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Abstract: The asymmetric synthesis of all four sterecisomers of 4-
hydroxypipecolic acid (1) from the polyfunctionalized chiral build-
ing blocks -amino B-keto esters (S;,R)-(+)-5 or (Rg,9)-(-)-5 is de-
scribed. Key stepsin the synthesis are the stereosel ective reductions
of b-phenylpiperidine-2,4-dione (6) and N-sulfinyl 3-amino B-keto
esters 5 to cis 4-hydroxy 2-piperidinone 7 and syn-8-amino B-hy-
droxy ester 9, respectively. The only protecting/deprotecting group
chemistry required is related to the oxidation step.

Key words: stereosdlective reductions, hydrides, cyclization,
asymmetric synthesis, piperidines

Interest in the synthesis of cyclic a-amino acids stems
from the effects these acids have on biological activity
once incorporated into peptides. The 4-hydroxypipecolic
acids 1 are of particular relevance because naturally oc-
curring cis-(2S54R)-(-)-1 is found in cyclodepsipeptide
antibiotics such asvirginiamycin S,,2 which is used in the
synthesis of N-methyl-D-aspartic acid (NMDA) receptor
antagonists® and in the synthesis of the palinavir, a new
class of HIV protease inhibitor.# Its enantiomer (2R 4S)-
(+)-1 is an intermediate in the synthesis of 4-(phospho-
nonoal kyl)-2-piperidinecarboxylic acids which are potent
NMDA receptor antagonists of interest for the treatment
of CNS disorders® trans-(2S,4S)-4-Hydroxypipecolic
acid (1) was isolated from leaves of the Acacia species,®
and its 4-sulfate is also a selective NMDA receptor ago-
nist.% In addition, these cyclic amino acids are of impor-
tance as building blocks for the synthesis of piperidine
akaloids.’
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Figurel Structures of 4-Hydroxypipecolic acids 1 and 4-oxopipe-
colic acid (2)

Only afew syntheses of enantiomerically enriched 4-hy-
droxypipecolic acids (1) have been described.? These in-
clude the transformation of 4-oxopipecolic acid (2),° a
constituent of the virginiamycins family of cyclopep-
tides,'° cyclization of chiral N-acyliminium ions'! and
other procedures which start from D-glucoheptono-1,4-
lactone,*? glycidol,*® or a chiral 1-acylpyridinium salt.4
Unfortunately many of these methods suffer from limita-
tionswhichinclude classical resolutions,® inefficient sep-
aration of diasterecisomers, expensive reagents and/or
lengthy synthetic procedures. Furthermore, none of these
syntheses provide easy accessto all four stereoisomers of
1

As part of a program to design and synthesize polyfunc-
tionalized chiral building blocks, we recently introduced
N-sulfinyl §-amino B-keto esters for akaloid synthe-
sis.817 These building blocks are prepared from sulfin-
imines (N-sulfinyl imines)'® and are used in the highly
efficient asymmetric synthesis of (R)-(+)-2-phenylpiperi-
dine, (—)-SS20846A,% and the quinalizidine alkaloid
(-)-lasubine11.Y In particular (S5,R)-(+)-methyl 3-oxo-5-
phenyl-5-(p-toluenesulfinylamino)pentanocate  (5) was
prepared in one-pot by treatment of sulfinimine (S-(+)-3
with an excess of the sodium enolate of methyl acetate in
THF/EL,O (Scheme 1).26 Alternatively, 5 can be prepared
from the B-amino acid (S5,R)-(+)-4. Treatment of (+)-5
with trifluoroacetic acid (TFA)/MeOH, passing the solu-
tion through a short plug of silicagel to remove the sulfi-
nate byproduct, and addition of aqueous saturated
NaHCO; solution in THF afforded (R)-(+)-6-phenylpipe-
ridine-2,4-dione (6) in 90% yield for the two steps. Our
plan then consisted of stereoselectively reducing the
4-oxo group in 6 to the cis or trans hydroxy derivatives 7
and using the phenyl group as a carboxylic acid equiva
lent.1® Herein we describe the asymmetric synthesis of all
four stereoisomers of 4-hydroxypipecolic acid 1 from
(Ss,R)-(+)-5 and its enantiomer (R, S)-(—)-5.

