February 1996

SYNTHESIS 223

Enantioselective Syntheses of (R)- and (S)-Hexahydropyridazine-3-carboxylic

Acid Derivatives'

Ulrich Schmidt,* Christine Braun, Heinz Sutoris

Institut fiir Organische Chemie und Isotopenforschung der Universitit Stuttgart, Pfaffenwaldring 55, D-70569 Stuttgart, Germany

Received 7 August 1995

Appropriately protected optically active tetrahydropyridazine-3-
carboxylic acid and hexahydropyridazine-3-carboxylic acid were
prepared via ring closure of a-hydrazino- and é-hydrazinopentano-
ates. Either optically active glutamic acid or an enantioselective
catalytic hydrogenation was used to generate the chiral center. The
numerous optically active intermediates are valuable starting ma-
terials for the synthesis of other unusual amino acids.

In recent years, many biologically active natural com-
pounds containing tetrahydropyridazine-3-carboxylic
acid (didehydropiperazic acid, 4Piz) and hexahydropy-
ridazine-3-carboxylic acid (piperazic acid, Piz) have been
isolated. A summary of the literature up to 1993 is given
in ref 2. APiz has been found in the linear antrimycines®
and cirratiomycines* and has been synthesized.>-®%-° The
(35,45)-4-hydroxy-4Piz has been recognized as a residue
of luzopeptin'® and has also been prepared.!! Most of
the peptides and depsipeptides that are known to contain
Piz are cyclic. There are a number of hexapeptolides with
19-membered rings. The monamycins!? contain two Piz
of different configuration next to each other; L-156,602,"3
azinothricin,'* A83586C,!> IC 101,'¢ citropeptin and
variapeptin'’ contain two Piz separated by two amino
acids; depsidomycin'® contains two Piz of unknown con-
figuration separated by one amino acid and verucopep-
tin'® contains just one Piz. Another group of naturally
occurring cyclic hexapeptides consists of 18-membered
rings containing two directly attached Piz of different
configuration. They are antagonists of oxytocin and va-
sopressin.?® The only linear natural products, the mat-
lystatins, contain one Piz.?!

To date, only antrimycin D,” matlystatin A and B,>%:??
and L-156-6022* have been prepared. The synthesis of
racemic Piz!?® and the separation of 1-Z-Piz into the
enantiomers?® as well as the reduction of APiz>-%° have
been described. Optically active Piz has been prepared
using the method of Evans.?®

In the following sections, we describe three new pathways
for the synthesis of optically active Piz and its derivatives.
The intramolecular formation of hydrazones and intra-
molecular alkylation of «- or J-hydrazinocarboxylic
acids, which were prepared from a-amino acids, were
used as ring-closure processes. The chiral center was
formed by hydrogenation in the presence of Rh-
DIPAMP or taken from optically active glutamic acid.
Optically active derivatives of z-amino-J-oxopentanoic
acid, a-amino-§-hydroxypentanoic acid, the correspond-
ing a-hydroxycarboxylic acids and a-hydrazinocarboxy-
lic acids were prepared in the course of these syntheses.
They can be used for the preparation of optically active
nonribosomal amino acids and hydroxy acids.

Piz via 4-Formy!l-2-hydrazinobutyric Acid
B,B-Dialkoxypropionaldehydes (malonic aldehyde dial-
kyl acetals) are easily accessible C;-building blocks. For

the following reactions, the 1,3-dioxane 1?7 proved to be

a suitable starting point. The (Z)-didehydroamino acid
ester 2 was prepared in high yield by condensation of 1
with methyl 2-(benzyloxycarbonylamino)-2-(dimethoxy-
phosphoryl)acetate?® and tetramethylguanidine.?® Hy-
drogenation in the presence of the optically active catalyst
(R,R)-[Rh(1,5-COD)(DIPAMP)|*[BF,]~ (COD = cy-
clooctadiene, DIPAMP = (R,R)-1,2-bis[2-(2-methoxy-
phenyl)phenylphosphanyl]ethane)*® proceeded with high
enantioselectivity (97 % ee) to yield the amino acid ester
3. The enantiomeric excess was estimated by determina-
tion of the d.r. (diastereomeric ratio) of the coupling
product with benzyl (S)-prolinate by HPLC [saponifica-
tion of 3 and DCC coupling of the resulting carboxylic
acid to benzyl (S)-prolinate]. Amino acid ester 3 was
transformed to the hydrazine 5 via nitrosation and re-
duction. The general procedure of Garcia and Vilarrasa®!
had to be modified and optimized: for the nitrosation,
sodium nitrite®? was used instead of nitrosyl sulfuric acid.
The nitroso compound was added slowly to the suspen-
sion of the reducing reagent in Ac,0/HOAc at 0°C.
Using these conditions, 50 % of the hydrazine product
5 was isolated together with approximately 30% of
starting material 3 (formed by reductive cleavage of the
N—N bond). Replacement of the acetyl by a fert-but-
oxycarbonyl group gave 6, which was treated with 6 N
HCI in dioxane to give 7. The reduction of the latter
with sodium cyanoborohydride yielded Piz derivative 8
(Scheme 1).

