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Abstract: Various benzaldehyde tethers with a cyclic enone were prepared from commercidly available
2-hydroxybenzaldehydes via a three-step sequence involving triflate formation, Sonogashira cross-
coupling and regioselective hydrogenation. These substrates were then exposed to an N-heterocyclic
carbene, whereupon intramolecular Stetter reaction proceeded smoothly to give various spiro-fused
tricyclic 1,4-diketones in 30%-87% vyields. Furaldehyde and nicotinadehyde derivatives aso

participated in the reaction under the Stetter conditions.

Introduction
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Recently, spiro compounds have received much attention in organic and medicina chemistry
because of their interesting conformational features and structural implications in biological systems.*
The asymmetric nature of the molecules, which is attributable to the chiral spiro carbon, is one of the
important criteria for biologica activity. Spiro core systems are aso found in a variety of natura
products with wide-ranging biological activities (Figure 1).> Moreover, the unique structural features of
spiro compounds have been exploited for the synthesis of new cataysts and ligands with excellent
results.> Consequently, the development of new and efficient strategies for constructing the spiro core
has become a major focal point for synthetic chemistry.® Recently, we developed intramolecular
cyclizations of enone-aldehydes via samarium diiodide-mediated reductive cyclization® and thiol-
mediated acyl radical cyclization® to prepare spirocyclic y-hydroxyketones and 1,4-diketones,
respectively (Scheme 1). As a continuation of our work, we report here the intramolecular Stetter
reaction of benzaldehyde tethers with a cyclic enone to construct various spiro-fused tricyclic 1,4-
diketones. The chalenge in this strategy is the 1,4-addition of a Breslow intermediate’ to the p-
disubstituted enone, which is less reactive toward nucleophiles than are the corresponding -mono-

substituted and unsubstituted enones due to steric hindrance.

0
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Figure 1. Examples of natural products and chiral ligands containing a carbocyclic spiro skeleton
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Scheme 1. Strategies for constructing spiro skeletons
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The Stetter reaction, which was discovered in 1976,%*° involves the conjugate addition of an
aldehyde to an electron-deficient alkene to form a 1,4-dicarbonyl system in the presence of a catalytic
amount of N-heterocyclic carbene (NHC).2 This reaction can be performed in an asymmetric fashion by
utilizing a chiral NHC.® NHCs used to prepare spirocyclic structures are well known;* however, only a
few examples based on the Stetter reaction have been reported to date. A literature survey revealed that
Gravel and coworkers used domino intermolecular Stetter reaction-intramolecular Michael or aldol
reactions to construct the spiro bis-indane framework with a spiro[4.4]nonane core.’® Ye and coworker
employed NHC-catalyzed [4+1] annulation of phthalaldehyde and N-phenylmaleimide to form a
spirocyclic hydroxyindanone with a heterocyclic spiro[4.4]nonane structure via a tandem process
involving an intermolecular Stetter reaction, proton shift, and aldol reaction.* Rovis and coworker
reported an intramolecular Stetter reaction to construct a heterocyclic spiro[4.4]nonane skeleton and
applied it to the total synthesis of (-)-cephalimysin A.* Later, Zanardi and coworkers adopted an
intramolecular 1,6-Stetter reaction to prepare spiro[4.5]decanone derivatives.® It is noteworthy that
these intramolecular Stetter reactions led to the formation of a five-membered ring in the spirocyclic
structures. In contrast to the literature procedures, our method results in the creation of a six-membered
ring in the spirocyclic skeletons.

Resultsand Discussion
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(&) Preparation of Sonogashira Cross-coupling Substrates. Our synthesis strategy toward

spiro precursors 8 involved the combination of enynones 4 and triflates 6, followed by selective

reduction of the triple bond. Therefore, the necessary enynones 4 were prepared from cyclic enones 1, as

outlined in Scheme 2. 1,2-Addition of the lithium acetylide, which was generated from

trimethylsilylacetylene and n-BuLi,* to the ketone afforded tertiary alylic alcohols 2. Oxidation of 2

with PDC™ afforded enynones 3, and subsequent removal of the silyl group™® furnished the desired

conjugated enynones 4.

Scheme 2. Preparation of conjugated cyclic enynones 4

™S PDC

@ , n-BulLi Q/TMS celite
— > = _—
0  THF, “ S oH CH,Cl,,

0°Ctort, 1, 36 h
=0 3h 2a: m = 0 (89%)
=1 2b: m =1 (92%)
=2 2c: m = 2 (93%)

KF BTEAC
THF, rt, 1h

3a:m=0 (92%) 4a: m = 0 (86%)
3b: m =1 (93%) 4b: m = 1 (92%)
3c: m =2 (90%) 4c: m = 2 (84%)

On the other hand, triflates 6 were obtained from commercialy available 2-

hydroxybenzaldehydes 5 in excellent yields by using phenylbis(trifluoromethanesulfonimide) as a

17a

triflating reagent (Scheme 3).

Scheme 3. Preparation of triflates 6

R! R!
R2 on PhNTh, g2 oTf
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—_—
RS cHo F&N. g3 CHO
R4 rt, 0.5 h R4
5a:R1=R2=R3=R*=H 6a (91%)
5b: R1=OMe, R2=R3=R%=H 6b (98%)

5c:
5d:
Se:
5f:

5g:

Rl=H,R?2=0OMe, R®=R*=H 6¢ (99%)

R1=R2=H,R3=0Me, R*=H 6d (99%)
Rl1=R2=R3=H, R*=0OMe, 6e (98%)
Rl=R2=H,R3=Me, R*=H 6f (97%)
R1=R2Z=H,R®=CO,Me,R*=H 6g (87%)

(b) Preparation of Cyclic Enone-benzaldehydes. Coupling reactions of 4 and 6 were carried

out with triethylamine in the presence of bis(triphenylphosphine)palladium(ll) dichloride and copper(l)
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iodide in DMF at 120 °C.*® As an exception, the reaction of the triflate with an ester moiety reaction

occurred at room temperature (Table 1, entry 9). The desired coupling products 7 were obtained in

oNOYTULT D WN =

moderate to good yields. The coupling reaction of triflate 6e and enynone 4a gave the product in only
10 50% yield, probably because 4a was thermal unstable and easily decomposed under heat (entry 2). The
12 next step was selective hydrogenation at the triple bond.™® After screening multiple solvents for this
reaction, we found that is difficult to identify a common solvent system for the regioselective
17 hydrogenation. In al the solvents tested, either the reduction did not proceed or the double bond was
19 also reduced aong with the triple bond. Therefore, selective reduction of the alkyne moiety with
21 hydrogen in the presence of 10% Pd/C was carried out in a suitable solvent, asindicated in Table 1 (0.1
23 M), at room temperature to furnish enone-benzaldehydes 8. Careful control of the reaction time for the
selective reduction of the triple bond is essential to prevent overreduction.

28 Table 1. Preparation of aromatic spiro precursors 8
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temp, time 2
6

aR'=R?=R%=R*=H

b: R!=OMe, R?=R3=R*=H

c:R'=H,R?=0Me, R®=R*=H

d:R'=R2=H,R%=0OMe, R*=H

e:RI=RZ=R3=H, R*=0OMe,

f: Rl=R?=H,R3=0Me, R* =H

g:R'=R2=H,R3=CO,Me, R* =H

Entry Triflate Enynone Sonogashira Product 7 (yield) Hydrogenation Product 8 (yield)
temp / time solvent / time

1 6a 4da:m=0 120 °C/ 10 min 7aa (65%) i-PrOH: EtOAc (1:1)/1h 8aa (74%)
2 6e 4da:m=0 120 °C / 60 min 7ea (50%) i-PrOH: EtOAc (1:1)/1h 8ea (70%)
3 6a 4h:m=1 120 °C / 15 min 7ab (92%) EtOAc/1h 8ab (91%)
4 6b 4h:m=1 120 °C /20 min 7bb (77%) i-PrOH : EtOAc (1:1)/ 1 h 8bb (83%)
5 6c 4b:m=1  120°C/20min 7cb (78%)  MeOH:THF (1:1)/1h  8cb (90%)
6 6d 4h:m=1 120 °C / 40 min 7db (81%) MeOH: THF (1:11)/2.5h 8db (64%)
7 6e 4b:m=1 120 °C / 15 min 7eb (81%) EtOAc/2.5h 8eb (62%)
8 6f 4h:m=1 120 °C / 40 min 7fb (72%) MeOH : THF (1:11) /0.5h  8fb (82%)
9 69 4b:m=1 rt / 30 min 7gb (76%) MeOH: THF (1:1)/1.5h 8gb (86%)
10 6a 4c:m =2 120 °C / 30 min 7ac (77%) i-PrOH: EtOAc (1:1)/1h 8ac (64%)
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In order to expand the substrate scope of the intramolecular Stetter reaction, heteroaromatic

aldehydes 11 and 14 were also prepared from the corresponding aryl iodide 9%° and bromide 12,

respectively, in good overall yields by using the same procedure, i.e., Sonogashira cross-coupling and

selective hydrogenation (Scheme 4).

Scheme 4. Preparation of heteroaromatic spiro precursors 11 and 14
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(c) Intramolecular Stetter Reaction. With these spiro precursors in hand, we first used 8ab to
optimize the reaction conditions. Compound 8ab was first treated with thiazolium salt A (0.2 equiv)®
and triethylamine (1.0 equiv) in ethanol (0.05 M) at room temperature. However, the reaction did not
proceed at this temperature even after 168 h, and the starting material was recovered (Table 2, entry 1).
Upon increasing the reaction temperature to 80 °C, the intramolecular Stetter reaction proceeded
smoothly to give the desired product 15ab in 47% yield, dong with the starting material, after 24 h
(entry 2). In refluxing ethanol, the reaction proceeded to completion within 24 h to afford 15ab in 85%
yield (entry 3). Decreasing the amount of thiazolium salt A from 0.2 equiv to 0.1 equiv under the same
conditions led to the formation of spiro compound 15ab in 49% yield over alonger reaction time (entry
4). Increasing the amount of triethylamine from 1.0 equiv to 2.0 equiv decreased the product yield (entry
5). Dilution of the reaction medium (0.01 M) aso caused a decrease in the yield (entry 6). When other
alcoholic solvents such as i-PrOH and t-BuOH were employed, the reaction took a longer time to
complete and lower yields of the product were observed (entries 7-8). Moreover, the reaction did not
proceed in aprotic solvents (PhMe and THF) under the same conditions (entries 9-10). This was

7
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presumably due to the intermolecular hydrogen bonding between the carbonyl group of the enone and
the alcohol, which may increase the electrophilicity of the enone (Figure 2).2 In the absence of
hydrogen bonding, the enone moiety would not be sufficiently electrophilic to induce cyclization for the
formation of a six-membered ring under Stetter conditions. Next, we used another thiazolium salt B and
triazolium salt C, but the yields did not improve and a longer time was required for completion of the
reaction (entries 11-12). We dso attempted to use a chira tetracyclic triazolium sat D for the
asymmetry Stetter reaction. Unfortunately, when the reaction was carried out under the same conditions,
a complicated mixture of the products was observed (entry 13). The Stetter reaction did not proceed in
this case, probably due to the bulky Breslow intermediate, which does not readily undergo 1,4-addition
to the B-disubstituted enone. Changing the base from triethylamine to 1,8-diazabicyclo[5.4.0]undec-7-
ene (DBU) adso gave a complicated mixture of products (entry 14), whereas the use of
diisopropylethylamine and Cs,CO3; resulted in decreased yields (entries 15-16). Therefore, the best
yield for this reaction was obtained with 0.2 equiv of thiazolium salt A and 1.0 equiv of triethylaminein
refluxing ethanol for 24 h.

