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Methyl 2-(benzyloxycarbonylamino)-2-cyclopropylideneace-
tate (2) was prepared in nine steps starting from L-serine in
an overall yield of 24 %. It has been demonstrated to be rea-
sonably reactive in Michael additions of various nucleophiles
(6 examples, 75-98 % yields) as well as Diels—Alder reactions,
both leading to new cyclopropyl-containing amino acids in
protected form. An application of 2 in the synthesis of methyl

4-tert-butoxycarbonylmethyl-5-oxo0-4,7-diazaspiro-
[2.5]octane-8-carboxylate (15), a precursor for geometrically
constrained bicyclic peptidomimetics of type 16, has also
been proved.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

Introduction

Naturally occurring cyclopropyl-containing amino acids
and cyclopropyl analogues of other a- and B-amino acids
have come to play an increasingly important role in the syn-
thesis of various peptide mimics and other biologically
active compounds.'! Several such amino acids have been
made accessible!>! from our previously developed alkyl 2-
chloro-2-cyclopropylideneacetates 1-R.[71 Although this
type of multifunctional building block may be quite conve-
nient, especially for the preparation of B-functionalized
amino acids, a more convergent access to cyclopropyl-con-
taining a-amino acids ought to be achievable from modified
2-cyclopropylideneacetates of type 2 already containing a
protected amino group adjacent to the carboxylic acid func-
tionality. Here we report a convenient preparation of methyl
(2-benzyloxycarbonylamino)cyclopropylideneacetate )
(Scheme 1) and some of its versatile transformations.
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[1] Cyclopropyl Building Blocks for Organic Synthesis, 150. For
Part 149 see: M. Limbach, V. S. Korotkov, M. Es-Sayed, A. de
Meijere, Org. Biomol. Chem. 2008, 3816-3822. For Part 148 see:
S. Dalai, M. Es-Sayed, M. Notzel, A. de Meijere, Eur. J. Org
Chem. 2008, 3709-3713.
Institut fiir Organische und Biomolekulare Chemie, Georg-Au-
gust-Universitdt Gottingen,
Tammannstrasse 2, 37077 Gottingen, Germany
Fax: +49-(0)551-399475
E-mail: ameijerl @gwdg.de
[b] Bayer CropScience AG,

Alfred-Nobel-Strasse 50, 40789 Monheim, Germany

[a

[t}

Eur. J. Org. Chem. 2009, 1357-1364

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

0
z Z ZHN Y
N "‘\U\OMe ab N "‘YOMS_C> “SOMs
>< j 66% 7%
[e] O
4

HO
3 5
ZHN_ \V4
d.e \ALYOMS %0/’ J\
87% o
Meo™ Yo MeO,C~ “NHZ
6 2

Scheme 1. Synthesis of methyl 2-(benzyloxycarbonylamino)-2-cyclo-
propylideneacetate (2). Reagents and conditions: a) MeTi(OiPr);
(20 mol-%), EtMgBr THF/Et,O 20°C, 16h; b) MsCl, Et;N,
CH,Cl,, 2 h; ¢) pTsOH, MeOH 20 °C, 14 h; d) NalO,, RuCl;-3H,0
(2 mol-%) CCly/MeCN/H,O 18 °C, 1 h; e) SOCl,, MeOH, 20 °C,
20 h; f) KO/Bu, tBuOMe 0 °C, 2 h.

Results and Discussion

The Z-protected methyl oxazolidinecarboxylate 3 was
prepared from L-Serine in 79% yield according to a litera-
ture procedure.’®] Employing the Kulinkovich reductive cy-
clopropanation,'®!% the ester functionality in 3 was con-
verted to a cyclopropanol as previously reported by Taddei
et al. in the context of an elegant enantioselective synthesis
of the amino acid cleonine and some of its analogues.'!]
Initial attempts to run this conversion on a multigram scale
with titanium tetraisopropoxide either in catalytic (20 mol-
%) or even stoichiometric amounts always left a large frac-
tion of the starting material 3 unreacted. Using tetra-
hydrofuran instead of diethyl ether and changing the rate
of addition of the ethylmagnesium bromide as well as the
reaction temperature in the range from 0 to 70 °C, did not
lead to a significant improvement of the yield. Only when
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methyltitanium  triisopropoxide (20 mol-%) was em-
ployed,l'?l and the formed base- and acid-sensitive cyclo-
propanol was immediately protected as the mesylate 4,
could an overall yield of 66% be achieved after chromato-
graphic purification of 4.

Cleavage of the oxazolidine moiety in 4 with p-tolu-
enesulfonic acid furnished the N-protected amino alcohol 5
in 77% yield. Sharpless oxidation!'3! of the hydroxymethyl
group in 5 and esterification of the resulting carboxylic acid
with methanol using thionyl chloride gave the precursor 6
of the protected dehydroamino acid 2 in 87% yield. The
dehydromesylation of 6 required a stronger base than tri-
ethylamine, but it was achieved with potassium zerz-butox-
ide in terz-butyl methyl ether to afford 2-(benzyloxycarbon-
ylamino)-2-cyclopropylideneacetate (2) in 68% yield as a
colorless solid.

To explore the various possibilities of converting the cy-
clopropyl-containing o,B-unsaturated a-amino acid ester 2
into cyclopropyl-containing saturated amino acid deriva-
tives, 2 was first tested as a dienophile. As such it turned
out to be less reactive than 1-Me'¥l yet upon treatment
with an excess of cyclopentadiene at 25 °C for 30 h, 2 gave
the Diels—Alder adduct 7a (4:1 mixture of diastereomers
according to '"H NMR) in 60% yield. However, 2 did not
react with the less reactive 2,3-dimethylbutadiene and fu-
ran. In both cases, even after 10 d of stirring 2 at room
temp. with an excess of either the diene, no reaction was
observed. Attempts to carry out these Diels—Alder reac-
tions at 60 °C revealed, that compound 2 itself is thermally
unstable and completely disappears in an unidentified reac-
tion within 14 h (Scheme 2). Pressurizing mixtures of 2 with
either diene at 11 kbar and room temp. for 24 h did not
help either.I'>! The starting material 2 was completely con-
sumed, but no cycloadducts could be isolated.

Vo oy
: NHZ
RO,C~ NHZ 60% CO,Me
2 endo-/exc-7a

Scheme 2. Diels—Alder reaction of 2 with cyclopentadiene.

With respect to 2 being a Michael acceptor, various nu-
cleophiles were found to smoothly undergo additions onto
the double bond of 2 at ambient temperature (Scheme 3,
Table 1) to yield the correspondingly 1’-substituted 2-(ben-
zyloxycarbonylamino)cyclopropylacetates 8. Thus, benzyl-
amine and diethylamine gave the adducts 8a and 8b in 91
and 81% yield, respectively. Thiophenol can be added to 2
to produce 8c in almost quantitative yield, when the reac-
tion is carried out in the presence of a catalytic amount of
triethylamine. The addition of benzyl alcohol onto 2 also
proceeded well in the presence of a catalytic quantity of
triethylamine, but was accompanied by partial transesterifi-
cation, and furnished a 1:1 mixture of the methyl and ben-
zyl esters 8e-Me and 8e-Bn, respectively, according to a 'H
NMR spectrum of the crude product. The two products 8e-
1358
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Me and 8e-Bn could be isolated by column chromatog-
raphy. The addition of (R)-(+)-1-phenylethylamine gave a
1:1 mixture of diastereomers (R,S)-8f/(R, R)-8f.

NUH, Nu
conditions
—_—
RO.C™ "NHZ MeO,C”~ “NHZ
2 8

Scheme 3. Synthesis of 1’-substituted 2-(benzyloxycarbonylamino)
cyclopropylacetates 8 by Michael additions of different nucleo-
philes to 2 (for details see Table 1).

Table 1. Michael additions of various nucleophiles to methyl 2-
(benzyloxycarbonylamino)-2-cyclopropylideneacetate (2).

NuH Conditions Product % Yield®
BnNH, MeOH, 20°C,20h  8a 91
Et,NH THE, 20°C, 24 h 8b 81
PhSH CH,CL, EGN (cat)  8c 98
20°C,22h
MeSH MeSNa, THF (wet) 8d 75
20°C, 24 h
BnOH BnOH (neat), 8e-Me/8e-Bn 80
EtN (cat.) a1
(R-PhACH(NH,)Me CH,Cl,, 20°C, 24h  (R.S)SH(RR)}Sf 78

(1:1)

[a] Yield of isolated product.