Piz via Pyroglutamic Acid

Z-Pyroglutamic acid was easily prepared from glutamic
acid by published procedures.>*® The isopropyl ester 9
was subsequently reduced with sodium borohydride to
give the hydroxy compound 10 (ee > 90%). The enan-
tiomeric purity was established by conversion of the
methanesulfonic ester 11 into the proline derivative 12
and determination of the optical purity of this material.
The nitrosation and reduction of 11 gave the hydrazine
compound 13 which was transformed into the isopropyl
(S)-2-acetyl-1-benzyloxycarbonylhexahydropyridazine-
3-carboxylate (14) by intramolecular ring closure. Clea-
vage of the Z-group by hydrogenlysis, hydrolysis and
reaction with benzyloxycarbonyl chloride!* gave rise to
the Piz derivative 15 (Scheme 2), in high optical purity
(> 92 % ee) which is well-suited for the construction of
Piz containing peptides.

Piz via 5-Oxotetrahydrofuran-2-carboxylic Acid

Both of the enantiomers of 5-oxotetrahydrofuran-2-carb-
oxylic acid3# are easily accessible by treating glutamic
acid with sodium nitrite in dilute sulfuric acid. The fert-
butyl ester 16 was reduced either with NaBH, (61 %
yield)*® or with DIBAL (92 % yield) to fert-butyl 2,5-
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Scheme 1

dihydroxypentanoate (17).%” The primary OH group had
to be protected as tert-butyldimethylsilyl ether 18 to allow
the selective acetylation of the secondary OH group to
afford 19. The silyl ether of 19 was cleaved with aqueous
HF to give terr-butyl 2-acetoxy-5-hydroxypentanoate
(20).2® The primary OH group was oxidized with oxalyl
chloride/DMSO to the aldehyde 21, which was condensed
to the Boc-hydrazone 22. This was hydrogenated and
protected to give the Boc,Z-hydrazine 24 in an overall

SYNTHESIS
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yield of 65 % starting from the lactone 16. The two ester
groups were cleaved using 2N aq NaOH in MeOH and
the resulting acid converted to the methyl ester 25 with
diazomethane. Ring closure was accomplished by sub-
sequent treatment with Tf,O (trifluoromethanesulfonic
acid anhydride), lutidine and TFA (Tf,O/lutidine are
known to be the best reagents for the reaction of methyl
a-hydroxycarboxylates with fers-butyl carbazate*'), to
yield 2-Z-Piz-methyl ester 26 in high optical purity (95 %
ee). (Scheme 3).

'H NMR spectra were recorded on a Bruker AC-F (250 MHz) with
TMS as internal standard. Optical rotation values were determined
with a Perkin-Elmer 241 polarimeter. TLC was performed on silica
gel plates (Merck Silica 60 F,;, sheets) and for MPLC, Merck
LiChroprep Si 60 (15-25 u) was used. HPLC was performed on a
LKB instrument and a silica gel column Merck Hibar LiChrosorb
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(Si 60 7p). GC was performed with a Carlo Erba HRGC 5300
MEGA on glass capillary columns (P22.2 (1), with permethyl-g-
cyclodextrin, 19 m, prepared in the GC department of our institute).
After an initial hold of 1 min at 50 °C, the column was temperature
programmed at 4°C/min to 200°C. Hydrogen was employed as
carrier gas. Satisfactory elemental analyses were obtained for com-
pounds 2, 3, 4-acid, 5, 2-acetyl-6, 7, 9, 10, 11, 13, 14, 16, 17, 18,
19, 20, 21, 22, 23, 24, 25, 26: C + 0.30, H 4+ 0.26, N &+ 0.15, compds
11, 13: S £ 0.27.

Methyl 2-(Benzyloxycarbonylamino)-5,5-(2,2-dimethylpropane-1,3-
diyldioxy)pent-2-enoate (2):
5,5-Dimethyl-1,3-dioxane-2-acetaldehyde®” (1; 10.52 g, 66.5 mmol)
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in anhyd THF (10 mL) was added through a dropping funnel to a
solution of methyl 2-(benzyloxycarbonylamino)-2-(dimethoxyphos-
phorylacetate®® (26.43 g, 80mmol) and tetramethylguanidine
(9.20 g, 80 mmol) in anhyd THF (300 mL) at — 70°C. The mixture
was allowed to warm to r.t. overnight. The solvent was removed
under reduced pressure, the residue dissolved in EtOAc and washed
with H,0, 1N aq HCl and H,0, dried (MgSO,) and evaporated
in vacuo. Filtration through silica gel (eluent: hexane/EtOAc, 6:4)
afforded a slightly yellow oil; yield: 21.75 g (90 %) R 0.50 (hexane/
EtOAc, 1:1).

'HNMR (CDCl,): 6 = 0.71 (s, 3H), 0.96 (s, 3H), 2.54-2.59 (m,
2H),3.74 (s, 3H), 4.57 (t, 1 H, J = 4.7 Hz), 5.14 (s, 2H), 6.58-6.67
(m, 2H), 7.26-7.38 (m, SH).