Table 2. Conditions for attempted intramol ecular Stetter reaction
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1
2
" 0
) O

5 precatalyst (0.2 equiv)
6 base (1.0 equiv)
7 solvent (0.05 M), temp, time
8 8ab 15ab
9
10 entry  precatalyst base solvent temp time yield
11
12 1 A Et3N EtOH rt 168 h -a
13
14 2 A EtzN EtOH  80°C 24h  a79%P
15
16 3 A Et3N EtOH reflux 24 h 85%
1; 4 AC EtsN EtOH reflux 48 h 49%
19 5 A EtN®  EtOH  reflux 24h  55%
20
21 6 A EtsN EtOH®  reflux 36h 60%
22
23 7 A EtsN i-PrOH reflux 48 h 53%
24
25 8 A Et3N t-BuOH reflux 168 h 24040
26
27 9 A Et3N PhMe 80 °C 24 h -a
28
29 10 A EtsN THF reflux 48 h -a
30
31 11 B Et3N EtOH reflux 72h 60%
32
33 12 C EtsN EtOH reflux 36 h 81%
34
35 13 D EtsN EtOH reflux 24h f
36

14 A DBU EtOH reflux 24 h _f
37
38

15 A DIPEA EtOH reflux 48 h 62%
39
40 16 A Cs,CO;  EtOH  reflux 24h  17%
41
42 aNo reaction. PReaction was not completed. “Used 0.1 equiv of precatalyst A.
43 dused 2.0 equiv of EtgN. ®Reaction was carried In 0.01 M of EtOH.

fcom Iicated mixture.
44 P 5'24 @ CoFs
45 I(’9 _Bn BF, F =N
46 =N ®© P N
) N CgFs
47 HO
O
48 D
49
50
51 Bn\N N OH
52 HO, J S
53
54 e ‘ O
RO ~

55 S
56
g; Figure 2. Intermolecular hydrogen bonding assists Stetter reaction
59
60
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With the optimized conditionsin hand, we next used other enone-aldehydes in the reaction. Most
of these reactions were completed within 48 h and the desired spirocyclic products were produced in
moderate to good yields (Scheme 5). Reactions of benzaldehyde tethers with a five-, six-, and seven-
membered ring of the enone proceeded smoothly (15aa—15ac). Both electron-donating and electron-
withdrawing substituents at different positions on the phenyl ring were well tolerated under the
optimized conditions (15ea, 15bb-15gb). The reaction of substrate 8cb bearing a methoxy group at the
para-position of benzaldehyde was very sluggish (168 h) and a low yield (30%) of product 15cb was
obtained. This was presumably because the el ectron-donating group at the 4-position of the benzene ring
decreased the reactivity of benzaldehyde toward the NHC. Heterocyclic moieties such as furaldehyde
and nicotinaldehyde were compatible with these reaction conditions and gave the corresponding
cyclized products, albeit in dightly low yields (16, 17).

Scheme 5. Intramolecular Stetter reaction

10
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The structures of 15-17 were characterized by IR spectroscopy, *H and *C NMR, and low- and
high-resolution mass spectrometry. The *C NMR spectra of these compounds showed spiroatom
absorptions at around 50 ppm in the **C NMR spectra. Note that spiro compound 15ea has been used in

the total synthesis of the proposed structure of nidemone (Figure 3).%%

Q
MeO

15ea nidemone

Figure 3. Application of 15ea to the total synthesis of nidemone

Conclusion
In summary, we have developed an efficient and general method for the preparation of spiro-
fused tricyclic 1,4-diketones. A variety of aromatic aldehydes underwent the intramolecular Stetter

reaction under NHC-catalyzed conditions. Intramolecular Stetter reactions for constructing a six-

11
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membered ring are known. However, to the best of our knowl edge; thisis the first example of the use
of the intramolecular Stetter reaction to construct a six-membered ring in spirocyclic structures. Our
methodology was also successfully applied to the total synthesis of nidemone.?* Efforts to develop an

asymmetric version of this reaction using chiral cataysts are now in progress.

Experimental Section

General Information. Unless stated otherwise, reagents were obtained from commercial sources and
used without further purification. All reactions were performed under an argon or nitrogen atmosphere
in anhydrous solvents, which were dried prior to use following standard procedures. Reactions were
monitored by thin-layer chromatography on 0.25 mm E. Merck silica gel plates (60F-254) using 7%
ethanolic phosphomolybdic acid as devel oping agent. Merck silicagel 60 (particle size 0.040-0.063 mm,
230-400 mesh) was employed for flash chromatography. Melting points are uncorrected. IR spectra
were recorded as films on KBr plates. *H NMR spectra were obtained in CDCl5 at 400 MHz. *C NMR
spectrawere obtained at 100 MHz. Chemical shifts were reported in & (ppm) using solvent resonance as
the internal reference. High resolution mass spectra (HRMS) were obtained on a TOF MS instrument

with an El source.

General Procedure for Preparation of Propargylic alcohols 2. To a stirred solution of
trimethylsilylacetylene (8.5 mL, 60.0 mmol) in THF (70 mL) under Ar atmosphere at 0 °C was added n-
BuLi (2.5 M in hexanes, 24.0 mL, 60.0 mmol). The mixture was stirred at room temperature for 0.5 h
and then cooled to 0 °C. Cyclic enone 1 (50.0 mmol) was added to the reaction mixture and stirred at
room temperature for 3 h. The mixture was quenched with saturated aqueous NaCl solution and
extracted with Et,O. The combined extracts were washed with brine, dried over MgSQO,, filtered and
concentrated. The residue was used in the next step without further purification. Analytically pure 2 was

purified by silica-gel chromatography.

12
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1-(Trimethylsilylethynyl)-2-cyclopenten-1-ol (2a). Chromatography (EtOAc/hexanes = 1:5); colorless
oil; 8.02 g; yield 89%; IR (neat) v 3403, 3058, 2960, 2163, 1733, 1250, 1047, 860, 843 cm*; *H NMR
(400 MHz, CDCl3) § 6.01-5.98 (m, 1H), 5.82-5.79 (m, 1H) , 2.58-2.49 (m, 1H), 2.46-2.38 (m, 2H),
2.18-2.12 (m, 1H), 2.05 (brs, 1H), 0.17 (s, 9H); *C{*H} NMR (100 MHz, CDCls): & 135.3, 134.7,
108.0, 88.6, 78.1, 41.0, 31.0, -0.1; MS (El) mVz (% base peak) 180 (M*, 2), 165 (100), 163 (19), 147
(17), 145 (12), 105 (13), 99 (40), 75 (37), 73(25); HRMS (EI-TOF) m/z [M]* Calcd for CioH160Si
180.0970; Found 180.0973.

1-(Trimethylsilylethynyl)-2-cyclohexen-1-ol (2b).** Chromatography (EtOAc/hexanes = 1:5); white
solid; 8.94 g; yield 92%; mp 39-40 °C; IR (neat) v 3358, 3031, 2954, 2158, 1250, 843 cm™%; *H NMR
(400 MHz, CDCl3) & 5.84-5.80 (m, 1H), 5.75-5.71 (m, 1H), 2.08-1.98 (m, 4H), 1.92-1.86 (m, 1H),
1.79-1.71 (m, 2H), 0.16 (s, 9H); *C{*H} NMR (100 MHz, CDCls): & 130.3, 129.9, 109.2, 87.7, 65.4,
37.8, 24.6, 19.0, -0.1; MS (EI) m/z (% base peak) 194 (M*, 3), 177 (100), 166 (36), 151 (35), 135 (8),
133 (8), 105 (7), 97 (21), 75 (42), 73 (34); HRMS (EI-TOF) m/z: [M]"* Calcd for Cy1H150Si 194.1127;
Found 194.1124.

1-(Trimethylsilylethynyl)-2-cyclohepten-1-ol (2c). Chromatography (EtOAc/hexanes = 1:10); white
solid; 9.69 g; yield 93%; mp 54-55 °C; IR (neat) v 3380, 3026, 2930, 2856, 2163, 1446, 1250, 1025,
843, 759 cm % *H NMR (400 MHz, CDCls) § 5.80-5.70 (m, 2H), 2.27-2.12 (m, 2H), 2.06 (brs, 1H),
1.97-1.82 (m, 4H), 1.79-1.70 (m, 1H), 1.49-1.40 (m, 1H), 0.17 (s, 9H); “*C{*H} NMR (100 MHz,
CDCly): § 137.4, 131.4, 107.5, 89.0, 71.4, 41.0, 27.4, 26.7, 25.6, —0.1; MS (El) ¥z (% base peak) 208
(M*, 5), 191 (100), 175 (3), 163 (3), 147 (2), 135 (5), 117 (10), 111 (7), 97 (7), 73 (29); HRMS (EI-TOF)
m/z: [M]" Calcd for Cy5H200Si 208.1283; Found 208.1280.

General Procedure for Preparation of Trimethylsilylenynones 3. A mixture of PDC (43.3 g, 115.0
mmol) and Celite (43.3 g) was added 2 (50.0 mmol) and CH>Cl, (250 mL, 0.2 M) at room temperature.
The mixture was stirred at room temperature for 36 h. The mixture was then filtered through a pad of
Cdlite and washed with Et,O. The solvent was evaporated to give a crude product which was used in the

next step without further purification. Analytically pure 3 was purified by silica-gel chromatography.
13
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3-(Trimethylsilylethynyl)-2-cyclopenten-1-one (3a).>* Chromatography (EtOAc/hexanes = 1:10);
yellowish ail; 8.20 g; yield 92%:; IR (neat) v 2961, 2150, 1709, 1582, 1267, 1171, 848 cm %; *H NMR
(400 MHz, CDCls) & 6.28 (t, J = 1.9 Hz, 1H), 2.75-2.71 (m, 2H), 2.44-2.40 (m, 2H), 0.24 (s, 9H);
3C{*H} NMR (100 MHz, CDCl5): § 208.6, 156.1, 136.3, 111.0, 99.4, 34.2, 32.0, -0.9; MS (El) mVz (%
base peak) 178 (M*, 22), 163 (100), 133 (1), 119 (1), 107 (8), 97 (2), 83 (4), 77 (3), 75 (3); HRMS (El-
TOF) m/z. [M]" Calcd for CyoH140Si 178.0814; Found 178.0815.
3-(Trimethylsilylethynyl)-2-cyclohexen-1-one (3b).*® Chromatography (EtOAc/hexanes = 1:10);
yellowish oil; 8.94 g; yield 93%: IR (neat) v 2956, 2147, 1677, 1585, 1249, 845 cm *; *H NMR (400
MHz, CDCl3) 5 6.21 (t, J = 1.4 Hz, 1H), 2.46-2.37 (m, 4H) , 2.05-1.98 (m, 2H), 0.21 (s, 9H); *C{*H}
NMR (100 MHz, CDCls): 6 198.6, 142.9, 133.0, 105.9, 103.4, 37.2, 30.2, 22.5, —0.5; MS (El) m/z (%
base peak) 192(M*, 56), 177 (100), 164 (37), 149 (52), 121 (11), 107 (8), 97 (12), 73 (14); HRMS (El-
TOF) m/z. [M]" Calcd for Cy1H160Si 192.0970; Found 192.0973.
3-(Trimethylsilylethynyl)-2-cyclohepten-1-one (3c). Chromatography (EtOAc/hexanes = 1:10);
yellow oil; 9.29 g; yield 90%: IR (neat) v 2956, 2138, 1664, 1590, 1252, 845 cm *; *H NMR (400 MHz,
CDCl3) 8 6.31 (s, 1H), 2.62-2.57 (m, 4H) , 1.87-1.78 (m, 4H), 0.21 (s, 9H); *C{*H} NMR (100 MHz,
CDCl3): 6 203.1, 139.8, 137.1, 106.3, 102.2, 42.5, 34.0, 25.2, 21.1, -0.3; MS (El) m/z (% base peak) 206
(M*, 20), 191 (100), 178 (22), 163 (42), 149 (9), 135 (7), 107 (7), 97 (8), 75 (11), 73 (16); HRMS (EI-
TOF) m/z. [M]" Calcd for C1oH1g0Si 206.1127; Found 206.1128.

