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Abstract: A stereoselective synthetic route is reported for the introduction of side chains at the 3-position
of trans-2-aminocyclopentanecarboxylic acid (ACPC). Ring opening of the aziridine 2-benzyloxymethyl-6-
azabicyclo[3.1.0]hexane with selected nucleophiles occurs in a regioselective manner and provides ACPC
precursors with functional groups at the 3-position, trans to the 2-amino group. Oligomers composed of
the 3-substituted ACPC residues maintain the 12-helical conformation displayed by the nonsubstituted
analogues, as shown by their similar circular dichroism signatures. The added diversity of the new residues
provides good dispersion of NMR signals, allowing the assignment of nearly all the NOE signals of a selected
hexamer in aqueous solution. The NOEs between protons on nonadjacent residues are characteristic of
the 12-helix. 3-Substituted ACPC residues allow one to arrange specific functional groups in a geometrically
defined fashion, which should facilitate the design of S-peptides for biological applications.

Introduction

Unnatural oligomers with discrete folding propensities (“fol-
damers”) have received much attention in recent ygars.
[-Peptide foldamers constructed frgixamino acids constrained
with five-membered rings (Figure 1), likeans-2-aminocyclo-
pentanecarboxylic acid (ACPC) atéins-3-aminopyrrolidine-
4-carboxylic acid (APC), adopt a robust helical conformation
defined by 12-membered-ring hydrogen bondss@i) —
N—H(i + 3) (“12-helix”).? Helical structure can be observed
with as few as six residues in aqueous solufievhich makes

these oligomers attractive as scaffolds for biological applications.

Antimicrobial activity paralleling that of natural host-defense
peptides has been reported for a 12-helizakptide composed
of ACPC and APC. Several groups have reported biological
applications for non-12-helic@peptides composed of acyclic
B-amino acid$ 10
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Figure 1. B-Amino acids, with a five-membered constraint.

To enhance the utility of 12-helicgb-peptides, we are
developing strategies for appending functionality at specific sites
along the helix. Recently we showed that diversity can be
introduced into 12-helicaB-peptides by sulfonylation of the
ring nitrogen of APCG! or by introduction of a few acyclic
B-amino acids among ACPC and/or APC residues (the latter
approach is limited by diminution of 12-helical stabiliff)Here
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tion at the 3-position of ACPC.

At the outset it was not clear that side chain introduction at
the 3-position would be tolerated by the 12-helix, given the
proximity of the substitution site to the backbone nitrogen. We
were motivated to explore this possibility because success would
provide a geometrically defined way to place functional groups
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a Reagents and conditions: (a)Bom-Cl, DMFH0°C, 15 min. (b) {+)-
IPC;BH, THF, —78 to —10 °C, 48 h. (c) NaOH/HO,, room temperature,
12 h, 73% (over three steps). (d) TsCl, pyridiné@to room temperature,
83%. (e) LAH, EtO, reflux, 20 h, 77%.

along the 12-helical framework without diminishing the back-
bone’s intrinsic folding preference.
Results and Discussion

Monomers1—3 were prepared enantioselectively, starting
with the alkylation of sodium cyclopentadienide by benzylchlo-

Cbz-Cl, followed by aziridine ring opening with cyanide.
Reduction of the nitrile to the amine, followed by Boc
protection, yieldedl5. Removal of the benzyl and Cbz groups
with Na/NHs,1° followed by Fmoc protection of the resulting
free amine and oxidation of the alcohol, produ@€dThe routes

in Scheme 2 should provide access to a wide range of
3-substituted ACPC residues.

To determine whether 3-substituted ACPC residues would
be compatible with the 12-helical conformation, we first
prepared two hexamers, Ac-(APOs-NH; and Ac-@-ACPC)-

NH.. The CD signatures of these two hexamers in water (Figure
2) were similar to that of Ac-(APC-ACP@NH,, which is
known to be 12-helica2°

We prepared hexamé7 (Figure 3), which contains residues

romethy| ether (Scheme 1) This step is genera”y p|agued by 1_3, for NMR analysis. We anticipated that the hlgh chemical

the formation of a significant amount of the double-bond-

diversity of 17 (five different residues) would lead to dispersion

isomerized side product. Previous work has shown that isomer-in the proton NMR spectrum, which is critical for structural

ization can be circumvented by using thallium(ll) cyclopenta-
dienide instead of sodium cyclopentadieni@i&Ve found that
isomerization could be avoided by simply switching from the
traditional THF alkylation solvent to DMF, which removes the
need to work with the toxic thallium compounds. The resulting
diene was then converted to alcodah 97% ee via asymmetric
hydroboration-oxidation with (+)-Ipc,BH, according to the
procedure of Biggadike et &t.Use of (-)-Ipc,BH provided
the enantiomer ofl. Tosylation of the alcohol followed by
recrystallization from heptane gave the tosylate>i89% ee.
The tosylate was reduced to the highly enantiopure alkene
with LiAIH 4.

