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Diels—Alder Cyclization of a Dihydropyridine: NMR Spectroscopy, X-Ray
Crystallography, and DFT Computations. Bent Aromatic Dimeric Clusters in
the Solid Phase
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Structural studies of the N-(2,4-dinitrophenyl) derivative of a Diels—Alder-cyclized 1,2-dihydropy-
ridine both unequivocally established the polycyclic framework and revealed interesting distortions of
aromatic structure and unique dimeric clustering of the aromatic entities in the solid state.

Introduction. — We have previously shown that, whereas mixtures of pyridines 1
with Grignard reagents remain unchanged over several weeks at room temperature,
addition of CICOOEt immediately gave the 1,2-dihydro-1-(ethoxycarbonyl)pyridine 2
(see Scheme I [1a]).
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Evidently, CICOOEt reacts much faster with the N-atom of pyridine than with the
Grignard reagent. Then, the Grignard reagent adds rapidly to the resulting electron-
deficient pyridinium salt 3 [1b][1c]. In a similar fashion, we reported that acylation of
the (pyridin-4-yl)alkylmagensium chloride 4 with CICOOE: takes place at the N-atom
(see 5), immediately followed by ring closure to the spiro-dihydropyridine 6 [2]
(Scheme 2). Again, the N-atom of pyridine is more reactive to acylation than the
Grignard reagent.
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It has also been reported that 2-alkenyl-1-(alkoxycarbonyl)-1,2-dihydropyridines 7,
prepared using the reaction shown in Scheme I, easily undergo intramolecular
Diels—Alder reactions (see 7— 8; Scheme 3).
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Structures were assigned as consistent with the NMR data, together with the
assumed course of the chemistry [3]. In our experience and as shown below, NMR
spectra of cycloadducts of type 8 are quite complicated and not necessarily
unambiguously definitive of the expected reaction products. Hence, considering that
reactions such as 1 — 7 — 8 are potentially highly efficient routes to complex polycyclic
analogs of aza-alkaloids and of potential pharmacological application, we studied the
Diels—Alder cyclization of a new similar system in considerable detail.

Below, we show how X-ray crystallography is indispensable to identify the
structures of compounds of type 8. Further computations of chemical shifts using
B3LYP/6-311G* in conjunction with GIAO closely reproduced the observed values,
thus validating the DFT model for our Diels—Alder product and at the same time
assigning the previously ambiguous shifts.

Results and Discussion. — Synthesis. In the course of some new studies of ion-pairing
within and among dihydropyridine salts [4], we investigated the Diels—Alder reactions
of 1-(alkoxycarbonyl)-4-alkyl-1,2-dihydro-2-(pent-2-enyl)pyridines. The precursors,
9a, 9b, and 9c¢ (Scheme 4), were prepared as depicted in Scheme 1. Their structures
were confirmed unambiguously by the NMR data. These compounds appear to consist
of almost 1:1 mixtures of rotamers around the N—CO bond. This is easily seen from the
BC-NMR spectra wherein many resonances are split into narrowly separated doublets.
Rotation around the latter bonds must be slow with respect to the NMR time scale at
room temperature.
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Compounds 9a, 9b, and 9¢ were heated under reflux in triethylene glycol dimethyl
ether (triglyme) for 3d at 216°. As shown in Scheme 4, the first two compounds
underwent intramolecular Diels—Alder cyclizations to 10a and 10b, while 9¢ aroma-
tized to 11 (Scheme 5). In the case of 9c¢, it is not unreasonable that aromatiza-
tion would involve cycloelimination of isobutane. A preliminary proposal for a
transition state for such a process would be characterized by polarization of the ‘Bu—O
bond and thus developing partial carbocationic character of the ‘Bu moiety (see 12%).
Such an elimination of alkane would be energetically favored for 9¢ compared to 9a
and 9b.

Scheme 5
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216 N/ X

11

The NMR spectra for the crude products 10a and 10b indicated the presence of
small amounts of solvent. Otherwise these spectra were identical to those for the
products purified by chromatography, thus showing that the reactions were almost
quantitative. However, in each case ca. 50% of the product became lost during
chromatography, possibly due to complex chemical transformations induced by
absorbent silica (SiO,). Similar effects have been noted in the literature [3].

As 10a and 10b did not crystallize, it was decided to convert one to the
corresponding amine. Compounds 10a and 10b were resistant to direct hydrolysis,
including treatment with KOH in MeOH. However, treatment of 10a with BuLi in
hexane/Et,0, followed by aqueous hydrolysis, gave a light yellow oil after workup,
whose NMR spectra were consistent with the expected free amine 13 (see below).
We were unable to produce a crystalline picrate from 13. However, 13 reacted cleanly
with 1-chloro-2,4-dinitrobenzene to give the easily crystallized N-(2,4-dinitrophenyl)
derivative of 13 [5] (see 14). The NMR data for 14 were consistent with the as-
sumed Diels—Alder structure and were similar to those for 10a, 10b, and 13 as described
below.
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NMR. Not unexpectedly, the NMR data for 10a, 10b, 13, and 14 were quite similar.
The narrow equal doublets of many of the resonances of 10a and 10b are most likely
due to the presence of a 1:1 mixture of rotamers around the N—CO bond under
conditions of slow rotation at room temperature with respect to the NMR time scale.
The NMR data of 10a in CDCl; are displayed in Fig. I (‘H-NMR at 800.13 MHz),
Fig. 2 (BC-APT; at 75.47MHz), Fig.3 (‘H- and “C-HETCOR; at 800.13 and
201.2 MHz, resp.), and Fig. 4 (‘H- and BC-INADEQUATE experiment; at 600.13
and 150.9 MHz, resp.). Initial assignments of NMR spectra were based on the method
of synthesis, together with correlations of shifts and coupling patterns with published
data of compounds with similar structural features to ours, N-(alkoxycarbonyl)-1,2-
dihydropyridines (Scheme 1), and, for our Diels—Alder products, published NMR data
for the Diels—Alder cyclization product 8 from 2-(but-3-en-1-yl)-4-(tert-butyl)-1-
(ethoxycarbonyl)-1,2-dihydropyridine (7; Z='Bu, n=2; Scheme 3). The latter com-
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Fig. 1. 'H-NMR Spectrum of 10a (at 800.13 MHz, in CDCl;)
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Fig. 2. ’C-NMR Spectrum of 10a (APT; at 75.47 MHz, in CDCl;)

