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Abstract 

The Diels-Alder reaction is one of most powerful reactions for the construction of 

six-membered rings. As compared with the normal Diels-Aider reaction (HOMOctiene

LUMOctienophile), the mverse electron demand Diels-Alder (IEDDA) reaction 

(HOMOctienophile-LUMOctiene) has been explored to a far lesser extent. The synthesis of 

electron deficient dienes for IEDDA reactions is one of the major challenges in the 

development of IEDDA reactions. This thesis deals mainly with the exploration and 

applications of electron deficient coumarin-fused dienes in the IEDDA reactions. 

For the study of electron deficient coumarin-fused 2-azadienes, various 3-

aminocoumarins were desired. In Chapter I, a convenient synthesis of 3-

aminocoumarins is described. A few azadienes were synthesized by the condensation of 

some of the 3-aminocoumarins and salicylaldehyde derivative . These dienes were used 

in a study of proton-coupled electron transfer process in collaboration with Dr. D. W. 

Thompson. 

A multicomponent synthesis of 1 ,2,3,4-tetrahydropyrido[2,3-c]coumarins, which 

involves an IEDDA reaction, was developed. Various in situ-generated coumarin-fused 

2-azadienes react with electron rich dienophiles in the presence of Yb(OTf)3 to afford, 

after IEDDA reaction and tautomerization of the initial adduct, 1 ,2,3,4-

tetrahydropyrido[2,3-c]coumarins. Some aspects of the chemistry of these products were 

investigated. This discussion is covered in Chapter 2. 
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Chapter 3 includes details of an exploratory study of intramolecular IEDDA 

reaction of the coumarin-fused 2-azadienes and its application to diversity-oriented 

synthesis of complex pentacyclic heterocycles. This reaction generally proceeds with 

very high diastereoselectivity in favor of the diastereomer arising from an exo transition 

state. 

Efforts toward the synthesis of a structurally interesting naphtho-fused [7]helicene 

are discussed in Chapter 4. A synthetic route to some key intermediates for this target 

has been established. 

In Chapter 5, an iterative strategy for the synthesis of a courn[5]isophenacene, a 

novel structural motif, is described. Some groundwork for future studies has been 

accomplished during these efforts. 
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Chapter 1. Hydrolysis-free Synthesis of 3-

Aminocoumarins and Synthesis of Coumarin-fused 2-

Azadienes 

1.1 Introduction 

The coumarin system is present in a very broad range of natural and non-natural 

products of biological interest.' The 3-aminocoumarin motif, while considerably les 

prevalent, can nonetheless be found in a number of naturally occurring antibiotics, such 
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FIGURE 1.1 Natural Antibiotics Containing 3-Aminocoumarin 



as novobiocin (1),2 clorobiocin (2)3 and coumermycin A1 (3)4 (Fig. l.1 ). 

Derivatives of 3-arninocoumarins have been found to possess biological activity, 

including CNS depressant,5 antibacterial,6 antiallergic7 and insect-growth-regulatory.8 

Moreover, 3-arninocoumarin and its derivatives are also known to exhibit interesting 

photochemical behavior and have found application as fluorescent markers.9 

Although various methods have been reported for the synthesis of 3-

arninocoumarins or related compounds, 10 reproducibility has sometimes been a problem, 

as experienced by us and others. 11 The final step of these syntheses is typically the 

hydrolysis of a 3-acetamidocoumarin, which can result in the formation of a 3-

hydroxycoumarin, both under acidic and basic conditions. 12 

1.2 Results and Discussion 

1.2.1 Synthesis of the Parent 3-Aminocoumarin 

For the parent 3-aminocoumarin (7a), the synthesis commenced with the 

conversion of commercially available (or easily prepared from salicylaldehyde and N

acetylglycine13) 3-acetamidcoumarin (Sa) to Boc-protected 3-aminocoumarin (6a) using 

the method of Burk and Allen 14 in 94% yield. This one-pot procedure, which was 

originally developed for amino acids, involves an acylation-deacylation sequence in 

which an N-acetyl compound is reacted with di-t-butyl dicarbonate in the presence of 

DMAP to give an imide, followed by reaction with hydrazine hydrate to remove the 

acetyl group. The resulting t-butyl carbamate (6a) could then be easily converted to 3-

arninocoumarin (7a) in high yield (99%) under anhydrous conditions through the action 
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of 15% TFA/CHCh (Scheme 1.1). In our hands, this method ha proved to be very 

reproducible and we have prepared up to 15 g of 3-arrlinocoumarin in a single run. 

SCHEME 1.1 General Synthesis of 3-Aminocoumarins 

ROcHa N-Acetylglycine Are:r:J:NHAc 
1. Boc20 , 

DMAP, THF 

~ OH NaOAc, Ac20 ...-:;. 0 0 2. H2NNH2.H20 , 

4 
110-120 °C 

5 
MeOH 

~~~NHBoc ___ T_F_N_C_H_C_I_3 __ __ 

~oAo 
6 

1.2.2 Optimization for the Condensation of Salicylaldehyde with N-Acetylglycine 

For the ynthesis of substituted 3-arrlinocoumarins, suitably substituted 3-

acetamidocoumarins (S) were required. Being commercially unavailable, it was 

envisaged that these compounds could be prepared from the corresponding 

salicylaldehyde and N-acetylglycine. 13 Since the yield for parent 3-acetamidocoumarin 

(Sa) is low (27%) using this method, efforts were made to optirrlize the reaction 

conditions for the conversion of salicylaldehyde (4a) into Sa. After varying reaction 

time, temperature, number of equivalent of N-acetylglycine and sodium acetate, it wa 

found that the use of 4.0 equivalents of sodium acetate and 1.0 equivalent of N-

acetylglycine at 110-120 oc for 3.5 hour gave the best yield (46%) for the parent 3-

acetamidocoumarin (Sa) (Entry 6, Table 1.1 ). 
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TABLE 1.1 Optimization for the Synthesis of 3-Acetamidocoumarin 

Entry 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

]] 

12 

CC
CHO N-Acetylglycine 

OH NaOAc, Ac20 

4 

~NHAc 

~oAo 
5 

Ratio of reactants Temperature Time 

4 : N-acetylglycine : NaOAc CC) (h) 

1.0 : 1.0 : 1.0 110-120 3.5 h 

1.0 : 1.5 : 1.0 110-120 3.5 h 

1.0: 3.0 : 1.0 110-120 3.5 h 

1.0 : 1.0 : 2.0 110- 120 3.5 h 

1.0 : 1.0 : 3.0 110-1 20 3.5 h 

1.0 : 1.0 : 4.0 110-120 3.5 h 

1.0 : 1.0 : 5.0 110-120 3.5 h 

1.0 : 1.0 : 7.5 110-120 3.5 h 

1.0 : 2.0 : 4.0 110-1 20 3.5 h 

1.0 : 1.0 : 4.0 70-80 3.5 h 

1.0 : 1.0 : 4.0 110-120 7h 

1.0 : 1.0 : 4.0 110- 120 2h 

a Isolated y•elds 

Yielda 

(%) 

29 

35 

30 

35 

38 

46 

42 

39 

42 

39 

44 

34 
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1.2.3 Synthesis of Various 3-Aminocoumarin Derivatives 

Employing the optimized reaction conditions (Table 1.1, Entry 6) for a series of 

substituted salicylaldehydes (commercially available or easily prepared by known 

formylation protocols15
) afforded the corresponding 3-acetamidocoumarins (Sb-i) (Table 

1.2). The yields for these reactions were variable. Poor yields were obtained when an 

electron-donating group was situated para to the aldehyde function of the starting 

salicylaldehyde (Table 1.2, Entries 6 and 8). Otherwise, the yields ranged from 40-69%. 

When the starting material was 4-hydroxysalicylaldehyde (Table 1.2, Entry 8), 0-

acylation also took place, giving 7-acetoxy-3-acetamidocoumarin (Sh) as the product. 

The next step involved conversion of the acetamide to at-butyl carbamate. Burk 

and Allen's one-pot protocol was then employed to afford the Hoc-protected 3-

aminocoumarins (6b-i) (Table 1.3). Under these conditions, the acetoxy group in Sh was 

converted back to a hydroxy group (Table 1.3, Entry 8). For the most part, the yields 

were high. As above, the yields of the products with donor groups at the 7-position 

(Table 1.3, Entries 6 and 8) were anomalously low. 
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TABLE 1.2 Condensation of Salicylaldehydes with N-Acetylglycine 

~~~CHO _N_-_Ac_e_ty-lg-ly_c_in_e_ ~(~:y~NHAc 
~OH NaOAc, Ac20 ~0A0 

110-120 °C 
4 5 

Entry R Product Yielda (%) 

1 H Sa 46 

2 6-Br Sb 69 

3 6-Me Sc 42 

4 6-N02 Sd 69 

5 6-0Me Se 40 

6 7-0Me Sf 20 

7 8-0Me Sg 69 

8 7-0Ac Sh 2fD 

9 5,6-benzo Si 63 

" Isolated yields, b 4-HOC6~CHO was the starting matenal m this reaction. The OH group undergoes 
acetylation under the reaction conditions. 
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TABLE 1.3 Conversion of 3-Acetamidocoumarins (5) into Boc-protected 3-

Entry 

1 

2 

3 

4 

5 

6 

7 

8 

9 

Aminocoumarins (6) 

R Product 

H 6a 

6-Br 6b 

6-Me 6c 

6-N02 6d 

6-0Me 6e 

7-0Me 6f 

8-0Me 6g 

7-0H 6h 

5,6-benzo 6i 

a Isolated y1elds 

~r~NHBoc 
~oAo 

6 

Yielda (%) 

94 

87 

90 

93 

93 

58 

92 

50 

95 
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Removal of the Boc-group using 15% TF A/CHC13 then afforded the 3-

aminocoumarins (7b-i) in generally very good yields (58-96%) (Table 1.4). In no case 

~r~NHBoc ___ T_F_N_C_H_C_I_3 __ __ 

~oAo 
6 

Entry R Product Yielda (%) 

1 H 7a 99 

2 6-Br 7b 67 

3 6-Me 7c 96 

4 6-N02 7d 89 

5 6-0Me 7e 95 

6 7-0Me 7f 58° 

7 8-0Me 7g 80 

8 7-0H 7h 96 

9 5,6-benzo 7i 65 

a n Isolated ytelds, 37% 6f recovered after 3 h. 

8 



was any 3-hydroxycoumarin detected. Clearly, the use of Boc as a protecting group is 

crucial because it can be removed under anhydrous conditions. The optimal reaction 

times for preparing the desired 3-arninocoumarins were found to be generally between 3 

and 4.5 hours at room temperature. Longer reaction times resulted in a decrease in the 

yields of desired 3-amjnocoumarins and the formation of the corresponding 3-

trifluoroacetarnidocoumarin (S) (Scheme 1.2). 

For the parent system, 3-trifluoroacetamidocoumarin (Sa) was isolated in 14% 

yield after a reaction time of 31 hours. Evidently, the 3-amjnocoumarin, once formed, is 

acylated by the solvent. Indeed, s6rring pure 3-arninocoumarin (7a) in 15% TFNCHCh 

at room temperature resulted in the slow formation of Sa (tic analysis). After stirring for 

7 days, roughly equivalent amounts of 7a and Sa were present in solution (tic analysis) 

and, after a further day's reac6on at reflux, trifluoroacetamjdcoumarin (Sa) was isolated 

in 68% yield. 

SCHEME 1.2 Formation of 3-Trifluoroacetarnidocoumarin S 

C::C::CNHBoc TFA c::c::c NHCOCFs 
7a + 

0 0 CHCI3 0 0 

6a Ba 

C::C::CNH
2 TFA C::C::CNHCOCF3 

0 0 CHCI3 0 0 

7a Ba 
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1.2.4 Synthesis of Coumarin-fused 2-Azadienes 

In connection with our involvement in the study of inverse electron demand 

Diels-Alder (IEDDA) reactions, electron deficient dienes 9a and lOa were prepared 

previously (Scheme 1.3). 11 
a Although these dienes did not participate in IEDDA reaction 

with electron rich dienophiles such as an enarnine, they contained an interesting 

chromophore for proton-coupled electron transfer (PCET) process. In collaboration with 

Dr. David Thompson's research group, photophysical studies of 9a and lOa were 

performed. Based on the initial results , some derivatives of these dienes were desired 

that would help in understanding of the PCET process in these dienes. 

SCHEME 1.3 Synthesis of 9a and lOa 

IN 
-

O __ H_C~--~~----~~N OH 
OH 4a ll_A'"'A 

4 A MS, glacial AcOH 0 0 

7a 
abs. EtOH, reflux 16 h 

9a 

I~ 
--------------- C(XN OH 

0 0 4 A MS, glacial AcOH 0 0 

7a 
abs. EtOH, reflux 16 h 

10a 
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The following derivatives of the coumarin-fused 2-azadienes were prepared by 

reacting suitable 3-aminocoumarin derivative with salicylaldehyde (4a) (Table 1.5) or 2-

hydroxynaphthaldehyde (4i) (Table 1.6) in acceptable yields. The details regarding the 

photophysical studies of these molecules are outside the scope of this thesis. These 

results will be published in collaboration with Dr. David Thompson's research group in 

the future. 

TABLE 1.5 Synthesis of 2-Azadienes 9b-9d 

(') 10 OHC~ (1/ 
____ 4....:..:a=-O_H ___ R~N OH 

4 A MS, glacial AcOH .& 0 0 
abs. EtOH, reflux 16 h 

9 

Entry R Product Yield0 (%) 

1 6-0Me 9b 72 

2 6-N02 9c 71 

3 5,6-Benzo 9d 57 

" Isolated y1elds 
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TABLE 1.6 Synthe is of 2-Azadienes 10a-10d 

OH~ I~ 
___ ____:,;4i:....O_H __ __.RroN OH 

4 A MS, glacial AcOH 
0 

0 0 
abs. EtOH, reflux 16 h 

10 

Entry R Product Yielda (%) 

1 H lOa 42 

2 6-0Me lOb 64 

3 6-N02 tOe 68 

4 5,6-Benzo lOd 70 

a Isolated y1elds 

1.3 Conclusion 

In conclusion, a hydrolysis-free method for the synthesis of 3-amjnocoumarin 

has been developed. It can be u ed to prepare multigram quantities of various 3-

arrunocoumarins and does not result in the formation of any 3-hydroxycoumarin . 

Coumarin-fused 2-azadienes have also been prepared for collaborative tudies with Dr. 

David Thompson' research group. 
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1.4 Experimental 

1.4.1 General Methods 

AJJ reaction were carried out in oven-dried glas ware without inert gas 

protection. THF was dried and distilled over sodium/benzophenone. ACS grade 

chloroform was used for deprotection reactions. Di tilled methanol was used in 

procedure B. All other chemkals, including solvents, were u ed as received, without 

further purification. Thin layer chromatography (tic) was performed on MN PolyGram 

precoated silica gel plates using 254 nm UV visualization. Melting points were recorded 

on Fisher-John apparatus and are uncorrected. All new compound were characterized 

by 1H NMR, 13C NMR, IR and HRMS techniques. 1H and 13C NMR spectra were 

recorded on Bruker A VANCE spectrometer at 500.133 MHz and 125.770 MHz, 

respectively. Peak reported are relative to internal standards: TMS (8 = 0.00) for 
1
H and 

CDCh (8 = 77.23) or DMSO-d6 (8 = 39.51) for 13C spectra. Reported multiplicities are 

apparent. Infrared spectra were obtained on Bruker Tensor 27 instrument using neat 

samples. Low-resolution mass spectra were obtained using using HP5970 GC/MSD or 

Agilent 1100 serie LC/MS chromatographic system and high-resolution mass spectra 

were obtained u ing Waters GCT Perrnier Micromass mass spectrometer. All known 

compounds were characterized by 1H NMR, 13C NMR spectra copy and reported melting 

point(s). 
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1.4.2 Representative Procedures 

1.4.2.1 Representative Procedure A: 3-Acetamido-2H-chromen-2-one (Sa) 

~NHAc 

~oAo 
Sa 

A mixture of salicylaldehyde 4a (6.10 g, 50.0 mmol), N-acetylglycine (5.85 g, 

50.0 mmol), anhydrous sodium acetate (16.40 g, 200.0 mmol) and acetic anhydride (25.0 

mL) was heated at 110-120 °C for 3.5 h. The resulting brown solution was allowed to 

cool to room temperature and it solidified completely. Ice-cold water was added to the 

brown solid and the mass was broken up with a spatula. The resulting mixture wa 

suction filtered and the solids were washed 2-3 times with cold water. The resulting solid 

was air dried, triturated with ethyl acetate, suction filtered and air dried again to afford 3-

acetamidocoumarin Sa as a pale yellow solid (4.21 g, 42%). The filtrate was then 

concentrated and purified by column chromatography on ilica gel (30% ethyl 

acetate/hexanes) to afford 3-acetamidocoumarin Sa (0.38 g, 4%). Combined Yield: 4.59 

g, (46%). mp = 195-196 oc (ethanol) (Lit. 10c201.5°C, Lit. 10
a 206 °C); 8H(CDCh) = 8.68 

(s, 1H), 8.06 ( , lH), 7.52 (d, J = 7.5 Hz, 1H), 7.47-7.43 (m, 1H), 7.34-7.29 (m, 2H), 2.25 

(s, 3H) ppm; 8c(CDCh) = 169.6, 158.9, 150.1, 129.8, 128.0, 125.3, 124.2, 123.4, 120.0, 

116.5, 24.9 ppm. 
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Note: For practical purposes, filtrates from different reactions can be combined and 

chromatographed together when a sufficient amount has been collected. 

1.4.2.2 Representative Procedure B: (2-0xo-2H-chromen-3-yl)carbamic acid tert-

butyl ester (6a) 

~NHBoc 

~oAo 
6a 

To a mixture of 3-acetamidocoumarin Sa (5.00 g, 24.6 mrnol) and DMAP (0.60 g, 

4.9 mmol) in THF (125 mL), di-tert-butyl dicarbonate was added and the mixture was 

magnetically stirred at room temperature. The initial yellow suspension became a clear 

brown solution after 20 min. Hydrazine hydrate (3.83 mL, 123 mmol) was then added to 

the reaction mixture, followed by the addition of methanol (lOO mL). The reaction 

mjxture was stirred for a further 20 min, during which time it became orange. The 

solvents were removed under reduced pressure. The resulting sticky yellow mass was 

dissolved in dichloromethane and washed with 1 M aqueous HCl solution, 1 M aqueous 

CuS04 solution and saturated aqueous NaHC03 solution. Finally, the organic layer was 

washed with brine, dried over anhydrous sodium sulfate, concentrated under reduced 

pressure and chromatographed on silica gel (15% ethyl acetate/hexanes) to yield 6a as a 

whjte solid (5.26 g, 94%). mp = 85-86 °C (chloroform/hexanes) (Lit. 10
i 85-86 °C); 

8H(CDCh) = 8.28 (s, lH), 7.46 (d, J = 7.7 Hz, lH), 7.41-7.39 (m, 2H), 7.32-7.28 (m, 2H), 
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1.54 (s, 9H) ppm; Oc(CDCI3) = 158.8, 152.7, 149.7, 129.2, 127.5, 125.3, 124.8, 120.6, 

120.3, 116.5, 81.9, 28.4 ppm. 

1.4.2.3 Representative Procedure C: 3-Amino-2H-chromen-2-one (7a) 

~NH2 

~oAo 
7a 

A solution of 6a (25.0 g, 96.0 mmol) in 15% TFA/chloroform (1.17 L) was stirred 

at room temperature for 3 h. The reaction mixture was concentrated under reduced 

pressure and the residue was chromatographed on silica gel (30% ethyl acetate/hexanes) 

to yield 3-aminocoumarin 7a as an off-white solid (15.25 g, 99% ). mp = 135-136 oc 

(chloroform/hexanes) (Lit. 10
a 132-135 °C); OH(CDCh) = 7.31-7.26 (m, 3H), 7.24-7.19 

(m, lH), 6.71 (s, 1H), 4.15 (s, 2H) ppm; oc(CDCh) = 159.6, 149.2, 132.2, 126.8, 125.3, 

124.8, 121.4, 116.3, 111.1 ppm. 
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1.4.2.4 Representative Procedure D: 

yl)methyleneamino)-2H-chromen-2-one (lOa) 

~ 
I 

I 
~NOH 

~oAo 
10a 

3-( (2-Hydroxynaphthalen-1-

A mixture of 7a (1.61 g, 10.0 mmol), 4i (1.81 g, 10.5 mmol), 4 A molecular 

sieves(- 10 g) and glacial acetic acid (4 drops) in absolute ethanol (100 mL) was heated 

at reflux for 18 h. The reaction mixture turned from clear orange solution to a red 

suspension over the course of the reaction. It was allowed to cool to room temperature 

and the precipitate (along with molecular ieves) was filtered under uction to afford a 

red residue. It wa washed with cold absolute ethanol. The red residue was separated 

from the molecular sieves by dissolving in dichloromethane. The solvent was removed 

under reduced pres ure and the product was recrystallized from chloroform to afford lOa 

as a red solid (1.32 g, 42%). mp = 227-228 oc (CHCh) (Lit.11
a 224-226°C); 8H(CDCh) 

= 10.23 (s, 1H), 8.20 (d, 1 = 9.1 Hz, 1H), 7.86 (d, 1 = 9.1 Hz, I H), 7.76-7.73 (m, 2H), 

7.59-7.53 (m, 3H), 7.42-7.33 (m, 3H), 7.14 (d, 1 = 9.3 Hz, 1H) ppm; 8c(CDCh) = 168.0, 

159.6, 158.1 , 152.1 , 137.1 , 133.4, 131.4, 131.3, 130.9, 129.5, 128.6, 128.0, 127.9, 125.2, 

124.2, 121.2, 119.9, 119.8, 119.7, 116.7, 110.0 ppm. 

17 



1.4.3 Synthesis and Characterization for Individual Compounds 

3-Acetamido-6-bromo-2H -chromen-2-one (Sb) 

Br~NHAc 

~oAo 
5b 

According to representative procedure A, 5-bromosalicylaldehyde (5.03 g, 25.0 

mmol), N-acetylglycine (2.92 g, 25.0 mmol), anhydrou sodium acetate (8.20 g, 100 

mmol) and acetic anhydride (12.8 mL) afforded Sb as an off-white olid (4.84 g, 69%). 

mp = 262-263 oc (ethyl acetate/hexanes) (Lit. llb261-262 °C); DH(CDCh) = 8.60 (s, l H), 

8.07 (s, 1H), 7.65 (d, J = 2.0 Hz, 1 H), 7.53 (dd, J = 8.4, 2.5 Hz, I H), 7.21 (d, J = 9.0 Hz, 

1H), 2.25 (s, 3H) ppm; Dc(CDCh) = 169.6, 158.4, 148.9, 132.6, 130.2, 125.0, 121.8 

(2C), 11 8.3, 11 8.2, 25.0 ppm. 

3-Acetamido-6-methyl-2H-chromen-2-one (Sc) 

Me~NHAc 

~oAo 
5c 
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According to representative procedure A, 5-methylsalicylaldehyde (5.00 g, 36.7 

rnmol), N-acetylglycine (4.30 g, 36.7 mmol), anhydrous sodium acetate (12.05 g, 146.8 

rnmol) and acetic anhydride (25.0 mL) afforded Sc as a white solid (3.38 g, 42%). mp = 

209-212 oc (ethyl acetate/hexanes) (Lit. JOd 214 °C); 8H(CDCh) = 8.62 (s, 1H), 8.05 (s, 

1H), 7.30 (s, 1H), 7.24-7.21 (m, 2H), 2.41 (s, 3H), 2.24 (s, 3H) ppm; 8c(CDCh) = 169.7, 

159.3, 148.5, 135.3, 131.1, 128.0, 124.3, 123.7, 120.0, 116.5, 25.1, 21.3 ppm. 

3-Acetamido-6-nitro-2H -chromen-2-one ( Sd) 

According to representative procedure A, 5-nitrosalicylaldehyde (1 .85 g, 11.0 

rnmol), N-acetylglycine (1.30 g, 11.0 mmol), anhydrous sodium acetate (3.63 g, 44.0 

mmol) and acetic anhydride (5 .20 mL) afforded Sd as a light brown solid (1.90 g, 69%) . 

mp = 274-277 oc (ethyl acetate/hexanes) (Lit. I lb 278 °C); 8H(CDCh) = 8.76 (s, 1H), 8.44 

(d, J = 2.4 Hz, 1H), 8.30 (dd, J = 9.2, 2.9 Hz, 1H), 8.10 (s, 1H), 7.46 (d, J = 9.1 Hz, 1H), 

2.28 (s, 3H) ppm; 8c(CDCI3) = 169.7, 157.8, 153.2, 145.1, 125.8, 124.5, 123.6, 121.5, 

120.6, 117.7, 25.0 ppm. 
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3-Acetamido-6-methoxy-2H-chromen-2-one (Se) 

MeO~NHAc 

~oAo 
5e 

According to representative procedure A, 5-methoxysalicylaldehyde (7.60 g, 50.0 

mmol), N-acetylglycine (5.85 g, 50.0 mmol), anhydrous sodium acetate (16.4 g, 200 

mmol) and acetic anhydride (25.0 mL) afforded Seas an off-white solid (5.88 g, 40%). 

mp = 218-220 oc (ethyl acetate/hexanes) (Lit. 16 212-214 °C); 8H(CDCh) = 8.63 (s, 1H), 

8.09 (s, 1H), 7.25 (d, I= 9.6 Hz, 1H), 7.01 (dd, I= 9.2, 2.6 Hz, 1H), 6.95 (d, I= 3.0 Hz, 

1H), 3.85 (s, 3H), 2.25 (s, 3H) ppm; 8c(CDCh) = 169.6, 159.0, 156.9, 144.5, 124.5, 

123.3, 120.5, 117.7, 117.5, 109.9, 56.0, 24.9 ppm. 

3-Acetamido-7-methoxy-2H -chromen-2-one (50 

~NHAc 

Meo~oAo 
5f 

According to representative procedure A, 4-methoxysalicylaldehyde (2.00 g, 13.1 

mmol), N-acetylglycine (1.54 g, 13.1 mmol), anhydrous sodium acetate (4.3 1 g, 52.5 

mmol) and acetic anhydride (6.20 mL) afforded Sf as a pale yellow solid (0.61 g, 20%) . 
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mp = 234-235 oc (ethyl acetate/hexanes) (Lit. 10
d 230 °C, Lit. 16 235-237 °C); DH(CDCh) = 

8.64 (s, lH), 7.95 (s, 1H), 7.41 (d, J = 7.8 Hz, IH), 6.89 (dd, J = 8.3, 2.5 Hz, lH), 6.83 

(d, J = 2.9 Hz, lH), 3.87 (s, 3H), 2.23 (s, 3H) ppm; <>c(CDCh) = 169.4, 161.5, 159.3, 

151.6, 128.9, 124.3, 121.8, 113.4, 113.3, 101.0, 56.0, 24.9 ppm. 

3-Acetamido-8-methoxy-2H -chromen-2-one ( Sg) 

~NHAc 

~oAo 
OMe 

Sg 

According to representative procedure A, 3-methoxysalicylaldehyde (7.60 g, 50.0 

mmol), N-acetylglycine (5.85 g, 50.0 mmo1), anhydrous sodium acetate (16.4 g, 200 

mmol) and acetic anhydride (25.0 mL) afforded Sg as an off-white solid (8.09 g, 69%). 

mp = 237-238 oc (ethyl acetate/hexanes) (Lit. 16 237-239 °C); DH(CDCh) = 8.65 (s, lH), 

8.09 (s, 1H), 7.25-7.21 (m, lH), 7.09 (d, J = 7.7 Hz, 1H), 7.01 (d, J = 7.9 Hz, 1H), 3.97 

(s, 3H), 2.24 (s, 3H) ppm; <>c(CDCb) = 169.6, 158.6, 147.2, 139.6, 125.3, 124.4, 123.6, 

120.8, 119.6, 112.0, 56.4, 24.9 ppm. 

21 



3-Acetamido-7 -acetoxy-2H -chromen-2-one ( Sh) 

~NHAc 

Aco~oAo 
5h 

According to representative procedure A, 4-hydroxysalicylaldehyde (6.91 g, 50.0 

mmol), N-acetylglycine (5.85 g, 50.0 mmol), anhydrous sodium acetate (16.40 g, 200.0 

mmol) and acetic anhydride (25.0 mL) afforded Sh as a light brown solid (2.73 g, 21 %) . 

mp = 234-236 oc (ethyl acetate/hexanes) (Lit. 16 231 °C); 8H(CDCh) = 8.67 (s, 1H), 8.02 

(s, 1H), 7.51 (d, J = 8.5 Hz, 1H), 7.13 (s, 1H), 7.07 (dd, J = 8.8, 2.0 Hz, 1H), 2.34 (s, 3H), 

2.24 (s, 3H) ppm; 8c(CDCh) = 169.6, 169.1, 158.7, 151.6, 150.4, 128.6, 123.8, 123.0, 

119.3, 117.9, 110.3, 24.9, 21.3 ppm; IR v = 3341 (s), 1759 (s), 1720 (s), 1681 (s), 1611 

(m), 1536 (m), 143 1 (b), 1354 (m), 1284 (s), 1251 (s), 1206 (s), 1156 (s), 1118 (s), 1023 

(m) cm-1
; MS m/z (relative intensity)= 261 (9, M+), 219 (31), 177 (100), 149 (21), 65 (6) 

. HRMS [M+] calcd for C 13H 11N05 261.0637, found 261.0617. 

3-Acetamido-5,6-benzo-2H-chromen-2-one (Si) 
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According to representative procedure A, 2-hydroxy-1-naphthaldehyde (1.72 g, 

10.0 rnrnol), N-acetylglycine (1.17 g, 10.0 mmol), anhydrous sodium acetate (3.28 g, 40.0 

mmol) and acetic anhydride (4.70 mL) afforded Si as an off-white solid (1.60 g, 63%) . 

mp = 247-250 oc (dichloromethane/hexanes) (Lit. IOd 247 °C); DH(CDCh) = 9.53 (s, 1H), 

8.33 (d, J = 7.7 Hz, 1H), 8.15 (s, 1H), 7.92-7.90 (m, 2H), 7.71-7.68 (m, 1H), 7.60-7.57 

(m, 1H), 7.46 (d, J = 9.1 Hz, 1H), 2.30 (s, 3H) ppm; Dc(CDCh) = 169.7, 159.0, 149.0, 

131.1, 131.0, 129.4, 129.0, 128.1, 126.5, 124.3, 122.6, 119.7, 116.6, 114.5, 25.0ppm. 

(6-Bromo-2-oxo-2H-chromen-3-yl)carbamic acid t-butyl ester (6b) 

Br~NHBoc 

~oAo 
6b 

According to representative procedure B, Sb (2.83 g, 10.0 rnrnol), DMAP (0.24 g, 

2.0 mmol), di-t-butyl dicarbonate (9.12 g, 41.8 rnrnol) and hydrazine hydrate (2.43 mL, 

50.0 rnrnol) afforded 6b as a white solid (5.66 g, 87% ). mp = 105-107 oc (ethyl 

acetate/hexanes) (Lit. 10
i 104-105 °C); DH(CDCh) = 8.19 (s, lH), 7.58 (d, J = 1.7 Hz, 1H), 

7.49 (dd, J = 8.6, 2.4 Hz, I H), 7.41 (s, 1H), 7.19 (d, J = 9.5 Hz, I H), 1.53 (s, 9H) ppm; 

8c(CDCI3) = 158.2, 152.5, 148.5, 131.9, 129.7, 125.7, 122.0, 118.9, 118.1 , 118.0, 82.2, 

28.4 ppm. 
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(6-Methyl-2-oxo-2H-chromen-3-yl)carbamic acid !-butyl ester (6c) 

Me~NHBoc 

~oAo 
6c 

According to representative procedure B, Sc (3.57 g, 16.5 mmo1), DMAP (0.40 g, 

3.3 mmol), di-t-butyl dicarbonate (15.02 g, 68.80 mmol) and hydrazine hydrate (4.00 mL, 

82.3 mmol) afforded 6c as a white solid (4.07 g, 90%) . mp = 133-134 oc; OH(CDCh) = 

8.22 (s, 1H), 7.40 (s, 1H), 7.24 (m, 1H), 7.20 (m, 2H), 2.39 (s, 3H), 1.53 (s, 9H) ppm; 

Oc(CDCb) = 159.0, 152.7, 147.9, 134.9, 130.2, 127.4, 124.7, 120.6, 120.0, 116.2, 81.8, 

28.4, 21. 1 ppm; IR v = 3407(m), 1717(m), 1707(m), 1632(s), 1616(s), 1581(s), 1510(m), 

1485(s), 1427(s), 1392(s), 1366(s), 1326(s), 1290(s), 1268(s), 1250(s), 1234(s), 1147(b), 

1126(m), 1045(s), I 004(m) cm-1; MS m/z (relative intensity) = 175 ( 100, M+), 147 (57), 

120 (28), 107 (7), 91 (8), 65 (18), 51 (15). HRMS [M+] calcd for C1sH1 7N04 275.1158, 

found 275. 1149. 

(6-Nitro-2-oxo-2H-chromen-3-yl)carbamic acid !-butyl ester (6d) 

24 



- ---------------------- -----------

According to representative procedure B, Sd (20.0 g, 92.5 mmol), DMAP (2.26 g, 

18.5 mmol), di-t-butyl dicarbonate (84.39 g, 386.7 mmol) and hydrazi ne hydrate (22.5 

mL, 463 mmol) afforded 6d as a pale yellow solid (24.97 g, 93%) . mp = 117-118 oc 

(ethyl acetatelhexanes) (Lit. 10
i 132-134 °C); 8H(CDCh) = 8.42 (d, ] = 2.7 Hz, 1H), 8.39 

(s, IH), 8.29 (dd, J = 9.4, 2.9 Hz, lH), 7.48-7.47 (m, 2H), 1.58 (s, 9H) ppm; 8c(CDCh) 

= 157.5, 152.8, 152.3, 145.0, 126.5, 123.8, 123.0, 120.8, 118.6, 117.6, 82.7, 28.3 ppm. 

(6-Methoxy-2-oxo-2H-chromen-3-yl)carbamic acid t-butyl ester (6e) 

MeO~NHBoc 

~oAo 
6e 

According to representative procedure B, Se (2.79 g, 12.0 mmol), DMAP (0.29 g, 

2.4 mmol), di-t-butyl dicarbonate (10.96 g, 50.16 mmol) and hydrazine hydrate (2.92 mL, 

60.0 mmol) afforded 6e as a white solid (3.26 g, 93%). mp = 164-165 °C (ethyl 

acetate/hexanes); 8H(CDCh) = 8.24 (s, 1H), 7.42 (s, lH), 7.23 (d, J = 9.0 Hz, 1H), 6.97 

(dd, J = 9.2, 2.6 Hz, 1H), 6.90 (d, J = 2.7 Hz, lH), 3.83 (s, 3H), I .54 (s, 9H) ppm; 

8c(CDCh) = 158.9, I56.8, 152.7, 144.2, 125.2, 120.8, 120.4, 11 7.5, Il6.8, 109.8, 82.0, 

56.0, 28.4 ppm; IR v = 3416 (m), 1729 (s), 1693 (b), 1583 (s), 1488 (m), 1464 (s), 1396 

(s), 1362 (m), 1342 (s), 1288 (s), 1230 (b), I 151 (b), 1026 (b), lOll (b) cm-1
; MS m/z 
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(relative intensity) = M+ not observed, 191 (100), 163 (32), 120 (46), 93 (33), 65 (55), 51 

(16). HRMS [M+] calcd for C15H17N05 291.1107, found 291.1101. 

(7-Methoxy-2-oxo-2H-chromen-3-yl)carbamic acid t-butyl ester (60 

~NHBoc 

Meo~oAo 
6f 

According to representative procedure B, Sf (0.59 g, 2.6 mmol), DMAP (0.06 g, 

0.5 mmol), di-t-butyl dicarbonate (2.29 g, 10.5 mmol) and hydrazine hydrate (0.61 mL, 

13 mmol) afforded 6f as a white solid (0.43 g, 58%). mp = 117-118 oc (ethyl 

acetate/hexanes); 8H(CDCh) = 8.23 (s, 1H), 7.35 (d, 1 = 8.7 Hz, 1H), 7.29 (s, 1H), 6.86 

(dd, 1 = 8.6, 2.6 Hz, 1 H), 6.81 (d, 1 = 1.8 Hz, 1 H), 3.85 (s, 3H), 1.53 (s , 9H) ppm; 

8c(CDCb) = 161.0, 159.1, 152.8, 151.2, 128.3, 122.4, 121.4, 11 3.5, 113.2, 100.9, 81.7, 

55.9, 28.4 ppm; IR v = 3318 (m), 1726 (m), 1699 (s), 1631 (m), 1613 (s), 1575 (m), 

1524 (s), 1454 (s), 1364 (s), 1329 (s), 1295 (s), 1279 (s), 1250 (m), 1226 (s), 1203 ( ), 

1183 (b), 1152 (s), 1133 (b), 1033 (s), 1013 (s) cm-1; MS m/z (relative intensity)= M+ 

not observed, 191 (100), 148 (21), 130 (7), 77 (3). HRMS [M+] calcd for C1sH17NOs 

291.1107, found 291.1099. 
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(8-Methoxy-2-oxo-2H-chromen-3-yl)carbamic acid t-butyl ester (6g) 

~NHBoc 

~oAo 
OMe 

6g 

According to representative procedure B, Sg (4.45 g, 19.1 mmol), DMAP (0.47 g, 

3.8 mmol), di-t-butyl dicarbonate (17.41 g, 79.75 mmol) and hydrazine hydrate (4.64 mL, 

95.4 mmol) afforded 6g as a white solid (5.10 g, 92%). mp = 97-99 oc (ethyl 

acetate/hexanes); DH(CDCh) = 8.25 (s, 1H), 7.43 (s, lH), 7.22-7.19 (m, 1H), 7.04 (d, J = 

7.0 Hz, 1H), 6.97 (d, J = 8.1 Hz, 1H), 3.96 (s, 3H), 1.53 (s, 9H) ppm; Dc(CDCh) = 158.3, 

152.7, 147.2, 139.2, 125.1, 125.1, 121.0, 120.6, 119.1, 111.3, 81.9, 56.4, 28.4 ppm; IR v 

= 3318 (m), 1729 (s), 1703 (s), 1580 (m), 1532 (m), 1477 (m), 1395 (s), 1362 (s), 1276 

(s), 1239 (s), 1186 (m), 1156 (m), 1112 (s), 1077 (m), 1040 (m), 1013 (m) cm-1; MS m/z 

(relative intensity)= M+ not observed, 191 (100), 163 (31), 136 (22), 120 (30), 106 (16), 

93 (35), 76 (20), 65 (56), 51 (16). HRMS [M+] calcd for C1sHnNOs 291.1107, found 

291.1110. 
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(7-Hydroxy-2-oxo-2H-chromen-3-yl)carbamic acid t-butyl ester (6h) 

~NHBoc 

Ho~oAo 
6h 

According to representative procedure B, Sh (2.83 g, 10.8 mmol), DMAP (0.26 g, 

2.2 mmol), di-t-butyl dicarbonate (10.56 g, 45.27 mmol) and hydrazine hydrate (5 .26 mL, 

108 mmol) afforded 6h as a white solid (1.61 g, 50%). mp = 177-178 oc 

(dichloromethane/hexanes); 8H(CDCh) = 8.24 (s, 1H), 7.32 (d, J = 7.8 Hz, 1H), 7.27 (s, 

1H), 6.88 (d, J = 1.5 Hz, 1H), 6.83 (dd, J = 8.2, 2.6 Hz, 1 H), 6.42 (s, I H), 1.53 (s, 9H) 

ppm; 8c(CDCh) = 159.6, 157.8, 152.9, 151.1, 128.7, 122.4, 122.0, 114.3, 113.4, 103.2, 

82.0, 28.4 ppm; IR v = 3317 (m), 1703 (s), 1681 (s), 1633 (s), 1608 (s), 1535 (s), 1512 

(s), 1453 (b), 1393 (s), 1367 (s), 1288 (m), 1268 (s), 1244 (s), 1199 (m), 1160 (s), 1124 

(b), 1045 (m), 1020 (s) cm-1
; MS m/z (relative intensity)= M+ not observed, 249 (10), 

207 (31 ), 177 ( 100), 149 (56), 122 (21 ), 79 (18), 66 (19). HRMS [M+] calcd for 

Ct4HtsNOs 277.0950, found 277.0951. 
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(5,6-Benzo-2-oxo-2H-chromen-3-yl)carbamic acid t-butyl ester (6i) 

tt NHBoc 

0 0 
6i 

According to representative procedure B, Si (0.40 g, 1.6 mmol), DMAP (0.04 g, 

0.3 mmol), di-t-butyl dicarbonate (1.37 g, 6.27 mmol) and hydrazine hydrate (0.40 mL, 

7.5 mmol) afforded 6i as a pale yellow solid (0.47 g, 95%). mp = 192-194 oc (ethyl 

acetate/hexanes); 8H(CDCh) = 9.10 (s, 1H), 8.35 (d, J = 7.8 Hz, 1H), 7.90-7.85 (m, 2H), 

7.65-7.64 (m, 1H), 7.58-7.55 (m, 1H), 7.49 (s, 1H), 7.44 (d, J = 9.4 Hz, 1H), 1.59 (s, 9H) 

ppm; 8c(CDCh) = 158.8, 152.8, 148.3, 130.9, 130.3, 129.2, 129.0, 127.8, 126.3, 124.8, 

122.6, 116.8, 116.6, 114.6, 82.0, 28.5; IR v = 3316 (m), 1701 (s), 1575 (s), 1522 (s), 

1461 (m), 1408 (m), 1392 (m), 1367 (m), 1341 (m), 1242 (s), 1153 (s), 1045 (m), 1015 

(m) cm-1; MS m/z (relative intensity)= M+ not observed, 211 (100), 183 (73), 154 (26), 

128 (65), 102 (8), 91 (14), 77 (22), 63 (16). HRMS [M+] calcd for C 18H1 7N04 311.1158, 

found311.1149. 

3-Amino-6-bromo-2H-chromen-2-one (7b) 
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According to representative procedure C, 6b (1 .25 g, 3.65 mmol) afforded 7b as 

an off-white solid (0.58 g, 67%). mp = 205-206 oc (ethyl acetate/hexanes) (Lit. 10
d 204-

205 °C); 8H(CDCh) = 7.42 (d, J = 1.7 Hz, lH), 7.34 (dd, J = 8.7, 2.0 Hz, 1H), 7.15 (d, J 

= 9.0 Hz, lH), 6.58 (s, lH), 4.36 (s, 2H) ppm; 8c(CDCh) = 159.0, 148.0, 133.0, 129.4, 

127.5, 123.3, 118.0, 117.6, 109.0 ppm. 

3-Amino-6-methyi-2H-chromen-2-one (7c) 

According to representative procedure C, 6c (3.58 g, 13.0 mmol) afforded 7c as a 

brown solid (2.18 g, 96%). mp = 157-159°C (ethyl acetate/hexanes) (Lit. 10
d 160 °C); 

8H(CDCh) = 7.17 (d, J = 9.2 Hz, 1H), 7.08-7.07 (m, 2H), 6.65 (s, lH), 4.20 (s, 2H), 2.37 

(s, 3H) ppm; 8c(CDCh) = 159.8, 147.4, 134.4, 132.2, 127.8, 125.2, 121.1, 116.1, 111.2, 

21.1 ppm. 
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---------------------------

3-Amino-6-nitro-2H-chromen-2-one (7d) 

According to representative procedure C, 6d (0.145 g, 0.500 mmol) afforded 7d 

as a yellow solid (0.0892 g, 89%). mp = 200-201 oC (ethyl acetatelhexanes) (Lit.
101

201-

202 °C, Lit. 101 209 OC); 8H(CDCh) = 8.21 (d, J = 2.8 Hz, 1H), 8.12 (dd, J = 9.0, 2.7 Hz, 

1H), 7.39-7.38 (m, 1H), 6.71 (s, 1H), 4.51 (s, 2H) ppm; 8c(CDCh) = 158.3, 152.3, 

144.8, 133.6, 122.1, 121.5, 120.8, 117.3, 108.4 ppm. 

3-Amino-6-methoxy-2H-chromen-2-one (7e) 

MeO~NH2 

~oAo 
7e 

According to representative procedure C, 6e (0.80 g, 2.8 mmol) afforded 7e as a 

pale yellow solid (0.53 g, 95%). mp = 119-121 oc (ethyl acetate/hexanes) (Lit. 16 120-123 

0 C}; oH(CDCh) = 7.20 (d, J = 8.8 Hz, 1H), 6.84 (dd, J = 8.8, 3.0 Hz, 1H), 6.74 (d, J = 

2.5 Hz, 1H), 6.64 (s, 1H), 4.26 (s, 2H), 3.82 (s, 3H) ppm; 8c(CDCh) = 159.6, 156.6, 

143.7, 132.6, 122.0, 117.2, 114.0, 110.8, 108.1,55.9ppm. 
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3-Amino-7-methoxy-2H-chromen-2-one (7f) 

~NH2 

MeoAAoAo 
7f 

According to representative procedure C, 6f (0.55 g, 1.9 mmol) afforded 7f as an 

off-white solid (0.21 g, 58%) (starting material 3f (0.20 g, 37%) was recovered). mp = 

137-139°C (ethyl acetate/hexanes) (Lit. 101 140-141 °C, Lit. 10
d 154 °C); 8H(CDCh) = 7.20 

(d, 1 = 9.4 Hz, 1H), 6.82-6.81 (m, 2H), 6.70 (s, 1H), 4.05 (s, 2H), 3.84 (s, 3H) ppm; 

8c(CDCh) = 159.9, 159.2, 150.5, 129.9, 126.0, 114.6, 112.7, 112.4, 100.9, 55.8 ppm. 

3-Amino-8-methoxy-2H-chromen-2-one (7g) 

~NH2 

~oAo 
OMe 

7g 

According to representative procedure C, 6g (0.29 g, 1.0 mmol) afforded 7g as a 

brown solid (0.15 g, 80%). mp = 124-125°C (ethyl acetate/hexanes) (Lit. 101 124 oc -126 

0 C); 8H(CDCh) = 7.13 (s, lH), 6.87-6.86 (m, 2H), 6.68 (s, 1H), 4.27 (s, 2H), 3.95 (s, 3H) 
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ppm; oc(CDCI3) = 159.1 , 147.2, 138.7, 132.5, 124.7, 122.2, 117.2, 111.1 , 109.3, 56.4 

ppm. 

3-Amino-7 -hydroxy-2H-chromen-2-one (7h) 

~NH2 

HO~oAo 
7h 

According to representative procedure C, 6h (0.53 g, 1.9 mmol) afforded 7h as a 

light brown olid (0.33 g, 96%). mp = 237-238 oc (ethyl acetate/hexanes) (Lit.6
a 250 °C); 

OH(DMSO-d6) = 9.82 ( , 1H), 7.24 (d, J = 8.5 Hz, 1H), 6.72-6.66 (m, 3H), 3.69 (s, 2H) 

ppm; oc(DMSO-d6) = 159.3, 156.4, 149.6, 130.3, 126.1 , 113.7, 113.3, 110.5, 102.1 ppm; 

IR v = 3348 (m), 1726 (m), 1681 (s), 16 14 (b), 1561 (s), 1509 ( ), 1458 (m), 14 17 (s), 

1360 (m), 1288 (s), 1259 (s), 1242 (m), 1198 (m), 1166 (s), 1153 ( ), J 128 (s) cm-1
; MS 

m/z (relative inten ity) = 177 (100), 149 (53), 122 (7), 94 (26), 51 (13). HRMS [M+] 

calcd for CgH7N03 177.0426, found 177.0434. 

3-Amino-5,6-benzo-2H-chromen-2-one (7i) 
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According to representative procedure C, 6i (5.20 g, 20.5 rnmol) afforded 7i as a 

brown solid (4.14 g, 65%). mp = 150-152°C (ethyl acetate/hexanes) (Lit. 101 156-158 °C, 

Lit. 10
d 159 °C); 8H(CDCh) = 8.16 (d, J = 8.5 Hz, IH), 7.91 (d, J = 4.5 Hz, IH), 7.75 (d, J 

= 9.5 Hz, IH), 7.64-7.60 (m, IH), 7.56-7.53 (m, IH), 7.50 (s, IH), 7.45 (d, J = 9.5 Hz, 

lH), 4.41 (s, 2H) ppm; 8c(CDCh) = 159.5, 147.3, 132.2, 130.9, 129.0, 128.3, 127.6, 

127.1, 125.8, 122.0, 116.7, 115.6, 107.6 ppm. 

3-Trifluoroacetamido-2H-chromen-2-one (Sa) 

~NHCOCF3 

~oAo 
Sa 

Method 1: According to representative procedure C, 6a (5.60 g, 21.43 rnmol) afforded 

Sa as a light brown solid (0.75 g, 14%) after 31 h. 