General Procedure for Preparation of Enynones 4. A mixture of 3 (50.0 mmol) and
benzyltriethylammonium chloride (BTEAC, 1.14 g, 5.00 mmol) in THF (100 mL, 0.5 M) at room
temperature was added 2 M KF (32,5 mL, 65.0 mmol). The reaction mixture was stirred at room
temperature for 1 h and extracted with Et,O. The combined extracts were washed with brine, dried over
MgSO,, filtered and concentrated. The crude product was purified by column chromatography on silica
gel to afford 4.

3-Ethynyl-2-cyclopenten-1-one (4a). Chromatography (Et,O/hexanes = 1:5); white solid; 4.56 g; yield

86%; mp 55-56 °C;** IR (neat) v 3194, 2926, 2854, 2095, 1701, 1664, 1578, 1435, 1285, 1177, 872,
14
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729 cm™; *H NMR (400 MHz, CDCls) 6 6.32 (t, J = 1.7 Hz, 1H), 3.85 (s, 1H) , 2.75-2.71 (m, 2H),
2.42-2.39 (m, 2H); *C{*H} NMR (100 MHz, CDCls): § 209.1, 155.7, 137.7, 92.2, 78.9, 34.6, 32.2; MS
(El) mVz (% base peak) 106 (M*, 100), 105 (12), 78 (47), 77 (20), 52 (15), 51 (13); HRMS (EI-TOF) m/z:
[M]* Calcd for C/HgO 106.0419; Found 106.0420.

3-Ethynyl-2-cyclohexen-1-one (4b).*® Chromatography (Et,O/hexanes = 1:5); yellow oil; 5.53 g; yield
92%; IR (neat) v 3295, 2913, 2089, 1694, 1610, 855, 726 cm *; *H NMR (400 MHz, CDCl3) § 6.21 (s,
1H), 3.53 (s, 1H) , 2.44-2.36 (m, 4H), 2.03-1.97 (m, 2H); *C{*H} NMR (100 MHz, CDCls): § 198.5,
142.2, 134.0, 87.1, 82.4, 37.3, 30.1, 22.4; MS (El) m/z (% base peak) 120 (M*, 63), 92 (100), 91 (33), 64
(35), 63 (20), 58 (12), 51 (4); HRMS (EI-TOF) m/z: [M]" Calcd for CgHgO 120.0575; Found 120.0578.
3-Ethynyl-2-cyclohepten-1-one (4c). Chromatography (Et,O/hexanes = 1:5); yellow oil; 5.64 g; yield
84%; IR (neat) v 3250, 2940, 2086, 1658, 1593, 1259, 884 cm *; 'H NMR (400 MHz, CDCl3) § 6.34 (s,
1H), 3.35 (s, 1H) , 2.62-2.58 (m, 4H), 1.89-1.72 (m, 4H); °*C{*H} NMR (100 MHz, CDCls): § 202.9,
138.7, 137.9, 85.1, 83.7, 42.6, 34.0, 25.3, 21.1; MS (El) m/z (% base peak) 134 (M*, 19), 125 (31), 105
(42), 91 (71), 75 (100), 73 (44), 63 (19), 51 (14); HRMS (EI-TOF) mz. [M]* Calcd for CoH10
134.0732; Found 134.0731.

General Procedurefor Preparation of Trifluoromethanesulfonate 6. A mixture of 5 (5.00 mmol), N-
phenylbis(trifluoromethanesulfonimide) (1.97 g, 5.50 mmol), and 4-dimethylaminopyridine (DMAP)
(61 mg, 0.50 mmol) in CH,Cl, (10 mL, 0.5 M) was added triethylamine (1.4 mL, 10.0 mmol) at 0 °C.
The reaction mixture was stirred at room temperature for 0.5 h. Then the solvent was removed in vacuo
gave aresidue, which was purified by silica-gel column chromatography on silica gel to afford 6.
2-Formylphenyl trifluoromethanesulfonate (6a).}"® Chromatography (EtOAc/hexanes = 1:10);
colorless oil; 1.16 g; yield 91%: IR (neat) v 1699, 1607, 1490, 1423, 1204, 1136, 1076, 899, 772 cm *;
'H NMR (400 MHz, CDCl3) § 10.27 (s, 1H), 8.01 (dd, J = 7.6, 2.0 Hz, 1H) , 7.73 (ddd, J = 8.2, 7.6, 2.0
Hz, 1H), 7.56 (dd, J = 7.6, 7.6 Hz, 1H), 7.41 (d, J = 8.2 Hz, 1H); *C{*H} NMR (100 MHz, CDCls): 5

186.5, 149.8, 135.9, 130.9, 128.9, 128.5, 122.4, 118.6 (q, J = 319 Hz); MS (El) m/z (% base peak) 254

15
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(M*, 11), 253 (10), 189 (59), 185 (11), 162 (11), 120 (100), 104 (17), 92 (44), 81 (15), 69 (55), 65 (54);
HRMS (EI-TOF) m/z: [M]" Calcd for CgHsFs0.S 253.9861; Found 253.9859.
2-Formyl-6-methoxypheny! trifluoromethanesulfonate (6b).1” Chromatography (EtOAc/hexanes =
1:3); white solid; 1.39 g; yield 98%; mp 36-37 °C; IR (neat) v 1707, 1580, 1480, 1423, 1289, 1208,
1137, 882, 785, 758 cm %; *H NMR (400 MHz, CDCl3) § 10.25 (s, 1H), 7.53 (dd, J = 8.0, 1.6 Hz, 1H),
7.47 (dd, J = 8.0, 8.0 Hz, 1H), 7.31 (dd, J = 8.0, 1.6 Hz, 1H), 3.97 (s, 3H); **C{*H} NMR (100 MHz,
CDCly): 6 186.7, 151.6, 139.1, 129.5, 129.1, 121.2, 118.6, 118.6 (g, J = 319 Hz), 56.5; MS (El) m/z (%
base peak) 284 (M*, 37), 225 (22), 151 (100), 136 (14), 108 (29), 92 (44), 65 (29); HRMS (EI-TOF) m/z:
[M]* Calcd for CoH,F;0sS 283.9966; Found 283.9969.

2-Formyl-5-methoxyphenyl trifluoromethanesulfonate (6¢).}”® Chromatography (EtOAc/hexanes =
1:3); colorless qil; 1.41 g; yield 99%; IR (neat) v 1699, 1612, 1505, 1428, 1249, 1212, 1139, 1075, 955,
831 cm™; 'H NMR (400 MHz, CDCl5) § 10.13 (s, 1H), 7.95 (d, J = 8.7 Hz, 1H) , 7.03 (dd, J= 8.7, 2.4
Hz, 1H), 6.87 (d, J = 2.4 Hz, 1H), 3.93 (s, 3H); **C{*H} NMR (100 MHz, CDCl3): § 185.4, 165.3, 151.3,
132.2, 121.8, 118.6 (g, J = 319 Hz), 114.2, 108.2, 56.2; MS (El) m/z (% base peak) 284 (M*, 100), 283
(20), 219 (25), 151 (80), 150 (45), 134 (17), 108 (21), 95 (32), 69 (31); HRMS (EI-TOF) miz. [M]"
Calcd for CoH7F305S 283.9966; Found 283.9965.

2-Formyl-4-methoxyphenyl trifluoromethanesulfonate (6d).}"* Chromatography (EtOAc/hexanes =
1:3); colorless oil; 1.41 g; yield 99%; IR (neat) v 1701, 1589, 1490, 1426, 1212, 1140, 1031, 870 cm *;
'H NMR (400 MHz, CDCl5) 8 10.23 (s, 1H), 7.43 (d, J = 3.4 Hz, 1H) , 7.32 (d, J = 9.2 Hz, 1H), 7.20
(dd, J=9.2, 3.4 Hz, 1H), 3.88 (s, 3H); “*C{*H} NMR (100 MHz, CDCl3): 5 186.3, 159.3, 143.6, 129.3,
123.7, 122.2, 118.6 (g, J = 319 HZ), 113.0, 56.0; MS (El) mVz (% base peak) 284 (M*, 35), 225 (7), 151
(100), 123 (23), 108 (19), 95 (25), 92 (16), 69 (18); HRMS (EI-TOF) m/z [M]* Calcd for CoH7F50sS
283.9966; Found 283.9965.

2-Formyl-3-methoxypheny! trifluoromethanesulfonate (6€).2™® Chromatography (EtOAc/hexanes =
1:3); white solid; 1.39 g; yield 98%; mp 70-71 °C; IR (neat) v 3105, 2925, 2782, 1692, 1610, 1476,

1426, 1276, 1202, 1139, 1064, 955, 833 cm*; 'H NMR (400 MHz, CDCl3) § 10.46 (s, 1H), 7.59 (dd, J
16
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=8.4,8.0Hz, 1H) , 7.06 (d, J = 8.4 Hz, 1H), 6.90 (d, J = 8.0 Hz, 1H), 3.98 (s, 3H); *C{*H} NMR (100
MHz, CDCls): § 187.0, 162.9, 148.0, 135.7, 118.6 (g, J = 319 Hz), 117.9, 114.5, 111.9, 56.6; MS (EI)
Mz (% base peak) 284 (M*, 60), 151 (100), 123 (22), 108 (25), 95 (27), 69 (28), 65 (17), 63 (8), 52 (8);
HRMS (EI-TOF) m/z. [M]" Calcd for CoH,F30sS 283.9966; Found 283.9965.

2-Formyl-4-methylpheny! trifluoromethanesulfonate (6f).'”® Chromatography (EtOAc/hexanes =
1:10); white solid; 1.30 g; yield 97%; mp 139-140 °C; IR (neat) v 2868, 2764, 1705, 1606, 1488, 1428,
1214, 1140, 872, 615 cm™; *H NMR (400 MHz, CDCls) § 10.23 (s, 1H), 7.78 (d, J = 2.1 Hz, 1H) , 7.50
(dd, J = 8.4, 2.1 Hz, 1H), 7.28 (d, J = 8.4 Hz, 1H), 2.45 (s, 3H); *C{*H} NMR (100 MHz, CDCls): &
186.7, 147.9, 139.4, 136.4, 131.0, 128.1, 122.2, 118.6 (q, J = 319 Hz), 20.8; MS (El) m/z (% base peak)
268 (M*, 67), 203 (41), 175 (16), 151 (18), 135 (100), 134 (48), 107 (52), 91 (15), 77 (99), 69 (62);
HRMS (EI-TOF) mz: [M]" Calcd for CoH,F304S 268.0017; Found 268.0020.