It appears that there have been no reports on the stereose-
lective reduction of piperidine-2,4-diones such as 6. In
contrast, several studies on the reduction of 2-substituted
and 2,6-disubstituted 4-oxo piperidines have appeared. In
one study a 2-substituted NH 4-oxo piperidine with L-Se-
lectride gave the cis-product (cis/trans = 90:10), while an
N-protected derivative afforded the trans-isomer (cis/
trans = 5:95).%° In another study a 2-substituted N-PMP-
4-oxopiperidine gave a 89:11 cig/trans ratio of products
with L-Selectride, and with NaBH,/CeCl ; theratio was re-
versed (cis/trans = 30:70).2* On the other hand 2,6-disub-
stituted 4-oxo piperidines give the cis- and trans-products
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Scheme 1

Table Reduction of (R)-(+)-6 and (SyR)-(+)-5

with NaBH, and L-Selectride, respectively.?? Despite
these encouraging results all attempts to produce the
trans-isomer (4S,6R)-7 as the major product were unsuc-
cessful (Table). Indeed all reducing reagentstested afford-
ed a predominance of the cis-isomer (4R,6R)-7 with
maximum selectivity (97:3) being observed with NaBH,
and Zn(BH,), (Entries 1, 4 and 5). It proved impossible to
remove the minor isomer by chromatography, and crystal-
lization from i-PrOH/pentane gave (4R,6R)-7 in only 50%
yield. For this reason it was found more efficient to move
on to the next step with crude material, where the minor
isomer was eliminated (see below). The maximum
amount of thetrans-(4S,6R)-7 was observed with L-Selec-
tride, but the 1:1 cigltrans ratio was syntheticaly unac-
ceptable (Entry 8). We believe that axia attack is
particularly favorable in 8, not only because torsional
strainisrelieved, but abulky reducing reagent encounters
a single 5-axial hydrogen on approach. Flattening of the
piperidine ring, as a consegquence of enolate-elongation
dueto the acidity of the 3 protons, may also enhance axial
attack.

While a nitrogen substituent may alter the conformation
of the piperidine-2,4-dione ring to minimize A'® strain,
and favor equatorial (trans) attack, this would require ad-
ditional steps.?® For this reason we explored the syn and

Entry Reducing Agents/Conditions From (R)-(+)-6 From (SR) (+)-5
cigltrans 72 (% yield) syn/anti 92 (% yield)
1 NaBH,/THF, ~78°C, 2 h (42 h)° 97:3 (92) [51]° 66:34 (90)
2 NaBH,/AcOH, —78°C, 2 h 85:15 (92)
3 NaBH,/CeCl,/MeOH, —78 to 0°C, 10 min (1.5 h) 95:5 (82) 67:33 (15)
4 Zn(BH,),, THF, -78°C, 1h (5 h) 97:3(90) 77:23 (90) [69]°
5 Zn(BH,),/CH,Cl,, ~78°C, 1 h (4 h) 97:3 (90) 88:12 (90)
6 L-Selectride (5 equiv)/THF, —78°C, 6 h (6 h) no reaction no reaction
7 L-Selectride (5 equiv)/CH,Cl,, —78°C, 6 h 70:30 (98)
8 L-Selectride (5 equiv)/THF, r.t., 6 h 1:1(70)
9 DIBAL-H/THF, -78°C, 6 h (6 h) no reaction 89:11 (20)
10 DIBAL-H/ZnCl,/THF, -78°C, 6 h complex mixture
11 Ph,MeSIH/THF/TFA, r.t., 12 h 70:30 (30)
12 MeNBH,/THF, —=78°C, 2h 45:55 (85)
12 LiEt;BH/THF, -78°C,5h 33:67 (50)
14 LiEt,;BH/EL,0, ~78°C, 8 h 9:91 (46)
15 LiEt;BH/t-BUOH/THF, —78°C, 6 h no reaction
16 NaEt;BH/THF, —78°C, 6 h 55:43 (42)

a Determined from the NMR of the crude mixtures.
b Time for reduction of (+)-5.
¢ |solated yield of the major diasterecisomer.
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Figure 2 Proposed structure 8 for the preferential formation of
trans-(4S,6R)-7 in the reduction with L -Selectride and the structure of
the six-membered chelate 10

anti reduction of 3-amino B-keto ester 5 to 6-amino B-hy-
droxy ester 9 (Scheme 2). Although there are many stud-
ies on the reduction of acyclic B-hydroxy ketones? there
are no reports on the reduction of §-amino p-keto esters
and only afew studies on the reduction of acyclic f-amino
ketones.?*? For the reduction of acyclic p-hydroxy ke-
tones, high syn selectivity was observed with reagents that
deliver an external hydride ion [NaBH,, Zn(BH,),], and
anti selectivity was observed when hydride was delivered
intramolecularly (LiAIH,).?! In our case, we needed syn-9
because on cyclization it gives the desired trans isomer
(4S,6R)-(+)-7. The choice of reducing reagent was limited
to those that were unlikely to cleave the sulfinyl group
and/or reduce the ester functionality. These results are
summarized in the Table.

