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ABSTRACT: A selective gold(I)-catalyzed synthesis of chiral aza-proline derivatives has been developed by ring closure of
enantioenriched a-hydrazino esters bearing an alkyne group. These are easily prepared through a synthetic strategy involving two
key steps: organocatalyzed electrophilic amination of pent-4-ynal with dialkyl azodicarboxylate promoted by L-proline and
functionalization of the triple bond by Sonogashira cross-coupling. This strategy allowed the preparation of a range of
enantioenriched a-hydrazino esters that underwent ring closure by using Ph;PAuCl/AgBE, as a catalytic system. Under these
conditions, S-exo-dig cyclization was favored over 6-endo-dig and aza-proline derivatives were obtained in good yields without
epimerization at the stereogenic center. Influence of the catalytic system, hydrazine protecting group and alkyne substitution on

the cyclization step has also been investigated.

B INTRODUCTION

The past decade has witnessed thriving advances within the
realm of homogeneous gold catalysis." The ability of cationic
gold complexes to deprive carbon—carbon multiple bonds of a
part of their electron density under smooth conditions has
enabled the rapid development of a myriad of synthetic
transformations. Activation of the carbon—carbon multiple
bonds is based to a great extent on the preparation of cationic
Au(I) complexes by treatment of Au(I) precatalyst with the
corresponding silver salt. A tremendous area in this field of
research involves the addition of X—H (e.g, X = C, N, O)
bonds to alkynes and alkenes promoted by gold catalysts.” In
particular, gold-catalyzed intramolecular cyclization has been a
focal point for extensive research efforts, and recent method-
ology developments in this field have found fruitful applications
in total syntheses of densely functionalized heterocycles.’
Although a wide range of heteronucleophiles such as alcohols,
amines, and thiols has been investigated, the use of hydrazine
derivatives remains relatively unexplored.* Gold-catalyzed
addition of hydrazines to alkynes and alkenes has enabled the
synthesis of functionalized architectures such as hydrazones,
indoles, indazoles, pyrroles, or pyrazole structures, but this is
limited to the formation of nonchiral synthetic targets. In light
of our recent work on the organocatalytic preparation of a-
hydrazino esters,” we envisioned that these would be
convenient substrates to investigate a novel route for preparing
optically active aza-proline derivatives (Scheme 1), whose
general synthesis is limited to a few synthetic strategies.’ These
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are mainly based on dipolar diazo reactions,”® palladium-
catalyzed multicomponent strategies,” and intramolecular
cyclization under kinetic resolution conditions.'® Aza-proline
derivatives are an interesting class of heterocycles that have
applications in many facets of chemistry and biology. For
instance, aza-proline derivatives have been used as building
blocks for peptidomimetics."' Furthermore, they are conven-
ient synthetic intermediates for the preparation of nitrogen-
containing architectures of interest such as natural products.'”

We describe herein a gold-catalyzed S-exo-dig cyclization of
enantioenriched a-hydrazino esters that allows a facile synthesis
of aza-proline derivatives under mild reaction conditions.

B RESULTS AND DISCUSSION

Racemic phenyl-substituted @-hydrazino esters 2a (R = Bn)
and 3a (R = tBu) were first prepared from readily available
substrates to validate the synthetic strategy. The route started
from the preparation of S-phenylpent-4-ynal 1 easily obtained
by a two-step sequence involving a Sonogashira cross-coupling
of iodobenzene with pent-4-yn-1-ol followed by a Swern
oxidation (Scheme 2). Under these conditions, aldehyde 1 was
obtained in 59% overall yield after purification on silica gel.
According to our previous work and literature,>">~"®
organocatalyzed electrophilic amination of aldehyde 1 with
di-tert-butyl or dibenzyl azodicarboxylate promoted by bpL-
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Scheme 1. Gold-Catalyzed Preparation of Aza-Proline Derivatives
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“Reagent and conditions: (a) PhI (1.2 equiv), PdCl,(PPh;), (2 mol %), Cul (1 mol %), Et;N, 16 h, 60 °C; (b) (COCI),, DMSO, Et;N, CH,Cl,,
—78 °C to rt, 1 h; (c¢) RO,CN=NCO,R (1.2 equiv), pL-proline (10 mol %), MeCN, rt, 16 h then KH,PO,, NaClO,-H,0, 30% H,0,, MeCN/
MeOH/H,0, rt, 2 h; (d) TMSCHN, (1.5 equiv), toluene/MeOH (2:1), rt, 15 min.

Table 1. Optimization of the Cyclization of a-Hydrazino Esters 2a and 3a“®

5-exo-dig 6-endo-dig
CO,Me  Catalyst (5 mol%) CO,Me CO,Me
Y Additive (5 mol%) IY
Ph N. NN +
HN™ "CO:R  solvent, rt, 16h Ph N""co,r Ph™ “N”"CO.R
COzR ROZC COzR
2a (R=Bn) 4a (R =Bn) 5a (R=Bn)
3a (R=1Bu) 6a (R =tBu) 7a (R =tBu)
entry substrate catalyst additive solvent products (ratio)b yield (%)©
1 2a Ph;PAuCl AgSbF, CH,Cl, (Z)-4a/(E)-4a/5a (13:67:20) 70
2 2a Ph;PAuCl AgOTf CH,Cl, (Z2)-4a S
3 2a Ph,PAuCI AgBF, CH,Cl, (Z)-4a/5a (83:17) 66
4 2a Ph,PAuCI AgBF, THF (2)-4a 25
5 2a Ph,PAuCI AgBF, CH,CN (2)-4a 5
6 2a Ph;PAuCl CH,Cl, nd nr
7 2a AgBF, CH,Cl, nd nr
8 2a Ph,PAuNT, CH,Cl, (2)-4a/(E)-4a/5a (67:15:18) 50
9 2a PdCl, CH,;CN nd nr
10 2a Cul CH,;CN nd nr
11 2a PTSA? CH,CL, nd nr
12 3a Ph;PAuCl AgBF, CH,Cl, (2)-6a/7a (95:5) 82°¢

“Unless other\mse noted, reaction conditions were 2a or 3a (1 equiv), catalyst (5 mol %), additive (S mol %) in solvent for 16 h at room
temperature. bRatio determined by "H NMR spectroscopy of the crude. nd: not determined. “Combined yield of the different cyclized products after

purification by chromatography on silica gel. nr: no reaction.

910 mol % of p-toluenesulfonic acid was used. “Yield of pure 6a

proline was performed, and after 16 h the formed a-hydrazino
aldehydes were in situ oxidized to the corresponding carboxylic
acids. These were not purified and underwent esterification
with trimethylsilyl diazomethane in a mixture of toluene and
methanol at room temperature. After purification on silica gel,
a-hydrazino esters 2a and 3a were obtained in 63% and 61%
yields, respectively. With these substrates in hand, influence of
the reaction conditions on the yield and selectivity of the
intramolecular cyclization was investigated by screening various
metal salts and solvents (Table 1). The cyclization of a-
hydrazino esters 2a and 3a was studied at room temperature for
16 h as a model reaction.

Treatment of 2a (R = Bn) with Ph;PAuCl/AgSbF, (S mol
%) in dichloromethane at room temperature gave a mixture of
cyclized products 4a and Sa in 70% yield (entry 1). (Z)-4a,
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(E)-4a, and Sa were separated by a careful chromatography on
silica gel, allowing the characterization of all the products.'®
Starting from 2a, the use of AgOTf in combination with
Ph;PAuCl gave exclusively the cyclic compound (Z)-4a albeit
with a very low yield (entry 2). Simply switching the silver salt
to AgBF, successfully altered the reaction path to afford (Z)-4a
along with a low amount of Sa in 66% yield (entry 3), while
lower yields were obtained by changing the solvent (entries 4
and 5)."” Neither Ph;PAuCl nor AgBF, were able to promote
the intramolecular ring closure, and the starting material 2a was
fully recovered (entries 6 and 7). The use of the silver-free salt
Ph;PAuNTY, (5 mol %) in dichloromethane gave both lower
selectivities and yield (entry 8).'® The intramolecular
cyclization did not proceed in the presence of S mol % of
PdCl, or Cul or a Brensted acid such as p-toluenesulfonic acid
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Scheme 3. Preparation and Ring Closure of Enantioenriched a-Hydrazino Ester (R)-3a“
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“Reagent and conditions: (a) tBuO,CN=NCO,tBu (1.2 equiv), L-proline (10 mol %), MeCN, 0 °C, 16 h then KH,PO,, NaClO,-H,0, 30% H,0,,
MeCN/MeOH/H,0, rt, 2 h; (b) TMSCHN, (1.5 equiv), toluene/MeOH (2:1), rt, 15 min; (c) PhyPAuCl/AgBF, (5 mol %), CH,Cl,, rt, 6 h.