Methyl (S)-2-(Benzyloxycarbonylamino)-5,5-(2,2-dimethylpropane-
1,3-diyldioxy)pentanoate (3):

Pentenoate 2 (25.80 g, 71 mmol) in anhyd MeOH (30 mL) was
hydrogenated (3 bar, r.t) in the presence of (R,R)-[Rh(1,5-
COD)(DIPAMP)]*BF; for 2d. The solvent was evaporated under
reduced pressure and the product purified by filtration through
silica gel (eluent: hexane/EtOAc, 6: 4); yield: 25.95 g (100 %); yellow
oil; R, 0.50 (hexane/EtOAc, 1:1); [o]g® + 3.9 (¢ = 1.1, CHCL,).
'HNMR (CDCly): 6 =0.70 (s, 3H), 1.16 (s, 3H), 1.65-2.03 (m,
4M),3.39(d, 2H, J = 10.9Hz), 3.64 (d, 2H, J = 11.1 Hz), 3.73 (s,
3H), 4.33-4.46 (m, 2H), 5.1 (s, 2H), 545 (d, 1H, J=8.1 Hz),
7.26—7.35 (m, 5H).

Benzyl (S)-1-[(S)-Benzyloxycarbonylamino)-5,5-(2,2-dimethylpro-
pane-1,3-diyldioxy)pentanoyl|prolinate (4):

(S)-2-( Benzyloxycarbonylamino)-5,5-(2,2-dimethylpropane-1,3-
diyldioxy ) pentanoic Acid.

Pentanoate 3 (1.25 g, 3.43 mmol) in dioxane (15 mL) was saponified
by titration with 1 N ag NaOH (3.5 mL). When the reaction was
complete (TLC control), the dioxane was removed by distillation
and the remaining aqueous solution washed with Et,O (2 x 20 mL).
The aqueous layer was acidified and extracted with EtOAc
(3 x 25 mL). The combined organic layers were dried (MgSO,) and
evaporated under reduced pressure; yield: 1.19 g (100 %) colorless
oil; [a]2° + 9.2 (¢ = 0.8, CHCl,).

'HNMR (CDCly): 6 = 0.70 (s, 3H), 1.74-2.12 (m, 4H), 3.39 (d,
2H, J=10.7Hz), 3.59 (d, 2H, J = 10.9 Hz), 4.39-4.48 (m, 2H),
5.10 (s, 2H), 5.60 (d, 1 H, J = 8 Hz), 7.26—7.34 (m, 5H), 10.3 (br,
1H).

Benzyl (S)-1-[(S )-2-( Benzyloxycarbonylamino)-5,5-( 2,2-dimethyl-
propane-1,3-diyldioxy ) pentanoyl] prolinate (4):

A solution of (S)-2-(benzyloxycarbonylamino)-5,5-(2,2-dimethyl-
propane-1,3-diyldioxy)pentanoic acid (878 mg, 2.5 mmol) and (5)-
proline benzyl ester (310 mg, 2.5 mmol) in anhyd THF (15 mL) was
cooled to —25°C. DCC (516 mg, 2.5 mmol) was added in one
portion. The reaction mixture was allowed to come up to r.t. over-
night, the urea was filtered off and the solvent removed under
reduced pressure. The resulting residue was dissolved in EtOAc
(30 mL) and washed successively with 10 % aq citric acid, sat. aq
NaHCO; and brine. The organic layer was dried (MgSO,) and the
solvent was evaporated under reduced pressure. The pure product
(1.21 g, 90 %, colorless oil) was obtained by flash chromatography
(hexane/BtOAc, 6:4); R, 0.27 (hexane/EtOAc, 6:4); [o]3” —46.9
(¢ = 0.9, CHCI,).

HNMR (CDCl,): 6 =0.70 (s, 3H), 1.16 (s, 3H), 1.61-2.21 (m,
8H), 3.30-3.73 (m, 6 H), 4.40—4.60 (m, 3H), 5.02-5.21 (m, 4H),
530 (d, 1H, J= 8.6 Hz), 7.25-7.38 (m, 10 H).

Methyl (5)-2-(2-Acetyl-1-benzyloxycarbonylhydrazino)-5,5-(2,2-di-
methylpropane-1,3-diyldioxy)pentanoate (5):

NaNO, (3.79 g, 55 mmol) was added to a solution of 3 (10.01 g,
27.4 mmol) in HOAc (30 mL) and Ac,0 (15mL) at 0°C. When
nitrosation was complete (TLC control), the reaction mixture was
filtered. The filtrate was added dropwise (over 45 min) to a vigor-
ously stirred suspension of Zn powder (10 g) in HOAc (150 mL)
and Ac,O (50 mL) at 0°C. After 3h at 0°C, Zn powder (2 g) and
HOAc (20 mL) were added. After 5 min the Zn salts were filtered
off and washed with Et,0 (100 mL). The combined organic layers
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were evaporated in vacuo. The residue was dissolved in Et,O/
EtOAc, 2:1. After filtration, the solvent was evaporated under
reduced pressure. Traces of HOAc and Ac,0 were removed by
adding toluene and evaporation in vacuo. This procedure was re-
peated twice. The pure product 5 (5.76 g, 50 %) and some starting
compound 3 (3.50 g, 35 %) were obtained by flash chromatography
(hexane/EtOAc, 1:1); R, 0.15 (hexane/EtOAc, 1:1); [o]f® —0.5
(¢ = 1.1, CHCl,).

THNMR (CDCl,): 8 =0.70 (s, 3H), 1.16 (s, 3H), 1.79-2.17 (m,
7TH), 3.37-3.70 (m, 7H), 444 (m, 1H), 4.48-5.25 (m, 3H),
7.27-7.44 (m, 6 H).