Method 2: A solution of 7a (0.081 g, 0.50 mmol) in 15% TFA/CHCh was stined at 

room temperature for 8 d. Then it was refluxed for 24 h. The solvents were removed 

under reduced pressure and the residue was then chromatographed on silica gel (10% 

ethyl acetate/hexanes) to afford Sa as a light brown solid (0.088 g, 68% ). mp = 132-133 

°C (ethyl acetate/hexanes); 8H(CDC13) = 8.81 (s, !H), 8.70 (s, lH), 7.59-7.54 (m, 2H), 

7.40-7.36 (m, 2H) ppm; 8c(CDCh) = 158.1, 155.7 (q, lc-F = 39.1 Hz), 150.7, 131.3, 
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128.5, 126.5, 125.8, 122.2, 119.0, 11 6.9, 115.3 (q, l c-F = 288.4 Hz) ppm; IR v = 3298 

(m), 1735 (m), 1694 (s), 1626 (b), 1607 (s), 1555 (s), 1490 (m), 1458 (s), 1381 (m), 1330 

(s), 1311 (s) 1189 (m), 1160 (m), 1146 ( ), 1090 (s) cm-1
; HRMS [M+] calcd for 

3-(2-Hydroxybenzylideneamino )-6-methoxy-2H -chromen-2-one (9b) 

According to representative procedure D, 7e (0.095 g 0.50 mmo1) and 4a (0.065 

g, 0.53 mmol) afforded 9b as a bright yellow solid (0. 106 g, 72%). mp = 161-163 oc 

(CHC13). 8H(CDC13) = 12.95 (s, 1H, OH), 9.45 (s, 1H), 7.66 (s, 1H), 7.44 (dd, J = 8.1 , 

2.2 Hz, 1 H), 7.40 (m, 1H), 7.31 (d, J = 9. 1 Hz, I H), 7.20 (dd, J = 9.1, 2.4 Hz, IH), 7.0 1 

(d, J = 8.4 Hz, 1 H), 6.98 (d, J = 2.4 Hz, 1 H), 6.95 (d, J = 8.0 Hz, I H), 3.87 (s, 3H, OCH3) 

ppm; 8c(CDCh) = 167.7, 161.9, 158.4, 156.9, 147.1, 134.6, 134.4, 132.4, 120.4, 119.84, 

119.78, 119.7, 11 7.9, 117.8, 110.2, 56.3 (OCH3) ppm (one carbon signal fewer than 

expected, presumably due to accidental degeneracy); IR: 3450 (w), 1703 (s) , 1627 (w), 

1592 (w), 1573 (w), 1558 (w), 1495 (m), 1454 (w), 1431 (w), 1400 (w), 1351 (w), 1329 

(w), 13 13 (w), 1277 ( ), 1240 (w) cm-1
; MS (APCI) m/z (relative inten ity) = 297 
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295.0853. 

3-(2-Hydroxybenzylideneamino)-6-nitro-2H-chromen-2-one (9c) 

According to representative procedure D, 7d (0.1 03 g, 0.50 mmo1) and 4a (0.065 

g, 0.53 mmol) afforded 9c as a yellow solid (0.11 g, 71 %). mp = 218-219 °C; bH(CDCh) 

= 12.57 (s, lH, OH), 9.37 (s, lH), 8.49 (s, 1H), 8.39 (d, 1 = 7.2 Hz, 1H), 7.72 (s, lH), 

7.5I (d, 1 = 9.0 Hz, IH), 7.47-7.45 (m, 2H), 7.05 (d, 1 = 7.4 Hz, IH), 6.99 (t, 1 = 7.4 Hz, 

1H) ppm; Due to very low solubility of this compound, 13C NMR could not be obtained 

in any solvent. IR: 1729 (s), 1642 (w), 1608 (w), 1582 (m), I540 (w), 1517 (w), 1484 

(w), I44I (w), 1406 (w), 1358 (w), 1310 (m), 1240 (w), 1085 (s) cm-1
; MS (APCI) m/z 

(relative intensity) = 312 (M+ +2, 20), 311 (M+ +I, I 00); HRMS [M+] calcd for 
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3-(2-Hydroxybenzylideneamino )-5 ,6-benzo-2H -chromen-2-one (9d) 

N (l ~ -~ ~H uoxo 
9d 

According to representative procedure D, 7i (0.106 g, 0.50 mmol) and 4a (0.065 

g, 0.53 mmol) affordedh 9d as an orange solid (0.090 g, 57%). mp = 192-193 oc 

(CHCh). 8H(CDCh) = 13.08 (s, 1H, OH), 9.61 (s, 1H), 8.50 (s, JH), 8.28 (d, J = 7.4 Hz, 

lH), 8.01 (d, J = 8.1 Hz, lH), 7.96 (d, J = 7.5 Hz, lH), 8.21 (t, J = 7.3 Hz, 1H), 7.10 (d, J 

= 7.2 Hz, 1H), 7.51-7.49 (m, 2H), 7.41-7.40 (m, JH), 7.02 (d, J = 7.5 Hz, 1H), 6.99 (d, J 

= 7.5 Hz, 1H) ppm; 8c(CDCh) = 167.3, 161.7, 158.0, 152.0, 134.1, 133.6, 133.2, 131.7, 

130.9, 130.7, 129.4, 128.7, 126.6, 122.01, 121.95, 119.6, 117.6, 116.7, 114.2 ppm (one 

carbon signal fewer than expected, presumably due to accidental degeneracy); IR: 1717 

(s), 1683 (w), 1653 (w), 1608 (w), 1575 (m), 1558 (w), 1519 (w), 1508 (w), 1490 (w), 

1457 (w), 1437 (w), 1361 (w), 1342 (w), 1278 (m), 1207 (m), 1092 (m), 1063 (s) cm-1; 

MS (APCI) m/z (relative intensity)= 317 (M++2, 23), 316 (M++1, 100); HRMS [M+] 

calcd for C2oH13N03 315.0895, found 315.0894. 
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3-( (2-Hydroxynaphthalen-1-yl)methyleneamino )-6-methoxy-2H -chromen-2-one 

(lOb) 

According to representative procedure D, 7e (0.095 g, 0.50 mmol) and 4i (0.091 

g, 0.53 mmol) afforded lOb as an orange solid (0.111 g, 64%). mp = 229-230 oc 

(CHCI3); 8H(CDCI3) = 15.14 (s, 1H, OH), 10.19 (s, 1 H), 8.17 (br s, 1 H), 7.82 (d, J = 9.3 

Hz, 1H), 7.72 (d, J = 7.6 Hz, 1H), 7.64 (br s, 1H), 7.55 (br s, 1H), 7.38-7.36 (m, 2H), 

7.31 (d, J = 9.6 Hz, lH), 7.00 (d, J = 6.5 Hz, 1H), 6.97 (s, 1H), 3.87 (s, 3H, OCH3) ppm; 

8c(CDCh) = 168.1, 159.5, 158.2, 156.7, 146.6, 137.2, 133.4, 131.3, 131.1, 129.5, 128.5, 

127.9, 124.2, 121.3, 120.3, 120.2, 119.9, 117.7, 110.0, 109.9, 56.1 (OCH3) ppm; IR: 

1710 (s), 1620 (w), 1576 (m), 1543 (m), 1489 (m), 1476 (w), 1460 (w), 1423 (w), 1392 

(w), 1328 (m), 1278 (m), 1262 (m), 1231 (w), 1206 (w), 1189 (m, 1168 (w), 1077 (m), 

1032 (s) cm-1
; MS (APCI) m/z (relative intensity)= 347 (M++2, 23), 345 (M++1, 100); 

HRMS [M+] calcd for C2, H ,sN04 345.1001, found 345.1005. 

38 



3-( (2-Hydroxynaphthalen-1-yl)methyleneamino )-6-nitro-2H -chromen-2-one (tOe) 

According to representative procedure D, 7i (0.1 06 g, 0.50 mmol) and 4i (0.091 g, 

0.53 mmol) afforded tOe as an orange solid (0.124 g, 68%). mp = 243-245 °C. Due to 

very low solubility of this compound, NMR spectra could not be obtained in any solvent. 

IR: 1729 (s), 1642 (w), 1608 (w), 1582 (m), 1540 (w), 1517 (w), 1484 (w), 1441 (w), 

1406 (w), 1358 (w), 1310 (m), 1240 (w), 1085 (s) cm·1 MS (APCI) m/z (relative 

360.0746, found 360.0742. 

3-( (2-Hydroxynaphthalen-1-yl)methyleneamino )-5,6-benzo-28-chromen-2-one (lOd) 
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According to representative procedure D, 7i (0.106 g, 0.50 mmol) and 4i (0.091 g, 

0 .53 mmol) afforded lOd as an orange solid (0.127 g, 70%). mp = 238-240 oc (CHCh). 

DH(CDC13) = 15.52 (s, 1H, OH), 10.46 ( , 1 H), 8.49 (s, 1 H), 8.32 (d, J = 8.6 Hz, 1 H), 8.25 

(d, J = 8.1 Hz, 1H), 7.99 (d, J = 8.1 Hz, 1H), 7.94 (d, J = 7.6 Hz, 1H), 7.85 (d, J = 8.6 Hz, 

lH), 7.76-7.73 (m, 2H), 7 .63-7.57 (m, 2H), 7.52 (d, J = 8.4 Hz, 1 H), 7.38 (t, J = 7.9 Hz, 

1H), 7.16 (d, J = 9.1 Hz, 1H) ppm; Dc(CDCh) = 166.8, 160.5, 158.1, 151.7, 149.8, 

136.9, 133.5, 132.8, 130.8, 129.5, 129.4, 129.3, 128.6, 128.0, 126.59, 126.57, 124.2, 

122.0, 121.9, 121.0, 120.2, 116.7, 114.3,110.7 ppm; IR: 1722 (s), 1616 (w), 1600 (w), 

1574 (m), 1535 (w), 1508 (w), 1470 (w), 1441 (w), 1377 (w), 1325 (m), 1284 (m), 1246 

(w), 1211 (w), 1175 (m), 1160 (w), 1142 (w), 1090 (w), 1057 (s), 1032 (m) em·'; MS 

(APCI) m/z (relative intensity) = 367 (M+ +2, 20), 366 (M+ + 1, 1 00); HRMS [M+] calcd 

for C24H1sN03 365.1052, found 365.1049. 
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Chapter 2. Povarov Reactions Involving 3-

Aminocoumarins: a Synthesis of 1,2,3,4-

Tetrahydropyrido[2,3-c ]coumarins and Pyrido[2,3-

c ]coumarins 

2.1 Introduction 

Multicomponent reactions (MCRs) continue to attract attention as they can result 

m a substantial increase in molecular complexity and provide opportunities for high 

levels of convergence in synthesis. 1 The use of MCRs has therefore been frequently 

adopted by the pharmaceutical industry for the development of combinatorial libraries 

and the identification of lead compounds.2 MCRs have also been utilized in the total 

synthesis of natural products.3 

The inherent reactivity of carbonyl compounds with amines is often exploited in 

the development of MCRs.4 The one-pot version of the Povarov reaction is such an 

example. In its original form, however, the Povarov reaction was not an MCR. Povarov 

initially described the participation of aldirnines derived from aniline and aromatic 

aldehydes in a formal [4+2] cycloaddition with electron rich alkenes (rendering it a 

formal inverse electron demand Diels-Alder reaction) in the presence of a Lewis acid 

catalyst and the subsequent tautomerization of the initial adduct to give 1,2,3,4-

tetrahydroquinoline derivatives (Eq. 1, Scheme 2.1).5 It was only much later that this 
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reaction was developed into a one-pot operation (MCR), in which the aldimine wa 

generated in situ.6 In fact, this development triggered an ongoing period of considerable 

interest in the Povarov reaction,7 which followed nearly three decade of relative 

obscurity ince Povarov's original report. 

SCHEME 2.1 The Povarov Reaction 

I(Ar 

~N R~ 

~ Lewisacid 

1 

~
Ar 

~ NH 

l_o 

2 

I(Ar 

~NR~ 

~0A0 Lewis acid 

3 4 

eq 1 

An important finding in the mid 1990s was that variou lanthanide metal salts 

catalyze the one-pot Povarov reaction.6 More recently, a variety of cost-effective and 

environment-friendly catalysts were reported by Peruma17
a-g and others.7

i-n In general, 

aliphatic aldehyde have been found to be poor participant in this type of chemistry. 

However, Batey and Menendez have independently shown that aliphatic aldehyde or 

aldehyde equivalents can be employed under appropriate conditions ( low addition of the 

aldehyde or aldehyde equivalent to the aniline and dienophile in the presence of a mild 

Lewis acid).9 Thi reaction has al o been carried out in the absence of a Lewis acid 

catalyst by using fluorous solvents. 10 The Povarov reaction has al o found applications in 
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total synthesis, such as in the synthesis of (±)-martinellic acid (8), (±)-martinelline (9), 

camptothecin (14) and luotonin A (16) 11 (Schemes 2.2, 2.3 and 2.4, respectively). 

Nevertheless, it has so far been limited almost exclusively to the synthesis of 

tetrahydroquinolines because, with very few exceptions, 12 only ani lines have been used 

successfully as the amine component. The application of amines other than anilines, if 

successful, would provide a direct route to a variety of heterocycles, which are 

uncommon or otherwise not easily accessible. 

SCHEME 2.2 Total Synthesis of (±)-Martinellic Acid (8) and (±)-Martinelline (9) 
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SCHEME 2.3 Formal Total Synthesis of Camptothecin (14) 

~ 
OHCIINYO 

"'feN 
CH3 

10 

Dy(OTfh (1 0 mol%) 
CH3CN, 50 °C, 16 h 

71% 

-
14 ,,.· 

camptothecin I OH 0 

SCHEME 2.4 Synthesis of Luotonin A (16) 

Dy(OTfh (1 0 mol%) 
24 h, 51% 

~N:oo 
N f ~ 

16 -
luotonin A 

During the course of our efforts aimed at the development of new families of 

electron deficient dienes for application in the inverse electron demand Diels-Alder 

(IEDDA) reaction, 13 coumarin-fused, electron deficient 2-azadienes were identified as 

reasonable candidates for reaction with electron rich alkenes. In fact, the IEDDA 

reaction of this class of dienes, which should be accessible from the condensation of 3-
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aminocoumarin with an aldehyde, coincides with the original form of the Povarov 

reaction. 3-Aminocoumarin has been known for close to a century, but there are very 

few reports of imines derived from this system. 14 There are no previous reports of such 

imines being used as dienes in the lEODA (or Povarov) reaction. The 2-pyrone ring of 

the coumarin system is partially aromatic. 15 As such, 3-aminocoumarins behave like 

enamines in some cases (e.g. hydrolysis under acidic aqueous conditions) 16 and like 

anilines in others (e.g. Fischer indole synthesis). 17 We thus envisioned that 3-

aminocoumarin (17) would readily form an aldimine upon reaction with an aldehyde and 

then take part in a Povarov reaction in the presence of an electron rich alkene and a 

suitable Lewis acid catalyst. The partial aromatic character of the pyrone unit would also 

be expected to favor the tautomerization of the initial cycloadduct (Scheme 2.5). 

SCHEME 2.5 The Povarov Reaction Involving 3-Arninocoumarin 

I(Ar 

CCXNH, ArCHO CCXN R~ 

0 0 CH3CN 0 0 Lewis acid 

17 3 

tautomerization ~ R nH Ar croxo 
18 4 
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2.2 Results and Discussion 

Preliminary work on this concept was performed earlier in the Bodwell group. 18 

A coumarin-fused 2-azadiene 20, which was prepared by the condensation of 3-

aminocoumarin (17) 19 and 4-nitrobenzaldehyde (19) using modified Bishnoi conditions20 

was shown to participate in the Povarov reaction with electron rich alkenes such as 3,4-

dihydro-2H-pyran (DHP) in the presence of Yb(OTf)3 as a Lewis acid (Scheme 2.6). The 

yields were generally good and the diastereoselectivity of the reaction ranged from >95:5 

(for 'endo adduct') to 8:92 (for 'exo adduct'). 

SCHEME 2.6 Povarov Reaction between a Coumarin-fused 2-Azadiene 20 and DHP 

(21) 

~NH2 + (YCHO 4Amolecularsieves 

~oA0 0 N~ abs. EtOH,glaciaiAcOH 
2 reflux, 4 h, 79% 

17 

0 
0 
21 

5 mol % Yb(OTf)3 
CH3CN, rt , 20 min 

90% 

19 

22a 22b 

Having this precedent, the possibility of developing this reaction into a one-pot 

operation, in which the diene would be formed in situ from 3-aminocoumarin and an 
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aldehyde, was investigated. Indeed, the reaction of 3-arninocoumarin (17), 4-

nitrobenzaldehyde (19) and DHP (21) in the presence of 5 mol% Yb(OTfh afforded 

Povarov adducts 22a,b in a similar ratio (39:61) to the reaction of diene 20 with DHP 

(21) (36:64), but with a lower yield (40% cf. 90%) (Scheme 2.7). 

Other products were observed by tic analysis of this one-pot reaction, but none of 

these could be obtained in pure form. The po sibility that water generated during the 

formation of 2-azadiene 20, might have adversely affected the yield was ruled out when a 

similar yield (42%) of Povarov adducts 22a,b was obtained when the same reaction was 

performed in the presence of anhydrous MgS04. This suggested that some other factor(s) 

is (are) affecting the yield of this one-pot Povarov reaction and hence an optimization 

study for this reaction was undertaken. 

SCHEME 2.7 One-pot Povarov Reaction 

0 
0 

~NH2+ (YCHO 21 

~oAo 02N~ 5 mol% Yb(OTfb 
CH3CN, rt, 24 h 

17 19 40% 

2.2.1 Optimization Study for the One-pot Povarov Reaction 

22a,b 

The study of the effect of various Lewis acids and solvents on the yield and 

diastereoselectivity of the one-pot reaction was the starting point for this study (Table 

2.1). To this end, a set of reactants was required, the products of which would be easily 
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separable from the side products so that the isolated yields and diastereomeric ratios 

could be determined easily. After some experimentation, it was found that the reaction 

between 3-aminocoumarin (17), 2-naphthaldehyde (23) and DHP (21) met this criterion. 

Under the previou ly employed conditions (Scheme 2.7), two diastereomeric products, 

24a and 24b, were isolated in a 21:79 ratio in 56% combined yield (Scheme 2.8)? 1 The 

two diastereomers were formally the products of endo and exo addition in an IEDDA 

reaction followed by tautomerization of the initial cycloadduct. The relative 

stereochemistry was determined u ing standard 1 D and 2D NMR techniques. Although 

the retention of the relative stereochemistry of the dienophile in both adducts is entirely 

consistent with a concerted mechanism, a stepwise mechanism cannot be ruled out.22 If a 

stepwise mechanism is operating, the ring closure must occur in a highly 

diastereoselective fashion. 

SCHEME 2.8 One-pot Povarov Reaction between 3-Aminocoumarin (17), 2-

Naphthaldehyde (23) and DHP (21) 

0 
0 
21 CCXNH2 (X)~ CHO 

+ I ------
0 o ~ ~ 5 mol% Yb(OTfb 

CH3CN, rt, 15 min 
56% 17 23 
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---------------------------------------------------------------------------

Kobayashi and co-workers have shown that vanous lanthanide metal salts 

catalyze the Povarov reaction.6 Therefore, the performance of Dy(0Tf)3 (Entry 2, Table 

2.1) and CeCh·7H20 (Entry 3, Table 2.I) were also evaluated in the one-pot reaction. 

Neither of these catalysts fared better than the original choice, Yb(OTf)3. Lower yield 

(28% and 25%, respectively) and poor diastereselectivity (43:57 and 38:62, respectively) 

were obtained. The yields increased with an increase in the oxophilic character 

(according to the oxophilicity scale developed by Imamoto and coworkers)24 of 

lanthanide salts. This finding was in agreement with previous reports on the activity of 

various lanthanide salts as Lewi acids.25 Following the reports of the use of cheap and 

environmentally benign catalysts for the parent Povarov reaction, the effect of cataly t 

such as molecular iodine (12)
7

" '
0 (Entry 7, Table 2.1), potassium hydrogen sulfate 

(KHS04) 
7

d (Entry 6, Table 2.1) and silica gel26 was also studied. Silica gel did not 

catalyze the reaction at room temperature or reflux (Entries 4 and 5, Table 2.I ). 

Conversely, h and KHS04 afforded yields and diastereoselectivities comparable to those 

obtained using Yb(0Tf)3. 

Using Yb(OTf)3 as the Lewis acid, the effect of solvent was then investigated. A 

low yield (1 0%) and no diastereoselectivity (50: 50) were observed for CHCh (Entry II, 

Table 2.1). Although very good diastereoselectivity (;:::; 1 :9) was achieved in polar protic 

solvents (methanol and methanol/water), the reaction was very slow. Traces of one of the 

starting materials, 3-aminocoumarin (17), were present in the reaction (by tic analysis) 

even after retluxing for 24 and 48 h, respectively (Entries 12 and 13, Table 2.1). The 

addition of methanol and/or water to the C=N bond of the 2-azadiene may be responsible 
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for the slow reaction of the azadiene. The use of a somewhat les polar solvent, THF 

(Entry 14, Table 2.1 ), or THF with water as a co-solvent (Entry 15, Table 2.1) did not 

improve the yields (41 % and 16%, respectively) as compared to acetonitrile. In a 

nonpolar solvent, toluene, a low yield (28%) and a low diastereomeric ratio (38:62) were 

obtained (Entry 16, Table 2.1), whereas in a polar aprotic solvent, DMF, the reaction did 

not proceed appreciably after 2 hours at room temperature. Except for CHCI3 and DMF, 

the yields increased with an increase in the dielectric constant of the solvent (when the 

reactions were run without a co-solvent). Thus, acetonitrile proved to be the best among 

the olvents screened. 

Based on the results of the olvent study, some comments can be made on the 

mechanism. For Povarov reactions of aniline-derived 2-azadienes, a product arising from 

the nucleophilic addition of methanol to an intermediate oxonium ion has been reported, 

which sugge t a tepwise mechanism.6
b,?x No such product was isolated from the above 

reactions (Entries 12 and 13, Table 2.1 ). Moreover, the yield of the Povarov adducts was 

not significantly affected. These observations suggest that, in contrast to the Povarov 

reactions of aniline-derived 2-azadienes, the Povarov reactions of 2-azadiene 9 most 

likely proceed through a concerted, yet asynchronous, mechanism. The difference in 

mechanism may be a consequence of the considerably weaker aromatic character of the 

2-pyrone unit in coumarin-derived azadienes compared to that in the benzene ring of 

aniline-derived azadienes. In other words, a concerted reaction of an aniline-derived 

azadiene would be disfavoured more than the corresponding reaction of a coumarin

derived azadiene because of a greater loss of aromatic stabilization energy in going from 
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the ground state to the transition state. 

As anticipated, the diastereomeric ratio could be improved by lowering the 

temperature, but this occurred at the expense of the yield (Entries 8-10, Table 2. 1 ). 

Yields of 44%, 19% and 7% were obtained when the reactions were performed at 0 °C,-

20 oc and -30 °C, respectively. At -30 °C, the reaction wa quite sluggish and 54% of 

the starting 3-aminocoumarin (17) was recovered after running the reaction for 4 h. 

TABLE 2.1 Effect of the Catalyst and Solvent on the Povarov Reaction of 17 with 23 

and 21 

0 C::CXNH2 OO"CHO 0 
21 

+ ~ I o 
0 0 

17 23 

Entry Catalyst Solvent Temperature endo!exo ratioa Combined 

Yield (%)b 

1 5 mol% Yb(OTf)3 CH3CN rt 21:79 56 

2 5 mol% Dy(OTf)3 CH3CN rt 43:57 28 

3 10 mol% CeCb·7H20 CH3CN rt 38:62 25 

4 silica gel CH3CN rt no reaction 

5 silica gel CH3CN reflux no reaction 
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6 40 mol% KHS04 CH3CN rt 18:82 52 

7 30 mol% Iz CH3CN rt 28:72 53 

8 5 mol% Yb(OTf)3 CH3CN ooc 15:85 44 

9 5 mol% Yb(OTf)3 CH3CN -20°C 9:91 19 

10 5 mol% Yb(OTf)3 CH3CN -30°C ::;5:95 7 

11 5 mol% Yb(OTf)3 CHCh rt 50:50 10 

12 5 mol% Yb(OTf)3 MeOH reflux 12:88 45 

13 5 mol% Yb(OTf)3 MeOH/HzO reflux 8:92 46 

14 5 mol% Yb(OTf)3 THF rt 24:76 41 

15 5 mol% Yb(OTf)3 THF/HzO rt 53:47 16 

16 5 mol% Yb(0Tf)3 toluene rt 38:62 28 

17 5 mol% Yb(0Tf)3 DMF rt no reaction 

a Diastereomeric ratios were determined by 1H MR analysis of crude reaction mixtures. b Isolated yields. 

2.2.2 Scope of the One-pot Povarov Reaction 

Based on the optimization studies, the scope of the one-pot reaction was 

investigated by varying the three components. To begin with, the aldehyde component, 

which provides C- 1 of the azadiene and the substituent attached to it, was varied while 

the 3-aminocoumarin (17) and the dienophile (DHP) were kept constant (Table 2.2). The 

conditions used for the synthesis of 24a,b (Entry 1, Table 2.1) were employed. 

Application of a heterocyclic aldehyde, 3-formylcoumarin (25),27 in the three-component 

reaction with 3-arninocoumarin (17) and DHP (21) in presence of Yb(OTf)3 in 
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acetonitrile (Entry 2, Table 2.2) proceeded smoothly at room temperature to afford 

tetrahydropyrido[2,3-c]coumarins 26a,b in a ratio of 36:64 in favor of the exo 

diastereomer and 71% combined yield. The more electron deficient nature of the 

aldehyde 25 (compared to aldehyde 23) appeared to have a positive effect on the yield of 

the Povarov adduct . 

When 3-aminocoumarin (17) was reacted with methyl 4-formylbenzoate (27) and 

DHP (21), Povarov adduct 28b was obtained with very high selectivity ( <5:95) in 54% 

yield (Entry 3, Table 2.2). By the same token, very high selectivity (:S5:95) in favor of 

the exo diastereomer was obtained when 3-aminocoumarin (17) was reacted with 4-

acetoxybenzaldehyde (29) and DHP (12) to afford Povarov adduct 30b. However, the 

yield was only 26% (Entry 4, Table 2.2). The mild electron donating ability of the 

acetoxy group in 4-acetoxybenzaldehyde, which would be expected to attenuate the 

electron deficient nature of the in situ formed 2-azadiene, mjght be re ponsible for the 

low yield. 

For the highest-yielding reaction in the above set of reactions (Entry 2, Table 2.2), 

changing the dienoprule from DHP (21) to 2,3-dihydrofuran (DHF) (31) resulted in the 

formation of Povarov adducts 32a,b in 58% yield. The diastereoselectivity (42:58) wa 

close to that observed when DHP was used (cf Entries 2 and 5, Table 2.2). Employment 

of ketone-containing heterocyclic aldehyde 3328 afforded Povarov adducts 34a,b in 

relatively good yield (59%, Entry 6, Table 2.2). Isolation of the endo diastereomer was 

very difficult in this reaction. Only the exo diastereomer 34b could be isolated in pure 

form. This experiment also demonstrated that the three-component reaction could be 
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performed in the presence of a potentially competitive ketone functionality. When 4-

acetoxybenzaldehyde (29) was employed, a low yield (33%) and poor diastereoselectivity 

(46:54) were obtained (Entry 7, Table 2.2). The reaction had to be heated at reflux for 

2.5 days to achieve complete consumption of the starting 3-aminocoumarin (17). 

The 3-arninocoumarin was then varied while the dienophile (DHF) and the 

aldehyde (methyl 4-formylbenzoate) were kept constant. In general, all of these reactions 

afforded low yields and diastereoselectivities (Entries 8-11, Table 2.2). In most cases, 

the 3-aminocoumarins bore an electron donating substituent on the carbocyclic ring, 

which would be expected to deactivate the diene. However, surprisingly, the reaction 

involving 3-arnino-6-nitrocoumarin (Entry 11 , Table 2.2) afforded the lowest yield of all 

(28%). In this case, the formation of the 2-azadiene may have been retarded. The 

reaction of 3-amino-8-methoxycoumarin and 4-acetoxybenzaldehyde (29) with DHF 

under the same reaction conditions (Entry 12, Table 2.2) afforded a 60% yield of the 

Povarov adducts 40a,b in a 38:62 ratio. 

Phenyl vinyl sulfide, when reacted with 3-arninocoumarin (17) and 4-

nitrobenzaldehyde (19) afforded a mixture (59:41) of the diastereomeric Povarov adducts 

42a,b in 38% yield (Entry 13, Table 2.2). It is interesting to note that the formation of 

the endo diastereomer is preferred in this reaction. Also, the yield of this reaction was 

low (38%) compared to the Povarov reaction performed on azadiene 20 with phenyl vinyl 

sulfide as a dienophile (81 %). In general, the reaction times were usually short and 

yields were satisfactory for the above set of aldehyde and dienophile components with 

90 



Entry R 

H 

2 H 

3 H 

TABLE 2.2 Three-Component Synthesis of Pyrido[2,3-c]coumarins 
Rccx'-'::: '-'::: NH2 Yb(OTfb 
I + ArCHO + Dienophile Povarov adducts 

0 0 0 CH3CN 

Aldehyde 

~CHO 

~ 
23 

~CHO 

~oAo 
25 

CHO 

¢ 
COOCH3 
27 

Dienophile Products 

,,,,Q) 
NH 0 

0 

21 

0 
0 

21 

aCOOCH3 

0 ·''' 

0 

21 

endolexo Yield 
ratio a (%)b,c 

21:79 56 (89) 

36:64 71 

<5:95 54 
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Entry R Aldehyde Dienophile Products 
endo/exo Yield 

ratio a (%)b,c 

90 0 
aOCOCH3 

4 H 
·''' 

0 
<5:95 26 

OCOCH3 21 
29 

a::c:CHO 

~ OX)) 

5 0 ~,,~ I : 
H ..&- 0 

0 0 31 
~ ~ NH 

42:58 

25 

58 

1 ..6-
0 0 

32b 

H3COC 

COCH3 dOCH, 
6 H ~ 0 J2 N CHO 0 

I 

COOCH3 
31 

44:56 59 

33 

~~ ~OOCH3 
..&-

0 0 
34b 

90 OCOCH3 aOCOCH 

7 H 
0 

J2 ~I , ·'':::::,.... 

0 

OCOCH3 
31 

NH 46:54 33 

29 
0 0 

35b 
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Entry R Aldehyde Dienophile Products 
endo/exo Yield 

ratio a (%)b,c 

CHO aCOOCH3 

¢ 0 ,\'' 

8 6-0CH3 0 H3CO 39:61 34 

31 
COOCH3 
27 

CHO ··''aCOOCH3 

¢ 0 9 8-0CH3 36:64 34 (54) 0 

COOCH3 
31 

27 

CHO aCOOCH3 

¢ 0 
··'' 

10 6-Br Br 44:56 30 {19) 0 

COOCH3 31 

27 
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Entry R Aldehyde Dienophile Products 
endo/exo 

ratio8 

CHO aCOOCH3 

¢ 0 ··'' 
11 6-N02 0 0 2N 42:58 

31 
COOCH3 
27 

CHO aOCOCH3 

¢ 0 ··'' 

12 8-0CH3 38:62 0 

OCOCH3 
31 

29 
OCH3 

CHO N02 aN02 

¢ PhS~ &2 .. ·~ 
13 H NH 59:41 

41 I N02 

19 0 0 
42b 

a Diastereomeric ratios were determined by 1H NMR analysis of crude mixtures. b Isolated yields are Listed. c Numbers in parentheses represent yields 
obtained by using 1.00: L .05 : 10.0 ratio of amine:aldehyde:dienophile and I 0 mol% catalyst. 

Yield 
(%)b,c 

28 {19) 

60 

38 
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the parent 3-aminocoumarin (17). However, attempted variation of the 3-aminocoumarin 

component resulted in poor yields (Entries 8-11, Table 2.2). In most cases, small 

amounts of one or more side products were observed by tic analysis and were even 

isolated during chromatography. However, their 1H NMR spectra were complex and 

could not be reasonably interpreted. Their mass spectra were also complicated, but often 

contained major signals corresponding to M-2 or M-4 for the Povarov adducts. Some 

intractable materials were also generated. Self-reaction of the in situ formed azadienes 

may be respon ible for this result.29 

2.2.3 Study of the Effect of Various Parameters on the One-pot Povarov Reaction 

At this stage, other parameter , i.e. the effect of catalyst loading, ratios of the 

reactants and the effect of concentration on the yield, were investigated. For this 

purpose, a reaction having the following features was desired: 1) the two diastereomeric 

product hould be easily separable from other side products by flash chromatography, 2) 

the reaction time should be short, and 3) the aldehyde should be commercially available. 

The reaction between 3-aminocoumarin (17), 2-naphthaldehyde (23) and 3 equiv of DHP 

(Entry 1, Table 2.3) again met these criteria. The yield of the Povarov adducts was 

considerably improved (74%) when 10 mol% Yb(OTfh was used (Entry 2, Table 2.3). A 

further increase in the catalyst loading did not improve the yields (Entries 3 and 4, Table 

2.3). Increasing the number of equivalents of DHP to 5 and then 10 re ulted in an 

increase in the yield of the Povarov adduct (84% and 89%, Entries 5 and 6, respectively, 

Table 2.3). A further increase in the number of equivalents of the dienophile did not have 
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TABLE 2.3 Effect of Catalyst Loading, Concentration of 17 and Equivalents of 

Dienophile on the Yield 

0 
0 
21 CCXNH2 cv~ CHO 

+ I --------------
0 O ~ .0 Yb(OTfh CH3CN , rt 

17 23 

Entry Yb(OTf)3 Concentration of 17, equivalents of endo/exo Combined 

mol% dienophile (equiv) ratio a Yield (%)b 

5 0.10 M, 3.0 21:79 56 

2 10 0.10 M, 3.0 26:74 74 

3 15 0.10 M, 3.0 18:82 72 

4 20 0.10 M, 3.0 24:76 71 

5 10 0.10 M, 5.0 22:78 84 

6 10 0.10 M, 10.0 21:79 89 

7 10 0.10M, 15.0 19:8 1 87 

8 10 0.10 M, 20.0 22:78 86 

9 10 0.05 M, 10.0 22:78 89 

10 10 0.25 M, 10.0 21:79 88 

11 10 0.50 M, 10.0 21:79 84 

" Diastereomeric ratios were determined by 1H NMR analysis of crude reaction mixtures. b Isolated yields. 
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any further beneficial effect on the yield (Entries 7 and 8, Table 2.3). Also, the yields 

were not significantly affected by the changes in concentration of 3-aminocoumarin (17) 

(Entries 9-11, Table 2.3). Thus, a few of the reactions listed in Table 2.2 were repeated 

with the new reaction conditions, i. e. a 1.00:1.05:10.0 ratio of 3-

arninocoumarin:aldehyde:dienophile with 10 mol% Yb(OTf)3. The observation that the 

yield increased in two cases (Entries 1 and 9, Table 2.2) and decreased in two cases 

(Entries 10 and 11, Table 2.2) suggested that optimal conditions are somewhat case

specific for the one-pot Povarov reaction. 

To ascertain whether the Povarov adducts can equilibrate, endo diastereomer 32a 

was resubjected to the original reaction conditions, i.e. 5 mol% Yb(OTf)3 in acetonitrile. 

No signs of conversion to the exo diastereomer (32b) were observed at room temperature 

(3 hours) or after 24 hours at reflux . Also, the ratio of a 50:50 mixture of diastereomers 

32a,b did not change when the mixture was heated to reflux in acetonitrile in the 

presence of 5 mol% Yb(OTf)3. These results suggest that either the tautomerization step 

is not reversible under these conditions or that the tautomerization is reversible and the 

IEDDA reaction, whether concerted or stepwise,6
b is not. Finally, X-ray quality crystals 

for exo diastereomer 24b were obtained. A single crystal X-ray structure determjnation 

confirmed that the NMR-based assignments of the relative stereochemistry were correct 

(Fig. 2.1). 
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FIGURE 2.1 ORTEP Representation of X-ray Crystal Structure of 24b 

(The numbering in the above figure is different than numbering for 24b, elsewhere in this 

chapter) 

2.2.4 Chemistry of Povarov Adducts 

With a set of relatively complex molecules (tricyclic and tetracyclic heterocycles 

with 2-3 stereogenic centers) in hand, some aspects of their chemistry were then 

investigated. Access to free hydroxy or carboxylic acid functional groups might be 

useful for water solubility and further synthetic transformations. In this context, 

compound 35a was chemoselectively hydrolyzed with K2C03/MeOH to afford phenol 43 
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in 72% yield (Scheme 2.9). Similarly, ester 28b was chemoselectively hydrolyzed to 

afford carboxylic acid 44 in 99% yield. Interestingly, when 28b was subjected to 

anydrous demethylation conditions, i.e. TMSCI/Nai,30 the desired carboxylic acid 44 was 

not formed. After heating at 50 oc in DMF for 18 hours and then 150 hours at 90 °C, 

10% of the tarting material 28b was recovered after flash chromatography along with 

two new products. One of the products was pyrido[2,3-c]coumarin 45 (R = H), which 

was presumably formed by an elimination/dehydrogenation process. It was then 

hydrolyzed with 10M KOH to afford the ring opened terphenyl-type product 47 (Scheme 

2.1 0). The other new product was the formate ester 46 (R = CHO), which could form 

from 45, or one of its precursors, via a Vilsmeier-Haack-like formylation. 

SCHEME 2.9 Reactions of Povarov Adducts 35a and 28b 

OCOCH3 OH 

K2C03/MeOH 

rt, 16 h, 72% 

35a 43 

.•'' 

a GOOCH, 
..•• aCOOH 

1M KOH/MeOH 

reflux, 1 h, 99% 

28b 44 

99 



28b 

SCHEME 2.10 Synthesis of a Terphenyl-type Compound 47 

DMF, 50 °C, 18 hI 
then 90 °C, 6 d 

23% 

RO 

45, R = H, 23% 

46, R = CHO, 30% 

COOCH3 

16 h, 66% 

47 

The observation that Povarov adduct 28b could be converted into the 

corresponding pyrido[2,3-c]coumarin, a rather uncommon heteroaromatic system,3 1 

provided incentive to investigate more efficient ways of achieving this transformation. 

The treatment of Povarov adducts with an oxidizing agent, e.g. bromine, would be 

expected to bring about aromatization of the nitrogen-containing ring through a series of 

addition and elimination reactions.32 Accordingly, 28b was reacted with Br2 in the dark. 

Aromatized product 45 was isolated in 61 % yield after 1 h. An internal elimination 

reaction, which opened the tetrahydropyran ring, occurred during the aromatization 

process. Similarly, Povarov adducts 35a,b were converted into the corresponding 

pyrido[2,3-c]coumarin 48 (80%), by the action of Br2/CH2Ch in the dark (Scheme 2.11). 

However, only 9% and 39% yields of the pyrido[2,3-c]coumarins 49 and 50 were 

obtained from the reactions (Scheme 2.11) of Povarov adducts 32a,b and 26a,b, 

respectively. The low yields are presumably due to the presence of an additional 

coumarin unit, which may react unproductively with Br2.
33 

Other aromatization methods were then screened. When compounds 32a,b were 

100 

COOH 



SCHEME 2.11 Aromatization of Povarov Adducts 

R 

Br2/CH2CI2 

rt, dark 

28b; R = COOCH3, n = 2 
35a,b; R = OCOCH3, n = 1 

32a,b; n = 1 
26a,b; n = 2 

Br2/CH2CI2 

rt, dark 

R 

45; R = COOCH3, n = 2; 61% 
48; R = OCOCH3, n = 1; 80% 

49; n = 1, 9% 
50; n = 2, 39% 

refluxed with Pd/C in xylenes, the reaction was very sluggish. Only traces of the 

pyrido[2,3-c]coumarin 49 were observed by tic analysis after 6 days at reflux. Acetic 

acid has been known to accelerate such dehydrogenations.34 Therefore, the 

dehydrogenation was attempted with acetic acid as the solvent. Again, only traces of the 

product were observed (tic analysis) under these conditions. Another commonly used 

reagent for carrying out dehydrogenations is DDQ.35 Heating the Povarov adducts 32a,b 

with DDQ in benzene at reflux afforded pyrido[2,3-c]coumarin 49 and traces of another 

product, which could not be obtained in pure form. 1H NMR and LC/MS analysis of this 

impure and poorly soluble compound were consistent with the aromatized compound 51 
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(Fig. 2.2). 

0 

51 

FIGURE 2.2 A possible side product 51 from conversion of 32a,b to 49 using DDQ 

Following a procedure by Hartmann et al.,36 in which nitrous gases (obtained by 

dropwise addition of 6 M NaN02 solution to cone. HCI) were used for preparation of 

I ,2,4,5-tetrazines from corresponding dihydrotetrazines, a stream of nitrous gases was 

passed through a solution of 32a,b in CH2Ch. Gratifyingly, the desired product 49 was 

formed in 90% yield. Other oxidizing agents i.e. Mn02
37 and CAN,38 also delivered 49, 

but the yields were lower (Mn02: 24% and CAN: 21%) and the reactions were 

considerably slower. Disappointingly, the nitrous gases, when employed for the 

conversion of 28b into 45 afforded only 10% yield. 

Povarov adducts formed by using phenyl vinyl sulfide as a dienophile, have been 

converted into quinolines by an oxidation (Nal04) and thermolysis of the resulting 

sulfoxide.39 Treatment of 42a,b with Nal04 at room temperature did not show any signs 

of reaction (by tic). However, pyrido[2,3-c]coumarin 53 was obtained when the reaction 

mixture was heated at reflux for 23 hours. Presumably, the first step in this conversion is 

the oxidation of the sulfide to the sulfoxide 52, which then undergoes a syn elimination 
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reaction (Scheme 2.12). The resulting diene is then oxidized to form the aromatized 

product. 

SCHEME 2.12 Synthesis of 53 by Oxidation/syn Elimination/Dehydrogenation 

42a,b 

1 ,4-dioxane:H20 
(4:1 ), reflux, 23 h 

89% 

elimination/dehydrogenation 

2.3 Conclusion 

53 

In conclusion, in situ-generated 2-azadienes derived from the condensation of 3-

aminocoumarins and aromatic aldehydes take part in the Povarov reaction to afford 

1 ,2,3,4-tetrahydropyrido[2,3-c]coumarin . The available evidence points toward a 

concerted asynchronous IEDDA cycloaddition rather than a stepwise cyclization during 

the Povarov reaction. The multicomponent version of this reaction provides rapid access 

to unu ual tricyclic and tetracyclic heterocycles. The corresponding pyrido[2,3-
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c]coumarins can be formed upon oxidation of the Povarov adducts with various oxidizing 

agents. Further applications of this methodology to the synthesis of complex 

heterocycles will be discussed in the following chapter. 
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2.4 Experimental Section 

2.4.1 General Methods 

All reactions were carried out without inert gas protection, unless otherwi e 

mentioned. THF was dried and distilled over sodium/benzophenone. All other 

chemicals, including solvents, were used as received, without further purification. Thin 

layer chromatography (tlc) was performed on MN PolyGram precoated silica gel plates 

using 254 nm UV visualization. Flash chromatography was performed on silica gel 

columns. Melting points were recorded on Fisher-Johns apparatus and are uncorrected. 

All new compounds were characterized by 1H NMR, 13C NMR, COSY, HMQC, HMBC, 

IR and HRMS techniques. 1H and 13C NMR spectra were recorded on Bruker A VANCE 

spectrometer at 500.133 MHz and 125.770 MHz, respectively. Peaks reported are 

relative to internal standards: TMS (8 = 0.00) for 1H and CDCh (8 = 77.23) or DMSO-d6 

(8 = 39.51) for 13C spectra. 1H NMR signals for H-5 protons in the Povarov adducts were 

used for the determination of diastereomeric ratio of Povarov adducts. Reported 

multiplicities are apparent. Infrared spectra were obtained on Bruker Tensor 27 

instrument using neat samples. Low-resolution mass spectra were obtained using using 

Agilent 1100 series LC/MS chromatographic system and high-resolution mass spectra 

were obtained using Waters GCT Perrnier Micromass mass spectrometer.using neat 

samples. X-ray crystal structure was obtained on AFC8-Saturn single crystal X-ray 

diffractometer by Julie. Collins, C-CART. 
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2.4.2 General Experimental Procedures 

2.4.2.1 General Experimental Procedure A: Preparation of Povarov adducts using 

the three-component reaction 

To a clear, colorless solution of 3-aminocoumarin in acetonitrile (- 0.1 M 

solution) were added the aldehyde (1.05 equiv), Yb(OTf)3 (5 mol %) and the dienophile 

(3.0 equiv). The reaction mixture was stirred at room temperature or heated at reflux as 

specified. The reaction was monitored by tlc until the complete consumption of 3-

aminocoumarin occured. The solvent was removed under reduced pressure and the 

residue was subjected to flash chromatography. The i olated product was then 

recrystallized from the appropriate solvent(s). The dr was determined from 1H NMR 

analysis of the crude reaction mixture. 

2.4.2.2 General Experimental Procedure B: Preparation of Povarov ad ducts using 

modified conditions for the three-component reaction 

To a clear, colorless solution of 3-aminocoumarin m acetonitrile (- 0.1 M 

solution) were added the aldehyde (1.05 equiv), Yb(OTf)3 (10 mol %) and the dienophile 

(3.0 equiv). The reaction mixture was stirred at room temperature or heated at reflux as 

specified for individual reactions. The reaction was monitored by tic until the complete 

consumption of 3-aminocoumarin occured. The solvent was removed under reduced 

pressure and the residue was subjected to flash chromatography. The isolated product 
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was then recrystallized from the appropri ate solvent(s). The dr was determined from 1H 

NMR analysis of the crude reaction mixture. 

2.4.2.3 General Experimental Procedure C: Preparation of pyrido[2,3-c ]coumarins 

To a clear, pale yellow sol uti on of Povarov adducts (- 1: 1 ratio of endo and exo 

diastereomers) in dichloromethane (- 0.1 M solution) was added Br2 (1.0 M solution in 

dichloromethane, 2.0 equiv). This olution was stirred in the dark at room temperature 

until the Povarov adducts were totally consumed. The reaction mixture was diluted with 

ethyl acetate (5.0 mL) and washed with aqueous NaHS04 followed by brine. The organic 

solution was then dried over anhydrous sodium sulfate and the solvent was removed 

under reduced pressure. The residue was subjected to flash chromatography to afford the 

corresponding pyrido[2,3-c]coumarin. 
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2.4.3 Synthesis and Characterization for Individual Compounds 

( 4aS* ,SS* ,12cS*)-5-( 4-Nitrophenyl)-3,4,4a,5,6,12c-hexahydro-2H-1,8-dioxa-6-aza-

benzo[ c ]phenanthren-7 -one (22a) and ( 4aS* ,SR* ,12cS*)-5-( 4-nitrophenyl)-

3,4,4a,5,6,12c-hexahydro-2H-1,8-dioxa-6-aza-benzo[c ]phenanthren-7 -one (22b) 

3 
4 ~N02 

... 0 3' 

8 

22b 

•' 1 2' 

NH 
6 

Following general experimental procedure A, 3-aminocoumarin (17) (0. 161 g, 1.0 

mmol), 4-nitrobenzaldehyde (19) (0. 159 g, 1.05 mmol), Yb(OTf)3 (0.031 g, 5.0 mol%) 

and DHP (0.27 mL, 3.0 mmol) in acetonitrile (10 mL) were reacted at room temperature 

for 24 h. The reaction mixture remained a clear yellow solution (after the addition of 

dienophile) over the course of the reaction. The solvent was removed under reduced 

pressure to afford a yellow residue and the dr was determined to be 36:64 in favor of the 

exo isomer. The re idue was then subjected to flash chromatography (dichloromethane) 

to afford 22a as a white solid (0.041 g, 11 %), 22b as a white solid (0.094 g, 25%) and a 

mixed fraction (0.015 g, 4%). Combined yield= 0.15 g, 40%. 

