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Templates for Exploratory Library Preparation. Derivatization of a
Functionalized Spirocyclic 3,6-Dihydro-2H-Pyran Formed by

Ring-Closing Metathesis Reaction

Michael A. Walters,*,† Frances La,† Prashant Deshmukh,1,† and Diana O. Omecinsky1,‡

Pfizer Global Research and DeVelopment, Ann Arbor Laboratories, 2800 Plymouth Road,
Ann Arbor, Michigan 48105

ReceiVed April 30, 2001

The preparation of a novel spirocyclic template fromtert-butoxycarbonyl-4-piperidone is reported. The
synthesis ofN-(tert-butoxycarbonyl)-1-oxa-9-aza-spiro[5.5]undec-3-ene (4) for exploratory library generation
involves ketone allylation, etherification, and ring-closing metathesis (RCM) reactions. Epoxidation of the
alkene formed in the RCM followed by addition of volatile amines to the epoxides led rapidly to an exploratory
library of structurally novel spirocyclic amino alcohols. The addition of amines to epoxides derived from4
was determined to occur primarily at C3.

Introduction

The chemical processes that are hallmarks of combinatorial
chemistry are generally applied in the preparation of lead-
optimization or lead-generation libraries.2 This latter exercise,
also known as exploratory library synthesis, usually involves
the preparation of novel templates to which are appended
diversity elements.3 Among many strategies, two criteria that
have been applied to the design of useful templates are the
incorporation in the molecular core of easily transformable
functional groups (diversity-enabling moieties, DEMs)4 and
the novel spatial arrangement of these functional groups
within the template.5 We report herein the application of ring-
closing metathesis (RCM) to the preparation of a novel,
spirocyclic template5, which fits these two criteria, and its
use as the core of an amino alcohol library.6

Ring-closing metathesis is a powerful CdC bond-forming
reaction that occurs under very mild conditions and is
generally undiminished in its efficiency by the presence of
ancillary functional groups.7 A ring-forming, spiroannulation8

process based on this methodology that would convert readily
available ketones into novel DEMs9 would lead to a wide
variety of useful core molecules, particularly if applied to
ketones already possessing a site of potential diversity.

Results and Discussion

With the potential of such compounds in mind, the novel
hydrochloride salt5 was prepared from commercially avail-
able tert-butoxycarbonyl-4-piperidone (1) via the four-step
procedure outlined in Scheme 1.10 Addition of allylmagne-
sium bromide to1 in ether at room temperature furnished2.
Etherification of 2 was accomplished using excess NaH
(DMF) followed by treatment of the incipient alkoxide with
excess allyl bromide to give3. The key ring-closing
metathesis reaction was cleanly effected by treatment of a

degassed CH2Cl2 solution of 3 at room temperature with
5-10% of Grubbs’ catalyst for∼15 h. This gave4 in
approximately 40-60% yield after Kugelrohr distillation.
Deprotection of4 using concentrated ethereal HCl gave
compound5 as a white powder in∼ 30% overall yield from
1. Compound5 was transformed into epoxides8 in a two-
step parallel process involving acylation or sulfonylation
(Et3N, 6{1-3} in Chart 1) and epoxidation with MCPBA
in CH2Cl2.

A small exploratory library ofâ-amino alcohols was
prepared to highlight the utility of these new spirocyclic
templates. Aminolysis of the unpurified epoxides8{1-3}
was effected by heating them in ethanol at 80°C with an
excess (15-20 equiv) of low molecular weight primary and
secondary amines9{1-4} (Chart 2) for 15-24 h.11 Con-
centration of the reactions in vacuo gave good to quantitative
conversion to theâ-amino alcohols10{6(1-3),9(1-4)}
(Table 1; major isomer shown (vide infra) in Scheme 2).12

The formation of both regioisomeric amino alcohols10
was observed in these reactions. Surprisingly, while the
regiochemical control in the reaction of nucleophiles with
3,4-epoxytetrahydropyran,13,13 and the cis and trans dia-
stereomers of 2-(benzyloxy)-3,6-dihydro-2H-pyran,14, has
been studied extensively,14 apparently no comparable inves-
tigations have been carried out on 6,6-dialkyltetrahydropyran-
3,4-epoxides such as15 (Figure 1). To more rigorously
establish the probable structures of the amino alcohols
10{6(1-3),9(1-4)}, epoxide8{2} was treated with 40%
CH3NH2/H2O or pyrrolidine/EtOH at 80°C. The major
regioisomer formed in each reaction was that resulting from
attack of the nucleophile at C-3 of the epoxide (16a and
16b).15