Conversion to cis-epoxidé (Scheme 2), previously per-
formed by Colombini et al®> from racemic5, employs a
Sharpless chlorohydroxylatidfi. Epoxide ring opening with
NaN; followed by alcohol activation with MsCl yielded a 2:3

analysis. Indeed, nearly all proton resonances could be resolved
in the NMR spectrum ofL7 in 9:1 H,O:D,0 (6 mM peptide,

100 mM acetate buffer (pH 3), 4C). Two-dimensional NMR
data, including NOES% and ROESY2? provided information
about the three-dimensional structure Iof. NOEs between
protons on residues that are not adjacent in sequence are
particularly informative. All possible gH; — NHii2, CgH; —
NHi+s, and GH; — C,Hi+> NOEs were observed (a few were
ambiguous due to NMR resonance overlap). These three sets
of NOEs are characteristic of the 12-helical conformafiéat

No NOEs inconsistent with the 12-helical conformation were
observed. It is very likely thaf3-peptide 17 interconverts
between 12-helical and unfolded states rapidly on the spectro-
scopic time scale under the conditions used for the NMR studies.
We cannot rule out the possibility that the conformational
ensemble includes states that are partially 12-helical and partially

regioisomeric mixture of azido-mesylates, which was converted Unfolded, along with the fully folded state and a completely
to 7 by azide reduction and concomitant ring-closing mesylate unfolded state. The abundance of NOEs, particularly at the

displacement.
Conversion of7 to thetert-butyl carbamate allowed facile
ring opening with B and an alcohdl (Scheme 2). This

reaction gave only one product, the regiochemistry of which

terminal residues, suggests tHat is very well structured in
aqueous solution.

Conclusions

was established crystallographically in the case of methanol as e have shown that diversity can be conveniently introduced
the nucleophile. Crystals were obtained by slow evaporation of Into 12-helical5-peptides in a geometrically defined way, while

CHClI; from racemic8. Analysis of the X-ray diffraction data

retaining the conformational preorganization provided by the

confirmed the positions of the substituents on the ring as well five-membered ring, by placing side chains at the 3-position of

as their cis/trans relationships.

The ring-opened intermediat8and9 were converted to their
respectiveN-Boc-f-amino acids by removal of the benzyl
protecting group followed by oxidatiol$. A protecting group
change from Boc to Fmoc affordg#tamino acid derivatives
(e.g.,12 and 13) suitable for solid-phase synthesis. Access to
an alternative type of side chain began with reactioid wifith
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the ring, trans to the 2-amino group. Employing aziridihas

a divergence point allows for various nucleophiles to be
introduced. The capacity to produce a large pool of diverse
monomers will prove important in preparing libraries of

[B-peptides to be screened for biological activities.

Experimental Section

General ProceduresReagents were obtained from Aldrich Chemi-
cal Co. and were used without further purification, excé HCI in
dioxane, which was purchased from Pierce. Melting points (mp) were
obtained on a Thomas-Hoover capillary melting point apparatus and
are uncorrected. Proton nuclear magnetic resonahcRIR) spectra
were recorded on a Bruker AC-300 (300 MHz) spectrometer. Chemical
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Scheme 2 @
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aReagents and conditions: (a) TIBHP, CHCl,, 30 min,—78 °C. (b) KOtBu, benzene, room temperature, 3 h, 85% (over two steps). (c)/ NaN
NH4Cl, MeOH/HO, reflux, 12 h, 85%. (d) MsClI, pyridine, TC, 2 h. (e) LAH, THF, 0°C to room temperature, 2 h, 84% (over two steps). (f) BBbIEt,
MeOH, room temperature, 2 h, 84%. (g) BBEL/ROH, CHCl,, —78°C, 15 min, 7+87%. (h) 10% Pd/C/NFHCO,, MeOH, reflux, 10 h, 93%. (i) Jones
reagent, acetone, T, 2 h, 73-89%. () 4 N HCI, dioxane, room temperature, 1 h. (k) Fmoc-OSu/Nakl@@etone/HO, room temperature, 12 h, 674%
(over two steps). () Cbz-CI/NEtCH.CI,, 0°C, 2 h, 93%. (m) KCN/18-crown-6, DMSO, 8, 2 h, 90%. (n) B&THF, THF, room temperature, 4 h. (0)
Boc,O/NEt;, MeOH, room temperature, 2 h, 75% (over two steps). (p) Na/NH8 °C, 30 min. (g) Fmoc-OSu/NaHCGDacetone/HO, room temperature,
12 h, 47% (over two steps). (r) TEMPO/NaCIO, &,/H,0, 0 °C, 30 min, 57%.
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Figure 2. Circular dichroism of Ac-(APC-ACPG)NH,, Ac-(APC-1)3-NH>, and Ac-@-ACPC)-NH,, 0.07 mM in HO (25°C). Data were obtained on an
Aviv instrument with 1 mm path length cells. Data were normalized for peptide concentration and number of residues.

