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The structure-based design and subsequent chemical synthesis of novel, urea-containing
FKBP12 inhibitors are described. These compounds are shown to disrupt the cis-trans
peptidylprolyl isomerase activity of FKBP12 with inhibition constants (Ki,app) approaching 0.10
µM. Analyses of several X-ray crystal structures of FKBP12-urea complexes demonstrate
that the urea-containing inhibitors associate with FKBP12 in a manner that is similar to, but
significantly different from, that observed for the natural product FK506.

Introduction

FK506 (tacrolimus, Figure 1) is a potent immunosup-
pressive natural product whose mechanism of action has
recently been elucidated at the cellular level.1,2 FK506
strongly associates with the immunophilin FKBP12
(FK506-binding protein), a member of a ubiquitous
family of proteins which catalyze the cis-trans isomer-
ization of peptidyl proline amide bonds.3,4 FK506
potently inhibits FKBP12 isomerase activity, presum-
ably by binding as a transition state analog, and it was
initially speculated that such isomerase inhibition was
responsible for the immunosuppressive properties which
the molecule displays.5 This theory was supported by
the earlier finding that the structurally unrelated
immunosuppressant cyclosporin A (CsA) inhibits the
function of a different cellular target, cyclophilin (cy-
closporin-binding protein, CyP), which also possesses
isomerase activity.6,7 However, rapamycin, another
highly immunosuppressive natural product, also po-
tently inhibits FKBP12 isomerase activity but antago-
nizes FK506-related immunosuppressive effects.8,9 Ad-
ditional experiments have established that the complex
formed by FK506 and FKBP12 inhibits the function of
a second cellular target, the calcium-dependent, calm-
odulin-activated protein phosphatase calcineurin (CN,
PP2B).10,11 This inhibition, in turn, is believed to
prevent nuclear translocation of the NF-AT (nuclear
factor of activated T-cells) cytosolic component thereby
blocking Ca2+-dependent IL-2 gene transcription neces-
sary for T-cell activation.12

It has been implied from the above experimental data
that FK506 can be divided into two distinct regions: one
which associates with FKBP12 and one which contacts
calcineurin upon formation of the FKBP12-FK506
complex.13 The former region, the binding domain,
contains the pipecolinic acid R-ketoamide functional
group and extends from the pyranose fragment on one
side of the molecule to the cyclohexyl group on the other.
The latter domain, the effector region, includes portions
of the remainder of the molecule. Such assignments are
supported by NMR solution structures14 and X-ray
crystal structures15 of FK506 complexed with FKBP12
and were recently confirmed by the determination of the
X-ray crystal structures of the calcineurin-FKBP12-
FK506 ternary complex.16 An important conclusion of

the dual-domain hypothesis is that only molecules which
incorporate both functional domains would be expected
to exhibit immunosuppressive effects similar to those
induced by FK506. Indeed, the synthetic molecule
506BD, which contains the FKBP12-binding domain of
FK506 but lacks an appropriate effector region, potently
inhibits FKBP12 isomerase activity but displays no
immunosuppressive properties.13,17 In addition, selectedX Abstract published in Advance ACS Abstracts, March 1, 1996.

Figure 1. Natural product immunosuppressants.
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alterations to either the effector region of FK506 or
certain FKBP12 residues which surround the FK506-
binding pocket can diminish the immunosuppressive
properties of the corresponding FKBP12-FK506 com-
plexes (presumably by disrupting their association with
calcineurin) without significantly affecting FKBP12-
FK506 interactions.18,19 Such results, coupled with the
X-ray analysis of the calcineurin-FKBP12-FK506
ternary complex,16 indicate that elements of both FK506
and FKBP12 contribute to a composite surface which
is recognized by calcineurin and underscore the need
for FK506-like immunosuppressants to associate with
FKBP12 in a manner that does not preclude the
formation of such a surface.

Inhibitor Design and Structure-Activity
Studies

As part of a program to develop novel immunosup-
pressants that function in a manner similar to that of
FK506, we sought to design simple FKBP12-binding
moieties to which potential effector regions could be
attached. The apparent inhibition constant of FKBP12
isomerase activity (Ki,app) exhibited by a molecule bind-
ing at the FKBP12 active site is known to correlate well
with measured dissociation constants (Kd).20a,b This
inhibition constant can be accurately determined by
known assay techniques and was therefore chosen for
use in this study as an indicator of FKBP12-ligand
association strength (full details of the biochemical
assay methods are presented in the Experimental
Section).
Small synthetic molecules which incorporate a (S)-

pipecolyl-derived R-ketoamide moiety are known to be
potent inhibitors of FKBP12 isomerase activity (Ki,app
) 1-100 nM).20 However, in an effort to obtain immu-
nosuppressive compounds with pharmacological profiles
that differed from FK506, the development of FKBP12
inhibitors which did not contain the R-ketoamide func-
tional group was considered. Molecules belonging to
this category are typically not potent FKBP12 inhibi-
tors,21 although several groups have reported sub-
micromolar FKBP12 isomerase inhibition by pipecolyl-
derived sulfonamides.22 In addition, it was reasoned
that an ideal binding moiety would depart the FKBP12
active site in a manner similar to that observed for
FK506 in order to facilitate the future design of effector
regions which spatially resemble the natural product.
The above considerations led to the general design of

an inhibitor in which the R-ketoamide functional group
typically found in potent FKBP12-binding molecules
was replaced by a urea moiety (Table 1). Such a
molecule would forfeit the beneficial interactions made
by the R-ketoamide ketone carbonyl with the ε-hydro-
gens of three aromatic FKBP12 residues on the floor of
the binding cavity (Tyr-26, Phe-36, and Phe-99) but was
anticipated to form a hydrogen bond between the urea
NH and the carboxylate of Asp-37 analogous to that
made by the hemiketal hydroxyl group of FK506.14,15
Analysis of computer-generated models suggested that,
due to the planar geometry of the urea functional group,
inclusion of a methylene unit adjacent to the urea NH
would allow appended moieties (R1) to better contact the
FKBP12 residues which interact with the FK506 pyra-
nose ring (Phe-36, Ile-90, Ile-91, and His-87). The
development of two series of urea-containing compounds

which function as inhibitors of FKBP12 isomerase
activity is described below.
Initially, the identification of an appropriate FK506

pyranose mimetic for incorporation into an acyclic urea
derived from (S)-pipecolinic acid benzyl ester was
undertaken. Since previous studies of R-ketoamide-
containing FKBP12 inhibitors had demonstrated that
large hydrophobic groups could function as effective
pyranose mimics, the inclusion of similar moieties in
the urea series seemed appropriate.20 Accordingly, a
number of ureas were prepared by combining (S)-
pipecolinic acid benzyl ester with various primary
amines which incorporated hydrophobic moieties of
differing sizes (Table 1). Ureas containing small (1) or
flat (2) hydrophobic pyranose replacement groups dis-
played moderate FKBP12 inhibition levels in the low
micromolar range. Incorporation of the larger tert-butyl
moiety into the urea design substantially increased the
FKBP12 affinity of the resulting inhibitor (compare 2
and 3). Inclusion of an unprotected hydroxyl group in
this portion of the inhibitor (4) was detrimental to
FKBP12 affinity, presumably due to poor interactions
with the hydrophobic FKBP12 residues which contact
the pyranose mimics. Crystallographic analysis of the
FKBP12-3 complex indicated that additional protein-
ligand hydrophobic interactions could be realized by
incorporating a portion of the tert-butyl moiety into a
hydrocarbon ring. Accordingly, compounds 5 and 6
were prepared with such a modification, and both
inhibited FKBP12 more potently than compound 3. The
preparation of compounds 5 and 6 concluded the devel-
opment of pyranose mimics for use with the acyclic urea
series. However, since molecules which contained the
cyclic pyranose mimics proved more difficult to crystal-
lize with FKBP12 than their tert-butyl counterparts, the
latter fragment was utilized in many subsequent inhibi-
tor designs.

Table 1
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Having identified several suitable pyranose replace-
ments for use in the development of the urea-containing
inhibitors, variation of the ester functionality was then
examined with the dual purpose of providing increased
FKBP12 affinity and a departure point for the subse-
quent attachment of appropriate effector regions (Table
2). Incorporation of simplified versions of the FK506
cyclohexyl moiety (C29-C34) into the inhibitor design
increased the FKBP12 affinity of the resulting com-
pounds 2-5-fold as compared to their benzyl ester
counterparts. Initially, it was believed that the in-
creased FKBP12 affinity displayed by all of these
compounds was derived from additional hydrophobic
interactions between the larger ester fragments and the
region of FKBP12 which contacts the FK506 cyclohexyl
moiety. However, crystallographic analysis of the
FKBP12-8 complex revealed this assumption to be
incorrect and also suggested that the corresponding 3-(3-
methoxyphenyl)propyl ester should display similar
FKBP12 affinity. This prediction was verified experi-
mentally with the preparation and evaluation of com-
pound 9 (Table 2). Replacement of the tert-butyl
pyranose mimetics of the most active molecules with the
larger cyclohexyl moiety resulted in slightly more potent
FKBP12 inhibitors relative to the original compounds
(compare 10with 12 and 11with 13). These ureas rank
among the most potent non-R-ketoamide-containing
FKBP12 inhibitors reported to date and should function
as suitable FKBP12-binding moieties for the attachment
of appropriate effector regions.23
In addition to the acyclic ureas described above, the

development of a series of cyclic ureas as FKBP12

inhibitors was also undertaken (Table 3). Although
such compounds would forfeit the presumed hydrogen
bonding interactions of the acyclic ureas with Asp-37
of the protein, their cyclic nature would prevent cis-
trans isomer equilibration and thus potentially increase
FKBP12 affinity by rigidifying the inhibitor in a ben-
eficial conformation. Computational analysis utilizing
the FKBP12-FK506 crystal structure15 suggested that
the proposed bicyclic framework could be accommodated
in the FKBP12 active site with small movements of Asp-
37 and Tyr-82 outward from the center of the binding
pocket. Since the binding geometry of the acyclic and
cyclic ureas was expected to be similar, it was antici-
pated that structure-activity information gained from
development of the former inhibitor series could be
utilized for optimization of the latter. In the event,
several racemic cyclic ureas were prepared and dis-
played mid to low micromolar levels of FKBP12 inhibi-
tion (Table 3). However, crystallographic analysis of the
FKBP12-17 complex revealed that the binding geom-
etry of the cyclic urea was significantly different from
that observed for the related acyclic molecules described
above and suggested that independent structure-activ-
ity studies would be required for optimization of the new
compounds. Therefore, subsequent synthetic efforts
were focused on the development of the more easily
prepared acyclic urea series.