Scheme 4. Synthesis of Various a-Hydrazino Esters (R)-3a—k“
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“Reagent and conditions: (a) tBuO,CN=NCO,tBu (1.2 equiv), L-proline (10 mol %), MeCN, —S °C, 16 h then KH,PO,, NaClO,-H,0, 30%
H,0,, MeCN/MeOH/H,0, t, 2 h; (b) TMSCHN, (1.5 equiv), toluene/MeOH (2:1), rt, 15 min; (c) ArX (1.2 equiv), PACL(PPh,), (S mol %),

Cul (2 mol %), Et;N, 2—16 h, 60 °C.

(entries 9—11). In order to study the influence of the hydrazine
protecting group, the ring closure of a-hydrazino ester 3a was
tested in the presence of the catalytic system Ph;PAuCl/AgBF,
(5 mol %) in dichloromethane, and $-exo-dig cyclization was
highly favored leading to the (Z)-selective formation of 6a in
82% vyield (entry 12). Our interest then focused on the
synthesis of enantioenriched a-hydrazino esters in order to
study the effect of the gold-catalyzed reaction conditions on the
stereogenic center. a-Hydrazino ester 3a had given the best
results in the cyclization step (Table 1, entry 12), and as a
result, stereoselective synthesis of (R)-3a was considered
following the synthetic strategy depicted in Scheme 2 (Scheme
3).

Mixing aldehyde 1 with di-tert-butyl azodicarboxylate in the
presence of L-proline (10 mol %) at 0 °C for 16 h in acetonitrile
turned out to be the best reaction conditions to afford after
oxidation and esterification a-hydrazino ester (R)-3a in 61%
yield and 87% enantiomeric excess.'” It is worthwhile noting
that decreasing reaction time for the amination (0 °C, 4 h) led
(R)-3a in only 40% yield and a similar enantiomeric excess (ee
= 88%), while increasing the temperature for the electrophilic
amination step (rt, 4 h) led to lower yield and ee of (R)-3a
(yield = 49%, ee = 72%). The influence of gold-catalyzed
reaction conditions was investigated by comparing the
enantiomeric excesses for the cyclized product (R)-6a and
the starting material (R)-3a. As depicted in Scheme 3, no
epimerization was observed with Ph;PAuCl/AgBF, as a
catalytic system, and conversion was complete after 6 h. We
then embarked on the preparation of various @-hydrazino esters
to diversify the scope of the gold-catalyzed reaction. The
synthetic route depicted in Scheme 2 for the preparation of
diverse a-hydrazino esters suffers from two drawbacks: (i) the
synthetic pathway is lengthy because Sonogashira cross-
coupling is the first step of the strategy and (ii) the
organocatalyzed electrophilic amination would have to be

429

optimized for every new aldehydic substrates. One approach in
which these limitations can be circumvented is through the
formation of the enantioenriched terminal alkyne (R)-8, which
can further undergo Sonogashira cross-coupling to deliver
different functionalized a-hydrazino esters (Scheme 4).

The a-hydrazino ester (R)-8 was easily prepared by the
three-step sequence electrophilic amination/oxidation/esterifi-
cation from pent-4-ynal. The best yields and enantioselectivities
for (R)-8 were obtained by carrying out the electrophilic
amination at —5 °C for 16 h (yield = 53%, ee = 93%).>° The
reactivity of (R)-8 in Sonogashira cross-coupling was
investigated by using S mol % of PdCl,(PPh;), and 2 mol %
of Cul in triethylamine at 60 °C (Table 2).

Regardless of the aromatic substitutions, cross-coupling of a-
hydrazino ester (R)-8 with aromatic iodides afforded (R)-3 in
good yields even if longer reaction times were required to
ensure full conversion for (R)-3d and (R)-3g (entries 4 and 7).
4-Bromo trifluoromethylbenzene proved to be rather un-
reactive under these conditions, leading to (R)-3j in 17% yield
(entry 10), while reaction of (R)-8 with 2-bromopyridine gave
rise to (R)-3k in 64% yield after 16 h reaction time (entry 11).
No epimerization was observed, and therefore cross-coupling
conditions did not impinge on the enantiopurity (entries 1, 4,
and 7). With optically active (R)-3a—k in hand, gold-catalyzed
cyclization was investigated , involving the use of S mol % of
Ph;PAuCl/AgBF, in dichloromethane at room temperature
until completion of the reaction monitored by TLC (Table 3).

In all cases, S-exo-dig cyclization led to the (Z)-selective
formation of (R)-6, and no racemization was observed
regardless of the reaction time (entries 1 and 4). Similar levels
of yield and regioselectivity were obtained when alkyl- and
fluoro-substituted aromatic derivatives were used as substrates
(entries 1—6). In contrast, the cyclization outcome of (R)-3g
and (R)-3h is highly dependent on the position of the methoxy
group on the aromatic ring (entries 7 and 8). Gold-catalyzed

dx.doi.org/10.1021/j0302320v | J. Org. Chem. 2013, 78, 427—-437



The Journal of Organic Chemistry

Table 2. Sonogashira Cross-Coupling”

Entry Aromatic Halide Time (h) Product Yield (%)
1 ©/I 2 74
Me
3 M6U| 2 87
4 Me 16 53
g
5 | 2 CO,Me 95
tBu/©/ HN™ "Boc
tBu (R)-3e Boc
6 /©/I 2 CO,Me 85
F HITJ’N‘Boc
F (R)-3f Boc
MeO
MeO
8 MeO | 2 71
\©/ MeO
9 /©/I 2 &3
O,N
O5N
10 /©/ Br 16 17
F3C
11 Br 16 64

\ /~

“General reaction conditions: (R)-8 (1 equiv), aromatic halide (1.2 equiv), PAdCL,(PPh;), (5 mol %), Cul (2 mol %) in triethylamine at 60 °C. “In
this case, determination of the enantiomeric excess by chiral HPLC of the product showed no epimerization at the stereogenic center. See

Supporting Information for further details.
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Table 3. Gold-Catalyzed Ring Closure of (R)-3a—k“

5-exo-dig 6-endo-dig
CO,Me PhzPAuCI (5 mol%) @ CO,Me CO,Me
ZzY AGBF (5 mol%) Jirare Y
Ar NL TGN + N
HN™ "Boc CHaCl, 1t, 6-24h A N"TBoc Ar” "N” "Boc
Boc Boc Boc
(R)-3a-k (R)-6 (R)-7
Entry Substrate Yield (R)-6 (%) 6/7 (ratio)b
1 ©/\/002Me 82 6a/7a (95/5)°
(R)-3aB
2 CO,Me 71 6b/7b (86/14)
Z Y
N
Me (R)-3b Boc
3 COZMe 70 6¢/7c (92/8)
R) 3c BOC
4 @/\/COZMe 62 6d/7d (95/5)°
(R)-3d Boc
5 _CO;Me 67 6e/7e (85/15)
HI}I’N\Boc
tBu (R)-3e Boc
6 CO,Me 75 61/7f (93/7)
Z X
N
MBOC
F (R)-3f Boc
7 CO,Me 644 6g/7g (60/40)
Boc
MeO
8 CO,Me 64 6h/7h (95/5)
MeO £
Boc
9 CO,Me 80 6i
HI}J’ “Boc
O.N (R)-3i Boc
10 77 6j
11 nr.’ n.d.f
| HI}I’N\Boc
Z (R)-3k Boc

“General reaction conditions: (R)-3 (1 equiv), Ph;PAuCl (S5 mol %), AgBF, (S mol %) in CH,Cl, at room temperature until completion of the
reaction monitored by TLC. Unless otherwise stated, heterocycle 7 could not be isolated. bRatio determined by 'H NMR spectroscopy of the crude.
“In this case, determination of the enantiomeric excess by chiral HPLC of the product showed no epimerization at the stereogenic center. See

Supporting Information for further details.
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#Yield of 6g and 7g. “n.r.: no reaction. /n.d.: not determined.