22a: mp = 228-229 °C (chloroform/hexane). 8H(CDC13) = 8.27 (d, 2H, J = 9.1 Hz, H-3'), 

8.21 (d, IH, J = 7.6 Hz, H-12), 7.63 (d, 2H, J = 8.7 Hz, H-2'), 7.37-7.34 (m, 2H), 7.30-
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7.28 (m, lH), 5.50 (d, 1H, J = 4.7 Hz, H- I 2c), 5.07 (s, 1H, H-6), 4.81 (d, 1H, J = 2.5 Hz, 

H-5), 3.65-3.64 (m, lH, H-2a), 3.25 (td, lH, J = 11.0, 1.2 Hz, H-2~), 2.38-2.35 (m, 1H, 

H-4a), 1.76-1.67 (m, 1H), 1.59-1.48 (m, lH), 1.43-1.41 (m, 2H) ppm; Dc(CDCh) = 158.5 

(C-7), 148.5, 147.9, 147.2, 130.7, 128.0 (C-3'), 127. 1, 125.1, 124.8 (C-1 2), 124.1 (C-2'), 

120.3, 116.7, 116.6, 71.8 (C-12c), 62.9 (C-2), 58.9 (C-5), 38.3 (C-4a), 24.3 (C-3), 19.7 

(C-4) ppm; IR V= 3340 (w), 2854 (w), 1722 (s), 1618 (w), 1598 (w), 1516 (m), 1348 (s), 

1181 (m), 1091 (s), 857 (m), 752 (s) cm·1
. HRMS mlz [M+] calcd for C21 H1sN20 5 

378.1214, found 378.1225. 22b: mp = 263-264 oc (chloroform/hexane). DH(CDCh) = 

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-1 2c), 4.20-4. 17 (m, 1 H, H-2a), 3.82 (td, 1 H, J = 11.6, 1.7 Hz, H-2~), 2.12-2.08 (m, 

lH, H-4a), 1.94- 1.78 (m, 2H), 1.48-1.46 (m, 2H) ppm; 3c(CDCI3) = 158.9 (C-7), 148.6, 

148.3, 147.9, 130.0 (C-2'), 129.0, 126.8, 125.1, 124.3 (C-3'), 122.0, 120.3, 116.8, 115.4, 

69.7 (C-12c), 69.3 (C-2), 54.2 (C-5), 38.9 (C-4a), 23.6 (C-3), 22.0 (C-4) ppm; IR v = 

3389 (w), 2946 (w), 1710 (s), 1633 (m), 1509 (s), 1341 (s), 1186 (m), 1090 (m), 752 (s) 

cm-1
. HRMS m/z [M+] calcd for C21 H1s N 20 s 378.1214, found 378. I 230. 
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( 4aS* ,SS* ,12cS*)-S-Naphthalen-2-yl-3,4,4a,S,6,12c-hexahydro-2H -1,8-dioxa-6-aza-

benzo[c ]phenanthren-7 -one (24a) and ( 4aS* ,SR* ,12cS*)-5-Naphthalen-2-yl-

3,4,4a,S,6,12c-hexahydro-2H-1,8-dioxa-6-aza-benzo[c ]phenanthren-7 -one (24b) 

3 

8 
24a 

3 4' 5' 

4 3~6' 

5 .. ·''2~7' 
I ' 8' 

9 8 
24b 

Following general experimental procedure B, 3-aminocoumarin (17) (0.32 g, 2.0 

mmol), 2-naphthaldehyde (0.33 g, 2.1 mmol) and DHP (0.54 mL, 6.0 mmol) were reacted 

in the presence of Yb(OTf)3 (0.062 g, 5.0 mol%) in acetonitrile (20 mL) at room 

temperature for 5 min. The reaction mixture remained a clear pale yellow solution (after 

the addition of dienophile) over the course of the reaction. The solvent was removed 

under reduced pressure to afford a yellow residue and the dr was detem1ined to be 21 :79 

in favor of the exo isomer. The residue was then subjected to fl ash chromatography (0-

5% ethyl acetate/hexanes) to afford 24a as a white solid (0.06 g, 8%), 24b as a white 

solid (0.21 g, 28%) and a mixed fraction (0.15 g, 20%). Combined yield= 0.42 g, 56% 

24a: mp = 201 -202 oc (chloroform/hexane); 8H(CDCh) = 8.26 (d, J = 7.4 Hz, lH), 7.91 

(s, lH), 7.88-7.85 (m, 3H), 7.54-7.47 (m, 3H), 7.34-7.31 (m, 2H), 7.30-7.26 (m, IH), 

5.57 (d, J = 5.9 Hz, lH, H-12c), 5.18 (s, IH, H-6), 4.87 (d, J = 2. 1 Hz, lH, H-5), 3.65-

3.62 (m, lH, H-2), 3.22-3.18 (m, lH, H-2), 2.42-2.40 (m, lH, H-4a), 1.73-1.66 (m, lH,), 
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--------~---------

1.57-1.51 (m, 1H), 1.47-1.42 (m, 2H) ppm; 8c(CDC13) = 158.6 (C-7), 148.3, 136.9, 

133.4, 133.2, 131.3, 128.6, 128.1 , 127.9, 126.7, 126.6, 126.3, 125.5, 125.03, 124.96, 

124.8, 120.7, 116.5, 115.8, 72.2 (C-12c), 62.5 (C-2), 59.3 (C-5), 38.5 (C-4a), 24.6, 19.5 

ppm; IR V= 3348 (m), 1686 (s), 1595 (m), 1563 (m), 1501 (m), 1449 (w), 1347 (w), 1317 

(w), 1264 (w), 1204 (m), 1186 (m), 1104 (w), 1087 (s) cm-1
; MS (APCI) mlz (relative 

intensity) = 384 (M++1, 55), 382 (100), 380 (61), 376 (13). HRMS [M+] calcd for 

C25H21N03 383.1521, found 383.1526. 24b: mp = 240-241 oc (chloroform/hexane); 

8H(CDCh) = 7.91-7.85 (m, 4H), 7.58 (dd, J = 8.5, 2.0 Hz, lH), 7.54-7.50 (m, 3H), 7.30-

7.27 (m, 3H), 5.19 (s, 1H, H-6), 4.94 (d, J = 11.0 Hz, 1 H, H-5), 4.75 (d, J = 2.6 Hz, lH, 

H-12c), 4.20 (dd, J = 11.4, 3.7 Hz, 1H, H-2), 3.83 (m, 1H, H-2), 2.21 (m, 1H, H-4a), 

2.02-1.95 (m, IH), 1.81-1.74 (m, 1H), 1.59-1.56 (m, lH), 1.44-1.41 (m, 1H) ppm; 

8c(CDC13) = 159.1 (C-7), 148.4, 137.7, 133.6, 133.5, 130.4, 129.1, 128.1 , 128.0, 127.6, 

126.7, 126.5, 126.2, 125 .2, 125.0, 121.9, 120.8, 116.7, 11 4.5, 70.1 (C-12c), 69.4 (C-2), 

54.7 (C-5), 38.5 (C-4a), 23.7, 22. 1 ppm; IR V = 3363 (m), 1700 (s), 1626 (m), 1603 (w), 

1572 (w), 1507 (m), 1473 (w), 1450 (w), 1357 (w), 1320 (m), 1285 (w), 1255 (w), 1215 

(m), 1198 (m), 1181 (m), 1125 (w), 1062 (s) cm-1
; MS (APCI) mlz (relative intensity)= 

384 (M+ + 1, 1 00), 383 (24), 382 (58), 380 (21 ), 376 (17). HRMS [M+] calcd for 

C25H21N03 383.1521 , found 383. 1519. 

Following general experimental procedure B, 3-amjnocoumarin (17) (0.081 g, 

0.50 mmol), 2-naphthaldehyde (0.083 g, 0.53 mmol) and DHP (0.14 mL, 1.5 mmol) were 

reacted in the presence of Yb(0Tf)3 (0.031 g, 10 mol%) in acetonitrile (5 mL) at room 

temperature for 5 min. The reaction mixture remained a clear pale yellow solution (after 
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the addition of dienophile) over the course of the reaction. The solvent was removed 

under reduced pressure to afford a yellow residue and the dr was determined to be 18:82 

in favor of the exo isomer. The residue was then subjected to flash chromatography (10% 

ethyl acetate/hexanes) to afford 24a,b a a white olid (0.17 g, 89% ). 

( 4aS*, 5S*, 12cS*)-5-(2-0xo-2H -chromen-3-yl)-3,4,4a,5,6,12c-hexahydro-2H -1,8-

dioxa-6-aza-benzo[c ]phenanthren-7 -one (26a) and ( 4aS*, 5R*, 12cS*)-5-(2-0xo-2H-

chromen-3-yl)-3,4,4a,5,6,12c-hexahydro-2H -1,8-dioxa-6-aza-benzo[ c ]phenanthren-

7-one (26b) 

9 8 
26b 

Following general experimental procedure B, 3-aminocoumarin (17) (0.32 g, 2.0 

mmol), 3-formylcoumarin (25) (0.37 g, 2.1 mmol) and DHF (0.54 mL, 6.0 mmol) were 

reacted in the presence of Yb(0Tt)3 (0.062 g, 5.0 mol %) in acetonitrile (20 rnL) at room 

temperature for 30 min. The clear pale yellow solution turned into a thick pale yellow 

suspension (after 5 min) and again into a clear yellow solution over the course of the 

reaction. A yellow residue was obtained and the dr was determined to be 36:64 in favor 

of the exo isomer. The residue was then subjected to flash chromatography (0-5% ethyl 
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acetate/hexanes) to afford 26a as a white solid (0.14 g, 17%), 26b as a white solid (0.27 

g, 34%) and a mixed fraction (0. I 5 g, 19% ). Combined yield = 0.57 g, 71 %. 

26a: mp = 224-225 oc (chloroform/hexane); 8H(CDCh) = 8.28 (d, J = 8.0 Hz, 1H), 7.97 

(s, 1H, H-4'), 7.58-7.55 (m, 2H), 7.38 (d, J = 9.0 Hz, 1H), 7.34-7.33 (m, 3H), 7.29-7.27 

(m, 1H), 5.53 (d, J = 5.0 Hz, 1H, H-12c), 4.86 (s, 1H, H-5), 4.75 (s, 1H, H-6), 3.66 (dd, J 

= 11.0 Hz, J = 2.0 Hz, 1 H, H-2), 3. I 8 (t, J = 11.5 Hz, 1H, H-2), 2.66 (m, 1 H, H-4a), 1.68-

1.66 (m, 2H, H-3), 1.64-1.62 (m, 2H, H-4) ppm; 8c(CDCh) = 160.3 (C-2'), 158.6 (C-7), 

153.3, 148.4, 139.4 (C-4'), 135.4, 134.4, 131.9, 130.8, 130.5, 128.2, 127.1, 126.8, 125.0, 

120.3, 118.8, 117.6, 116.6, 71.7 (C-12c), 62.5 (C-2), 53.8 (C-5), 33.8 (C-4a), 24.6 (C-3), 

19.9 (C-4) ppm; IR v = 3370 (m), 1712 ( ), 1621 (w), 1607 (w), 1501 (m), 1448 (w), 

1386 (w), 1356 (w), 1341 (w), 1317 (m), 1282 (w), 1255 (m), 1204 (m), 1174 (w), 1113 

(m), 1087 (s), 1051 (s), 1021 (w) cm-1
; MS (APCI) m/z (relative intensity)= 402 (M++I , 

100), 400 (19), 398 (32). HRMS [M+] calcd for C24H 19N05 401.1 263, found 401.1 255. 

26b: mp = 267-269 oc (chloroform/hexane); 8H(CDCh) = 7.94 (s, IH, H-4'), 7.64-7.62 

(m, 1H), 7.57 (t, J = 8.0 Hz, lH), 7.52 (d, J = 7.4 Hz, 1H), 7.38 (d, J = 8.4 Hz, !H), 7.33-

7.27 (m, 4H), 5.10 (d, J = 9.6 Hz, 1H, H-5), 4.97 (s, 1H, H-6), 4.70 (d, J = 3.0 Hz, 1H, H-

12c), 4.08 (d, J = 10.2 Hz, IH, H-2), 3.78 (td, J = 11.2 Hz, J = 2.4 Hz, IH, H-2), 2.20 (m, 

2H), 1.94-1.87 (m, lH), 1.79-1.76 (m, 1H), 1.52-1.49 (m, 1H) ppm; 8c(CDCh) = 161.0 

(C-2'), 159.0 (C-7), 153.6, 148.5, 141.3, 132.3, 130.1 , 129.3, 128.2, 126.7, 125.1, 124.9, 

122.4, 120.4, 119.1 , 116.7, 115.3, 69.8 (C-12c), 68.7 (C-2), 49.1 (br, C-5), 38.8 (br), 

24.3, 22.3 ppm; IR V = 3380 (m), 1714 (s), 1701 (s), 1653 (m), 1632 (m), 1609 (m), 1575 

(m), 1558 (w), 1504 (m), 1474 (m), 1463 (m), 1448 (w), 1402 (w), 1377 (w), 1340 (w), 
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1319 (m), 1282 (w), 1262 (w), 1245 (w), 1224 (w), 1185 (m), 11 38 (w), 1123 (w), 1098 

(w), 1068 (m), 1060 (m), 1007 (w) em· '; MS m/z (relative intensity) = 388 (M+ + 1, 100), 

386 (61), 384 (34), 369 (14), 368 (60), 356 (60). HRMS [M+] calcd for C24H19NOs 

401.1261, found 401.1259. 

( 4aS*, SR* ,12cS*)-4-(7-0xo-2,3,4,4a,5,6,7,12c-octahydro-1,8-dioxa-6-aza

benzo[c ]phenanthren-5-yl)benzoic acid methyl ester (28b) 

Following general experimental procedure B, 3-aminocoumarin (17) (1.77 g, 11.0 

mmol), methyl 4-formylbenzoate (27) (1.90 g, 11 .6 mmo1) and DHF (3.02 mL, 33.0 

mmol) were reacted in the presence of Yb(OTfh (0.34 g, 5.0 mol%) in acetonitrile (125 

mL) at room temperature for 23 h. The thick pale yellow suspension turned into a clear 

yellow solution after 5 min. A yellow residue wa obtained and the dr wa determined to 

be <5:95 in favor of the exo isomer. The residue was then subjected to flash 

chromatography (dichloromethane) to afford 28b as a white sol id (2.32 g, 54%). 

mp = 206-207 oc (chloroform/hexane). 8H(CDCI3) = 8.08 (d, 2H, J = 7.6 Hz, H-2'), 7.57-

7.55 (m, IH, H-12), 7.56 (d, 2H, J = 7.3 Hz, H-3'), 7.30-7.25 (m, 3H), 5.11 (s, IH, H-6), 
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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-2), 

3.94 (s, 3H, COOCH3), 3.81 (td, 1H, J = 11.9, 2.1 Hz, H-2), 2.11-2.08 (m, 1H, H-4a), 

1.93-1.87 (m, 1H), 1.82-1.75 (m, 1H), 1.62-1.60 (m, lH), 1.50 (m, 1H), 1.44 (m, lH,) 

ppm; 8c(CDCh) = 166.8 (COOCH3), 159.0 (C-7), 148.4, 145.6, 130.6, 130.6, 130.38, 

130.35, 130.2 (C-2'), 126.4 (H-12), 125.0, 120.6 (C-3'), 116.7, 114.8, 69.9 (C-12c), 69.3 

(C-2), 54.43 (C-5), 54.35 (COOCH3), 38.7 (C-4a), 23.7, 22.0 ppm; IR v= 3400 (w), 2844 

(w), 1714 (s), 1704 (s), 1506 (w), 1279 (m), 1058 (m), 783 (s) cm-1
• HRMS m/z [M+] 

calcd for C23H2,NOs 391.1420, found 391.1424. 

( 4aS*, SR*, 12cS*)-Acetic acid 4-(7 -oxo-2,3,4,4a,5,6, 7 ,12c-octahydro-1,8-dioxa-6-

aza-benzo[c ]phenanthren-5-yl)-phenyl ester (30b) 

Following general experimental procedure B, 3-aminocoumarin (17) (1.10 g, 6.80 

mmol), 4-acetoxybenzaldehyde (29) (1.17 g, 7.14 mmol) and DHF (1.87 mL, 20.4 mmol) 

were reacted in the presence of Yb(OTf)3 (0.21 g, 5.0 mol%) in acetonitrile (100 mL) at 

reflux for 3.5 h. The thjck pale yellow suspension turned into a clear yellow solution 

after 5 min. A yellow residue was obtained and dr was determined to be <5:95 in favor 
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of the exo isomer. The residue was then subjected to flash chromatography 

(dichloromethane) to afford 30b as a white solid (0.69 g, 26%). 

mp = 230-231 oc (chloroform/hexane). 8H(CDC13) = 7.57-756 (m, 1H, H-12), 7.45 (d, 

2H, 1= 8.5 Hz, H-2'), 7.30-7.25 (m, 3H), 7.15 (d, 2H, 1 = 8.3 Hz, H-3'), 5.09 (s, lH, H-

6), 4.78 (d, 1H, 1 = 11.5 Hz, H-5), 4.71 (d, 1H, 1 = 2.8 Hz, H-12c), 4.20-4.16 (m, 1H, H-

2p), 3.81 (td, IH, 1 = 11.5, 2.2 Hz, H-2a), 2.33 (s, 3H, OCOCH3), 2.09-2.06 (m, lH, H-

4a), 1.92-1.88 (m, 1H, H), 1.81-176 (m, 1H), 1.62-1.60 (m, 1H), 1.45-1.42 (m, 1H,) ppm; 

8c(CDCI3) = 169.5 (OCOCH3), 158.0 (C-7), 150.9, 148.4, 137.9, 130.3, 129.1 (C-2'), 

126.3, 125.0, 122.2 (C-3'), 121.9 (C-12), 120.7, 116.7, 114.5, 70.1 (C-12c), 69.4 (C-2), 

54.0 (C-5), 38.7 (C-4a), 24.4, 22.8, 21.4 ppm; IR V= 3411 (w), 2937 (w), 2852 (w), 1717 

(s), 1635 (m), 1507 (m), 1184 (s), 1061 (s), 1043 (s), 791 (s) cm-1
• HRMS m/z [M+] calcd 

for C23H21NOs 391.1420, found 391 .1406. 
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(3aS*, 4S*, llcS*)-4-(2-0xo-2H-chromen-3-yl)-2,3,3a,4,5,11c-hexahydro-1,7-dioxa-

5-aza-cyclopenta[c ]phenanthren-6-one (32a) and (3aS*, 4R*, llcS*)-4-(2-0xo-2H

chromen-3-yl)-2,3,3a,4,5,11c-hexahydro-1, 7 -dioxa-5-aza-cyclopenta[ c ]phenanthren-

6-one (32b) 

Following general experimental procedure B, 3-aminocoumarin (17) (0.32 g, 2.0 

mmol), 3-formylcoumarin (25) (0.37 g, 2.1 mmol) and DHF (0.45 mL, 6.0 mmol) were 

reacted in the presence of Yb(0Tt)3 (0.062 g, 5.0 mol%) in acetonitrile (20 mL) at room 

temperature for 20 min. The clear pale yellow solution turned into a thick pale yellow 

suspension over the course of the reaction. The solvent was removed under reduced 

pressure to afford a yellow residue and dr was determined to be 42:58 in favor of the exo 

tsomer. The residue was then subjected to flash chromatography (0-3% ethyl 

acetate/hexanes) to afford 32a as a white solid (0.13 g, 17%), 32b as a white solid (0.23 

g, 29%) and a mixed fraction (0.09 g, 12%). Combined yield= 0.45 g, 58%. 

32a: mp = 248-249 oc (dichloromethane); DH(CDCh) = 8.10 (s, lH, H-4'), 7.85 (d, 1 = 

7.7 Hz, I H), 7.59-7.56 (m, 2H), 7.40-7.30 (m, 5H), 5.50 (d, 1 = 7.1 Hz, l H, H- llc), 4.87 

(d, 1 = 1.7 Hz, 1H, H-4), 4.69 (s, lH, H-5), 3.89 (td, 1 = 7.9, 2.3 Hz, lH, H-2), 3.85-3.80 
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(m, 1H, H-2), 3.40-3.35 (m, IH, H-3a), 2.10-2.01 (m, lH, H-3), 1.73-1.67 (m, IH, H-3) 

ppm; 8c(CDC13) = 160.4 (C-2'), 159.0 (C-6), 153.3, 149.0, 138.8 (C-4'), 132. 1, 129.4, 

128.3, 128.2, 127.6, 125.1, 125.0, 124.8, 120.2, 120.0, 119.0, 116.9, 116.6, 72.4 (C-llc), 

67.4 (C-2), 51.8 (C-4), 41.1 (C-3a), 25.6 (C-3) ppm; IR v= 3371 (m), 1715 (s), 1702 (s), 

1638 (m), 1611 (m), 1578 (w), 1508 (m), 1469 (m), 1451 (m), 1399 (w), 1372 (w), 1342 

(w), 1324 (m), 1282 (w), 1260 (w), 1248 (w), 1223 (w), 1282 (m), 1131 (w), 1123 (w), 

1097 (w), 1077 (m), 1044 (m), 1005 (w); MS (APCD mlz (relative intensity) = 388 

(M++l, 100), 386 (33), 384 (21), 369 (21), 368 (84), 356 (14). HRMS [M+] calcd for 

C23H 17N05 387.1107, found 387.1100. 32b: mp = 258-259 oc (dichloromethane); 

8H(CDCb) = 7.89 (s, 1H, H-4'), 7.77 (d, J = 6.1 Hz, I H), 7.57 (t, J = 7.9 Hz, IH), 7.52 (d, 

J = 7.2 Hz, lH), 7.38 (d, J = 8.1 Hz, 1H), 7.33-7.27 (m, 4H), 5.20 (s, 1H, H-5), 4.81 (d, J 

= 5.3 Hz, 1H, H-11c), 4.38 (d, J = 9.3 Hz, 1H, H-4), 4.13 (dd, J = 14.9, 8.0 Hz, 1H, H-2), 

3.98 (dd, J = 14.2 Hz, 8.1 Hz, 1H, H-2), 2.73-2.72 (m, IH, H-3a), 2.30-2.23 (m, IH, H-

3), 2.07-2.05 (m, IH, H-3) ppm; 8c(CDCb) = 161.3 (C-2'), 158.8 (C-6), 153.6, 148.5, 

141.2 (C-4'), 132.4, 130.0, 128.4, 128.3, 127.1, 125.1 , 125.0, 123.6, 120.8, 119.0, 116.9, 

116.7, 116.6, 72.3 (C-llc), 66.2 (C-2), 51.0 (C-4), 42.3 (C-3a), 28.7 (C-3) ppm; IR v= 

3380 (m), 1716 (s), 1704 (s), 1626 (m), 1609 (m), 1573 (w), 1505 (m), 1473 (m), 1453 

(m), 1398 (w), 1376 (w), 1341 (w), 1321 (m), 1281 (w), 1259 (w), 1243 (w), 1220 (w), 

1283 (m), 1135 (w), 1123 (w), 1099 (w), 1073 (m), 1045 (m), 1006 (w) cm-1
; MS (APCD 

rn/z (relative intensity)= 388 (M++1, 100), 386 (61), 384 (34), 369 (14), 368 (60), 356 

(60). HRMS [M+] calcd for C23H17N05 387.1107, found 387.1115. 
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4-Acetyl-2-formylpyrrole-1-carboxylic acid methyl ester (33) 

To a clear, pale yellow solution of 4-acetylpyrrole-2-carboxaldehyde (0.685 g, 

5.00 mmol) in THF at 0 °C, sodium hydride (60% dispersion in mineral oil , 0.200 g, 5.00 

mrnol) was added. To the re ulting cloudy solution, methyl chloroformate (0.390 mL, 

5.00 mmol) was added after 5 min and the reaction mixture was allowed to stir for 18 h. 

A few drops of methanol were added to the reaction mixture and the solvent was 

removed under reduced pressure. Water was added to the resulting gummy mass. It was 

extracted with dichloromethane (3 x 25 mL). The organic layers were combined, dried 

over anhydrous sodium sulfate and concentrated and recrystallized to afford 33 as a pale 

yellow solid (0.448 g, 46%). The filtrate was concentrated to dryness and purified by 

flash chromatography to afford 33 as a pale yellow solid (0.324 g, 33%). Combined yield 

= 0.772 g, 79%. 

mp = 114- 115 oc (ethyl acetate/hexane); 8H(CDCh) = l0.35 (s, 1 H, CHO), 8.05 (d, J = 

1.9 Hz, 1H, H-3), 7.52 (d, J = 1.3 Hz, lH, H-5), 4.12 (s, 3H, COOCH3), 2.47 (s, 3H, 

COCH3) , 8c(CDCI3) = 192.6 (CHO), 182.1 (COCH3), 150.2, 135.4, 129.4 (C-3), 127.6, 

119.5 (C-5), 55.7 (COOCH3), 27.3 (COCH3) ppm; Elemental analysis calcd for C9H9N04 

C 55.39%; H 4 .65%; N 7.1 8%, found C 55.43%; H 4.67%; N 7.05%. 
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(3aS*, 4R*, 11cS*)-4-Acetyl-2-(6-oxo-3,3a,4,5,6,11c-hexahydro-2H-1, 7 -dioxa-5-aza-

cyclopenta[ c ]phenanthren-4-yl)-pyrrole-1-carboxylic acid methyl ester (34b) 

,t<,~~OCH, 
4,.)1__~ 

I 

NH COOCH3 
5 

Following general experimental procedure B, 3-aminocoumarin (17) (0.32 g, 2.0 

mmol), aldehyde 33 (0.41 g, 2.1 mmol) and DHF (0.45 mL, 6.0 mmol) were reacted in 

the presence of Yb(OTf)3 (0.062 g, 5.0 mol%) in acetonitrile (20 mL) at room 

temperature for 30 sec. The clear pale yellow solution turned into a clear orange solution 

over the course of the reaction. An orange residue was obtained and the dr wa 

determined to be 44:56 in favor of the exo isomer by 1H NMR analysis of the crude 

reaction mixture. The residue was then subjected to flash chromatography (0-1 0% ethyl 

acetate/dichloromethane) to afford 34ab as a diastereomeric mixture (40:60 ratio 0.48 g, 

59%). Exo isomer could be recrystallized as an off-white solid (0.15 g, 18%). Endo 

isomer could not be isolated in pure form. 

34b: mp = 267-269 oc (chloroform/hexane); ()H(CDCh) = 7.90 (d, 1 = 1.8 Hz, 1H, H-3') , 

7.77-7.75 (m, IH), 7.30-7.27 (m, 3H), 6.73 (d, 1 = 1.2 Hz, 1H, H-5'), 5.55 (s, 1H, H-5), 

4.96 (d, 1 = 6.1 Hz, IH, H-11c), 4.66 (d, 1 = 9.5 Hz, lH, H-4), 4.05 (s, 3H, COOCH3) , 

4.03-3.98 (m, JH, H-2), 3.92 (dd, 1 = 15.5, 8.5 Hz, 1H, H-2), 2.90-2.86 (m, lH, H-3a), 
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2.46 (s, 3H, COCH3), 2.38-2.33 (m, 1H, H-3), 1.96-1.91 (m, 1H, H-3) ppm; 8c(CDCh) = 

193.0 (COCH3), 158.8 (C-6), 150.7 (COOCH3), 148.6, 135.8, 129.5, 127.2, 127.0 (C-3'), 

126.9, 125.0, 123.5, 120.8, 116.5, 116.2, 111.9 (C-5'), 72.0 (C-11c), 66.2 (C-2), 55.3 

(COOCH3), 49.5 (C-4), 40.7 (C-3a), 30.1 (C-3), 27.3 (COCH3) ppm; IR v = 3395 (m), 

3139 (m), 1762 (s), 1715 (s), 1673 (s), 1631 (m), 1604 (w), 1582 (w), 1526 (w), 1504 

(m), 1474 (w), 1445 (m), 1408 (w), 1396 (w), 1376 (m), 1348 (m), 1339 (m), 1324 (w), 

1306 (m), 1285 (w), 1264 (s), 1240 (s), 1213 (m), 1186 (m), 1123 (w), 1170 (m), 1149 

(m), 1122 (w), 1103 (s), 1072 (w), 1037 (m), 1005 (m) cm-1
; MS m/z (relative intensity) = 

409 (M++1 , 100), 347 (19), 331 (30), 329 (24). HRMS [M+] calcd for C22H2oN20 6 

408.1321 , found 408.1320. 

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

aza-6H-furano[4,5-c]phenanthren-6-one (35a) and (3aS*, 4R*, llcS*)-4-(4-

acetoxyphenyl)-2,3,3a,4,5,11c-hexahydro-2H -1,7 -dioxa-6-aza-6H-furano[ 4,5-

c ]phenanthren-6-one (35b) 

7 
35b 

12 1 



Following general experimental procedure B, 3-aminocoumarin (17) (2.58 g, 16.0 

mmol), 4-acetoxybenzaldehyde (29) (2.76 g, 16.8 mmol) and DHF (3.63 mL, 48.0 mmol) 

were reacted in the presence of Yb(0Tt)3 (0.497 g, 5.0 mol%) in acetonitrile (50 mL) at 

room temperature for 5 min. The reaction mixture remained a clear red olution (after the 

addition of dienophile) over the course of the reaction. The olvent was removed under 

reduced pre sure to afford a yellow residue and the dr was determined to be 46:54 in 

favor of the exo isomer. The residue was then subjected to flash chromatography 

(dichloromethane) to afford 35a as a white solid (0.45 g, 7%), 35b as a white solid (0.67 

g, 11 %) and a mixed fraction (0.88 g, 15%). Combined yield= 1.99 g, 33%. 

35a: mp = 183-184 oc (chloroform/hexane). DH(CDCh) = 7.83-7.81 (m, IH, 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, 1 = 7.4 Hz, 

H-11c), 4.94 (s, lH, H-5), 4.72 (d, lH, 1 = 2.8 Hz, H-4), 3.91 (td, lH, 1 = 8.6, 2.7 Hz, H-

2a), 3.81-3.76 (m, 1H, H-2p), 2.95-2.92 (m, IH, H-3a), 2.33 (s, 3H, OCOCH3), 2.23-2. 16 

(m, 1H, H-3a), 1.68-1.62 (m 1H, H-3p) ppm; Dc(CDCh) = 169.0 (OCOCH3), 158.9 (C-

6), 150.6, 148.9, 138.1 , 129.8, 127.8 (C-2'), 127. 1, 124.8, 124.5 (C-11), 122.2 (C-3'), 

120.3, 118.8, 116.6, 73.0 (C-llc), 67.7 (C-2), 57.6 (C-4), 47.0 (C-3a), 25.9 (C-3), 22.1 

(OCOCH3) ppm; IR v = 3371 (w), 2869 (w), 1709 (s), 1631 (w), 1502 (m), 1204 (s), 

1186 (vs), 1050 (m), 778 (s) cm-1. HRMS mlz [M+] calcd for C22H 19NOs 377.1263, found 

377.1258. 35b: mp = 158-159 oc (chloroform/hexane). DH(CDCh) = 7.78-7.75 (m, 1H, 

H-11), 7.46 (d, 2H, 1 = 9.1 Hz, H-2'), 7.32-7.30 (m, 3H), 7.16 (m, 2H, 1 = 8.3, H-3'), 5.25 

(s, 1H, H-5), 4.75 (d, 1H, 1 = 5.1 Hz, H-llc), 4. 10 (td, 1H, 1 = 8.2, 6.4 Hz, H-2p), 3.97 

(td, 1H, 1 = 9.0, 5.4 Hz, H-2a), 3.84 (d, 1H, J = 11.1 Hz, H-4), 2.52-2.47 (m, 1H, H-3a), 
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2.31 (s, 3H, OCOCH3) 2.1 8-2.12 (m, 1H, H-3~), 1.84-1.78 (m, 1H, H-3a) ppm; 

8c(CDCIJ) = 169.6 (OCOCH3), 158.8 (C-6), 151.0, 148.4, 137.6, 130.8, 129.5 (C-2'), 

126.8, 12.51 , 123.2 (C-11), 122.3 (C-3'), 121.2, 116.6, 116.0, 72.9 (C- llc), 65.9 (C-2), 

57.1 (C-4), 43.1 (C-3a), 28.6 (C-3), 21.3 (OCOCH3) ppm; IR v = 3305 (m), 1744 (s), 

1730 (s), 105 (m), 1242 (s), 1176 (s), 1046 (m), 787 (s) cm-1
• HRMS m/z [M+] calcd for 

C22H 1gN05 377.1263, found 377.1254. 

(3aS*, 4S*, 11cS*)-4-(1 0-Methoxy-6-oxo-3,3a,4,5,6,11c-hexahydro-2H -1,7 -dioxa-5-

aza-cyclopenta[c ]phenanthren-4-yl)-benzoic acid methyl ester (36a) and (3aS*, 4R*, 

11cS*)-4-(1 0-Methoxy -6-oxo-3,3a,4,5,6,11c-hexahydro-2H -1,7 -dioxa-5-aza

cyclopenta[c ]phenanthren-4-yl)-benzoic acid methyl ester (36b) 

H3CO 

Following general experimental procedure B, 3-amino-6-methoxycoumarin (0. 19 

g, 1.0 mmol), 4-formyl methylbenzoate (0. 17 g, 1.05 mmol) and DHF (0.23 mL, 3.0 

mmol) were reacted in the presence of Yb(OTf)3 (0.03 1 g, 5.0 mol%) in acetonitrile (30 

mL) at room temperature for 20 min. The reaction mixture turned from a thick yellow 

suspension to a pale yellow suspension over the course of the reaction. The solvent was 
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removed under reduced pressure to afford a yellow residue and the dr was determined to 

be 39:61 in favor of the exo isomer. The residue was then subjected to flash 

chromatography (dichloromethane) to afford 36a as a white solid (0.04 g, 10%), 36b as a 

white solid (0.06 g, 15%) and a mixed fraction (0.04 g, 10%). Combined yield= 0.14 g, 

34%. 

36a mp = 209- 210 oc (dichloromethane/hexane); OH(CDCh) = 8.08 (d, J = 8.6 Hz, 2H, 

H-2'), 7.56 (d, J = 8.1 Hz, 2H, H-3'), 7.30 (d, J = 3.2 Hz, 1H, H-11), 7.22 (d, J = 9.0 Hz, 

1H, H-8), 6.90 (dd, J = 9.0, 3.2 Hz, 1H, H-9), 5.45 (d, J = 8.0 Hz, IH, H-l1c), 5.00 ( , 

1H, H-5), 4.77 (d, J = 2.6 Hz, 1H, H-4), 3.94 (s, 3H, COOCH3), 3.91-3.88 (m, 1 H, H-2), 

3.87 (s, 3H, C- 10-0CH3), 3.80-3.75 (m, 1H, H-2), 2.97-2.92 (m, lH, H-3a), 2.21-2.12 

(m, 1H, H-3), 1.58-1.52 (m, 1H, H-3); Oc(CDCh) = 166.8 (C-6), 158.9, 156.6, 145.6, 

143.3, 130.3 (C-2'), 130.2, 129.9, 126.7 (C-3'), 120.9, 118.6, 117.4 (C-8), 114.4 (C-9), 

107.6 (C-11), 73.0 (C-llc), 67.6 (C-2), 57.0 (C-4), 56.0 (C-10-0CHJ), 52.4 (COOCH3), 

46.0 (C-3a), 25.2 (C-3) ppm; IR V= 3364 (w), 1700 (s), 1631 (w), 1608 (w), 1579 (w), 

1506 (s), 1464 (m), 1425 (m), 1365 (w), 1310 (w), 1286 (s), 1222 (m), I 197 (s), 1176 (s), 

I 119 (m), 1108 (m), 1086 (s), 1060 (s), 1035 (s), 1015 (m) cm-1
; MS (APCI) m/z (relative 

intensity)= 408 (M++I, 8), 388 (100), 376 (75) . HRMS [M+] calcd for C23H2 1N06 

407.1369, found 407.1363. 36b: mp = 168-171 oc (dichloromethane/hexane); OH(CDC13) 

= 8.09 (d, J = 8.3 Hz, 2H, H-2'), 7.52 (d, J = 8.1 Hz, H-3'), 7.24-7.22 (m, 2H), 6.88 (dd, J 

= 9.0, 3.0 Hz, 1H, H-9), 5.29 (s, IH, H-5), 4.70 (d, J = 5.2 Hz, lH, H-1 Jc), 4.10 (td, J = 

8.2, 6.7 Hz, lH, H-2), 3.98-3.93 (m, 1H, H-2), 3.95 (s, 3H, COOCH3), 3.87 (s, 3H, C-10-

0CH3), 3.86 (d, J = 10.4 Hz, 1H, H-4), 2.52-2.48 (m, 1H, H-3a), 2. 13-2.09 (m, 1H, H-3), 
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1.80-1.76 (m, 1H, H-3) ppm; oc(CDC13) = 166.8 (C-6), 158.9, 156.9, 145.1 , 143.0, 131.0, 

130.8, 130.4, 128.5, 121.8, 117.5, 116.1 , 113.8 (C-9), 106.7, 72.9 (C-llc), 65.8 (C-2), 

57.4 (C-4), 56.1 (C-10-0CH3) , 52.5 (COOCH3), 43.1 (C-3a), 28.4 (C-3) ppm; IR v = 

3288 (w), 1714 (s), 1633 (w), 1611 (w), 1576 (w), 1510 (m), 1435 (m), 1384 (w), 1341 

(w), 1279 (s), 1219 (w), 1176 (s), 1144 (w), 1108 (m), 1068 (m), 1042 (s), 1018 (m) cm-1
; 

MS (APCI) m/z (relative intensity)= 408 (M++l , 22), 406 (32), 389 (14), 388 (55), 377 

(28), 376 (100), 214 (26). HRMS [M+] calcd for C23H21N06 407.1369, found 407.1364. 

(3aS*, 4S*, 11cS*)-4-(8-Methoxy-6-oxo-3,3a,4,5,6,11c-hexahydro-2H -1,7 -dioxa-5-

aza-cyclopenta[c ]phenanthren-4-yl)-benzoic acid methyl ester (37a) and (3aS*, 4R*, 

11 cS*)-4-(8-Methoxy -6-oxo-3,3a,4,5,6,11 c-hexahydro-2H -1,7 -dioxa-5-aza-

cyclopenta[c ]phenanthren-4-yl)-benzoic acid methyl ester (37b) 

Following general experimental procedure B, 3-amino-8-methoxycoumarin (0.34 

g, 1.8 mmol), 4-formyl methylbenzoate (0.31 g, 1.89 mmol) and DHF (0.41 mL, 5.4 

mmol) were reacted in the presence of Yb(OTf)3 (0.056 g, 5.0 mol%) in acetonitrile ( 18 

mL) at room temperature for 10 min. The reaction mixture turned from an orange 
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precipitate to a clear orange solution over the course of the reaction. The solvent was 

removed under reduced pressure to afford a yellow residue and the dr was determined to 

be 36:64 in favor of the exo isomer. The residue was then subjected to fla h 

chromatography (dichloromethane) to afford 37a as a white solid (0.05 g, 6%), 37b as a 

white solid (0.11 g, 16%) and a mixed fraction (0.09 g, 12% ). Combined yield = 0.25 g, 

34%. 

37a : mp = 210-211 oc (dichloromethane/hexane); 8H(CDCh) = 8.08 (d, J = 8.5 Hz, 2H, 

H-2') , 7.56 (d, J = 8.1 Hz, 2H, H-3'), 7.41 (d, J = 8.0 Hz, 1H, H-11), 7.20 (t, J = 8.2 Hz, 

1H, H-10), 6.92 (d, J = 7.9 Hz, 1H, H-9), 5.48 (d, J = 8.1 Hz, lH, H-llc), 5.00 (s, IH, H-

5), 4.78 (d, J = 2.9 Hz, 1H, H-4), 3.96 (s, 3H, C-8-0CH3), 3.94 (s, 3H, COOCH3), 3.89 

(td, J = 8.5, 2.6 Hz, lH, H-2), 3.79-3.74 (m, 1 H, H-2), 2.96-2.94 (m, 1H, H-3a), 2.20-

2.15 (m, 1H, H-3), 1.57-1.52 (m, lH, H-3) ppm; oc(CDCh) = 166.9 (COOCH3), 158.4 

(C-6), 147.4 (C-8), 145.6 (C-4'), 138.5 (C-7a), 130.4 (C-2'), 130.2, 130.0, 126.6 (C-3'), 

124.7 (C-10), 121.1 , 119.0, 116.2 (C-11), 109.7 (C-9), 73.1 (C-11c), 67.6 (C-2), 57.1 (C-

4), 56.4 (C-8-0CH3), 52.4 (COOCH3), 46.0 (C-3a), 25.2 (C-3) ppm; IR v = 3361 (w), 

1711 (s), 1632 (w), 1605 (m), 1579 (m), 1500 (m), 1479 (w), 1450 (m), 1344 (w), 1319 

(w), 1293 (s), 1276 (m), 1201 (m), 1170 (s), 1053 (m), 1017 (m) cm-1
; MS (APCI) m/z 

(relative intensity) = 409 (M+ +2, 27), 408 (M+ + 1, 100), 406 (13). HRMS [M+] calcd for 

C23H21N06 407.1369, found 407.1395. 37b: mp = 191-192 oc (triturated with ethyl 

acetate); 8H(CDCh) = 8.08 (d, J = 8.1 Hz, 2H, H-2'), 7.52 (d, J = 8.6 Hz, 2H, H-3'), 7.35 

(m, IH, H-11), 7.23 (t, J = 7.9 Hz, lH, H-10), 6.90 (m, 1H, H-9), 5.29 (s, IH, H-5), 4 .72 

(d, J = 5.1 Hz, I H, H-11 c), 4.10 (m, 1H, H-2), 3.96 (s, 3H, 8-0CH3), 3.95 (s, 3H, 
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COOCH3), 3.97-3.92 (m, lH, H-2), 3.87 (d, J = 11.0 Hz, 1H, H-4), 2.52-1.47 (m, 1H, H-

3a), 2.14-2.09 (m, 1H, H-3), 1.79-1.74 (m, I H, H-3) ppm; 8c(CDCI3) = 166.9 

(COOCH3), 158.3 (C-6), 147.4, 145.1 (C-4'), 138.0, 130.9, 130.7, 130.4 (C-2'), 128.5 

(C-3'), 125.0 (C-10), 121.9, 116.2, 115.0 (C-11), 109.5 (C-9), 73.0 (C-llc), 65.7 (C-2), 

57.3 (C-4), 56.4 (C-8 OCH3), 52.5 (COOCH3), 43.0 (C-3a), 28.4 (C-3) ppm; IR v= 3366 

(w), 1710 (s), 1631 (w), 1604 (w), 1576 (m), 1506 (w), 1480 (w), 1452 (w), 1437 (w), 

1387 (w), 1345 (w), 1272 (m), 1231 (w), 1200 (w), 1175 (m), 1109 (m), 1092 (m), 1040 

(w) cm-1; MS (APCI) m/z (relative intensity)= 409 (M++2, 27), 408 (M++1 , 100), 388 

(17), 376 (11), 236 (5). HRMS [M+] calcd for C23H21N06 407.1369, found 407.1344. 

Following general experimental procedure B, 3-amino-8-methoxycoumarin 

(0.096 g, 0.50 mmol), 4-formyl methylbenzoate (0.087 g, 0.53 mmol) and DHF (0.14 

mL, 1.5 mmol) were reacted in the presence of Yb(0Tf)3 (0.031 g, 10.0 mol %) in 

acetonitrile (5 mL) at room temperature for 10 min. The reaction mixture turned from an 

orange precipitate to a clear orange solution over the course of the reaction. The solvent 

was removed under reduced pressure to afford a yellow residue and the dr wa 

determined to be 36:64 in favor of the exo isomer. The re idue was then subjected to 

flash chromatography (5% ethyl acetate/dichloromethane) to afford 37a,b a a white olid 

(0.11 g, 54%). 
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(3aS*, 4S*, 11cS*)-4-(10-Bromo-6-oxo-3,3a,4,5,6,11c-hexahydro-2H-1, 7 -dioxa-5-aza-

cyclopenta[c ]phenanthren-4-yl)-benzoic acid methyl ester (38a) and (3aS*, 4R*, 

11 cS*)-4-(1 0-Bromo-6-oxo-3,3a,4,5,6, 11 c-hexahydro-2H -1,7 -dioxa-5-aza-

cyclopenta[c ]phenanthren-4-yl)-benzoic acid methyl ester (38b) 

Br 

Following general experimental procedure B, 3-amino-6-bromocoumarin (0.48 g, 

2.0 mmol), 4-formyl methyl benzoate (0.35 g, 2.1 mmol) and DHF (0.46 mL, 6.0 mmol) 

were reacted in the presence of Yb(0Tf)3 (0.062 g, 5.0 mol%) in acetonitrile: chloroform 

(25 mL: 1.0 mL) at room temperature for 20 min. The reaction mixture turned from a 

thick yellow suspension to a clear yellow solution over the course of the reaction. The 

solvent was removed under reduced pressure to afford a yellow residue and the dr was 

determined to be 44:56 in favor of the exo isomer. The residue was then subjected to 

flash chromatography (0-2% ethyl acetate/dichloromethane) to afford 38a as a white 

solid (0.05 g, 6%), 38b as a white solid (0.12 g, 13%) and a mixed fraction (0.10 g, 11 %). 

Combined yield = 0.27 g, 30%. 

38a: mp = 244-245 oc (dich1oromethane/hexane); 8H(CDCh) = 8.09 (br s, 2H, H-2'), 

7.96 (s, lH, H-11), 7.56 (br s, 2H, H-3'), 7.40 (d, J = 7.4 Hz, lH, H-9), 7.16 (d, J = 7.8 
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Hz, 1H, H-8), 5.40 (d, J = 6.1 Hz, 1H, H-11c), 5.06 (br s, 1H, H-5), 4.79 (br s, lH, H-4), 

3.94 (s, 3H, COOCH3), 3.89-3.88 (m, lH, H-2), 3.79-3.77 (m, 1H, H-2), 2.95-2.88 (m, 

lH, H-3a), 2.15-2.11 (m, 1H, H-3), 1.56 (br s, lH, H-3) ppm; 8c(CDCh) = 166.8 

(COOCH3), 158.3 (C-6), 147.6, 145.3, 130.4 (C-3'), 130.1, 129.8 (C-6), 127.1 (C-11), 

126.6 (C-2'), 122.1 (C-11a), 118.1 (C-8), 117.9, 117.4, 72.7 (C-llc), 67.6 (C-2), 56.9 (C-

4), 52.4 (COOCH3), 45.9 (C-3a), 25.2 (C-3) ppm; HRMS [M+] calcd for C22H1sBrN05 

456.0368, found 456.0163. 38b: mp = 216-217 oc (dichloromethane/hexane); 8H(CDCI3) 

= 8.09 (d, J = 8.5 Hz, 2H, H-2'), 7.86 (d, J = 2.1 Hz, lH, H-11), 7.51 (d, J = 8.4 Hz, 2H, 

H-3'), 7.38 (dd, J = 8.6 Hz, 2.5 Hz, 1 H, H-9), 7.17 (d, J = 9.0 Hz, 1 H, H-8), 5.35 (s, I H, 

H-5), 4.66 (d, J = 5.1 Hz, 1H, H-llc), 4.12-4.07 (m, IH, H-2), 3.99-3.96 (m, 1H, H-2), 

3.95 (s, 3H, COOCH3), 3.86 (d, J = 11.2 Hz, lH, H-4), 2.52-2.47 (m, 1 H, H-3a), 2.14-

2.09 (m, 1H, H-3), 1.79-1.74 (m, lH, H-3) ppm; 8c(CDCI3) = 166.8 (COOCH3), 158.2 

(C-6), 147.2, 144.8, 131.2, 130.9,130.4 (C-2'), 129.6 (C-9), 128.5 (C-3'), 125.7 (C- 11), 

123.0, 118.2 (C-8), 114.9, 72.5 (C- 11 c), 65 .8 (C-2), 57.4 (C-4), 52.5 (COOCH3), 42.9 (C-

3a), 28.4 (C-3) ppm. IR V= 1369 (w), 1710 (s), 1620 (w), 1594 (w), 1499 (m), 1439 (w), 

1415 (m), 1336 (w), 1312 (w), 1277 (s), 1225 (m), 1191 (m), 1136 (m), 1104 (m), 1064 

(m), 1044 (m), 1021 (m) cm-1; MS m/z (relative intensity) = 458 (M++1, 80) and 456 

(M+ + 1, 100), 282 (6). HRMS [M+] calcd for C22H1 sBrNOs 456.0368, found 456.0430. 

Following general experimental procedure B, 3-amino-6-bromocoumarin (0.1 2 g, 

0.50 mmol), 4-formyl methyl benzoate (0.087 g, 0.53 mmol) and DHF (0.14 mL, 1.5 

mmol) were reacted in the presence of Yb(OTfh (0.031 g, 10 mol%) in acetonitrile: 

chloroform (4.5 mL:0.5 mL) at room temperature for 20 min. The reaction mixture 
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turned from a thick yellow suspension to a clear yellow solution over the course of the 

reaction. The solvent was removed under reduced pressure to afford a yellow residue and 

the dr was determined to be 44:56 in favor of the exo isomer. The residue was then 

subjected to flash chromatography (5% ethyl acetate/dichloromethane) to afford 38a,b a 

a white solid (0.043 g, 19%). 

(3aS*, 4S*, llcS*)-4-(10-Nitro-6-oxo-3,3a,4,5,6,11c-hexahydro-2H-1,7 -dioxa-5-aza-

cyclopenta[c ]phenanthren-4-yl)-benzoic acid methyl ester (39a) and (3aS*, 4R*, 

llcS*)-4-(10-Nitro-6-oxo-3,3a,4,5,6,11c-hexahydro-2H -1,7 -dioxa-5-aza-

cyclopenta[c]phenanthren-4-yl)-benzoic acid methyl ester (39b) 

8 

~COOCH3 

4 ..•• ~2' 
3' 

Following general experimental procedure B, 3-amino-6-nitrocoumarin (0.41 g, 

2.0 mmol), 4-formyl methyl benzoate (0.35 g, 2.1 mmol) and DHF (0.46 mL, 6.0 mmol) 

were reacted in the presence of Yb(OTfh (0.062 g, 5.0 mol%) in acetonitrile (20 mL) at 

room temperature for 20 min. The reaction mixture turned from a yellow suspension to a 

clear yellow solution over the course of the reaction. The solvent was removed under 

reduced pres ure to afford a yellow residue and the dr was determined to be 42:58 in 
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favor of the exo isomer. The residue was then subjected to flash chromatography (0-2% 

ethyl acetate/dichloromethane) to afford 39a as a yellow solid (0.05 g, 6%), 39b as a 

yellow solid (0.03 g, 4%) and a mjxed fraction (0.15 g, 18% ). Combined yield = 0.24 g 

28%. 