This assignment is consistent with the regiochemistry
observed in the reaction of the structurally related epoxide
17under the same conditions (Figure 2). Nucleophilic attack
was again favored at C-3, a 3:1 ratio of isomers being
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obtained with methylamine (18a), while a 7:1 ratio of
regioisomers was produced with pyrrolidine (18b).15

While we have not yet assigned the structure of the
predominant isomer in all reactions of8, the major isomer
being related to16and18 is consistent with the observations
that 13 reacts with nitrogen nucleophiles primarily at C-3

(∼6:1 ratio13 with diethylamine under conditions analogous
to those employed herein) and that the 1,1-disubstituted
cyclohexane epoxide19 (Scheme 3) gives predominantly the
C-3 regioisomer when treated with the sodium salt of
adenine.16

The regiochemistry of the reaction of epoxides8 and17
with simple amines under nonchelating conditions is con-
sistent with a consideration of both the Fu¨rst-Plattner rule17

and the steric environment experienced by a nucleophile

Scheme 1.Synthesis of Spirocyclic Epoxidesa

a Key: (i) CH2dCHCH2MgBr (1.1 equiv, Et2O, room temp); (ii) CH2dCHCH2Br (3 equiv, 4 equiv NaH, 1 M DMF, room temp); (iii) Cl2(Cy3P)2RudCHPh
(CH2Cl2, room temp); (iv) HCl (g), Et2O; (v) 6{1-3}, Et3N, CH2Cl2; (vi) MCPBA, CH2Cl2.

Chart 1. Acyl and Sulfonyl Building Blocks6{1-3}

Chart 2. Amine Building Blocks9{1-4}

Table 1. Yield and HPLC Purity of Amino Alcohols

10{6(1-3),9(1-4)} amino alcohols
yielda (%), purityb (%)

6{1} acyl or
sulfonyl chloride 6{2} 6{3}

9{1} amine 78, 100 73, 98 74, 100
9{2} 78, ND 80, 74 82, 78
9{3} 73, 99 74, 97 88, 91
9{4} 78, 81 74, 100 81, 100
a By weight (mixture of regioisomers).b HPLC purity. ND )

not determined.

Scheme 2.Reaction of Template with Primary and
Secondary Amines

Figure 1. Related epoxides and the major regioisomer formed in
the reaction of8{2} with amines.

Figure 2. Regiochemistry of amine addition to17.

Scheme 3.Addition of an Amine Nucleophile to a
1,1-Disubstituted Cyclohexane-3,4-epoxide
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approaching the epoxide conformers20 and21 with an SN2
trajectory (Figure 3). The Fu¨rst-Plattner rule suggests that
nucleophilic attack on20 should give rise to predominantly
C-3 addition of the nucleophile, while amine addition to21
should preferentially form the C-4 amine. Consideration of
the steric interactions experienced by an incoming nucleo-
phile in each case suggests that the SN2 ring opening of
epoxide20 should be kinetically favored over attack on
epoxide21, leading to preferential formation of regioisomer
22 (as observed) over preference to23.

Conclusion

In summary, we have employed RCM to create a readily
functionalized, spirocyclic template and demonstrated its use
in the preparation of libraries of novel compounds using
combinatorial techniques. The reaction sequence by which
4 was generated appears to be mild enough to apply to a
wide variety of other ketones. Future investigations in our
laboratory are aimed at exploring the reactivity of other 6,6-
disubstituted spirotetrahydropyran 3,4-epoxides with nucleo-
philes with an aim of gaining a further understanding of the
regioselectivity of these reactions.