pound shares the structural feature incorporated by C-atoms C(1), C(2), C(3), and
C(7) in 10a and 10b. Further assignments were established by using the INAD-
EQUATE experiment for 10a displayed in Fig. 4, which was sufficient to assign the
entire NMR data. Because of the low incidence of molecules at natural abundance with
one pair of PC—13C directly bonded, it was necessary to use a much higher concentrated
solution (ca. 650 mg of 10a in 0.5 ml of CDCl;) than usual. Due to this concentration
effect, the *C chemical shift values in the INADEQUATE plot are all ca. 1 ppm lower
than in all our other NMR experiments. Also due to the very high concentration of 10a
used, the INADEQUATE data are not sufficiently resolved to reveal the narrow
splitting due to rotamers. First, we assume that 10a is indeed the intramolecular
Diels—Alder product. Then, using the shift assignments made from previous correla-
tions (Fig. 3) for C(1), C(2), C(3),and C(7), as 6(C) 47.5, 121, 156, and 52, respectively,
we now list the correlations in the INADEQUATE plot as follows: from C(1) at 47.5 to
121 (C(2)) and 156 (C(3)), both given, and 32.4 which establishes C(6); from C(3) at
156 to 121 (C(2)), 34.5 (C,(11)) and 40 (C(4)); from C(4) at 40 to 156 (C(3)), 27.3
(C(5)),and 52 (C(7)), the last two distinguished from electronegativity considerations;
from C(5) at 27.3 to 40 (C(4)), 32 (C(6)), and 29.5 (C(10)), which establishes C(10);
from C(10) at 29.5 t0 27.3 (C(5)) and 14.4 (C(9)); from C(9) at 14.4 to 29.5 (C(10)) (the
doublets at 274 and 28.5 establish the C(8) shifts in both rotamers); and finally from
C(11) at 34.5 to 156 (C(3)) and 27.8 (C(12)-C(14)). As noted, there is considerable
overlap among the resonances of C(5), C(8), C(10), and C(12)-C(14), respectively.
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Fig. 3. 'H- and C-NMR Spectra of 10a (HETCOR; at 800.13 and 201.21 MHz, resp., in CDCl;)

However, C(5) and C(12) are distinguished in the APT plot (Fig. 2), since the Me C-
atoms of the ‘Bu group (C(12) — C(14)) give the larger peak at 6(C) 27.8. Further, due to
the proximity of one of the CH,(8) H-atoms to the EtOCO O-atoms in each of the
rotamers one would expect these H-atoms to show significant deshielding compared to
all the other CH, hydrocarbon-like H-atom shifts. Thus the resonances on the
HETCOR plot (Fig. 3) at 6(C) 28.5 and 274 must be assigned to C(8) in the two
rotamers. The first C-atom signal correlates with directly bonded H-atoms signal at
O0(H) 2.23 and 1.19, and the second with those at 6(H) 1.18 and 2.11. The H-atom shifts
at 0(H) 2.1 and 2.23 are unusually deshielded for a non-polar hydrocarbon environ-
ment. Hence, they are assigned as close to the EtOCO O-atoms in each of the two
rotamers. As noted in retrospect, the complete NMR assignments for 10a have been
obtained from the above NMR data and independently of literature correlations. All
the other hydrocarbon-like H-atom signals lie in the normal hydrocarbon region. All
these assignments are consistent with the 1D 'H-NMR, *C-APT, and HETCOR plots.
As indicated above, all assignments were also noted in the INADEQUATE and
HETCOR plots.
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Also, X-ray crystallography of 14 (see below) confirmed its assumed structure as
well as, indirectly, the frameworks of 10a, 10b, and 13. Finally, 13C shifts of 14 calculated
using DFT methods were very similar to the observed values (see below). Final
chemical-shift assignments for 10a, 10b, 13, and 14 are compiled in Table I. Fig. 5

compares calculated and observed *C shifts for 14.

X-Ray Crystallography. Finally, the X-ray crystallographic results for 14 confirmed
its Diels—Alder framework and, of course, those for 10a and 13, and by comparison to
the NMR data of 10b.