39a: mp = 261-262 oc (dichloromethane/hexane); DH(CDCJ3) = 8.77 (d, 1 = 2.7 Hz, 1H, 

H-11), 8.21 (dd, 1 = 9.0, 2.7 Hz, 1H, H-9), 8.14 (d, 1 = 8.4 Hz, 2H, H-2'), 7.60 (d, 1 = 8.5 

Hz, 2H, H-3'), 7.44 (d, 9.0 Hz, 1 H, H-8), 5.53 (d, 1 = 7.9 Hz, 1 H, H-11 c), 5.18 (s, 1 H, H-

5), 4.88 (d, 1 = 2.9 Hz, 1H, H-4), 3.99 ( , 3H, COOCH3), 3.92 (td, 1 = 8.1, 2.5 Hz, 1H, H-

2), 3.85 (td, 1 = 8.4, 6.5 Hz, 1H, H-2), 3.04-3.02 (m, 1H, H-3a), 2. 19-2. 14 (m, 1 H, H-3), 

1.64-1.61 (m, IH, H-3) ppm; Dc(CDC13) = 166.8 (COOCH3), 157.8 (C-6), 152.1 , 144.9, 

130.52, 130.46, 126.6, 121.9, 121.0, 120.7, 117.4, 117.2, 72.3 (C-11c), 67.4 (C-2), 56.8 

(C-4), 52.5 (COOCH3), 45.8 (C-3a), 25. 1 (C-3) ppm; 423 (M++ I, 81), 403 (100), 39 1 

(39), 377 (23). HRMS [M+] calcd for C22H1sN20 1 422.1114, found 422.1095. 39b: mp = 

226-227 oc (dich1oromethane/hexane); DH(CDCh) = 8.62 (, IH, H-1 1), 8.15-8.10 (m, 

3H, H-8 and H-2'), 7.52 (d, 1 = 7.5 Hz, 2H, H-3'), 7.42 (t, 1 = 7.8 Hz, lH, H-9), 5.43 (s, 

1H, H-5), 4.75 (d, 1 = 5.1 Hz, 1 H, H-11 c), 4.13-4.09 (m, 1 H, H-2), 4.04-3.99 (m, 1 H, H-

2), 3.95 ( , 3H, COOCH3), 3.91 (d, 1 = 10.5 Hz, 1H, H-4), 2.55-2.54 (m, 1H, H-3a), 2.19-

2.12 (m, 1H, H-3), 1.81-1.78 (m, 1H, H-3) ppm; Dc(CDC13) = 166.7 (COOCH3), 157.5 

(C-6), 151.6, 145.2, 144.4 (C-4'), 13 1.7, 13 1.1 (C-5a), 130.5 (C-2'), 128.4 (C-3'), 122.0, 

121.6 (C-8), 119.3 (C-1 1), 117.5 (C-9), 114.7, 72.4 (C- 11c), 65.9 (C-2), 57.4 (C-4), 52.5 

(COOCH3), 42.9 (C-3a), 28.4 (C-3) ppm; IR v = 3341 (w), 17 12 ( ), 1632 (w), 1576 (w), 

1517 (m), 1435 (w), 1417 (w), 1332 (m), 1277 (s), 1247 (w), 11 84 (m), 1104 (m), 1044 
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(m), 1020 (w) cm-1; MS (APCI) m/z (relative intensity)= 423 (13, M++l), 421 (17), 419 

(29), 404 (25), 403 (100), 391 (38), 377 (10). HRMS [M+] calcd for C22H1 sN20 7 

422.1114, found 422.1128. 

Following general experimental procedure B, 3-amino-6-nitrocoumarin (0.1 0 g, 

0.50 mrnol), 4-formyl methyl benzoate (0.087 g, 0.53 mrnol) and DHF (0.14 mL, 1.5 

mrnol) were reacted in the presence of Yb(0Tf)3 (0.031 g, 10 mol%) in acetonitrile (5 

mL) at room temperature for 20 min. The reaction mixture turned from a yellow 

suspension to a clear yellow solution over the course of the reaction. The solvent was 

removed under reduced pressure to afford a yellow residue and the dr was detern1jned to 

be 44:56 in favor of the exo isomer. The residue was then subjected to flash 

chromatography (10% ethyl acetate/hexanes) to afford 39a,b as a yellow solid (0.040 g, 

19%). 
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(3aS*, 4S*, llcS*)-Acetic acid 4-(8-methoxy-6-oxo-3,3a,4,5,6,11c-hexahydro-2H-1,7-

dioxa-5-aza-cyclopenta[c]phenanthren-4-yl)-phenyl ester (40a) and (3aS*, 4R*, 

llcS*)-Acetic acid 4-(8-methoxy-6-oxo-3,3a,4,5,6,11c-hexahydro-2H-1, 7 -dioxa-5-

aza-cyclopenta[c ]phenanthren-4-yl)-phenyl ester ( 40b) 

O
OCOCH3 

' 
4 .. •''1 

2' 

NH 
5 

40a 

Following general experimental procedure B, 3-amino-8-methoxycoumarin (0.34 

g, 1.8 mmol), 4-acetoxybenzaldehyde (0.31 g, 1.89 mmol) and DHF (0.41 mL, 5.4 mmol) 

were reacted in the presence of Yb(0Tf)3 (0.056 g, 5.0 mol%) in acetonitrile (18 mL) at 

room temperature for 10 min. The reaction mhture remained a clear yellow solution 

over the course of the reaction. The solvent was removed under reduced pressure to 

afford a yellow residue and the dr was determined to be 38:62 in favor of the exo isomer. 

The residue was then subjected to flash chromatography (0-2% ethyl 

acetate/dichloromethane) to afford 40a as a white solid (0.12 g, 16%), 40b as a white 

solid (0.28 g, 16%) and a mixed fraction (0.12 g, 16%). Combined yield= 0.44 g, 60%. 

40a: mp = 203-204 oc (dichloromethane/hexane); 8H(CDCI3) = 7.49 (d, J = 8.3 Hz, 2H, 

H-2'), 7.40 (dd, J = 8.2, 1.0 Hz, lH, H-11), 7.22 (t, J = 8.0 Hz, 1H, H-10), 7.15-7.12 (m, 
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2H, H-3'), 6.90 (dd, J = 8.3, 1.3 Hz, 1H, H-9), 5.46 (d, J = 7.7 Hz, 1H, H-llc), 4.96 (s, 

1H, H-5), 4.71 (d, J = 2.0 Hz, 1H, H-4), 3.95 (s, 3H, C-8-0CH3), 3.89 (td, J = 8.3, 2.8 

Hz, 1H, H-2), 3.79-3.74 (m, 1H, H-2), 2.92 (m, lH, H-3a), 2.32 (s, 3H, OCOCH3), 2.21-

2.17 (m, 1H, H-3), 1.65-1.63 (m, 1H, H-3) ppm; Dc(CDCl3) = 169.6 (OCOCH3), 158.4 

(C-6), 150.5 (C-4'), 147.4 (C-8), 138.4 (C-7a), 138. 1 (C-1'), 130.1 (C-5a), 127.7 (C-2'), 

124.6 (C-10), 122.2 (C-3'), 121.2 (C-11a), 118.9 (C-llb), 116.2 (C-11), 109.6 (C-9), 73.1 

(C-llc), 67.6 (C-2), 56.8 (C-4), 56.4 (C-8-0CH3), 46.2 (C-3a), 25.3 (C-3), 21.3 

(OCOCH3) ppm; IR V= 3374 (w), 1752 (m), 1712 (s), 1574 (m), 1495 (w), 1448 (w), 

1367 (w), 1271 (w), 1193 (w), 1053 (s), 1011 (s) cm-1
; MS (APCI) m/z (relative intensity) 

= 815 (2M++1, 11 ), 409 (M++2, 27), 408 (M++1, 100), 406 (23), 366 (16), 334 (10). 

HRMS [M+] calcd for C23H21N06 407.1369, found 407.1347. 40b: mp = 197- 198 oc 

(triturated with ethyl acetate); DH(CDC13) = 7.45 (d, J = 9.0 Hz, 2H, H-2'), 7.34 (dd, J = 

7.2, 0.9 Hz, 1H, H-11), 7.22 (t, J = 7.8 Hz, lH, H-10), 7.14 (d, J = 9. 1 Hz, 2H, H-3'), 

6.88 (dd, J = 8.3, 1.0 Hz, 1H, H-9), 5.26 (s, IH, H-5, H-5), 4.71 (d, J = 4.8 Hz, 1H, H-

11 c), 4.10-4.06 (td, J = 8.6, 6.6 Hz, 1H, H-2), 3.96-3.92 (m, 1H, H-2), 3.95 (s, 3H, C-8-

0CH3), 3.81 (d, J = 10.9 Hz, 1H, H-4), 2.48-2.45 (m, 1H, H-3a), 2.32 (s, 3H, OCOCH3), 

2.14-2.11 (m, 1H, H-3), 1.81-1.78 (m, 1H, H-3) ppm; 8c(CDCh) = 169.5 (OCOCH3)), 

158.3 (C-6), 151.0, 147.4 (C-8), 138.0 (C-1'), 137.5, 131.0, 129.5 (C-2'), 124.9 (C-10), 

122.2 (C-3'), 122.1 (C-11a), 115.9, 115.0 (C-11), 109.4 (C-9), 73.0 (C- ll c), 65.7 (C-2), 

57.0 (C-4), 56.4 (C-8-0CH3), 42.9 (C-3a), 28.6 (C-3), 21.4 (OCOCH3) ppm; IR v= 3327 

(w), 1751 (m), 1715 (m), 1653 (w), 1628 (w), 1604 (w), 1576 (m), 1503 (w), 1479 (w), 

1449 (w), 1439 (m), 1365 (w), 1334 (w), 1277 (w), 1225 (s), 1201 (s), 1175 (s), 11 67 (s), 
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1038 (m), 1017 (w) cm-1
; MS (APCI) m/z (relative intensity)= 815 (2M++l, 28), 409 

found 407.1342. 

(2S* ,4S*)-(2-( 4-Nitrophenyl)-4-( 4-pheny lsulfanyl)-1,2,3,4-tetrahydro-9-oxa -1-aza-

10H-phenanthren-10-one (42a) and (2R* ,4S*)-(2-( 4-nitrophenyl)-4-( 4-

phenylsulfanyl)-1,2,3,4-tetrahydro-9-oxa-1-aza-10H-phenanthren-10-one ( 42b) 

~N02 

To:~~' S 4 
3 

2 .. •' '~3' r ~ 
..--:::: NH 
6 I ~ 4~ I 

7 
: 0 10 0 

42b
9 

Following general experimental procedure B, 3-arninocoumarin (5) (1.61 g, 10.0 

mmol), 4-nitrobenzaldehyde (8) (1.59 g, 10.5 mmol) and phenyl vinyl sulfide (3 .90 mL, 

30.0 mmol) were reacted in the presence of Yb(0Tf)3 (0.31 0 g, 5.00 mol%) in 

acetonitrile (50 mL) at room temperature for 17 h. The clear yellow solution turned into 

a thick yellow suspension over the course of the reaction. The resulting yellow residue 

was subjected to flash chromatography (5-20% ethyl acetate/hexanes) to afford 42a as a 

yellow solid (I .3 g, 29%), 42b as a yellow solid (0.082 g, 2%) and mixed fraction (0.31 

g, 7%). The dr was determined to be 59:41 in favor of the endo isomer by lH NMR 

analysis of the crude reaction mixture. Combined yield = 1.68 g, 38%. 
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42a: mp = 225-226 oc (chloroform/hexane). 8H(CDCh) = 8.26 (d, 2H, J = 8.5 Hz, H-3'), 

7.77-7.24 (m, lH, H-5), 7.62 (d, 2H, J = 8.9 Hz, H-2'), 7.59-7.58 (m, 2H, H-6'), 7.43-7.42 

(m, 2H), 7.38-7.32 (m, 4H), 5.26 (s, 1H, H-1 ), 5.11 (dd, lH, 1= 11.6, 3.3 Hz, H-2), 4.64 

(dd, 1H, J = 3.4, 1.6 Hz, H-4), 2.34 (dt, 1H, J = 13.4, 2.0 Hz, H-3~), 2.20-2.12 (m, 1H, H-

3a). 8c(CDCh) = 158.4 (C-10), 149.2, 149.1, 148.3, 148.1, 134.1, 132.6, 129.8, 128.5, 

127.9, 126.9, 125.0 (C-2'), 124.4 (C-3'), 122.2 (C-5), 119.8, 117.0, 113.6, 51.2 (C-2), 

41.5 (C-4), 36.1 (C-3). IR V= 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-1. HRMS m/z [M+] 

calcd for C24H1sN20 4S 430.0987, found 430.1015. 42b: mp = 200-201 oc 

(chloroform/hexane). 8H(CDCh) = 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, lH, J = 4.6 Hz, H-2), 4.67 (t, lH, J = 3.9 Hz, H-4), 2.71 (dt, 1H, J = 

14.4, 3.4 Hz, H-3a), 2.60 (dt, lH, J = 14.6, 6.2 Hz, H-3~) ppm; 8c(CDC13) = 158.5 (C-

10), 150.6, 148.1, 147.5, 134.3, 132.2, 129.4, 129.3, 128.1, 127.4, 126.8 (C-2'), 124.9, 

123.9 (C-3'), 122.6 (C-5), 119.8, 116.8, 113.8, 52.2 (C-2), 40.1 (C-4), 33.4 (C-3) ppm; IR 

v= 3374 (w), 1701 (s), 1623 (m), 1516 (s), 1336 (m), 1314 (w), 1212 (m), 1073 (m), 850 

(m), 741 (s), 694 (m) cm-1. HRMS m/z [M+] calcd for C24H1 sN20 4S 430.0987, found 

430.1001. 

(3aS*, 4S*, 12cS*)-4-( 4-Hydroxyphenyl)-2,3,3a,4,5,11c-hexahydro-1,7 -dioxa-5-aza

cyclopenta[c ]phenanthren-6-one ( 43) 
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To a clear colorless solution of 35a (38 mg, 0.10 mmol) in 1:1 

methanol:chloroform (5 mL) was added K2C0 3 (17 mg, 0.12 mmol) and the reaction 

mixture was stirred at room temperature for 16 h. The solvents were removed under 

reduced pressure and the residue obtained was dissolved in chloroform (10 mL), washed 

with 1.0 M HCl (5.0 mL). The two layers were separated. The organic layer was washed 

with brine and dried over anhydrous sodium sulfate. The solvent was removed under 

reduced pressure and the solid was recrystallized from acetone/hexanes to afford 43 as a 

white solid (24 mg, 72%). 

mp = 221-222 oc (acetone); bH(CDCI3) = 7.81 (d, J = 6.0 Hz, lH), 7.43 (d, J = 8.5 Hz, 

2H, H-2'), 7.30-7.27 (m, 3H), 6.87 (d, J = 8.5 Hz, 2H, H-3'), 5.47 (d, J = 8.4 Hz, 1H, H-

1lc), 5.08 (s, lH, OH), 4.91 (s, IH, H-5), 4.65 (d, J = 2.9 Hz, 1H, H-4), 3.90 (td, J = 8.9, 

2.5 Hz, lH, H-2), 3.81-3.74 (m, 1H, H-2), 2.93-2.88 (m, 1H, H-3a), 2.24-2.15 (m, 1H, H-

3), 1.67-1.62 (m, lH, H-3) ppm; bc(CDCh) = 159.1 (C-6), 155.8 (C-4'), 148.8, 133.0, 

130.2, 128.3 (C-2'), 127.2, 125.1, 124.6, 120.5, 118.9, 116.8, 116.1 (C-3'), 73.3 (C-11c), 

67.9 (C-2), 56.9 (C-4), 46.7 (C-3a), 25.5 (C-3) ppm; IR v= 3287 (w), 1700 (m), 1684 (s), 

1653 (s), 1616 (m), 1558 (s), 1539 (m), 1506 (s), 1217 (m), 1061 (m) cm-1
; MS m/z 

(relative intensity) = 336 (M+ + 1, 32), 335 (23), 317 (19), 316 (85), 305 (22), 304 (100). 

HRMS [M+] calcd for C20H17N04 335.1158, found 335.1143. 
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( 4aS*, SR*, 12cS*)-4-(7 -Oxo-2,3,4,4a,S,6,7 ,12c-octahydro-1,8-dioxa-6-aza--

benzo[c ]phenanthren-5-yl)-benzoic acid ( 44) 

COOH 

44 

A suspension of 28b (78 mg, 0.20 mmol) in 1M KOH/MeOH (5.0 mL) was 

heated at reflux for 1 h. The reaction mixture was acidified with 6 M HCI. The resulting 

precipitate was filtered under suction and washed with water. The product was air dried 

to afford 50 as a white solid (74 mg, 99%). 

mp = 258-259 °C. 8H(CDCh) = 12.84 (br s, 1H, COOH), 7.96 (d, J = 7.9 Hz, 2H, H-2'), 

7.60 (d, J = 5.6 Hz, 1 H), 7.54 (d, J = 7.7 Hz, 2H, H-3'), 7.30-7.27 (m, 3H), 6.27 (s, lH, 

NH), 4.71 (s, 1 H), 4.68 (d, J = 11.4 Hz, 1H, H-5), 3.94 (d, J = 9.6 Hz, 1H), 3.79-3.74 (m, 

1H), 2.01-1.99 (m, 1H), 1.83-1.70 (m, 2H), 1.34-1.24 (m, 2H) ppm; 8c(CDC13) = 167.2 

(COOH), 157.6 (C-7), 147.4, 146.4, 130.2, 130.0, 129.4, 128.1, 125.7, 124.6, 122.1, 

120.4, 115.8, 113.8, 68.5 (C-11c), 67.8 (C-2), 53.5 (C-5), 37.3 (C-4a), 22.9 (C-3), 21.4 

(C-4) ppm; IR V= 3315 (m), 1700 (s), 1680 (s), 1625 (m), 1575 (w), 1516 (m), 1484 (w), 

1454 (w), 1419 (m), 1364 (w), 1329 (w), 1284 (w), 1264 (m), 1225 (s), 1195 (s), 1185 

(s), 1133 (s), 1109 (w), 1091 (m), 1060 (m), 1018 (s) em-'; MS (ESI) m/z (relative 
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intensity) = 376 (M+- 1, 100). Elemental analysis calcd for C22H19N05; C 70.02%; H 

5.07%; N 3.71 %, found C 68.89; H 5.00%; N 3.63%. 

4-[3-(3-Hyd roxypropyl)-1 0-oxo-1 OH -9-oxa -1-aza-phenanthren-2-yl]-benzoic acid 

methyl ester (45) and 4-[3-(3-Formyloxypropyl)-10-oxo-10H-9-oxa-1-aza

phenanthren-2-yl]-benzoic acid methyl ester (46) 

Method 1: To a clear colorless solution of 28b (78 mg, 0.20 mmol) in DMF (3.0 mL), 

was added TMSCI (0.04 mL, 0.30 mmol), followed by the addition of sodium iodide (45 

mg, 0.30 mmol). The resulting mixture was heated at 50 oc for 18 h and then at 90 oc for 

150 h. The reaction mixture was allowed to cool to room temperature. Ice cold water 

(15.0 mL) was added to it and the resulting white uspension wa allowed to tir at room 

temperature for 1 h. It was extracted with ethyl acetate (20 mL). The aqueou layer was 

saturated with NaCI and extracted with ethyl acetate (2 x 15 mL). The combined organic 

layers were washed with brine, dried over anhydrous sodium sulfate. The solvent was 

removed under reduced pressure and the residue was subjected to flash chromatography 
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(30-100% ethyl acetate/hexanes) to afford 28b (8 .0 mg, 10% ), 45 ( 18 mg, 23%) and 46 

(25 mg, 30% ). 

45: mp = 224-226 oc; 0H(DMSO-d6) = 8.87 (s, 1H, H-4), 8.50 (dd, J =8.4, 1.7 Hz, IH, 

H-5), 8.12 (d, J = 8.2 Hz, 2H, H-3'), 7.75 (d, J = 8.2 Hz, 2H, H-2'), 7.64 (t, J = 7.4 Hz, 

!H), 7.46-7.44 (m, 2H), 4.48 (t, J = 5.1 Hz, IH, 011), 3.87 (s, 3H, COOCH3), 3.38-3.35 

(m, 2H, H-7'), 2.90-2.86 (m, 2H, H-5'), 1.76-1.71 (rn, 2H, H-6') ppm; oc(DMSO-d6) = 

166.0 (COOCH3), 159.0 (C-10), 157.9, 150.8, 143.6, 142.1, 135.2, 132.2, 130.6, 129.5, 

129.3, 129.1 , 124.8, 124.7, 124.5, 117.2, 116.7, 60.0 (C-7'), 52.3 (COOCH3), 32.9 (C-5'), 

29.1 (C-6') ppm; IR v= 3524 (m), 1734 (m), 1708 (s), 1612 (w), 1457 (w), 1436 (m), 

1274 (s), 1237 (w), 1180 (s), 1051 (w), 1020 (w) cm-1
; MS (APCI) m/z (relative intensi ty) 

= 391 (M++2, 100); HRMS [M+] calcd for C23H19NOs 389.1263, found= 389.1267. 46: 

mp = 166-167 °C; oH(CDCh) = 8.40 (s, IH, H-4), 8.16 (d, 1 =8.1 Hz, 2H, H-3'), 8.09 (d, 

1 = 7.7 Hz, 1 H, H-5), 7.99 (s, lH, CHO), 7.64 (d, 1 = 8.0 Hz, 2H, H-2'), 7.77 (t, 1 = 7.7 

Hz, IH, H-6), 7.43-7.40 (m, 2H), 4.13 (t, 1 = 6.2 Hz, 2H, H-7'), 3.97 (s, 3H, COOCH3), 

2.97 (t, 1 = 7.8 Hz, 2H, H-5'), 1.98-1.92 (m, 2H, H-6'), ppm; Oc(CDCh) = 166.8 

(COOCH3), 160.9 (CHO), 160.5 (C-10), 158.9, 151.5, 143.3, 140.9, 136.2, 131.7, 131.3, 

131.0, 130.7, 130.0, 129.3, 125.1, 123.3, 118.2, 116.7, 62.8 (C-7'), 52.5 (COOCH3), 29.8 

(C-6'), 20.9 (C-6') ppm; IR V= 3418 (s), 1748 (m), 171 9 (s), 1700 (s), 1638 (s), 1617 (s),. 

1558 (w), 1508 (w), 1458 (w), 1434 (w), 1385 (m), 1283 (m), 1169 (m), 1115 (w) cm-1; 

MS (APCI) m/z (relative intensity) = 419 (M++2, 29), 418 (M++l, 100); HRMS [M+] 

calcd for C24H19N06 417.1212, found 417. 1210. 
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Method 2: To a clear colorless solution of 28a,b (-I: I mixture of endo and exo 

diastereomers, 0.20 g, 0.50 mrnol) in dichloromethane (15 mL) at room temperature in 

the dark was added a 1.0 M solution of Br2 in dichloromethane (1 .05 mmol) dropwise 

over 2 min. After the addition, the solution turned yellow-turbid. The reaction mixture 

was stirred for I h. The reaction mixture turned into a white suspension over the course 

of the reaction. Solid NaHS04 was added to the reaction mixture and diluted with ethyl 

acetate. This solution was washed with 1.0 M Na2C03 solution followed by a wash with 

brine. The organic layer was then dried over anhydrous sodium sulfate. The solvent was 

removed under reduced pressure and the solid was recrystallized from ethyl 

acetate/hexane to afford 45 as a white solid (0.12 g, 61 %). 

6-(4-Carboxyphenyl)-2-(2-hydroxyphenyl)-5-(3-hydroxypropyl)-pyridine-2-

carboxylic acid ( 47) 

9' 

8' 1 

47 

A solution of 45 (50 mg, 0.13 mmol) in 10M KOH (3.0 mL) was stirred at room 

temperature for 16 h. The reaction mixture was cooled in an ice bath and 6.0 M HCl was 

added dropwise untill the solution became acidic (pH = 5.0). The resulting white 
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precipitate was filtered under suction and washed with cold water and air dried to afford 

47 as a white solid (33 mg, 66%). 

mp = 250-251 oc (ethanol); 8H(CDCh) = 8.70 (s, 1H, H-4), 8.31 (d, J =7.2, 1H, H-10'), 

8.19 (d, J = 8.4 Hz, 2H, H-3'), 7.74 (s, 1H, C-6'-0H), 7.68 (d, J = 7.6 Hz, 2H, H-2'), 

7.63 (t, J = 7.6 Hz, 1H, H-8'), 7.49 (t, J = 7.8 Hz, 1H, H-9'), 7.44 (d, J = 8.4 Hz, 1H, H-

7'), 3.53 (t, J = 6.1 Hz, 2H, H-13'), 2.98 (t, J = 8.0 Hz, 2H, H-11 '), 1.82 (p, J = 6.2 Hz, 

2H, H-12') ppm; 8c(DMSO-d6) = 167.0, 159.2, 157.9, 150.8, 143.2, 142.1, 135.1, 132.1 

(C-4), 131.3, 130.7, 130.5 (C-3'), 129.2 (C-2'), 124.8, 124.4 (C-10'), 117.2, 116.7, 60.1 

(C-13'), 32.9 (C-12'), 29.1 (C-11') ppm; IR v= 3639 (br, s), 3416 (br, s), 1718 (s), 1701 

(s), 1653 (w), 1636 (w), 1617 (m), 1457 (w), 1437 (m), 1384 (w), 1235 (s), 1177 (s), 

1118 (w) cm- 1
; MS (ESI) mlz (relative intensity)= 375 (M-17, 31), 374 (M-18, 100), 212 

(90); Elemental analysis calcd for C22H 19N06; C 67.17%; H 4.87%; N 3.56%, found C 

67.54%; H 4.36%; N 3.54%. 
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Acetic acid-4-[3-(2-hydroxyethyl)-10-oxo-1 OH -9-oxa-1-aza-phenanthren-2-yl]-

phenyl ester ( 48) 

To a clear colorless solution of 35a,b ( -1:1 mixture of endo and exo 

diastereomers, 0.19 g, 0.50 mmol) in dichloromethane (15 mL) at room temperature in 

the dark was added a 1.0 M solution of Br2 in dichloromethane (1 .05 mmol) dropwise 

over 2 min. After the addition, the solution turned yellow-turbid. The reaction mixture 

was stirred for 1 h. The reaction mixture turned into a white suspension over the course 

of the reaction. Solid NaHS04 was added to the reaction mixture and diluted with ethyl 

acetate. This solution was washed with 1 .0 M Na2C03 solution followed by a wash with 

brine. The organic layer was then dried over anhydrous sodium sulfate. The solvent was 

removed under reduced pressure and the residue was subjected to flash chromatography 

(20% ethyl acetate/dichloromethane) to afford 48 as a white solid (0.15 g, 80%). 

mp = 208-209 oc; 8H(DMSO-d6) = 8.85 (s, 1H, H-4), 8.43 (d, J = 7.8 Hz, I H), 7.67 (d, J 

= 8.0 Hz, 2H, H-3'), 7.61 (t, J = 7.6 Hz, 1 H), 7.46-7.44 (m, 2H), 7.30 (d, J = 8.9 Hz, 2H, 

H-2'), 4.82 (t, J = 5.1 Hz, 1H, OH), 3.73 (q, J = 6.0, 2H, H-6'), 3.02 (t, J = 6.5 Hz, 2H, H-

5'), 2.35 (s, 3H, OCOCH3) ppm; 8c(DMSO-d6) = 169.1 (OCOCH3) , 159.7 (C-10), 158.0, 

150.73, 150.66, 139.4, 136.5, 135.1, 132.5, 131.2, 130.4, 130.0, 124.8, 124.2, 121.6, 

117.1, 116.7, 60.6 (C-6') , 35.6 (C-5'), 20.9 (OCOCH3) ppm; IR V= 3412 (br, w), 1740 
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(s), 1653 (w), 1600 (w), 1460 (m), 1436 (m), 1328 (w), 1301 (m), 1216 (s), 1181 (s), 

1167 (s), 1114 (m), 1096 (w), 1053 (w), 1014 (w) cm-1
; MS (APCI) mlz (relative 

intensity)= 376 (M++l, 100); HRMS [M+] calcd for C22H 17N05 = 375.1107, found= 

375.1110. 

3-(2-Hydroxyethyl)-2-(2-oxo-2H -chromen-3-yl)-9-oxa-1-aza -phenanthren-1 0-one 

(49) 

To a clear pale yellow solution of 32a,b ( -1: I mixture of endo and exo 

diastereomers, 0.50 g, 1.3 mmol) in dichloromethane (20 mL) at room temperature in the 

dark was added a 1.0 M solution of Br2 in dichloromethane (2.7 mmol) dropwise over 2 

min. After the addition, the solution turned yellow-turbid. The reaction mixture wa 

stirred for 24 h. The reaction mixture remained yellow over the course of the reaction. 

Solid NaHS04 was added to the reaction mixture and diluted with ethyl acetate. This 

solution was wa hed with 1.0 M Na2C03 solution followed by a wash with brine. The 

organic layer was then dried over anhydrous sodium sulfate. The solvent was removed 
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under reduced pres ure and the residue was subjected to flash chromatography ( 10% 

ethyl acetate/dichloromethane) to afford 49 a a white solid (0.04 g, 9%). 

mp = 243-244 oc; 8H(DMSO-d6) = 8.90 (s, I H, H-4), 8.45 (dd, J = 9.2, 1.5 Hz, 1H), 8.34 

(s, 1H), 7.90 (dd, J = 8.4, 1.6 Hz, I H), 7.75-7.72 (m, 1H), 7.67-7.63 (m I H), 7.55 (d, J = 

8.1 Hz, I H), 7.50-7.44 (m, 3H), 4.73 (t, J = 5.4 Hz, 1H, OH), 3.72-3.68 (m, 2H, H-10 '), 

2.94 (t, J = 6.7 Hz, 2H, H-9'); 8c(DMSO-d6) = 159.3 (C-2'), 157.8 (C-10), 154.8, 153.6, 

150.9, 144.2, 143.7, 135.2, 132.7, 131.5, 13 1.4, 129.1, 127.7, 126.8, 124.9, 124.8, 118.7, 

117.2, l16.6, 116.3, 60.0 (C-11 '), 32.8 (C-9'), 28.8 (C-10') ppm; IR v = 3402 (br, 

w), 1717 (s), 1701 (s), 1686 (m), 1648 (s), 1635 (m), 1576 (m), 1558 (m), 1539 (m), 1507 

(m), 1457 (m), 1117 (w) cm-1
; MS (APCI) m/z (relative intensity)= 387 (M++2, 26), 386 

(M++l , 100),. HRMS [M+] calcd for C23H 1sN05 385.0950, found 385.0956. 

3-(3-Hyd roxypropyl)-2-(2-oxo-2H-chromen-3-y 1)-9-oxa-1-aza-phenanthren-1 0-one 

(50) 

5' 

8 

50 

To a clear pale yellow sol uti on of 26a,b ( - 1: 1 mixture of end a and exo 

diastereomer , 0.35 g, 0.86 mmo1) in dichloromethane (30 mL) at room temperature in 

the dark wa added a 1.0 M solution of Br2 in dichloromethane (1.8 mmo1) dropwise over 
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3 min. After the addition, the reaction mixture turned to a clear orange solution and then 

to an orange suspension. The reaction mixture was stirred for 22 h. Additional Br2 in 

dichloromethane (0.9 mmol) was added to the reaction mjxture and the reaction mixture 

was stirred for 4 h. Solid NaHS04 was added to the reaction mixture and diluted with 

ethyl acetate. This solution was washed with 1.0 M Na2C03 solution followed by a wash 

with brine. The organic layer was then dried over anhydrous sodium sulfate. The solvent 

was removed under reduced pressure and the residue was subjected to flash 

chromatography (40% ethyl acetate/hexanes) to afford SO as a white solid (0.13 g, 39%). 

mp = 256-258° C; 8H(CDCh) = 8.43 (s, 1H, H-4), 8.12 (s, 1H), 8.10-8.08 (m, 1H), 7.64-

7.55 (m, 3H), 7.44-7.40 (m, 2H), 7.36 (t, 1 = 7.5 Hz, lH), 3.72 (t, 1 = 5.8 Hz, 2H, H-11'), 

2.98 (t, 1 = 7.7 Hz, 2H, H-9'), 2.06-2.01 (m, 2H, H-10') ppm; 8c(DMSO-d6) = 159.3 (C-

2'), 157.8 (C-10), 154.8, 153.6, 150.9, 144.2, 143.7, 135.2, 132.7, 131.5, 131.4, 129.1, 

127.7, 126.8, 124.9, 124.8, 118.7, 117.2, 116.6, 116.3, 60.0 (C-11 '), 32.8 (C-9'), 28.8 (C-

10') ppm; IR V= 3401 (br, w), 1734 (m), 1718 (s), 1700 (s), 1684 (s), 1651 (s), 1576 (m), 

1558 (m), 1539 (m), 1507 (m), 1457 (m), 1117 (m) cm-1
; MS m/z (relative intensity) = 

400 (M++1 , 100),. HRMS [M+] calcd for C24H 17NOs 399.1107, found 399.1069. 

2-(4-Nitrophenyl)-9-oxa-1-aza-phenanthren-10-one (53) 

8 
53 

010 0 
9 
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- ---------------------~-------------------- - --------~---

To a clear, yellow solution of 42a,b (1.00:0.28 ratio, 120 mg, 0.278 mmol) in a 

4:1 dioxan:water mixture (10 mL) was added sodium periodate (596 mg, 2.78 mmol). 

The reaction mixture was heated at reflux for 23 h. The reaction mixture was allowed to 

cool to room temperature and then saturated NaHC03 (15 mL) was added to the reaction 

mixture. It was extracted with ethyl acetate (3 x 20 mL). Organic layers were combined 

and washed with brine. The organic layer was then dried over anhydrous Na2S04. The 

solvent was removed under reduced pressure and the residue was triturated with 

dichloromethane and air-dried to afford 53 as a brown solid (78 mg, 89% ). 

mp = 270-271 °C; 8H(DMSO-d6) = 9.03 (d, J = 9.2 Hz, 1H), 8.65 (d, J = 9.1 Hz, 1H), 

8.53 (d, J = 8.8 Hz, 2H, H-3'), 8.44 (d, J = 7.5 Hz, 1H), 8.39 (d, J = 8.9 Hz, 2H), 7.63 (t, 

J = 8.0 Hz, 1H), 7.46-7.44 (m, 2H) ppm; 8c(DMSO-d6) = 158.7 (C-10), 155.5, 151.6, 

149.1, 143.8, 138.7, 133.9, 132.5, 132.1 , 129.0, 127.2, 125.8, 125.4, 125.0, 118.1 , 117.6 

ppm; MS m/z (relative intensity) = 324 (M+ +2, 29), 323 (M+ + 1, 100). HRMS [M+ +H] 

calcd for C1sH 11 N20 4 319.0719, found= 319.0720. 
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2.6 Appendix 

2.6.1 1H and 13C NMR Spectra for Individual Compounds 
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2.6.2 Assignment of Relative Stereochemistry 

The key indicator that was used to assign the relative stereochemistry in the major 

diastereomer 24b was the magnitude of coupling constant between H4a and Hs. The 

large. coupling constant 11.5 Hz between H4a and H5 in the major diastereomer indicates 

a trans-diaxial relationship between these protons. As expected, no nOe was observed 

between these protons. However, an nOe was observed between H 12c and H4a in both the 

isomers suggesting the cis arrangement of these protons (Fig. 2.3). In the minor 

diastereomer 24a, H4a and H5 are cis to each other and consequently have an approximate 

gauche relationship. The coupling constant between these protons is accordingly low 

(2.1 Hz). Significant nOe effects (3.4%-5.7%) were observed between each ofH12c, H4a 

and H5 which is consistent with an all-cis arrangement of these protons. The 

enhancement observed between H 12c and H5 is only possible via a 1,3-diaxial interaction. 

In the cases of exo diastereomer 24b, the NMR-based assignments of the relative 

stereochemistry were corroborated by an X-ray crystal structure determination. 

190 



24a 

J (H43-H5) = 2.1 
Hz 

24b 

FIGURE 2.3. nOe studies on Povarov adducts 
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2.6.3 X-ray Crystal Structure Data for 24b 

Data Collection 

A colorless prism crystal of C25H21 N03 having approximate dimensions of 0.35 

x 0.20 x 0.10 mm was mounted on a glas fiber. All mea urements were made on a 

Rigaku Saturn CCD area detector with graphite monochromated Mo-Ka radiation. 

Indexing was performed from 330 images that were exposed for 12.0 seconds. 

The crystal-to-detector distance wa 35.06 mm. 

Cell con tants and an orientation matrix for data collection corre ponded to a 

primitive orthorhombic cell with dimension : 

a = 8.3461 (7) A 

b = 18.8665(17) A 

c = 23.936(2) A 

v = 3769.0(6) A3 

For Z = 8 and F.W . = 383.45, the calculated density is 1.351 g/cm3. The systematic 

absences of: 

hOO: h ± 2n 

OkO: k ± 2n 

001: I± 2n 

uniquely determine the space group to be: 
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The data were collected at a temperature of -120 ± 1 oc to a maximum 28 value of 

61.80. A total of 1140 oscillation images were collected. A sweep of data was done using 

co scans from -50.0 to 7o.oo in 0.5o step, at x=o.oo and <j> = o.oo. The exposure rate was 

24.0 [sec.fO]. The detector swing angle was 10.090. A second sweep was performed 

using co scans from -80.0 to 85.00 in 0.5o step, at x=54.oo and <1> = 90.00. The exposure 

rate was 24.0 [sec.fO] . The detector swing angle was 10.09°. Another sweep was 

performed using co scans from -50.0 to 7o.oo in O.so step, at x=o.oo and <j> = 9o.oo. The 

exposure rate was 24.0 [sec.fO]. The detector swing angle was 10.090. Another sweep 

was performed using co scans from -80.0 to 85.00 in 0.5o step, at x=54.00 and <j> = 

180.00. The exposure rate was 24.0 [sec.fO]. The detector swing angle was 10.090. The 

crystal-to-detector distance was 35.06 mm. Readout was performed in the 0.137 mm 

pixel mode. 

Data Reduction 

Of the 63026 reflections that were collected, 7411 were unique (Rint = 0.060); 

equivalent reflections were merged. Data were collected and processed usmg 

CrystalClear (Rigaku). Net intensities and sigmas were derived as follows: 

p2 = [E(Pi- mBave)] · Lp- 1 

where Pi is the value in counts of the ith pixel 

m is the number of pixels in the integration area 

Bave is the background average 
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Lp is the Lorentz and polarization factor 

Bave = :E(Bj)/n 

where n is the number of pixels in the background area 

Bj is the value of the jth pixel in counts 

cr2(F2hkl) = [(:EPi) + m((:E(Bave- Bj)2)/(n-1))] · Lp · errmul + ( erradd · F2)2 

where erradd = 0.00 

errmul = 1.00 

The linear absorption coefficient, J...L, for Mo-Ka radiation is 0.885 cm-1 . A 

numerical absorption correction was applied which resulted in transmission factors 

ranging from 0.9805 to 0 .9936. The data were corrected for Lorentz and polarization 

effects. A correction for secondary extinction2 was applied (coefficient= 0.006030). 

Structure Solution and Refinement 

The structure was solved by direct methods3 and expanded using Fourier 

techniques4. The non-hydrogen atoms were refined anisotropically. Hydrogen atoms 

were refined using the riding model. The final cycle of full-matrix least-squares 

refinementS on F2 was based on 7411 observed reflections and 533 variable parameters 

and converged (largest parameter shift was 0.00 times its esd) with unweighted and 

weighted agreement factors of: 

Rl = :E IIFol- IFcll I :E IFol = 0.0588 

wR2 = [ :E ( w (Fo2- Fc2)2 )/ :E w(Fo2)2] 112 = 0.1349 
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The standard deviation of an ob ervation of unit weight6 was 1.27. Unit weights 

were used. The maximum and minimum peaks on the final difference Fourier map 

corresponded to 0.20 and -0.18 e-JA3, respectively. 

Neutral atom scattering factors were taken from Cromer and Waber7. Anomalou 

dispersion effects were included in Fcalc8; the values for L1f and .M" were those of 

Creagh and McAuley9. The values for the mass attenuation coefficients are those of 

Creagh and Hubbell tO. All calculations were performed using the Crysta1Structurell ,12 

crystallographic software package except for refinement, which wa performed u ing 

SHELXL-973. 
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Empirical Formula 

Formula Weight 

Crystal Color, Habit 

Crystal Dimensions 

Crystal System 

Lattice Type 

Indexing Images 

Detector Position 

Pixel Size 

Lattice Parameters 

Space Group 

Z value 

Deale 

Fooo 

J.l(MoKa) 

EXPERIMENTAL DETAILS 

A. Crystal Data 

colorless, prism 

0.35 X 0.20 X 0.10 mm 

orthorhombic 

Primitive 

330 images @ 12.0 seconds 

35.06 mm 

0.137 mm 

a= 8.3461(7) A 

b = 18.8665(17) A 

c = 23.936(2) A 

v = 3769.0(6) A3 

P212121 (#19) 

8 

1.351 g/cm3 

1616.00 

0.885 cm-1 
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B. Intensity Measurements 

Detector 

Goniometer 

Radiation 

Detector Aperture 

Data Images 

ro oscillation Range (X=O.O, <j>=O.O) 

Exposure Rate 

Detector Swing Angle 

ro oscillation Range (X=54.0, <1>=90.0) 

Exposure Rate 

Detector Swing Angle 

ro oscillation Range (X=O.O, <1>=90.0) 

Exposure Rate 

Detector Swing Angle 

ro oscillation Range (X=54.0, <1>=180.0) 

Exposure Rate 

Detector Swing Angle 

Detector Position 

Rigaku Saturn 

Rigaku AFC8 

MoKa (A.= 0.71070 A) 

graphite monochromated 

70 mm x 70 mm 

1140 exposures 

-50.0 - 70.00 

24.0 sec.JO 

10.090 

-80.0- 85.00 

24.0 sec.JO 

10.090 

-50.0 - 70.0° 

24.0 sec./0 

10.09° 

-80.0- 85.0° 

24.0 sec.JO 

10.09° 

35.06 mm 
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Pixel Size 

29max 

No. of Reflections Measured 

Corrections 

0.137 mm 

61.80 

Total: 63026 

Unique: 7411 (Rint = 0.060) 

Absorption 

(trans factors: 0.9805 - 0.9936) 

Lorentz-polarization 

Secondary Extinction 

(coefficient: 6.03000e-003) 
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C. Structure Solution and Refinement 

Structure Solution 

Refinement 

Function Minimized 

Least Squares Weights 

28max cutoff 

Anomalous Dispersion 

No. Observations (All reflections) 

No. Variables 

Reflection/Parameter Ratio 

Residuals: R1 (1>2.00cr(l)) 

Residuals: R (All reflections) 

Residuals: wR2 (All reflections) 

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 

L. w (Fo2 - Fc2)2 

w = 11 [ cr2(Fo2) + (0.0499 · P)2 

+0.8919· P] 

where P = (Max(Fo2,o) + 2Fc2)/3 

52.00 

All non-hydrogen atoms 

7411 

533 

13.90 

0.0588 

0.0596 

0.1349 

1.268 

0.000 

0.20 e-;A3 

-0.18 e-;A3 
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TABLE 2.4 Bond lengths (A) 

atom atom distance atom atom distance 

0(1) C(l) 1.395(3) 0(1) C(9) 1.362(3) 

0(2) C(9) 1.213(3) 0 (3) C(lO) 1.440(2) 

0(3) C(ll) 1.438(3) 0(4) C(26) 1.385(3) 

0(4) C(34) 1.363(3) 0(5) C(34) 1.217(3) 

0(6) C(35) 1.441 (3) 0(6) C(36) 1.439(3) 

N(l) C(8) 1.378(3) N(l) C(l5) 1.467(3) 

N(2) C(33) 1.383(3) N(2) C(40) 1.463(3) 

C(l) C(2) 1.388(3) C(1) C(6) 1.390(3) 

C(2) C(3) 1.375(4) C(3) C(4) 1.398(4) 

C(4) C(5) 1.387(3) C(5) C(6) 1.401(3) 

C(6) C(7) 1.452(3) C(7) C(8) 1.355(3) 

C(7) C(lO) 1.507(3) C(8) C(9) 1.460(3) 

C(lO) C(l4) 1.536(3) C(11) C(12) 1.515(3) 

C(12) C(l3) 1.524(4) C(l3) C(l4) 1.534(3) 

C(14) C(l5) 1.532(3) C(15) C(16) 1.503(3) 

C(l6) C(l7) 1.366(3) C(16) C(25) 1.424(3) 

C(17) C(18) 1.425(3) C(18) C(l9) 1.410(3) 

C(l8) C(23) 1.420(3) C(19) C(20) 1.368(4) 

C(20) C(21) 1.409(4) C(21) C(22) 1.368(4) 

C(22) C(23) 1.416(3) C(23) C(24) 1.414(3) 
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C(24) C(25) 1.370(3) C(26) C(27) 1.388(4) 

C(26) C(31) 1.393(3) C(27) C(28) 1.378(4) 

C(28) C(29) 1.387(4) C(29) C(30) 1.390(4) 

C(30) C(31) 1.406(3) C(31) C(32) 1.444(3) 

C(32) C(33) 1.360(3) C(32) C(35) 1.504(3) 

C(33) C(34) 1.456(3) C(35) C(39) 1.527(3) 

C(36) C(37) 1.506(4) C(37) C(38) 1.524(4) 

C(38) C(39) 1.535(3) C(39) C(40) 1.542(3) 

C(40) C(41) I .509(3) C(41) C(42) 1.374(3) 

C(41) C(50) 1.418(3) C(42) C(43) 1.416(3) 

C(43) C(44) 1.417(3) C(43) C(48) 1.418(3) 

C(44) C(45) 1.366(4) C(45) C(46) 1.399(4) 

C(46) C(47) 1.370(4) C(47) C(48) 1.426(3) 

C(48) C(49) 1.416(3) C(49) C(50) 1.362(3) 
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TABLE 2.5 Bond angles (O) 

atom atom atom angle atom atom atom angle 

C(l) 0(1) C(9) 121.7(2) C(lO) 0(3) C(ll) 

111.74(18) 

C(26) 0(4) C(34) 121.9(2) C(35) 0(6) C(36) 

111.4(2) 

C(8) N(l) C(l5) 117.3(2) C(33) N(2) C(40) 

116.8(2) 

0(1) C(1) C(2) 115.8(2) 0(1) C(l) C(6) 

120.7(2) 

C(2) C(l) C(6) 123.5(2) C(l) C(2) C(3) 

118.5(2) 

C(2) C(3) C(4) 120.3(2) C(3) C(4) C(5) 

120.0(2) 

C(4) C(5) C(6) 121.2(2) C(l) C(6) C(5) 

116.5(2) 

C(l) C(6) C(7) 119.4(2) C(5) C(6) C(7) 

124.1(2) 

C(6) C(7) C(8) 118.3(2) C(6) C(7) C(10) 

122.3(2) 

203 



C(8) C(7) C(lO) 119.5(2) N(l) C(8) C(7) 

124.2(2) 

N(l) C(8) C(9) 113.6(2) C(7) C(8) C(9) 

122.2(2) 

0(1) C(9) 0(2) 118.4(2) 0(1) C(9) C(8) 

117.6(2) 

0(2) C(9) C(8) 123.9(2) 0(3) C(IO) C(7) 

106.10(18) 

0(3) C(IO) C(14) 111.10(19) C(7) C(IO) C(14) 

111.8(2) 

0(3) C(11) C(12) 111 .5(2) C(11) C(12) C(l3) 

109.7(2) 

C(l2) C(13) C(l4) 111.3(2) C(lO) C(14) C(13) 

11 0.0(2) 

C(IO) C(14) C(l5) 109.01(19) C(l3) C(14) C(l5) 

113.3(2) 

N(l) C(l5) C(14) 107.60(19) N(l) C(15) C(l6) 

109.3(2) 

C(14) C(15) C(16) 115.7(2) C(15) C(16) C(17) 

120.6(2) 

C(l5) C(16) C(25) 120.7(2) C(17) C(16) C(25) 

118.6(2) 
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C(16) C(17) C(18) 122.0(2) C(17) C(18) C(19) 

121.7(2) 

C(17) C(18) C(23) 118.7(2) C(19) C(18) C(23) 

119.6(2) 

C(18) C(l9) C(20) 120.4(2) C(l9) C(20) C(21) 

120.6(2) 

C(20) C(21) C(22) 120.0(2) C(21) C(22) C(23) 

121.1(2) 

C(18) C(23) C(22) 118.4(2) C(18) C(23) C(24) 

118.5(2) 

C(22) C(23) C(24) 123.0(2) C(23) C(24) C(25) 

121.3(2) 

C(16) C(25) C(24) 120.8(2) 0(4) C(26) C(27) 

116.4(2) 

0(4) C(26) C(31) 120.8(2) C(27) C(26) C(31) 

122.8(2) 

C(26) C(27) C(28) 118.7(2) C(27) C(28) C(29) 

120.4(2) 

C(28) C(29) C(30) 120.4(2) C(29) C(30) C(31) 

120.4(2) 

C(26) C(31) C(30) 117.2(2) C(26) C(31) C(32) 

118.8(2) 
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C(30) C(31) C(32) 123.9(2) C(31) C(32) C(33) 

119.3(2) 

C(31) C(32) C(35) 120.5(2) C(33) C(32) C(35) 

120.0(2) 

N(2) C(33) C(32) 123.6(2) N(2) C(33) C(34) 

115.2(2) 

C(32) C(33) C(34) 121.2(2) 0(4) C(34) 0(5) 

118.2(2) 

0(4) C(34) C(33) 117.9(2) 0(5) C(34) C(33) 

123.8(2) 

0(6) C(35) C(32) 105.1 (2) 0(6) C(35) C(39) 

112.1(2) 

C(32) C(35) C(39) 112.3(2) 0(6) C(36) C(37) 

11 0.5(2) 

C(36) C(37) C(38) 109.3(2) C(37) C(38) C(39) 

111.0(2) 

C(35) C(39) C(38) 110.4(2) C(35) C(39) C(40) 

110.5(2) 

C(38) C(39) C(40) 113.5(2) N(2) C(40) C(39) 

107.0(2) 

N(2) C(40) C(41) 111.2(2) C(39) C(40) C(41) 

112.2(2) 
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C(40) C(41) C(42) 120.2(2) C(40) C(41) C(SO) 

121.0(2) 

C(42) C(41) C(SO) 118.8(2) C(41) C(42) C(43) 

121.8(2) 

C(42) C(43) C(44) 122.4(2) C(42) C(43) C(48) 

118.9(2) 

C(44) C(43) C(48) 118.6(2) C(43) C(44) C(45) 

121.1(2) 

C(44) C(45) C(46) 120.2(2) C(45) C(46) C(47) 

120.9(2) 

C(46) C(47) C(48) 120.1(2) C(43) C(48) C(47) 

119.0(2) 

C(43) C(48) C(49) 118.3(2) C(47) C(48) C(49) 

122.7(2) 

C(48) C(49) C(SO) 121.5(2) C(41) C(SO) C(49) 

120.7(2) 
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Chapter 3. Intramolecular Inverse Electron Demand 

Diels-Alder (IEDDA) Reactions of Coumarin-fused 2-

Azadienes 

3.1 Introduction 

A large number of biologically active natural products and drugs have polycyclic 

structures. The synthesis of such systems usually requires at least one key cyclization 

event, which is often accompanied by the generation of one or more tereogenic centers. 1 

In most ca es, cyclization is a key step in the synthesis of such molecules, especially if 

the molecule is chiral. Therefore, predictable control over the regia- and stereoselectivity 

of the cyclization step is of paramount importance. As is evident from numerous 

examples in the literature,2 the Diels-Aider reaction can be performed predictably with 

high levels of regia- and stereochemical control. Further advantages are it very broad 

scope and functional group tolerance. 

