












































































































































































































































For the synthesis of the targeted 2-azadienes, 3-aminocoumarin 212 was required
as a common starting material. It is a compound with a long history and has been
reported to exhibit many interesting biological and photochemical properties.10

The first reported synthesis of 3-aminocoumarin was by Linch,'" who prepared 3-
aminocoumarin easily in three steps starting from 3-acetylcoumarin (Scheme 2.14). This
involved conversion of 3-acetylcoumarin into its oxime 194a (yield not reported),
followed by Beckmann rearrangement'? to give 3-acetamidocoumarin 211 (75%) and
hydrolysis to afford 3-aminocoumarin (65%). It was said to be critical that the hydrolysis
had to be performed under these conditions (refluxing 212 in concentrated hydrochloric
acid and absolute ethanol). If this was not the case, significant amounts of 3-
hydroxycoumarin were formed and the yield of 212 was affected dramatically and
resulted in a poor yield. Due to the absence of spectroscopic methods at the time of
Linch’s experiments, only an elemental analysis and a melting point were reported for the

putative 3-aminocoumarin 212.

10 a) Kokotos, G.; Tzougraki, C. J. Heterocyclic Chem. 1986, 23, 87-92 b) Kokotos, G.; Tzougraki C. J.
Chem. Soc. Perkin Trans. 11 1991, 4, 495-499.

12 Linch, F. W. Proc. Chem. Soc. 1912, 28, 144. b) Linch, F. W. J. Chem. Soc. 1912, 101, 1755-1759. ¢)
Linch, F. W. J. Chem. Soc. 1912, 101, 1759-1765.

12 3) Blatt, H. Chem. Rev. 1933, 12, 215-260. b) Jones, B. Chem. Rev. 1944, 35, 335-350.
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Scheme 2.14

Attempts in the 1950s and 1960s by other investigators to repeat the reported
hydrolysis of 3-acetamidocoumarin 211 and its derivatives resulted in the formation of 3-
hydroxycoumarin and its derivatives.'® This presumably occurs by a mechanism
analogous to that of the hydrolysis of enamines."

In the 1980s and 1990s, several groups successively repeated the synthesis of 3-
aminocoumarin 212 using Linch’s procedures.”’15 During that time, other methods were
explored for the expedient synthesis of 3-aminocoumarin, but these met with limited
success.'® It was not until 1998 that Bonsignore’s group reported a new and dramatically
improved route to 3-aminocoumarin (Scheme 2. 15)." The Boc-protected 3-

aminocoumarin 215 was produced from commercially available coumarin-3-carboxylic

3 a) Shaw, K. N. F.; McMillan, A.; Armstrong, M. D. J. Org. Chem. 1956, 21, 601-604. b) Trivedi, K. N.;
Sethna, S. J. Org. Chem. 1960, 25, 1817-1819.

' In The Chemistry of the Carbon-Nitrogen Double Bond. Patai. S., Ed., Wiley: New York, 1976, pp 465-
504.

1% a) Kokotos, G.; Tzougraki, C. J. Heterocyclic Chem. 1986, 23, 87-92. b) Kumar, P.; Mukerjee, A. K.
Indian J. Chem. 1980, 198, 704-707. ¢) Tripathy, P. K. and Mukerjee, A. K. Indian J. Chem. 1987, 268,
61-62. d) Kulkarni, Y. D.; Srivastava, D.; Bishnoi, A.; Dua, P. R. J. Indian Chem. Soc. 1996, 73, 173-175.
16 Bonsignore, L.; Loy, G. J. Heterocyclic Chem. 1998, 35, 117-119.
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acid 213 using a method reported by the Yamada group.17 This presumably proceeds via
condenversion of the carboxylic acid to the corresponding acyl azide followed by Curtius
rearrangement and trapping of the resulting isocyanate with +-BuOH. The Boc group was

then removed upon treatment with gaseous hydrochloric acid.'®

7
Ph~p—n,
o Ph214 Ho o
O
0 Xy  t-butanol, reflux o Yo |
213 82% 215 i
HCI gas
100%
O (@]
212
Scheme 2.15

2.4 A Straightforward and Efficient Synthesis of 3-Aminocoumarin.

The first attempts synthesize of 3-aminocoumarin 212 was preformed by
following the work of Linch and others.'" ' * 3-Acetamidocoumarin 211 is
commercially available and can be easily prepared in large quantities in one step by the
reaction of salicylaldehyde and acetyl glycine (Scheme 2.16).'° However, attempts to

prepare 3-aminocoumarin by refluxing 3-acetamidocoumarin with conc. sulfuric acid in

17 Shioiri, T.; Ninomiya, K.; Yamada, S. J. Am. Chem. Soc. 1972, 94, 6203-6205.

18 Stahl, G. L.; Walter, R.; Smith, C. W. J. Org. Chem. 1978, 43, 2285-2286.

19 a) For the preparation of 3-acetylcoumarin. Herbst, R. M.; Shemin, D. Org. Syn. 1943, Coll. Vol. 2, 11-
12. b) Kenneth, N. F.; McMillan, A.; Armstrong, M. D. J. Org. Chem. 1956, 21, 601-604. ¢) Sethna, S.;
Trivedi, K. N. J. Org. Chem. 1960, 25, 1807-1830.
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ethanol failed and starting material was recovered. Several experiments were carried out
with results consistent with those reported previously by others." This route was

consequently abandoned.

o O
,U\
@ﬁm HJ\ OH “ar%ﬂux C(I \f
HN\H/
177 A K
216
Scheme 2.16

The synthesis of 3-aminocoumarin 212 by Bosignore’s route'® was then
attempted. Both the starting material, coumarin-3-carboxylic acid 213, and the first
reagent, diphenylphosphoroyl azide 214 (DPPA), are commercially available. However,
due to Transport Canada regulations, DPPA could not be obtained commercially. Instead,
it was easily prepared in multigram quantities by the reaction of diphenylphosphoroyl
chloride and sodium azide.”’ Disappointingly, the reaction of DPPA with 213 in r-BuOH
failed to afford 215. No reaction was evident after 24 h. Longer reaction time led to the
formation of coumarin-3-carboxylic acid ¢-butyl ester. Variations in the number of
equivalents of DPPA and the mode of addition were fruitless. This route was also
discarded.

The failure to reproduce the literature procedures led to the investigation of the

following sequence, which takes advantage of chemistry developed by the groups of
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Burk?! and Bonsignore.'® Burk developed a procedure in which an acetyl group on an
amine can be converted into a Boc-protected secondary amine in one pot and in high
yield. This involves an acylation-deacylation sequence. When this methodology was
applied to 3-acetamidocoumarin, which was abundantly available (vide supra), this
resulted in the production of the desired Boc protected compound in 91% yield (Scheme

2.17).

DMAP, Boc,0, COCHg
o THF (dry), reflux. I

H
COLT XL
OtBu
(0] 0] 0] 0

211 216
hydrazine hydrate
methanol
(2 steps 91%)
TFA ’
e NH» B (15% vol in CH2C12) @\IN YO
[ :[ I h Ot-Bu
0~ o 100% (99.8%) o” 7O
212 215
Scheme 2.17

Following a procedure reported by Bonsignore,'® exposure of 215 to anhydrous
trifluoroacetic acid (15% by volume in anhydrous chloroform) led to the formation of 3-
aminocoumarin in 99.8% yield after chromatography. From a practical perspective, 3-
aminocoumarin can be used directly after the solvent is removed and, if desired, the slight

discoloration of the crude product can be removed by crystallization from

? Boyer, J. H.; Mack, C. H.; Morgan, L. R. Jr. J. Org. Chem. 1958, 28, 1051-1053.
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chloroform/hexane (Scheme 2.17). This synthetic route was used to prepare upto 5 g
batches of 3-aminocoumarin in an overall yield of 91% in two steps from commercially
available or easily prepared starting material. This may very well be the most convenient

synthesis of 3-aminocoumarin.

2.5 The Synthesis of the 2-Azadienes.

Linch achieved the first synthesis of an electron deficient azadiene'' a decade
prior to the discovery of the Diels-Alder reaction. The most likely explanation for the
preparation of this compound was to provide evidence for the proposed structure of 3-
aminocoumarin by making a derivative. Linch carried out this synthesis by gently
warming a 1 : 1 mixture of benzaldehyde and 3-aminocoumarin until a clear liquid was
formed (Scheme 2.18). When the mixture cooled, a “white cake” was formed, which was
then boiled several times in alcohol to remove any unreacted starting materials. 218 was

then characterized by elemental analysis and melting point.

o
H
NH, 217 |
CCL =m0y
heat
0~ Yo
o)
212 118
Scheme 2.18

2 Burk, M. I.; Allen, J. G. J. Org. Chem. 1997, 62, 7054-7057.
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The only other reported condensations of 3-aminocoumarin with aldehydes were
by Mukerjee and Bishnoi.*™? These authors reported a series of condensations of 3-
aminocoumarin with aromatic aldehydes in refluxing absolute alcohol containing traces

of glacial acetic acid. The reported yields were 68-85 % (Scheme 2.19).

O

219
abs. ethanol, @fI
acetic acid,

reflux

Scheme 2.19

The first attempt to synthesize a series of electron deficient dienes using Mukerjee

1564 resulted in formation of the desired diene and the recovery of

and Bishnoi conditions
significant amounts of starting material. Using Dean-Stark conditions, refluxing of 3-
aminocoumarin and p-nitrobenzaldehyde in toluene containing traces of acetic acid
produced a bright yellow solid, which was identified as the desired electron deficient
diene 222 (Scheme 2.20). However, applying this method to other aldehydes resulted in
the recovery of starting materials. Revisiting the Mukerjee’s and Bishnoi’s conditions,
the simple addition of 4 A molecular sieves produced the desired diene and traces of

starting material, which could be removed by crystallization (Scheme 2.20). Attempts to

purify the dienes by chromatography resulted in the hydrolysis and recovery of the initial
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starting material. With this slightly modified procedure a series of 2-azadienes were

produced (Table 2.2).

Method A

oo~ Ivos

O

212 © toluene, acetic acid, reflux, 222 o
Dean-Stark conditions
79%
Method B

0O R

NH; A !

H R
219 o~

=

0" Yo abs. ethanol, 0" X0
212 acetic acid, 220

reflux
4 A Ms
39-87%

Scheme 2.20
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79 32
OHC/© 18 ¢ (224)-0Hc/©/ 14 B (231)
OH OH
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14 B 14 B
OHC (225) OHC/© (232)
QH
OCHg F
[ j 87 72
12 B 14 B
OHC (226) OHC/©/ (233)
Cl
83 72
[\ 14 B /@ 14 B
OHC/Q (227) OHGC (234)
48
16 B
/[}Br (228)

a - using Dean stark conditions

b - using molecular sieves

¢ - condensation of salicylaldehyde and glycine
Table 2.2- 2-azadiene from 3-aminocoumarin and RCHO.

In summary, a formal synthesis of 3-aminocoumarin has been achieved. The route

to 3-aminocoumarin is high yielding and easily reproducible. In addition, 3-
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aminocoumarin has been more fully characterized. A simple and effective route to the 1-
and 2-azadienes has been established and improved over previous syntheses. As a result,

23 new electron deficient azadienes have been prepared.

2.6 Experimental

General Procedure

All reactions were carried out without inert gas protection, unless otherwise
noted. Tetrahydrofuran, THF, was distilled from Na/benzophenone. Dichloromethane
was dried over CaCl, and distilled. All other commercially available chemicals, including
solvents, were used as received without further purification. Thin layer chromatography
(tlc) was performed on E. Merck 60 F;s4 precoated silica plates using UV visualization.
Column chromatography was carried out on silica gel 60 (E. Merck, 230-400 mesh).
Melting points were obtained either on a Thomas Hoover apparatus and/or Fisher-Johns
apparatus and are uncorrected. Infrared spectra were obtained on a Mattson Polaris or a
Bruker tensor 27 spectrometer using NaCl, KBr, or ZnSe plates with nujol unless
otherwise noted. 'H and ">C nuclear magnetic resonance (NMR) spectra were recorded
on a Bruker AVANCE spectrometer operating at 500.133 MHz and 125.770 MHz,
respectively. NMR spectra were obtained using CDClj; solutions unless otherwise
specified. Peaks reported are relative to internal standards: (CH3),Si (5 0.00 ppm) for 'H
spectra and CDCl; (8 77.23 ppm) for 1°C spectra. Assignments were made on the basis of

'H, H-COSY, HMQC, HMBC, etc experiments. For carbon signals, the number of
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attached protons, as determined by Dept and HMBC experiments, is indicated in
brackets. Mass spectra were obtained using electron ionization at 70 electron volts, unless
otherwise noted. Combustion analyses were carried out by the Microanalytical Services
Laboratory, Department of Chemistry, University of Alberta, Edmonton, Alberta,
Canada. High-resolution mass spectra were carried out by the Mass Spectrometry Center,

Department of Chemistry, University of Ottawa, Ottawa, Ontario, Canada.

(E)-3-(2-Ox0-2H-chromen-3-yl)acrylic Acid Methyl Ester (133b)

To a room temperature solution of salicylaldehyde (17.5 mL, 20.0 g, 0.164 mol)
and dimethyl glutaconate (23.0 mL, 25.9 g, 0.164 mol) in benzene (300 mL) was added
dropwise piperidine (3.20 mL, 2.81 g, 33.0 mmol). The resulting mixture was stirred for
3 h under reflux using a Dean-Stark apparatus. The clear and colorless solution became a
clear pale orange over the course of the reaction. The reaction mixture was cooled to
room temperature and concentrated to approximately 40 mL under reduced pressure and
a white precipitate formed. The resulting mixture was then suction filtered and the solids
were washed with cold benzene to give 133b, 22.7 g (98.6 mmol, 67%). The filtrate was
then concentrated under reduced pressure to afford a brown oil. This was then subjected
to flash chromatography (2% ethyl acetate/dichloromethane), which afforded 133b (7.50

g, 32.6 mmol, 20%) as a white solid. Combined yield = 30.2 g (32.6 mmol, 80%).
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Ry = 0.42 (2% ethyl acetate/dichloromethane). Mp 195-196 °C (chloroform/hexane) (Lit.!
115-117 °C). 'H NMR (500 MHz, CDCls): § = 7.18 (s, 1H, H-4), 6.90-6.85 (m, 3H), 6.66
(d, 1H, J = 8.3 Hz), 6.63 (t, 1H, J="7.5 Hz), 6.42 (d, 1H, J = 16.3 Hz), 3.12 (s, 3H, H-4".
13C NMR (126 MHz, CDCl3): § = 167.6 (0), 159.2 (0), 153.8 (0), 143.7 (1), 138.6 (1),

133.1 (1), 128.7 (1), 125.0 (1), 123.5 (1), 122.6 (0), 119.2 (0), 116.9 (d), 52.1 (3, C-4").

2-Oxo0-2H-chromene-3-carbaldehyde (176)

Ozone-rich air was bubbled through a magnetically stirred —55 °C solution of
133b (5.00g, 21.7 mmol) in chloroform (300 mL) for 1 h, at which point the solution had
become a deep blue. Nitrogen was then bubbled through the solution until the deep blue
color disappeared and dimethyl sulfide (3.36 g, 54.2 mol, 4.00 mL) was added. The
solution was then stirred overnight under nitrogen to afford a clear pale yellow solution.
The solvent was removed under reduced pressure to give a pale yellow solid. This was
subjected to flash chromatography (2% ethyl acetate/dichloromethane), which gave 176
(2.97 g, 17.1 mmol, 79%) as a pure white solid. Rf=0.63 (2 % ethyl
acetate/dichloromethane).

Mp = 131-132 °C (chloroform/hexane) (Lit.! 125-126 °C). 'H NMR (500 MHz, CDCl3):

§=10.26 (s, 1H, H-1"), 8.42 (s, 1H, H-4), 7.71-7.68 (m, 2H), 7.41-7.36 (m, 2H). 13C
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NMR (126 MHz, CDCls): & = 188.0 (1, C-1"), 160.3 (0), 155.8 (0), 145.8 (1), 135.3 (1),

131.0 (1), 125.5 (1), 122.0 (0), 118.4 (0), 117.4 (1).

(E)-3-(2,4-Dinitrophenylhydrazonomethyl)-2H-chromen-2-one (182)

: NO,
2y
N,N 3
5 4 |
4a 5’

6 \3 1 g NO,
7 8a O 2O

8 a

To a room temperature solution of deionized water (12 mL) and concentrated
sulfuric acid (8 mL) was added 2,4-dinitrophenylhydrazine (1.60 g, 8.08 mmol). To a
solution 176 (1.00 g, 5.74 mmol) in 95% ethanol (30 mL) the 2,4-dinitrophenylhydrazine
solution, described above, was added dropwise. The clear colorless solution went to a
dark orange solution containing a thick orange precipitate over the course of the reaction.
After the addition was complete, the solution was allowed to react at room temperature
for 2 h and the solution was then cooled to 6 °C. The solution was then suction filtered
and the solid was washed with deionized water, absolute ethanol (50 mL) and diethyl
ether (100 mL), which afforded 182 (1.54 g, 4.36 mmol, 76%) as a dark orange solid.
Mp 300-301 °C (glacial acetic acid/concentrated sulfuric acid). '"H NMR (500 MHz,
D,S0,4): 8 =8.79 (d, 1H, J = 2.0 Hz), 8.75 (s, 1H), 8.67 (s, 1H), 8.20 (dd, 1H,/=9.8,2.4
Hz), 7.74 (t, 1H, J=7.9 Hz), 7.63 (d, 1H, J=7.1 Hz), 7.30 (t, 1H, J = 8.2 Hz), 7.27 (d,
1H, J=8.6 Hz), 7.01 (d, 1H, J = 9.1 Hz). IR (nujol, NaCl): vpmax = 3280 (w), 1725 (m),

1610 (m), 1518 (w), 763 (w) cm™'; MS (BI) m/z (%) 354 (M, 68), 172 (60), 306 (39),
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337 (37). Anal. Calcd for C1¢H oN4Og: C 54.24, H 2.84, N 15.81; found; C 53.76, H 2.82,

N 15.76.

General Procedures for the Preparation for the 1-Azadienes

Procedure 1: Use of Dean-Stark conditions in the preparation of the 1-azadienes.

To a solution of 176 in dry benzene, was added the amine (3.0 equivalents). The
mixture was reacted under reflux under nitrogen using a Dean-Stark apparatus. The
reaction was monitored using TLC and worked up shortly after the aldehyde had been
consumed. The reaction mixture was then cooled to 6 °C. The precipitate was collected

by suction filtration and washed with cold benzene.

Procedure 2: Condensation of 3-formylcoumarin with amines using non-Dean-Stark

conditions.

To a solution of 176 in dry toluene, amine (1.1 equivalents) and anhydrous
MgSO, (2 g/mmol of aldehyde) were added. The solution was reacted under reflux
conditions under N, overnight. The solution was then cooled to room temperature and
filtered. The resulting cake was then washed with dichloromethane. The solvent was
removed under reduced pressure and the resulting residue was then subjected to silica

flash column chromatography. The product was crystallized from the appropriate solvent.
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(E)-3-(Tosylhydrazonomethyl)-2H-chromen-2-one (183)

Using general procedure 1, 176 (1.00 g, 5.74 mmol) and p-
toluenesulfonylhydrazine (3.21 g, 17.2 mmol) were reacted in benzene (50 mL) for 4 h.
The clear colorless solution went to a thick cloudy yellow suspension over the course of
the reaction. 183 (1.64 g, 4.79 mmol, 82%) was obtained as a pale yellow solid.

Mp = 191-192 °C (chloroform/hexane). "H NMR (500 MHz, CDCl;): 8 =8.31 (s, 1H),
8.19 (s, 1H), 7.97 (s, 1H), 7.88 (d, 2H, J = 8.6 Hz), 7.61-7.56 (m, 2H), 7.35-7.33 (m, 4H),
2.43 (s, 3H, H-7". *C NMR (126 MHz, CDCl;): § = 160.8 (0), 154.2 (0), 144.9 (0),
140.6 (1), 139.2 (1), 135.7 (0), 133.2 (1), 130.3 (1), 129.5 (1), 128.3 (1), 125.5 (1), 121.0
(0), 119.3 (0), 117.2 (1), 22.0 (3, C-7"). IR (nujol, NaCl) vpmax = 3260 (w), 1735 (s), 1690
(m), 1605 (m), 1565 (w), 1355 (w), 1170 (m), 1050 (w), 670 (w) cm™". MS (EI) m/z (%) =
342 (M7, 1), 317 (38), 289 (10), 159 (100), 131 (20), 91 (38). Anal. Calcd for

C17H14N,04S: C 59.63, H4.12, N 8.18; found; C 59.15, H 3.99, N 8.05.

(E)-3-(Phenylhydrazonomethyl)-2H-chromen-2-one (184)
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Using general procedure 1, 176 (0.75 g, 4.3 mmol), phenylhydrazine (1.72 g, 15.9
mmol) were reacted in benzene (100 mL) for 4 h. The clear colorless solution went to a
thick dark orange suspension over the course of the reaction. 184 (0.75 g, 2.8 mmol,
66%) was obtained as an orange solid.
Mp 210-211 °C (ethyl acetate/hexane). '"H NMR (500 MHz, CDCl5): & = 8.30 (s, 1H),
8.33 (s, 1H, H-2"), 7.91 (s, 1H, H-4), 7.59 (dd, 1H, J=7.7, 1.1 Hz), 7.51 (td, 1H, /= 7.6,
1.7 Hz), 7.37-7.30 (m, SH), 7.17 (d, 1H, J = 8.0 Hz), 6.94 (¢, 1H, J = 7.3 Hz). °C NMR
(126 MHz, CDCl3): 6 = 161.2 (0), 153.5 (0), 144.1 (0), 134.7 (1), 131.4 (1), 130.2 (1),
129.6 (1), 128.4 (1), 125.0 (1), 122.8 (0), 121.2 (1), 120.0 (0), 116.8 (1), 113.2 (1). IR
(nujol, NaCl): Umax = 3287 (m), 1705 (s), 1600 (m), 1567 (w), 1538 (w), 1495 (w), 1258
(w), 1179 (w), 1062 (m), 926 (w), 759 (W), 688 (w) cm™, MS (EI) m/z (%) = 264 (M",
100), 219 (7), 172 (31), 130 (27), 77 (51), 65 (41). HRMS m/z [M"] Calcd for

Ci16H12N20, 264.0898, found 264.0899.

(E)-3-(N, N-Dimethylhydrazonomethyl)-2H-chromen-2-one (185)

. _N(CH
1 (CH)z

2l
o St sl

O AN
7 2
8

SaO O
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Using general procedure 1, 176 (3.50 g, 20.1 mmol), 1,1-dimethylhydrazine (1.33
g, 22.1 mmol, 1.68 mL), and benzene (50 mL) were reacted for 4 h. The clear colorless
solution went to a clear yellow over the course of the reaction. The solvent was removed
under reduced pressure to give a dark yellow solid. The residue was then subjected to
flash chromatography (dichloromethane), which afforded 185 (3.10 g, 14.3 mmol, 71%)
as a yellow solid.
Rf =0.71 (dichloromethane). Mp 118-119 °C (ethyl acetate/hexane). "H NMR (500
MHz, CDCl;): 6 = 8.08 (s, 1H), 7.50 (d, 1H, J =7.7 Hz), 7.43 (t, 1H, J = 8.0 Hz), 7.31 (d,
1H, J = 8.2 Hz), 7.27-7.23 (m, 1H), 3.08 (s, 6H, H-2"). >C NMR (126 MHz, CDCl3): 8 =
161.7 (0), 152.9 (0), 131.8 (1), 130.4 (1), 128.0 (1), 124.7 (1), 124.2 (0), 123.6 (1), 120.3
(0), 116.6 (1), 42.9 (3, C-2). IR (nujol, NaCl) Ve = 1709 (m), 1539 (w), 1051 (w) cm™.
MS (EI) m/z (%) 216 (M", 60), 172 (52), 146 (17), 89 (22), 44 (100). Anal. Calcd for

Ci2H1oNO,: € 66.65, H 5.59, N 12.95; found; C 66.71, H 5.57, N 12.91.

(E)-2-[(2-Ox0-2H-chromen-3-ylmethyl)aminoJisoindole-1,3-dione (186)

3 4
O~ 2
1.N,N
5 4 |
4a 3 O
6 SN
" 2
8a"0 0

Using general procedure 1, 176 (2.00 g, 11.5 mmol), N-aminophthalimide (2.05 g,

12.6 mmol), and benzene (100 mL) were reacted for 4 h. The clear colorless solution
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went to a thick yellow suspension over the course of the reaction. 186 (3.20 g, 10.1
mmol, 87%) was obtained as a yellow solid.

Mp 270-271 °C (glacial acetic acid). '"H NMR (500 MHz, D,SO4): § = 9.67 (s, 1H), 8.97
(s, 1H), 8.01-7.99 (m, 2H), 7.90-7.88 (m, 2H), 7.80 (t, 2H, J = 7.5 Hz), 7.52-7.46 (m,
2H). IR (nujol, NaCl): vpax = 1727 (s), 1606 (w), 1560 (w), 1309 (m), 1286 (w), 1213
(w), 1178 (w), 1113 (m), 1084 (w), 1057 (w), 958 (m), 879 (w), 750 (m), 704 (m) cm’".
MS (EI) m/z (%) = 318 (M™, 9), 290 (4), 171 (100), 143 (25), 104 (58), 76 (52). Anal.

Calcd for C1gH;oN2O4: C 67.92, H 3.17, N 8.80; found; C 67.77, H 3.26, N 8.73.

(E)-4-Methyl-N-(2-0x0-2H-chromen-3-ylmethylene)benzenesulfonamide (187)

3! 4!

Using general procedure 2, 176 (2.00 g, 11.5 mmol), p-toulenesulfonamide (2.16
g, 12.6 mmol), anhydrous magnesium sulfate (25 g) were reacted in toluene (100 mL) for
24 h. The thick white suspension went to a thick pale yellow suspension over the course
of the reaction. The pale yellow residue was then subjected to flash chromatography (2%
ethyl acetate/dichloromethane), which afforded 187 (3.16 g, 9.66 mmol, 84%) as a pale
yellow solid.

Ry =0.72 (2% ethyl acetate/dichloromethane). Mp 196-197 °C (chloroform/hexane). 'H

NMR (500 MHz, CDCl3): 8 = 9.20 (s, 1H, H-1"), 8.72 (s, 1H, H-4), 7.90 (d, 2H, J = 8.5
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Hz), 7.70 (td, 1H, J = 8.0, 1.6 Hz), 7.64 (dd, 1H, J = 7.1, 1.4 Hz), 7.41-7.36 (m, 4H), 2.47
(s, 3H, H-5". °C NMR (126 MHz, CDCl3): § = 164.5 (1, C-1"), 159.8 (0), 155.8 (0),
146.5 (1, H-4"), 145.4 (0), 135.6 (1), 134.3 (0), 130.7 (1), 130.2 (1, 2C), 128.7 (1, 2C),
125.7 (1), 120.0 (0), 118.5 (0), 117.4 (1), 21.9 (3, H-5". IR (nujol, KBr): Vmax = 1725 (s),
1609 (m), 1318 (m), 1283 (m), 1152 (s), 1090 (w), 923 (W), 765 (m), 666 (m) cm™. MS
(ED) m/z (%) =327 (M*, 1), 172 (96), 155 (24), 91 (100), 65 (19). HRMS m/z [M'] Calcd

for Cy7H;3NO4S 327.0564, found 327.0562.

(E)-3-(tert-Butyliminomethyl)-2H-chromen-2-one (188)

3!

1'N>z<

Using general procedure 1, 176 (1.00 g, 5.8 mmol), tert-butylamine (0.46 g, 6.4
mmol, 0.60 mL) were reacted in benzene (30 mL) for 4 h. The clear colorless solution
went to a clear pale yellow solution over the course of the reaction. The solvent was
removed under reduced pressure, which afforded 188 (1.29 g, 5.63 mmol, 97%) as a
white solid.

Mp 106-107 °C (chloroform/hexane). "H NMR (500 MHz, CDCls): & = 8.50 (s, 1H), 8.44
(s, 1H), 7.61 (dd, 1H, J=7.6, 1.4 Hz), 7.56 (td, 1H, /= 8.0, 1.6 Hz), 7.37 (d, IH, J = 7.7
Hz), 7.31 (td, 1H, J = 7.4, 1.3 Hz), 1.33 (s, 9H, H-1"). >°C NMR (126 MHz, CDCl5): § =

161.5 (0), 154.4 (0), 149.7 (1), 139.3 (1), 132.5 (1), 129.3 (1), 124.9 (1), 123.8 (0), 119.5
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(0), 116.8 (1), 58.7 (0, C-2", 29.8 (3, C-3"); IR (nujol, KBr): Umax = 3076 (W), 1707 (s),
1646 (m), 1605 (s), 1596 (m), 1284 (m), 1217 (m), 1164 (s), 1120 (w), 1049 (m), 752 (s)
cm’. MS (BI) m/z (%) = 229 (M*, 24), 214 (41), 173 (100), 146 (88), 118 (m), 88 (18),
63 (12), 56 (18), 41 (49). HRMS m/z [M"] Calcd for C14H;5sNO,229.1101, found

229.1101.

