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Acylnitroso cycloadducts have proven to be valuable intermediates in the syntheses of a plethora of
biologically active molecules. Recently, organometallic reagents were shown to open bicyclic acylnitroso
cycloadducts and, more interestingly, the prospect of highly regioselective openings was raised. This
transformation was employed in the synthesis of a compound with excellent inhibitory activity against
5-lipoxygenase ((±)-4a, IC50 51 nM), an important mediator of inflammation intimately involved in a
number of disease states including asthma and cancer. Optimization of the copper-mediated
organometallic ring opening reaction was accomplished allowing the further exploration of the
biological activity. Synthesis of a number of derivatives with varying affinity for metal binding as well as
pendant groups in a range of sizes was accomplished. Analogues were tested in a whole cell assay which
revealed a subset of the compounds to be inhibitors of enzyme translocation, a mode of action not
previously known and, potentially, extremely important for better understanding of the enzyme and
inhibitor development. Additionally, the lead compound was tested in vivo in an established colon
cancer model and showed very encouraging anti-tumorogenic properties.

Introduction

Arachidonic acid (AA), a C20 polyunsaturated fatty acid, pos-
sesses a fundamental role in the regulation of many cell functions
as a precursor to potent mediators with far-ranging effects. These
mediators arise when arachidonic acid is metabolized by one
of two possible pathways. The most well known and widely
studied pathway involves metabolism by cyclooxygenase (COX)
to give rise to a variety of compounds known as prostaglandins
and thromboxanes. There exists two isoforms of cyclooxygenase,
COX-1 and COX-2. The second, less studied pathway concerns
metabolism of AA by lipoxygenase of which there are at least 5
isoforms, the most common and interesting being 5-lipoxygenase
(5-LOX). The action of 5-LOX on arachidonic acid gives rise to
leukotrienes which, along with the prostanoids, are potent pro-
inflammatory mediators known as eicosanoids.

Nonsteroidal anti-inflammatory drugs (NSAIDs) are among
the most prescribed drugs worldwide.1 Non-selective COX in-
hibitors, such as acetylsalicylic acid, have been used for the
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treatment of pain, inflammation and fever for over a century.
The COX-1 isoform is ubiquitously expressed and produces
prostaglandins which control normal physiological functions,
particularly with respect to the gastrointestinal tract and renal
function.2,3 COX-2, on the other hand, is an inducible enzyme
and is produced in response to proinflammatory stimuli, growth
factors and other means. The beneficial effects of COX-1 coupled
with the transient nature of COX-2 led to an extensive search for
selective COX-2 inhibitors.4 Several selective COX-2 inhibitors
have been approved by the FDA in the last 10 years including
Vioxx (1999), Celebrex (1998) and Bextra (2001). Many of the
selective COX-2 inhibitors displayed reduced gastrointestinal side
effects caused by inhibiting the production of chemoprotective
prostaglandins by COX-1.5 In 2004 Vioxx was removed from
the market after it was found to increase the risk of myocardial
infarction, other COX-2 inhibitors were pulled shortly after for
the same reason. In light of the obstacles associated with COX-2
inhibitors and the limited efficacy in other inflammation driven
disease states, such as asthma, the lipoxygenase pathway has seen
increased effort to develop effective inhibitors and leukotriene
receptor antagonists. To date no essential protective roles have
been identified for leukotrienes, as in the case of prostaglandins,
making it an attractive target for drug development.

5-Lipoxygenase, downstream enzymes and leukotrine receptors
have been the subject of intense study in light of the potential
therapeutic value.6 Leukotrienes, being potent mediators of in-
flammation, are intimately involved in a number of disease states.7,8

In the arachidonic acid metabolic pathway both COX9,10 and
LOX11,12 play an important role in asthma. In fact the study
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Scheme 1

of anaphylaxis and bronchoconstriction is directly responsible
for the discovery of leukotrienes and the 5-LOX pathway. Cy-
clooxygenase inhibitors have been shown to delay tumor growth
in animals and humans.13,14 Yet the high doses and resulting
increase in detrimental side effects described earlier have limited
their development as chemopreventative agents. The absence of
a protective role for 5-lipoxygenase coupled with the intense
biological activity of the leukotrienes makes the 5-LOX pathway
an attractive target for drug development (Fig. 1), particularly
in cancer.15,16

Fig. 1 Inhibitors of the 5-LOX pathway.

We previously reported initial studies on the opening of acyl-
nitroso hetero-Diels–Alder (HDA) cycloadducts17 with Grignard
reagents.18 In the same work the synthesis and in vitro activity of
an extremely potent inhibitor of 5-LOX was described (Scheme
1). Building upon those preliminary studies, here we describe the
facile synthesis of a small library of iron-binding 5-lipoxygenase
inhibitors. Cellular experiments are described along with the
unexpected, yet very encouraging, emergence of an unprecedented
mode of inhibition. Finally, the tumor suppression results from an
oncogenic mouse model are reported.

Results

Chemical synthesis

In order to effectively utilize the discovery of Grignard-mediated
ring opening of acylnitroso-derived cycloadducts in the synthesis
of biologically relevant molecules, optimization of the reaction

Table 1 Regioselective opening of HDA cycloadducts

Entry R1 time R2 mol% CuCN Solvent ◦C Yield

1 Me 45 Bn 10 Et2O 25 31
2 t-Bu 180 Bn 10 Et2O 25 50
3 t-Bu 180 Bn 20 Et2O 25 58
4 t-Bu 180 Bn 50 Et2O 25 73
5 Me 180 3-PhOBn 20 Et2O 25 74
6 Me 180 3-PhOBn 50 Et2O 25 79
7 t-Bu 180 3-PhOBn 20 Et2O 25 27
8 t-Bu 180 3-PhOBn 50 Et2O 25 67
9 t-Bu 5 Bn 10 THF -78 62
10 t-Bu 180 Bn 50 Et2O -78 97
11 t-Bu 180 3-PhOBn 50 Et2O -78 78

conditions was necessary (Table 1). The study utilized Grignard
reagents derived from benzyl bromide and 3-phenoxybenzyl
bromide, as well as, commercial solutions of benzylmagnesium
chloride. The reactions were performed with both the methyl and
t-butyl N-hydroxycarbamate-derived cycloadducts. The catalyst
(CuCN) loading, addition time of the Grignard solution, and
reaction temperature were varied in order to determine the most
efficient reaction with respect to yield of the anti-1,2-product as
well as production of byproducts. The 1,4-products, when formed,
were not quantified.

The catalytic reactions were initially performed in diethyl ether
with 10% copper(I) cyanide in accordance with the studies of
Bäckvall et al.19–22 Thus, benzylmagnesium bromide, was added to
a solution of the copper catalyst and substrate at room temperature
over 45 min (Table 1, entry 1). Consistent with our previous
study, the reaction gave a 31% yield of the anti-1,2-product as
determined by 2D NMR and X-ray crystallography. Slower (3 h)
addition of the Grignard increased the yield to 50% of anti-
1,2-product (Table 1, entry 2). Increasing the catalyst load to
20% and then 50% further increased the yield to 58% and 73%,
respectively (entries 3 and 4). Repetition of the reaction with
the Grignard reagent generated from 3-phenoxybenzyl bromide
displayed similar, although more variable, results. Catalyst loading
of 20% resulted in the product being formed in 27–74% yield with
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Fig. 2

1.2 equivalents of the Grignard reagent, while 50% catalyst loading
gave 67–79% with 2 equivalents of Grignard.

