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Abstract: Huperzine A (HA), a potent reversible inhibitor of acetylcholinesterase (AChE), is an important
psychotherapeutic agent for improving cognitive function in Alzheimer’s patients through the enhancement of central
cholinergic tone. This molecule takes on added value in that it has recently been shown to exhibit neuroprotective
properties (glutamate toxicity blocking activity) vitro. Based upon our cumulative SAR information and to some
extent the predicted binding site of HA withiforpedoAChE, we chose to investigate the synthesis and biology of
certain C-10 substituted analogues. The important finding was made that introduction of an axial methyl group into
the C-10 position of huperzine A increased the potency for AChE inhibition 8-fold; the corresponding equatorial
isomer was about 1.5-fold less active than huperzine A. The introduction of substituents larger than methyl resulted
in a drop in activity. For example, the ethyl analogue was found to be about 100-fold less active than huperzine A,
indicating that while it is still capable of binding fborpedoAChE, some steric interaction with the “walls” of the

active site gorge must result. Through the use of molecular modeling methods involving the docking of these analogues
to the reported X-ray crystal structure BdrpedoAChE, it is clearly evident that the C-10 axial methyl group points

into a hydrophobic region of the enzyme, while the equatorial methyl group is directed to a less favorable hydrophilic
region. Substituents larger than methyl were found to result in a conformational energy penalty. The ready explanation
of this structure-activity relationship data provides further evidence in support of our modeling studies aimed at
establishing huperzine A’s binding site in AChE. This knowledge should facilitate the identification of other structural
analogues of huperzine A likely to exhibit an improved therapeutic profile.

Introduction of HA to AChE2 This particular interaction is of the cation
(NHz™)-7r type? while other amino acid residues appear to

Huperzine A (HA), a potent reversible inhibitor of acetyl- ~participate in hydrogen bonding to the pyridone NH and the
cholinesterase (AChE), is an important psychotherapeutic agentarbonyl group. The superior inhibition properties of huperzine
for improving cognitive function in Alzheimer's patients by A have been attributed to the very slow dissociatits € 35
enhancement of central cholinergic toheBecause of the ~ Min) of the AChE-huperzine A complex in solutioh.
tremendous promise this alkaloid holds for the palliative
treatment of a disease that afflicts millions of individuals
worldwide, we have been engaged in an intensive effort to
explore the structureactivity relationships of this alkaloid.
From biological studies with mammalian AChE, Torpedo AChE,
mammalian BChEs (butyrylcholinesterases), and mouse AChE
mutants together with molecular modeling studies, mammalian Huperzine A (HA)
Tyr337(330) and Trp86(84) have been implicated in the binding chemical Synthesis

During our efforts to discover HA analogues of improved
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Scheme 1.Synthesis of the 10-Methyl Derivativeéda and
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a2Reagents: (a) NkEIMeOH, methyl propiolate, 13%C, 12 h (57%);
(b) Ag.CO;, Mel, CHCL, 87%; (c) 5% HCI, acetone (96%); (d) KH,
(MeO)CO, (83%); (e) Pd(OAg) PhP, DBU, 2-methylene-1,3-
propanediol diacetate (89%); (f) EtPBhn, n-BuLi (79%); (g) CRSG:H,
dioxane, 93C (91%); (h) PhSH, AIBN, toluene, 88 (88%,E/Z =
95:5); (i) 20% NaOH, MeOH, THF (83%); (j) (Ph&@(O)Ns, Et:N,
toluene, 85°C (82%); k) TMSI, CHCL (88%).

effect of various structural modifications to the parent molecule.

Kozikowski et al.

Table 1. K, Values for the Inhibition of FBS AChE and Equine
BChE by HA and Its C-10 Analogues

K (uM) for Ki (uM) for

compound FBS AChB  equine BChE
(£)-huperzine A 0.024 24
axial methyl8a 0.003 5.8
eq methyl8b 0.035 55
ethyl8c 2.04 >100
n-propyl 8d >200 >200
(+)-10,10-dimethylhuperzine A 0.017 9.5

aK, is mean#+ standard deviation; standard errors were all within
10% of the mean.

Biological Activity

K values for the inhibition of FBS AChE by the various
inhibitors were determined by steady-state methods as reported
previously®® K, values for the inhibition of equine butyryl-
cholinesterase (BChE) by the various inhibitors were determined
by analysis of kinetic daté. The results of the enzyme studies
are provided in Table 1.

As can be discerned from these data, the C-10 axial methyl
analogue of huperzine A is about 8-fold more potent tha) (
huperzine A. The equatorial methyl analogue, on the other
hand, is about 1.5-fold less active. For purposes of comparison,
data are also provided for the 10,10-dimethyl anald§ués
to be expected based upon the results obtained with the
monomethyl analogues, this compound is comparable in activity
to HA. As the size of the C-10 substituent is increased from
methyl to ethyl and propyl, activity drops off dramatically,
possibly indicating a serious steric interaction of this substituent
with the “walls” of the active site gorge. Clearly, while some