3-(Hydroxyiminomethyl)-2H-chromen-2-one (189)
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To a room temperature solution of 176 (2.00 g, 11.4 mmol) and hydroxylamine
hydrochloride (1.34 g, 19.3 mmol) in 1:1 water/THF (150 mL), was added sodium
acetate (1.36 g, 16.6 mmol). The solution was reacted at room temperature for 3 h. The
clear colorless solution went to a thick white suspension over the course of the reaction.
The mixture was suction filtered and washed the solid with deionized water, which
afforded 189 (1.89 g, 9.78 mmol, 88%) as a white solid.

Mp 219-220 °C (95% ethanol). 'H NMR (500 MHz, DMSO-dg): & = 11.79 (s, 1H, H-2'),
8.37 (s, 1H, H-4), 8.08 (s, 1H, H-1"), 7.84 (d, 1H, J = 7.7 Hz, H-5), 7.64 (t, 1H, /= 7.8
Hz), 7.43 (d, 1H, J = 8.2 Hz, H-8), 7.38 (t, 1H, J = 7.5 Hz, H-7). °C NMR (126 MHz,
DMSO-dg): 8§ = 159.2 (0), 153.1 (0), 142.3 (1, C-4), 137.6 (1, C-1", 132.3 (1, C-6), 129.1
(1,C-5),124.8 (1, C-7), 119.9 (0), 118.8 (0), 116.1 (1, C-8). IR (nujol, NaCl): Vpax =

3190 (m), 1725 (vs), 1606 (w), 1595 (w), 1295 (W), 970 (W), 955 (W), 745 (m). MS (EI)
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m/z (%) = 189 (M", 96), 172 (54), 118 (90), 89 (100) cm™'. Anal. Calcd for C;H;NO3: C

63.49, H 3.73, N 7.40; found; C 63.07, H 3.86, N 7.30.

3-Acetyl-2H-chromen-2-one (193a)*

5 4 Q
4a 3 1
6 = CHg
~ 2
8a O 0]

To a room temperature solution of salicyaldehyde (65.30 g, 0.535 mol, 56.0 mL),
ethyl acetoacetate (73.00 g, 0.56 mol, 71.0 mL) in ethanol (700 mL) was added dropwise
piperidine (4.55 g, 53.4 mmol, 5.0 mL). The resulting mixture was stirred at room
temperature for 10 h. The clear colorless solution went to a clear thick bright yellow
suspension over the course of the reaction. The solution was suction filtered and washed
with pentane, which afforded 193a (94.32 g, 0.501 mol, 94%) as a pale yellow solid.

Mp 119-120 °C (95 % ethanol) (Lit.?> 123 °C). "H NMR (500 MHz, CDCl;): § = 8.52 (s,
1H, H-4), 7.68-7.65 (m, 2H), 7.39 (d, 1H, J=9.4 Hz), 7.36 (t, 1H, J = 7.7 Hz), 2.74 (s,
3H, H-1). °C NMR (126 MHz, CDCLy): § = 195.7 (0), 159.4 (0), 155.5 (0), 147.7 (1),
134.6 (1), 130.4 (1), 125.2 (1), 124.8 (0), 118.5 (0), 116.9 (1), 30.8 (3). IR (nujol, KBr)
Umax = 3029 (W), 1742 (s), 1678 (s), 1613 (w), 1558 (m), 1296 (w), 1211 (m), 1158 (w),
1123 (w), 978 (m), 922 (w), 759 (s), 639 (m), 552 (W), 457 (W) cm™. MS (EI) m/z (%) =

188 (M", 53), 173 (100), 145 (12), 101 (11), 63 (13), 43 (45).

2 Pandya, K. R.; Pandya, K. C. Arga. Uni. J. Res. 1955, IV, 305-315.
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3-Benzoyl-2H-chromen-2-one (193b)23

To a room temperature solution of salicyaldehyde (50.00 g, 0.409 mol, 44.0 mL)},
ethyl benzoylacetate (82.60 g, 0.430 mol, 75.0 mL) in 95 % ethanol (700 mL) was added
dropwise piperidine (3.49 g, 41.0 mmol, 4.0 mL). The resulting mixture was reacted at
room temperature for 7 h. The clear colorless solution went to a thick pale yellow
suspension over the course of the reaction. The mixture was filtered and washed with
pentane, which afforded 193b (80.20 g, 0.321 mol, 78%) as a pale yellow solid.

Mp 133-134 °C (95 % ethanol) (Lit.* 130 °C). '"H NMR (500 MHz, CDCl;): & = 8.08 (s,
1H, H-4), 7.89 (d, 2H, J = 7.9 Hz), 7.67-7.60 (m, 3H), 7.49 (t, 2H, J = 7.6 Hz), 7.41 (d,
1H, J = 8.4 Hz), 7.36 (t, 1H, J = 8.3 Hz). ®C NMR (126 MHz, CDCl3): & = 158.6 (0),
155.0 (0), 145.6 (1), 136.5 (0), 134.0 (1), 133.8 (1), 129.8 (1), 129.4 (1), 128.8 (1), 127.3
(0), 125.2 (1), 118.4 (0), 117.2 (1). IR (nujol, KBr): Vpax = 1718 (s), 1657 (w), 1609 (m),
1562 (m), 1241 (m), 1165 (w), 922 (w), 760 (m), 699 (w), 564 (w) cm™". MS (EI) m/z (%)
=250 (M7, 30), 221 (19), 173 (10), 145 (4), 105 (90), 89 (17), 77 (100), 63 (16), 81 (39).

HRMS m/z [M'] Caled for CH;¢03 250.0629, found 250.0617.

3-(Hydroxyiminoethyl)-2H-chromen-2-one (194a)*

3 Pandya, K. R.; Pandya, K. C. Arga. Uni. J. Res. 1955, IV, 345-353.
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To a room temperature solution of 193a (3.00 g, 15.9 mmol) in glacial acetic acid
(25 mL) was added hydroxylamine hydrochloride (1.66 g, 23.9 mmol). The mixture was
reacted under reflux for 2.5 h. The clear colorless solution went to a clear brown over the
course of the reaction. The solution was allowed to cool to room temperature and crystals
formed. The solution was then suction filtered, which afforded 194a as a white solid
(2.16 g, 10.6 mmol, 67%).
Mp 201-202 °C (chloroform) (Lit.** 209 °C). 'H NMR (500 MHz, CDCl;): & = 7.88 (s,
1H, H-4), 7.84 (s, 1H, H-2"), 7.57-7.53 (m, 2H), 7.35 (d, 1H, J= 8.8 Hz), 7.30 (t, 1H, J =
7.6 Hz), 2.29 (s, 3H, H-1"). *C NMR (126 MHz, CDCls): § = 159.6 (0), 154.9 (0), 154.2
(0), 141.3 (1, C-4), 132.5 (1), 128.7 (1), 125.2 (0), 124.9 (1), 119.1 (0), 116.8 (1), 13.5 (3,
C-1". IR (nujol, KBr): Dmax = 3300 (s), 3057 (w), 1720 (s), 1698 (m), 1610 (w), 1248 (w),
1136 (w), 914 (m), 757 (m), 632 (w) cm’™'. MS (EI) m/z (%) = 203 (M, 28), 186 (100),
159 (7), 115 (20), 102 (11), 63 (23). HRMS m/z [M'] Caled for C;;HgNO; 203.0581,

found 203.0559.

3-(Hydroxyiminophenylmethyl)-2H-chromen-2-one (194b)*
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To a room temperature solution of 193b (3.00 g, 12.0 mmol) in glacial acetic acid
(25 mL) was added hydroxylamine hydrochloride (1.25 g, 18.0 mmol). The mixture was
reacted under reflux for 7 h. The clear colorless solution went to a clear bright yellow
over the course of the reaction. The solution was allowed to cool to room temperature and
crystals formed. The mixture was suction filtered, which afforded 194b (1.90 g, 7.17
mmol, 60%) as a pale yellow solid.
Mp 248-249°C (chloroform/hexane) (Lit.?* 148-150 °C). 'H NMR (500 MHz, CDCl;): §
=10.84 (s, 1H, H-1"),9.04 (s, 1H, H-4), 7.76 (d, 2H, J = 7.6 Hz), 7.72 (t, 1H, J = 7.9 Hz),
7.43-7.38 (m, 4H), 7.18 (1, 1H, J = 7.8 Hz). °C NMR (126 MHz, CDCl;): § = 162.0 (0),
159.5 (0), 154.8 (0), 149.1 (1), 137.9 (0), 134.6 (1), 130.2 (1), 129.3 (1, 2C), 125.7 (1),
125.0 (1), 120.81 (1), 120.80 (1), 118.9 (0), 116.9 (1). IR (nujol, KBr): Vpax = 3278 (m),
1712 (s), 1595 (s), 1551 (s), 1318 (w), 1250 (w), 1202 (m), 1032 (w), 971 (w), 791 (m),
741 (s), 688 (m), 535 (w) cm™. MS (EI) m/z (%) = 265 (M, 37), 173 (100), 120 (56), 105

(88), 43 (97). HRMS m/z [M"] Calcd for C16H;;NO;3 265.0713, found 265.0720.

(E)-0-acetyl-3-(Hydroxyiminomethyl)-2H-chromen-2-one (190)
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To a room temperature solution of 189 (0.50 g, 2.6 mmol), acetic anhydride (0.32
g, 3.1 mmol, 0.30 mL) in THF (25 mL) was added pyridine (0.22 g, 2.8 mmol, 0.23 mL).
The mixture was reacted for 8 h. The clear colorless solution went to a pale clear yellow
over the course of the reaction. The solvent was removed under reduced pressure to give
a pale yellow solid and the residue was subjected to flash chromatography (5% ethyl
acetate/dichloromethane), which afforded 190 (0.32 g, 1.3 mmol, 53%) as a pure white
solid.
Rf =0.61 (5% ethyl acetate/dichloromethane). Mp 116-117 °C (ethyl acetate/hexane). 'H
NMR (500 MHz, CDCl;): 6 = 8.60 (s, 1H), 8.56 (s, 1H), 7.64-7.60 (m, 2H), 7.39-7.33
(m, 2H), 2.25 (s, 3H, H-3"). '*C NMR (126 MHz, CDCls): 8 = 168.2 (0), 159.8 (0), 154.7
(0), 150.4 (1), 141.6 (1), 133.8 (1), 129.6 (1), 125.4 (1), 118.7 (0), 118.1 (0), 117.2 (1),
19.6 (3, C-3"). IR (nujol, NaCl): Oy = 1778 (m), 1727 (s), 1226 (m), 1190 (m), 917 (w),
764 (w) e’ MS (EL) m/z (%) = 231 (M", 2), 189 (38), 171 (49), 143 (44), 115 (24), 89
(16), 43 (100). Anal. Calc. For C;,HoNOy4: C 62.34, H3.92, N 6.06; found; C 62.23, H

4.15,N 6.09.

3-Cyano-2H-chromen-2-one (192)
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To a room temperature solution of 189 (1.00 g, 5.3 mmol) p-toluenesulfonyl
chloride (3.02 g, 15.9 mmol) in dichloromethane (20 mL) was added dropwise
triethylamine (1.71 g, 15.9 mmol) in dichloromethane (10 mL). The mixture was stirred
for 3 h at O °C under nitrogen. The solution was allowed to warm to room temperature
and allowed to react for an additional for 4 h. The solvent was removed under reduced
pressure to give a thick pale yellow oil that was subjected to flash chromatography
(dichloromethane), which afforded 192 (0.63 g, 4.5 mmol, 84%) as a white solid.

R = 0.52 (dichloromethane). Mp 188-189 °C (ethyl acetate/hexane) (Lit.* 182 °C). 'H

NMR (500 MHz, CDCl;): & = 8.30 (s, 1H, H-4), 7.74 (td, 1H, J = 7.2, 1.4 Hz), 7.64 (dd,

1H, J = 7.3, 1.5 Hz), 7.44-7.42 (m, 2H). '>C NMR (126 MHz, CDCl;): § = 156.6 (0),
154.8 (0), 152.0 (1), 135.8 (1), 129.5 (1), 125.9 (1), 117.6 (1), 117.3 (0), 113.7 (0), 103.

(0). IR (nujol, NaCl): Umax = 2942 (m), 2923 (m), 2212 (m), 1730 (s), 1601 (s), 1550 (w

6

),

1450 (w) cm™. MS (EI) m/z (%) = 171 (M*, 69), 143 (100), 115 (70), 89 (11), 63 (35), 39

(29).

2-Benzothiazolesulfenamide (203)°°

2 Baker. W.; Howe, C. S. J. Chem. Soc. 1953, 119-124.
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Through a room temperature solution of 2,2'-dithiobis(benzothiazole) (5.00 g,
15.0 mmol) and silver nitrate (2.60 g, 15.3 mmol) in dry methanol (250 mL) was bubbled
ammonia for 15 min. The clear colorless solution went to a thick yellow suspension
during this time. The mixture was suction filtered and the solvent was removed under
reduced pressure. The resulting white precipitate was then dissolved in diethyl ether (100
mL) and filtered. The solvent collected was removed under reduced pressure, which
afforded 203 (2.61 g, 14.3 mmol, 95%) as a white solid.
Mp 122-123 °C (chloroform/hexane) (Lit.”® 123-124 °C). "H NMR (500 MHz, CDCl5): §
=7.84(d, 1H,/=79Hz),7.82(d, 1H,J=85Hz), 742 (td, 1H, J=7.7, 1.2 Hz), 7.29 (t,
1H, J = 8.2 Hz), 3.28 (s, 2H). '*C NMR (126 MHz, CDCl;): § = 178.6 (0), 154.8 (0),
135.2 (0), 126.2 (1), 123.9 (1), 121.7 (1), 121.3 (1). IR (nujol, NaCl): Vpax = 3323 (m),
3194 (w), 1431 (m), 1313 (w), 1088 (w), 1031 (m), 920 (m), 751 (m), 721 (w), 693 (w)

cm’. MS (ED) m/z (%) = 182 (M, 100), 149 (48), 108 (30), 82 (9), 69 (19).

(E)-2-[(2-Ox0-2H-chromen-3-ylmethylidene)amino]benzothiazole (198)
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To a room temperature solution of 176 (2.00 g, 11.5 mmol), 2.14 g (11.7 mmol)
of 2-benzothiazolesulfenamide in absolute ethanol (25 mL) was added potassium

hydroxide (0.04 g, 0.7 mmol). The mixture was reacted at room temperature under
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nitrogen for 18 h. The clear colorless solution went to a bright thick yellow suspension
over the course of the reaction. The solvent removed under reduced pressure and the
residue was subjected to flash chromatography (dichloromethane), which afforded 198
(1.36 g, 4.02 mmol, 35%) a bright yellow solid.

Mp 135-136 °C (chloroform/hexane). '"H NMR (500 MHz, CDCl3): 6 = 8.88 (s, 1H), 8.43
(s, 1H),7.92 (d, 1H, J=7.6 Hz), 7.88 (d, 1H, J = 8.2 Hz), 7.73 (dd, 1H, /= 7.7, 1.3 Hz),
7.63 (td, 1H, J = 8.0, 1.4 Hz), 7.46 (t, 1H, J = 7.6 Hz), 7.40-7.33 (m, 3H). >C NMR (126
MHz, CDCl;): § = 171.1 (0), 160.2 (0), 154.5 (0), 154.3 (0), 154.2 (1), 140.3 (1), 135.2
(0), 133.5 (1), 129.8 (1), 126.5 (1), 125.4 (1), 124.5 (1), 122.6 (0), 122.4 (1), 121.2 (1),
119.1 (0), 117.2 (1). IR (nujol, NaCl): Vmax = 1722 (s), 1597 (m), 1568 (w), 1178 (w),
112 (w), 1062 (w), 1029 (w), 1011 (w), 955 (w), 746 (w), 718 (w) cm™. MS (EI) m/z (%)
=338 (M", 7), 332 (13), 268 (3), 167 (100), 145 (4), 108 (15), 89 (11), 39 (7). HRMS m/z

[M*] Calcd for C;7H;oN20,S, 338.0183, found 338.0224.

(E)-4-Methyl-N-[(2-0x0-2H-chromen-3-yl)phenylmethylene]benzenesulfonamide

(207)

To a room temperature solution of 193b (5.00 g, 20.0 mmol), p-

toluenesulfonamide (4.10 g, 24.0 mmol), triethylamine (8.50 mL, 6.06 g, 60.0 mmol),
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and 4A molecular sieves (20 g) in dry dichloromethane (150 mL) was added dropwise
titanium(IV) chloride (1.10 mL, 1.89 g, 10.0 mmol) over a 30 minute period at 0 °C,
under nitrogen. The mixture was reacted for 3 h. The clear colorless solution went to a
thick dark red suspension over the course of the reaction. The red precipitate redissolved
back into the solution and the mixture was then filtered through Celite and the cake was
washed with dichloromethane (50 mL). The solvent of the filtrate was removed under
reduced pressure, which afforded an orange solid. The residue was then subjected to flash
chromatography (2% ethyl acetate/dichloromethane), which afforded 207 (5.77 g, 14.3
mmol, 72%) as a white solid.

R; =0.83 (2% ethyl acetate/dichloromethane). Mp 190-191 °C (chloroform/hexane). 'H
NMR (500 MHz, CDCls): 8 = 7.93 (d, 2H, J = 8.1 Hz, H-4), 7.90 (s, 1H), 7.88 (d, 2H, J =
7.6 Hz), 7.66 (td, 1H, J=17.6, 1.6 Hz), 7.63 (dd, 1H, J=7.0, 1.5 Hz), 7.59 (t, 1H, /= 7.4
Hz), 7.46-7.42 (m, 2H), 7.38 (t, 1H, J = 7.8 Hz), 7.34 (d, 2H, J = 8.0 Hz), 2.46 (s, 3H, H-
6"). 3C NMR (126 MHz, CDCl3): § = 172.4 (0), 157.8 (0), 154.5 (0), 144.4 (0), 142.7 (1,
C-4),137.2 (0), 135.5 (0), 134.4 (1), 133.2 (1), 130.0 (2C, 1), 129.8 (1), 129.8 (1), 129.1
(2C, 1), 128.0 (1), 125.2 (1), 125.0 (0), 118.2 (0), 117.3 (1), 21.8 (3, C-6"). IR (nujol,
KBr): Vmax = 3054 (w), 1726 (s), 1608 (w), 1558 (m), 1154 (m), 1088 (w), 803 (w), 752
(m), 689 (m) cm™'. MS (EI) m/z (%) = 403 (M, 21), 248 (100), 236 (9), 194 (3), 155
(29), 91 (86), 77 (27). HRMS m/z [M*] Calcd for C,3H;7NO,S 403.0877, found

403.0852.

(E)-3-(Tosylhydrazono-1-ethyl)-2H-chromen-2-one (210)
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Using general procedure 2, 193a (2.00 g, 10.6 mmol), p-toluenesulfonamide (2.08
g, 11.2 mmol), and anhydrous magnesium sulfate (22.0 g) in toluene (100 mL) were
reacted for 48 h. The clear colorless solution went to a bright yellow over the course of
the reaction. The dichloromethane solution was then washed with 1 M HCI (50 mL) and
was dried with anhydrous magnesium sulfate. The dichloromethane solution was gravity
filtered and the solvent was removed under reduced pressure, which afforded 210 (3.34 g,
9.38 mmol, 88%) as a pale yellow solid.
Mp 157-158 °C (chloroform/hexane). '"H NMR (500 MHz, CDCls): 8 = 7.96 (s, 1H, H-4),
7.86 (d, 2H, I = 8.6 Hz), 7.57-7.54 (m, 2H), 7.34-7.30 (m, 4H), 2.44 (s, 1H, H-2"), 2.42 (s,
3H, H-1"), 2.18 (s, 3H, H-7"). >*C NMR (126 MHz, CDCL3): § = 160.0 (0), 154.3 (0),
150.3 (0), 144.6 (0), 142.2 (1), 135.5 (0), 132.7 (1), 129.9 (1), 129.0 (1), 128.2 (1), 126.1
(0), 125.6 (1), 119.1 (0), 116.7 (1), 21.8 (3), 15.3 (3). IR (nujol, KBr) Umax = 3226 (m),
3021 (w), 1718 (m), 1607 (w), 1600 (w), 1342 (m), 1161 (s), 754 (m) cm™". MS (APCI)
m/z (%) = 357 (M +1). MS (EI) m/z (%) 200 (100), 172 (58), 144 (18), 115 (30), 91 (59),

89 (11). HRMS m/z [M*] Calcd for C15H;sN,0,4S 356.0829, found 356.0851.

Diphenylphosphoryl azide® (214)
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To a room temperature solution of diphenyl chlorophosphate (3.00 g, 11.2 mmol)
in dry acetone (50 mL) was added sodium azide (0.76 g, 11.7 mmol). The mixture was
reacted at room temperature for 3 h. The clear colorless solution went to a thick white
suspension over the course of the reaction. The mixture was gravity filtered and the
solvent removed under reduced pressure and the residue was then subjected to flash
chromatography (dichloromethane), which afforded 214 (2.86 g, 10.4 mmol, 93%) as a
thick clear colorless oil.

'"H NMR (500 MHz, CDCls): § = 7.42-7.37 (m, 5H), 7.32-7.18 (m, 5H). >*C NMR (126
MHz, CDCl;): § = 150.1 (0, d, Jc.p = 4.8 Hz), 150.0 (0, d, Jc.p = 5.4 Hz), 130.3 (1), 126.6
(1), 126.3 (1), 120.6 (1, d, J = 4.8 Hz), 120.4 (1, d, J = 5.4 Hz). IR (nujol, NaCl): Upux =
3432 (w), 3066 (m), 2522 (w), 2174 (vs), 1590 (s), 1489 (s), 1457 (m), 1300 (s), 1275 (s),
1202 (s), 1025 (m), 946 (s), 781 (s), 688 (m), 598 (w) cm™'. MS (EI) m/z (%) = 275 (M,

100), 215 (11), 167 (73), 154 (31), 126 (26), 94 (28), 77 (77), 65 (55), 51 (36).

Acetylglycine (216)
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To a room temperature solution of glycine (75.00 g, 1.00 mol) in deionized (300.0
mL) was added acetic anhydride (215.00 g, 2.1 mol, 198.7 mL). The mixture reacted at
room temperature for 5 h. The clear colorless solution went to a thick white suspension
over the course of the reaction. The solution was then cooled to 6 °C and the solution was
then filtered and washed with cold deionized water (300 mL), which afforded 216 as a

white solid (98.51 g, 0.64 mol, 85%).

3-Acetamido-2H-chromen-2-one (211)*

P 4\3 Hl\()
8

To a room temperature solution of salicylaldehyde (61.10 g, 0.50 mol), anhydrous
sodium acetate (41.00g, 0.50 mol) in acetic anhydride (255.26 g, 2.50 mol, 250.0 ml) was
added acetylglycine (58.6 g, 0.38 mol) and mixture was heated to 100 °C for 90 min. The
clear colorless solution went to a dark clear red over the course of the reaction. The
solution was cooled to room temperature and was diluted with ice water (300 mL) and
cooled to 6 °C. The suspension produced was then filtered, which afforded 211 as a
yellow solid (40.00 g, 0.20 mol). The solid was twice crystallized from ethanol, which
afforded 211 (27.00 g, 0.13 mol, 27%) as a white solid.
Mp 195-196 °C (Lit.?' 203-204 °C). 'H NMR (500 MHz, CDCl5): & = 8.69 (s, 1H, H-4),
8.10 (s, 1H, H-1"),7.52 (dd, 1H,J=7.4, 1.2 Hz), 7.46 (td, 1H, J=7.9, 1.4 Hz), 7.34-7.30

(m, 2H), 2.26 (s, 3H, H-3"). *C NMR (126 MHz, CDCl5): § = 169.7 (0), 159.0 (0), 150.1

90



(0), 129.9 (1), 128.0 (1), 125.4 (1), 124.2 (0), 123.6 (1, C-4), 120.0 (0), 116.6 (1), 24.9 (3,
C-3". IR (nujol, NaCl): Umax = 3331 (s), 1710 (s), 1683 (s), 1605 (m), 1530 (m), 1145
(m), 766 (w), 708 (w) cm™. MS (EI) m/z (%) = 203 (M, 18), 161 (100), 133 (37), 106

(8), 78 (10), 51 (9).

(2-Oxo0-2H-chromen-3-yl)carbamic acid tert-butyl ester (215)

5 4 1'“ 2,0
4
6 N \(
2 O

7 ?44'
8 8a ? 3

0]

To a room temperature solution of 211 (5.00 g, 24.6 mmol), 4-
(dimethylamino)pyridine (0.60 g, 49.1 mmol) in freshly distilled THF (120 mL) was
added di-rerz-butyl dicarbonate (22.48 g, 0.103 mol). The mixture was reacted under
reflux for 4 h under nitrogen. The clear colorless solution went to a clear pale yellow over
the course of the reaction. The solution was cooled to room temperature and was added
hydrazine hydrate (3.94 g, 0.123 mol, 3.83 mL) and freshly distilled methanol (100 mL)
in one portion. The solution was allowed to react at room temperature for an additional 4
h. The solution was then diluted with dichloromethane (200 mlL) and was washed with 1
M HCI (aq.) (100 mL), 1 M CuSOy4 (aq.) (100 mL), and 1 M NaHCO; (aq.) (100 mL).
The solution was then dried over anhydrous MgSQy filtered and the solvent was removed
under reduced pressure to give a white solid. The residue was then subjected to silica
flash column chromatography (dichloromethane), which afforded 215 (5.82 g, 22.3

mmol, 91%) as a white solid.

91



R, = 0.86 (dichloromethane). Mp 85-86 °C (chloroform/hexane) (Lit.'® 85-86 °C). 'H
NMR (500 MHz, CDCL3): 8 = 8.29 (s, 1H, H-4), 7.47 (dd, 1H, J = 7.6, 1.0 Hz), 7.42 (td,
1H, J = 7.9, 1.8 Hz), 7.33-7.28 (m, 2H), 1.55 (s, 9H, H-4"). °C NMR (126 MHz, CDCl;):
§ = 158.8 (0), 152.7 (0), 149.7 (0), 129.2 (1), 127.5 (1), 125.2 (1), 124.8 (0), 120.6 (1, C-
4),120.3 (0), 116.5 (1), 81.9 (0, C-3'), 28.4 (3, C-4"). IR (nujol, NaCl): Vmax = 3322 (m),
1700 (s), 1304 (w), 1238 (m), 1159 (m), 1042 (w), 1013 (w), 904 (w), 692 (w) cm™. MS

(ED m/z (%) = 261 (M*,10), 205 (8), 187 (100), 161 (75), 133 (24), 103 (44), 57 (65).

3-Amino-2H-chromen-2-one (212)

To a room temperature 15% TFA/chloroform solution by volume (50 mL.), was
added 215 (0.500 g, 19.1 mmol). The mixture was reacted at room temperature under
nitrogen for 24 h. The solvent was removed under reduced pressure to produce a thick
clear brown oil and the residue was subjected to flash chromatography (5 % ethyl acetate/
dichloromethane), which afforded 212 (0.307 g, 1.91 mmol, 99.7%) as a white solid. Ry=
0.61 (5 % ethyl acetate/ dichloromethane).

Mp 135-136 °C (chloroform/hexane) (Lit.'° 132-135 °C). 'H NMR (500 MHz, CDCl;): &
=7.31-7.26 (m, 3H), 7.24-7.19 (m, 1H), 6.71 (s, 1H, H-4"), 4.15 (s, 1H, H-1"). °C NMR
(126 MHz, CDCl3): 8 = 159.6 (0), 149.3 (0), 132.2 (0), 126.8 (1), 125.3 (1), 124.8 (1),

121.4 (0), 116.4 (1), 111.1 (1, C-4). IR (nujol, NaCl): Upax = 3428 (w), 3324 (w), 1705
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(s), 1647 (w), 1590 (w), 1227 (w), 1170 (w), 889 (w), 742 (m) cm’'. MS (EI) m/z (%) =
161 (M', 100), 133 (49), 106 (21), 78 (35), 51 (13). HRMS m/z [M"] Calcd for C¢H;NO,

161.0463, found 161.0498.

General Procedure for the Preparation of the 2-Azadienes

Procedure 3: Use of Dean-Stark conditions in the preparation of the 2-azadienes.

To a room temperature solution of 212 in toluene containing glacial acetic acid
(0.10 mL), was added the aromatic aldehyde (1.05 equivalents) and the mixture was
heated under reflux using a Dean-Stark apparatus under nitrogen. The reaction was
monitored by TLC until 3-aminocoumarin was consumed. The solution was cooled to 6
°C and the resulting precipitate was then collected by suction filtration and washed with

pentane. The product was crystallized from chloroform/hexane.
Procedure 4: Using non Dean-Stark conditions.

To a room temperature solution of 212 in absolute ethanol containing glacial
acetic acid (0.10 mL) and 4 A molecular sieves was added the aromatic aldehyde (1.05

equivalents) and the mixture was reacted overnight using reflux conditions under

nitrogen. The solution was then cooled to room temperature and filtered. The solvent was
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removed under reduced pressure and the residue was then crystallized from

chloroform/hexane.