Compound 14 crystallizes with two molecules in the asymmetric unit labeled as 14A
and 14B. There is an approximate twofold rotation axis (non-crystallographic
symmetry) which relates the two molecules, and the axis lies approximately along
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Table 1. 'H- and BC-NMR Data of 10a, 10b, 13, and 14 (in CDCl;; 6 in ppm rel. to Me,Si as internal
standard, J in Hz). Labeling as in 10a and 10b with exception of the alkyl resonances of 10b#)®). The data
in parentheses are of other rotomers of 10a and 10b.

Position 10a°) 10b 13 14
o(H) 3(C) o(H) 3(C) 6(H)  o(C) o(H)  o(C)
1 466 (4.53) 475 (473) 448 (433) 469 (47.0) 331 471 391 56.2
2 5.92 (5.84) 121.4 (120.7) 5.76 (5.84) 125.0 (125.6) 5.79 1220 5.84 120.1
3 - 156.3 (156.5) - 143.9 (144.0) — 1555 - 157.7
4 232(231) 403 (40.1)  222(229) 442(439) 2.07 388 261 403
5 1.604) 2728 (27.26) 1.60%) 25.84) 1.40 2717 185 26.5
6 153 (141) 324 (32.1)  ©) 32.1(319) 138126 325 160170 295
7 3.18(3.12) 523(522)  3.10(3.15) 515(514) 247 494 344 53.9
8 210(221) 285(27.4) 201 (1.02) 27.9(269) 141/128 293 188 26.8
9 155 (128) 144 (143) 143 (L14) 14.0(150) 170/L17 137 140 14.7
10 141 (1.53)  295(294)  134(1.22) 29.0(289) 153/1.16 3061 210152 304
15 - 156.2 (155.3) - 156.4 (155.4) - - - -
12-14  0.949 27.8%) 1.609)2) 19.19)2) 0.86 277  1.06 27.8
11 - 34.5%) - - - 341 - 34.8
17 112 (1.16)  14.49) 3.439) 51.5%) - - -
(3.435%))  (51.4%))
16 4.00 605 (60.4) - - - - - -

) Me (at C(3)) in 10b. ®) MeO in 10b. ©) Recorded at 800 MHz. ¢) Single resonance only. ©) Not
resolved.

29.37 (29.04)

157.73 (164.45) | 2654 (29.17) 3041 (20.82)

5478(5547) 146;&‘;?3%7)

54,64 (53.88)
..--146.4 (149.98)

T 4367 (140.14)

\ 71243 (125.7)
135.6 (137.9)

Fig. 5. C-NMR Chemical shifts of 14 observed and (calculated), 6, using B3LYP/6-311G* GI1AO. *,
Means average.

the direction of the ¢ axis of the unit cell. Due to the close proximity of 14A and
14B, within the Van der Waals radii, compared to neighboring molecules in the
crystal, we shall describe the pair as a cluster and name it 14A - 14B, keeping in mind
that the interaction between the components must be very small. The ORTEP diagram
of 14A - 14B is shown in Fig. 6, and structural parameters of 14A are collected in Figs. 7
and 8.
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Fig. 6. ORTEP Plot of the 14A -14B cluster

The NMR data for 14 in CDClI; solution are consistent for a single molecular
species. The crystal structures of 14A and 14B only show one rotamer around the
N(amine)—O(aromatic) bond. In both 14A and 14B, the ortho-NO, group lies on the
opposite side of the molecule with respect to the ‘Bu group. This is also consistent with
the NMR data.

The polycyclic frameworks of 14A and 14B each incorporate a typical chair
cyclohexane for 14A, i.e., C(5A), C(4A), C(7A), C(8A), C(9A), and C(10A), and the
same numbers for 14B, as can easily be seen by inspection of the ORTEP plots above.
Also the ‘leaves’ of the bicyclo[2.2.2]octene tryptic are all near planar as shown by the
torsional angles 14A, i.e., C(1A), C(2A), C(3A), and C(4A), 1.3(3)°; C(1A), N(1A),
C(7A), and C(4A), 2.0(2)°; C(4A), C(5A), C(6A), and C(1A), 2.4(3)".

(1.519) (1.552)
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Fig. 7. Selected X-ray crystallographic and (calculated B3LYP/6-311G*) bond lengths of 14A (in A)
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Fig. 8. Selected X-ray crystallographic and (calculated) B3LYP/6-311G* bond angles (in °) of 14A

The aromatic rings of 14A and 14B are slightly distorted from planarity, as shown in
Table 2, which lists the distances of different atoms of the (dinitrophenyl)amino moiety
in 14A with respect to the least-squares plane for the four aromatic C-atoms C(16A),
C(17A), C(19A), and C(20A). Especially noticeable are the deviations of N—O bonds
from coplanarity with the above least-squares plane. Table 2 also lists the equivalent
distances for 14B. The resulting bow-shaped distortion of the aromatic rings is best
conveyed by Fig. 9, which shows the side views of the aromatic parts of 14A and 14B.
Note especially how the ortho-NO, groups are bent out of the aromatic planes. Similar
effects have been reported from X-ray crystallographic studies of a variety of 24-
dinitroanilines [6]. In fact, these aromatic distortions may well be due to steric
repulsions between N—O O-atoms ortho to the amine N-atom.