Logically, if the reacting partners of a Diels-Aider reaction, i.e. a diene and a 

dienophile, are constrained to be in a single molecule by a tether, the Diels-Alder reaction 

allows the formation of more than one ring in a single step. Thi variant of the Diets

Alder reaction is termed as the intramolecular Diels-Alder (IMDA) reaction. As shown 

in Scheme 3.1, compounds having various polycyclic skeleta can potentially be accessed 

via the IMDA reaction. 
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SCHEME 3.1 Synthesis of Polycyclic Structures via the IMDA Reaction 

(4+ 2] 

1 2 

Few other methods provide such rapid access to these kinds of polycyclic structure .3 

Depending upon the structural constraints, enhanced (or reversed) regio- and 

stereoselectivity can be expected in the IMDA reaction.4 Also, the IMDA reaction, like 

any other intramolecular reaction, benefits from an entropic advantage a compared to the 

corresponding intermolecular reaction and thus can often be performed under milder 

reaction conditions. 

The first example of an intramolecular Diels-Aider reaction appears to be an 

unpublished result quoted by Alder and Schumacher in 1953,4 in which 1 ,4-pentadiene 

(3) and dimethylacetylenedicarboxylate (4) were reported to afford bicyclo[4.1.0]heptane 

derivative 6, via an in situ-generated ene adduct 5 (Scheme 3.2). In the beginning of the 

early 1960s, some isolated examples of IMDA reactions were published.5 However, it 

was not until the reports by Brieger (attempted synthesis of longifolene 9) (Scheme 3.3),6 

Klemm (synthesis of y-apopicropodophyllin 16) (Scheme 3.4)7 and Oppolzer (synthesis 

of chelidonine 20) (Scheme 3.5)8 that the IMDA reaction started to gain a more 

prominent place in the field of synthesis. Since then, many spectacular examples of the 

application of the IMDA reaction to complex synthetic targets have been documented.9 

A particularly impressive example is Shair's dual Diels-Alder-based strategy during the 

synthesis (-)-longithorone A.9
c 
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SCHEME 3.2 The First IMDA Reaction 

COO Me 

c II 
ene 

+ 
reaction 

COO Me 
[

(l(COOMej-IMD-A dCOOMe 

- COOMe COOMe 

3 4 5 6 

SCHEME 3.3 Attempted Synthesis of Longifolene (9) by Brieger 

_______ _.,. 

OH 

8 9 longifolene 

7 

11 

In Chapter 2, the Povarov reactions of a series of in situ-generated coumarin-

fused 2-azadienes were described. The key step of these Povarov reactions is an IEDDA 

reaction. In its one-pot version (multi-component reaction), this reaction affords tri- or 

tetrayclic heterocycles. The possibility of extending this to an intramolecular variant was 

attractive due to the potential of forming structurally more complex products in one 

operation. 
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SCHEME 3.4 Total Synthesis of rac-y-Apopicropodophyllin (16) by Klemm et al. 

12 

IMDA 

OMe 

+ 0~oMe 
Na~ 

OMe 

DMF, reflux 

tautomerization 

14 

16 r ac-y-apopicropodophyllin 

SCHEME 3.5 Total Synthesis of dl-Chelidonine (20) by Oppolzer et al. 

IMDA 

17 18 

5 steps 
- 0 -<a 

19 20 d/-chelidonie 
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3.2 Results and Discussion 

3.2.1 Type 1 and Type 2 IMDA Reactions 

There are two ways to connect a diene and a dienophile for an IMDA reaction. 12 

When the diene and dienophile are connected at a terminal position of the diene (C-1 or 

C-4), a fused bicyclic (or polycyclic) compound is usually the product. This type of 

IMDA is called a Type 1 IMDA reaction. On the other hand, if the diene and dienophile 

are connected through C-2 or C-3 of the diene, bridged bicyclic ring systems are formed 

(Scheme 3.6). This variant is referred to as a Type 2 IMDA reaction. 12 For the study of 

IMDA reactions of coumarin-fused 2-azadienes, attention was focused exclusively on 

Type 1 IMDA reactions. 

SCHEME 3.6 Type 1 and Type 2 IMDA Reactions 

(7 Type 1 a IMDA 

21 22 

8 Type2 8 IMDA 

23 24 

3.2.2 Exploratory Studies on Intramolecular Povarov Reactions 

Based on the previous findings (Chapter 2) that 3-aminocoumarin (25) condenses 

with aromatic aldehydes in situ and the resulting 2-azadienes undergo a Povarov reaction 
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in the presence of an electron rich alkene and catalytic amount of Yb(0Tf)3, it was 

envisioned that aldehyde derivatives of the general structure 26 might give rise to 

intramolecular Povarov reactions upon reaction with 3-aminocoumarin (25) to afford 

pentacyclic products 28 (Scheme 3.7). 

SCHEME 3.7 Povarov Reaction between 3-Aminocoumarin (25) and Aldehyde 26 

Having a Pendant Dienophile 

~NH2 

~oAo 
25 

28 

rx~ 
~~(

~N 

~oAo 
27 

For initial studies, 2-(allyloxy)benzaldehyde (29), 13 which was prepared in 87% 

yield by the 0-alkylation of salicylaldehyde with allyl bromjde in the presence of 

anhydrous K 2C03, was chosen. Enal 29 was then reacted with 3-amjnocoumarin (25) in 

the presence of 5 mol% Yb(OTf)3. No reaction was evident at room temperature (tic 

analysis). This was not surprising because the C=C bond in the allyl group is electron 
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neutral and would therefore not be expected to easily take part in an IEDDA reaction, 

even an intramolecular one. However, upon heating for 19 hours at reflux, three new 

products were isolated along with 23% recovery of 3-aminocoumarin (25) (Scheme 3.8). 

SCHEME 3.8 Reaction of 3-Aminocoumarin (25) with 2-(Ailyloxy)benzaldehyde (29) 

ce
o~ 

~Nr2 ____ -=2~9 __ c_r_o ____ _ 
J~ 

~0A0 5 mol% Yb(OTflJ , 
25 Cf-i 3CN, reflux, 19 h 

~N 

~oAo 
30 

17% 

J~ 
+ ~f\r + 

~oAo 
32 

39% 19% 

0 

One of these new products was determjned to be the Povarov adduct 31, which is 

the product of an endo transition state in the (formal) IEDDA step of the Povarov 

reaction. The relative stereochemistry of 31 was established based on its lD and 2D 

NMR spectra. In the 1H NMR spectrum, H-7a appeared as a singlet (instead of a 

doublet), presumably due to a very small coupling constant with the cis proton H-13a. 

The other two products were assigned to structures 32 and 33. Compound 33 is an 

oxidized (dehydrogenated) version of 31 while 32 is a reduced form of the in situ-

generated imine 30. Thjs suggested that these two products were formed as a result of 
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transfer hydrogenation from Povarov adduct 31 to the in situ-generated imine 30. The 

observed ratio of 2:1 for the yields of 32 and 33 is consi tent with this notion. 

Interestingly, such transfer hydrogenations during Povarov reactions of aniline-derived 

azadienes were reported very recently. 14 Although the Povarov adduct was isolated in 

only 17% yield, this result was encouraging, especially con idering that the double bond 

in the allyl group is not a very good dienophile for the IEDDA reaction. 

On the basis of the above finding, it was anticipated that the employment of an 

alkyne-containing side chain as a dienophile for the intramolecular IEDDA reaction 

would more easily afford 33 because the Povarov adduct would only need to lose two 

hydrogen atoms to form the aromatized product. In this vem, 2-

(propargyloxy)benzaldehyde (34) 15 was reacted with 3-amjnocoumarin (25). Very slow 

progress of the reaction was observed (tic analysis). 3-Aminocoumarin (25) was 

recovered (I 9%) after heating the reaction mjxture in acetonitrile for 9 days. 

Nevertheles , the aromatized product 33 was isolated in 47% yield (Scheme 3.9). As 

anticipated, the aromatized product 33 was isolated in a better yield (47%) as compared 

to the first reaction involving an allylic double bond as a dienophile. However, no 

reduced product corresponding to 32 was isolated, which may indicate that the oxidation 

of 36 occurs by some other mechanism. 

The slow rate of this reaction may be also attributed to the electron neutral nature 

of the dienophile. Of course, IEDDA reactions proceed more easily with electron rich 

dienophiles. Thus, it was speculated that the activation of the alkynic dienophile by the 

introduction of a phenyl group at the terminal position of the dienophile might result in a 
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SCHEME 3.9 Intramolecular Povarov Reaction between 25 and 34 

~0 

O~CX) 
~~r2 ______ ~3~4~----
~0A0 E mo% Yb(OTfb 

25 Cr 3CN ref ux sa 
47% 

36 

;;a 
CCX

~ 

0 0 
35 

33 

faster reaction. In this vein, an aldehyde 42 having an alkyne-containing side chain was 

synthesized (Scheme 3.10). The synthesis of this aldehyde commenced with a 

Sonogashira reaction between bromobenzene (37) and propargyl alcohol (38) to afford 

compound 39 in 73% yield. 16 Ynol 39 was then converted into bromide 40 upon 

treatment with CBr,JPPh3• 
17 The crude bromide was used for the next step without 

purification. 0-Aikylation of salicylaldehyde (41) with crude bromide 40 smoothly 

afforded aldehyde 4218 in 72% yield (over 2 steps) . 

No reaction was observed at room temperature when aldehyde 42 was stirred with 

3-aminocoumarin (25) in the presence of 10 mol% Yb(OTf)3 for 3 hours. However, 

heating 42 and 25 at reflux, resulted in the fonnation of a new product (tic analysis). The 

reaction was stopped after 48 hours of reflux. Although the starting materials 25 and 42 

had not been fully consumed, tic analysis indicated that byproducts were becoming more 

216 



abundant. The aromatized product 43 was isolated in 43% yield by column 

chromatography along with 27% of the starting material 3-aminocoumarin (25) (Scheme 

3.10). 

SCHEME 3.10 Intramolecular Povarov Reaction between 42 and 25 

~QH __ 1_0_rr_a_o_Yo_C_u_l____ o _H_P_P_h_3_C_B_r4 ___ ~ Br 
5 rro% Pd(PPh3)4 ~ ~ 

H20 70 cc CH2C 2 rt 1 h h 

37 3a pyrro d ne 73% 39 40 

HO.X) 

~ 
o::ci\H2 

OHC ~ I 
0 0 

41 25 
o.X) K~C03 acetone 10 rro% Yb(OTf)3 

ref ux 3 h OHC CH3CN ref ux 72 h 
72% for 2 steps 43% 

42 43 

During the investigations on the intermolecular Povarov reactions, styrenes were 

found to react with the preformed coumarin-fused 2-azadienes at room temperature with 

good/satisfactory levels of endo/exo selectivity.19 This prompted the investigation of 

styrene derivatives in the intramolecular version of the reaction. In this vein, 2-

(cinnamyloxy)benzaldehyde (45) was prepared by the 0-alkylation of salicylaldehyde 

(41) with cinnamyl bromide 44.20 

When 2-(cinnamyloxy)benzaldehyde (45) was reacted with 3-aminocoumarin 

(44) in the presence of 5 mol% Yb(OTf)3 in acetonitrile, the exo diastereomer of the 

Povarov adduct 46 was formed in 56% yield (Scheme 3.11). More interestingly, this 

reaction proceeded at room temperature in 1 hour. The yield could be improved to 85% 
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by using 10 mol% catalyst. In an analogous fashion to that of the intermolecular Povarov 

adducts (Chapter 2), the relative stereochemistry of 46 was assigned based on standard 

ID and 2D NMR experiments. The magnitude of the coupling constants between H7a-

H 13a (11.1 Hz) and HwH13a (11.0 Hz) were used as key indicators of the relative 

stereochemistry. 

SCHEME 3.11 Povarov Reaction between 45 and 25 

HO~ 

OHC,V 

41 

Br~ 
44 v 

K:;C0 2 ace1one 
reflux, 2 h, 91% 

~NH:; 

~oAo 
25 

Yb(OTfb CH2CN 
r1, 1 h 

46 

~ 
~0~ 

OHC~ 
45 

Traces of what appears to be the other diastereomer (endo) could be detected in 

the 1H NMR of the crude reaction mixture. However, attempts to isolate it by flash 

chromatography failed. This reaction also had the practical advantage that the major 

Povarov adduct (exo diastereomer) precipitated as the reaction progressed. Therefore, the 

product could be isolated by simple suction filtration of the reaction mixture after the 

starting 3-aminocoumarin (25) was totally consumed (tic analysis). 

It was envisaged at this stage that the application of 2-formylphenyl cinnamate 
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(48) in the intramolecular Povarov reaction with 3-aminocoumarin (25) would result in 

the formation of a product that would contain a new dihydrocoumarin moiety (Scheme 

3.12). Therefore, 2-formylphenyl cinnamate (48) was prepared (90%) from 

salicylaldehyde (41) and trans-cinnarnic acid (47) using slightly modified literature 

conditions.21 

As anticipated for an electron deficient dienophile, the reaction of 2-formylphenyl 

cinnamate (48) with 3-arninocoumarin (25) did not show any signs of progress at room 

temperature. After heating the reaction mixture at reflux for 60 hours, some conversion 

was observed (by tic analysis) and a white solid was obtained by suction filtration of the 

crude reaction mixture. The 1H NMR spectrum of this product was complicated due to 

the apparent presence of more than one compound. Nevertheless, it clearly showed the 

presence of signals corresponding to the expected exo Povarov adduct 49. The 

characteristic signals in the 1H NMR spectrum were 5.56 (s, IH), 4.99 (d, J = 10.0 Hz, 

lH), 4.45 (d, J = 10.9 Hz, IH) and 3.18 (m, 1 H). This white product was insoluble in 

common organic solvents and hence could not be purified. LC/MS analysis of this 

product showed a molecular ion peak (mlz = 395) corresponding to the expected Povarov 

adduct 49. 
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SCHEME 3.12 Attempted Intramolecular Povarov Reaction between 48 and 25 

0 
roY'I1 

OHCN 
31 

+HO~ 

~Nr2 

~("\~ 
250 0 _________________ ..,. 

'0 mo% Yb(OTfb 
CH3CN ref ux 60 h 

47 

_o_c_c_o_M_A_P __ ~oY'I1 
rt 3 h 90% 0 N 

48 OrC 

The introduction of electron donating substituents on the phenyl ring in the 

cinnamoyl unit would be expected to assist the participation of this dienophile in the 

Povarov reaction and possibly enhance the solubility of the product. Therefore, 2,3-

dimethoxycinnamic acid (50)22 was converted into its salicylyl e ter (51) upon reaction 

with salicylaldehyde (41) in the presence of DCC and DMAP. However, ester formation 

was very slow. No reaction was evident at room temperature for 2 hours. The starting 

materials were not totally consumed (tlc analysis) even after heating the reaction mixture 

for 28 hours at reflux. Only 18% yield of the desired product 51 was achieved along with 

the 61 % recovery of salicylaldehyde (41). This result is not surprising, considering that 

the lone pairs of the ortho-situated methoxy group are conjugated with the carbonyl 

group, which attenuates its electrophilicity. Nevertheless, a sufficient quantity of the 

ester 51 was obtained for subsequent study (Scheme 3.13). 

Disappointingly, however, the presence of the methoxy groups did not appear to 

have any beneficial effect on the attempted Povarov reaction. The reaction again did not 
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show any signs of progress at room temperature. After heating at reflux for 72 hours, 

traces of a new product were observed (tic analysis). Steric crowding due to the two 

methoxy groups may also account for the poor reactivity of this dienophile. The 

insoluble white product was isolated by suction filtration and it showed a molecular ion 

peak (mlz = 455) and signals in the 1H NMR spectrum { 4.75 (d, J = 10.0 Hz), 4.44 (d, J = 

10.0 Hz and 3.39 (br, m)} that are consistent with the Povarov adduct 52. However, due 

to solubility problems, this product could not be isolated in a pure form. 

SCHEME 3.13 Attempted Intramolecular Povarov Reaction between 51 and 25 

0 

HOY'Il +HO~ 
01-CN MeO~ 

rl 0 
DCC DMAP MeO~ Y) 
rt 24 h then OMe 

0
01-C~ 

ref ux 24h '8% 
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~NH2 

~A~ 
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·---------------- ~ 

'0 mo% Yb(OTfb 
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-0
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MeO ''·· 
MeO 

"':: 

3.2.3 Scope of Intramolecular Povarov Reactions 

51 

The reaction between 3-aminocoumarin (25) and 2-(cinnamyloxy)benzaldehyde 

(45) offers three points of diversity, i.e. the carbocyclic ring of the coumarin unit, the 

aromatic ring of the aldehyde unit that connects the dienophile to diene and the 

dienophile. Thus, a smal l library of pentacyclic heterocycles could potentially be formed 

221 



by a simple sequence of reactions. In order to make progress toward this objective, a 

variety of 3-aminocoumarins with different substituents on the carbocyclic ring of 

coumarin were required. Also, a set of cinnamyl bromides for reactions with various 

salicylaldehyde derivatives was desired to form the dienophile-tethered aromatic 

aldehydes. 

Although commercially available, the parent cinnamyl bromide (44) could be 

prepared from less expensive cinnamyl alcohol,23 which, in turn, could be obtained easily 

from ethyl cinnamate upon reduction with DIBAL-H. Similarly, other cinnamyl 

bromides (Ar = 4-bromophenyl24 and 4-nitrophenyl25
) were prepared from the 

corresponding aldehydes 53 and 54 in three steps using the published methods? 4
•
25 

Salicylaldehyde (41) was 0-alkylated upon reaction with the cinnamyl bromides 53 and 

54 in the presence of anhydrous K2C03 in refluxing acetone in good yields (81 % and 

67%, respectively) (Scheme 3.14). 

SCHEME 3.14 Synthesis of 2-(Cinnamyloxy)benzaldehydes 55 and 56 

(YCrO 

~Oh 
Ar~Br --41

--
K2C03, acetone 

reflux 

53 Ar = 4-BrCeH4 

54 Ar = 4-(N02)Cef-! 4 

55 Ar = 4-BrCeH4, R1 = H, 81% 

56 Ar = 4-(~02 )Cef-!4 , R1 = H,67% 
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As with the reaction involving aldehyde 45 (Scheme 3.11), the reaction between 

3-aminocoumarin (25) and aldehyde 55 proceeded smoothly at room temperature. A 

precipitate formed immediately after the addition of Yb(OTfh to a solution of 3-

aminocoumarin (25) and aldehyde 55 (R = Br). After 2 hours of reaction, the precipitate 

was isolated by suction filtration in 84% yield and determined to be the exo diastereomer 

57 arising from an intramolecular lEODA reaction (Scheme 3.15). The 1H NMR 

spectrum of the filtrate did not show the presence of any signals expected for the endo 

diastereomer. The reaction took 2 hours for complete consumption of 3-aminocoumarin 

(25), whereas the parent reaction (R = H) was complete after 1 hour at room temperature. 

The slightly longer reaction time can be attributed to the-/ effect of the bromo group in 

4-position of the phenyl ring, which would be expected to destabilize any developing 

positive charge at the benzylic carbon at the transition state. 

SCHEME 3.15 Intramolecular Povarov Reaction between 25 and 55 

Br~ 

((Xt\f-!2 ~0:0 
+ I 

0 0 Of..!C ~ 

BrY') 

~''·· 

rt 2 h S4% 

25 55 57 

Based on this result, it was anticipated that the aldehyde 56 (R = N02), if 

subjected to similar reaction conditions, would take a much longer time for the reaction 

to run to completion. Indeed, this reaction took 5 days at room temperature for the 

complete consumption of the starting 3-aminocoumarin (25). The fact that this reaction 
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occurs at all at room temperature is a testament to the power of the IMDA reaction. 

Again, only the exo diastereomer 58 was isolated (Scheme 3.16). A single crystal X-ray 

structure determination for 58 confirmed that the NMR-based assignments of the relative 

stereochemistry were correct (Fig. 3.2). Traces of what appeared to be the endo 

diastereomer were observed in 1H NMR spectrum of the crude reaction mixture, but this 

product could not be isolated by flash chromatography. 

SCHEME 3.16 Intramolecular Povarov Reaction between 25 and 56 

rt 5 c 72% 

25 56 58 

refux '6 h 4S% 0 

25 56 58 

When the reaction was repeated at reflux in acetonitrile, the reaction was 

complete after 16 hours (Scheme 3.16). However, a lower yield (49%) of the exo 

diastereomer was obtained and a complex mixture of other products formed. Having 

already prepared a variety of 3-aminocoumarins (Chapter 1), these compounds were then 

employed m the intramolecular Povarov reactions with variOus 2-
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(cinnamyloxy)benzaldehyde derivatives. The parent 2-(cinnamyloxy)benzaldehyde (45) 

was chosen for the initial set of reactions. All of the reactions proceeded smoothly at 

room temperature to afford the corresponding exo diastereomers in good yields (78-87%) 

and excellent diastereoselectivity (<5 :>95) (Table 3.1). 

u ___ _ 

FIGURE 3.1 Pov-ray Representation of 58 
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TABLE 3.1 Intramolecular Povarov Reactions between 59 and 45 

~ 
~((X_) ~ NH2 ~O:o Yb(OTfb, CH3CN I + I Product 
7~ 0 0 OHC ~ rt, 0.5-2 h, 78-87% 

8 
59 45 

Entry R Product Yield a, 

OY') 

··''0 
87 

60 

2 

61 

3 6-Br Br 78 

63 

4 82 

64 

5 86 

a endo/exo ratio <5:95, deterrnined by 1H NMR analysis of the crude mixtures. b Isolated yields. 
c Additiona lly, 62 was isolated in 2% yield. 
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62 

FIGURE 3.2 Side product 62 from Intramolecular Povarov Reaction between 59 (R = 6-

0Me) and 45 

All of these reactions had the practical advantage that the exo diastereomer has 

low solubility in acetonitrile. Only on one occasion were small amounts of two minor 

products i olated by flash chromatography of the filtrate (Entry 2, Table 3.1) in small 

quantities. One of these products was an isomer of 53 (by LC/MS analysis), presumably 

the product arising from an endo transition state. The 1H NMR and mass spectra of the 

other product showed signals consistent with the aromatized product 62. This product 

was isolated in 2% yield (Figure 3.2). It was characterized by 1H NMR spectrum, IR and 

mass spectrometry. 13C NMR spectrum of this compound could not be obtained due to 

its poor solubility in common organic solvents. 

Two other 2-(cinnamyloxy)benzaldehyde derivatives 68 and 69 were then 

prepared by reacting substituted salicylaldehydes 66 and 67 (R = 3-0Me and 5-Br, 

respectively) with cinnamyl bromide (44) under the alkylation conditions used previou ly 

for simil ar substrates. The resulting aldehydes 68 and 69 were then employed in Povarov 

reactions with 3-aminocoumarin (25) and exo adducts 70 and 71 were obtained in 89% 

and 69% yield, respectively (Scheme 3.17). Enal 68, was reacted with a variety of 3-
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aminocoumarins (Table 3.2) to afford a series of pentacyclic heterocycles (72-76) in good 

yields (75-86%). These reactions were usually complete within 1 hour. Thus, in a short 

period of time, several pentacyclic heterocycles were prepared using solution phase 

chemistry. 

SCHEME 3.17 Synthesis of 70 and 71 

HOY'IJ 

OHC~~R 
66, R = 3-0Me 

67, R = 5-Br 

Br~ 
44 ~ 

K2C03, acetone, 
reflux, 3-5 h 

Yb(OTfb, CH3CN 
rt, 1-2 h, 69-89% 

~ 
~0~ 

OHC~~ R 
68, R = 3-0Me 

69, R = 5-Br 

70, R = 3-0Me 

71, R = 5-Br 
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TABLE 3.2 Intramolecular Povarov Reactions between 59 and 68 

5 
Rro..., ,, NH2 
s- I " + 

7~ 0 0 

n OCH3 

~0~ Yb(OTf)s, CH3CN 

OHCAJ rt, 0.5-1 h, 75-86% 

68 
8 

59 

Entry R Product Yielda,t 

:6"' 
6-CH3 ~ 1 84 

H3C NH 

I 
0 0 

72 

:6"' 
~ 2 6-0CH3 85 

H3CO NH 

I 
0 0 

73 

~H, 
3 6-Br 75 

Br NH 

I 
0 0 

74 

:6"' 
~ 4 6-N02 78 

0 2N NH 

I 
0 0 

75 

:6"' 
~ 5 8-0CH3 86 

02N NH 

I 
0 0 

76 

Product 

"endo/exo ratio <5:95 , determined by 1H NMR analysis of the crude mixtures. 
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In all of the above examples, two new rings (both six-membered) were formed. 

Clearly, the length of the tether determines the size of the ring that i fused with the 

newly formed N-containing six-membered ring. An aldehyde having a shorter or longer 

tether (than the one studied so far), connecting the dienophile, was de ired in order to test 

whether the length of the tether has a significant effect on the rate, yield and/or selectivity 

of the intramolecular Povarov reaction of coumarin-fused 2-azadienes. A pyrrole-based 

aldehyde 77,27 being available in the Bodwell laboratory, was selected as the nitrogen 

atom of the pyrrole system provides a handle for incorporating a cinnamyl tether. 

Careful investigation (Table 3.3) showed that selective N-alkylation of the aldehyde 77 

could be performed by reacting it with cinnamyl bromide (44) in the presence of NaH in 

DMF at room temperature in 64% yield. 

TABLE 3.3 Synthesis of78 

~Br CHO 

-~~~ 
conditions H,C~ 

78 0 
Entry Reaction conditions Yield (%t 

I KOH, CH2Cb, reflux, 72 h 10 

2 NaH, THF, reflux, 4 h 16 

3 KOH, DMF, rt, 24 h 33 

4 NaH, DMF, 0 °C, 2 h 64 

a Isolated yields 
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SCHEME 3.18 Povarov Reaction between 25 and 78 

0 

~NH2 -PCHO 
~,....A -7 N Yb(OTfb, CH3CN 

0 0 + H
3
c - ~ reflux, 18h,49% 

25 O,o U 78 79 

When subjected to the typical Povarov reaction conditions with 3-aminocoumarin 

(25), slow consumption of the starting materials was observed with the concomitant 

appearance of a major new compound. After stirring for 6 hours at room temperature, the 

reaction mixture was heated at reflux for 18 hours. Interestingly, compound 79, which 

has all-cis stereochemjstry, was formed in this reaction (Scheme 18). The all-cis relative 

stereochemjstry was assigned based on standard I D and 2D experiments (COSY, 

HMQC, HMBC). Thus, a [6,5,5] fused ring system could be prepared in a one-pot 

reaction from 3-aminocoumarin (25) and ketoaldehyde 78. Clearly, the stereochemical 

outcome of this intramolecular Povarov reaction is different from those discussed 

previously. The fact that the trans relationship between the substituents on the dienophile 

is not maintajned jn the product points towards a stepwise mecharusm. Presumably, the 

concerted pathway is disfavoured by the build-up of strajn in the developing trans-[6,5] 

ring system. 

23 1 



3.3 Conclusion 

In conclusion, a concise and highly diastereselective synthesis of functionalized 

pentacyclic heterocycles has been achieved using Povarov reactions involving an 

intramolecular IEDDA step. The insolubility of the exo (major) diastereomer in the 

reaction medium allows easy isolation and thus a very rapid access to a diverse set of 

pentacyclic heterocycles. For the most part, this study has utilized a four-atom tether and 

the major product is an isomer arising from an exo transition state for the intramolecular 

IEDDA reaction. The presence of a shorter tether (three atoms) results in a change in the 

stereochemical outcome of the reaction, which may be due to a change in mechanism. 
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3.4 Experimental 

3.4.1 General Methods 

All reactions were carried out without inert gas protection, unle s otherwise 

mentioned. THF was dried and distilled over sodiumlbenzophenone. All other 

chemicals, including solvents, were u ed as received, without further purification. Thin 

layer chromatography (tic) was performed on MN PolyGram precoated silica gel plates 

using 254 nm UV visualization. Flash chromatography was performed on silica gel 

columns. Melting points were recorded on Fisher-Johns apparatus and are uncorrected. 

All proton and carbon assignments are based on 2D experiments (COSY, HMQC, 

HMBC). 1H and 13C NMR spectra were recorded on Bruker A VANCE pectrometer at 

500.133 MHz and 125.770 MHz, respectively. Peaks reported are relative to internal 

standards: TMS (8 = 0.00) for 1H and CDCh (8 = 77.23), CD2Ch (8 = 54.00) or DMSO

d6 (8 = 39.51) for 13C spectra. Reported multiplicities are apparent. Infrared spectra were 

obtained on Bruker Tensor 27 instrument using neat samples. Low-resolution mass 

spectra were obtained using using Agilent 1100 series LC/MS chromatographic system 

and high-resolution mass spectra were obtained using Water GCT Permier Micromass 

mass spectrometer.using neat samples. X-ray crystal structure was obtained on AFC8-

Saturn single crystal X-ray diffractometer by David Miller, C-CART. 
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3.4.2 General Procedures 

3.4.2.1 General Procedure 3-A 

To a solution of 3-aminocoumarin in acetonitrile ( -0.1 M solution) was added 

enal (1.05 equiv) and Yb(0Tf)3 (10 mol%) at room temperature. The resulting rrtixture 

was stirred at room temperature or heated at reflux as specified until complete 

consumption of the starting material (3-aminocoumarin) was observed by tic analysis. 

The resulting slurry was subjected to suction filtration and the solids were washed with 

cold acetonitrile and air-dried to afford the product. The filtrate was subjected to flash 

chromatography depending upon the result of LC/MS analysis. 
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- - ---------------

3.4.3 Synthesis and Characterization for Individual Compounds 

3-(2-Allyloxybenzylamino)chromen-2-one (31), (7aS*, 13aR*)-5,6,7,7a,12,13,13a,14-

Octahydro-5,12-Dioxa-7 -azadibenzo[a,h ]anthracen-6-one (32) and 5,6,12,13-

Tetrahydro-5,12-dioxa-7 -azadibenzo[a,h ]anthracen-6-one (33) 

0 6' 

s'( ""Y')s· 
10'~ 9'~4' 

5 NH 6~1' 
~~0 8 

31 I 

To a clear, colorless solution of enal 29 (0.087 g, 0.54 mmol) in acetonitrile (5.0 

mL) was added 3-arninocoumarin (25) (0.082 g, 0.5 1 mmol) at room temperature 

followed by the addition of Yb(OTf)J (0.0 16 g, 0.026 mmol). The clear, colorless 

solution turned into a clear yellow solution instantaneously. The reaction mixture was 

stirred at room temperature for 3 h and then heated at reflux for 19 h. The solvent was 

removed under reduced pressure and the yellow residue wa subjected to flash 

chromatography (0-10% ethyl acetate/petroleum ether) to afford 31 (0.061 g, 39%) as a 

pale yellow gum, 32 (0.026 g, 17%) as an off-whi te solid, 33 (0.029 g, 19%) as a whi te 

solid and recovered 25 (0.014 g, 17%) as an off-whi te solid. 

31: OH(CDCh) = 7.29-7.24 (m, 4H), 7.22-7.1 5 (m, 2H), 6.95-6.90 (m, 2H), 6.38 (, lH, 

H-4), 6.13-6.06 (m, 1H, H-9 '), 5.44 (dd, J = 16.8, 1.3 Hz, lH, H-10 ' trans to H-9 '), 5.36 
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(br s, lH, H-1 '), 5.31 (dd, J = 10.8, 1.7 Hz, 1H, H-10' cis to H-9 '), 4.62 (dd, J = 3.6, 1.8 

Hz, 2H, H-2 '), 4.43 (d, J = 5.6 Hz, 2H, H-8') ppm; 8c(CDCh) = 159.9 (C-6), 156.5, 

148.1, 133.3, 133.2, 128.94, 128.89, 125.8, 125.2, 124.7, 122.0, 121.0, 117.8, 116.2 (C-

4), 111.9, 105.5, 69.0 (C-2'), 42.7 (C-8') ppm; IR V= 3412 (w), 1705 (s), 1627 (m), 1602 

(w), 1574 (w), 1504 (m), 1456 (m), 1355 (w), 1287 (m), 1239 (m), 1167 (m), 1117 (w) 

em-'; MS m/z (relative intensity)= 308 (M++1, 21), 147 (M+-160, 100); HRMS [M+] 

calcd for C 19H17N03 307.1208 found 307.1211. 32: mp = 212-214 oc (ethyl 

acetate/hexanes); 8H(CDCI3) = 7.38-7.37 (m, JH), 7.29-7.25 (m, 3H), 7.24-7.21 (m, 2H), 

6.93 (t, J = 7.0 Hz, IH), 8.87 (d, J = 8.0 Hz, I H), 5.07 (s, IH, H-7), 4.53 (s, 1H, H-7a), 

4.22-4.14 (m, 2H, H-13), 3.03 (dd, 1= 18.3, 6.8 Hz, 1H, H-14~), 2.72 (dd,l= 18.5, 4.5 

Hz, lH, H-14a), 2.68-2.64 (m, I H, H-13a) ppm; 8c(CDCI3) = 158.3 (C-6), 153.9, 148.1, 

129.9, 129.1, 126.5, 126.2, 124.8, 122.6, 121.5, 121.3, 121.1 , 117.1, 116.7, 114.6, 66.7 

(C-13), 47.5 (C-7a), 28.7 (C-14), 22.8 (C-13a) ppm; IR V= 3331 (m), 1701 (s), 1612 (w) 

1578 (m), 1501 (w), 1484 (m), 1469 (w), 1431 (m), 1339 (w), 1322 (w), 1289 (m), 1255 

(m), 1232 (m), 1195 (s), 1127 (w), 1074 (w), 1029 (m), 1009 (w) cm-1; MS m/z (relative 

intensity)= 307 (M++2, 21), 306 (M++1, 100), 304 (14), 302 (72), 174 (17); HRMS [M+] 

calcd for C, 9H1sN03 305.1052 found 305.1048. 33: mp = 222-224 °C; 8H(DMSO) = 8.79 

(s, 1H), 8.30 (m, 1H), 8.24 (dd, J = 7.6, 1.0 Hz, 1H), 7.64-7.61 (m, 1H), 7.48-7.46 (m 

3H), 7.21 (t, J = 8.0 Hz, 1H), 7.07 (d, J = 8.0 Hz, 1H), 5.50 (s, 2H) ppm; 8c(DMSO) = 

157.9 (C-6), 156.6, 150.5, 149.1, 137.3, 132.6, 132.1, 131.2, 130.8, 127.6, 124.8, 123.8, 

122.6, 121.6, 117.3, 117.1, 116.9, 67.2 (C-13) ppm; IR v= 1742 ( ), 1608 (m), 1509 ( ), 
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1432 (m), 1339 (s), 1177 (w), 1026 (s) cm-1; MS m/z (relative intensity) = 303 (M+ +2, 

23), 302 (M++l, 100); HRMS [M+] calcd for C19H11N03 301.0739 found 301.0741. 

5,6,12,13-Tetrahydro-5,12-dioxa-7 -azadibenzo[a,h ]anthracen-6-one (33) 

II 

-:? 110 
:::::-..._ 9 

8 

To a clear, colorless solution of 3-aminocoumarin (25) (0.161 g, 1.00 mmol) in 

acetonitrile (10.0 mL) was added aldehyde 34 (0.168 g, 1.05 mmol) followed by 

Yb(OTt)3 (0.031 g, 5 mol%). The reaction mixture was heated at reflux for 9 d, during 

which time the reaction mixture became a yellow suspension. After cooling to room 

temperature, the reaction mixture was subjected to suction filtration and the solids were 

washed with cold dichloromethane and air-dried to afford 33 as a yellow solid (0.111 g, 

37%). The filtrate was concentrated and purified by flash chromatography on silica gel 

(20% ethyl acetate/ light petroleum ether) to afford a second batch of 33 (0.029 g, 10%) 

as an off-white solid and recovered 3-aminocoumarin (25) (0.030 g, 19%) as an off-white 

solid. Combined yield of 33 = 0.140 g (47%). 
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14-Phenyl-5,6,12,13-tetrahydro-5,12-dioxa-7 -azadibenzo[a,h ]anthracen-6-one ( 43) 

To a clear, colorless solution of 3-aminocoumarin (25) (0.081 g, 0.50 mmol) in 

acetonitrile (5.0 mL) was added ynal 42 (0.1 25 g, 0.525 mrnol) and Yb(OTf)3 (0.031 g, 

10 mol%). The resulting yellow suspension was stirred at room temperature for 3 h. The 

reaction mixture was then heated at reflux for 72 h. The mixture was cooled to room 

temperature. The precipitate was isolated by suction filtration, washed with acetonitrile 

and air-dried to afford 43 as a white solid (0.085 g, 45%). mp = 277-279 oc (decomp); 

oH(CD2Ch) = 8.35 (d, 1 = 7.8 Hz, 1H), 7.55-7.54 (m, 3H), 7.32 (t, 1 = 7.5 Hz, 1H), 7.28-

7.27 (m, 2H), 7.23-7.22 (m, 2H), 7.10 (t, 1 = 7.2 Hz, 1H), 6.88 (d, 1 = 7.7 Hz, 1H), 6.77-

6.72 (m, 2H), 4.94 (s, 2H) ppm; oc(CD2Ch) = 159.3 (C-6), 157.2, 151.6, 150.2, 144.6, 

139.2, 136.8, 133.2, 131.6, 130.9, 130.8, 130.0, 129.5, 128.5, 127.9, 126.3, 124.3, 123.3, 

122.6, 118.3, 118.1 , 117.5, 66.7 (C-13) ppm; MS m/z (relative intensity)= 379 (M++2, 

29), 378 (M++1, 100); HRMS [M+] calcd for C25H 15N03 377.1052 found 377.1049. 
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2-(Cinnamyloxy)benzaldehyde (45) 

~ 

ce
o~ 

CHO 

A mixture of salicylaldehyde (41) (0.54 g, 4.4 mmol), anhydrous K2C03 (0.61 g, 

4.4 mmol), cinnamyl bromide (44) (0.79 g, 4 .0 mmol) and acetone (20 mL) was stirred at 

room temperature under a nitrogen atmosphere for 16 h. The mjxture was subjected to 

suction filtration and the solids were washed with acetone. The filtrate was concentrated 

under reduced pressure and the residue was redissolved in chloroform. The resulting 

solution was washed sequentially with 1 M NaOH solution and brine. The organic layer 

was dried over anhydrous sodium sulfate and the solvent was removed under reduced 

pressure. The residue was crystallized from ethyl acetate/hexanes to afford 45 (0.88 g, 

91 % yield). mp =5 1-52 oc (lit.20 50-51 °C). 8H(CDCh) = 10.57 (s, lH, CHO), 7.85 (dd, 

J = 7.7, 1.8 Hz, I H), 7.55-7.51 (m, 1H), 7.41 (d, J = 7.7 Hz, 2H), 7.34 (t, J = 7.7 Hz, 2H), 

7.28-7.24 (m, lH), 7.05-7.02 (m, 2H), 6.76 (d, J = 15.3 Hz, 1H), 6.42 (dt, J = 15.4, 5.6 

Hz, IH), 4.81 (dd, J = 5.7, 1.5 Hz, 2H) ppm; 8c(CDCb) = 189.9, 161.2, 136.3, 136.0, 

133.7, 128.9, 128.7, 128.4, 126.8, 125.4, 123.6, 121.1, 11 3. 1,69.4ppm. 
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(7aR*, 13aR*, 14S*)-14-Phenyl-5,6,7,7a,12,13,13a,l4-octahydro-5,12-dioxa-7-

azadibenzo[a,h ]anthracen-6-one ( 46) 

3' 4'02' 1 
11' ~ .... ,, 

8 11 

Y')1o 
.. ···~9 

8 

0 

Method 1: To a clear, colorless solution of 3-aminocoumarin (25) (0.040 g, 0.25 mmol) 

in acetonitrile (2.5 mL) was added enal 45 (0.062 g, 0.26 mmol) followed by Yb(0Tt)3 

(0.008 g, 5 mol%). The resulting clear, yellow solution was stirred at room temperature 

for 1 h. The reaction turned into a pale yellow suspension over the course of the reaction. 

The product was i olated by suction filtration and washed with cold acetonitrile to afford 

46 as an off-white solid (0.053 g, 56%). 

Method 2: According to general procedure 3-A, 3-aminocoumarin (25) (0.097 g, 0.60 

mmol), enal 45 (0.15 g, 0.63 mmol) and Yb(0Tt)3 (0.037 g, 10 mol%) afforded 46 as a 

white solid (0.195 g, 85%). mp = 268-269 °C; 8H(CD2Ch) = 7.36 (d, J = 7.7 Hz, lH), 

7.30-7.28 (m, 2H), 7.27-7.26 (m, 2H), 7.25-7.23 (m, 3H), 7.21-7.19 (m, IH), 7.07-7.05 

(m, 1H), 6.98-6.95 (m, 2H), 6.85 (d, J = 7.4 Hz, 1H), 5.49 (s, 1H, H-7), 4.42 (d, J = 11.1 

Hz, 1H, H-7a), 4.36 (dd, J = 10.6, 3.1 Hz, IH, H-13a), 4.11 (t, J = 10.6 Hz, 1H, H-~) , 

3.98 (d, 1= 11.0 Hz, lH, H-14), 2.44-2.39 (m, 1H, H-13a) ppm; 8c(CD2Ch) = 159.1 (C-

6), 154.4, 150.5, 149.0, 142.5, 132.1 , 129.5, 129.4, 129.1 , 126.7, 125.7, 125.5, 124.7, 

124.2, 121.5, 121.2, 120.8, 117.3, 116.7, 66.9 (C-12), 52.0 (C-7), 45.0 (C-13a), 44.0 (C-
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14) ppm; IR V= 3334 (m), 1702 (s), 1618 (w), 1581 (w), 1492 (m), 1475 (w), 1445 (w), 

1347 (m), 1322 (m), 1287 (w), 1252 (m), 1229 (m), 1191 (s), 11 29 (w), 1116 (w), 1074 

(w), 1050 (m), 1028 (w), 1012 (w) cm-1
; MS m/z (relative intensity)= 383 (M++2, 14), 

382 (M+ + 1, 53), 380 (29), 379 (29), 378 (100); HRMS [M+] calcd for C25H19N03 

381.1365, found 381.1371. 

(E)-Cinnamic acid 2-formylphenyl ester ( 48) 

CHO n 
~0~ 
ll)o 

A mixture of salicylaldehyde (41) (0.244 g, 2.00 mmol), trans-cinnamic acid (47) 

(0.445 g, 3.00 mmol), DCC (0.619 g, 3.00 mmol) and DMAP (0.037 g, 0.30 mmol) in 

dichloromethane (5.00 mL) was stirred at room temperature for 3 h. The mixture was 

then diluted with dichloromethane (20 mL) and successively washed with water (2 x 10 

mL), NaHS04 solution (10 mL), saturated NaHC03 solution (10 mL) and brine (10 mL). 

The organic layer was dried over anhydrous sodium sulfate and filtered. The solvent was 

removed under reduced pressure and the residue was subjected to flash chromatography 

(10-15% ethyl acetate/hexanes) to afford 48 as a white solid (0.455 g, 90%). mp = 76-77 

oc (lit.21 76.1 -76.5 °C). 8H(CDCh) = 10.21 (s, 1H, CHO), 7.96-7.93 (m, 2H), 7.66-7.64 

(m, 1H), 7.62 (br m, 2H), 7.44-7.40 (m, 4H), 7.29 (d, J = 7.9 Hz, I H), 6.70 (d, J = 15.9 
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Hz, 1H) ppm; 8c(CDCh) = 188.8 (CHO), 165.3, 152.3, 147.8, 135.4, 133.9, 131.2. 130.1. 

129.2. 128.5, 128.2, 126.3, 1 23.5, 116.3 ppm 

(E)-2,3-Dimethoxycinnamic acid 2-formylphenyl ester (51) 

CHO 

~6 :u 0 
4 51 

9' 

A mixture of salicylaldehyde (41) (0.244 g, 2.00 mmo1), 2,3-dimethoxy trans-

cinnamjc acid (50) (0.625 g, 3.00 mmol) , DCC (0.619 g, 3.00 mmol) and DMAP (0.049 

g, 0.40 mmol) in dichloromethane (10 mL) was stirred at room temperature for 24 h and 

then heated at reflux for 24 h. The mixture was cooled to room temperature, diluted with 

dichloromethane (20 mL) and successively washed with water (2 x 10 mL), NaHS04 (10 

mL), saturated NaHC03 (10 mL) and brine (10 mL). The organic layer was dried over 

anhydrous Na2S04, filtered and the solvent was removed under reduced pressure. The 

residue was subjected to flash chromatography on silica gel column (I 0-15% ethyl 

acetate/hexanes) to afford 51 as a colorless oil (0.112 g, 18%). 8H(CDCh) = 10.23 (s, 

1H, CHO), 8.25 (d, J = 16.7 Hz, 1H, H-3), 7.94 (dd, J = 7.5, 1.4 Hz, 1H, H-3 '), 7.68-7.64 

(m, 1H, H-5'), 7.40 (t, J = 7.6 Hz, 1H, H-4'), 7.29 (d, J = 8.1 Hz, 1H), 7.24 (d, J = 7.6 

Hz, 1H, H-6 '), 7.12 (t, J = 8.4 Hz, 1H, H-8), 7.00 (d, J = 8.5 Hz, lH), 6.75 (d, 16.7 Hz, 

1H, H-2) , 3.91 (s, 3H), 3.90 (s, 3H) ppm; 8c(CDCh) = 188.7 (CHO), 165.5, 153.4, 152.6, 

242 



149.1, 142.8, 135.5, 130.0, 128.2, 126.5, 124.5, 123.7, I 19.8, 117.6, 114.9, 61.6, 56.1 

ppm; IR V= 2765 (w), 1743 (m), 1701 (s), 1636 (s), 1602 (s), 1576 (m), 1480 (w), 1448 

(m), 1404 (w), 1309 (m), 1262 (w), 1195 (m), 1156 (m), 1123 (s) cm-1
; MS m/z (relative 

intensity) = M+ was not found, 287 (100). 