X-ray Structure Analyses

The iterative analysis of protein-ligand interactions
by X-ray crystallography is an essential element of a
structure-based inhibitor design program.24 Accord-
ingly, several crystal structures of FKBP12-inhibitor
complexes were obtained during the development of the
urea-containing compounds described above. These
structures established the binding geometries that the
urea inhibitors adopted when complexed with FKBP12,
suggested improvements for ligand design, allowed
comparison of FKBP12-urea interactions with those
reported for related R-ketoamide inhibitors (including
FK506), and identified departure points from the
FKBP12-binding pocket for subsequent effector region
attachment. An overview of the general characteristics
of the FKBP12-urea crystal structures obtained is
presented below followed by discussion of specific details
that were observed in individual FKBP12-inhibitor
complexes.
The overall FKBP12 structure observed for all new

FKBP12-inhibitor complexes was not significantly dif-

Table 2

a Same as above.

Table 3

compd no.a R1 R2 Ki,app (µM)

14 CH2Ph CH3 67
15 b CH2Ph 14
16 CH2CH2CH3 CH3 83
17 b CH2Ph 24

a Prepared in racemic form. b Same as above.
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ferent from that found in the uncomplexed protein or
the FKBP12-FK506 or FKBP12-rapamycin crystal
structures.14,15,25 Comparison of the FKBP12-inhibitor
complexes with that of FKBP12-FK506 revealed small
root-mean-square (rms) deviations between R-carbon
atom positions as well as backbone atom locations
(Table 4). Similar gross protein structure was reported
for the complexes formed between FKBP12 and several
non-macrocyclic R-ketoamide inhibitors.15d,20b

The acyclic urea inhibitors, typified by compound 3,
bound to FKBP12 in a manner that was similar to, but
significantly different from, that observed for related
R-ketoamide-containing inhibitors such as FK506. The
pipecolyl ring of each compound was positioned above
the indole side chain of Trp-59, with hydrogen bonds
observed between the pipecolyl ester carbonyl and Ile-
56-NH and between the urea carbonyl and Tyr-82-OH
(Figures 2 and 3). Comparable inhibitor locations and
hydrogen-bonding interactions have been observed in
crystal structures of related R-ketoamides complexed
with FKBP12.20b,i As anticipated, an additional (albeit
long) hydrogen bond was observed between the urea NH
and the carboxylate of Asp-37, accompanied by move-
ment of the Asp-37 side chain toward the inhibitor
(typically 0.87 Å relative to its position observed in the
FKBP12-FK506 complex). Other FKBP12 residues
which form hydrogen bonds with Asp-37 (Arg-42 and
Tyr-26) also moved slightly from their observed locations
in the FKBP12-FK506 crystal structure. In addition,
movement (∼1.1 Å) of the Phe-46 aromatic side chain
toward the inhibitor (relative to its position in the
FKBP12-FK506 structure) was also observed in many
FKBP12-urea complexes (Figure 2). This movement
probably results from the absence of inhibitor function-
ality which mimics the C19 methyl group of FK506. This

methyl group contacts the side chain of Phe-46 in the
FKBP12-FK506 complex and most likely influences its
crystallographically observed position. Importantly, the
locations at which the acyclic urea inhibitors exited the
FKBP12-binding cavity were spatially similar to those
observed for FK506 in the FKBP12-FK506 complex,
presumably simplifying the task of subsequent effector
region design.
One of the most surprising aspects of the FKBP12-

inhibitor crystal structures was the binding geometry
adopted by the pipecolyl fragment of the urea ligands
(Figure 3). This geometry was significantly different
from that observed for related pipecolyl-derived R-ke-
toamides (such as FK506) and resulted in a departure
of the urea functional group from the plane defined by
the FK506 amide moiety. Due to the planar nature of
the urea, the locations of attached pyranose mimetics
were also altered slightly from the position of the FK506
pyranose moiety. In addition, the three aromatic
FKBP12 residues on the floor of the active site whose
ε-hydrogens interact with the FK506 ketone carbonyl
moiety (Tyr-26, Phe-36, and Phe-99) did not move
appreciably from their locations in the FKBP12-FK506
complex. Thus, a significant gap between protein and
ligand was observed directly below the urea NH in all
the FKBP12-inhibitor complexes examined (Figure 3).
The presence of this, presumably unfavorable, gap in
the FKBP12-urea complexes may be primarily respon-
sible for the somewhat weaker FKBP12 affinity exhib-
ited by a typical acyclic urea inhibitor relative to similar
R-ketoamide-containing compounds.20

In spite of the altered binding geometry described
above, good hydrophobic interactions were observed
between the tert-butyl group of compound 3 and the
FKBP12 residues which interact with the FK506 pyra-
nose moiety (Phe-36, Ile-90, Ile-91, and His-87; Figures
2 and 3). Importantly, the positions of these residues
in the FKBP12-3 complex were virtually unchanged
from their locations in the FKBP12-FK506 crystal
structure (Figure 2). Since crystallographic analysis of
the calcineurin-FKBP12-FK506 ternary complex has
established that this region of FKBP12 forms part of
the composite surface which interacts with calcineurin,
the ability of the urea inhibitors to associate with
FKBP12 without perturbing these residues was note-

Table 4. Root-Mean-Square Differences between Atom
Positions of FKBP12-FK506 and FKBP12-Ligand Complexes

compd no. R-carbons backbone atoms

3 0.39 0.40
4 0.38 0.38
7 0.40 0.40
8 0.50 0.48
9 0.53 0.53
17 0.38 0.39

Figure 2. Crystal structure of the FKBP12-3 complex.
Hydrogen bonds are indicated as white dashed lines. A portion
of the water-accessible surface of the protein is shown as pink
dots. Selected side chains of FKBP12 residues from the
FKBP12-FK506 crystal structure are superimposed and
shown in yellow.

Figure 3. Crystal structure of the FKBP12-3 complex
(alternate view). A portion of the water-accessible surface of
the protein is shown as pink dots. FK506 (hydrogen atoms
omitted) from the FKBP12-FK506 crystal structure is super-
imposed and shown in yellow.
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worthy.16,26 In addition, the benzyl ester fragment of 3
made favorable inter- and intramolecular hydrophobic
contacts with Phe-46 and the tert-butyl portion of the
molecule, respectively. Analysis of the FKBP12-3
complex also identified possible locations for additional
FKBP12-ligand hydrophobic interactions in the pyra-
nose-binding region as described in the structure-
activity section above.
Crystallographic comparison of the FKBP12-4 and

FKBP12-3 complexes indicated that 4 bound to FKBP12
in a manner almost identical with that of 3 with the
hydroxyl group oriented away from the pyranose-
binding pocket toward solvent (data not shown). The
reduced FKBP12 affinity of compound 4 relative to 3
presumably arises from unfavorable interactions be-
tween the polar hydroxyl group and the hydrophobic
FKBP12 residues which contact both the FK506 pyra-
nose group and the tert-butyl moiety of 3. Interestingly,
the electron density observed for the pyranose mimetic
region of compound 4 was well-defined, in contrast to
that noted for the corresponding portions of all other
urea inhibitors when complexed with FKBP12. This
increased definition presumably results from reduced
conformational mobility imparted by the hydroxyl group
of 4 and suggests that the pyranose mimics of other
urea-containing FKBP12 ligands may adopt multiple
binding geometries.
As was previously observed for a related R-ketoamide-

containing FKBP12 inhibitor, the phenethyl fragment
of compound 7 interacted with FKBP12 in a region near
where the cyclohexyl moiety of FK506 (C29-C34) was
located in the FKBP12-FK506 crystal structure (cy-
clohexyl-binding region; Figure 4).20b The phenyl ring
of 7 was rotated 90° relative to the plane defined by the
cyclohexyl ring of FK506, presumably to maximize
beneficial hydrophobic interactions with FKBP12. As
was noted for compound 3 above, the benzylic ester
fragment of 7made beneficial inter- and intramolecular
hydrophobic interactions with Phe-46 of FKBP12 and
the tert-butyl pyranose mimic, respectively.
In contrast, the crystal structure of the FKBP12-8

complex revealed that the trimethoxyphenyl fragment
of 8 contacted the protein in a region occupied crystal-
lographically by a portion of the FK506 effector domain
rather than the cyclohexyl moiety as anticipated from

the structure of 7 (Figure 4). Thus, a single (meta) aryl
methoxy group interacted with FKBP12 at a site near
to the location of the FK506 C19 methyl group in the
FKBP12-FK506 crystal structure. Good hydrophobic
interactions were observed between this methoxy group
(and the aryl ring itself) and Phe-46, the side chain of
which was positioned as observed in the FKBP12-
FK506 crystal structure. The remaining aryl methoxy
groups of 8 did not appear to significantly contact
FKBP12, and their removal from the inhibitor design
was therefore predicted to have a negligible effect on
the resulting FKBP12-ligand interactions. This pre-
diction was verified by the preparation and analysis of
compound 9 which was crystallographically observed to
associate with FKBP12 in a manner similar to that
described for compound 8 (data not shown). The
observed binding of 8 and 9 is believed to arise from a
prearrangement of the compounds in aqueous solution
in which intramolecular hydrophobic interactions be-
tween the ester appendage and the pyranose mimetics
are maximized.27 Compound 7 may be similarly prear-
ranged, but in this case the benzylic ester portion of the
molecule contacts the tert-butyl pyranose mimic, allow-
ing the phenethyl fragment to occupy the cyclohexyl-
binding region of FKBP12. Similar factors may also
influence the FKBP12 association of other inhibitors
which contain branched pipecolyl esters derived from
secondary alcohols.20
In addition to the FKBP12-acyclic urea complexes

examined above, the crystal structure of the cyclic urea
inhibitor 17 complexed with FKBP12 was also deter-
mined. The pipecolyl-derived portion of the 6,6-bicyclic
structure was located above the indole ring of Trp-59,
analogous to the positioning of the acyclic urea inhibi-
tors examined above (Figure 5). The anticipated move-
ment of Asp-37 away from the ligand was also observed
(0.37 Å relative to its position in the FKBP12-FK506
crystal structure), presumably to accommodate the
larger bicyclic structure in the FKBP12 active site. The
FKBP12 residues which form hydrogen bonds to Asp-
37 (Arg-42 and Tyr-26) were also slightly displaced away
from the binding cavity but without significant pertur-
bation of the general protein structure. As was noted
for the acyclic ureas above, the binding geometry of the
bicyclic inhibitor was significantly different from that

Figure 4. Crystal structure of the FKBP12-8 complex. The
ligand 7 is superimposed and shown in gray. Hydrogen atoms
have been omitted from both compounds 7 and 8 for clarity. A
portion of the water-accessible FKBP12 surface is shown as
pink dots. The side chain of Phe-46 from the FKBP12-FK506
crystal structure is superimposed and shown in yellow.