Table 2. Distances ([A]) of Different Atoms in the Aromatic Moiety of 14 with Respect to the Least-
Squares Plane Put through for Aromatic C-Atoms Indicated in the Table

14A

14B

14A

14B

C(16A) 0.013(1)%)
C(17A) —0.013(1)?)
C(19A) 0.013(1))
C(20A) —0.013(1)%)
C(15A) —0.118(3)
C(18A) —0.048(3)
N(1A) —0.366(5)

C(16B) 0.014(1)%)
C(17B) —0.014(1)%)
C(19B) 0.014(1)%)
C(20B) —0.014(1)%)
C(15B) —0.167(3)
C(18B) —0.074(3)
N(1B) —0.505(5)

N(2A) 0.331(4)
N(3A) —0.156(5)
O(1A) 1.194(5)
O(2A) —0.264(4)
O(3A) —0.242(6)
O(4A) —0.195(6)

N(2B) 0.419(4)
N(3B) —0.235(5)
O(1B)  1.079(5)
O(2B) 0.151(4)
O(3B) —0.362(6)
O(4B) —0.283(6)

) Atom used to define the least-squares plane.
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Fig. 9. X-Ray crystallographic side view of aromatic rings of 14A and 14B within 14A -14B cluster

The closest separations between 14A and 14B within the 14A -14B cluster are
between sites on the slip-stacked aromatic rings, between, respectively, two C-atoms, C-
atom, and O-atom, and between C-atom and N-atom (see Table 3). These separations
are close to the sums of the respective Van der Waals radii (Table 3). Similar results

Table 3. Closest Separations between 14A and 14B within the 14A - 14B Cluster ([A])

Sites X-Ray WOW?) B3LYP 6-311G* ®B97XD/6-311G*
C(18A) C(19B) 3338 3.46 3585 3317
C(19A) N(3B) 3221 325 3.682 3325
C(19A) O(4B) 3.190 322 3567 3.496
C(20A) N(3B) 3205 325 3.567 3317
C(20A) O(3B) 3.163 322 3.602 3295
0(2A) C(2B) 3.153 322 3.540 3318
0(3A) C(20B) 3.287 322 3.602 3295
N(3A) C(19B) 3394 325 3567 3352

2) Sum of Van der Waals radii, Table 12 in [7].
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were reported from X-ray crystallographic studies of 1-(cis-2,6-dimethylpiperidine-1-
yl)-2,4-dinitrobenzene [6g]. Such interactions have been ascribed to dispersion forces
[8]. Note, however, that, whereas for the latter compound these interactions take place
between neighboring molecules in zigzag slip-stack fashion throughout the crystal
lattice [8] (Fig. 10,a), in the case of 14A -14B, the close dispersion interactions are
largely between 14A and 14B within the dimer (Fig. 10,b). This restriction is most
likely due to the bulky substitution on the amine N-atom.

Computations'). We have constructed DFT models of 14 and of 14A -14B cluster
as entities in the gas phase or in non-polar solution using B3LYP/6-311G*, B3LYP/6-
3114+ G* [9][10], and wB97XD/6-311G* [11]. Full geometry optimizations were
carried out using these models, and frequency calculations served to confirm the
stabilities of the calculated geometries. All these models closely reproduced the X-ray
structure of the 14A -14B cluster (see, e.g., Figs. 7 and 8, which compare the X-ray
crystallographic and B3LYP/6-3-11G* calculated structural parameters for 14A).
Further, the calculated structures for 14A and 14B in the cluster, and 14 are almost
identical. In addition, using these results together with GIAO [12], the calculated
BBC-NMR shifts for 14, and 14A and 14B are all closely similar to those observed for 14
in CDCl; solution (see Fig. 5), thus providing further support for DFT as a model for
14. The major deviations between calculated and experimental *C-NMR chemical
shifts of 14 were for the olefinic C-atoms C(2) and C(3), most likely due to interactions
between the i structure of 14 with CDCI, solvent. In addition, this calculation clarified
the 3C-NMR shift assignments of C(8), C(9), and C(10) of 14 and by comparison with
those C-atoms of 10a, 10b, and 13.

However, in contrast to the agreement among the NMR results, B3LYP over-
estimated the smallest separations between 14A and 14B within the 14A -14B cluster
by 0.2 A (see Table 3). Failure of B3LYP to account for dispersion interactions has
already been noted [13]. Corrections proposed to account for dispersion effects [14]
include wB97XD/6-3-11G* [11]. As seen from Table 3, this procedure does more
closely account for the smallest separations between 14A and 14B within the 14A - 14B
cluster compared to the B3LYP calculations.

Finally, it may be suggested that, in case 14 is dimeric in solution, a calculation
which makes use of the BSSE (Basic Set Superposition Error) [15] energy correction
might be appropriate of the energy of interaction of 14A and 14B within the
hypothetical dimeric cluster. Since we have no evidence that 14 is aggregated in CDCl,
solution such a calculation is not now within the bounds of this study.

Conclusions. — An efficient route to a hetero polycyclic analog of the alkaloid
framework, via Diels—Alder cyclization of a 1,2-dihydropyridine, has been firmly
established using a combination of X-ray crystallography, calculations, and NMR. The
structure of its 2,4-dinitrophenyl derivative shows interesting geometric distortions, as
well as unusual dimeric clustering in the solid state.