2-(4-Bromocinnamyloxy)benzaldehyde (55) 

Br~T 
0 3 

5 /'./ 6:o-Y"' 4...- 2' 14 

OH I~ 5 

55 

A mixture of salicylaldehyde (41) (0.147 g, 1.20 mmol), bromide 53 (0.348 g, 

1.26 mmol) and anhydrous K2C03 (0.174 g, 1.26 mmol) in acetone (12.0 mL) was heated 

at reflux for 4.5 h. The reaction mixture was then allowed to cool to room temperature 

and filtered through a pad of Celite® under suction and washed with acetone. The solvent 

was removed from the filtrate under reduced pressure and the residue was subjected to 

flash chromatography (5-10% ethyl acetate/hexanes) to afford 55 as a white solid (0.308 

g, 81 %). mp = 83-84 °C. 8H(CDCI3) = 10.56 (s, 1H, CHO), 7.86 (dd, J = 7.7, 2.3 Hz, 

1H), 7.56-7.53 (m, 1H), 7.47 (m, 2H), 7.28 (m, 2H), 7.07-7.02 (m, 2H), 6.71 (d, J = 15.4 

Hz, 1H, H-4 '), 6.42 (dt, J = 15.6, 5.9 Hz 1H, H-3 '), 4.82 (d, J = 5.3 Hz, 2H, H-2 ') ppm; 

8c(CDC13) = 189.9 (CHO), 161.1 , 136.1 , 135.3, 132.4, 132.0, 128.9, 128.3, 125.4, 124.5, 

122.2, 12 1.3 (C-3'), 113.1 (C-2'), 69. 1 (C- 1') ppm; MS m/z (relative intensity)= 3 18 
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(M++2, 15), 317 (M++1, 15), 315 (18), 299 (54), 197 (74), 116 (100), 99 (16); HRMS 

2-( 4-Nitrocinnamyloxy )benzaldehyde (56) 

N0~6. 

~).06' 2; 4' 2' 14 
CH ,~ 5 

6 

56 

A mixture of salicylaldehyde (41) (0.140 mL, 1.33 mmol), bromide 54 (0.339 g, 

1.40 mmol) and anhydrous K2C03 (0.194 g, 1.40 mmol) in acetone (I 0.0 mL) was heated 

at reflux for 4 h. The reaction mixture was then allowed to cool to room temperature and 

suction filtered through a pad of Celite®. The filter cake was washed with acetone and 

the solvent wa removed from the filtrate under reduced pressure. The yellow residue 

was subjected to flash chromatography (5-20% ethyl acetate/petroleum ether) to afford 

56 as a pale yellow solid (0.254 g, 67%) and recovered starting material 41 (0.049 g, 

30%) as a colorless liquid. 56: mp = 91 -92 °C. 8H(CDCI3) = I 0.57 (s, 1 H, CHO), 8.20 

(m, 2H, H-7'), 7.87 (dd, J = 7.5, 1.1 Hz, 1H, H-6), 7.58-7.55 (m, 3H, H-4, H-6 '), 7.08 (t, 

J = 7.2 Hz, 1H, H-5), 7.04 (d, J = 7.9 Hz, 1H, H-3), 6.86 (d, J = 15.8 Hz, JH, H-4 '), 6.62 

(dt, J = 15.3, 4.9 Hz, 1H, H-3 '), 4.89 (dd, J = 5.2, 2.2 Hz, 2H, H-2 ') ppm; 8c(CDCh) = 

189.7 (CHO), 160.8 (C-2), 147.5 (C-8 '), 142.7 (C-5 '), 136.1 (C-4), 130.8 (C-4'), 129.0 
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(C-6), 128.6 (C-3'), 127.3 (C-6 '), 125.4 (C-1), 124.3 (C-7'), 121.5 (C-5), 113.0 (C-3), 

68.6 (C-2') ppm; MS mlz (relative intensity) = M+ not observed, 266 (M+-17, 22), 214 

(100). HRMS [M+] calcd for C16H13N04 283.0845 found 283.0844. 

(7aR*, 13aR*, 14S*)-14-(4-Bromophenyl)- 5,6,7,7a,12,13,13a,l4-octahydro-5,12-

dioxa-7 -azadibenzo[a,h ]anthracen-6-one (57) 

3' 
Brv~ 2' 

II ' 

8 II 1 Y')1o ...... 09 
8 

~ ''···· 

According to general procedure 3-A, 3-amjnocoumarin (25) (0.135 g, 0.840 

mmol), ena1 55 (0.28, 0.88 mmol) and Yb(OTf)3 (0.052 g, 10 mol%) afforded 57 as a 

white solid (0.32 g, 84%). mp = 276-278 °C; 8H(CD2Ch) = 7.48 (d, 1 = 7.1 Hz, 1H), 7.44 

(d, J = 8.4 Hz, I H), 7.32 (d, 1 = 7.8 Hz, 1H), 7.26-7.22 (m, 2H), 7.16-7.15 (m, 2H), 7.07 

(t, J = 6.9 Hz, 1H), 7.01 -6.98 (m, 2H), 6.87 (d, 1 = 7.1 Hz, 1H), 5.51 (s, IH, H-7), 4.43 

(d, 1= 10.8 Hz, lH, H-7a), 4.34 (dd, 1= 10.4 Hz, 2.7 Hz, IH, H-13a), 4.10 (t, 1= 10.4 

Hz, I H, H-13p), 3.97 (d, 1 = 10.9 Hz, 1 H, H-14 ), 2.41-2.34 (m, I H) ppm; due to very low 

solubility of this compound, a satisfactory 13C NMR spectrum could not be obtained; the 

following major signals were observed: 8c(CD2Ch) = 141.7, 132.6, 132.0, 129.5, 126.8, 

125.4, 124.5, 124.4, 121.3, 117.3, 116.8, 66.7(C-13), 51.9(C-7a), 44.9(C-13a),43.4(C-

14) ppm; IR v = 3389 (w), 1704 (s), 1628 (m), 1555 (w), 1462 (m), 1457 (w), 1428 (w), 
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1346 (m), 1322 (w), 1281 (w), 1260 (w), 1238 (m), 1189 (m), 1172 (m), 105 1 (m) cm-1
; 

HRMS [M+] calcd for C25H 18N03Br 459.0470, found 459.0471. 

(7aR*, 13aR*, 14S*)-14-( 4-Nitrophenyl)- 5,6,7,7a,12,13,13a,l4-octahydro-5,12--

dioxa-7 -azadibenzo[a,h ]anthracen-6-one (58) 

According to general procedure 3-A, 3-aminocoumarin (25) (0.055 g, 0.34 

mmol), enal 56 (0.10, 0.36 mmo1) and Yb(OTf)3 (0.021 g, 10 mol%) afforded 58 as a 

pale yellow olid (0.104, 72%). mp = 239-240 oc; 8H(CD2Ch) = 8.17 (m, 2H), 7.43-7.41 

(m, 3H), 7.34 (d, J = 7.4 Hz, 1H), 7.25-7.18 (m, 2H), 7.04 (t, J = 7.5 Hz, I H), 6.94 (t, J 

= 7.2 Hz, 1H), 6.84 (d, J = 7.7 Hz, 2H), 5.55 (s, 1H, H-7), 4.45 (d, J = 10.7 Hz, 1H, H-

7a), 4.29 (dd, J = 10.3, 3.2 Hz, lH, H-13a), 4. 13-4.09 (m, 2H), 2.39-2.35 (m, 1H, H-13a) 

ppm; 8c(CD2Ch) = 159.0 (C-6), 154.4, 150.5, 149.2, 147.9, 132.7, 129.9, 129.6, 127.2, 

125.7, 125.0, 124.7, 124.3, 121.7, 121.2, 120.4, 119.5, 117.6, 117.2, 66.7 (C- 12), 52.1 (C-

7a), 44.9 (C- 13a), 44.0 (C-14) ppm; IR v= 3401 (w), 1705 (s), 1629 (m), 1552 (m), 1489 

(m), 1448 (w), 1431 (m), 1327 (w), 1277 (w), 1258 (w), 1236 (m), 11 81 (m), 1176 (w), 

1042 (m) em-' ; MS m/z (relative intensity)= 413 (M++2, 30), 412 (M++ I, 100). HRMS 
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(7 aR*, 13aR*, 14S*)-2-Methyl-14-phenyl-5,6, 7, 7a,12,13,13a,14-octahydro-5,12-

dioxa-7 -azadibenzo[a,h ]anthracen-6-one ( 60) 

0 II 

Y')1o 
· · ·· · ·~9 

8 

According to general procedure 3-A, 3-amino-6-methylcoumarin (0. 105 g, 0.600 

mmol), enal 45 (0.15, 0.63 mmol) and Yb(0Tf)3 (0.037 g, 10 mol%) afforded 60 as an 

off-white olid (0.206, 87%). mp = 228-229 oc; DH(CD2Cl2) = 7.24-7.21 (m, 2H), 7.19-

7.17 (m, 2H), 7.15-7.11 (m, 3H), 7.10-7.07 (m, 1H), 6.94-6.91 (m, 1H), 8.86-6.83 (m, 

1H), 6.62 (d, J = 8.4 Hz, 1H), 5.43 (s, 1H, H-7), 4.34 (d, J = 10.8 Hz, 1H, H-7a), 4.29 

(dd, J = 10.7, 3.5 Hz, lH, H-13a), 3.96 (t, J = 11.0 Hz, 1H, H- 13~), 3.88 (d, J = 11.1 Hz, 

lH, H-14), 2.32-2.24 (m, 1H, H-13a), 2.23 (s, 3H, C-2-CH3) ppm; Dc(CD2Ch) = 159.4 

(C-6), 152.3, 149.3, 142.7, 132.4, 130.9, 130.3, 129.6, 128.7, 127.8, 126.8, 125.9, 124.9, 

124.4, 121.4, 121.2, 121.0, 117.2, 116.9, 67. 1 (C-13), 52.2 (C-7a), 45.3 (C-13a), 44.3 (C-

14), 20.8 (C-2-CH3) ppm; IR v= 3366 (w), 1727 (s), 1699 (w), 1684 (w), 1652 (w), 1628 

(m), 1558 (m), 1541 (w), 1499 (s), 1465 (m), 1340 (m), 1323 (m), 1287 (w), 1257 (m), 

1222 (m), 1192 (m), 11 80 (m), 1117 (m), 1073 (w), 1048 (m), 1036 (m) cm-1
; MS m/z 

(relative intensity) = 397 (M++2, 28), 396 (M++1, 100), 395 (16), 394 (22), 392 (47). 

HRMS [M+] calcd for C26H21N03 395.1521 found 395.1520. 
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(7aR*, 13aR*, 14S*)-2-Methoxy-14-phenyl-5,6, 7, 7a,12,13,13a,14-octahydro-5,12-

dioxa-7 -azadibenzo[a,h ]anthracen-6-one (61) and 2-Methoxy-14-phenyl-5,6,12,13-

tetrahydro-5,12-dioxa-7 -azadibenzo[a,h ]anthracen-6-one ( 62) 

0 II Y'!11o 
.·····~9 

8 

0 

According to general procedure, 3-amino-6-methoxycoumarin (0.076 g, 0.40 

mmol), enal 45 (0.1 0 g, 0.42 mmol) and Yb(0Tf)3 (0.025 g, 10 mol%) afforded 61 as an 

off-white solid (0.14 g, 84%). Additionally, flash chromatography (ethyl acetate) of the 

filtrate afforded 62 as a white solid (0.003 g, 2%). 61 : mp = 228-229 °C. 0H(CD2Ch) = 

7.41 (d, J = 7.1 Hz, IH, H-8), 7.35-7.32 (m, 2H), 7.28 (d, J = 7.0 Hz, 1H), 7.26-7.20 (m, 

3H), 7.17 (d, J = 8.8 Hz, 1H, H-4), 7.02 (t, J = 7.4 Hz, 1H, H-9), 6.82 (d, J = 8.4 Hz, IH, 

H-11), 6.73 (dd, J = 8.9, 2.1 Hz, 1H, H-3), 6.42 (d, J = 2.0 Hz, 1H, H-1), 5.49 (s, 1H, H-

7), 4.41 (d, J = 10.2 Hz, 1H, H-7a), 4.32 (dd, J = 10.7, 3.0 Hz, IH, H-13a), 4.07 (t, J = 

11.1 Hz, 1H, H-13~), 3.91 (d, 1= 11.3 Hz, 1H, H-14), 3.42 (s, 3H, C-2-0CHJ), 2.41 (m, 

1H, H-13a) ppm; Oc(CD2Ch) = 159.3 (C-6), 156.2, 154.6, 143.5, 142.7, 132.5, 129.7, 

129.6, 128.7, 127.9, 125.6 (C-8), 121.6, 121.5 (C-9), 121.4, 120.9, 117.7, 117.5 (C- 11 ), 

114.4 (C-3), 107.9 (C-1), 67.2 (C-13), 55.9 (C-2-0CH3), 52. 1 (C-7a), 44.8 (C-14), 44.4 

(C- 13a) ppm; IR V= 3360 (w), 1702 (s), 1614 (w), 1560 (w), 1499 (m), 1467 (w), 1451 
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(w), 1426 (w), 1343 (m), 1319 (w), 1282 (w), 1258 (w), 1234 (w), 1187 (m), 1170 (m), 

1050 (m) em-'; MS m/z (relative intensity)= 413 (M++2, 30), 412 (M++ l , 100), 411 (39), 

4 10 (69), 408 (65). HRMS [M+] calcd for C26H21N04 411.1471, found 411.1465. 62: mp 

= 273-274 oc (decomp); 8H(CDCh) = 8.54 (dd, J = 7.6, 2.4 Hz, 1H), 7.68-7.65 (m, 2H), 

7.59 (d, J = 7.3 Hz, lH), 7.40-7.38 (m, 1H), 7 .35 (d, J = 6.5 Hz, 1H), 7.27-7.26 (m, lH), 

7.18 (t, J = 7.6 Hz, 1H), 6.94-6.90 (m, 2H), 6.47 (d, J = 7.0 Hz, 1H), 4.98 (s, 2H), 3.29 (s, 

3H) ppm; 8c(CDCh) = due to small quantity and low solubility of this compound, 13C 

NMR could not be obtained. IR v = 1734 (s), 1597 (w), 1561 (w), 1499 (m), 1465 (s), 

1431 (m), 1376 (m), 1294 (m), 1252 (m), 1215 (s), 1190 (m), 1153 (s), 11 10 (m), 1085 

(w), 1061 (w), 1039 (s), I 020 (m) cm-1
; MS rn/z (relative intensity) = 409 (M+ +2, 26), 

(7aR*, 13aR*, 14S*)-2-Bromo-14-phenyl-5,6,7 ,7a,12,13,13a,l4-octahydro-5,12-

dioxa-7 -azadibenzo[a,h ]anthracen-6-one ( 63) 

Br 

d II 
Y')1o 

...••• ~9 
8 

According to general procedure 3-A, 3-amino-6-bromocoumarin (0.072 g, 0.30 

mmol), enal 45 (0.075, 0.32 mmol) and Yb(0Tf)3 (0.019 g, 10 mol%) afforded 63 as a 
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white solid (0.11 ' 78%). mp = 273-274 oc; OH(DMSO-d6) = 7.68 (dd, 1 = 7.2, 2.6 Hz, 1H, 

H-3), 7.40-7.37 (m, 3H), 7.34-7.30 (m, 4H), 7.24 (m, 1H), 7.22-7.21 (m, 1H), 7.19 (dd, 1 

= 7.8, 2.8 Hz, JH), 6.68 (d, 1 = 8.4 Hz, IH, H-11), 6.08 (s, IH, H-7), 4.42 (d, 1= 10.2 Hz, 

IH, H-7a), 4.29-4.04 (m, 3H), 2.13-2.05 (m, IH, H-13a) ppm; Oc(CD2Ch) = 159.1 (C-6), 

154.5, 150.4, 149.2, 147.9, 131.6, 130.0, 129.7, 127.2, 125.6, 125.0, 124.8, 124.4, 121.6, 

121.3 (C-9), 120.4, 119.6, 117.5, 117.2 (C- 11 ), 66.7 (13), 52.1 (C-7a), 44.9 (C- 14), 44.0 

(C-13a) ppm; IR V= 3392 (w), 1703 (s), 1620 (m), 1595 (w), 1583 (w), 1559 (w), 1488 

(s), 1458 (m), 1410 (m), 1343 (s), 1310 (m), 1275 (m), 1254 (w), 1230 (w), 1217 (m), 

1201 ( ), 1137 (w), I 077 (m), 1048 (s), I 024 (m), I 009 (m) cm-1
; HRMS [M+] calcd for 

(7aR*, 13aR*, 14S*)-2-Nitro-14-phenyl-5,6, 7, 7 a,l2,13,13a,14-octahydro-5,12-dioxa-

7 -azadibenzo[a,h ]anthracen-6-one ( 64) 

According to general procedure 3-A, 3-amino-6-nitrocoumarin (0.062 g, 0.30 

mmo1), enal 45 (0.075 g, 0.32 mmol) and Yb(0Tf)3 (0.019 g, 10 mol%) afforded 64 a a 

pale yellow olid (0. 105 g, 82%). mp = 262-263 °C; OH(CD2Ch) = 8.00 (dd, 1 = 9.0 Hz, 
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1.8 Hz, 1H, H-3), 7.82 (d, J = 2.4 Hz, 1H, H-1), 7.41-7.36 (m, 4H), 7.33-7.18 (m, 4H), 

7.04 (t, J = 7.8 Hz, 1H, H-10), 6.82 (t, J = 7.3 Hz, 1H, H-9), 5.61 (s, 1H, H-7), 4.49 (d, J 

= 10.4 Hz, 1H, H-7a), 4.29 (dd, 1= 10.3, 3.2 Hz, 1H, H-13a), 4.04 (t, 1= 10.3 Hz, 1H, 

H-13~), 3.99 (d, J = 10.6 Hz, 1H, H-14), 2.48-2.40 (m, 1H, H-13a) ppm; Dc(CD2Ch) = 

158.7 (C-6), 152.3 151.2, 144.0, 140.9, 132.4, 130.0, 129.8, 128.4, 128.3, 128.0, 125.4, 

121.6, 121.5, 120.5, 120.4, 119.4, 119.2, 117.5, 67.8 (C-13), 52.2 (C-7a), 42.1 (C-13a), 

41.9 (C-14) ppm; IR v= 3354 (m), 1718 (s), 1583 (w), 1527 (s), 1490 (s), 1336 (s), 1254 

(m), 1234 (w), 1185 (m), 1105 (w), 1049 (m) cm- 1
; MS mlz (relative intensity) = (M++2, 

(7aR*, 13aR*, 14S*)-4-Methoxy-14-phenyl-5,6, 7 ,7a,12,13,13a,l4-octahydro-5,12-

dioxa-7 -azadibenzo[a,h ]anthracen-6-one (65) 

8 II 
Y')1o 

. ·· ·· '~9 
8 

I 
0 

According to general procedure 3-A, 3-amino-8-methoxycoumarin (0.076 g, 0.40 

mmol), ena1 45 (0.10, 0.42 mmol) and Yb(0Tt)3 (0.025 g, 10 mol%) afforded 65 as an 

off-white solid (0.141' 86%). mp = 276-278 oc; DH(CD2Ch) = 7.33 (d, J = 7.6 Hz, lH), 7. 

23 (m, 2H), 7.16 (m, lH), 7.12 (m, 3H), 6.93 (t, J = 7.3 Hz, lH), 6.78 (t, J = 7.8 Hz, I H), 
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6.74 (d, J = 7.8 Hz, 1H), 6.69 (d, J = 8.2 Hz, 1H), 6.51 (d, J = 8.3 Hz, I H), 5.37 (s, 1H, 

H-7), 4.30 (d, J = 10.3 Hz, 1H, H-7a), 4 .24 (dd, J = 10.7, 3.3 Hz, 1H, H-13a), 3.98 (t, J = 

11.0 Hz, lH, H-13p), 3.84 (d, J = 10.5 Hz, 1H, H-14), 3.83 (s, 3H, C-4-0CH3), 2.29 (m, 

1H, H-13a) ppm; 8c(CD2Ch) = 158.9 (C-6), 154.6, 147.8, 142.9, 138.8, 132.5, 129.6, 

128.7, 127.8, 125.7, 124.1, 121.8, 121.7, 121.6, 121.4, 117.5, 116.7, 109.4, 67.1 (C-13), 

56.7 (C-4-0CH3), 52.2 (C-7a), 45.2 (C-13a), 44.4 (C-14) ppm (one carbon signal fewer 

than expected) ppm; IR v= 3332 (m), 1682 (s), 1622 (w), 1600 (w), 1575 (m), 1483 (m), 

1452 (m), 1345 (m), 1281 (m), 1260 (w), 1223 (m), 1212 (m), 1197 (m), 1179 (s), 1133 

(w), 1108 (w), 1063 (w), 1050 (w), 1028 (m), 1003 (m) cm- 1
; MS m/z (relative intensity) 

= 413 (M++2, 27), 412 (M++1, 100), 411 (25), 410 (48), 408 (43); HRMS [M+] calcd for 

2-( Cinnamyloxy )-3-methoxybenzaldehyde ( 68) 

7' 

s·~· OCH 

~6:p3 
3 

5 4;Y' 2' ~ 14 

OH ,::::-... 5 

68 
6 

A mixture of a-vanillin (0.46 g, 3.0 mmol), cinnamyl bromide (0.62 g, 3.2 mmol) 

(44) and anhydrous K2C03 (0.44 g, 3.2 mmol) in acetone (30 mL) was heated at reflux 

for 3 h. The reaction mixture was allowed to cool to room temperature and then suction 

filtered through a pad of Celite® and the filter cake was washed with acetone. The 
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solvent was removed from the filtrate under reduced pressure and the residue was 

subjected to flash chromatography (10% ethyl acetate/hexanes) to afford 68 as a thick 

gum (0.77 g, 96%). 8H(CDCh) = 10.49 (s, JH), 7.42 (dd, J = 7.1, 2.5 Hz, 1H), 7.38-7.37 

(m, 2H), 7.31 (t, J = 7.5 Hz, 2H), 7.25 (t, J = 7.3 Hz, 1 H), 7.16-7.11 (m, 2H), 6.66 (d, J = 

15.6 Hz, !H), 6.43 (m, 1H), 4.82 (d, J = 6.4 Hz, 2H), 3.92 ( , 3H) ppm; 8c(CDCh) = 

190.5, 153.3, 151.4, 136.4, 134.6, 130.4, 128.8, 128.3, 126.8, 124.4, 119.4, 118.2, 75.3, 

56.3 ppm (one carbon signal fewer than expected); MS mlz (relative intensity) = M+ not 

observed, 251 (M+-17, 100). HRMS [M+] calcd forC 17H 160 3 268.1099 found 268.1108. 

5-Bromo-2-( cinnamyloxy )benzaldehyde ( 69) 

7' 

g·~· I 3' · 3 

....::::::5 // 6:!)-;7 4 
4,... z· 1 

OH I~ 5 Br 
69 

A mixture of 5-bromosalicylaldehyde (67) (0. 10 g, 0.50 mmol), cinnamy1 

bromide (0.11 g, 0.53 mmol) (44) and anhydrous K2C03 (0.073 g, 0.53 mmol) in acetone 

(5 mL) was heated at reflux for 5 h. The reaction mixture wa allowed to cool to room 

temperature and then suction filtered through a pad of Celite® and the filter cake wa 

washed with acetone. The solvent was removed from the filtrate under reduced pressure 

and the residue was subjected to flash chromatography (10% ethyl acetate/hexanes) to 

afford 69 as a pale yellow solid (0. 15 g, 94% ). mp = 69-71 oc; 8H(CDCI3) = 10.51 (s, I H, 
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CHO), 7.66 (d, J = 2.3 Hz, lH), 7.42-7.39 (m, 3H), 7.32-7.30 (m, 2H), 7.24 (dd, J = 7.4, 

2.6 Hz, 1H), 6.93 (d, J = 7.8 Hz, lH), 6.72 (d, J = 15.7 Hz, I H), 6.45-6.41 (m, I H), 4.69 

(d, J = 6.5 Hz, 2H) ppm; Oc(CDCI3) = 190.7, 159.2, 136.7, 136.5, 133.8, 130.3, 128.4, 

128.3, 127.9, 126.1, 124.4, 124.3, 11 4.2, 70.2 ppm; MS m/z (relative intensity)= M+ not 

observed, 118 ( 100);. HRMS [M+] calcd for C16H13Br02 316.0099 found 316.0105. 

(7aR*, 13aR*, 14S*)-11-Methoxy-14-phenyl-5,6,7,7a,l2,13,13a,l4-octahydro-5,12-

dioxa-7 -azadibenzo[a,h ]anthracen-6-one (70) 

(3XJ~~H3 
~ 110 

·· ···· ~ 9 
8 

NH 
7 

According to general procedure 3-A, 3-aminocoumarin (25) (0.040 g, 0.25 

mmol), enal 68 (0.070, 0.26 mmol) and Yb(0 Tf)3 (0.01 6 g, 10 mol%) afforded 70 as a 

white solid (0.092 g, 89%). mp = 261 -262 °C; OH(CD2Ch) = 7.30-7.27 (m, 3H), 7.26-7.24 

(m, 1H), 7.22-7.1 9 (m, 3H), 7.01 -6.96 (m, 4H), 6.88 (d, J = 6.9 Hz, 1H), 5.42 (s, 1H, H-

7), 4.42-4.38 (m, 2H, H-7a, H-13a ), 4.06 (t, J = 11.0 Hz, I H, H- I3p), 3.94 (d, J = 11.1 

Hz, 1H, H-14), 3.79 (s, 3H, C- 11-0 CH3) , 2.4 1-2.35 (m, 1H, H-13a) ppm; 8c(CD2Ch) = 

159.3 (C-6), 149.23, 149.21, 144.2, 142.6, 132.4, 129.6, 128.7, 127.8, 126.8, 124.9, 

124.4, 122.3, 12 1.3, 121.1 , 121.0, 11 7.2, 116.9, 111.7, 67.2 (C- 13), 56.4 (C-ll -OCH3), 
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52.2 (C-7a), 45.1 (C-13a), 44.2 (C-14) ppm; IR v= 3396 (w), 1717 ( ), 1616 (w), 1598 

(w), 1580 (w), 1494 (m), 1483 (m), 1457 (m), 1442 (m), 1342 (m), 1269 (m), 1216 (m), 

1198 (m), 1181 (m), 1130 (m), 1115 (w), 1091 (m), 1063 (m) cm-1
; MS m/z (relative 

inten ity) = 413 (M++2, 24), 412 (M++I , 97), 4 11 (42), 410 (100); HRMS [M+] calcd for 

(7aR*, 13aR*, 14S*)-9-Bromo-14-phenyl-5,6,7,7a,12,13,13a,14-octahydro-5,12-

dioxa-7-azadibenzo[a,h ]anthracen-6-one (71) 

According to general procedure 3-A, 3-aminocoumarin (25) (0.040 g, 0.25 

mmol), enal 69 (0.082, 0.26 mmol) and Yb(0Tf)3 (0.016 g, lO mol%) afforded 71 as a 

white solid O.lO g, 89%). mp = 27 1-272 oc; 8H(CDCh) = 7.51 (s, lH), 7.32-7.23 (m, 5H), 

7. 19-7. 13 (m, 3H), 6.97-6.90 (m, 2H), 6.71 (d, 1H, J = 8.8 Hz), 5.41 (s, I H, H-7), 4.44-

4.33 (m, 2H, H-7a, H- 13a), 4.05 (t, 1 = 10.7 Hz, IH, H- 1 3~), 3.90 (d, 1 = 10.6 Hz, 1H, 

H-14), 2.40-2. 11 (m, 1H, H-1 3a) ppm; 8c(CDCI3) = 159.0 (C-6), 153.1 , 148.7, 14 1.7, 

132.2, 13 1.4, 129.4, 128.0, 127.6, 126.7, 124.5, 124.2, 123.0, 121.2, 120.2, 119.0, 11 6.6, 

113.1, 66.7 (C-13), 51.4 (C-7a), 44.2 (C-13a), 43.8 (C-14) ppm (one carbon signal fewer 
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than expected); IR V= 3357 (w), 1720 (s), 1630 (m), 1602 (w), 1501 (m), 1484 (m), 1461 

(m), 1451 (s), 1404 (w), 1367 (m), 1322 (m), 1292 (w), 1256 (m), 1234 (m), 1198 (s), 

1176 (m), 1137 (w), 1116 (w), 1091 (w), 1072 (w), 1047 (m), 1034 (s) cm-1; MS m/z 

(GC/MS) (relative intensity)= 461 (M+(Bil, 94), 459 (M+(?9l, 100); HRMS [M+] calcd for 

C25H1sBrN03 459.0470 found 459.0476. 

(7aR*, 13aR*, 14S*)-11-Methoxy-2-methyl-14-phenyl-5,6, 7, 7 a,12,13,13a,14-

octahydro-5,12-dioxa-7 -azadibenzo[a,h ]anthracen-6-one (72) 

8:(jo1~H3 
~ 110 

·· ·· ··~ 9 
8 

According to general procedure 3-A, 3-amino-6-methylcoumarin (0.044 g, 0.25 

mmol), enal 68 (0.070 g, 0.26 mmol) and Yb(0Tf)3 (0.016 g, 10 mol%) afforded 72 as a 

white solid (0.089 g, 84%). mp = 230-232 oc; 0H(CD2Ch) = 7.24 (t , J = 7.0 Hz, 2H), 

7.18 (d, J = 6.8 Hz, lH), 7.14-7.13 (m, 2H), 7.06 (d, J = 8.4 Hz, IH), 6.94-6.87 (m, 3H), 

6.77 (d, J = 7.8 Hz, IH), 6.73 (s, I H), 5.32 (s, 1H, H-7), 4.33 (dd, J = 11.3, 3.5 Hz, IH, 

H-13a), 4.30 (d, J = 10.9 Hz, IH, H-7a), 3.98 (t, J = 11.5 Hz, IH, H-13~), 3.84 (d, J = 

10.8 Hz, lH, H-14), 3.72 (s, 3H, C-1 l -OCH3), 2.31 (m, IH, H-13a), 2.00 (s, 3H, C-2-
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CH3) ppm; 8c(CD2Cb) = 159.5 (C-6), 149.2, 147.3, 144.2, 142.7, 134.0, 132.3, 129.6, 

128.7, 127.8, 125.1 , 122.4, 121.5, 121. 1, 120.6, 117.2, 116.5, 111.7 (C-10), 67.2 (C-13), 

56.4 (C- 11-0CH3), 52.1 (C-7a), 44.8 (C-13a), 44.1 (C-14), 28.6 (C-2-CH3) ppm (one 

carbon ignal fewer than expected); IR V = 3358 (w), 1701 (s), 1678 (w), 1650 (w), 16 13 

(m), 1501 (s), 1469 (m), 1345 (w), 1312 (w), 1281 (w), 1252 (m), 1219 (m), 11 91 (m), 

1172 (w), 1119 (m), 1065 (w), 1033 (m) cm-1
; MS m/z (relative in ten ity) = 427 (M+ +2, 

30), 426 (M++ 1, 100), 425 (18), 424 (32), 422 (11); HRMS [M+] calcd for C21H23N04 

425.1627, found 425.1623. 

(7aR*, 13aR*, 14S*)-2,11-Dimethoxy-14-phenyl-5,6,7,7a,l2,13,13a,l4-octahydro-

5,12-dioxa-7 -azadibenzo[a,h ]anthracen-6-one (73) 

3' 4'02' I I )' 
~ ''··.1 

(1:60CH3 
01 10 

· · · · · · ~ 19 
8 

NH 
7 

According to general procedure 3-A, 3-amino-6-methoxycoumarin (0.048 g, 0.25 

mmol), enal 68 (0.070, 0.26 mmol) and Yb(0Tf)3 (0.016 g, 10 mol%) afforded 73 as a 

white solid (0.094, 85%). mp = 258-260 °C; 8H(CD2Cb) = 7.25 (t, J = 7.4 Hz, 2H), 7.19 

(d, J = 7.4 Hz, 1 H, H-4), 7.09-7.08 (m, 2H), 7.08 (d, J = 9. 1 Hz, I H), 6.93-6.87 (m, 2H), 

6.76 (d, J = 7.7 Hz, lH, H-10), 6.64 (dd, J = 9.0, 3.1 Hz, lH, H-3), 6.34 (d, J = 2.9 Hz, 
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1H, H-1), 5.37 (s, 1H, H-7), 4.34-4.30 (m, 2H, H-7a, H-13a), 3.97 (t, 1= 11.1 Hz, lH, H-

13~), 3.83 (d, J = 10.2 Hz, 1H, H-14), 3.71 (s, 3H, C-11-0CH3), 3.33 (s, 3H, C-2-0CHJ), 

2.32 (m, 1H, H-13a) ppm; 8c(CD2Ch) = 159.3 (C-6), 156.2, 149.2, 144.2, 143.5, 142.7, 

132.5, 129.7, 128.7 (C-4), 127.9, 122.3, 121.5, 121.1, 120.8, 117.6, 117.2, 114.3 (C-3), 

Il1.7 (C-I 0), I 07.9 (C-I ), 67.2 (C-13), 56.4 (C-11-0CHJ), 55.9 (C-2-0CHJ), 52.1 (H-

7a), 44.7 (H-I3a), 44.4 (H-I4) ppm; IR V= 3365 (w), I699 (s), 16I9 (w), 1555 (m), 150I 

(m), I468 (w), 1421 (m), 1329 (m), 1302 (w), 1285 (w), I257 (w), 1232 (m), II82 (m), 

1169 (m), 1029 (m) cm-1
; MS m/z (relative intensity)= 443 (M+ +2, 32), 442 (M+ +I, I 00), 

44I (24), 440 (48), 438 (26); HRMS [M+] calcd for C21H23NOs 441.I576, found 

441.1577. 

(7aR*, 13aR*, 14S*)-2-Bromo-11-methoxy-14-phenyl-5,6,7,7a,l2,13,13a,l4-

octahydro-5,12-dioxa-7 -azadibenzo[a,h ]anthracen-6-one (74) 

8:6o1~H3 
~ 110 

· · ·· ··~ 9 
8 

NH 
7 

According to general procedure 3-A, 3-amino-6-bromocoumarin (0.060 g, 0.25 

mmol), enal 68 (0.070, 0.26 mmol) and Yb(OTfh (0.016 g, 10 mol%) afforded 74 as an 
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off-white solid (0.092, 75%). mp = 253-255 oc; 8H(CD2Cl2) = 7.28-7.26 (m, 2H), 7.22 

(m, 1H), 7.17 (dd, 1 = 9.2, 1.8 Hz, 1H, H-3), 7.13 (m, 2H), 7.07 (d, 1 = 8.1 Hz, lH, H-4), 

7.02 (d, 1 = 2.1 Hz, 1H, H-1), 6.93-6.88 (m, 2H), 6.78 (d, 1 = 7.4 Hz, 1H, H-10), 5.44 (s, 

1H, H-7), 4.35 (d, 1 = 11.5 Hz, I H, H-7a), 4.31 (dd, 1 = I 0.9 Hz, 1 = 3.9 Hz, 1H, H-13a), 

3.97 (t, 1 = 11.3 Hz, 1H, H-13~), 3.80 (d, 1 = 11.1 Hz, 1H, H-14), 3.72 (s, 3H, C-11-

OCH3), 2.31 (m, IH, H-13a) ppm; 8c(CD2Ch) = 158.7 (C-6), 149.3, 148.0, 142.2, 141.9, 

132.8, 129.8, 129.3 (C-3), 128.1 , 127.5 (C-1), 122.9, 122.0, 121.2, 119.4, 118.5 (C-4), 

117.2, 117.1, 111.8 (C-10), 67.2 (C-13), 56.4 (C-11-0CH3), 52.1 (C-7a), 44.8 (C-1 3a), 

44.1 (C-14) ppm (one carbon signal fewer than expected); IR v = 3351 (m), 1710 (s), 

1614 (w), 1584 (w), 1497 (m), 1482 (s), 1455 (m), 1407 (w), 1345 (m), 1316 (w), 1263 

(s), 1229 (s), 1214 (m), 1203 (m), 1122 (w), 1091 (w), 1077 (w), 1059 (w), 1037 (s) cm-1
; 

HRMS [M+] calcd for C26H20BrN04 489.0576, found 489.0574. 

(7aR*, 13aR*, 14S*)-11-Methoxy-2-nitro-14-phenyl-5,6, 7, 7a,12,13,13a,14-octahydro-

5,12-dioxa-7 -azadibenzo[a,h ]anthracen-6-one (75) 

OXJ~~H3 
Y" 1'0 

·· ·· ·'~ 9 
8 
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According to general procedure 3-A, 3-amino-6-nitrocoumarin (0.052 g, 0.25 

mmol), enal 68 (0.070 g, 0.26 mmol) and Yb(OTfh (0.016 g, 10 mol%) afforded 75 as a 

pale yellow solid (0.089, 78%). mp = 257-259 oc; DH(CD2Cl2) = 7.89 (dd, J = 8.7, 2.3 Hz, 

lH), 7.82 (d, J = 2.7 Hz, lH), 7.29-7.26 (m, 3H), 7.21-7.19 (m, 3H), 6.93-6.89 (m, 2H), 

6.78 (dd, J = 7.2, 1.5 Hz, lH), 5.53 (s, 1H, H-7), 4.41 (d, J = 10.7 Hz, IH, H-7a), 4.31 

(dd, J = I 0.7 Hz, 3.2 Hz, IH, H-13a), 3.98 (t, J = I 1.5 Hz, lH, H- 1 3~), 3.90 (d, J = I 1.3 

Hz, IH, H- I4), 3.72 (s, 3H, C-l1-0CH3), 2.36 (m, 1H, H-13a) ppm; <5c(CD2Ch) = 163.2 

(C-6), 158.1 , 152.4, 149.3, 144.5, 144.3, 141.4, 133.2, 130.0, 128.3, 121.74, 121.67, 

121.4, 121.3, 120.7, 119.2, 117.8, 117.0, 111.9, 67.1 (C-13), 56.5 (C- ll-OCH3), 52.1 (C-

7a), 44.5 (C-13a), 44.1 (C- 14) ppm; IR V= 3395 (w), 1725 (s), 1629 (m), 1560 (m), 1499 

(m), 1467 (w), 1451 (w), 1426 (w), 1343 (m), 13 19 (w), 1282 (w), 1258 (w), 1234 (w), 

1187 (m), 1170 (m), 1050 (m) cm-1
; MS m/z (relative intensity)= 457 (M++ l , 14), 456 

(M+, 52), 455 (100), 419 (26), 214 (56); HRMS [M+] calcd for C26H2oN20 6 456. 1321 

found 456.1325. 

(7aR*, 13aR*, 14S*)-4,11-Dimethoxy-14-phenyl-5,6,7,7a,l2,13,13a,l4-octahydro-

5,12-dioxa-7 -azadibenzo[a,h ]anthracen-6-one (76) 

OCH3 8:6 -:? 1'0 
.··· ''::::::..... 9 

8 
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According to general procedure 3-A, 3-arnino-8-methoxycoumarin (0.048 g, 0.25 

mmol), enal 68 (0.070 g, 0.26 mmol) and Yb(OTt)3 (0.016 g, 10 mol%) afforded 76 as an 

off-white solid (0.095, 86%). mp = 265-266 °C; 8H(CD2Cl2) = 7.31-7.29 (m, 2H), 7.26-

7.23 (m, 1H), 7.19-7.18 (m, 2H), 7.01 (d, J = 7.8 Hz, 1H), 6.97 (t, J = 8.3 Hz, IH), 6.87-

6.84 (m, 2H), 6.77 (d, J = 7.5 Hz, lH), 6.60 (d, J = 7.7 Hz, 1H), 5.43 (s, 1H, H-7), 4.41-

4.37 (m, 2H, H-7a, H-13a), 4.05 (t, J = 11.0 Hz, 1H, H-13~), 3.92-3.91 (m, 4H, H-14), 

3.79 (s, 3H), 2.36 (m, 1H, H-13a) ppm; 8c(CD2Ch) = 158.8, 149.2, 147.8, 144.2, 142.8, 

138.7, 132.5, 129.6, 128.6, 127.7, 124.0, 122.3, 121.8, 121.5, 121.1 , 117.2, 116.7, 111.7, 

109.3, 67.1, 56.7, 56.4, 52.1, 45.1, 44.3 ppm; IR V= 3345 (m), 1681 (s), 1602 (w), 1576 

(m), 1558 (w), 1483 (m), 1439 (m), 1337 (m), 1258 (m), 1205 (s), 1175 (s), 1133 (m), 

1109 (m), 1090 (m), 1064 (s) cm-1
; MS m/z (relative intensity)= 443 (M++2, 32), 442 

(M++1, 100), 440 (12); HRMS [M+] calcd for C27H23NOs 441.1576 found 441.1583. 

4-Acetyl-1-cinnamyllH-pyrrole-2-carbaldehyde (78) 

H3C~O yJ:)\'T 5 I 6. 
4- 2' ::o--

::o-- 4' 

3 ~ ~ I ' 3' 5' 

CHO 
78 

To a clear yellow solution of 77 (0.14 g, 1.0 mmol) in freshly distilled DMF (2.0 

mL) was added sodium hydride (60% dispersion in mineral oil, 0.044 g, 1.1 mmol) at 0 

oc followed by the addition of cinnamyl bromide (0.22 g, 1.1 mmol). The resulting 

turbid orange mixture was stirred at rt for 1 h. The reaction was quenched by the addition 

261 



of few drops of methanol. Ice-cold water was then added and the mixture was suction 

filtered. The solids were washed with cold 5% ethyl acetate/hexanes to afford 78 as a pale 

yellow solid (0.12 g, 46%). The filtrate was diluted with water and extracted with ethyl 

acetate (2 x 10 mL). The combined organic layers were washed with water, washed with 

brine, dried over anhydrous sodium sulfate and the solvent was removed under reduced 

pressure. The resulting yellow residue was subjected to flash chromatography (15% 

ethyl acetate/hexanes) to afford 78 as a pale yellow solid (0.046 g, 18%). mp = 161 - 162 

°C. 8H(CDC13) = 9.63 (s, lH, CHO), 7.59 (s, 1H), 7.36-7.35 (m, 3H), 7.32-7.29 (m, 2H), 

7.25 (m, 1H), 6.54 (d, J = 15.7 Hz, lH, H-3 '), 6.30 (ddd, J = 15.9, 12.6, 3.2 Hz, 1H, H-

2'), 5.13 (d, J = 6.2 Hz, 2H, H-1 '), 2.44 (s, 3H, COCH3) ppm; 8c(CDC13) = 192.7 (CHO), 

180.3 (COCH3), 135.9, 134.4, 133.0, 132.2, 128.8, 128.4, 126.8, 126.4, 124.2, 123.7, 

51.4 (C-1'), 27.4 (COCH3) ppm; MS m/z (relative intensity)= 254 (M++1, 100), 211 

(65); HRMS [M+] calcd for C 16H15N0 2 253.2958 found 253.2964. 

(7aS*, llaS*, 12R*)-9-Acetyl-12-phenyl-7,7a,10a,ll,lla,l2-hexahydro-6H

chromeno[3,4-b ]pyrrolizino[2,1-e ]pyridin-6-one (79) 

0 
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According to general procedure 3-A, 3-aminocournarin (25) (0.040 g, 0.25 

mrnol), enal 78 (0.066 g, 0.26 mmol) and Yb(0Tf)3 (0.016 g, 10 mol%) were reacted at rt 

for 6 h and then heated at reflux for 18 h. The precipitate was suction filtered and the 

solids were washed with cold acetonitrile to afford 79 as a pale yellow solid (0.038 g, 

38%). The solvent was removed from filtrate under reduced pressure and the residue was 

subjected to flash chromatography (30% ethyl acetate/hexanes) to afford 79 as a pale 

yellow solid (0.011 g, 11 %). Combined yield = 0.049 g, 49%. mp = 265-266 oc; 

8H(CDCh) = 7.36-7.33 (m, 4H), 7.30-7.26 (m, 2H), 7.24 (s, 1H), 7.22-7.18 (m, 2H), 7.12-

7.08 (m, I H), 6.47 (s, 1H), 4.93 (s, lH, H-7), 4.65 (d, J = 5.4 Hz, 1H, H-7a), 4.30 (s, 1H, 

H-12), 4.23 (dd, J = 10.8, 7.4 Hz, lH, H-Ila), 3.84 (t, J = 10.8 Hz, lH, H-11~), 3.40-

3.35 (m, 1H, H-Ila), 2.35 (s, 3H, COCH3) ppm; 8c(CDCh) = 193.4 (COCH3), 158.2 (C-

6), 148.0, 142.5, 138.7, 129.8, 129.5, 128.5, 127.8, 127.5, 126.2, 124.9, 121.6, 120.8, 

116.7, 112.0, 102.3, 50.1 (C-11), 49.4 (C-lla), 46.7 (C-7a), 38.9 (C-12), 27.2 (COCH3) 

ppm; MS m/z (relative intensity) = 400 (M++2, 21), 399 (100); HRMS [M+] calcd for 

C2sH2oN203 396.1474 found 396.1479. 
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3.6 Appendix 

3.6.1 18 and 13C NMR Spectra for Selected Compounds 
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3.6.2 X-ray Crystal Structure Data for 58 

Data Collection 

A colorless platelet crystal of C25H 13N205 having approximate dimensions of 

0.30 x 0.30 x 0.03 mm was mounted on a glass fiber. All measurements were made on a 

Rigaku Saturn CCD area detector with graphite monochromated Mo-Ka. radiation. 

Indexing was performed from 360 images that were exposed for 20 seconds. The 

crystal-to-detector distance was 35.04 mm. 

Cell constants and an orientation matrix for data collection corresponded to a 

primitive monoclinic cell with dimensions: 

a = 8.7591(18) A 

b = 13.493(3) A ~ = 100.732(5)0 

c = 16.814(4) A 

v = 1952.5(7) A3 

For Z = 4 and F.W. = 426.43, the calculated density is 1.451 g/cm3. The systematic 

absences of: 

hOI: h±2n 

OkO: k ± 2n 

uniquely determine the space group to be: 

P21/a (#14) 

The data were collected at a temperature of -120 ± 1 oc to a maximum 28 value of 

65.40. A total of 690 oscillation images were collected. A sweep of data was done using 
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ro scans from -75.0 to 105.00 in 0.50 step, at x=O.OO and <1> = O.oo. The exposure rate was 

40.0 [sec.fO]. The detector swing angle was 15.120. A second sweep was performed 

using ro scans from -75.0 to 90.00 in 0.50 step, at x=54.00 and <1> = 90.00. The exposure 

rate was 40.0 [sec.fO]. The detector swing angle was 15.120. The crystal-to-detector 

distance was 35.04 mm. Readout was performed in the 0.137 mm pixel mode. 

Data Reduction 

Of the 17498 reflections that were collected, 3839 were unique (Rint = 0.062); 

equivalent reflections were merged. Data were collected and processed using 

CrystalClear (Rigaku). Net intensities and sigmas were derived as follows: 

p2 = [L-(Pi - mBave)] · Lp-1 

where Pi is the value in counts of the ith pixel 

m is the number of pixels in the integration area 

Bave is the background average 

Lp is the Lorentz and polarization factor 

Bave = L-(Bj)/n 

where n is the number of pixels in the background area 

Bj is the value of the jth pixel in counts 

cr2(F2hkl) = [(L,Pi) + m((L,(Bave - Bj)2)/(n- l))] · Lp · errmul + ( etTadd · F2)2 

where erradd = 0.00 

errmul = 1.00 
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The linear absorption coefficient, )l, for Mo-Ka radiation is 1.024 cm-1 . The data 

were corrected for Lorentz and polarization effects. A correction for secondary 

extinction2 was applied (coefficient= 0.004120). A numerical ab orption correction was 

applied which resulted in transmission factors ranging from 0.9784 to 0.9964. 

Structure Solution and Refinement 

The structure was solved by direct methods3 and expanded using Fourier 

techniques4. The non-hydrogen atoms were refined anisotropically. Some hydrogen 

atoms were refined isotropically, some were refined using the riding model , and the rest 

were included in fixed positions. The final cycle of full-matrix least-squares refinementS 

on F2 was based on 3822 observed reflections and 294 variable parameters and 

converged (largest parameter shift was 0.00 times its esd) with unweighted and weighted 

agreement factors of: 

Rl =I: IIFol- !Fell I I: IFol = 0.0939 

wR2 = [I: ( w (Fo2- Fc2)2 )/I: w(Fo2)2] 112 = 0.1756 

The standard deviation of an observation of unit weight6 was 1.32. Unit weights 

were used. The maximum and minimum peaks on the final difference Fourier map 

corresponded to 0.19 and -0.19 e-/A3, respectively. 