(E)-3-[(4-nitrobenzylidene)amino]-2H-chromen-2-one (222)
31 SN0,
e
1'
5,4 |

Using general procedure 3, 212 (1.00 g, 6.2 mmol), of 4-nitrobenzaldehyde (1.13
g, 7.47 mmol), 4 A molecular sieves (~20 g), and absolute ethanol (25 mL) were reacted
for 4 h. The pale yellow solution went to a thick yellow suspension over the course of the
reaction. The solution was then filtered and washed with cold pentane (50.0 mL x 3),
which afforded 222 (1.45 g, 4.93 mmol, 79%) as a yellow solid.
Mp 238-239 °C (chloroform/hexane). '"H NMR (500 MHz, CDCl;): § =9.49 (s, 1H, H-
1, 8.33 (d, 2H, J = 9.3 Hz), 8.11 (d, 2H, J = 8.7 Hz), 7.83 (s, 1H, H-4), 7.60-7.55 (m,
2H), 7.39 (d, 1H, J = 8.3 Hz), 7.35 (t, 1H, J = 7.6 Hz). >*C NMR (126 MHz, CDCl;): § =
161.7 (1, C-1"), 158.2 (0), 152.6 (0), 149.8 (0), 141.9 (0), 136.8 (1, C-4), 133.6 (0), 132.0
(1), 129.9 (1), 128.5 (1), 125.1 (1), 124.2 (1), 119.9 (0), 116.7 (1). IR (nujol, NaCl): Dyax
= 1705 (s), 1618 (w), 1597 (w), 1520 (m), 1344 (m), 1288 (w), 1081 (m), 950 (w), 837
(w), 748 (w) cm™. MS (EI) m/z (%) = 294 (M, 77), 204 (5), 191 (7), 146 (100), 118 (35),

89 (13). HRMS m/z [M"] Calcd for Ci6HgN2O,4294.0639, found 294.0631.
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(E)-3-[(2-Hydroxynaphthalen-1-ylmethylene)amino]-2H-chromen-2-one (223)

Using general procedure 4, 212 (0.80 g, 5.0 mmol), 2-hydroxy-1-naphthaldehyde
(0.95 g, 5.2 mmol), 4 A molecular sieves (~20 g), and absolute ethanol (25.0 mL) were
reacted for 16 h. The yellow solution went to a thick dark orange suspension over the
course of the reaction. The solvent was removed under reduced pressure and the residue
was crystallized, which afforded 223 (0.61 g, 1.8 mmol, 39%) a dark orange solid.
Mp 224-225 °C. "H NMR (500 MHz, CDCl3): 6 = 10.19 (s, 1H, H-2'), 8.19 (d, 1H, J =
7.8 Hz), 7.84 (d, 1H, J=9.4 Hz), 7.73 (d, 1H, J = 7.1 Hz), 7.70 (s, 1H), 7.64-7.53 (m,
3H), 7.45-7.33 (m, 4H), 7.12 (d, 1H, J = 9.8 Hz). °C NMR (126 MHz, CDCl;): § = 167.8
(0), 159.6 (1), 158.1 (0), 152.1 (0), 137.1 (1), 133.4 (0), 131.4 (1), 131.3 (1), 131.0 (0),
129.5 (1), 128.5 (1), 128.0 (1), 127.9 (0), 125.2 (1), 124.2 (1), 121.2 (1), 119.9 (1), 119.8
(0), 116.7 (1), 110.1 (0). IR (nujol, KBr): Umax = 1725 (s), 1619 (m), 1326 (m), 1289 (w),
1195 (w), 1063 (m), 1034 (w), 820 (m), 750 (s), 468 (w). MS (EI) m/z (%) = 315 (M",
100), 270 (5), 146 (27), 118 (22), 114 (5), 77 (10). M", found 315.0888, CyH;3NO;

requires M", 315.0894.

(E)-3-[(2-Hydroxybenzylidene)amino]-2H-chromen-2-one (224)12
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To a room temperature solution of glycine ethyl ester hydrochloride (8.35 g, 59.9
mmol), of triethylamine (9.0 mL, 6.53 g, 64.6 mmol) in deionized water (40.0 mL), was
added salicylaldehyde (13.7 mL, 16.0 g, 131.0 mmol). The mixture was stirred
vigorously for 18 h. The clear colorless solution went to a thick orange suspension over
the course of the reaction. The solution was suction filtered, which afforded 224 (12.56 g,
47.3 mmol, 79%) as an orange solid.

Mp 177-178 °C (water/DMF) (Lit.">* 189-190 °C). '"H NMR (500 MHz, CDCl;): § =
12.93 (s, 1H, H-8"), 9.48 (s, 1H, H-1"), 7.71 (s, 1H, H-4), 7.67-7.61 (m, 2H), 7.46-7.28
(m, 4H), 7.03-6.85 (m, 2H). >C NMR (126 MHz, CDCls): § = 167.5 (1, C-1%, 161.7 (0),
158.1 (0), 152.4 (0), 134.4 (1, C-4), 134.2 (1), 133.5 (1), 132.0 (0), 131.7 (1), 128.3 (1),
125.1 (1), 119.8 (0), 119.6 (1), 119.5 (0), 117.6 (1), 116.7 (1). IR (nujol, KBr): Uk =
3398 (w), 3038 (w), 1729 (s), 1611 (s), 1571 (m), 1294 (m), 1228 (w), 1147 (w), 1074
(m), 923 (W), 745 (s) cm™. MS (EI) m/z (%) = 265 (M", 83), 220 (7), 146 (100), 118 (33),

77 (24). HRMS m/z [M'] Calcd for C;6H;1{NO3 265.0738, found 265.0728.

(E)-3-(Benzylidene)amino-2H-chromen-2-one (225)
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Using general procedure 4, 212 (0.65 g, 4.0 mmol), benzaldehyde (0.60 mL, 0.64
g, 6.0 mmol), 4 A molecular sieves (~20 g), and absolute ethanol (20 mL) were reacted
for 14 h. The clear colorless solution went to a clear pale yellow over the course of the
reaction. The solvent was removed under reduced pressure, which afforded 225 (0.66 g,
2.7 mmol, 68%) as a pale yellow solid.
Mp 141-142 °C (Lit.** 140-150 °C). 'H NMR (500 MHz, CDCls): § = 9.16 (s, 1H, H-1"),
7.95 (dd, 2H, J = 6.9, 2.2 Hz), 7.61 (s, 1H, H-4), 7.55-7.45 (m, 5H), 7.37 (d, 1H, J = 8.2
Hz), 7.27 (t, 1H, J = 7.4 Hz). >C NMR (126 MHz, CDCl;): § = 164.5 (1, C-1"), 158.6 (0),
152.4 (0), 136.3 (0), 135.9 (0), 132.31 (1), 132.28 (1), 131.0 (1), 129.4 (1), 129.0 (1),
128.0 (1), 124.7 (1), 120.2 (0), 116.6 (1). IR (nujol, KBr): Umax = 3034 (W), 1715 (s),
1611 (m), 1574 (m), 1288 (m), 1218 (w), 1122 (w), 1061 (s), 998 (m), 915 (m), 750 (s),
693 (m) cm™. MS (EI) m/z (%) 249 (M*, 22), 220 (4), 161 (100), 146 (31), 133 (34), 106

(14), 78 (26). HRMS m/z [M*] Calcd for C16H;;NO, 249.0789, found 249.0783.

(E)-3-[(4-Methoxybenzylidene)amino]-2H-chromen-2-one (226)

% Rulkarni, Y. D.; Srivastava, D. S.; Bishnoi, A.; Dva, P. R. J. Indian Chem. Soc. 1996, 73, 173-175.
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Using general procedure 4, 212 (0.50 g, 3.1 mmol), p-anisaldehyde (0.40 mL,,
0.43 g, 3.2 mmol), 4 A molecular sieves (~20 g), and absolute ethanol (30 mL) were
reacted for 12 h. The clear colorless solution went a clear pale yellow over the course of
the reaction. The solvent was removed under reduced pressure, which afforded 226 (0.63
g, 2.3 mmol, 87%) as a pale yellow solid.
Mp 150-151 °C. "H NMR (500 MHz, CDCls): § = 9.02 (s, 1H, H-1"), 7.89 (d, 2H, J = 9.0
Hz), 7.52-7.46 (m, 3H), 7.35 (d, 1H, J=8.1 Hz), 7.28 (t, 1H, /= 8.1 Hz), 6.98 (d, 2H, J =
9.0 Hz), 3.88 (s, 3H, H-5". °C NMR (126 MHz, CDCl;): § = 163.6 (1, C-1, 163.2 (0),
158.9 (0), 152.3 (0), 136.5 (0), 131.3 (1), 131.1 (1), 130.6 (1), 129.2 (0), 127.8 (1), 124.8
(1), 120.4 (0), 116.5 (1), 114.5 (1), 55.6 (3, H-5’). IR (nujol, NaCl): vyax = 1713 (s), 1604
(m), 1570 (m), 1300 (w), 1252 (s), 1170 (m), 1057 (m), 1020 (w), 835 (w), 751 (w) cm™".
MS (ED) m/z (%) = 279 (M", 86), 236 (4), 207 (10), 146 (100), 77 (25), 69 (29). HRMS

m/z [M'] Calcd for C;7H;3NO3 279.0894, found 279.0885.

(E)-3-[(Thiophen-2-ylmethylene)amino]-2H-chromen-2-one (227)

98



Using general procedure 4, 212 (1.60 g, 3.1 mmol), 2-thiophenecarboxaldehyde
(0.90 mL, 1.14 g, 10.1 mmol), 4 A molecular sieves (~20 g), and absolute ethanol (30
mL) were reacted for 14 h. The clear colorless solution went to a clear pale yellow over
the course of the reaction. The solvent was removed under reduced pressure, which
afforded 227 (2.11 g, 8.27 mmol, 83%) as a pale yellow solid.
Mp 152-153 °C. "H NMR (500 MHz, CDCls): 8 = 9.50 (s, 1H), 7.71 (s, 1H), 7.57-7.48
(m, 4H), 7.36 (d, 1H, J = 7.7 Hz), 7.30 (t, 1H, J = 7.4 Hz), 7.16 (t, 1H, J = 4.2 Hz). 1*C

NMR (126 MHz, CDCl3): 6 = 158.6 (0), 157.4 (1), 152.2 (0), 143.5 (0), 134.7 (1, H-4),

134.0 (0), 133.8 (1), 131.6 (1), 131.1 (1), 128.3 (1), 128.0 (1), 124.9 (1), 120.3 (0), 116.

5

(1). IR (nujol, NaCl): Vmax = 3099 (w), 3078 (w), 1720 (s), 1606 (m), 1591 (s), 1559 (W),

1290 (w), 1224 (w), 1078 (m), 912 (w), 754 (m), 726 (w) cm™ . MS (EL) m/z (%) = 255
(M*, 94), 226 (21), 146 (100), 118 (34), 96 (25), 51 (16). HRMS m/z [M'] Caled for

C14HyNO,S 255.0353, found 255.0359.

(E)-3-[(5-Bromothiophen-2-ylmethylene)amino]-2H-chromen-2-one (228)
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Using general procedure 4, 212 (0.60 g, 3.7 mmol), 5-bromo-2-
thiophenecarboxaldehyde (0.50 mL, 0.75 g, 3.9 mmol), 4 A molecular sieves (~20 g), and
absolute ethanol (30 mL) were reacted for 16 h. The clear colorless solution went to a
clear dark yellow over the course of the reaction. The solvent was removed under
reduced pressure, which afforded 228 (0.60 g, 1.8 mmol, 48%) as a pale yellow solid.
Mp 201-202 °C. 'H NMR (500 MHz, CDCl3): 8 = 9.44 (s, 1H, H-1"), 7.72 (s, 1H, H-4"),
7.54-7.49 (m, 2H), 7.34 (d, 1H, J = 8.5 Hz), 7.30 (t, 1H, ] = 8.2 Hz), 7.26 (d, 1H,J = 3.9
Hz),7.11 (d, 1H, J = 3.8 Hz). "C NMR (126 MHz, CDCl3): § = 158.4 (0), 156.3 (1, C-
1", 152.2 (0), 145.2 (0), 135.9 (1, C-4), 133.7 (1), 133.2 (0), 131.3 (1), 128.2 (1), 125.0
(1), 120.211 (0), 120.207 (0), 116.5 (1). IR (neat, KBr): Upmax = 2945 (vw), 2923 (vw),
2866 (vw), 1959 (w), 1720 (vs), 1610 (m), 1578 (m), 1557 (w), 1453 (w), 1422 (s), 1284
(w), 1227 (w), 1059 (s), 968 (w), 920 (w), 803 (m), 749 (s), 460 (m). MS (EI) m/z (%) =
333 (M7, 48), 304 (2), 226 (3), 189 (2), 146 (100), 118 (23), 95 (50), 45 (20). M", found

332.9469, C14H3BrNO,S requires M*, 332.9458.

(E)-3-[(3-Nitrobenzylidene)amine]-2H-chromen-2-one (229)
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Using general procedure 4, 212 (1.40 g, 8.7 mmol), 3-nitrobenzaldehyde (1.34 g,
8.9 mmol), 4 A molecular sieves (~20 g), and absolute ethanol (30.0 mL) were reacted
for 14 h. The clear colorless solution went to a clear dark yellow over the course of the
reaction. The solvent was removed under reduced pressure, which afforded 229 (0.60 g,
1.8 mmol, 57%) as a dark yellow solid.
Mp 224-225 °C. "H NMR (500 MHz, CDCls): § = 9.54 (s, 1H), 8.35 (dd, 1H, /= 8.5, 1.6
Hz), 8.24 (d, 1H, J=7.7Hz), 7.75 (t, 1H, J = 7.8 Hz), 7.60 (d, 1H, J = 7.7 Hz), 7.56 (td,
1H, J = 8.3, 1.9 Hz), 7.40 (d, 1H, J = 8.3 Hz), 7.34 (t, 1H, J = 7.4 Hz). *C NMR (126
MHz, CDCl;): § = 161.6 (1), 158.3 (0), 152.6 (0), 149.0 (0), 138.3 (0), 136.4 (1), 133.5
(0), 131.8 (1), 130.0 (1), 128.4 (1), 126.2 (1), 125.1 (1), 124.8 (1), 123.5 (1), 119.9 (0),
116.7 (1). IR (nujol, NaCl): Vpax = 1726 (s), 1619 (m), 1568 (w), 1522 (s), 1218 (w),
1155 (w), 1123 (w), 1083 (w), 1063 (m), 909 (W), 749 (m) cm™'. MS (EI) m/z = (%) 294
(M, 13), 190.4 (4), 146 (100), 118 (3), 89 (21). HRMS m/z [M'] Calcd for C16H;oN,O4

294.0646, found 294.0639.

(E)-3-[(2-Nitrobenzylidene)amino]-2H-chromen-2-one (230)
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Using general procedure 4, 212 (1.40 g, 8.7 mmol), 2-nitrobenzaldehyde (1.34 g,
8.9 mmol), 4 A molecular sieves (~20 g), and absolute ethanol (30 mL) were reacted for
14 h. The clear colorless solution went to a clear dark yellow over the course of the
reaction. The solvent was removed under reduced pressure, which afforded 230 (1.58 g,
5.37 mmol, 62%) as a dark yellow solid.
Mp 224-225 °C. "TH NMR (500 MHz, CDCl3): § = 9.54 (s, 1H, H-1'), 8.29 (dd, 1H, J =
7.0, 1.3 Hz), 8.08 (dd, 1H, J = 7.8, 1.2 Hz), 7.75 (t, 1H, J = 7.5 Hz), 7.67-7.64 (m, 2H),
7.58-7.52 (m, 2H), 7.38 (d, 1H, J = 8.2 Hz), 7.32 (t, 1H, J = 8.0 Hz). °C NMR (126
MHz, CDCl3): § = 160.1 (1), 158.2 (0), 152.7 (0), 149.6 (0), 135.6 (0), 133.8 (1), 133.0
(1), 132.0 (1), 131.6 (1), 131.0 (0), 130.2 (1), 128.3 (1), 125.0 (1), 124.8 (1), 119.8 (0),
116.7 (1). IR (nujol, NaCl): Umax = 1726 (s), 1619 (m), 1568 (w), 1522 (s), 1218 (w),
1155 (w), 1123 (w), 1083 (w), 1063 (m), 909 (w), 749 (m) cm™. MS (ED) m/z (%) = 294
(M, 8), 249 (11), 190 (7), 160 (65), 132 (100), 104 (36), 77 (24). HRMS m/z [M*] Calcd

for C16H10N204 294.0639, found 294.0635.

(E)-3-[(2-Hydroxy-4-methoxybenzylidene)amino]-2H-chromen-2-one (231)
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Using general procedure 4, 212 (0.60 g, 3.7 mmol), 4-methoxysalicylaldehyde
(0.59 g, 3.9 mmol), 4 A molecular sieves (~20 g), and absolute ethanol (30 mL) were
reacted for 14 h. The clear colorless solution went to a clear dark yellow over the course
of the reaction. The solvent was removed under reduced pressure, which afforded 231
(0.35 g, 1.8 mmol, 32%) as a dark yellow solid.
Mp 195-196 °C. 'H NMR (500 MHz, CDCl5): 8 = 13.40 (s, 1H, H-6'), 9.33 (s, 1H), 7.61
(s, 1H), 7.54-7.50 (m, 2H), 7.36 (d, 1H, J = 8.3 Hz), 7.33-7.29 (m, 2H), 6.52-6.48 (m,
2H), 3.85 (s, 3H, H-6"). °C NMR (126 MHz, CDCl3): § = 166.0 (1), 164.9 (0), 164.3 (0),
158.3 (0), 152.2 (0), 134.8 (1), 132.8 (1), 132.4 (0), 131.2 (1), 128.0 (1), 125.0 (1), 120.0
(0), 116.6 (1), 113.4 (0), 107.8 (1), 101.3 (1), 55.7 (3, C-6'). IR (nujol, NaCl): Opax =
1716 (s), 1608 (m), 1554 (m), 1289 (w), 1221 (w), 1119 (m), 1074 (m), 1024 (w), 965
(W), 926 (w), 825 (w), 751 (m), 723 (w) cm™. MS (EI) m/z (%) = 295 (M, 100), 266 (4),
224 (3), 146 (58), 118 (20), 77 (7), 39 (7). HRMS m/z [M"] Caled for C1;H;3NOy

295.0843, found 295.0848.

(E)-3-[(5-Bromeo-2-hydroxybenzylidene)amino}-2H-chromen-2-one (232)
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Using general procedure 4, 212 (0.50 g, 3.1 mmol), 5-bromo-salicylaldehyde
(0.65 g, 3.3 mmol), 4 A molecular sieves (~20 g), and absolute ethanol (30 mL) were
reacted for 14 h. The clear colorless solution went to a clear bright yellow over the course
of the reaction. The solvent was removed under reduced pressure, which afforded 232
(0.66 g, 1.9 mmol, 64%) as a bright yellow solid.
Mp 251-252 °C. "H NMR (500 MHz, CDCls): 8 = 12.98 (s, 1H, H-8'), 9.47 (s, 1H, H-1",
7.75 (s, 1H, H-4), 7.59-7.56 (m, 3H), 7.48 (dd, 1H, J = 8.6, 2.3 Hz), 7.40 (d, 1H, J = 8.8
Hz), 7.35 (td, 1H, J = 7.4, 1.4 Hz), 6.92 (d, 1H, J = 9.3 Hz). "*C NMR (126 MHz,
CDCls): 8 = 166.1 (1), 160.6 (0), 157.9 (0), 152.5 (0), 136.7 (1), 135.5 (1), 1354 (1),
132.1 (1), 131.3 (0), 128.4 (1), 125.2 (1), 120.9 (0), 119.6 (1), 116.7 (1), 111.0 (0), 96.3
(0). IR (nujol, KBr): Umax = 3415 (W), 3154 (w), 1716 (s), 1614 (m), 1275 (s), 1170 (m),
1063 (w), 952 (w), 751 (w) cm™. MS (EI) m/z (%) = 343 (M*, 50), 298 (3), 146 (100),

118 (33), 77 (16). HRMS m/z [M*] Calcd for C16H;oBrNO; 342.9843, found 342.9792.

(E)-3-[(4-Fluorobenzylidene)amino]-2H-chromen-2-one (233)

104



Using general procedure 4, 212 (0.60 g, 3.7 mmol), 4-fluorobenzaldehyde (0.40
mL, 0.48 g, 3.3 mmol), 4 A molecular sieves (~20 g), and absolute ethanol (30 mL) were
reacted for 14 h. The clear colorless solution went to a clear pale yellow over the course
of the reaction. The solvent was removed under reduced pressure, which afforded 233
(0.72 g, 1.9 mmol, 72%) as a pale yellow solid.
Mp 131-132 °C. "TH NMR (500 MHz, CDCl5): § = 9.16 (s, 1H), 7.97-7.94 (m, 2H), 7.62
(s, 1H), 7.55-7.51 (m, 2H), 7.38 (d, 1H, J = 8.5 Hz), 7.33-7.29 (m, 2H), 7.18 (t, 1H, J =
8.3 Hz). ">*C NMR (126 MHz, CDCl5): 8 = 165.4 (0, d, 'Jcx = 253 Hz, C-5"), 162.9 (1),
158.6 (0), 152.3 (0), 135.4 (0), 132.8 (1), 132.7 (0, d, *Jer = 3 Hz, C-2), 131.5 (1, d, *Jer
=9 Hz, C-3"), 131.1 (1), 128.0 (1), 124.9 (1), 120.2 (0), 116.6 (1), 116.2 (1, d, Jer= 22
Hz). IR (nujol, KBr): Umax = 1717 (s), 1210 (m), 1161 (w), 1101 (w), 1057 (m), 947 (w),
923 (w), 836 (W), 752 (s) cm™". MS (EI) m/z (%) = 267 (M*, 70), 238 (14), 222 (3), 183
(7), 161 (64), 146 (100), 133 (36), 118 (28), 78 (26). HRMS m/z [M"] Calcd for

Ci16H;10FNO, 267.0694, found 267.0701.

(E)-3-[(4-Chlorobenzylidene)amine]-2H-chromen-2-one (234)
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Using general procedure 4, 212 (0.60 g, 3.7 mmol), 4-chlorobenzaldehyde (0.40
mL, 0.48 g, 3.3 mmol), 4 A molecular sieves (~20 g), and absolute ethanol (25.0 mL)
were reacted for 14 h. The clear colorless solution went to a clear pale yellow over the
course of the reaction. The solvent was removed under reduced pressure, which afforded
234 (0.76 g, 1.9 mmol, 72%) as a pale yellow solid.
Mp 183-184 °C. "H NMR (500 MHz, CDCls): 8 = 9.22 (s, 1H), 7.91 (d, 2H, J = 8.4 Hz),
7.67 (s, 1H), 7.58-7.53 (m, 2H), 7.49 (d, 2H, J = 9.0 Hz), 7.40 (d, 1H, J = 9.0 Hz), 7.34
(t, 1H, J = 7.0 Hz). *C NMR (126 MHz, CDCl;): § = 163.0 (1), 158.5 (0), 152.4 (0),
138.3 (0), 135.1 (0), 134.8 (0), 133.5 (1), 131.2 (1), 130.5 (1), 129.3 (1), 128.1 (1), 124.9
(1), 120.1 (0), 116.6 (1). IR (nujol, KBr): Umax = 1725 (8), 1623 (m), 1586 (w), 1216 (w),
1151 (w), 1096 (m), 923 (w), 828 (w), 752 (m) cm™. MS (EI) m/z (%) = 283 (M*, 43),
254 (6), 190 (2), 146 (100), 89 (38), 63 (16). HRMS m/z [M*] Calcd for C;6H;oCINO,

283.0399, found 283.0393.
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Chapter 3: Results and Discussion

3.1  Attempted Inverse Electron Demand Diels-Alder Reactions of the

i1-Azadienes.

Previous work in the Bodwell group resulted in the discovery that “all-carbon”
diene 133b underwent an IEDDA-driven domino reaction to give benzocoumarins.
However, the use of enamines derived from six-membered ketones 236 gave a mixture of
nonaromatized products 237 and 238, which could be aromatized upon treatment with an
oxidant such as DDQ. It was suggested that the reluctance of these systems to
dehydrogenate resulted from more severe nonbonded interactions in 239 compared to 235

(Scheme 3.1).!

'Pottie, 1. Thesis, The Memorial University of Newfoundland, 2002.
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Scheme 3.1

The enamine derived from cyclopentanone and pyrrolidine was selected for initial
studies of the IEDDA chemistry of the 1-azadienes. Not only is this enamine easily
prepared and stable, but also it had been found to react reliably with other electron
deficient dienes prepared previously in the Bodwell group.

Diene 183 reacted with enamine 134 to afford ketone 242 (37%), and the desired
pyridocoumarin 243, but only in 1% yield (Scheme 3.2). The formation of 243 can be

explained by an IEDDA reaction between 183 and 134 to afford adduct 240, followed by
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successive elimination of p-toluenesulfonamide and pyrrolidine. It seems more likely that
the elimination of p-toluenesulfonamide would occur first because it not only involves a
more acidic proton and a better leaving group, but also leads to restoration of the partial
aromaticity of the pyrene ring. Despite the very poor yield, the formation of 243 was an

encouraging result (Scheme 3.2).

IEDDA CN—@

134

(lN—NHTs /lN 0
+
0~ "0 0~ "0
183 243 242° ° \

7S ' 247

Scheme 3.2

The formation of 242 can be rationalized by an initial 1,2-addition of the enamine
134 to the imine unit of 183. The resulting adduct 244 can expel the conjugate base of p-

tolenesulfonamide to afford 245, which can collapse to zwitterions 246 with the loss of
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N,. A 1,2 H-shift (or some other process) could then give 247, hydrolysis of which
provides the observed product 242. Other plausible mechanisms to account for the
formation of A can be postulated, but the lack of information about the nature of the
intermediates renders this discussion academic. The key conclusion of this experiment is
that the introduction of the nitrogen atom into the diene system has brought with ita 1,2-
imine addition pathway that can compete with the desired cycloaddition (concerted) or
stepwise (1,4-addition) pathway (Scheme 3.2).

An important feature of diene 183 is that the substituent on the diene nitrogen
atom (NHTSs) is not very electron withdrawing, if at all. This being the case, it was hoped
that dienes 186 and 187, which have electron-withdrawing N-substituents (phth and tosyl,
respectively) would result in the formation of greater proportions of the pyridocouamrin
product 243. However, this was not the case. Both dienes reacted to afford a,[3-
unsaturated ketone 250 in moderate to good yield (Scheme 3.3). No trace of 243 was
observed in either reaction. This product 250 also appears to be the end result of 1,2
addition to the imine moiety of 186 or 187. Formation of this product can be explained
via a intramolecular (or intermolecular) proton transfer in zwitterionic intermediate 246
affords enamine 247. Hydrolysis and elimination of RNH, provide the observed product
250. Interestingly, this is the product of an aldol condensation between cylcopentanone
and 3-formylcoumarin, which are the direct precursors of 186 and 187. The double bond

geometry of 250 was established unambiguously by "H NOE experiments.
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Scheme 3.3

The reactions of dienes 182, 184, 185, 188, 190, 207, 208, and 210 with enamine

134 resulted in the complete consumption of the dienes, but no pure products could be

isolated (except in the case of diene 185 where >95% of the diene was isolated). The low

reactivity 185 is likely due to the dimethylamino group, which is very electron donating.

The "H NMR spectra of the crude reaction mixtures indicated that complex mixtures had

formed.

The observation that Ian Pottie’s diene 133b undergoes 1,4-addition, but the 1-

azadienes described above undergo 1,2-addition can be explained using the energy

profiles presented in Figure 3.1. Presumably, both systems can react eitherina 1,2 or a

1,4 sense. In the case of all-carbon 133b, its behavior suggests that AGT for reaction in a

1,2-fashion is significantly higher than that for reaction in a 1,4-fashion. The replacement
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of carbon with nitrogen at the 1-position would thus appear to have the effect of reversing
the relative heights of the energy barriers for the two processes. The introduction of a
nitrogen atom at the 1-position surely lowers the energy barrier to the desired 1,4-
addition, but had the unforeseen effect of lowering the energy barrier to 1,2-addition to a
much greater extent. The isolation of trace amount of desired product 243 supports the
notion of such a competition. If only from an intuitive perspective, the presence of an
electron deficient imine unit (as opposed to a Michael acceptor) in the side chain of the 1-

azadiene also appears to be consistent with the above argument.

1,2-imine
addition

[4+2] +
cycloaddition LAG (g

normalized

E products

products

R. C.

C = diene 133b
N = 1-azadienes

Figure 3.1
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In an attempt to block 1,2-addition of the dienophile to the imine unit in 207,
dienes 208 (which is known to react with ethyl vinyl ether and diethyl ketene acetal)® and
188 were reacted with enamine 134. Disappointingly, these reactions also resulted in the
formation of complex mixtures. In light of the very discouraging results with the 1-
azadienes, work in this area was suspended.

