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Diene substituent effects on the regiochemical and stereochemical outcomes of uncatalyzedl®éels
reactions ofN-alkoxycarbonyl-1,2-dihydropyridines with both styrene and methyl vinyl ketone (MVK)
were studied. Alkyl substitution on the diene in all cases examined resulted in a kinetic preference for
7-endo isomers (7-phenyl 5B6% exo and 7-acetyl 5496% exo). For both dienophiles, the highest
stereoselectivities>(89% endo) were observed with 5-methyl or 6-methyl substituents in the dihydro-
pyridine. Theoretical calculations of the energies of gas phase endo and exo transition states at the RHF/
3-21G(*) predict that total entropy\Sota, cONsiderations favor endo cycloadducts for both dienophiles
with DHP, while total energy considerationaE*, favor endo cycloadducts for styrene and exo
cycloadducts for MVK. At this level, favoredndophenyl isomers are correctly predicted for styrene
reactions, but the calculation of 7-acetyl exo or endo isomer dominance is diene-substituent-dependent
for MVK reactions. The preference for endo addition of MVK to the parent, 5-methyl, and 6-methyl-
DHPs was successfully predicted by calculations at the B3LYP/6-31G* theory level.

2-azabicyclo[2.2.2]oct-5-enes. These structures have proven to
be useful in the synthesis of a range of interesting and useful
ridines (DHPs) and their ability to react with a variety of structures: 7 The regiochemistry for this thermal cycloaddition,

) e L at least for alkene-unsubstituted 1,2-dihydropyridibesacting
dienophilic reagents have led to their wide use as precursors ofWith monosubstituted dienophil@s has the nitrogen atom near

Introduction
The ease of synthesis df-alkoxycarbonyl-1,2-dihydropy-
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Diene-Substituted N-Alkoxycarbonyl-1,2-dihydropyridines

TABLE 1. Stereoselectivity for Thermal Cycloadditions of
N-Alkoxycarbonyl-1,2-dihydropyridines (DHP) 1 with
Monosubstituted Dienophiles 2 (CH = CHZ)

P2 z
@ CH,=CHZ
N 2 71" "NCOOR +  ~"“NCOOR
COOR
aZ=COOMe
1 b Z = COOBn 3 4
aR=Me ¢ Z=CHO a R =Me, Z=COOMe e R=Et,Z=COMe
IbR=1tBu d Z = COMe b R =Me, Z=COOBn fR=Me, Z=SO,Ph
cR=Et e Z=S80,Ph ¢ R =t-Bu, Z=COOMe g R =Me, Z = 6-Cl-3-Pyr|
fZ=6-Cl-3-Pyr dR=Me, Z=CHO
yield
entry DHP alkene cycloadducts R z englexo4 (%)
1 la 2a 3aand4da Me COOMe 57:43 65
2 la 2b 3band4db Me COOBn 67:33 39
3 1b 2a 3cand4c t-Bu COOMe 5050 ¢
4 la 2c 3dand4dd Me CHO 70:30 70
5 1c 2d 3eand4e Et COMe 57:43 89
6 la 2e 3f(4f) Me SOPh 28
7 la 2f 3gand4g Me Ar 79:21 44

aXylene, reflux, 120 h, refs 5b,78 Xylene, reflux, 15 h, ref 5b.
¢ Toluene, reflux, no yield given, refs 6b,¢Toluene, reflux, 28 h, ref 3c.
eNeat, 50°C, 5 days, ref 3cf Toluene, reflux, 60 h, ratio undetermined,
ref 9.9 Ar = 6-chloro-3-pyridyl, decalin, reflux, 12 h, ref 4.

the G dienophile substituent in the azabicycle. The stereo-
chemical outcome for uncatalyzed cycloadditions is to generally
give mixtures of products favoring endo isom8rs competi-

tion with exo isomergl. The results of representative cycload-
ditions are shown in Table 1. Stereochemical outcomes for
methyl acrylaté®, acrolein3¢ and methyl vinyl keton® cycload-
ditions with dihydropyridines have been shown to be of kinetic
origin.

Unlike the corresponding 1,3-cyclohexadiene that opposes a

methylene group as a steric impediment to an-exented
dienophile substituer®,it might seem reasonable to anticipate
that the lone pair of electrons on nitrogen and tkeacyl
substituent might play a favorable role in facilitating formation
of exo isomers. Indeed, for cycloadditions lfmethoxycar-
bonyl-1,2-dihydropyridinela with methyl acrylate?a to give

a 57:43 endo/exo ratio of isomeBs/4a in refluxing toluene
(entry 1), it was postulated that the nitrogen atom of the
dihydropyridine favorably interacts with the carbonyl of the ester
and that the carbonyl of the carbamoyl group might electrostati-
cally interact with the O atom of the ester carbotiyThis effect
appears to be balanced by a decreased preference for exo isome
with an increase in size of the ester alkyl group (67:33 endo/
exo 3b/4b when R = Bn, entry 2). Inconsistent with the
argument, an increased preference for exo additicbntaining

an N-Boc group has been reported, but without confirming

(6) Cyclohexanecarboxylic acids: (a) Arakawa, Y.; Tajima, M.; Arakawa,
Y.; Yoshifuji, S. Chem. Pharm. Bull2005 53, 81-85. (b) Campbell, M.
M.; Mahon, M. F.; Sainsbury, M.; Searle, P. A.; Davies, G.

Lett. 1991, 32, 951-954. (c) Campbell, M. M.; Sainsbury, M.; Searle, P.
A.; Davies, G. M., tt1992 33, 3181-3184.

(7) Bridged azapolycycles: (a) Choi, Y.; White, J. D.Org. Chem.
2004 69, 3758-3764. (b) Krow, G. R.; Lee, Y. B.; Raghavachari, R.;
Szczepanski, S. W.; Alston, P. 1991, 47, 8499-8154.

(8) Sundberg, R. J.; Hamilton, G.; Trindle, fininifimigg 1986 51,
3672-3679.

(9) Krow, G. R.; Carey, J. T.; Cannon, K. C.; Henz, ithisaiasian
Lett. 1982 23, 2527-2528.

(10) Equilibrium measurements for cyclohexa-1,3-diene cycloadducts
show endo adducts to be favored with methyl vinyl ketokgeko/endo)
= 0.41]: Ouellette, R. J.; Booth, G. B. Org. Chem1966 31, 3065~
3067. Methyl acrylate{(exo/endo)= 0.46]: Ouellette, R. J.; Booth, G.
E. J. Org. Chem1965 30, 423-425.