dx.doi.org/10.1021/j0302320v | J. Org. Chem. 2013, 78, 427—-437



The Journal of Organic Chemistry

Scheme 5. Synthesis of 2-Pyrazoline 5-Carboxylic Acid Ester 10 from (R)-6a

COMe _ CO,Me CO,Me
/:(\é'/ HCI 4N, dioxane p BzCl, Et3N, CH,Cl, p
P NN g \-NH \-N
Bod Boc rt, 1h Ph N~ rt, 2h Ph N"" g,
oC
(R)-6a (R)-9 (R)-10
yield = 56% from 6a
ring closure of ( R)-3g afforded a mixture of S-exo-dig and 6- an internal standard. Chemical shifts (5) are given in parts per million,
endo-dig cyclized products in 64% yield with a 60:40 ratio of and coupling constants are given as absolute values expressed .in hertz.
(R)-6g/(R)-7g, while (R)-6h was obtained with an excellent Electrospray ionization (ESI) mass spectra were collected using a Q-
DT o o - i TOF instrument. Samples (solubilized in ACN at 1 mg/mL and then
selectivity in 64% yield. The lower regioselectivity for the ) ; ; '
s . . diluted by 1000) were introduced into the MS via an UHPLC system
cyclization of (R)-3g could be explained by a perturbation of hile a Leucine Enkenhalin soluti ected via a mi
the electronic density of the triple bond by the benzene rin whtle 8 Leucine EnKepha in solution was co-injected via a micro pump
i ) ty p Y ‘ g Infrared spectra were recorded with a FT spectrometer. Optical
§ubst1tuent (l.e.,‘QMe) when the alkyn‘e and the substituent are rotation values were measured at room temperature. Melting points
in the para position on the phenyl ring. In contrast, marked were determined in open capillary tubes and are uncorrected. Thin-
improvements in selectivities were observed in the ring closure layer chromatography (TLC) was carried out on aluminum sheets
of a-hydrazino esters bearing an electron-withdrawing group on precoated with silica gel 60 F254. Column chromatography
ic ri i i -3i -3j separations were performed using silica gel (0.040—0.060 mm).
the aromatic ring. For instance, reaction of (R)-3i and (R)-3j p p ng g _ )
allowed the selective formation of S-exo-dig products in 80% HPLC analyses Wereoperforme‘i.wlth a machine equipped with a UV—
and 77% yields, respectively, while 6-endo-dig compounds were vis detector at 30 °C emp loying chiral AD-H or OD-H COlum_ns'
- .. 1 HPLC grade heptane and isopropyl alcohol were used as the eluting
not detected (entries 9 and 10). The reactivity of pyridine- solvents. Solvents were dried immediately before use by distillation
containiilg a—hyirzlzino eslt(er (IR)-3k xczlva; also tested, but 1:11 this from standard drying agents. Y Y
case cyclization did not take place and the starting material was 5-Phenylpent-4-ynal (1). A flame-dried Schlenk tube was charged
fully recovered after 24 h reaction time (entry 11). In light of with Cul (159 mg, 0.083 mmol), PdCL(PPh;), (117 mg, 0.166
the experimental results described above, a competition mmol), and iodobenzene (1.11 mL, 10 mmol). The tube was
between the two cyclization modes (S-exo-dig and 6-endo-dig) evacuated and backfilled with nitrogen. This procedure was repeated
occurs during the ring closure of 3 catalyzed by S mol % of three times. To this mixture was added Et;N (45 mL, and the solution
Ph;PAuCl/AgBF,. First, cationic gold complex would activate was stirred for 2 min at room temperature at which point pent-4—yno-1-
the alkyne via a z-complex, which would then undergo 0}11 (700 mg, 8512 mm°1)1 Vgas agd}eld' Auf(t:r 16 h %flreafitlon at 60 dC}f
nucleophilic attack by the protected hydrazine to afford after t e,reacnon,w was coo e, an the mixture was filtered over a pa °
d . he desired lized g 6 and - Celite by using diethyl ether as an eluent. The solvent was removed in
proto eauratlop At € desired cyclzed pro ucts an Jor 7. vacuo, and 'H NMR spectrum spectroscopy of the crude showed
Furthermore, it is important t.ol note that no E-isomer was complete conversion. A CH,Cl, (6 mL) solution of DMSO (1.4 mL)
formed for 6 under these conditions suggesting a nucleophilic was added to a CH,CL, (45 mL) solution of (COCI), (1.29 mL, 15
attack to the gold-alkyne z-complex in a anti-fashion. mmol) at —78 °C. The resulting mixture was stirred at —78 °C for 10

Additionally, aza-proline derivative (R)-6a was successfully min, and then a CH,Cl, (18 mL) solution of the unpurified alcohol
transformed into chiral 2-pyrazoline S-carboxylic acid ester (R)- was added at —78 °C. The mixture was stirred at —78 °C for 15 min.
10, which is a class of structure found in bioactive compounds After stirring at —45 °C for 1 h, E;N (9.0 mL) was added. The

21 reaction mixture was stirred at rt for 1 h, quenched by the addition of
(Scheme ). d d with CH,CL,. The organic | dried

Treatment of heterocycle (R)-6a with a hydrogen chloride water, and extracted wit 22 1€ organic fayer was driec over

lution in dioxane oave Tise fo azoline (R)-9, which Na,SO,, concentrated, and purified by silica gel column chromatog-
sod b | g pyr ’ Ford raphy (pentane/CH,Cl, = 1:1 then 3:7 to collect the product) to
un erV\{ent enzoy ation at room temperature to affor afford the aldehyde 1 in 59% yield (785 mg) as a colorless oil. All
pyrazoline (R)-10 in 56% overall y1e1<€1. ' physical and spectroscopic data were in complete agreement with the

In summary, we have reported a regioselective gold-catalyzed reported ones.
ring closure of enantioenriched a-hydrazino esters allowing a General Procedure To Prepare a-Hydrazino Esters 2a, 3a,
simple access to functionalized aza-proline derivatives with and 8 through a Three-Step Sequence: Electrophilic Amina-

d vield : : : : tion/Oxidation/Esterification. To a stirred solution of aldehyde (1
good yields. This strategy was applied to variously substituted mmol) in acetonitrile (0.2 mol/L) at the desired temperature (room
a-hydrazino esters that were easily prepared by a three-step 0°C “oC vely add dp I

. alyzed electrophilic amination/ temperature, , or —5 °C) were successively added L- or pL-proline
rea"Ctlo_n sequer}ce, .organocat yzea ¢ p . (11.5 mg, 0.1 mmol) and dialkyl azodicarboxylate (1.2 mmol). Once
oxidation/esterification followed by a Sonogashira cross- the reaction finished, the solution was then diluted with acetonitrile
coupling. Moreover, the results outlined herein demonstrate (6.5 mL), and a 1:1 mixture of MeOH/H,0 (4 mL/4 mL) was then
the importance of the nature of the silver salt, hydrazine added, followed by addition of KH,PO, (350 mg, 2.6 mmol),
protecting group, and alkyne substitution on the yield and NaClO,-H,0 (346 mg, 3.2 mmol) and 30% H,0, (3 mL). The
selectivity of the gold-catalyzed cyclization. In the future, reaction mixture was stirred at room temperature for2 h (monitor.ing
further functionalization of the aza-proline derivatives should by TLC)' The solution was acidified with a 1 M HCl aqueous solution
deliver molecular structures with applications in catalysis and until I;H =3. Sat“ratefi Na,8,0; aqueous sol}ltlon (3.3 mL) was added
medicinal chemist at 0 °C, and the mixture was acidified with a 1 M HCI aqueous
T solution until pH = 3 if necessary. The aqueous phase was extracted
three ti ith ethyl acetate, and th bined ic 1
B EXPERMENTAL SeCTION e s o o e ind ol b e
] )

General Experimental Methods. 'H NMR (200 or 300 MHz) reduced pressure. To a solution of the crude carboxylic acid in
and *C NMR (50 or 75 MHz) spectra were recorded with 200 or 300 toluene/MeOH (3.3 mL/1.65 mL) was added dropwise a solution of
MH?z spectrometers in chloroform-d with the residual peak solvent as TMSCHN, (2 M in hexanes, 750 L, 1.5 mmol) at room temperature.
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The solution was stirred for 15 min (monitoring by TLC), and a
solution of satd aq NH,Cl was added to the reaction mixture. The
aqueous phase was extracted with ethyl acetate, and the combined
organic phases were dried with MgSO,, filtered, and concentrated
under reduced pressure. The crude was purified by chromatography on
silica gel (pentane/ethyl acetate, 85:15) to furnish the desired product.

Methyl 2-(1,2-Benzyloxycarbonylhydrazinyl)-5-phenylpent-4-
ynoate (2a). According to the general procedure, 1 mmol of aldehyde
1 (158 mg) and 1.2 mmol of dibenzyl azodicarboxylate (358 mg)
afforded a-hydrazino ester 2a (307 mg) as a white solid in 63% yield.
Mp 110—112 °C; R;0.23 (pentane/ethyl acetate, 8:2); "H NMR (200
MHz, CDCl;) § 7.43—7.10 (m, 15H), 6.88 (br s, 1H), 5.31—4.93 (m,
5H), 3.77 (br s, 3H), 3.24—291 (m, 2H); *C NMR (50 MHz,
CDCl,) § 170.1, 155.9 (2C), 135.6, 131.8 (2C), 128.6—127.9 (14C),
123.3, 84.8, 83.1, 68.7, 67.8, 58.9, 52.8, 20.7; FTIR (neat) cm™" 3317,
2962, 1740, 1683, 1503, 1421, 1307, 1192, 1135, 1012, 751, 732; 686;
HRMS (ESI) caled for C,gH,,N,O4 [M + H]" 487.1869, found
487.1870.