The reason(s) why the 1-azadienes do not react in the desired fashion are not
immediately obvious. Diels-Alder reactivity has been linked to the HOMO-LUMO gap
between the reacting species, but this does not appear to be relevant here. Calculated
(AM1) HOMO and LUMO energies of dienes 158, 187, 251, 252 and dienophiles 58 and
134 are presented in Table 3.1 along with the respective HOMO-LUMO gaps. Looking at
the HOMO-LUMO gaps there is little differences between the all-carbon and nitrogen
containing 1-azadienes. This would seem to lend credence to the scenario proposed in
Figure 3.1, in which the IEDDA reactions of 251 and 252 are shown to be nearly
degenerate. However, this situation is severely more complicated than the simple
HOMO-LUMO based argument would suggest. According to the calculated HOMO-
LUMO gaps, 251 and 158 should be equally reactive towards ethyl vinyl ether. In fact
133b (the methyl ester of 251) was found to be unreactive toward ethyl vinyl ether at 140
°C, whereas 158 was reported to react with ethyl vinyl ether at in a sealed tube at 100 °C

with the vinyl ether dissolved in dioxane under 12 kbar of pressure.’

z a) Boger, D. L.; Corbett, W. L.; Curran, T. T.; Kasper, A. M. J. Am. Chem. Soc. 1991, 113, 1713-1729. b)
Boger, D. L.; Kasper, A. M. J. Am. Chem. Soc. 1989, 111, 1517-1519.
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N—S0zPh N—SO2Ph

| COH N—COzH ! I
; 0" o 0" o 0" o

251 252 158

LUMO =-1.62eV | LUMO =-1.68 eV LUMO = -1.89 eV LUMO =-1.64 eV

7.74 7.68 7.47 7.72

é 6.44 6.38 6.17 6.42

134

HOMO =
-8.06 eV

Table 3.1 - Calculated HOMO-LUMUO gaps (eV) for selected 1-azadienes and

dienophiles 58 and 134.

Another consideration is the accessibility of the s-cis conformation of the 1-
azadiene. Access to the s-cis conformation is requirement for the Diels-Alder reaction to
occur. AM1 calculations indicates that the 1-azadiene is 3.3 kcal/mol higher in energy
than the corresponding s-trans conformers, so the reactive s-cis conformer would be
expected to predominate. By comparison, the s-cis and s-trans conformers of 251 were
calculated to be roughly equal energy. An unfavorable dipole-dipole interaction in s-trans
252 can be used to explain why this conformer is disfavored. The large dihedral angle

(45.1 ° compared to 0 ° for s-cis) is consistent with this explanation. (Table 3.2).
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,COxH
X 2

!
Q:f —_— C(I\\X/COZH
O O O @)

s-cis s-trans
X=N X=CH X=N | X=CH
(251) {251) (252) (251)
AHL® (kcalimel) -88.93 | -105.8 -85.62 | -105.7
dihedreal angle -0.3 178.5 -45.1 178.9

Table 3.2 — Calculated heats of formation and dihedral angles for s-cis and s-frans

conformers of selected dienes and 1-azadienes.

3.1 Attempted Inverse Electron Demand Diels-Alder Reactions Using the 2-

Azadienes.

Subjection of 2-azadiene 222 to reaction with enamine 134 under the same

conditions employed for the reactions with the 1-azadienes also resulted in 1,2-addition.

In this case, however, ketone 252 was obtained in 95% yield as a 2 : 1 mixture of

diastereomers (Scheme 3.4). No other products were isolated. The two diastereomers

were not separable and no attempts were made to assign their relative stereochemistries.

The apparent 1,2-addition can be explained in the same way as those to the 1-azadienes.
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Scheme 3.4

Not only was the excellent yield of 252 encouraging, but there also appeared to be
the possibility for a “plan B” ring closure. An enamine (nucleophilic, albeit tempered by
the C=0 group of the coumarin moiety) and a ketone (electrophilic) are present. C-C
bond formation between these two functional groups would lead to the formation of a six-
membered ring (i.e. 253), which was, in a sense, the goal of the reaction. The tertiary
alcohol in 253 looks to be a likely candidate for elimination, which would be a useful
step in the direction of aromatization, which is another objective of the chemistry

(Scheme 3.5).
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(O]

Aromatic product

Scheme 3.5

Several attempts were made to induce 252 to undergo ring closure. The use of
oxophilic Lewis acids (10 mol % AICl;, BiCls, and Yb(OTf)3) resulted in no reaction
either at room temperature or at reflux in tetralin. The use of the protic acid catalyst p-
TsOH (10 mol %) at reflux in dichloromethane gave rise to the formation of three new
products 259 (15%), 212 (56%), and 260 (85%) (Scheme 3.6 and Scheme 3.7). The most
interesting product 259 was tentatively assigned on the basis of its mass spectrum, NOE
and various 2-dimensional NMR experiments. Due to some ambiguity, a conclusive
assignment could not be made. A proposed mechanism for the formation of 259 is given
in Scheme 3.6. The other two products were 3-aminocoumarin 212 and o,B-unsaturated
ketone 260. An acid-catalyzed elimination mechanism can account for the formation of

these products (Scheme 3.7 and Scheme 3.8).
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Scheme 3.6

Scheme 3.7
An attempt to bring about cyclization under basic conditions (NaH/THF) gave

only 3-aminocoumarin 212 and elimination product 260 as observed from 'H NMR.

Simply heating 252 in toluene was also investigated, but, although this led to the
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complete consumption of the starting material, 3-aminocoumarin 212 was the only

product isolated. None of the elimination product 260 was observed.

© NH
sHeglioey
N’H +
Q\/@
O 260

Scheme 3.8

In an attempt to disfavor 1,2-addition, chloroimine 263 was synthesized from

amide 262, which was prepared from 3-aminocoumarin and benzoyl chloride followed by

treatment with PCls (84% 2 steps) (Scheme 3.9). However, reaction of 263 with enamine

134 led to the formation of a complex mixture.
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Scheme 3.9

The situation for the 2-azadienes is similar to that of the 1-azadienes. As with the
1-azadienes, the calculated HOMO-LUMO gaps for the 2-azadienes show no clear
trends. However, the s-frans conformer of 222 is now calculated to be lower in energy
(by 3.2 kcal/mol) than the corresponding s-cis conformer. An unfavorable alignment of

the dipoles in s-cis can be invoked to explain this preference.
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LUMO =-1.62eV | LUMO=-1.64¢eV LUMO =-1.80 eV

OEt
58

HOMO =
-9.36 eV

()

N

é 6.44 6.42 6.26

134

HOMO =
-8.06 eV

7.74 7.72 7.56

Table 3.3 — Calculated HOMO-LUMO gaps (eV) for selected 2-azadienes and
dienophiles 58 and 134.

Again, the other consideration is the accessibility of the s-cis conformation of the
2-azadiene. The s-cis conformation is an essential requirement for the Diels-Alder
reaction to occur. AM1 calculations suggested that the 2-azadiene 222 is 3.2 kcal/mol
more stable in the s-trans conformation than it is the desired s-cis conformation. However
this energy difference is small enough for an appreciable proportion of the s-cis
conformer to be present in solution. The s-cis confomer of all carbon diene 251 was
calculated to be 0.4 kcal/mol lower in energy that the corresponding s-trans confomer.

Evidently, the presence of the N atom serves to disfavor the s-cis conformation.
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X=N | X=CH
AHP® (keal/mel) -88.93 11.8
dihedral angle -0.3 178.5

X=N X=CH
-85.62 12.2
-45.1 178

Table 3.4 — Calculated heats of formation and dihedral angles for s-cis and s-frans

conformers of selected dienes and 2-azadienes.

3.2 The Povarov Reaction

Benzannulated 2-azadienes are known to undergo Lewis acid-catalyzed IEDDA

reactions to give reduced quinolines. In recognition of the pioneering work of Povarov in

this area,’ such reactions have been referred to as the Povarov reaction. A typical

example is the reaction between imine 265, which is the condensation product of aniline

and 4-nitrobenzaldehyde, and ethyl vinyl ether in the presence of BF3 OEt; (Scheme

3.10). This presumably affords adduct 266, tantomerism of which restores the aromaticity

of an aromatic sextet and delivers the observed product 267.

3 Povarov, L. S. Russ. Chem. Rev. 1967, 36, 656-670.
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265 266

Scheme 3.10

The Nagayama group demonstrated that other Lewis acids, e.g. M(OTf);,
Sc(OTf)s3, and Yb(OTY)s, effectively catalyzed the Povarov reaction and the azadiene (the
imine) could be formed in situ (Scheme 3.1 1).4 The latter development rendered the
Povarov reaction a three-component reaction. A broad range of reduced quinolines has

been prepared using the Povarov reaction.’

“ QO : ;
_ cat. M(OTf); N
RICHO + 4 / + or . | = H + |
Rz/‘ MgSO4, CH3CN, It Rz// N ///R1 Rz// u R
269" 270

/\RS

Scheme 3.11

Since reduced quinolines are present in a wide variety of natural products, the

Povarov reaction seems well suited to natural product synthesis. One particular elegant

4 a) Kobayashi, S.; Ishitani, H.; Nagayama, S. Chem. Lett. 1995, 423-424. b) Kobayashi, S.; Ishitani, H.;
Nagayama, S. Synthesis 1995, 1195-1202. c¢) Kobayashi, S.; Nagayama, S. J. Am. Chem. Soc. 1996, 118,
8977-8978.

5 Nomura, Y.; Kimura, M.; Takeuchi, Y. and Tomoda, S. Chem. Lett. 1978, 267-270. b) Kametani, T.;
Takeda, H.; Suzuki, Y.; Honda, T. Syn. Commun. 1988, 15, 499-505. c) Suzuki, Y.; Honda, T. /.
Heterocycloc Chem. 1986, 23, 185-187. d) Lucchini, V.; Prato, M.; Scorrano, G.; Stivanello, M. J. Chem.
Soc. Prekin Trans 2 1992, 259-266.
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example is Batey’s syntheses of martinelline and martinellic acid (Scheme 3.12).° The
key step of both syntheses was a Dy(OTf);-catalysed three-component Povarov reaction
between aniline 271 and dihydropyrrole 272, which functioned both as the aldehyde

component and the dienophile (Scheme 3.12).

CO4CHs
Dy(OTf); | n,c0,c
O QL
" omen NN
NH, Boc 929% 273
271 272
5 7 steps to 275 BocN
ROLC 8 steps to 276
H H -
N Uy A~NAN N%( D N~ NHBoc
NH H
274
275R=H
H
NH
Scheme 3.12

Mechanistically, the Povarov reaction could proceed by a concerted asynchronous

pathway, or by a two-step mechanism (See. Chapter.1 p. 10, Figure 1.1) (Scheme 3.13).

6 a) Powell, D. A.; Batey, R. A. Org. Lett. 2002, 4, 2913-2916. b) Batey, R. A.; Simonic, P. D.; Lin, D.;
Smyj, R. P. Lough, A. J. Chem. Comm. 1999, 651-652.
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There does not appear to be any conclusive evidence in the literature to support or refute

either of these possible mechanisms.

NO, NO,
Tl 2om 0L
N/\© o N a
M(OTf
265 1776 (oT)

) M(OTH)
278

279

tautomerize
-M(OTH),

OR

SO

Scheme 3.13
3.3 Application of the Povarov reaction to 2-azadienes.

The similarity in structure between the 2-azadienes described in Chapter 2, e.g.

222, and typical Povarov dienes, e.g. 265, prompted the investigation of using Povarov
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conditions to achieve cycloadditions of the 2-azadienes. Yb(OTf); was chosen as the
Lewis acid and general reaction conditions described by the Batey group®® were chosen
for initial studies. Enamines are conspicuously absent as dienophile for the Povarov
reaction, so 2,3-dihydo-2H-pyran (DHP) was chosen as the dienophile. Thus the reaction
of diene 222 with DHP in the presence of Yb(OTf); afforded adduct 280 as a mixture of
two diastereomers in a ratio of 1 : 1.8. The combined yield was 96% (Scheme 3.14).
Concerns that the partial aromaticity of the pyrone ring would not provide enough of an

incentive for the tautomerization step were apparently unfounded.

NO; 5 % mol Yb(OTH),
DHP
N
0 0

Scheme 3.14

The two diastereomers were formally the products of endo and exo addition in an
IEDDA reaction followed by migration of the double bond into the pyrone ring. This was
determined using standard 1 and 2D NMR experiments as well as NOE experiments. The
key indicators that were used to assign the relative stereochemistry of the endo 280a and
exo 280b (and the other Povarov adducts stereochemistry below) were the magnitude of
the coupling constant between H4a and HS and the observation of an NOE between H12c

and HS5. In endo 280a H4a and HS are cis to one another and consequently will have an

126



approximate gauche relationship. The coupling constant is accordingly low (2.5 Hz in
endo 280a. Significant NOE effects (3.4% - 5.9%) were observed between each of H12c,
H4a, and HS), which is consistent with an all-cis arrangement of these protons. The
enhancement observed between Hi2c and HS is only possible via a 1,3-diaxial
interaction. In exo 280b the coupling constant between H4a and HS is 11.5 Hz, which is
strongly indicative of a trans-diaxial arrangement. As expected, no NOE was observed
between H12c and HS. However, an enhancement of 4.5% was observed between H12c
and H4a (Figure 3.2). For both endo 280a and exo 280b (the major isomer) a small
coupling constant was observed between H12c and H4a, which is consistent with a cis
(gauche) arrangement. Although the NMR based assignments of the relative
stereochemistry were quite compelling, attempts to grow crystals of both diastereomers

of 280 were performed, but these did not provide crystals of sufficient quality for X-ray

crystallography.

NO,

J=25HzH-5 J=11.5HzH-5
J=4.5HzH-12c J= 35HzH-12¢
Figure 3.2
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Following the successful reaction between diene 222 and DHP, a series of other
dienophiles were reacted with 222 (Table 3.5). Reactions were run initially at room
temperature and those that showed no signs of progress after several hours were heated at
reflux. Those dienophiles that afforded Povarov adducts generally did so in good yield.
The exo-adducts were generally preferred, with the exceptions of the reactions of indene,
4-bromostyrene, and acenaphthylene, which gave endo adducts with high selectivity
(>95: 5). Assuming that the NMR-based assignments are correct, the anomalous
selectivity of these reactions is surprising. No obvious explanation for the reversal in
selectivity is apparent.

The identification of endo and exo diastereomers was accomplished using the
NMR techniques described above. Some consistent chemical shift differences between
endo and exo 1somers were also observed, which on occasion also proved to be helpful in
assigning the relative stereochemistry. Tabulated NMR data for all Povarov adducts are

present in Appendix (Table A.1, Table A.2).
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. : Rxn |, . ; : Rxn |, .
Dienophile Time Yield! endo : exo Dienophile Time Yield] endo : exo
o V/,
20 1:1.8 1:11.8
@ min | 50 (280a : 280b) > 45h) 82 (285a : 285b)
/ min | "2 |(281a: 281b) Y 18h | 61 (286)
Os 8h 85 >95:5 /7 | 5min 82 >95:5
reflux (282) Br reflux (287)
“ -4
s 1 7n 1:3 V/ . 3:1
N7 |refiux| © (283a : 283b) |1C° 20min) 82 | 88, : 288b)
60 1.8:1 . 1:1.7
Phag—® | min | 81 | (284a: 284b) go—2 [P ™MIN 76 | 5594 : 289b)

Table 3.5 - Dienophiles that reacted successfully with diene 222.

Several dienophiles that were reacted with 222 did not provide Povarov adducts.

The reaction with 1-methylindole proceeded very quickly to afford 291 (99%), which

consists of the aldehyde-desired portion of azadienes 222 and two units of the dienophile

(Scheme 3.15). Surprisingly, the coumarin portion of 222 was not present in the product

(1,2-addition of 1-methylindole to diene 222 would afford 292). Lewis acid-catalyzed

Syl reaction of 292 with another equivalent of 1-methylindole leads to the observed

product 291 via 293 and donor/acceptor-stabilized diarylcation 294.
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OTf)3

Scheme 3.15

Curiously, the reactions between diene 222 and each of the dienophiles vinyl
acetate, 2,3-benzofuran and ethyl ethynyl ether led to the formation of 3-aminocoumarin
and 4-nitrobenzaldehyde, i.e. hydrolysis of azadiene 222 (Scheme 3.16). The reactions

were monitored by tlc and "H NMR until the diene was consumed. The reason(s) why the
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Povarov reaction does not occur and the mechanism by which hydrolyse take place are
not immediately obvious. In situ generation of the dienophile 1-(2-propenyl)pyrrolidine
from the reaction of acetone and pyrrolidine (a tactic that has been used successfully with
diene 1407) led to the formation of a complex mixture. Again, enamines appear to be
unsuitable dienophiles for the azadienes of interest. Finally, the attempted reaction of

diene 222 with caffeine did not proceed to any appreciable extent after 7 hours at reflux.

NO, A 0Ac
o
> +
o~ Yo =—Ort o~ Yo OHC

222 212 221
o)
Q CH,
Z . > /U\ HscNﬁ'\B
H MgSO4 O)\N N/
CHs 297
Complex
Mixture

No Reaction

Scheme 3.16

The possibility of performing three-component Povarov reactions, i.e. generating
the azadiene 222 in situ, was then investigated. Reaction of 3-aminocoumarin 212,

benzaldehyde 221 and DHP gave adduct 280 with a similar ratio to that observed in the

" Bodwell, G.; Hawco, K. The Memorial University of Newfoundland, Unpublished Results.
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reaction of diene 222 with DHP (Scheme 3.17). However, the yield was only 40%, which

compares quite unfavorable to the 90% yield obtained with the preformed diene 222.

Scheme 3.17

Variation of the aldehyde component was investigated (Table 3.6). The use of 4-
acetoxybenzaldehyde proved to be successful in reactions with 3-aminocoumarin and
both DHP and DHF. The yields for these reactions (55% and 30%, respectively) are
comparable to those obtained using 4-nitrobenzaldehyde. Similar results were obtained

using methyl 4-formylbenzoate and methyl glyoxalate.
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OHC=CO>CHa

aldehyde dienophile] endo:exo |rxntime| yield
° 1:1.6
( :> U (280a: 280p)| 241 | 40
o
,, O : >95:5 25d 55
ScocH, (298) reflux
_@_ (01) 1:1 25d .5
SCOCH; (299a : 299b) | reflux
o
c- < : > Q >95:5
7d 31
OCH; @ (300)
° >95: 5 2.5 d 06
U (301) reflux

Table 3.6 — The use of different aldehydes in the three-component Povarov reaction.

Gratifyingly, X-ray quality crystals of the product that has been assigned as exo

299b by NMR were obtained and its structure was determined crystallographically

(Figure 3.3). This unambiguously confirmed the NMR-based assignments. The trans-

diaxial relationship between H-11 and H-14 (crystallographic numbering) that was one of

the key elements of the NMR-based assignments and can be seen clearly. Thus the NMR-

based assignments can be viewed with a good level of confidence.
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Figure 3.3 - Ortep representation of the exo adduct 299b. (The compound

numbering is not the same as shown in the experimental section).

With the ultimate goal of this work being the generation of pyridocoumarins,
attempts were made to aromatize some of the Povarov adducts. Treatment of adducts 285
and 281 produced pyridocoumarins 302 (72% yield) 303 (93% yield), respectively
(Scheme 3.18). In the former case, a series of additions and eliminations reactions
involving two equivalents of Br, leads to the observed product. In the case of 285, the
intramolecular elimination of the alcohol means that only one equivalent of Br; is
required to bring about aromatization. Attempts to aromatize indene adduct 282 (Scheme
3.18) using Br, did not give the desired pyridocoumarin, but rather a mixture of several
products. Attempted chromatographic separation of this mixture afforded what appears
(by '"H NMR) to be a mixture of brominated pyridocoumarins 304a and 304b. Clearly,

other ways of aromatizing the Povarov adducts will have to be developed.
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Scheme 3.18
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3.4 Summary and Outlook

A series of coumarin-fused 1- and 2-azadiene were prepared as substrates for
IEDDA-driven domino reactions with enamines. However, their reactions with enamine
134 consistently failed to afford the desired products. 1,2-addition to the imine unit of the
side chain emerged as the preferred mode of reaction. The use of Yb(OTf); as a catalyst
(Povarov reaction) and non-enamine dienophiles ultimately gave products consistent with
the goals. Three-component Povarov reactions gave adducts in modest (<50%) yield,
while the use of a preformed azadiene 222 typically gave yields in excess of 60%. Two
adducts were successfully aromatized to give the desired pyridocoumarins.

There is much room for continuation of this work. Reasonable avenues of
investigation include, but are not limited to

e careful optimization of both the two- and three- component Povarov reactions

involving coumarin-fused azadienes.

e further investigation of the scope and limitations of the Povarov reactions

e the search for general and high-yielding methods for the aromatization of the

Povarov adducts.

Accomplishment of these goals would provide the means for the expedient
synthesis of a broad range of pyridocoumarins. The application of this methodology in

the total synthesis of natural products, e.g. 174, may also prove to be fruitful (Figure 3.4).
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174

Figure 3.4

Experimental

General Procedures

For general procedures refer to the corresponding section in Chapter 2.

3-(2-Oxocyclopentylmethyl)-2H-chromen-2-one (242) and 2,3-dihydro-7H-7-0xa-4-

aza-cyclopenta[c]phenanthren-6-one (243)
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To a solution of 3-(tosyl-hydrazonomethyl)-2H-chromen-2-one 183 (6.00 g, 17.5
mmol) in dry dichloromethane (20 mL) was added 1-(cyclopent-1-enyl)-pyrrolidine (7.21
g, 52.6 mmol, 7.67 mL) and the mixture was stirred under nitrogen at room temperature

for 4 h. The initial pale yellow slurry went to a clear pale yellow solution and then to a
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dark clear orange solution over the course of the reaction. The reaction was monitored by
TLC and worked-up was initiated once the diene had been fully consumed. The solvent
was removed under reduced pressure and the thick brown oily residue was subjected to
flash chromatography (gradient: dichloromethane to 15% ethyl acetate/dichloromethane),
which afforded 242 as a white solid (1.55 g, 6.54 mmol, 37%) and 243 as a white solid
(0.05 g, 0.21 mmol, 1%).

242: Ry = 0.50 (dichloromethane). Mp = 73-74 °C (ethyl acetate/hexane). "H NMR (500
MHz, CDCl;): 8 =7.60 (s, 1H, H-4), 7.49 (t, 1H, J = 7.6 Hz), 7.46 (d, 1H, J = 8.2 Hz),
7.35(d, 1H, J=8.2 Hz), 7.27 (t, 1H, J = 7.4 Hz), 3.05 (dd, 1H, J=13.3, 5.2 Hz), 2.62-
2.51 (m, 2H), 2.39-2.34 (m, 1H), 2.25-2.11 (m, 2H), 2.06-2.00 (m, 1H), 1.85-1.75 (m,
1H), 1.63-1.55 (m, 1H). *C NMR (126 MHz, CDCl5): 8 = 219.8 (0, C-3"), 161.9 (0),
153.5 (0), 140.5 (1, C-4), 131.1 (1), 12.8 (0), 127.6 (1), 124.5 (1), 119.6 (0), 116.7 (1),
48.2 (2),38.0 (2), 31.2 (1, C-2'), 29.8 (2), 20.7 (2). IR (nujol, NaCl): Vyux = 1721 (m),
1702 (s), 758 (2) cm™. MS (EI) m/z (%) = 242 (M*, 35), 224 (10), 186 (73), 171 (17), 147
(100), 115 (41), 77 (31), 28 (60). Anal. Calc. For C;sH;405: C 74.36, H 5.82; found; C
73.39, H 5.88.

243: Ry = 0.36 (15% ethyl acetate/dichloromethane). Mp = >208 °C (dec.) (ethyl
acetate/hexane); 'H NMR (500 MHz, CDCl3): 8 = 9.41 (s, 1H), 8.15 (d, 1H, J = 8.1 Hz),
7.59 (t, 1H, J=7.8 Hz), 7.42-7.37 (m, 2H), 3.51 (t, 2H, J="7.2 Hz, H-3), 3.22 (t, 2H, J =
7.9 Hz, H-1), 2.35 (quint, 2H, J = 7.8 Hz, H-2). *C NMR (126 MHz, CDCl;): § = 173.1
(0), 160.8 (0), 153.0 (0), 152.2 (1, C-4), 138.1 (0), 132.2 (1), 130.6 (0), 127.3 (0), 124.8

(1), 118.3 (1), 117.9 (0), 115.0 (0), 34.8 (2, C-1), 33.2 (2, C-3), 22.8 (2, C-2). IR (nujol,
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NaCl): Omax = 1726 (s), 1605 (w), 1575 (w), 1546 (w), 1287 (w), 1105 (m), 1086 (m),
765 (m) cm™. MS (EI) m/z (%) = 237 (M, 106), 208 (30), 180 (10), 152 (8), 126 (4), 63

(8), 28 (80). HRMS m/z [M"] calcd for C;sH;;NO, 237.0789, found 237.0785.

(E)-3-(2-Oxocyclopentylidenemethyl)-2H-chromen-2-one (250) (from diene 186)
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To a solution of 186 (1.50 g, 4.70 mmol) in dry THF (30 mL) was added 1-
(cyclopent-1-enyl)-pyrrolidine 134 (2.06 mL, 14.1 mmol, 1.94 g) and the reaction
mixture was stirred under nitrogen at room temperature for 3 h. The initial yellow slurry
change to a bright clear orange solution over the course of the reaction. The reaction was
monitored by TLC and was worked up once the diene had been fully consumed. The
solvent was removed under reduced pressure and the dark clear brown oily residue was
then subjected to flash chromatography (dichloromethane), which afforded 250 as a white
solid (0.60 g, 2.5 mmol, 53%).

250: Ry = 0.91 (dichloromethane). Mp = 247-248 °C (chloroform/hexane). 'H NMR (500
MHz, CDCl;): 6 = 7.84 (s, 1H, H-4), 7.57-7.53 (m, 3H), 7.35 (d, 1H, J = 8.2 Hz), 7.32 (t,
1H, J=7.7 Hz), 2.96 (td, 2H, J= 7.2, 2.7 Hz, H-1"), 2.44 (t, 2H, J = 7.4 Hz, H-6"), 2.07
(quint, 2H, J = 7.4 Hz, H-5"). NOE-D (CDCl3): § = 7.84 (7.57-7.53, 1.8 %; 2.96, 2.7 %),

2.96 (7.84, 1.5 %; 2.44, 1.2 %; 2.07, 0.6 %). >C NMR (126 MHz, CDCls): & = 206.8 (0,
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C-39, 160.6 (0), 153.9 (0), 141.6 (1, C-4), 140.5 (0), 132.8 (1), 128.8 (1), 125.1 (1), 124.8
(1), 124.7 (0), 119.4 (0), 117.2 (1), 38.0 (2, C-4"), 30.3 (2, C-6'), 20.5 (2, C-5"). IR (nujol,
NaCl): Vmax = 3070 (W), 1712 (s), 1633 (w), 1597 (m), 1563 (w), 1293 (w), 1076 (w), 768
(m) cm™. MS (EI) m/z 240 (M*, 32), 211 (4), 197 (7), 184 (100), 115 (6), 77 (5). HRMS

m/z [M'] caled for Cy5sH;,05 240.0786, found 264.0777.

