDCl; at 25° C on a Varian ANOVA 600 MHz spectrometer
equipped with a 3 mm inverse detection probe. Resonance assignments in 4-6 piperidines were accomplished
with the help of 2D COSY, NOESY, HSQC and HMBC experiments.

12) (a) Helgaker, T.;-Jaszunski M.; Pecul M. Prog. NMR Specrtosc. 2008, 53, 249. (b) Lodewyk, M.W_;
Siebert, M.R,; Tantillo D.J. Chem. Rev. 2012, 112, 1839.

13) The uncontracted basis set and additionally tightened s and d functions were used to calculate Fermi
contact components of J-couplings in accordance with the previously described method. See: Deng, W.;
Cheeseman, J. R.; Frisch, M. J. J. Chem. Theory Comput. 2006, 2, 1028. Prior to J-coupling calculations, A
and B conformations of 4-6 were geometry and energy optimized by DFT at the B3LYP/6-31G(d) level of
theory. IEFPCM solvation model with the dielectric constant 4.9 for chloroform was used in both geometry
optimization and J-coupling calculations. All quantum-mechanical calculations were performed with
Gaussian09 software package and conformational analysis was done in Excel. For Gaussian09, see: Frisch, M.
J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M. A.; Cheeseman, J. R.; Scalmani, G.; Barone, V.;



Mennucci, B.; Petersson, G. A.; Nakatsuji, H.; Caricato, M.; Li, X.; Hratchian, H. P.; Izmaylov, A. F;
Bloino, J.; Zheng, G.; Sonnenberg, J. L.; Hada, M. Ehara, M.; Toyota, K. Fukuda, R.; Hasegawa, J.; Ishida,
M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Vreven, T.; Montgomery, Jr., J. A.; Peralta, J. E.;
Ogliaro, F.; Bearpark, M.; Heyd, J. J.; Brothers, E.; Kudin, K. N.; Staroverov, V. N.; Kobayashi, R.;
Normand, J.; Raghavachari, K.; Rendell, A.; Burant, J. C.; Iyengar, S. S.; Tomasi, J.; Cossi, M.; Rega, N.;
Millam, J. M.; Klene, M.; Knox, J. E.; Cross, J. B.; Bakken, V.; Adamo, C.; Jaramillo, J.; Gomperts, R.;
Stratmann, R. E.; Yazyev, O.; Austin, A. J.; Cammi, R.; Pomelli, C.; Ochterski, J. W.; Martin, R. L.;
Morokuma, K.; Zakrzewski, V. G.; Voth, G. A.; Salvador, P.; Dannenberg, J. J.; Dapprich, S.; Daniels, A. D.;
Farkas, O.; Foresman, J. B.; Ortiz, J. V.; Cioslowski, J.; Fox, D. J. Gaussian 09, revision A.02; Gaussian, Inc.:
Wallingford, CT, 2009.

14) Cook, M.J.; Nasri, K.; Vather, S.M. Tetrahedron Lett. 1986, 27, 3853.

15) (a) Bonaventure, P.; Letavic, M.; Dugovic, C.; Wilson, S.; Aluisio, L.; Pudiak, C.; Lord, B.; Mazur, C.;
Kamme, F.; Nishino, S.; Carruthers, N.; Lovenberg, T. Biochem. Pharmacol. 2007, 73, 1084. (b) Gum, R.J.;
Hickman, D.; Fagerland, J.A.; Heindel, M.A.; Gagne, G.D.; Schmidt, J.M.; Michaelides, M.R.; Davidsen,
S.K.; Ulrich, R.G. Biochem. Pharmacol. 2001, 62, 1661. (c) Ruben, Z.; Dodd, D. C.; Rorig, K.J.; Anderson,
S. N. Toxicol. Appl. Pharmacol. 1989, 97, 57.

16) NK; antagonists piperidine bicycles’ patents: (a) Xiao, D.; Palani, A.; Wang C.; Tsui, H.C.; Huang, X.;
Shah, S.; Rao, A.U.; Chen, X.; Paliwal, S.; Shih, N.-Y. PCT Int. Appl. 2006, WO 2006065654A1. (b) Xiao,
D.; Palani, A.; Wang C.; Tsui, H.C.; Shih, N.-Y.; Reichard, G. A. PCT Int. Appl. 2005, WO 2005100358A1.
(c) Paliwal, S.; Reichard, G. A.; Wang, C.; Xiao, D.; Tsui, H.-C.; Shih, N.-Y.; Arredondo, J. D.; Wrobleski,
M. L. PCT Int. Appl. 2003, WO 2003051840.

17) Seebach, D.; Imwinkelried, R.; Weber, T. Mod. Synth. Methods 1986, 4, 125.

18) O'Donnell, M.J.; Fang, Z.; Ma, X.; Huffman, J.C. Heterocycles 1997, 46, 617.

19) 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.

20) Holzapfel, C.W.; Marais, C.F.; Van Dyk, M.S. Synth. Commun. 1988, 18, 97.

21) Key pharmacokinetic parameters of 1.-004060882: rat AUC (0-24h), Smpk: 8.2h.ug/ml, F=58%; monkey
AUC (0-24h), 2mpk: 5.7h.ug/ml, F=48%. It was also clean in P450 enzyme and hERG inhibition assay.

22) (a) Evans, D. A.; Bartroli, J.; Shih, T. L. J. Am. Chem. Soc. 1981, 103, 2127. (b) Evans, D. A.
Aldrichimica Acta 1982, 15, 23.

23) Corey, E.J.; Ensley, H.E. J. Am. Chem. Soc. 1975, 97, 6908.

24) Miyashita, M.; Yanami, T.; Kumazawa, T.; Yoshikoshi, A. J. Am. Chem. Soc. 1984, 106, 2149.

25) Maruoka, K.; Itoh, T.; Yamamoto, H. J. Am. Chem. Soc. 1985, 107, 4573.

26) Tucker, J.A.; Clayton, T.L.; Mordas, D.M. J. Org. Chem. 1997, 62, 4370.



Graphic Abstract:

Conformation studies of piperidines 1 and 4-6 revealed insights that guided design and synthesis
of a potent NK, antagonist 7 with excellent pharmacokinetic properties.

CF3 (o] n CF3
HN NH ﬁ’
HN — ‘'w
NH3, o]
[y NH ’, 0
Ph’ § th \ th S Ph CF; N CF3
4 5 6 4

1