shifts were reported in parts per million (pp@) relative to tetram- sodium salt with molecular weights 22.9898 greater than the actual
ethylsilane ¢ 0.00).*H NMR splitting patterns are designated as singlet compound molecular weight. Analytical thin-layer chromatography was
(s), doublet (d), triplet (t), or quartet (q). All first-order splitting patterns  carried out on Whatman TLC plates precoated with silica gel 60 (250
were assigned on the basis of the appearance of the multiplet. Splittingum thickness). Visualization was performed using a UV lamp or
patterns that could not be easily interpreted are designated as multipletpotassium permanganate stain. Column chromatography was performed
(m) or broad (br). Carbon nuclear magnetic resonarig@ NMR) on EM Science silica gel 60 (2300 mesh). Solvent mixtures for
spectra were recorded on a Bruker AC-300 (300 MHZ) spectrometer. chromatography are reported as v/v ratios. THF, benzene, afJ Et
Carbon resonances were assigned using distortionless enhancement bysed as reaction solvents, were distilled from sodium/benzophenone
polarization transfer (DEPT) spectra obtained with phase angles’of 90 under nitrogen immediately prior to use. €, NEt;, and pyridine

and 133. Mass spectra (MS) were obtained using an electrospray used as reaction solvents were distilled from CaH over nitrogen
ionization (ESI) mass spectrometer. Molecular ions are reported as theimmediately prior to use.

J. AM. CHEM. SOC. = VOL. 124, NO. 42, 2002 12449
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combined filtrate at reduced pressure, leaving a clear oil (3.23 g, 77%).
HRMS (ESI): [MNa]" calculated 211.1099, found 211.1094.NMR
(CDCl;, 300 MHz, room temperature)) 1.57 (1H, m), 2.03 (1H, m),
2.33 (2H, m), 2.99 (1H, br), 3.36 (2H, m), 4.53 (2H, s), 5.72 (1H, m),
5.80 (1H, m), 7.25-7.35 (5H, m)*C NMR: ¢ 26.5 (CH), 31.7 (CH),
46.0 (CH), 72.9 (CH), 74.3 (CH), 127.3 (CH), 127.4 (CH), 128.1
(CH), 131.9 (CH), 138.5 (C) (note: in the aromatic region, some signals
may represent more than one carbon).
2-(Benzyloxymethyl)-6-oxabicyclo[3.1.0]hexane (6J.0 a—78°C
Figure 3. NOEs between residues that are not adjacent in the sequencesp|ution of5 (3.12 g, 16.6 mmol) antkrt-butyl hydroperoxide (4 mL,
obse_rved forl7 in 9:1 H,O:D,0. Dashed lines indicate NC_)Es that are . 5-6 M in nonane) in CKCl, (250 mL) was added TiG(2.73 mL, 25
ambiguous because of resonance overlap. Data were obtained on a Varian . } . . ’
600 MHz spectrometer. mmol) dropW|§e over5 mlﬁ? After 15 min, the rgactlon was.quenched
by transfer via cannula into a mixture of vigorously stirredCEt
2-(Benzyloxymethyl)cyclopent-3-enol (4)Sodium cyclopentadi- saturated aqueous p&O;. Af_ter the mixture was stirred for 15 min,
enide (25 mL. 2 M in THF from Aldrich) was added dropwise to a the EtO layer was washed Wlth saturated gqueou@@aand saturated
solution of benzylchloromethy! ett&r(13.9 mL, 75 mmol) in DMF aqueous NaCl. The organic layer was dried over Mg3@moval of
(125 mL) at—40 °C. After 15 min of vigorous stirring at-40 °C, the the organic solvent at reduced pressure prod_uced a yellow oil that was
reaction mixture was quenched by pouring it into pentane (400 mL): d|ssolved_|n benzene (160 mL). To the solutlo_n was add_ed potassium
ice water (200 mL). After shaking and allowing the phases to separate, tertbutoxide (3.92 g, 35 mmol). The suspension was stirred at room
the organic layer was washed two times with 200 mL of ice water and {emperature for 2.5 h and then quenched wi®HThe organic layer
dried over MgSQwith stirring, maintaining the temperature below 0 Was then washed with saturated aqueous NaCl and dried over MgSO
°C to avoid isomerization of the product. After removal of the drying Upon removal of the solvent, a pale yellow oil (98:2 cis:trans mixture)
agent by filtration, the pentane was removed under reduced pressuréVas obtained, which was carried on without further purification (2.88
at 0°C. The resulting yellow oil was diluted into THF (200 mL), cooled 9. 85%). HRMS (ESI): [MNa] calculated 227.1048, found 227.1050.

to —78°C, and added via cannula to a suspension-efIPC,BH? IH NMR (CDCl;, 300 MHz, room temperature)) 0.99 (1H, m), 1.62
(14.3 g, 50 mmol) in THF (300 mL) at 78 °C}4 The mixture was (2H, m), 2.03 (1H, m), 2.26 (1H, m), 3.46.59 (3H), 4.55 (2H, ahJ
allowed to warm slowly to—10 °C and stirred for 48 h at that = 11.7 Hz), 7.247.37 (5H)."C NMR: 6 21.9 (CH), 26.9 (CH),
temperature. The reaction was then quenched by addition of MeOH 40.4 (CH), 57.2 (CH), 57.7 (CH), 70.7 (GH 73.0 (CH), 127.4 (CH),

(20 mL), followed ty 3 M NaOH (20 mL) and 30% kD, (20 mL). 127.4 (CH), 128.2 (CH), 138.3 (C) (note: in the aromatic region, some