More sterically encumbered chiral amines, such as (S)-
(-)-N,a-dimethylbenzylamine and (R)-(+)-N-benzyl-1-phen-
ylethylamine did not undergo addition onto 2 within 48 h
at ambient temperature.

The relatively low yield in the Diels—Alder reaction of 2
with cyclopentadiene (see above) probably was caused by
partial oxidation of 2. Control experiments proved that 2
undergoes oxidation to the reasonably stable and therefore
isolable oxaspiropentanecarboxylate 9 upon standing in air.
Such spontaneous reactions of other strained alkenes with
ground-state triplet oxygen to give epoxides, hydroperoxides
and other products have previously been discussed along
with possible mechanisms.['®) The attack of triplet oxygen
onto the double bond of 2 initially leads to a capto-datively
substituted and thereby well stabilized!'”! radical, and this
should significantly lower the activation energy for the at-
tack. The oxaspiropentane derivative 9 could be specifically
synthesized in 78% yield by epoxidation of 2 with H,0O,

jvj\ a) orb) o] NHZ
RO,C” “NHz 28 (78%) CO,Me
2 9
mCPBA
CH,Cl,
Baeyer o
[1,2]~ -Villiger
° NHZI 419 P
o NHZ
CO,Me COM
10 11 o02Me

Scheme 4. Epoxidation of 2 and further transformation of the oxa-
spiropentanecarboxylate 9. Reagents and conditions: a) CH,Cl,,
air, room temp. 48 h; b) 0.5mol-% MTO, 12 mol-% pyridine,
1.5 equiv. 30% aq. H,O,, CH,Cl,, room temp. 6 h.
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Scheme 5. Synthesis of the 3-spirocyclopropanated 5-oxopiperazine-2-carboxylate 15 from 2. Reagents and conditions: a) H,N-Glu-O7Bu,
K,CO3;, MeCN, 20 °C, 3 d; b) BrCH,COCI, aq. NaHCOs, 1,2-dichlorethane, 20 °C, 1 h; c¢) Cs,COs, nBuyNI, THF, 20 °C, 5 h; d) Pd/C,

H,, MeOH, 20 °C, 2 h.

in the presence of methyltrioxorhenium/pyridine
(Scheme 4).1'81 Attempted epoxidation of 2 with an excess
of m-chloroperbenzoic acid (mCPBA) without a buffer in
dichloromethane led to the y-lactone derivative 11, which
arises by acid-catalyzed rearrangement of 9”1 and subse-
quent Baeyer—Villiger oxidation of the oxocyclobutanecar-
boxylate, which apparently proceeds regioselectevely. The
aminolactone 11, which was isolated in 41% yield, had pre-
viously been obtained as a side product in small quanti-
ties.[2]

Another favorable use of the o,B-dehydroamino acid es-
ter 2 would be in the synthesis of octahydro[2H]pyrazino-
[1,2-a]pyrazine derivatives of type 16, a class of geometri-
cally constrained peptidomimetics.>!] The approach to such
compounds from 2 would start with the transformation to
3-spirocyclopropanated 5-oxopiperazine-2-carboxylates of
type 15, some of which were synthesized!! from 1-Me in
four steps in overall yields of ca. 20%. The route to 12 start-
ing from 2 ought to be more efficient.

The Michael addition of zert-butyl glycinate to 2 could
be brought about in acetonitrile in the presence of potas-
sium carbonate at room temperature, but required three
days to afford the product 11 in 83% yield. Comparable
Michael additions onto the more reactive methyl 2-chloro-
2-cyclopropylideneacetate (1-Me) proceed more rapidly.??!

The amino group of the glycine moiety in the adduct 12
could be acylated under Schotten-Baumann conditions
with bromoacetyl chloride to furnish 13 selectively in 78%
yield. The latter underwent ring closure in 90% yield by
intramolecular alkylation of the carbamate moiety upon
treatment with cesium carbonate in the presence of tetra-n-
butylammonium iodide for an in situ Finkelstein reaction.
Hydrogenolytic removal of the Z group in 14 gave the six-
membered dipeptide mimic 15 in 84% yield. Thus, the 3-
spirocyclopropanated 5-oxopiperazine-2-carboxylate 15 was
synthesized in four steps starting from 2 in 49% overall
yield (Scheme 5).
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Conclusions

The novel cyclopropyl-containing o,B-unsaturated o-
amino acid derivative 2 has some obvious advantages over
previously developed alkyl 2-chloro-2-cyclopropylideneace-
tates 1-R, especially in the synthesis of various cyclopropyl-
containing a-amino acids and conformationally restricted
peptidomimetics.

Experimental Section

General Remarks: All reagents were used as purchased from com-
mercial suppliers without further purification. All reactions in non-
aqueous solvents were carried out using standard Schlenk tech-
niques under an atmosphere of dry nitrogen. Solvents were purified
and dried according to conventional methods prior to use. 'H- and
I3C-NMR spectra were recorded with a Bruker AM 250 (250 MHz
for '"H and 62.9 MHz for '3C), Varian UNITY-300 (300 MHz for
'H and 75.5 MHz for '3C) or Inova-500 (125.7 MHz for '3C) in-
strument. Chemical shifts ¢ are given in ppm relative to residual
resonances of solvents ('H: 7.26 ppm for CHCls, 2.50 ppm for [Ds]-
DMSO; '3C: 77.0 ppm for CDCls, 39.52 for [Dg]DMSO) or tet-
ramethylsilane ("H: 0.00 ppm; '3C: 0.0 ppm), coupling constants J
are given in Hertz. The multiplicities of '*C signals were deter-
mined by the DEPT or the APT technique. IR: Bruker IFS 66 (FT-
IR) spectrometer, measured as KBr pellets or oils between KBr
plates. MS: EI-MS: Finnigan MAT 95, 70 eV. ESI-MS: Finnigan
LCQ. High resolution mass spectrometry (HRMS): APEX IV 7T
FTICR, Bruker Daltonic. Chromatography: separations were car-
ried out on Merck Silica 60 (0.063-0.200 mm, 70-230 mesh
ASTM). TLC: Macherey—Nagel, TLC plates Alugram® Sil G/
UV254. Detection under UV-light at 254 nm, development with
MOPS reagent (10% molybdophosphoric acid, solution in etha-
nol). Melting points: Biichi 540 capillary melting point apparatus,
uncorrected values. Elemental analyses: Mikroanalytisches Labora-
torium des Instituts fiir Organische und Biomolekulare Chemie der
Universitdt Gottingen.

1-(3'-Benzyloxycarbonyl-2',2’-dimethyloxazolidin-4'-yl)cyclopropyl
Mesylate (4): To a solution of the oxazolidine-4-carboxylate 3
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(15.0 g, 51.2 mmol)!"3 in anhydrous THF (100 mL) kept under ni-
trogen was added dropwise with magnetic stirring at 20 °C first
MeTi(OiPr); (2.46 mL, 10.2 mmol), then slowly freshly prepared
EtMgBr (30.6 mL of a 3.35 M solution in Et,O, 102.4 mmol). The
mixture was stirred at room temp. for 16 h, then the reaction was
quenched by addition of a saturated solution of NH4CI (25 mL) at
0 °C, and the mixture was stirred with access of air to the flask at
room temp., until the precipitate had turned colorless (ca. 30 min).
The suspension was diluted with ethyl acetate (100 mL) and filtered
through a pad of Celite. The filtrate was dried with anhydrous
Na,SO, and concentrated to give the crude cyclopropanol as a
light-yellow oil, which was used in the next step without further
purification. A small sample was purified by flash chromatography
on silica gel (gradient pentane/diethyl ether, 2:1 to 2:1, Ry = 0.57,
Et,0) for characterization purposes. 'H NMR (300 MHz,
C,D,Cly, 100 °C): 6 = 7.40-7.34 (m, 5 H, Ph), 5.20 (s, 2 H, CH,Ph),
3.82 (m, 2 H, CH,OH), 3.71-3.63 (m, 1 H, CH), 3.03 (br. s, 4 H,
CH;, OH), 1.50-1.41 (m, 1 H, ¢Pr-H), 1.36-1.25 (m, 1 H, ¢Pr-H),
1.10-0.93 (m, 2 H, ¢Pr-H) ppm. '*C NMR (75.5 MHz, C,D,Cl,,
100 °C, APT): 0 = 153.5 (-, Cqua C=0), 136.2 (-, Cy,), 128.3 (+,
2 C, Ph-CH), 127.9 (+, 1 C, Ph-CH), 127.8 (+, 2 C, Ph-CH), 94.7
[~ Cquats C(CH3)3], 66.9 (-, ¢Pr-C), 66.2 (-, CH,), 62.6 (+, CH),
56.6 (-, CH,), 26.1 (+, CH3), 24.0 (+, CH3), 13.4 (-, CH,, cPr),
10.8 (—, CH,, ¢Pr) ppm. IR (film): ¥ = 3435 (br), 2984, 1702, 1407,
1348, 1258, 1064, 840, 699 cm™'. MS (ESI): m/z (%) = 604.8 (89)
[2M + Na]*, 314.1 (100) [M + Na]*. HRMS (ESI) calcd. for
C¢H> NOy,Na* [M + NaJ*: 314.13628; found 314.13622.