Based upon our cumulative SAR information and to some extent additional steric volume is available in the region of the AChE
the calculated binding site information, we now chose to explore binding site occupied by the C-10 axial substituent of HA, the
the effect that substitution at HA's C-10 position might have available space is small, with the methyl analogue serving as
on its activity. To prepare these C-10 methyl bearing analogues, the optimal structure. Additionally, as is evident from the BChE
cyclohexane-1,4-dione monoethylene ketal was methylated, andactivity that is presented, the methyl analogues of HA all retain

the resulting product was converted to the ring fused pyridone
2 by reaction with ammonia and methyl propiolate in methanol
(Scheme 1). After conversion of the pyridone to methoxypyr-
idine by O-methylation employing AgCOs/Mel, the methylated
bicycle 3 was transformed to the corresponding tricyde
through use of the palladium catalyzed bicycloannulation
strategy? After further steps that follow our previously reported
chemistry, the major, axial methyl isomer was obtained in pure
form by fractional crystallization 08, while the pure equatorial
isomer was obtained from the axial/equatorial mixture dofy
prior conversion to the urethan@$ollowed by chromatographic
separation and crystallization. These pure isomers were con-
verted to the final produc®aand8b using protocols previously
reportec? The structure of these products was established
rigorously through the use of NOESY and COSY experiments.
For example, the irradiation of the C-10 methyl group in the
urethanera gives no enhancement in the signal of H-8, while
irradiation of H-10 leads to an enhancement of H-8 of 4%.
Likewise, irradiation of H-8 causes a 3.6% increase in the signal
of H-10. In7b, irradiation of the C-10 methyl leads to an NOE
of 4% for H-8, while irradiation of H-10 causes no change in
this signal.

By carrying out an allylation reaction on the cyclohexane-
1,4-dione monoethylene ketal and conducting similar chemistry,
we were also able to acquire the axial 10-ethyl and 10-propyl
derivatives through appropriate modifications to the allyl group.

their high specificity for AChE versus BChE, and, in fact, the
axial methyl compound shows an improved selectivity ratio of
2000-fold relative to the 1000-fold selectivity exhibited by HA
itself. The AChE versus BChE selectivity may be relevant to
minimizing the peripheral effects of such agents in patients.

Molecular Modeling

To better understand the differences in activity found for the
axial and equatorial methyl analogues, we carried out molecular
modeling studies using as a starting point our reported binding
site for HA in Torpedo AChE. However, the previous binding
model was refined by including crystallographic waters, a
refinement that was considered essential in light of the X-ray
results reported for edrophonium (EDR), tacrine (THA), and
decamethonium (DECA), all of which include crystallographic
waters in binding to the enzynié. Through docking, energy
minimization, and molecular dynamics studies, the most likely
binding mode of HA in AChE is shown in Figure 1 (for details
of the modeling studies and programs used, see the Experimental
Section). The ammonium group of HA forms hydrogen bonds
with Asp 72, Trp 84, and Asn 85 through two bridging water

(8) De La Hoz, D.; Doctor, B. P.; Ralston, J. S.; Rush, R. S.; Wolfe, A.
D. Life Sci.1986 39, 195.

(9) Ellman, G. L.; Courtney, D.; Andres, V.; Featherstone, R. M.
Biochem. Pharmacoll961, 1, 88. Doctor, B. P.; Toker, L.; Roth, E.; Silman,
I. Anal. Biochem1987 166, 399.

In these cases, the equatorial isomers were not isolated in pure (10) Kozikowski, A. P.; Ding, Q.; Saxena, A.; Doctor, B. Bioorg.

form.

(7) Kozikowski, A. P.; Reddy, E. R.; Miller, C. B. Chem. Soc., Perkin
Trans. 1199Q 195.

Med. Chem. Lett1996 6, 259.

(11) Harel, H.; Schalk, |.; Ehret-Sabatier, L.; Bouet, F.; Goeldner, M.;
Hirth, C.; Axelsen, P. H.; Silman, I.; Sussman, JRroc. Natl. Acad. Sci.
U.S.A.1993 90, 9031.



C-10 Analogues of Huperzine A

Figure 1. Stereoviews of the molecular modeling derived binding sites
for huperzine A (top) and its C-10 axial methyl analogue (bottom) in
complex with AChE.
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binding energy. In contrast, the C-10 axial methyl group was
found to interact with the hydrophobic side chains of Trp 84
and lle 444.

Taken together, these modeling results nicely explain the
improved activity of the C-10 axial methyl derivative of HA
compared to HA and its C-10 equatorial methyl counterpart.
Within the vicinity of the C-10 equatorial face of HA, the
enzyme is polar and hydrophilic in nature, whereas within the
vicinity of the C-10 axial face of HA the enzyme is hydrophobic
in nature. While the enzyme contains sufficient void volume
to accommodate methyl substitution on either face of HA, only
the axial methyl compound leads to favorable hydrophebic
hydrophobic interactions. While larger alkyl groups at the C-10
axial position would be capable of further enhancing such
hydrophobic contacts, the void volume is limited, resulting in
a conformational energy penalty that overwhelms these favorable
hydrophobic interactions.

This work reveals that it is indeed possible to improve on
the biological activity of a product derived from nature through
a rather minor structural change. The work reveals the type of
modification that confers increased AChE inhibitory potency
to the product; specifically, a lipophilic substituent capable of
providing additional hydrophobic contacts with the enzyme.
Additionally, in view of the fact that the calculated Idg)of
the methyl analogue is 0.82 versus 0.44 for huper&irtae

molecules. These two water molecules were found to be presentnew analogue may exhibit an improved therapeutic profile

in all three X-ray crystal structures of AChE in complex with
EDR, THA, and DECA!! The ammonium group of HA may
also interact with the aromatic ring of Trp 84 through a cation-
interaction. The lactam NH forms an H-bond with the hydroxyl
oxygen of Tyr 130. In addition, it also forms an H-bond to the
carboxyl group of Glu 199. The carbonyl group of the lactam
ring forms two H-bonds with the hydroxyl group of Tyr 130
and the backbone amide group of Leu 124. It is of interest to
note that the site of the lactam carbonyl group of HA in the
binding model was originally occupied by a water molecule in
the X-ray crystal structures of AChE in complex with both EDR
and THA, suggesting that this position is indeed ideal for the
formation of H bonds. The hydrophobic interactions of HA
with the enzyme occur primarily through five aromatic hydro-

through its increased ability to penetrate the blood brain bafrier.