(R)-Methyl 2-(1,2-tert-Butyloxycarbonylhydrazinyl)-5-phenyl-
pent-4-ynoate (3a). According to the general procedure, 1 mmol of
aldehyde 1 (158 mg) and 1.2 mmol of di-tert-butyl azodicarboxylate
(276 mg) afforded a-hydrazino ester 3a (255 mg) as a white solid in
61% yield. Mp 75—77 °C; R; 0.33 (pentane/ethyl acetate, 9:1); 'H
NMR (300 MHz, CDCl;) § 7.51-7.35 (m, 2H), 7.33—7.20 (m, 3H),
6.54 (br s, 0.65H), 6.27 (br s, 0.35H), 5.25—5.05 (m, 0.65H), 4.95—
4.80 (m, 0.35H), 3.78 (s, 3H), 3.15-2.90 (m, 2H), 1.48 (br s, 9H),
1.45 (br s, 9H); *C NMR (75 MHz, CDCl;) § 170.3, 155.1, 154.7,
134.6 (2C), 127.7, 123.6, 85.4, 82.6, 82.2, 81.1, 58.5, 52.3, 28.12 (3C),
28.08 (3C), 20.6; FTIR (neat) cm™! 3316, 2971, 2923, 1742, 1706,
1490, 1393, 1367, 1234, 1145, 1048, 1000, 755; HRMS (ESI) calcd for
C»,H;0N,O¢Na [M + Na]* 441.2002, found 441.2001. Enantiomeric
excess of 3a has been determined by HPLC analysis employing a chiral
AD-H column (heptane/2-propanol, 90/10, 1.0 mL/min), t; = 8.14
min for the major enantiomer and t; = 9.67 min for the minor
enantiomer. [a]*°y = —18.5 (¢ 1.0, CHCL;) for 87% ee.

(R)-Methy!l 2-(1,2-tert-Butyloxycarbonylhydrazinyl)-pent-4-
ynoate (8). According to the general procedure, 1 mmol of pent-4-
ynal (84.1 mg) and 1.2 mmol of di-tert-butyl azodicarboxylate (276
mg) afforded a-hydrazino ester 8 (181 mg) as colorless gum in 53%
yield. Ry 0.41 (pentane/ethyl acetate, 85:15); '"H NMR (300 MHz,
CDCL) § 6.50—6.10 (m, 1H), 5.15—4.95 (m, 0.6H), 4.95—4.62 (m,
0.4H), 3.75 (s, 3H), 2.82—2.75 (m, 2H), 2.00 (br s, 1H), 1.46 (br s,
18H); *C NMR (75 MHz, CDCl,) § 170.3, 155.0 (2C), 82.6, 82.3,
81.6, 80.1 (0.5C), 70.5 (0.5C), 60.8 (0.5C), 58.4 (0.5C), 52.7, 28.28
(3C), 28.20 (3C), 19.8; FTIR (neat) cm™ 3313, 3262, 2978, 2927,
1754, 1734, 1680, 1392, 1366, 1279, 1245, 1150; HRMS (ESI) calcd
for C,gHysN,O¢Na [M + Nal]* 365.1689, found 365.1690.
Enantiomeric excess of 3a has been determined by HPLC analysis
employing a chiral AD-H column (heptane/2-propanol, 90/10, 1.0
mL/min), t = 9.44 min for the major enantiomer and t; = 10.58 min
for the minor enantiomer. [@]*’ = —0.8 (¢ 1.0, CHCL,;) for 93% ee.

Determination of the Configuration of (R)-8. The config-
uration of the stereogenic center was determined to be (R) by
transforming 8 into (R)-2-tert-butoxycarbonylaminopentanoic acid
methyl ester and by comparing the measured optical rotation with the
reported one.”®

To a solution of ester 8 (0.29 mmol, 100 mg) in dichloromethane
(1 mL) was added trifluoroacetic acid (0.60 mL) at 0 °C. The reaction
mixture was allowed to warm to room temperature and stirred for 2 h,
and the volatiles were evaporated under reduced pressure. To a
solution of the crude hydrazine in MeOH (1 mL) was added Raney
Ni. The reaction mixture was stirred 16 h at room temperature under
hydrogen atmosphere followed by the addition of DMAP (3.2 mg)
and di-tert-butyldicarbonate (80 mg). The solution was stirred at room
temperature overnight and then filtered through a pad of Celite, and
the mixture was concentrated in vacuo. The residue was purified by
column chromatography on silica gel with the solvent mixture Et,O/
pentane, 20/80 to afford (R)-2-tert-butoxycarbonylaminopentanoic
acid methyl ester (43 mg) in 64% overall yield.
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/\:/COZMe

HN""~CO,tBu

CO,tBu

(R)-8
1) TFAICH,Cly, 0°C-rt, 2h wCOZMe
2) Raney Ni, Hy, MeOH, rt, 16h HN ~CO,tBu

and then DMAP, Boc,0, rt, 16h
Exp. [a]?% = +28 (c 0.5, MeOH)
Lit. [a]®p = +32 (c 1, MeOH)

Yield = 64%

General Procedure for the Sonogashira Cross-Coupling of 8
with Aromatic Halides: Preparation of a-Hydrazino Esters 3a—
k. A flame-dried Schlenk tube was charged with Cul (0.75 mg, 0.004
mmol), PdCL(PPh;), (7 mg, 0.01 mmol), and aromatic halide (0.24
mmol). The tube was evacuated and backfilled with nitrogen. This
procedure was repeated three times. To this mixture was added Et;N
(1.85 mL), and the solution was stirred for 2 min at room temperature
at which point ester 8 (68 mg, 0.20 mmol) was added. The reaction
was then stirred at 60 °C until completion of the reaction monitored
by TLC. The reaction vial was then cooled, and the mixture was
filtered over a pad of Celite by using a 1:1 mixture diethyl ether/
dichloromethane as an eluent. The solvent was removed in vacuo and
purified by chromatography on silica gel to afford the desired products.

(R)-Methyl 2-(1,2-tert-Butyloxycarbonylhydrazinyl)-5-(4-methyl-
phenyl)-pent-4-ynoate (3b). According to the general procedure,
reaction of ester 8 with 0.24 mmol of 4-iodotoluene (52 mg) afforded
a-hydrazino ester 3b (58 mg) as a colorless oil in 67% yield after
purification on silica gel (pentane/ethyl acetate, 9:1). 0.28
(pentane/ethyl acetate, 9:1); 'H NMR (300 MHz, CDCl;) § 7.25
(brd, ] = 7.9 Hz, 2H), 7.05 (br d, ] = 7.9 Hz, 2H), 6.62—6.15 (m,1H),
520-5.05 (m, 0.6H), 4.95—4.75 (m, 0.4H), 3.76 (s, 3H), 3.10~2.90
(m, 2H), 2.31 (s, 3H), 1.46 (br s, 9H), 1.44 (br s, 9H); C NMR (75
MHz, CDCl;) § 170.5, 154.9, (2C), 137.9, 131.6 (2C), 128.9 (2C),
120.5, 84.7, 82.7, 82.2, 81.4, 60.9 (0.4C), 58.4 (0.6C), 52.6, 28.5 (3C),
28.2 (3C), 21.5, 20.8; FTIR (neat) cm™ 3321, 2975, 2927, 1739,
1708, 1365, 1246, 1152, 1045; HRMS (ESI) calcd for C,3H3,N,O4Na
[M + Na]* 455.2158, found 455.2159. [a]*°, = —17.7 (¢ 1.0, CHCl,)
for 93% ee.

(R)-Methyl 2-(1,2-tert-Butyloxycarbonylhydrazinyl)-5-(3-methy!-
phenyl)-pent-4-ynoate (3c). According to the general procedure,
reaction of ester 8 with 0.24 mmol of 3-iodotoluene (52 mg) afforded
a-hydrazino ester 3¢ (7S mg) as a colorless oil in 87% yield after
purification on silica gel (pentane/ethyl acetate, 85:15). 0.43
(pentane/ethyl acetate, 85:15); "H NMR (300 MHz, CDCl;) § 7.21—
7.10 (m, 3H), 7.09—7.04 (m, 1H), 6.60—6.36 (br s, 0.65H), 6.35—6.15
(br s, 0.35H), 5.20—5.05 (m, 0.65H), 4.92—4.71 (m, 0.35H), 3.76 (s,
3H), 3.10-2.90 (m, 2H), 2.29 (s, 3H), 1.46 (br s, 9H), 1.4 (br s,
9H); *C NMR (75 MHz, CDCl;) 6 170.6, 154.9 (2C), 137.8, 132.4,
128.8 (2C), 128.1, 1234, 85.1, 82.8, 82.2, 81.3, 60.9 (0.35C), 58.4
(0.65C), 52.6, 28.24 (3C), 28.20 (3C), 21.3, 20.8; FTIR (neat) cm™
3321, 2978, 2927, 1740, 1708, 1389, 1365, 1238, 1148, 1049; HRMS
(ESI) caled for Cp3H;,N,ONa [M + Na]* 455.2158, found 455.2157.
[a]*®, = —20.2 (c 1.0, CHCL;) for 93% ee.