To a solution of the crude cyclopropanol in anhydrous CH,Cl,
(300 mL) kept at 0°C under nitrogen, was added triethylamine
(40 mL, 29.2 g, 0.29 mol), then with stirring methanesulfonyl chlo-
ride (4.8 mL, 7.09 g, 62 mmol), and the mixture was stirred at room
temp. for 2h. The reaction mixture was diluted with CH,Cl,
(200 mL), then washed with water (2X100mL) and brine
(100 mL). The solvent was evaporated, and the crude product was
purified by column chromatography on silica gel (pentane/Et,0,
1:1 to 1:2, Ry = 0.40, pentane/Et,0, 1:2) to give 12.5 g (66% over
two steps) of the pure mesylate 4 as a light-yellow oil, (3:2 ratio of
rotamers A/B at 20°C according to 'H NMR). 'H NMR
(250 MHz, CDCl;, 25°C): 6 = 7.40-7.27 (m, 5 H, Ph), 5.17 (s, 2
H, CH,Ph), 4.39-4.23 (m, 2 H, CH,0), 4.13-4.07 (m, 1 H, CH),
3.04 (s, 1.2 H, SCH;, B), 2.89 (s, 1.8 H, SCH3, A), 1.58 [s, 3 H,
C(CH;),], 1.54 [s, 3 H, C(CHs),], 1.44-1.18 (m, 2 H, ¢Pr-H), 1.05-
0.77 (m, 2 H, ¢Pr-H) ppm. '3C NMR (62.9 MHz, CDCl;, 25 °C):
0= 153.8 (Cqua» C=0, B), 152.8 (Cquar, C=0, A) 135.9 (Cquat> Cipsor
A, B), 128.5 (2 C, Ph-CH, A, B), 128.2 (C, Ph-CH, A, B), 128.1 (2
C, Ph-CH, A, B), 95.0 [Cqua, C(CH3),, Al, 94.5 [Cquai, C(CH3),,
B], 68.0 (CH,Ph, B), 67.6 (CH,O, B), 67.5 (CH,Ph, A), 67.1
(CH,0, A), 66.9 (Cyuar, cPr-C, A), 66.0 (Cquay, ¢Pr-C, B), 60.5 (CH,
B), 59.1 (CH, A), 39.2 (SO,CH;, A, B), 26.8 [C(CHs),, B], 25.9
[C(CH3),, A], 24.0 [C(CH3),, B], 22.3 [C(CH3),, A], 10.2 (CH,, ¢Pr-
C, A), 9.4 (CH,, ¢Pr-C, B) ppm. MS (ESI): m/z (%) = 760.8 (3)
[2M + Na]*, 392.1 (100) [M + Na]*. IR (film): ¥ = 3304, 3055,
2950, 1736 (C=0), 1659 (C=0), 1457, 1436, 1419, 1341, 1213, 745
cm !, HRMS (ESI) caled. for C;;H,3NOgSNa* [M + Na]™:
392.11383; found 392.11384. C;;H,3NOS (369.44): caled. C 55.27,
H 6.28, N 3.79; found C 55.47, H 6.11, N 3.85.

1-(1'-Benzyloxycarbonylamino-2'-hydroxyethyl)cyclopropyl Mesyl-
ate (5): To a solution of 4 (5.25 g, 14.2 mmol) in methanol (42 mL),
was added p-toluensulfonic acid (8.11 g, 42.7 mmol), and the mix-
ture was stirred at 20 °C for 12 h. The solvent was evaporated under
reduced pressure and ethyl acetate (200 mL) was added followed
by water (30 mL). The organic layer was separated, washed with
saturated NaHCOj solution (2 X 50 mL) and with brine (100 mL).
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After drying over Na,SO,4 and evaporation of the solvent, column
chromatography of the residue on silica gel (Et,O, Ry = 0.32) gave
compound 5 (3.62g, 77%) as a yellow-orange oil. 'H NMR
(250 MHz, CDCl3, 25°C): 6 = 7.31 (m, 5 H, Ph), 5.87 (d, J =
8.8 Hz, 1 H, NH), 5.09 (s, 2 H, CH,Ph), 3.82 (m, 2 H, CH,OH),
3.71-3.63 (m, 1 H, CH), 3.03 (br. s, 4 H, CH3, OH), 1.50-1.41 (m,
1 H, ¢Pr-H), 1.36-1.25 (m, 1 H, ¢Pr-H), 1.10-0.93 (m, 2 H, ¢Pr-H)
ppm. *C NMR (62.9 MHz, CDCl, 25°C): 6 = 156.7 (Cqyars
C=0), 136.2 (Cguat» Cipso), 128.5 (2 C, Ph-CH), 128.2 (C, Ph-CH),
128.0 (2 C, Ph-CH), 67.0 (CH,Ph), 66.8 (CH,OH), 62.4 (Cgya, cPr-
C), 57.4 (CH), 39.4 (CHy), 11.7 (CH,, ¢Pr-C), 10.4 (CH,, ¢Pr-C)
ppm. MS (ESI): m/z (%) = 630.8 (12) [2M + NaJ*, 352.1 (100) [M
+ Na]*, 373.9 (100) [M + HCOO]J, 327.9 (16) [M - H]". IR (film):
¥ = 3304 (OH), 3055, 2950, 1736 (C=0), 1659 (C=0), 1457, 1436,
1419, 1341, 1213, 745 cm ™', C4H;oNOgS (329.34): calcd. C 51.05,
H 5.81, N 4.25; found C 51.36, H 5.71, N 4.11.

Methyl 2-(Benzyloxycarbonylamino)-2-[1-(methylsulfonyloxy)cyclo-
propyl]acetate (6): A 100 mL round-bottomed flask equipped with
a magnetic stirring bar, was charged with 5 (3.08 g, 9.36 mmol),
CCly (20 mL), CH;CN (20 mL), water (30 mL) and NalO, (6.01 g,
28.09 mmol). To the resulting biphasic mixture was added
RuCl;-3H,0 (50 mg, 2 mol-%), and the entire mixture was stirred
vigorously at room temp. for 1 h. Then CH,Cl, (100 mL) was
added, and the phases were separated. The upper aqueous phase
was extracted with CH,Cl, (3 X 30 mL). The combined organic ex-
tracts were dried with Na,SO, and concentrated at reduced pres-
sure. The resulting residue was diluted with Et,O, filtered through
a pad of Celite and concentrated to give the crude product (3.23 g,
97%), which was used in the next step without further purification.
'"H NMR (250 MHz, CDCls, 25 °C): 6 = 11.01 (br. s, 1 H, COOH),
7.34 (m, 5 H, Ph), 6.38 (d, / = 7.5Hz, 1 H, NH), 5.12 (s, 2 H,
CH,Ph), 4.17 (d, J = 7.5 Hz, CH), 2.99 (s, 3 H, CH3), 1.75-1.57
(m, 1 H, ¢Pr-H), 1.51-1.41 (m, 1 H, ¢Pr-H), 1.28-1.12 (m, 2 H,
cPr-H) ppm. 3C NMR (62.9 MHz, CDCl;, 25°C): 6 = 172.8
(COOH), 156.3 (C=0), 135.9 (Cyuat» Cipso)> 128.5 (2 C, Ph-CH),
128.3 (C, Ph-CH), 128.1 (2 C, Ph-CH), 67.4 (CH,Ph), 65.9 (Cquas
¢Pr-C), 59.6 (CH), 39.3 (CH3), 13.2 (CH,, ¢Pr-C), 11.6 (CH,, cPr-
C) ppm. IR (film): ¥ = 3390, 2977, 1723, 1520, 1345, 1170, 1059,
945 cm™!. MS (ESI): m/z (%) = 366.1 (56) [M + Na]*, 684.9 (100)
[2M - H]. HRMS (ESI) calcd. for C4H;;NO,SNa [M + Na]*:
366.06179 found 366.06169.