Methyl (5)-2-(1-Benzyloxycarbonyl-2-tert-butoxycarbonylhydrazino)-
5,5-(2,2-dimethylpropane-1,3-diyldioxy)pentanoate (6):

Methyl (S )-2-(2-Acetyl-1-benzyloxycarbonyl-2-tert-butoxycarbonyl-
hydrazino )-5,5-(2,2-dimethylpropane-1,3-diyldioxy) pentanoate (2~
Acetyl-6):

Di-tert-butyl dicarbonate (Boc,O, 4.84 g, 22.2 mmol) and DMAP
(400 mg) were added to a solution of 5 (4.69 g, 11.1 mmol) in anhyd
CH,CN (50 mL) at 40°C. After 10 min, the solvent was removed
under reduced pressure. The pure 2-acetyl-2-fert-butoxycarbonyl
derivative (4.87 g, 84 %, yellow oil) was obtained by flash chroma-
tography (hexane/EtOAc, 1:1); R, 0.56 (hexane/EtOAc, 1:1); [«]3°
—18.6 (¢ = 1.2, CHCl,).

HNMR (CDCl,): é = 0.68-0.70 (m, 3H), 1.13-1.16 (m, 3H),
1.37-1.91 (m, 13H), 2.45-2.55 (m, 3H), 3.31-3.40 (m, 2H),
3.51-3.72 (m, SH), 433-4.44 (m, 1H), 4.62-4.83 (m, 1H),
4.97-5.31 (m, 2H), 7.24-7.37 (m, 5H).

Methyl  (S)-2-(1-Benzyloxycarbonyl-2-tert-butoxycarbonylhydra-
zino )-5,5-(2,2-dimethylpropane-1,3-diyldioxy ) pentanoate (6):
K,CO, (100 mg) was added to a solution of the 2-acetyl-2-rert-
butoxycarbonyl derivative 2-acetyl-6 (4.08 g, 7.8 mmol) in anhyd
MeOH. The reaction mixture was stirred at r.t. for 15h and then
neutralized with 1 N aq HCL. The solution was concentrated under
reduced pressure. The residue was dissolved in EtOAc and washed
successively with sat. aqg NaHCO, and brine. The organic layer was
dried (MgSO,) and concentrated in vacuo; yield: 3.75 g (100 %)
yellow oil; R, 0.54 (hexane/EtOAc, 1:1); [a]3® —3.8 (¢ =0.8,
CHCL,).

HNMR (CDCL): 6 = 0.70 (s, 3H), 1.17 (s, 3H), 1.38-1.51 (m,
9H), 1.85-2.42 (m, 4H), 3.37-3.75 (m, 7H), 4.45 (br, 1H),
4.70-4.92 (m, 1H), 5.09-5.24 (m, 2H), 6.34-6.57 (m, 1H),
7.27-7.33 (m, 5H).

Methyl (S)-2-Benzyloxycarbonyl-2,3,4,5-tetrahydropyridazine-3-
carboxylate (7):

Pentanoate 6 (3.51 g, 7.28 mmol) was dissolved in 6 N HCl/dioxane
(30 mL) and allowed to stand at r.t. under Ar for 2 h. The reaction
mixture was concentrated in vacuo. The residue was dissolved in
EtOAc and washed successively with sat. aqg NaHCO; and twice
with brine. The organic layer was dried (MgSO,) and the solvent
removed under reduced pressure; vield: 1.75 g (87 %); yellow oil;
R, 0.28 (hexane/EtOAc, 1:1); [2]3° —19.8 (¢ = 1.0, CHCL,).
"HNMR (CDCL): 6 = 1.89-2.46 (m, 4H), 3.72-3.76 (m, 3H),
5.06 (s br, 1H), 5.25-5.39 (m, 3H), 6.98 (s br, 1 H), 7.26—7.41 (m,
5H).

Methyl (S)-2-Benzyloxycarbonylhexahydropyridazine-3-carboxylate
(8):

NaCNBHj; (742 mg, 1.7 mL) was added to a solution of 7 (700 mg,
2.8 mmol) in anhyd CH,CN (20 mL) and HOAc (2.7 mL). The
solution was kept at r.t. for 36 h. The solvent was evaporated in
vacuo. The resulting residue was dissolved in Et,O and washed
with sat. ag NaHCO,. The solvent was evaporated in vacuo to
yield 605 mg (85%) of a slightly yellow oil; [¢]3° —29.3 (¢ = 1.0,
CHCl,).

'HNMR (CDCL,): 6 =1.37-148 (m, 1H), 1.57-1.65 (m, 1H),
1.86-1.97 (m, 1H), 2.19-2.45 (m, 1H), 2.76-2.91 (m, 1H),
3.03-3.10 (m, 1 H), 3.75 (s, 3H), 3.88 (br, 1 H), 4.97 (br, 1 H), 5.20
(s, 2H), 7.32-7.37 (m, 5H).

SYNTHESIS

N-Benzyloxycarbonyl-L-pyroglutamic Acid Isopropyl Ester (9):
N-Benzyloxycarbonylpyroglutamic acid  chloride®® (41.97 g,
149 mmol) was added dropwise to a vigorously stirred solution of
i-PrOH (18.03 g, 300 mmol) and anhyd pyridine (15.2mL,
187.5 mmol) in anhyd CH,Cl, at — 30°C. The mixture was allowed
to come up tor.t. overnight. The solvent was removed under reduced
pressure. The resulting residue was dissolved in EtOAc and filtered.
The filtrate was washed successively with 1N aq HCI, sat. aq
NaHCO; and brine, dried (MgSO,) and concentrated in vacuo.
The pure product (colorless oil) was obtained by flash chromatog-
raphy (EtOAc); yield: 40.94 g (90 %); R, 0.56 (EtOAC); [a]3° —24.5
(¢ = 1.0, CHCl,).