When conditions that were expected to provide exclusive a-
addition were employed in order to produce the anti-1,4-product,
the result was unexpected. Thus, use of tetrahydrofuran as the
solvent, 10 mol% copper(I) cyanide, and a 5 min addition of the
Grignard with a reaction temperature of -78 ◦C was anticipated
to produce the anti-1,4-product, yet gave the anti-1,2-product in
62% yield with no isolated 1,4-products (Table 1, entry 9). The
reaction also did not produce polymeric byproducts which had
complicated purification in previous reactions.

Utilizing the previous finding with g-selective conditions (di-
ethyl ether, 40–50 mol% CuCN) resulted in formation of 72–97%
yield of the anti-1,2-product with significantly less formation of
byproducts (Table 1, entry 10). In fact, unreacted cycloadduct
was isolated in some cases. Use of the Grignard derived from
3-phenoxybenzyl bromide gave the desired product in 78% yield
(Table 1, entry 11). These examples also utilized a more rapid
addition (1.5 h) of the Grignard solution. The identification
of reaction conditions which consistently produced the desired
product in >70% yield allowed efforts to be shifted towards the
synthesis of 5-LOX inhibitors.

Examination of the putative catalytic pocket of 5-LOX de-
scribed by Charlier et al. (Fig. 2) allowed development of a
synthetic strategy for elaboration of a structure–activity rela-
tionship (SAR).23 Thus, analysis of the 5-LOX active site led
to identification of areas accessible to four major features of an
inhibitor, two hydrophobic groups, a hydrogen bond acceptor,
and an aromatic ring. By placing our lead inhibitor (4a) in the
most logical orientation within the binding pocket, three sites,
or zones, were identified for exploration (Fig. 3). Preparation
of analogues of the first zone focused on variation of the
essential iron-binding group (IBG), including pendant groups
and substituents thereof, and is described below. Synthetic efforts
towards the production of analogues focusing on the second zone,
substituents and derivatives of the biaryl ether, will be described in
a separate manuscript. Variation of the third zone by incorporating
substituents on the cyclopentene ring, was explored only briefly.

In order to vary iron binding groups for SAR of zone 1,
deprotection of the hydroxylamine carbamate was necessary.
Two carbamates, methoxycarbonyl and t-butoxycarbonyl, were

Fig. 3

used in the optimization of the Cu-catalyzed ring opening of
the acylnitroso Diels–Alder cycloadduct. Deprotection of the
methoxycarbonyl group was unsuccessful under either acidic
or basic conditions24 (Table 2, entries 1–5) although similar
conditions have been successful in the case of O-alkyl N-hydroxy
carbamates.25–28 This pitfall, coupled with the increased yield and
stability of the t-butyl carbamate (Boc) version, prompted us to
use the Boc hydroxylamine derived acylnitroso cycloadduct for all
subsequent synthetic efforts.

Cleavage of Boc protecting groups is generally carried out
under acidic conditions (Table 2, entries 6–11). When either
trifluoroacetic acid or hydrochloric acid was used the reaction led
to a complex mixture of products presumably due to the generated
t-butyl cation undergoing an electrophilic aromatic substitution
with the diphenyl ether. Inclusion of a cation scavenger, either
anisole or triethylsilane, improved the yields significantly (Table 2,
entry 10). However, using in situ generated trimethylsilyl iodide29

led to a complex mixture.
The hydroxylamine product was characterized both as the free

base and after formation of the p-toluenesulfonic acid salt. The
free hydroxylamine required refrigeration and fairly rapid use
(< 1 week) to avoid significant decomposition that occurred upon
prolonged storage.

With the hydroxylamines available, representative examples of
hydroxamates, N-hydroxy carbamates, and N-hydroxy ureas were
synthesized in order to explore the scope and limitations of Zone
1. Thus, treatment of the free hydroxylamine with acid anhydrides
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Table 2 Removal of carbamate

Entry Conditions Result

1 (±)-4b LiOH/THF/H2O nr
2 (±)-4b NaOH/THF/H2O nr
3 (±)-4b Cs2CO3/MeOH/H2O nr
4 (±)-4b HBr/AcOH Complex mixture
5 (±)-4b Conc. HCl/EtOAc nr
6 (±)-4c TFA/CH2Cl2 Complex mixture
7 (±)-4c HCl/EtOAc Complex mixture
8 (±)-4c TFA/2eq anisole/CH2Cl2 55%a

9 (±)-4c TFA/2eq Et3SiH/CH2Cl2 66%
10 (±)-4d TFA/4eq Et3SiH/CH2Cl2 95%
11 (±)-4c TMSCl/NaI/CH3CN Complex mixture

a Isolated as the tosylate salt.

and triethylamine allowed access to several examples, namely
the acetyl and succinyl hydroxamates (Scheme 2).30 The formyl
hydroxamate was formed upon heating the hydroxylamine in the
presence of 2,2,2-trifluoroethyl formate.31,32 Benzoyl chloride and
Hunig’s base were used to give the benzoyl hydroxamate. In the
cases above, with exception of installation of the formyl group,
extensive N,O-diacylation was observed, although hydrolysis of
the crude reaction mixture with sodium hydroxide readily provided
the desired compounds.

N-Hydroxy ureas were formed either by reaction with the
corresponding isocyanate33 or carbamoyl chloride, while chloro-
formates were employed for generation of N-hydroxy carbamates
(Scheme 3). The free hydroxylamine was treated with trimethylsilyl
isocyanate in hot 1,4-dioxane and methyl isocyanate in acetonitrile
at room temperature to give the unsubstituted N-hydroxy urea
and N¢-methyl-N-hydroxy urea, respectively. Dimethylcarbamoyl
chloride and Hunig’s base provided N¢,N¢-dimethyl-N-hydroxy
urea, (±)-7c. Carbamate (±)-7d was synthesized by reaction
with the corresponding chloroformate and subsequent hydrolytic
removal of the simultaneously formed O-carboalkoxy group.

In order to determine if the primary cause of the potency of
(±)-4a was the ability to chelate the catalytic iron, an analogue
(8) devoid of an IBG was synthesized. Reduction of the N–
O bond of (±)-4a was accomplished in good yield by reaction
with Ti(III)Cl3

34,35 (Scheme 4). It was anticipated that (±)-8
would lose most or all 5-LOX inhibitory activity. Retention of
activity would indicate competitive inhibition which could be
exploited.

Biological evaluation

As indicated earlier, the lead compound, (±)-4a, was found
to have potent inhibitory activity against 5-LOX. The initial
biochemical testing of (±)-4a was performed by MDS-Pan Labs,
an outside contract laboratory that gave only single point data
with no ability to potentially determine mode of action.18 Thus,
derivatives described here were first tested utilizing a commercially
available kit and then in cells transfected with GFP tagged 5-LOX.
This section will describe the efforts at biochemical evaluation,
the results of the cellular assay, and the results of an in vivo
tumorigenesis experiment.