Figure 5. Crystal structure of the FKBP12-17 complex.
Hydrogen bonds are indicated as white dashed lines. A portion
of the water-accessible surface of the protein is shown as pink
dots. Selected side chains of FKBP12 residues from the
FKBP12-FK506 crystal structure are superimposed and
shown in yellow.
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observed for related pipecolyl-derived R-ketoamides.
This geometry difference was even more pronounced in
the structure of 17 and caused a portion of the bicyclic
structure to protrude above the FKBP12-binding pocket
(Figure 5). Not unexpectedly, such binding geometry
resulted in a gap between FKBP12 and the inhibitor
which was larger than that detected previously for the
related acyclic ureas. However, favorable hydrophobic
interactions were maintained between the propyl side
chain of 17 and the FKBP12 pyranose-binding residues
(Phe-36, Ile-90, Ile-91, and His-87) with minimal per-
turbation of these residues from their observed positions
in the FKBP12-FK506 crystal structure. As was noted
for other benzyl pipecolyl-containing inhibitors, favor-
able inter- and intramolecular hydrophobic interactions
were made by the benzyl ester of 17 with Phe-46 of
FKBP12 and the propyl chain of the ligand, respectively.

Synthesis

The simple benzyl pipecolyl-derived FKBP12 inhibi-
tors were conveniently synthesized by modification of
a literature procedure for the preparation of unsym-
metrical ureas (Scheme 1).28 Thus, appropriate primary
amines were first transformed into the corresponding
isocyanates by addition, with an equimolar amount of
triethylamine, to a solution of triphosgene in dichlo-
romethane at 23 °C followed by a short (∼1 h) reflux
period. These intermediates were not isolated but
treated directly with (S)-pipecolinic acid benzyl ester20a
and an additional 1 equiv of triethylamine to provide
the desired ureas in high yield (70-95%) following
workup and flash column chromatography. In contrast
to the related literature procedure, slow (e.g., syringe
pump) addition of the primary amine substrates was
not required in order to obtain good yields of the ureas.
For the preparation of compound 4, the hydroxyl group
of 3-amino-2,2-dimethyl-1-propanol was converted to the
corresponding tert-butyldimethylsilyl ether prior to urea
formation. The silyl group was subsequently removed
in good yield by exposure of the protected urea to
triethylamine trihydrofluoride. The primary amines
required for the syntheses of compounds 5 and 6 were
prepared by literature methods.29

Attempted deprotection of the benzyl pipecolyl-
derived ureas by a variety of methods (e.g., hydrogena-

tion, basic hydrolysis) invariably resulted in the forma-
tion of the corresponding hydantoins (eq 1). Thus,

inhibitors containing ester groups other than benzyl
were prepared by carbodiimide-mediated esterification
of (S)-N-Boc-pipecolinic acid30 followed by removal of the
nitrogen-protecting group and use of the resulting amine
in the unsymmetrical urea synthesis described above
(Scheme 1). The alcohol required for the preparation
of compound 7 was synthesized by the reported litera-
ture method,20b while those utilized in the syntheses of
8 and 9 were prepared by borane-mediated reduction
of the corresponding carboxylic acids.31 Interestingly,
all the acyclic ureas examined in the course of this work
(compounds 1-13) displayed only one significant isomer
in their 1H NMR spectra (CDCl3, 23 °C). The origin of
this apparent conformational bias is unknown as is the
distribution of acyclic urea isomers in solvents other
than chloroform (e.g., water).32
The 6,6-bicyclic molecules utilized in this study were

somewhat more difficult to prepare than the acyclic
ureas described above. It was envisioned that cycliza-
tion of an appropriately positioned olefin onto a tran-
sient N-acyliminium ion intermediate with subsequent
trapping of the resulting carbocation would allow for
construction of the desired 6,6-bicyclic framework
(Scheme 2).33,34 Examination of molecular models sug-
gested that the cyclization which produced the undes-
ired bicyclic structure (pathway B) would be severely
disfavored by steric clashes between the ester and urea
carbonyl groups relative to that which afforded the
desired bicyclic framework (pathway A).33a Subsequent
functional group manipulation of the cyclization prod-
uct(s) would then provide the target molecules. The
preparation of ureas 14 and 15 in racemic form is
described below.
Treatment of 3-bromopropionaldehyde dimethyl ac-

etal with equimolar amounts of sodium hydride and
benzylamine in N,N-dimethylformamide at 80 °C for 5
h afforded the monoalkylation product 23 in moderate
yield following workup and flash column chromatogra-
phy (Scheme 3). This compound was efficiently coupled
with racemic allylglycine methyl ester (24) utilizing the
previously described method for unsymmetrical urea
preparation to afford urea 25 after purification on
neutral silica gel. Exposure of 25 to a 1:1 mixture of

Scheme 1a

a Reagents and conditions (R1, R2 ) see Tables 1 and 2; Bn )
benzyl): (a) 1.0 equiv of OdCdNCH2R1, 1.0 equiv of Et3N, CH2Cl2,
23 °C, 1 h, 75-90%; (b) 1.0 equiv of R2OH, 2.0 equiv of DCC, 0.3
equiv of CSA, 0.3 equiv of DMAP, CH2Cl2, 23 °C, 4-12 h, 80-
90%; (c) 4.0 M HCl in 1,4-dioxane, 23 °C, 1 h.

Scheme 2. Possible Cyclization Outcomes of Proposed
N-Acyliminium Ion Intermediates in the Preparation of
14-17
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trifluoroacetic acid and dichloromethane at ambient
temperature for 2 h provided the 6,6-bicyclic compound
26 in 71% yield following a basic quench and flash
column chromatography. Prolonged reaction times
significantly reduced the yield of the cyclic urea, and
small amounts of additional uncharacterized products
were formed during the cyclization reaction.35 The
relative stereochemistry of 26 was established by an
X-ray crystal structure determination which confirmed
that the desired 6,6-bicyclic ring system had been
formed. In addition, the crystal structure indicated that
trapping of the intermediate carbocation occurred from
the same face as the ester moiety (cf. Scheme 2). It is
uncertain whether the observed alcohol stereochemistry
resulted from a directed intermolecular trapping event
or by an intramolecular cyclization involving the ester
group with subsequent methanolysis of the intermediate
lactone.
Attempts to deoxygenate 26 proved troublesome,

presumably due to steric effects resulting from the cis-
1,3-relationship of the alcohol and ester groups. The
desired transformation was eventually accomplished by
reducing the corresponding thionoformate 27 with tris-
(trimethylsilyl)silane/AIBN to afford methyl ester 14 in
moderate yield.36,37 Basic hydrolysis of 14 and esteri-
fication of the resulting carboxylic acid with benzyl
alcohol afforded benzyl ester 15 in good yield. The
preparation of the 6,6-bicyclic-N-propyl compounds 16
and 17was analogous to that described for theN-benzyl
ureas above and proceeded through intermediates 28-
31 (see the Experimental Section). The stereochemistry
of the corresponding N-acyliminium ion cyclization
product 30 was assigned by analogy to the N-benzyl
series described above, and successful preparation of the

desired 6,6-bicyclic ring system was confirmed by analy-
sis of the FKBP12-17 crystal structure (see above).

Conclusions

The ability of the urea functional group to replace the
R-ketoamide moiety present in potent FKBP12-binding
molecules was demonstrated by the synthesis and
biological evaluation of several acyclic and cyclic urea-
containing compounds. Such molecules disrupted
FKBP12 isomerase activity with apparent inhibition
constants (Ki,app) approaching 0.10 µM. X-ray crystal-
lographic analysis of several ureas complexed with
FKBP12 established that the compounds associated
with the protein in a manner similar to, but significantly
different from, that observed for related R-ketoamide-
containing FKBP12 inhibitors (including the natural
product FK506). The crystal structures also provided
insight for the possible extension of the simple FKBP12-
binding domains to include additional functionality
necessary to impart immunosuppressive properties to
this class of compounds.

Experimental Section

General. All reactions were performed in septum-sealed
flasks under a slight positive pressure of argon unless other-
wise noted. All commercial reagents and solvents were used
as received from their respective suppliers with the following
exceptions. Tetrahydrofuran (THF) was distilled from sodium
benzophenone ketyl prior to use. Dichloromethane (CH2Cl2)
was distilled from calcium hydride prior to use. 2,2,2-Trif-
luoroethanol was distilled from sodium prior to use. The
succinyl-Ala-Leu-Pro-Phe-p-nitroanilide peptide used in en-
zyme assays was purchased from Bachem. Flash column
chromatography38 was performed using silica gel 60 (Merck
art. 9385). 1H NMR spectra were recorded at 300 MHz
utilizing either a Varian UNITYplus 300 or a General Electric
QE-300 spectrometer. Chemical shifts are reported in ppm
(δ) downfield relative to internal tetramethylsilane, and
coupling constants are given in Hertz. Infrared absorption
spectra were recorded using a Perkin-Elmer 1600 series FTIR
spectrometer. Continuous spectrophotometric enzyme assays
were performed using either a Beckman DU-12 or a Perkin-
Elmer Lambda 2 spectrophotometer. Elemental analyses were
performed by Atlantic Microlab, Inc., Norcross, GA. Melting
points are uncorrected.
Protein-Ligand Crystal Structure Determination.

