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Abstract

1-Methylpiperidin-4-yl �-hydroxy-�-(1-iodo-1-propen-3-yl)-�-phenylacetate (IPIP, Fig. 1) was investigated as a potential radioiodinated
molecular probe targeted to the muscarinic receptor complex. The IPIP stereoisomers were synthesized via a chiral intermediate in �95%
enantiomeric excess. The R-isomers demonstrated a M1 to M2 subtype selectivity of approximately 3 to 1 and the S-isomers demonstrated
non-subtype selective binding in vitro. IPIP was radiolabeled with iodide-125 with an average radiochemical yield of 74.4% (�14.8, n �
5), specific activities �800 mCi/�mol, and radiochemical purities �97%. In vivo the Z-isomers demonstrated high uniform cerebral uptake
suggesting non-subtype selective binding. In contrast, E-R-IPIP, after allowing a low uptake in M2 rich areas to clear, demonstrated a
retention of activity in M1 and M4 rich cerebral regions. In addition, the cerebral uptake of E-R-IPIP and Z-S-IPIP were inhibited by 70–90%
via pretreatment with R-QNB, an established muscarinic antagonist. An ex vivo metabolism study demonstrated Z-S-IPIP was stable at the
receptor site with an absence of radiolabeled metabolites. © 2001 Elsevier Science Inc. All rights reserved.
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1. Introduction

The muscarinic acetylcholinergic receptor (mAChR)
complex consists of five subtypes (M1-M5) as determined
by molecular cloning techniques and are located throughout
the brain in varying concentrations [9,19,21]. It has been
recently suggested a common designation for the five mus-
carinic receptor subtypes be denoted by M1–M5 to reflect
their order of discovery [13]. The individual mAChR sub-
types are postulated to play important roles in the normal
aging process in addition to memory dysfunction, schizo-
phrenia, Parkinson’s, and Alzheimer’s disease [3,11,14,15,
20,31,33,50].

These observations have spurred interest in the develop-
ment of radiolabeled molecular probes for the non-invasive

imaging of mAChR by nuclear medicine techniques. The
development of an appropriate radiolabeled molecular
probe targeted to an individual mAChR subtype has the
potential to afford a window into the biological role of
mAChR in healthy and diseased tissues. In addition, a
subtype selective molecular probe has potential for a cost-
effective differential diagnosis for various dementias and to
aid in the monitoring of new and existing drug modalities
for the treatment of various diseases.

Iodine-123-labeled R-3-quinuclidinyl S-4-iodophenyl-
benzilate (IQNB, Fig. 1), an analogue of R-3-quinuclidinyl
benzilate (R-QNB, Fig. 1), and iododexetimide (IDEX, Fig.
1) have been utilized for the clinical non-invasive in vivo
imaging of mAChR density via single photon emission
computed tomography (SPECT) [6,7,10,12,17,27,28,41,42,
44–48]. However, these molecular probes are not subtype
selective and exhibit relatively slow dissociation rates from
the binding sites limiting the estimation of binding site
density in vivo [6,42].
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To overcome the limitations of these molecular
probes, we had developed a novel QNB analogue, 1-azabi-
cyclo[2.2.2]oct-3-yl �-hydroxy-�-(1-iodo-1-propen-3-yl)-
�-phenylacetate (IQNP, Fig. 1) with respect to cerebral
uptake, subtype selectivity, and in vivo receptor binding
[4,5,22,23,26,29,30,32]. E-RR-IQNP demonstrated an 80
fold selectivity for the M1, M4 subtype in vitro and signif-
icant binding to cerebral regions containing a high concen-
tration of the M1, M4 subtype after allowing time for clear-
ance of the measurable M2 subtype binding in vivo. In
addition, Z-RR-IQNP, although non-subtype selective in
vitro and in vivo, for the first time demonstrated significant
receptor binding to cerebral regions containing a high M2

subtype concentration.
However, initial SPECT imaging studies utilizing

healthy volunteers demonstrated a wide range of inter-indi-
vidual values for both time of peak equilibration and bind-
ing potential values limiting the utility of this new molec-
ular probe [29]. Although E-RR-IQNP demonstrates
attractive mAChR subtype binding profile and cerebral up-
take, the slow pharmacokinetics in the human brain is a
major disadvantage that must be overcome to be useful as
mAChR specific molecular probes in routine clinical diag-
nostic studies. The reported slow release from the receptor
pocket of various 3-quinuclidinyl esters has been postulated
to directly relate to a high nanomolar binding affinity of
these molecular probes. Therefore to obtain a more favor-
able in vivo ligand-receptor-binding interaction a decrease
in the binding affinity is desired.

It has been reported the binding affinity of the ligand can
be influenced via modification of the nitrogen containing
heterocycle moiety [36,43]. Carbon-11-labeled N-methylpi-
peridin-4-yl benzilate (NMPB, Fig. 1), in which the
3-quinuclidinyl moiety of QNB was modified to a 1-methyl-

piperidin-4-yl moiety, was investigated as a potential ligand
for the evaluation of mAChR density via Positron Emission
Tomography (PET) [1,2,35,38–40,49,51]. Although this
modification to the QNB structure afforded a molecular
probe with the desired decrease in binding affinity, NMPB
does not discriminate between mAChR subtypes.

We now report the stereoselective synthesis, radioiodi-
nation, in vitro and initial in vivo evaluation of 1-methylpi-
peridin-4-yl �-hydroxy-�-(1-iodo-1-propen-3-yl)-�-phe-
nylacetate (IPIP, Fig. 1), a novel IQNP analogue in which
the 3-quinuclidinyl ester moiety has been replaced by the
1-methylpiperidin-4-yl moiety. We have previously re-
ported a dosimetric study for Z-S-IPIP [8].

2. Materials and methods

2.1. General

Tributyltin hydride, carbonyldiimidazole (CDI), anhy-
drous DMF, anhydrous THF, and 4-hydroxy-1-methylpip-
eridine were purchased from Aldrich Chemical Company
(Milwaukee, WI). All other reagents were of analytical
grade and used without further purification. R and S-ethyl
�-hydroxy-�-phenyl-�-(1-propyn-3-yl)acetate (5), R and S
�-hydroxy-�-phenyl-�-(1-propyn-3-yl)acetic acid (2) and
R-QNB were prepared as previously reported [24,34]. So-
dium iodine-125 (specific activity 17 Ci/mg) was obtained
from New England Nuclear Life Sciences Division (Rox-
bury, MA). Human cloned M1 and M2 receptors were pur-
chased from Receptor Biology, Inc (Beltsville, MD).
[N-Methyl-3H]-scopolamine methyl chloride (specific ac-
tivity 82 Ci/mmol) was obtained from NEN Life Sciences
Products, Inc. (Boston, MA). C-18 Sep Pak cartridges were

Fig. 1. QNB and various radiolabeled mAChR antagonists.
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purchased from Waters Corporation (Cary, NC). Proton
(1H) and carbon (13C) NMR was obtained utilizing a Varian
Gemini 200 instrument (Palo Alto, CA). Proton spectra are
reported using tetramethylsilane (0.00 ppm) and carbon
spectra are reported using chloroform (77.0 ppm) as refer-
ence standards. Melting points were determined using a
Hoover melting point Model 245 apparatus and are reported
uncorrected. Optical rotation was obtained utilizing a Per-
kin-Elmer Model 341 polarimeter. Analytical high perfor-
mance liquid chromatography (HPLC) was performed with
an isocratic Waters system consisting of a Model 515 pump
and Model 996 Photodiode detector with Millenium32 Chro-
matography Manager (Cary, NC). A mobile phase of
CH2Cl2/[CH3CH2OH � 1% N(CH2CH3)3] [98:2 for IPIP
(1), 99:1 for TBTPIP (4)], flow rate of 1.0 mL/min and a
Waters �Porasil column (1.7 mm � 30 cm) were utilized.
Semi-preparative HPLC was performed with a Waters
Model 510 HPLC pump and Model 454 variable UV de-
tector (254 nm) (Cary, NC) utilizing a Beckman Model 170
radioisotope flow detector (Fullerton, CA). The HPLC con-
ditions for the purification of the radioiodinated IPIP ste-
reoisomers utilized a mobile phase of CH2Cl2/[CH3CH2OH
� 1% N(CH2CH3)3] [98:2], flow rate of 2.5 mL/min and a
Waters semi-preparative �Porasil column (3.9 mm � 30
cm). Radiochemical thin layer chromatographic (RTLC)
analysis was performed using Analtech glass coated silica
GF plates (250 micron) (Newark, DE.) and a mobile phase
of CHCl3/CH3OH (8.5:1.5). The plates were analyzed using
a Bioscan System 200 Imaging Scanner with an Autochan-
ger 1000 (Washington, DC). Elemental analyses were ob-
tained from Galbraith Laboratories, Inc. (Knoxville, TN).