The present work confirms and expands our molecular
modeling based approach to the design of improved HA-based
cholinesterase inhibitors. Based upon the binding model, we
have designed ligands with additional enhanced binding features,
and these results will be reported in due course.

Experimental Section

1. Molecular Modeling Methods. All the molecular modeling
studies were carried out using the QUANTA molecular modeling
packagé running on a Silicon Graphics Indigo with IRIS5.3. All the
energy calculations and molecular dynamics simulations were performed
using a stand-alone version of the CHARMM progt&version 24),

phobic residues, Trp 84, Tyr 121, Phe 290, Phe 330, and Phewith the version 22 MSI parameter set, running on a Deck Alpha

331, and two aliphatic hydrophobic residues, lle 439 and lle
44412

Upon modeling the C-10 substituted analogues of HA in
AChE, we found that the presence of either one or two methyl
groups at this position did not significantly alter their binding

machine with two CPU processors. An adopted-basis Newton-Raphson
algorithm, implemented in the CHARMM program, was used in the
energy minimization. Energy was first minimized for 5000 steps for
the whole system without any constraints. The residues 20 A away
from the surface of the inhibitor were then fixed, and the system was
reminimized for another 5000 steps, or until convergence, defined as

mode as compared to that of HA nor cause any significant an energy gradient tolerance0.001 kcal mott AL A constant

conformational change in the protein. However, introduction dielectric was used and set to 1. The nonbonded cutoff distance was
of an axial ethyl group was found to cause some conformational set to 14.0 A. A shifted smoothing function was used for the van der
change to Trp 84 and a significant conformational change to Waals interaction and a switch function for the electrostatic energy.
Glu 199. Larger alterations to the conformations of these The cutoff distance parameters used in the smoothing functions are as

residues were found when arpropyl group was appended to
the C-10 axial position of HA.

The C-10 equatorial methyl group was found to be in close
contact with the amide group of Gly 117 and the carbonyl group

on the backbone of His 440 as well as the side chains of Glu

199 and His 440. These groups are all hydrophilic in nature.

follows: CTOFNB= 12.0 A; CTONNB= 8.0 A.

In the molecular dynamics simulations, the system, which includes
the protein, the inhibitor, and crystallographic waters, was heated to
300 K in a period of 5 ps and equilibrated for 20 ps at 300 K. Finally,
100 ps constant temperature simulations were performed at 300 K with
a step size of 0.001 ps. All the residues 10 A away from the surface
of the inhibitor were fixed in the dynamics simulations. Trajectories

Thus, although the equatorial methyl group does not cause any

significant conformational changes in the protein, the hydro-
phobic-hydrophilic contact is not beneficial to the overall

(12) The molecular modeling studies appear consistent with our pre-
liminary X-ray findings: Raves, M; Harel, H.; Pang, Y.-P.; Silman, I.;

Kozikowski, A. P.; Sussman, J., unpublished results. For a recent paper on

the X-ray structure of AChE in complex with a transition state analogue
inhibitor, see: Harel, M.; Quinn, D. M.; Nair, H. K.; Silman, I.; Sussman,
J. L.J. Am. Chem. So0d.996 118 2340.

(13) The logP values were calculated using the PALLAS FRAME
MODULE, a prediction tool of physicochemical parameters supplied by
CompuDrug Chemistry, Ltd., P.O. Box 23196, Rochester, NY 14692.

(14) Brewster, M. E.; Pop, E.; Bodor, N. Irug Design for Neuro-
science Kozikowski, A. P., Ed.; Raven Press: New York, 1993.

(15) QUANTA, a molecular modeling system, is supplied by Molecular
Simulations Inc., 200 Fifth Avenue, Waltham, MA 01803-5279.

(16) Brooks, B. R.; Bruccoleri, R. E.; Olafson, B. D.; States, D. J,;
Swaminathan, S.; Karplus, M. Comput. Chenl983 4, 187.