To a solution of the crude acid (3.20 g, 9.33 mmol) in anhydrous
MeOH (100 mL) was added dropwise with stirring thionyl chloride
(1.22 g, 10.3 mmol), and the mixture was stirred at 20 °C for 20 h.
The solvents were removed at reduced pressure, and the residue
was purified by column chromatography on silica gel (diethyl ether/
hexane, 2:1, Ry = 0.34) to give 3.0 g (90%) of desired methyl ester
6 as a colorless solid, m.p. 88-89 °C. '"H NMR (250 MHz, CDCl;,
25°C): 0 = 7.35-7.27 (m, 5 H, Ph), 6.23 (d, J = 8.5 Hz, 1 H, NH),
5.12 (s, 2 H, CH,), 4.15 (d, J = 8.5Hz 1 H, CH), 3.80 (s, 3 H,
CO,CHs;), 2.99 (s, 3 H, SO,CH3), 1.61-1.44 (m, 2 H, ¢Pr-H), 1.25—
1.10 (m, 2 H, ¢Pr-H) ppm. *C NMR (62.9 MHz, DEPT, CDCl,,
25°C): 0 = 169.4 (-, Cguair CO,CH3), 156.3 (-, NHCO,), 136.0
(= Cquats Cipso), 128.5 (+, CH, Ph-CH), 128.2 (+, 2 CH, Ph-CH),
128.1 (+, CH, Ph-CH), 67.2 (-, CH,Ph), 66.0 (+, CH), 59.5 (-,
Cguat, ¢Pr-C), 52.8 (+, CO,CH3), 39.3 (+, SO,CH3), 12.9 (-, CH,,
cPr-C), 11.7 (-, CH,, ¢Pr-C) ppm. MS (ESI): m/z (%) = 736.8 (3)
[2M + H]*, 380.1 (100) [M + Na]*. IR (film): ¥ = 3327 (NH), 3026,
2950, 2857, 1734 (C=0), 1706 (C=0), 1652 (C=0), 1456, 1419,
1272,1207, 1143, 1029, 735, 701 cm™'. C,5H,oNO;S (357.39): calcd.
C 50.41, H. 5.56, N 3.92; found C 50.29, H 5.30, N 4.05.

Methyl 2-(Benzyloxycarbonylamino)-2-cyclopropylideneacetate (2):
Potassium terz-butoxide (1.04 g, 9.27 mmol) was added slowly at
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0°C under nitrogen to a solution of the mesylate 6 (2.76 g,
7.72 mmol) in anhydrous methyl zerz-butyl ether (40 mL). The mix-
ture was stirred at 0°C for 2h, then water (5mL) and Et,O
(50 mL) were added. The aqueous phase was extracted with Et,O
(3 X 30 mL), and the combined organic phase was dried with anhy-
drous Na,SO,, filtered, and the solvents were removed at reduced
pressure. The residue was purified by column chromatography
(hexane/diethyl ether, 5:1, Ry = 0.18) to give 1.37 g (68%) of 2 as a
colorless solid, m.p. 55-56 °C. '"H NMR (300 MHz, CDCl;, 25 °C):
0 = 7.39-7.31 (m, 5 H, Ph), 6.92 (br. s, 1 H, NH), 5.14 (s, 2 H,
CHs,), 3.80 (s, 3 H, CO,CH3), 1.52 (br. s, 4 H, ¢Pr-H) ppm. 13C
NMR (75.5 MHz, CDCl;, 25°C): 6 = 164.7 (Cgyarr CO,CH3),
153.4 (Cquar- NHCOy), 136.0 (Cqyar, Ph), 128.5 (2 C, Ph-CH), 128.2
(C, Ph-CH), 128.1 (2 C, Ph-CH), 126.0 (Cgyyar, NHC=0), 116.6
(Cquat» ¢Pr-C), 66.9 (CH>), 52.5 (CH;3, CO,CHj;), 6.5 (cPr-C), 6.0
(cPr-C) ppm. MS (ESI): m/z (%) = 545.2 (100) [2M + Na]*, 284.1
(22) [M + Na]*. IR (film): v = 3433 (NH), 3269 (NH), 3027, 2973,
1675 (C=0), 1641 (C=0), 1444, 1422, 1326, 1040, 755, 699, 612
cm!. HRMS (ESI) caled. for C;4H;sNO,Na* [M + Na]*:
284.08933; found 284.08942. C4H sNO, (261.3): calcd. C 64.36, H
5.79, N 5.36; found C 64.06, H 5.41, N 5.01.

endo-lexo-Methyl 3-{[(Benzyloxy)carbonyllamino}spiro[bicyclo[2.2.1]-
heptane-2,1'-cyclopropane|-5-ene-3-carboxylate (endo-lexo-7a): A
mixture of cyclopropylideneacetate 2 (118 mg, 0.45 mmol) and
freshly distilled cyclopentadiene (60 mg, 0.90 mmol) was stirred un-
der an atmosphere of nitrogen at 25 °C for 30 h. A small aliquot
of the reaction mixture was evaporated and analyzed by '"H NMR
spectroscopy to prove the full consumption of 2. After evaporation
of the excess cyclopentadiene, the product was isolated by column
chromatography on silica gel (hexane/ethyl acetate, 5:1, Ry = 0.26)
to give 107 mg (60%) of a 4:1 mixture (according to 'H NMR) of
the diastereomeric cycloadducts endo-7a and exo-7a as a colorless
oil. "TH NMR (300 MHz, CDCls, 25°C): 6 = 7.42-7.31 (m, 5 H,
Ph), 6.48-6.42 (dd, J = 5.7, 3.0 Hz, 0.2 H, CH=CH), 6.37-6.34 (dd,
J=5.7,3.0Hz, 0.8 H, CH=CH), 6.29-6.26 (dd, J = 5.7, 3.0 Hz, 0.2
H, CH=CH), 6.13-6.10 (dd, J = 5.7, 3.0 Hz, 0.8 H, CH=CH), 5.69
(br. s, 0.8 H, NH), 5.63 (br. s, 0.2 H, NH), 5.11 (d, / = 3.0 Hz, 0.4
H, PhCH,), 5.06 (d, J = 3.0 Hz, 0.4 H, PhCH,), 3.70 (s, 2.4 H,
CH3), 3.67 (s, 0.6 H, CH3), 3.59 (s, 0.8 H), 3.40 (s, 0.2 H), 2.28 (d,
J = 9.0 Hz, 0.8 H), 2.06 (s, 0.8 H), 2.01 (s, 0.8 H), 1.93 (d, J =
9.0 Hz, 0.2 H), 1.72 (d, J = 8.3 Hz, 0.8 H), 1.67 (d, J = 8.3 Hz, 0.2
H), 0.76-0.68 (m, 1 H, ¢Pr-H), 0.63-0.42 (m, 3 H, ¢Pr-H) ppm. 13C
NMR (75.5 MHz, CDCls, 25°C): 6 = 172.9 (-, Cqua, CO,Me),
171.6 (=, Cquar» CO2Me), 155.1 (=, Cqua, CONH), 154.8 (-, Cquars
CONH), 1384 (+, CH=CH), 136.3 (-, Cquat» Cips0o)> 136.2 (+,
CH=CH), 136.0 (-, Cquat; Cipso), 128.5 (+, 2 CH, Ph), 128.2 (+,
CH, Ph), 128.1 (+, 2 CH, Ph), 67.0 (-, Cgyar, CNH), 66.9 (-, Cguar,
CNH), 66.7 (+, CH,, CH,Ph), 66.5 (+, CH,, CH,Ph), 52.8 (+,
CH), 52.5 (+, CH), 52.1 (+, CH;), 51.6 (+, CH3), 51.0 (+, CH),
50.6 (+, CH), 48.6 (-, Cquap, cPr-C), 47.6 (-, Cgua, ¢Pr-C), 33.6
(-, CHy), 33.0 (-, CH,), 11.4 (-, CH,, ¢Pr), 10.54 (-, CH,, cPr),
8.42 (-, CH,, cPr), 6.9 (-, CH,, ¢Pr) ppm. IR (film): ¥ = 2953,
1740, 1750, 1761, 1769, 1490, 1286, 1220, 1028, 1138 cm™!. MS
(ESI): m/z (%) = 676.9 (4) [2M + Na]*, 350.4 (100) [M + Na]*,
3284 (3) [M + H]". HRMS (ESI) caled. for CjoH,; NO4Na*
350.13628 found 350.13624.