(SsR)-(+)5
J [H

o o

S. N
p-Tolyl” > NH OH ©O . p-Tolyl”SNH OH O

Ph OMe Ph OMe

syn-(Ss,3S,5R)-(+)-9 anti-(Ss,3R,5R)-(+)-9

2) NaHCO4

1) TFA/MeOH
(92%)

trans- (4S,6R)-(+)-7

Scheme 2

Good syn selectivity was observed only for Zn(BH,),
(77:23) (Entries 1 and 4), which afforded, after flash chro-
matography, (S5,3S5R)-(+)-9 in 69% vyield (entries 4).
Thisresult is consistent with formation of asix-membered
chelate 10 and external delivery of hydride. Treatment of
syn-(+)-9 with TFA/MeOH followed by NaHCO; gave
(4S,6R)-(+)-7 in 97% yield. The best anti selectivity was
observed for lithium triethylborohydride to give asyn/anti

ratio of 9:91 (Entry 14). However, it was difficult to ob-
tain reproducible results, particularly in larger scale reac-
tions, because the sulfinyl and/or methoxycarbonyl
groups were being reduced.

Reduction of cis- and trans-7 with LiAIH, for 36 hours
gave diastereomerically pure cis- and trans- 11 in 62 and
64% yields, respectively (Scheme 3). Differential protec-
tion of the amino and hydroxy groups was accomplished
by sequential treatment of 11 with trifluoroacetic anhy-
dride (TFAA) and acetic anhydride to give 12.1326 Oxida-
tion of the phenyl groups in 12 was accomplished using
NalO,/RuCl,, followed by deprotection of the hydroxyl
and amino groups with K,CO,/MeOH.* 4-Hydroxypipe-
colic acids cis-(2R49-(+)-1 and trans- (2R4R)-(+)-1
were isolated by ion exchange (Dowex 50W X8 resin) in
61% and 79% yields, respectively. Their properties were
in agreement with literature values.

OH OH
. a : b
cis (+)-7 or /(j .
trans (+)-7 PH” N PR N
H H

(2RAS)-(+)-11  (2R4R)-(+)-11
OAc OAc
: . (RASN1
Nolb
PN PR N .
COCRs COCF, (2R4R)-(+)-1
(2RASK-(+)12  (2RAR)(+)-12

Reagents and conditions: (a) LiAlH,, 36 h, (cisor trans: 62 or 64%);
(b) i) TFAA/ELN, ii) K,CO4/THF, iii) Ac,O/Et;N/DMAP (83% or
80%); (c) i) NalO,/RuCl,/CCl,/MeCN/H,0, ii) K,CO;, iii) Dowex 50
X8 resin (79% or 61% yield)

Scheme 3

The advantage of using 5-amino B-keto esters as chiral
building blocks for alkaloid synthesis is that both enanti-
omers are easily available. Thus, beginning with 5-amino
B-keto ester (Rs,9-(-)-5, 4-hydroxypipecolic acids
Cis-(254R)-(-)-1 and trans-(-)-(2549)-(-)-1 were pre-
pared in asimilar manner in 61% and 68% yields, respec-
tively (Scheme 4).

In summary, the asymmetric synthesis of all four stereoi-
somers of 4-hydroxypipecolic acid 1 has been achieved
from the polyfunctionalized chiral building blocks 5-ami-
no B-keto esters (S;,R)-(+)-5 or (Rg,9-(-)-5. It is note-
worthy that the only protection/deprotection group
chemistry necessary is related to the oxidation step, serv-
ing to illustrate the utility of these building blocks for the
efficient asymmetric synthesis of alkaloids.

Column chromatography was performed on silicagel, Merck grade
60(230-400 mesh). Anaytical and preparative TLC were per-
formed on precoated silica gel plates (250 and 400 um) purchased
from Analtech Inc. TLC plateswere visualized by quenching of UV
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Reagents: (a) Zn(BH,), (72%); (b) i) TFA, ii) NaHCO; (91 and 96%);
(c) NaBH, (96%); (d) LAH (64 and 59%); (e) i) TFAA/ELN,
i) K,CO,, iii) AC,O/Et,N, (78 and 84%); (f) i) NalO,/RuCl,/CCl,/
MeCN/H,0, ii) K,CO,, iii) Dowex 50 X8 resin, (61 and 68% yield).

Scheme 4

fluorescence (A 254 nm), staining with 1, or with 0.5% ninhydin
in EtOH. IR spectra were obtained using NaCl plates or KBr discs
and recorded on a Mattson 4020 FTIR spectrometer. *H and 3C
NMR were recorded on a General Electric Omega 500, operating at
500 MHz and 125 MHz, respectively. The spectra were referenced
to solvent residues as internal standards. HRM S analyses were per-
formed in the Department of Chemistry, Drexel University, Phila-
delphia, PA using a Fissions ZAB HF double focusing mass
spectrometer. Melting pointswere recorded onaMEL-TEMP appa-
ratusand are uncorrected. Optical rotations were measured on aPer-
kin-Elmer 341 polarimeter and elemental analyses were performed
in the Department of Chemistry, University of Pennsylvania, Phila-
delphia, PA.