Several methods for determining 5-LOX activity and inhibition
have been described in the literature. The direct spectrophoto-
metric measurement of the leukotriene product at 234 nm is the
simplest method, but is prone to interference since many organic

Scheme 2

3002 | Org. Biomol. Chem., 2011, 9, 2999–3010 This journal is © The Royal Society of Chemistry 2011



Scheme 3

Scheme 4

molecules, including inhibitors, absorb light at this wavelength.36,37

Because of this shortcoming, colorimetric assays that take advan-
tage of the lipid peroxide oxidation state have been developed. The
assays are conducted in two steps with the variation coming in the
reagents used in the second step. After the hydroperoxide product
is formed, an oxidation susceptible, color-forming reagent or
mixture of reagents is added and the developed color is measured
on a spectrophotometer at a wavelength not normally absorbed by
inhibitors. While the primary developing reagent employed is an
iron(II)/xylenol orange (FOX) complex,38 several alternatives exist
including hemoglobin/N-benzoyl leucomethylene39 and Amplex
UltraRed/MicroPeroxidase,40 among others.41–43

A commercially available 96-well plate colorimetric assay
(Cayman Chemical) was used to test several of the synthesized
compounds, including our initial lead (±)-4a. The developing
reagent was not specified by the manufacturer, but believed to
be the FOX reagent or a variation thereof. All wells showed no
enzymatic activity. An explanation for this may lie in a report from
the research laboratories of Pfizer.41 In the development of a new
high-throughput assay they found that a 2.5% final concentration
of DMSO resulted in a 10–15% loss in activity, although the cause
was not specified. A 10% final DMSO concentration was required
to obtain a final concentration of 1 mM for the compounds in
this study resulting in a potential loss of 40–60% of activity.
Also, while Zileuton has been successfully tested using the FOX

reagent,44 potential underestimation of lipid peroxide levels may
result from interference of the iron(III)/xylenol orange complex
by iron chelators.45

Assays employing whole cells or cell lysates appear to be more
tolerant of endogenous factors. A number of methods exist for the
evaluation of lipoxygenase inhibitors in this manner. Procedures
employing human whole blood, human neutrophils, rat peritoneal
leukocytes,46 and rat basophil leukemia cell lysates have been in
use for years.47,48 The procedures involve incubation of the cells or
partially purified lysates with substrate and an inhibitor followed
by addition of a calcium ionophore and a second incubation.
The reaction is quenched by freezing or addition of alcohol.
The samples are extracted with organic solvent and analyzed
for 5-lipoxygenase metabolites, i.e. 5-HETE or LTB4, as well
as metabolites of cyclooxygenase, 12-, and 15-lipoxygenase.49

Analysis can be performed by HPLC, enzyme immunoassay, or
radioimmunoassay; kits for the latter two methods are commer-
cially available.

Several of the zone 1 compounds were tested in a whole cell
assay.50 COS-7 cells were transfected with N-terminal green fluo-
rescent protein tagged 5-lipoxygenase and, prior to the experiment,
treated with diphenyl-1-pyrenyl phosphine (DPPP). GFP-tagged
lipoxygenase allows the protein to be “tracked” within the cells,
while DPPP reacts with lipid peroxides produced by lipoxygenase
allowing the enzymatic activity to be quantified. After addition of
calcium ionophore and arachidonic acid or ionophore, AA, and
inhibitor the fluorescence was measured for both the GFP and
DPPP at regular time intervals.

In total nine of the zone 1 analogues were tested in this assay
with interesting results (Table 3). Two analogues ((±)-6d and,
unsurprisingly, (±)-8, lacking the iron binding group) were inactive,
while three ((±)-6a, (±)-6b, and (±)-7b) inhibited lipid peroxide
formation to a lesser degree than Zileuton, and one compound
((±)-7c) showed greater inhibition than Zileuton. The two re-
maining compounds ((±)-4a and (±)-7a) were quite interesting
in that they showed little to no peroxide formation indicating
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Table 3 Inhibition of enzymatic activity and translocation

Inhibition of

Compound Enzyme activitya Membrane translocation

(±)-4a nab Yes
(±)-6a + No
(±)-6b + No
(±)-6c not tested
(±)-6d - No
(±)-7a na Yes
(±)-7b + No
(±)-7c +++ No
(±)-7d not tested
(±)-8 - No
Zileuton ++ No

a -/+/++/+++ qualitative inhibition of lipid peroxide production in
reference to Zileuton. b Not applicable as the compounds showed extensive,
multifaceted inhibition (see text).

extensive lipoxygenase inhibition. In fact, the compounds shut
down the translocation of 5-LOX from both the nucleoplasm
and the cytoplasm to the nuclear membrane (Fig. 4) that is
essential for its enzymatic activity. Inhibitors which interfere
with membrane translocation have not been reported for 5-LOX.
Although, the FLAP inhibitor MK-886 was originally believed
to inhibit translocation it has since been shown otherwise.51,52

This was a very exciting result that opens new avenue for 5-LOX
inhibitor development and warrants further research in order to
determine the exact nature of the enzyme-inhibitor interaction.

Fig. 4 Cells transfected with GFP-tagged 5-lipoxygenase after treatment
with A) Zileuton and B) (±)-4a. Green fluorescence shows the intracellular
location of 5-LOX. 5-LOX is localized in both the cytoplasm and the
nucleoplasm of COS-7 cells in the resting state but translocates to the either
side of the nuclear membrane upon cell activation. In A, translocation of
5-LOX to the nuclear membrane is complete by 32 s, while after 55 s 5-LOX
remains in the cytoplasm and the nucleoplasm in B.

Grossly visible tumors

The in vivo activity of (±)-4a was explored using a colorectal
tumorgenesis study employing the APC(Min/+) mouse model. This
mouse line is genetically predisposed to the spontaneous develop-
ment of multiple intestinal adenomas mimicking the hereditary
human condition familial adenomatous polyposis (FAP).53,54

This model has been utilized in numerous studies concerning
adenoma formation55–57 and the anti-tumorogenesis effects of
nonsteroidal anti-inflammatory drugs.58,59 Sulindac, a selective

COX-2 inhibitor, has been shown to effectively reduce tumor
progression in FAP studies.60,61

The study with (±)-4a contained five groups of six mice each. The
groups consisted of two dosed with (±)-4a in olive oil at 1.0 mg and
0.1 mg twice daily by oral gavage, two dosed with sulindac under
the same regiment, and one vehicle group given only olive oil.
All mice remained clinically normal for the duration of the study.
The mice were dosed for 40 days, sacrificed, and the numbers of
tumors in the digestive tract were determined (Fig. 5). Sulindac
greatly inhibited tumor development at 1.0 mg b.i.d with tumor
numbers fewer than 10% versus the control and when dosed at
0.1 mg b.i.d a 40% reduction was observed. Compound (±)-4a
inhibited tumor formation to a lesser, but still very promising,
degree with tumor numbers reduced by 62% and 73% relative to
the control at 0.1 mg and 1.0 mg, respectively.

Fig. 5 Effect of Sulindac and (±)-4a on gastrointestinal tumor numbers
in APC(Min/+) mice.

Histological analysis

Because GIN lesions are only observable microscopically, rolled
intestinal samples were evaluated to assess and characterize lesions
histologically. All samples were free of carcinoma, except for a
single carcinoma present in a sample from a mouse treated with
0.10 mg (±)-4a. As a means to evaluate progression of neoplasia
from GIN to adenoma, the mean ratio of GIN : adenoma was
calculated for each group and compared between groups. Because
two mice in the 1.0 mg sulindac group had no microscopic lesions
observed in the cut sections and one mouse had only one GIN
lesion and no adenoma lesions observed, their data was excluded
from this analysis. A higher GIN : adenoma ratio indicates that
a greater proportion of the lesions are GINs, suggesting that
progression of GIN to adenoma is either delayed or blocked. As
shown in Fig. 6, there was a trend toward higher GIN : adenoma

Fig. 6 GIN : adenoma ratio in APC(Min/+) mice treated with Sulindac and
(±)-4a.
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ratio with sulindac and (±)-4a treatment, although there were no
significant differences between treatment groups

Conclusion

In summary, optimization of the regioselective, copper-catalyzed
opening of acylnitroso HDA adducts allowed the synthesis of iron-
chelating inhibitors of 5-lipoxygenase. A set of inhibitors with
varying IBGs, including hydroxamates, N-hydroxycarbamates
and N-hydroxyureas, was synthesized. An inhibitor lacking in
the ability to chelate iron was also synthesized. Testing of the
compounds in a cellular assay provided evidence of inhibition of
translocation of 5-LOX to the perinuclear membrane for two of
the compounds. This mode of action has not yet been described
for compounds inhibiting 5-LOX. It was also demonstrated that
the IBG is essential for inhibition. Further testing of the lead
compound in vivo yielded promising results in a colorectal cancer
model. The in vivo results, coupled with the potential for a new
mode of action, warrant further exploration of this class of 5-
LOX inhibitors. A manuscript reporting on the synthesis of zone
2 inhibitors will be forthcoming.62