Methyl 3-formyl-4-trifluoromethylsulfonyloxybenzoate (6g).>"

Chromatography (EtOAc/hexanes =
1:10); yellowish ail; 1.36 g; yield 87%; IR (neat) v 3111, 2960, 1732, 1606, 1432, 1300, 1245, 1217,
1137, 1112, 919, 867, 609 cm *; *H NMR (400 MHz, CDCl5) § 10.29 (s, 1H), 8.65 (d, J = 2.2 Hz, 1H) ,
8.37 (dd, J = 8.6, 2.2 Hz, 1H), 7.51 (d, J = 8.6 Hz, 1H), 3.98 (s, 3H); “*C{*H} NMR (100 MHz, CDCly):
§ 185.7, 164.4, 152.1, 136.6, 132.4, 131.0, 128.4, 122.7, 118.5 (g, J = 319 Hz), 52.8; MS (El) m/z (%
base peak) 312 (M*, 15), 281 (44), 217 (85), 189 (40), 178 (100), 162 (31), 136 (28), 120 (31), 119 (25),
92 (98), 69 (63), 58 (80); HRMS (EI-TOF) m/z: [M]" Calcd for CioH-F506S 311.9915; Found 311.9917.
General Procedure for Sonogashira Cross-coupling. To a stirred solution of 6, 9, 12 (2.00 mmol),
bi s(tri phenyl phosphine)palladium(ll) dichloride (Pd(PPhs).Cl,) (70 mg, 0.10 mmoal), Cul (38 mg, 0.20
mmol), and 4 (4.00 mmol) in DMF (13 mL, 0.15 M) was added triethylamine (1.25 mL, 9.00 mmol)
under Ar atmosphere at room temperature. The reaction mixture was then stirred at room temperature or
heated in an oil bath to 120 °C for a period of time (see Table 1 and Scheme 4 for the duration of heating
and temperature). The contents were cooled to room temperature and the solvent was evaporated in

vacuo to give a residue. The crude product was purified by column chromatography on silica gel to

afford 7, 10, 13.
17
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2-[(3-Oxocyclopent-1-en-1-yl)ethynyl]benzaldehyde (7aa). Chromatography (EtOAc/hexanes = 1:3);
yellowish solid; 273 mg; yield 65%; mp 72-73 °C; IR (neat) v 3073, 2924, 2852, 2198, 1704, 1674,
1580, 1175, 758 cm *; *H NMR (400 MHz, CDCl3) 5 10.50 (s, 1H), 7.98 (d, J = 7.6 Hz, 1H) , 7.66-7.62
(m, 2H), 7.58-7.53 (m, 1H), 6.44 (t, J = 2.2 Hz, 1H), 2.91-2.87 (m, 2H), 2.54-2.50 (m, 2H); *C{H}
NMR (100 MHz, CDCl3): 6 208.9, 190.7, 155.5, 137.1, 136.0, 133.9, 133.6, 130.2, 128.0, 124.6, 99.4,
90.8, 34.8, 32.4; MS (El) mVz (% base peak) 210 (M*, 30), 182 (100), 181 (84), 153 (86), 152 (40), 126
(41), 101 (10), 76 (17), 58 (16); HRMS (EI-TOF) m/z. [M]* Calcd for Cy4H10, 210.0681; Found
210.0680.

2-M ethoxy-6-[(3-oxocyclopent-1-en-1-yl)ethynyl]|benzaldehyde (7eq). Chromatography
(EtOAc/hexanes = 1:2); orange-red solid; 240 mg; yield 50%; mp 127-128 °C; IR (neat) v 2932, 2839,
1708, 1586, 1488, 1270, 1177, 753 cm *; *H NMR (400 MHz, CDCl3) 6 10.58 (s, 1H), 7.52 (dd, J = 8.4,
7.6 Hz, 1H), 7.20 (d, J = 7.6 Hz, 1H), 7.06 (d, J = 8.4 Hz, 1H), 6.40 (t, J = 1.6 Hz, 1H), 3.95 (s, 3H),
2.90-2.87 (m, 2H), 2.50-2.47 (m, 2H); *C{*H} NMR (100 MHz, CDCl3): § 209.4, 189.2, 161.5, 156.5,
136.6, 134.5, 126.4, 125.0, 123.3, 113.1, 102.2, 89.4, 56.1, 34.8, 32.4; MS (El) mVz (% base peak) 240
(M*, 16), 230 (8), 202 (10), 189 (11), 161 (12), 148 (100), 115 (7), 105 (8), 91 (22); HRMS (EI-TOF)
m/z: [M]" Calcd for Cy5H1,05 240.0786; Found 240.0784.
2-[(3-Oxocyclohex-1-en-1-yl)ethynyl]benzaldehyde (7ab). Chromatography (EtOAc/hexanes = 1:5);
yellow solid; 413 mg; yield 92%; mp 59-60 °C; IR (neat) v 3065, 2948, 2743, 2202, 1697, 1671, 1590,
1190, 765 cm - *H NMR (400 MHz, CDCl3) § 10.41 (s, 1H), 7.87 (d, J = 7.8 Hz, 1H) , 7.56-7.52 (m,
2H), 7.48-7.43 (m, 1H), 6.27 (t, J = 1.6 Hz, 1H), 2.53 (dt, J = 6.1, 1.6 Hz, 2H), 2.41 (t, J = 6.8 Hz, 2H),
2.07-2.01 (m, 2H); *C{*H} NMR (100 MHz, CDCl5): § 198.4, 190.9, 142.1, 136.0, 133.9, 133.5, 133.3,
129.8, 127.8, 125.0, 94.6, 94.5, 37.3, 30.2, 22.6; MS (El) m/z (% base peak) 224 (M*, 67), 206 (11), 196
(28), 181 (21), 168 (100), 167 (31), 139 (71), 126 (9), 89 (5); HRMS (EI-TOF) miz [M]" Calcd for
CisH120, 224.0837; Found 224.0834.

3-Methoxy-2-[(3-oxocyclohex-1-en-1-yl)ethynyl]benzaldehyde (7bb). Chromatography

(EtOAc/hexanes = 1:3); yellow solid; 392 mg; yield 77%; mp 114-115 °C; IR (neat) v 2943, 2841, 2195,
18
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1663, 1585, 1474, 1273, 1242, 1187, 756 cm *; *H NMR (400 MHz, CDCls) § 10.48 (s, 1H), 7.55 (d, J
= 7.9 Hz, 1H), 7.47 (dd, J = 7.9, 7.9 Hz, 1H), 7.15 (d, J = 7.0 Hz, 1H), 6.37 (t, J = 1.6 Hz, 1H), 3.95 (s,
3H), 2.61 (dt, J = 6.3, 1.6 Hz, 2H), 2.47 (t, J = 6.7 Hz, 2H), 2.14-2.07 (m, 2H); “*C{*H} NMR (100
MHz, CDCl3): 6 198.5, 191.1, 160.8, 142.6, 137.1, 132.9, 130.7, 119.5, 115.7, 114.4, 98.9, 91.1, 56.3,
37.3,30.3, 22.6; MS (El) m/z (% base peak) 254 (M*, 19), 253 (12), 212 (9), 198 (13), 183 (13), 155 (8),
111 (13), 97 (18), 83 (16), 71 (19), 58 (100); HRMS (EI-TOF) mVz: [M]" Calcd for Ci6H1403 254.0943;
Found 254.0946.

4-M ethoxy-2-[ (3-oxocyclohex-1-en-1-yl)ethynyl]|benzaldehyde (7cb). Chromatography
(EtOAc/hexanes = 1:3); yellow solid; 397 mg; yield 78%; mp 96-97 °C; IR (neat) v 2946, 2838, 2753,
1684, 1592, 1297, 1225, 1025 cm = 'H NMR (400 MHz, CDCl3) 6 10.25 (s, 1H), 7.83 (dd, J = 8.6, 2.8
Hz, 1H), 6.98-6.92 (m, 2H), 6.26 (t, J = 1.6 Hz, 1H), 3.84 (s, 3H), 2.52 (t, J = 5.9 Hz, 2H), 2.40 (dt, J =
7.5, 1.6 Hz, 2H), 2.09-2.02 (m, 2H); ®*C{*H} NMR (100 MHz, CDCls): § 198.1, 189.3, 163.6, 142.0,
133.1, 129.8, 129.5, 126.8, 117.3, 116.3, 94.4, 94.0, 55.6, 37.1, 30.0, 22.4; MS (El) m/z (% base peak)
254 (M*, 10), 222 (6), 198 (6), 155 (3), 85 (65), 83 (100), 58 (83); HRMS (EI-TOF) mVz: [M]* Calcd for
C16H1403 254.0943; Found 254.0943.

5-M ethoxy-2-[(3-oxocyclohex-1-en-1-yl)ethynyl]benzaldehyde (7db). Chromatography
(EtOAc/hexanes = 1:3); yellow solid; 412 mg; yield 81%; mp 91-92 °C; IR (neat) v 2943, 2736, 1704,
1667, 1609, 1500, 1260, 1037 cm *; *H NMR (400 MHz, CDCl5) & 10.41 (s, 1H), 7.50 (d, J = 8.7 Hz,
1H), 7.39 (d, J = 2.6 Hz, 1H), 7.12 (dd, J = 8.7, 2.6 Hz, 1H), 6.28 (brs, 1H), 3.86 (s, 3H), 2.55 (dt, J =
6.0, 1.5 Hz, 2H), 2.44 (t, J = 6.7 Hz, 2H), 2.11-2.04 (m, 2H); *C{*H} NMR (100 MHz, CDCly): &
198.4, 190.7, 160.7, 142.5, 137.5, 135.0, 132.6, 121.5, 117.6, 110.5, 95.0, 93.5, 55.7, 37.3, 30.3, 22.6;
MS (El) mVz (% base peak) 254 (M, 34), 226 (12), 211 (8), 198 (21), 183 (18), 155 (16), 127 (12), 113
(4), 58 (100); HRM S (EI-TOF) m/z: [M]" Calcd for CiH1405 254.0943; Found 254.0940.

2-M ethoxy-6-[ (3-oxocyclohex-1-en-1-yl)ethynyl]benzaldehyde (7€b). Chromatography
(EtOAc/hexanes = 1:2); orange-yellow solid; 412 mg; yield 81%; mp 114-116 °C; IR (neat) v 2945,

2874, 2195, 1688, 1664, 1572, 1470, 1295, 1258, 1188, 1136, 1062, 966, 793 cm *; 'H NMR (400 MHz,
19
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CDCl3) 8 10.56 (s, 1H), 7.49 (dd, J = 8.4, 7.7 Hz, 1H), 7.16 (d, J = 7.7 Hz, 1H), 7.02 (d, J = 8.4 Hz, 1H),
6.32 (t, J = 1.4 Hz, 1H), 3.93 (s, 3H), 2.59 (dt, J = 6.1, 1.4 Hz, 2H), 2.44 (t, J = 6.7 Hz, 2H), 2.11-2.04
(m, 2H); ®C{*H} NMR (100 MHz, CDCl3): & 198.6, 189.2, 161.5, 143.0, 134.4, 132.9, 126.4, 1251,
1237, 112.8, 97.3, 93.1, 56.0, 37.4, 30.2, 22.6; M'S (El) m/z (% base peak) 254 (M*, 100), 239 (16), 225
(18), 211 (23), 198 (47), 165 (15), 155 (21), 139 (21), 127 (10); HRMS (EI-TOF) m/z [M]* Calcd for
Ci16H1403 254.0943; Found 254.0943.