Wild-type human FKBP12 and an FKBP12 mutant (R13Q,
K17Q, K92Q) designed to facilitate crystallization were ex-
pressed in Escherichia coli and purified according to standard
procedures39 with the following modifications: Cells were
disrupted by microfluidization (Microfluidics Corp. Model
M110Y), a fast flow DEAE Sepharose (Pharmacia) column was
used instead of a DE-52 (Whatman) column, and two am-
monium sulfate cuts (46% with retention of supernatant, 86%
with retention of pellet) replaced the heat treatment step.
Samples of the ligands were dissolved in DMSO at a concen-
tration of 0.5 M and mixed in a 5:1 molar ratio with wild-type
(compounds 3, 4, 7, and 17) or mutant (compounds 8 and 9)
FKBP12. The FKBP12-ligand complexes were spun on a
desktop centrifuge at 15 000 rpm for 5 min to remove particu-
lates prior to use.
Crystals of the complexes were obtained by vapor diffusion

at room temperature. A given solution of FKBP12-ligand
complex (3 µL) was mixed with reservoir solution (3 µL) to
form the required hanging drops. Crystals of the complexes
were obtained using the following reservoir solutions: 2% poly-
(ethylene glycol) 400, 1.4 M Na/K phosphate, pH 7.5 (FKBP12-
3); 2.0 M sodium formate, 0.1 M bis-Tris, pH 6.0 (FKBP12-
4); 1.0 M sodium formate, 0.1 M HEPES, pH 7.0 (FKBP12-
7); 1.4 M Na/K phosphate, 0.1 M cacodylate, pH 6.5 (FKBP12-
8); 1.4 M ammonium phosphate, 0.1 M bis-Tris, pH 5.5

Scheme 3a

a Reagents and conditions (Bn ) benzyl): (a) 1.0 equiv of NaH,
1.0 equiv of BnNH2, DMF, 23 f 80 °C, 5 h, 36%; (b) 0.33 equiv of
(Cl3CO)2CO, 1.0 equiv of Et3N, CH2Cl2, 23 f 40 °C, 1 h, then 1.0
equiv of 23, 1.0 equiv of Et3N, 15 min, 88%; (c) 1:1 TFA:CH2Cl2,
23 °C, 2 h, 71%; (d) 6.0 equiv of ClC(S)O-p-tolyl, 6.5 equiv of
DMAP, CH3CN, 82 °C, 10 h, 50%; (e) 1.5 equiv of (TMS)3SiH, 0.2
equiv of AIBN, toluene, 80 °C, 1 h, 91%; (f) 10 equiv of NaOH,
CH3OH, 23 °C, 4 h, then 3.0 equiv of EDC, 3.0 equiv of BnOH,
0.15 equiv of DMAP, CH2Cl2, 23 °C, 1 h, 72%.
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(FKBP12-9); and 1.5 M ammonium sulfate, 0.1 M cacodylate,
pH 6.5 (FKBP12-17).
All X-ray data sets (Table 5) were collected at room tem-

perature using a San Diego Multiwire Systems area detector
with a Rigaku RU-200 copper rotating anode operating at 50
kV and 180 mA. Crystals of complexes formed with wild-type
FKBP12 grew in space group P212121 with one complex in the
asymmetric unit. Crystals of complexes formed with the
mutant FKBP12 grew in space group P212121 with altered cell
dimensions and also contained one complex per asymmetric
unit.
The structure of the FKBP12-3 complex was determined

by molecular replacement using the protein coordinates from
the FKBP12-FK506 crystal structure as a search model.15
Molecular replacement and refinement calculations were
carried out using the program X-PLOR.40 A cross-rotation
search was performed in 2.5° intervals using 15-4 Å resolution
data and a maximum cross-vector length of 40 Å. The rotation
corresponding to the highest peak in the search (6.4σ) was
optimized by Patterson correlation refinement and used to
generate starting coordinates for the translation search. A
translation search over a 1.0 Å grid using 15-3 Å resolution
data produced a clear solution (peak height of 13.8σ). The
resulting model produced an R-factor of 0.379 for data (F>2σF)
in the resolution range 10-3.0 Å after rigid-body refinement.
The model was refined with the simulated annealing and
conjugate gradient minimization protocols in X-PLOR using
all data in the 10-1.8 Å resolution range. A model of 3,
constructed using the program Quanta,41 was then fit to a
difference electron density map, and the combined model was
refined.
Structures of FKBP12 complexed with compounds 4, 7, and

17 were determined using the protein coordinates from the
FKBP12-3 complex crystal structure as a starting model. In
each case, the ligand was fit to a difference electron density
map after initial refinement of the protein coordinates. The
structure of the FKBP12-8 complex was determined by
molecular replacement using the coordinates of FKBP12 from
the FKBP12-4 complex structure as a search model. The
rotation corresponding to the highest peak (6.8σ) in a cross-
rotation search using 15-4 Å data was optimized by Patterson
correlation refinement and used to generate starting coordi-
nates for the translation search. The translation function
solution (peak height of 11.9σ) produced a model with an
R-factor of 0.341 for all data in the resolution range 10-3.0 Å
after rigid-body refinement. This model was refined with the
conjugate gradient minimization protocol in X-PLOR using all
data in the 10-1.8 Å resolution range, and a model of 8 was
fit to a difference electron density map. The structure of the
FKBP12-9 complex was determined using the protein coor-
dinates from the FKBP12-8 complex crystal structure as the

starting model. After initial refinement of the protein coor-
dinates, a model of 9 was fit to a difference electron density
map.
Refinement of all FKBP12-ligand complexes was performed

using a combination of simulated annealing and conventional
positional refinement along with refinement of individual
atomic temperature factors. The structures were checked and
corrected using a series of simulated-annealing omit maps.
Display of electron density and manual adjustment of the
model were performed using the program X-FIT.42 Water
molecules were assigned to 4σ peaks in difference electron
density maps when there was good hydrogen-bond geometry
to protein atoms. Refinement results are summarized in Table
5.
Enzyme Assays. Wild-type human recombinant FKBP12

was purified as described above. Peptidylprolyl isomerase
activity was determined spectrophotometrically as described
using 100 µM succinyl-Ala-Leu-Pro-Phe-p-nitroanilide as a
substrate.43 The substrate was dried in vacuo over P2O5 at
room temperature, dissolved in 2,2,2-trifluoroethanol contain-
ing 240 mM LiCl, and subsequently stored under argon at -20
°C. The percentage of cis-succinyl-Ala-Leu-Pro-Phe-p-nitro-
anilide present in the equilibrium mixture was usually about
45%, allowing significant portions of the reaction progress
curves to be obtained. Continuous spectrophotometric assays
were performed at 10 or 15 °C in the presence of 50 mM
HEPES (pH 8.0), 100 mM NaCl, 100 µM 2-mercaptoethanol,
1% 2,2,2-trifluoroethanol, 2.5 mM LiCl, 1% DMSO, 90 nM
FKBP12, 100 µM cis-peptide substrate, and 6 mg/mL R-chy-
motrypsin coupling enzyme. Data for reaction progress curves
were collected for 5 min, and initial velocities were determined
by nonlinear least-squares fits of each progress curve to a
single exponential. Apparent Ki’s were determined by analyz-
ing the concentration dependence of each inhibitor on prolyl
isomerase activity compared to a control that contained all
components of the reaction mixture except inhibitor. These
data were fit to an equation for competitive tight-binding
inhibition with a correction for uncatalyzed isomerization.
Standard errors for the fit data were <1%. All data were
analyzed using the software program KineTic (BioKin, Ltd.,
Madison, WI). The kcat and Km values determined for the
succinyl-Ala-Leu-Pro-Phe-p-nitroanilide substrate, purified
recombinant FKBP12, and FKBP12 mutant were similar to
those reported previously.43 Using these methods, Ki,app’s of
0.28 nM for FK506 and 0.20 nM for rapamycin were measured
in agreement with previous reports.43,44

Representative Procedure for Synthesis of Acyclic
Ureas 1-6. (2S)-1-[(2-Methylallyl)carbamoyl]piperidine-
2-carboxylic Acid Benzyl Ester (1). A solution of 2-me-
thylallylamine (0.099 g, 1.39 mmol, 1 equiv) and Et3N (0.194
mL, 1.39 mmol, 1.0 equiv) in CH2Cl2 (3 mL) was added over 2
min to a solution of triphosgene (0.137 g, 0.462 mmol, 0.33

Table 5. X-ray Data Collection and Refinement Statistics for FKBP12-Ligand Complexes