THF and Et,0 werefreshly distilled under an inert atmosphere from
a purple solution of sodium/benzophenone ketyl. Anhyd CH,CI,
was obtained by refluxing over CaH, followed by distillation under
an inert atmosphere. Zn(BH,), was prepared according to alitera-
ture procedure.?” All other reagents were obtained from commercial
sources and used without further purification. Reactions were per-
formed under an inert atmosphere of argon unless otherwise stated
and all glassware was vacuum or oven dried prior to use.

M ethyl (Sg,R)-(+)-3-Oxo-5-phenyl-5-(p-toluenesul finylamino)-
pentanoate (5)

This procedure is a modification of an earlier procedure.!® In a
100 mL one-necked round-bottomed flask equipped with a magnet-
ic stirring bar, rubber septum, and argon inlet was placed a1l M so-
lution of NaHMDSin THF (12.1 mL, 12.1 mmol) in THF (10 mL)
and cooled to —78 °C. Anhyd methy| acetate (0.96 mL, 12.1 mmol)

was added slowly via syringe and stirred vigorously for 40 min.
Et,O (5.4 mL) was added followed by addition of (S)-(+)-N-(ben-
zylidene)-p-toluenesulfinamide?® (0.59 g, 2.42 mmol) in THF
(5 mL) via cannula. The reaction mixture was stirred at —78 °C for
3 h and monitored by TLC. If the starting material was absent, but
(+)-4 was present, the reaction temperature wasraised to —42 °C for
an additional 3 h and quenched with aq sat NH,Cl solution (5 mL).
H,0 (5 mL) was added and the ag. phase was washed with EtOAc
(2 x 10 mL). The combined organic phases were washed with brine
(10 mL), dried (N&,SO,), concentrated, and the residue was purified
by flash chromatography (30% EtOAc/hexane) to give 0.74 g
(85%) of an oil in >98% de; R; 0.12 (40% EtOAc/hexanes); [a]p®°
77.0 (c = 1.6, CHCl,); [Lit.%8 [0],°+73.6 (c = 1.63, CHCI;)].

Methyl (Rg,S)-(—)-3-Ox0-5-(p-toluenesulfinylamino)-5-phenyl-

pentanoate (5)

Yield: 81%; ail; >98% de; R; 0.12 (40% EtOAc/Hexanes); [a]p®
—79.6 (¢ = 1.5, CHCI,). Spectral properties were identica to (+)-5.

(R)-(+)-6-Phenylpiperidine-2,4-dione (6)

In @50 mL one-necked round-bottomed flask equipped with amag-
netic stir bar was placed (S,R)-(+)-5 (1.14 g, 3.16 mmol) in MeOH
(20 mL). The mixture was cooled to 0°C and TFA (1.22 mL,
15.8 mmol) was added. After stirring at r.t. for 1 h, the mixture was
concentrated and residue was loaded onto a short pad of silica gel
that was then washed with 30% EtOAc/hexane (40—-50 mL) until
the TLC indicated the absence of the methyl p-toluenesulfinate
byproduct. Elution with MeOH (50 mL) and concentration gave a
residue that was then dissolved in THF (20 mL) and treated with aq
sat NaHCO;, solution (5 mL). After stirring for 1 h, the solution was
diluted with EtOAc (50 mL) and the aqueous layer was acidified
with concd HCI to pH ~3. The mixture was washed with EtOAc (2
x 20 mL ), and the combined organic phases were washed with brine
(10 mL), dried (N&,SO,) and concentrated to give 0.54 g (90%) of
a white solid; mp 166-168 °C; R; 0.17 (40% EtOAc/CH,Cl,);
[0]p?° +123.4 (c = 0.35, CHCly); [Lit. mp 167-169 °C; [a]p%°
+124.3 (c = 0.37, CHCIl,)].

(9)-(-)-6-Phenylpiperidine-2,4-dione (6)
Yield: 91%; R; 0.17 (40% EtOACc/CH,Cl,); mp 166—168 °C; [a]p%°
—122.7 (c= 1.0, CHCI,). Spectral propertieswereidentical to (+)-6.

(4R,6R)-(+)-4-Hydr oxy-6-phenylpiperidin-2-one (cis-7)

In a50 mL one-necked round-bottomed flask equipped with amag-
netic stir bar, rubber septum, and an argon balloon was placed
(R)-(+)-6 (0.32 g, 1.69 mmol) in THF (15 mL). The solution was
cooled to —78 °C and NaBH, (0.70 g, 18.5 mmol) wasadded. After
stirring at this temperature for 5 h, ag sat NH,Cl solution (5 mL),
and H,O (5 mL) were added, and the phases were separated. The
aqueous phase was extracted with EtOAc (2 x 20 mL), and the com-
bined organic phases were washed with brine (10 mL), dried
(Na,SO,) and concentrated. The residue was crystallized from i-
PrOH/hexanes to give 0.165 g (51%) of a solid in >98% de; mp
213 °C [Lit.2 mp 212-214 °C for (+)-7]; [0]o® +52.3 (c = 0.88,
MeOH).