Experimental Section

General. Unless otherwise indicated, all reactions were
run in capped 2 dram glass vials, which were agitated on an
orbital shaker. Heated reactions were run in a stationary heat
block. Commercially available reagents and solvents were
used without further purification. Anhydrous solvents were
purchased and employed without further drying.lH NMR
spectra were recorded at the indicated field strength as
solutions in deuteriochloroform (CDCl3) unless otherwise
indicated. Chemical shifts are expressed in parts per million
(ppm,δ) downfield from TMS and are referenced to CDCl3

(7.24 ppm) as internal standard. Splitting patterns are
designated as s, singlet; d, doublet; t, triplet; q, quartet; m,
multiplet; comp, complex (or overlapping) multiplet; br,
broad. Coupling constants are given in hertz (Hz).13C NMR
spectra were recorded at the indicated field strength as

solutions in CDC13 unless otherwise indicated. Coupling
constants (J) are reported in hertz. IR spectra were taken as
KBr pellets or neat films, and absorptions are reported in
cm-1. The HPLC purity of array10 was determined using
an Altima C18, 5µm, 150 mm Alltech column. The mobile
phase was CH3CN in H2O (+0.1% TFA) from 5% to 100%
over 10 min, and the flow rate was 1 mL/min at 214 nM.

Synthetic Details.N-(tert-butoxycarbonyl)-1-oxa-9-aza-
spiro[5.5]undec-3-ene (4) was prepared from commercially
availableN-(tert-butoxycarbonyl)-4-piperidone (1) without
purification of the intermediates.

N-(tert-butoxycarbonyl)-4-allyl-4-hydroxypiperidine (2).
A 250 mL round-bottomed flask was charged with 85 mL
of anhydrous Et2O and 5.0 g of1 (0.025 mol) and cooled
on an ice bath. To this cooled solution was added a total of
29 mL of allylmagnesium bromide (1.0 M in Et2O, 0.029
mol), and the reaction mixture was allowed to slowly warm
to room temperature overnight. The reaction became heavy
with a white ppt. It was quenched by the dropwise addition
of 5 mL of NH4Cl(aq) and worked up with Et2O. The organic
extracts were dried over MgSO4 and concentrated in vacuo
to give a quantitative yield of2 as a yellow-orange liquid.
This material was used in the next reaction without further
purification.

N-(tert-Butoxycarbonyl)-4-allyl-4-allyloxypiperidine (3).
A 250 mL round-bottomed flask was charged with 1.5 g of
NaH (0.038 mol) as a 60% dispersion in mineral oil. The
NaH was washed (2× 6 mL) with anhydrous petroleum
ether and then slurried in 50 mL of anhydrous DMF with
the reaction flask in an ice bath. To this cooled slurry was
added 5.73 g (0.024 mol) of a solution of2 in anhydrous
DMF. This reaction mixture was allowed to warm to room
temperature over the course of 1 h and then recooled to ice-
bath temperature and treated with 6.5 mL of freshly purified
(filtered through a basic alumina column) allyl bromide
(0.075 mol). The heterogeneous reaction mixture was
removed from the ice bath and stirred overnight. After
approximately 10-15 h at room temperature the reaction
was cooled on an ice bath and quenched by the slow and
cautious addition of 100 mL of H2O (warning: hydrogen
gas eVolution!). The resulting mixture was extracted with 3
× 100 mL of Et2O, the combined Et2O extracts were washed
with 3 × 100 mL of H2O and 1× 100 mL brine, and the
organic extracts were dried over MgSO4. Filtration followed
by concentration in vacuo gave 5.35 g (∼80% yield) of a
light-orange liquid, which was used for the next reaction
without further purification.

N-(t-Butoxycarbonyl)-1-oxa-9-aza-spiro[5.5]undec-3-
ene (4).A 500 mL round-bottomed flask was charged with
100 mL of anhydrous CH2Cl2 and 5.35 g of3 (0.019 mol)
and degassed using three evacuation/argon-fill cycles. In a
separate flask a degassed solution of 0.62 g of Cl2Ru(PCy3)2-
CHPh (0.75 mmol, 0.04 equiv) and 7.0 mL of anhydrous
CH2Cl2 was prepared. The solution of3 was cooled on an
ice bath and then treated dropwise with the purple catalyst
solution over the course of 20 min (caution: gas eVolution!).
Upon completion of this addition, the reaction mixture was
removed from the ice bath and allowed to warm to room