5-M ethyl-2-[(3-oxocyclohex-1-en-1-yl)ethynyl]|benzaldehyde (7fb). Chromatography (EtOAc/hexanes
= 1:5); yellow solid; 343 mg; yield 72%; mp 63-64 °C; IR (neat) v 2946, 2842, 2195, 1692, 1670, 1585,
1493, 1277, 1226 cm™%; *H NMR (400 MHz, CDCls) § 10.41 (s, 1H), 7.72 (brs, 1H), 7.47 (d, J= 7.9 Hz,
1H), 7.39 (d, J = 7.9 Hz, 1H), 6.29 (t, J = 1.4 Hz, 1H), 2.55 (dtt, J = 6.0, 1.4 Hz, 2H), 2.44 (t, J = 6.7 Hz,
2H), 2.41 (s, 3H), 2.10-2.04 (m, 2H); *C{*H} NMR (100 MHz, CDCl3): & 198.5, 191.1, 142.2, 140.6,
135.8, 134.8, 133.5, 133.0, 128.2, 122.3, 95.0, 93.9, 37.3, 30.3, 22.6, 21.5; MS (EI) m/z (% base peak)
238 (M*, 93), 223 (10), 210 (27), 195 (24), 182 (100), 153 (46), 139 (30), 115 (12), 84 (35), 85 (51);
HRMS (EI-TOF) m'z: [M]" Calcd for C16H140, 238.0994; Found 238.0995.

Methyl  3-formyl-4-[(3-oxocyclohex-1-en-1-yl)ethynyl]benzoate (7gb).  Chromatography
(EtOAc/hexanes = 1:3); yellow solid; 429 mg; yield 76%; mp 101-102 °C; IR (neat) v 2953, 2855, 1726,
1695, 1674, 1602, 1435, 1300, 1235, 1178, 1119, 766 cm *; *H NMR (400 MHz, CDCl3) § 10.45 (s, 1H),
8.55 (d, J = 1.7 Hz, 1H), 8.22 (d, J = 8.1 Hz, 1H), 7.66 (d, J = 8.1 Hz, 1H), 6.35 (t, J = 1.2 Hz, 1H), 3.94
(s, 3H), 2.58 (dt, J = 6.1, 1.2 Hz, 2H), 2.46 (t, J = 6.8 Hz, 2H), 2.14-2.07 (m, 2H); *C{*H} NMR (100
MHz, CDCl3): 6 198.2, 189.9, 165.4, 141.5, 136.0, 134.2, 133.9, 133.7, 131.3, 129.2, 128.7, 96.8, 93.6,
52.7, 37.3, 30.1, 22.5; MS (El) mVz (% base peak) 282 (M*, 29), 225 (49), 195 (20), 167 (18), 139 (20),
92 (100), 65 (45), 57 (23); HRMS (EI-TOF) m/z: [M]* Calcd for C17H1404, 282.0892; Found 282.0892.
2-[(3-Oxocyclohept-1-en-1-yl)ethynyl]benzaldehyde (7ac). Chromatography (EtOAc/hexanes = 1:3);
yellowish oil; 367 mg; yield 77%; IR (neat) v 2924, 2852, 1699, 1592, 1464, 1260, 1190, 759 cm *; *H
NMR (400 MHz, CDCls) 6 10.49 (s, 1H), 7.94 (d, J = 7.4 Hz, 1H) , 7.62-7.56 (m, 2H), 7.52-7.47 (m,

1H), 6.44 (brs, 1H), 2.74 (t, J = 5.9 Hz, 2H), 2.67 (t, J = 6.3 Hz, 2H), 1.97-1.83 (m, 4H); *C{*H} NMR
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(100 MHz, CDCl3): 6 202.8, 191.0, 138.9, 137.3, 136.0, 133.8, 133.4, 129.5, 127.7, 125.5, 97.3, 91.4,
42.6, 34.0, 25.3, 21.1; MS (El) mVz (% base peak) 238 (M*, 100), 210 (48), 195 (37), 181 (99), 167 (40),
152 (57), 139 (47), 126 (29), 115 (28), 85 (28), 71 (28), 58 (57); HRMS (EI-TOF) m/z [M]* Calcd for
Ci16H140, 238.0994; Found 238.0996.

2-[(3-Oxocyclohex-1-en-1-y)ethynyl]-3-furaldehyde (10). Chromatography (EtOAc/hexanes = 1:3);
orange-yellow solid; 308 mg; yield 72%; mp 58-59 °C; IR (neat) v 3128, 2951, 2188, 1677, 1426, 1243,
1134, 755 cm ™% *H NMR (400 MHz, CDCl3) & 9.98 (s, 1H), 7.45 (d, J = 2.0 Hz, 1H) , 6.78 (d, J = 2.0
Hz, 1H), 6.33 (brs, 1H), 2.54 (t, J = 6.1 Hz, 2H), 2.43 (t, J = 6.7 Hz, 2H), 2.11-2.04 (m, 2H); *C{*H}
NMR (100 MHz, CDCl3): 6 197.9, 184.0, 145.8, 143.1, 140.3, 134.1, 130.8, 108.5, 97.0, 85.3, 37.3,
29.6, 22.5; MS (El) m/z (% base peak) 214 (M*, 100), 186 (43), 185 (36), 158 (52), 157 (21), 129 (22),
128 (11), 102 (29), 58 (90); HRMS (EI-TOF) mVz: [M]" Calcd for CisH1005 214.0630; Found 214.0628.
2-[(3-Oxocyclohex-1-en-1-yl)ethynyl]nicotinaldehyde (13). Chromatography (EtOAc/hexanes = 1:10);
yellow solid; 392 mg; yield 87%; mp 88-89 °C; IR (neat) v 3056, 2948, 2868, 1791, 1698, 1673, 1578,
1428, 1243, 966 cm : *H NMR (400 MHz, CDCl3) 6 10.49 (s, 1H), 8.82 (dd, J = 4.8, 1.8 Hz, 1H), 8.21
(dd, J = 7.9, 1.8 Hz, 1H), 7.45 (dd, J = 7.9, 4.8 Hz, 1H), 6.41 (t, J = 1.6 Hz, 1H), 2.60 (dt, J = 6.0, 1.6
Hz, 2H), 2.47 (t, J = 6.7 Hz, 2H), 2.14-2.07 (m, 2H); *C{*H} NMR (100 MHz, CDCls): § 198.0, 189.8,
154.5, 144.6, 140.9, 135.1, 134.6, 132.2, 124.1, 93.4, 93.1, 37.3, 29.9, 22.5; MS (El) m/z (% base peak)
225 (M*, 69), 196 (37), 182 (18), 169 (100), 168 (46), 141 (36), 140 (24), 114 (15); HRMS (EI-TOF)
m/z: [M]" Calcd for C14H11NO, 225.0790; Found 225.0789.

General Procedure for Regioselective Hydrogenation. To a mixture of 7, 10, 13 (100 mg) and 10%
Pd/C (20 mg) in flask was added solvent (0.1 M) (see Table 1 and Scheme 4 for the solvent used). The
reaction mixture was then stirred under a hydrogen balloon at room temperature for a period of time (see
Table 1 and Scheme 4 for the duration of hydrogenation). Filtration and concentration in vacuo gave a
residue, which was purified by column chromatography on silicagel to afford 8, 11, 14.
2-[(3-Oxocyclopent-1-en-1-yl)ethyl]benzaldehyde (8aa). Chromatography (EtOAc/hexanes = 1:2);

colorless solid; 75 mg; yield 74%; mp 54-55 °C; IR (neat) v 3075, 2961, 2926, 2743, 1698, 1603, 1191,
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800, 756 cm™; *H NMR (400 MHz, CDCls) § 10.17 (s, 1H), 7.82 (dd, J = 7.8, 1.0 Hz, 1H), 7.54 (ddd, J
=7.8, 7.5, 1.3 Hz, 1H), 7.46 (ddd, J= 7.5, 7.5, 1.0 Hz, 1H), 7.29 (d, J = 7.5 Hz, 1H), 6.00 (t, J = 1.2 Hz,
1H), 3.32 (t, J = 8.0 Hz, 2H), 2.70 (t, J = 8.0 Hz, 2H), 2.66-2.63 (m, 2H), 2.44-2.41 (m, 2H); *C{*H}
NMR (100 MHz, CDCl3): 6 210.0, 193.1, 181.5, 142.9, 134.7, 133.9, 133.7, 131.0, 129.9, 127.2, 35.3,
35.0, 31.6, 30.9; MS (El) m/z (% base peak) 214 (M*, 5), 186 (100), 159 (14), 130 (19), 118 (21), 90
(16), 58 (15); HRMS (EI-TOF) mVz [M]" Calcd for C14H140, 214.0994; Found 214.0997.

2-M ethoxy-6-(2-(3-oxocyclopent-1-en-1-yl)ethyl)benzaldehyde (8ea).** Chromatography
(EtOAc/hexanes = 1:2); white solid; 71 mg; yield 70%; mp 89-90 °C; IR (neat) v 2926, 2851, 1706,
1682, 1596, 1473, 1269, 1181, 1075, 792 cm *; *H NMR (400 MHz, CDCl3) 6 10.62 (s, 1H), 7.43 (dd, J
= 8.4, 7.6 Hz, 1H), 6.88 (d, J = 8.4 Hz, 1H), 6.80 (d, J = 7.6 Hz, 1H), 5.97 (s, 1H), 3.91 (s, 3H), 3.19 (t,
J = 8.0 Hz, 2H), 2.68-2.63 (M, 4H), 2.41-2.38 (m, 2H); *C{*H} NMR (100 MHz, CDCl3): § 210.1,
192.1, 182.3, 163.6, 144.3, 134.9, 129.6, 123.2, 122.8, 109.9, 55.8, 35.3, 34.8, 31.8, 31.6; MS (El) m/z
(% base peak) 244 (M*, 60), 216 (8), 187 (11), 163 (10), 148 (100), 109 (10), 96 (11), 83 (22), 58 (25);
HRMS (EI-TOF) mz: [M]" Calcd for CisH1603 244.1099; Found 244.1100.
2-[(3-Oxocyclohex-1-en-1-yl)ethyl]benzaldehyde (8ab). Chromatography (EtOAc/hexanes = 1.5);
yellowish solid; 93 mg; yield 91%; mp 38-39 °C; IR (neat) v 3028, 2939, 2868, 2741, 1695, 1667, 1599,
1453, 1252, 1193, 887, 756 cm ; *H NMR (400 MHz, CDCl3) § 10.14 (s, 1H), 7.79 (d, J = 7.5 Hz, 1H),
7.51 (dd, J = 7.8, 7.4 Hz, 1H), 7.41 (dd, J = 7.5, 7.4 Hz, 1H), 7.25 (d, J = 7.8 Hz, 1H), 5.87 (brs, 1H),
3.22(t, J = 8.0 Hz, 2H), 2.47 (t, J = 8.0 Hz, 2H), 2.37-2.32 (m, 4H), 2.02-1.94 (m, 2H); *C{*H} NMR
(100 MHz, CDCl3): 6 199.8, 192.9, 165.2, 143.1, 134.3, 133.8, 133.6, 131.1, 127.0, 126.0, 39.5, 37.2,
30.8, 29.6, 22.6; M'S (El) mVz (% base peak) 228 (M™, 28), 210 (15), 185 (32), 172 (29), 159 (39), 157
(36), 129 (41), 118 (86), 115 (19), 91 (85), 90 (19), 58 (100); HRMS (EI-TOF) m/z [M]* Calcd for
Ci5H160, 228.1150; Found 228.1151.

