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transformation and 1-Hz line broadening was applied. 
Two-dimensional COSY and J-resolved NMR spectra were 

obtained on a Bruker WM-300 spectrometer. 2K X 2K data points 
cover 2400 X 2400 Hz resulting in about 2.4 Hz/pt digital reso- 
lution. Data was collected for 256 T I  values and then zero-filled 
to 1K; 96 scans were accumulated for each T1. 

The NOE experiments were conducted on a Bruker WM-500 
NMR spectrometer. Peak irradiation was conducted at  a power 
level below saturation of the signal in an 8-s time period and was 
followed after a 15 ms delay by a 90" observe pulse and 3 s of 
data acquisition with an additional 1-s delay between cycles. 
Sixteen transients were collected per multiplet irradiated. On- 
resonance transients were interleaved with off-resonance tran- 
sients. The 32K point FID of the off resonance control experiment 
was subtracted from that of the on resonance experiment and 
Fourier transformed with 0.5-Hz line broadening. 

High Resolution Mass Spectrometry. High resolution 
electron impact mass spectra were obtained with a VG 79s mass 
spectrometer using a DCI probe, 70 eV electron energy and 180 
"C source block, accuracy, 0.3-s response time, 100-pA trap 
current, and 6.6K/1000 resolution. 

FTIR Analysis. IR spectra were acquired on a Nicolet Fourier 
transform IR Model 20DX spectrophotometer containing a IIIb 
HeNe laser with 4.0 cm-' resolution. The photoadducts were 
dissolved in benzene-d6 and placed in sodium chloride cells with 
0.015-mm spacers. Interference from benzene-d6 absorbance was 
minimized by spectral subtraction after Fourier transformation. 

Flash Photolysis Experiments. Flash photolysis experiments 
were performed with the help of Dr. T. George Truscott a t  the 
Department of Chemistry, Paisley College of Technology, Scot- 
land. The experimental system used the frequency doubled (347 
nm) output from a J. K. Laser Ruby laser with data analysis using 
a digitiser/ Apple computer system. Samples were dissolved in 
ethanol and bubbled with oxygen-free argon or nitrogen prior to 
measurements. 

Molecular Mechanics Calculations. Molecular mechanics 
energy minimization calculations were performed by using Al- 
linger's MM2 program available as program no. 395 from QCPE, 
Department of Chemistry, Indiana University, Bloomington, IN. 
A fragment of the tmPso-OAME adducts containing the cyclo- 
butane ring fused to the six-membered lactone ring portion of 
tmPso, including the 4-CH3 group was used. The benzofuran ring 
that is fused to the lactone ring in the furocoumarin was not 
included to simplify calculations. This benzofuran ring would 
be expected to decrease the pucker of the cyclobutyl ring due to 
the constraint it would impose on the flexibility of the lactone 
ring and therefore the absence of the benzofuran ring should lead 

to an overestimation of the ring pucker. Calculations were 
performed for the molecules with methyl groups representing the 
fatty acid chains in all four of the possible configurations. The 
presence of methyl groups instead of long alkyl chains should not 
dramatically alter the results in terms of the pucker of the cy- 
clobutyl ring. To check this assumption, we also performed 
calculations with the same molecules with hydrogens in place of 
the methyl groups. The results of these calculations showed that 
the methyl group caused the ring to flatten relative to the H- 
substituted analogues (data not shown) and, therefore, the larger 
alkyl substituents of the fatty acids a t  these positions would not 
be expected to cause a large increase in cyclobutyl ring pucker 
relative to the methyl-substituted models. 
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Cyclopentadiene and furan undergo efficient regio- and stereoselective intermolecular inverse electron demand 
cycloaddition to the dihydropyridine iminium ion under Lewis acid conditions. However, the reaction is quite 
sensitive to both steric and electronic factors in the nucleophilic component. Synthetically useful cyclization 
is restricted to unhindered styrenes, cyclopentadiene, and reactive aromatic compounds such as furan. The initial 
example of an intermolecular cycloaddition in this series involving a thioether is described. 