Figure 3. Rationalization of the regiochemistry of amine addition
to spirocyclic epoxides16.
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temperature and stirred overnight. After the reaction was
deemed complete by1H NMR of an aliquot, the solvent was
removed and the dark-brown liquid residue was taken up in
50 mL of 25% EtOAc/hexanes. Compressed air was bubbled
through this heterogeneous mixture for 3 h, and it was then
passed through a small plug of silica gel to remove the
insoluble material. This solution was concentrated and
Kugelrohr distilled (∼1 mm, oven temp of∼100°C) to give
2.28 g (47% yield) of the desired alkene4 as a clear, colorless
liquid. 1H NMR (400 MHz): δ 5.72-5.62 (comp, 2 H),
4.06-4.04 (comp, 2 H), 3.73-3.70 (comp, 2H), 3.2-3.1
(comp, 2H), 1.92 (comp, 2H), 1.75-1.72 (comp, 2H), 1.41-
1.34 (comp, 11H).13C NMR (100 MHz): δ 155.1, 125.3,
122.7, 79.46, 68.81, 60.53, 41-39 (br), 35.51, 35-33 (br),
28.65. IR (neat): 2920, 1696 cm-1. Anal. Calcd for C14H23-
NO3: C, 66.37; H, 9.15; N, 5.53. Found: C, 66.69; H, 9.20;
N, 5.48.

1-Oxa-9-aza-spiro[5.5]undec-3-ene hydrochloride (5).
HCl(g) was bubbled through 100 mL of Et2O in an ice bath
cooled in a 500 mL round-bottomed flask. When enough
HCl(g) had dissolved to make the solution about 5 M, 10.5
g (0.041 mol) of4 were added in 50 mL of CH2Cl2. The
solution rapidly became deep-orange and thick with a whitish
precipitate. After 2 h atroom temperature, the reaction was
filtered and the white solid washed with 2× 100 mL of
Et2O. The solid was dried in vacuo to give 6.89 g (88% yield)
of a white powder.1H NMR (400 MHz, DMSO-d6): δ 9.2-
9.0 (br comp, 2H), 5.69 (s, 2H), 3.99 (br s, 2H), 3.0-2.9
(comp, 2H), 2.90-2.87 (comp, 2H), 2.0-1.6 (comp, 6H).
13C (100 MHz, DMSO-d6): δ 125.8, 122.4, 67.16, 60.34,
35.09, 30.76. Anal. Calcd for C9H16ClNO: C, 56.99; H, 8.50;
N, 7.38. Found: C, 56.98; H, 8.68; N, 7.27.

Representative Preparation of 7{X}. Preparation of
N-Benzoyl-1-oxa-9-aza-spiro[5.5]undec-3-ene (7{2}, X )
CO, R) Ph). A 100 mL round-bottomed flask was charged
with the amine hydrochloride salt5 (4.51 g, 23.8 mmol),
methylene chloride (35 mL), benzoyl chloride (3.0 mL, 3.76
g, 26.8 mmol), and a magnetic stir bar. The flask was cooled
in an ice-water bath, and triethylamine (7.3 mL, 5.3 g, 52.4
mmol) was added by syringe over 10 min with stirring. The
cooling bath was removed, and the reaction was allowed to
stir at ambient temperature for 16 h. The reaction mixture
was filtered, and the solvent was removed from the filtrate.
The residue was taken up in hot hexanes (100 mL), and the
resulting slurry was filtered. The solids were washed with
additional hot hexanes (100 mL), and the combined filtrates
were dried over magnesium sulfate, filtered, and concentrated
to give a yellow oil (6.60 g). This oil was chromatographed
on a 6.5 cm× 35 cm silica gel column eluting with 50:50
ethyl acetate/hexanes. The product fractions were concen-
trated to give an 88% yield (5.40 g) of the desired product
as a pale-yellow oil.1H NMR (CDCl3, 300 MHz): δ 7.4 (s,
5H), 5.8-5.7 (m, 2H), 4.5-4.2 (br s, 1H), 4.2-4.0 (br s,
2H), 3.6-3.2 (comp, 4H), 2.1-1.4 (comp, 5H).13C (CDCl3,
100 MHz): δ 170.5, 136.5, 133.5, 129.7, 128.6, 127.0, 125.2,
125.1, 122.5, 70.64, 68.93, 60.69, 59.09, 43.80, 38.25, 35.57,
35.40, 33.67, 25.46. MSm/z: (M + H)+, 258.0.7{1,3} were
prepared in an analogous fashion and taken on without
purification to8{1,3}.