JOC Article

experimental detail®¢Nevertheless, the cycloaddition results
with dihydropyridinesl and alkyl acrylate2a,b, acrolein gc),

and MVK (2d) (entries 15) all indicate a greater kinetic
preference for endo cycloaddu@a—e when compared to the
near 1:1 equilibrium ratio of3/4 isomers having estéror
aldehydéc substitution and the 3:2 preference fexcacetyl
isomer4e3¢ Phenylvinylsulfone Ze) addition to 1,2-dihydro-
pyridine 1a forms a cycloadduct of undetermined stereochem-
istry (entry 6)? During the development of synthetic approaches
to homoepibatidines, we discovered that a vinylpyridRfe
undergoes cycloaddition with 1,2-dihydropyridine to give a
minor amount of exo cycloaddudg (entry 7)4

Thermal cycloadditions have been extended to include diene-
substituted 1,2-dihydropyridineS as well. In this regard,
substituted 1,2-dihydropyridine reactions withphenylmale-
imide!! and the intramolecular cycloadditions of 2-(3-butenyl)-
1,2-dihydropyridines have been carried out successfully with
substituents at all diene positiohBhenylvinylsulfone Ze) does
not afford cycloadducts with 6-methyl-1,2-dihydropyridine, but
gives 66-70% yields with 3-, 4-, or 5-methyldihydropyridinés.

Methyl vinyl ketone Rd) reacts with a 5-COOMe-1,2-
dihydropyridine to afford a 21:4 mixture of endo/exo cycload-
ducts (25% yieldy2 For methyl acrylateZa), the regiochemical
and stereochemical control exerted by diverse 3- and 5-substit-
uents on the cycloadditions of 1,2-dihydropyridines are shown
in Table 2813 A 3-methyl (entry 1) has little effect upon
stereochemistry compared to the unsubstituted parent (Table 1,
entry 1); both are about 6:4. A mixture of 3-ethyl and 5-ethyl
dihydropyridines5b/5¢ reacts with methyl acrylate to give
mixtures of stereoisomers of undetermined ratio (entry 2). The
preference for endo isomers is altered by a bulky 5-trimethylsilyl
group (entry 3), and there is now a 71:29 preferencecfar
carbomethoxy in the cycloaddu@d. A 3-methoxy group on
the DHP (entry 4) causes a reversal of favored regiochemistry.
Since the methoxy group is a more powerful director than the
N-alkoxycarbonyl group of the DHP, the exo cycloaddfads
now favored over the endo isom8@ From these disparate
results, it was clear at the outset of the present study that DHP
substituents can have far reaching influences upon the regio-
chemistry and stereochemistry of cycloadditions.

When the present work was begun, there were no reports of
styrene cycloadditions with 1,2-dihydropyridinés We first
explored the possibility of addition of a styrer® to 1,2-
dihydropyridinelaas a route to epibatidine homologues 6-aryl-
B azabicyclo[2.2.2]oct-7-enedg/4g. When this cycloaddition
was shown to be successful (Table 1, entry 7), we wanted to
know more generally how alkyl groups on the DHP diene
carbons might influence exo/endo stereochemical outcomes for
reactions with styrenes. The results of this investigation are one
subject of this paper. During the course of our studies, the
investigation of substituent effects was extended to include DHP
cycloadditions of methyl vinyl ketone¢l) and substituted 1,2-
dihydropyridines. Attempts have also been made to assess our
experimental results by theoretical means.

(11) Krow, G. R.; Cannon, K. C.; Carey, J. T.; Lee, Y. B.; Szczepanski,
S. W.; Ramijit, H. G n1985 22, 131-135.

(12) Krow, G. R.; Alston, P. V.; Szczepanski, S. W.; Raghavachari, R.;
Cannon, K. C.; Carey, J. Tnsaiiiiaaeee 1990 20, 1949-1958.

(13) Acrylonitrile adds td\-methoxycarbonyl-4-hydroxyethyl-1,2-dihy-
dropyridine or its 3-methyl-4-hydroxyethyl counterpart to give 2.1:1 and
1.8:1 mixtures of exo/endo cycloadducts. The same substrates with methyl
acrylate, acrolein, or methyl vinyl ketone gave mixtures described as ranging
from 1:2 to 1:1 exo/endo cycloadducts without further experimental detail;
see ref 3a.
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TABLE 2. Stereochemical and Regiochemical Results from Cycloadditions of Substituted Dihydropyridines 5 and Methyl Acrylate (Za)

4

5 @ 3 CH,=CHCOOMe MeOOC COOMe
6N 2a 6 &Ncooa ‘ZgNCOOEu
COOEt 4 . 4
6 7

5 a4-Me
a 3-Me b 4-Et
b 3-Et ¢ 6-Et
¢ 5-Et d 6-SiMes
d 5-SiMey MeOOC COOMe
e 3-OMe ;@SOMG OMe
7 i/
N . N
COOEt COOEt
8 9
endo/exo endo/exo yield
entry 1,2-DHP R adduct(s) R ratio equilibrium ratio (%)
1 5a 3-Me 6al7a 4-Me 60:40 1:1 70
2 5b + 3-Et 6b/7b 4-Et c d 65
5¢° 5-Et 6c/7b 6-Et c d
3 5d 5-SiMe; 6d/7d 6-SiMe; 29:71 d 60
4 5e 3-OMe 8/9 4-OMe? 33:67 d 25

aSealed tube, 128C, 48 h. See ref & Other 3-isomers (R= SMe, Cl, SiMe, SnMe, SnBu, and COOMe) successfully reacted in-584% yields, but
regiochemical and stereochemical ratios of cycloadd6@tsvere not determined.A mixture of unreported ratic? Not determinede Ester is at G.

Results and Discussion @ 5 é 3
Synthesis and Reaction of Substituted 1,2-Dihydropy- N 6 | N

ridines. The requisite 1,2-dihydropyridines for the present study COOR COOMe

were prepared as describedd-Carbomethoxy-1,2-dihydropy- 1aR = Me 10a 3.M 10f 448

ridine (La),'® N-benzyloxycarbonyl-1,2-dihydropyridinélg),2 1b R =Bn 1oab 3'5_Zi_Me 10g A:_;,h“'

4-methylN-carbomethoxy-1,2-dihydropyridine1Qd),'4 and 10¢ 5-Me 10h 4-Bn

4-phenyIN-carbomethoxy-1,2-dihydropyriditg(10g) have been 10d 4-Me 10i 6-Me

prepared previously. OtheX-alkoxycarbonyl-1,2-dihydropy- 10e 4.Ef

ridines were prepared according to the reported procedure by ) ) o
Fowler1® except for 5-methyN-carbomethoxy-1,2-dihydropy-  Pest carried out on neat mixtures under argon containing 2.5-
ridine (109).2° The reduction of pyridine and its analogues with fold excess of MVK at 56:60 °C for 5-6 days. In order to
sodium borohydride in the presence of methyl chloroformate OPtain pure samples, the reaction mixtures were purified using
normally gives a mixture of N-substituted 1,2- and 1,4- a combination of technlque_s including rep_eated silica gel column
dihydropyridines. If the reaction temperature is controlled well chromatography, preparative TLC, medium-pressure reverse-
below—70°C, the formation of 1,4-DHP isomers is minimized Phase column chromatography, and HPLC. The endo/exo
and they can be removed by flash column chromatography. If Stereoisomeric ratios were determined #y NMR proton

the G position of the pyridine ring is substituted, no 1,4- integrations, HPLC analyses, and/or columr_1 separations. Results
dihydropyridine derivatives were detected or isolated. The from all three methods usually were consistent. For example,
2-picoline did not react readily with methyl chloroformate and the ratio of12aand13awas 84:16 fromtH NMR integrations
sodium borohydride in methanol to give 6-methyl-1,2-DHBiY of Hy protons, 82:18 from HPLC analysis, and 84:16 from
when the temperature was below70 °C, but if the reaction ~ column separation. )

temperature was raised 650 °C, the reaction afforded0i in The structure elucidations and peak assignments of 7-acetyl-