11360 J. Am. Chem. Soc., Vol. 118, No. 46, 1996 Kozikowski et al.

were recorded every 0.1 ps during the final 100 ps simulations and 2.9, 4.8, 14.6 Hz), 2.06 (m, 3 H), 1.75 (d, 1 #i= 13.5 Hz), 1.03 (s,
analyzed. A shake algorithm was used to constrain bonds to hydkbgen. 3 H), 1.00 (s, 3 H). Anal. Calcd for ¢E1:40s: C, 63.51; H, 8.29.
The X-ray structur® of AChE (E.C.3.1.1.7) in complex with the Found: C, 63.58; H, 8.30.
inhibitor, decamethonium, was used as the initial structure in our  (+)-1',5,7,8-Tetrahydro-8'-methylspiro[1,3-dioxolane-2,62'H)-
docking, energy minimization, and molecular dynamics simulation quinolin]-2'-one (2). A mixture of ketonel (100 mg, 0.58 mmol)
studies. The previously reported structure of HA in complex with and methyl propiolate (98.7 mg, 1.17 mmol) in concentrated methanolic
AChE, derived from a docking studyserved as a reference structure ammonia (2 mL, approximately 8 M) was heated at T&in a
in the present study. All 66 crystallographic waters were retained in resealable tube under argon for 12 h. After cooling, the solvent was
the modeling studies, except for two waters, whose positions were foundremoved under reduced pressure, and the crude product was purified
to be occupied by HA. The TIP3P water moelas used to treat by flash chromatography (20% MeOH in EtOAc) to afford 73 mg (57%)
these water molecules in all the calculations. The protonation state of 2 as pale yellow crystals: mp 17877°C (EtOAc); IR (KBr) 3440,
for each residue of the protein was assigned according to Gédson 1650, 1609 cm!; 'H NMR (CDCl) 6 12.23 (br s, 1 H), 7.13 (d, 1 H,
al.*® The three-dimensional structures of HA and its analogues were J = 9.5 Hz), 6.40 (d, 1 H) = 9.2 Hz), 4.02 (m, 4 H), 3.11 (m, 1 H),
built using the ChemNote module in the QUANTA program, and each 2.70 (q, 1 HJ = 16.0 Hz), 2.05 (dd, 1 H) = 7.2, 5.6 Hz), 1.74 (dd,
structure was fully minimized using the Gaussian 92 progfamith 1H,J=13.5,5.5 Hz), 1.46 (d, 3 H = 7.0 Hz);13C NMR (CDCk)
the 3-21G* basis set. The primary amine group in HA and its analogues ¢ 164.8, 145.5. 143.3,117.8,111.1, 107.2, 64.6, 64.4, 38.7, 36.8, 31.3,
was set to be protonated, as expected under conditions of physiological19.9. Anal. Calcd for GH1sNOs: C, 65.14; H, 6.83; N, 6.33.
pH. The Mulliken atomic charges for HA and its analogues, which Found: C, 65.33; H, 6.92; N, 6.12.
were used to build the Residue Topology File (RTF) for each inhibitor, (£)-7',8-Dihydro-2'-methoxy-8-methylspiro[1,3-dioxolane-2,6-
were calculated using the Gaussian 92 progPavith the 6-31G* basis (5'H)-quinoline]. A mixture of A;CO; (1.40 g, 5.0 mmol), pyridone
set. 2 (0.93 g, 4.2 mmol), and Mel (1.54 mL, 25.2 mmol) in dry CHCI
2. General Synthesis Methods.Melting points were determined (53 mL) was refluxed in the dark for 2 h. After cooling, the suspension
using an Electrothermal 8103 apparatus and are uncorrected. IR spectravas filtered with suction over Celite. The filtrate was concentrated,
were taken with Perkin-Elmer 398 and FT 1600 spectrophotometers. and the residue was chromatographed (25% EtOAc in hexanes) to give
!H NMR spectra were recorded on a Bruker 200 MHz spectrometer 850 mg (86%) of the title compound as a waxy soll&:0.41 (25%
with TMS as internal standard; the values of chemical shifjsate EtOAc in hexanes); IR (CHG) 2955, 2880, 1580 cn}; 'H NMR
given in ppm. All reactions were carried out in an argon atmosphere. (CDCls) 6 7.20 (d, 1 H,J = 8.3 Hz), 6.50 (d, 1 HJ = 8.2 Hz), 4.02
Progress of the reactions was monitored by TLC on silica gel plates (m, 4 H), 3.90 (s, 3 H), 3.23 (m, 1 H), 3.00 (d, 1 #= 16.4 Hz), 2.81
(Riedel-de-Haen, Art. 37341). Merck silica gel (Kieselgel 60) was used (dd, 1 H,J = 16.4, 2.3 Hz), 2.12 (ddd, 1 Hl = 13.3, 6.6, 2.8 Hz),
for flash chromatography (236400 mesh) columns. Extracts were 1.74 (dd, 1 HJ = 13.3, 10.8 Hz), 1.43 (d, 3 H,= 6.9 Hz);13C NMR
dried over MgSQ and solvents were removed under reduced pressure. (CDCl) 6 161.8, 156.1, 139.4, 120.7, 107.8, 107.5, 64.5, 64.4, 52.8,
Elemental analyses were performed on a Perkin-Elmer 240C elemental40.1, 38.1, 34.8, 19.5. Anal. Calcd foi#1;NOs; C, 66.36; H, 7.28;
analyzer, and the results are withir0.4% of the theoretical values. N, 5.95. Found: C, 66.58; H, 7.33; N, 6.04.
Yields refer to purified products and are not optimized. (+£)-7,8-Dihydro-2-methoxy-8-methylquinolin-6(3H)-one. To a
(£)-5-(Ethylenedioxy)-1-methyl-2-oxocyclohexanecarboxylic Acid solution of the above quinoline (1.01 g, 4.35 mmol) in acetone (11.6
Methyl Ester. To a suspension of NaH (696 mg, 29 mmol) in  mL) was added 5% HCI (11.6 mL), and the mixture was refluxed for
anhydrous benzene (50 mL) and DMF (50 mL) cooled t2C0was 3 h. The acetone was removed under vacuum, and the aqueous layer
slowly added a solution of 5-(ethylenedioxy)-2-oxocyclohexanecar- was neutralized with 10% NaHG@®olution and extracted with EtOAc.
boxylic acid methyl ester (6.0 g, 28 mmol) in the same solvent mixture The organic layers were washed with brine, dried, and concentrated.
under argon. The mixture was allowed to stir at room temperature for The residue was purified by flash chromatography (20% EtOAc in
1 h, then Mel (5.0 mL, 87 mmol) was added dropwise, and stirring hexanes) to give 800 mg (96%) of the title compound as colorless
was continued at room temperature for 2 h. The reaction was quenchedprisms: mp 82-83 °C (5% EtOAc in hexanes 0.28 (10% EtOAc
with water (10 mL), and the solvent was evaporated. The residue wasin hexanes); IR (KBr) 1640, 1590 cj 'H NMR (CDCl) 6 7.29 (d,
extracted with EtOAc, and the organic layers were washed with brine, 1 H, J = 8.1 Hz), 6.59 (d, 1 HJ = 8.2 Hz), 3.94 (s, 3 H), 3.51 (s, 2
dried, and concentrated. Flash chromatography (25% EtOAc in H), 3.30 (m, 1 H), 2.79 (dd, 1 H] = 15.8, 5.3 Hz), 2.42 (dd, 1 H

hexanes) gave 6.15 g (96%) of the title compound as a waxy sBlid: = 15.8, 7.6 Hz), 1.36 (d, 3 Hl = 7.0 Hz). Anal. Calcd for GH:s
0.28 (25% EtOAc in hexanes); IR (neat) 1742, 1720, 1425cAH NO,: C, 69.11; H, 6.80; N, 7.33. Found: C, 68.82; H, 6.73; N, 7.19.
NMR (CDCly) 6 4.03 (m, 4 H), 3.72 (s, 3 H), 3.08 (m, 1 H), 2.68 (dt, (+)-5,6,7,8-Tetrahydro-2-methoxy-8-methyl-6-oxoquinoline-5-