!H NMR (CD;0D): & = 1.60 (ddd, J = 11.7, 11.7, 11.4 Hz, 1 H),
2.23-2.31 (m, 2 H), 2.66-2.71 (ddd, J=16.9, 5.5, 2.2 Hz, 1 H),
4.06-4.12 (m, 1 H), 4.48(dd, J = 11.7, 4.4 Hz, 1 H), 7.23-7.38 (m,
5H).

13C NMR (CD,0OD): & = 41.4, 42.6, 56.2, 65.5, 127.4, 129, 129.9,
1435, 173.4.

(4S,69)-(—)-4-Hydr oxy-6-phenylpiperidin-2-one (cis-7)

Yield: 96%; mp 211-213 [Lit.2° mp 212-214 °C for (+)-7]; [a]p®
-51.9 (c = 0.56, MeOH). Spectral properties were identical to cis-
(H)-7.
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M ethyl (Ss,3S,5R)-(+)-3-Hydr oxy-5-phenyl-5-(p-toluenesulfin-
ylamino)pentanoate (syn-9)

In a 250 mL one-necked round-bottomed flask was placed
(SR)-(+)-5(1.04 g, 2.89 mmol) in Et,O (30 mL) and THF (50 mL).
The solution was cooled to —78 °C and Zn(BH,),?” (0.14 M in Et,O,
41 mL, 5.74 mmol) was added dropwise. The reaction mixture was
stirred at =78 °C for 5 h, quenched by addition of aq sat NH,Cl so-
lution (20 mL), H,O (20 mL) and extracted with EtOAc (2 x 50
mL). The combined organic phases were washed with brine
(20 mL), dried (N&,SO,) and concentrated to give 9 asa 77:23 mix-
ture of diastereomers. Purification by flash chromatography (20—
40% EtOACc/CH,Cl,) afforded 0.725 g (69%) of syn-(+)-9 asa col-
orless ail; R; 0.18 (40% EtOAC/CH,CL,); [a]p®° +63.6 (c = 01.1,
CHCly).

IR (neat): v = 3249, 3021, 2362, 1733, 1439, 1216, 1054, 760 cm™™.

IH NMR (CDCl,): 5 = 1.80 (ddd, J = 14.3, 4.8, 1.8 Hz, 1 H), 1.98
(ddd, J = 14.3,10.3, 8.8 Hz, 1 H), 2.30-2.46 (m, 5 H), 3.66 (S, 3H),
3.90 (br s, 1H), 4.17 (m, 1 H), 4.78 (m, 1 H), 5.42 (d, J = 2.6 Hz, 1
H), 7.15 (d, J = 8.4 Hz, 2 H), 7.23-7.57 (m, 7 H).

13C NMR (CDCly): 8 = 22.03, 42.51, 45.18, 52.43, 58.30, 68.09,
126.12, 128.32, 129.40, 129.91, 130.81, 141.90, 142.79, 143.16,
173.17.

HRMS: m/z caled for C;gH,sNO,S (M + H): 362.1426; found
362.1417.

Methyl (S5,3R,5R)-(+)-3-Hydr oxy-5-phenyl-5-(p-toluenesulfin-
ylamino)pentanoate (anti-9)

Yield: 0.221 g (21%); colorless ail; R; 0.28 (40% EtOACc/CH.CIL.);
[0]p?° +95.5 (c = 0.56, CHCl,).

IR (neat): v = 3265, 3029, 2952, 1733, 1439, 1057 cm™™.

IH NMR (CDCl.): 5 = 1.80 (br s, 1 H), 1.89 (ddd, J = 14.7, 9.2, 3.3
Hz, 1H), 2.01 (ddd, J = 14.7, 9.5, 4.0 Hz, 1 H), 2.40-2.45 (m, 4 H),
2,58 (dd, J = 16.5, 8.8 Hz, 1 H), 3.67 (s, 3 H), 4.15-4.20 (m, 1 H),
483 (m, 1 H), 4.98 (d, J= 6.6, 1 H), 7.26-7.40 (m, 7 H), 7.61(d,
J=84,2H).

13C NMR (CDCly): & = 22.0, 41.7, 44.9, 52.6, 56.6, 65.4, 126.2,
127.6,128.1, 129.3, 130.4, 142.1, 142.9, 143.4, 173.4.