After 12 h of vigorous stirring at room temperature, the THF was Signals may represent more than one carbon).
removed under reduced pressure. The remaining aqueous suspension 2-(Benzyloxymethyl)-6-azabicyclo[3.1.0]hexane (7.0 a solution
was partitioned between EtOAc (350 mL) and saturated aqueous NaCl.of compound6 (9.79 g, 48 mmol) in 8:1 MeOH:kD (200 mL) were
The organic layer was dried with MgQJollowed by removal of the added Nal (15.0 g, 230 mmol) and NI (6.0 g, 112 mmol}® The
solvent at reduced pressure. The remaining oil was chromatographedmixture was heated to reflux for 15 h. The MeOH was then removed
on silica gel with 3:1 hexanes:EtOAc. A pale yellow oil was recovered under reduced pressure, leaving a yellow oil, which was partitioned
(7.41 g, 73%). Chiral HPLC analysis (Chiracel OD 4.6 mm, 95:5 between EtOAc and . The organic layer was separated, washed
hexanesPrOH, 1 mL/min) revealed a product of 97% ee (retention with saturated aqueous NaCl, and dried over MgS®moval of the
time for the major enantiomer, 13.3 min, and for the minor enantiomer, solvents, followed by chromatography of the azido alcohols with 4:1
16.1 min). HRMS (ESI): [MNa] calculated 227.1048, found 227.1059.  hexanes:EtOAc, gave as a clear oil a 3:2 mixture of diastereomers (10.1
'H NMR (CDCl, 250 MHz, room temperature) 2.00 (1H, br), 2.31 g, 41 mmol, 85%). The mixture of azido alcohols (7.13 g, 29 mmol)
(1H, m), 2.70 (1H, ddg) = 17.0, 7.0, 2.3 Hz), 2.88 (1H, m), 3.30  was dissolved in pyridine (25 mL) and cooled t6@ Methane sulfonyl
(1H,t,J= 9.0 Hz), 3.57 (1H, ddJ = 9.0, 5.3 Hz), 4.31 (1H, h] = chloride (2.7 mL, 35 mmol) was added dropwise to the solution, after
2.8 Hz), 4.54 (2H, s), 5.56 (1H, m), 5.73 (1H, m), 72838 (5H). which the reaction solution was allowed to warm slowly to room
13C NMR: ¢ 40.9 (CH), 55.0 (CH), 71.9 (CH), 73.0 (CH), 75.7 (CH), temperature. After being stirredrfa h atroom temperature, the mixture
127.5 (CH), 128.2 (CH), 129.1 (CH), 129.9 (CH), 138.1 (C) (note: in was diluted into 200 mL of EtOAc and extracted three times with
the aromatic region, some signals may represent more than one carbon)saturated aqueous Cu$&blution. The organic layer was then washed
(Cyclopent-2-enylmethoxymethyl)benzene (5)o a solution of4 with saturated aqueous NaCl and dried over MgS®emoval of the
(0.98 g, 4.8 mmol) in pyridine (5 mL) was added TsCl (0.95 g, 5.0 solvents gave an oil that was taken up in THF (50 mL) and added
mmol) at 0°C. The reaction was allowed to warm to room temperature dropwise to a suspension of LAH (4.26 g, 112 mmol) in THF (150
over 30 min and then stirred at room temperature for 12 h. Addition of mL) at 0°C. The reaction mixture was stirred at room temperature for
20 mL of H;O, followed by vigorous stirring, resulted in precipitation 5 n. Excess LAH was slowly quenched it M NaOH at 0°C until
of the product, which could be filtered from the solvent. The solid was the suspension appeared completely white. The suspension was filtered
chromatographed on silica gel with 5:1 hexanes:EtOAc. A white solid through Celite, and the isolated solid was washed with ether. The filtrate
was obtained, which was further purified by recrystallization from  go|yents were removed under reduced pressure, and the resulting oil
n-heptane to yield a white crystalline material (1.42 g, 83%). Mp=-68 \yas chromatographed on silica gel with EtOAc and then 5:1 EtOAc:
69 °C. The enantiomers of this tosylate could not be resolved by chiral MeOH, vielding a clear oil, which contains a 2% cis impurity carried
HPLC, but chiral HPLC of intermediate4 (Cbz aziridine) suggested  5yer from the epoxide formation (4.8 g, 84%). HRMS (ESI): [MNa]
that the tosylate was 99.7% enantiomerically pure. The tosylate (8.0 g, cgiculated 226.1208, found 226.1238.NMR (CDCl;, 300 MHz, room
22.3 mmol) was suspended in 100 mL ob@&tand then added to a temperature):d 0.40 (1H, br), 1.39-1.47 (2H), 1.63-1.85 (2H), 2.42-
suspension of LAH (1.52 g, 40 mmol) in4&t (100 mL). The mixture 2.48 (2H, m), 3.28-3.38 (2H, abxJap = 9.3 Hz, Jay = 7.5 Hz, Jox =
was heated to reflux for 20 h and then quenched by slow addition of g g Hz), 4.52 (2H, s), 7.267.36 (5H).13C NMR: & 21.8 (CH), 25.8
1 M NaOH. When the suspension appeared white, it was filtered over (CH,), 35.1 (CH), 37.8 (CH), 40.0 (CH), 71.9 (GH72.9 (CH), 127.3

Celite. The filter cake was broken up and triturated with ether, which (CH), 128.2 (CH), 138.3 (C) (note: in the aromatic region, some signals
was then removed by filtration. All solvents were removed from the may represent more than one carbon).