1H,J=1.4,13.6 Hz), 2.50 (dt, 1 | = 4.0, 14.8 Hz), 2.01 (m, 2H),  carboxylic Acid Methyl Ester (3). To a refluxing suspension of KH
1.74 (d, 1 HJ = 13.8 Hz), 1.29 (s, 3 H);°C NMR (CDC}) 6 206.9, (1.35 g, 11.8 mmol, 35% in oil) in anhydrous (MeGP (19 mL) was
173.5,106.3, 64.6, 64.0, 54.3,52.1, 43.4, 37.1, 34.9, 21.4. Anal. Calcd added a solution of the above methylquinolin48fsne (0.75 g, 3.94
for C1iH160s: C, 57.89; H, 7.07. Found: C, 57.63; H, 6.99. mmol) in anhydrous (MeQEO (4.7 mL) over 1 h. The reaction
(£)-2-Methylcyclohexane-1,4-dione 4-Monoethylene Ketal (1)A mixture was refluxed for an additional 2 h, cooled to room temperature,
mixture of the abovg-ketoester (2.00 g, 8.76 mmol), Lil (7.03 g,52.5 and quenched with MeOH (5 mL). The solvent was removed, and the
mmol), and anhydrous freshly distilled DMF (30 mL) was heated at residue was taken up in EtOAc. The solution was washed with brine,
130°C for 6 h. After cooling to room temperature, the reaction mixture dried, and concentrated. Flash chromatography of the residue (8%
was poured onto crushed ice and stirred for 12 h. The mixture was EtOAc in hexanes) afforded 816 mg (83%)3#s a colorless oil:R;
extracted with EtOAc, and the organic layers were washed with brine, 0.25 (8% EtOAc in hexanes); IR (neat) 2930, 1640, 827'cAid NMR
dried, and evaporated. The residue was purified by flash chromatog- (CDCls) 6 13.14 (s, 1 H), 7.92 (d, 1 Hl = 8.8 Hz), 6.55 (d, 1 H) =
raphy (40% EtOAc in hexanes) to give 1.28 g (86%)ldds a waxy 8.7 Hz), 3.92 (s, 3 H), 3.90 (s, 3 H), 3.08 (m, 1 H), 2.76 (dd, Uk
solid: Ry 0.42 (40% EtOAc in hexanes); IR (CH{IL740, 1718 cm?; 16.7, 6.8 Hz), 2.39 (dd, 1 HI = 16.7, 7.9 Hz), 1.32 (d, 3 H] = 6.9
H NMR (CDCl) 6 4.06 (m, 4 H), 2.67 (m, 2 H), 2.35 (ddd, 1 Bi= Hz). Anal. Calcd for GHisNOs C, 62.65; H, 6.02; N, 5.62.
Found: C, 62.73; H, 6.08; N, 5.58.

(17) (a) van Gunsteren, W. F. and Berendsen, H. M@. Phys 1977,

34, 1311.(b) Rychaert, J. P.; Ciccotti, G.; Berendsen, H. II.@Comput. (£)-7.8,9,10-Tetrahydro-2-methoxy-10-methyl-7-methylene-11-
Phys 1977 23, 327. ox0-5,9-methanocyclooctdd|pyridine-5(6H)-carboxylic Acid Methyl

(18) Jorgensen, W. L.; Chandrasekhar, J.; Madura, J. D.; Impey, R. W.; Ester (4). Pd(OAc) (29 mg, 0.13 mmol) and PR(0.14 g, 0.52 mmol)
Klein, M. L. J. Chem. Phys1983 79, 926. were stirred at room temperature in dry dioxane (12 mL) for 30 min.

(19) Glison, M. K.; Straatsma, T. P.; McCammon, J. A.; Ripoll, C. H.; A solution of thep-keto este3 (0.61 g, 2.45 mmol), DBU (0.51 mL,

Axelsen, P. H.; Silman, I.; Sussman, J.$ciencel994 263 1276. ~ 1A P
(20) Gussian 92/DFT, Revision G.4: Frisch, M. J.. Truck, G. W.: 2.74 mmol), and 2-methylene-1,3-propanediol diacetate (0.39 mL, 2.45

Schlegel, H. B.; Robb, M. A.; Head-Gordon, M.: Replogle, E. S.; Gomperts, MMol) in dry dioxane (4.5 mL) was added dropwise to the complex
C.; Martin, R. L.; Fox, D. J.; Defrees, D. J.; Baker, J.; Stewart, J. J. P.; thus obtained over a period of 10 min. After stirring for 20 min at
Pople, J. A. Gaussian, Inc.: Pittsburgh, PA, 1993. room temperature, a solution of DBU (0.25 mL, 1.7 mmol) in dry
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dioxane (2 mL) was added dropwise. After stirring at room temperature H, J= 8.8 Hz), 5.42 (m, 1 H), 5.18 (g, 1 H,= 6.6 Hz), 3.89 (s, 3 H),

for 20 min, the mixture was refluxed for 3 h. Concentration and flash 3.73 (s, 3 H), 3.31 (d, 1 H] = 4.6 Hz), 3.10 (m, 2 H), 2.18 (d, 1 H,
chromatography (10% EtOAc in hexanes) gave 0.66 g (89%) as J=16.9 Hz), 1.68 (d, 3 HJ) = 6.8 Hz), 1.51 (s, 3 H), 1.27 (d, 3 H,

a mixture of two diastereoisomers (70/30). Major diastereoisomer (ax- J = 6.9 Hz).