14% yield along with unreacted 2-picoline. All 1,2-dihydropy- and 7-aryl-2-carbomethoxy-2—azabicyflo[2.2.2]olct-5-lenes were
ridines were purified by the silica gel flash column chroma- derived from combinations dH NMR, **C NMR, *H—*H 2D

tography under argon prior to use. CQSY,lH—13C 2D COSY, and APT 1D NMR. The chemical
Diels—Alder Cycloadditions of DHPs with Styrenes 11a-c shift of each proton of the 2-azabicyclo[2.2.2]oct-5-ene skeleton
or Methyl Vinyl Ketone (2d). Identification and Analysis of was assigned using decoupling experiments. The interconversion
Product Mixtures. The cycloadditions of DHPs with styrenes of two c_onformatlonal isomers of th¢-carbamate was restrlcted_
11 were carried out with 35 equiv of the dienophile in  at ambient temperature, and two sets of peaks correfpondlng
refluxing decalin, boiling point 189191 °C, under argon for {0 two different conformers appeared in thé NMR and *C
17-72 h. Decalin can be removed by passing the crude reaction NMR spectra. NMR experiments at high temperature (10D
mixtures through a silica gel flash column and then rinsing with Were used in order to unambiguously identify the coupling
an adequate amount of nonpolar solvent, such as cyclohexanepattems for the protons for the endo and exo stereoisomers.

The cycloadditions of methyl vinyl keton@d) to DHPs were It was interesting to note that thél NMR spectra of the
7-endcaryl isomers did not clearly demonstrate two sets of

signals after flash column chromatography purifications and
14) Nat ,M.; O , Mufiiasale <1980 14, 615-618. .
§15g Kﬁrﬁgf“j; |Wata??<vfl;a5akai‘ H.: Takashiyq_u_ therefore most peaks were broad, but fDwas added, the
1985 33, 4572-4580. splitting pattern representing the two conformers was restored.
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SCHEME 1. N-Alkoxycarbonyl-1,2-dihydropyridine
Cycloadditions with Styrenes

Ar Ar
A %NCOOR ﬂgNCOOR
+
12 13

11aR=Ph

1aR=Me  11b R =PhOMe-p

1bR=Bn  11¢R=PhNO,-m aR=Me, Ar=Ph
bR =Bn, Ar = Ph
¢ Ar = PhOMe-p
d Ar = PhNO,-m

The conformational isomers of &caryl compounds always
presented two distinct sets of peaks in theNMR spectra.

The structure of &nti-phenyl isomerl2a as determined by
high-temperaturéH NMR decoupling andH—13C 2D COSY
experiments, is indicative of the method used for stereochemic
assignments. There is a long-range W-plan coupling betwee
Hsa and ks, protons in a 2-azabicyclo[2.2.2]oct-5-ene systém.
In the 'H NMR spectrum ofl12a the protons at 1.68 and
3.03 ppm are W-plan coupled with a coupling constant of 2.0
Hz. The multiplet atd) 1.68 ppm can thus be assigned tg,H
and the multiplet at 3.03 ppm can be assigned to thg,H
proton. Further, there are coupling constants of 5.4 Hz fgr H
and the H proton, and 9.6 Hz for ki and the H proton.
Therefore, the K proton has thesis configuration to the Igk
proton (larger coupling) and theansconfiguration to H. Thus,
the 7-phenyl group of2ahas the endo configuration toward
the 5,6-alkene.

Stereochemical Results for DHP/Styrene Cycloadditions.
Styrene {13 cycloadds to cyclohexa-1,3-diene under conditions

JOC Article

TABLE 3. Stereoselectivity for Cycloadditions of
N-Alkoxycarbonyl-1,2-dihydropyridines with Styrenes®

Substitutions

product ratio yield

entry DHP R X endo/exo (%0)°
1 la Me Ph 84(.23)/16(133) 32
2 1b Bn Ph 86(2h)/14(13b) 50
3 la Me  Php-OMe 80(2¢)/20(13¢) 29
4 la Me PhmNO; 79(12d)/21(13d) 30
5 la Me  6-CI-3-pyridyF  79(30)/21(4q) 44

aReactions were run in refluxing decalihlsolated yields¢ See ref 4.

SCHEME 2. Substituted N-Alkoxycarbonyl-1,2-dihydro-
pyridine/Styrene Additions
4 Ph
0 =" 1
- . 6
6 N 11a 7|_ “NCOOR 7|” “NCOOR
COOMe 4 + g
10a 3-Me 10f 4-t-Bu 12 e 4-Me j 5-t-Bu 13
10b 3,5-di-Me  10g 4-Ph f 4,6-di-Me k 5-Ph
10c 5-Me 10h 4-Bn g 6-Me 1 5-Bn
10d 4-Me 10i 6-Me h 5-Me m1-Me
10e 4-Et i 5-Et
Ph
R 1
7 NCOOR]
Me
14e R=H
14f R = Me

The Diels-Alder reactions of 1,2-DHPs and styrene have
been performed at a very high temperature of 4@0The ratio
of endo/exo products might result from either a kinetically
controlled or thermodynamically controlled reaction. A kinetic
study of the reaction of 1,2-DHPb and styrene (entry 2) has
shown that the product ratio remained between 90:10 (3 h) and
86:14 (24 h) endo/exo by HPLC during the 24 h course of the
cycloaddition. Additionally, wherendePh 12b (53 mg) was
heated at reflux in decalin under argon for 48 h, 40 mg of pure

of photoinitiation in the presence of an electron transfer catalyst endePh12bwas recovered after chromatography. ExePh

to give a 10:1 endo/exo mixture in 13% yield, accompanied by
large amounts of styrene polym€&r.The same reaction occurs
electrochemically in 1333% yield (19-30:1 endo/exo}’®

stereoisomerl3b was not observed byH NMR or HPLC
analysis. Similarly, wheexaPh isomer3b (55 mg) was heated
at reflux in decalin for 24 h, 34 mg df3b was recovered after

Despite apparent difficulties, our goal was to see if styrenes chromatographic purification. TrendePh stereoisome3awas

could react with 1,2-dihydropyridines under thermal conditions

not detected. The endo/exo products are therefore derived from

(Scheme 1). The results for unsubstituted 1,2-dihydropyridines kinetically controlled Diels-Alder reactions. These results show

are in Table 3.

There were no significant differences observed in terms of
regioselectivity and stereoselectivity betweleta@13aand12b/
13b as a result of changing the carbamate alkyl group from
methyl to the potentially bulkier benzyl group (entries 1 and
2). The phenyl of the benzyl group can apparently avoid steric

that, while there may be some decomposition of cycloadducts
over time, the stereoisomeric ratios are relatively invariant over
time and the endo and exo stereoisomers are not interconverting.