(23) Connor, D. S.; Klein, G. W.; Taylor, G. Mrg. Synth1972 52, 16-19. [2-(Benzyloxymethyl)-5-methoxycyclopentyljcarbamic Acidert-
(24) Brown, H. C.; Joshi, N. NJ. Org. Chem1988§ 53, 4059-4062. Butyl Ester (8). To a solution of7 (1.90 g, 9.4 mmol) in MeOH (50

12450 J. AM. CHEM. SOC. = VOL. 124, NO. 42, 2002



Diverse 12-Helical 5-Peptides

ARTICLES

mL) were added NE{(1.31 mL, 9.4 mmol) and diert-butyl dicarbonate
(2.18 g, 10.0 mmol). The reaction stirred at room temperature for 2 h.

temperature):d 1.46 (9H, s), 1.671.98 (3H), 2.28 (1H, br), 2.82 (1H,
br), 3.36 (3H, s), 3.62 (1H, gl = 5.4 Hz), 3.88 (1H, br), 5.03 (1H,

The MeOH was then removed under reduced pressure, and thebr).3C NMR: ¢ 26.8 (CH), 28.9 (CH), 29.1 (CH), 50.2 (CH), 57.2
remaining oil was taken up in EtOAc, washed with saturated aqueous (CH), 61.5 (CH), 79.5 (CH), 87.5 (CGi 156.9 (C), 175.8 (C) (note:

NacCl, and dried over MgSQOThe solvent was removed under reduced

in the aromatic region, some signals may represent more than one

pressure, leaving a yellow oil, which was chromatographed on silica carbon).

gel with 5:1 hexanes:EtOAc to give the Boc-aziridine intermediate as
a clear oil (2.38 g, 84%). A solution of GBI, (50 mL) and the Boc-
aziridine intermediate (1.00 g, 3.3 mmol) was coolee-%8 °C. MeOH
(2.34 mL, 33 mmol) was then added to the solution, followed by slow
addition of BR-Et,O (2.10 mL, 16.5 mmolj.After 5 min, the reaction
was quenched with addition of saturated aqueous Natizidition.
The mixture was allowed to warm to room temperature with stirring.

2-tert-Butoxycarbonylamino-3-phenoxycyclopentanecarboxylic Acid
(11). This compound was prepared by a procedure similar to that used
to preparel 0. Purification was performed by chromatography on silica
gel with 100:1 CHCGJ:AcOH, yielding a white solid (83%), which was
recrystallized from heptane:EtOAc. Mp: 13%36 °C. HRMS (ESI):
[MNa] ™" calculated 344.1474, found 344.148R. NMR (CDCls, 300
MHz, room temperature)d 1.45 (9H, s), 1.892.28 (4H), 3.04 (1H,

The organic layer was separated, washed with saturated aqueous NaCbr), 4.06 (1H, br), 4.67 (1H, br), 5.05 (1H, br), 6.80 (2H, m), 6.95

and dried over MgS® Removal of the organic solvent left a yellow
oil, which was chromatographed on silica gel with 3:1 hexane:EtOAc,
yielding a clear oil (0.96 g, 87%). HRMS (ESI): [MNakalculated
358.1994, found 358.1980H NMR (CDCl;, 300 MHz, room tem-
perature):o 1.44 (9H, s), 1.52.05 (5H), 3.35 (3H, s), 3.41 (1H, m),
3.59 (3H), 4.51 (2H, s), 7.257.35 (5H).3C NMR: ¢ 25.7 (CH),
28.3 (CH), 29.2 (CH), 45.2 (CH), 56.7 (ChH), 59.6 (CH), 72.8 (CH),
73.0 (CH), 86.7 (CH), 127.3 (CH), 127.4 (CH), 128.2 (CH), 138.4 (C),

(1H, m), 7.27 (2H, m)13C NMR: 6 26.6 (CH), 28.6 (CH), 29.7
(CH,), 49.3 (CH), 61.7 (CH), 79.4 (CH), 83.2 (CH), 116.5 (CH), 121.5
(CH), 130.3 (CH), 156.5 (C), 159.0 (C), 175.3 (C) (note: in the aromatic
region, some signals may represent more than one carbon).
2-(9H-Fluoren-9-yImethoxycarbonylamino)-3-methoxycyclopen-
tanecarboxylic Acid (12).A solution d 4 N HCI in dioxane was added
to 10 (176 mg, 0.68 mmol), and the resulting solution was stirred for
1 h. The HCl/dioxane was then blown off with a stream of Whe

155.1 (C) (note: in the aromatic region, some signals may representyhite powdery residue was taken up in 2:1 acetop®:k20 mL). To

more than one carbon).
[2-(Benzyloxymethyl)-5-phenoxycyclopentyl]carbamic Acidert-