Neutral atom scattering factors were taken from Cromer and Waber7. Anomalous 

dispersion effects were included in Fcalc8; the values for ~f and ~f" were those of 

Creagh and McAuley9. The values for the mass attenuation coefficients are those of 
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Creagh and HubbeJllO. All calculations were performed using the Crysta1Structurell,l2 

crystallographic software package except for refinement, which was performed using 

SHELXL-9713. 
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-- ------- ------------------------------------

Empirical Formula 

Formula Weight 

Crystal Color, Habit 

Crystal Dimensions 

Crystal System 

Lattice Type 

Detector Position 

Pixel Size 

Lattice Parameters 

Space Group 

Z value 

Deale 

Fooo 

!l(MoKa) 

EXPERIMENTAL DETAILS 

A. Crystal Data 

426.43 

colorless, platelet 

0.20 X 0.20 X 0.20 mm 

monoclinic 

Primitive 

35.04 mm 

0.137 mm 

a= 8.7591(18) A 
b= 13.493(3)A 
c = 16.814(4) A 

~ = 100.732(5) 0 

v = 1952.5(7) A 3 

P21/a (#14) 

4 

1.451 g/cm3 

888.00 

1.024 cm-1 
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B. Intensity Measurements 

Detector 
Goniometer 

Radiation 

Detector Aperture 

Data Images 

ro oscillation Range (X=O.O, <1>=0.0) 

Exposure Rate 

Detector Swing Angle 

ro oscillation Range (X=54.0, <1>=90.0) 

Exposure Rate 

Detector Swing Angle 

Detector Position 

Pixel Size 

28m ax 

No. of Reflections Measured 

Corrections 

Rigaku Saturn 
Rigaku AFC8 

MoKa (A= 0.71070 A) 
graphite monochromated 

70mm x 70mm 

690 exposures 

-75.0- 105.00 

40.0 sec./0 

15.120 

-75.0- 90.0° 

40.0 sec./0 

15.]20 

35.04 mm 

0.068 mm 

65.40 

Total: 17498 
Unique: 3822 (Rint = 0.062) 

Lorentz-polarization 
Secondary Extinction 
(coefficient: 4.12000e-003) 

Numerica Absorption 
(0.9964- 0.9784) 
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C. Structure Solution and Refinement 

Structure Solution 

Refinement 

Function Minimized 

Least Squares Weights 

20max cutoff 

Anomalous Dispersion 

No. Observations (All reflections) 

No. Variables 

Reflection/Parameter Ratio 

Residuals: Rl (l>2.00cr(l)) 

Residuals: R (All reflections) 

Residuals: wR2 (All reflections) 

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 

w = 1/ [ cr2(Fo2) + (0.0352 · P)2 

+ 1.5665 . p] 

where P = (Max(Fo2,0) + 2Fc2)J3 

52.00 

All non-hydrogen atoms 

3822 

294 

13.00 

0.0939 

0.1091 

0.1756 

1.319 

0.000 

0.19 e-JJ~ . ..3 

-0.19 e-JA3 
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TABLE 3.4 Bond lengths (A) 

atom atom distance atom atom distance 

0(1) C(1) 1.356(4) 0 (1) C(19) 1.395(4) 

0 (2) C(l) 1.217(4) 0 (3) C(9) 1.371 (4) 

0 (3) C(IO) 1.426(4) 0 (4) N(2) 1.217(5) 

0(5) N(2) 1.226(5) N(l ) C(2) 1.381(4) 

N(l) C(3) 1.458(4) N(2) C(23) 1.474(5) 

C(l) C(2) 1.455(4) C(2) C(13) 1.357(4) 

C(3) C(4) 1.519(4) C(3) C(11) 1.523(4) 

C(4) C(5) 1.385(4) C(4) C(9) 1.389(5) 

C(5) C(6) 1.392(5) C(6) C(7) 1.378(5) 

C(7) C(8) 1.379(5) C(8) C(9) 1.389(5) 

C(lO) C(11) 1.518(5) C(1 1) C(l2) 1.541 (4) 

C(l2) C(l3) 1.518(4) C( 12) C(20) 1.529(4) 

C(13) C(14) 1.448(4) C(14) C(l9) 1.393(5) 

C(14) C(15) 1.400(4) C(l5) C(16) 1.370(5) 

C(16) C(17) 1.385(5) C( 17) C(18) 1.378(5) 

C(18) C(19) 1.391(4) C(20) C(21) 1.387(4) 

C(20) C(25) 1.389(5) C(2 1) C(22) 1.386(5) 

C(22) C(23) 1.369(5) C(23) C(24) 1.38 1 (5) 

C(24) C(25) 1.391 (5) 
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TABLE 3.5 Bond angles (O) 

atom atom atom angle atom atom atom angle 

C(1) 0(1) C(19) 120.8(3) C(9) 0(3) C(lO) 

117.6(3) 

C(2) N(1) C(3) 114.3(3) 0(4) N(2) 0(5) 

123.5(4) 

0(4) N(2) C(23) 119.2(4) 0(5) N(2) C(23) 

117.3(4) 

0(2) C(1) 0(1) 117.5(3) 0(2) C(l) C(2) 

123.8(3) 

0(1) C(1) C(2) 118.7(3) C(l3) C(2) N(l) 

124.6(3) 

C(13) C(2) C(1) 121.6(3) N(l) C(2) C(l) 

113.8(3) 

N(l) C(3) C(4) 112.0(3) N(l) C(3) C(11) 

107.0(3) 

C(4) C(3) C(11) 110.0(3) C(5) C(4) C(9) 

118.2(3) 

C(5) C(4) C(3) 122.4(2) C(9) C(4) C(3) 

119.5(3) 
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C(4) C(5) C(6) 121.5(2) C(7) C(6) C(5) 

119.2(3) 

C(6) C(7) C(8) 120.3(3) C(7) C(8) C(9) 

120.0(4) 

0(3) C(9) C(4) 123.7(3) 0(3) C(9) C(8) 

115.6(3) 

C(4) C(9) C(8) 120.8(3) 0(3) C(lO) C(ll) 

112.3(3) 

C(lO) C(11) C(3) 108.3(3) C(lO) C(11) C(l2) 

112.4(3) 

C(3) C(ll) C(l2) 111.3(3) C(l3) C(12) C(20) 

113.3(3) 

C(13) C(l2) C(ll) 111.0(3) C(20) C(l2) C(ll) 

108.6(3) 

C(2) C(13) C(14) 118.1(3) C(2) C(l3) C(l2) 

120.3(3) 

C(14) C(13) C(l2) 121.6(3) C(19) C(14) C(l5) 

115.6(3) 

C(19) C(14) C(I3) 119.3(3) C(l5) C(l4 C(13 

125.0(3) 

C(l6) C(l5) C(l4) 121.7(3) C(l5) C(16) C(l7) 

120.6(3) 
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.------------------------------------~--~----

C(l8) C(17) C(16) 120.4(3) C(17) C(18) C(19) 

117.6(3) 

C(18) C(19) C(14) 124.1(3) C(18) C(19) 0(1) 

115.0(3) 

C(14) C(l9) 0(1) 121.0(3) C(21) C(20) C(25) 

119.0(3) 

C(21) C(20) C(12) 120.4(3) C(25) C(20) C(l2) 

120.5(3) 

C(22) C(21) C(20) 121.3(3) C(23) C(22) C(21) 

117.9(3) 

C(22) C(23) C(24) 123.2(3) C(22) C(23) N(2) 

118.0(4) 

C(24) C(23) N(2) 118.8(4) C(23) C(24) C(25) 

117.7(4) 

C(20) C(25) C(24) 120.9(3) 
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Chapter 4. Toward the Synthesis of a 

Co urn[ S]isophenacene 

4.1 Introduction 

Due to the general curiosity regarding reactivity and potential applications in 

optoelectronic devices, linearly-fused polycyclic aromatic compounds have become the 

subject of great interest as fundamental skeletons for functional organic molecules. 1 

Linear polynuclear hydrocarbons, which are also called [n]acenes, have received 

considerable attention in this regard. Pentacene (1) (Fig. 4.1), which ha five linearly-

fused benzene rings, i by far the most thoroughly studied and a promising candidate for 

organic thin-film transi tors? Recent research in this field ha resulted in the ynthesis of 

various n -conjugated systems including higher acene homo logs such as 3 (Scheme 4.1 ),3 

heteroacenes such a 44 and main group element-containing 7t-conjugated (acene-like) 

molecules such as 5 (Fig. 4.2).5 Within the heteroacene cia , various heterocyclic motif 

have been investigated.6 

~ 
~ 

1 

FIGURE 4.1 Pentacene 1 
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SCHEME 4.1 Synthesis of a Functionalized Heptacene Derivative 3 

0 

0 
2 

4 

1-00C 

F 

II 

II 3 

F 

COOH 

s " , R R 
5 R = Cel-'1 3 

FIGURE 4.2 Heptathienoacene 4 and Silicon-based Heteroacene 5 

In connection with the involvement of the Bodwell group in the development of 

new electron deficient dienes for application in the inverse electron demand Diels-Alder 

(IEDDA) reactions, chromone-fused dienes 6 (EWG =electron withdrawing group) have 

been prepared.7 These dienes were utilized in the synthesis of xanthone derivatives by 

reaction with various electron rich alkenes, e.g. enamine 7 (Scheme 4.2). This xanthone-

building trategy was recently applied to the synthesis of a heteroacene 12, which 

contains an alternating 4H-pyran-4-one I benzene motif (Scheme 4.3).8 Work aimed at 

the synthesis of more ambitious targets such as 13 (Fig. 4.3) has also been initiated. 
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SCHEME 4.2 Synthesis of Xanthones by IEDDA Methodology 

0 0 OMe 

~EWG 1\~0Me 
~~) --~7 ________ _ 

0 

6 

SCHEME 4.3 Application of IEDDA Chemistry to the Synthesis of a Hetero[S]acene 12 

0 

9 

LiCI, DMF 

reflux, 6 h 
85% 

0 

1. 
MeOlOMe 

MeO OMe 
10 

135 cc , C;;:I-';;:CI4 

2. BF2 Et;;:O. CI-;;:CI2 

98% overall 

OMe 
12 

OMe 

0 

13 

0 

11 OMe 

OMe 

FIGURE 4.3 A Hetero[9]acene of Current Synthetic Interest in the Bodwell Group 

The [n]phenacenes, e.g. [9]phenacene (14) (Fig. 4.4), are isomeric to the 

[n]acenes and have received considerable attention in recent years.9 However, 
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heteroaromatic analogs of [n]phenacenes have received con iderably Jess attention. 10 

Another PAH motif, which is isomeric to the [n]phenacenes and shares an oligo(p

phenylene) backbone is exemplified by compound 15 (Fig. 4.4), which has no trivial 

name and will be referred to as "isophenacene " in this thesis. Very little work has been 

invested in studying this class of compounds, for both the parent systems' 1 and 

heteroaromatic analogs. 12 

14 15 

FIGURE 4.4 [9]Phenacene (14) and [9]Isophenacene (15) 

As is the case with [n]phenacenes, [n]isophenacenes can be viewed as graphite 

ribbon of varying lengths. In thi case, the ribbons have a serpentine motif. 

Alternatively, this class of compounds may also be viewed as oligo(p-phenylene) 

derivative fused with benzene rings alternately on either ide of the p-phenylene 

backbone. Although this motif appears to be interesting in view of it potential electronic 

and optical propertie , most of the ynthetic work appears to be limited to smaller 

members of this cia s (n. = 5). 11 

Compound 18 is systematically named as dibenzo[a,h]anthracene, but will be 

referred to here a [5]isophenacene (due to the presence of five benzene rings). It has 

been synthesized u ing several different approaches. 11 Recently, ring-clo ing metathesis 

3 10 



of tetraene 16 and intramolecular benzannulation of diyne 19 were used by King 113 and 

Liu, lib respectively, for the efficient synthesis of 18 (Scheme 4.4). Heteroaromatic 

analogs 12 of these type of compounds will be referred to as hetero[n]isophenacenes, 

where n represents the number of aromatic rings. Nitrogen-containing analogs of 

[5]isophenacene have also been prepared. 12 For example, dibenzo[a,h]phenazine (22) 

was prepared from 1-aminonaphthalene (20) and 1-nitronaphthalene (21) through the 

action of ethylmagnesium bromide (Scheme 4.5). 123 

16 

SCHEME 4.4 Synthesis of 18 

cs2 rt ' h 79% 

TpRuPPh3(CI- 3CI\ )2 PFe 

(1C mo%) 

DCE BC °C 24 h 83% 

18 

18 
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SCHEME 4.5 Synthesis of 22 

EtMgBr Tl- F 

then 

Previous work in the Bodwell group resulted in the discovery of a 

benzocoumarin-forrning reaction (Scheme 4.6) 13 analogous to the conversion of diene 6 

to xanthone 8 (Scheme 4.2). Electron deficient diene 25, which can be prepared easily in 

multigram quantities from salicylaldehyde (23) and dimethyl glutaconate (24), reacts 

with enamines such as 26 and 7 to afford benzocoumarins 29 and 31, respectively, albeit 

by slightly different mechanisms. It was therefore envisaged that this chemistry might be 

utilized for the synthesis of coumarin-based hetero[n]isophenacenes, which will be 

referred to as coum[n]isophenacenes due to the presence of a repeating coumarin unit. 

The value of n still represents the total number of rings to maintain homology to the 

parent [n]isophenacenes. 

For the synthesis of coum[n]isophenacenes, an iterative strategy was 

envisioned (Scheme 4.7). The key feature of this strategy is to be able to either directly 

generate benzocoumarins with a salicyclaldehyde substructure, i.e. 32, or, more likely, 

convert the products of the existing methodology into such systems. As such, each 

iteration would consist of three stages: (1) diene synthesis (salicylaldehyde reacting with 

dimethyl glutaconate), e.g. 32 to 33, (2) benzocoumarin formation (IEDDA-driven 
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domino reaction), e.g. 33 to 34 and (3) regeneration of the sal icylaldehyde subunit 

(functional group interconversion), e.g. 34 to 35. 

SCHEME 4.6 Synthesis of Benzocoumarins by IEDDA-Driven Domino Reactions 

MeOOC~COOMe 

CC
CHO 

24 

OH piperidine, benzene, reflux 0 0 CH2CI2, rt 
23 92% 25 3 h, 43% 

COO Me 

27 28 

Q 

d
COOMe ~OMe 

MeO 7 OMe 
I ------~ 

0 0 benzene, 7d 

25 100% 

:OoCOOMe 
croxo 

31 

transfer 

hydrogenation 

43% 

MeO 

30 

29 

COOMe 

COO Me 
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SCHEME 4.7 Proposed Iterative Strategy for the Synthesis of Coum[n]isophenacenes 

01-

0 
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The initial target for this type of molecules would be coum[5]isophenacene 36 

(Fig. 4.5). A long chain alkyl group was included in the target molecule for the purpose 

of maintaining solubility. 

0 

36 

FIGURE 4.5. Coum[5]isophenacene 36 
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4.2 Results and Discussion 

The synthesis commenced with condensation of 5-bromosalicyladehyde (37) and 

dimethyl glutaconate (24), which afforded coumarin-fused electron deficient diene 38 in 

87% yield (Scheme 4.8). 13 This diene was then reacted with tetramethoxyethene (39), 

which was available in the Bodwell laboratory. 14 The intention was to effect an IEDDA 

reaction followed by the loss of two equivalents of methanol from the initially formed 

adduct to afford benzocoumarin 40. This compound bears an oxygen-based substituent 

adjacent to the ester, which offers the potential for the generation of a alicylaldehyde 

unit through selective demethylation of the methoxy group and reduction of the ester. 

SCHEME 4.8 Synthesis of Coumarin-fused Diene 38 

MeOOC~COOMe 
Brl(YCI-0 24 

~OI- p per o ne benzene ref ux 
4 h 87% 

37 38 

Not unexpectedly, no reaction was evident at room temperature or reflux in 

dichloromethane (Table 4.1 , Entry 1). At reflux in acetonitrile, slow consumption of 

diene 38 was observed along with the development of a major new compound (1H NMR 

analysis), but complete conversion was not observed after heating for 84 hours. 

However, the desired benzocoumarin 40 was obtained in 48% yield (Entry 2, Table 4 .1 ). 

When the reaction was performed without solvent at 140 oc for 72 hours, benzocoumarin 

40 was isolated in 70% yield (Entry 3, Table 4.1 ). For this reaction, 5.0 equivalents of 
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the dienophile were used. Although the yield was satisfactory, some efforts were made to 

optimize the reaction. The use of 2.5 equiv of the dienophjJe did not afford a 

homogeneou olution, even after heating at 140 oc for 96 hour . At this time, the 

reaction was still incomplete (approximately 75% conversion by 1H NMR) and the yield 

wa not determjned (Entry 4, Table 4.1 ). 

TABLE 4.1 IEDDA Driven Dorruno Reaction for the Synthesis of Benzocoumarin 28 

OMe 
COO Me 

Br 

38 40 

Entry Dienophile (equiv) Reaction condition Yield (%t 

1 5.0 CH2Ch, reflux, 84 h 0 

2 5.0 CH3CN, reflux, 84 h 48 

3 5.0 neat, 140 °C, 72 h 70 

4 2.5 neat, 140 °C, 96 h n.d. 

5 2.5 C2H2CI4, 140 oc, 44 h 74 

a ISOlated y1eld 

It had been reported that 1,1 ,2,2-tetrachloroethane was a good solvent for the 

reaction of diene 6 with tetramethoxyethene (39),7 but its use in the reaction of diene 38 

with tetramethoxyethene (39) offered very little advantage over the solventle s reaction 
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in terms of yield (74%). However, the number of equivalents of the dienophile could be 

reduced to 2.5 and the reaction time could be reduced to 44 hours. 

The next task in the synthesis was to install the solubilizing group on the 

benzocoumarin moiety. Bromobenzocoumarin 40 was subjected to Sonogashira coupling 

with 1-decyne (41) in benzene with triethylamine as the base (Scheme 4.9). The reaction 

was very slow, giving only 21% of the desired alkyne 42 along with 57% recovery of 40 

after 48 hours at reflux. The use of triethylamine as both the solvent and the base did not 

improve the yield significantly (30%). However, the employment of benzene as the 

solvent and DBU as the base proved to be beneficial. Complete consumption of the 

starting material was achieved after 4.5 hours at reflux and the isolated yield of 42 rose to 

61 %. Catalytic hydrogenation of 42 using 10% Pd/C then afforded decyl-substituted 

benzocoumarin 43 in 95% yield. 

Br 

OMe 

40 

1- 2 PdiC R 

EIOH rt 
1EmnSE% 

SCHEME 4.9 Synthesis of Trio I 44 

COO Me 

DBU Cui benzene ref ux 
4Eh 6'1% 
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COO Me 
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43 
R = decy 

OMe 

44 
R = oecy 

OMe 

COO Me 

OH 
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The next goal was to install formyl and hydroxy functional groups on C-8 and C-9 

of the benzocoumarin structure, respectively. In this direction, ester 43 was reduced with 

LAH to afford trio! 44 in 90% yield. Oxidation of this trio! with a mild oxidant was 

expected to afford the desired aldehyde directly. The initially-formed dialdehyde 45 

would be expected to form hemiacetal 46 and then undergo further oxidation to restore 

the benzocoumarin system. 13 

When 44 was subjected to reaction with Fetizon's reagent (Ag2C03/Celite®), 15 no 

reaction was observed at room temperature or reflux in benzene, but the application of 

PCC afforded the desired aldehyde 47 in 50% yield when the reaction was performed on 

a 40 mg scale. However, when the reaction was performed on a larger scale (250 mg), 

more products were observed by tic analysis and the yield of the desired aldehyde was 

only 10% (Scheme 4.10). In view of the small amounts of material that were available at 

this point, work on this project was discontinued. 

Considering the large number of mild oxidants that are available, it is reasonable 

to assume that conditions will eventually be found for the efficient conversion of 44 to 47 

on a multigram scale. Based on previous results from the Bodwell laboratory (viz. the 

conversion of 11 to 12 in Scheme 4.3), aldehyde 47 is expected to undergo highly 

selective demethylation to afford a formylhydroxy compound 48,16 which is the starting 

point for a second iteration. 
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4.3 Conclusion 

SCHEME 4.10 Synthesis of Aldehyde 47 
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An iterative strategy for the synthesis of a novel class of polycyclic 

heteroaromatic compounds (coum[n]isophenacenes) has been proposed and preliminary 

synthetic work has been conducted. Although a full iteration was not completed, some 

useful groundwork has been laid for future investigations. 
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4.4 Experimental 

4.4.1 General Methods 

All reactions were carried out usmg oven-dried glassware with inert gas 

protection, unless otherwise mentioned. THF and benzene were dried and distilled over 

sodium/benzophenone. Dichloromethane was dried and distilled over CaH2. All other 

chemicals, including solvents, were used as received without further purification. Thin 

layer chromatography (tic) was performed on MN PolyGram precoated silica gel plates 

using 254 nm UV visualization. Flash chromatography was performed on silica gel 

columns. Melting points were recorded on Fisher-Johns apparatus and are uncorrected. 

All proton and carbon assignments are based on 20 NMR experiments (COSY, HMQC 

and HMBC). 1H and 13C NMR spectra were recorded on Bruker A VANCE spectrometer 

at 500.133 MHz and 125.770 MHz, respectively. Peaks reported are relative to internal 

standards: TMS (8 = 0.00) for 1H and CDCb (8 = 77.23) for 13C spectra. Reported 

multiplicities are apparent. Infrared spectra were obtained on Bruker Tensor 27 

instrument using neat samples. Low-resolution mass spectra were obtained using using 

Agilent 1100 series LC/MS chromatographic system and hjgh-resolution mass spectra 

were obtained using Waters GCT Perrnier Micromass mass spectrometer.using neat 

samples. 
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4.4.2 Synthesis and Characterization 

Methyl 2-bromo-9,10-dimethoxy-6-oxo-6H -benzo[c ]chromen-8-carboxylate ( 40) 

A mixture of 38 ( 1.28 g, 4.16 mmol), 39 ( 1.55 g, 10.5 mmol) and I, I ,2,2-

tetrachloroethane (1 mL) was heated at 135-140 oc for 44 h. The pale yellow suspension 

turned into a clear, yellow solution as the heating progressed. The reaction mixture was 

cooled to room temperature and diluted with acetonitrile. The resulting pale yellow 

precipitate was filtered under suction, washed with acetonitrile and air-dried to afford 40 

as an off-white solid (1.2I g, 74%). mp = 229-231 oc (chloroform/hexane); 8H(CDCI3) = 

9.19 (d, J = 2.6 Hz, lH, H-1), 8.66 (s, 1H, H-7), 7.63 (dd, J = 8.8, 2.2 Hz, lH, H-3), 7.25 

(d, J = 9.0 Hz, 1 H, H-4), 4.09 (s, 3H), 4.01 (s, 3H), 3.97 (s, 3H) ppm; 8c(CDCI3) = 164.7 

(C-1'), 159.7 (C-6), I59.2, 151.7, 150.6, 134.2 (C-7), 130.8, 130.7 (C-l), 129.6 (C-3), 

I27.3, 119.5 (C-4), II8.7, 117.9, 117.7, 62.2, 60.6, 52.9 ppm; HRMS [M+] calcd for 

C 17H1306 Br 391.9889, found 391.9895. 
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Methyl 2-( dec-1-ynyl)-9,10-dimethoxy-6-oxo-6H-benzo[ c ]chromene-8-carboxylate 

(42) 

10' 

To a mixture of Cui (0.064 g, 20 mol%) and Pd(PPh3)2Ch (0.12 g, 10 mol%) was added a 

clear, pale yellow solution of 40 (0.655 g, 1.67 mmol) in benzene (30 mL) followed by 

DBU (1.0 mL, 6.7 mmol) and 1-decyne (41) (1.21 mL, 6.7 mmol) sequentially. The 

resulting dark brown solution was then heated at reflux for 13 h. The solvent was 

removed under reduced pressure. The residue was dissolved in dichloromethane (30 mL) 

and filtered under suction through a pad of Celite®. The residue was washed with 

dichloromethane (I 0 mL). The filtrate was sequentially washed with saturated NH4CI 

(20 mL) solution, brine (10 mL) and dried over anhydrous Na2S04. The solvent was 

removed under reduced pressure and the residue was subjected to flash chromatography 

(1 0% ethyl acetate/hexanes) to afford 42 as a pale yellow oil (0.46 g, 61% ). 8H(CDCI3) = 

8.96 (d, J = 2.0 Hz, lH, H-1), 8.65 (s, I H, H-7), 7.52 (dd, J = 9.1, 1.9 Hz, I H, H-3), 7.27 

(d, J = 9.1 Hz, 1H, H-4), 4.09 (s, 3H), 4.01 (s, 3H), 3.97 (s, 3H) 2.44 (t, J = 6.9 Hz, 2H, 

H-3 '), 1.64 (p, J = 7.2 Hz, 2H, H-4 '), 1.48 (p, J = 6.6 Hz, 2H, H-5'), 1.37-1.30 (m, 8H), 

0.89 (t, J = 6.7 Hz, 3H, H-10 ') ppm; 8c(CDCb) = 164.3 (C- 1 " ), 160.2 (C-6), 159.5, 
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151.1, 149.6, 139.9, 132.0 (C-1), 131.3 (C-3), 129.7 (C-7), 127.2, 122.5 (C-4), 121.1 , 

118.6, 117.7, 101.9 (C-2'), 81.4 (C-1'), 61.9, 60.1, 52.5, 30.1 (C-3'), 29.7, 29.6, 29.4, 

22.0, 14.5 (C-10 ') (two carbon signals fewer than expected, presumably due to accidental 

degeneracy) ppm; HRMS [M+] calcd for C27H3o06 450.2042, found 450.2046. 

Methyl 2-decyl-9,1 O-dimethoxy-6-oxo-6H-benzo[c ]chromene-8-carboxylate ( 43) 

OCH3 

9 COOCH3 

9' 7' 5' 3' 
I 8 I " 

7 
10' 

8' 6' 4' 2' 

To a clear, yellow solution of alkyne 41 (0.41 g, 0.91 mmol) in ethanol (30 mL) was 

added Pd/C (0.041 g, 10% by weight) and the reaction mixture was stined under 

hydrogen atmosphere at room temperature for 14 h. The reaction mixture was filtered 

through a pad of Celite® and washed with ethanol. The solvent was removed from the 

filtrate under reduced pressure to afford 43 as a colorless gum (0.39 g, 95%). 8H(CDCI3) 

= 8.74 (d, J = 2.1 Hz, 1H, H-1), 8.68 (s, lH, H-7), 7.39 (dd, J = 9.0, 2.1 Hz, lH, H-3), 

7.25 (d, J = 9.0 Hz, lH, H-4), 4.07 (s, 3H), 3.97 (s, 3H), 3.96 (s, 3H) 2.72 (t, 1 = 6.9 Hz, 

2H, H-1 '), 1.67-1.64 (m, 2H, H-2 '), 1.41 (br m, 2H, H-3 '), 1.31-1.23 (m, 12H), 0.89 (t, J 

= 6.7 Hz, 3H, H-10') ppm; 8c(CDCh) = 164.2 (C-1 "), 160.2, 159.7, 151.2, 149.9, 140.0, 

131.8, 131.4, 129.8 (C-7), 128.1 , 127.2, 118.7, 118.6, 117.7,62. 1,60.2,52.7,36.7 (C- I '), 
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31.4 (C-2'), 29.8, 29.71, 29.68, 29.6, 22.3, 14.7 (C- 10') (two carbon ignals fewer than 

expected, presumably due to accidental degeneracy) ppm; HRMS [M+] calcd for 

C27H340 6 454.2355, found 454.2352. 

5-Decyl-4' ,6' -bis(hydroxymethyl)-2' ,3' -dimethoxybiphenyl-2-ol ( 44) 

OH 

44 

To a 0 °C supension of LAH (0.053 g, 1.4 mmol) in THF (2 mL) was added a solution of 

ester 43 (0.32 g, 0.70 mmol) in THF (5 mL) over a period of 5 min. The resulting 

mixture was heated at reflux for 16 h. The reaction mixture was cooled to room 

temperature and then cooled in an ice bath. Ice-cold water ( I mL) was added to the 

reaction mixture dropwise followed by the addition of 15% NaOH (I mL) solution 

followed by lM HCl (10 mL). The reaction mixture was saturated by adding NaCI and 

then extracted with ethyl acetate (2 x 25 mL). Combined organic layers were washed 

with brine ( 15 mL), dried over anhydrous Na2S04. The solvent was removed under 

reduced pressure to afford 44 as brown oil (0.27 g, 90%). Major peaks in the 1H and 13C 

NMR of the crude product are listed below. (This compound was used as such for the 

next step). DH(CDCh) = 7.11-7.09 (m, 2H), 6.93-6.91 (m, 2H), 4.72 (s, 2H), 4.34 (s, 2H), 
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3.94 (s, 3H) 3.57 ( , 3H), 3.39 (br s, 2H), 2.54 (br m, 2H), 1.58 (br m, 2H), 1.29-1.24 (m, 

14H), 0.88 (br m, 3H) ppm; 8c(CDCI3) = 1 56.2, 151.0, 150.2, 135.2, 131.9, 130.8, 130.0, 

125.4, 125.3, 124 .6, 123.4, 116.4, 63.6, 61.2, 60.9, 35.3, 31.9, 29.7, 29.71, 29.68, 29.5, 

22.9, 14.4 (three carbon signals fewer than expected) ppm; [M+] calcd for C27H3s0 5 

430.2719, found 430.27 11 . 

2-Decyl-9,10-dimethoxy-6-oxo-6H-benzo[ c ]chromene-8-carbaldehyde ( 47) 

9' 7' 5' 3' 

10' 8' 6' 4' 2' 

To a clear, yellow solution of PCC (1.1 g, 2.9 mmol) in dichloromethane (30 mL) wa 

added a clear, brown solution of trio! 44 (0.25 g, 0.58 mmol) in dichloromethane (6 mL) 

followed by the addition of Celite® (1.0 g). The reaction mixture was stirred at room 

temperature for 20 h and then fi ltered under suction. The solvent was removed under 

reduced pres ure and subjected to fla h chromatography (20% ethyl acetate/hexanes) to 

afford 47 as a white solid (0.024 g, 10%). mp = 182-183 oc (ethyl acetate/hexanes). 

8H(CDCI3) = 10.48 (s, l H, H-1 " ), 8. 76 ( d, J = 2. 1 Hz, 1 H, H- 1 ), 8.37 (s, I H, H-7), 7.35 

(dd, J = 8.5, 2.2 Hz, 1H, H-3), 7.24 (d, J = 8.5 Hz, IH, H-4), 4 .19 (s, 3H), 3.99 (s, 3H), 

2.73 (t, 1 = 7. 1 Hz, 2H, H-1'), 1.72-1.70 (m, 2H, H-2'), 1.11 - 1.28 (m, 14H), 0.87 (t, 1 = 
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7.0 Hz, 3H, H-10') ppm; bc(CDCI3) = 188.2 (C-1"), 160.9 (C-6), 160.3, 150.9, 150.0, 

139.8, 134.3, 132.2 (C-1), 129.8, 127.9 (C-7), 127.5 (C-3), 118.4, 117.7 (C-4), 116.6, 

62.6, 60.4, 35.9 (C-1'), 32.1 (C-2'), 31.8, 29.8, 29.7, 29.5, 29.4, 22.9, 14.3 (C-10 ') (one 

carbon signal fewer than expected) ppm; HRMS [M+] calcd for C26H320 s 424.2250, 

found 424.2251. 
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Chapter 5. Toward the Synthesis of a Naphtho-fused 

[7]Helicene 

5.1 Introduction 

According to IUPAC, "helicenes are ortho-fused polycyclic aromatic compounds 

in which all rings (minimum five) are angularly arranged so as to give helically shaped 

molecules, which are thus chiral."1 The helical structure of these molecules is a result of 

severe steric repulsions between nonbonded atoms when the molecule adopts the planar 

conformation. Due to the presence of an inherently chiral chromophore and the 

possibility of intramolecular through-space interactions between the overlapping aromatic 

rings, helicenes have attracted considerable attention in recent years2 and interesting 

optical and electronic properties of helicenes have been revealed.3 

1 

[5]helicene 

2 

[6]helicene 

3 

[7]helicene 

FIGURE 5.1 [5]Helicene 1, [6]helicene 2, and [7]helicene 3 

Helicenes 1, 2 and 3 having 5, 6 and 7 ortho-fused benzene rings, respectively, 

are shown in Fig. 5.1. While IUPAC nomenclature can be used for systematically 

335 



naming such molecules, a simpler system is usually followed for their nomenclature. 

According to this system, the number of rings present in the compound is indicated by a 

number in square brackets followed by the word 'helicene'. Thus, compounds 1, 2 and 3 

are named as [5]helicene, [6]helicene and [7]helicene, respectively. 

Helicenes having aromatic rings other than benzene (e.g. thiophene) have also 

been known for a long time.4 A variety of helicenes, including heterohelicenes5 and 

carbohelicenes as large as [14]helicene,6 have been prepared. A classical method for the 

preparation of helicenes is photocyclization of stilbene derivatives into the corresponding 

phenanthrene derivatives in the presence of an oxidizing agent.7 However, this method 

suffers from serious drawbacks such as regioselectivity of the cyclization8 and 

photodimerization9 of the stilbene derivatives to afford cyclobutane-derivatived 

byproducts (Scheme 5.1). Another problem with the photochemical cyclization is that 

the scale is limited. Therefore, it is unsuitable for the preparation of larger amounts of 

helicenes, which are required for the exploration of their chemical and physical properties 

as well the exploitation of these properties, e.g. in optoelectronic devices. 

A major breakthrough in this field was reported by Katz, who utilized a Diels-

Alder-based approach in the synthesis of various helicene quinones. 10 This method 

enabled the synthesis of sufficient quantities of helicenes for the study of their properties. 

Other nonphotochemical methods have been developed for the syntheses of helicenes and 

these include carbenoid insertion, 11 [2+2+2] cycloisomerization, 12 tandem radical 

I. . 13 . I . h . 14 d bl d. I . 15 d I eye Izatlon, nng c osmg metat es1s, ou e Irect ary atiOn an , more recent y, 
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SCHEME 5.1 Drawbacks in the Photocyclization of Stilbene Derivatives 

00 60 
5 6 

Ph Ph 

4 ~h ~ 
7 Ph a Ph 

9 10 11 

Friedel-Crafts-type cyclization of 1, 1-difluoro-1-alkenes. 16 Among these methods, the 

most general and atom-economical method appears to be the one developed by Stary and 

coworkers. In this approach, a nickel- or cobalt-catalyzed [2+2+2] cycloisomerization of 

triynes is used as the key skeleton-building reaction. For example, triynes 12 or 13 can 

be cycloisomerized to the corresponding helicene precursors, which are then converted 

into helicene 1 by dehydrogenation or elimination-dehydrogenation (Scheme 5.2). A 

variety of substrates has been employed in this reaction and thus various helicene , 

including azahelicenes and other helicene-like molecules, have been constructed by the 

S , 12 tary group. 

A common feature of all of the helicenes reported so far is that the helical 

aromatic backbone is as wide as a single benzene ring or other heteroaromatic unit. 

337 



,......-----------------------------~~-----

Helicenes having wider aromatic backbones are unprecedented. Such helicenes are 

obtained upon benzannulation of the outer edge of a parent helicene (Fig. 5.2). For 

SCHEME 5.2 [2+2+2] Cycloisomerization for the Synthesis of Helical Backbone 

[2+2+2] 

12 1 

1. [2+2+2] 

2. elimination ~ 
and oxidation 

OAc 

13 

example, benzannulation of the outer edge of [5]helicene (1) affords helical arene 14. A 

second benzannulation process gives a wider helical system 15. The synthesis of such 

targets, or even partially benzannulated helicenes, is a daunting task with the available 

synthetic methodology. 

14 

15 

FIGURE 5.2 Helicenes With Wider Aromatic Backbones 
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The first step toward achieving such a goal would be the incorporation of wider 

aromatic pieces (such as naphthalene, phenanthrene and or pyrene) at either or both of the 

termini of a helicene. In the course of efforts directed toward the synthesis of a 

coumarin-fused 2-azadiene having a pyrene unit at one end, a functionalized pyrene 

derivative 16 (Fig. 5.3) was prepared, 17 which has the functionality that might be 

exploited to prepare helicene precursors using Starf s methodology. Therefore, a target 

which can be viewed as a naphtho-fused [7]helicene 17 was designed for preliminary 

work in this area (Fig. 5.3). 

OH 
16 

17 

FIGURE 5.3 A Functionalized Pyrene Derivative 16 and Naphtho-fused [7]Helicene 17 

5.2 Retrosynthetic Analysis 

5.2.1 Retrosynthetic Plan 1 

Based on the [2+2+2] cycloisomerization strategy for building the central three 

rings of the naphtho-fused [7]helicene 17, the first retrosynthetic cut simplified the target 

to a triyne 18, which contains pyrene and naphthalene pieces connected through an 

acetylenic linker. This triyne 18 could be the product of a Sonogashira reaction between 

diyne 19 and iodide 20 (Scheme 5.3). Diyne 19 is analogous to one previously reported 
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in which the same side chain is attached to a benzene ring. 18 Therefore, it was expected 

that the alkynic side chain at C-2 of the pyrene unit could be installed in a similar fashion 

i.e. from bromide 21 and a propargyl bromide-derived organometallic reagent. Bromide 

21 can be traced back to the pyrene derivative 22 by way of a Sonogashira reaction. The 

other key intermediate required for this synthesis was iodide 20, which has been 

synthesized previously in the Stary group. 18 

SCHEME 5.3 Retrosynthetic Plan 1 

17 

+ 

[2+2+2] 
cycloisomerization 

alkylation 21 

18 

sr==~ 

II , Sonogashira reaction 

TMS 

CHO 

22 X 

X = halide or pseudo halide 
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5.2.2 Retrosynthetic Plan 2 

An alternative retrosynthetic plan was also prepared for this synthesis (Scheme 

5.4). According to this plan, acetoxytriyne 23 was envisioned as a precursor to the 

helicene 17. In the forward sense, cycloisomerization of the acetoxytriyne 23 followed by 

elimjnation and dehydrogenation would afford the helicene 17. Intermediate 23 could be 

simplified in a retrosynthetic sense to an aldehyde 24, which would be expected to 

undergo 1 ,2-addition with an appropriate organopropargyl reagent. Aldehyde 24, which 

has two alkyne units, was envisioned to be the product of a Sonogashira reaction between 

a functionalized pyrene derivative 22 and a naphthalene-based diyne 25, the synthesis of 

24 

SCHEME 5.4 Retrosynthetic Plan 2 

[2+2+2] 
cycloisomerization 

and elimination 

TIPS 

23 

+ 

CHO 

22 X 

X = halide or pseudo halide 

TIPS 

25 
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whjch was accomplished previously by the Stary group. 18 

5.3 Results and Discussion 

5.3.1 Synthesis of 7-t-butyl-2-formyl-1-hydroxypyrene (29) 

The first objective in the synthesis was the preparation of pyrene derivative 22, 

which has an aldehyde functionality at C-2 and a halide or a pseudo-halide at C-1 of 

pyrene. For the purpose of maintaining solubility, the design included a 7-t-butyl group 

on the pyrene unit. 

With the above-mentioned requirements m mind, 1-acetoxypyrene (26) was 

prepared from pyrene in two steps following a published method. 19 Subjection of 26 to 

Friedel-Crafts alkylation using t-BuCI/AlCh afforded two major products: 7-t-butyl-1-

acetoxypyrene (27) and 7-t-butyl-l -hydroxypyrene (28) in 49% and 35% yields, 

re pectively. A slightly lower yield of 27 was obtained (42%) when the reaction was 

performed on a multigram scale (3.5 g), while the yield for 28 remained the same (35%). 

Hydrolysis of the ester functionality in 27 presumably occurred during aqueous workup 

to afford 28. As expected, purified ester 27 was hydrolyzed easily under mild conditions 

to give 28 in almost quantitative yield. (Scheme 5.5). 

Attempts to introduce an aldehyde functionality at the 2-position of 7-t-butyl 

pyrene-1 -ol (28) by using Skatteb(III20 or modified Gattermann2 1 formylation conditions 

were unsuccessful (Scheme 5.6). Therefore, a longer, but more reliable, route involving 

Directed ortho Metallation (DoM) chemistr/2 was chosen to synthesize the desired 

formylhydroxypyrene derivative 29. 7-t-Butylpyrene-1-ol (28) was protected as a 
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carbamate 30 upon reaction with N,N-dimethylcarbamoyl chloride in the presence of 

triethylamjne and a catalytic amount of DMAP to afford 30 in quantitative yield. In the 

absence of DMAP, no reaction was evident even after heating at reflux in CHCh for 3 

hours. 

26 

SCHEME 5.5 Synthesis of 28 

AICI3, CH2CI2 
-10 °C, 1 h 

27, 49% 

+ 

28, 35% 

K2C03 , CHCI3 :MeOH t 
(1 :4), rt, 1 h, 99% 

SCHEME 5.6 Attempted Formylation of 28 

CHO 

28 29 

(a) MgCI2, Et3N, (HCHO)x, CH3CN, reflux 
(b) Zn(CN)2, CHCI3, HCI(g) 
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Carbamate 30 was reacted under typical DoM reaction conditions (n-BuLi, 

TMEDA, -78 °C, followed by the addition of DMF), but the desired product was not 

fanned . Instead, the major product isolated from this reaction was 31 (55%), the product 

of an anionic ortho-Fries rearrangement (Scheme 5.7). 7-t-Butyl pyrene-1-ol (28) was 

isolated as a minor product (4%) from this reaction. This prompted the employment of 

other directing groups. 

SCHEME 5.7 Anionic ortho-Fries Rearrangement of 30 

28 

Me2NCOCI, DMAP 

CHCI3 , reflux, 3 h 
100% 

30 

OCONMe2 

1. n-Buli, TMEDA 
THF, -78 °C 

2. DMF 
3. NH4CI 

51% 

31 

The 0-MOM group has been reported to be a reasonable directing group for DoM 

chemistry on pyrene substrates. 19
b Therefore, 0-MOM derivative 32 of 7-t-butyl pyrene-

1-ol (28) was prepared. Initially, the reaction of 28 with methoxymethyl chloride 

(MOMCI) in the presence of an organic base, triethylamine was studied. However, this 

reaction was very slow. The reaction mixture had to be heated at reflux for 48 hours and 

only 74% of the alkylated product 32 was obtained. The use of a strong base, sodium 

hydride, not only accelerated the rate of reaction (I hour at room temperature) but also 
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SCHEME 5.8 Synthesis of 33 Using 0-MOM as a Directing Group 

OH 

28 

NEt3 , THF, MOMCI 
reflux, 48 h, 74% 

or 
NaH, THF, MOMCI 

0 °C, 3 h, 89% 

32 

improved the yield to 89% (Scheme 5.8). 

1. n-Buli, TMEDA 
Et20, -78 °C 

62% 

CHO 

33 

Following a literature procedure performed on a similar substrate, ISb the DaM 

reaction was carried out in dry ether using n-BuLi and TMEDA followed by the addition 

of DMF to afford aldehyde 33 in 62% yield (Scheme 5.8). When diethyl ether was 

replaced by THF, a satisfactory yield (70%) of the desired product was obtained. The use 

of a different electrophile, N-methylformanilide afforded essentially the same yield 

(70% ). Finally, the removal of the directing group was achieved in quantitaive yield 

SCHEMES.9 Synthesis of 29 

CHO CHO 

1. n-Buli, TMEDA 
THF, -78 °C MeOH:HCI, rt 

2. DMF or PhNMeCHO 16 h, 100% 
3. NH4CI 

70% 

32 33 29 
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upon treatment of 33 with 2:1 MeOH: cone. HCI (Scheme 5.9). This afforded 7-t-butyl-

2-formyl-1-hydroxypyrene (29) and completed the first stage of the synthesis. 

5.3.2 Approach 1 

5.3.2.1 Attempted Synthesis of Bromide (21) 

With aldehyde 29 in hand, efforts were directed toward employing this 

hydroxyaldehyde in the approach to helicenes developed by Stary and coworkers. The 

first step was to convert the hydroxy group in 29 into a pseudo halide in preparation for 

subsequent Sonogashira chemistry. Reaction of 29 with nonafluorobutylsulfonyl 

fluoride/NaH in DMF afforded nonaflate 34 in 75% yield (Scheme 5.10). Reaction of 34 

CHO 

29 

35 

SCHEME 5.10 Attempted Synthesis of Bromide 21 

NaH, CF3(CF2)sS02F 

DMF, rt, 60 h, 75% 

TMS 

DIBAL-H 

Toluene, 0 °C 
76% 

36 

CHO 

34 

5 mol% Pd(PPh3bCI2 

10 mol% Cui, TMSA 

NEt3, DMF, 90 °C 

sealed tube, 95% 

21 

TMS 

346 



-----~"---~"---------------------------------

with trimethylsilylacetylene (TMSA) under standard Sonogashira conditions at 50 oc 

gave ynal 35 in 64% yield. When the reaction was performed in a sealed tube at 90 °C, 

the yield rose to 95% yield. Ynal 35 was then reduced with DIBAL-H to afford ynol 36 

in 76% yield (Scheme 5.10). 

The next task in the synthesis was to convert ynol 36 into the corresponding 

bromide and then use the newly formed functionality to attach an alkyne-containing side 

chain. In this vein, attempts were made to convert the alcohol into bromide 21. 

Disappointingly, all of the methods that were attempted for this conversion met with 

failure (Table 5.1). On three occasions (Entries 1, 3 and 5), the starting material was 

totally consumed (tic analysis) and a complex mixture of products formed. The most 

nonpolar product from this complex mixture was isolated as a single spot (tic analysis) on 

two occasions (Entry I and 3), but the spectroscopic data (NMR, IR and MS) of this 

product were inconclusive. The only useful information from the 1H NMR spectrum of 

this product was the absence of trimethylsilyl (TMS) group. This indicated that the TMS 

functionality is not stable towards the bromination conditions employed. 

5.3.3 Approach 2 

5.3.3.1 Attempted Synthesis of Triyne (23) 

In order to circumvent the problem that occurred during bromination of ynol (36), 

the second retrosynthetic plan was considered, in which the coupling between the pyrene 

and naphthalene units was planned at an earlier stage in the synthesis. Thus, nonaflate 34 
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TABLE 5.1 Attempted Synthesis of Bromide 21 

TMS 

36 21 

Entry Reaction conditions Result 

PBr3, CHCI3, 0 °C, 2 h complex mixture 

2 CBr4, PPh3, THF, reflux, 3 h no reaction 

3 NBS, CHCh, rt, 3 h complex mixture 

4 CBr4, PPh3, pyridine, reflux, 2 h no reaction 

5 HBr/ AcOH, 0 °C, 1 h complex mixture 

was subjected to Sonogashira reaction with naphthalene-containing diyne 25 at room 

tempera-ture to afford diynal 24 in 68% yield. 

The stage was now set for the introduction of the alkyne-containing side chain to 

the pyrene moiety. In this direction, the addition of propargylmagnesium bromide to 24 

was attempted, but the starting material, 24 was recovered (almost 100%) from this 

reaction (Scheme 5.11). 

Indium-mediated reactions of the propargyl bromides have been reported to 

selectively afford either allenic or homopropargylic alcohols depending upon the choice 
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of the silyl protecting group.23 This method also was unsuccessful (Scheme 5.12). The 

starting material 24 was recovered (almost 100%). 

SCHEME 5.11 Attempted Synthesis of 29 

TIPS 

25 

CHO 8 moi%Pd(PPh34 Et3N, 
24 moi%Cul , DMF, rt, 16 h 

ONf 68% 
34 

1.BrMg~ 

24 

24 

1. desilylation ___ ___ ___ ____ .,.. 

TIPS 2. [2+2+2] 

37 

SCHEME 5.12 Attempted Synthesis of 38 

THF, 70 °C, sealed tube 
TIPS 

24 h 

38 

TIPS 

TMS 

TIPS 
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5.3.3.2 Synthesis of Enediyne 40 

The presence of a propargyl group was desired for the crucial [2+2+2] 

cycloisomerization reaction. However, the reluctance of the aldehyde 24 to react with 

organopropargyl reagents raised a question whether the aldehyde was reactive towards 

such addition reactions. To find out whether this aldehyde could take part in similar 

reactions, it was reacted with allylmagnesium bromide. In fact, this reaction followed by 

protection of the resulting secondary alcohol as an acetate proceeded smoothly to afford 

protected enediyne 39 in 70% overall yield for the two steps (Scheme 5.13). It is not 

immediately obvious why the addition of allylmagnesiumbromide proceeds smoothly and 

TBAF, THF, rt 

15 min, 93% 

SCHEME 5.13 Synthesis of Enediyne 40 

1. BrMg~ Et20 

TIPS 2. Ac20 

70% overall 

40 

39 

TIPS 
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that of propargylmagnesiumbromide does not. Finally the silyl protecting group was 

removed through the action of TBAF on 39 to afford 40 in 93% yield. 

5.3.3.3 Reaction of 40 Under [2+2+2] Cycloisomerization Conditions 

At this stage, it was decided to explore the possibility of subjecting enediyne 40 to 

the [2+2+2] cycloisomerization conditions. Although the central ring that would be 

formed in this cycloisomerization would not be aromatic, it was hoped that the 

subsequent decomplexation (oxidative conditions) of the metal from the resulting cyclic 

diene might be accompanied by the aromatization of the central ring (Scheme 5.14). 