(R)-Methyl 2-(1,2-tert-Butyloxycarbonylhydrazinyl)-5-(2-methyl-
phenyl)-pent-4-ynoate (3d). According to the general procedure,
reaction of ester 8 with 0.24 mmol of 2-iodotoluene (52 mg) afforded
a-hydrazino ester 3d (46 mg) as a colorless oil in 53% yield after
purification on silica gel (pentane/diethyl ether,4:1). R;0.20 (pentane/
diethyl ether,4:1); "H NMR (300 MHz, CDCL,) 6 7.35 (d, ] = 7.2 Hg,
1H), 7.20—7.0S (m, 3H), 6.50 (br's, 1H), 5.22—5.05 (m, 0.7H), 4.96—
4.75 (m, 0.3H), 3.78 (s, 3H), 3.13—3.00 (m, 2H), 2.40 (s, 3H), 1.48
(br s, 9H), 1.44 (br s, 9H); *C NMR (75 MHz, CDCl;) § 170.6,
154.9 (2C), 140.2, 132.1, 129.4, 127.9, 125.5, 123.4, 89.4, 82.3, 81.6,
81.4, 61.0 (0.3C), 58.6 (0.7C), 52.6, 28.2 (6C), 20.9, 20.7; FTIR
(neat) cm™ 3317, 2978, 2927, 1739, 1708, 1389, 1238, 1152, 1049;
HRMS (ESI) caled for C,3H;,N,O¢Na [M + Na]* 455.2158, found
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455.2157. Enantiomeric excess of 3d has been determined by HPLC
analysis employing a chiral AD-H column (heptane/2-propanol, 95:5,
1.0 mL/min), t; = 12.52 min for the major enantiomer and t; = 13.8
min for the minor enantiomer. [@]*°y = —24.0 (¢ 1.0, CHCI,) for 93%
ee.
(R)-Methyl 2-(1,2-tert-Butyloxycarbonylhydrazinyl)-5-(4-tertbu-
tylphenyl)-pent-4-ynoate (3e). According to the general procedure,
reaction of ester 8 with 0.24 mmol of 1-tert-butyl 4-iodobenzene (62
mg) afforded a-hydrazino ester 3e (90 mg) as a colorless oil in 95%
yield after purification on silica gel (pentane/ethyl acetate, 85:15). Ry
0.27 (pentane/ethyl acetate, 85:15); 'H NMR (300 MHz, CDCl,) &
7.36=7.29 (m, 4H), 6.60—6.20 (m,1H), 5.22—5.00 (m, 0.7H), 4.98—
475 (m, 0.3H), 3.78 (s, 3H), 3.12—2.94 (m, 2H), 1.48 (br s, 9H), 1.46
(br s, 9H), 1.31 (s, 9H); *C NMR (75 MHz, CDCl;) § 170.5, 154.9,
(2C), 151.1, 131.5 (2C), 125.2 (2C), 120.6, 84.7, 82.7, 82.2, 81.3, 60.9
(0.3C), 58.5 (0.7C), 52.6, 34.8, 31.3 (3C), 2827 (3C), 2823 (3C),
20.8; FTIR (neat) cm™ 3321, 2967, 2904, 2868, 1740, 1708, 1365,
1235, 1152, 1045; HRMS (ESI) calcd for C,sH;sN,0¢Na [M + Na]*
497.2628, found 497.2627. [a]*p = —17.4 (¢ 2.0, CHCL,) for 93% ee.

(R)-Methyl 2-(1,2-tert-Butyloxycarbonylhydrazinyl)-5-(4-fluoro-
phenyl)-pent-4-ynoate (3f). According to the general procedure,
reaction of ester 8 with 0.24 mmol of 4-fluoroiodobenzene (53 mg)
afforded a-hydrazino ester 3f (75 mg) as a colorless oil in 85% yield
after purification on silica gel (pentane/ethyl acetate, 85:15). Ry 0.50
(pentane/ethyl acetate, 85:15); 'H NMR (300 MHz, CDCl;) § 7.33
(brdd, J = 8.4 Hz, ] = 5.6 Hz, 2H), 6.94 (t, ] = 8.4 Hz, 2H), 6.52 (br s,
0.75H), 6.26 (br s, 0.25H), 5.20—5.05 (m, 0.65H), 4.89—4.73 (m,
0.35H), 3.75 (s, 3H), 3.05—2.90 (m, 2H), 1.45 (br s, 9H), 1.42 (br s,
9H); 3C NMR (75 MHz, CDCl;) § 170.6, 162.3, (1C, ] = 249 Hz),
154.9 (2C), 133.5 (2C, J = 8.3 Hz), 119.6, 115.4 (2C, ] = 22 Hz), 85.2,
82.2, 81.6, 81.2, 60.9 (0.35C), 58.4 (0.65C), 52.6, 28.23 (3C), 28.18
(3C), 20.7; FTIR (neat) ecm™ 3317, 2978, 2927, 1735, 1708, 1503,
1365, 1215, 1152, 832; HRMS (ESI) calcd for Cp,H,sN,OsFNa [M +
Na]* 459.1907, found 459.1906. [a]*’p = —16.8 (¢ 1, CHCI,) for 93%
ee.

(R)-Methyl 2-(1,2-tert-Butyloxycarbonylhydrazinyl)-5-(4-methox-
yphenyl)-pent-4-ynoate (3g). According to the general procedure,
reaction of ester 8 with 0.24 mmol of 4-iodoanisole (56 mg) afforded
a-hydrazino ester 3g (5SS mg) as a with solid in 62% yield after
purification on silica gel (pentane/ethyl acetate, 85:15). Mp 85—87
°C; R 0.17 (pentane/ethyl acetate, 85:15); 'H NMR (300 MHz,
CDClLy) 6 7.29 (br d, J = 8.7 Hz, 2H), 6.77 (br d, ] = 8.7 Hz, 2H),
6.58—6.26 (br s, 1H), 5.15—5.00 (m, 0.65H), 4.90—4.72 (m, 0.35H),
3.76 (s, 3H), 3.74 (s, 3H), 3.07—2.87 (m, 2H), 1.44 (br s, 9H), 1.42
(br s, 9H); *C NMR (75 MHz, CDCL;) 6 170.7, 159.3, 155.8, 154.9,
133.1 (2C), 115.7, 113.8 (2C), 83.9, 82.4, 82.1, 81.4, 60.9 (0.35C),
58.4 (0.65C), 55.3, 52.5, 28.22 (3C), 28.18 (3C), 20.7; FTIR (neat)
cm™! 3349, 2966, 2921, 1744, 1728, 1692, 1503, 1483, 1384, 1253,
1144, 824; HRMS (ESI) caled for C,;Hy,N,O,Na [M + Nal*
4712107, found 471.2104. [a]*’y = —12.4 (¢ 1, CHCL;) for 93% ee.
Enantiomeric excess of 3g has been determined by HPLC analysis
employing a chiral AD-H column (heptane/2-propanol, 90:10, 1.0
mL/min), t; = 11.9 min for the major enantiomer and t; = 16.1 min
for the minor enantiomer.

(R)-Methyl 2-(1,2-tert-Butyloxycarbonylhydrazinyl)-5-(3-methox-
yphenyl)-pent-4-ynoate (3h). According to the general procedure,
reaction of ester 8 with 0.24 mmol of 3-iodoanisole (56 mg) afforded
a-hydrazino ester 3h (64 mg) as a colorless oil in 71% yield after
purification on silica gel (pentane/diethyl ether, 4:1). Ry 035
(pentane/diethyl ether, 4:1); '"H NMR (300 MHz, CDCl,) § 7.17
(brt, J = 7.8 Hz, 1H), 6.97 (br d, ] = 7.8 Hz, 1H), 6.91 (app s, 1H),
6.97 (br dd, ] = 8.3 Hz, ] = 2.2 Hz, 1H), 6.60—6.22 (br s, 1H), 5.21—
5.05 (m, 0.65H), 4.95—4.76 (m, 0.35H), 3.77 (s, 6H), 3.08—2.93 (m,
2H), 1.46 (br s, 9H), 1.44 (br s, 9H); 3C NMR (75 MHz, CDCL;) §
170.6, 159.4, 155.0 (2C), 129.3, 124.7, 124.4, 116.7, 114.6, 85.4, 82.6,
82.2, 81.3, 60.9 (0.35C), 58.5 (0.65C), 55.4, 52.6, 28.27 (3C), 28.23
(3C), 20.8; FTIR (neat) cm™ 3317, 2975, 2931, 1739, 1708, 1389,
1365, 1239, 1156; HRMS (ESI) calcd for C,;H;,N,O;Na [M + Na]*
4712107, found 471.2102, [a]*p = —22.9 (¢ 1, CHCL;) for 93% ee.
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(R)-Methyl 2-(1,2-tert-Butyloxycarbonylhydrazinyl)-5-(4-nitro-
phenyl)-pent-4-ynoate (3i). According to the general procedure,
reaction of ester 8 with 0.24 mmol of 1-iodo-4-nitrobenzene (59 mg)
afforded a-hydrazino ester 3i (77 mg) as a colorless oil in 83% yield
after careful purification on silica gel (pentane/ethyl acetate, 85:15). Ry
0.13 (pentane/ethyl acetate, 85:15); 'H NMR (300 MHz, CDCl,) &
8.12 (d, ] = 8.7 Hz, 2H), 7.50 (d, J = 8.7 Hz, 2H), 6.55—6.20 (br s,
1H), 5.24-5.05 (m, 0.7H), 4.94—4.72 (m, 0.3H), 3.76 (s, 3H), 3.04
(br d, J = 5.9 Hz, 2H), 1.45 (br s, 9H), 1.42 (br s, 9H); 3C NMR (75
MHz, CDCl;) § 1704, 154.8 (2C), 146.9, 132.5 (2C), 130.6, 123.5
(2C), 91.9, 82.4, 81.4, 81.1, 60.8 (0.3C), 584 (0.7C), 52.7, 28.24
(3C), 28.17 (3C), 20.9; FTIR (neat) cm™' 3321, 2974, 2931, 2225,
1739, 1704, 1519, 1341, 1235, 1148; HRMS (ESI) calcd for
CpHyoN;OgNa [M + Nal]* 486.1852, found 486.1853. [a]*p =
—11.2 (¢ 1, CHCI,) for 93% ee.