Methyl-2-(1-Benzylaminocyclopropyl)-2-(benzyloxycarbonylamino)-
acetate (8a): To a solution of 2 (50 mg, 0.19 mmol) in anhydrous
MeOH (1 mL) was added dropwise with stirring under an atmo-
sphere of dry nitrogen a solution of benzylamine (20.5 mg,
0.19 mmol) in MeOH (1 mL). The mixture was stirred at 20 °C for
20 h, then the solvents were removed at reduced pressure. The
crude product was purified by column chromatography on silica
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gel (pentane/diethyl ether, 4:1, Ry = 0.10) to give 64 mg (91%) of
8a as a colorless oil. 'H NMR (300 MHz, CDCls, 25 °C): 6 = 7.36—
7.30 (m, 5 H, Ph), 7.28-7.19 (m, 5 H, Ph), 5.74 (d, / = 8.3 Hz, 1
H, NH), 5.11 (s, 2 H, CH,Ph), 4.24 (d, J = 8.7 Hz, 1 H, CH), 3.74
(br. s, 5 H, NHCH,, CO,CHs;), 1.63 (br. s, | H, CH,NH), 0.91—
0.80 (m, 2 H, CH»-cPr), 0.78-0.68 (m, 2 H, CH,-cPr) ppm. 13C
NMR (75.5 MHz, CDCl;, APT, 25°C): 6 = 171.8 (-, Cyuar
CO,CH3), 156.1 (=, Cqua, NHCO,), 140.2 (—,Cquat Cipso)s 136.1
(= Cquat Cipso)» 128.5 (+,2 C, Ar-CH), 128.3 (+, 2 C, Ar-CH), 128.1
(+, Ar-CH), 128.1 (+, 2 C, Ar-CH), 128.0 (+, 2 C, Ar-CH), 126.9
(+, Ar-CH), 67.0 (-, OCH,Ph), 58.2 (+, CH), 52.3 (+, CO,CHy),
50.3 (-, NCH,Ph), 41.6 (-, Cqua, ¢Pr-C), 13.5 (-, CHy-cPr), 13.2
(~, CHy-cPr) ppm. MS (ESI): m/z (%) = 758.8 (100) [2M + Na]*,
391.2 (32) [M + Nal*, 366.9 (82) [M — HJ. IR (film): ¥ = 3352,
3030, 1722, 1499, 1328, 1218, 1054, 699 cm . C,H4N,O4
(368.43): caled. C 68.46, H 6.57, N 7.60; found C 68.73, H 6.25, N
7.41.

Methyl 2-(Benzyloxycarbonylamino)-2-(1-diethylaminocyclopropyl)-
acetate (8b): To a solution of 2 (50 mg, 0.19 mmol) in anhydrous
THF (1 mL) was added dropwise with stirring under nitrogen a
solution of diethylamine (15.4 mg, 0.21 mmol) in anhydrous THF
(1 mL). The mixture was stirred at 20 °C for 24 h, and the solvents
were removed at reduced pressure. The crude product was purified
by column chromatography on silica gel (hexane/diethyl ether, 4:1,
R; = 0.15) to give 52 mg (81%) of 8b as a colorless oil. 'H NMR
(300 MHz, CDCls, 25°C): 0 = 7.37-7.32 (m, 5 H, Ph), 5.55 (d, J
=8.7Hz, 1 H, NH), 5.11 (s, 2 H, CH,Ph), 4.13 (d, J = 9.0 Hz, 1
H, CH), 3.71 (s, 3 H, CO,CHj;), 2.51 (q, J = 8.5 Hz, 4 H, NCH,),
0.99 (t, J = 8.6 Hz, 6 H, NCH,CHs;), 0.87-0.60 (m, 4 H, CH,-cPr)
ppm. 3C NMR (75.5 MHz, CDCls, APT, 25°C): 6 = 172.0 (-,
Cquats CO,CH3), 155.7 (-, Cguar, NHCOy), 136.3 (—.Cquat, Cipso)s
128.4 (+, 2 C, Ar-CH), 128.1 (+, 2 C, Ar-CH), 128.0 (+, Ar-CH),
67.1 (-, Cquar» cPr-C), 66.9 (—, CH,Ph), 58.0 (+, CO,CH3), 51.9 (+,
CH), 46.3 (-, 2 C, NCH,CH;), 14.8 (+, 2 C, NCH,CHs;), 14.5 (-,
CH,-cPr), 10.8 (-, CH,-cPr) ppm. MS (ESI): m/z (%) = 757.2 (100)
[M + Na]*. HRMS (ESI): calcd. for C;gH,sNaN,O, [M + Na]*
357.17848; found 357.17866. IR (film): ¥ = 3359, 2968, 1725, 1506,
1202, 1055, 698 cm!. C gH»N,04(334.22): caled. C 64.65, H 7.84,
N 8.38; found C 64.36, H 7.61, N 8.20.

Methyl 2-(Benzyloxycarbonylamino)-2-(1-phenylsulfanylcyclopropyl)-
acetate (8c): To a solution of 2 (50 mg, 0.19 mmol) in anhydrous
THF (1 mL) was added dropwise with stirring under nitrogen a
solution of diethylamine (15.4 mg, 0.21 mmol) in anhydrous THF
(1 mL). The mixture was stirred at 20 °C for 24 h, and the solvents
were removed at reduced pressure. The crude product was purified
by column chromatography on silica gel (hexane/diethyl ether, 4:1,
Rr = 0.15) to give 52 mg (81%) of 8c as a colorless oil. '"H NMR
(300 MHz, CDCl3, 25°C): 6 = 7.37-7.32 (m, 5 H, Ph), 5.55 (d, J
= 8.7Hz, 1 H, NH), 5.11 (s, 2 H, CH,Ph), 4.13 (d, J = 9.0 Hz, 1
H, CH), 3.71 (s, 3 H, CO,CH3;), 2.51 (q, J = 8.5 Hz, 4 H, NCH,),
0.99 (t, J = 8.6 Hz, 6 H, NCH,CHs;), 0.87-0.60 (m, 4 H, CH,-cPr)
ppm. *C NMR (75.5 MHz, CDCl;, APT, 25°C): 6 = 172.0 (-,
Cgquat» CO,CH3), 155.7 (=, Cguar, NHCOy), 136.3 (—, Cquats Cipso)s
128.4 (+, 2 C, Ar-CH), 128.1 (+, 2 C, Ar-CH), 128.0 (+, Ar-CH),
67.1 (-, Cquar- cPr-C), 66.9 (-, CH,Ph), 58.0 (+, CO,CH3), 51.9 (+,
CH), 46.3 (-, 2 C, NCH,CH3;), 14.8 (+, 2 C, NCH,CHy), 14.5 (-,
CH,-cPr), 10.8 (-, CH,-cPr) ppm. MS (ESI): m/z (%) = 757.2 (100)
[M + Na]*. HRMS (ESI): calcd. for C;gH,,NaN,O4 [M + Na]*
357.17848; found 357.17866. IR (film): ¥ = 3359, 2968, 1725, 1506,
1202, 1055, 698 cm™!. C gH,6N,04 (334.41): caled. C 64.65, H 7.84,
N 8.38; found C 64.36, H 7.61, N 8.20.

Methyl  2-(Benzyloxycarbonylamino)-2-(1-methylsulfanylcyclopro-
pyDacetate (8d): To a solution of 2 (100 mg, 0.38 mmol) in THF
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(10 mL) was added with stirring one drop of triethylamine, then
sodium methanethiolate (26.8 mg, 0.38 mmol). The mixture was
stirred at 20 °C for 24 h, and the solvents were removed at reduced
pressure. The crude product was purified by column chromatog-
raphy on silica gel (hexane/diethyl ether, 2:1, Ry = 0.29) to give
93 mg (75%) of 8d as a colorless oil. 'H NMR (300 MHz, CDCl;,
25°C): 0 = 7.36-7.28 (m, 5 H, Ph), 5.85 (d, J = 8.7 Hz, 1 H, NH),
5.12 (s, 2 H, CH,Ph), 3.87 (d, J = 9.0 Hz, 1 H, CH), 3.76 (s, 3 H,
CO,CH3), 2.05 (s, 3 H, SCH3), 1.30-1.24 (m, 1 H, CH,-cPr), 1.18-
1.03 (m, 2 H, CH,-cPr), 0.98-0.91 (m, 1 H, CH,-cPr) ppm. '3C
NMR (75.5MHz, CDCl;, APT, 25°C): 6 = 171.1 (-, Cqua
CO,CH3), 155.9 (-, Cguai, NHCO,), 136.1 (—,Cguars Cipso)s 128.5 (+,
2 C, Ph-CH), 128.2 (+, Ph-CH), 128.1 (+, 2 C, Ph-CH), 67.1 (-,
CH,Ph), 60.5 (+, SCH3), 52.4 (+, CO,CHj;), 51.6 (+, CH), 33.0
(= Cquav ¢Pr-C), 17.0 (-, CH,-cPr), 15.6 (-, CH>-cPr) ppm. MS
(ED): m/z (%) = 309 (3) [M]*, 158 (36), 91 (100). IR (film): ¥ =
3362, 2952, 1734, 1509, 1320, 1208, 1055 cm!. C;sH;oNO,S
(309.38): caled. C 58.23, H 6.19, N 4.53; found C 58.39, H 5.93, N
4.71.