Methyl (Rs,3R,55)-(—)-3-Hydr oxy-5-phenyl-5-(p-toluenesulfin-
ylamino)pentanoate (syn-9)

Yield: 72%; R; 0.18 (40% EtOAC/CH,CL,); [a],?® -62.8 (c = 1.1,
CHClI,). Spectral properties were identical to syn-(+)-9.

Methyl (Rg,3S,5S)-(—)-3-Hydr oxy-5-phenyl-5-(p-toluenesulfin-
ylamino)pentanoate (anti-9)

In @10 mL one-necked round-bottomed flask equipped with amag-
netic stirring bar, rubber septum, and argon inlet was placed
(Rs;9)-(—)-5 (0.027 g, 0.075 mmol) in Et,O (1.5 mL) and cooled to
—78 °C. LiEt;BH (Super-Hydride) (190 pL, 0.19 mmol), was added
dropwise and the reaction mixture was stirred for 5 h. At thistime
the solution was quenched by addition of afew drops of MeOH fol-
lowed by H,O (5 mL), and the mixture was extracted with EtOAc
(3 x 5 mL). The combined organic phases were washed with brine
(10 mL), dried (N&,SO,) and concentrated to give a 91:9 mixture of
diastereomers that were separated by flash chromatography (20—
40% EtOACc/CH,CI,) affording 0.012 g (44%) of anti-9 as a color-
less ail; Ry 0.28 (40% EtOAC/CH,Cl); [a]p?® -96.1 (c = 1.2,
CHClI,). Spectral properties were identical to anti-(+)-9.

(4S,6R)-(+)-4-Hydr oxy-6-phenylpiperidine-2-one (trans-7)

In a 100 mL one-necked round-bottomed flask was placed
syn-(+)-9 (0.5 g, 1.38 mmol) in MeOH (30 mL). The mixture was
cooled to 0 °C and TFA (0.53 mL, 6.86 mmol) was added. After
stirring at r.t. for 1 h, the mixture was concentrated and residue was
loaded onto a short pad of silica gel which was washed with 30%

EtOA c/hexane (40—-50 mL) until the TLC indicated the absence of
methyl p-toluenesulfinate. Elution with MeOH (50 mL) and con-
centration gave aresidue which was dissolved in THF (30 mL) and
treated with agq sat NaHCO; solution (7.5 mL). The mixture was
stirred at r.t. for 2 h, diluted with EtOAc (100 mL), washed with
brine (20 mL), dried (N&,SO,) and concentrated to give 0.256 g
(97%) of a white solid; mp 195-198 °C; [0]p? +29.9 (c = 0.67,
MeOH).

IR (KBr): v = 3238, 1621, 1470, 1327, 1158, 1055 cm™™.

IH NMR (CD,0D): § = 1.84 (m, 1 H), 2.10 (m, 1 H), 2.38 (m, 1 H),
2.66 (dd, J = 18.0, 4.4 Hz, 1 H), 4.21 (m, 1 H), 4.78 (dd, J = 9.9, 4.8
Hz, 1H), 7.38-7.26 (m, 5 H).

13C NMR (CD40D): § = 39.4, 40.0, 54.2, 63.8, 127.4, 128.8, 129.9,
143.9,174.1.

HRMS: m/z cdcd for C;;HsNO, (M + Na) 214.0844, found
214.0843.

(4R,6S)-(—)-4-Hydr oxy-6-phenylpiperidine-2-one (trans-7)
Yield: 98%; mp 196—198 °C; [0]p?° —30.4 (c = 1.2, MeOH). Spec-
tral properties were identical to (+)-7.

(2R,49)-(+)-2-Phenylpiperidine-4-ol (cis-11)

Ina25 mL single neck round-bottomed flask equipped with amag-
netic stirring bar, rubber septum and argon-filled baloon was
placed cis-(+)-7 (0.433 g, 2.26 mmol) in THF (4 mL). The solution
was cooled to -78°C, and a 1 M solution of LiAIH, in THF
(11.3 mL, 11.3 mmol) was added slowly via syringe, and the mix-
ture was stirred at r.t. for 36 h. At this time the solution was cooled
to 0 °C, quenched with ag sat Na,SO, solution (2 mL), stirred for
0.5 h and filtered through Celite. The filtrate was washed with
EtOAc (50 mL), and the organic phase was washed with 2 N NaOH
(10 mL), brine (10 mL), dried (N&,SO,) and concentrated. The res-
idue was purified by flash chromatography (90:10:2, CH.CI,/
MeOH/28% NH,OH) to afford 0.25 g (62%) of a white solid; mp
101-102 °C (Lit.** mp 101-102 °C for the enantiomer of cis-11);
[0]p% 20.2 (¢ = 0.56, MeOH) [Lit.**[0]p?° —10.9 (c = 0.53, MeOH)
for its enantiomer (2S4R)-11]. Physical and spectral properties
were in agreement with literature values.*®

(2R,4R)-(+)-2-Phenylpiperidine-4-ol (trans-11)

Following the same procedure described for the preparation of cis-
(+)-11, trans-(+)-7 gave 0.23 g (64%) of a white solid; mp 107-
108 °C; [a] 2 +65.6 (c = 0.5, CHCI,).