We and others have reported a variety of novel intra- 
molecular cycloaddition processes of appropriately sub- 
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stituted 4-aryl-1,4-dihydropyidines.' Similar imminium 
ion mediated processes have been shown by Wenkert,2 
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Overman: and Grieco; among others, to effect formation 
of key carbon-carbon bonds, leading to a variety of ni- 
trogen-containing natural products. More recently, we 
have reported the initial intermolecular variant wherein 
the dihydropyridine iminium species is trapped by either 
styrene or allyltrimethylsilane.5 We now report the results 
of studies that probe the scope of this bimolecular process 
by appraising the corresponding intermolecular reactivity 
of selected monoolefins, dienes, and heterocycles. 

Our initial studies5 showed that treatment of dimethyl 
2 ,6-dimethyl-4-phenyl-  1,4-dihydropyridine-3,5-di- 
carboxylate (1) with 20 equiv of styrene in chloroform 
solution a t  0-10 "C and 3 equiv of boron trifluoride eth- 
erate afforded the cycloadduct 2 in 84% yield along with 
10% of pyridine 3 (Scheme I). However, treatment of 1 
under similar Lewis acid conditions with a-methylstyrene, 
P-methylstyrene, cyclohexene, or methylenecyclopentane 
gave product mixtures containing little if any cycloadduct. 
Under these conditions, dihydropyridine 1 was generally 
consumed slowly over the course of 24-48 h to  provide 
pyridine 3 as the sole major product. This contrasts 
sharply with the facile reaction of 1 with styrene (6 h at  
0-10 "C) and signifies the requirement for both a benzylic 
(or allylic) stabilized cationic intermediate, as well as a 
minimum of sterically encumbering groups at  the reactive 
olefin centers. 

Mindful of the above limitations we next chose to study 
the reactivity of cyclopentadiene, which we anticipated 
would accommodate the cited steric and electronic factors. 
Treatment of dimethyl 2,6-dimethyl-4-phenyl-l,4-di- 
hydropyridine-3,5-dicarboxylate (1) with excess cyclo- 
pentadiene a t  room temperature in either chloroform or 
methylene chloride solution in the presence of boron tri- 
fluoride etherate resulted in the disappearance of 1 over 
16 h. The sole cyclized product was dimethyl 1,4a,7,7a- 
tetrahydro-l,3-dimethyl-8-phenyl-l,4-ethano-~-2-pyrin- 
dine-4,9-dicarboxylate (7) (Scheme 11), obtained in 58% 
isolated yield after chromatography. The structure of 7, 
which is an oil, was established by extensive NMR studies 

(1) (a) Claremon, D. A.; Hirshfeld, J.; Lumma, P. K.; McClure, D. E.; 
Springer, J. P. Synthesis 1986,144. (b) Hartman, G. D.; Phillips, B. T.; 
Halczenko, W. J. Org. Chem. 1985,50,2423. (c) Hartman, G. D.; Halc- 
zenko, W.; Phillips, B. T. J. Org. Chem. 1985,50,2427. (d) Hartman, G. 
D.; Halczenko, W.; Cochran, D. W. Can. J. Chem. 1985, 64, 556. (e) 
Hartman, G. D.; Halczenko, W.; Phillips, B. T. J. Org. Chem. 1986,51, 
142. (0 Hartman, G. D.; Halczenko, W.; Phillips, B. T.; Pitzenberger, S. 
M. J. Og. Chem. 1986,51, 2202. 

(2) Wenkert, E.; Porter, B.; Simmons, D. P. J. Org. Chem. 1984,49, 
3733. Wenkert, E.; Orito, K.; Simmons, D. P. J. Org. Chem. 1983,48, 
5006. 

(3) McCann, S. F.; Overman, L. E. J. Am. Chem. SOC. 1987,109,6107 
and references cited therein. 

(4) Lmen,  S. D.; Grieco, P. A.; Fobare, W. F. J. Am. Chem. SOC. 1986, 
108, 3512. 

(5) Hartman, G. D.; Phillips, B. T.; Halczenko, W. J.  Org. Chem. 1987, 
52, 1136. 