2.2. Synthesis

2.2.1. (R)-1-Methylpiperidin-4-yl �-hydroxy-�-phenyl-�-
(1-propyn-3-yl)acetate (R-3)
2.2.1.1. Activated ester approach. A solution of R-2 (1.69
g, 8.9 mmol) and carbonyldiimidazole (CDI) (1.58 g, 9.7
mmol) in anhydrous DMF (30 mL) was stirred at room
temperature under positive argon pressure for 2 h. A solu-
tion of 4-hydroxy-1-methylpiperidine (2.59 g, 22.5 mmol)
in anhydrous DMF (10 mL) was added and the resultant
solution was stirred at 80°C under positive argon pressure
for 18 h. The solution was cooled to room temperature,
diluted with ice water (200 mL), and washed twice with
ethyl acetate (200, 100 mL). The organic washes were
combined, dried over anhydrous MgSO4, and evaporated to
dryness to afford an orange oil. Purification by flash column
chromatography [silica, CHCl3/CH3OH/NH4OH (94:5:1)]
afforded R-3 as an orange oil (1.18 g, 46.1%). TLC [silica,
CHCl3/CH3OH (9:1)] Rf � 0.54. 1H NMR � 7.63–7.57 (m,
2H), 7.40–7.29 (m, 3H), 4.95–4.88 (m, 1H), 4.10 (m, 1H),
3.22–3.13 (dd, 1H), 2.88–2.78 (dd, 1H), 2.62–1.60 (m, 8H),
2.25 (s, 3H), 2.04 (t, 1H). 13C NMR � 172.7, 140.0, 128.1,
128.0, 125.3, 79.1, 77.2, 72.0, 70.9, 52.2, 46.1, 30.9, 30.1,
30.2. [�]D � �22.47° (CHCl3, c � 29.2 mg/mL).

2.2.1.2. Transesterification approach. A solution of 1-meth-
yl-4-hydroxypiperidine (1.90 g, 16.5 mmol) in benzene (50
mL) was refluxed utilizing a Dean-Stark trap for 1 h under
positive argon pressure. The solution was cooled to room
temperature and the benzene collected in the trap was dis-
carded. Freshly cut sodium metal (0.5 g, 21.7 mmol) was
added and the solution refluxed under positive argon pres-
sure utilizing a Dean Stark trap for 1 h. The solution was
cooled slightly and transferred warm under positive argon
pressure to a solution of R-(-)-ethyl �-hydroxy-�-phenyl-
�-(1-propyn-3-yl)acetate (5) (994.6 mg, 4.6 mmol) in 50
mL of anhydrous benzene. The resultant solution was re-
fluxed under positive argon pressure utilizing a Dean Stark
trap for 18 h. The solution was then cooled to room tem-
perature, poured into water (200 mL) and washed with ethyl
acetate (2 � 150 mL). The organic fractions were com-
bined, washed with water (100 mL), dried over anhydrous
MgSO4, and evaporated to dryness to afford an orange oil.
The product was purified by flash column chromatography
(CHCl3/CH3OH/NH4OH [94:5:1]) to afford a single spot
via TLC (silica, CHCl3/CH3OH [9:1] Rf � 0.54) containing
a mixture of R-3 and (R)-1-methylpiperidin-4-yl �-(alle-
nyl)-�-hydroxy-�-phenylacetate (6) in approximately 1 to 1
molar ratio (499.8 mg, 37.8%).

2.2.2. Compound 6 1H NMR (from the mixture)
� 7.62–7.56 (m, 2H), 7.40–7.24 (m, 3H), 5.75 (t, 1H),

4.99–4.95 (d, 2H), 4.95–4.88 (m, 1H), 4.10 (m, 1H), 2.62–
1.60 (m, 8H), 2.25 (s, 3H). 13C NMR � 172.7, 140.8, 140.0,
128.1, 127.9, 125.3, 95.3, 79.1, 77.2, 71.9, 71.0, 52.0, 46.1,
30.9, 30.1, 30.2.

2.2.3. (S)-1-Methylpiperidin-4-yl �-hydroxy-�-phenyl-�-
(1-propyn-3-yl)acetate (S-3)

Utilizing the activated ester approach, S-3 was prepared
with S-2 (1.87 g, 9.8 mmol), CDI (1.60 g, 9.9 mmol), and
4-hydroxy-1-methylpiperidine (4.63 g, 40.2 mmol) to afford
S-3 as an orange oil (1.15 g, 40.9%). TLC [silica, CHCl3/
CH3OH (9:1)] Rf � 0.54. 1H NMR � 7.62–7.56 (m, 2H),
7.39–7.27 (m, 3H), 4.94–4.87 (m, 1H), 3.21–3.11 (dd, 1H),
2.90–2.84 (dd, 1H), 2.79–2.14 (m, 4H), 2.22 (s, 3H), 2.04
(t, 1H), 2.03–1.67 (m, 4H). 13C NMR � 172.6, 140.3, 128.1,
128.0, 125.3, 79.3, 77.2, 71.8, 71.0, 52.2, 46.1, 31.0, 30.2,
30.1. [�]D � �22.36° (CHCl3, c � 28.7 mg/mL).

2.2.4. E-(S)-1-Methylpiperidin-4-yl �-hydroxy-�-phenyl-�-
(1-tributylstannyl-1-propen-3-yl)acetate (E-S-4)

A solution of S-3 (513.9 mg, 1.8 mmol), AIBN (367.7
mg, 2.3 mmol) and tributyltin hydride (757.4 mg, 2.6 mmol)
in anhydrous toluene (10 mL) was stirred under positive
argon pressure at 75°C for 18 h. The solution was cooled to
room temperature, diluted with CH2Cl2 (200 mL) and
washed with water (100 mL). The organic solution was
dried over anhydrous MgSO4 and evaporated to dryness.
The product was purified by flash column chromatography
[silica, CHCl3/CH3OH/NH4OH (96:3:1)] to afford E-S-4 as
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a pale oil (713.2 mg, 52.8%). TLC [silica, CHCl3/CH3OH
(9:1)] Rf � 0.65. 1H NMR � 7.64–7.59 (m, 2H), 7.38–7.26
(m, 3H), 6.16–6.06 (d, 1H, J � 18.9 Hz), 5.99–5.96 (t, 1H),
4.84–4.79 (m, 1H), 3.88 (s, 1H), 3.11–3.01 (dd, 1H), 2.86–
2.77 (dd, 1H), 2.58–2.17 (m, 4H), 2.25 (s, 3H), 1.92–1.61
(m, 4H), 1.54–1.38 (m, 6H), 1.33–1.19 (m, 6H), 0.91–0.80
(m, 15H). 13C NMR � 174.0, 142.2, 141.5, 133.9, 128.0,
127.5, 125.5, 77.9, 71.7, 52.5, 48.2, 46.2, 30.7, 30.4, 29.1,
27.3, 13.7, 9.5. HPLC analysis: retention time � 9.0 min.
[�]D � �20.46° (CHCl3, c � 65.0 mg/mL).