Experimental

General information

Tetrahydrofuran (THF) and diethyl ether were distilled from
sodium metal/benzophenone ketyl. Methylene chloride (CH2Cl2),
acetonitrile (CH3CN), 1,4-dioxane and triethylamine (TEA) were
distilled from CaH2. N,N-Dimethylformamide (DMF) was dis-
tilled from CaH2 and stored over 3 Å molecular sieves. All other
purchased reagents were of reagent grade quality and were used
without further purification. Compounds 2, (±)-3a and b were
synthesized according to published procedures.18 Melting points
were measured on a Thomas–Hoover capillary melting point
apparatus and are uncorrected. All NMR spectra were recorded
at 300 MHz, 500 MHz, or 600 MHz on a Varian Utility Plus
spectrometer. Chemical shifts are reported as d in ppm from the
residual solvent peak (CDCl3

1H 7.26, 13C 77.00 or d6-DMSO
1H 2.50, 13C 39.51). Mass spectrometric analysis was performed
on a JEOL AX505HA, JEOL JMS-GCmate or Micromass ZQ
(LC/MS) mass spectrometer. Analytical TLC was carried out
using Merck aluminium-backed 0.2 mm silica gel 60 F-254 plates.
Column chromatography was conducted using Merck silica gel
60 (230–400) meshes. All reactions were periodically monitored
by TLC and worked up after complete consumption of starting
materials unless specified otherwise.

Methyl hydroxy((1S*,2S*)-2-(3-phenoxybenzyl)cyclopent-3-
enyl)carbamate ((±)-4a)

To a flame-dried flask charged with freshly ground magnesium
(112 mg, 4.61 mmol) and diethyl ether (10 mL) were added 2
(1.20 g, 4.57 mmol) and a crystal of HgCl2. The flask was immersed
in a water bath at 40 ◦C and stirred until bubbling ceased. A second
flame-dried flask was charged with (±)-3a (500 mg, 2.5 mmol),
CuCN (113 mg, 1.26 mmol), and diethyl ether (50 mL). To the
second flask was added the Grignard solution over 3 h via syringe
pump. After complete addition, the reaction was stirred for 1
h and quenched with satd. NH4Cl (50 mL). The phases were

separated and the aqueous phase was extracted with diethyl ether
(50 mL). The combined organic phases were washed with brine,
dried with anhydrous Na2SO4, filtered, and concentrated under
reduced pressure. Flash chromatography (hexanes : EtOAc 4 : 1)
gave (±)-4a (950 mg, 2.8 mmol, 74%) as a colorless oil. 1H NMR
(300 MHz, CDCl3): d 1.49 (s, 9H), 2.59 (m, 3H), 2.92 (dd, J =
5.4, 13.5 Hz, 1H), 3.31 (bs, 1H), 4.47 (m, 1H), 5.59 (m, 1H), 5.68
(m, 1H), 6.85–7.45 (m, 9H); 13C NMR (75 MHz, CDCl3) d 28.59,
34.65, 40.11, 48.90, 63.64, 82.15, 116.82, 118.90, 120.10, 123.30,
124.47, 129.03, 129.74, 129.97, 132.82, 142.48, 157.07, 157.27,
157.50; HRMS [FAB, MH+] calcd for C20H21NO4 340.1549, found
340.1550.

Methyl (1S*,2S*)-2-benzylcyclopent-3-enyl(hydroxy)carbamate
((±)-4b)

To a flame-dried flask charged with freshly ground magnesium
(128 mg, 5.28 mmol) and diethyl ether (10 mL) were added benzyl
bromide (826 mg, 4.83 mmol) and a crystal of HgCl2. The flask was
immersed in a water bath at 40 ◦C and stirred until the magnesium
was consumed. A flame-dried flask fitted with an addition funnel
was charged with (±)-3a (500 mg, 3.2 mmol), CuCN (28.6 mg,
0.32 mmol), and diethyl ether (20 mL). The Grignard solution
was transferred via cannula to the addition funnel and added
dropwise over 45 min. After complete addition, the addition
funnel was rinsed with diethyl ether (10 mL), the rinse transferred
to the reaction and the reaction was allowed to warm to room
temperature and stirred for 1 h. The reaction was quenched with
satd. NH4Cl (20 mL), the phases separated, and the aqueous phase
was extracted with diethyl ether (20 mL). The combined organic
phases were washed with brine, dried with anh. Na2SO4, filtered,
and concentrated under reduced pressure. Flash chromatography
(hexanes : EtOAc 3 : 1) gave (±)-4b (250 mg, 1.01 mmol, 31%) as a
colorless oil. 1H NMR (300 MHz, CDCl3) d 2.47–2.60 (m, J = 8.79,
8.79, 7.57, 1.71 Hz, 1 H) 2.60–2.74 (m, J = 8.79 Hz, 2 H) 2.87 (dd,
J = 13.43, 6.35 Hz, 1 H) 3.24–3.48 (m, 1 H) 3.70 (s, 3 H) 4.43–4.61
(m, 1 H) 5.54–5.76 (m, 2 H) 7.12–7.39 (m, 5 H) 7.58 (br. s., 1 H);
13C NMR (75 MHz, CDCl3) d 34.78, 40.32, 48.88, 53.59, 63.77,
126.24, 128.48, 128.77, 129.30, 133.05, 140.33, 157.96; HRMS
[FAB, MH+] calcd for C14H18NO3 248.1287, found 248.1275. IR
(thin film) 3269 (br), 2920, 1695, 1452, 1393, 1109 cm-1.

tert-Butyl (1S*,2S*)-2-benzylcyclopent-3-enyl(hydroxy)carbamate
((±)-4c)

A flame-dried flask was charged with (±)-4c (1 g, 5 mmol), CuCN
(227 mg, 2.54 mmol), and diethyl ether (35 mL) and cooled to
-78 ◦C. Benzylmagnesium chloride (1.0 M in Et2O, 10.14 mL,
10.14 mmol) was added over 90 min via syringe pump. After
complete addition, the reaction was allowed to warm to room
temperature and stirred for 1 h. The reaction was quenched with
satd. NH4Cl (20 mL), the phases separated, and the aqueous phase
was extracted with diethyl ether (20 mL). The combined organic
phases were washed with brine, dried with anh. Na2SO4, filtered,
and concentrated under reduced pressure. The residue was tritu-
rated in hexanes and filtration gave (±)-4c (1.43 g, 4.94 mmol, 97%)
as a white powder after recrystallization from EtOAc/hexanes. 1H
NMR (300 MHz, CDCl3) d 1.48 (s, 9 H) 2.39–2.55 (m, 1 H)
2.55–2.75 (m, 2 H) 2.92 (dd, J = 13.48, 5.78 Hz, 1 H) 3.18–3.39
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(m, J = 10.38, 6.31, 4.28, 2.14, 2.14 Hz, 1 H) 4.46 (ddd, J = 8.99,
6.85 Hz, 1 H) 5.51–5.73 (m, 2 H) 6.78 (br. s., 1 H) 7.22 (s, 5 H); 13C
NMR (75 MHz, CDCl3) d 28.58, 34.66, 40.35, 49.08, 63.59, 82.21,
126.24, 128.53, 128.84, 129.37, 133.03, 140.34, 156.95; HRMS
[FAB, MH+] calcd for C17H24NO3 290.1756, found 290.1753. IR
(thin film) 3216 (br), 2976, 2927, 1686, 1395, 1105 cm-1.