3-M ethoxy-2-[(3-oxocyclohex-1-en-1-yl)ethyl]benzaldehyde (8bb). Chromatography
(EtOAc/hexanes = 1:3); yellow solid; 84 mg; yield 83%; mp 68-69 °C; IR (neat) v 2943, 2730, 1695,

1665, 1585, 1466, 1263, 790 cm™"; 'H NMR (400 MHz, CDCls) § 10.17 (s, 1H), 7.42-7.34 (m, 2H),
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7.10 (dd, J = 7.5, 1.2 Hz, 1H), 5.86 (brs, 1H), 3.86 (s, 3H), 3.26 (t, J = 8.0 Hz, 2H), 2.42-2.33 (m, 6H),
2.03-1.96 (m, 2H); *c{*H} NMR (100 MHz, CDCl5): & 200.0, 192.8, 166.0, 157.8, 134.7, 131.8, 127.5,
125.8, 125.2, 115.6, 55.9, 38.2, 37.3, 29.6, 22.7, 22.5; MS (El) mVz (% base peak) 258 (M*, 43), 215 (6),
189 (9), 161 (11), 149 (100), 148 (21), 115 (4), 91 (43), 84 (9), 58 (26); HRMS (EI-TOF) m/iz. [M]*
Calcd for Ci6H1503 258.1256; Found 258.1253.

4-M ethoxy-2-[(3-oxocyclohex-1-en-1-yl)ethyl]benzaldehyde (8cb). Chromatography (EtOAc/hexanes
= 1:3); yellowish solid; 91 mg; yield 90%; mp 47-48 °C; IR (neat) v 2940, 2868, 2736, 1682, 1600,
1566, 1250, 1106, 811 cm %; *H NMR (400 MHz, CDCl3) § 10.00 (s, 1H), 7.75 (d, J = 8.6 Hz, 1H), 6.90
(dd, J = 8.6, 2.4 Hz, 1H), 6.74 (d, J = 2.4 Hz, 1H), 5.89 (brs, 1H), 3.88 (s, 3H), 3.21 (t, J = 8.0 Hz, 2H),
2.49 (t, J = 8.0 Hz, 2H) 2.39-2.34 (m, 4H), 2.03-1.96 (m, 2H); *C{*H} NMR (100 MHz, CDCls): &
199.9, 191.3, 165.3, 163.7, 145.8, 137.4, 127.3, 126.1, 116.9, 111.6, 55.5, 39.4, 37.3, 31.2, 29.7, 22.7,
MS (El) mVz (% base peak) 258 (M*, 18), 215 (9), 202 (8), 189 (19), 176 (9), 148 (78), 121 (7), 91 (7),
58 (100); HRMS (EI-TOF) m/iz [M]* Calcd for CigH1503 258.1256; Found 258.1255.

5-M ethoxy-2-[ (3-oxocyclohex-1-en-1-yl)ethyl]benzaldehyde (8db). Chromatography
(EtOAc/hexanes = 1:3); yellow solid; 65 mg; yield 64%; mp 55-56 °C; IR (neat) v 2944, 2837, 2737,
1705, 1667, 1609, 1500, 1260, 1037, 885 cm™*; *H NMR (400 MHz, CDCl3) § 10.12 (s, 1H), 7.29 (d, J
= 2.6 Hz, 1H), 7.14 (d, J = 8.5 Hz, 1H), 7.04 (dd, J = 8.5, 2.6 Hz, 1H), 5.84 (brs, 1H), 3.82 (s, 3H), 3.13
(t, J= 8.0 Hz, 2H), 2.43 (t, J = 8.0 Hz, 2H), 2.35-2.30 (m, 4H), 1.99-1.92 (m, 2H); *C{*H} NMR (100
MHz, CDCl3): 6 199.8, 192.1, 165.1, 158.5, 135.4, 134.4, 132.2, 126.1, 120.3, 117.1, 55.5, 40.1, 37.3,
29.73,29.72, 22.6; MS (El) m/z (% base peak) 258 (M*, 22), 230 (9), 215 (16), 202 (12), 189 (25), 176
(23), 148 (100), 121 (10), 91 (10), 83 (13), 58 (74); HRMS (EI-TOF) m/z. [M]* Calcd for CigH1505
258.1256; Found 258.1256.

2-M ethoxy-6-[ (3-oxocyclohex-1-en-1-yl)ethyl]benzaldehyde (8eb). Chromatography (EtOAc/hexanes
= 1:2); colorless solid; 63 mg; yield 62%; mp 96-97 °C; IR (neat) v 2930, 2856, 1728, 1682, 1667, 1595,
1473, 1267, 1076, 796 cm *; *H NMR (400 MHz, CDCl3) & 10.62 (s, 1H), 7.42 (dd, J = 8.4, 7.6 Hz, 1H),

6.87 (d, J = 8.4 Hz, 1H), 6.78 (d, J = 7.6 Hz, 1H), 5.87 (brs, 1H), 3.90 (s, 3H), 3.14-3.09 (m, 2H), 2.45
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(t, J = 7.9 Hz, 2H), 2.40-2.33 (m, 4H), 2.02-1.95 (m, 2H); *C{*H} NMR (100 MHz, CDCl3): & 200.0,
192.1, 165.9, 163.5, 144.6, 134.9, 125.9, 123.3, 122.8, 109.8, 55.8, 39.4, 37.4, 32.0, 29.6, 22.7; M S (El)
Mz (% base peak) 258 (M*, 19), 215 (11), 189 (19), 176 (15), 148 (100), 121 (8), 91 (11), 58 (42);
HRMS (EI-TOF) m/z. [M]" Calcd for C16H1505 258.1256; Found 258.1256.

5-M ethyl-2-[(3-oxocyclohex-1-en-1-yl)ethyl]benzaldehyde (8fb). Chromatography (EtOAc/hexanes =
1:3); yellowish oil; 83 mg; yield 82%; IR (neat) v 2926, 2867, 2733, 1687, 1668, 1625, 1568, 1242,
1156, 885, 831 cm *; *H NMR (400 MHz, CDCl3) § 10.12 (s, 1H), 7.59 (d, J = 1.0 Hz, 1H), 7.31 (dd, J
=7.7, 1.0 Hz, 1H), 7.14 (d, J = 7.7 Hz, 1H), 5.86 (brs, 1H), 3.18 (t, J = 8.0 Hz, 2H), 2.46 (t, J = 8.0 Hz,
2H), 2.40 (s, 3H), 2.37-2.33 (m, 4H), 2.02-1.95 (m, 2H); *C{*H} NMR (100 MHz, CDCls): § 199.7,
193.0, 165.2, 140.2, 136.8, 134.7, 134.6, 133.5, 131.1, 126.1, 39.7, 37.3, 30.4, 29.7, 22.7, 20.7; M S (El)
Mz (% base peak) 242 (M*, 40), 199 (23), 186 (17), 173 (30), 171 (30), 133 (100), 132 (94), 105 (88),
83 (64), 77 (38), 58 (42); HRMS (EI-TOF) m/z. [M]* Calcd for Ci6H150, 242.1307; Found 242.1306.
Methyl 3-formyl-4-[(3-oxocyclohex-1-en-1-yl)ethyl]benzoate (8gb). Chromatography
(EtOAc/hexanes = 1:1); yellow solid; 87 mg; yield 86%; mp 106-108 °C; IR (neat) v 2950, 2866, 1723,
1665, 1610, 1436, 1293, 1195, 1113, 762 cm™; *H NMR (400 MHz, CDCl3) & 10.19 (s, 1H), 8.47 (d, J
= 1.6 Hz, 1H), 8.16 (dd, J = 8.0, 1.6 Hz, 1H), 7.36 (d, J = 8.0 Hz, 1H), 5.88 (brs, 1H), 3.96 (s, 3H), 3.29
(t, J=8.0 Hz, 2H), 2.49 (t, J = 8.0 Hz, 2H), 2.39-2.35 (m, 4H), 2.04-1.97 (m, 2H); *C{*H} NMR (100
MHz, CDCl3): 6 199.7, 192.3, 165.8, 164.5, 148.0, 135.8, 134.4, 133.8, 131.5, 129.3, 126.2, 52.4, 39.1,
37.3, 31.1, 29.7, 22.6; MS (El) mVz (% base peak) 286 (M*, 59), 255 (21), 243 (46), 230 (25), 217 (62),
215 (31), 176 (100), 171 (28), 143 (18), 133 (24), 110 (25); HRMS (EI-TOF) m/iz. [M]* Calcd for
C17H1804, 286.1205; Found 286.1203.

2-[(3-Oxocyclohept-1-en-1-yl)ethyl]benzaldehyde (8ac). Chromatography (EtOAc/hexanes = 1:2);
yellowish oil; 65 mg; yield 64%; IR (neat) v 2933, 2864, 2739, 1695, 1656, 1452, 1268, 1191, 756 cm *;
'H NMR (400 MHz, CDCls) § 10.18 (s, 1H), 7.81 (dd, J = 7.4, 1.2 Hz, 1H) , 7.52 (ddd, J = 7.4, 7.4, 1.4
Hz, 1H), 7.43 (ddd, J = 7.4, 6.9, 1.2 Hz, 1H), 7.27 (d, J = 6.9 Hz, 1H), 5.93 (brs, 1H), 3.22 (t, J = 8.0 Hz,

2H), 258 (t, J= 6.0 Hz, 2H ), 2.52 (t, J = 6.0 Hz, 2H ), 2.46 (t, J = 8.0 Hz, 2H ), 1.86-1.75 (m, 4H);
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Bc{*H} NMR (100 MHz, CDCl3): & 204.0, 192.9, 160.9, 143.4, 134.2, 133.9, 133.7, 131.2, 129.7,
127.0, 42.8, 42.3, 32.8, 31.7, 25.2, 21.3; MS (El) m/z (% base peak) 242 (M", 20), 224 (54), 214 (21),
185 (22), 159 (100), 129 (30), 118 (55), 109 (54), 91 (70); HRMS (EI-TOF) m/z [M]* Calcd for
Ci6H180, 242.1307; Found 242.1306.

2-[(3-Oxocyclohex-1-en-1-yl)ethyl]-3-furaldehyde (11). Chromatography (EtOAc/hexanes = 1:2);
yellow oil; 57 mg; yield 56%; IR (neat) v 3126, 2924, 2851, 1674, 1425, 1253, 1124, 892, 755 cm™*; 'H
NMR (400 MHz, CDCl3) § 9.92 (s, 1H), 7.32 (d, J = 2.0 Hz, 1H) , 6.68 (d, J = 2.0 Hz, 1H), 5.83 (brs,
1H), 3.19 (t, J= 7.6 Hz, 2H ), 2.62 (t, J = 7.6 Hz, 2H), 2.36-2.28 (m, 4H), 2.02-1.94 (m, 2H); *C{*H}
NMR (100 MHz, CDCl3): 6 199.3, 184.7, 163.1, 162.6, 142.4, 126.5, 122.5, 108.8, 37.2, 35.9, 29.5,
24.9, 22.6; MS (El) m/z (% base peak) 218 (M*, 17), 200 (11), 190 (9), 162 (13), 133 (7), 109 (100), 108
(26), 81 (18), 58 (17); HRMS (EI-TOF) miz: [M]* Calcd for Cy3H1405 218.0943; Found 218.0946.
2-[(3-Oxocyclohex-1-en-1-ylethyl]nicotinaldehyde (14). Chromatography (EtOAc/hexanes = 2:1);
yellow oil; 58 mg; yield 57%; IR (neat) v 3058, 2927, 2866, 1663, 1582, 1440, 1256, 1030, 755 cm *;
H NMR (400 MHz, CDCl3) & 10.24 (s, 1H), 8.70 (dd, J = 4.8, 1.6 Hz, 1H) , 8.10 (dd, J = 7.7, 1.6 Hz,
1H), 7.37 (dd, J = 7.7, 4.8 Hz, 1H), 5.84 (brs, 1H), 3.43 (t, J = 7.9 Hz, 2H ), 2.66 (t, J = 7.9 Hz, 2H),
2.40 (t, J = 5.9 Hz, 2H), 2.35 (t, J = 6.7 Hz, 2H), 2.03-1.96 (m, 2H); *C{*H} NMR (100 MHz, CDCl5):
6 199.8, 191.3, 164.9, 162.0, 153.2, 139.9, 129.2, 126.0, 122.1, 37.3, 37.2, 32.6, 29.7, 22.6; MS (El) m/z
(% base peak) 229 (M*, 24), 201 (89), 200 (37), 173 (100), 172 (48), 144 (33), 130 (16), 117 (8), 93 (13),
77 (10); HRMS (EI-TOF) mVz: [M]" Calcd for C14H1sNO, 229.1103; Found 229.1106.