(R)-Methyl 2-(1,2-tert-Butyloxycarbonylhydrazinyl)-5-(4-trifluoro-
methylphenyl)-pent-4-ynoate (3j). According to the general
procedure, reaction of ester 8 with 0.24 mmol of 1-bromo-4-
trifluoromethylbenzene (54 mg) afforded a-hydrazino ester 3j (16
mg) as a white solid in 17% yield after careful purification on silica gel
(pentane/ethyl acetate, 85:15). Mp 100—102 °C; R 0.64 (pentane/
ethyl acetate, 85:15); 'H NMR (300 MHz, CDCly) 6 7.51 (br d, ] =
8.2 Hz, 2H), 7.56 (br d, J = 8.2 Hz, 2H), 6.58—6.21 (br s, 1H), 5.23—
5.02 (m, 0.7H), 4.95—4.75 (m, 0.3H), 3.73 (s, 3H), 3.10—2.95 (m,
2H), 1.46 (br s, 9H), 1.43 (br s, 9H); 3C NMR (75 MHz, CDCL;) §
170.4, 154.9 (2C), 134.8—118.7 (7C), 88.6, 82.4, 81.4, 81.2, 60.9
(0.3C), 58.5 (0.7C), 52.7, 28.25 (3C), 28.20 (3C), 20.8; FTIR (neat)
cm™! 3347, 2979, 1736, 1709, 1705, 1480, 1323, 1155, 1123, 1067,
838; HRMS (ESI) calcd for Cy3H,oF3;N,O¢Na [M + Na]* 509.1875,
found 509.1876. [a]*’p = —11.0 (¢ 1, CHCL;) for 93% ee.

(R)-Methyl 2-(1,2-tert-Butyloxycarbonylhydrazinyl)-5-(2-pyridyl)-
pent-4-ynoate (3k). According to the general procedure, reaction of
ester 8 with 0.24 mmol of 2-bromopyridine (38 mg) afforded a-
hydrazino ester 3k (54 mg) as a colorless oil in 64% yield after careful
purification on silica gel (pentane/ethyl acetate, 60:40). Ry 0.29
(pentane/ethyl acetate, 2:1); '"H NMR (300 MHz, CDCl,) § 8.51 (br
s, 1H), 7.59 (br t, = 7.4 Hz, 1H), 7.42—7.30 (m, 1H), 7.22—7.10 (m,
1H), 6.67—6.27 (br s, 1H), 5.17—5.05 (m, 0.65H), 4.92—4.74 (m,
0.35H), 3.75 (s, 3H), 3.13—2.95 (m, 2H), 1.44 (br s, 9H), 1.42 (br s,
9H); 3C NMR (75 MHz, CDCL,) § 170.1, 154.8 (2C), 149.7, 143.5,
136.2, 127.4, 122.6, 86.4, 82.9, 82.3, 81.3, 60.8 (0.35C), 58.5 (0.65C),
527, 2822 (3C), 28.18 (3C), 20.7; FTIR (neat) cm™' 3317, 2974,
2927, 1735, 1704, 1388, 1365, 1238, 1148, 773, 726; HRMS (ESI)
caled for C, H;oN;O4 [M + H]* 420.2135, found 420.2136. [a]*’, =
—6.3 (c 1, CHCL,) for 93% ee.

General Procedure for the Ring Closure. In an oven-dried
Schlenk tube (wrapped with aluminum foil to keep light out) under
argon, a-hydrazino ester (0.1 mmol) was dissolved in dry dichloro-
methane (0.5 mL) and treated with Ph;PAuCl (2.5 mg, 0.005 mmol)
and AgBF, (0.98 mg, 0.005 mmol). The reaction was stirred until
completion of the reaction (monitored by TLC), and the mixture was
diluted with diethyl ether and filtered over a pad of Celite (eluent =
diethyl ether/dichloromethane, 1:1). The crude was concentrated
under reduced pressure and analyzed by '"H NMR to determine the
selectivity of the cyclization. Purification of the crude mixture gave rise
to the cyclized products. In cases where a mixture of five-membered
and six-membered heterocycles was obtained, purification was carried
out by preparative thin-layer chromatography to afford pure samples.
When selectivity of 4a/Sa or 6/7 was superior to 85:15 in favor of the
five-membered heterocycle (4a or 6), the six-membered cyclic product
(5a or 7) was not isolated and only the yields of 4a and 6 were
reported.

1,2-Dibenzyl 3-Methyl (5Z)-5-Benzylidenepyrazolidine-1,2,3-tri-
carboxylate (Z-4a). The compound was purified by preparative
thin-layer chromatography (pentane/ethyl acetate, 85:15) and was
obtained as a gum. R;0.14 (pentane/ethyl acetate, 8:2); 'H NMR (300
MHz, CDCl;) § 7.45—7.21 (m, 7H), 7.20—6.90 (m, 8H), 6.00 (s, 1H),
520 (d, ] = 12 Hz, 1H), 5.14 (d, ] = 12 Hz, 1H), 5.07 (d, ] = 12 Hg,
1H), 4.95—4.86 (m, 1H), 4.92 (d, ] = 12 Hz, 1H), 3.56 (s, 3H), 3.20—
3.05 (m, 2H); C NMR (75 MHz, CDCl;) 6 170.7, 156.8, 153.8,
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135.4, 135.3, 132.2, 128.6—128.1 (15C), 127.2, 116.3, 68.9, 68.6, 57.4,
52.6, 36.1; HRMS (ESI) caled for C,gH,N,O4Na [M + Na]*
509.1689, found 509.1692.

1,2-Dibenzyl 3-Methyl (5Z)-5-Benzylidenepyrazolidine-1,2,3-tri-
carboxylate (E-4a). The compound was purified by preparative
thin-layer chromatography (pentane/ethyl acetate, 85:15) and was
obtained as a colorless oil. Rf 0.25 (pentane/ethyl acetate, 85:15); 'H
NMR (300 MHz, CDCl;) 6 7.44—7.16 (m, 15H), 7.04 (s, 1H), 5.33
(d, ] = 12.6 Hz, 1H), 5.27 (d, ] = 12.6 Hz, 1H), 5.21 (d, ] = 12.6 Hz,
1H), 5.17 (d, J = 12.6 Hz, 1H), 5.12 (dd, J = 7.0 Hz, ] = 3.5 Hz, 1H),
3.62 (s, 3H), 3.33—3.20 (m, 2H); *C NMR (75 MHz, CDCl,;) §
170.1, 156.5, 154.3, 136.2, 135.9, 135.5, 133.8, 128.7—128.0 (14C),
1269, 1147, 68.9, 68.4, 58.6, 52.8, 34.5; FTIR (neat) cm™ 3061,
3032, 2951, 1715, 1486, 1387, 1286, 1210, 1067, 1025, 911, 751, 694;
HRMS (ESI) caled for C,gH,¢N,O¢Na [M + Na]* 509.1689, found
509.168S.

1,2-Dibenzyl 3-Methyl 6-Phenyl-3,4-dihydropyridazine-1,2,3-tri-
carboxylate (5a). The compound was purified by preparative thin-
layer chromatography (pentane/ethyl acetate, 85:15) and was
obtained as a colorless oil. Rf 0.16 (pentane/ethyl acetate, 8:2); 'H
NMR (300 MHz, CDCl,) § 7.40—6.90 (m, 15H), 5.51 (t, ] = 4.1 Hz,
1H), 5.30—5.20 (m, SH), 3.64 (s, 3H), 2.90—2.55 (m, 2H); HRMS
(ESI) calcd for C,5H,4N,O¢Na [M + Na]* 509.1689, found 509.1690.