'HNMR (CDCl,): 6=1.16 (d, 3H, J=359Hz), 1.18 (d, 3H,
J=59Hz), 1.98-2.09 (m, 1 H), 2.25-2.72 (m, 3H), 5.01 (h, 1H,
J = 2.5Hz), 5.2-5.31 (m, 2H), 7.32-7.46 (m, SH).

Isopropyl (5)-2-(Benzyloxycarbonylamino)-5-hydroxypentanoate
10):

NaBH, (700 mg, 19 mmol) was added in portions over 1h to a
vigorously stirred mixture of 9 (800 mg, 2.6 mmol) and KH,PO,
(2.6 g) in MeOH (25mL) and H,O (5mL). The temperature was
kept between 22 °C and 32°C. HOAc¢ (20 mL) was added and stirring
was continued for 10 min. The mixture was filtered. The filtrate
was concentrated in vacuo. The resulting residue was dissolved in
Et,O and washed with H,O (3 x). The organic layer was dried
(MgSO,). The solvent was removed under reduced pressure; yield:
677 mg (84 %) colotless oil; R, 0.17 (hexane/EtOAc, 6:4); [o]2°
+ 8.6 (¢ = 1.3 CHCl,).

HNMR (CDCl,): 6 =1.22-1.27 (m, 6 H), 1.54-1.94 (m, 5H),
3.62-3.68 (m, 2H), 4.31-4.39 (m, 1 H), 5.02-5.19 (m, 3H), 5.54
(d, 1H, J = 7.8 Hz), 7.30-7.36 (m, 5 H).

Isopropyl (5)-2-(Benzyloxycarbonylamino)-5-(methanesulfonyloxy)-
pentanoate (11):

A solution of methanesulfonyl chloride (10.0 g, 87.3 mmol) in anhyd
CH,Cl, (20 mL) was added dropwise to a solution of 10 (13.49 g,
43.6 mmol) and NEt, (12.1 mL, 87.3 mmol) in anhyd CH,CI,
(120 mL) at 0°C. The reaction mixture was stirred at 0°C for 2 h.
The solvent was removed under reduced pressure, the resulting
residue dissolved in EtOAc and washed successively with 1N aq
HCI, sat. ag NaHCO; and brine. The organic layer was dried
MgSQ,) and the solvent removed under reduced pressure. The
pure product (colorless oil) was obtained by flash chromatography
(hexane/EtOAc, 3:7); yield: 16.89g (100%); R, 0.45 (hexane/
EtOAc, 3:7); [0]2° +9.9° (¢ = 1.0, CHCl,).

'HNMR (CDCl,): 6 = 1.24-1.28 (m, 6H), 1.69-2.17 (m, 4H),
2.99 (s, 3H), 4.21-4.39 (m, 3H), 5.0-5.11 (m, 3H), 540 (d, 1H,
J=1.7Hz), 7.26-7.44 (m, SH).

Isopropyl (S)-2-(2-Acetyl-1-benzyloxycarbonylhydrazino)-5-(methane-
sutfonyloxy)pentanoate (13):

Preparation according to the procedure described for 5 starting
from 11 (21.70 g, 56 mmol); yield: 17.2 g (69 %, colorless oil); some
starting material 11 (6.8 g, 31 %) was also recovered. R, 0.13 (hex-
ane/BtOAc, 6:4); [«]3° + 12.1 (¢ = 1.3, CHCl,).

'THNMR (CDCl,): § =1.25 (d, 6H, J=39Hz), 1.67-2.22 (m,
7H), 2.99 (s, 3H), 4.26 (s br, 2H), 4.7-5.26 (m, 4H), 7.27-7.42
(m, 5H), 7.50 (s br, 1 H).

Isopropyl (S)-1-Acetyl-2-benzyloxycarbonylhexahydropyridazine-3-
carboxylate (14):

NaH (54 mg, 2.25 mmol) was added to a solution of 13 (1.00 g,
2.25 mmol) in anhyd DMF (10 mL) at 0°C. The mixture was stirred
at 0°C for 30 min. 1N aq HCl (10 mL) and EtOAc (20 mL) were
added. The organic layer was washed successively with 1N aq HCl,
sat. ag NaHCO; and brine, dried (MgSO,) and concentrated in
vacuo. The residue was filtered (silica gel, cluent: EtOAc); yield:
660 mg (84%); colorless oil; R, 0.37 (hexane/EtOAc, 6:4); [«]3°
—26.9 (¢ = 0.9, CHCl,).