IR (KBr): v = 3427, 3170, 1455, 1316, 1115 cm™™.

IH NMR (CDCly): § = 1.65 (br s, 1 H), 1.74-1.93 (m, 4 H), 3.01
(ddd, J= 2.6, 4.8, 11.7 Hz, 1 H), 3.26 (dt, J=2.9, 12.3 Hz, 1 H),
352 (s, 1 H), 4.11 (dd, J = 2.9, 11.4 Hz, 1 H), 4.30 (m, 1 H), 7.27-
7.43 (m, 5 H).

13C NMR (CDCly): 5 = 145.6, 129.1, 127.8, 127.4, 66.1, 56.2, 42.3,
421, 335.

HRMS: m/z caled for CyyH;sNO (M+H) 178.1232, found 178.1235.

(2S,4R)-(—)-2-Phenylpiperidine-4-ol (cis-11)

Yield: 64%; mp 101-102 °C; [a]p?* —19.5 (c = 0.70, MeOH). Phys-
ical and spectral properties were in agreement with literature val-
UeS.13

(25,49)-(—)-2-Phenylpiperidine-4-ol (trans-11)
Yield: 59%; mp 107-108 °C; [0]p?° —64.8 (c = 0.81, CHCl;). Spec-
tral properties wereidentical to (2R,4R)-(+)-11.

(2R,49)-(+)-4-Acetoxy-2-phenyl-1-trifluor oacetylpiperidine
(cis-12)

This procedureis amodification of an earlier procedure.®* Toanice
cold solution of cis-(+)-11 (0.104 g, 0.59 mmol, 1.0 equiv) in
CH,Cl, (10 mL) containing Et;N (0.49 mL, 3.52 mmol, 6 equiv)
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and 4-dimethylaminopyridine (3 mg) was added trifluoroacetic an-
hydride (0. 33 mL, 2.34 mmol, 4.0 equiv) viaa syringe. After stir-
ring at r.t. for 12 h, H,O (1 mL) was added and the solution was
washed with brine (5 mL), dried (Na,SO,) and concentrated. The
residuewasdissolved in THF (10 mL), K,CO;(0.162 g (1.17 mmol,
2.0 equiv) and H,O (0.8 mL) were added, and the mixture was
stirred for 5 h. At thistime H,O (2 mL) was added, the solution was
washed with CH,Cl, (2 x 5mL), and dried (N&a,SO,). After filter-
ing into a one-neck 25 mL round bottomed flask, Et;N (0.33 mL,
2.37 mmol, 4.0 equiv) and dimethylaminopyridine (3mg) were add-
ed. The mixture was cooled to 0 °C, Ac,O (0.11 mL, 1.17 mmol,
2.0 equiv) was added and the solution was stirred at r.t. for 12 h. At
this time H,O (1 mL) was added, the solution was washed with
brine (5 mL). The organic phases were dried (N&,SO,), filtered and
concentrated to give an oil that was purified by preparative TLC
(EtOAc/pentane, 30:70) to give 0.154 g (83%) of cis-(+)-12 as a
colorless ail; [a] 2 49.3 (c = 1.1, CH,Cl,); [Lit.2*[0]p?° —45.5 (c =
1.05, CH,Cl,) for the enantiomer].

H NMR (CDCl,) (it existed as rotamers): & = 1.44 (s, 0.9 H), 1.51
(s, 21H),1.72-1.96 (m, 2 H), 2.11-2.16 (m, 1 H), 2.87-2.99 (m,
1H),3.33(m, 0.3H),3.68(q, J=12.8Hz,0.7H),3.92(d, J=13.6
Hz, 0.7H), 4.54 (d, J = 11.7 Hz, 0.3 H), 5.07 (s, 1 H), 5.34 (br 5,0.3
H), 5.85 (d, J=5.1 Hz, 0.7 H), 7.12-7.36 (m, 5 H).

13C NMR (CDCly): § = 171.0, 157.5 (m), 139.3, 138.8, 129.4, 127.5,
125.7,117.3(q, J = 288 Hz), 66.9, 54.5, 51.8, 38.5, 35.7, 32.6, 31.7,
30.8,29.9, 21.2.

(2S,4R)-(—)-4-Acetoxy-2-phenyl-1-trifluor cacetylpiperidine
(cis12)

Yield: 78%; colorless ail; [a]p?° —47.9 (c = 1.1, CH,Cl,). Physical
and spectral properties were identical to (2R,49-(+)-12.