1) Computational data are available from the authors.
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Fig. 10. a) Intermolecular stacking in the solid state showing closest separations between molecules of 1-

(cis-2,6-dimethylpiperidine-1-yl)-2,4-dinitrobenzene [6g]. Amino substituent is abbreviated as a single

bond, see *. b) Closest separations (in A), between 14A and 14B within the dimeric cluster 14A - 14B and

further apart between clusters. Both figures show the dinitrophenyl portion with abbreviated amino
substituent.
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Experimental Part

General. Commercially available materials were used without purification. TLC: silica gel (SiO,;
Silicycle). Colum chromatography (CC): SiO, (Silicycle). 'H- and *C-NMR spectra: Bruker Avance 300;
0 in ppm rel. to Me,Si as internal standard, J in Hz.?) HR-MS: Waters QTOF; in m/z.

Ethyl 4-(tert-Butyl)-2-(pent-4-en-1-yl)pyridine-1(2H )-carboxylate (9a). Under Ar at r.t., Mg turn-
ings (3.4 g,0.140 g atom) and dry THF (45 ml) were loaded into a flask equipped with a reflux condenser.
Then, 5-bromopent-1-ene (16.6 ml, 20.9 g, 140 mmol) in 45 ml of dry THF was added dropwise, and the
soln. was maintained at a gentle reflux for ca. 1.5 h. The mixture was allowed to stir for an additional h at
r.t. After cannulating the resulting soln. into a second flask and cooling to 0°, 4-(tert-butyl)pyridine
(10.34 ml, 9.46 g, 70 mmol) was added, and the mixture was stirred for 10 min, followed by dropwise
addition of CICOOEt (6.69 ml, 7.6 g, 70 mmol) over 10 min. The soln. was then stirred for another 1.5 h at
0°. Degassed H,O (40 ml) was added to quench the reaction. The mixture was extracted with Et,O (3 x
60 ml), and the org. phases were combined and dried (MgSO,). Solvent was removed by rotary
evaporation and then in vacuo, and the residues were separated by CC (SiO,; AcOEt/hexane 1:19) to
give 9a (7.2 g, 37%). 'H- and '*C-NMR spectra indicated that the two conformers of dihydropyridine
derivative 9a were formed. "H-NMR (300 MHz, CDCl;, 290 K): 6.71, 6.60 (2d, N—-CH=CH, 0.40 H +
0.56 H); 5.85-5.62 (m, CH=CH,); 5.36, 5.26 (2d, CH-C('‘Bu)—CH, 0.47 H+1.58 H); 4.90 (¢, =CH,);
4.79-4.65, 4.65-4.55 (2m, N—CH, 0.6 H+ 0.4 H); 4.16 (¢, CH,0); 1.97 (¢, CH,=CH—CH,); 1.60-1.46,
1.46-1.30 (2m, CH,—CH,); 1.24 (#t, MeCH,); 1.00 (s, ‘Bu) *C-NMR (75 MHz, CDCl;, 290 K): 154.1,
153.2 (C=0); 142.2, 141.7 (C—'Bu); 138.6, 138.5 (CH=CH,); 125.0, 124.3 (N—CH=CH); 114.4, 114.3
(=CH,); 113.9,113.5 (CH=); 106.4, 105.9 (CH=); 61.8 (CH,0); 52.0, 51.9 (N-CH); 33.6, 33.5, 33.4, 33.3,
33.1 (CH,, Me;C); 28.7 (Me;C); 23.6, 23.5 (CH,); 14.4 (MeCH,0). HR-Q-TOF-MS: 300.1927 ([M +
Na]*, C;;H,;NNaOj ; calc. 300.1939).

Methyl 4-Methyl-2-(pent-4-en-1-yl)pyridine-1(2H )-carboxylate (9b). Under Ar at r.t., Mg turnings
(2.21 g, 0.091 g atom) and dry THF (45 ml) were loaded into a flask equipped with a reflux condenser.
Then, 5-bromopent-1-ene (10.9 ml, 13.7 g, 92 mmol) in 45 ml of dry THF was added dropwise, and the
soln. was maintained at a gentle reflux for ca. 1.5 h. The mixture was allowed to stir for an additional h at
r.t. After cannulating the resulting soln. into a second flask and cooling to 0°, 4-methylpyridine (4.4 ml,
4.21 g, 45 mmol) was added, and the mixture was stirred for 10 min, followed by dropwise addition of
CICOOMe (3.17 ml, 3.87 g, 41 mmol) over 10 min. The soln. was stirred for another 1.5 h at 0°. Degassed
H,O (5.4 ml) was added to quench the reaction, and the precipitate was removed by filtration. The
filtrate was dried (MgSO,). Solvent was removed by rotary evaporation and then in vacuo, and the
residues were separated by CC (SiO,; AcOEt/hexane 1:19) to afford 9b (4.8 g, 52.5%). 'H-NMR
(300 MHz, CDCl;, 290 K): 6.62, 6.47 (2d, N—-CH=CH); 5.80-5.50 (m, CH,CH=CH,); 5.22-5.08 (br.,
CH-C('Bu)); 5.04, 4.96 (2d, CH—C(‘Bu)); 4.82 (t, =CH,); 4.69-4.51, 4.51-4.38 (2m, N—CH); 3.65 (s,
MeO); 1.90 (¢, CH,=CH-CH,); 1.62 (s, Me); 1.58-1.40, 1.40-1.19 (2m, CH,—CH,, 1.35 H+3.31 H).
3C-NMR (75 MHz, CDCl;, 290 K): 154.4, 153.5 (C=0); 138.3 (CH=CH,); 129.4, 128.8 (C-Me); 124.7,
123.9 (N-CH=CH); 1175, 116.9 (CH=); 114.2 (=CH,); 109.1, 108.8 (CH=); 52.6, 52.0 (N—CH, MeO);
33.6, 33.4,33.2,33.8 (CH,); 23.4, 23.2 (CH,); 20.1. HR-Q-TOF-MS: 162.14 ([M — COOMe]*, C,;H,(N*;
calc. 162.13).