Representative Preparation of 8{X}. Preparation of
N-Benzoyl-1-oxa-9-aza-spiro[5.5]undec-3,4-epoxide (8{2},
X ) CO, R) Ph). A flask was charged with 4.11 g of7 (R
) Ph) and 80 mL of CH2Cl2 and, by portionwise addition,
5.5 g of MCPBA (60-80% purity; 2 equiv). After the
mixture was stirred at room temperature for 24 h, the reaction
was quenched with 25 mL of 1 M Na2SO3 and diluted with
100 mL of EtOAc. The layers were separated, and the
aqueous layer was back-extracted with 100 mL of EtOAc.
The combined organic layers were washed with 3× 50 mL
of saturated NaHCO3 and with 50 mL of brine and then dried
over MgSO4. Filtration and concentration in vacuo gave 3.31
g (76%) of a sticky foam.1H NMR (CDCl3, 400 MHz): δ
7.38-7.34 (m, 5H), 4.4-4.3 (m, 1H), 4.1-3.0 (comp, 8H),
2.2-1.2 (m, 6H).13C NMR (CDCl3, 100 MHz): δ 170.4,
136.2, 129.6, 128.5, 126.8, 68.76, 56.49, 55.63, 50.87, 43.23,
37.63, 34.31, 30.60, 25.16. MSm/z: (M + H)+, 274.0.
8{1,3} were prepared in an analogous fashion and used for
10 without further purification.

General Method for the Preparation of Amino Alcohols
10{X,X}. To an ethanolic solution of8{1-3} (∼30 mg, 0.1
mmol, 1 mL of EtOH) was added 10-25 equiv of volatile
amine9{1-4}. The reaction mixture was heated to 80°C
for 15-20 h. The solutions were cooled to room temperature
and were concentrated in parallel using a centrifugal
evaporator to provide∼20-30 mg of the desired amino
alcohols (>73% yield, purity (LC)> 74%).

Preparation of 1-Oxa-spiro[5.5]undec-3,4-epoxide.A
flask was charged with 3.12 g (0.02 mol) of 1-oxa-spiro-
[5.5]undec-3-ene,10c 8.46 g (0.049 mol) of MCPBA, and 200
mL (∼0.1 M) of CH2Cl2. After the mixture was stirred
overnight at room temperature, the reaction mixture was
worked up with ether and 1 M Na2SO3 and then dried over
MgSO4. Filtration and concentration of the organic extracts
gave 2.9 g (86%) of a volatile, colorless liquid. Purification
by column chromatography using 10% ethyl acetate/hexanes
as eluant gave 1.35 g of the desired epoxide.1H NMR
(CDCl3, 400 MHz): δ 4.00-3.87 (m, 2H), 3.28-3.25 (m,
1H), 3.10-3.08 (m, 1H), 1.84-1.17 (m, 14H).13C NMR
(CDCl3, 100 MHz): δ 69.14, 58.40, 49.34, 48.96, 37.95,
34.56, 33.04, 25.81, 21.85, 21.63.

Preparation of Amino Alcohols 16a and 16b. Ap-
proximately 0.09 g of epoxide8{2} was dissolved in 3 mL
of 40% CH3NH2 (aqueous solution), and another 0.09 g was
dissolved in 3 mL of EtOH and treated with 300µL of
pyrrolidine (∼10 equiv, 0.1 M). Both reactions were heated
to 80 °C for ∼20 h and concentrated in vacuo. No further
purification was performed. The crude yield of amino
alcohols16a and16b was 71% and 91%, respectively. For
16a. 1H NMR (CH3OD, 400 MHz), mixture of isomers,
integration relative toδ 7.4-7.3 (m), which was set to 5H:
δ 7.4-7.3 (m, 5H), 4.30-4.27 (br m, 1H), 3.93-3.90 (m,
0.8H), 3.8-1.2 (comp, 18H).13C NMR (CH3OD, 100 MHz),
mixture of isomers:δ 171.2, 135.9, 129.8, 128.5, 126.6,
72.08, 71.44, 67.06, 62.88, 61.53, 43.36, 37.70, 32.94. MS
m/z: (M + H)+, 305.1. For16b. 1H NMR (CH3OD, 400
MHz), mixture of isomers, integration relative toδ 7.32-
7.23 (m), which was set to 5H:δ 7.32-7.23 (m, 5H), 4.27-
4.24 (br m, 1H), 3.8-1.3 (comp, 22H).13C NMR (CH3OD,
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100 MHz), mixture of isomers:δ 171.2, 135.9, 129.8, 128.5,
126.6, 71.55, 71.34, 66.36, 65.76, 60.49, 51.61, 43.74, 43.47,
43.31, 38.05, 37.78, 22.82. MSm/z: (M + H)+, 345.2.