2.2.5. E-(R)-1-Methylpiperidin-4-yl �-hydroxy-�-phenyl-
�-(1-tributylstannyl-1-propen-3-yl)acetate (E-R-4)

E-R-4 was prepared as above with R-3 (469.3 mg, 1.6
mmol), AIBN (317.2 mg, 1.9 mmol) and tributyltin hydride
(649.2 mg, 2.2 mmol ) to afford E-R-4 as a pale oil (595.0
mg, 64.3%). TLC [silica, CHCl3/CH3OH (9:1)] Rf � 0.68.
1H NMR � 7.64–7.59 (m, 2H), 7.38–7.26 (m, 3H), 6.16–
6.06 (d, 1H, J � 19.0 Hz), 6.02–5.96 (t, 1H), 4.87–4.79 (m,
1H), 3.85 (s, 1H), 3.13–3.01 (dd, 1H), 2.87–2.77 (dd, 1H),
2.63–2.10 (m, 4H), 2.26 (s, 3H), 2.00–1.22 (m, 16H), 1.65–
1.10 (m, 15H). 13C NMR � 174.0, 142.2, 141.49, 134.0,
128.0, 127.5, 125.5, 77.9, 71.7, 52.5, 48.2, 46.2, 30.7, 30.4,
29.1, 27.3, 13.8, 9.5. HPLC analysis: retention time � 9.6
min. [�]D � �20.56° (CHCl3, c � 46.7 mg/mL).

2.2.6. Z-(S)-1-Methylpiperidin-4-yl �-hydroxy-�-phenyl-�-
(1-tributylstannyl-1-propen-3-yl)acetate (Z-S-4)

A solution of S-3 (845.6 mg, 2.9 mmol) and tributyltin
hydride (3.25 g, 11.2 mmol) in anhydrous HMPA (6 mL)
was stirred under positive argon pressure at 75°C for 5 d.
The solution was cooled to room temperature and the
HMPA was removed by Kugelrohr distillation at 70°C un-
der high vacuum. The product was purified by repeated flash
column chromatography [silica, CHCl3/CH3OH/NH4OH
(96:3:1)] to afford Z-S-4 as a pale oil (239.6 mg, 14.3%).
TLC [silica, CHCl3/CH3OH (9:1)] Rf � 0.60. 1H NMR �
7.64–7.57 (m, 2H), 7.39–7.24 (m, 3H), 6.49–6.36 (pent,
1H), 6.07–6.00 (d, 1H, J � 12.7 Hz), 4.91–4.84 (m, 1H),
3.70 (bs, 1H), 3.03–2.91 (dd, 1H), 2.82–2.70 (dd, 1H),
2.68–2.19 (m, 4H), 2.25 (s, 3H), 2.11–1.64 (m, 4H), 1.57–
1.41 (m, 6H), 1.38–1.20 (m, 6H), 0.96–0.84 (m, 15H). 13C
NMR � 174.0, 141.6, 141.3, 133.7, 128.1, 127.6, 125.5,
77.5, 71.9, 52.4, 52.4, 46.3, 30.7, 30.4, 29.2, 27.4, 13.8,
10.3. HPLC analysis: retention time � 11.5 min. [�]D �
�19.20° (CHCl3, c � 45.2 mg/mL).

2.2.7. Z-(R)-1-Methylpiperidin-4-yl �-hydroxy-�-phenyl-�-
(1-tributylstannyl-1-propen-3-yl)acetate (Z-R-4)

Z-R-4 was prepared as above with R-3 (438.3 mg, 1.5
mmol), tributyltin hydride (1.51 g, 5.2 mmol ) and HMPA
(5 mL) to afford Z-R-4 as a pale oil (314.6 mg, 17.0%).
TLC [silica, CHCl3/CH3OH (9:1)] Rf � 0.74. 1H NMR �
7.63–7.57 (m, 2H), 7.41–7.23 (m, 3H), 6.48–6.35 (pent,
1H), 6.06–6.00 (d, 1H, J � 12.7 Hz), 4.91–4.83 (m, 1H),
3.70 (bs, 1H), 3.03–2.92 (dd, 1H), 2.81–2.70 (dd, 1H),

2.56–2.11 (m, 4H), 2.25 (s, 3H), 2.09–1.60 (m, 4H), 1.57–
1.38 (m, 6H), 1.34–1.14 (m, 6H), 0.96–0.80 (m, 15H). 13C
NMR � 174.1, 141.7, 141.3, 133.6, 128.1, 127.6, 125.5,
77.5, 71.9, 52.5, 52.4, 46.3, 30.7, 30.4, 29.2, 27.4, 13.8,
10.3. HPLC analysis: retention time � 11.5 min. [�]D �
�18.59° (CHCl3, c � 39.0 mg/mL).

2.2.8. E-(R)-1-Methylpiperidin-4-yl �-hydroxy-�-(1-iodo-
1-propen-3-yl)-�-phenylacetate (E-R-1)

A solution of E-R-4 (535.8 mg, 0.9 mmol) in CHCl3 (25
mL) was stirred and a 0.3M I2/CHCl3 solution was added
dropwise until the color of iodine persisted. The resultant
solution was stirred at room temperature for 2.5 h, diluted
with CHCl3 (100 mL) and washed with a 10% sodium
bisulfite solution (50 mL). The CHCl3 solution was dried
over anhydrous MgSO4 and evaporated to dryness to afford
a pale solid. The product was purified by gravity column
chromatography [silica, CHCl3/CH3OH/NH4OH (96:3:1)]
to afford E-R-1 as a pale solid (261.4 mg, 67.7%). Mp:
102–4°C. TLC [silica, CHCl3/CH3OH (9:1)] Rf � 0.55. 1H
NMR � 7.59–7.55 (m, 2H), 7.37–7.25 (m, 3H), 6.58–6.46
(pent, 1H), 6.22–6.15 (d, 1H, J � 14.6 Hz), 4.89–4.81 (m,
1H), 3.95 (bs, 1H), 2.99–2.88 (dd, 1H), 2.75–2.65 (dd, 1H),
2.64–2.32 (m, 4H), 2.25 (s, 3H), 1.99–1.88 (m, 2H), 1.82–
1.60 (m, 2H). 13C NMR � 173.3, 140.8, 139.9, 128.2, 127.9,
125.2, 79.0, 77.4, 72.2, 52.4, 46.1, 45.9, 30.7, 30.3. [�]D �
�31.95° (CHCl3, c � 39.8 mg/mL). HPLC analysis: reten-
tion time � 7.0 min. Anal. (C17H22INO3): Calcd: C 49.17,
H 5.34, N 3.37; Found: C 49.23, H 5.45, N 3.40.

2.2.9. E-(S)-1-Methylpiperidin-4-yl �-hydroxy-�-(1-iodo-
1-propen-3-yl)-�-phenylacetate (E-S-1)

E-S-1 was prepared as above with E-S-4 (713.2 mg, 1.2
mmol) to afford the product as a pale solid (524.5 mg,
71.7%). Mp: 104–5°C. TLC [silica, CHCl3/CH3OH (9:1)]
Rf � 0.36. 1H NMR � 7.60–7.54 (m, 2H), 7.40–7.28 (m,
3H), 6.61–6.47 (pent, 1H), 6.23–6.16 (d, 1H, J � 14.5 Hz),
4.88–4.82 (m, 1H), 3.90 (bs, 1H), 3.00–2.89 (dd, 1H),
2.76–2.65 (dd, 1H), 2.60–2.11 (m, 2H), 2.25 (s, 3H), 2.00–
1.60 (m, 6H). 13C NMR � 173.4, 140.8, 140.0, 128.2, 127.9,
125.3, 79.1, 77.4, 72.4, 52.6, 52.5, 46.1, 46.0, 30.8, 30.4.
[�]D � �32.26° (CHCl3, c � 31.8 mg/mL). HPLC analy-
sis: retention time � 7.0 min. Anal. (C17H22INO3) Calcd: C
49.17, H 5.34, N 3.37; Found: C 49.49, H 5.46, N 3.40.