3 4 7 8 9 17

cell constants (Å):
a 31.47 31.36 31.52 33.46 33.25 31.44
b 43.10 43.61 43.66 36.59 36.44 43.39
c 77.76 77.79 77.77 92.51 93.37 77.66

data collection:
no. observations 25 848 30 819 28 315 34 598 17 242 44 047
no. unique reflections 9029 12 282 9526 10 231 6639 9920
resolution range (Å) 20-1.8 20-1.65 20-1.8 20-1.8 20-2.1 20-1.8
Rsym

a 0.051 0.031 0.058 0.034 0.064 0.064
completeness 0.88 0.92 0.93 0.92 0.94 0.96

refinement:
resolution range (Å) 10-1.8 10-1.65 10-1.8 10-1.8 10-2.1 10-1.8
final R factorb 0.173 0.185 0.190 0.192 0.184 0.179
rms bond dev (Å) 0.014 0.013 0.014 0.015 0.016 0.014
rms angle dev (deg) 2.62 2.73 2.65 2.96 2.95 2.67
av B, protein (Å2) 9.33 12.73 10.75 26.17 30.49 13.20
av B, ligand (Å2) 10.18 12.88 11.98 20.69 21.97 15.02
no. solvent molecules 115 72 120 63 37 85

a ∑h∑i|Ih,i - Å〈Ih〉|/h∑iIh,i, where 〈Ih〉 is the mean intensity for the i observations of reflection h. b ∑|Fo - Fc|/∑Fo, where Fo and Fc are the
observed and calculated structure factor amplitudes, respectively.
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equiv) in CH2Cl2 (5 mL) at 23 °C. The resulting mixture was
refluxed for 1 h and then cooled to 23 °C. A solution of (2S)-
piperidine-2-carboxylic acid benzyl ester20a (0.306 g, 1.39 mmol,
1.0 equiv) and Et3N (0.194 mL, 1.39 mmol, 1.0 equiv) in CH2-
Cl2 (5 mL) was then added over 5 min. The mixture was
stirred at 23 °C for 1 h and then partitioned between water
(100 mL) and a 1:1 mixture of EtOAc and hexanes (2 × 100
mL). The combined organic layers were dried over Na2SO4

and concentrated. Purification of the residue by flash column
chromatography (40% EtOAc in hexanes) afforded urea 1
(0.320 g, 73%) as a colorless oil: Rf ) 0.45 (50% EtOAc in
hexanes); IR (cm-1) 3354, 1738, 1630; 1H NMR (CDCl3, major
isomer) δ 1.19-1.28 (m, 1 H), 1.42-1.56 (m, 1 H), 1.65-1.71
(m, 2 H), 1.73 (s, 3 H), 2.26 (d, 1 H, J ) 14.0), 3.17 (td, 1 H, J
) 12.2, 3.2), 3.50-3.55 (m, 1 H), 3.80 (d, 2 H, J ) 5.6), 4.71-
4.74 (m, 1 H), 4.80 (s, 1 H), 4.83 (s, 1 H), 5.11-5.12 (m, 1 H),
5.12 (d, 1 H, J ) 12.4), 5.19 (d, 1 H, J ) 12.4), 7.28-7.38 (m,
5 H). Anal. (C18H24N2O3) C, H, N.
(2S)-1-(Benzylcarbamoyl)piperidine-2-carboxylic acid

benzyl ester (2): Rf ) 0.21 (30% EtOAc in hexanes); IR (cm-1)
3355, 1737, 1711, 1631; 1H NMR (CDCl3) δ 0.82-0.90 (m, 1
H), 1.19-1.28 (m, 1 H), 1.41-1.50 (m, 1 H), 1.65-1.76 (m, 2
H), 2.24-2.29 (m, 1 H), 3.15 (td, 1 H, J ) 12.3, 3.0), 3.47-
3.52 (m, 1 H), 4.42-4.45 (m, 2 H), 4.89 (t, 1 H, J ) 4.9), 5.12-
5.13 (m, 1 H), 5.13 (d, 1 H, J ) 12.4), 5.20 (d, 1 H, J ) 12.4),
7.24-7.40 (m, 10 H). Anal. (C21H24N2O3) C, H, N.
(2S)-1-[(2′,2′-Dimethylpropyl)carbamoyl]piperidine-2-

carboxylic acid benzyl ester (3): Rf ) 0.31 (30% EtOAc in
hexanes); IR (cm-1) 3365, 1739, 1632; 1H NMR (CDCl3, major
isomer) δ 0.88 (s, 9 H), 1.42-1.57 (m, 1 H), 1.63-1.77 (m, 3
H), 2.20-2.28 (m, 1 H), 3.00-3.21 (m, 3 H), 3.47-3.52 (m, 1
H), 4.60-4.64 (m, 1 H), 5.08-5.10 (m, 1 H), 5.12 (d, 1 H, J )
12.6), 5.18 (d, 1 H, J ) 12.6), 7.28-7.37 (m, 5 H). Anal.
(C19H28N2O3) C, H, N.
(2S)-1-[(3′-Hydroxy-2′,2′-dimethylpropyl)carbamoyl]-

piperidine-2-carboxylic Acid Benzyl Ester (4). tert-Bu-
tyldimethylsilyl chloride (12.50 g, 83.1 mmol, 1.0 equiv), Et3N
(12.71 mL, 91.0 mmol, 1.1 equiv), and DMAP (0.10 g, 0.83
mmol, 0.01 equiv) were added sequentially to a solution of 2,2-
dimethyl-3-aminopropanol (8.56 g, 83.1 mmol, 1.0 equiv) in
CH2Cl2 (100 mL) at 0 °C. The resulting mixture was main-
tained at 0 °C for 2 h and then partitioned between water (150
mL) and CH2Cl2 (2 × 50 mL). The combined organic layers
were washed sequentially with water (100 mL) and brine (100
mL) and then dried over Na2SO4 and concentrated. The
residue was purified by flash column chromatography (gradi-
ent elution 10% f 40% EtOAc in hexanes) to afford 3-[(tert-
butyldimethylsilanyl)oxy]-2,2-dimethylpropylamine (15.20 g,
84.1%) as a clear oil: Rf ) 0.30 (50% EtOAc in hexanes); IR
(cm-1) 3319; 1H NMR (CDCl3) δ 0.03 (s, 6 H), 0.79 (s, 6 H),
0.86 (s, 9 H), 1.10 (s, br, 2 H), 2.49 (s, 2 H), 3.28 (s, 2 H). Anal.
Calcd for C11H27NOSi: C, 60.77; H, 12.52; N, 6.44. Found:
C, 61.02; H, 12.37; N, 6.32.
The urea derived from (2S)-piperidine-2-carboxylic acid

benzyl ester20a and 3-[(tert-butyldimethylsilanyl)oxy]-2,2-dim-
ethylpropylamine was prepared utilizing the general procedure
described above: Rf ) 0.68 (40% EtOAc in hexanes); IR (cm-1)
3371, 1740, 1632; 1H NMR (CDCl3, major isomer) δ 0.53 (s, 6
H), 0.82 (s, 3 H), 0.84 (s, 3 H), 0.85 (s, 9 H), 1.23-1.62 (m, 8
H), 2.25 (m, 1 H), 3.19 (m, 2 H), 3.46 (s, 2 H), 5.02 (s, br, 1 H),
5.11 (d, 1 H, J ) 12.3), 5.19 (d, 1 H, J ) 12.3), 5.51 (t, 1 H, J
) 6.1), 7.29 (s, 5 H). Anal. Calcd for C25H42N2O4Si: C, 64.90;
H, 9.15; N, 6.05. Found: C, 64.78; H, 9.18; N, 5.98.
Triethylamine trihydrofluoride (0.60 mL) was added to a

solution of this urea (0.041 g, 0.09 mmol) in THF (3 mL) at 23
°C. The reaction mixture was stirred at 23 °C for 4 h and then
partitioned between water (50 mL) and EtOAc (2 × 50 mL).
The combined organic layers were washed with brine (50 mL)
and then dried over Na2SO4 and concentrated. The residue
was purified by flash column chromatography (30% EtOAc in
hexanes) to afford urea 4 (0.024 g, 76%) as a colorless oil: Rf

) 0.31 (40% EtOAc in hexanes); IR (cm-1) 3354, 1738, 1621;
1H NMR (CDCl3, major isomer) δ 0.82 (s, 3 H), 0.85 (s, 3 H),
1.19-1.75 (m, 8 H), 2.25 (m, 1 H), 2.92-3.25 (m, 4 H), 4.41 (t,
1 H, J ) 7.3), 4.99 (m, 1 H), 5.21 (s, 2 H), 7.33 (s, 5 H). Anal.
(C19H28N2O4) C, H, N.

(2S)-1-[[(1′-Methylcyclopentyl)methyl]carbamoyl]-
piperidine-2-carboxylic acid benzyl ester (5): Rf ) 0.35
(40% EtOAc in hexanes); IR (cm-1) 3364, 1738, 1631; 1H NMR
(CDCl3, major isomer) δ 0.95 (s, 3 H), 1.25-1.56 (m, 10 H),
2.24 (s, br, 2 H), 3.18 (m, 3 H), 3.50 (m, 1 H), 3.75 (m, 1 H),
4.28 (m, 1 H), 4.62 (t, 1 H, J ) 5.9), 5.05 (m, 1 H), 5.12 (d, 1
H, J ) 12.5), 5.18 (d, 1 H, J ) 12.4), 7.36 (s, 5 H). Anal.
(C21H30N2O3) C, H, N.
(2S)-1-[[(1′-Methylcyclohexyl)methyl]carbamoyl]-

piperidine-2-carboxylic acid benzyl ester (6): Rf ) 0.66
(5% CH3OH in CH2Cl2); IR (cm-1) 3362, 1739, 1631; 1H NMR
(CDCl3, major isomer) δ 0.84 (s, 3 H), 1.17-1.30 (m, 6 H),
1.34-1.54 (m, 6 H), 1.60-1.73 (m, 3 H), 2.18-2.26 (m, 1 H),
3.06 (dd, 1 H, J ) 13.5, 5.9), 3.10-3.20 (m, 2 H), 3.43-3.51
(m, 1 H), 4.56-4.62 (m, 1 H), 5.04-5.08 (m, 1 H), 5.12 (d, 1 H,
J ) 12.4), 5.18 (d, 1 H, J ) 12.4), 7.29-7.34 (m, 5 H). Anal.
(C22H32N2O3) C, H, N.
Representative Procedure for Esterification of (S)-N-