Amino alcohols18aand18bwere prepared in quantitative
yield and, in an analogous fashion, from epoxide17. For
18a, mixture of isomers.1H NMR (CDCl3, 400 MHz): δ
3.88-3.84 (m, 1H), 3.68-3.53 (m, 2.3H), 3.36-3.27 (m,
1H), 3.17 (tr, 1H,J ) 11 Hz), 2.61-2.58 (m, 0.33H), 2.38-
2.31 (m, 5.66H), 1.94-1.82 (m, 3H), 1.60-1.22 (m, 16H),
1.07 (tr, 0.33H,J ) 12 Hz). Integration relative to integral
of 3.88-3.84 multiplet, which is arbitrarily set to 1H.13C
NMR (CDCl3, 100 MHz): δ 76.97, 74.29, 73.61, 70.09,
67.99, 64.37, 63.71, 62.31, 62.31, 62.31, 58.64, 43.75, 39.86,
39.80, 39.12, 34.08, 32.55, 30.77, 30.31, 26.16, 22.05, 22.00,
21.64, 21.61. MSm/z: (M + H)+, 200.1; (M+ H + CH3-
CN)+, 241.1. For18b, mixture of isomers.1H NMR (CDCl3,
400 MHz): δ 3.8-3.7 (m, 1H), 3.50-3.44 (m, 0.44H),
3.31-3.28 (m, 0.11H), 2.7-2.5 (m, 1.88H), 1.99-1.2 (m,
6.66H). Integration relative to integral ofδ 3.8-3.7 multiplet,
which is arbitrarily set to 1H.13C NMR (CDCl3, 100 MHz):
δ 73.96, 73.87, 68.59, 66.01, 64.54, 64.08, 59.25, 57.50,
48.83, 47.82, 43.50, 40.00, 39.97, 32.14, 30.89, 30.39, 26.26,
26.19, 23.90, 23.72, 22.10, 22.05. MSm/z: (M + H)+, 240.1.

Structural assignments were made on the basis of extensive
13C distortionless enhancement by polarization transfer
(DEPT), 1H-3C heteronuclear single quantum coherence
(HSQC) or heteronuclear multiple-quantum coherenc (HMQC),
and 1H-1H correlation spectroscopy (COSY) data, which
were consistent with the structures as depicted.
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http://pubs.acs.org.

References and Notes
(1) Inquiries regarding the structure determination of16a and

16b should be directed to D.O.O. current address for P.D.:
Department of Chemistry, Imperial College of Science,
Technology and Medicine, London, England.

(2) (a) Dolle, R. E.; Nelson, K. H., Jr. Comprehensive Survey
of Combinatorial Library Synthesis: 1998.J. Comb. Chem.
1999, 1, 235-282. (b) Dolle, R. E. Comprehensive Survey
of Chemical Libraries Yielding Enzyme Inhibitors, Receptor
Agonists and Antagonists, and Other Biologically Active
Agents: 1992 Through 1997.Mol. DiVersity1998, 3, 199-
233.

(3) (a) Williard, X.; Pop, I.; Bourel, L.; Horvath, D.; Baudelle,
R.; Melnyk, P.; Deprez, B.; Tartar, A. Combinatorial
Chemistry: A Rational Approach to Chemical Diversity.Eur.
J. Med. Chem.1996, 31, 87-98. (b) Gordon, E. M.; Gallop,
M. A.; Patel, D. V. Strategy and Tactics in Combinatorial
Organic Synthesis. Applications to Drug Discovery.Acc.
Chem. Res.1996, 29, 144-54. (c) Bailey, N.; Cooper, A.
W. J.; Deal, M. J.; Dean, A. W.; Gore, A. L.; Hawes, M.
C.; Judd, D. B.; Merritt, A. T.; Storer, R.; Travers, S.;
Watson, S. P. Solution-Phase Combinatorial Chemistry in
Lead Discovery.Chimia 1997, 51, 832-837.

(4) The term “DEM” is roughly synonymous with the term
“functional group”. It is coined here because it is more fitting,
in a retrocombinatorial sense, to recognize that groups can
be considered to be more or less diversity-enabling. For
example, although both are functional groups, an aromatic
moiety does not carry with it as much diversity potential as
does a carbonyl group.