2.2.10. Z-(S)-1-Methylpiperidin-4-yl �-hydroxy-�-(1-iodo-
1-propen-3-yl)-�-phenylacetate (Z-S-1)

Z-S-1 was prepared as above with Z-S-4 (239.6 mg, 0.4
mmol) to afford the product as a pale oil (147.2 mg, 86.5%).
TLC [silica, CHCl3/CH3OH (9:1)] Rf � 0.34. 1H NMR �
7.64–7.56 (m, 2H), 7.41–7.27 (m, 3H), 6.38–6.22 (m, 2H),
4.87–4.81 (m, 1H), 4.10 (bs, 1H), 3.14–3.03 (dd, 1H),
2.91–2.80 (dd, 1H), 2.62–2.52 (m, 1H), 2.40–2.10 (m, 2H),
2.24 (s, 3H), 1.95–1.64 (m, 4H). 13C NMR � 173.8, 140.9,
135.6, 128.1, 127.8, 125.4, 85.3, 77.2, 72.2, 52.3, 52.2, 46.1,
44.9, 30.5, 30.2. [�]D � �15.41° (CHCl3, c � 24.4 mg/
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mL). HPLC analysis: retention time � 7.0 min. Anal.
(C17H22INO3) Calcd: C 49.17, H 5.34, N 3.37; Found: C
49.77, H 5.55, N 3.20.

2.2.11. Z-(R)-1-Methylpiperidin-4-yl �-hydroxy-�-(1-iodo-
1-propen-3-yl)-�-phenylacetate (Z-R-1)

Z-R-1 was prepared as above with Z-R-4 (314.6 mg, 0.5
mmol) to afford Z-R-1 as a pale oil (165.9 mg, 74.0%).
TLC [silica, CHCl3/CH3OH (9:1)] Rf � 0.36. 1H NMR �
7.64–7.58 (m, 2H), 7.41–7.29 (m, 3H), 6.39–6.22 (m, 2H),
4.87–4.82 (m, 1H), 4.00 (bs, 1H), 3.15–3.04 (dd, 1H),
2.91–2.80 (dd, 1H), 2.63–2.53 (m, 1H), 2.41–2.11 (m, 2H),
2.25 (s, 3H), 1.96–1.58 (m, 4H). 13C NMR � 173.8, 140.8,
135.5, 128.2, 127.9, 125.4, 85.3, 77.2, 72.3, 72.2, 52.3, 52.2,
46.1, 44.9, 30.6, 30.2. [�]D � �14.81° (CHCl3, c � 30.9
mg/mL). HPLC analysis: retention time � 7.0 min. Anal.
(C17H22INO3) Calcd: C 49.17, H 5.34, N 3.37; Found: C
49.99, H 5.40, N 3.20.

2.2.12. Iodine-125-E-(R)-1-methylpiperidin-4-y �-hydroxy-
�-(1-iodo-1-propen-3-yl)-�-phenylacetate ([I-125]-E-R-1)

An ethanolic solution of E-R-4 (1 mg/mL, 100 �L), 0.1
N HCl (200 �L) and an ethanolic sodium iodine-125 solu-
tion (2.9 mCi in 100 �L of 0.1 M NaOH and 100 �L of
ethanol) were added to a 3 mL vial. A freshly prepared 3%
H2O2 solution (50 �L) was added, the vial sealed, and the
solution stirred at room temperature for 30 min. A 10%
sodium bisulfite solution (500 �L) was then added, stirred 1
min, and a saturated NaHCO3 solution (1.0 mL) slowly
added. The resultant solution was transferred to a syringe
containing a C18 Sep Pak. The reaction vial was rinsed with
CH3CN (100 �L) and water (1.0 mL) and these rinses
transferred to the syringe. The volume in the syringe was
brought up to 10 mL with water and the solution passed
through the Sep Pak. The Sep Pak was washed with water
(2 � 4 mL) followed by CH3CN (0.25 mL). The crude
radioiodinated product was removed from the Sep Pak with
CH3CN (2 mL) followed by CHCl3 (5 mL) and evaporated
to dryness under a stream of nitrogen. The residue was taken
up in the HPLC solvent (300 �L) and the product was
purified by normal phase HPLC. The HPLC eluent was
collected in 1 min increments and the fractions containing
the product were pooled together and evaporated under
nitrogen to afford 2.2 mCi of [I-125]-E-R-1 (74.5%) with a
specific activity of �800 mCi/�mol and a radiochemical
purity �97% determined by HPLC and RTLC analysis,
respectively. [I-125]-E-R-1 was analyzed by comparing the
TLC and HPLC mobility to IPIP and in both cases [I-125]-
E-R-1 co-chromatographed with the standard. The specific
activity was determined by measurement of the UV absor-
bance peak (254 nm) corresponding to IPIP and comparing
the UV absorbance to a standard curve relating mass to UV
absorbance.

2.2.13. Iodine-125-E-(S)-1-methylpiperidin-4-yl
�-hydroxy-�-(1-iodo-1-propen-3-yl)-�-phenylacetate
([I-125]-E-S-1)

[I-125]-E-S-1 was prepared in the same manner as above
to afford the product in 69.2% radiochemical yield.

2.2.14. Iodine-125-Z-(R)-1-methylpiperidin-4-yl
�-hydroxy-�-(1-iodo-1-propen-3-yl)-�-phenylacetate
([I-125]-Z-R-1)

[I-125]-Z-R-1 was prepared in the same manner as
above to afford the product in 53.6% radiochemical yield.

2.2.15. Iodine-125-Z-(S)-1-methylpiperidin-4-yl
�-hydroxy-�-(1-iodo-1-propen-3-yl)-�-phenylacetate
([I-125]-Z-S-1)

[I-125]-Z-S-1 was prepared in the same manner as above
to afford the product in 86.5% radiochemical yield.

2.3. In vitro binding assays

The Ki values for the IPIP stereoisomers were deter-
mined by competitive ligand-binding assay with [H-3]-sco-
polamine as the radiotracer. Competition curves were gen-
erated with 12 concentrations of unlabeled compounds:
10�12-10�6 M. The various stereoisomers of IPIP were
individually dissolved in 100% ethanol and added to 4 mL
of tris(hydroxymethyl)aminomethane-buffer (10 mM, pH
7.4) 0.9% saline containing 2.5 � 10�10 M [H-3]-scopol-
amine at a final concentration of 0.5% ethanol. Aliquots (0.1
mL) of cell membranes were added, the mixture was vortex
followed by incubation at 30°C for 2 h. The incubation
mixture was rapidly filtered on a GF/C filter paper. The filter
was washed with 15 mL of ice cold saline, air-dried, placed
in Cytoscint scintillation cocktail (ICN Biomedicals, Inc.),
and counted for 2 min each. Data was analyzed with the
GraphPad Prism program (San Diego, CA) and Ki values
were obtained from a single determination.