1,2-Di-tert-butyl 3-Methyl (5Z)-5-Benzylidenepyrazolidine-1,2,3-
tricarboxylate (6a). The compound was purified by preparative thin-
layer chromatography (pentane/ethyl acetate, 85:15) and was
obtained as a colorless oil. R; 0.37 (pentane/ethyl acetate, 85:15);
"H NMR (300 MHz, CDCL,) 6 7.55 (d, ] = 7.4 Hz, 2H), 7.28 (app t, ]
= 7.4 Hz, 2H), 7.18 (t, ] = 7.3 Hz, 1H), 6.02 (s, 1H), 4.89 (dd, ] = 8.4
Hz, ] = 4.6 Hz, 1H), 3.76 (s, 3H), 3.26—3.11 (m, 2H), 1.57 (s, 9H),
124 (s, 9H); BC NMR (75 MHz, CDCl,) § 171.3, 155.7, 152.1,
136.3, 133.1, 128.3 (2C), 128.0 (2C), 126.9, 114.8, 82.6, 82.1, 56.8,
52.7, 36.6,28.2 (3C), 27.7 (3C); FTIR (neat) cm™ 2977, 2931, 1731,
1711, 1363, 1304, 1151; HRMS (ESI) calcd for C,H;oN,0¢Na [M +
Na]* 441.2002, found 441.2003; [a]*°, = —73 (c 1, CHCI,) for 93%
ee. Enantiomeric excess of 6a has been determined by HPLC analysis
employing a chiral OD-H column (heptane/2-propanol, 95:5, 1.0 mL/
min), ty = 7.23 min for the major enantiomer and t; = 8.49 min for the
minor enantiomer.

1,2-Di-tert-butyl 3-Methyl (5Z)-5-(4-Methylbenzylidene)-
pyrazolidine-1,2,3-tricarboxylate (6b). The compound was purified
by preparative thin-layer chromatography (pentane/ethyl acetate,
85:15) and was obtained as a colorless oil. Ry 0.29 (pentane/ethyl
acetate, 85:15); "H NMR (300 MHz, CDCL,) 6 7.42 (d, ] = 7.9 Hz,
2H), 7.06 (d, ] = 7.9 Hz, 2H), 5.97 (s, 1H), 4.85 (dd, ] = 8.7 Hz, ] =
4.6 Hz, 1H), 3.74 (s, 3H), 3.30—3.12 (m, 2H), 2.32 (s, 3H), 1.54 (s,
9H), 1.26 (s, 9H); *C NMR (75 MHz, CDCl,) § 171.4, 155.9, 152.3,
1367, 1334, 132.3, 128.7 (2C), 1283 (2C), 115.0, 82.5, 82.1, $6.8,
52.7, 36.6, 28.3 (3C), 27.8 (3C), 21.4; FTIR (neat) cm™" 3056, 2986,
1744, 1711, 1421, 1368, 1266, 1147, 894, 739, 702; HRMS (ESI) calcd
for C,3H3,N,O4Na [M + Na]* 4552158, found 455.2156; [a]*’p =
—61.3 (c 1, CHCl,) for 93% ee.

1,2-Di-tert-butyl 3-Methyl (5Z)-5-(3-Methylbenzylidene)-
pyrazolidine-1,2,3-tricarboxylate (6c). The compound was purified
by preparative thin-layer chromatography (pentane/ethyl acetate,
85:15) and was obtained as a colorless oil. Ry 0.29 (pentane/ethyl
acetate, 85:15); "H NMR (300 MHz, CDCL,) § 7.36—7.30 (m, 2H),
7.16 (t, ] = 7.6 Hz, 1H), 7.00 (d, ] = 7.6 Hz, 1H), 5.98 (s, 1H), 4.89
(dd, J = 8.7 Hz, ] = 4.6 Hz, 1H), 3.75 (s, 3H), 3.24—3.10 (m, 2H),
2.32 (s, 3H), 1.56 (s, 9H), 1.26 (s, 9H); *C NMR (75 MHz, CDCl,)
6 171.3, 155.9, 152.2, 137.3, 136.2, 132.9, 128.9, 127.9, 127.8, 125.6,
114.8, 82.5, 82.1, 56.7, 52.7, 36.7, 28.3 (3C), 27.8 (3C), 21.6; FTIR
(neat) cm™ 3047, 2974, 2931, 1736, 1712, 1365, 1298, 1242, 1148,
730, 694; HRMS (ESI) calcd for C,;H3,N,O4Na [M + Na]* 455.2158,
found 455.2156; [a]*p = —46.2 (¢ 1, CHCL,) for 93% ee.

1,2-Di-tert-butyl 3-Methyl (5Z)-5-(2-Methylbenzylidene)-
pyrazolidine-1,2,3-tricarboxylate (6d). The compound was purified
by preparative thin-layer chromatography (pentane/ethyl acetate,
85:15) and was obtained as a colorless oil. Ry 0.27 (pentane/ethyl
acetate, 85:15); "H NMR (300 MHz, CDCl;) § 7.58—7.43 (m, 1H),
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7.15—7.04 (m, 3H), 6.05 (s, 1H), 491 (dd, J = 8.7 Hz, | = 4.1 Hz,
1H), 3.74 (s, 3H), 3.34—3.07 (m, 2H), 2.29 (s, 3H), 1.56 (s, 9H), 1.14
(s, 9H); 3C NMR (75 MHz, CDCl,) § 171.2, 155.8, 151.7, 135.5,
135.4, 133.2, 129.8, 127.7, 126.8, 125.4, 111.9, 82.5, 81.7, 56.8, 52.5,
36.5,28.2 (3C), 27.5 (3C), 20.0; FTIR (neat) cm™ 3047, 2974, 2931,
1736, 1712, 1365, 1298, 1242, 1148, 730, 694; HRMS (ESI) calcd for
C,3H3,N,O4Na [M + Na]* 455.2158, found 455.2155; [a]?, = —38.3
(c 0.5, CHCl;) for 93% ee. Enantiomeric excess of 6d has been
determined by HPLC analysis employing a chiral OD-H column
(heptane/2-propanol, 95:5, 1.0 mL/min), t; = 6.36 min for the major
enantiomer and t; = 10.16 min for the minor enantiomer.

1,2-Di-tert-butyl 3-Methyl (52Z)-5-(4-tert-Butylbenzylidene)-
pyrazolidine-1,2,3-tricarboxylate (6e). The compound was purified
by preparative thin-layer chromatography (pentane/ethyl acetate,
85:15) and was obtained as a 85:15 mixture of colorless oils 6e(A)/
7¢(B). Ry 0.30 (pentane/ethyl acetate, 85:15); '"H NMR (300 MHz,
CDCl;) § meaningful data: 7.45 (d, ] = 8.4 Hz, 1H, A), 7.27 (d, ] = 8.4
Hz, 1H, A), 598 (s, 1H, A), 5.45—5.35 (m, 1H, B), 5.28—5.20. (m,
1H, B), 4.85 (dd, ] = 8.7 Hz, ] = 4.9 Hz, 1H; A), 3.74 (s, 3H, A), 3.19—
3.09 (m, 2H, A), 2.75-2.50 (m, 2H, B), 1.59 (s, 3H, A), 1.30 (s, 9H,
A), 120 (s, 9H, A); *C NMR (75 MHz, CDCl;) § 171.2, 155.7,
152.1, 149.8, 133.3, 132.4, 127.9 (2C), 124.8 (2C), 114.7, 82.4, 81.9,
56.7, 52.6, 364, 34.5, 31.2 (3C), 28.2 (3C), 27.5 (3C); FTIR (neat)
cm™! 2970, 2931, 2868, 1739, 1716, 1356, 1290, 1152; HRMS (ESI)
caled for C,sH3gN,0O¢Na [M + Na]* 497.2628, found 497.2628.

1,2-Di-tert-butyl 3-Methyl (5Z)-5-(4-Fluorobenzylidene)-
pyrazolidine-1,2,3-tricarboxylate (6f). The compound was purified
by preparative thin-layer chromatography (pentane/ethyl acetate,
85:15) and was obtained as a colorless oil. Ry 0.24 (pentane/ethyl
acetate, 85:15); "H NMR (300 MHz, CDCl;) § 7.50 (dd, ] = 8.5 Hz, |
= 5.5 Hz, 2H), 6.94 (app t, ] = 8.8 Hz, 2H), 5.97 (s, 1H), 4.85 (dd, J =
8.7 Hz, | = 4.6 Hz, 1H), 3.74 (s, 3H), 3.25-3.05 (m, 2H), 1.54 (s,
9H), 1.26 (s, 9H); *C NMR (75 MHz, CDCl,) § 171.1, 161.5 (1C, J
=247 Hz), 155.5, 152.0, 132.8 (J = 1.8 Hz), 132.3 (J = 3.4 Hz), 129.7
(J=7.8 Hz, 2C), 114.8 (2C, J = 21 Hz), 113.7, 82.5, 82.2, 56.7, 52.8,
36.4,28.2 (3C), 27.7 (3C); FTIR (neat) cm™ 3056, 2982, 1740, 1715,
1503, 1364, 1262, 1221, 1151, 1017, 853, 740, 698; HRMS (ESI) calcd
for C,,H,oN,OgFNa [M + Na]* 459.1907, found 459.1908; [a]*’, =
—73.5 (¢ 1, CHCl,) for 93% ee.