Butyl Ester (9). CH,Cl, (50 mL) and phenol (3.10 g, 33 mmol) were

cooled to—78°C. BR-OEt (16.5 mmol) was added, followed by slow

this solution were added NaHG@.18 mg, 1.4 mmol) and Fmoc-OSu
(229 mg, 0.68 mmol). The reaction mixture was stirred at room
temperature for 16 h, and the acetone was then removed under reduced
pressure. The remaining aqueous suspension was extracted with CHCI

addition of the Boc-aziridine intermediate (prepared as described in (20 mL). The organic layer was washed with saturated aqueous NaCl

the procedure foB) (0.9 g, 3.0 mmol) dissolved in Gig&l, (10 mL).
After the addition was complete, saturated aqueous NaHGB added

to the solution to quench the reaction. The mixture was allowed to
warm to room temperature with vigorous stirring. The organic layer
was separated, washed two timeshnitM NaOH and then saturated
aqueous NacCl, and dried over Mggs@olvents were removed under

and dried over MgS® Removal of the solvents under reduced pressure,
followed by chromatography with 100:1 CHAcOH, yielded a white
solid (232 mg, 61%). Mp: 189190 °C (recrystallized from MeOH:
H-0). HRMS (ESI): [MNa] calculated 404.1474, found 404.1464.
IH NMR (pyridine-ds, 300 MHz, room temperature}i 1.89-2.16 (3H),
2.38 (1H, m), 3.36 (1H, m), 3.41 (3H, s), 4.04, (1H,Jo= 6.6 Hz),

reduced pressure. The recovered oil was chromatographed on silica4.30 (1H, t,J = 8.1 Hz), 4.63 (2H, dJ = 8.4 Hz), 4.94 (1H, m), 7.26

gel with 6:1 hexane:EtOAc, yielding a white crystalline solid (0.93 g,
71%). Mp: 86-88 °C (recrystallized from hexane:EtOAc). HRMS
(ESI): [MNa]* calculated 420.2151, found 420.2133.NMR (CDCl,
300 MHz, room temperature)d 1.42 (9H, s), 1.66 (1H, m), 1.79
2.18 (4H), 3.49 (1H, ddJ = 9, 7.2 Hz), 3.61 (1H, dd) = 9.3, 5.7
Hz), 3.79 (1H, tdJ = 7.5, 4.5 Hz), 4.51 (2H, ak] = 12.9 Hz), 4.61
(1H, br), 6.89-6.94 (3H), 7.22-7.36 (7H).2*C NMR: 0 25.7 (CH),
28.2 (CHy), 29.4 (CH), 44.2 (CH), 60.2 (CH), 72.5 (CH 73.0 (CH),
82.5 (CH), 115.5 (CH), 120.5 (CH), 127.3 (CH), 127.4 (CH), 128.1
(CH), 129.2 (CH), 138.3 (C), 155.1 (C), 157.8 (C) (note: in the aromatic
region, some signals may represent more than one carbon).

2-tert-Butoxycarbonylamino-3-methoxycyclopentanecarboxylic Acid
(10). To 8 (390 mg, 1.16 mmol) in MeOH (12 mL) were added NH

(2H, d,J = 8.7 Hz), 7.39 (2H, tJ = 9 Hz), 7.65 (2H, tJ = 7.8 Hz),
7.84 (2H, d,J = 8.7 Hz), 8.84 (1H, dJ = 9.6 Hz).13C NMR: 6 27.3
(CHy), 30.9 (CH), 48.4 (CH), 50.2 (CH), 57.4 (C§ji 62.1 (CH), 66.8
(CHy), 87.5 (CH), 120.9 (CH), 126.2 (CH), 128.0 (CH), 128.5 (CH),
142.2 (CH), 145.1 (CH), 145.3 (C), 157.3, (C), 177.5 (C) (note: in the
aromatic region, some signals may represent more than one carbon).
2-(9H-Fluoren-9-ylmethoxycarbonylamino)-3-phenoxycyclopen-
tanecarboxylic Acid (13).This compound was prepared by a procedure
similar to that used to prepa. Instead of partitioning the Fmoc-
protected product into CHEH,O, however, the product was precipi-
tated by addition of KO to the acetone:#D reaction solution. The
precipitate was then chromatographed with C§&OH 100:1,
yielding a white powdery solid (74%). Mp: 18385°C (recrystallized

HCO, (731 mg, 11.6 mmol) and 10% Pd/C (250 mg). The suspension from EtOH:H0). HRMS (ESI): [MNa] calculated 466.1630, found

refluxed for 12 h and then filtered over Celite. The solvents were

466.1646H NMR (pyridine-ds, 300 MHz, room temperature)) 2.03

removed under reduced pressure, and the resulting oil was dissolved(1H, m), 2.27 (1H, m), 2.50 (1H, m), 3.58 (1H, §~= 7.8 Hz), 4.30

in EtOAc (40 mL) and washed with 4 (40 mL) to remove any left
over salts. After drying over MgSQthe organic solvent was removed