J .  

H 

1 

Org. Chem., Vol. 54, No. 17, 1989 4135 

Scheme I1 

H9 
7 

L 

10 

(see Experimental Section for details). The same product 
was also formed when titanium tetrachloride was used as 
the catalyst; however, the yield was lower and the product 
mixture more complex. 

Although no conclusive evidence is available on the 
question of the synchronous/stepwise nature of this re- 
action, several mechanistic points are noteworthy. Acti- 
vation of 1 by the Lewis acid to afford the dihydropyridine 
iminium species 41s2 was followed by a regio- and stereo- 
selective cycloaddition with cyclopentadiene. The syn 
relationship existing between the cyclopentene ring and 
the imine bond of 7 is precisely the result that one expects 
from an endo addition in a typical synchronous Diels- 
Alder pro~ess.~. '  However, the observed stereoselectivity 
should not be construed as proof of this type of mecha- 
nism, as it is reasonable that a stepwise p r o ~ e s s , ~  relying 

(6)  Weinreb, S. M.; Staib, R. R. Tetrahedron 1982, 38, 3087. 
(7) Dewar, M. J. S. J. Am. Chem. SOC. 1984, 106, 209. 
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on the steric influence of the bulky phenyl ring, would also 
generate an adduct with the orientation shown in 7. 

Two other olefin regioisomers, 9 and 10, are possible 
from the above cyclization mode. The exclusive formation 
of 7 indicates that  the terminus of the olefinic system 
interacts with the electrophilic iminium carbon to give 
intermediate 5, rather than isomer 8 derived from attack 
a t  an internal position of the diene. This selectivity is 
apparently associated with the contribution in the tran- 
sition state for formation of the stabilized allylic cation 5 
as compared to the simple secondary cation 8. Although 
the lack of products such as 10 would argue against a 
discrete allylic cation that could be trapped at  either allylic 
terminus, the present data does not exclude the operation 
of a nonconcerted pa thwa9 '  utilizing zwitterionic inter- 
mediates. The final stereochemical aspect of adduct for- 
mation arises from stereoselective protonation during 
workup of the boron enolate 6 from the less hindered 
a-face to orient the C-9 ester function trans with respect 
to the phenyl group. 

The extension of this reaction to other cyclic dienes was 
problematic. For example, treatment of 1 with 1,3-cyclo- 
hexadiene under the normal Lewis acid conditions afforded 
pyridine 3 as the major product along with several un- 
identified minor components. The failure of 1,3-cyclo- 
hexadiene to generate cycloadducts reflects subtle rate- 
retarding electronic and steric factors. We observed 
qualitatively a reduction in reaction rate in going from 
styrene to cyclopentadiene and a corresponding increase 
of the amount of pyridine 3 formed. Cyclization of 1,3- 
cycloheptadiene is apparently slower yet and thus cannot 
compete with the acid-catalyzed aromatization reaction. 

Since reactive heterocycles such as furan and thiophene 
had previously been shownle,f to be efficient intramolecular 
nucleophiles toward the dihydropyridine iminium ion, we 
investigated analogous utility in the intermolecular sense. 
Treatment of 1 in ethanol-free chloroform a t  room tem- 
perature with 20 equiv of furan and 3 equiv of aluminum 
chloride resulted in the disappearance of 1 over the course 
of 18 h. Following the standard alkaline workup and ex- 
traction procedure, the major product was dimethyl 
7,7a-dihydro-5,7-dimethyl-9(S)-phenyl-4,7-ethanofuro- 
[2,3-c]pyridine-4,8(R)-dicarboxylate (12) (Scheme 111), 
formed in 67% yield. This product is derived by attack 
of C-2 of furan on the aluminum analogue of 4, followed 
by internal capture in 11 as was previously reported.lbScf 
Interestingly, furan attacked the immium ion via the endo 
mode, trans to the 4-aryl substituent in analogy with all 
previous intermolecular dihydropyridine cyclizations. Also, 
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the generation of 12 constitutes formal trapping of an 
intermediate of heterocyclic electrophilic aromatic sub- 
stitution, which is not well documented in the literature.'" 
Attempted utilization of boron trifluoride etherate as 
catalyst gave 3 as the only major product, while titanium 
tetrachloride caused spontaneous decomposition a t  0-10 
"C. 