Methyl 2-(Benzyloxycarbonylamino)-2-(1-benzyloxycyclopropyl)ace-
tate (8e-Me) and

Benzyl 2-(Benzyloxycarbonylamino)-2-(1-benzyloxycyclopropyl)ace-
tate (8e-Bn): To a solution of 2 (120 mg, 0.46 mmol) in anhydrous
benzyl alcohol (1 mL) was added dropwise with stirring under ni-
trogen one drop of triethylamine. The mixture was stirred at 20 °C
for 24 h, and the solvents were removed in vacuo at 60 °C. The
crude product was analyzed by '"H NMR spectroscopy and then
purified by column chromatography on silica gel (pentane/diethyl
ether, 2:1), to give 40 mg (20%) of the benzyl ester 8e-Bn (R =
0.34), 78 mg of 1:1 mixture of 8e-Bn and 8e-Me and 32 mg (19%)
of the methyl ester 8e-Me (R; = 0.28), total yield of of 8e-Bn and
8e-Me: 80%.

8e-Me: 'H NMR (300 MHz, CDCls): 6 = 7.39 -7.31 (m, 5 H, Ph),
7.30-7.22 (m, 5 H), 5.71 (d, J = 59 Hz, 1 H, NH), 5.09 (dd, J =
5.6,2.2Hz, 2 H, CH,), 483 (d, J = 11.5Hz, 1 H, CH,), 4.53 (d, J
= 11.5Hz, 1 H, CH,), 3.80 (s, 3 H, CH3), 1.49-1.39 (m, 1 H, CH),
0.76-0.71 (m, 2 H, ¢Pr-CH,), 0.47-0.38 (m, 2 H, ¢Pr-CH,) ppm.
3C NMR (75.5 MHz, CDCl;, APT): 6 = 170.1 (=, Cquar, CO>Me),
154.8 (—,Cqua» NCOO), 138.6 (- Cquat- Cipso)> 1359 (-, Cguats
Cipso)s 128.5 (+, 2 CH, Ph), 128.3 (+, CH, Ph), 128.3 (+, 2 CH,
Ph), 128.1 (+, 2 CH, Ph), 127.3 (+, 2 CH, Ph), 127.2 (+, CH, Ph),
127.2 (+, 2 CH, Ph), 84.5 (-, Cyya, tBu), 67.2 (-, CH,Ph), 67.1
(= Cquat ¢Pr-C), 66.3 (-, CH,Ph, Z), 52.8 (+, OCH;), 19.3 (+,
CH), 1.6 (-, ¢Pr-CH,), 0.83 (-, ¢Pr-CH,) ppm. IR (film): ¥ = 3344 ,
2952, 1730, 1498, 1282, 1090, 1028, 736, 698 cm™!. MS (ESI): m/z
(%) = 760.8 (15) [2M + Na]*, 392.3 (78) [M + Na]. C,;H»3NOs
(369.41): caled. C 68.28, H. 6.28, N 3.79; found C 68.48, H. 6.16,
N 3.87.

8e-Bn: 'H NMR (300 MHz, CDCl5): § = 7.36-7.30 (m, 10 H, Ph),
7.28-7.21 (m, 5 H, Ph), 5.71 (br. s, 1 H, NH), 5.29 (d, J = 12.8 Hz,
1 H, CH,), 517 (d, /= 12.5Hz, 1 H, CH,), 5.08 (d, J = 2.2 Hz, 2
H, CH,), 4.84 (d, J = 11.5Hz, 1 H, CH,), 4.54 (d, J = 11.8 Hz, 1
H, CH,), 1.47-1.38 (m, 1 H, CH), 0.75-0.70 (m, 2 H, ¢Pr-H), 0.44—
0.37 (m, 2 H, ¢Pr-H) ppm. 3C NMR (75.5 MHz, CDCl;): § =
169.4 (=, Cquar» CO,Bn), 154.8 (—,Cquar» NHC=0), 138.6 (-, Cguars
Cipso)s 135.9 (=, Cquas Cipso)> 135.5 (= Cguat, Cipso)s 128.7 (+, CH,
Ph), 128.5 (+, 2 CH, Ph), 128.5 (+, 2 CH, Ph), 128.3 (+, CH, Ph),
128.3 (+, 2 CH, Ph), 128.2 (+, 2 CH, Ph), 128.1 (+, 2 CH, Ph),
127.3 (+, 2 CH, Ph), 127.2 (+, CH, Ph), 84.4 (-, Cqua, 1Bu), 67.6
(-, CH,Ph), 67.1 (-, CH,Ph), 63.4 (-, Cqua, ¢Pr-C), 66.4 (-,
CH,Ph), 19.3 (+, CH), 1.6 (-, CH,, ¢Pr), 0.8 (-, CH,, ¢Pr) ppm.
IR (film): ¥ = 3348 , 3032, 1730, 1497, 1455, 1275, 1090, 1028, 736,
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697 cm™!. MS (ESI): m/z (%) = 912.9 (100) [2M + Na]*, 468.4 (52)
[M + Na]*. HRMS (ESI): calcd. for C,;H,;NOsNa* [M + Na]*:
468.17814. found 468.17824. C»,H,,NOs (445.51): caled. C 72.79,
H 6.11, N 3.14; found C 72.89, H 6.15, N 3.10.

Benzyl (Methoxycarbonyl)[1-(1-phenylethylamino)cyclopropyl]meth-
ylcarbamate [(R,S)-8f/(R,R)-8f]: To a solution of 2 (50 mg,
0.19 mmol) in anhydrous CH,Cl, (8 mL) was added dropwise with
stirring under nitrogen a solution of (R)-(+)-1-phenylethylamine
(23.0 mg, 0.19 mmol) in anhydrous THF (2 mL). The mixture was
stirred at 20 °C for 24 h, and the solvents were removed at reduced
pressure. The crude product was purified by column chromatog-
raphy on silica gel (hexane/ethyl acetate, 4:1, Ry = 0.20) to give
56.6 mg (78 %) of a 1:1 mixture of (R,S)-8f/(R,R)-8f as a colorless
oil. '"H NMR (300 MHz, CDCl;, 25 °C): 6 = 7.38-7.17 (m, 10 H,
Ph), 5.60 (d, J = 8.7 Hz, 0.5 H, NHZ), 5.42 (d, J = 8.7 Hz, 0.5 H,
NHZ), 5.13 (m, 1 H, CH,Ph), 5.10-5.02 (m, 1 H, CH,Ph), 4.37 (d,
J=28.6Hz, 0.5 H, CH), 4.11 (d, J = 9.4 Hz, 0.5 H, CH), 3.99 (q,
J =6.5Hz, 0.5 H, CH), 3.89 (q, J = 6.5 Hz, 0.5 H, CH), 3.76 (s,
1.5 H, CO,CH3), 3.64 (s, 1.5 H, CO,CH3), 1.78 (s, 1 H, NH), 1.28
(d, J=4.4Hz, 1.5H, CHjy), 1.26 (d, J = 4.9 Hz, 1.5 H, CH3;), 0.78—
0.43 (m, 4 H, CH,-¢Pr) ppm. *C NMR (75.5 MHz, CDCl;, APT,
25°C): 0 = 171.8 (-, Cquar- CO,CHj3), 171.5 (-, Cyyar, CO,CH3),
156.1 (=, Cquar» NHCO,), 156.0 (=, Cquar, NHCO,), 146.8 (—,Cquats
Cipso): 146.6 (~.Cauats Cipso)s 1362 (-:Couas Cipso)s 1361 (+.Coa
Cipso)s 128.5 (+, Ph-CH), 128.4 (+, 2 C, Ph-CH), 128.2 (+, 2 C, Ph-
CH), 128.1 (+, 2 C, Ph-CH), 128.0 (+, Ph-CH), 127.0 (+, Ph-CH),
126.8 (+, Ph-CH), 126.6 (+, Ph-CH), 126.5 (+, Ph-CH), 67.0 (-,
CH,Ph), 66.9 (-, CH,Ph), 58.8 (+, CO,CHj3), 58.0 (+, CO,CHs;),
54.9 (+, CH), 54.6 (+, CH), 52.2 (+, 2 C, CH), 40.1 (-, Cgyar, cPr-
C), 39.9 (-, Cquar, ¢Pr-C), 25.0 (+, CH3), 24.8 (+, CH;), 13.4 (-,
CH,-cPr), 12.3 (-, CH,-cPr), 12.1 (-, CH,-cPr), 11.9 (-, CH,-cPr)
ppm. MS (ESI): m/z (%) = 383.2 (100) [M + H]*. HRMS (ESI):
caled. for C5,H»7N,O," [M + HJ*: 383.1965. found 383.1960.