'HNMR (CDCL): 6 =1.25 (d, 6H, J = 6.3 Hz), 1.58-1.69 (m,
3H), 2.11-2.20 (m, 1H), 2.14 (s, 3H), 2.70 (br, 1H), [4.47
(t, J=4.0Hz), 4.53 (t, J = 3.8 Hz), 1 H], 5.02-5.34 (m, 4 H), 7.36
(s, 5SH).
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(S)-1-Benzyloxycarbonylhexahydropyridazine-3-carboxylic Acid
(15):

Pd(0) (30 mg) was added to a solution of 14 (11.40 g, 32.7 mmol)
in anhyd MeOH (10 mL). It was hydrogenated (1 bar, r.t.) for 4 h.
The catalyst was filtered off and the solvent was evaporated in
vacuo. 6N aq HCl (200 mL) was added and the mixture kept at
110°C for 14 h. The reaction mixture was concentrated under re-
duced pressure. The residue was converted to 15 according to the
procedure described by Hassall®4; yield: 5.21 g (61 %) colorless
solid; [a]3° — 32.3 (¢ = 0.5, MeOH). By comparison with reported
values of optical rotation®* an optical purity > 92% ce was found.

tert-Butyl (R)-5-Oxotetrahydrofuran-2-carboxylate (16):
(R)-5-Oxotetrahydrofuran-2-carboxylic acid chloride®® (14.8¢,
100 mmol) was added slowly to a vigorously stirred solution of
anhyd pyridine (10.1 mL, 125 mmol) and anhyd /~-BuOH (18.8 mL,
200 mmol) in anhyd CH,Cl, (100 mL) at — 30°C. The mixture was
allowed to come up to r.t.. The pyridinium salts were filtered off
using a short column of silica gel. The column was washed with
hexane/EtOAc (8:2). The solvent was removed under reduced
pressure, the resulting dark violet residue dissolved in EtOAc and
washed successively with 10 % aq citric acid, sat. aq NaHCO,, and
brine. The solution was dried (MgSO,) and the solvent evaporated
under reduced pressure. Bulb-to-bulb distillation (110-120°C/0.001
Torr) afforded colorless crystals; yield: 16.9g (91%); R, 0.48
(hexane/EtOAc, 1:1); mp 55-56°C; [a]2° — 6.8 (c = 1, CH,Cl,);
GC: 98% ee.

'HNMR (CDCl,): § = 1.50 (s, 9H), 2.21-2.34 (m, 1 H), 2.44-2.68
(m, 3H), 4.79-4.84 (m, 1 H).

tert-Butyl (R)-2,5-Dihydroxypentanoate (17):

a) 1N DIBAL in hexane (55 mL) was added to a stirred solution
of 16 (4.65 g, 25 mmol) in anhyd THF (60 mL), which was kept
under N, atmosphere at — 40°C. The solution was stirred for 1 h,
quenched with MeOH (7.5 mL) and allowed to come to r.t. It was
poured onto a stirred mixture of EtOAc/10% citric acid and ex-
tracted several times with EtOAc. The combined organic layers
were dried (MgSQ,) and the solvent was evaporated under reduced
pressure. The pure product (colorless oil) was obtained by chro-
matography (silica gel, hexane/EtOAc, 1:1); yield: 4.36 g (92 %);
R; 0.24 (hexane/EtOAc, 1:1); [¢J2° + 6.7 (¢ = CH,CL,).

'HNMR (CDClLy): §=1.49 (s, 9H), 1.64-1.94 (m, 4H), 2.17
(m, 1H), 3.25 (d, 1H, J = 5.0 Hz), 3.67-3.69 (m, 2H), 4.07-4.13
(m, 1H).

b) NaBH, (3.8 g, 100 mmol) was suspended in ice water (12 mL)
and added in one portion to a vigorously stirred solution of 16
(4.65 g, 25 mmol) in THF (25 mL). More NaBH, (1.9 g, 50 mmol)
was added in small portions. During the reaction time (about 30
min, TLC) the temperature was kept below 25°C by adding crushed
ice. It was diluted with Et,O/sat. aq NaHCO, and extracted several
times with Et,O. The ethereal solution was washed with brine, dried
(MgS0,) and the solvent evaporated under reduced pressure. Chro-
matography (silica gel, hexane/EtOAc, 1:1) gave a colorless oil;
yield: 2.92 g (61 %); GC: 96.5% ee; The analytical data was identical
with that in a).

tert-Butyl (R)-5-(tert-Butyldimethylsilyloxy)-2-hydroxypentanoate
(18):

DMAP (30 mg), anhyd NEt, (2.3 mL, 16.5 mmol) and TBDMSCI
(2.49 g, 16.5 mmol) were added to a stirred solution of 17 (2.92 g,
15 mmol) in anhyd CH,Cl, (30 mL). The mixture was stirred for
3 h, washed with 1N aq HCI, sat. aqg NaHCO, and brine and dried
(MgSO0,). The solvent was evaporated under reduced pressure. The
colorless oily product was obtained by chromatography (silica gel,
hexane/EtOAc, 8:2); yield: 4.34 g (95%); R, 0.45 (hexane/EtOAc,
8:2); [a]g® +3.0 (c = 1, CH,Cl,).

"HNMR (CDCL,*): § = 0.00 (s, 6 H), 0.84 (s, 9H), 1.43 (s, 9H),
1.49-1.70 (m, 3H), 1.71-1.85(m, 1 H),2.98 (d, br, 1 H, J = 4.6 Hz),
3.60 (t, 2H, J = 6.0 Hz), 3.96-4.02 (m, 1 H).