Attempted cycloaddition of 1 with thiophene under 
similar conditions followed a much different course. When 
1 was treated with 20 equiv of thiophene and 3 equiv of 
aluminum chloride in chloroform solution a t  room tem- 
perature, the starting dihydropyridine was consumed 
slowly over 24 h. Alkaline workup generated a complex 
product mixture that contained a single major product, 
dimethyl 3,3a,7,7a-tetrahydro-5,7-dirnethyl-S(S)-phenyl- 
2-(2-thienyl)-4,7-ethanothieno[2,3-c]pyridine-4,8(R)- 
(2H)-dicarboxylate (14) (Scheme IV), formed in 34% yield. 
Initial 'H NMR analysis of this compound showed enough 
similarity to 12 to suggest that  cyclization had occurred; 
however, the spectrum was more complex than expected 
for simple thiophene addition. The structure of 14 was 
ultimately determined by single-crystal X-ray analysis.8 
Apparently, thiophene underwent initial dimerization9 to 
afford 2-[2-(2,3-dihydrothienyl)]thiophene (13), which 
participated in a regio- and stereoselective cycloaddition 
to 4. This result illustrates that  thiophene itself was not 
reactive enough to initiate cycloaddition and points out 
the potential synthetic utility of thioethers in similar in- 
termolecular reactions. 

In summary, the present results suggest that only highly 
reactive olefins, such as unhindered styrenes, cyclo- 
pentadiene, and aromatic compounds that possess furan- 
like electrophilic aromatic substitution reactivity, will 
participate in synthetically useful cycloadditions with 1. 
Successful reaction, however, in each of these classes was 
found to be similarly regio- and stereoselective, thus al- 
lowing excellent predictability of configurational rela- 
tionships and access to precisely defined aza polycyclics. 

Experimental Section 
All melting points were taken on a Thomas-Hoover capillary 

apparatus and are uncorrected. NMR spectra were recorded on 
an EM-360 or a Nicolet NT-360 spectrometer with Me$i as an 
internal standard. Mass spectra were obtained on a LKB-9000s 
mass spectrometer at 70 eV. Cyclohexadiene, a-methylstyrene, 
0-methylstyrene, and aluminum chloride were obtained from 
Aldrich and were used without purification. Thiophene, furan, 
and 2-methylfuran were obtained from Aldrich and were distilled 
just prior to use. 

Dimethyl 1,4a,7,7a-Tetrahydro-1,3-dimethyl-8-phenyl- 
1,4-ethano-4H-2-pyrindine-4,9-dicarboxylate (7). Generation 
of Cyclopentadiene. Dicyclopentadiene was heated under ni- 

(8) Private communication from J. Hirshfield, MSDRL, Rahway, NJ. 
(9) Wynberg, H.; Logothetis, A,; VerPloeg, D. J .  Am. Chem. SOC. 1957, 