tert-Butyl 4-(tert-Butyl)-2-(pent-4-en-1-yl)pyridine-1(2H )-carboxylate (9¢). A mixture of redistilled
‘BuOH (6.7 ml, 5.19 g, 70 mmol), dry 4-(tert-butyl)pyridine (20.68 ml, 18.92 g, 140 mmol), and dry THF
(200 ml) was cooled to — 78° under Ar. Then, a 20% COCI, soln. (37 ml, 70 mmol) in toluene was added
dropwise within 30 min. A large amount of 4-(fert-butyl)pyridinium chloride precipitated, and vigorous

2)  The 'H- and C-NMR spectra of new compounds are available as Supplementary Material from the
corresponding author.



HeLveTicA CHIMICA ACTA — Vol. 97 (2014) 1379

stirring was continued for 1 h. The mixture was warmed to 0°. Then, the Grignard reagent prepared as
described above from 5-bromopent-1-ene (10.4 g, 70 mmol) in THF (100 ml) was added slowly over
30 min, and stirring was continued for another 30 min. The reaction was quenched with degassed H,O
(40 ml), the resulting mixture was extracted with Et,O (3 x 60 ml), and the org. phases were combined
and dried (MgSO,). Solvent was removed by rotary evaporation and in vacuo. Finally, the residues were
separated by CC (SiO,; AcOEt/hexane 1:19) to yield 9¢ (2 g, 9.4%). 'H-NMR (300 MHz, CDCl,,
290 K): 6.68, 6.53 (2d, N—-CH=CH); 5.81-5.60 (m, CH,~CH=CH,); 5.20 (br., CH—C(‘Bu)); 4.87 (¢,
=CH,); 4.72-4.59,4.59-4.40 (2m,N—CH); 1.94 (¢, CH,=CH—-CH,); 1.42 (s, COOCMe;); 1.40-1.22 (m,
CH,—CH,); 0.98 (C—CMej;). *C-NMR (75 MHz, CDCl;, 290 K): 152.9, 152.0 (C=0); 142.2, 141.7
(C—CMe;); 138.5, 138.4 (CH=CH,); 124.9 (N-CH=CH); 1144, 114.2 (=CH,); 113.6, 113.3 (CH=);
105.6, 105.0 (CH=); 80.5 (Me;CO); 52.2, 51.2 (N—CH); 33.6, 33.3 (CH,, C—CMe;); 28.7, 28.1 (Me;C);
23.6 (CH,). HR-Q-TOF-MS: 328.2249 ([M + Na]*, C;yH;;NNaOj ; calc. 328.2252).

Ethyl 8-(tert-Butyl)-1,2,3,4,4a,5,6,8a-octahydro-1,6-epiminonaphthalene-9-carboxylate (10a). Under
Ar, 9a (72 g, 26 mmol) was refluxed in triglyme (72 g) at 216° for 3 d. The solvent was removed by
distillation under reduced pressure. The NMR spectra and TLC of the residue indicated almost quant.
conversion to the intramolecular Diels—Alder adduct. Further purification by CC (SiO,; AcOEt/hexane
1:3) gave 10a (2.4 g, 33% ) based on (9a). '"H-NMR (300 MHz, CDCl;, 290 K): 5.89, 5.85 (dd, H-C(2));
4.63, 4.49 (1r, H—C(1)); 4.10-3.80 (m, COOCH,); 3.14, 3.08 (25, H-C(7)); 2.29 (m, H-C(4)); 2.12 (dd,
1H of CH,(8)); 1.65-1.30 (m, CH,(10), CH,(6), H-C(5), 1 H of CH,(9)); 1.30-1.15 (m, 1 H of
CH,(9)); 1.15-1.02 (m, 1 H of CH,(8), COOCH,Me); 0.91 (s, ‘Bu). *C-NMR (75 MHz, CDCl;, 290 K):
156.3, 156.1, 155.2 (C(3), C=0); 121.4, 120.7 (C(2)); 60.3 (CH,0); 52.2, 52.1 (C(7)); 474, 472 (C(1));
40.3, 40.0 (C(4)); 34.4 (Me;C); 32.3, 32.0 (C(6)); 29.4, 29.3 (C(10)); 28.4, 27.2 (C(8)); 273 (Me;C); 26.6
(C(5)); 144 (COOCH,Me); 14.3, 14.2 (C(9)). '"H-NMR (800 MHz, CDCl;, 290 K): 5.92, 5.84 (dd,
H-C(2)); 4.66, 4.53 (tt, H-C(1)); 4.11-3.90 (m, COOCH,); 3.18, 3.12 (25, H-C(7)); 2.32, 2.31 (2s,
H-C(4));2.21,2.10 (2d, 1 H of CH,(8)); 1.60 (d, H-C(5)); 1.59—1.43 (m, 1 H of CH,(9), 1 H of CH,(10),
1 H of CH,(6)); 1.41 (z, 1 H of CH,(10), 1 H of CH,(6)); 1.27 (d, 1 H of CH,(9)); 1.16, 1.12 (2¢, 1 H of
CH,(8), COOCH,Me); 0.94 (s, Me;C). *C-NMR (201 MHz, CDCl;, 290 K): 156.5, 156.3 (C(3)); 156.2,
155.3 (C=0);121.4,120.7 (C(2)); 60.5, 60.4 (CH,0); 52.3,52.2 (C(7)); 475,473 (C(1)); 40.4,40.1 (C(4));
34.5 (Me;C); 32.4,32.1 (C(6)); 29.5, 29.4 (C(10)); 28.5, 27.4 (C(8)); 27.8 (Me;C); 27.3, 27.3 (C(5)); 14.5,
14.4, 144, 143 (COOCH,Me, C(9)). HR-Q-TOF-MS: 300.1921 ([M + Na]*, C;;H;;NNaO7; calc.
300.1939).