tert-Butyl hydroxy((1S*,2S*)-2-(3-phenoxybenzyl)cyclopent-
3-enyl)carbamate ((±)-4d)

To a flame-dried flask charged with freshly ground magnesium
(142 mg, 5.83 mmol) and diethyl ether (10 mL) were added
2 (1.60 g, 6.08 mmol) and a crystal of HgCl2. The flask was
immersed in a water bath at 40 ◦C and stirred until the magnesium
was consumed. A second flame-dried flask was charged with
(±)-3a (1 g, 5 mmol), CuCN (227 mg, 2.54 mmol), and diethyl
ether (30 mL) and cooled to -78 ◦C. To the second flask was
added the Grignard solution over 90 min via syringe pump. After
complete addition, the reaction was allowed to warm to room
temperature and stirred for 1 h. The reaction was quenched with
satd. NH4Cl (30 mL), the phases separated, and the aqueous phase
was extracted with diethyl ether (30 mL). The combined organic
phases were washed with brine, dried with anh. Na2SO4, filtered,
and concentrated under reduced pressure. Flash chromatography
(hexanes : EtOAc 85 : 15) gave (±)-4d (1.51 g, 3.96 mmol, 78%) as
a clear, colorless, glassy oil. 1H NMR (300 MHz, CDCl3) d 1.47
(s, 9 H) 2.40–2.54 (m, 1 H) 2.54–2.63 (m, 1 H) 2.54–2.71 (m, 1 H)
2.91 (dd, J = 13.48, 5.78 Hz, 1 H) 3.21–3.36 (m, 1 H) 4.45 (ddd,
J = 8.88, 6.96, 6.85 Hz, 1 H) 5.53–5.63 (m, 1 H) 5.63–5.71 (m, 1 H)
6.80–7.40 (m, 9 H); 13C NMR (75 MHz, CDCl3) d 28.59, 34.66,
40.12, 48.90, 63.65, 82.15, 116.82, 118.91, 120.09, 123.30, 124.47,
129.02, 129.74, 129.97, 132.82, 142.47, 157.06, 157.27; HRMS
[FAB, MH+] calcd for C23H27NO4 318.1940, found 381.1938. IR
(thin film) 3223 (br), 3057, 2976, 2928, 1686, 1582, 1487, 1393,
1368,1305, 1252, 1164, 1106 cm-1.

N-((1S*,2S*)-2-(3-Phenoxybenzyl)cyclopent-3-
enyl)hydroxylamine ((±)-5b)

Compound (±)-4d (1.00 g, 2.6 mmol), Et3SiH (1.67 mL,
10.5 mmol), and CH2Cl2 (30 mL) were combined in a round-
bottom flask and cooled in an ice/brine bath. TFA (1.95 mL,
26.2 mmol) was added and the reaction was stirred for 2 h.
The reaction was diluted with CH2Cl2 (20 mL) and washed with
satd. NaHCO3 (2 ¥ 40 mL). The organic phase was dried with
anh. Na2SO4, filtered, and concentrated in vacuo to give the title
compound (700 mg, 2.50 mmol, 95%) as a yellow oil which was
used without further purification. 1H NMR (300 MHz, CDCl3)
d 2.17–2.32 (m, 1 H) 2.47–2.76 (m, 3 H) 2.77–2.90 (m, 1 H) 3.49
(ddd, J = 7.24, 3.53, 3.35 Hz, 1 H) 5.54–5.63 (m, 1 H) 5.63–5.72
(m, 1 H) 6.81–6.91 (m, 2 H) 6.91–7.04 (m, 3 H) 7.04–7.15 (m, 1 H)
7.19–7.40 (m, 3 H).

N-((1S*,2S*)-2-Benzylcyclopent-3-enyl)hydroxylamine ((±)-5a)

The procedure was the same as that described for (±)-5b. (±)-4c
(400 mg, 1.382 mmol) gave (±)-5a (173 mg, 0.914 mmol, 66%) as
a brown oil. 1H NMR (300 MHz, CDCl3) d 2.19–2.36 (m, 1 H)
2.49–2.66 (m, 2 H) 2.71 (dd, J = 7.65, 3.35 Hz, 2 H) 2.80–2.94 (m,
1 H) 3.52 (ddd, J = 7.42, 3.59, 3.35 Hz, 1 H) 5.57–5.65 (m, 1 H)

5.65–5.74 (m, J = 5.80, 2.15, 2.00, 2.00 Hz, 1 H) 7.15–7.37 (m, 5
H).

N-((1S*,2S*)-2-Benzylcyclopent-3-enyl)hydroxylammonium
p-toluenesulfonate ((±)-5a tosylate)

Compound (±)-4c (95 mg, 0.33 mmol) was subjected to the
conditions described above. The crude residue was dissolved in
diethyl ether (5 mL) and treated with a saturated solution of
anhydrous p-toluenesulfonic acid in diethyl ether (3 mL). The
solution was stirred for 5 min at which point a white precipitate
formed. The precipitate was filtered and washed with diethyl ether
to yield 5a (70 mg, 0.19 mmol, 56%) as a white solid. 1H NMR
(300 MHz, CDCl3) d 2.39 (s, 3 H) 2.56 (dd, J = 13.70, 9.42 Hz, 1
H) 2.59–2.76 (m, 2 H) 2.92 (dd, J = 13.27, 5.56 Hz, 1 H) 3.37 (br.
s., 1 H) 3.74–3.88 (m, 1 H) 5.48–5.56 (m, 1 H) 5.56–5.63 (m, 1 H)
7.04–7.12 (m, 2 H) 7.16–7.24 (m, 5 H) 7.74 (d, J = 8.13 Hz, 2 H)
10.78 (dd, 2 H).

N-Hydroxy-N-((1S*,2S*)-2-(3-phenoxybenzyl)cyclopent-3-
enyl)formamide ((±)-6a)

Compound (±)-5b (150 mg, 0.53 mmol) and 2,2,2-trifluoroethyl
formate (341 mg, 2.66 mmol) were dissolved in MTBE (3 mL) and
heated to reflux for 5 h. The solution was concentrated in vacuo and
the residue was purified by flash chromatography (hexanes : EtOAc
7 : 3) to give (±)-6a (42 mg, 0.14 mmol, 25%) as a yellow semi-
solid. 1H NMR (500 MHz, CDCl3) d 2.50–2.62 (m, 1 H) 2.67
(dd, J = 13.56, 7.58 Hz, 1 H) 2.75 (dd, J = 13.56, 7.58 Hz, 1
H) 2.76–2.84 (m, 1 H) 3.30–3.43 (m, 1 H) 3.96 (ddd, J = 8.92,
6.60 Hz, 1 H) 5.60–5.66 (m, 1 H) 5.70 (dq, J = 6.23, 2.18 Hz, 1
H) 6.82–6.90 (m, 2 H) 6.93 (d, J = 7.58 Hz, 1 H) 6.97–7.04 (m,
2 H) 7.11 (t, J = 7.38 Hz, 1 H) 7.25 (t, 1 H) 7.29–7.38 (m, 2 H)
7.51 (s, 1 H) 9.36 (br. s., 1 H); 13C NMR (126 MHz, CDCl3) d
35.47, 39.93, 48.51, 64.34, 117.10, 119.16, 119.76, 123.51, 124.15,
128.71, 130.03, 132.73, 141.33, 155.77, 157.40, 157.68; HRMS
[FAB, MH+] calcd for C19H19NO3 310.1443, found 310.1459. IR
(thin film) 3058 (br), 2922, 1667, 1581, 1486, 1251, 1213 cm-1.