79, 1972. 
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trogen at 180 "C in a flask equipped with a distillation column 
and condenser. As it distilled, cyclopentadiene was collected in 
a flask cooled in dry icefacetone and was used immediately. To 
a solution of 0.6 g (2.0 mmol) of dimethyl 2,6-dimethyl-4- 
phenyl-l,4-dihydroppidine-3,5-dicarboxyate (1)" and 1.32 g (20.0 
mmol) of cyclopentadiene (freshly distilled) in 30 mL of chloroform 
at room temperature under nitrogen was added 0.85 g (6.0 mmol) 
of boron trifluoride etherate dropwise over 5 min to afford a light 
brown solution. This was stirred overnight at room temperature. 
The reaction was then cooled in an ice bath and quenched with 
the addition of 5 mL of water followed by 5 mL of saturated 
sodium bicarbonate solution. The layers were separated and the 
aqueous phase was reextracted with chloroform. The combined 
organic phase was washed with brine and dried over sodium 
sulfate. Solvent removal on the rotary evaporator gave a yellow 
oil, which had on TLC (silica gel, 2% methanolfchloroform) two 
major components at Rf 0.9,0.5, and one minor component at Rf 
0.2. The product at R 0.5 was separated from the others by flash 
chromatography on sdica gel (Merck, 230-300 mesh), eluting with 
chloroform to provide homogeneous material as a slightly yellow 
oil which did not crystallize. The yield of this material (7) was 
0.42 g (58%). Spectroscopic (NMR) evaluation of the impurities 
showed that the faster moving material was dicyclopentadiene 
and that the slower moving material was not a cyclized product. 
7 had 'H NMR (360 MHz, CDCI,): 6 1.57 (3 H, s), 2.25 (3 H, s), 
2.37 (1 H, m H7*, J = 2, 2, 2 Hz), 2.39 (1 H, m, HTB, J = 2,2,2 
Hz), 2.59 (1 H, d, H9, J = 7 Hz) 2.95 (1 H, m, HTa, J = 9.4, 7.5, 
7.5 Hz), 3.52 (3 H, s, CO,CH,), 3.65 (1 H, m, H4,,, J = 9, 2, 2, 2, 

H, m, H6,J  = 6, 2, 2, 2 Hz), 5.66 (1 H, m, H6,J  = 6, 2, 2, 2, 2 Hz), 
7.0-7.21 (5 H, m, aromatic); exact mass determination, calcd for 
CzzHSNO4 367.1783, found 367.1781. 2D J-correlated spectros- 
copy (COSY) of a CDC1, solution of 7 revealed two nonaromatic 
spin systems, one consisting of a vicinal set of protons (3.66 and 
2.59 ppm; 7.0 Hz coupling) and the other consisting of six protons 
that interact in a complicated fashion. Of the six protons, the 
ones that resonate at 5.66 and 5.35 ppm are clearly olefinic. The 
connectivities (COSY) and the splitting patterns of the six res- 
onances showed that they were all part of a 3,4-disubstituted- 
cyclopentene. The orientation of the five-membered ring is syn 
to the imiie bond in 7 since HTa is not W-coupled to Hg, as it would 
be in the event of the opposite regiochemistry. 

The methine proton that resonates at 3.65 ppm must be ad- 
jacent to the olefin, and the methine at 2.95 ppm must be adjacent 
to the methylene. Thus, the regiochemistry of the olefin can be 
determined by identification of the two methines. Since the two 
nonaromatic spin systems are isolated with respect to scalar 
coupling, we looked for dipolar couplings via difference NOE 
experiments. Unfortunately, selective irradiation of He was not 
possible due to nearly coincidental chemical shifts of HB and the 
methine at 3.65 ppm. The alternate experiment was to irradiate 
the methine at  2.95 ppm. If the 2.95 ppm methine is Hk, then 
NOES were expected in HTa, He, and one of the methylene protons, 
while if the 2.95 ppm methine is H7a, the NOE's were expected 

2 Hz), 3.66 (1 H, d, HB J = 7 Hz), 3.67 (3 H, S, CO,CHJ, 5.35 (1 

J. Org. Chem., Vol. 54, No. 17, 1989 4137 

in only Hk and one of the methylene protons. Initial results of 
this experiment were ambiguous as an intense methyl ester peak 
partially obscurred the resonances at 3.66 and 3.65 ppm. This 
methyl ester peak did not completely cancel during the difference 
NOE experiment, making it difficult to distinguish any NOE's 
in resonances underneath. It was possible to shift the methyl ester 
peak upfield by adding about 20% CBDs to the sample. When 
the difference NOE experiment was repeated, NOE's were ob- 
served in one of the methylene protons and in the other methine, 
but not in Hg. The olefin, therefore, had the regio- and stereo- 
chemistry shown in 7. In addition, the olefinic protons were 
assigned on the basis of a difference NOE experiment, in which 
the methylene protons were irradiated. 
Dimethyl 7,7a-Dihydro-5,7-dimet hyl-9( S )-phenyl-4,7- 