General Procedurefor Intramolecular Stetter Reaction. To astirred solution of 8, 11, 14 (0.13 mmol)
and thiazolium salt A (7 mg, 0.026 mmol) in absolute ethanol (2.6 mL, 0.05 M) was added triethylamine
(0.018 mL, 0.13 mmol) under Ar atmosphere at room temperature. The reaction mixture was then heated
in an oil bath for a period of time (see Scheme 5 for the duration of heating). The contents were cooled
to room temperature and the solvent was evaporated. The residue was purified by column

chromatography on silicagel to afford 15-17.
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3',4'-Dihydro-1'H-spiro[cyclopentane-1,2'-naphthalene]-1',3-dione (15aa). Chromatography
(EtOAC/CH,Cl, = 1:100); yellowish solid; 20.6 mg; yield 74%; mp 50-51 °C; IR (neat) v 3066, 2927,
1743, 1675, 1600, 1229, 1160, 746 cm™*; *H NMR (400 MHz, CDCls) § 8.03 (dd, J = 8.0, 1.0 Hz, 1H),
7.49 (ddd, J = 8.0, 7.5, 1.0 Hz, 1H), 7.32 (dd, J = 8.0, 7.5 Hz, 1H), 7.25 (d, J = 8.0 Hz, 1H), 3.20-3.12
(m, 1H), 2.95 (ddd, J = 17.2, 5.0, 5.0 Hz, 1H), 2.80 (d, J = 17.8 Hz, 1H), 2.48-2.23 (m, 4H), 2.16-2.09
(m, 1H), 2.09 (d, J = 17.8 Hz, 1H), 2.03-1.94 (m, 1H); ®*C{*H} NMR (100 MHz, CDCls): & 216.6,
200.2, 143.2, 133.6, 130.7, 128.7, 128.0, 126.9, 49.9, 47.3, 36.1, 34.2, 30.5, 25.8; MS (El) m/z (% base
peak) 214 (M*, 94), 196 (10), 185 (29), 171 (23), 157 (39), 142 (19), 129 (21), 119 (53), 118 (51), 91
(100), 58 (37); HRMS (EI-TOF) m/z: [M]" Calcd for C14H140,, 214.0994; Found 214.0995.
8'-Methoxy-3',4'-dihydro-1'H-spiro[cyclopentane-1,2'-naphthalene]-1',3-dione (15ea).2*
Chromatography (EtOAc/hexanes = 1:1); white solid; 21.6 mg; yield 68%; mp 72-73 °C; IR (neat) v
2926, 2849, 1742, 1671, 1591, 1467, 1270, 1208, 1076, 962 cm *; *H NMR (400 MHz, CDCl3) § 7.41
(dd, J =84, 7.7 Hz, 1H), 6.85 (d, J = 8.4 Hz, 1H), 6.82 (d, J = 7.7 Hz, 1H), 3.90 (s, 3H), 3.16-3.07 (m,
1H), 2.93 (ddd, J = 17.1, 5.3, 5.3 Hz, 1H), 2.83 (d, J = 18.0 Hz, 1H), 2.54-2.42 (m, 2H), 2.34-2.16 (m,
2H), 2.10-2.03 (m, 2H), 1.97-1.89 (m, 1H); *C{*H} NMR (100 MHz, CDCly): § 217.0, 199.6, 161.3,
146.0, 134.4, 120.7, 120.2, 110.1, 55.9, 51.4, 47.9, 36.3, 34.1, 31.2, 26.8; MS (El) m/z (% base peak)
244 (M*, 18), 216 (100), 189 (40), 173 (11), 148 (92), 115 (7), 90 (18); HRMS (EI-TOF) m/z [M]*
Calcd for Ci5H1603 244.1099; Found 244.1097.
3',4'-Dihydro-1'H-spiro[cyclohexane-1,2'-naphthaleng]-1',3-dione (15ab). Chromatography
(EtOAC/CH.CI, = 1:100); yellowish ail; 25.2 mg; yield 85%; IR (neat) v 3065, 2932, 1712, 1678, 1599,
1453, 1226, 741 cm ™Y, *H NMR (400 MHz, CDCl5) § 8.02 (dd, J = 8.0, 1.0 Hz, 1H), 7.48 (ddd, J = 7.7,
7.5, 1.0 Hz, 1H) , 7.31 (dd, J = 8.0, 7.5 Hz, 1H), 7.22 (d, J = 7.7 Hz, 1H), 3.16-3.07 (m, 1H), 2.92 (ddd,
J=175, 45, 45 Hz, 1H), 2.81 (d, J = 14.4 Hz, 1H), 2.47-2.41 (m, 1H), 2.35-2.28 (m, 1H), 2.15-2.00
(m, 4H), 1.92-1.85 (m, 2H), 1.83-1.73 (m, 1H); *C{*H} NMR (100 MHz, CDCls): § 209.8, 200.0,

142.9, 133.6, 130.8, 128.7, 128.1, 126.9, 49.3, 48.7, 40.4, 33.0, 29.6, 24.9, 21.4; MS (El) m/z (% base
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peak) 228 (M*, 100), 185 (56), 159 (98), 129 (27), 118 (78), 115 (17), 83 (56); HRMS (EI-TOF) m/z
[M]" Calcd for CysH1602 228.1150; Found 228.1148.

5'-Methoxy-3',4'-dihydro-1'H-spir o[cyclohexane-1,2'-naphthaleng]-1',3-dione (15bb).
Chromatography (EtOAc/hexanes = 1:2); yellowish oil; 21.8 mg; yield 65%; IR (neat) v 2924, 2851,
1714, 1680, 1583, 1470, 1262, 1062, 753 cm*; *H NMR (400 MHz, CDCl3) § 7.63 (d, J = 8.0 Hz, 1H),
7.27 (dd, J = 8.0, 8.0 Hz, 1H), 7.02 (d, J = 8.0 Hz, 1H), 3.86 (s, 3H), 3.00 (ddd, J = 18.3, 4.5, 4.5 Hz,
1H), 2.86-2.76 (M, 2H), 2.46-2.27 (m, 2H), 2.11 (d, J = 14.6 Hz, 1H), 2.09-2.00 (m, 2H), 1.89-1.74 (m,
4H); *C{*H} NMR (100 MHz, CDCl3): § 209.8, 200.3, 156.7, 131.9, 131.7, 127.1, 119.6, 114.2, 55.6,
48.9, 48.6, 40.5, 32.2, 29.5, 21.4, 18.8; MS (El) m/z (% base peak) 258 (M*, 100), 215 (40), 189 (89),
161 (16), 148 (34), 120 (19), 90 (13), 58 (26); HRMS (EI-TOF) mVz: [M]* Calcd for CyeH1505 258.1256;
Found 258.1253.

6'-Methoxy-3',4'-dihydro-1'H-spir o[cyclohexane-1,2'-naphthaleneg]-1',3-dione (15ch).
Chromatography (Et,O/hexanes = 1:2); colorless solid; 10.1 mg; yield 30%; mp 106-107 °C; IR (neat) v
2933, 2852, 1712, 1668, 1599, 1256 cm *; *H NMR (400 MHz, CDCl3) & 8.00 (d, J = 8.8 Hz, 1H), 6.84
(dd, J = 8.8, 2.4 Hz, 1H), 6.67 (d, J = 2.4 Hz, 1H), 3.85 (s, 3H), 3.13-3.03 (M, 1H), 2.87 (ddd, J = 17.4,
45,45 Hz, 1H), 2.81 (d, J = 14.6 Hz, 1H), 2.49-2.41 (m, 1H), 2.34-2.26 (m, 1H), 2.12 (d, J = 14.6 Hz,
1H), 2.13-1.98 (m, 3H), 1.93-1.86 (m, 2H), 1.80-1.75 (m, 1H); *C{*H} NMR (100 MHz, CDCl5): &
210.0, 198.7, 163.8, 145.4, 130.7, 124.5, 113.6, 112.4, 55.5, 49.1, 48.8, 40.5, 33.1, 29.8, 25.3, 21.5; MS
(El) mVz (% base peak) 258 (M*, 78), 215 (27), 189 (100), 148 (70), 120 (11), 83 (18), 58 (35): HRMS
(EI-TOF) m/iz. [M]" Calcd for CigH1505 258.1256; Found 258.1258.
7'-Methoxy-3',4'-dihydro-1'H-spir o[ cyclohexane-1,2'-naphthalene]-1',3-dione (15db).
Chromatography (EtOAc/CH,Cl, = 1:100); yellowish solid; 21.8 mg; yield 65%; mp 79-80 °C; IR (neat)
v 2937, 1714, 1677, 1608, 1496, 1419, 1275, 1244, 1028, 824 cm*; *H NMR (400 MHz, CDCl3) 6 7.50
(d, J= 2.6 Hz, 1H), 7.14 (d, J = 8.4 Hz, 1H), 7.07 (dd, J = 8.4, 2.6 Hz, 1H), 3.82 (s, 3H), 3.09-3.00 (m,
1H), 2.85 (ddd, J = 17.3, 4.4, 4.4 Hz, 1H), 2.80 (d, J = 14.6 Hz, 1H), 2.49-2.27 (m, 2H), 2.13 (d, J =

14.6 Hz, 1H), 2.13-1.99 (m, 3H), 1.92-1.85 (m, 2H), 1.82-1.75 (m, 1H); *C{*H} NMR (100 MHz,
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CDCl3): 6 209.8, 200.0, 158.5, 135.4, 131.6, 130.0, 122.2, 109.8, 55.5, 49.2, 48.7, 40.5, 33.3, 29.6, 24.1,
21.5; MS (El) m/z (% base peak) 258 (M*, 100), 215 (44), 189 (79), 161 (17), 148 (24), 120 (51), 91 (9);
HRMS (EI-TOF) m'z: [M]* Calcd for Cy6H1505 258.1256; Found 258.1254.
8'-Methoxy-3',4'-dihydro-1'H-spir o[ cyclohexane-1,2'-naphthaleng]-1',3-dione (15€b).
Chromatography (EtOAc/CHCl, = 1:15); yellow solid; 29.2 mg; yield 87%; mp 99-100 °C; IR (neat) v
2939, 1709, 1675, 1593, 1469, 1270, 1210, 1085, 963, 800 cm; *H NMR (400 MHz, CDCl3) & 7.39
(dd, J = 8.4, 7.2 Hz, 1H), 6.83 (d, J = 8.4 Hz, 1H), 6.79 (d, J = 7.2 Hz, 1H), 3.88 (s, 3H), 3.08-2.99 (m,
1H), 2.89 (ddd, J = 17.4, 5.1, 5.1 Hz, 1H), 2.84 (d, J = 14.6 Hz, 1H), 2.47-2.27 (m, 2H), 2.13 (d, J =
14.6 Hz, 1H), 2.13-1.75 (m, 6H); *C{*H} NMR (100 MHz, CDCl3): 5 210.3, 199.1, 161.2, 145.5, 134.2,
120.6, 120.5, 110.0, 55.9, 50.6, 48.7, 40.5, 32.2, 30.4, 25.7, 21.6; MS (El) m/z (% base peak) 258 (M",
62), 215 (14), 191 (49), 189 (77), 148 (100), 113 (16), 85 (27); HRMS (EI-TOF) mVz: [M]* Calcd for
C16H1803 258.1256; Found 258.1256.
7'-Methyl-3',4'-dihydro-1'H-spir o[ cyclohexane-1,2'-naphthalene]-1',3-dione (15fb).
Chromatography (Et,O/hexanes = 1:2); yellow oil; 21.7 mg; yield 69%; IR (neat) v 3026, 2932, 2854,
1714, 1677, 1610, 1497, 1238, 1170, 821 cm *; *H NMR (400 MHz, CDCl3) & 7.84 (brs, 1H), 7.30 (dd,
J=7.7,15Hz, 1H), 7.13 (d, J = 7.7 Hz, 1H), 3.11-3.02 (m, 1H), 2.88 (ddd, J = 17.4, 4.5, 4.5 Hz, 1H),
2.82(d, J= 14.2 Hz, 1H), 2.49-2.41 (m, 1H), 2.35 (s, 3H), 2.35-2.28 (m, 1H), 2.13 (d, J = 14.2 Hz, 1H),
2.12-2.01 (m, 3H), 1.92-1.85 (m, 2H), 1.82-1.76 (m, 1H); *C{*H} NMR (100 MHz, CDCl3): & 209.9,
200.2, 140.0, 136.6, 134.6, 130.6, 128.7, 128.2, 49.3, 48.7, 40.5, 33.0, 29.6, 24.5, 21.5, 20.9; MS (EI)
Mz (% base peak) 242 (M*, 100), 199 (46), 173 (96), 171 (15), 145 (18), 132 (63), 128 (14), 104 (34),
77 (8); HRMS (EI-TOF) mVz: [M]" Calcd for Cy6H180, 242.1307; Found 242.1307.