(1H, t,J = 6.6 Hz), 4.62 (2H, m), 5.10 (1H, m), 5.17 (1H, br), 6.97
(1H, t,J = 7.2 Hz), 7.19-7.34 (5H), 7.39 (2H, t) = 7.5 Hz), 7.65

under reduced pressure, leaving a clear oil (264 mg, 93%). The oil (2H, t,J = 6.0 Hz), 7.83 (2H, dJ = 7.5 Hz), 9.11 (2H, dJ = 7.5
(118 mg, 0.48 mmol) was subsequently dissolved in acetone (5 mL) Hz).*C NMR: ¢ 27.3 (CH), 31.1 (CH), 48.3 (CH), 49.6 (CH), 62.6

and cooled to °C. Jones reagent (0.5 mL, 2 M) was then added
dropwise to the solution. After being stirred @ h at 0°C, the mixture
was partitioned between 50 mL of EtOAc and 20 mL of 0.5 M aqueous

(CH), 66.9 (CH), 83.5 (CH), 116.8 (CH), 120.9 (CH), 121.6 (CH),
123.7 (CH), 126.1 (CH), 127.9 (CH), 128.5 (CH), 130.4 (CH), 142.2
(C), 145.1 (C), 145.2 (C), 157.4 (C), 159.2 (C), 177.1 (C) (note: in

NaHSQ. The organic layer was separated and extracted with saturatedthe aromatic region, some signals may represent more than one carbon).

aqueous NaHCEX(10 mL). The aqueous extract was then acidified to
pH 2 with 0.5 M aqueous NaHSGnd extracted twice with EtOAc.

(2-Benzyloxymethyl-5-cyanocyclopentyl)carbamic Acid Benzyl
Ester (14).To a 0°C solution of CHCI, (65 mL), 7 (4.9 g, 24 mmol),

The combined organic layers were washed with saturated aqueous NaChnd NE¢ (5.0 mL, 36 mmol) was added dropwise benzyl chloroformate

and dried over MgS® Removal of the solvents at reduced pressure
yielded 91 mg (73%) of a white crystalline solid. Mp: +#15°C
(recrystallized from diisopropyl ether). HRMS (ESI): [MNagalcu-
lated 282.1317, found 282.130%4 NMR (CDCls, 300 MHz, room

(2.92 mL, 26 mmol). The reaction mixture was allowed to warm
gradually to room temperature with stirring. Aft€ h at room
temperature, the reaction mixture was washechviitM HCI and
saturated aqueous NaCl and then dried over Mg&emoval of the

J. AM. CHEM. SOC. = VOL. 124, NO. 42, 2002 12451



ARTICLES Woll et al.

organic solvent produced a clear oil that was purified by chromatog- turned a deep blue color. Compout®l(2.55 g, 5.45 mmol), dissolved
raphy on silica gel, eluting with 6:1 hexanes:EtOAc. A clear oil product in THF (100 mL), was added dropwise to the MNa solution. After
was obtained (7.5 g, 93%). The oil was found to be 99.4% ee by chiral being stirred for 30 min at-78 °C, the reaction was quenched with
HPLC (Chiracel OD column, 95:5 hexan&sOH, 1 mL/min; retention solid NH,Cl until the blue color disappearé®iThe ammonia was then
time for the major enantiomer, 18.7 min, and for the minor enantiomer, allowed to evaporate from the flask with stirring at room temperature.
16.8 min). The Cbz-aziridine intermediate (4.80 g, 14.2 mmol) was The remaining suspension was taken up in EtOAc and filtered. Removal
dissolved in DMSO (120 mL). To the solution were added KCN (4.8 of the EtOAc under reduced pressure yielded a yellow oil, which was
g, 74 mmol) and NKECI (0.85 g, 16 mmol). 18-Crown-6 (19.5 g, 74  dissolved in 3:1 acetonez® (200 mL) containing NaHC§(0.84 g,
mmol) was then added to the reaction mixture, and the resulting mixture 10 mmol). Fmoc-OSu (1.82 g, 5.4 mmol) was added, and the solution
was heated to 80C for 6 h. The reaction mixture was then poured was allowed to stir overnight at room temperature. The acetone was
into 300 mL of HO. The aqueous layer was extracted with 300 mL of then removed under reduced pressure, and the remaining aqueous
Et,O. The organic layer was washed with saturated aqueous NaCl andmixture was washed with EtOAc. The organic layer was washed with
dried over MgSQ@. Removal of the EO under reduced pressure gave saturated aqueous NaCl and dried over MgS&ter removal of the
a tan solid (4.7 g, 90%). This material could be recrystallized from organic solvent at reduced pressure, the remaining yellow solid was
heptane:EtOAc to give pure white crystals. Mp: #1112°C. HRMS recrystallized from heptane:EtOAc to afford a white solid (1.2 g, 47%).
(ESI): [MNa]" calculated 387.1763, found 387.1781.NMR (CDCls, CH.CI, (40 mL) was added to the white solid (1.1 g, 2.36 mmol), and
300 MHz, room temperature)) 1.65 (1H, m), 1.9%2.03 (2H), 2.14 the resulting solution was cooled to°C. KBr (27 mg, 0.23 mmol),
(AH, m), 2.23 (1H, br), 3.02 (1H, br), 3.48 (2H, 3= 5.4 Hz), 3.91 (n-Bu)sNBr (32 mg, 0.1 mmol), and TEMPO (8 mg, 0.05 mmol) were
(1H, d,J = 8.4 Hz), 4.48 (2H, s), 5.00 (1H, br), 5.10 (2H, s), =27 added to the solution. Saturated aqueous Nagi@&y then added (10
7.35 (10H)°C NMR: 6 26.1 (CH), 27.8 (CH), 34.1 (CH), 44.2 (CH), mL), followed by dropwise addition of a combined solution of 5%
59.4 (CH), 66.8 (Ch), 70.9 (CH), 73.1 (CH), 121.3 (C), 127.4 (CH), NaClO (10.5 mL), saturated aqueous NaHGOD mL), and saturated
127.5 (CH), 128.0 (CH), 128.1 (CH), 128.2 (CH), 128.4 (CH), 135.9 aqueous NaCl (10 mL). The reaction mixture turned a light yellow
(C), 137.9 (C), 155.5 (C) (note: in the aromatic region, some signals color. After 10 min, the reaction was quenched with 0.5 M HCI. The
may represent more than one carbon). resulting mixture was extracted with EtOAc. The organic layer was
[2-Benzyloxymethyl-5-¢ert-butoxycarbonylaminomethyl)cy- washed with saturated aqueous NaCl and dried over Mg8@moval
clopentyl]carbamic Acid Benzyl Ester (15).THF (78 mL) was added of solvent under reduced pressure yielded a white solid, which was
to 14 (4.7 g, 12.9 mmol), and the resulting solution was cooled to 0 chromatographed on silica gel with CHGInd then CHGlcontaining
°C. BHs*THF (78 mL, 1 M in THF) was then added dropwise with 1% AcOH, to give a white foamy solid (0.65 g, 57%). Recrystallization
stirring. The reaction mixture was allowed to stir at room temperature from CHCk:MeOH gave a white powdery solid. Mp: 15052 °C.
for 5 h and then quenched by slow additioh@M HCI (aqueous) HRMS (ESI): [MNa]" calculated 503.2158, found 503.2148.NMR
until all the excess borane was destroyed. The solution was then made(pyridine-ds, 300 MHz, room temperature) 1.48 (9H, s), 1.78 (1H,
basic wih 1 M NaOH and extracted three times with EtOAc. The m), 1.95-2.23 (3H), 2.45 (1H, m), 3.33 (1H, m), 3.47 (1H, m), 3.78
combined organic layers were washed with saturated aqueous NaCIl(1H, m), 4.31 (1H, m), 4.57 (2H, m), 4.65 (1H, m), 7.29 (2HJd+