Methyl 1-(Benzyloxycarbonylamino)-1-(oxaspiropentane)acetate (9):
In a SmL flask equipped with a magnetic stirring bar, 2 (73 mg,
0.28 mmol) and methyltrioxorhenium (0.36 mg, 0.0014 mmol,
0.5 mol-%) were dissolved in CH,Cl, (1 mL). To this solution was
first added with stirring pyridine (2.65 mg, 0.0336 mmol, 12 mol-
%), then dropwise with a syringe 30% aq. H,O, (0.48 mL,
0.42 mmol). The reaction was complete after 6 h at 20 °C. The mix-
ture was diluted with CH,Cl, (5 mL), treated with MnO, (catalytic
quantity) to decompose the excess of H,O,, the solution dried with
anhydrous Na,SO, and concentrated to give a crude product,
which was purified by column chromatography on silica gel deacti-
vated with NEt; (hexane/ethyl acetate, 4:1, Ry = 0.34) to give
60.5mg (78%) of 9 as colorless solid, m.p. 74-75°C. '"H NMR
(300 MHz, CDCl;, 25°C): 6 = 11.02 (s, | H, NH), 7.42-7.33 (m, 5
H, Ph), 5.21 (s, 2 H, CH,Ph), 3.70 (s, 3 H, CO,CH3), 1.82-1.78
(m, 2 H, CH,-cPr), 1.71-1.68 (m, 2 H, CH,-cPr) ppm. '3C NMR
(75.5 MHz, CDCl;, APT, 25°C): ¢ = 173.3 (-, Cqua. CO,CH3y),
167.3 (-, Cquar, NHCOy), 135.2 (—,.Cyuar» Cipso)s 128.5 (+, 4 C, Ph-
CH), 128.4 (+, 2 C, Ph-CH), 67.4 (-, CH,Ph), 66.7 (-, Cquai, C-1),
52.7 (+, CO,CHj;), 27.3 (-, Cguars C-5), 21.8 (-, CH,-cPr) ppm. MS
(ESY): m/z (%) = 576.9 (100) [2M + Na]*, 300.2 (6) [M + Na]*,
575.1 (100) [2M — 2H + NaJ, 276.2 (98) [M — H] . IR (film): ¥ =
3276, 1781, 1717, 1506, 1216, 1027 cm™'. HRMS (ESI): caled. for
C14H sNOsNa™ [M + NaJ*: 300.08424. found 300.08425.

In a control experiment, a solution of 2 (50 mg, 0.19 mmol) in
CH,Cl, (1 mL) was stirred in the open air for 48 h. Evaporation of
the solvent and purification of the residue by column chromatog-
raphy on silica gel also gave 9 (15 mg, 28%), which was identical
with the authentic sample prepared before.

Eur. J. Org. Chem. 2009, 1357-1364



Building Block for Cyclopropyl-Containing Amino Acids

Eur

Methyl 2-(Benzyloxycarbonylamido)-5-oxo-tetrahydrofuran-2-car-
boxylate (11): To a solution of 2 (150 mg, 0.57 mmol) in CH,Cl,
(10 mL) was added at 0 °C 75% mCPBA (262 mg, 1.14 mmol). The
mixture was stirred at room temp. for 2 h, and the solvent was
removed under reduced pressure. The title compound (70 mg, 42 %)
was isolated by column chromatography on silica gel (hexane/ethyl
acetate, 1:1, Ry = 0.24) as a colorless solid, m.p. 138 °C [lit.>%1 136
~138 °C] '"H NMR (300 MHz, CDCls, 25 °C): 6 = 7.35 (s, 5 H, Ph),
6.56 (s, 1 H, NH), 5.12 (d, J = 3.1 Hz, 2 H, CH,Ph), 3.85 (s, 3 H,
CO,CH3), 3.07-2.90 (m, 1 H), 2.84-2.58 (m, 3 H) ppm. '3C NMR
(125.7 MHz, CDCl;, APT, 25°C): 6 = 174.8 (-, Cquar, CO,Me),
168.3 (-, Cquarr CO:Me), 153.7 (=, Cquar, NHCO,), 135.2 (—,Cquaes
Cipso), 128.5 (+, 2 C, Ph-CH), 128.4 (+, Ph-CH), 128.2 (+, 2 C, Ph-
CH), 89.2 (-, CH,), 67.5 (-, CH,Ph), 54.1 (+, CO,CH3), 30.0 (-,
Cguat)s 28.5 (=, CH,) ppm. MS (ESI): m/z (%) = 609.2 (80) [2M +
Nal]*, 316.0 (100) [M + Na]*. IR (film): ¥ = 3296, 3061, 2954,
1798, 1781, 1703, 1544, 1355, 1311, 1202, 1052, 1009, 952, 754, 627
cm . C4H sNOg (293.27): caled. C 57.34, H 5.16, N 4.78; found
C 57.34, H 5.16, N 4.78.

Methyl 2-(Benzyloxycarbonylamino)-2-|[1-(zert-butoxycarbonylmeth-
ylamino)cyclopropyl]acetate (12): To a solution of 2 (2.56¢g,
9.78 mmol) and glycine terz-butyl ester (1.18 g, 10.3 mmol) in ace-
tonitrile (100 mL) was added K,CO5 (1.49 g, 10.8 mmol). The re-
sulting suspension was stirred at room temperature for 3 d, then
the solvent was removed at reduced pressure and the residue was
purified by column chromatography (hexane/diethyl ether, 2:1 Rp =
0.13) to give 3.19g (83%) of 12 as a colorless oil. '"H NMR
(300 MHz, CDCl3): 0 = 7.38-7.31 (m, 5 H, Ph), 5.97 (d, J = 8.3 Hz,
1 H, NHC=0), 5.12 (s, 2 H, CH,), 3.91 (d, J = 8.7 Hz, | H, CH),
3.76 (s, 3 H, CHy), 3.30 (d, J = 7.5 Hz, 2 H, CH;,N), 1.83 (br. s, 1
H, NH), 1.44 (s, 9 H, rBu), 0.92-0.67 (m, 4 H, ¢Pr-H) ppm. *H
NMR (75.5 MHz, CDCls, APT): 6 = 172.2 (-, Cquar C=0), 171.8
(= Cquat, C=0), 156.2 (-, Cgyar, NHC=0), 136.3 (-, Cquat, Cipso)s
128.5 (+, 2 CH, Ph), 128.1 (+, CH, Ph), 128.1 (+, 2 CH, Ph), 81.4
(= Cgquat> 1Bu), 67.0 (=, CHy), 59.2 (+, CH), 52.4 (+, CHj;), 48.9
(=, NHCH,), 41.6 (-, Cqya» cPr-C), 28.0 (+, CHj, rBu), 14.2 (-,
CH,, ¢Pr), 12.7 (-, CH,, ¢Pr) ppm. MS (ESI): m/z (%) = 806.8 (18)
[2M + Na]*, 415.1 (100) [M + NaJ*. IR (film): ¥ = 3327 (NH),
3062, 3028, 2929, 1734 (C=0), 1669 (C=0), 1454, 1410, 1347, 1195,
1029, 749, 699 cm!. C5oH,5N,05 (392.45): caled. C 61.21, H 7.19,
N 7.14; found C 60.92, H 6.98, N 6.93.