Boc-pipecolinic Acid. (2S)-Piperidine-1,2-dicarboxylic
Acid 1-tert-Butyl 2-[(1′R)-1′,3′-Diphenylpropyl] Diester
(18). 1-[3-(Dimethylamino)propyl]-3-ethylcarbodiimide hy-
drochloride (0.418 g, 2.18 mmol, 1.5 equiv) and DMAP (0.025
g, 0.21 mmol, 0.14 equiv) were added sequentially to a solution
of (1R)-1,3-diphenylpropanol20b (0.309 g, 1.46 mmol, 1 equiv)
and (S)-N-Boc-pipecolinic acid30 (0.500 g, 2.18 mmol, 1.5 equiv)
in CH2Cl2 (10 mL) at 23 °C. The resulting solution was stirred
for 3 h at 23 °C and then partitioned between water (100 mL)
and a 1:1 mixture of EtOAc and hexanes (2 × 100 mL). The
combined organic layers were dried over Na2SO4 and concen-
trated. The residue was purified by flash column chromatog-
raphy (5% EtOAc in hexanes) to provide ester 18 (0.574 g, 93%)
as a colorless oil: Rf ) 0.74 (20% EtOAc in hexanes); IR (cm-1)
1739, 1695; 1H NMR (CDCl3, 1:1 mixture of isomers) δ 1.05-
1.29 (m), 1.34 (s), 1.37-1.43 (m), 1.48 (s), 1.59-1.72 (m), 2.03-
2.34 (m), 2.53-2.69 (m), 2.81-2.98 (m), 3.91-4.05 (m), 4.74-
4.75 (m), 4.96-4.97 (m), 5.80 (dd, J ) 7.7, 5.8), 7.08-7.39 (m).
Anal. (C26H33NO4) C, H, N.
(2S)-Piperidine-1,2-dicarboxylic acid 1-tert-butyl 2-[3′-

(3,4,5-trimethoxyphenyl)propyl] diester (19): Rf ) 0.65
(50% EtOAc in hexanes); IR (cm-1) 1738, 1694; 1H NMR
(CDCl3, 1:1 mixture of isomers) δ 0.86-0.89 (m), 1.20-1.38
(m), 1.62-1.74 (m), 2.20-2.24 (m), 2.63 (t, J ) 7.6), 2.84-3.03
(m), 3.83 (s), 3.85 (s), 4.11-4.17 (m), 4.75 (s, br), 4.91 (s, br),
6.40 (s). Anal. (C23H35NO7) C, H, N.
(2S)-Piperidine-1,2-dicarboxylic acid 1-tert-butyl 2-[3′-

(3-methoxyphenyl)propyl] diester (20): Rf ) 0.60 (30%
EtOAc in hexanes); IR (cm-1) 1739, 1696; 1H NMR (CDCl3,
1:1 mixture of isomers) δ 1.21-1.40 (m), 1.45 (s), 1.47 (s), 1.53-
1.72 (m), 1.92-2.01 (m), 2.17-2.24 (m), 2.67 (t, J ) 7.8), 2.88-
2.98 (m), 3.80 (s), 3.92-4.08 (m), 4.16 (t, J ) 6.4), 4.74-4.76
(m), 4.90-4.91 (m), 6.73-7.18 (m), 7.19-7.23 (m). Anal.
(C21H31NO5) C, H, N.
(2S)-Piperidine-1,2-dicarboxylic acid 1-tert-butyl 2-(3′-

phenoxybenzyl) diester (21): Rf ) 0.65 (30% EtOAc in
hexanes); IR (cm-1) 1742, 1697; 1H NMR (CDCl3, mixture of
isomers) δ 0.86-0.91 (m), 0.96-1.27 (m), 1.38 (s), 1.45 (s),
1.56-1.73 (m), 2.17-2.20 (m), 2.86-2.98 (m), 3.88-4.03 (m),
4.75 (s, br), 4.94 (s, br), 5.07-5.20 (m), 6.91-7.14 (m), 7.23-
7.38 (m). Anal. (C24H29NO5) C, H, N.
(2S)-Piperidine-1,2-dicarboxylic acid 1-tert-butyl 2-(4′-

phenylbutyl) diester (22): Rf ) 0.68 (30% EtOAc in hex-
anes); IR (cm-1) 1739, 1698; 1H NMR (CDCl3, 1:1 mixture of
isomers) δ 1.13-1.35 (m), 1.42 (s), 1.45 (s), 1.52-1.75 (m),
2.17-2.19 (m), 2.61-2.66 (m), 2.81-2.99 (m), 3.89-4.08 (m),
4.15 (s, br), 4.70 (s, br), 4.87 (s, br), 7.15-7.20 (m), 7.23-7.30
(m). Anal. (C21H31NO4) C, H, N.
Representative Procedure for the Synthesis of Acyclic

Ureas 7-13. (2S)-1-[(2′,2′-Dimethylpropyl)carbamoyl]-
piperidine-2-carboxylic Acid (1′′R)-1′′,3′′-Diphenylpropyl
Ester (7). A solution of HCl in 1,4-dioxane (4.0 M, 2.0 mL)
was added to a solution of 18 (0.570 g, 1.35 mmol) in the same
solvent (2 mL) at 23 °C. The reaction mixture was stirred for
2 h at 23 °C and then carefully partitioned between saturated
NaHCO3 (100 mL) and EtOAc (3 × 100 mL). The combined
organic layers were dried over Na2SO4 and concentrated to
afford the crude amine product (0.383 g, 88%). The free amine
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thus obtained was immediately coupled with 2,2-dimethylpro-
pylamine utilizing the procedure described above for the
preparation of compounds 1-6 to afford urea 7 (77%) as a
colorless oil: Rf ) 0.30 (30% EtOAc in hexanes); IR (cm-1)
3356, 1734, 1627; 1H NMR (CDCl3, major isomer) δ 0.88 (s, 9
H), 1.05-1.32 (m, 1 H), 1.43-1.57 (m, 1 H), 1.68-1.79 (m, 3
H), 2.02-2.14 (m, 1 H), 2.19-2.32 (m, 2 H), 2.51-2.69 (m, 2
H), 3.00 (dd, 1 H, J ) 13.3, 5.8), 3.07-3.18 (m, 2 H), 3.54 (dd,
1 H, J ) 12.1, 3.2), 4.59 (t, 1 H, J ) 5.9), 5.06-5.08 (m, 1 H),
5.79 (dd, 1 H, J ) 7.6, 6.0), 7.13-7.20 (m, 4 H), 7.24-7.34 (m,
6 H). Anal. (C27H36N2O3) C, H, N.
(2S)-1-[(2′,2′-Dimethylpropyl)carbamoyl]piperidine-2-

carboxylic acid 3′′-(3,4,5-trimethoxyphenyl)propyl ester
(8): Rf ) 0.31 (50% EtOAc in hexanes); IR (cm-1) 3371, 1736,
1633; 1H NMR (CDCl3, major isomer) δ 0.91 (s, 9 H), 1.24-
1.31 (m, 1 H), 1.49-1.57 (m, 1 H), 1.67-1.78 (m, 3 H), 1.91-
2.00 (m, 2 H), 2.18-2.25 (m, 1 H), 2.62 (t, 2 H, J ) 7.7), 3.04
(dd, 1 H, J ) 13.4, 6.0), 3.12 (dd, 1 H, J ) 13.4, 6.3), 3.21 (td,
1 H, J ) 12.1, 3.3), 3.48-3.53 (m, 1 H), 3.83 (s, 3 H), 3.85 (s,
6 H), 4.15 (t, 2 H, J ) 6.5), 4.65 (t, 1 H, J ) 5.9), 5.04-5.05
(m, 1 H), 6.39 (s, 2 H). Anal. (C24H38N2O6) C, H, N.
(2S)-1-[(2′,2′-Dimethylpropyl)carbamoyl]piperidine-2-

carboxylic acid 3′′-(3-methoxyphenyl)propyl ester (9): Rf

) 0.23 (30% EtOAc in hexanes); IR (cm-1) 3365, 1737, 1626;
1H NMR (CDCl3, major isomer) δ 0.90 (s, 9 H), 1.49-1.55 (m,
1 H), 1.67-1.77 (m, 3 H), 1.91-2.00 (m, 2 H), 2.21-2.25 (m, 1
H), 2.66 (t, 2 H, J ) 7.7), 2.98 (d, 1 H, J ) 6.3), 3.04 (dd, 1 H,
J ) 13.3, 6.1), 3.12 (dd, 1 H, J ) 13.3, 6.0), 3.19 (td, 1 H, J )
12.1, 3.1), 3.49-3.54 (m, 1 H), 3.80 (s, 3 H), 4.11-4.16 (m, 2
H), 4.64 (t, 1 H, J ) 5.8), 5.03-5.04 (m, 1 H), 6.73-6.78 (m, 3
H), 7.18-7.23 (m, 1 H). Anal. (C22H34N2O4) C, H, N.
(2S)-1-[(2′,2′-Dimethylpropyl)carbamoyl]piperidine-2-

carboxylic acid 3-phenoxybenzyl ester (10): Rf ) 0.30
(30% EtOAc in hexanes); IR (cm-1) 3365, 1740, 1632; 1H NMR
(CDCl3, major isomer) δ 0.88 (s, 9 H), 1.09-1.27 (m, 1 H),
1.43-1.48 (m, 1 H), 1.50-1.57 (m, 1 H), 1.61-1.76 (m, 2 H),
2.19-2.25 (m, 1 H), 2.99-3.19 (m, 3 H), 3.32-3.48 (m, 1 H),
4.62 (t, 1 H, J ) 5.9), 5.06-5.10 (m, 2 H), 5.16 (d, 1 H, J )
12.8), 6.93-7.15 (m, 5 H), 7.26-7.38 (m, 4 H). Anal.
(C25H32N2O4) C, H, N.
(2S)-1-[(2′,2′-Dimethylpropyl)carbamoyl]piperidine-2-

carboxylic acid 4′′-phenylbutyl ester (11): Rf ) 0.25 (30%
EtOAc in hexanes); IR (cm-1) 3364, 1736, 1631; 1H NMR
(CDCl3, major isomer) δ 0.90 (s, 9 H), 1.22-1.31 (m, 2 H),
1.47-1.54 (m, 1 H), 1.64-1.74 (m, 5 H), 2.19-2.24 (m, 1 H),
2.62-2.66 (m, 2 H), 3.05-3.11 (m, 3 H), 3.17 (td, 1 H, J )
12.1, 2.9), 3.48-3.52 (m, 1 H), 4.13-4.15 (m, 2 H), 4.62 (t, 1
H, J ) 5.4), 5.02 (d, 1 H, J ) 3.3), 7.16-7.21 (m, 3 H), 7.26-
7.31 (m, 2 H). Anal. (C22H34N2O3) C, H, N.
(2S)-1-[[(1′-Methylcyclohexyl)methyl]carbamoyl]-