3-(2-Oxocyclopentylidenemethyl)-2H-chromen-2-one (250) (from diene 187)
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To a solution of 187 (1.00 g, 3.10 mmol) in dry dichloromethane (30 mL) was
added 1-(cyclopent-1-enyl)-pyrrolidine (1.34 mL, 9.20 mmol, 1.26 g) and the mixture
was stirred under nitrogen at room temperature for 30 min. The clear colorless solution
went to a bright clear orange solution over the course of the reaction. The reaction was
monitored by TLC and work-up was initiated once the diene had been fully consumed.
The solvent was removed under reduced pressure and the dark clear brown oily residue
was then subjected to flash chromatography (dichloromethane), which afforded 250 as a
white solid (0.56 g, 2.3 mmol, 77%). The product was crystallized from

chloroform/hexane. See previous experiment for characterization data.
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(2'R*,3'R*)-3-{[4-Nitrophenyl)(2-oxocyclopentyl)methyl]Jamino}-2H-chromen-2-one
(252a) and (2'R*,3'S*)-3-{[4-Nitrophenyl)(2-oxocyclopentyl)methyl]lamino}-2H-

chromen-2-one (252b)

To a solution of 222 (0.50 g, 1.7 mmol) in dry dichloromethane (50 mL) was
added 1-(cyclopent-1-enyl)pyrrolidine 134 (0.70 g, 5.1 mmol, 0.74 mL) and the mixture
was stirred under nitrogen for 1 h. The pale clear orange solution change to a dark clear
orange over the course of the reaction. The solvent was removed under reduced pressure
and the resulting dark brown oil was subjected to flash chromatography
(dichloromethane), which afforded 252a and 252b as a pale yellow solid (0.61 g, 1.6
mmol, 95%). The dr was determined tobe 2 : 1.
252a and 252b: Ry = 0.50 (dichloromethane). Mp = 190-191 °C (chloroform/hexane). 'H
NMR (500 MHz, CDCl;): 6 = 8.22 (t, 1.5H, J = 8.2 Hz), 7.54 (t, 1.5H, J = 8.2 Hz), 7.27-
7.21 (m, 4.5H), 7.18-7.11 (m, 4.5H), 6.13 (s, 0.5H, H-4), 5.98 (s, 1H, H-4), 5.85 (d, 0.5H,
J=83Hz),582(d, 1H, J=5.5Hz), 5.00 (q, 0.5H, /= 3.8 Hz), 4.96 (t, 1H, J = 5.0 Hz),
2.76-2.70 (m, 1.5H), 2.45-2.36 (m, 1.5H), 2.18-1.74 (m, 6H), 1.59-1.52 (m, 1H), 1.31-
1.26 (m, 0.5H). *C NMR (126 MHz, CDCls): § = 217.1 (0), 216.9 (0), 159.6 (0), 148.34
(0), 148.28 (0), 148.0 (0), 147.8 (0), 147.8 (0), 146.5 (0), 131.0 (0), 131.4 (0), 128.5 (0),

128.4 (1), 127.8 (1), 126.83 (1), 126.78 (1), 125.63 (1), 125.60 (1), 124.9 (1), 124.4 (1),
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124.3 (1), 121.1 (0), 121.0 (0), 116.3 (1), 108.4 (1), 108.0 (1), 57.0 (1), 55.9 (1), 54.63
(1), 54.62 (1), 39.0 (2), 38.8 (2), 25.4 (2), 24.6 (2), 20.50 (2), 20.59 (2). IR (nujol, NaCl):
Vmax = 3389 (m), 3061 (w), 1736 (m), 1695 (s), 1629 (m), 1602 (w), 1575 (w), 1509 (m),
1293 (w), 1216 (m), 1171 (m), 1109 (w), 1067 (w), 930 (w), 859 (w), 760 (m), 709 (w)
cm. MS (ED m/z (%) =379 (M*+1, 79), 359 (15), 295 (100), 218 (14), 162 (38).

HRMS m/z [M™] calcd for C,H;3N,05378.1214, found 378.1225.

4-(4-Nitrophenyl)-3,3a,4,5-tetrahydro-7H-7-oxa-5-azacyclopenta[c]phenanthren-6-

one (259) and (E)-2-(4-nitrobenzylidene)cyclopentanone (260)

260

To a solution of 252 (0.50 g,1.3 mmol) in dry dichloromethane (30 mL) was
added p-toluenesulfonic acid monohydrate (0.05 g, 0.26 mmol) and the mixture was
heated reacted under reflux for 8 h. The initial clear faint yellow solution became a dark
orange suspension over the course of the reaction. The solvent was removed under
reduced pressure the orange residue was subjected to flash chromatography
(dichloromethane), which afforded 259 as an orange solid (0.07 g, 0.19 mmol, 15%), 260
as a white solid (0.16 g, 0.75 mmol, 56%), and 3-amino-2H-chromen-2-one 212 as a

white solid (0.18 g, 1.1 mmol, 85%).
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259: Ry = 0.81 (dichloromethane). Mp = 211-212 °C (chloroform/hexane). 'H NMR (500
MHz, CDCl;): 8 = 8.25 (d, 2H, J = 8.3 Hz), 7.56 (d, 2H, J = 8.2 Hz), 7.48 (d, 1H, /= 8.3
Hz), 7.38 (d, 1H, J = 7.5 Hz), 7.34 (d, 2H, J = 3.7 Hz), 7.08 (s, 1H), 6.71 (s, 1H), 6.47 (s,
1H), 6.15 (s, 1H), 3.03-3.02 (m, 2H), 2.804-2.797 (m, 2H). NOE-D (CDCl3): = 6.71
(6.15, 7.4%), 6.47 (7.56, 2.6%; 6.71, 5.7%), 6.15 (7.08, 3.5%; 2.804-2.797, 3.0%), 3.03-
3.02 (7.56, 4.2%; 2.804-2.797, 3.0%), 2.804-2.797 (6.15, 2.3%; 3.03-3.02, 2.6%). °C
NMR (126 MHz, CDCl;): 6 = 160.0 (0), 148.6 (0), 148.6 (0), 144.5 (0), 140.2 (0), 128.9
(1,20), 127.5 (1), 126.1 (1), 125.2 (1), 124.1 (1, 2C), 121.0 (0), 120.4 (1), 116.5 (1),
114.9 (1), 111.6 (1), 29.4 (2), 29.2 (2). IR (nujol, KBr): Vmax = 3370 (m), 1698 (s), 1633
(w), 1606 (w), 1581 (m), 1509 (s), 1343 (s), 1319 (w), 1156 (w), 1106 (w), 1064 (w), 874
(W), 848 (W), 776 (w), 756 (m), 508 (w) cm™'. MS (EI) m/z (%) = 360 (M*, 100), 343
(40), 313 (64), 285 (7), 224 (23), 152 (12). HRMS m/z [M"] calcd for Cp1H16N2O4
360.1109, found 360.1154.

260: Ry = 0.70 (dichloromethane). Mp = 239-240 °C (chloroform/hexane). "H NMR (500
MHz, CDCl;): 6 = 8.27 (d, 2H, J = 9.5 Hz, H-4"), 7.68 (d, 2H, J = 8.6 Hz, H-3"), 7.40 (t,
1H, J=2.7Hz, H-1"), 3.02 (td, 2H, J = 7.4, 3.0 Hz, H-4), 2.47 (t, 2H, J = 7.7 Hz, H-2),
2.10 (quint, 2H, J = 7.5 Hz, H-3). NOE-D (CDCl3): § = 7.68 (8.27, 2.4%; 7.40, 1.6%;
3.02, 2.5%), 7.40 (7.69, 2.2%; 2.47, 0.6%), 3.02 (7.68, 2.7%; 2.47, 1.4%; 2.10, 2.1%),
2.47 (3.02, 1.8%; 2.10, 2.1%), 2.10 (3.02, 2.2%, 2.47, 2.4%). *C NMR (126 MHz,
CDCl3): 8 =207.5 (0, C-1), 147.8 (0), 142.2 (0), 140.1 (0), 131.0 (1, C-4), 1295 (1, C-
1, 124.1 (1, C-3", 37.9 (2, C-2), 29.6 (2, C-4), 20.3 (2, C-3). IR (nujol, KBr) Vmax =

1710 (s), 1626 (m), 1594 (w), 1510 (s), 1340 (s), 1318 (w), 1221 (w), 1174 (m), 1107
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(m), 911 (W), 860 (w), 842 (w), 810 (w), 748 (w), 689 (w) cm™". MS (EI) m/z (%) =217
(M, 67), 206 (100), 170 (51), 161 (44), 158 (15), 142 (21), 128 (53), 115 (71), 77 (19),

39 (25). HRMS m/z [M"] calcd for C1,H;;NO;217.0738, found 217.0733.

N-(2-Ox0-2H-chromen-3-yl)benzamide (262)
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To a solution of 3-aminocoumarin 212 (1.40 g, 8.68 mmol) and benzoyl chloride
(1.34 g, 9.53 mmol, 1.10 mL) in THF (50 mL) was added pyridine (0.72 g, 9.1 mmol,
0.75 mL) and the mixture was stirred at room temperature for 3 h. The clear colorless
solution became a thick white suspension over the course of the reaction. The reaction
was monitored by TLC and work-up was initiated once the diene had been fully
consumed. The mixture was diluted with chloroform until the white precipitate had
dissolved. The chloroform solution was then washed with aqueous 3 M HCI solution (50
mL) and then washed with 3 M NaOH solution (50 mL). The organic layer was dried
with MgSOy and the solvent was removed under reduced pressure. The residue was then
subjected to flash chromatography (dichloromethane), which afforded 262 as a white
solid (1.85 g, 7.0 mmol, 81%).

262: Ry = 0.85 (dichloromethane). Mp = 174-175 °C (chloroform/hexane). "H NMR (500

MHz, CDCl3): & = 8.86 (s, 1H, H-4), 8.84 (s, 1H, H-1"), 7.92 (d, 2H, J = 8.5 Hz), 7.61-
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7.45 (m, 4H), 7.46 (t, 1H, J = 7.8 Hz), 7.36-7.31 (2H, m)."’C NMR (126 MHz, CDCl;) §
166.3 (0), 159.2 (0), 150.2 (0), 133.8 (0), 132.8 (1), 130.0 (1), 129.175 (1), 129.2 (1),
128.1 (1), 127.375 (1), 127.371 (1), 125.5 (1), 124.4 (0), 123.6 (1, C-4), 120.1 (0), 116.6
(1). IR (nujol, KBr): Ve = 3367 (m), 3089 (w), 3069 (w), 1789 (s), 1716 (s), 1663 (s),
1601 (s), 1536 (m), 1255 (m), 1212 (s), 996 (m), 857 (w), 756 (s), 703 (s), 615 (s), 518
(W), 472 (w) cm™". MS (ED) m/z (%) = 265 (M, 20), 105 (100), 77 (48), 51 (13). HRMS

m/z [M*] caled for C;sH;1NO3 265.0738, found 265.0757.

N-(2-Oxo0-2H-chromen-3-yl)benzimidoyl chloride (263)

8
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To a solution of 262 (0.40 g, 1.5 mmol) in dry chloroform (30 mL) was added
phosphorus pentachloride (3.10 g, 14.9 mmol) and the mixture was stirred under reflux
for 3 h. The clear colorless solution went to a clear pale yellow solution and a white gas
was produced over the course of the reaction. When no more gas was observed, the
reaction mixture was poured onto ice water. The resulting mixture was extracted with
ether and the organic layer was washed with deionized water until it was pH neutral. The
organic layer was dried with MgSOy, and the solvent was removed under reduced

pressure to afford 263 as a pale yellow solid (0.38 g, 1.3 mmol, 89%).
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263: Mp = 144-145°C (chloroform/hexane). "H NMR (500 MHz, CDCls): 8 = 8.19 (d,
2H, J =7.5Hz), 7.58 (t, 1H, J = 7.4 Hz), 7.55-7.47 (m, 4H), 7.38 (d, 1H, J = 9.3 Hz),
731 (t, 1H, J=7.7 Hz), 7.26 (s, 1H, H-4). °C NMR (126 MHz, CDCl;): § = 156.4 (0),
152.3 (0), 149.6 (0), 134.8 (0), 134.4 (0), 133.1 (1), 130.6 (1), 130.000 (1), 29.995 (1),
128.752 (1), 128.748 (1), 127.8 (1), 127.6 (1), 125.0 (1), 119.5 (0), 116.8 (1). IR (nujol,
KBr): Umax = 1711 (s), 1666 (m), 1534 (s), 1257 (w), 1176 (w), 1157 (w), 755 (m), 702
(m), 615 (w) cm™. MS (EI) m/z (%) = 283 (M* 3Cl, 26), 248 (100), 220 (13), 190 (2),
145 (3), 105 (14), 89 (27), 77 (16), 63 (11). HRMS m/z [M'] calcd for C;sH;oCINO,

283.0399, found 283.0416.

General Procedure 1: Preparation of Povarov adducts using the preformed diene.

To a solution of diene and Yb(OTf); (5 mol %) in acetonitrile was added
dienophile (3.0 equivalents). The reaction was monitored by TL.C and work-up was
initiated once the diene had been fully consumed. The solvent was removed under
reduced pressure and the residue was subjected to flash chromatography. The isolated
product(s) were then crystallized from the appropriate solvent(s). The dr was determined

from "H NMR analysis of the crude reaction mixture.
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General Procedure 2: Preparation of Povarov adducts using the three-component

reaction.

To a solution of 3-aminocoumarin 212, the appropriate aldehyde (1.05
equivalents), and Yb(OTT); (5 mol %) in acetonitrile was added dienophile (3.0
equivalents). The reaction was monitored by tic and work-up was initiated once the 212
had been fully consumed. The solvent was removed under reduced pressure and the
residue was subjected to flash chromatography. The isolated product was then
crystallized from the appropriate solvent(s). The dr was determined from 'H NMR

analysis of crude reaction mixture.

(4aS* ,S5R*,12aR*)-5-(4-Nitrophenyl)-3,4,4a,5,6,12¢c-hexahydro-7H-1,8-dioxa-6-aza-
2H-pyrano[5,6-c]phenanthren-7-one (280a) and (4a$*,55%,12aR*)-5-(4-nitrophenyl)-
3,4,4a,5,6,12c-hexahydro-7H-1,8-dioxa-6-aza-2H-pyrano[5,6-c]phenanthren-7-one

(280b)
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Using general procedure 1, 222 (0.50 g, 1.7 mmol), 3,4-dihydro-2H-pyran (0.50
ml., 5.1 mmol, 0.43 g), Yb(OTf); (0.05 g) and acetonitrile (10 mL) were reacted for 20
min. The thick yellow suspension went to bright yellow suspension over the course of the
reaction. A yellow residue was obtained and the dr was determined to be 1 : 1.8 in favor
of 280b by NMR. This residue was subjected to flash chromatography
(dichloromethane), which afforded 280a (0.15 g, 0.40 mmol, 25%), 280b as a yellow
solid (0.39 g, 1.1 mmol, 65%). Combined yield = 0.62 g, 1.6 mmol, 90%.
280a: Ry = 0.90 (dichloromethane). Mp = 228-229 °C (chloroform/hexane). '"H NMR
(500 MHz, CDCl3): 6 = 8.27 (d, 2H, J =9.1 Hz, H-3"), 8.21 (d, 1H, J = 7.6 Hz, H-12),
7.63 (d, 2H, J = 8.7 Hz, H-2"), 7.37-7.34 (m, 2H), 7.30-7.28 (m, 1H), 5.50 (d, 1H, J =4.7
Hz, H-12¢), 5.07 (s, 1H, H-6), 4.81 (d, 1H, J = 2.5 Hz, H-5), 3.65-3.64 (m, 1H, H-2a),
3.25 (td, 1H, J=11.0, 1.2 Hz, H-2B), 2.38-2.35 (m, 1H, H-4a), 1.76-1.67 (m, 1H), 1.59-
1.48 (m, 1H), 1.43-1.41 (m, 2H). NOE-D (CDCl5): 6 = 8.55 (7.63, 4.1%), 8.21 (5.50,
3.2%), 7.63 (8.55, 4.6%; 5.07, 2.2%; 4.81, 2.6 %), 5.50 (8.21, 3.5%; 4.81, 3.5%; 2.38-
2.35,5.9%), 5.07 (7.63, 4.2%; 4.81, 7.0%), 4.81 (7.63, 4.4%; 5.50, 3.0%; 5.07, 2.5%;
2.38-2.35, 3.4%), 3.65-3.64 (5.50, 3.7%; 3.25, 20.6%), 3.25 (3.65-3.64, 20.0%; 1.76-
1.67, 5.7%; 1.59-1.48, 4.8%), 1.43-1.41 (7.63, 2.9%; 5.50, 5.0%; 4.81, 3.8%), 2.38-2.35
(1.76-1.67, 1.0%; 1.59-1.48, 2.0%;1.43-1.41, 2.8%). °C NMR (126 MHz, CDCl,): § =
158.5 (0), 148.5 (0), 147.9 (0), 147.2 (0), 130.7 (0), 128.0 (1, C-3"), 127.1 (1), 125.1 (1),
124.8 (1, C-12), 124.1 (1, C-2"), 120.3 (0), 116.7 (1), 116.6 (0), 71.8 (1, C-12c), 62.9 (2,

C-2), 58.9 (1, C-5), 38.3 (1, C-4a), 24.3 (2), 19.7 (2); IR (neat, ZnSe): Vmax = 3340 (W),
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2854 (w), 1722 (s), 1618 (w), 1598 (w), 1516 (m), 1348 (s), 1181 (m), 1091 (s), 857 (m),
752 (s) cm’l. HRMS m/z [MT] calcd for Cy1H 3N,0s5378.1214, found 378.1225.
280b: Ry = 0.80 (dichloromethane). Mp = 263-264 °C (chloroform/hexane). '"H NMR
(500 MHz, CDCls): 6 = 8.27 (d, 2H, J = 9.4 Hz, H-3"), 7.62 (d, 2H, J = 8.2 Hz, H-2),
7.57-7.55 (m, 1H, H-12), 7.29-7.27 (m, 3H), 5.09 (s, 1H, H-6), 4.87 (d, 1H, J =11.4 Hz,
H-5),4.71 (d, 1H, J=3.5 Hz, H-12¢), 4.20-4.17 (m, 1H, H-2a), 3.82 (td, 1H, /= 11.6,
1.7 Hz, H-2p), 2.12-2.08 (m, 1H, H-4a), 1.94-1.78 (m, 2H), 1.48-1.46 (m, 2H). NOE-D
(CDCl3): & = 8.27 (7.62, 5.6%), 7.62 (8.27, 3.6%; 5.09, 1.5%, 4.87, 2.9%; 2.12-2.08,
1.7%; 1.94-1.78, 1.6%; 1.48-1.46, 1.4%), 5.09 (7.62, 2.4%; 4.87, 1.0%); 4.87 (7.62,
5.2%; 5.09, 1.6%; 2.12-2.08, 1.0%; 1.94-1.78, 3.4%; 1.48-1.46, 1.3%), 4.71 (7.57-7.55,
7.6%; 3.82, 3.6%; 2.12-2.08, 4.5%; 1.94-1.78, 3.0%); 4.20-4.17 (3.82, 14.2%; 1.94-1.78,
4.2%; 1.48-1.46,3.3%), 3.82 (4.71, 3.8%; 4.20-4.17, 14.8%; 1.94-1.78, 2.8%; 1.48-1.46,
3.5%), 2.12-2.08 (7.62, 3.9%; 5.09, 1.0%; 4.87, 1.6%; 4.71, 4.8%; 1.94-1.78, 2.6%; 1.48-
1.46, 2.4%); °C NMR (126 MHz, CDCL3): § = 158.9 (0), 148.6 (0), 148.3 (0), 147.9 (0),
130.0 (0, C-2", 129.0 (1), 126.8 (1), 125.1 (1), 124.3 (1, C-3", 122.0 (1), 120.3 (0), 116.8
(1), 115.4 (0), 69.7 (1, C-12¢), 69.3 (2, C-2), 54.2 (1, C-5), 38.9 (1, C-4a), 23.6 (2), 22.0
(2). IR (neat, ZnSe): Vmax = 3389 (w), 2946 (w), 1710 (s), 1633 (m), 1509 (s), 1341 (s),
1186 (m), 1090 (m), 752 (s) cml. HRMS m/z [M*] calcd for Cy;H,;sN»05378.1214, found
378.1230.

Using general procedure 2, 3-aminocoumarin 212 (0.25 g, 1.6 mmol), 4-
nitrobenzaldehyde (0.25 g, 1.6 mmol), and 3,4-dihydro-2H-pyran (0.42 mL, 4.6 mmol,

0.39 g), Yb(OT1);3 (0.05 g), and acetonitrile (30 mL) were reacted for 24 h. The bright
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yellow suspension went to a thick bright yellow suspension over the course of the
reaction. A yellow residue was obtained and the dr was determined to be 1 : 1.6 in the
favor of 280b by NMR. The residue subjected to flash chromatography
(dichloromethane), which afforded 280 as a yellow solid (0.23 g, 0.61 mmol, 40%). The

final product was crystallized from chloroform/hexane.

(3aS*,4R*,11cS*)-4-(4-Nitrophenyl)-2,3,3a,4,5,11c-hexahydro-2H-1,7-dioxa-6-aza-
6H-furano[4,5-c]phenanthren-6-one (281a) and (3a$S*, 45*, 11¢5%)-4-(4-
nitrophenyl)-2,3,3a,4,5,11c-hexahydro-2H-1,7-dioxa-6-aza-6 H-furano[4,5-

c]phenanthren-6-one (281b)

Using general procedure 1, 222 (0.50 g, 1.7 mmol), 3,4-dihydro-2H-furan (0.40
mL, 5.1 mmol, 0.36 g), Yb(OTf); (0.05 g), and acetonitrile (10 mL) were reacted for 10
min. The bright yellow suspension went to a clear bright yellow over the course of the
reaction. A yellow residue was obtained and the dr was determined to be 1 : 1.3, in favor
of 281b by NMR. The residue was subjected flash chromatography (dichloromethane),
which afforded 281a (0.11 g, 0.30 mmol, 18%) as a yellow solid, 281b (0.21 g, 0.58
mmol, 34%) as a yellow solid, and mixed fraction (0.12 g, 0.33 mmol, 19%) as a yellow

solid. Combined yield = 0.44 g, 1.2 mmol, 72%.
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281a: Ry = 0.40 (dichloromethane). Mp = 251-252 °C (chloroform/hexane). 'HNMR
(500 MHz, CDCl3): 6 = 8.31 (d, 2H, J=7.9 Hz, H-3"), 7.85 (dd, 1H, J= 7.4, 1.5 Hz, H-
11),7.71 (d, 2H, J = 9.0 Hz, H-2"), 7.39-7.28 (m, 3H), 5.53 (d, 1H, J=7.4 Hz, H-11c¢),
4.99 (s, 1H, H-5), 4.86 (d, 1H, J = 2.3 Hz, H-4), 3.92 (td, 1H, J = 8.3, 2.8 Hz, H-2), 3.82
(ddd, 1H, J=9.3, 9.3, 6.7 Hz, H-2), 3.00-2.97 (m, 1H, H-3a), 2.20 (m, 1H, H-3p), 1.50-
1.54 (m, 1H, H-3a). NOE-D (CDCls): 6 = 8.31 (7.71, 4.4%), 7.85 (7.39-7.28, 5.1%; 5.53,
4.4%),7.71 (8.31, 6.6%; 4.99, 2.4%; 4.86, 2.1%), 5.53 (7.85, 4.0%; 4.86, 2.0%; 3.00-
2.97,5.3%),4.99 (1.71, 3.6%; 4.86, 1.0%), 4.86 (7.71, 4.6%; 5.53, 2.5%; 4.99, 2.5%;
3.00-2.97, 3.7%), 3.92 (3.82, 2.9%; 2.20, 2.8%; 1.60-.154, 1.2%), 3.82 (3.92, 9.5%; 2.20,
1.3%; 1.60-1.54, 1.3%); 3.00-2.97 (7.71, 2.6%; 5.53, 3.2%; 4.86, 3.6%; 1.60-1.54, 3.4%).
BC NMR (126 MHz, CDCl;): § = 158.8 (0), 149.0 (0), 147.9 (0), 147.0 (0), 129.3 (0),
127.6 (1, C-2), 127.5 (1), 125.0 (1), 124.6 (1, C-11), 124.4 (1, C-3"), 120.0 (0), 119.4 (0),
116.7 (1), 72.9 (1, C-2), 67.5 (2, C-2), 56.9 (1, C-4), 45.8 (1, C-3a), 25.2 (2, C-3). IR
(neat, ZnSe): Vmax = 334 (W), 1714 (s), 1636 (m), 1594 (m), 1347 (s), 1322 (w), 1184 (s),
1048 (m), 763 (s) cm™. HRMS m/z [M™] caled for CogH;6N,O5 364.1058, found
364.0974.

281b: Ry = 0.25 (dichloromethane). Mp = 208-209 °C (chloroform/hexane). '"H NMR
(500 MHz, CDCl;): 6 = 8.30 (d, J = 8.1 Hz, H-3"), 7.78-7.76 (m, 1H, H-11), 7.66 (d, 2H,
J=8.6 Hz, H-2"), 7.36-7.30 (m, 3H), 5.26 (s, 1H, H-5), 4.76 (d, 1H, J = 5.2 Hz, H-11c¢),
4.13 (ddd, 1H, J=8.4, 8.4, 6.4 Hz, H-2a), 3.98 (ddd, 1H, J = 8.8, 8.8, 5.9 Hz, H-2j3),
3.95(d, 1H,J/=11.2 Hz, H-4), 2.55-2.49 (m, 1H, H-3a), 2.18-2.11 (m, 1H, H-3a), 1.79-

1.73 (m, 1H, H-3B). NOE-D (CDCl;): 8 = 8.30 (7.66, 4.7%), 7.78-7.76 (7.36-7.30, 4.6%:;
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4.76, 5.7%), 7.66 (8.30, 4.9%; 5.26, 2.2%:; 3.95, 3.5%; 2.55-2.49, 3.0%; 1.79-1.73,
1.7%), 5.26 (7.66, 2.1%; 3.95, 2.9%), 4.76 (1.78-7.76, 5.4%:; 3.98, 2.9%; 2.55-2.49,
5.0%:; 2.18-2.11, 2.4%); 4.13 (4.76, 0.5%; 3.98, 7.9%; 2.18-2.11, 2.8%; 1.79-1.73, 4.0%),
2.55-2.49 (7.66, 4.1%:; 4.76, 5.6%; 2.18-2.11, 2.8%; 1.79-1.73, 1.9%), 2.18-2.11 (4.76,
1.7%; 4.13, 1.4%; 3.98, 3.8%; 2.55-2.49, 3.0%; 1.79-1.73, 11.0%), 1.79-1.73 (7.66,
1.7%; 4.13, 3.1%; 3.95, 4.3%; 2.55-2.49, 1.9%; 2.18-2.11, 12.3%). >C NMR (126 MHz,
CDCly): & = 158.8 (0), 148.6 (0), 148.4 (0), 147.4 (0), 130.5 (0), 129.4 (1, C-2), 127.3
(1), 125.3 (1), 124.4 (1, C-3), 123.3 (1, C-11), 120.8 (0), 116.8 (0), 116.7 (1), 72.7 (1, C-
11c), 65.8 (2, C-2), 57.3 (1, C-4), 43.2 (1, C-3c), 28.4 (2, C-3). IR (neat, ZnSe): Vymax =
3397 (w), 1712 (s), 1653 (m), 1640 (m), 1516 (s), 1507 (s), 1388 (m), 1339 (s), 1189 (m),
1045 (m), 860 (w), 764 (s), 751 (m) cm™’. HMRS m/z [M*] calcd for CaoH;6N,Os

364.1058, found 364.1086.

(85*,8a8*,13bR*)-8-(4-Nitrophenyl)-8,8a,9,13b-tetrahydro-6H-5-oxa-7-aza-

indeno[2,1-c]phenanthren-6-one (282)

Using general procedure 1, 222 (0.50 g, 1.7 mmol), indene (0.60 mL., 5.1 mmol,

0.59 g), Yb(OTf); (0.05 g), and acetonitrile (10 mL) and were reacted under reflux for 8
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h. The bright yellow suspension went to a pale thick yellow suspension over the course of
the reaction. The solution was then filtered and washed with pentane, which afforded 282
(0.59 g, 1.4 mmol, 85%) as a bright yellow solid. The dr ratio was determined to be
greater than >95 : 5 in favor of the endo isomer.