Methyl 2-(Benzyloxycarbonylamino)-2-{1-[(2-bromoacetyl)-terz-but-
oxycarbonylmethylamino]cyclopropyl}acetate (13): To a solution of
12 (2.34 g, 5.96 mmol) in 1,2-dichloroethane (20 mL) was added at
20 °C first NaHCO; (1.60 g, 19.1 mmol) then bromoacetylchloride
(1.21 g, 7.74 mmol). Water (12 mL) was added dropwise to this vig-
orously stirred mixture, which was kept stirring at 20 °C for 1 h.
The phases were separated, and the aqueous phase was extracted
with CH,Cl, (2 X 30 mL). The combined organic phases were dried
with Na,SO, and the solvents were removed at reduced pressure.
The residue was purified by column chromatography on silica gel
(hexane/ethyl acetate, 1:1, Ry = 0.18) to afford 2.39 g (78%) of 13
as a colorless oil. '"H NMR (300 MHz, [D6]DMSO, 35 °C) (2 rota-
mers): 0 = 7.87 (t, J = 8.3 Hz, 1 H, NH), 7.41-7.29 (m, 5 H, Ph),
5.06 (d, J = 6.8 Hz, 2 H, CH,), 4.53 (d, J = 8.7 Hz, 0.5 H, CH,),
435 (d, J = 11.7Hz, 0.5 H, CH,), 4.12 (d, J = 11.7 Hz, 0.5 H,
CH,), 3.96 (d, J = 8.7 Hz, 0.5 H, CH,), 3.93 (s, 1 H, CH), 3.66 (s,
2 H, CH,), 3.26 (s, 3 H, CHj3), 1.36 (s, 9 H, 7Bu), 1.30-1.08 (m, 2
H, ¢Pr-H), 1.08-0.95 (m, 2 H, ¢Pr-H) ppm. '3*C NMR (125.7 MHz,
[D6]IDMSO, 35°C, APT): 6 = 170.0 (-, Cquar» C=0), 169.8 (-,
Cguats C=0), 168.1 (-, 2 Cqyar, C=0), 168.0 (—, 2 Cqyar, C=0), 156.5
(= Cquat» C=0), 156.3 (-, Cyuar» C=0), 136.6 (—, Cquar, Cipso)s 136.5
(= Cquavs Cipso)» 128.4 (+, 2 CH, Ph), 128.3 (+, 2 CH, Ph), 128.2
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(+, 2 CH, Ph), 128.0 (+, CH, Ph), 127.9 (+, CH, Ph), 127.8 (+, 2
CH, Ph), 82.0 (-, 2 Cgyar, tBu), 80.7 (-, CH,), 80.5 (-, CHs), 66.1
(-, CHy), 65.9 (-, CH,), 65.7 (-, CH,), 64.8 (-, CH»), 59.5 (+, CH),
57.1 (+, CH), 52.3 (+, 2 C, CO,CHs;), 51.4 (-, CH,), 51.3 (-, CH,),
41.8 (-, Cquar, ¢Pr), 41.4 (=, Cqua, ¢Pr), 27.5 (+, CH3, rBu), 17.4
(-, CH,, ¢Pr), 15.0 (-, CH,, ¢Pr), 11.5 (-, CH,, ¢Pr), 10.2 (-, CH,,
cPr) ppm. MS (ESI): m/z (%) = 1048.8 (58) [2M + Na]*, 535.0
(100) [M + Na]*. IR (film): v = 3323 (NH), 2977, 2923, 1726
(C=0), 1670 (C=0), 1454, 1407, 1369, 1347, 1233, 1154, 843, 748,
701 cm ™. Co,Hp9BrN,0; (513.38): caled. C 51.47, H 5.69, N 5.46;
found C 51.71, H 5.52, N 5.75.

Methyl 4-(tert-Butoxycarbonylmethyl)-5-oxo-7-(benzyloxycarbonyl)-
4,7-diazapiro|2.5]octane-8-carboxylate (14): To a solution of 13
(1.90 g, 3.70 mmol) in THF (50 mL) was added nBuyNI (2.05 g,
5.55 mmol) and Cs,COs5 (1.81 g, 5.55 mmol). The resulting suspen-
sion was stirred at 20 °C for 5 h, then the solvent was removed at
reduced pressure. The residue was purified by column chromatog-
raphy on silica gel (hexane/ethyl acetate, 1:1, Ry = 0.11) to afford
1.44 g (90%) of 14 as a colorless oil. The NMR spectra recorded
at ambient temperature indicated two rotamers A:B in a ratio of
2:1. '"H NMR (300 MHz, CDCl5): § = 7.38-7.25 (m, 5 H, Ph, A,
B), 5.18 (d, /= 1.8 Hz, 1 H, CH,, part of an AB system), 5.13 (dd,
J =51.4,12.5Hz, 1 H, CH,, part of an AB system), 4.58 (dd, J =
22.7,16.5 Hz, 1 H, CH,, part of an AB system), 4.25-4.08 (m, 2
H, CH,), 3.94-3.58 (m, 2 H, CH,), 3.77 (s, 2 H, CHj, A), 3.60 (s,
1 H, CHs;, B), 1.43, 1.44 (s, 9 H, 1Bu, A, B), 1.38-1.11 (m, 2.6 H,
CH,, ¢Pr, A), 0.97-0.80 (m, 1.4 H, CH,, ¢Pr, B) ppm. *C NMR
(125.7 MHz, CDCl;, APT): 6 = 169.9 (-, Cguar, C=0), 169.7 (-,
Cguats C=0), 168.8 (-, Cquar- C=0), 168.3 (-, Cquar, C=0), 167.9
(= 2 Cquas C=0), 154.8 (-, Cguar» NCOO), 154.1 (-, Cguar» NCOO),
1359 (-, Cquat Cipso)s 135.9 (=, Cquat Cipso), 128.6 (+, CH, Ph),
128.6 (+, CH, Ph), 128.3 (+, CH, Ph), 128.1 (+, 2 CH, Ph), 82.2
(-, Cquaw 1Bu), 68.0 (-, CHy), 67.8 (—, CH,), 62.8 (+, CH), 62.2 (+,
CH), 52.7 (+, OCH3;), 52.6 (+, OCH3), 47.5 (-, CH»), 47.4 (-, CH»),
46.0 (-, CH,), 45.7 (-, CH,), 41.4 (-, 2 C, ¢Pr-C), 28.0 (+, CHs,
tBu), 13.8 (-, CH,, cPr), 13.2 (-, CH,, ¢Pr), 9.9 (-, CH,, ¢Pr), 9.8
(-, CH,, ¢Pr) ppm. IR (film): ¥ = 2978, 1745, 1407, 1367, 1227,
1155, 1105, 1016, 748, 699, 662 cm™!. MS (ESI): m/z (%) = 887.1
(100) [2M + Na]*, 455.3 (65) [M + Na]". Cy,HsN,0; (432.47): C
61.10, H. 6.53, N 6.48; found C 61.44, H. 6.19, N 6.12.

Methyl 4-(tert-Butoxycarbonylmethyl)-5-oxo-4,7-diazaspiro|2.5]oc-
tane-8-carboxylate (15): A solution of 14 (1.36 g, 3.14 mmol) in
MeOH (50 mL) was added to a pre-hydrogenated suspension of
Pd/C (1.01 g, 10%) in MeOH (20 mL) and the mixture was stirred
at 20 °C for 2 h under an atmosphere of hydrogen. Then the sus-
pension was filtered through a pad of Celite and the solids were
washed with MeOH (100 mL). Evaporation of the solvents at re-
duced pressure gave 15 (788 mg, 84%) as a colorless viscous oil.
'"H NMR (250 MHz, CDCl3, 20 °C): 6 = 4.12 (d, J = 8.74 Hz, CH,,
B part of an AB system), 3.75 (s, 3 H, OCHs), 3.68 (d, / = 7.76 Hz,
1 H, CH,, B part of an AB system), 3.61 (d, J = 8.69 Hz, 1 H,
CH,, A part of an ABsystem), 3.58 (d, / = 7.96 Hz, 1 H, CH,, A
part of an AB system), 3.16 (s, 1 H, CH), 2.85-2.61 (br. s, 1 H,
NH), 1.41 (s, 9 H, tBu), 1.30-0.83 (m, 4 H, ¢Pr-H) ppm. 3*C NMR
(62.9 MHz, CDCl;, 20 °C, DEPT): ¢ = 173.0 (Cqua. C=0), 172.7
(Cquat» C=0), 168.1 (Cguar, NC=0), 81.9 (Cguar, 1Bu), 62.6 (+, CH),
52.6 (+, OCH,), 47.9 (-, CH,), 45.4 (-, CH,), 41.2 (Cqyay, ¢Pr-C),
27.8 (+, tBu), 15.2 (-, ¢Pr-C), 8.1 (-, cPr-C) ppm. IR (film): ¥ =
3311 (NH), 3086, 3060, 3039, 3005, 2985, 2964, 2953, 2932, 2918,
2874, 1733 (C=0), 1663 (C=0), 1469, 1405, 1318, 1208, 1187, 1138,
989, 700 cm™!. MS (ESI): m/z (%) = 597.3 (16) [2M + Na]*, 321.4
(20) [M + Na]*, 299.4 (100) [M + HJ*. C;4H,,N,05 (298.33): calcd.
C 56.36, H 7.43, N 9.39; found C 56.55, H 7.53, N 9.54.
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