piperidine-2-carboxylic acid 3-phenoxybenzyl ester (12):
Rf ) 0.13 (20% EtOAc in hexanes); IR (cm-1) 3357, 1741, 1632;
1H NMR (CDCl3, major isomer) δ 0.85 (s, 3 H), 1.14-1.34 (m,
6 H), 1.35-1.58 (m, 6 H), 1.60-1.77 (m, 3 H), 2.16-2.25 (m, 1
H), 3.04 (dd, 1 H, J ) 13.4, 5.9), 3.08-3.21 (m, 2 H), 3.42-
3.50 (m, 1 H), 4.55-4.62 (m, 1 H), 5.05-5.12 (m, 2 H), 5.15 (d,
1 H, J ) 12.4), 6.92-7.15 (m, 6 H), 7.25-7.37 (m, 3 H). Anal.
(C28H36N2O4) C, H, N.
(2S)-1-[[(1′-Methylcyclohexyl)methyl]carbamoyl]-

piperidine-2-carboxylic acid 4′′-phenylbutyl ester (13):
Rf ) 0.66 (5% CH3OH in CH2Cl2); IR (cm-1) 3372, 1738, 1631;
1H NMR (CDCl3, major isomer) δ 0.87 (s, 3 H), 1.21-1.33 (m,
6 H), 1.35-1.56 (m, 6 H), 1.62-1.75 (m, 7 H), 2.16-2.24 (m, 1
H), 2.60-2.66 (m, 2 H), 3.05 (dd, 1 H, J ) 13.4, 5.9), 3.10-
3.21 (m, 2 H), 3.45-3.53 (m, 1 H), 4.10-4.16 (m, 2 H), 4.56-
4.61 (m, 1 H), 4.98-5.02 (m, 1 H), 7.14-7.21 (m, 3 H), 7.25-
7.31 (m, 2 H). Anal. (C25H38N2O3) C, H, N.
Benzyl(3,3-dimethoxypropyl)amine (23). Sodium hy-

dride (0.983 g of a 60% dispersion in mineral oil, 24.6 mmol,
1.0 equiv) and 3-bromopropionaldehyde dimethyl acetal (5.0
g, 24.6 mmol, 1.0 equiv) were added sequentially to a solution
of benzylamine (2.69 mL, 24.6 mmol, 1 equiv) in DMF (60 mL)
at 23 °C. The resulting suspension was stirred for 3 h at 23
°C and then maintained at 80 °C for an additional 4 h. The
clear reaction mixture was cooled to 23 °C and partitioned
between water (150 mL) and a 1:1 mixture of EtOAc and

hexanes (2 × 150 mL). The combined organic layers were
dried over Na2SO4 and concentrated. The residue was purified
by flash column chromatography (SiO2 pretreated with 5%
Et3N in hexanes, gradient elution 40% f 30% hexanes in
EtOAc) to afford acetal 23 (1.85 g, 36%) as a pale yellow oil:
Rf ) 0.34 (50% EtOAc in hexanes, SiO2 pretreated with 5%
Et3N in hexanes); IR (cm-1) 3331; 1H NMR (C6D6) δ 1.71-1.77
(m, 2 H), 2.57 (t, 2 H, J ) 6.8), 3.11 (s, 6 H), 3.57 (s, 2 H), 4.43
(t, 1 H, J ) 5.7), 7.09-7.21 (m, 3 H), 7.27-7.30 (m, 2 H). Anal.
(C12H19NO2) C, H, N.
2-Aminopent-4-enoic Acid Methyl Ester (24). p-Tolu-

enesulfonic acid monohydrate (14.4 g, 75.7 mmol, 1.2 equiv)
was added to a solution of 2-aminopent-4-enoic acid (allylgly-
cine; 7.25 g, 62.9 mmol, 1 equiv) in CH3OH (125 mL) at 23 °C.
The reaction mixture was refluxed for 18 h and then cooled to
23 °C and concentrated. The colorless oil thus obtained was
partitioned between saturated aqueous NaHCO3 (150 mL) and
a 9:1 mixture of CH2Cl2 and CH3OH (3 × 150 mL). The
combined organic layers were dried over Na2SO4 and concen-
trated. The residue was distilled under reduced pressure to
afford 2-aminopent-4-enoic acid methyl ester (24) (5.00 g, 62%)
as a colorless liquid: bp ) 69-70 °C, 1.1 mmHg; IR (cm-1)
3379, 1740; 1H NMR (CDCl3) δ 2.33-2.43 (m, 1 H), 2.46-2.55
(m, 1 H), 3.557 (dd, 1 H, J ) 7.2, 5.1), 3.73 (s, 3 H), 5.12 (s, 1
H), 5.16-5.19 (m, 1 H), 5.68-5.80 (m, 1 H). Anal. (C6H11-
NO2) C, H, N.
2-[3′-Benzyl-3′-(3′′,3′′-dimethoxypropyl)ureido]pent-4-

enoic Acid Methyl Ester (25). A solution of 2-aminopent-
4-enoic acid methyl ester (24) (1.05 g, 8.13 mmol, 1.0 equiv)
and Et3N (1.13 mL, 8.11 mmol, 1.0 equiv) in CH2Cl2 (10 mL)
was added via cannula to a solution of triphosgene (0.803 g,
2.71 mmol, 0.33 equiv) in CH2Cl2 (50 mL) at 23 °C. The
reaction mixture was stirred for 15 min at 23 °C and then
refluxed for 1.5 h. After cooling to 23 °C, a solution of 23 (1.70
g, 8.12 mmol, 1 equiv) and Et3N (1.13 mL, 8.11 mmol, 1.0
equiv) in CH2Cl2 (10 mL) was added via cannula. The
resulting solution was stirred at 23 °C for 15 min and then
partitioned between water (150 mL) and a 1:1 mixture of
EtOAc and hexanes (2 × 150 mL). The combined organic
layers were dried over Na2SO4 and concentrated. Purification
of the residue by flash column chromatography (SiO2 pre-
treated with 5% Et3N in hexanes, gradient elution 30% f 50%
EtOAc in hexanes) provided urea 25 (2.61 g, 88%) as a colorless
oil: Rf ) 0.24 (30% EtOAc in hexanes, SiO2 pretreated with
5% Et3N in hexanes); IR (cm-1) 3357, 1745, 1646; 1H NMR
(C6D6) δ 1.64-1.77 (m, 2 H), 2.38-2.58 (m, 2 H), 3.07 (s, 3 H),
3.08 (s, 3 H), 3.11-3.25 (m, 2 H), 3.28 (s, 3 H), 4.30-4.48 (m,
3 H), 4.83-4.98 (m, 3 H), 5.58-5.72 (m, 2 H), 7.01-7.15 (m, 3
H), 7.21-7.24 (m, 2 H). Anal. (C19H28N2O5) C, H, N.
trans-2-Benzyl-6-hydroxy-1-oxooctahydropyrido[1,2-

c]pyrimidine-8-carboxylic Acid Methyl Ester (26). Tri-
fluoroacetic acid (5 mL) was added to a solution of urea 25
(1.10 g, 3.02 mmol) in CH2Cl2 (5 mL) at 23 °C. The reaction
mixture was stirred for 2 h at 23 °C and then concentrated.
The resulting yellow oil was carefully partitioned between
saturated aqueous NaHCO3 (100 mL) and EtOAc (4 × 100
mL). The combined organic layers were dried over Na2SO4

and concentrated. The residue was purified by flash column
chromatography (5% CH3OH in CH2Cl2) to afford alcohol 26
(0.682 g, 71%) as a white solid: mp ) 144 °C; Rf ) 0.14 (30%
hexanes in EtOAc); IR (cm-1) 3394 (br), 1740, 1616; 1H NMR
(CDCl3) δ 1.40-1.49 (m, 1 H), 1.60 (d, 1 H, J ) 2.2), 1.75-
1.99 (m, 4 H), 2.51 (dq, 1 H, J ) 14.6, 2.4), 3.09 (dq, 1 H, J )
11.7, 2.5), 3.36 (td, 1 H, J ) 11.8, 3.8), 3.75 (s, 3 H), 3.86-3.95
(m, 1 H), 4.16-4.19 (m, 1 H), 4.55 (d, 1 H, J ) 15.3), 4.66 (d,
1 H, J ) 15.3), 5.27 (dd, 1 H, J ) 6.8, 1.8), 7.22-7.36 (m, 5 H).
Anal. (C17H22N2O4) C, H, N.
trans-2-Benzyl-1-oxo-6-[[(p-tolyloxy)thiocarbonyl]oxy]-

octahydropyrido[1,2-c]pyrimidine-8-carboxylic Acid
Methyl Ester (27). O-p-Tolyl chlorothionoformate (1.74 mL,
11.3 mmol, 6.0 equiv) and DMAP (1.50 g, 12.3 mmol, 6.5 equiv)
were added sequentially to a solution of alcohol 26 (0.600 g,
1.88 mmol, 1 equiv) in CH3CN (25 mL) at 23 °C. The resulting
cloudy suspension was refluxed for 10 h and then cooled to 23
°C and partitioned between water (100 mL) and EtOAc (4 ×
100 mL). The combined organic layers were dried over Na2-
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SO4 and concentrated. Flash chromatographic purification of
the residue (gradient elution 30% f 50% EtOAc in hexanes)
afforded thionoformate 27 (0.444 g, 50%) as a white solid: mp
) 146-149 °C; Rf ) 0.53 (50% EtOAc in hexanes); IR (cm-1)
1740, 1637; 1H NMR (CDCl3) δ 1.55-1.65 (m, 1 H), 1.86 (qd,
1 H, J ) 11.9, 4.7), 1.95-2.06 (m, 2 H), 2.16-2.21 (m, 1 H),
2.37 (s, 3 H), 2.96-3.03 (m, 1 H), 3.10-3.16 (m, 1 H), 3.41 (td,
1 H, J ) 11.9, 3.7), 3.80 (s, 3 H), 3.89-3.99 (m, 1 H), 4.54 (d,
1 H, J ) 15.3), 4.72 (d, 1 H, J ) 15.3), 5.40 (dd, 1 H, J ) 6.8,
1.5), 5.56-5.58 (m, 1 H), 6.98 (dd, 2 H, J ) 6.7, 1.7), 7.20-
7.36 (m, 7 H). Anal. (C25H28N2O5S) C, H, N.
trans-2-Benzyl-1-oxooctahydropyrido[1,2-c]pyrimidine-