282: Mp = 269-270 °C (chloroform/hexane). "H NMR (500 MHz, CDCL): § = 8.01 (d,
2H, J=7.7 Hz, H-3"), 7.86-7.84 (m, 1H, H-1), 7.41-7.37 (m, 4H), 7.35 (d, 2H, J = 8.5 Hz,
H-2",7.29 (d, 1H, J = 2.7 Hz), 6.99-6.95 (m, 2H), 6.83-6.82 (m, 1H), 5.21 (s, 1H, H-7),
491 (d, 1H, J=7.8 Hz, H-13b), 4.72 (d, 1H, J = 4.4 Hz, H-8), 3.49-3.44 (m, 1H, H-8a),
3.18 (dd, 1H, J=17.6, 5.4 Hz, H-9a), 2.87 (dd, 1H, J = 16.0, 7.9 Hz, H-9B). NOE-D
(CDCl3): 8 =8.01 (7.35, 3.7%), 7.86-7.84 (7.41-7.37, 4.1%, 5.0%; 4.91, 7.1%), 5.21
(7.35,3.2%,4.72, 3.6%), 4.91 (7.86-7.84, 6.6%; 7.29,2.2%; 4.72, 1.1%, 3.49-3.44,
5.2%; 2.87, 1.6%), 4.72 (7.35, 5.1%; 5.21, 2.9%; 3.49-3.44, 4.3%; 3.18, 1.5%), 3.49-3.44
(7.35,2.1%; 4.91, 5.0%; 4.72, 5.3%; 3.18, 1.2%; 2.87, 3.9%), 3.18 (7.35, 4.1%; 7.29,
1.9%; 5.21,0.9%; 4.72, 1.7%; 3.49-3.44, 1.5%; 2.87, 18.2%). *C NMR (126 MHz,
CDCl;): 6 = 158.8 (0), 148.7 (0), 148.4 (0), 147.3 (0), 142.8 (0), 142.4 (0), 1302. (0),
127.83 (1), 127.82 (1), 127.2 (1), 126.7 (1), 125.02 (1), 125.0 (1), 124.7 (1, C-1), 123.289
(1), 123.288 (1), 121.1 (0), 120.6 (0), 117.1 (1), 57.4 (1, C-8), 44.9 (1, C-8a), 42.8 (1, C-
13b), 33.3 (2, C-9). IR (neat, ZnSe): Umax = 3427 (w), 1702 (s), 1629 (m), 1504 (s), 1337
(s), 1207 (m), 1059 (w), 756 (s), 734 (s) cm™. HRMS m/z [M*] calcd for CpsH;sN,O,

410.1265, found 410.1276.
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(2R*, 4R*)-(2-(4-Nitrophenyl)-4-(2-oxopyrrolidin-1-yl)-1,2,3,4-tetrahydro-9-cxa-1-
aza-10H-phenanthren-10-one (283a) and (25*, 4R*)-(2-(4-nitrophenyl)-4-(2-

oxopyrrolidin-1-yI)-1,2,3,4-tetrahydro-9-oxa-1-aza-10H-phenanthren-10-one (283b)

Using general procedure 1, 222 (0.50 g, 1.7 mmol), 1-vinyl-2-pyrrolidinone (0.55
mL, 5.1 mmol, 0.57 g), Yb(OTf); (0.05 g), and acetonitrile (10 mL) were reacted under
reflux for 7 h. The bright yellow suspension went to a thick pale yellow suspension over
the course of the reaction. The yellow precipitate produced was then filtered and washed
with pentane to give 283b (0.26 g, 0.64 mmol, 38%) as a pale yellow solid. The solvent
of the mother liquor was evaporated, which afforded 283b (0.16 g, 0.40 mmol, 23%) as a
pale yellow solid. Combined yield = 0.42g, 1.0 mmol, 61%. The dr ratio was determined,
from isolated material, to be 1: 3, in favor of the exo isomer 283b by NMR.
283a: Mp = 187-188 °C (chloroform/hexane). 'H NMR (500 MHz, CDCls): § = 8.27 (d,
2H,J =94 Hz, H-3"), 7.64 (d, 2H, J = 8.9 Hz, H-2"), 7.36-7.32 (m, 2H), 5.77 (dd, 1H, J =
9.0,7.8 Hz, H-4), 5.16 (s, 1H, H-1), 4.62 (dd, 1H, J = 10.8, 2.6 Hz, H-2), 3.13 (ddd, 1H,
J=142,7.1,7.1 Hz, H-5'B), 2.78 (ddd, 1H, J = 14.3, 7.2, 7.2 Hz, H-5'a), 2.50-2.46 (m,
IH, H-3a), 2.45-2.32 (m, 2H, H-7"), 2.23-2.16 (m, 1H, H-3B). NOE-D (CDCl;): 8 = 8.27

(7.64,4.7%),7.64 (8.27, 5.7%; 5.16, 2.7%; 4.62, 3.2%; 2.50-2.32, 1.7%; 2.23-2.16,
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2.4%),5.77 (1.36-7.32, 3.2%; 4.62, 0.9%; 2.50-2.32, 2.3%; 2.23-2.16, 0.6%), 5.16 (7.64,
4.0%; 4.62, 3.6%), 4.62 (7.64, 4.0%; 5.77, 1.8%; 5.16, 2.2%; 2.50-2.32, 3.0%; 2.23-2.16,
1.0%), 5.13 (2.78, 17.4%; 2.23-2.16, 5.0%; 1.80, 3.7%); 2.78 (7.36-7.32, 1.9%; 3.13,
17.9%; 1.80, 3.7%), 2.233-2.26 (7.64, 2.6%; 5.77, 1.6%; 4.62, 1.4%; 3.13, 4.7%; 2.50-
2.32, 17.5%). *C NMR (126 MHz, CDCl;): & = 175.6 (0, C-8'), 158.4 (0), 148.2 (0),
148.0 (0), 132.6 (0), 127.5 (1,C-2"), 125.5 (1), 124.4 (1,C-3"), 122.1 (1), 119.5 (0), 117.1
(1), 115.6 (0), 55.0 (1, C-2),45.2 (1, C-4), 42.8 (2, C-5"), 35.4 (2, C-3), 31.2 (2, C-7),
18.2 (2,C-6"). IR (neat, ZnSe): Vgmax = 3262 (W), 1704 (m), 1666 (s), 1623 (w), 1599 (w),
1507 (s), 1457 (m), 1344 (s), 1290 (m), 857 (s), 743 (5), 734 (s) cm™. HRMS m/z [M]
calcd for C,sHgN,0O,405.1323, found 405.1331.

283b: Mp = 281-282 °C (chloroform/hexane). "H NMR (500 MHz, CDCl5): § = 8.30 (d,
2H, J = 8.5 Hz, H-3"), 7.64 (d, 2H, J = 8.8 Hz, H-2"), 7.38-7.26 (m, 4H), 5.55 (dd, 1H, J =
5.0, 2.0 Hz, H-4), 5.33 (s, 1H, H-1), 4.65 (dd, 1H, J = 12.6, 3.4 Hz, H-2), 3.59 (ddd, 1H,
J=8.2,8.2,55Hz H-3p), 3.16 (ddd, 1H, J = 8.9, 8.9, 5.8 Hz, H-30), 2.83-2.78 (m, 2H,
H-7'), 2.42-2.39 (m, 1H, H-5"), 2.25-2.07 (m, 2H), 1.98-1.93 (m, 1H, H-5"). NOE-D
(CDCls): & = 8.30 (7.64, 12.5%), 5.55 (7.36-7.26, 7.1%; 2.42-2.39, 2.42%; 2.25-2.07,
5.1%), 5.33 (4.65, 1.3%), 4.05 (7.64, 4.9%; 5.33, 1.4%:; 3.59, 5.0%; 2.42-2.39, 4.0%;
2.25-2.07, 2.4%), 3.59 (4.65, 6.8%; 3.16, 17.4%, 2.25-2.07, 3.7%), 3.16 (3.59, 13.2%;
2.42-2.39, 4.5%; 1.98-1.93, 2.8%). °C NMR (126 MHz, CDCl5): 8 = 175.0 (0, C-8),
158.3 (), 148.6 (0), 148.2 (0), 148.0 (0), 130.8 (0), 127.7 (1, C-2", 127.3 (1, C-3", 125.7
(1), 124.5 (1), 121.6 (1), 120.0 (0), 117.0 (1), 112.1 (0), 52.8 (1, C-2), 47.0 (2, C-3), 43.1

(1, C-5¢), 37.8 (2,C-7"), 31.3 (2, C-5"), 18.8 (2, C-6'). IR (neat, ZnSe): Vpmax = 3389 (W),
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1715 (s), 1663 (s), 1628 (m), 1600 (w), 1518 (s), 1507 (s), 1424 (m), 1347 (s), 1319 (m),
1292 (s), 1194 (s), 745 (s) cm’l, HRMS m/z [M*] calcd for CpsH;sN»04405.1323, found

405.1334.

(25*,4R*)-(2-(4-Nitrophenyl)-4-(4-phenylsulfanyl)-1,2,3,4-tetrahydro-9-oxa-1-aza-
10H-phenanthren-10-one (284a) and (2R*,4R*)-(2-(4-nitrophenyl)-4-(4-

phenylsulfanyl)-1,2,3,4-tetrahydro-9-oxa-1-aza-10H-phenanthren-10-one (284b)

8!

Using general procedure 1, 222 (0.50 g, 1.7 mmol), phenyl vinyl sulfide (0.70
mL, 5.1 mmol, 0.69 g), Yb(OTf); (0.05 g), and acetonitrile (20 mL) were reacted for 60
min. The bright yellow suspension went to a thick yellow suspension over the course of
the reaction. A yellow residue was obtained and the dr ratio was determined to be 1.8 : 1,
in favor of the endo isomer 284a by NMR. The residue was then subjected to flash
chromatography (dichloromethane), which afforded 284a (0.14 g, 0.33 mmol, 19%) as a
yellow solid, mixed fraction (0.08 g, 0.19 mmol, 11%) as a yellow solid, 284b (0.36 g,
0.84 mmol, 49%) as a yellow solid. Combined yield = 0.58 g, 1.4 mmol, 81%.
284a: Ry = 0.25 (dichloromethane). Mp = 225-226 °C (chloroform/hexane). '"H NMR
(500 MHz, CDCl3): 8 = 8.26 (d, 2H, J = 8.5 Hz, H-3"), 7.77-7.24 (m, 1H, H-5), 7.62 (d,

2H, J = 8.9 Hz, H-2"), 7.59-7.58 (d, 2H, J = 4.7 Hz, H-6"), 7.43-7.42 (t, 2H, J = 7.1 Hz),
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7.38-7.32 (m, 4H), 5.26 (s, 1H, H-1), 5.11 (dd, 1H, J=11.6, 3.3 Hz, H-2), 4.64 (dd, 1H, J
=3.4, 1.6 Hz, H-4), 2.34 (ddd, 1H, /= 13.4, 2.0, 2.0 Hz, H-3p), 2.20-2.12 (m, 1H, H-3a).
NOE-D (CDCl3): 6 = 8.26 (7.62, 5.0%), 7.77-7.74 (7.43-7.42, 1.0%; 7.38-7.32; 4.0%;
4.64,7.5%), 7.62 (8.26, 9.5%; 5.26, 1.3%; 5.11, 2.3%), 5.26 (7.2, 5.0%; 5.11, 2.5%), 5.11
(7.62,4.6%; 5.11, 1.5%; 2.34, 3.4%), 4.64 (7.77-7.74, 8.2%; 7.62, 2.6%; 2.34, 3.4%;
2.15,4.5%), 2.34 (7.62, 1.6%; 7.59-7.58, 1.6%; 5.11, 4.8%; 4.64, 4.3%; 2.15, 15.3%),
2.15 (7.62, 2.8%; 4.64, 4.8%; 2.34, 9.8%). >C NMR (126 MHz, CDCl3): § = 158.4 (0),
149.2 (0), 149.1 (0), 148.3 (0), 148.1 (0), 134.1 (0), 132.6 (1), 129.8 (1), 128.5 (1), 127.9
(1), 126.9 (1), 125.0 (1, C-2"), 124.4 (1, C-3"), 122.2 (1, C-5), 119.8 (0), 117.0 (1), 113.6
(0),51.2 (1, C-2),41.5 (1, C-4), 36.1 (2, C-3). IR (neat, ZnSe): Upmax = 3387 (w), 1719 (s),
1629 (m), 1599 (w), 1518 (m), 1504 (m), 1347 (m), 1328 (m), 1195 (m), 1069 (w), 782
(w), 692 (m) cm™. HRMS m/z [M'] calcd for Co4H;5N,05S 430.0986, found 430.1015.
284b: Ry = 0.20 (dichloromethane). Mp = 200-201 °C (chloroform/hexane). '"H NMR
(500 MHz, CDCl3): 6 = 8.20 (d, 2H, J = 8.4 Hz, C-3"), 7.67 (dd, 1H, J = 7.6, 1.8 Hz, H-
5),7.48 (d, 2H, J = 9.4 Hz, H-2"), 7.37-7.27 (m, 6H), 7.16-7.08 (m, 2H), 5.59 (s, 1H, H-
1),4.92 (t, 1H, J=4.6 Hz, H-2), 4.67 (t, 1H, J = 3.9 Hz, H4), 2.71 (ddd, 1H, J = 14 4,
3.4, 3.4 Hz, H-30), 2.60 (ddd, 1H, J = 14.6, 6.2, 6.2 Hz, H-33). NOE-D (CDCl;) & = 8.20
(7.48,4.1%), 71.67 (7.37-7.27, 4.5%; 7.16-7.08, 6.4%), 7.48 (8.20, 4.1%; 5.59, 1.4%;
4.92,2.7%; 2.60, 1.8%), 5.59 (7.48, 5.3%; 4.92, 6.7%), 4.92 (7.48, 4.0%; 5.59, 2.4%;
4.07,1.1%; 2.71, 1.9%, 2.60, 3.3%), 4.67 (7.67, 6.6%; 7.16-7.08, 2.3%; 4.92, 3.6%; 4.67,
4.0%, 2.60, 4.7%), 2.71 (7.48, 4.9%; 7.16-7.08, 2.3%, 4.92, 3.6%; 4.67, 4.0%; 2.60,

4.7%), 2.60 (4.92, 5.9%; 4.67, 6.4%; 2.71, 3.5%). >C NMR (126 MHz, CDCl;): § =
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158.5 (0), 150.6 (0), 148.1 (0), 147.5 (0), 134.3 (0), 132.2 (1), 129.4 (1), 129.3 (0), 128.1
(1), 127.4 (1), 126.8 (1, C-2", 124.9 (1), 123.9 (1, C-3"), 122.6 (1, C-5), 119.8 (0), 116.8
(1), 113.8 (0), 52.2 (1, C-2),40.1 (1, C4), 33.4 (2, C-3). IR (neat, ZnSe): Umax = 3374

(w), 1701 (s), 1623 (m), 1516 (s), 1336 (m), 1314 (w), 1212 (m), 1073 (m), 850 (m), 741

(s), 694 (m) cm™. HRMS m/z [M*] caled for C4H;sN,05S 430.0986, found 430.1001.

(2R*,4R*)-2-(4-Nitrophenyl)-4-phenyl-1,2,3,4-tetrahydro-9-oxa-1-aza-10H-

phenanthren-10-one (285b)

Using general procedure 1, 222 (0.50 g, 1.7 mmol), styrene (0.60 mL, 5.1 mmol,
0.53 g), Yb(OTf);3 (0.05 g), and acetonitrile (20 mL) were reacted for 25 min. The bright
yellow suspension and went to a thick pale white suspension over the course of the
reaction. A white residue was obtained and the dr ratio was determined tobe 1 : 11.8, in
favor of the exo isomer 285b by NMR. The residue was then subjected to flash
chromatography (50% dichloromethane/hexane), which afforded mixed fraction (0.32 g,
0.80 mmol, 47%) as a white solid, 285b (0.23 g, 0.58 mmol, 34%) as a white solid.
Combined yield = 0.56 g, 1.5 mmol, 82%. Not enough endo adduct was obtained pure

enough for full characterization.
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285b: Ry = 0.15 (50% dichloromethane/hexane). Mp = 249-250 °C (chloroform/hexane).
'"H NMR (500 MHz, CDCls): § = 8.10 (d, 2H, J = 8.9 Hz, H-3"), 7.50 (d, 2H, J = 7.1 Hz,
H-2%, 7.30 (d, 1H, J=7.0 Hz, H-8), 7.20 (td, 1H, J = 7.7, 1.3 Hz, H-7), 7.17 (m, 3H),
7.05-7.04 (m, 2H, H-6"), 7.00 (td, 1H, J =7.8, 1.4 Hz, H-6), 6.93 (dd, 1H, J=7.7, 1.6 Hz,
H-5), 5.24 (s, 1H, H-1),4.66 (d, 1H, J = 7.4 Hz, H-2), 4.44 (t, 1H, J = 7.6 Hz, H-4), 2.66-
2.61 (dddd, 1H, J=13.9, 7.0, 3.4, 1.7 Hz, H-3a), 2.33 (ddd, 1H, J =17 .4, 8.6, 8.6 Hz, H-
3B). NOE-D (CDCl): 6 = 8.10 (7.50, 4.1%), 7.50 (8.1, 6.3%; 5.24, 3.3%; 4.66, 4.4%;
2.33,2.8%), 7.30 (7.20, 2.1%; 7.05-7.04, 0.6%), 7.20 (7.30, 1.9%; 7.05-7.04, 1.6%),
7.05-7.04 (7.50, 0.5%; 7.17-7.09, 1.1%; 4.44, 2.1%), 7.24 (7.50, 4.3%; 4.66, 4.6%), 4.66
(7.50, 4.9%; 5.24, 3.5%; 4.44, 2.4%; 2.66-2.61, 3.9%; 2.33,2.5%), 4.44 (7.17-7.09,
3.2%; 7.05-7.04, 3.8%; 4.66, 1.3%; 2.66-2.61, 4.1%; 2.33, 1.7%), 2.66-2.61 (7.50, 1.7%;
717-7.09, 2.1%; 4.66, 4.4%; 4.44, 6.5%; 2.33, 16.9%), 2.33 (7.50, 3.5%; 7.05-7.04, 3.6%;
4.66, 1.9%; 4.44, 1.9%; 2.66-2.61, 16.7%). *C NMR (126 MHz, CDCl;): & = 158.0 (0),
149.4 (0), 148.6 (0), 147.6 (0), 142.9 (0), 131.2 (0), 129.1 (1), 127.60 (1), 127.58 (1),
127.5 (1), 127.1 (1), 126.7 (1), 124.4 (1), 124.3 (1), 124.0 (1, C-3), 120.4 (0), 119.5 (0),
116.7 (1), 54.8 (1, C-2), 41.8 (2, C-3),40.2 (1, C-4). IR (neat, ZnSe) Oy = 3326 (W),
1696 (s), 1685 (s), 1620 (m), 1515 (s), 1497 (w), 1191 (m), 1183 (m), 746 (s), 703 (s) cm

!, HRMS m/z [M"] caled for CpoH;sN,O5398.1265, found 398.1271.

(85*,95*,15bR*)-8-(4-Nitrophenyl)-8,8a,13a-tetrahydro-6H-5-oxa-7-aza-

acenaphthene[2,1-c]Jphenanthren-6-one (286)
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Using general procedure 1, 222 (0.50 g, 1.7 mmol), acenaphthylene (0.78 g, 5.1
mmol), Yb(OTf); (0.05 g), and acetonitrile (20 mL) were reacted for 16 h. The bright
yellow suspension went to a thick pale yellow suspension over the course of the reaction.
The solution was then filtered and washed with pentane, which afforded 286 (0.18 g, 0.40
mmol, 24%) as a pale white solid. The mother liquor was concentrated under reduced
pressure and residue was then crystallized from chloroform/hexane, which afforded 286
(0.12 g, 0.27 mmol, 16%) as a white solid. Combined yield = 0.30 g, 0.67 mmol, 40%.
The dr ratio was determined to be greater than >95 : 5 in favor of the endo isomer by
NMR.

286: Mp = >300 °C (chloroform/hexane). 'H NMR (500 MHz, CDCl;): 8 = 8.16 (d, 2H, J
= 8.8 Hz, H-3"), 8.01-7.99 (m, 1H, H1), 7.58 (d, 2H, J = 8.0 Hz), 7.50-7.41 (m, 4H), 7.29
(t, 1H, J = 7.6 Hz), 7.24-7.20 (m, 2H), 6.07 (d, 1H, J=7.2 Hz, H-10),5.44 (d, 1H, J =

8.5 Hz, H-15b), 4.93-4.90 (m, 2H, H-7, H-8), 4.74 (t, 1H, J = 7.0 Hz, H-9). NOE-D
(CDCl3): 6 = 8.16 (7.50-7.41, 1.2%), 8.01-7.99 (5.44, 4.3%), 7.58 (7.24-7.20, 0.5%), 4.44
(8.01-7.99, 6.1%:; 4.74, 3.4%), 4.74 (5.44, 7.2%; 4.93-4.90, 1.2%). '°C NMR (126 MHz,
CDCly): 6 = 158.7 (0), 149.6 (0), 147.7 (0), 143.3 (0), 141.0 (0), 140.2 (0), 139.7 (0),

132.0 (0), 131.5 (0), 128.6 (1), 128.14 (1), 128.11 (1), 127.5 (1), 125.5 (0), 125.0 (1),
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124.4 (1), 124.2 (1), 123.6 (1, C-3", 123.4 (1, H-1), 122.2 (1), 120.0 (1), 1174 (1), 61.3
(1,C-7,C-8),52.6 (1, C-9),42.2 (1, C-15b). IR (neat, ZnSe): Vmax = 3304 (w), 1706 (s),
1634 (w), 1602 (w), 1521 (m), 1346 (s), 1179 (s), 794 (s) cm’. HRMS m/z [M*] caled for

CyHsN,04446.1265, found 446.1285.

(28*, 45*)-(2-(4-Nitrophenyl)-4-(4-bromophenyl)-1,2,3,4-tetrahydro-9-oxa-1-aza-

10H-phenanthren-10-one (287)

Br

Using general procedure 1, 222 (0.50 g, 1.7 mmol), 4-bromostyrene (0.60 mL, 5.1
mmol, 0.59 g), Yb(OTf); (0.05 g), and acetonitrile (20 mL) were reacted under reflux
conditions for 5 min. The bright yellow suspension went to a thick pale yellow
suspension over the course of the reaction. The yellow residue produced was then
subjected to flash chromatography (dichloromethane), which afforded 287 as a pale
yellow solid (0.57 g, 1.4 mmol, 82%). The dr ratioc was determined to be greater than 95
% in favor of the endo isomer by NMR.

287: Ry = 0.30 (dichloromethane). Mp = 246-247 °C (chloroform/hexane). "H NMR (500
MHz, CDCl;): 8 = 8.14 (d, 2H, J = 10.3 Hz, H-3"), 7.50 (d, 2H, J = 8.8 Hz, H-2'), 7.34-
7.29 (m, 3H), 7.22 (td, 1H, J=7.6, 1.6 Hz), 7.01 (td, 1H, /= 7.3, 1.2 Hz), 6.94 (d, 2H, J

= 8.4 Hz), 6.88 (dd, 1H, J = 8.4, 1.3 Hz), 5.26 (s, 1H, H-1), 4.66 (d, 1H, J = 8.6 Hz, H-2),
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4.42 (t, 1H, J = 7.8 Hz, H-4), 2.64-2.60 (m, 1H, H-3a), 2.30-2.23 (ddd, 1H, J = 18.0, 9.0,
9.0 Hz, H-3B). NOE-D (CDCls): § = 8.14 (7.50, 4.35%), 7.50 (8.14, 10.61%; 5.26,
5.69%; 4.66, 2.30%; 2.30-2.23, 1.52%), 6.94 (7.34-7.29, 5.61%; 5.26, 1.32%; 4.42,
3.06%, 2.30-2.23, 2.01%), 6.88 (7.01, 4.24%; 6.94, 1.29%; 4.42, 4.01%), 5.26 (7.50,
2.62%; 4.66, 3.09%), 4.66 (7.50, 4.38%; 5.26, 3.22%; 4.42, 1.44% ; 2.64-2.60, 3.00%),
2.64-2.60 (7.50, 1.02%; 4.66, 4.27%, 6.94, 1.84%; 4.42, 5.53%; 2.30-2.23, 20.3%), 2.30-
2.23 (7.50, 4.27%; 6.94, 3.25%; 2.64-2.60, 18.6%). >°C NMR (126 MHz, CDCls): § =
159.0 (0), 149.3 (0), 148.8 (0), 147.9 (0), 142.2 (0), 132.5 (1), 131.6 (0), 129.5 (1, C-6"),
127.8 (1, C-2), 127.1 (1), 124.8 (1), 124.3 (1, C-3", 121.0 (0), 120.3 (0), 118.9 (0), 117.1
(1), 55.0 (1, C-2), 42.6 (2, C-3), 40.0 (1, C-4). IR (neat, ZnSe): Vmax = 3391 (W), 3386
(W), 1724 (s), 1716 (s), 1623 (w), 1510 (s), 1340 (s), 1337 (s), 1296 (m), 1094 (m), 754

(s), 752 (s) cm™. HRMS m/z [M'] calcd for C,4H7BrN,04410.0195, found 476.0370.

(25*,4R*)-(2-(4-Nitrophenyl)-4-(4-methoxyphenyl)-1,2,3,4-tetrahydro-9-oxa-1-aza-
10H-phenanthren-10-one (288a) and (2R*,4R*)-(2-(4-nitrophenyl)-4-(4-
methoxyphenyl)-1,2,3,4-tetrahydro-9-oxa-1-aza-10H-phenanthren-10-one (288b)

NO, H3CO. 8!

Using general procedure 1, 222 (0.50 g, 1.7 mmol), 4-methoxystyrene (0.70 mL,

5.1 mmol, 0.70 g), Yb(OTf); (0.05 g), and acetonitrile (20 mL) were reacted for 20 min.
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The bright yellow suspension went to a thick white suspension over the course of the
reaction. A yellow residue was obtained and dr was determined to be 3 : 1, in favor of the
endo isomer 288a by NMR. The residue was then subjected to flash chromatography
(dichloromethane), which afforded 288a (0.19 g, 0.44 mmol, 33%) as a white solid,
mixed fraction (0.21 g, 0.49 mmol, 36%) as a white solid, and 288b as a white solid
(0.18g, 0.42 mmol, 31%). Combined yield = 0.58 g, 1.4 mmol, 82%.

288a: Ry = 0.30 (dichloromethane). Mp = 123-125 °C (chloroform/hexane). "H NMR
(500 MHz, CDCl5): 6 = 8.11 (d, 2H, J = 8.9 Hz, H-3"), 7.49 (d, 2H, J = 9.1 Hz, H-2"),
7.32 (d, 1H, J = 8.0 Hz), 7.24-7.20 (m, 1H), 7.0-6.97 (m, 2H), 6.95 (d, 2H, J = 9.2 Hz, H-
6", 6.69 (d, 2H, J = 9.0 Hz, H-7"), 5.25 (s, 1H, H-1), 4.67 (d, 1H, J = 7.5 Hz, H-2), 4.40
(t, 1H, J= 7.3 Hz, H-4), 3.71 (s, 3H, H-9"), 2.64-2.60 (m, 1H, H-3a), 2.32 (ddd, 1H, J =
17.0, 8.3, 8.3 Hz, H-3B). NOE-D (CDCls): 8 = 8.11 (7.49, 4.4%), 7.49 (8.11, 5.3%; 6.95,
1.9%; 5.25, 2.5%; 4.67, 3.7%), 7.32 (7.24-7.20, 1.0%; 7.01-6.97, 0.7%), 5.25 (7.49,
3.4%; 4.67, 3.6%), 4.67 (7.49, 4.3%; 5.25; 3.4%; 4.40, 1.8%; 2.64-2.60, 3.2%; 2.32,
1.9%), 4.40 (7.01-6.97 & 6.95, 8.3%; 4.67, 1.7%; 2.64-2.60, 4.2%; 2.32, 2.0%), 3.71
(6.69, 2.5%), 2.64-2.60 (7.49, 1.6%; 6.95, 1.6%; 4.67, 4.2%; 4.40, 5.3%; 2.32, 21.0%),
2.32(7.49, 4.0%; 6.95, 3.6%; 2.64-2.60, 19.5%); *C NMR (126 MHz, CDCl;): § = 159.0
(0), 158.5 (0), 149.6 (0), 148.6 (0), 148.5 (0), 147.5 (0), 134.6 (0), 131.0 (0), 128.6 (1),
127.5 (1), 126.6 (1, C-6'), 124.5 (1, C-2"), 124.3 (1), 123.9 (1, H-3"), 120.5 (0), 119.8 (0),
116.7 (1), 114.5 (1, C-7), 554 (3, C-97), 54.8 (1, C-2),42.3 (2, C-3), 39.3 (1, C-4). IR

(neat, ZnSe): Vmax = 3356 (m), 2925 (w), 1702 (s), 1635 (m), 1622 (m), 1507 (s), 1341
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(s), 1246 (s), 1178 (m), 835 (m), 835 (m), 748 (s) cm™ . HRMS m/z [M"] calcd for
CysHyoN,05410.1371, found 410.1345.

288b: Ry = 0.25 (dichloromethane). Mp = 123-125 °C (chloroform/hexane). 'H NMR
(500 MHz, CDCl;): 6 = 8.21 (d, 2H, J = 8.5 Hz, H-3"), 7.52 (d, 2H, / = 9.5 Hz, H-2),
7.33 (d, 1H, J = 8.3 Hz, H-5), 7.24 (td, 1H, /= 7.8, 1.1 Hz), 7.19-7.15 (m, 3H), 7.10 (td,
1H,J=17.7, 1.4 Hz, H-6), 6.90 (d, 2H, J = 8.9 Hz, H-7"), 5.15 (s, 1H, H-1), 4.44 (dd, 1H,
J=115,3.4Hz, H-2),4.39 (dd, 1H, J = 5.2, 1.4 Hz, H-4), 3.81 (s, 3H, H-9'), 2.28-2.25
(m, 1H), 2.21-2.18 (m, 1H). NOE-D (CDCls): & = 8.21 (7.52, 5.9%), 7.52 (8.21, 4.0%;
5.15,2.0%; 4.44, 3.0%), 7.33 (7.19-7.15, 1.2%; 7.10, 0.9%), 6.90 (7.19-7.15, 4.0%; 3.81,
3.2%), 5.15 (7.52,4.2%; 4.44, 4.5%), 4.39 (7.19-7.15; 9.6%; 2.28-2.25 & 2.21-2.18,
5.9%), 3.81 (6.90, 2.5%); ?C NMR (126 MHz, CDCl;): § = 159.1 (0), 158.8 (0), 149.7
(0), 148.5 (0), 147.9 (0), 136.0 (0), 129.6 (0), 129.2 (1), 127.9 (1), 126.6 (1), 124.5 (1),
124.0 (1, C-3", 122.7 (1), 120.8 (0), 117.2 (0), 116.8 (1), 114.6 (1,H-7"), 55.5 (3, C-9),
50.8 (1, C-2), 39.7 (2, C-3). IR (neat, ZnSe): Vmax = 3356 (m), 2925 (w), 1702 (s), 1635
(m), 1622 (m), 1507 (s), 1341 (s), 1246 (s), 1178 (m), 835 (m), 835 (m), 748 (s) cm’".