and dried over MgS® After removal of the solvent under reduced
pressure, the crude oil was dissolved in 50 mL of MeOH. NEt7
mL, 19.5 mmol) was added, followed by wirt-butyl dicarbonate (3.05
g, 14.0 mmol). The reaction mixture stirred for 24 h at room

7.5 Hz), 7.39 (2H, tJ = 6.6 Hz), 7.62 (2H, tJ = 6.6 Hz), 7.82 (2H,
d, J = 7.5 Hz), 8.86 (1H, dJ = 7.8 Hz).13C NMR: 0§ 26.5 (CH),
27.2 (CH), 27.9 (CH), 40.9 (CH), 45.5 (CH), 46.6 (CH), 56.1 (GH
66.8 (CH), 69.3 (Ch), 82.9 (C), 119.8 (CH), 124.9 (CH), 127.0 (CH),

temperature. The MeOH was then removed under reduced pressure127.6 (CH), 141.1 (C), 143.2 (C), 154.2 (C), 155.1 (C), 178.5 (C)

and the remaining residue was taken up in EtOAc, washed with H
and then saturated aqueous NaCl, and dried over Mg8@mnoval of

(note: in the aromatic region, some signals may represent more than
one carbon).

the organic solvent under reduced pressure, followed by chromatography
on silica gel with 3:1 hexane:EtOAc, yielded a white solid (4.55 g,
75%). Mp: 109-111°C (recrystallized from diisopropyl ether). HRMS
(ESI): [MNa]" calculated 491.2522, found 491.254d.NMR (CDCls,
300 MHz, room temperature)) 1.43 (9H, s), 1.361.51 (2H), 1.76-
2.04 (4H), 3.10 (1H, m), 3.26 (1H, m), 3.38.53 (3H), 4.48 (2H, ab,
J=12.3 Hz), 4.84 (1H, dJ = 8.1 Hz), 5.09 (2H, ab), 5.35 (1H, br),
7.23-7.39 (10H).13C NMR: ¢ 25.7 (CH), 26.1 (CH), 28.3 (CH),
42.0 (CH), 45.9 (CH), 46.8 (CH), 66.6 (ChHi, 72.5 (CH), 73.1 (CH),
78.7 (C), 127.3 (CH), 127.8 (CH), 128.0 (CH), 128.2 (CH), 128.4 (CH),  Supporting Information Available: H and°C spectra of
136.3 (C), 138.3 (C), 156.3 (C), 156.6 (C) (note: in the aromatic region, a|| numbered intermediates in Schemes 1 and 2 (PDF). This

some signals may represent more than one carbon). material is available free of charge via the Internet at
3-(tert-Butoxycarbonylaminomethyl)-2-(9H-fluoren-9-ylmethoxy- http://pubs.acs.org

carbonylamino)cyclopentanecarboxylic acid (16)Sodium metal (1.27
g, 55 mmol) was dissolved in NH200 mL) at—78 °C. The solution
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