8-carboxylic Acid Methyl Ester (14). Tris(trimethylsilyl)-
silane (0.439 mL, 1.42 mmol, 1.5 equiv) and 2,2′-azobis(2-
methylpropionitrile) (AIBN; 0.031 g, 0.189 mmol, 0.20 equiv)
were added sequentially to a solution of thionoformate 27
(0.444 g, 0.948 mmol, 1 equiv) in toluene (50 mL) at 23 °C.
The resulting solution was deoxygenated by alternately evacu-
ating the reaction flask and filling with argon (10 cycles) and
then heated to 80 °C for 1 h. After cooling to 23 °C, the
reaction mixture was partitioned between water (100 mL) and
CH2Cl2 (3 × 120 mL). The combined organic layers were dried
over Na2SO4 and concentrated. Purification of the residue by
flash column chromatography (gradient elution 20% f 40%
EtOAc in hexanes) provided 14 (0.260 g, 91%) as a colorless
oil: Rf ) 0.21 (30% EtOAc in hexanes); IR (cm-1) 1739, 1635;
1H NMR (CDCl3) δ 1.19-1.30 (m, 2 H), 1.64-1.84 (m, 4 H),
1.87-1.94 (m, 1 H), 2.26-2.30 (m, 1 H), 3.07 (dq, 1 H, J )
11.6, 2.5), 3.31 (td, 1 H, J ) 11.9, 4.1), 3.48-3.55 (m, 1 H),
3.75 (s, 3 H), 4.59 (s, 2 H), 5.31 (dd, 1 H, J ) 6.2, 1.8), 7.22-
7.35 (m, 5 H). Anal. (C17H22N2O3) C, H, N.
trans-2-Benzyl-1-oxooctahydropyrido[1,2-c]pyrimidine-

8-carboxylic Acid Benzyl Ester (15). Sodium hydroxide
(0.185 g, 4.63 mmol, 10 equiv) was added to a solution of 14
(0.140 g, 0.463 mmol, 1 equiv) in a 4:1 mixture of CH3OH and
water (5 mL) at 23 °C. The resulting suspension was stirred
for 4 h at 23 °C and then partitioned between aqueous HCl (1
M, 100 mL) and EtOAc (4 × 100 mL). The combined organic
layers were dried over Na2SO4 and concentrated to provide
the corresponding carboxylic acid (0.105 g, 78% crude yield).
1-[3-(Dimethylamino)propyl]-3-ethylcarbodiimide hydrochlo-

ride (0.209 g, 1.09 mmol, 3 equiv), benzyl alcohol (0.113 mL,
1.09 mmol, 3 equiv), and DMAP (0.020 g, 0.163 mmol, 0.15
equiv) were added sequentially to a solution of the crude
carboxylic acid obtained above (0.105 g, 0.364 mmol, 1 equiv)
in CH2Cl2 at 23 °C. The resulting suspension was stirred for
1 h at 23 °C and then partitioned between water (100 mL)
and a 1:1 mixture of EtOAc and hexanes (2 × 120 mL). The
combined organic layers were dried over Na2SO4 and concen-
trated. The residue was purified by flash column chromatog-
raphy (gradient elution 15% f 30% EtOAc in hexanes) to
afford 15 (0.100 g, 72%) as a colorless oil: Rf ) 0.30 (30%
EtOAc in hexanes); IR (cm-1) 1736, 1634; 1H NMR (CDCl3) δ
1.13-1.30 (m, 2 H), 1.65-1.91 (m, 5 H), 2.29-2.34 (m, 1 H),
3.06 (dq, 1 H, J ) 11.6, 2.5), 3.26 (td, 1 H, J ) 11.8, 4.0), 3.45-
3.52 (m, 1 H), 4.52 (d, 1 H, J ) 15.2), 4.65 (d, 1 H, J ) 15.2),
5.16 (d, 1 H, J ) 12.4), 5.22 (d, 1 H, J ) 12.4), 5.36-5.38 (m,
1 H), 7.21-7.38 (m, 10 H). Anal. (C23H26N2O3) C, H, N.
(3,3-Dimethoxypropyl)propylamine (28): IR (cm-1) 3324;

1H NMR (C6D6) δ 0.85 (t, 3 H, J ) 7.4), 1.33-1.41 (m, 2 H),
1.74-1.81 (m, 2 H), 2.40 (t, 2 H, J ) 7.0), 2.60 (t, 2 H, J )
6.8), 3.14 (s, 6 H), 4.49 (t, 1 H, J ) 5.7). Anal. (C8H19NO2) C,
H, N.
2-[3′-(3′′,3′′-Dimethoxypropyl)-3′-propylureido]pent-4-

enoic acid methyl ester (29): Rf ) 0.21 (30% EtOAc in
hexanes, SiO2 pretreated with 5% Et3N in hexanes); IR (cm-1)
3356, 1745, 1642; 1H NMR (C6D6) δ 0.73 (t, 3 H, J ) 7.4), 1.42-
1.49 (m, 2 H), 1.76-1.85 (m, 2 H), 2.38-2.61 (m, 2 H), 2.96-
3.22 (m, 4 H), 3.12 (s, 3 H), 3.13 (s, 3 H), 3.26 (s, 3 H), 4.39 (t,
1 H, J ) 5.7), 4.84-4.90 (m, 1 H), 4.94-5.03 (m, 2 H), 5.45 (d,
br, 1 H, J ) 7.7), 5.66-5.77 (m, 1 H). Anal. (C15H28N2O5) C,
H, N.
trans-6-Hydroxy-1-oxo-2-propyloctahydropyrido[1,2-

c]pyrimidine-8-carboxylic acid methyl ester (30): mp )
122-123 °C; Rf ) 0.09 (30% hexanes in EtOAc); IR (cm-1) 3388
(br), 1741, 1617; 1H NMR (CDCl3) δ 0.90 (t, 3 H, J ) 7.4), 1.37-

1.46 (m, 1 H), 1.50-1.62 (m, 2 H), 1.72-1.99 (m, 4 H), 2.47
(dq, 1 H, J ) 14.3, 2.5), 3.12-3.27 (m, 2 H), 3.34-3.49 (m, 2
H), 3.71 (s, 3 H), 3.83-3.91 (m, 1 H), 4.14-4.16 (m, 1 H), 5.20
(dd, 1 H, J ) 6.8, 1.7). Anal. (C13H22N2O4) C, H, N.
trans-1-Oxo-2-propyl-6-[[(p-tolyloxy)thiocarbonyl]oxy]-

octahydropyrido[1,2-c]pyrimidine-8-carboxylic acid
methyl ester (31): mp ) 170 °C dec; Rf ) 0.32 (50% EtOAc
in hexanes); IR (cm-1) 1744, 1639; 1H NMR (CDCl3) δ 0.91 (t,
3 H, J ) 7.5), 1.52-1.66 (m, 3 H), 1.76-1.90 (m, 1 H), 1.94-
2.07 (m, 2 H), 2.18 (dq, 1 H, J ) 14.3, 2.8), 2.37 (s, 3 H), 2.96
(dq, 1 H, J ) 15.0, 2.5), 3.15-3.28 (m, 2 H), 3.39-3.54 (m, 2
H), 3.76 (s, 3 H), 3.90 (tt, 1 H, J ) 11.4, 3.2), 5.35 (dd, 1 H, J
) 6.9, 1.9), 5.53-5.57 (m, 1 H), 6.98 (d, 2 H, J ) 8.4), 7.21 (d,
2 H, J ) 8.4). Anal. (C21H28N2O5S) C, H, N.
trans-1-Oxo-2-propyloctahydropyrido[1,2-c]pyrimidine-

8-carboxylic acid methyl ester (16): Rf ) 0.16 (30% EtOAc
in hexanes); IR (cm-1) 1741, 1635; 1H NMR (CDCl3) δ 0.89 (t,
1 H, J ) 7.3), 1.12-1.32 (m, 2 H), 1.49-1.84 (m, 6 H), 1.95
(dq, 1 H, J ) 13.1, 3.4), 2.21-2.27 (m, 1 H), 3.13 (ddd, 1 H, J
) 11.5, 5.0, 2.8), 3.19-3.52 (m, 4 H), 3.71 (s, 3 H), 5.24 (dd, 1
H, J ) 6.2, 1.9). Anal. (C13H22N2O3) C, H, N.
trans-1-Oxo-2-propyloctahydropyrido[1,2-c]pyrimidine-

8-carboxylic acid benzyl ester (17): Rf ) 0.24 (30% EtOAc
in hexanes); IR (cm-1) 1737, 1636; 1H NMR (CDCl3) δ 0.87 (t,
3 H, J ) 7.5), 1.15-1.25 (m, 2 H), 1.45-1.81 (m, 6 H), 1.90
(dq, 1 H, J ) 13.1, 3.2), 2.25-2.31 (m, 1 H), 3.10 (ddd, 1 H, J
) 11.7, 4.9, 2.5), 3.17-3.41 (m, 4 H), 5.11 (d, 1 H, J ) 12.5),
5.19 (d, 1 H, J ) 12.5), 5.32 (dd, 1 H, J ) 6.4, 2.0), 7.30-7.36
(m, 5 H). Anal. (C19H26N2O3) C, H, N.
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