HRMS m/z [M"] calced for CosH0N;05410.1371, found 410.1352.
(2R*, 4R*)-4-Ethoxy-2-(4-nitrophenyl)-1,2,3,4-tetrahydro-9-oxa-1-aza-10H-

phenanthren-10-one (289a) and (25*, 4R*)-4-ethoxy-2-(4-nitrophenyl)-1,2,3,4-

tetrahydro-9-oxa-1-aza-10H-phenanthren-10-one (289b)
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Using general procedure 1, 222 (0.50 g, 1.7 mmol), ethyl viny! ether (0.80 mL,
8.5 mmol, 0.61 g), Yb(OTf); (0.05 g), and acetonitrile (10 mL) were reacted for 25 min.
The bright yellow suspension remained a clear bright yellow over the course of the
reaction. A yellow residue was obtained and the dr was determined tobe 1 : 1.7, in favor
of the exo isomer 289b by NMR. The residue was then subjected to flash
chromatography (90% dichloromethane/hexane), which afforded 289a (0.18 g, 0.51
mmol, 30%) as a pale yellow solid, mixed fraction (0.10 g, 0.28 mmol, 17%) as a pale
yellow solid, 289b (0.17 g, 0.48 mmol, 29%) as a pale yellow solid. Combined yield =
0.45 g, 1.2 mmol, 76%.
289a: Ry = 0.31 (90% dichloromethane/hexane). Mp = 156-157 °C (chloroform/hexane).
'H NMR (500 MHz, CDCls): § = 8.18 (d, 2H, J = 9.1 Hz, H-3"), 7.53 (d, 2H, J = 8.3 Hz,
H-2", 7.45 (dd, 1H, J=9.1, 1.8 Hz, H-5), 7.33 (td, 1H, J=7.6, 1.6 Hz), 7.30-7.24 (m,
2H), 5.50 (s, 1H, H-1), 4.91 (dd, 1H, J = 8.1, 4.4 Hz, H-2), 4.80 (t, 1H, J = 3.8 Hz, H-4),
3.41 (m, 1H, H-5%), 3.33 (m, 1H, H-5"), 2.75 (dt, 1H, J = 14.4, 4.2 Hz, H-3B), 2.33 (dt,
1H, J = 14.6, 4.9 Hz, H-3a), 0.81 (t, 2H, J = 6.6 Hz). NOE-D (CDCl3): d = 8.19 (7.53,
3.6%),7.53 (8.19,4.9%; 5.50, 2.7%; 4.91, 3.2%; 2.75, 3.2%), 7.45 (0.81, 4.1%), 5.50
(7.53, 3.5%; 4.91, 3.4%; 3.41, 2.4%; 0.81, 1.6%), 4.91 (7.53, 3.5%; 5.50, 3.2%; 2.75,

2.0%, 2.33,3.6%), 4.80 (7.45, 5.0%; 3.41, 3.2%; 3.33, 4.8%; 0.81, 2.7%), 3.33 (4.80,
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1.2%; 3.41, 2.6%; 2.75, 2.4%; 0.81, 2.7%), 2.75 (7.53, 3.5%; 4.91, 2.0%; 4.80; 2.2%;
3.41, 1.0%; 3.33, 3.8%; 2.33, 16.8%), 2.33 (4.91, 3.5%; 4.80, 3.5%; 2.75, 17.3%); 0.81
(2.75, 2.1%; 2.33, 2.0%). °C NMR (126 MHz, CDCl3): § = 158.0 (0), 150.6 (0), 148.3
(0), 147.2 (0), 129.2 (0), 126.9 (1, C-27), 126.7 (1), 125.1 (1), 124.0 (1, C-3"), 1223 (1, C-
5), 120.4 (0), 116.8 (1), 115.4 (0), 68.2 (1,C-4), 63.4 (2,C-5",52.0(1,C-2),32.1 (2, C-
3), 15.2 (3, C-6"). IR (neat, ZnSe): Umax = 3376 (m), 2957 (w), 1701 (s), 1626 (W), 1596
(w), 1574 (w), 1513 (s), 1338 (s), 1200 (s), 1081 (s), 931 (w), 760 (s), 738 (s) em’.
HRMS m/z [M'] calcd for CyoH;sN,O5 366.1214, found 366.1195.

289b: Ry = 0.25 (90% dichloromethane/hexane). Mp = 168-169 °C (chloroform/hexane).
"H NMR (500 MHz, CDCl5): § = 8.30 (d, 2H, J = 9.2 Hz, H-3"), 7.68 (d, 2H, J = 7.9 Hz,
H-2"), 7.53-7.50 (m, 1H, H-5), 7.35-7.31 (m, 3H), 6.25 (s, 1H, H-1), 4.71-4.68 (m, 2H, H-
2, H-4), 3.98-3.92 (m, 1H), 3.77-3.71 (m, 1H), 2.49-2.45 (m, 1H), 1.88-1.82 (m, 1H),
1.37 (t, 2H, J = 6.6 Hz). 'H NMR (500 MHz, benzene-d6): 6 = 7.82 (d, 2H, ] = 9.1 Hz,
H-3",7.32(dd, 1H,J = 7.5, 1.0 Hz, H-2"), 7.12 (dd, 1H, J = 8.4, 1.4 Hz, H-8), 7.03 (td,
1H,J=7.7,1.2 Hz, H-6), 6.92 (td, 1H, J = 7.6, 1.6 Hz, H-7), 6.74 (d, 2H, J = 7.8 Hz, H-
2", 4.84 (s, 1H, H-1), 4.08-4.06 (m, 2H, H-3), 3.39-3.36 (m,1H, H-5'), 3.22-3.18 (m, 1H,
H-5", 1.80-1.77 (m, 1H, H-6"). NOE-D (benzene-d6): 6 = 7.82 (6.74, 5.7%), 7.32 (7.03,
2.6%; 4.08-4.06, 6.1%), 7.03 (7.32, 6.8%), 6.92 (7.12, 1.8%; 7.03, 1.0%), 6.74 (7.82,
5.8%; 4.84, 3.3%; 4.08-4.06, 4.4%), 4.84 (6.74, 4.2%; 4.08-4.06, 4.4%), 4.08-4.06 (7.32,
5.1%; 6.74, 5.9%; 4.84, 3.6%; 3.39-3.36, 4.5%; 3.22-3.18, 3.5%; 1.80-1.77, 5.0%), 3.39-
3.36 (4.84, 1.0%; 3.22-3.18, 2.9%; 1.12-1.06, 1.7%), 3.22-3.18 (4.08-4.06, 1.0%; 3.39-

3.36, 4.5%; 1.12-1.06, 6.1%), 1.80-1.77 (6.74, 1.2%; 4.08-4.06, 5.7%; 3.39-3.36, 3.7%;
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1.12-1.06, 15.5%), 1.12-1.06 (4.08-4.06, 2.1%; 1.80-1.77, 6.1%). °C NMR (126 MHz,
CDCls): 8 = 158.0 (0), 149.3 (0), 148.5 (0), 148.1 (0), 130.1 (0), 128.1 (1, C-2"), 126.8
(1), 125.1 (1), 124.4 (1, C-3", 121.8 (1, C-5), 120.6 (0), 117.0 (0), 115.3 (0), 68.3 (1,),
64.5 (2, C-5",51.4 (1), 35.3 (2, C-3), 16.1 (3, C-6'). IR (neat, ZnSe): Vmax = 3393 (W),
3363 (w), 2952 (w), 1715 (8), 1631 (w), 1600 (w), 1518 (m), 1506 (m), 1348 (m), 1335
(m), 1194 (s), 1076 (s), 761 (s), 750 (m) cm’l, HRMS m/z [M*] caled for CpoH;sN2Os

366.1214, found 366.1103.

(x)-3-[(4-Nitrophenyl)methyl]-1-methyl-1H-indole (291)

Using general procedure 1, 222 (0.50 g, 1.7 mmol), 4-bromostyrene (0.70 mL, 5.1
mmol, 0.67 g), Yb(OTT); (0.05 g), and acetonitrile (10 mL) were reacted for 5 min. The
yellow suspension went to a clear bright orange solution over the course of the reaction.
The orange residue produced was then subjected to flash chromatography (50%
dichloromethane/hexane), which afforded 291 as a bright orange solid (0.67 g, 1.5 mmol,
99%).

291: Ry = 0.54 (50% dichloromethane/hexane). Mp = 209-210 °C (chloroform/hexane).

'H NMR (500 MHz, CDCls): § = 8.12 (d, 2H, J = 9.2 Hz, H-4"), 7.49 (d, 2H, J = 8.4 Hz,
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H-3",7.33 (d, 2H, J=4.1 Hz), 7.31 (d, 2H, J = 4.3 Hz), 7.25 (m, 2H), 7.01 (t, 2H, /= 7.8
Hz), 6.53 (s, 2H, H-2), 5.97 (s, 1H, H-1'), 3.70 (s, 6H, H-1). >C NMR (126 MHz,
CDCls): 8 = 152.5 (0), 146.7 (0), 137.7 (0), 129.7 (1), 128.5 (1, C-2), 127.3 (0), 123.8 (1),
122.0 (1), 119.9 (1), 119.3 (1), 116.9 (0), 109.5 (1), 40.3 (1, C-17), 33.0 (3, C-1). IR (neat,
ZnSe): Vmax = 2952 (w), 1592 (w), 1510 (m), 1472 (m), 1339 (s), 1010 (w), 732 (s) cm™.

HRMS m/z [M™] calcd for CpsHy0N30,395.1623, found 395.1632.

5-(4-Acetoxyphenyl)-3,4,4a,5,6,12c-hexahydro-7H-1,8-dioxa-6-aza-2H-pyrano[5,6-

c]phenanthren-7-one (298)

Using general procedure 2, 222 (0.30 g, 1.9 mmol), 4-acetoxybenzaldehyde (0.30
mL, 1.9 mmol, 0.32 g), 3,4-dihydro-2H-pyran (0.50 mL, 5.6 mmol, 0.39 g), Yb(OTf);
(0.05 g), and acetonitrile (30 mL) were reacted at reflux for 2.5 d. The bright yellow
suspension turned paler over the course of the reaction. The yellow residue produced was
subjected to flash chromatography (dichloromethane), which afforded 298 as a white
solid (0.40 g, 1.0 mmol, 55%). The dr was determined to be greater than >95 : 5 in favor

of the exo isomer by NMR.
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298: Ry = 0.40 (dichloromethane). Mp = 230-231 °C (chloroform/hexane). '"HNMR
(500 MHz, CDCl3): 8 = 7.57-756 (m, 1H, H-12), 7.45 (d, 2H, J = 8.5 Hz, H-2"), 7.30-7.25
(m, 3H), 7.15 (d, 2H, J = 8.3 Hz, H-3"), 5.09 (s, 1H, H-6), 4.78 (d, 1H, J = 11.5 Hz, H-5),
471 (d, 1H, J= 2.8 Hz, H-12¢), 4.20-4.16 (m, 1H, H-2B), 3.81 (td, 1H, J = 11.5, 2.2 Hz,
H-2a), 2.33 (s, 3H, H-6"), 2.09-2.06 (m, 1H, H-4a), 1.92-1.88 (m, 1H), 1.81-176 (m, 1H),
1.62-1.60 (m, 1H, H-3a), 1.45-1.42 (m, 1H, H-3B). NOE-D (CDCl):  =7.57-7.56 (7.30-
7.25,4.5%; 4.71, 8.0%; 3.81, 1.4%), 7.45 (7.15, 4.0%; 5.09, 1.9%; 4.78, 3.9%; 2.09-2.06,
3.0%), 7.15 (7.45, 4.1%; 2.33, 1.9%), 5.09 (7.45, 3.8%; 4.78, 8.0%), 4.78 (7.45, 6.2%;
5.09, 2.4%; 2.09-2.06, 1.7%, 1.92-1.88, 3.6%), 4.71 (7.57-7.56, 9.4%; 3.81, 5.1%; 2.33,
1.6%; 2.09-2.06, 5.9%; 1.92-1.88, 3.2%), 4.20-4.26 (3.81, 16.6%; 2.33, 1.4%; 1.92-1.88,
5.6%; 1.45-1.42, 3.8%), 3.81 (7.57-7.56, 1.3%; 4.71, 4.8%; 4.20-4.16, 17.4%; 2.33,
1.2%; 1.87-1.76, 3.6%; 1.62-1.60, 4.1%), 2.09-2.06 (7.45, 4.2%; 5.09, 1.2%; 4.78, 1.0%;
471, 4.3%; 1.92-1.88, 2.0%; 1.62-1.60, 2.0%). *C NMR (126 MHz, CDCls): & = 169.5
(0), 158.0 (0), 150.9 (0), 148.4 (0), 137.9 (0), 130.3 (0), 129.1 (1, C-3"), 126.3 (1), 125.0
(1), 122.2 (1, C-29, 121.9 (1, C-12), 120.7 (0), 116.7 (1), 114.5 (0), 70.1 (1, C-12¢), 69.4
(2,C-2),54.0 (1, C-5), 38.7 (1, C-4a), 24.4 (2), 22.8 (2), 21.4 (3, C-6"). IR (neat, ZnSe):
Umax = 3411 (w), 2937 (w), 2852 (w), 1717 (s), 1635 (m), 1507 (m), 1184 (s), 1061 (s),

1043 (s), 791 (s) cm’. HRMS m/z [M] calcd for Cy3H,;NOs 391.1418, found 391.1406.

(3aS*, 4R*, 11¢S*)-4-(4-Acetoxyphenyl)-2,3,3a,4,5,11c-hexahydro-2H-1,7-dioxa-6-

aza-6H-furano[4,5-c]phenanthren-6-one (299a) and (3aS*, 45%, 11¢S5%*)-4-(4-
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acetoxyphenyl)-2,3,3a,4,5,11c-hexahydro-2H-1,7-dioxa-6-aza-6 H-furano[4,5-

c]phenanthren-6-one (299a)

Using general procedure 2, 212 (0.30 g, 1.9 mmol), 4-acetoxybenzaldehyde (0.30
mL, 1.9 mmol, 0.32 g), 3,4-dihydrofuran (0.42 mL, 5.6 mmol, 0.39 g), Yb(OTf); (0.05
), and acetonitrile (30 mL) were reacted at reflux for 2.5 d. The bright yellow suspension
went to a thick pale yellow suspension over the course of the reaction. A yellow residue
was obtained and dr ratio was determined to be 1 : 1 by NMR. The residue was subjected
to flash chromatography (dichloromethane), which afforded 299a (0.08g, 0.21 mmol,
11%) as a white solid, mixed fraction (0.01g, 0.03mmol, 1%) as a white solid, 299b
(0.01g 0.03 mmol, 1%) as a white solid. Combined yield = 0.21 g, 0.56 mmol, 15%.
299a: Ry = 0.60 (dichloromethane). Mp = 183-184 °C (chloroform/hexane). '"H NMR
(500 MHz, CDCl3): 6 = 7.83-7.81 (m, 1H, H-11), 7.52-7.50 (m, 2H, H-2"), 7.33-7.27 (m,
3H), 7.16-7.14 (m, 2H, H-3'), 5.49 (d, 2H, J = 7.4 Hz, H-11c¢), 4.94 (s, 1H, H-5), 4.72 (d,
1H, J=2.8 Hz, H-4), 3.91 (td, 1H, J = 8.6, 2.7 Hz, H-2a}, 3.81-3.76 (m, 1H, H-2p), 2.95-
2.92 (m, 1H, H-3a), 2.23-2.16 (m, 1H, H-3a), 1.68-1.62 (m 1H, H-3B). NOE-D (CDCl;):
0 =7.83-7.81 (7.33-7.27, 4.9%; 5.49, 5.1%), 7.52-7.50 (7.16-7.14, 4.3%; 4.94, 3.1%;

4.72,3.9%; 2.95-2.92, 2.6%; 2.33-2.16, 3.2%; 1.68-1.61, 1.6%), 7.16-7.11 (7.52-7.50;
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4.4%), 5.49 (7.52-7.50, 5.6%; 4.72, 2.2%; 2.95-2.92, 6.1%), 4.74 (7.52-7.50, 3.8%; 4.72,
3.1%), 4.72 (7.52-7.50, 5.2%; 5.49, 1.8%; 4.74, 2.3%; 2.95-2.92, 3.9%), 3.91 (3.79,
6.7%; 2.33-2.16, 3.5%; 1.68-1.62, 2.1%), 3.79 (5.49, 1.0%; 3.91, 6.8%; 2.23-2.16, 3.5%;
1.68-1.62, 2.1%), 2.95-2.92 (7.52-7.50, 3.4%; 5.49, 6.0%; 4.72, 4.3%; 3.79, 2.1%; 2.23-
2.16,1.7%; 1.68-1.62, 4.5%), 2.23-2.16 (3.91, 3.7%; 2.95-2.92, 0.9%; 1.68-1.62, 14.5%),
1.68-1.62 (7.52, 1.8%; 3.91, 1.4%; 3.79, 3.7%:; 2.95-2.92, 4.9%; 2.23-2.16, 16.4%). °C
NMR (126 MHz, CDCl;): 6 = 169.0 (0, C-5"), 158.9 (0), 150.6 (0), 148.9 (0), 138.1 (0),
129.8 (0), 127.8 (1, C-2), 127.1 (1), 124.8 (1), 124.5 (1, C-11), 122.2 (1, C-3"), 120.3 (0),
118.8 (0), 116.6 (1), 73.0 (1, C-11c¢), 67.7 (2, C-2), 57.6 (1, C-4), 47.0 (1, C-3c), 25.9 (2,
C-3), 22.1 (3, C-6"). IR (neat, ZnSe): Vmax = 3371 (W), 2869 (w), 1709 (s), 1631 (w), 1502
(m), 1204 (s), 1186 (vs), 1050 (m), 778 (s) cm’'. HRMS m/z [M*] calcd for C2,H;oNOs
377.1262, found 377.1258.

299b: Ry = 0.40 (dichloromethane). Mp = 158-159 °C (chloroform/hexane). '"H NMR
(500 MHz, CDCl;): 6 = 7.78-7.75 (m, 1H, H-11), 7.46 (d, 2H, J = 9.1 Hz, H-2"), 7.32-
7.30 (m, 3H), 7.16 (m, 2H, J = 8.3, H-3"), 5.25 (s, 1H, H-5),4.75 (d, 1H, J=5.1 Hz, H-
11c), 4.10 (ddd, 1H, J=8.2, 6.4 Hz, H-2p), 3.97 (ddd, 1H, J=9.0, 5.4 Hz, H-20), 3.84
(d, 1H, J=11.1 Hz, H-4), 2.52-2.47 (m, 1H, H-3a), 2.18-2.12 (m, 1H, H-38), 1.84-1.78
(m, 1H, H-3a). NOE-D (CDCl;): 8 = 7.78-7.75 (7.32-7.30, 4.8%; 4.75, 6.2%), 7.48-7.45
(7.18-7.15, 5.0%; 5.25, 2.8%; 3.84, 5.7%; 2.57-2.47, 3.2%; 1.84-1.78, 2.5%), 7.48-7.45
(7.18-7.15, 4.7%), 5.25 (7.48-7.45, 3.9%; 3.84, 5.3%; 2.34, 3.7%), 5.25 (7.48-7.45, 3.9%;
3.84,5.3%; 2.34,3.7%), 4.75 (71.78, 6.2%; 3.97, 2.3%; 2.52-2.47, 5.7%; 2.18-2.12,

1.8%), 4.10 (3.97, 9.0%; 3.84, 1.5%; 2.18-2.12, 1.5%; 1.84-1.78, 3.4%), 3.97 (4.75,
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1.5%, 4.10, 7.6%; 2.18-2.12, 3.6%; 1.84-1.78, 1.3%), 3.84 (7.48, 7.0%; 5.25, 3.2%; 4.10,
1.2%; 2.52-2.47, 1.3%; 1.84-1.78, 3.8%), 2.52-2.47 (7.48, 4.3%; 4.75, 6.7%; 3.84, 2.6%;
2.18-2.12, 2.9%; 1.84-1.78, 2.0%), 2.18-2.12 (4.75, 1.7%, 4.10, 1.4%; 3.97, 4.1%; 2.52-
2.47,3.6%; 1.84-1.78, 12.5%), 1.84-1.78 (7.48,2.2%; 4.1 , 3.3%; 3.97, 1.6%; 3.84, 3.1%;
2.52-2.47, 2.5%; 2.18-2.12, 13.4%). °C NMR (126 MHz, CDCl;): § = 169.6 (0, C-5"),
158.8 (0), 151. (0), 148.4 (0), 137.6 (0), 130.8 (0), 129.5 (1, C-2), 126.8 (1), 12.51 91),
123.2 (1, C-11), 122.3 (1, C-3", 121.2 (0), 116.6 (1), 116.0 (0), 72.9 (1, C-11c), 65.9 (2,
C-2), 57.1 (1, C-4),43.1 (1, C-3a), 28.6 (2, C-3), 21.3 (3, C-6"). IR (neat, ZnSe): Vpax =
3305 (m), 1744 (s), 1730 (s), 105 (m), 1242 (s), 1176 (s), 1046 (m), 787 (s) cm™. HRMS

m/z [M'] calcd for CpH;oNOs 377.1262, found 377.1280.

(4aS*, 55%,12c¢R*)-4-(7-0Oxo0-2,3,4,4a,5,6,7,12c-octahydro-1,8-dioxa-6-aza-

benzo[c]phenanthren-5-yl)benzoic acid methyl ester (300)

4. CO,CH3z
5
3t

H »

Using general procedure 2, 212 (0.30 g, 1.9 mmol), methyl 4-formylbenzoate
(0.32 g, 1.9 mmol), dihydropyran (0.50 mL, 0.47 g, 5.6 mmol), Yb(OTf); (0.05 g), and
acetonitrile (40 mL) were reacted for 7 d. The thick yellow suspension went to a thick
pale white suspension over the course of the reaction. A white residue was obtained and

the dr ratio was determined to be 95 : 5 in favor of the exo isomer by NMR. The residue

172



produced was then subjected to flash chromatography (dichloromethane), which afforded
300 as a white solid (0.22 g, 0.56 mmol, 31%).

300: Ry = 0.30 (dichloromethane). Mp = 206-207 °C (chloroform/hexane). "H NMR (500
MHz, CDCl;): 6 = 8.08 (d, 2H, J = 7.6 Hz, H-3"), 7.57-7.55 (m, 1H, H-12), 7.56 (d, 2H, J
= 7.3 Hz, H-2"), 7.30-7.25 (m, 3H), 5.11 (s, 1H, H-6), 4.82 (d, 1H, J = 11.5 Hz, H-5), 4.70
(d, 1H, J= 3.4 Hz, H-12c¢), 4.19-4.16 (m, 1H, H-2B), 3.94 (s, 3H, H-5"), 3.81 (td, 1H, J =
11.9,2.1 Hz, H-20), 2.11-2.08 (m, 1H, H-4a), 1.93-1.87 (m, 1H, H-4B), 1.82-1.75 (m,
1H), 1.62-1.60 (m, 1H), 1.50 (d, 1H, J = 14.1 Hz), 1.44 (d, 1H, J = 12.1 Hz). NOE-D
(CDCl): & = 8.08 (7.50, 3.9%; 3.94, 2.6%), 7.57-7.55 (7.30-7.25, 5.6%; 4.70, 7.6%),
7.50 (8.08, 5.2%; 5.11, 1.4%; 4.82, 3.3%; 2.11-2.08, 1.8%; 1.93-1.87, 1.6%; 1.50, 1.0%),
5.11 (7.50, 3.8%; 4.82, 3.5%; 3.94, 2.9%), 4.82 (7.50, 7.2%; 5.11, 3.1%; 2.11-2.08, 2.0%;
1.93-1.87, 3.8%; 1.50, 1.8%), 4.70 (7.57-7.55, 8.6%; 3.81, 3.8%; 2.11-2.08, 5.3%; 1.82-
1.75, 2.6%), 4.19-4.16 (3.81, 18.0%; 1.93-1.87, 4.5%; 1.44, 3.2%), 3.81 (7.57-7.55,
1.7%; 4.70, 4.4%; 1.82-1.75, 3.8%; 1.44, 4.7%), 2.11-2.08 (7.50, 4.3%; 4.70, 4.5%; 1.82-
1.75, 2.6%; 1.50, 2.3%), 1.93-1.87 (7.50, 3.0%; 4.82, 4.6%; 4.19-4.16, 4.6%; 3.81, 1.7%:;
1.62-1.60, 4.7%, 1.50, 16.9%), 1.82-1.75 (4.70, 2.8%; 3.81, 3.3%; 2.11-2.08, 3.7%; 1.93-
1.87, 12.8%; 1.50, 18.3%; 1.44, 4.3%). >*C NMR (126 MHz, CDCls): § = 166.8 (0),
159.0 (0), 148.4 (0), 145.6 (0), 130.6 (0), 130.6 (0), 130.38 (0), 130.35 (0), 130.2 (1, C-
31, 126.4 (1, H-12), 125.0 (1), 120.6 (1, H-2"), 116.7 (1), 114.8 (1), 69.9 (1, C-12¢), 69.3
(2,C-2),54.43 (1, C-5), 54.35 (3, C-5"), 38.7 (2), 23.7 (2), 22.0 (2). IR (neat, ZnSe) Vpax
= 3400 (W), 2844 (w), 1714 (s), 1704 (s), 1506 (w), 1279 (m), 1058 (m), 783 (s) cm ™.

HRMS m/z [M"] caled for C,3H,1NO5391.1418, found 391.1424.
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(4aS*,5R*,12¢8%)-4-(7-0Ox0-2,3,4,4a,5,6,7,12¢c-octahydro-1,8-dioxa-6-aza-

benzo[c]phenanthren-5-carboxylic acid ethyl ester)benzoic acid methyl ester (301)

Using general procedure 2, 212 (0.30 g, 1.9 mmol), ethyl glyoxalate solution in
toluene (0.65 mL, 0.67 g, 5.6 mmol), dihydropyran (0.50 mL, 0.47 g, 5.6 mmol),
Yb(OTf); (0.05 g), and acetonitrile (40 mL) were reacted under reflux for 2.5 d. The
thick yellow suspension and went to a thick pale white suspension over the course of the
reaction. A white residue was obtained and the dr ratio was determined to be >95: 5 in
favor for the exo isomer. The residue produced was then subjected to flash
chromatography (dichloromethane), which afforded 301 as a white solid (0.15 g, 0.45
mmol, 26%).

301: Ry = 0.20 (dichloromethane). Mp = 102-103 °C (chloroform/hexane). "H NMR (500
MHz, CDCl3): 6 = 7.60-7.58 (m, 1H, H-12), 7.28-7.22 (m, 3H), 5.26 (s, 1H, H-6), 4.69
(d, 1H, J=3.4 Hz, H-12¢), 4.39 (d, 1H, J = 10.2 Hz, H-5), 4.30 (g, 2H, J = 7.2 Hz, H-1"),
4.03-4.01 (m, 1H, H-2B), 3.80 (td, 1H, /=10.2, 2.8 Hz, H-2a), 2.18-2.15 (m, 1H, H-4a),
2.12-2.10 (m, 1H), 2.01-1.91 (m, 2H), 1.58-1.54 (m, 1H), 1.34 (t, 3H, /= 6.9 Hz, H-2).
NOE-D (CDCls): & = 7.60-7.58 (7.28-7.22, 3.2%; 4.69, 5.6%), 5.26 (4.39, 3.4%), 4.69

(7.60-7.58, 5.8%; 3.80, 3.5%; 2.18-2.15, 4.5%; 2.12-2.10, 2.8%), 4.39 (5.26, 3.0%; 2.18-
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2.15, 3.1%; 2.12-2.10, 3.6%), 4.03-4.01 (3.80, 11.4%; 2.12-2.10, 4.0%; 1.58-1.54, 3.2%),
3.80 (4.69, 3.7%; 4.03-4.01, 10.4%; 2.01-1.91, 3.3%; 1.58-1.54, 3.5%). °C NMR (126
MHz, CDCl3): 6 = 171.5 (0), 158.6 (0), 148.4 (0), 128.9 (0), 126.5 (1), 125.0 (1), 122.1
(1), 120.4 (0), 116.7 (1, C-12), 114.4 (0), 69.9 (1, C-12¢), 68.4 (2, C-2), 62.0 (2, C-1,
53.5(1,C-5),35.1 (1, C-4a), 244 (2),22.2 (2), 14.4 (3, C-2). IR (neat, ZnSe) Umax =
3418 (w), 2938 (w), 2872 (w), 1737 (s), 1706 (s), 1616 (w), 1500 (m), 1260 (m), 1198
(s), 1190 (s), 1088 (m), 784 (s), 779 (s) cm’, HRMS m/z [M*] caled for C;sH gNOs

329.1262, found 329.1284.
General Procedure 3: Aromatization of Diels-Alder adducts.

To a solution of Diels-Alder adduct in dichloromethane was added dropwise
bromine (1M solution in dichloromethane, 2.1 equivalents) in the dark over a 15 to 30
min period. The resulting mixture was stirred at room temperature overnight. Solid
sodium hydrogen sulfate wés added to the reaction and the mixture was diluted with ethyl
acetate. The solution was then washed with 1 M aqueous sodium carbonate solution and
dried MgSO,). The solvent was removed under reduced pressure and the residue was

crystallized from chloroform/hexane.