C(10)Me, less polar): mp 132113°C (from hexanes)R; 0.18 (10% (11E)-(£)-11-Ethylidene-9,10-dihydro-2-methoxy-7,10-dimethyl-
EtOAc in hexanes); IR (neat) 1741, 1728, 1589, 1479, 1116, 738,cm 5 9-methanocyclooctafpyridine-5(6H)-carboxylic Acid (6). Ester

'H NMR (CDCl;) 6 6.97 (d, 1 H,J = 8.7 Hz), 6.57 (d, 1 H) = 8.7 5 (237 mg, 0.76 mmolE/Z = 95/5) was dissolved in 1.8 mL of MeOH/
Hz), 4.76 (m, 1 H), 4.43 (m, 1 H), 3.89 (s, 3 H), 3.79 (s, 3H), 3.21 (9, THF 2:1, and 20% NaOH (0.6 mL) was added. The mixture was heated
1H,J=73Hz),3.12(d, 1 H)=12.2 Hz), 2.72 (m, 2 H), 2.58 (d,  under reflux for 26 h. After cooling, the solution was adjusted to pH
2 H,J = 13.6 Hz), 1.30 (d, 3 HJ) = 7.0 Hz);3C NMR (CDCk) ¢ 5—6 with 5% HCI, and MeOH and THF were evaporated. The aqueous
208.3, 171.4, 163.0, 156.1, 138.9, 137.5, 123.5, 115.8, 109.8, 62.3,residue was extracted with EtOAc. The organic layers were washed
53.3, 53.1, 52.6, 47.8, 46.8, 43.0, 23.1. Anal. Calcd foiHgENO,: with brine, dried, and concentrated. The crude product was purified
C,67.77,H,6.31; N, 4.65. Found: C, 67.90; H, 6.34; N, 4.59. Minor by flash chromatography (EtOAc) to give 211 mg (83%) of the &cid
diastereoisomer (eq-C(10)Me, more polaR; 0.15 (10% EtOAc in as colorless prisms. Crystallization from acetone/hexanes afforded 83
hexanes)!H NMR (CDCl) 6 6.94 (d, 1 HJ= 7.9 Hz), 6.57 (d, 1 H, mg of the pure major ax-C(10)Me diastereoisomer: mp 22¢dec)
J=85Hz),4.75(m, 1 H), 445 (m, 1 H), 3.89 (s, 3H), 3.79 (s, 3H), (from EtOAc); R 0.58 (EtOAc); IR (KBr) 2941, 1706, 1599, 1425,
3.44 (m, 1 H), 3.17 (d, 1 H) = 14.2 Hz), 2.84 (m, 2 H), 2.59 (dd, 2 746 cn1?;, 'H NMR (CDCl) 6 7.22 (d, 1 HJ = 8.8 Hz), 6.55 (d, 1 H,

H, J=13.8, 2.8 Hz), 1.51 (d, 3 H] = 7.6 Hz);*3C NMR (CDCk) 6 J = 8.8 Hz), 5.47 (m, 2 H), 3.90 (s, 3 H), 3.34 (d, 1 Bi= 5.2 Hz),

208.1, 171.3, 162.6, 154.9, 139.1, 137.1, 124.4, 115.7, 109.6, 63.1,3.00 (m, 2 H), 2.13 (d, 1 H) = 16.9 Hz), 1.72 (d, 3 HJ) = 6.3 Hz),

53.1, 52.5, 51.1, 48.2, 40.7, 36.5, 15.2. 1.52 (s, 3 H), 1.29 (d, 3 H) = 7.0 Hz); *C NMR ¢ 179.2, 162.8,
(112)-(+)-11-Ethylidene-7,8,9,10-tetrahydro-10-methyl-7-meth- 157.4,137.8,134.7,132.2,126.5, 124.9, 116.6, 108.5, 54.8, 53.3, 45.2,

ylene-2-methoxy-5,9-methanocycloocta]pyridine-5(6 H)-carbox- 44.0, 39.3, 22.7, 20.3, 13.2. Anal. Calcd forgd1NOs: C, 72.24,

ylic Acid Methyl Ester. To a suspension of EtPEBr (574 mg, 1.55 H, 7.02; N, 4.68. Found: C, 72.47; H, 7.19; N, 4.46.

mmol) in dry THF (5.6 mL) was addeatBuLi (0.72 mL, 1.32 mmol, (11E)-(+)-[11-Ethylidene-9,10-dihydro-2-methoxy-7,10-dimethyl-

2.5 M in hexane) within 10 min. The resulting orange-colored 5,9-methanocyclooctaj]pyridin-5(6 H)-ylJcarbamic Acid Methyl
suspension was stirred at room temperature for 70 min. After cooling Ester, Axial Isomer (7a). A mixture of ax-C(10)Me acid (30 mg,

to 0 °C, a solution ofg-ketoested (100 mg, 0.33 mmol) in dry THF 0.1 mmol), dry EN (13.7 uL, 0.1 mmol), (PhOP(O)N; (21.3 uL,