(5) Li, J.; Murray, C. W.; Waszkowycz, B.; Young, S. C.
Targeted Molecular Diversity in Drug Discovery: Integration
of Structure-Based Design and Combinatorial Chemistry.
Drug DiscoVery Today1998, 3, 105-112.

(6) Several other combinatorial papers document the preparation
of â-amino alcohols by the addition of amines to epoxides,
hinting at the importance of these compounds in drug
discovery. Solution-phase preparations include the follow-
ing: (a) Hori, M.; Janda, K. D. A Soluble Polymer Approach
to the “Fishing Out” Principle: Synthesis and Purification
of â-Amino Alcohols.J. Org. Chem.1998, 63, 889-894.
(b) Shuker, A. J.; Siegel, M. G.; Matthews, D. P.; Weigel,
L. O. The Application of High-Throughput Synthesis and
Purification to the Preparation of Ethanolamines.Tetrahedron
Lett. 1997, 38, 6149-6152. (c) Chng, B. L.; Ganesan, A.
Solution-Phase Synthesis of aâ-Amino Alcohol Combina-
torial Library. Bioorg. Med. Chem. Lett.1997, 7, 1511-
1514. (d) Maltais, R.; Poirier, D. A Solution-Phase Combi-
natorial Parallel Synthesis of 3â-Amido-3R-hydroxy-5R-
androstane-17-ones.Tetrahedron Lett.1998, 39, 4151-4154.
(e) Bolli, M. H.; Ley, S. V. Development of a Polymer
Bound Wittig Reaction and Use in Multi-step Organic
Synthesis for the Overall Conversion of Alcohols toâ-Hy-
droxyamines.J. Chem. Soc., Perkin Trans. 11998, 2243-
2246. (f) Organ, M. G.; Kaldor, S. W.; Dixon, C. E.; Parks,
D. J.; Singhfi, U.; Lavorato, D. J.; Isbestera, P. K.; Siegel,
M. G. The Synthesis of Ethanolamine Libraries from Olefin
Scaffolds.Tetrahedron Lett.2000, 41, 8407-8411. For the
solid-phase, see the following: (g) Rosse, B.; Ouertani, F.;
Schroder, H. Efficient Solid-Phase Synthesis ofâ-Amino-
substituted Piperidinols.J. Comb. Chem.1999, 1, 397-401.
(h) Le Hetet, C.; David, M.; Carreaux, F.; Carboni, B.;
Sauleau, A. Synthesis of Functionalizedγ- andδ-Lactones
via Polymer-Bound Epoxides.Tetrahedron Lett.1997, 38,
5153-5156. (i) Rotella, D. P. Solid Phase Synthesis of Olefin
and Hydroxyethylene Peptidomimetics.J. Am. Chem. Soc.
1996, 118, 12246-12247. For the reaction of an amino-
functionalized polymer with an epoxide to generate a resin-
linked amino alcohol, see the following: (j) Gauzy, L.; Le
Merrer, Y.; Depezay, J.-C.; Clerc, F.; Mignani, S. Synthesis
of Azepane Scaffolds on Solid Support for Combinatorial
Chemistry.Tetrahedron Lett.1999, 40, 6005-6008.

(7) (a) Fürstner, A. Ruthenium-Catalyzed Metathesis Reactions
in Organic Synthesis.Top. Organomet. Chem.1998, 1, 37-
72. (b) Schuster, M.; Blechert, S. Application of Olefin
Metathesis.Transition Met. Org. Synth.1998, 1, 275-284.
(c) Randall, M. L.; Snapper, M. L. Selective Olefin
MetathesessNew Tools for the Organic Chemist: A Review.
J. Mol. Catal. A: Chem.1998, 133, 29-40. (d) Ivin, K. J.
Some Recent Applications of Olefin Metathesis in Organic
Synthesis: A Review.J. Mol. Catal. A: Chem.1998, 133,
1-16. (e) Grubbs, R. H.; Chang, S. Recent Advances in
Olefin Metathesis and its Application in Organic Synthesis.
Tetrahedron1998, 54, 4413-4450. (f) Phillips, A. J.; Abell,
A. D. Ring-Closing Metathesis of Nitrogen-Containing
Compounds: Applications to Heterocycles, Alkaloids, and
Peptidomimetics.Aldrichim. Acta1999, 32, 75-89.

(8) Sannigrahi, M. Stereocontrolled Synthesis of Spirocyclics.
Tetrahedron1999, 55, 9007-9071.