*without TMS.
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tert-Butyl (R)-2-Acetoxy-5-(tert-butyldimethylsilyloxy)pentanoate
19):

DMAP (28 mg), anhyd pyridine (1.7mL, 21 mmol), and Ac,0
(2.0mL, 21 mmol) were added to a stirred solution of 18 (4.34 g,
14.2 mmol) in anhyd CH,Cl, (30 mL). The solution was kept at
r.t. for 16 h, washed with 1N aq HCI, sat. aq NaHCO, and brine.
It was dried (MgSO,) and the solvent removed under reduced pres-
sure. The residue was chromatographed (silica gel, hexane/EtOAc,
8:2) to afford a colorless oil; yield: 4.88 g (93 %); R, 0.55 (hexane/
EtOAc, 8:2), [a]3® +21.4 (¢ = 1, CH,Cl,).

'"HNMR (CDCL;*): 6 = 0.00 (s, 6H), 0.84 (s, 9H), 1.41 (s, 9H),
1.51-1.66 (m, 2H); 1.71-1.94 (m, 2 H), 2.07 (s, 3H), 3.58 (t, 2H,
J=6.1Hz), 483 (dd, 1H, J = 7.5, 5.0 Hz).

*without TMS.

tert-Butyl (R)-2-Acetoxy-5-hydroxypentanoate (20):

Pentanoate 19 (4.58 g, 13.2 mmol) was dissolved in CH,CN (27 mL)
and 40 % aq HF (3mL, 60 mmol). After 15 min at r.t., NaHCO,
(12.7 g, 150 mmol) was added. It was stirred for 30 min, diluted
with Et,O and filtered. The solution was dried (MgSO,) and the
solvent evaporated under reduced pressure. Chromatography (silica
gel, hexane/EtOAc, 1:1) yielded the pure product as a colorless oil;
yield: 2.7g (88%); R, 0.42 (hexane/EtOAc, 1:1), [¢]3° +39.2
(¢ =1, CH,Cl,).

'"HNMR (CDCL,): 6 = 1.47 (s, 9H), 1.60—1.74 (m, 2 H), 1.86-2.02
(m, 2H), 2.13 (s, 3H), 3.68 (t, 2H, J = 6.3Hz), 4.99 (dd, 1H,
J =172, 5.0 Hz).

tert-Butyl (R)-2-Acetoxy-5-oxopentanoate (21):

DMSO (1.9 mL, 26.8 mmol) in anhyd CH,Cl, (7 mL) was added
to a stirred solution of oxalyl chloride (1.15mL, 13.4 mmol) in
anhyd CH,Cl, (27mL) at — 50 to — 60°C. The reaction mixture
was stirred for 2 min and the (R)-2-acetoxy-5-hydroxy derivative
20 (2.7 g, 11.6 mmol) in anhyd CH,Cl, (13.5mL) was added over
5 min. Stirring was continued for an additional 15 min. NEt,
(8.4 mL) was added, the reaction mixture stirred for 5 min and then
allowed to come to r.t. The solution was washed with 1N aq HCI,
sat. ag NaHCO; and brine, dried (MgSO,) and the solvent evapo-
rated under reduced pressure. The oily product (2.7g, ~ 100%)
was used without further purification. Bulb-to-bulb distillation
(90-100°C/0.001 Torr) reduced the yield (2.2 g, 83%); R, 0.63
(hexane/EtOAc, 1:1); [0]3° + 34.4 (c = 1, CH,CL,).

'"HNMR (CDCl,): § = 1.47 (s, 9H), 2.12 (s, 3H), 2.07-2.30 (m,
2H), 2.52-2.64 (m, 2H), 490 (d4, 1H, J = 7.3, 5.0 Hz), 9.79 (s,
1H).

tert-Butyl (R)-2-Acetoxy-5-(tert-butoxycarbonylhydrazono)pentano-
ate (22):

Aldehyde 21 (2.2 g, 9.6 mmol) and tert-butyl carbazate (1.27 g,
9.6 mmol) were dissolved in toluene (10 mL) and HOAc (10 uL).
The product separated immediately as a colorless oil. The solvent
was evaporated under reduced pressure and the crude product chro-
matographed (silica gel) using hexane/EtOAc (8:2) as eluent for
sulfur containing byproducts and hexane/EtOAc (1:1) to gain the
pure product; yield: 3.2 g (97%); colorless oil; R, 0.41 (hexane/
EtOAc, 1:1); [o]3° + 14.4 (c = 1, CH,Cl,); E/Z mixture.
'HNMR (CDCl,): § = 1.46 (s, 7.2 H), 1.48 (s, 1.8 H), 1.50 (s, 7.2 H),
1.53 (s, 1.8 H), 2.12 (s, 2.4 H), 2.15 (s, 0.6 H), 1.98-2.25 (m, 1.6 H),
2.18-2.33 (m, 0.4 H), 2.38-2.46 (m, 1.6 H), 2.49-2.60 (m, 0.4 H),
4.82 (dd, 0.8H, J = 7.0, 5.3 Hz), 4.88 (dd, 0.2H, J = 7.0, 5.3 Hz),
6.64(t,02H,/=49Hz),7.20(t,0.8H,J = 49 Hz), 7.77 (s, 0.8 H),
7.83 (s, 0.2 H).

tert-Butyl (R)-2-Acetoxy-5-(2-tert-butoxycarbonylhydrazino)pentan
oate (23):