(2R,4R)-(+)-4-Acetoxy-2-phenyl-1-trifluor oacetylpiperidine
(trans-12)
Yield: 80%; colorless ail; [a]p?° +80.7 (¢ = 1.95, CH,Cl,).

IR (neat): v = 1736, 1690, 1455, 1243, 1204, 1142, 1046 cm™™.

'H NMR (CDCIy) (it existed as rotamers): § = 1.63-1.71 (m, 1 H),
1.86-2.14 (m, 4 H), 2.75-3.12 (m, 2H), 3.90 (br d, J = 14.7Hz, 0.7
H), 4.51 (br d, J= 13.9 Hz, 0.3 H), 4.96-5.08 (m, 1 H), 5.43 (br s,
0.3H), 6.04 (br s, 0.7 H), 7.26-7.42 (m, 5 H).

13C NMR (CDCly): § = 171.1, 157.1 (q, J = 34.6 Hz), 137.0, 136.8,
131.0, 129.9, 1285, 128.4, 127.0, 126.7, 117.3 (g, J = 288.9 Hz),
67.7,56.2, 53.4, 40.8, 38.7, 34.0, 32.6, 32.3, 31.6, 21.7.

Anal. caled for CisH,6FNO;: C 57.14; H, 5.12; N, 4.44. Found: C,
57.04; H, 5.36; N, 4.46.

2S,4S)-(—)-4-Acetoxy-2-phenyl-1-trifluor oacetylpiperidine
(trans-12)
Yield: 84%; colorless il; [a] o2 —81.2 (c = 1.1, CH,Cl,).

IR (neat): v = 1736, 1690, 1455, 1243, 1204, 1142, 1046 cm™™.

'H NMR (CDClIy) (it existed as rotamers): 6 = 1.63-1.71 (m, 1 H),
1.86-2.14 (m, 4 H),2.75-3.12(m, 2H), 3.90 (br d, J = 14.7 Hz,0.7
H), 4.51 (br d, J = 13.9 Hz, 0.3 H), 4.96-5.08 (M, 1 H), 5.43 (br s,
0.3H), 6.04 (br s, 0.7 H), 7.26-7.42 (m, 5 H);

13C NMR (CDCly): § = 171.1, 157.1 (q, J = 34.6 Hz), 137.0, 136.8,
131.0, 129.9, 128.5, 128.4, 127.0, 126.7, 117.3 (q, J = 288.9 H2),
67.7, 56.2, 53.4, 40.8, 38.7, 34.0, 32.6, 32.3, 31.6, 21.7.

(2R,49)-(+)-4-Hydr oxypipecolic Acid (cis-1)

Ina25 mL one-necked round bottom flask equipped with amagnet-
ic stir bar was placed cis-(+)-12 (0.14 g, 0.44 mmal), CCl, (2 mL),
MeCN (2 mL), and H,O (3 mL). NalO, (1.42 g, 6.64 mmol) and
RuCl,-H,0 (0.0046 g, 0.022 mmol), were added and the solution
was stirred vigorously for 8 h. The solution was filtered through a
Celite, and rinsed with CH,CI, (20 mL). The combined organic
phases were dried (MgSO,) and concentrated. The residue was dis-

solved in methanol (5 mL), 0.368 g (2.66 mmol) of K,CO; was add-
ed, and the mixture was stirred at r.t. for 12 h. The solution was
concentrated, acidified with 1 N HCI, purified using a Dowex 50W-
X8 resin (50—-100 mesh) and eluted with 5% NH,OH (150 mL). The
ninhydrin positive fractions were combined and evaporated in vac-
uo to give a solid which was washed with activated carbon (1.0 g)
in hot H,O (20 mL). Concentration and drying under vacuum gave
0.039 g (61%) of (2R,49-(+)-1 as a white gum; [0]p?° +19.3 (Cc =
0.7, H,0) [Lit.2*[a]p?? —17.2 (c = 1.05, H,0) for the enantiomer].

(2S,4R)-(—)-4-Hydr oxypipecolic Acid (cis-1)
Yield: 61%; white gum; [a]p?° —18.9 (c = 0.7, H,0) [Lit.2*[a]p%°
~17.2 (¢ = 1.05, H,0)].

(2R,4R)-(+)-4-Hydr oxypipecolic Acid (trans-1)

Yield: 79%; white gum; [a]p® +12.6 (c = 0.8, H,0) [Lit.5 [a]p®
—-13+0.4 (1% in H,0) for the enantiomer]. Spectral propertieswere
in agreement with literature values.®

(25,45)-(-)-4-Hydr oxypipecolic Acid (trans-1)

Yield: 68%; white gum; [0]p?° —12.6 (c = 0.8, H,0) [Lit.? [a]p®
—13+ 0.4 (1% in H,O) for the enantiomer]. Spectral propertieswere
in agreement with literature values.*
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