(9) A similar strategy involving RCM followed by epoxidation
has recently been reported. (a) Pernerstorfer, J.; Schuster,
M.; Blechert, S. A Solid-Phase Synthesis of Functionalized
6-, 7-, and 8-membered Azacycles via Olefin Metathesis.

Templates for Exploratory Library Preparation Journal of Combinatorial Chemistry, 2002, Vol. 4, No. 2129



Synthesis1999, 138-144. (b) Schmidt, B. Base-Induced
Rearrangement of Dihydropyran Oxides: A Novel Synthesis
of Cyclic Enol Ethers with a Hydroxy-Function in the Allylic
Position.Tetrahedron Lett.1999, 40, 4319-4320.

(10) While this work was in progress, several examples of the
preparation of spirocyclic ethers using RCM methodology
have been reported. (a) Holt, D. J.; Barker, W. D.; Jenkins,
P. R.; Panda, J.; Ghosh, S. Stereoselective Preparation of
Enantiomerically Pure Annulated Carbohydrates Using Ring-
Closing Metathesis.J. Org. Chem.2000, 65, 482-493. (b)
Holt, D. J.; Barker, W. D.; Jenkins, P. R.; Davies, D. L.;
Garratt, S.; Fawcett, J.; Russell, D. R.; Ghosh, S. Ring-
Closing Methathesis in Carbohydrate Annulation.Angew.
Chem., Int. Ed.1998, 37, 3298-330. (c) Maier, M. E.; Bugl,
M. Synthesis of Spiro Ethers by Ring Closing Metathesis.
Synlett1998, 1390-1392. (d) van Hooft, P. A. V.; Leeu-
wenburgh, M. A.; Overkleeft, H. S.; van der Marel, G. A.;
van Boeckel, C. A. A.; van Boom, J. H. A Novel and Flexible
Synthesis of Pyranose Spiroacetal Derivatives.Tetrahedron
Lett. 1998, 39, 6061-6064. An RCM process that features
the addition of allylmagnesium bromide to imines was
recently reported. Wright, D. L.; Schulte, J. P.; Page, M. A.
An Imine Addition/Ring-Closing Metathesis Approach to the
Spirocyclic Core of Halichlorine and Pinnaic Acid.Org. Lett.
2000, 2, 1847-1850. None of these studies report the use
of N-substituted ketones nor have any of these studies utilized
the alkene formed in the process specifically in further
parallel reactions.

(11) Reference 6e reports the use of 25-100 equiv of volatile
amines to effect epoxide opening.

(12) Compounds10, 16, and 18 were obtained as racemic
mixtures. A single enantiomer of the major regioisomer is
drawn.

(13) Chini, M.; Crotti, P.; Gardelli, C.; Macchia, F. Regiochemical
Control of the Ring Opening of 1,2-Epoxides by Means of
Chelating Processes. 6. Opening Reactions of 3,4-Epoxytet-
rahydropyran.Tetrahedron1994, 50, 1261-1274.

(14) Chini, M.; Crotti, P.; Gardelli, C.; Macchia, F. Regiochemical
Control of the Ring Opening of 1,2-Epoxides by Means of
Chelating Processes. 7. Synthesis and Ring-Opening Reac-
tions of cis- and trans-Oxides Derived from 2-(Benzyloxy)-
3,6-dihydro-2H-pyran.J. Org. Chem.1994, 59, 4131-4137.

(15) Assigned by13C, 1H, 13C-ATP, gCOSY, and gHMQC
spectroscopies; see Supporting Information.

(16) Mikhailov, S. N.; Blaton, N.; Rozenski, J.; Balzarini, J.; De
Clercq, E.; Herdewijn, P. Use of Cyclohexene Epoxides in
the Preparation of Carbocyclic Nucleosides.Nucleosides
Nucleotides1996, 15, 867-878.

(17) (a) Eliel, E. L.; Wilen, S. H.; Mander, L. N. InStereochem-
istry of Organic Compounds; John Wiley & Sons: New
York, 1994. (b) Bordwell, F. G.; Frame, R. R.; Strong, J. G.
Diaxial Ring Opening of 1,2-Oxidocyclohexanes.J. Org.
Chem.1968, 33, 3385-3388.

CC0100215

130 Journal of Combinatorial Chemistry, 2002, Vol. 4, No. 2 Walters et al.