N-Hydroxy-N-((1S*,2S*)-2-(3-phenoxybenzyl)cyclopent-3-
enyl)acetamide ((±)-6b)

Compound (±)-5b (175 mg, 0.62 mmol) and Et3N (436 mL,
3.1 mmol) were dissolved in CH2Cl2 (5 mL) and acetic anhydride
(147 mL, 1.55 mmol) was added slowly. The reaction was stirred at
room temperature overnight at which point TLC (hexanes : EtOAc
4 : 1) shows two products. The solution was concentrated in vacuo
and the residue was dissolved in THF (3 mL) and treated with a 1
M NaOH solution (2 mL). The reaction was monitored by TLC
(hexanes : EtOAc 7 : 3) until the two products from the first step
coalesced (ca. 2 h). The solution was acidified with a 10% citric
acid solution and extracted into EtOAc (2 ¥ 10 mL). The organic
layers were combined, washed with brine, dried with anh. Na2SO4,
and concentrated in vacuo. The residue was purified by flash
chromatography (hexanes : EtOAc 7 : 3) to give (±)-6b (120 mg,
0.371 mmol, 60%) as a reddish-brown oil. 1H NMR (300 MHz,
DMSO-d6) d 1.97 (s, 3 H) 2.30–2.45 (m, 2 H) 2.54 (br. s., 1 H)
2.76 (dd, J = 13.51, 5.38 Hz, 1 H) 3.02–3.21 (m, 1 H) 4.74–4.94
(m, 1 H) 5.48–5.57 (m, 1 H) 5.60–5.69 (m, 1 H) 6.76–6.85 (m, 1
H) 6.86–6.92 (m, 1 H) 6.93–7.04 (m, 3 H) 7.06–7.16 (m, 1 H) 7.28
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(t, J = 7.89 Hz, 1 H) 7.33–7.43 (m, 2 H) 9.55 (s, 1 H); 13C NMR
(126 MHz, DMSO-d6) d 20.78, 34.09, 38.72, 39.76, 47.98, 58.83,
116.36, 118.24, 119.62, 123.14, 124.46, 128.90, 129.65, 129.97,
132.50, 142.17, 156.23, 156.95; HRMS [FAB, MH+] calcd for
C20H21NO3 324.1600, found 324.1614. IR (thin film) 3200 (br),
3061, 2918, 1582, 1487, 1445, 1250, 1213, 1163 cm-1.

N-Hydroxy-N-((1S*,2S*)-2-(3-phenoxybenzyl)cyclopent-3-
enyl)benzamide ((±)-6c)

Compound (±)-5b (100 mg, 0.35 mmol) and Et2i-PrN (75 mL,
0.427 mmol) were dissolved in CH2Cl2 (3 mL) and benzyl chloride
(45 mL, 0.39 mmol) was added slowly. The reaction was stirred at
room temperature for 4 h at which point TLC (hexanes : EtOAc
4 : 1) shows two products. The solution was concentrated in vacuo
and the residue was dissolved in THF (1 mL) and treated with
a 1 M NaOH solution (1 mL). The reaction was monitored by
TLC (hexanes : EtOAc 4 : 1) until the two products from the first
step coalesced (ca. 2 h). The solution was acidified with a 10%
citric acid solution and extracted into EtOAc (2 ¥ 10 mL). The
organic layers were washed with brine, dried with anh. Na2SO4,
and concentrated in vacuo. The residue was purified by flash
chromatography (hexanes : EtOAc 4 : 1) to give (±)-6c (72 mg,
0.19 mmol, 52%) as an orange oil. 1H NMR (600 MHz, CDCl3)
d 2.49 (dd, J = 13.94, 8.07 Hz, 1 H) 2.53 (ddd, J = 16.73, 8.80,
2.05 Hz, 1 H) 2.62 (dd, J = 13.65, 6.90 Hz, 1 H) 2.78–2.83 (m,
J = 16.73, 6.35, 2.19, 2.19, 2.19 Hz, 1 H) 3.50–3.56 (m, J = 12.51,
8.03, 2.20, 2.20 Hz, 1 H) 4.34 (dd, J = 8.22, 6.46 Hz, 1 H) 5.59
(dq, J = 6.16, 2.05 Hz, 1 H) 5.67 (dq, J = 6.24, 2.23 Hz, 1 H)
6.67 (t, J = 1.91 Hz, 1 H) 6.70 (d, J = 7.63 Hz, 1 H) 6.83 (ddd,
J = 8.07, 2.49, 0.88 Hz, 1 H) 6.97–6.99 (m, 2 H) 7.11 (tt, J =
7.37, 1.14 Hz, 1 H) 7.17 (t, J = 7.92 Hz, 1 H) 7.33–7.36 (m, 4 H)
7.39–7.42 (m, 2 H) 7.46–7.49 (m, 1 H) 8.47 (br. s., 1 H); 13C NMR
(151 MHz, CDCl3) d 35.77, 39.39, 48.48, 64.36, 116.72, 118.73,
119.48, 123.16, 123.83, 127.71, 128.29, 128.64, 129.63, 129.71,
130.85, 132.60, 141.09, 157.13, 157.17; HRMS [FAB, MH+] calcd
for C25H23NO3 386.1756, found 386.1744. IR (thin film) 3200 (br),
3059, 2920, 1718, 1580, 1486, 1446, 1252, 1214 cm-1.

4-(Hydroxy((1S*,2S*)-2-(3-phenoxybenzyl)cyclopent-3-
enyl)amino)-4-oxobutanoic acid ((±)-6d)

Compound (±)-5b (150 mg, 0.53 mmol) and succinic anhydride
(53 mg, 0.53 mmol) were dissolved in CH2Cl2 (3 mL) and stirred
at room temperature for 4 h. The solution was concentrated in
vacuo and the residue was dissolved in THF (1 mL) and treated
with a 1 M NaOH solution (1 mL). The solution was acidified
with a 10% citric acid solution and extracted into EtOAc (2 ¥ 10
mL). The organic layers were washed with brine, dried with anh.
Na2SO4, and concentrated in vacuo. The residue was purified by
flash chromatography (hexanes : EtOAc 3 : 2) to give (±)-6d (21 mg,
0.055 mmol, 10%) as a yellow semi-solid.1H NMR (500 MHz,
DMSO-d6) d 2.00–2.10 (m, 1 H) 2.26 (t, J = 6.98, 6.18 Hz, 2 H)
2.40 (d, J = 6.98, 6.18 Hz, 2 H) 2.51–2.58 (m, 1 H) 2.73–2.81 (m, 2
H) 3.95–4.03 (m, J = 7.58, 7.58, 5.88, 5.68 Hz, 1 H) 5.50–5.58 (m,
1 H) 5.62–5.68 (m, 1 H) 6.81 (dd, J = 7.98, 2.39 Hz, 1 H) 6.83–6.87
(m, 1 H) 6.94–7.01 (m, 3 H) 7.12 (t, J = 7.38 Hz, 1 H) 7.28 (t, J =
7.88 Hz, 1 H) 7.38 (t, J = 7.78 Hz, 2 H) 7.99 (d, J = 7.78 Hz, 1 H);
1H NMR (500 MHz, CDCl3) d 2.13 (ddd, J = 17.40, 4.54, 1.99 Hz,

1 H) 2.35–2.46 (m, 2 H) 2.59–2.64 (m, J = 12.96, 8.17 Hz, 1 H)
2.63–2.69 (m, 2 H) 2.71–2.80 (m, 2 H) 2.83 (dd, J = 12.96, 6.18 Hz,
1 H) 4.22–4.29 (m, 1 H) 5.59–5.61 (m, 1 H) 5.68–5.71 (m, 1 H)
5.87 (d, J = 7.98 Hz, 1 H) 6.83–6.86 (m, 2 H) 6.93 (d, J = 7.58 Hz,
1 H) 6.99 (d, J = 7.58 Hz, 2 H) 7.10 (t, J = 7.48 Hz, 1 H) 7.21–
7.26 (m, 1 H) 7.30–7.39 (m, 2 H); 13C NMR (126 MHz, CDCl3) d
30.14, 30.97, 39.68, 40.06, 54.49, 55.12, 116.91, 118.95, 119.78,
123.40, 124.32, 129.31, 129.86, 129.99, 132.92, 142.22, 157.32,
157.53, 172.26, 176.05; HRMS [FAB, MH+] calcd for C22H23NO5

382.1654, found 382.1657. IR (thin film) 3200 (br), 3059, 2923,
2852, 1713, 1581, 1250, 1213, 1163 cm-1.