ethanofuro[2,3-c ]pyridine-l,d(R )-dicarboxylate (12). To a 
stirred solution of 0.3 g (1.0 mmol) of dimethyl 2,6-dimethyl-4- 
phenyl-l,4-dihydropyridine-3,5-dicarboxylate (1) and 1.36 g (20 
mmol) of furan in 7 mL of ethanol-free chloroform cooled to 0-10 
"C under nitrogen was added in one portion 0.4 g (3.0 mmol) of 
aluminum chloride. The reaction mixture, which discolored 
somewhat, was a free-stirring suspension. After 2 h the ice bath 
was removed and the reaction mixture was stirred at ambient 
temperature. After 16 h the cooled reaction mixture was quenched 
with 20 mL of saturated sodium bicarbonate solution (foaming) 
and this was extracted with 2 X 50 mL portions of ether. The 
combined organic extracts were dried and concentrated and the 
residue was purified by flash chromatography on silica gel, eluting 
with 25% acetonefhexane. This afforded 0.214 g (58%) of the 
product 12 as a clear oil (R, 0.4): mass spectrum, m / e  calcd 
369.42116, found 369.42110; NMR (CDCl,, 360 MHz) 6 1.71 (3 

3.51 (3 H, s, CHSd or CH34, 3.55 (1 H, d, J = 7 Hz, He), 3.68 (3 
H, s, Hf), 3.90 (1 H, dt, HJ, 4.67 (1 H, m, Hb), 5.03 (1 H, dd, J 
= 12, 2 Hz, HI), 6.24 (1 H, m, Hj), 6.99 and 7.24 (5 H, m (aro- 
matic)). 
Dimethyl 3,3a,7,7a-Tetrahydro-5,7-dimethyl-g(S)- 

phenyl-2-(2-thienyl)-4,7-ethanothieno[2,3-c ]pyridine-4,8- 
(R)(2H)-dicarboxylate (14). To a solution of 150 mg (0.5 mL) 
of dimethyl 2,6-dimethyl-4-phenyl-l,4-dihydropyridine-3,5-di- 
carboxylate (1) under nitrogen in 4 mL of chloroform (dried over 
sieves) was added 0.42 g (5.0 mmol) of thiophene, followed by 0.10 
g (0.75 mmol) of aluminum chloride, and the resulting mixture 
was stirred at room temperature overnight. The reaction mixture 
was quenched by adding a mixture of 10 mL of water, 10 mL of 
CHCl,, and 10 mL of a saturated sodium bicarbonate solution. 
The organic layer was separated, and the aqueous phase was 
reextracted with four 15-mL portions of chloroform. The com- 
bined organic extracts were washed with brine and dried, and the 
solvent was removed to give a viscous, amber-colored oil. This 
was purified by flash chromatography on silica gel (230-400 mesh) 
by eluting with 32 hemeether,  to give 140 mg (63%) of a viscous 
gum. Trituration of this gum with 2 mL of 2:l hexane/ether 
provided 76 mg (34%) of 14 as a white solid, mp 141.5-143.5 OC: 
'H NMR (360 MHz, CDCl,) 6 1.64 (3 H, s, CH,"), 2.05 (1 H, m, 

(4 H, s and m, C02CH3 and Hc), 3.67 (4 H, s, Ha and C02CH3), 
4.35 (1 H, d, Hf), 4.50 (1 H, t, He), 6.87-7.40 (8 H, m, aromatic); 
mass spectrum, mfe calcd 469.62624 found 469.62631. 

H, S, CH3'), 2.29 (3 H, 9, CH3b), 2.64 (1 H, dd, J = 7, 1 Hz, HJ, 

Hd), 2.40 (1 H, m, Hd), 2.49 (3 H, 8, CH?) 2.65 (1 H, d, Hd), 3.49 

(10) Loev, B.; Goodman, M. M.; Snador, K. M.; Tedeschi, R.; Macko, 
E. J. Med. Chem. 1974, 17,956. 