We next turned our attention to the impact of alkyl substit-
uents upon the endo/exo stereoselectivity, as shown in Scheme
2. The results are given in Table 4. The Dielslder cycload-

interaction with the styrene aryl group, and the stereochemistry ditions of styrene with the parent (entry 1), the 3-methyl-1,2-
did not change significantly when electron-rich 4-methoxysty- DHP (entry 2), and 3,5-dimethyl-1,2-DHP (entry 3) afford
rene (entry 3) or electron-poor 3-nitrostyrene (entry 4) was used Similar endo/exo ratios of stereoisoméra—c/13a—c; how-

in place of styrene as the dienophile to git2d13cand12d/
13d. All reactions gave a similar ratio of about 80:20 for the
endo and exo products in similar yields (4011%).

(16) (a) Krow, G. R.; Rodenbaugh, Rl 1973 5, 73—
75. (b) Krow, G. R.; Rodenbaugh, R.; Carmosin, R.; Figures, W.; Pannella,
H.; Devicaris, G.; Grippi, M d.973 95, 5273-5280.

(17) (a) Photochemical: Micoch, J.; SteckhanABgew. Cheml1985
97, 429-431. (b) Electrochemical: Micoch, J.; Steckhan,Tetrahedron
Lett. 1987 28, 1081-1084.

ever, minor amounts of the@&dophenyl regioisomer$4eand
14f were also isolated from reactions of the 3-methyl DHPs
10a,h This effect upon regiochemistry by the electron-releasing
methyl group at €is less significant than that observed for a
3-methoxyl group that was controlling forgGsomers with
methyl acrylate/DHP cycloaddition (Table 2, entry84).

The lone 5-methyl substituent of DHBcresults in enhanced
89% endo selectivity in cycloaddut®g (entry 4). This result
and that of the 3,5-dimethyl isomer (entry 3) are contrary to
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TABLE 4. Stereoselectivity for Cycloadditions of TABLE 5. Stereoselectivity in the Cycloadditions of
Alkyl- N-Methoxycarbonyl-1,2-dihydropyridines with Styrene? Alkyl-Substituted N-Alkoxycarbonyl-1,2-dihydropyridines with
HP Substitution products Methyl Vinyl Ketone (2d)2
endo/exo/regioisomer yield
entry DHP 3 4 5 6 ratios (%)P MeOC ] COMe
1 la H H H H 84(128)/16(13a) 32 6 NCOOR NCOOR]
2 10a Me H H H  75120/21(138/4(148 36 / /
3 10b Me H Me H  78(L2f)/8(13f)/14(14f) 52 4 o
4 10c H H Me H  89(12¢/11(139g) 38 15(3) 16(4)
5 10d H Me H H 55012h)/45(13h) 47
6 10e H Et H H  6202i)/38(13) 53 products
7 10f H tBu H H  51(12j)/49(13j)° 22 product endo/exo isomer  yield
8 10g H Ph H H 5402k/46(13k" 30 entry  DHP R substituent ratios (%)P
9 10h H Bn H H 5502)/4503ld 29
10 100 H H H Me 96@2my4(13m) 45 1 lc Et  parent 5S7gg/43e) 8%
2 la Me parent 74158)/26(1638) 63
aReactions were run in refluxing decalihlsolated yields® By NMR 3 1b Bn parent 8015h)/20(16b)4 73
proton integration endo/exe 55:45.9 By NMR proton integration. 4 10a Me 4-Me 680150/32(16¢° 51
5 10b  Me 4,6-di-Me  53(5d)/47(16d)" 27
SCHEME 3. Cycloadditions of N-Alkoxycarbonyl-1,2- 6 10c  Me  6-Me 90(59/10(169 22
dihydropyridines with Methyl Vinyl Ketone ! 10d - Me S-Me 60050/40(16h) 81
8 10e Me 5-Et 54(50)/46(169) 6%
] 4\ s coMe MeOC COMe 9 10i Me 1-Me 96(5h)/4(16h) 45
@ 6 1 aReactions were run neat at 56, 5 days’ Isolated yields¢ See Table
6N 2d 7| 'NCOOMe | "NCOOMe 1, entry 5 and ref 3e, 50C, 6 days, neaf NMR proton integration and
(I:OOMe 4 + 5 HPLC endo/exo 70:3G:By NMR proton integrationf By NMR proton
integration endo/exo 54:46 Reaction was run neat at 3G, 6 days, neat.
1a Parent 15 aParent 16
1b Parent (N-COOBn) b Parent (N-COOBnN)
10a 3-Me c4-Me reaction centers of the TSs so as not to be the determinative
:g: ggfﬁ'g"Me :gﬁg"Me factor in controlling endo or exo product orientations.
10d 4-Me f 5-Me The cycloadditions of MVK with 3-methyl-DHROa (entry
el g5Et 4) and 3,5-dimethyl-1,2-DHROb (entry 5) resulted in only

modest preferences for endo isomé&gc and 15d. However,

. . o . the 5-methyl-1,2-DHP (entry 6) showed a significant 90:10

expectations for a possible adverse transition state Ster'cpreference for endo addudBe versus exo adduct6e The

interaction between a 5-methyl and the styrene _phenyl. ~ cycloaddition yields from the 5-methyl-DHR$b and10care
The presence of a 4-alkyl or 4-aryl DHP substituent (entries qyite Jow, however.

5-9) results in a surprising decrease in endo stereoisomer The 4-substituted 1,2-DHPEOd and 10e (entries 7 and 8)

preference (5362% endo) compared to substituents at other did give higher yields of ®xoacetyl products; however,

positions. Interestingly, the particular size of the substituents 7-endoacetyl stereoisomersf and 15g are the stereochemi-

at the G positio_n_of t_he 1,2-DHP10d-h is irreleva_nt to the cally favored products by only a slight margin. The Diels
endo/exo selectivity since all products from 4-substituted DHPs, a|qer cycloaddition of 6-methyl-1,2-DHPLOi and MVK

even with the bulkietert-butyl and phenyl, are in a very close  4¢orded 96:4 endo/exo products favoritgh (entry 9). This

range Of_ preferences for er.u_io addutgh—| (55_62%)_- _ high preference for endo cycloadduct from the 6-methyl-DHP
The Diels-Alder cycloaddition of 6-methyl-1,2-DHEOi with 10i previously was noted for its cycloaddition with styrene to

styrene (entry 10) affords trendePh sterecisomet2m as the give cycloadductl2m (see Table 4, entry 10).

dominating product with the endo/ed@nv13mratio of 96:4. Mariano demonstrated that the cycloaddition between the