2-(4-Nitrophenyl)-4-phenyl-9-oxa-1-aza-phenanthren-10-one (302)
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Using general procedure 3, 285 (0.24 g, 0.66 mmol), dichloromethane (20 mL),
and bromine solution (1.80 mL, 1.8 mmol, 0.28 g) were reacted. The clear brown solution
went to a thick bright yellow suspension over the course of the reaction, NaHSO, (0.20 g)
was added to the reaction mixture and the solution was diluted ethyl acetate (30 mL).
Crystallization afforded 302 (0.17 g, 0.43 mmol, 71%) as a white solid.

304: Mp = >300 °C. '"H NMR (500 MHz, CDCl3): § = 8.42 (d, 2H, J = 7.0 Hz, H-3"), 8.37
(d, 2H, J = 8.9 Hz, H-2"), 8.04 (s, 1H, H-3), 7.61-7.58 (m, 3H), 7.48-7.44 (m, 2H), 7.43-
7.40 (m, 2H), 7.10 (d, 1H, J = 7.2 Hz), 6.94-6.90 (m, 1H). °C NMR (126 MHz, CDCl;):
8 =158.9 (0), 155.0 (0), 151.4 (0), 151.3 (0), 149.8 (0), 149.1 (0), 143.1 (0), 139.9 (0),
139.5 (0), 131.3 (1), 129.9 (1), 129.7 (1), 128.5 (1, C-3"), 128.3 (1, H-3), 128.2 (1), 128.1
(1), 124.4 (1, H-2", 124.2 (1), 118.2 (1), 117.0 (0). IR (neat, ZnSe): Vmax = 1783 (s), 1652
(w), 1558 (m), 1458 (w), 1339 (s), 1160 (m), 862 (m), 757 (s), 703 (m) cm™. HRMS m/z

[M*] caled for C4H;4N,04394.0952, found 394.0955.

3-(2-Hydroxyethyl)-2-(4-nitrophenyl)-9-oxa- 1-aza-phenanthren-10-one (303)
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Using general procedure 3, 281 (0.13 g, 0.36 mmol), dichloromethane (20 mL)
and bromine solution (0.75 mL, 0.75 mmol, 0.12 g) were reacted. The clear colorless
solution went to a thick bright yellow suspension over the course of the reaction.
NaHSO, (0.20 g) was added to the reaction mixture and the solution was diluted with
ethyl acetate (30.0 mL). Crystallization afforded 305 as a white solid (0.12 g, 0.33 mmol,
93%). Mp = 160-161 °C. "H NMR (500 MHz, DMSO-d6): & = 8.95 (s, 1H, H-4), 8.45
(dd, 1H, J = 8.0 Hz, 0.9 Hz), 8.40 (d, 2H, J = 12.5 Hz), 8.31 (s, 1H), 7.94-7.91 (m, 2H),
7.65 (td, 1H,J=17.8, 1.4 Hz), 748 (d, 2H, J = 7.3 Hz), 3.72 (t, 2H, J = 6.3 Hz), 3.01 (t,
2H, J = 6.4 Hz). '*C NMR (126 MHz, DMSO-d6): 8 = 158.3 (0), 157.8 (0), 150.8 (0),
147.4 (0), 145.4 (0), 139.7 (0), 135.3 (0), 133.0 (0), 131.5 (1), 130.7 (1), 124.8 (1), 124.4
(1), 123.4 (1), 117.2 (1), 116.6 (0), 60.6 (2), 35.4 (2). IR (neat, ZnSe): Vmax = 3454 (vs),
1740 (s), 1602 (m), 1517 (s), 1431 (w), 1343 (s), 1176 (s), 1026 (5), 553 (m), 759 (m) cm’

!, HRMS m/z [M"] calcd for C4H 4N,0,362.1130, found 361.0814.
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Chapter 4: Compounds for Collaborative Studies

4.1 - Introduction

The recognition that 2-azadienes of the general structure 306 were
bichromophoric systems piqued the interest of Dr. D. W. Thompson (Memorial
University of Newfoundland), who is very interested in studying electron transfer.
Samples of all of the dienes that were prepared in this work were given to Dr. Thompson
and initial studies of their photophysical properties led to the observation of some very
unusual behavior. Of particular interest were compounds 223 and 224 (Figure 4.1). To
further probe this unusual behavior, some related compounds were identified as subjects
for further study, i.e. 307 - 310 (Figure 4.1) syntheses of these compounds are described
below. Details of the work regarding the photochemistry of these compounds are beyond
the scope of this thesis and will be discussed in detail in forthcoming theses and

publications from the Thompson group.
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Figure 4.1

Imines can be reduced to secondary amines using palladium-catalyzed
hydrogenation.' This methodology was applied to dienes 223 and 224 to produce 307 and

308, albeit in only fair yield (Scheme 4.1).

! Kokotos, G.; Tzougraki, C. J. Heterocyclic Chem. 1986, 23, 87-92.
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OH dioxane
68%
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C(\/\[ dioxane C(\t\[
224 308
Scheme 4.1

An attempt to synthesize alkenes 309 and 310 using the Horner-Wadsworth-
Emmons reaction with phosphonate 311 was then initiated (Scheme 4.2). Phosphonate
311 was prepared in four steps from salicylaldehyde (Scheme 4.2). 3-Methylcoumarin
was produced from a Knoevenegal condensation and the methyl group was then radically
brominated using light and NBS (47%).? Reaction of the resulting benzylic bromide with
triethyl phosphite then afforded the desired phophonate 311 (85%) (Scheme 4.2)3
Unfortunately, attempts to prepare 309 and 310 using the Horner-Wadsworth-Emmons
reaction resulted in the formation of complex mixtures. No further attempts were made to
produce 309 and 310. Protection of the relatively acidic phenol protons may eventually

facilitate these reactions.

2 Incremona, J. H.; Martin, J. C. J. Am. Chem. 1970, 92, 627-634.
* Nagata, W.; Wakabayashi, T.; Hayase, Y. Org. Synth.Coll. Vol. 6, 448.
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It was also desired to synthesize 1-azadiene 316. This compound was produced

using general procedure in Chapter 2 (Figure 4.2).

Br
_NBS, hv_ N g
" DM N +
313 3150 ©

47%
CH,CH,CO,H
(CH5CH,C0),0 | 36% 85% | P(OEt);
N(Et);
SO 6 G
O o]
OH 314
Scheme 4.2
i
N OH
o” o
316
Figure 4.2
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4.2 Experimental

General Procedures

For general procedures please refer to the section in Chapter 2.

3-[(2-Hydroxynaphthalen-1-ylmethyl)amino]-2H-chromen-2-one (307)

To a solution of 223 (0.73 g, 2.3 mmol) in dioxane (50 mL), was added Pd/C
(0.03 g, 5% wt. Pd) and the mixture was stirred under a slight positive pressure of
hydrogen for 24 h. The mixture remained bright orange over the course of the reaction.
The catalyst was removed by suction filtration and the solvent was removed under
reduced pressure to give a pale brown oil (0.83 g). The oil was then subjected to flash
chromatography (5% ethyl acetate/dichloromethane), which afforded 307 as an orange
solid (0.50 g, 1.6 mmol, 68%).
Ry = 0.40 (5% ethyl acetate/dichloromethane). Mp 178-179 °C (chloroform/hexane). 'H
NMR (500 MHz, CDCls):  =7.93 (d, 1H, J = 8.8 Hz), 7.84 (d, 1H, J = 8.0 Hz), 7.78 (d,
1H, J=9.2 Hz), 7.54 (m, 1H), 7.40 (t, 1H, J=7.1 Hz), 7.34 (d, 1H, J = 8.4 Hz), 7.30-

7.29 (m, 2H), 7.24-7.21 (m, 1H), 7.12 (d, 1H, J = 8.7 Hz), 6.72 (s, 1H, H-4), 6.56 (s, 1H),
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5.69 (s, 1H), 4.83 (d, 2H, J = 4.0 Hz). '*C NMR (126 MHz, CDCl;): § = 159.6 (0), 153.2
(0), 148.7 (0), 133.4 (0), 132.9 (0), 130.5 (1), 129.5 (0), 129.1 (1), 127.5 (1), 126.9 (1),
125.8 (1), 125.0 (1), 123.8 (1), 122.2 (1), 121.4 (0), 118.5 (1), 116.4 (1), 113.4 (0), 108.9
(1,C-4), 40.4 (2). IR (neat, ZnSe): Vmax = 3405 (m), 3276 (s), 1682 (s), 1620 (m), 1514
(w), 1497 (m), 1352 (m), 1177 (m), 858 (m), 738 (s) cm™'. HRMS m/z [M*] Calcd. for

CyH5sNO3317.1051, found 317.1054.

3-(2-Hydroxybenzylamino)-2H-chr0men-2-one1 (308)

5'

P
3 '
2! 7
5 4 ¥
4a
6 \3 Nl-li' Ol;l'
7 0] 2O
3 8a i

To a solution of 224 (3.00 g, 11.3 mmol) in dioxane (50 mL), was added Pd/C
(0.03 g, 5% wt. Pd) and the mixture was stirred at room temperature under a slight
positive pressure of hydrogen for 24 h. The supernatant changed from bright orange to
colorless during the course of the reaction. The mixture was filtered and the solvent was
removed under reduced pressure to give 309 as a pale yellow oil (3.01 g), which was then
crystallized from chloroform/hexane to afford a pale yellow solid (2.21 g, 8.27 mmol,
73%).
Mp 158-159 °C (chloroform/hexane) (Lit.* 169-170 °C). 'H NMR (500 MHz, CDCl5): &

=7.31-7.18 (m, 6H), 6.92 (t, 1H, /= 7.9 Hz), 6.86 (d, 1H, J = 7.5 Hz), 6.55 (s, 1H, H-4),

4 Kokotos, G.; Tzougraki, C. J. Heterocyclic Chem. 1986, 23, 87-92.
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5.89 (s, 1H), 5.24 (s, 1H), 4.42 (s, 2H, H-1). >C NMR (126 MHz, CDCl3): § = 159.8 (0),
155.1 (0), 148.6 (0), 133.2 (0), 129.6 (1), 129.4 (1), 126.8 (1), 125.8 (1), 124.9 (1), 122.8
0), 121.3 (0), 121.1 (1), 116.41 (1), 116.38 (1), 109.0 (1, H-4), 45.0 (2, C-2'). IR (neat,
ZnSe): Vmax = 3426 (s), 1694 (s), 1625 (m), 1502 (m), 998 (w), 836 (m), 754 (s) cm™. MS
(ED) m/z (%) = 267 (M", 26), 174 (11), 161 (100), 133 (35), 107 (59), 83 (21), 51 (34).

HRMS m/z [M'] Calcd. for C;H;3NO5267.0895, found 267.0905.

3-Methyl-2H-chromen-2-one

8a O (0]
8 1

To a solution of salicyaldehyde (105.0 mL, 120.3 g, 0.985 mol) and propionic
acid (75.0 mL, 74.48 g, 1.00 mol) in propionic anhydride (260.0 mL, 263.9 g, 2.00 mol),
was added triethylamine (150.0 mL, 115.8 g, 1.10 mol) and the mixture was heated under
reflux for 8 h. The clear colorless solution became clear brown over the course of the
reaction. The reaction was cooled to room temperature and a white precipitate formed.
The solution was filtered and washed with hexane, which afforded 312 as an off white
solid (56.71 g, 0.35 mol, 36%).

Mp 82-83 °C (chloroform/hexane) (Lit.* 90-92 °C). 'H NMR (500 MHz, CDCLy): § =
7.52 (s, 1H, H-4), 7.46 (td, 1H, J=7.8, 1.3 Hz), 7.42 (dd, 1H, J=7.7, 1.4 Hz), 7.31 (d,
1H, J=7.7Hz), 7.25 (td, 1H, J = 7.8, 1.4 Hz), 2.23 (s, 3H, H-1"). ’C NMR (126 MHz,

CDCls): 6 =162.4 (0), 153.4 (0), 139.4 (1, C-4), 130.6 (1), 127.1 (1), 126.0 (0), 124.4 (1),
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119.8 (0), 116.6 (1), 17.4 (3, H-1"). IR (neat, ZnSe): Vmax = 3042 (w), 2988 (w), 2951 (w),
1701 (s), 1608 (m), 1193 (m), 1074 (m), 1002 (m), 752 (s) cm™. MS (EI) m/z (%) = 160

(M*, 66), 131 (100), 103 (17), 77 (24), 51 (31).

3-Bromomethyl-2H-chromen-2-one (313) and 3-dibromomethyl-2H-chromen-2-one
(315)

To a solution of 3-methyl-2H-chromen-2-one (7.00 g, 43.7 mmol) in
dichloromethane (100 mL) was added N-bromosuccinimide (8.20 g, 45.9 mmol). The
solution was stirred at 0 °C with irradiation by a Watt floodlight for 12 h. The clear
colorless solution went to clear orange over the course of the reaction. The solution was
washed with 1 M HCI (50 mL) and 1 M K,CO; (50 mL) and the organic layer was dried
with MgSO,. The solvent was removed under reduced pressure and the residue was the
subjected to flash chromatography (30% dichloromethane/hexane), which afforded 313
as a white solid (0.43 g, 1.3 mmol, 3%) and 315 (4.92 g, 20.6 mmol, 47%) as a white

solid.

313: Ry = 0.65 (30% dichloromethane/hexane). Mp 118-119 °C (chloroform/hexane). 'H
NMR (500 MHz, CDCl3): 6 =7.86 (s, 1H, H-4), 7.55 (td, 1H, T = 7.8, 1.4 Hz), 7.51 (dd,

1H,J=7.6,2.0Hz),7.36 (d, 1H, ] =82 Hz), 7.31 (td, 1H, J =74, 1.3 Hz), 4.44 (s, 2H,

3 Singer, L. A.; Kong, N. P. J. Am. Chem. Soc. 1966, 88, 5213-5219.
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H-1%. 3C NMR (126 MHz, CDCls): 8 = 160.1 (0), 154.0 (0), 142.1 (1, C-4), 132.4 (1),
128.3 (1), 125.8 (0), 124.9 (1), 119.1 (0), 117.0 (1), 27.7 (2, C-1"). IR (neat, ZnSe): Vmax =
3043 (w), 1707 (s), 1608 (m), 1208 (m), 1191 (m), 1068 (m), 759 (s) cm™". MS (EI) m/z
(%) =238 (M, 9), 182 (5), 159 (100), 131 (26), 115 (35), 77 (25), 51 (27). HRMS m/z

[M*] calcd for C1oH7Br0O,237.9629, found 237.9636.

Br

5 4 1
6 4a \3 Br

2
8a 0O 0]
8

3151
315: Ry = 0.90 (30% dichloromethane/hexane). Mp 209-216 °C (chloroform/hexane). 'H
NMR (500 MHz, CDCl3): 6 = 8.34 (s, 1H, H-4), 7.62-7.60 (m, 2H), 7.40-7.35 (m, 2H),
6.84 (s, 1H, H-1". >C NMR (126 MHz, CDCls): § = 157.7 (0), 153.9 (0), 143.1 (1, C-4),
133.3 (1), 129.2 (0), 129.0 (1), 125.3 (1), 118.8 (0), 117.0 (1), 33.8 (1, H-1"). IR (neat,
ZnSe): Vpax = 3067 (W), 3041 (w), 3008 (w), 1719 (s), 1605 (m), 1198 (m), 1067 (m),
782 (m), 755 (s) cm™'. MS (EI) m/z (%) = 318 (M, 7), 239 (100), 193 (4), 159 (9), 130

(71), 102 (35), 51 (24). M", found 315.8711, C;oH;Br,0, requires M*, 315.8733.

(2-Oxo0-2H-chromen-3-ylmethyl)phosphonic acid diethyl ester (314)

4 10 2 3

A mixture of triethylphosphite (9.00 mL, 8.69 g, 52.3 mmol), and 313 (2.50 g,

10.5 mmol) was reacted under reflux conditions for 4 h. The clear colorless solution
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became a clear pale clear yellow over the course of the reaction. The solvent was
removed under vacuum, which produced a yellow oil. The residue was subjected to silica
flash column chromatography (50% ethyl acetate/dichloromethane), which afforded 314
as a pale yellow oil (2.63 g, 8.88 mmol, 85%).

Ry =0.25 (50% ethyl acetate/dichloromethane). '"H NMR (500 MHz, CDCls): 8 = 7.74 (d,
1H, J = 4.1 Hz), 7.54-7.48 (m, 2H), 7.35-7.27 (m, 2H), 4.19-4.07 (m, 4H), 3.20 (d, 2H, J
=22.5 Hz, H-1", 1.33 (t, 6H, J = 7.0 Hz). *C NMR (126 MHz, CDCl;): § = 161.4 (0),
153.4 (0), 141.9 (1, d, Jp.c = 8.0 Hz, C-4), 131.5 (1), 127.9 (1), 124.7 (1), 120.4 (0, d, Jpc
=10.2 Hz), 119.4 (0, d, Jp.c = 3.1 Hz), 116.7 (1), 62.6 (d, 2H, Jc.p = 6.3 Hz, C-2'), 27.0
(d, 2H, Jp.c = 140.2 Hz, C-1'), 16.5 (d, 3H, Jp.c = 6.3 Hz, C-3"). IR (neat, ZnSe): Vmax =
3469 (br), 2982 (w), 2908 (w), 1719 (s), 1609 (m), 1292 (m), 1019 (vs), 957 (s), 758 (s)
cm™. MS (ED) m/z (%) = 296 (M", 60), 251 (9), 212 (35), 160 (100), 131 (66), 77 (69).

HRMS m/z [M'] Calcd. for C;4H705P 296.0812, found 296.0804.

3-[(2-Hydroxyphenylimino)methylene]-2H-chromen-2-one (316)

3 5
2' 6'
) I
5 4
6 X1 O";,
2
8 @ ©

Using general procedure 1 (Chapter 2), 176 (0.70 g, 4.0 mmol) and 2-
aminophenol (0.50 g, 4.6 mmol), were reacted in toluene (50 mL) for 24 h. The pale

yellow solution became a thick bright yellow suspension over the course of the reaction.
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The mixture was cooled to 6 °C and then filtered, which afforded 316 as a bright yellow
solid (0.85 g, 3.2 mmol, 80%).

Mp 249-250 °C (chloroform/hexane). "H NMR (500 MHz, CDCl5): 8 = 9.00 (s, 1H, H-
1, 8.62 (s, 1H, H-4), 7.70 (d, 1H, J = 8.6 Hz), 7.64 (t, 1H, J = 7.8 Hz), 7.43-7.38 (m,
3H), 7.26-7.25 (s, 2H), 7.04 (d, 1H, J = 7.6 Hz), 6.94 (t, 1H, J = 7.1 Hz). "H NMR (500
MHz, DMSO0-d6): § = 9.21 (s, 1H), 9.02 (s, 1H), 8.78 (s, 1H), 7.90 (d, 1H, J = 7.5 Hz),
771 (t, 1H, J=7.8 Hz), 7.49 (d, 1H, J = 8.5 Hz), 7.44 (t, 1H, J = 7.8 Hz), 7.26 (d, 1H, J
= 8.5 Hz), 7.13 (t, 1H, J = 7.8 Hz), 6.93 (d, 1H, J = 8.5 Hz), 6.86 (t, 1H, J = 7.5 Hz). 1°C
NMR (126 MHz, CDCls): § = 161.3 (0), 154.9 (0), 153.2 (0), 150.4 (1, C-1), 140.6 (1, C-
4), 135.2 (0), 133.7 (1), 130.6 (1), 129.9 (1), 125.6 (1), 123.3 (0), 120.8 (1), 119.4 (0),
117.3 (1), 116.7 (1), 115.2 (1). '*C NMR (126 MHz, DMSO-d6): & = 160.2 (0), 153.8 (0),
151.7 (1), 151.6 (0), 140.9 (1), 133.2 (1), 129.9 (1), 128.4 (1), 125.0 (1), 122.6 (0), 119.6
(1), 119.5 (1), 119.0 (0), 116.3 (1), 116.2 (1). IR (nujol, KBr): Vmax = 3392 (W), 1704 (s),
1606 (w), 1586 (w), 1143 (m), 751 (m) cm™. MS (EI) m/z (%) = 265 (M*, 100), 236 (9),
220 (34), 120 (69), 118 (20), 89 (12). HRMS m/z [M*] Calcd. for Ci¢H;;NO3 265.0738,

found 265.0728.
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Chemical Shift NMR Tables

for the

Povarov Adducts
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exo 5 5
Compound | proton multi] J (H2) endo — Oexo

Ha 8.21 m 7.56 m 0.65
Hb 5.50 d 4.7 4.71 d 3.5 0.79

280 Hc 2.36 m 2.10 m 0.26
Hd 4.81 d 2.5 4.87 d 11.4 -0.06
He 5.07 S 5.09 ] -0.02
Hf 7.63 d 8.7 7.62 d 8.2 0.01
Ha 7.85 dd §7.4,15] 7.76 m 0.09
Hb 5.53 d 7.4 4.76 d 5.2 0.77

281 He 2.98 m 2.52 m 0.46
Hd 4.86 d 2.3 3.95 d 11.2 0.91
He 4.99 ] 5.26 S -0.27
Hf 7.71 d 9 7.66 d 8.6 0.05
Ha 7.85 m
Hb 4.91 d 7.8
He 3.46 m

282 Hd 4.72 d 4.4
He 5.21 S
Hf 7.35 d 8.5
Ha 8.00 m
Hb 5.44 d 8.5
He 4.74 t 7

286a Hd | 492 | m

He 4.92 m
Hf
Ha 7.60 m
Hb 4.71 d 2.8

208 He 2.08 m
Hd 4.78 d 11.5
He 5.09 s
Hf 7.45 d 8.5
Ha 7.82 m 7.76 m 0.06
Hb 5.49 d 7.4 4.75 d 5.1 0.74

299 He 2.94 m 2.50 m 0.44
Hd 4.72 d 2.8 3.84 d 11.1 0.88
He 4.94 s 5.25 s -0.31
Hf 7.51 m 7.46 d 8.1 0.05

Table A.1 - NMR shift values for bridgehead containing Povarov adducts.
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exo
d | proton Bendo — Oexo
Compound § p 5 ] muli | J(Hz) | o | muiti | J(Hz) | =
Ha
Hb 577 dd 9.0,7.8] 5.55 dd 5.0,2.0 0.22
Hca 2.48 m 3.16 ddd 8'95’ :’9’ -0.68
284 HcB 2.20 m 3.59 ddd 8'25’ :'2’ -1.39
Hd 4.62 dd 10.8,6.2] 4.65 dd 12.6, 3.4 -0.03
He 5.16 S 5.33 s -0.17
Hf 7.64 d 8.9 7.64 d 8.8 0
Ha
Hb 4.42 t 7.8
Hca 2.62 m
287 HcB | 2.26 m
Hd 4.66 d 8.6
He 5.26 S
Hf 7.50 d 8.8
Ha 7.33 d 8.3
Hb 4.40 t 7.3 4.39 dd 52,14 0.01
Hca 2.62 m
17.0,
288 Hep 2.32 ddd 8.3, 8.3
Hd 4.67 d 7.5 4.44 dd 11.5, 3.4 0.23
He 5.25 S 5.15 s 0.1
Hf 7.49 d 9.1 7.52 d 8.5 -0.03
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Ha 7.76 dd 7.6,1.8] 7.50 m 0.26
Hb 4.67 t 3.9 4.64 d 3.4,1.6 0.03
14.4,
Hca 2.71 ddd 3.4,3.4 2.15 m 0.56
14.6, 13.4,
284 Hep 2.60 ddd 6.2,6.2 2.34 ddd 2.0, 2.0 0.26
Hd 4.92 d 4.6 5.11 dd }11.6,3.3 -0.19
He 5.59 s 5.26 s 0.33
Hf 7.48 d 9.4 7.62 d 8.9 -0.14
Ha 7.45 dd 9.1,1.8] 7.52 m -0.07
Hb 4.80 t 3.8 4.70 m 1
Hca 2.33 dt 14.6, 4.9
289 Hcp 2.75 dt 14.4,4.2
Hd 4,91 dd 8.1,44] 4.70 m 0.21
He 5.50 s 6.25 s -0.75
Hf 7.53 d 8.3 7.68 d 7.9 -0.15
Ha 6.93 dd 7.7,1.6
Hb 4.44 t 7.6
13.9,
Hca 2.63 dddd 7.0, 3.4,
2
Hep 2.33 ddd 8.6, 8.6
Hd 4.66 d 7.4
He 5.24 s
Hf 7.50 d 7.1

Table A.2 - NMR shift values for Povarov adducts without a bridgehead.
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X-ray Analysis for

299b
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Experimental

Data Collection

A colorless prism crystal of H{gNO5Cp7 having approximate dimensions of 0.64

x 0.10 x 0.08 mm was mounted on a glass fiber. All measurements were made on a
Bruker P4/CCD system with graphite monochromated Mo-Ka radiation and a sealed tube
generator.

Cell constants and an orientation matrix for data collection corresponded to a
primitive monoclinic cell with dimensions:

a= 19.587(2) A

b= 5.05274)A P =100.997(2)°

c= 18.853(2) A

V =1831.6(2) A3
For Z = 4 and F.W. = 377.40, the calculated density is 1.37 g/cm3. The systematic
absences of:

hOl: 1£2n

0kO: k +£2n
uniquely determine the space group to be:

P21/c (#14)
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The data were collected at a temperature of -80 + 19C.. The full hemisphere of

data was collected with 30 sec., 0.3 deg. frames to a maximum 20 value of 52.80.
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Data Reduction

Of the 12732 reflections which were collected, 3760 were unique (Rijpt = 0.044

the linear absorption coefficient, {, for Mo-Ka radiation is 1.0 cm-!. The Siemens area
detector absorption routine (SADABS) was used to correct the data with maximum and
minimum effective transmissions of 0.9922 to 0.9402 respectively. The data were

corrected for Lorentz and polarization effects.

Structure Solution and Refinement

The structure was solved by direct methods? and expanded using Fourier
techniques3. The non-hydrogen atoms were refined anisotropically. Hydrogen atoms
were included but not refined. The final cycle of full-matrix least-squares refinement4 on

F2 was based on 3760 observed reflections and 253 variable parameters and converged
(largest parameter shift was 0.00 times its esd) with unweighted and weighted agreement

factors of:
R1 =Z |[Fo| - |[Fc||/ X |Fo| = 0.052

WR2 = [ Z (w (Fo2 - Fc2)2)/ £ w(Fo2)211/2 = 0.142
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The standard deviation of an observation of unit weight5 was 1.03. The weighting

scheme was based on counting statistics. The maximum and minimum peaks on the final
difference Fourier map corresponded to 0.38 and -0.37 e /A3, respectively.

Neutral atom scattering factors were taken from Cromer and Waber0. Anomalous
dispersion effects were included in Fcalc’; the values for Af' and Af" were those of
Creagh and McAuleyS. The values for the mass attenuation coefficients are those of

Creagh and Hubbell®. All calculations were performed using the teXsan10

crystallographic software package of Molecular Structure Corporation except for

refinement, which was performed using SHELX1.-9711.
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EXPERIMENTAL DETAILS

A. Crystal Data

Empirical Formula HigNO5Cp2

Formula Weight 377.40

Crystal Color, Habit colorless, prism
Crystal Dimensions 0.64 X 0.10 X 0.08 mm
Crystal System monoclinic

Lattice Type Primitive

Lattice Parameters a= 19.587(2) A

b= 5.0527(4) A

c= 18.853(2) A
B =100.997(2) ©

V =1831.6(2) A3

Space Group P2{/c (#14)
Z value 4

Dcalc 1.368 g/cm3
Fo0o 792.00
w(MoKa) 0.97 cm-1
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B. Intensity Measurements

Diffractometer Bruker P4/ CCD
Radiation MoKoa (A = 0.71073 A)

graphite monochromated

Temperature -80 + 19C

Scan Rate 30s, 0.3 deg frames
20max 52.80

No. of Reflections Measured Total: 12732

Unique: 3760 (Rjnt = 0.044)
Corrections Lorentz-polarization
SADABS correction

(Trans factors 0.9922 - 0.9402)
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C. Structure Solution and Refinement

Structure Solution
Refinement
Function Minimized

Least Squares Weights

Anomalous Dispersion

No. Observations (I>2.000(1))
No. Variables
Reflection/Parameter Ratio
Residuals: R1; wR2

Goodness of Fit Indicator
Max Shift/Error in Final Cycle

Maximum peak in Final Diff. Map

Minimum peak in Final Diff. Map

Direct Methods (SHELX97)
Full-matrix least-squares on F2
Zw (Fo2 - Fc2)2

w = 1/[ 62(Fo?) + (0.0583 - P)2
+1.0972- P]

where P = (Max(Fo2,0) + 2Fc2)/3
All non-hydrogen atoms

2611

253

10.32

0.052;0.142

1.03

0.00
0.38 e/A3

0.37 /A3
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