(1.5 mL) was slowly added over a period of 15 min. The resulting 0.1 mmol), and dry toluene (0.36 mL) was heated at’85for 3 h.
mixture was allowed to warm to room temperature and stirred at room After cooling, the solvent was removed, and the residue was dissolved
temperature for 2 h. The reaction was quenched with water, the THF in dry MeOH (0.36 mL). The resulting solution was heated under reflux
was removed by rotary evaporation, and the aqueous residue wasfor 18 h. Evaporation and flash chromatography (10% EtOAc in
extracted with EtOAc. The organic layers were washed with brine, CH,Cl,) gave the urethanga (27 mg, 82%) as a colorless solid: mp
dried, and concentrated. Flash chromatography of the residue (20%173—-174°C (from hexanes)R 0.29 (10% EtOAc in ChLCl,); IR (KBr)
EtOAc in hexanes) gave 245 mg (79%) of the olefin as a colorless oil 3325, 1712, 1599, 1531, 1475, 1041 ¢m*H NMR (CDCl) 6 7.51
which was a mixture of diastereocisomer&/4 = 10/90). Major (d, 1 H,J=8.6 Hz), 6.52 (d, 1 H) = 8.8 Hz), 5.53 (9, 1 H) = 6.8
diastereoisomer (less polafR 0.49 (20% EtOAc in hexanes); IR (neat)  Hz), 5.48 (m, 1 H), 4.99 (s, 1 H), 3.88 (s, 3 H), 3.61 (s, 3 H), 3.38 (d,
2945, 1730, 1661, 1601, 1578 ctin'H NMR ((2)-olefin, CDCE) 6 1H,J=4.8Hz),294 (dg, 1L H)=5.4,14Hz),249 (d, L H) =
6.83 (d, 1 HJ=8.8Hz), 6.41 (d, 1 H) = 7.9 Hz), 5.49 (g, 1 H) 13.4 Hz), 2.15 (d, 1 H) = 15.5 Hz), 1.71 (d, 3 HJ) = 6.8 Hz), 1.49

= 7.6 Hz), 4.47 (m, 1 H), 4.19 (m, 1 H), 3.83 (s, 3 H), 3.67 (s, 3H), (s, 3H), 1.27 (d, 3 HJ = 6.9 Hz); MSm/z328 (48%, M), 313, 281,
2.73(d, 1HJ=7.3Hz), 253 (m, 1 H), 2.38 (m, 2 H), 2.10 (s, 2H), 253, 238 (100%), 224. Anal. Calcd for;&l,,N,Os: C, 69.49; H,
1.51(d,3HJ=7.0Hz),1.31(d, 3HJ=7.1Hz). Anal. Calcd for 7.37; N, 8.53. Found: C, 69.77; H, 7.52; N, 8.66.

CigH2sNOs: C, 72.84; H, 7.35; N, 4.47. Found: C, 73.03; H, 7.41; N, (11E)-(4)-5-Amino-11-ethylidene-5,6,9,10-tetrahydro-7,10-di-

4.59. methyl-5,9-methanocycloocta[b]pyridin-2(H)-one, Axial Isomer
(112)-(£)-11-Ethylidene-9,10-dihydro-2-methoxy-7,10-dimethyl- (8a). MesSil (94uL, 0.67 mmol) was added to a solution of carbamate

5,9-methanocyclooctdjpyridine-5(6 H)-carboxylic Acid Methyl Es- 7a (22 mg, 0.067 mmol) in dry CHGI(2.4 mL) at room temperature,

ter. A mixture of the above olefin (11 mg, 0.035 mmol), S;H and the solution was refluxed for 6 h. After cooling and evaporation,

(46 uL, 0.055 mmol), and dry dioxane (0.3 mL) was heated at©@3 the residue was dissolved in MeOH (2.4 mL), and the solution refluxed
in a resealable tube for 12 h. The solvent was removed, and the residugfor 18 h. Evaporation of the solvent afforded a residue which was
was partitioned between aqueous NaHG@d EtOAc. The organic partitioned between 10% NaHGG®olution and CHGl The organic
phase was washed with brine, dried, and filtered. Concentration andlayers were washed with brine, dried, and concentrated. Flash
flash chromatography (20% EtOAc in hexanes) gave 10 mg (91%) of chromatography (15% MeOH in CHg}lgave 15 mg (88%) 08a as

the title compound as a colorless oil which was a mixture of colorless prisms: mp 289290 °C (EtOAc); R 0.22 (15% MeOH in
diastereoisomers. Major diastereocisomé: 0.46 (20% EtOAc in CHCL); IR (KBr) 3420, 1656, 1618 cnt; *H NMR (CDCls) 6 7.87
hexanes); IR (neat) 1730, 1661, 1601, 1578%iH NMR ((2)-olefin, (d,1H,J=19.0Hz), 6.42 (d, 1 H)=9.7 Hz), 5.66 (9, 1 H) = 6.8
CDC ) 6 7.02 (d, 1 HJ = 8.7 Hz), 6.44 (d, 1 H) = 8.3 Hz), 5.28 Hz), 5.43 (d, 1 HJ = 5.1 Hz), 3.30 (d, 1 H) = 5.1 Hz), 2.93 (br q,

(m, 2 H), 3.83 (s, 3 H), 3.62 (s, 3 H), 3.03 (m, 1 H), 285 (m, 1 H), 1H,J=6.4Hz),2.08 (s,2H), 1.70 (d, 3 H,= 6.7 Hz), 1.52 (s, 3
2.63(d,1HJ=4.7Hz),2.16 (d, 1 HJ =11.3 Hz), 1.46 (d, 3 HJ H), 1.26 (d, 3 H,J = 7.1 Hz); a better resolved signal for 10-H was
= 6.8 Hz), 1.41 (s, 3 H), 1.22 (d, 3 H,= 6.9 Hz). Anal. Calcd for obtained in CDGICD;0OD 1:1: 6 2.70 (dgq, 1 HJ = 6.8, 1.3 Hz);:3C
CigH2aNOs: C, 72.84; H, 7.35; N, 4.47. Found: C, 72.87; H, 7.29; N, NMR (CDCl) ¢ 165.5, 147.6, 140.4, 140.3, 133.7, 124.7, 121.4, 117 .4,