The methyl group has somehow either hindered approach of parent 1,2-DHPLc and MVK gives a kinetically derived endo/
the styrene phenyl from the exo orientation or facilitated endo exo 3¢/4e ratio of 4:33¢ but the equilibrium endo/exo ratio is
cycloadduct. Theoretical calculations were undertaken to gain 2:3. |n order for us to show that alkyl-substituted DHPs also
insights on this issue (see below). give kinetically controlled isomer ratios, stereoisomesgand
Stereochemical Results for DHP/MVK Cycloadditions. 16g independently were subjected to the original reaction
With a number of alkyl-1,2-DHPs in hand, we desired to see if conditions and were heated to 36 for 1 week under argon.
methyl vinyl ketone cycloadditions would result in substituent They also were heated at 106 for 24 h. No epimerization of
stereochemical preferences similar to those observed withthe 7-acetyl group was detected ¥y NMR in either case, and
styrene. The reactions shown in Scheme 3 were carried out,decomposition of adducts was minimal. When the temperature
and the results are in Table 5. Maridhceported the cycload-  was raised to 130C for 2 days, endo cycloaddudbg was
dition of N-ethoxycarbonyl-DHF.c with MVK as a neat thermal converted to a 65:35 mixture of5g16g (35% recovery).
reaction at 55C. The result was a 4:3 endo/exo ratio of acetyl Independently, the exo cycloaddutbg was epimerized to a
regioisomerse4e (entry 1). Upon base-catalyzed equilibration, 19:81 mixture ofl5g16g(43% recovery). When epimerizations
a 2:3 mixture of these endo/exo isomers was observed. Ouroccur, they do so at higher temperatures than otiCogeaction
results at 50C by NMR analyses of mixtures prior to separation temperature. Thus, the stereoselectivities of Diélkler reac-
with both N-methoxycarbonyl-DHP (entry 2) ard-benzoxy- tions between 1,2-DHP and MVK are kinetically controlled.
carbonyl-DHP (entry 3) found slightly higher #74% prefer- The stereochemical outcome for formation of cycloadducts
ences forendoacetyl isomerdl5a and 15b. The alkyl groups 15d16afrom MVK and 1,2-DHPlawas found to be solvent
of the carbamates appear to be sufficiently distant from the independent. As shown in Table 6, the highest cycloaddition
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TABLE 6. Solvent Effects upon endo/exo 15a/16a Ratios for TABLE 7. Calculated Transition State endo/exo (12NC/13XT)
Reaction of MVK with N-Methoxycarbonyl-1,2-dihydropyridine (1a) Energy Differences for Generation of
15a/16a yield 7-Phenyl-2-azabicyclo[2.2.2]oct-5-enes 12C and 13T
entry condition3 endo/exo (%)

1 neat 76:24 63

2 cyclohexang 74:26 45

3 dichlorometharfe 79:21 35

4 acetonitrilé 79:21 22

aMVK/1a5:1; 55°C, 5 daysP Concentration ofla= 100 mg/mL.¢ The

; : ; - do/exal2/13
reaction did not go to completiod.Concentration ofla = 26 mg/mL. . +c + c en
e Concentration ofla = 43 mg/mL. entry products substituentAE*° ASe® AGHC  exptl (calcdy
1 12413a parent —1.67 158 -—2.30 84:16(92:8)
. o iy 2 12013b  parent —-255 131 -2.89 86:14 (96:4)
SCHEME 4. Major Cycloaddition Transition States for 3 12d13c PhpOMe —185 20 —2.67 80-20(95%5)
Azabicycles 12 and 13 4 12d13d PhmNO, —330 044 -3.37 85:15(97:3)
Ph 7 5 12d13e 4-Me —-1.63 225 -—2.57 78:22(94:6)
8 1 J<o 6 122/113f 4,6-di-Me —1.49 16 —2.08 919 291:9))
AN _Me 7 129g13g 6-Me —-152 0.89 -176 96:4(87:13
0 Phw 12Ne i N0 — 12¢ 8 12nW13h 5-Me -1.00 1.31 -1.48 55:45(83:17)
_ NJ\O’Me | Ph“ “ 9 1213  5-Et -1.25 115 -1.67 62:38(86:14)
|© 7 O-Me 10 12j/13j 5+t-Bu -1.09 0.38 —1.10 55:45(77:23)
X (e 11 12K13k 5-Ph —1.40 195 -—2.22 54:46(92:8)
Cc 12NT E\/N (¢} — 12T 12 12113l 5-Bn —1.67 4.66 —3.83 55:45(98:2)
“ Ph 13 12m/13m 1-Me —3.29 3.02 —-4.65 96:4(99:1)
/l/ O-Me aReaction of 1,2-DHPs and styrerfeAb initio RHF/3-21G(*) ZPVE-
O,Me '-)\N/& corrected energie&’,, of the cycloaddition transition states and free energy,
A Ph 13XT ﬂ\\/ o — 13T G*, values were calculated using Spartan’06 for Windows software. The
e W Ph ﬂ O-methyl group of the carbamate preferred todyato carbonyl oxygen
A / o in all calculations® In kcal/mol.®In cal/mol.® (AE¥, or AG) = (E%, or
T (i 4 _Me G*) 12NC — (E*, or G*) 13XT for all TSs leading tal2C and 13T. f N-
13XC ;1 N> —= 13C COOBn analogue? For the regioisomen\E*, = (E;) 12eC— (E%,) 14eC
= —2.185;12d14e95:5 (92:8)." For the regioisomerAE, = (E¥,) 12fC

— (E*) 14fC = —1.850;12f/14f 85:15 (88:12).

yield was under neat conditions. All other reactions did not go
to completion in 5 days.

Calculations of Styrene-DHP Cycloadditions. To gain
insights into substituent influ.e.nces upon .the stereo.selectivityjustify the level of sophistication of theory utilized.
of the styrene/DHP cycloadditions, ab initio calculations were . .
performed. Four major possible transition states (TSs) were The Taple 7 cqlculatlons do overestlmate the preferelnce for
evaluated for cycloaddition reactions leading to azabicytes (1€ endo isomer in nearly all cases studied. The exception was
and13 (Scheme 4). These TS energies depend on the endo/exdhe cycloaddition of styrene with 6-methyl-1,2-DHBito gave
(N/X) orientation of the styrene phenyl group and also on the endo/exo adductd2m/13m (entry 7), for which there is a
conformational orientation of the carbamate carbonyl group as slightly smaller endo prediction than the experimental value.
s-cis or s-trans (C/T) toward G in the developing product ~ The largest deviations between experimental and observed
azabicycle. In the general case, these TSs will be denoted agsomer ratios are for the 5-substituted isom&gh—I/13h—I
12NC, 12NT, 13XT, and13XC. The two cycloadducts and their ~ (entries 8-12) for which calculations consistently overestimate
major amide conformationsl2C/12T and 13T/13C, derive endo ratios by 2243%. Calculations for the sterically crowded
directly from these TSs by closing the partial bonds shown. 1-Me derivative12nV13m (entry 13) capture the high endo
The TS geometries were optimized at the RHF/3-21G(*) level, preference. In light of the calculations for the MVK/DHP
and each transition structure was confirmed by carrying out a cycloadditions that follow (Table 9), it is notable that both
frequency calculation to yield one and only one imaginary transition state energy\E*,) and entropy £Sota) calculations

frequency. The vibration associated with the imaginary fre- fayor formation of endo isomers in all of the examples in Table
quency was checked to correspond with a movement in the 7.