Methyl 8-methyl-1,2,3,4,4a,5,6,8a-octahydro-1,6-epiminonaphthalene-9-carboxylate (10b). Under Ar,
9b (2.4 g, 10.9 mmol) was refluxed in 15 g of triglyme at 216° over 2 d. The solvent was removed under
reduced pressure. The NMR spectra of the crude product indicated almost quant. conversion to the
Diels—Alder product contaminated with triglyme. Purification using CC (SiO,; AcOEt/hexane 1:3) gave
of 10b (0.4 g, 16.7% based on 9b). 'H-NMR (300 MHz, CDCl;, 290 K): 5.84, 5.76 (dd, H-C(2)); 4.60—
4.40, 4.40-4.20 (m, H-C(1)); 3.44, 3.43 (25, COOMe); 3.15, 3.10 (2s, H-C(7)); 2.15-1.85 (m, 1 H of
CH,(8), H-C(4)); 1.60 (s, Me—C(3)); 1.56 (s, H=C(5)); 1.50-1.34, 1.34—1.20 (2m, CH,(10), CH,(6), 1 H
of CH,(9)); 1.14 (m, 1 H of CH,(9)); 1.10-0.90 (m, 1 H of CH,(8)). *C-NMR (75 MHz, CDCl;, 290 K):
156.4,155.4 (C=0); 144.0,143.9 (C(3)); 125.6, 125.0 (C(2)); 51.5, 51.4 (MeO); 51.1,50.8 (C(7)); 47.0, 46.9
(C(1)); 442, 43.9 (C(4)); 32.1, 31.9 (C(6)); 29.0, 28.9 (C(10)); 27.9, 26.9 (C(8)); 25.8 (C(5)); 19.1
(Me—C(3)); 14.0, 15.0 (C(9)). HR-Q-TOF-MS: 244.1317 ([M + Na]*, C;sH,;(NNaO7; calc. 244.1313).

4-(tert-Butyl)-2-(pent-4-en-1-yl)pyridine (11). Compound 9¢ (2 g, 6.6 mmol) was refluxed in 20 g of
triglyme at 216° for 1 d. Solvents and volatile materials were removed under distillation under reduced
pressure. The NMR data of the crude product indicated almost quant. conversion to 11. A pure sample,
0.1 g, was obtained by CC (SiO,; AcOEt). 'H-NMR (300 MHz, CDCl;, 290 K): 8.30 (d, H-C(6)); 7.00 (s,
H-C(3)); 6.95 (d, H-C(5)); 5.85-5.60 (m, CH=CH,); 4.87 (t, =CH,); 2.67 (t, N-C—CH,); 2.01 (q,
=CH-CH,); 1.73 (quint., N—-C—CH,—CH,); 1.17 (s, ‘Bu). BC-NMR (75 MHz, CDCl;, 290 K): 161.5,
159.8 (C(2), C(4)); 1489 (C(6)); 1382 (=CH); 1194, 1178 (C(3), C(5)); 114.6 (=CH,); 377
(N-C—CH,); 34.3 (Me;C); 33.2 (=CH—CH,); 30.3 (Me;C); 28.9 (N-C-CH,—CH,). HR-Q-TOF-MS:
204.1755 ([M + H]*", C,H,N*; cale. 204.1752).