When enediyne 40 was reacted with Jonas catalyse4 at room temperature, the starting 

material was consumed after 15 minutes and two new products were observed (tic 

analysis). However, the 1H NMR spectra of both the crude reaction mixture and the 

single-spot fractions that were isolated by column chromatography were too complicated 

to assign any structure. Stirring a solution of these products (as a mixture) in THF open 

to air (I hour at room temperature) did not show any reaction (tic analysis). At this 

point, despite having made considerable progress, work aimed at the synthesis of 17 had 

to be discontinued due to a lack of time. 
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SCHEME 5.14 Attempted Synthesis of a Naphtho-fused [7]Helicene 17 

40 

--------------- ~ 

(Jonas Catalyst) 

rt , 15 min 

17 

42 

41 

FIGURE 5.4 Interesting Target for Future Work 
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5.4 Conclusion 

Although the synthesis of the target molecule 17 could not be achieved, various 

key intermediates for this synthesis were prepared, which may be useful in the future 

efforts toward the synthesis of 17 or its derivatives. Alternatively, other possibilities to 

prepare a suitable triyne from the nonaflate derivative 34 may be explored in future. A 

successful synthesis of 17 will mark the beginning of new type of synthetic targets such 

as 42 (Fig. 5.4), a helicene with two pyrene units. 
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5.5 Experimental 

5.5.1 General Methods 

All reactions were carried out usmg oven-dried glassware with inert ga 

protection, unless otherwise mentioned. For products 27, 30, 31, 32 and 33, nitrogen wa 

used as the inert atmosphere and for 24, 34, 35, 36, 39 and 40, argon was used as the inert 

atmosphere. THF, diethyl ether and toluene were dried and distilled over 

sodium/benzophenone. Dichloromethane was dried and distilled over CaH2. TMEDA 

was dried and di tilled over KOH pellet and stored over 4 A molecular sieves. DMF 

was dried over CaO and was freshly distilled for DaM reactions. All other chemicals, 

including solvents, were used as received without further purification. The concentration 

of n-BuLi in hexanes was determined prior to each use. 

Thin layer chromatography (tic) was performed on MN PolyGram precoated 

silica gel plates using 254 nm UV visualization. Flash chromatography was performed 

on silica gel column . Melting points were recorded on Fisher Johns apparatus and are 

uncorrected. 1H and 13C NMR spectra were recorded on Bruker A VANCE spectrometer 

at 500.133 MHz and 125.770 MHz, respectively. Peaks reported are relative to internal 

standard : TMS (8 = 0.00) for 1H and CDCh (8 = 77.23) for 13C spectra. Reported 

multiplicitie are apparent. All proton and carbon assignments are based on 20 

experiments (COSY, HMQC and HMBC for 27, 30, 31, 32 and 33 and COSY, HMBC 

and HSQC for compounds 24, 34, 35, 36, 39 and 40). Infrared spectra were obtained on 

Bruker Tensor 27 instrument using neat samples. Low-resolution mass spectra were 

obtained using using HP5970 GC/MSD or Agilent 11 00 series LC/MS chromatographic 
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system and high-resolution mass spectra were obtained usmg Waters GCT Permjer 

Micromass mass spectrometer. 
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5.5.2 Synthesis and Characterization 

7-tert-Butylpyren-1-yl acetate (27) and 7-tert-butylpyren-1-ol (28) 

27 

I ' 

6i(' 3' 

0 
I 10 

9 

28 

To a -10 oc slurry of A1C13 (3.77 g, 28.3 mmol) in dichloromethane (40 mL) was added 

2-chloro-2-methylpropane (1.61 mL, 14.8 mmol) and the resulting mixture was stirred at 

- 10 oc for 15 min. To this mixture was added dropwise a clear, pale yellow olution of 

26 (3.50 g, 13.5 mrnol) in dichloromethane (40 mL) over a period of 15 min. The 

resulting mixture was stirred at -10 oc for a further 1 h. Ice-cold 1 M HCJ solution (50 

mL) was then added to the reaction mixture and the biphasic mixture was transferred to a 

separatory funnel. The layers were separated and the aqueous layer was extracted with 

dichloromethane (2 x 20 mL). The combined organic layers were washed with brine (20 

mL) and dried over anhydrous Na2S04 . The solvent was removed under reduced 

pressure and the residue was subjected to flash chromatography (1 0% ethyl 

acetate/hexanes) to afford 27 (1.79 g, 42%) as an off-white solid and 28 (1.06 g, 29%) as 

a brown gum. 27: mp = 161-162 oc (trituration with ethyl acetate). 8H(CDCI3) = 8.24 (d, 

356 



J = 1.9 Hz, 1H), 8.22 (d, J = 1.9 Hz, lH), 8.14 (d, J = 8.3 Hz, 1H, H-3), 8.09 (d, J = 9.0 

Hz, 1H), 8.05 (d, J = 9.1 Hz, lH), 8.05-8.02 (m, 2H), 7.75 (d, J = 8.2 Hz, lH, H-2), 2.54 

(s, 3H, H-3'), 1.59 (s, 9H, H-2") ppm; 8c(CDCh) = 169.9 (C-2'), 149.8 (C-7), 144.4 (C-

1), 131.2, 129.4, 128.2, 127.0, 126.9, 126.1, 125.3 (C-3), 124.3, 124.2, 122.0, 120.4, 

120.3, 119.9, 119.6 (C-2), 36.2 (C-1"), 31.9 (C-2"), 21.8 (C-3') ppm; IR v = 1759 (s), 

1599 (w), 1558 (w), 1499 (m), 1459 (w), 1437 (w), 1416 (w), 1380 (m), 1367 (m), 1244 

(w), 1216 (m), 1198 (s), 1167 (m), 1152 (m), 1143 (m), 1131 (w), 1172 (w), 1069 (m), 

1011 (w) cm-1
; GC/MS m/z (relative intensity)= 316 (M+, 17), 274 (100), 259 (30), 218 

(16); HRMS [M+] calcd for C22H2o0 2 316.1463, found 316.1457. 28: 8H(CDCI3) = 8.28-

7.88 (br m, 7H), 7.52-7.35 (br m, lH), 5.48 (s, lH, exchangeable with 0 20 ), 1.57 (s, 9H) 

ppm, GC/MS m/z (relative intensity)= 274 (M+, 100), 259 (51), 218 (28), 189 (21), 115 

(27). Due to very broad peaks in 1H NMR, this compound was not fu lly characterized. It 

was used in the next step and the product of that reaction was fully characterized. 

7 -tert-Butylpyren-1-ol (28) 

28 

To a clear, brown room temperature solution of 27 (1.79 g, 5.66 mmol) in 

chloroform:methanol (1: I) (50.0 mL) was added K2C03 (0.860 g, 6.22 mmol). The 
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reaction mixture was stirred open to air at room temperature for 16 h. The solvent was 

removed under reduced pressure and the residue was dissolved in dichloromethane (60 

mL). This solution was washed with I M HCI solution (2 x 25 mL), washed with brine 

(20 mL) and dried over anhydrous Na2S04 . The solvent was removed under reduced 

pressure to afford 28 as a brown gum (1.54 g, 99%). 

7-tert-Butylpyren-1-yl dimethylcarbamate (30) 

30 

6 I 
y N-z 4' 
0 

1'0 
9 

2" 

To a clear, brown solution of 28 (0.19 g, 0.69 mmol) in chloroform (7.0 mL) were added 

DMAP (0.0 17 g, 20 mol%), triethylamine (0.11 rnL, 0. 76 mmol) and N,N-

dimethylcarbamoyl chloride (0.07 mL, 0.8 mmol) and the reaction mixture was heated at 

reflux for 3 h. The reaction mixture was cooled to room temperature and chloroform {I 0 

mL) was added. The resulting mixture was washed with 1 M HCI solution (2 x 20 mL), 

washed with brine (10 mL) and dried over anhydrous Na2S04. The solvent was removed 

under reduced pressure and the residue was triturated with ether to afford 30 (0.076 g, 

32%) as a pale yellow solid. The mother liquor was filtered through a short (4 em x 2 
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em) silica gel column (20% ethyl acetate) to afford 30 (0.16 g, 68%) as a pale yellow 

solid. Combined yield= 0.24 g (100%). mp = 178-179 oc (trituration with ethyl acetate). 

8H(CDCh) = 8.19 (m, 2H), 8.11-8.04 (m, 3H), 7.98 (m, 2H), 7.79 (d, J = 8.1 Hz, 1H, H-

2), 3.39 (s, 3H, H-4'), 3.08 (s, 3H, H-4'), 1.58 (s, 9H, C-2") ppm; 8c(CDCI3) = 155.5 (C-

2'), 149.7 (C-7), 145.4 (C-1), 131.4, 131.3, 129.1, 128.4, 127.4, 127.3, 125.9, 125.2, 

123.6, 123.3, 122.9, 122.6, 120.7, 120.1 (C-2), 37.3 (C-4'), 37.1 (C-4'), 35.6 (C-1"), 32.3 

(C-2") ppm; MS (APCI) m/z (relative intensity)= 346 (M++1, 100), 274 (48); HRMS 

[M+] calcd for C23H23N02 345.1729, found 345.1723. 

7 -tert-Butyl-1-hydroxy-N ,N-dimethylpyrene-2-carboxamide (31) 

31 

To a -78 oc mixture of TMEDA (0.040 mL, 0.28 mmol) and n-BuLi (1.4 M solution in 

hexanes, 0.20 mL, 0.28 mmol) in THF (1.0 mL) was added a clear, pale yellow solution 

of 30 (0.087 g, 0.25 mmol) in THF (2.0 mL). The resulting cloudy red solution was 

stirred at - 78 oc for 2 h. DMF (0.08 mL, 1.00 mmol) was added and the reaction mixture 
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was stirred at -78 oc for another 2 h. Cold saturated NH4Cl solution (5 mL) was added to 

the reaction mjxture carefully. The solvent was removed under reduced pressure and the 

residue was diluted with cold water (10 mL) and extracted with ethyl acetate (3 x 10 

mL). The combined organic layers were washed with brine (10 mL) and dried over 

anhydrous Na2S04 . The solvent was removed under reduced pressure and the residue 

was subjected to flash chromatography (0-10% ethyl acetate/hexanes) to afford 31 as a 

yellow solid (0.048 g, 55%). mp = 198-199 oc (trituration with ethyl acetate). oH(CDCh) 

= 10.96 (s, 1H, H-1'), 8.48 (d, 1 = 8.3 Hz, 1H), 8.15-8.11 (m, 2H), 8.04-8.02 (m, 2H), 

7.85 (m, 2H), 3.32 (s, 6H, H-3"), 1.56 (s, 9H, H-2"') ppm; oc(CDCh) = 173.1 (C-1 '), 

154.1 (C-1), 150.4 (C-7), 132.4, 132.1 , 127.3, 127.2, 127.1, 125.7 (C-3), 124.2, 123.1, 

122.8, 121.90, 121.88, 120.2, 113.9, 38.4 (C-3"), 35.5 (C-1"'), 32.1 (C-2"') ppm (one 

carbon signal fewer than expected); IR V= 3629 (w), 1684 (s), 1653 (m), 1617 (m), 1560 

(m), 1499 (m), 1477 (w), 1440 (w), 1414 (m), 1390 (w), 1375 (m), 1353 (m), 1250 (s), 

1190 (s), 1127 (m), 1088 (w), 1059 (m) cm-1
; MS (APCI) m/z (relative intensity) = 346 

(M++1, 100); HRMS [M+] calcd for C23H23N02 345.1729, found 345. 1727. 
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7 -tert-Butyl-1-(methoxymethoxy )pyrene (32) 

32 

Method 1: NaH (60% suspension in mineral oil, 0.48 g, 9.72 mmol) was washed with n

hexane (2 x 10 mL) in a 3-necked round-bottomed flask. THF (20.0 mL) was added and 

the resulting suspension was cooled in an ice bath. A clear, brown solution of 7-tert

butylpyren-1-ol (28) (2.21 g, 8.10 mmol) in THF (50 mL) was then added and the 

reaction mixture was stirred for 15 min at 0 °C. Methoxymethyl chloride (0.740 mL, 9.72 

mmol) was then added and the reaction mixture was stirred at 0 oc for 3 h. A few drops 

of methanol were added to the reaction mixture and the solvent was removed under 

reduced pressure. The residue was dissolved in ethyl acetate (80 mL) and the resulting 

solution was washed with cold water (40 mL), brine (30 mL) and dried over anhydrous 

Na2S04 . The olvent was removed under reduced pressure and the residue was subjected 

to flash chromatography (0-2.5% ethyl acetate/hexanes) to afford 32 as a pale yellow 

gum (2.21 g, 89%). oH(CDCh) = 8.42 (d, J = 9.4 Hz, IH), 8.16 (br , IH), 8.15 (br s, 

1H), 8.05 (d, J = 8.6 Hz, lH, H-3), 8.03 (d, J = 9.6 Hz, !H), 7.94 (d, J = 9.4 Hz, lH), 

7.89 (d, J = 9.0 Hz, lH), 7.74 (d, J = 8.6 Hz, lH, H-2), 5.52 (s, 2H, H-2'), 3.61 (s, 3H, H-
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4'), 1.57 (s, 9H, H-2") ppm; 8c(CDCJ3) = 151.3 (C-1), 149.4 (C-7), 131.64, 131.59, 

127.3, 127.1, 126.3, 126.0, 125.9, 125.5, 123.4, 122.1 , 121.8, 121.2, 121.0 (C-2), 111.9, 

95.7 (C-2'), 56.6 (C-4'), 35.4 (C-1 "), 32.1 (C-2") ppm; GC/MS mlz (relative intensity)= 

318 (M+, 39), 273 (100), 243 (11); HRMS [M+] calcd for C22H220 2 318.1620, found 

318.1629. 

Method 2: To a clear, brown, 5 oc solution of 28 (1.26 g, 4.59 mmol) in THF (50 mL) 

were added triethylamine (0.96 mL, 6.89 mmol) and methoxymethyl chloride (0.520 mL, 

6.89 mmol). The reaction was stirred at room temperature for 48 h and then heated to 

reflux for a further 48 h. The reaction mixture was allowed to cool to room temperature 

and then cold water (30 mL) was added. The biphasic mixture was transferred to a 

separatory funnel and the two layers were separated. The aqueous layer was extracted 

with ethyl acetate (2 x 20 mL). The combined organic layers were washed with brine 

and dried over anhydrous Na2S04. The solvent was evaporated under reduced pressure 

and the residue was subjected to flash chromatography (0-5% ethyl acetate/hexanes) to 

afford 32 as a pale yellow gum (1.08 g, 68%). 
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7 -tert-Butyl-1-(methoxymethoxy )pyrene-2-carbaldehyde (33) 

I"CHO 

33 

6 0 
~ '4' 

2' 

Method 1: To a clear, pale yellow, -20 oc olution of 32 (1.90 g, 5.97 mmol) and 

TMEDA (1.08 mL, 7.16 mrnol) in THF (50.0 mL) was added n-BuLi (0.94 M solution in 

hexane , 7.62 mL, 7.16 mrnol). The resulting deep red solution wa stirred at - 20 oc for 

1 h. DMF (0.920 mL, 11.9 mmol) wa then added and stirred was continued at -20 oc 

for 1.5 h. Cold saturated NH4CI olution (20 mL) was then added to the reaction mixture 

carefully. The olvent was removed under reduced pressure and the re idue was diluted 

with cold water (30 mL) and extracted with ethyl acetate (3 x 30 mL). The combined 

organic layer were wa hed with brine and dried over anhydrou Na2S04. The solvent 

was removed under reduced pressure and the residue wa subjected to fla h 

chromamtography (0-10% ethyl acetate/hexanes) to afford 33 a a yellow solid (1.44 g, 

70%). mp = 132- 134 oc; 8H(CDCh) = 10.74 ( , 1H, H-1"), 8.53 (, 1H, H-3), 8.31 (d, J = 

8.5 Hz, 1 H), 8.20 (d, J = 1.5 Hz, I H), 8.18 (d, J = 1.5 Hz, 1 H), 8.09 (d, J = 8.8 Hz, I H), 

7.97 (d, J = 9. 1 Hz, I H), 7.94 (d, J = 9.4 Hz, lH), 5.37 (s, 2H, H-2'), 3.67 (s, 3H, H-4'), 

363 



1.57 (s, 9H, H-2"') ppm; 8c(CDCI3) = 191.3 (C-1"), 154.4 (C-1), 151.3 (C-7), 132.1 , 

132.0, 129.3, 128.7 (C-3), 128.0, 127.9, 127.8, 126.6, 124.7, 123.9, 123.2, 122.9, 122.8, 

121.4, 102.6 (C-2'), 58.5 (C-4'), 35.6 (C-1 "'), 32.0 (C-2"') ppm; GC/MS m/z (relative 

intensity)= 346 (M+, 24), 316 (13), 300 (100), 286 (39), 273 (23), 257 (16), 243 (18), 

189 (14); HRMS [M+] calcd for C23H220 3 = 346.1569, found= 346.1563. 

Method 2: To a clear, pale yellow -20 oc solution of 32 (0.32 g, 1.0 mmol) and TMEDA 

(0.18 mL, 1.2 mmol) in THF (10 mL) was added n-BuLi (0.94 M solution in hexanes, 1.3 

mL, 1.2 mmol). The resulting deep red solution was stitTed at -20 oc for 1 h and N

methylformanilide 0.25 mL, 2.0 mmol) was added. Stirred was continued at -20 oc for a 

further 1.5 h and then cold saturated NH4CI solution (5 mL) wa added carefully. The 

solvent was removed under reduced pressure and the residue was diluted with cold water 

(10 mL) and extracted with ethyl acetate (3 x 5 mL). The combined organic layers were 

washed with brine (10 mL) and dried over anhydrous Na2S04 . The solvent was removed 

under reduced pressure and the re idue was subjected to fla h chromamtography (0-1 0% 

ethyl acetate/hexanes) to afford 33 as a yellow solid (0.24 g, 70%). 

Method 3: To a clear, pale yellow -20 oc solution of 32 (0.32 g, 1.0 mmol) and TMEDA 

(0.18 mL, 1.2 mmol) in diethyl ether (10 mL) was added n-BuLi (0.94 M solution in 

hexane , 1.3 mL, 1.2 mmol). The resulting deep red, cloudy solution was stirred at - 20 

oc for 1 hand DMF (0.15 mL, 2.0 mmol) was then added. Stirring was continued at - 20 

oc for a further 1.5 h. and cold saturated NH4CI solution (5 mL) was added carefully. 

Diethyl ether (5 mL) was then added and the resulting biphasic mixture was transferred to 

a separatory funnel. The layers were separated and the aqueous layer was extracted with 
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diethyl ether (2 x 5 mL). The combined organic layers were washed with brine (l 0 mL) 

and dried over anhydrous Na2S04. The solvent was removed under reduced pressure and 

the residue was subjected to flash chromamtography (0-10% ethyl acetate/hexanes) to 

afford 33 as a yellow solid (0.21 g, 62% ). 

7 -tert-Butyl-1-hydroxypyrene-2-carbaldehyde (29) 

29 

A yellow suspension of 33 (1.14 g, 3.00 mmol) in methanol:37% HCI solution (2: I) (60 

mL) was stirred open to air at room temperature for 16 h. The solvent was evaporated 

under reduced pressure and the residue was dissolved in dichloromethane (80 mL). The 

solution was washed with saturated NaHC03 solution (40 mL) and washed with brine (40 

mL). The organic layer was then dried over anhydrous Na2S04 and the solvent was 

removed under reduced pressure to afford 29 as a yellow solid (0.902 g, 100%). 

mp = 191-192 oc (dichloromethane). 8H(CDCI3) = 11.93 (s, lH, H-1'), 10.29 (s, IH, H-

1 "), 8.48 (s, 1 H, H-3), 8.20 (d, 1 = 8.4 Hz, lH), 8.15 (s, lH), 8.12 (s, 1 H), 8.05 (d, 1 = 8.6 
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Hz, 1H), 7.90 (d, J = 9.2 Hz, I H), 7.84 (d, J = 9.2 Hz, I H), 1.57 (s, 9H, H-2"') ppm; 

oc(CDCI3) = 197.1 (C-1"), 155.8 (C-1), 151.4 (C-7), 132.9, 132.5, 129.4, 128.3 (C-3), 

127.2, 127.1, 126.0, 124.0, 122.8 (C-2), 122.3, 122.0, 121.3, 119.3, 116.7, 35.3 (C-1"'), 

31.7 (C-2"') ppm; MS (APCI) m/z (relative intensity) = 303 (M++l, 24), 302 (100); 

HRMS [M+] calcd for C21 H 1s0 2 = 302.1307, found = 302.1309. 

7 -tert-Butyl-2-formylpyrene-1-yl 1,1,2,2,3,3,4,4,4-nonafluorobutane-1-sulfonate (34) 

rCHO 

34 

To a 0 oc suspension of NaH (80% dispersion in mineral oil, 0.1 2 g, 4.0 mmol, washed 

once with n-hexane (10 mL)) in DMF (10 mL) was added a clear yellow solution of 7-t

butyl-2-formyl -1-hydroxypyrene (29) (0.60 g, 2.0 mmol) in DMF (1 0 mL) and the 

resulting mixture was stirred at 0 oc for 1.5 h. Nonafluorobutanesulfonyl fluoride (0.46 

mL, 2.6 mmol) was then added and the resulting mixture was stirred at room temperature 

for 62 h. The solvent was removed under reduced pressure (I 0 mbar, 60 °C) and the 

residue was subjected to flash chromatography (0-2.5% ethyl acetate/hexanes) to afford 

34 as a yellow solid (0.87 g, 75%). mp = 103-104 °C; DH(CDCh) = 10.66 (s, lH, H-l '), 

8.72 (s, lH, H-3), 8.36 (d, J = 9.5 Hz, lH, H-10), 8.35 (m, 2H, H-6 and H-8) 8.29 (d, J = 
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9.5 Hz, 1H, H-9), 8.21 (d, J = 9.0 Hz, 1H, H-5), 8.16 (d, J = 9.1 Hz, 1H, H-4), 1.60 (s, 

9H, H-2") ppm; 8c(CDC13) = 187.6 (d, C-1'), 152.0 (s, C-7), 141.5 (s, C-1), 131.5 (s, C-

5a), 131.2 (s, C-8a), 130.7 (d, C-9), 130.5 (s, C-3a), 129.9 (d, C-5), 128.5 (s, C-lOb), 

127.2 (d, C-4), 125.8 (s, C-10a), 124.6 (d, C-3), 124.44 (d, C-6), 124.42 (s, C-2), 124.1 

(d, C-8), 121.8 (s, C-10c), 119.9 (d, C-10), 35.5 (s, C-1"), 31.8 (q, C-2") ppm (chemical 

shifts for CF2CF2CF2CF3 are not given because unambiguous assignment was not 

possible due to strong 13C, 19F splitting); IR v = 1720 (s), 1696 (s), 1652 (w), 1635 (w), 

1606 (w), 1592 (w), 1565 (m), 1478 (w), 1470 (w), 1461 (w), 1429 (m), 1398 (m), 1369 

(m), 1352 (m), 1285 (m), 1243 (s), 1146 (s), I 089 (w), 1032 (w), 1009 (w) cm-1; MS (EI) 

mlz (relative intensity)= 584 (M+, 26), 583 (M+-1, 100), 301 (31), 299 (27). HRMS [M+] 

calcd for C25H 170 4F9S 584.0704, found 584.0696. 

7-tert-Buty1-1-((trimethylsilyl)ethynyl)pyrene-2-carbaldehyde (35) 

35 

A Schlenk flask was charged with PdCh(PPh3)2 (32 mg, 0.046 mmol, 5 mol%) and Cui 

(18 mg, 0.092 mmol, 10 mol%) and kept under argon. Through a septum, a clear yellow 
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solution of 34 (0.54 g, 0.92 mmol) in DMF (20 rnL) was added followed by the addition 

of triethylamjne (0.64 mL, 4.6 mmol) and trimethylsilylacetylene (0.16 mL, 1.1 mmol). 

The reaction flask was sealed with a teflon screw cap and the reaction rruxture was heated 

at 90 oc for 2 h. The solvent was removed under reduced pressure (15 mbar, 60 °C) and 

the residue was adsorbed on silica gel and subjected to flash chromatography (0-5% ethyl 

acetate/hexanes) to afford 35 as a yellow solid (309 mg, 87% ). mp = 124-125 oc; 

8H(CDCh) = 11.01 (s, lH, H-1"), 8.64 (s, 1H, H-3), 8.63 (d, 1 = 9.1 Hz, lH, H-10), 8.29 

(d, 1 = 1.8 Hz, 1H, H-8), 8.26 (d, 1 = 1.8 Hz, 1H, H-6), 8.21 (d, 1 = 9.1 Hz, 1H, H-9), 

8.10 (d, 1 = 9.1 Hz, 1H, H-5), 8.07 (d, 1 = 9.1 Hz, I H, H-4), 1.60 (s, 9H, H-2'"), 0.43 (s, 

9H, H-3') ppm; 8c(CDCh) = 193.2 (d, C-1 "), 151.1 (s, C-7), 132.8 (s, C-2), 132.6 (s, C

IOa), 131.8 (s, C-5a), 131.7 (s, C-8a), 130.5 (s, C-3a), 129.5 (d, C-9 and d, C-5, 

degenerate peaks), 127.9 (d, C-4), 127.0 (s, C-IOb), 125.2 (d, C-10), 123.6 (d, C-6), 123.5 

(d, C-8), 122.5 (d, C-3), 122.1 (s, C-10c), 120.4 (s, C-1), 108.1 (s, C-1'), 99.2 (s, C-2'), 

35.4 (s, C-1 "'), 31.8 (q, C-2"'), 0.03 (q, C-3') ppm; IR v = 3301 (w), 2145 (m), 1692 (s), 

1670 (m), 1252 (m), 1633 (w), 1626 (w), 1588 (m), 1563 (m), 1546 (m), 1462 (w), 1383 

(m); MS (EI) mlz (relative intensity) = 382 (M+, 94), 367 (69), 256 (22), 72 (66), 57 

( 100). HRMS [M+] calcd for C26H260Si 382.1753, found 382.1759. 
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(7 -tert-Butyl-1-( ( trimethylsilyl)ethynyl)pyrene-2-yl)methanol (36) 

36 

To a clear, yellow solution of 35 (0.36 g, 0.94 mmol) in toluene (30 mL) was added 

DIBAL-H ( 1.5 M solution in toluene, 0.75 mL, 1.1 mmol) over 2 min at 0 oc under an 

argon atmo phere. The reaction mixture was stirred at room temperature for 16 h. 

Saturated NaCl olution (1.0 mL) was added carefully and the solvent was removed 

under reduced pressure. Saturated NaCl solution (20 mL) was added to the residue and 

the resulting mixture was extracted with dichloromethane (I x 20 mL and 2 x 10 mL). 

The combined organic layers were dried over anhydrous Na2S04 and the solvent was 

removed under reduced pressure. The residue was subjected to fla h chromatography (0-

10% ethyl acetate/hexanes) to afford 36 as a yellow solid (0.3 1 g, 85%). mp = 148-149 

oc; 8H(CDCI3) = 8.55 (d, J = 9.1 Hz, IH, H-10), 8.26 (d, J = 1.8 Hz, IH, H-8), 8.24 (d, J 

= 1.8 Hz, I H, H-6), 8.16 (d, J = 9.1 Hz, I H, H-9), 8.09 (d, J = 9.2 Hz, I H, H-5), 8.08 ( , 

lH, H-3), 8.01 (d, J = 9.2 Hz, lH, H-4), 5.70 (s, 2H, H-1"), 1.59 (s, 9H, H-2'"), 0.40 (s, 

9H, H-3') ppm; 8 (CDC13) = 149.6 (s, C-7), 135.1 (s, C-2), 132.4 ( , C-IOa), 131.0 (s, C-

5a), 130.8 (s, C-3a and , C-8a, degenerate peaks), 129.0 (d, C-9), 128.9 (d, C-5), 127.0 
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(d, C-4), 125.4 (d, C-10), 124.2 (d, C-3), 123.9 (s, C-lOb), 123.1 (s, C-6 and s, C-8, 

degenerate peaks), 122.3 (s, C-lOc), 116.7 (s, C-1), 105.7 (s, C-1'), 101.0 (s, C-2'), 65.8 

(t, C-1"), 35.3 (s, C-1"'), 31.9 (q, C-2"'), 0.12 (q, C-3') ppm; HRMS [M++CH3CN+1] 

7 -tert-Butyl-1-( (2-( 4-triisopropylsilyl)but-3-ynyl)naphthalene-1-yl)ethynyl)pyrene-2-

carbaldehyde (24) 

2''' 

y 5""' 

3'"' Si~"'" 
~\ 

2"" r---
5' 4' 

24 

To a Schlenk flash containing naphthalene-based diyne 25 (0.34 g, 0.94 mmol) under an 

argon atmosphere was added Pd(PPh3)4 (38 mg, 0.033 mmol, 8 mol%), Cui (19 mg, 

0.098 mmol, 24 mol%) and DMF (2.0 mL). To this mixture was added triethylamine 

(0.11 mL, 0.82 mmol). A clear, yellow solution of nonaflate 34 (0.24 g, 0.41 mmol) in 

DMF (8.0 mL) was then added to the resulting brown solution. The reaction mixture was 

stirred at room temperature for 16 h. The solvent was removed under reduced pressure 

and the residue was subjected to flash chromatography to afford 24 (0.16 g, 68%) as a 
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yellow oil. 8H(CDCh) = 11.27 (s, IH, H-1"), 8.92 (d, J = 9.I Hz, IH, H- IO), 8.76 (s, 1H, 

H-3), 8.62 (dq, J = 8.4, 0.9 Hz, I H, H-8'), 8.31 (d, J = 9.I Hz, IH, H-9), 8.3I (d, J = 1.8 

Hz, 1H, H-8), 8.30 (d, J = 1.8 Hz, I H, H-6), 8.16 (s, 2H, H-5 and H-4), 7.91 (ddt, J = 8.3, 

1.3, 0.7 Hz, I H, H-5'), 7.88 (br d, J = 8.4 Hz, I H, H-4'), 7.80 (d, J = 8.4 Hz, lH, H-3'), 

7.68 (ddd, J = 8.4, 6.8, 1.3 Hz, 1H, H-7'), 7.56 (ddd, J = 8.0, 1.3, 0.7 Hz, IH, H-6'), 3.53 

(t, J = 7.4 Hz, 2H, H-1""), 2.89 (t, J = 7.4 Hz, 2H, H-2""), 1.61 (s, 9H, H-2"'), 0.98-0.95 

(m, 21H, H-5"" and H-6"") ppm; 8c(CDCh) = 192.7 (d, C-1"), 151.2 (s, C-7), 142.4 (s, 

C-2'), 133.8 (s, C-8'a), 132.64 (s, C-2), 132.60 (s, C-10a), 132.I (s, C-4'a), 132.0 (s, C-

5a), 131.8 (s, C-8a), I30.6 (s, C-3a), 129.8 (d, C-9), 129.5 (d, C-5), 129.2 (d, C-4'), 128.4 

(d, C-5'), 127.9 (d, C-4), I27.6 (d, C-3'), 127.35 (d, C-7'), 127.31 (s, C-IOb), 126.1 (d, C-

6' and C-8', degenerate peaks), 125.3 (d, C-10), 123.7 (d, C-8), 123.5 (d, C-6), 123.2 (d, 

C-3), 122.3 (s, C-10c), 120.7 (s, C-1), 118.9 (s, C-1'), 107.5 (s, C-3""), 98.4 (s, C-b), 93.3 

(s, C-a), 81.6 (s, C-4""), 35.4 (s, C-1"'), 35.0 (t, C-1""), 31.8 (q, C-2"'), 21.6 (t, C-2""), 

18.5 (q, C-6""), 11.2 (s, C-5"") ppm; IR V= 3056 (w), 2963 (s), 2865 (s), 2194 (w), 2170 

(w), I691 (s), 1633 (w), 1624 (w), 1605 (w), 1589 (m), 1545 (w), 1508 (w), 1495 (w), 

1481 (w), 1464 (m), 1432 (w), 1315 (w), 1396 (m), 1392 (w), 1382 (w), 1364 (w), I102 

(w), 1080 (w), 997 (w), 920 (w), 884 (s), 679 (m), 661 (m), 615 (w); MS (EI) m/z 

(relative intensity) = 645 (M+, 85), 631 (90), 606 (100), 605 (80); HRMS [M+] calcd for 

C46H490Si 645.3547, found 645.3544. 
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1-(7 -tert-Butyl-1-( (2-( 4-triisopropylsilyl)but-3-ynyl)naphthalene-1-

yl)ethynyl)pyrene-2-yl)but-3-enyl acetate (39) 

To a clear, orange solution of 24 (0.14 mg, 0.21 mmol) in THF (5.0 mL) at ooc under an 

argon atmosphere was added allylmagnesium bromide (0.42 mL 1.0 M solution in diethyl 

ether, 0.42 mmol). The resulting clear yellow solution was stirred at room temperature 

for 10 min and acetic anhydride (0.48 mL, 5.0 mmol) was added. The reaction mixture 

was then stirred at room temperature for 12 h. Cold water ( 10 mL) and ethyl acetate (1 0 

mL) were added to the reaction mixture. The layers were separated and the aqueous layer 

was extracted with ethyl acetate (2 x 10 mL). The combined organic layers were washed 

with brine, dried over anhydrous Na2S04 and the solvent was removed under reduced 

pressure. The residue was subjected to flash chromatography (0-5% diethyl 

ether/hexanes) to afford 39 as a pale yellow oil (0.13 g, 85%). 8H(CDCl3) = 8.83 (d, J = 

9.1 Hz, 1H, H-10), 8.77 (dq, J = 8.4, 0.9 Hz, lH, H-8'), 8.25 (d, J = 9.1 Hz, IH, H-9), 

8.26 (d, J = 1.8 Hz, 1H, H-8), 8.25 (d, J = 1.8 Hz, lH, H-6), 8.24 (s, 1H, H-3), 8.11 (d, J 
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= 9.1 Hz, lH, H-5), 8.06 (d, J = 9.1 Hz, 1H, H-4), 7.89 (ddt, J = 8.1, 1.4, 0.7 Hz, lH, H-

5'), 7.84 (d, J = 8.4 Hz, 1H, H-4'), 7.67 (ddd, J = 8.1, 6.8, 1.4 Hz, 1H, H-7'), 7.61 (d, J = 

8.4 Hz, 1H, H-3'), 7.54 (ddd, J = 8.1, 6.8, 1.2 Hz, 1H, H-6'), 7.03 (dd, J = 8.0, 5.0 Hz, 

1H, H-1"), 5.89 (dddd, 17.2, 10.2, 7.3, 6.5 Hz, 1H, H-3"), 5.10 (dq, 17.2, 1.5 Hz, 1H, H-

4"a), 5.06 (ddt, 1= 10.2, 1.8, 1.1 Hz, 1H, H-4"b), 3.58-3.51 (m, 2H, H-1""), 3.01 (ddt, J 

= 14.8, 6.5, 1.4 Hz, 1H, H-2"), 2.93 (dtt, J = 14.8, 7.5, 1.2 Hz, lH, H-2"), 2.90 (t, J = 7.3 

Hz, 2H, H-2""), 2.22 (s, 3H, H-b"), 1.60 (s, 9H, H-2'"), 1.01-0.99 (m, 21H, H-5"" and H-

6"") ppm; 8c(CDCh) = 170.1 (s, C-a'), 149.5 (s, C-7), 141.9 (s, C-2'), 139.4 (s, C-2), 

133.8 (s, C-8'a), 133.4 (d, C-3"), 132.2 (s, C-10a), 132.1 (s, C-4'a), 131.02 (s, C-3a), 

130.96 (s, C-8a), 130.8 (s, C-5a), 129.2 (d, C-9), 128.8 (d, C-5), 128.6 (d, C-4'), 128.2 (d, 

C-5'), 127.8 (d, C-3'), 127.13 (d, C-4), 127.07 (d, C-7'), 126.5 (d, C-8'), 125.9 (d, C-6'), 

125.5 (d, C-10), 123.9 (s, C-lOb), 123.1 (d, C-8), 123.0 (d, C-6), 122.4 (s, C-lOc), 121.8 

(d, C-3), 119.5 (s, C-1'), 118.2 (t, C-4"), 115.8 (s, C-1), 108.0 (s, C-3""), 96.9 (s, C-b), 

95 .0 (s, C-a), 81.4 (s, C-4""), 74.1 (d, C-1 "), 41.2 (t, C-2"), 35.3 (s, C-1 ""), 35.0 (t, C-

1 ""), 31.9 (q, C-2"'), 21.6 (t, C-2""), 21.3 (q, C-b"), 18.6 (q, C-6""), 11.3 (d, C-5"") ppm; 

IR V= 3078 (w), 3054 (w), 2964 (s), 2866 (s), 2170 (w),1737 (s), 1642 (w), 1602 (w), 

1590 (w), 1566 (w), 1508 (w), 1494 (w), 1478 (w), 1463 (m), 1431 (w), 1417 (w), 1395 

(w), 1380 (m), 1371 (m), 1364 (m), 1240 (s), 1155 (w), 1026 (m), 996 (m), 884 (s), 867 

(w), 815 (m) cm-1
; MS (EI) m/z (relative intensity)= 728 (M+, 10), 662 (M+-56, 100), 316 

(38); HRMS [M+] calcd for C51 H560 2Si 728.4050, found 728.4069. 
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1-(1-( (2-(But-3-ynyl)naphthalen-1-yl)ethynyl)-7 -tert-butylpyren-2-yl)but-3-enyl 

acetate (40) 

2"' 

5' 4' 
40 

To a clear, yellow room temperature solution of 39 (0.12 g, 0.17 rnmol) in THF (3 .0 mL) 

was added TBAF (0.914 M solution in THF, 0.22 rnL, 0.20 mrnol) under an argon 

atmosphere. The resulting clear, orange solution was stirred at room temperature for 15 

min. The solvent was removed under reduced pressure (at 25-28 °C). The residue was 

purified by filtration through a short (5 ern x 2 ern) silica gel column (5% diethyl 

ether/hexane) to afford 40 as a pale yellow gum (0.09 g, 93%). 8H(CDCh) = 8.83 (d, 1 = 

9.1 Hz, I H, H-1 0), 8.78 (dq, 1 = 8.3, 1.0 Hz, 1 H, H-8'), 8.28 (d, 1 = 1.8 Hz, I H, H-8), 

8.26 (d, 1 = 1.8 Hz, IH, H-6), 8.25 (s, I H, H-3), 8.24 (d, 1 = 9.1 Hz, 1 H, H-9), 8.12 (d, 1 

= 9.0 Hz, lH, H-5), 8.07 (d, 1 = 9.0 Hz, lH, H-4), 7.90 (ddt, 1 = 8.0, 1.3, 0.7 Hz, lH, H-

5'), 7.87 (d, 1 = 8.4 Hz, lH, H-4'), 7.68 (ddd, 1 = 8.3, 6.8, 1.2 Hz, lH, H-7'), 7 .55 (ddd, 1 

= 8.0, 6.8, 1.2 Hz, lH, H-6') , 7.55 (d, 1 = 8.4 Hz, lH, H-3'), 7.04 (dd, 1 = 7.9, 5.3 Hz, 1H, 

H-1 "), 5 .90 (dddd, 1 = 17.0, 10.2, 7.3, 6.6 Hz, 1 H, H-3"), 5.11 (dq, 17.0, 1.5 Hz, 1 H, H-
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4"a), 5.06 (ddt, J = 10.2, 1.8, 1.1 Hz, IH, H-4"b), 3.55 (t, J = 7.6 Hz, 2H, H-1'"'), 3.00 

(ddt, J = 14.6, 6.6, 1.2 Hz, 1H, H-2"), 2.94 (dtt, J = 14.6, 7.5, 1.2 Hz, 1 H, H-2"), 2.82 (dt. 

J = 7.6, 2.6 Hz, 2H, H-2""), 2.22 ( , 3H, H-b"), 2.08 (t, J = 2.6 Hz, 1H, H-4""), 1.60 ( 

9H, H-2"') ppm; oc(CDCh) = 170.2 (s, C-a"), 149.5 (d, C-7), 141.5 ( , C-2'), 139.5 (s, C-

2), 133.8 ( , C-8'a), 133.4 (d, C-3"), 132.2 ( , C- 1 Oa), 132.1 (s, C-4'a), 131.0 (s, C-3a and 

C-8a), 130.8 (s, C-5a), 129.2 (d, C-9), 128.9 (d, C-5'), 128.8 (d, C-5), 128.7 (d, C-4'), 

127.4 (d, C-3'), 127.2 (d, C-7'), 127. 1 (d, C-4), 126.5 (d, C-8'), 126.0 (d, C-6'), 125.6 (d, 

C-10), 123.9 (s, C-10b), 123.1 3 (d, C-8), 123.09 (d, C-6), 121.8 (d, C-3), 119.7 (, C-1'), 

118.2 (t, C-4"), 115.7 (, C-1), 96.7 (s, C-b), 95.1 (s, C-a), 83.8 (s, C-3"'), 74.1 (d, C-1"), 

69.3 (d, C-4""), 41.2 (t, C-2"), 35.3 ( , C-1"'), 34.7 (t, C-1""), 31.9 (q, C-2"'), 21.3 (q, C

b"), 20.2 (t, C-2"") ppm; IR V= 3309 (m), 3079 (w), 3053 (w), 2967 (s), 2188 (w), 21 l 8 

(w), 1737 (s), 1648 (w), 1643 (w), 1602 (w), 1590 (w), 1567 (w), 1507 (w), 1479 (w), 

146 1 (w), 1432 (w), 14 17 (w), 1395 (m), 1364 (m), 1342 (m), 1239 ( ), 1154 (w), 1026 

(m), 994 (w), 925 (m), 887 (m), 639 (m) 604 (w) cm-1
; MS (EI) m/z (relative intensity)= 

572 (M+, 100), 51 2 (16), 321 (38), 178 (44), 84 (47), 71 (70), 57 (92); HRMS [M+] calcd 

for C42H360 2 572.27 15, found 572.2720. 
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5.7. Appendix 

NMR Spectra for Selected Compounds 
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in CDCIJ, ref=TMS 
2.11 .2007 DA ..................... 
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I.Stara AAK-7-05a 
in COCI3, ret=TMS 
2.11.2007 DA ·-.................. . 

Current Data Parameters 
NAME Stara-AAK 7 05f 
EXPNO 3--
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F2 - Acquisition Parameters 
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Time- 7.20 
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PROBHD 5 mm CPTCI H 
PULPROG zgpg30 
TD 72110 
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NS 128 
DS 0 
SWH 36057.691 Hz 
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DW 13.867 usee 
DE 6.50 usee 
TE 300.0 K 
0 1 1.00000000 sec 
d11 0.03000000 sec 
DELTA 0.89999998 se· 
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======== CHANNEL 11 =====' 
NUC1 13C 
P1 11 .50 usee 
PL1 -140dB 
SF01 150.9178988 Mt 

======== CHANNEL 12 =====' 
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NUC2 1H 
PCPD2 80.00 usee 
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PL 13 25.00 dB 
PL2 7.00 dB 
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F2 - Processing parameters 
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180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 ppm 
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I.Stara AAK-7-17 
in CDCI3, ref=TMS 
27.5.2008 DA ............. ···~····· 

Current Data Parameters 
NAME Stara-AAK 7 17 
EXPNO 5 --
PROCNO 1 

F2. Acquisition Parameters 
Date ;:ooB0528 
Time- 7.19 
INSTRUM spect 
PROBHO 5 mm CPTCI 11 
PULPROG zg30 
TO 48076 
SOLVENT COCI3 
NS 40 
OS 0 
SWH 7211.539 Hz 
FlORES 0.150003 Hz 
AQ 3.3333194 ~ec 
RG 9 
OW 69.333 usee 
DE 6.00 usee 
TE 300.0 K 
01 0.00000000 se:. 
TOO 1 

======== CHAflNEL f1 ==:" =· 
NUC1 1H 
P1 10.00 usee 
PL1 8.10dB 
SF01 o00.1333007 M~ 

F2 • Processing parameters 
51 131072 
SF 600.1300091 MHz 
WOW no 
sse o 
LB 0.00 Hz 
GB 0 
PC 1.00 

1383781 
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~ 

\::) ~ cv I.Stara AAK-7-17 

~l "' ;;; in COCI3, ref=TMS 
~ "' \J) h "' N 27.5.2008 DA 

r-1\N\ ;;; <X:i ············-······ 
\I 

I . 
I I l I Current Data Parameters 

NAME Stara-MK_7 _ 17 
EXPNO 2 
PROCNO 1 

l 
F2 - Acquisition Parameters 
Date 20080527 

l 
Time- 7.16 
INSTRUM spec! 

L PROBHD 5 mm CPTCI 1H-
I I I I PULPROG zgpg30 

1 l TO 59520 
SOLVENT CDCI3 
NS 2048 

@5 

OS 0 

~ @~ ~ (3>~ 
25 

~® 
15 10 

SWH 29761 .904 Hz 

® 
20 ppm FlORES 0.500032 Hz 

AQ 0.9999860 sec .... RG 128 ,..., "' N :;; ,.,; ,_ ~ <'! ow 16.800 usee m ;! ~ <X:i "' m m "' DE 6.50 usee 

I I 
TE 300.0 K 
01 1.00000000 sec 
d11 0.03000000 sec 
DELTA 0.89999998 sec 
TOO 1 

======== CHANNEL f1 ======== 
I I I I NUC1 13C 

-l ~ ~J 
P1 11 .50 usee 
PL1 -1.40 dB 
SF01 150.9171448 MHz 

======== CHANNEL f2 ======== 
CPDPRG2 waltz16 
NUC2 1H 
PCPD2 80.00 usee 
PL12 22.00dB 

193 ppm 152 150 148 146 144 ppm 105 100 95 90 85 ppm PL13 25.00dB 
PL2 7.00 dB 
SF02 600. 1324005 MHZ 

F2 - Processing parameters 
Sl 131072 
SF 150.90281 27 MHZ 
wow EM 
SSB 0 
LB 1.00 Hz 
GB 0 
PC 1.40 

lJ.) I 383781 \0 
Ul 

190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 ppm 
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6.5 5.5 5.0 4 .5 4.0 2.5 2.0 1.5 1.0 ppm 

!~l (~ 

I.Stara AAK-7-22 
in CDCI3, ref=TMS 
28.5.2008 DA 

Current Data Parameters 
NAME Stara-AAK 7 22 
EXPNO 1- -
PROCNO 1 

F2- Acquisition Parameters 
Date 20080528 
Time- 7.31 
INSTRUM spect 
PROBHD 5 mm CPTCI 11 
PULPROG zg30 
TO 48076 
SOLVENT CDCI3 
NS 32 
OS 0 
SWH 6009.615 Hz 
FlORES 0.125002 Hz 
AQ 3.9999733 sec 
RG 9 
OW 83.200 usee 
DE 6.00 usee 
TE 300.0 K 
01 0.00000000 sec 
TOO 1 

=====c== CHANNEL f1 =•a=-= 
NUC1 1H 
P1 10.00 usee 
PL 1 8.10 dB 
SF01 600.1327006 M~ 

F2 - Processing parameters 
51 131072 
SF 600.1300106 MHz 
WOW no 
SSB 0 
LB 0.00 Hz 
GB 0 
PC 1.00 

1384061 
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I.Stara AAK-7-23 
in CDCI3, ref=TMS · 
19.5.2008 DA 

Current Data Parameters 
NAME Stara-AAK_7 _23 
EXPNO 1 
PROCNO 1 

F2- Acquisit ion Parameters 
Date 20080519 
Time- 7.31 
INSTRUM speet 
PROBHD 5 mm CPTCI11 
PULPROG zg30 
TO 48076 
SOLVENT CDCI3 
NS 16 
OS 0 
SWH 6009.615 Hz 
FlORES 0.125002 Hz 
AQ 3.9999733 sec 
RG 9 
OW 83.200 usee 
DE 6.00 usee 
TE 300.0 K 
01 0.00000000 sec 
TOO 1 

=======CHANNEL f1 ===== 
NUC1 1H 
P1 10.00 usee 
PL1 8.10 dB 
SF01 600.1327006 Mf 

F2- Processing parameters 
Sl 131072 
SF 600.1300082 MHz 
WOW no 
SSB 0 
LB 0.00 Hz 
GB 0 
PC 1.00 

1382961 
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I.Stara AAK-7 -23 
in CDCI3, ref=TMS 
19.5.2008 DA 

Current Data Parameters 
NAME Stara-AAK 7 23 
EXPNO 2--
PROCNO 1 

F2 - Acquisition Parameters 
Date 20080519 
Time- 7.33 
INSTRUM spect 
PROBHD 5 mm CPTCI 1 H-
PULPROG zgpg30 
TD 59520 
SOL VENT CDCI3 _j.......___~u-~-"'---"---~-u----

38 37 36 35 

®~ 
I 

0 33 32 f,(\0l0 

"'®w ~ -~ ~ M tO - "" lO 
~ a> a> 

I I I 

25 24 23 22 

NS 2048 
DS 0 
SWH 29761 .904 Hz 

20 ~ FlORES 0.500032 Hz 
AQ 0.9999860 sec 
RG 128 

<D DW 16.800 usee 

I 
DE 6.50 usee 
TE 300.0 K 
D1 1.00000000 sec 
d11 0.03000000 sec 

21 

DELTA 0.89999998 sec 
TDO 1 

========CHANNEL 11 ======== 
NUC1 13C I I 

J~_..i -·· ~~ .L _l__l l _1 ............... ~ ~~L 
P1 11 .50 usee 
PL1 -1 .40 dB 
SF01 150.9178993 MHz 

========CHANNEL f2 ======== 
CPDPRG2 waltz16 
NUC2 1H 
PCPD2 80.00 usee 
PL 12 22.00 dB 

ppm 150 148 146 144 142 ppm 97 96 ppm PL 13 25.00 dB 
PL2 7.00 dB 
SF02 600.1327006 MHz 

F2- Processing parameters 
Sl 131072 
SF 150.9028130 MHZ 
WDW EM 

~ ~ SSB 0 
LB 1.00 Hz 

~ GB 0 
PC 0.50 

I l I j ll .~. .I 1382961 
170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 ppm 