1-Hydroxy-1-((1S*,2S*)-2-(3-phenoxybenzyl)cyclopent-
3-enyl)urea ((±)-7a)

Compound (±)-5b (100 mg, 0.355 mmol) and trimethylsilyliso-
cyanate (41 mg, 0.335 mmol) were dissolved in anhydrous 1,4-
dioxane (2 mL) at 80 ◦C and allowed to stir for 12 h. The reaction
was concentrated and the residue purified by flash chromatography
to give (±)-7a (55 mg, 0.17 mmol, 48%) as a yellow semi-solid. 1H
NMR (600 MHz, CDCl3) d 2.46–2.52 (m, 3 H) 2.88 (dd, J = 13.50,
5.28 Hz, 1 H) 3.08–3.23 (m, 1 H) 4.66 (q, J = 7.43 Hz, 1 H) 5.50
(br. s., 2 H) 5.51–5.57 (m, 1 H) 5.61 (dt, J = 4.11, 2.05 Hz, 1 H)
6.79 (dd, J = 7.78, 2.20 Hz, 1 H) 6.88 (d, J = 2.05 Hz, 1 H) 6.92
(d, J = 7.63 Hz, 1 H) 6.95–7.00 (m, 2 H) 7.04–7.11 (m, J = 7.41,
7.41, 1.17, 1.03 Hz, 1 H) 7.19 (t, J = 7.78 Hz, 1 H) 7.27–7.35 (m,
2 H) 8.31 (br. s., 1 H); 13C NMR (151 MHz, CDCl3) d 34.16,
40.15, 48.81, 62.81, 116.45, 118.57, 119.79, 123.08, 124.27, 128.91,
129.50, 129.71, 132.54, 142.53, 156.85, 157.31, 162.05; HRMS
[FAB, MH+] calcd for C19H20N2O3 325.1552, found325.1542.

1-Hydroxy-3-methyl-1-((1S*,2S*)-2-(3-phenoxybenzyl)cyclopent-
3-enyl)urea ((±)-7b)

Compound (±)-5b (150 mg, 0.53 mmol) and methyl isocyanate
(33 mg, 0.59 mmol) were dissolved in acetonitrile (3 mL) and
stirred at room temperature overnight. The solution was con-
centrated and the residue was purified by flash chromatography
(hexanes : EtOAc 1 : 1) to give (±)-7b (36 mg, 0.11 mmol, 20%) as a
yellow semi-solid. 1H NMR (500 MHz, CDCl3) d 2.43–2.54 (m, 3
H) 2.78 (d, J = 4.79 Hz, 3 H) 2.92 (dd, J = 13.46, 5.08 Hz, 1 H) 3.04–
3.13 (m, 1 H) 4.61–4.72 (m, 1 H) 5.52 (dq, J = 6.13, 1.94 Hz, 1 H)
5.59–5.68 (m, 1 H) 5.95–6.04 (m, 1 H) 6.80 (dd, J = 8.08, 1.69 Hz,
1 H) 6.83–6.88 (m, 1 H) 6.93 (d, J = 7.58 Hz, 1 H) 6.95–7.00 (m, 2
H) 7.03 (br. s., 1 H) 7.06–7.12 (m, 1 H) 7.21 (t, J = 7.88 Hz, 1 H)
7.28–7.36 (m, 2 H); 13C NMR (126 MHz, CDCl3) d 27.01, 34.08,
40.55, 49.17, 64.20, 116.65, 118.81, 119.93, 123.37, 124.65, 129.38,
129.73, 129.99, 132.77, 143.01, 157.05, 157.54, 162.04; HRMS
[FAB, MH+] calcd for C20H22N2O3 339.1709, found 339.1725. IR
(thin film) 3190 (br), 2922, 1641, 1581, 1534, 1486, 1251, 1214,
1162 cm-1.

1-Hydroxy-3,3-dimethyl-1-((1S*,2S*)-2-(3-phenox-
ybenzyl)cyclopent-3-enyl)urea ((±)-7c)

Compound (±)-5b (150 mg, 0.53 mmol) and Et2i-PrN (113
mL, 0.64 mmol) were dissolved in CH2Cl2 (4 mL) and N,N-
dimethylcarbamoyl chloride (63 mg, 0.59 mmol) was added
slowly. The reaction was stirred at room temperature for 4 h
and concentrated in vacuo. The residue was purified by flash
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chromatography (hexanes : EtOAc 3 : 2) to give (±)-7c (81 mg,
0.23 mmol, 43%) as a yellow viscous oil. 1H NMR (500 MHz,
CDCl3) d 2.42–2.49 (m, J = 17.02, 8.70, 2.26 Hz, 1 H) 2.57–2.63
(m, 1 H) 2.61 (dd, J = 13.36, 7.98 Hz, 1 H) 2.74 (dd, J = 13.46,
6.88 Hz, 1 H) 2.84 (s, 6 H) 3.27–3.32 (m, 1 H) 3.78 (ddd, J = 8.62,
5.36 Hz, 1 H) 5.61 (dddd, J = 6.11, 2.09 Hz, 1 H) 5.68 (dddd, J =
6.13, 2.14 Hz, 1 H) 6.55 (br. s., 1 H) 6.82–6.89 (m, 2 H) 6.95 (d,
J = 7.58 Hz, 1 H) 6.98–7.03 (m, 2 H) 7.09–7.13 (m, 1 H) 7.25 (t,
J = 7.78 Hz, 1 H) 7.34 (dd, J = 8.57, 7.38 Hz, 2 H); 13C NMR
(126 MHz, CDCl3) d 33.51, 37.23, 40.28, 48.42, 67.34, 116.52,
118.71, 119.58, 123.14, 124.03, 128.77, 129.53, 129.68, 132.85,
142.03, 157.11, 165.73; HRMS [FAB, MH+] calcd for C21H24N2O3

353.1865, found 353.1861. IR (thin film) 3270 (br), 2923, 1581,
1487, 1444, 1396, 1251, 1214, 1163 cm-1.