direction of the reaction coordinate. The results for the favored . . .
X . Th Iculations of transition stat nd distan monstrat
endo and exo TSs are listed in Table 7. The calcul&ad. e calculations of transition state bond distances demonsirate

energy order (kcal/mol) of the TSs E2NC (0.00) < 12NT th_at both endo and exo TSs for the cycloaddition of styrene
(0.43) < 13XT (2.0) < 13XC (2.90). Single-point total energy with DHPs are asynchronous (Table 8). The TSs for the
calculations of the TSs were carried out at the RHF/6-31G* +-Methyl-1,2-DHPLOi to give12m/13m(entry 13) are the most
level. Both endo TSs are more stable than the exo TSs. The@Synchronous of the TSs. In the favorg2NC TS for 12m
calculated energy difference betwe2NC, the more stable  (Scheme 4), the newly forming,€C7 bond (2.32 A) is longer
endo TS, andL3XT, the more stable exo TS, Bfeec = 2.0 than that calculated for any othendephenyl12NC TS, and
kcal/mol E*, = 1.7 kcal/mol) in favor of the endo stereose- the G—Cgbond (2.10 A) is the shortest such TS bond. For the
lectivity. Thus, for further geometry optimizations and total 13XT TS for exophenyl isomerl3m, the G—C7 bond (2.43
energy minimizations of substituted 1,2-DHPs and styrene or A) is again the longest such bond of the structures, and the
its derivatives, the orientations 82NC and13XT were adopted ~ Ca—Cg bond (2.05 A) is the shortest such bond. The 1-Me of
as the preferred endo and exo TS geometries. These lead tdhe 1,2-DHP10i has hindered the approaching styrene but has
12C and 13T as endo and exo product geometries. The not altered the regiochemical outcome. It can be noted that the

calculation results in Table 7 are qualitatively consistent with
the experimentally determined endo isomer preferences and
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TABLE 8. Calculated Bond Lengths (A) between Reacting Partners in the 12NC and 13XT TSs for Formation of
7-Phenyl-2-azabicyclo[2.2.2]oct-5-enes 12C and 13T

O — 13T
13XTP
entry products substituent 1EC C4—Cs Ad (A) C1—C; C4—Cs Ad (A)
1 12a13a parent 2.268 2.130 0.138 2.325 2.115 0.210
2 12/13b parent 2.268 2.132 0.136 2.332 2.113 0.219
3 12d13c Php-OMe 2.264 2.133 0.131 2.318 2.116 0.202
4 12d/13d Phm-NO, 2.285 2.118 0.167 2.344 2.102 0.242
5 12d13e 4-Me 2.259 2.130 0.129 2.316 2.116 0.200
6 12f/13f 4,6-di-Me 2.272 2.128 0.144 2.300 2.121 0.179
7 12g13g 6-Me 2.279 2.117 0.162 2.312 2.127 0.185
8 1213h 5-Me 2.273 2.135 0.138 2.349 2.101 0.248
9 12i/13i 5-Et 2.271 2.133 0.138 2.338 2.105 0.233
10 12j/13j 5--Bu 2.273 2.155 0.118 2.347 2.128 0.219
11 12k/13k 5-Ph 2.296 2.118 0.178 2.365 2.089 0.276
12 121/13I 5-Bn 2.285 2.139 0.146 2.340 2.114 0.226
13 12m/13m 1-Me 2.322 2.095 0.227 2.433 2.054 0.379

aReaction of 1,2-DHPs and styrene calculated at RHF/3-21G(*) I&@dlculated TS bond distanced) (n angstroms¢ N-COOBn analogue.

TABLE 9. Calculated Transition State 15NCG/16XCCy Energy Differences to Form 7-Acyl-2-azabicyclo[2.2.2]oct-5-enes 15¢@nd 16CG?

(0] 7 0]
8 'q % ' (o]
:)\NJJ\O/Me :)\Nio,Me
I — 15CCy .y, — 16CCy
4
15NCC, 16XCCy
endo/exaly/16
entry products substituent AEFS ASoia AGH® exptl (calcd)
RHF/3-21G(*p
1 15d16a parent 2.05 3.02 0.00 74:26 (50:50)
2 15/16k° parent 1.58 3.34 0.40 70:30 (35:65)
3 15d16¢ 4-Me 2.10 6.39 —-0.12 71:29 (54:46)
4 15d/16d 4,6-di-Me 0.97 3.21 —0.08 53:47 (53:47)
5 15d16e 6-Me 0.84 2.40 0.05 90:10 (48:52)
6 15f/16f 5-Me 1.62 5.38 —0.20 60:40 (58:42)
7 159169 5-Et 0.59 4.16 -0.82 54:46 (78:22)
8 15h16h 1-Me 2.16 5.28 0.39 96:4 (36:64)
B3LYP/6-31G'
9 15a/16a parent 2.47 4.97 -0.13 74:26 (55:45)
10 15e/16e 6-Me 0.13 5.26 —-1.69 90:10 (93:7)
11 15h/16h 1-Me 1.37 6.80 —0.25 96:4 (60:40)

aReaction of 1,2-DHPs and MVK. Transition states were derived from RHF/3-21G(*). ZPVE-corrected eneEjigsf the cycloaddition transition
states ands* values were calculated using Spartan’06 for Windows softwaX&', ASota, OF AG™) = (E¥o, Sotar OF GY) 15CC« — (E, Sotay OF G¥)
16CC, respectively Ef, was converted tdH* o by addition ofHyta and RT (328.15 K).GF = H¥ota — TSt The O-methyl group of the carbamate
preferred to beynto carbonyl oxygen in all calculation&ln kcal/mol. 9 In cal/mol. € N-COOBnN analogu€.The same calculations as footnote b using TS:
B3LYP/6-31G*-derived values.

12NCTSs leading to endo productC are less asynchronous level and single-point total energy calculations of the TSs were
than thel3XT TSs leading to exo adducts3T in all cases carried out at the RHF/6-31G* level. ZPVE-corrected energy
studied. differences were calculated for the lowest energy erfdCC;

Calculations of MVK/DHP Cycloadditions. For the cy- and exal6XCCy TSs and product$5CC, and16CC, formed
cloaddition ofN-methoxycarbonyl DHP with MVK, there are  py closing the partial bonds shown in Scheme 5. At this level
eight potentially important TSs. These depend on the approachyf ca|culation, the minimunl6XCCy exo transition state, as
of the 1,2-DHP with respect to the acetyl group (endo/exo or \a-qired bYAEfees is 2.05 kcal/molmore stable than the

t’\(l)/\fv(;’rofhé gf”tﬁre‘tit'glr:) ;(;(;S; aonél/c_:lre) Zﬂg?ﬂfg&igﬂigggﬁm minimum 15NCC; endo transition state. Introduction of DHP
Y ' ' substituents (Table 9) did not alter the preferenceAfitee. of

bias of the MVK (carbonys-cis or s-transtoward the methylene 7
group of the cycloadduct, dZi/Ty). 16XCCy to be the minimum exo TS or fak(5NCGC; to be the