4.41. 113.1, 54.6, 49.7, 40.5, 40.1, 22.5, 20.0, 13%C; NMR (CDsOD) 6
(11E)-(&)-11-Ethylidene-9,10-dihydro-2-methoxy-7,10-dimethyl- 165.9, 148.8, 141.9, 139.7, 135.0, 125.6, 123.7, 118.1, 115.0, 55.5,
5,9-methanocyclooctaf|pyridine-5(6H)-carboxylic Acid Methyl Es- 41.8,40.9, 22.6, 20.2, 13.2; M8/z256 (82%, M), 241 (100%), 227,

ter (5). To a solution of the above olefin mixtur&g = 10/90, 270 226, 211, 201, 174, 161. Anal. Calcd fofeH20N.O: C, 74.97; H,

mg, 0.86 mmol) in dry toluene (1.9 mL) were added AIBN (105 mg, 7.86; N, 10.93. Found: C, 75.22; H, 8.00; N, 10.92.

0.62 mmol) and PhSH (134L, 1.29 mmol). The resulting solution (11E)-(£)-[11-Ethylidene-9,10-dihydro-2-methoxy-7,10-dimethyl-

was heated at 85C for 21.5 h. Evaporation of the solvent afforded a 5,9-methanocyclooctdj]pyridin-5(6 H)-ylJcarbamic Acid Methyl
residue which was dissolved in GEl,, washed with brine, and dried. Ester, Equatorial Isomer (7b). Starting from the stereoisomeric
After concentration, the crude product was chromatographed (15% mixture of carboxylic acidss, a stereoisomeric mixture of methyl
EtOAc in hexanes) to afford 237 mg (88%) bfas a colorless oil, carbamates was obtained following the same procedure as above. From
which by'H NMR analysis consisted of a 95/5 mixture of thg-(and this mixture, 7b was isolated in 28% vyield by crystallization from
(2)-alkenes. Major diastereoisomeR; 0.42 (15% EtOAc in hexanes); hexane: colorless prisms, mp 18890 °C (hexane);R: 0.31 (10%

1H NMR ((E)-olefin, CDCE) 6 7.05 (d, 1 H,J = 8.1 Hz), 6.50 (d, 1 EtOAc in CHCl); IR (KBr) 1715, 1601, 1531, 1028 cri H NMR
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(CDCl) 6 7.54 (d, 1 H) = 8.2 Hz), 6.53 (d, 1 HJ = 7.9 Hz), 549  Table 2.
(m, 1 H), 5.32 (q, 1 HJ = 6.7 Hz), 4.98 (s, 1 H), 3.88 (s, 3 H), 3.61

irradiation observed NOE%

(s, 3H), 3.51 (m, 1 H), 3.07 (m, 1 H), 2.62 (d, 1 $= 15.4 Hz), 2.24
(d, 1 H,J = 15.7 Hz), 1.71 (d, 3 HJ = 6.8 Hz), 1.52 (s, 3 H), 1.43 Me-Axial, Urethanera
(d, 3H,J=7.4Hz). Anal. Calcd. for GH»N,Os: C, 69.49; H, Me(10) H-8
7.37; N, 8.53. Found: C, 69.73; H, 7.41; N, 8.49. H-10 H-8 4.3

(11E)-(&)-5-Amino-11-ethylidene-5,6,9,10-tetrahydro-7,10-di- H-9 H-8 113
methyl-5,9-methanocyclooctdf)pyridin-2(1 H)-one, Equatorial Iso- H-8 H-10 3.6
mer (8b). Starting from7b (14 mg, 0.043 mmol), the same procedure Me-Equatorial, Urethan@b
as for the axial isomer was followed to obtain 8 mg (74%) of the Me(10) H-8 4.0
product: colorless prisms, mp 26265 °C (EtOAc); R 0.25 (15% H-10 H-8
MeOH in CHCB); IR (KBr) 3420, 1653, 1620 cni; *H NMR (CDCl) H-9 H-8 9.8
0 10.61 (br s, 1 H), 7.87 (d, 1 HI = 9.8 Hz), 6.40 (d, 1 H) = 9.7 H-8 H-10

Hz), 5.45 (m, 2 H), 3.41 (t, 1 H) = 4.7 Hz), 2.96 (m, 1 H), 2.15

(ABg,2H,J=16.8Hz), 1.67 (d, 3H]) = 6.8 Hz), 1.59 (s, 3 H), 1.42 the protons at C(10) appeared as a doublet of quartets at 2.70 ppm.

(d, 3H,J=7.1Hz); MSm/z256 (M, 90%), 241 (100%), 227, 224,  Thg gmaller (doublet) coupling is of the magnitude expected for

201, 174, 161. Anal. Calcd. forigHoN0: C, 75.13; H, 7.80; N, equatorial protons at C(9) and at C(10) (1.3 Hz); if the proton at C(10)

10.97. Found: C, 75.22; H, 8.00; N, 10.92. was in the axial position, no coupling with 9-H would have been
Stereochemical Assignments.The stereochemistry of the methyl  observed, due to a dihedral angle of about.8th consequence, the

group at C-10 o, 7, and8 was established bjH NMR decoupling C(10) methyl group is axial.

and COSY experiments in addition to the NOESY experiments  The NOE data are shown in Table 2.

discussed in the text and tabulated at the end of this sectioB, thre

protons at C-6 were assigned by their diagnostic chemical shts ( Acknowledgment. We are indebted to the National Institute
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