Benzyl hydroxy((1S*,2S*)-2-(3-phenoxybenzyl)cyclopent-3-
enyl)carbamate ((±)-7d)

Compound (±)-5b (100 mg, 0.36 mmol) and Et2i-PrN (75 mL,
0.43 mmol) were dissolved in CH2Cl2 (3 mL) and benzyl chlo-
roformate (55 mL, 0.39 mmol) was added slowly. The reaction
was stirred at room temperature for 4 h at which point TLC
(hexanes : EtOAc 4 : 1) shows two products. The solution was
concentrated in vacuo and the residue was dissolved in THF (1 mL)
and treated with a 1 M NaOH solution (1 mL). The reaction was
monitored by TLC (hexanes : EtOAc 4 : 1) until the two products
from the first step coalesced (ca. 2 h). The solution was acidified
with a 10% citric acid solution and extracted into EtOAc (2 ¥ 10
mL). The organic layers were washed with brine, dried with anh.
Na2SO4, and concentrated in vacuo. The residue was purified by
flash chromatography (hexanes : EtOAc 4 : 1) to give (±)-7d (95 mg,
0.23 mmol, 64%) as a clear, pale yellow oil. 1H NMR (600 MHz,
CDCl3) d 2.42 (dddd, J = 16.43, 8.80, 2.05 Hz, 1 H) 2.49–2.55 (m,
1 H) 2.54 (dd, J = 13.65, 8.36 Hz, 1 H) 2.71 (dd, J = 13.65, 6.31 Hz,
1 H) 3.15–3.22 (m, J = 10.69, 6.44, 4.37, 2.16, 2.16 Hz, 1 H) 4.45
(ddd, J = 8.80, 6.90 Hz, 1 H) 5.05 (d, J = 12.32 Hz, 1 H) 5.09 (d,
J = 12.32 Hz, 1 H) 5.50 (dq, J = 6.16, 2.05 Hz, 1 H) 5.58 (dq, J =
6.24, 2.23 Hz, 1 H) 5.99 (br. s., 1 H) 6.74–6.76 (m, J = 7.92, 2.35,
0.88 Hz, 1 H) 6.77 (t, J = 1.76 Hz, 1 H) 6.82 (d, J = 7.92 Hz, 1
H) 6.89–6.92 (m, 2 H) 7.02 (tt, J = 7.45, 1.06 Hz, 1 H) 7.11 (t, J =
7.78 Hz, 1 H) 7.23–7.31 (m, 7 H); 13C NMR (151 MHz, CDCl3)
d 34.47, 39.86, 48.47, 63.39, 68.10, 116.62, 118.66, 119.59, 123.06,
124.02, 128.16, 128.37, 128.58, 128.68, 129.48, 129.69, 132.60,
135.76, 141.96, 156.74; HRMS [FAB, MH+] calcd for C26H25NO4

415.1784, found 415.1768. IR (thin film) 3267 (br), 3062, 2921,
1696, 1581, 1486, 1445, 1250, 1214, 1100 cm-1.

Methyl (1S*,2S*)-2-(3-phenoxybenzyl)cyclopent-3-enylcarbamate
((±)-8)

Compound (±)-4a (100 mg, 0.3 mmol) in MeOH (2 mL) was added
to a solution of TiCl3 (757 mg, 1.47 mmol; 10% wt in 20–30% wt
hydrochloric acid) and saturated aqueous Rochelle salt (4 mL).
The pH was adjusted to 6.5 with the addition of 1 M aqueous HCl
or 10% aqueous NaHCO3 as needed for 2 h. The reaction was
filtered through Celite and concentrated in vacuo. The residue was
purified by flash chromatography to give (±)-8 (40 mg, 0.12 mmol,
42%) as a clear film. 1H NMR (600 MHz, CDCl3) d 2.10–2.20 (m,
1 H) 2.59 (dd, J = 13.21, 8.80 Hz, 1 H) 2.69–2.81 (m, 2 H) 2.84–2.94

(m, 1 H) 3.65 (s, 3 H) 4.03 (br. s., 1 H) 4.73 (br. s., 1 H) 5.57–5.61
(m, 1 H) 5.64–5.72 (m, 1 H) 6.82–6.89 (m, 2 H) 6.93–6.97 (m, 1 H)
6.98–7.02 (m, 2 H) 7.08–7.12 (m, 1 H) 7.23–7.27 (m, 1 H) 7.31–
7.37 (m, 2 H); 13C NMR (151 MHz, CDCl3) d 29.70, 39.67, 39.74,
51.96, 54.35, 56.22, 116.65, 118.65, 119.55, 123.03, 124.08, 128.93,
129.54, 129.68, 132.59, 142.11, 157.03; HRMS [FAB, MH+] calcd
for C20H21NO3 324.1600, found 324.1607.

Cellular enzyme translocation study

All measurements were performed by using a four channel Zeiss
LSM 510 laser scanning confocal microscope. A 63¥, 1.2 numerical
aperture water immersion objective was used for all experiments.
For in vivo measurements of 5-LOX activity, transient transfection
of GFP-tagged 5-LO wild type and mutants were used. 5-LOX
activity was determined by DPPP (diphenyl-1-pyrenylphosphene)
fluorescence probe. Expression levels of the protein were moni-
tored with 488Ar-Ne laser line. Cells with similar expression level
were selected based the GFP signal. DPPP was excited with 345
UV laser and emission was measured at 390 nm band pass filter.
30 min prior to imaging, transient transfected cells were treated
with 1.5 mM (DPPP) in the presence of DMEM medium. Cells
were then washed with Hank’s Balance Salt Solution (HBSS)
containing 1 mM EGTA. 5-LOX activation was induced by the
addition of 2–10 mM ionomycin and 5 mM exogenous arachidonic
acid or ionomycin + AA + inhibitor, and DPPP signal was
monitored. In control experiments, non-transfected cells were
treated with ionomycin and arachidonic acid and DPPP signal
was monitored with the time. Signal saturation was achieved upon
addition of 1 mM cumene hydroperoxide to the cells to determine
relative activity. Regions of interest on the perinuclear membrane
were defined, and the fluorescence intensity at given time was
measured for at least five cells and averaged (F). The fluorescence
intensity at saturation level (Fmax) was determined together with
the control cell (Fmin). 5-LOX activity was then calculated by the
following formula: Activity = (F - Fmin)/(Fmax - Fmin). Data
was analyzed by Zeiss biophysical software package. Five sets of
data were used from different transfected cells and activity profile
was plotted versus time. The translocation pattern of the protein
was monitored using signal from EGFP which was detected from
505 nm long pass filter.

In vivo tumor inhibition study

Animals

All animal use protocols were approved by the University of
Notre Dame Institutional Animal Care and Use Committee.
Male C57Bl6/J APC(Min/+) mice were purchased from Jackson
Laboratories (Bar Harbe, Maine). Mice were housed in in-
dividually ventilated cages with hardwood chip bedding, and
provided ad libitum access to fresh water and food (Teklad 2014
Rodent Maintenance Diet, Teklad, Inc., Madison, WI). Mice were
acclimated for 7 days prior to initiation of experimental use.

Study design

At 60 days of age the mice were randomized into groups of six
to receive either vehicle (olive oil), 0.10 mg of sulindac, 1.0 mg
of sulindac, 0.10 mg of (±)-4a, or 1.0 mg of (±)-4a daily, divided
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between two daily doses. Each dose was administered as a 0.25 ml
bolus given perorally via a 3 1

2
French tomcat catheter (Sherwood

Medical, St. Louis, Missouri). Mice were dosed for 30 days and
euthanized by carbon dioxide narcosis at 90 days of age. Gross
necropsy was performed and the intestinal tracts were incised
along their lengths and fixed in formalin. The number of grossly
visible tumors was determined for each intestinal tract using
a dissecting microscope (40¥ magnification). Tissues were then
processed and embedded in paraffin. Serial sections of rolled
intestine were cut and stained with Hematoxylin-eosin (H & E)
for pathological evaluation by light microscopy.

Histological classification of intestinal lesions was performed
using an established system.63 Lesions were classified as either
gastrointestinal intraepithelial neoplasia (GIN); adenoma; or
carcinoma. GIN lesions were distinguished by elongation and
crowding of crypt cells having hyperchromatic nuclei and varying
degrees of nuclear atypia. Adenomas were characterized by pro-
nounced cytologic atypia with a large portion of the lesion com-
posed of branching tubules within the lamina propria or finger-
lie processes covered by lamina propria covered by epithelium,
often pedunculated. Carcinomas were characterized by neoplastic
glandular epithelium penetrating through the muscularis mucosa.
The number of each type of lesion was enumerated for each
intestinal tract; and as a means to evaluate progression of neoplasia
from GIN to adenoma, the mean ratio of GIN : adenoma was
calculated for each group and compared between groups.
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