1,2-Di-tert-butyl 3-Methyl (5Z)-5-(4-Methoxybenzylidene)-
pyrazolidine-1,2,3-tricarboxylate (6g). The compound was purified
by preparative thin-layer chromatography (pentane/ethyl acetate, 8:2)
and was obtained as a colorless oil. 6g proves to be rather unstable and
decomposes slowly in chloroform-d solution. R; 0.23 (pentane/ethyl
acetate, 85:15); "H NMR (300 MHz, CDCL,) 6 7.47 (d, ] = 8.7 Hz,
2H), 6.80 (d, ] = 8.7 Hz, 2H), 5.96 (s, 1H), 4.83 (dd, ] = 8.7 Hz, ] =
4.9 Hz, 1H), 3.80 (s, 3H), 3.74 (s, 3H), 3.23—3.01 (m, 2H), 1.54 (s,
9H), 1.28 (s, 9H); *C NMR (75 MHz, CDCl,) § 171.4, 158.6, 152.4,
131.4, 130.8, 129.6 (2C), 128.9, 114.8, 113.5 (2C), 82.5, 82.1, 56.9,
55.4,52.7, 36.5,28.3 (3C), 27.9 (3C); FTIR (neat) cm™ 3048, 2974,
2923, 2848, 1735, 1708, 1692, 1511, 1365, 1294, 1242, 1140, 1025;
HRMS (ESI) caled for C,3H;,N,O;Na [M + Na]* 471.2107, found
471.2106.

1,2-Di-tert-butyl 3-Methyl 6-(4-Methoxyphenyl)-3,4-dihydropyr-
idazine-1,2,3-tricarboxylate (7g). The compound was purified by
preparative thin-layer chromatography (pentane/ethyl acetate, 85:15)
to afford 7g as a colorless oil which proves to be unstable in
chloroform-d solution. Ry 0.35 (pentane/ethyl acetate, 8:2); '"H NMR
(300 MHz, CDCL) § 7.55—7.30 (m, 2H), 6.84 (app d, ] = 8.7 Hg,
2H), 5.35 (t, J = 5.6 Hz, 1H), 5.25-5.15 (m, 1H), 3.81 (s, 3H), 3.74
(s, 3H), 2.77-2.63 (m, 1H), 2.55 (dt, ] = 18.2 Hz, ] = 3.6 Hz, 1H),
1.54 (s, 9H), 1.22 (s, 9H).

1,2-Di-tert-butyl 3-Methyl (5Z)-5-(3-Methoxybenzylidene)-
pyrazolidine-1,2,3-tricarboxylate (6h). The compound was purified
by preparative thin-layer chromatography (pentane/ethyl acetate,
85:15) and was obtained as a colorless oil. R 0.34 (pentane/ethyl
acetate, 85:15); '"H NMR (300 MHz, CDCl;) § 7.19-7.13 (m, 2H),
7.07 (brs, 1H), 6.76—6.70 (m, 1H), 5.98 (s, 1H), 4.86 (dd, ] = 8.7 Hz,
J = 4.6 Hz, 1H), 3.78 (s, 3H), 3.73 (s, 3H), 3.25—3.05 (m, 2H), 1.54
(s, 9H), 1.25 (s, 9H); *C NMR (75 MHz, CDCl;) § 171.3, 159.6,
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155.7, 152.2, 137.8, 133.5, 128.9, 120.9, 114.8, 114.2, 112.5, 82.6, 82.1,
56.8, 55.4, 52.7, 36.6, 28.3 (3C), 27.8 (3C); FTIR (neat) cm™ 2977,
2932, 1735, 1710, 1599, 1435, 1391, 1296, 1248, 1145, 1030, 751;
HRMS (ESI) caled for C,3H;,N,O,Na [M + Na]* 471.2107, found
4712104; [a)*p = —89.5 (¢ 1, CHCI;) for 93% ee.

1,2-Di-tert-butyl 3-Methyl (5Z)-5-(4-Nitrobenzylidene)-
pyrazolidine-1,2,3-tricarboxylate (6i). The compound was purified
by chromatography on silica gel (pentane/ethyl acetate, 7:3) and was
obtained as a colorless oil. R, 0.17 (pentane/ethyl acetate, 8:2); 'H
NMR (300 MHz, CDCl,) 6 8.11 (d, J = 9.0 Hz, 2H), 7.63 (d, ] = 9.0
Hz, 2H), 6.07 (s, 1H), 491 (dd, ] = 8.4 Hz, ] = 4.1 Hz, 1H), 3.74 (s,
3H), 3.31-3.15 (m, 2H), 1.56 (s, 9H), 1.29 (s, 9H); *C NMR (75
MHz, CDCl,) 6 170.7, 155.3, 151.4, 145.9, 143.3, 137.0, 128.5 (2C),
123.3 (2C), 112.1, 82.9, 82.8, 56.4, 52.7, 36.8, 28.2 (3C), 27.8 (3C);
FTIR (neat) cm™' 3049, 2978, 1739, 1712, 1515, 1365, 1341, 1262,
1148, 1022, 730, 698; HRMS (ESI) caled for Cp,H,oN;0gNa [M +
Na]* 486.1852, found 486.1851; [a]*’p = —178 (¢ 1, CHCL,) for 93%
ee.

1,2-Di-tert-butyl 3-Methyl (52)-5-(4-Trifluoromethylbenzylidene)-
pyrazolidine-1,2,3-tricarboxylate (6j). The compound was purified by
chromatography on silica gel (pentane/ethyl acetate, 85:15) and was
obtained as a colorless oil. R; 0.24 (pentane/ethyl acetate, 85:15); 'H
NMR (300 MHz, CDCL,) 6 7.61 (d, ] = 7.9 Hz, 2H), 7.50 (d, ] = 7.9
Hz, 2H), 6.03 (s, 1H), 4.89 (dd, ] = 8.6 Hz, ] = 4.2 Hz, 1H), 3.74 (s,
3H), 3.30-3.10 (m, 2H), 1.55 (s, 9H), 1.27 (s, 9H); *C NMR (75
MHz, CDCL,) § 170.9, 155.4, 151.6, 140.0, 135.4, 130.2, 128.2 (2C),
12477 (2C), 113.1, 82.7, 82.5, 56.5, 52.6, 36.6, 28.2 (3C), 27.6 (3C);
FTIR (neat) cm™ 2978, 2933, 1713, 1615, 1478, 1367, 1322, 1146,
1113, 1066, 1017, 849, 756; HRMS (ESI) calcd for C,3H,oN,O(F;Na
[M + Na]* 509.1875, found 509.1874; [a]*°, = —76.0 (¢ 1, CHCl;)
for 93% ee.

1-Benzoyl-3-benzyl-4,5-dihydro-1H-pyrazole-5-carboxylic
Acid Methyl Ester (10). A 4 N HCl dioxane solution (1.3 mL) was
added to aza-proline derivative 6a (33 mg, 0.079 mmol), and the
reaction mixture was stirred at room temperature for 1 h. The volatiles
were evaporated, and the crude product was dissolved in dichloro-
methane and washed with a saturated aqueous solution of NaHCOj.
The aqueous phase was extracted three times with dichloromethane,
and the combined organic phases were dried over MgSO,, filtered, and
concentrated under reduced pressure. 'H NMR analysis of the crude
showed clean formation of pyrazoline 9, which was used without
further purification in the subsequent step. In a round-bottom flask,
benzoyl chloride (14 uL, 0.12 mmol) and triethylamine (21.5 uL,
0.158 mmol) were successively added to a solution of pyrazoline 9 in
dichloromethane (0.9 mL). After 2 h of stirring at room temperature,
water was added to the reaction mixture, and the aqueous phase was
extracted three times with dichloromethane, dried over MgSO,, and
concentrated in vacuo. Purification of the crude by silica gel column
chromatography (pentane/EtOAc = 7:3) afforded 10 in 56% overall
yield (14 mg) as a colorless oil. Ry 0.27 (pentane/ethyl acetate, 7:3);
'"H NMR (300 MHz, CDCL;) § 7.99 (d, ] = 7.7 Hz, 2H), 7.56—7.20
(m, 8H), 5.03 (dd, J = 12.3 Hz, ] = 6.1 Hz, 1H), 3.77 (s, 3H), 3.73 (s,
2H), 3.09 (dd, J = 18.2 Hz, ] = 12.3 Hz, 1H), 2.79 (dd,J = 182 Hz, ] =
6.1 Hz, 1H); 3*C NMR (75 MHz, CDCl,) 6 170.7, 166.7, 157.8, 135.5,
131.4, 130.1 (2C), 129.1 (2C), 128.9 (2C), 127.8 (2C), 127.4, 58.8,
52.8, 38.3, 36.7; FTIR (neat) cm™ 3059, 3028, 2952, 2923, 2849,
1744, 1630, 1574, 1450, 1423, 1316, 1205, 1177, 1027, 790, 746, 697,
671; HRMS (ESI) calcd for C;gH;oN,05 [M + H]* 323.1396, found
323.1392; [a]®p = 53.2 (¢ 1, CHCL).
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