2.4. Biodistribution studies

The animal care and use procedures were in accordance
with the Guide for the Care and Use of Laboratory Animals
and the Animal Welfare Act and were approved by the Oak
Ridge National Laboratory Animal Care and Use Commit-
tee (ACUC). For these studies, the individual [I-125]-IPIP
isomers was dissolved in ethanol and an aliquot (100 �L)
was transferred to a vial, 0.1 N HCl solution added (100

Table 1
In vitro M1 and M2 binding affinity of IPIP stereoisomers (Ki, nM)

Receptor
subtype

Scopolamine
(reference)

Stereoisomer of IPIP (1)

E-R E-S Z-R Z-S

M1 0.93 3.72 1.10 0.18 0.06
M2 0.86 10.37 0.93 0.66 0.05
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�L), and the volume brought up to 10 mL with sterile
normal saline. Following filtration through a 0.22 � Milli-
pore filter into a sterile injection vial, the solution was
administered by intravenous injection (0.5 mL) into a lateral
tail vein of metophane-anesthetized female rats (n � 5
rats/group, 4–6 �Ci). The rats were monitored as they
recovered from anesthesia and allowed food and water dur-
ing the course of the experiment. The rats were then anes-
thetized and euthenized by cervical dislocation at desig-
nated times post injection of the radioiodinated ligand. The
various organs were removed, rinsed with saline, blotted
dry, and weighed in tarred vials. Blood samples were ob-
tained from the thoracic cavity after removal of the heart.
The brains were removed, placed on a cold surface (ice) and
immediately dissected into the various regions. The tissues
were weighed and counted in a Packard Minaxi 5000 auto
sodium iodide gamma counter.

For blocking studies with E-R- and Z-S-IPIP, groups of
rats (n � 5) were anesthetized as above and pretreated with
a saline solution (0.5 mL) of the oxalate salt of R-QNB (3
mg/kg) 30 min or 1 h prior to injection of the [I-125]-Z-S-
or E-R-IPIP, respectively. As a control, a group of animals
(n � 5) were injected with only E-R- or Z-S-IPIP, respec-
tively. The rats were anesthetized and euthenized by cervi-
cal dislocation 2 h post injection of Z-S-IPIP or 3 h post-
injection of E-R-IPIP. The various organs were removed
and treated as described above.

2.5. Tissue extraction and analysis

The chilled global brain and heart were finely minced in
a watch glass and homogenized for 3 min in a CHCl3/
CH3OH solution (10 mL, 2:1 v/v) by the traditional Folch
technique as described previously using a loose fitting Pot-

Scheme 1. Activated Ester Approach for the Synthesis of IPIP.

Table 2
In vivo biodistribution of Z-S-IPIP in female rats (n � 5)

Organ Percent injected dose/gram (�S.D.)

15 min 30 min 60 min 120 min 180 min 240 min

Blood 0.41 � 0.08 0.43 � 0.07 0.39 � 0.03 0.37 � 0.04 0.39 � 0.04 0.32 � 0.03
Liver 1.31 � 0.27 1.25 � 0.06 1.12 � 0.05 0.84 � 0.07 0.71 � 0.04 0.49 � 0.03
Kidney 2.42 � 0.31 2.13 � 0.19 1.42 � 0.03 0.77 � 0.03 0.57 � 0.07 0.42 � 0.02
Heart 7.25 � 1.48 5.97 � 0.50 3.62 � 0.26 1.90 � 0.42 1.05 � 0.07 0.78 � 0.10
Lung 5.76 � 0.80 3.94 � 0.37 2.40 � 0.17 1.30 � 0.06 0.89 � 0.05 0.69 � 0.09
Thyroida 0.14 � 0.08 0.24 � 0.11 0.52 � 0.27 1.20 � 0.75 1.76 � 0.63 2.13 � 1.09
Cerebellum 2.68 � 0.64 2.30 � 0.21 2.25 � 0.29 1.85 � 0.18 1.23 � 0.05 0.90 � 0.06
Medulla 2.86 � 0.63 2.99 � 0.29 3.01 � 0.30 2.62 � 0.34 2.44 � 0.23 1.96 � 0.16
Pons 3.04 � 0.82 3.32 � 0.26 3.42 � 0.53 3.64 � 0.44 3.40 � 0.63 3.17 � 0.15
Cortex 4.75 � 0.83 5.17 � 0.69 4.94 � 0.34 5.50 � 0.66 5.08 � 0.38 5.26 � 0.40
Striatum 3.62 � 0.83 4.13 � 0.62 3.80 � 0.30 4.24 � 0.74 4.16 � 0.22 4.11 � 0.38
Hippocampus 3.01 � 0.56 3.04 � 0.39 3.33 � 0.35 3.77 � 0.46 3.59 � 0.25 3.46 � 0.36
Thalamus 3.37 � 1.00 3.57 � 0.42 3.53 � 0.43 4.23 � 0.72 3.70 � 0.26 3.70 � 0.34
Superior colliculi 3.71 � 0.90 3.63 � 0.45 3.84 � 0.58 4.34 � 0.51 3.77 � 0.34 3.51 � 0.37
Inferior colliculi 3.98 � 0.93 3.87 � 0.28 4.21 � 0.63 4.48 � 0.64 3.81 � 0.31 3.34 � 0.29

a Percent injected dose.
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ter-Elmejahn ground glass homogenizer [25]. The individ-
ual organic extracts were filtered into centrifuge tubes and
the filter paper washed with CHCl3 (1 mL). The filtrates
were thoroughly mixed with normal saline (2 mL) and
centrifuged at low speed for 10 min to separate the organic
and aqueous layers. The organic layer was carefully re-
moved with a pipette and filtered through a short column of
anhydrous sodium sulfate and evaporated to dryness under
a stream of argon. The organic fraction, aqueous fraction
and filter paper/pellet combination were counted. The or-
ganic residues were dissolved in CHCl3 (0.5 mL) and ana-
lyzed for Z-S-IPIP by TLC analysis (CHCl3/CH3OH [8.5:
1.5], Rf � 0.40).

3. Results

3.1. Synthesis

The four stereoisomers of IPIP were prepared via a
stereoselective synthesis utilizing cis-(2R,5R)- or (2S,5S)-
2-(tert-butyl)-5-phenyl-5-(1-propyn-3-yl)-1,3-dioxlan-4-one
[24]. An activated ester approach was utilized for the esterifi-
cation of �-hydroxy-�-phenyl-�-(1-propyn-3-yl)acetic acid (2)
with 1-methyl-4-hydroxypiperidine to afford the desired pro-

pynyl intermediate (3) (Scheme 1) [18,37]. The tributylstannyl
intermediates (4) were prepared by the treatment of the pro-
pynyl intermediate (3) with tributyltin hydride. Treatment of 3
with a slight excess of tributlytin hydride in the presence of the
radical initiator AIBN afforded the E isomers. Treatment of 3

Fig. 2. In vivo blocking study with R-QNB (3 mg/kg, 0.5 h pre-injection) in female fischer rats at 2 h post-injection of [I-125]-Z-S-IPIP (n � 5).

Table 3
In vivo biodistribution of Z-R-IPIP in female rats (n � 5)

Organ Percent injected dose/gram (�S.D.)

15 min 120 min 240 min

Blood 0.60 � 0.08 0.52 � 0.08 0.43 � 0.04
Liver 1.04 � 0.04 0.40 � 0.06 0.26 � 0.03
Kidney 1.94 � 0.23 0.61 � 0.10 0.33 � 0.06
Heart 1.62 � 0.14 0.39 � 0.03 0.24 � 0.02
Lung 6.36 � 1.09 1.15 � 0.25 0.54 � 0.04
Thyroida 0.20 � 0.07 1.22 � 0.57 3.44 � 1.44
Cerebellum 1.93 � 0.18 0.30 � 0.06 0.12 � 0.02
Medulla 2.37 � 0.21 0.71 � 0.14 0.31 � 0.06
Pons 3.18 � 0.30 1.55 � 0.19 0.77 � 0.13
Cortex 4.79 � 0.23 3.57 � 0.63 2.16 � 0.15
Striatum 3.81 � 0.24 3.54 � 0.57 2.28 � 0.19
Hippocampus 3.54 � 0.14 2.82 � 0.48 1.96 � 0.15
Thalamus 3.61 � 0.20 2.09 � 0.33 1.02 � 0.05
Superior colliculi 3.73 � 0.29 1.26 � 0.21 0.58 � 0.05
Inferior colliculi 3.72 � 0.28 1.01 � 0.13 0.48 � 0.05

a Percent injected dose.
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with an excess of tributyltin hydride in HMPA afforded the
Z-isomers. Subsequent treatment of the individual E-and Z-4
stereoisomers with iodine afforded the IPIP stereoisomers.
HPLC analysis of the IPIP stereoisomers prepared via this
route showed the E isomers contained approximately 4–5% of
the respective Z isomers and the Z isomers with approximately
7–8% of the respective E isomers.