Hydrazone 22 (3.2 g, 9.3 mmol) was dissolved in EtOH (10 mL)
and HOAc (1 mL) and hydrogenated in the presence of PtO, (90 mg)
at 3 bar/r.t. for 24 h. The catalyst was filtered off and the solvent
removed under reduced pressure, the residue was dissolved in
CH,Cl, and washed with 1N aq NaOH. It was dried (MgSO,) and
the solvent evaporated under reduced pressure to yield a colorless
oil; yield: 3.2g (~100%); R, 0.40 (hexane/EtOAc, 1:1); [a]3°
+21.4 (¢ =1, CH,CL,).
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'HNMR (CDCL,): § = 1.46 (s, 18 H), 1.50—1.64 (m, 2 H), 1.82—1.90
(m, 2H), 213 (s, 3H), 292 (t, 2H, J=7.1Hz), 4.86 (t, 1H,
J = 6.2 Hz), 5.50-6.50 (br, 2 H).

tert-Butyl (R)-2-Acetoxy-5-(1-benzyloxycarbonyl-2-tert-butoxycar-
bonylhydrazino)pentanoate (24):

Z—Cl(1.65mL, 11.6 mmol) was added through a dropping funnel
to a well-stirred and cooled (0°C) mixture of 23 (3.2 g, 9.3 mmol)
in dioxane (12 mL) and 1N aq NaHCO, (12 mL). The mixture was
allowed to come up to r.t. and was stirred for an additional 12 h.
The dioxane was removed under reduced pressure and the aqueous
solution extracted several times with EtOAc. The organic layer was
dried (MgSO,) and the solvent evaporated under reduced pressure.
Chromatography (silica gel, hexane/EtOAc, 8:2 to 6:4) afford-
ed a colorless oily product; yield: 4.18¢g (94%); R, 0.38
(hexane/EtOAc, 7:3); R, 0.18 (hexane/EtOAc, 8:2); [«]3° + 15.5
(c =1, CH,Cl,).

"HNMR (CDCly): 6 = 1.45 (s, 18 H), 1.60—1.90 (m, 4 H), 2.11 (s,
br, 3H), 3.55 (br, 2H), 4.80-4.90 (m, 1 H), 5.15 (s, br, 2H), 6.26
and 6.47 (s, br, 1H), 7.25-7.37 (m, 5H).

Methyl  (R)-5-(1-Benzyloxycarbonyl-2-tert-butoxycarbonylhydra-
zino)-2-hydroxypentanoate (25):

Hydrazinopentanoate 24 (4.18 g, 8.7 mmol) was dissolved in MeOH
(30 mL). The acetoxy group was carefully saponified by very slow
addition of 1N aq NaOH (8.7 mL). 2N aq NaOH (8.7 mL) was
added in one portion and the mixture kept at r.t. for 24 h. It was
neutralized with 1 N aq HCl and the MeOH removed under reduced
pressure. The aqueous solution was diluted with 1N aq NaOH and
washed with Et,0. The aqueous solution was acidified by adding
citric acid (pH 2). It was extracted several times with EtOAc, dried
(MgS0O,) and the solvent removed under reduced pressure. The
residue was dissolved in Et,O and converted to the methyl ester
using CH,N,,. After evaporation of the solvent, the crude product
was purified by chromatography (silica gel, hexane/EtOAc, 1:1) to
yield a colorless oil; yield: 2.03 g (59 %); R, 0.24 (hexane/EtOAc,
1:1); [1J3° — 1.5 (¢ = 1, CH,CL,).

"HNMR (CDCl,): é = 1.41 (br, 9H), 1.60—1.90 (m, 4 H), 3.00 (br,
1H), 3.56 (br, 2H), 3.76 (s, 3H), 4.20 (br, 2H), 5.15 (s, br, 2H),
6.58 (br, 1 H), 7.33 (s, SH).

Methyl (S)-1-Benzyloxycarbonylhexahydropyridazine-3-carboxylate
(26):

Methyl ester 25 (400 mg, 1 mmol) was dissolved in anhyd CH,Cl,
(2mL) and cooled under N, to —80°C. Tf,O (180 uL, 1.1 mmol)
was added in one portion. The mixture was allowed to reach — 60°C
over 20 min; during that time, the Tf,O dissotved. Lutidine (290 uL,
2.5 mmol) in anhyd CH,Cl, (2 mL) was added through a dropping
funnel. After 10 min of stirring, the mixture was allowed to warm
to 0°C (ice bath) and TFA (6 mL) was added. After 5 min, the ice
bath was removed and the solution kept at r.t. for 30 min. The
solvent was evaporated under reduced pressure and the residue
dissolved in EtOAc. The solution was washed with ice cold 2N aq
NaOH (several times, till pH > 7) and brine and dried (MgSO,).
The solvent was removed under reduced pressure and the remaining
lutidine at 0.001 Torr. The crude product was purified by chroma-
tography (silica gel, hexane/EtOAc, 1:1) to yield a slightly yellow
oil (228 mg, 80%); R, 0.30 (hexane/EtOAc, 1:1); [0]3° —28.4
(¢ = 1, CH, Cl,). The optical rotation of the free acid (after saponi-
fication) was compared to the values published®* and revealed an
optical purity of >95% ee. This means that there was no sig-
nificant change after the NaBH reduction.

THNMR (CDCL): 6 =1.56-1.80 (m, 3H), 2.04-2.09 (m, 1H),
3.13(tbr,1H, J=11.6 Hz), 3.51-3.59 (m, 1 H), 3.72 (s, 3H), 4.03
(dbr,1H,J = 11.6 Hz),4.60-5.00 (br, NH), 5.18 (s, 2H), 7.38-7.27
(m, 5H).
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