Using Spartan '06 for Windows software, the geometries of minimum endo TS. In all caseAE"sec0f 16XCCy is the lowest
the eight transition states were optimized at the RHF/3-21G(*) €nergy TS. However, the endo isomé&ib—h are experimen-
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TABLE 10. Bond Lengths (A) between Reacting Partners in the 15NCCand 16XCC, TSs to Form 7-Acyl-2-azabicyclo[2.2.2]oct-5-enes

15CC and 16CG#

s

A Me A4 _Me
L )0 —~1sce, N 0T — 1ecey
4
15NCC, 16XCCy,
15NCGP 16XCCyP
entry products substituent 1EC; Cs—Cs Ad(A) C1—C; C4—Cs Ad (A)
1 15d16a parent 2.354 2.061 0.293 2.544 2.01 0.534
2 15/16b parent 2.352 2.063 0.289 2.525 2.018 0.507
3 15d16¢ 4-Me 2.349 2.061 0.288 2.502 2.021 0.481
4 15d/16d 4,6-di-Me 2.370 2.047 0.323 2.487 2.024 0.463
5 15¢16e 6-Me 2.381 2.043 0.388 2.507 2.021 0.486
6 15f/16f 5-Me 2.382 2.043 0.339 2.635 1.978 0.657
7 15¢g'169g 5-Et 2.374 2.042 0.332 2.66 1.996 0.664
8 15H16h 1-Me 2.480 1.984 0.496 2.845 1.933 0.912

a Cycloadditions of 1,2-DHPs and MVK at the RHF/3-21G(*) leveCalcul

ated TS bond distanced) (n angstroms® N-COOBn analogue.

SCHEME 5. Favored Cycloaddition Transition States for
Azabicycles 15 and 16

o — 15NCC, ﬂ'\/"‘ 0  — 15CC,
J\,Me
I/ N~ O r‘L /&
N o o
A A _Me

tally favored, s;AE* . values are inadequate to reproduce the
observed endo preference for MVK/DHP cycloadditions.

chronous than th&6XCCy TSs leading to exo adduct&CCy

for all cases studied. The most asynchronous TSs are for MVK
reacting with 6-methyl DHFLOi to give the 1-methyl isomers
15h/16h(entry 8). Consistent with a steric effect, in theNCGC;

TS for 15h, the newly forming G—Cy bond (2.48 A) is longer
than that calculated for any other entliBNCC; structure, and

the G—Cg bond (1.984 A) is the shortest such TS bond. For
the 16 XCCy TS for exo isomerl6h, the G—C7 bond (2.845

A) is again the longest such bond of the structures in Table 10,
and the G—Cg bond (1.933 A) is the shortest such bond. These
bond distances do not, however, explain the endo preference
for the 1-Me isomerl5h. The calculated thermodynamic
parameters at two levels in Table 9 (entries 8 and 11) indicate
that, although thedl6XCCy TSs are favored by the activation

To improve the analysis, the Spartan program was used toenergies,E%, total entropy Sow) considerations favor the

obtainHiotas and Setal, the sums of translational, rotational, and
vibrational enthalpies and entropies for the transition state
structures. These were used to obtainAl@ values from the
AE¥, values in Table 9. While thAG*; values do predict endo
isomers to be favored for the 4-Me (entry 3) and 5-alkyl isomers
(entries 4, 6, and 7), they still do not correctly predict endo
isomers for the parents5a,b (entries 1 and 2), the 6-methyl
derivativel5e(entry 5), and the 1-methyl derivatiié&h (entry

8).

We next turned to the B3LYP/6-31G* theory level for
transition state geometry optimization and energy calculations
for entries 1, 5, and 8. At this higher level of theory, the
calculated TSs leading to the paretia (entry 9), 6-methyl
15e (entry 10), and 1-methyl5h (entry 11) each now favor
the 15NCC TS leading to the observed endo cycloadduct
isomers15, although only the 6-methyl isomébeis quanti-
tatively close to its observed endo preference. It is noteworthy
for these calculated MVK cycloadditions that, while the
transition state enthalpy contributionsI8XCC favor forma-
tion of the exo isomersl6CGC, this factor is not product
determinative: G* = H¥ga — TS, and the greater total
transition state entropy contribution of ti&NCC transition

15NCC TSs.

Conclusion

A series of 3-, 4-, 5-, and 6-substituted 1,2-dihydropyridines
have been reacted with styrenes and methyl vinyl ketone to
prepare 7-substituted-2-azabicyclo[2.2.2]hex-5-enes. There is a
kinetic preference for 7-endo cycloadducts in all examples
studied. Transition state energy calculations indicate that for
styrene/DHP cycloadditions TS total eney§, and entropy
ASotal factors both favor endo cycloadducts. Calculations of
MVK/DHP cycloaddition transition states indicate thAE*,
considerations favor exo cycloadductsSeta considerations
favor endo cycloadducts, and the resultant free energy favors
endo cycloaddition. The total entropy advantage for these endo
cycloaddition transition states is relevant to the question of
whether secondary orbital interactions, which would reduce
rather than increase conformational freedom, are responsible
for endo/exo selectivity preferencts.

Experimental Section

states is dominant and accounts for the preferences for endo General Procedure for the Diels-Alder Cycloadditions

isomers15CGC;.

The calculations of transition state bond distances (Table 10)
demonstrate that both endo and exo TSs for the cycloaddition
of MVK with DHPs in Scheme 4 are asynchronous. The
15NCC TSs leading to endo producitbCCy are less asyn-

between 1,2-DHPs and Styrene Derivatived.o the 1,2-DHP in
a decalin solution was added-3 equiv of styrene. The mixture