3.2. In vitro binding assay

Single determination of the in vitro binding affinity of
the individual IPIP stereoisomers utilizing cloned human
M1 and M2 receptor subtypes was determined using [H-3]-

methylscopolamine as the reference ligand (Table 1). The
IPIP stereoisomers bound with nanomolar affinity to
mAChR with the R-isomers demonstrating a low subtype se-
lectivity for the M1 subtype (3 to 5 fold) over the M2 subtype
and the S isomers demonstrating a non-subtype selectivity.

3.3. Radiolabeling

Radioiodination of the individual IPIP stereoisomers was
accomplished utilizing a freshly prepared 3% hydrogen per-
oxide solution as the oxidant and purified via HPLC. The
individual [I-125]IPIP isomers were obtained in high radio-
chemical yield (74.4 � 14.8%, n � 5), high radiochemical

Table 4
In vivo biodistribution of E-R-IPIP in female rats (n � 5)

Organ Percent injected dose/gram (�S.D.)

15 min 30 min 60 min 120 min 180 min 240 min

Blood 0.51 � 0.01 0.50 � 0.02 0.51 � 0.06 0.44 � 0.03 0.31 � 0.03 0.31 � 0.03
Liver 1.20 � 0.07 0.92 � 0.04 0.70 � 0.07 0.51 � 0.05 0.38 � 0.03 0.32 � 0.02
Kidney 1.87 � 0.12 1.31 � 0.13 1.06 � 0.06 0.61 � 0.06 0.36 � 0.03 0.31 � 0.03
Heart 0.78 � 0.08 0.57 � 0.03 0.40 � 0.02 0.25 � 0.02 0.15 � 0.02 0.13 � 0.01
Lung 6.49 � 1.03 3.31 � 0.29 2.16 � 0.23 0.94 � 0.15 0.50 � 0.07 0.40 � 0.04
Thyroida 0.26 � 0.17 0.42 � 0.29 1.15 � 0.42 1.13 � 0.64 2.77 � 1.65 3.77 � 2.82
Cerebellum 1.46 � 0.16 0.84 � 0.12 0.39 � 0.02 0.18 � 0.02 0.09 � 0.01 0.06 � 0.01
Medulla 1.90 � 0.30 1.33 � 0.29 0.83 � 0.08 0.31 � 0.03 0.21 � 0.05 0.08 � 0.04
Pons 1.72 � 0.20 1.68 � 0.54 0.63 � 0.04 0.73 � 0.24 0.15 � 0.04 0.23 � 0.09
Cortex 2.28 � 0.12 1.80 � 0.11 0.99 � 0.04 0.77 � 0.06 0.39 � 0.03 0.36 � 0.04
Striatum 2.17 � 0.05 1.79 � 0.16 0.97 � 0.04 0.76 � 0.04 0.40 � 0.03 0.41 � 0.03
Hippocampus 2.04 � 0.19 1.79 � 0.24 0.96 � 0.05 0.66 � 0.06 0.33 � 0.01 0.34 � 0.03
Thalamus 2.24 � 0.23 1.69 � 0.22 0.82 � 0.01 0.58 � 0.03 0.24 � 0.03 0.21 � 0.02
Superior colliculi 1.91 � 0.17 1.22 � 0.30 0.62 � 0.05 0.36 � 0.07 0.14 � 0.03 0.10 � 0.03
Inferior colliculi 1.85 � 0.17 1.04 � 0.21 0.54 � 0.03 0.36 � 0.05 0.14 � 0.02 0.10 � 0.02
Rest of brain 1.79 � 0.13 1.38 � 0.10 0.73 � 0.03 0.51 � 0.05 0.26 � 0.02 0.23 � 0.02

a Percent injected dose.

Table 5
In vivo biodistribution of E-S-IPIP in female rats (n � 5)

Organ Percent injected dose/gram (�S.D.)

15 min 30 mina 60 min 120 min 180 min 240 min

Blood 0.27 � 0.02 0.25 � 0.02 0.28 � 0.02 0.29 � 0.03 0.25 � 0.02 0.25 � 0.03
Liver 2.97 � 0.25 3.00 � 0.68 3.35 � 0.14 2.69 � 0.13 1.64 � 0.07 1.41 � 0.14
Kidney 2.91 � 0.43 2.08 � 0.22 1.74 � 0.10 1.06 � 0.12 0.65 � 0.08 0.52 � 0.05
Heart 1.19 � 0.20 0.78 � 0.06 0.60 � 0.07 0.36 � 0.03 0.34 � 0.06 0.21 � 0.02
Lung 4.67 � 0.66 2.99 � 0.32 1.53 � 0.13 0.89 � 0.03 0.56 � 0.05 0.45 � 0.03
Thyroidb 0.11 � 0.05 0.22 � 0.09 0.41 � 0.16 0.84 � 0.34 0.99 � 0.64 1.78 � 0.99
Cerebellum 1.78 � 0.24 1.30 � 0.39 1.07 � 0.12 0.62 � 0.06 0.35 � 0.03 0.23 � 0.02
Medulla 1.60 � 0.19 1.75 � 0.33 1.00 � 0.11 0.63 � 0.16 0.52 � 0.05 0.33 � 0.02
Pons 2.13 � 0.36 1.54 � 0.46 1.05 � 0.12 0.71 � 0.06 0.56 � 0.06 0.32 � 0.05
Cortex 2.88 � 0.33 1.78 � 0.38 1.36 � 0.08 0.81 � 0.07 0.50 � 0.04 0.39 � 0.02
Striatum 2.70 � 0.27 1.76 � 0.50 1.34 � 0.10 0.79 � 0.08 0.52 � 0.04 0.38 � 0.03
Hippocampus 2.32 � 0.23 1.61 � 0.47 1.32 � 0.12 0.80 � 0.07 0.49 � 0.05 0.35 � 0.01
Thalamus 2.44 � 0.24 1.75 � 0.48 1.10 � 0.16 0.69 � 0.08 0.47 � 0.04 0.32 � 0.02
Superior colliculi 2.24 � 0.24 1.43 � 0.41 1.10 � 0.11 0.68 � 0.06 0.43 � 0.04 0.29 � 0.03
Inferior colliculi 2.17 � 0.23 1.45 � 0.37 0.99 � 0.08 0.63 � 0.05 0.35 � 0.12 0.27 � 0.02

a 4 rats/group.
b Percent injected dose.
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purity (�97%), and high specific activity (�800 mCi/
�mol) as determined by RTLC and HPLC, respectively.

3.4. In vivo biodistribution

The biodistribution of the four IPIP stereoisomers were
investigated in female Fischer rats over 4 h and significant
differences in cerebral and cardiac uptake and receptor
binding of the various isomers were in agreement with the
in vitro binding data (Tables 2–5). Z-S-IPIP demonstrated
high uptake and significant retention in all cerebral regions
studied in addition to a significant cardiac uptake (Table 2).
The cerebral and cardiac uptake of radioactivity was
blocked � 90% by the pre-injection of R-QNB (3 mg/kg)
30 min prior to the injection of Z-S-IPIP (Fig. 2). Z-R-IPIP
demonstrated similar high initial cerebral uptake as com-
pared to Z-S-IPIP but a rapid cerebral clearance from re-
gions containing a high concentration of the M1 subtype and
a significantly higher washout from M2 rich regions (cere-
bellum, superior and inferior colliculi, medulla) (Table 3).