8-(tert-Butyl)-1,2,3,4,4a,5,6,8a-octahydro-1,6-epiminonaphthalene (13). Under Ar at —20 to —30°,
BuLi (12 ml; 1.6M, 19.2 mmol, 3.9 equiv.) in hexane was added dropwise to 10a (1.35 g, 4.87 mmol) in
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20 ml of Et,0O. The mixture was allowed to warm to r.t. overnight with stirring. The reaction was
quenched with MeOH (5 ml) and then H,O (5 ml). The resulting soln. was acidified with 4 ml of aq. 37%
HCI. The aq. phase was separated and neutralized to pH of ca. 10 with Na,COj soln., and the latter was
extracted with CH,Cl, (3 x 15 ml). The combined org. phase was dried (MgSO,), and solvent was
removed by rotary evaporation and in vacuo to afford 0.4 g of a light yellow oil whose NMR data were
expected for 13. 'TH-NMR (300 MHz, CDCl;, 290 K): 5.79 (d, H-C(2)); 3.40-3.20 (m, H-C(1)); 2.47 (s,
H-C(7));2.07 (s, H-C(4)); 1.99 (br., NH); 1.84-1.60 (m, 1 H of CH,(9)); 1.60-1.46 (m, 1 H of CH, at
0(C) 30.6), 1.46-1.33 (m, 1 H of CH,(6), 1 H of CH, at 6(C) 29.3, H-C(5)); 1.33-1.08 (m, 1 H of
CH,(6), 1 H of CH, at 6(C) 30.6, 1 H of CH, at 6(C) 29.3, 1 H of CH,(9)); 0.86 (s, ‘Bu). "C-NMR
(75 MHz, CDCl;, 290 K): 155.5 (C(3)); 122.0 (C(2)); 49.4 (C(7)); 47.1 (C(1)); 38.8 (C(4)); 34.1 (Me;C);
32.5 (C(6)); 30.6 (CH,); 29.3 (CH,); 27.7 (Me;C, C(5)); 13.7 (C(9)).
8-(tert-Butyl)-1,2,3,4,4a,5,6,8a-octahydro-9-(2,4-dinitrophenyl)-1,6-epiminonaphthalene (14). A
sample of 13 (0.27 g, 1.4 mmol), mixed with 2,4-dinitrochlorobenzene (0.278 g, 1.4 mmol) and K,CO;
(0.2 g, 1.4 mmol), was refluxed in 3 ml of MeOH for 1 h as described in [5], cooled to r.t., and filtered to
afford 0.48 g of yellow powder. NMR data indicated almost quant. conversion of 13 to 14. 'H-NMR
(300 MHz, CDCl;, 290 K): 8.63 (d, 1 arom. H); 8.10 (dd, 1 arom. H); 6.82 (d, 1 arom. H); 5.84 (dd,
H-C(2));3.99-3.82 (m,H-C(1)); 3.44 (s, CH(7)); 2.61 (d, H-C(4)); 2.10 (dt, 1 H of CH,(6));2.00—-1.75

Table 4. Crystallographic Data of 14 and Structure-Refinement Details

Formula CyoHasN;0,
M, 371.43
Crystal size [mm] 0.15x 0.15x 0.31
Temp. [K] 210(2)
Radiation type MoK, (0.71073 A)
Crystal system triclinic
Space group P1
Z 4
Unit cell dimensions:
a[A] 11.4885(2)
b[A] 12.6257(2)
c[A] 14.7269(2)
al®] 65.327(1)
AN 81.496(1)
v [°] 84.185(1)
V[A3] 1917.92(5)
D, (calc.) [g em™3] 1.286
Absorption coefficient [mm™'] 0.091
F(000) 792
6 Range for data collection 2.22-24.95°
Index ranges —13<h<13, —14<k<14, —17<1<17
Reflections collected 47303
Independent reflections 6710 [ R, =0.044]
Observed reflections [1>20(1)] 4861
Completeness to 0 =24.95° [%] 99.6
Refinement method Full-matrix least-squares on F?
Data/restraints/parameters 6710/0/493
Goodness-of-fit on F? 1.020
Final R indices [/>20(1)] R'=0.0539, wR>=0.1390
R Indices (all data) R'=0.0795, wR>=0.1541

Largest diff. peak and hole [e A-3] 0.697; —0.307
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(dd, 1 H of CH, at §(C) 26.8, CH at §(C) 26.5); 1.76 - 1.64 (m, 1 H of CH,(10), 1 H of CH,(9)); 1.61-1.44
(m,1 H of CH,(6),1 H of CH,(10)); 1.44—1.30 (m, 1 H of CH, at 6(C) 26.8,1 H of CH,(9)); 1.05 (s, 'Bu).
BC-NMR (75 MHz, CDCl;, 290 K): 157.7; 146.4; 136.7; 135.6; 127.9; 124.3; 120.1; 116.1; 56.2 (C(7)); 53.9
(C(1));40.3 (C(4)); 34.8 (Me;C); 30.4 (C(6)); 29.5 (C(10)); 27.8 (Me;C); 26.8; 26.5; 14.7 (C(9)). Further
crystallization from MeOH provided crystals suitable for X-ray crystallography. HR-Q-TOF-MS:
394.1752 ([M + Na]*, CH,sN;NaOj ; calc. 394.1743).

Crystallography?). Crystal data of 14 and parameters of refinement are compiled in Table 4. The
data-collection crystal was a pale orange rectangular block. Data was collected on a Nonius Kappa CCD
diffractometer at 210 K equipped with an Oxford Cryosystems cryostream cooler. The data-collection
strategy was set up to measure a hemisphere of reciprocal space with a redundancy factor of 3.5, which
means that 90% of these reflections were measured at least 3.5 times. Phi and omega scans with a frame
width of 1.0° were used. Data integration was done with DENZO [16], and scaling and merging of the
data was conducted with SCALEPACK [16].

The structure was solved in space group P1 by direct methods according to SHELXS-97 [17]. There
are two molecules in the asymmetric unit, labeled as A and B. Full-matrix least-squares refinements
based on F? were performed in SHELXL-97 [17]), as incorporated in the WinGX package [18]).

For each Me group, the H-atoms were added at calculated positions using a riding model with
U(H)=15-U,(bonded C-atom). The torsion angle, which defines the orientation of the Me group
about the C—C bond, was refined. The rest of the H-atoms was included in the model at calculated
positions using a riding model with U(H) = 1.2 - U,,(bonded atom). Neutral atom scattering factors were
used and include terms for anomalous dispersion [19].
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