(18) Garcia, J. I.; Mayoral, J. A.; Salvatella, jatiitimge 2000
33, 658-664.
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was heated at reflux under argon for 24 h. After it was cooled to product mixture. For endo isomésa R = 0.50 (cyclohexane/
room temperature, the reaction mixture was loaded on a silica gel EtOAc 1:1): *H NMR (CDCl;, 300 MHz) 6 1.68-1.85 (m, 2H,
flash column and rinsed with cyclohexane to remove the high Hgsand Hs,), 2.16 (m, 3H), 2.84 (br, 1H, k), 2.95 (m, 1H, H,),
boiling decalin. The products were then eluted by flash column 3.11 (m, 1H, H), 3.26 (d,J = 9.9 Hz, 1H, H,), 3.70 (s, 3H), 4.98
chromatography with a cyclohexane/EtOAc solution. and 5.17 (br and br, 1H, §i 6.29 (m, 1H, H), 6.40 (m, 1H, H);
Preparations of 7-endoPhenyl-2-carbomethoxy-2-azabicyclo- 13C NMR (CDCk, 75.5 MHz)0 24.7 and 25.5, 28.2 and 28.3, 30.6
[2.2.2]oct-5-ene (12a) and &xo-Phenyl-2-carbomethoxy-2- and 30.9, 46.8 and 47.0, 47.0 and 47.2, 52.4, 52.4 and 52.8, 130.0,
azabicyclo[2.2.2]oct-5-ene (13a)According to the general pro-  135.1, 155.3 and 155.9, 206.2 and 206.5; HRM& 232.0941,
cedure, from DHPla (1.08 g, 7.77 mmol) and styrene (3.88 g, calcd for GiH;sNOsNa (M + Na) 232.0950. For the exo isomer
37.3 mmol) in decalin (10 mL) after 17 h under argon there was 16a R; = 0.54 (cyclohexane/EtOAc 1:1}H NMR (CDCl;, 300
obtained a colorless oil (526 mg, 32%) of the mixed prodd&s MHz) ¢ 1.33 (m, 1H, H,), 2.17 (m, 1H, Hy), 2.23 and 2.30 (s and
and 13a The mixture,Rr = 0.40 (hexane/EtOAc 2:1), could not s, 3H), 2.67 (m, 1H, K, 2.75 (m, 1H, H), 3.93 (dt and dt] =
be separated by normal phase chromatography. PtériNMR 9.9, 2.7 Hz, 1H, H,), 3.26 (dd,J = 9.9, 2.1 Hz, 1H, H,), 3.61
integrations of the Idprotons, the ratio of2aand13awas 84:16. and 3.64 (s and s, 3H), 4.94 and 5.13 (m and m, 1), 6142—
The ratio ofl12aand13awas 82:18 if analyzed by HPLC, eluting  6.53 (m, 2H, H, Hg); 13C NMR (CDCk, 75.5 MHz)6 23.3, 28.4
with 35% acetonitrile aqueous solution. The retention timed 2ar and 28.7, 30.1 and 30.3, 47.1 and 47.5, 47.6 and 47.9, 52.3, 52.5,
and 13awere 10.7 and 8.08 min, respectively. A sample of 112 131.6 and 132.0, 135.5 and 135.6, 155.3 and 156.3, 206.5 and 207.2;
mg of the mixture was loaded to a medium-pressure (60 psi), HRMS m/z232.0940, calcd for GH;sNOzNa (M + Na) 232.0950.
reversed-phase C18 column rinsed with 35% acetonitrile aqueousB. In Cyclohexane.A solution of MVK (1.0 g, 14.3 mmol) and
solution to give 84 mg ol2aand 16 mg ofLl3a The ratio ofl2a DHP 1a(0.401 g, 2.9 mmol) in cyclohexane (4 mL) was heated to
and13afrom separation was 84:16. For endo isorh2a 'H NMR 55 °C and stirred under argon for 5 days. The reaction was 87%
(CDCls, 500 MHz, 75°C) 6 1.68 (m, 1H, H,), 2.17 (ddd,J = complete by*H NMR. Purification afforded 271 mg of the mixture
13.5, 9.5, 2.5 Hz, 1H, K), 2.90 (br, 1H, H), 3.03 (dt,J = 10.0, of 15a/16a(45%) in a ratio of 74:26 byH NMR integrations of
2.0 Hz, 1H, Hy), 3.36 (dd,J = 10.0, 2.0 Hz, 1H, H), 3.42 (m, Hs and H; protons.C. In CH.Cl,. In a sealed vial purged with
1H, Hy), 3.71 (s, 3H), 4.74 (br, 1H, Bl 6.28 (t,J = 7.0 Hz, 1H, argon, the solution of MVK (0.339 g, 4.8 mmol) and DHR (132
He), 6.55 (t,J = 7.0 Hz, 1H, H), 7.09-7.21 (m, 5H);*3C NMR mg, 0.95 mmol) in CKCI, (5 mL) was heated to 55 and stirred
(CDCls, 75 MHz) 0 31.3, 31.5, 44.4, 46.7,50.7, 52.3, 126.3, 128.1, for 5 days. The reaction was only 55% complete by NMR.
130.9, 134.8, 143.4, 155.5; HRM8z 243.1270, calcd for GH1+ Purification gave 70 mg (35%) of a mixture d5a16ain a 79:21
NO, 243.1260. For exo isomdBa H NMR (CDCl;, 300 MHz) ratio by from*H NMR integrations of H and H; protons.D. In
0 1.69 (m, 1H, Hy, 1.92 (m, 1H, H,), 2.89 (m, 2H, H, Hy), 3.13 CH3CN. In a sealed vial purged with argon, the solution of MVK
(dtand dtJ=10.5, 2.7 Hz, 1H, H}), 3.34 and 3.60 (s and s, 3H), (0.339 g, 4.8 mmol) and DHPa (132 mg, 0.95 mmol) in
3.41 and 3.51 (dd and dd,= 10.5, 2.4 Hz, 1H, H,), 4.43, 4.45, acetonitrile (3 mL) was heated to B& and stirred for 5 days. The
4,72 and 4.74 (br, 1H, b, 6.40-6.64 (m, 2H, H, He), 7.18-7.34 reaction was 58% complete B NMR integrations. Purification
(m, 5H); 33C NMR (CDCk, 75 MHz) 6 29.2 and 30.0, 30.8 and  gave 29 mg (22%) of a 79:21 mixture G6a/16a by 'H NMR
31.0, 44.6 and 45.4, 48.7 and 49.0, 50.6, 52.1 and 52.5, 126.5, 127.6ntegrations of H and H; protons.
and 127.8, 128.5, 133.5, 134.1 and 134.3, 143.0 and 143.2, 156.3

and 156.6; HRMSwz 266.1152, calcd for (gHi7/NO, Na (M + Acknowledgment. Acknowledgment is made to BioNumerik

Na) 266.1156. DHRa (0.5 g, 3.6 mmol) and styrene (0.82 mL,  pharmaceuticals, Inc. and Temple University for support of this

7.2 mmol) in xylene (50 mL) did not form cycloaddut?a’13a research. We thank Philip Sonnet for helpful insights.
after heating to reflux fio2 h with 600 W microwave irradiation.

General Procedure for the Diels-Alder Cycloadditions
between 1,2-DHPs and Methyl Vinyl Ketone (MVK). Prepara-
tion of 7-endoAcetyl-2-carbomethoxy-2-azabicyclo[2.2.2]oct-5-
ene (15a) and 7exo-Acetyl-2-carbomethoxy-2-azabicyclo[2.2.2]-
oct-5-ene (16a). A. Neat ConditionsA mixture of MVK (0.908
g, 13.0 mmol) and DHP1@) (0.361 g, 2.6 mmol) was heated to
55 °C and stirred under argon for 5 days. The reaction mixture
was purified repeatedly by flash column chromatography (cyclo-
hexane/EtOAc 5:1) to give a 74:26 ratio tha (251 mg) andL6a
(89 mg) with an overall yield of 63%. The isomer ratio was 76:24
from H NMR integrations of the kland H; protons of the crude JO0700575

Supporting Information Available: Experimental procedures
and spectroscopic data for 1,2-dihydropyrididesh, 10a—c,e,f,h,i
and cycloadduct&2b—m/13b—m, 14e,f and15b—j/16b—j, as well
as copies ofH NMR and3C NMR for these compounds, X-ray
data for15d, Spartan-derived RHF/6-31G* energies for all cy-
cloadducts, RHF/3-21G(*) calculations for energies of all cycload-
dition transition states, and B3LYP/6-31G* calculations for tran-
sition stated2a/13aand15a,e,16a,e,h This material is available
free of charge via the Internet at http://pubs.acs.org.
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