In addition, Z-R-IPIP did not demonstrate significant car-
diac uptake.

The E-isomers demonstrated a slightly lower uptake of
cerebral activity as compared to the Z-isomers. At 4 h
post-injection, after the measurable uptake in M2 rich re-
gions was allowed to clear, E-R-IPIP localized in cerebral
regions containing a high concentration of the M1, M4

subtype (cortex, striatum, hippocampus, thalamus) (Table
4). In addition, the activity in M1, M4 rich areas was blocked
to the level of non-specific binding following pretreatment
of the rat with R-QNB (3 mg/kg) 1 h prior to the injection
of E-R-IPIP (Fig. 3). Importantly, at 4 h post-injection, the
level of activity remaining in the cerebellum and heart,
regions containing primarily the M2 subtype, was not de-
creased via pretreatment with R-QNB.

E-S-IPIP demonstrated similar initial uptake as com-
pared to E-R-IPIP, however, the cerebral activity was re-
tained for a longer period of time (Table 5).

An ex vivo metabolic study was performed utilizing
Z-S-IPIP to obtain information concerning the identity of

Fig. 3. In vivo blocking study with R-QNB (3 mg/kg, 1 h pre-injection) in female fischer rats at 3 h post-injection of [I-125]-E-R-IPIP (n � 5).
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the species responsible for cerebral binding (Table 6).
Greater than 80% of the global brain activity was extracted
into the organic phase and observed to be unmetabolized
IPIP (�97%) for up to 8 h post-injection. In addition,
�85% of the activity obtained from global heart tissue was
extracted in the organic phase and observed to be unme-
tabolized IPIP. In both analyses approximately 15–20% of
the activity from these extractions was associated with the
pellet and filter.

4. Discussion

Initial animal and human SPECT imaging studies with
IQNP demonstrated important improvements in the devel-
opment of radioiodinated ligands targeted to the individual
mAChR subtypes (i.e. high cerebral uptake, modest subtype
selectivity, high binding to M2 rich tissues) [4,5,22,23,26,
29,30,32]. However, IQNP does not display optimum re-
ceptor binding kinetic properties for the evaluation of re-
ceptor function [29]. As has been observed for various
quinuclidinyl esters, IQNP displays a slow dissociation
from the receptor pocket and therefore is not optimal for the
development of an appropriate in vivo receptor binding
model.

Addressing the important issue of receptor binding ki-
netics, it has been postulated that an improvement in the
binding kinetics may be achieved via the development of a
ligand with a decreased in vitro binding affinity (i.e. 1 nM
vs. 0.01 nM) [36,43]. Therefore the initial modification
envisioned for the IQNP structure involved modification of
the 3-quinuclidinyl moiety to a 1-methylpiperidin-4-yl moi-
ety, the simplest piperidinyl group.

4.1. Chemistry

The initial synthetic route envisioned for the preparation
of IPIP was based on the stereoselective synthesis reported
for IQNP (Scheme 2). Transesterification of R-ethyl �-hy-
droxy-�-(1-propyn-3-yl)-�-phenyl acetate (5) with the so-
dium salt of 4-hydroxy-1-methylpiperidine afforded the de-
sired piperidinyl ester (3). Although a single spot was
observed via TLC analysis following flash column chroma-
tography purification of 3, NMR analysis indicated the
presence of an allenyl analogue, 1-methylpiperidin-4-yl
�-(allenyl)-�-hydroxy-�-phenylacetate (6) that co-eluted
with 3.

The allenyl compound (6) can be postulated to arise from
the formation of a conjugated propenyl anion intermediate
(7) in the presence of base under the harsh reaction condi-

Table 6
Ex vivo evaluation of Z-S-IPIP in global rat brain and heart tissue (n � 5)

Time (min) Brain Heart

% Organic
fraction

% Aqueous
fraction

% Pellet
fraction

% IPIP
via TLC

% Organic
fraction

% Aqueous
fraction

% Pellet
fraction

% IPIP
via TLC

15 71.5 (�2.7) 2.1 (�0.8) 26.5 (�2.5) 96.6 (�1.7) 70.1 (� 9.3) 4.7 (�0.8) 25.2 (�9.2) 92.1 (�3.2)
30 67.2 (�0.9) 1.9 (�0.6) 31.0 (�1.3) 94.4 (�1.2) 71.3 (�18.8) 6.1 (�1.7) 22.7 (�20.3) 90.8 (�4.5)
60 86.0 (�7.2) 0.9 (�0.4) 13.2 (�6.8) 98.4 (�0.9) 71.6 (�11.2) 6.6 (�0.6) 21.8 (�10.7) 96.7 (�0.6)
240 76.8 (�1.5) 2.8 (�1.1) 20.5 (�1.2) 93.7 (�4.2) 67.1 (�4.4) 10.7 (�1.0) 22.3 (�3.4) 93.7 (�4.2)
480 75.1 (�1.7) 1.3 (�0.7) 23.7 (�1.4) 97.3 (�1.2) 63.2 (�4.3) 12.6 (�1.8) 24.3 (�3.5) 79.2 ( �7.2)

Scheme 2. Transesterification approach for the synthesis of IPIP.
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tions employed for the transesterification (Scheme 3). Sub-
sequent quenching of the reaction via the addition of water
affords both 3 and 6.

The mixture of 3 and 6 was subsequently treated with
tributyltin hydride in the presence of a slight excess of
AIBN to afford (E)-1-methylpipidin-4-yl �-hydroxy-�-phe-
nyl-�-(1-tributylstannyl-1-propen-3-yl)acetate (4) in 80%
chemical yield (Scheme 4). 1-Methylpiperidin-4-yl �-hy-
droxy-�-phenyl-�-(3-tributylstannyl-1-propen-3-yl)-acetate
(9) in which the tributylstannyl moiety was added to the 3
position of the propenyl group was not observed by NMR
analysis. Analogous to the formation of the allenyl interme-
diate, the formation of a conjugated radical intermediate (8)
can be postulated as an intermediate in the addition of the
tributylstannyl moiety. However as previously observed for
the preparation of the Z-isomers of IQNP [26], the steric
bulk associated with the acetate center exclusively favors
the formation of 4.

Due to the low yield and complex product formation
obtained for the transesterification reaction, a one-pot acti-
vated ester approach utilizing carbonyldiimidazole (CDI)
for the esterification of ethyl �-hydroxy-�-(1-propyn-3-yl)-
�-phenylacetic acid (2) was investigated (Scheme 1) [18,
37]. The formation of the activated ester proceeded
smoothly at room temperature in anhydrous DMF with a 1
to 1 molar equivalent of 2 and CDI. The subsequent reaction
of the activated ester with 1-methyl-4-hydroxypiperidine
was investigated to optimize the esterification yield (Table
7). An esterification yield of 44% for the desired ester (3)
was obtained using anhydrous DMF as the solvent and a
temperature of 80°C. Although a higher yield of 3 was
obtained when the temperature was increased to 110°C, 3
was difficult to purify due to several unidentified impurities.

As reported for the Z-IQNP isomers, the Z-IPIP isomers
were also isolated in low yields when the reaction was
performed with an excess of tributyltin hydride in HMPA

Scheme 3. Proposed formation of allenyl IPIP analogue (6).

Scheme 4. Proposed radical addition of tributyltin hydride to allenyl IPIP analogue (6).
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[26]. Use of an aprotic solvent with an excess of tributyltin
hydride has been reported to afford high yields of the Z
isomer [16], therefore various aprotic solvents were inves-
tigated (Table 8). In this study, the solvents and tempera-
tures investigated did not markedly affect the isolated yield
of Z-4 except in the case of acetonitrile which, surprisingly,
only the E isomer was isolated in 64% yield. In addition to
E- and Z-4, unreacted 3 was recovered from the reaction
mixture to account for �90% of the initial mass of 3. These
results lend further support that the steric bulk at the acetate
center is the major influence on the orientation for the
addition of the tributylstannyl moiety for this class of com-
pounds.

Treatment of the individual tributylstannyl isomers (4)
with iodine afforded IPIP with retention of configuration on
the vinyl position. Radioiodination of the individual IPIP
stereoisomers with retention of configuration was accom-
plished with the tributylstannyl intermediate (4) utilizing a
3% hydrogen peroxide solution as the oxidant.

4.2. Biodistribution

A decrease in the in vitro M1 subtype binding affinity in
addition to a decrease in the selectivity of the E-IPIP iso-
mers for the M1 subtype as compared to E-RR-IQNP was
observed (Table 1). The Z-isomers demonstrated a high
binding affinity for the M2 subtype in addition to the M1

subtype suggesting a non-subtype selectivity with respect to
the mAChR subtypes.

Biodistribution of the individual IPIP stereoisomers were
investigated in female rats and a significant increase in the
uptake of the IPIP isomers was observed as compared to
that reported for IQNP [26]. The increased cerebral uptake
of IPIP can be postulated to result from the decreased
lipophilicity of IPIP as compared to IQNP, as observed by
HPLC, and allows for an increased diffusion across the
intact blood brain barrier.

The biodistribution of cerebral radioactivity for the Z-
isomers suggests a non-subtype selective binding in agree-
ment with the in vitro binding assays. As observed for
Z-RR-IQNP, the Z-IPIP isomers demonstrate slow release
from cerebral regions containing a high concentration of the
M1 subtype and a more rapid release from regions contain-
ing a high concentration of the M2 subtype (Tables 2 and 3).
Comparing the cerebral binding profile of Z-isomers, a
faster global cerebral release of activity associated with
Z-R-IPIP may be due to the 3 and 13 fold decrease in the in
vitro binding affinity for the M1 and M2 subtypes, respec-
tively, as compared to Z-S-IPIP.

To confirm that the cerebral and cardiac uptake of Z-S-
IPIP was receptor mediated and not solely an indication of
non-specific uptake, a receptor blocking study was per-
formed utilizing R-QNB, an established non-subtype selec-
tive muscarinic antagonist (Fig. 2). This study demonstrated
blocking the receptor sites with R-QNB reduces the level of
radioactivity by approximately 90% in all cerebral regions
in addition to the heart.

The E isomers demonstrated a lower cerebral and cardiac
uptake as compared to the Z-isomers (Tables 4 and 5). In
addition, as suggested by the in vitro binding assays, the
E-isomers demonstrated a higher in vivo selectivity for the
M1 subtype over the M2 subtype. E-R-IPIP showed a more
rapid release and cerebral washout from regions containing
a high concentration of the M2 subtype (cerebellum, heart)
as compared to E-S-IPIP reflecting the decreased in vitro
binding affinity for the M2 subtype.

An analogous blocking study as above with E-R-IPIP
was performed to evaluate specific receptor binding (Fig 3).
Pretreatment with R-QNB significantly reduced the cerebral
level of activity by 53 to 85% at 3 hours post-injection of
[I-125]-E-R-IPIP in all regions evaluated except for the
cerebellum and heart, two regions containing a high con-
centration of the M2 subtype. Since R-QNB is non-subtype
selective, a decrease in level of activity would be expected
if E-R-IPIP was binding to these regions. Therefore the
remaining radioactivity is measure of the non-specific bind-
ing in these tissues. This study demonstrated E-R-IPIP
binds to cerebral regions containing a high concentration of
the M1 subtype after allowing the initial cerebral binding to
the M2 subtype to clear.

An ex vivo metabolism study utilizing Z-S-IPIP was
performed to evaluate the species responsible for binding at
the receptor site (Table 6). In global brain tissue, approxi-

Table 7
Evaluation of solvent and temperature on the esterification of the
activated ester of 2 with 1-hydroxy-4-methylpiperidine

Solvent Temperature Yield of 3

THF Room temperature 12.2 (n � 1)
THF Reflux 19.1 � 11.2 (n � 2)
DMF Room temperature 24.3 (n � 1)
DMF 65°C 42.9 (n � 1)
DMF 70°C 35.2 � 2.4 (n � 2)
DMF 80°C 44.0 � 2.7 (n � 3)
DMF 90°C 37.1 � 23.4 (n � 2)
DMF 110°C 51.7 (n � 1)

1-Hydroxy-4-methylpiperidine (mmol)/activated acid (mmol) � 2.4 �
1.0.

Reaction time—18 h.

Table 8
Evaluation of aprotic solvent and temperature on the formation of the
Z-IPIP isomers (4)

Solvent Temperature % Z-isomer % E-isomer

Acetonitrile 50°C 0.0 64.7
DMSO 80°C 9.2 12.9
HMPA (n � 2) 50°C 2.6–14.3 7.9–60.1
DMF 50°C 9.5 9.5
DMF (n � 5) 80°C 16.3 � 5.5 20.8 � 10.3

Tributyltin hydride (mmol)/3 (mmol) � 3.5 � 0.6.
Reaction time—3–5 days.
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mately 75% of the activity up to 8 h post-injection was
extracted into the organic phase and identified as unmetabo-
lized Z-S-IPIP (�93%) via TLC analysis. In global heart
tissue, an analogous result was observed up to 4 h post-
injection. However, at 4 h post-injection, the appearance of
undetermined metabolites was observed and at 8 h post
injection, the level of unmetabolized Z-S-IPIP in the or-
ganic fraction was decreased to 80%.

An important rationale for the modification of IQNP was
to decrease the binding affinity allowing the accurate and
reproducible modeling of the receptor ligand binding pa-
rameters, i.e., on- and off-rate, to be constructed. IQNP and
IQNB both demonstrate an unfavorable slow release from
the receptor site that prohibits a clear distinction of receptor
binding from blood flow and thus prohibiting the modeling
of these important parameters. These preliminary results
presented in these studies demonstrates E-R-IPIP shows an
improved in vitro binding affinity, cerebral uptake, faster
release and washout from the receptor site as compared to
E-RR-IQNP (Fig. 4).

5. Conclusion

We have evaluated 1-methylpiperidin-4-yl �-hydroxy-�-
(1-iodo-1-propen-3-yl)-�-phenylacetate (IPIP, Fig. 1) as a

potential molecular probe targeted to the muscarinic recep-
tor complex. The individual stereoisomers were synthesized
via a stereoselective intermediate in �95% enantiomeric
excess and radiolabeled with iodide-125 via a tributylstan-
nyl intermediate in a radiochemical yield of 74.4% (�14.8,
n � 5), specific activity �800 mCi/�mol, and a radiochem-
ical purity �97% following HPLC purification. In vitro, the
IPIP isomers demonstrated high binding affinity with E-R-
IPIP demonstrating a modest M1 to M2 subtype selectivity
(approximately 3 to 1). In vivo biodistribution studies in
female Fischer rats demonstrated significant initial cerebral
uptake for the IPIP stereoisomers. The Z-IPIP isomers dem-
onstrated a high global cerebral uptake suggesting non-
subtype selective uptake during the time course of the study.
In contrast, E-R-IPIP, after allowing the low but measurable
uptake in M2 rich areas to clear, demonstrated retention of
activity in M1 and M4 rich cerebral regions. An ex vivo
metabolism study demonstrated Z-S-IPIP effectively
crossed the blood-brain-barrier and was stable at the recep-
tor site with an absence of radiolabeled metabolites com-
peting at the receptor site. The facile radiolabeling, high
cerebral uptake, favorable binding kinetics, and in vivo
stability demonstrate the potential utilization of the stereo-
isomers of IPIP for imaging of the muscarinic receptor via
SPECT.

Fig. 4. Comparison of the in vivo uptake and retention of activity of E-R-IPIP and E-RR-IQNP in female rats (n � 5).
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