Methyl 1',3-dioxo-3',4'-dihydro-1'H-spiro[cyclohexane-1,2'-naphthalene]-7'-car boxylate (15gb).
Chromatography (EtOAc/hexanes = 1:3); yellow oil; 25.3 mg; yield 68%; IR (neat) v 2956, 2924, 2851,
1722, 1685, 1609, 1436, 1297, 1210, 1120, 759 cm™; *H NMR (400 MHz, CDCls) & 8.66 (brs, 1H),
8.12 (dd, J = 8.0, 1.3 Hz, 1H), 7.32 (d, J = 8.0 Hz, 1H), 3.91 (s, 3H), 3.17-3.10 (m, 1H), 2.98 (ddd, J =

18.0, 4.5, 4.5 Hz, 1H), 2.82 (d, J = 14.6 Hz, 1H), 2.47-2.41 (m, 1H), 2.35-2.29 (m, 1H), 2.14 (d, J =
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14.6 Hz, 1H), 2.10-2.04 (m, 3H), 1.92-1.77 (m, 3H); *C{*H} NMR (100 MHz, CDCl5): § 209.4, 199.1,
166.2, 147.5, 134.0, 131.0, 129.7, 129.3, 129.2, 52.3, 49.2, 48.8, 40.5, 32.4, 29.5, 25.1, 21.4; MS (El)
Mz (% base peak) 286 (M*, 81), 255 (16), 243 (53), 217 (100), 189 (12), 176 (55), 148 (11), 128 (13),
117 (11), 85 (9), 58 (13); HRMS (EI-TOF) mVz: [M]" Calcd for C17H1504 286.1205; Found 286.1204.
3',4'-Dihydro-1'H-spiro[cycloheptane-1,2'-naphthalene]-1',3-dione (15ac). Chromatography
(EtOAC/CH,Cl, = 1:100); yellowish oil; 20.8 mg; yield 66%; IR (neat) v 3065, 2929, 2858, 1681, 1600,
1455, 1286, 1221, 915, 745 cm *; 'H NMR (400 MHz, CDCl3) 6 8.03 (d, J=8.0 Hz, 1H), 7.47 (ddd, J =
7.7,7.4, 1.0 Hz, 1H), 7.31 (dd, J = 8.0, 7.4 Hz, 1H), 7.22 (d, J = 7.7 Hz, 1H), 3.12 (d, J = 13.0 Hz, 1H),
3.02-2.98 (m, 2H), 2.66 (ddd, J = 18.4, 5.7, 5.7 Hz, 1H), 2.46 (d, J = 13.0 Hz, 1H), 2.46-2.39 (m, 1H),
2.14-2.04 (m, 2H), 1.95 (ddd, J = 14.0, 5.2, 5.2 Hz, 1H), 1.89-1.75 (m, 5H); **C{*H} NMR (100 MHz,
CDCl3): 6 212.8, 200.3, 142.9, 133.4, 130.8, 128.7, 128.3, 126.8, 50.0, 46.2, 43.9, 36.0, 32.4, 24.8, 24.4,
23.9; MS (El) m/z (% base peak) 242 (M*, 100), 224 (20), 198 (14), 185 (39), 159 (98), 129 (27), 118
(66), 90 (37); HRMS (EI-TOF) mVz: [M]" Calcd for Cy6H1505, 242.1307; Found 242.1305.
6,7-Dihydro-4H-spir o[benzofuran-5,1'-cyclohexane]-3' ,4-dione (16). Chromatography
(EtOAC/CH.CI;, = 1:100); colorless ail; 13.1 mg; yield 46%; IR (neat) v 3124, 2943, 1712, 1673, 1597,
1436, 1232, 1122, 955, 742 cm™; *H NMR (400 MHz, CDCl3) & 7.33 (d, J = 1.9 Hz, 1H), 6.65 (d, J =
1.9 Hz, 1H), 2.98-2.84 (m, 2H), 2.80 (d, J = 14.6 Hz, 1H), 2.47-2.39 (m, 1H), 2.32-2.27 (m, 1H), 2.13~
2.03 (m, 3H), 1.95-1.84 (m, 2H), 1.76-1.69 (m, 2H); *C{*H} NMR (100 MHz, CDCl5): & 209.7, 196.1,
165.1, 143.3, 119.2, 107.2, 49.6, 47.9, 40.4, 32.6, 30.1, 21.8, 20.3; MS (El) mVz (% base peak) 218 (M*,
100), 190 (19), 176 (20), 149 (55), 121 (7), 108 (73), 80 (23); HRMS (EI-TOF) m/z. [M]" Calcd for
Ci3H1403, 218.0943; Found 218.0942.
7',8'-Dihydro-5'H-spiro[cyclohexane-1,6'-quinoling]-3,5'-dione (7). Chromatography
(EtOAc/hexanes = 1:1); yellowish oil; 17.9 mg; yield 60%; IR (neat) v 3065, 2941, 1712, 1684, 1582,
1457, 1226, 762 cm*; 'H NMR (400 MHz, CDCls) & 8.70 (dd, J = 4.8, 1.9 Hz, 1H), 8.29 (dd, J = 7.8,
1.9 Hz, 1H), 7.30 (dd, J = 7.8, 4.8 Hz, 1H), 3.32-3.22 (m, 1H), 3.14(ddd, J = 18.3, 4.6, 4.6 Hz, 1H),

2.81(d, J = 14.6 Hz, 1H), 2.50-2.42 (m, 1H), 2.37-2.29 (m, 1H), 2.16 (d, J = 14.6 Hz, 1H), 2.14-2.06
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(m, 3H), 1.98-1.79 (m, 3H); *C{*H} NMR (100 MHz, CDCls): § 209.1, 199.7, 162.1, 153.9, 136.1,
126.5, 122.5, 49.1, 48.4, 40.4, 31.9, 29.6, 28.1, 21.4; MS (El) mVz (% base peak) 229 (M*, 76), 201
(100), 186 (53), 173 (26), 160 (91), 145 (69), 130 (66), 119 (40), 91 (29); HRMS (EI-TOF) m/z: [M]*
Calcd for C14H15sNO,, 229.1103; Found 229.1103.

Supporting Information Available: Copies of *H and **C NMR for compounds 2-4, 6-8, 10-11, and

13-17.

Acknowledgement. We thank the Ministry of Science and Technology (MOST) of the Republic of

Chinafor financia support (MOST 102-2113-M-194-001-MY 3).
References:

1) @ J A. Marshal, St. F. Brady, N. H. Andersen In The Chemistry of Spiro[4.5] Decane
Sesquiterpenes, Herz, W.; Grisebach, H.; Kirby, G. W. Ed.; Fortschritte der Chemie Organischer
Naturstoffe; Springer-Verlag: New York, 1974; Vol. 31, pp 283-376. (b) Martin, J. D.; Darias, J.
In Algal Sesquiterpenoids; Scheuer, P. J., Ed.; Marine Natural Products: Chemicad and
Biological Perspectives; Academic: New York, 1978; Vol. I, pp 125-171. (c) Erickson, K. L. In
Constituents of Laurencia; Scheuer, P. J., Ed.; Marine Natural Products: Chemica and

Biological Perspectives; Academic: New York, 1983; Vol. V, ppl31-257.

(2) (a) Fraga, B. M. Natural Sesquiterpenoids. Nat. Prod. Rep. 2012, 29, 1334-1366. (b) Blunt, J.
W.; Copp, B. R.; Keyzers, R. A.; Munro, M. H. G.; Prinsep, M. R. Marine Natural Products. Nat.

Prod. Rep. 2014, 31, 160-258.

(3) Ding, K.; Han, Z.; Wang, Z. Spiro Skeletons: A Class of Privileged Structure for Chiral Ligand

Design. Chem. Asian J. 2009, 4, 32-41.

(4) (a Krapcho, A. P. Synthesis of Carbocyclic Spiro Compounds via Intramolecular Alkylation

Routes. Synthesis 1974, 6, 383-419. (b) Krapcho, A. P. Synthesis of Carbocyclic Spiro

30

ACS Paragon Plus Environment



Page 31 of 35

oNOYTULT D WN =

()

(6)

(7)

(8)

The Journal of Organic Chemistry

Compounds via Rearrangement Routes. Synthesis 1976, 8, 425-444. (c) Sannigrahi, M.
Stereocontrolled Synthesis of Spirocyclics. Tetrahedron 1999, 55, 9007-9071. (d) Pradhan, R.;
Patra, M.; Behera, A. K.; Mishra, B. K.; Behera, R. K. A Synthon Approach to Spiro
Compounds. Tetrahedron 2006, 62, 779-828. (e) Kotha, S.; Deb, A. C.; Lahiri, K.; Manivannan,
E. Sdlected Synthetic Strategies to Spirocyclics. Synthesis 2009, 41, 165-193. (f) Rios, R.
Enantiosel ective Methodologies for the Synthesis of Spiro Compounds. Chem. Soc. Rev. 2012,
41, 1060-1074. (g) Undhein, K. Preparation and Structure Classification of
Heteraspirofm.n]alkanes. Synthesis 2014, 46, 1957-2006. (h) Undhein, K. Stereoselective
Reactions in Preparation of Chiral a-Heteraspiro[m.n]alkanes. Synthesis 2015, 47, 2497-2522. (i)
Liu, Y.; Zhang, X.; Zeng, R.; Zhang, Y.; Dai, Q.-S.; Leng, H.-J.; Gou, X.-J.; Li, J-L. Recent
Advances in the Synthesis of Spiroheterocycles via N-Heterocyclic Carbene Organocatalysis.

Molecules 2017, 22, 1882.

Hsu, D.-S.; Hsu, C.-W. Spiranes Synthesis Based on Samarium Diiodide-Mediated Reductive

cyclization. Tetrahedron Lett. 2012, 53, 2185-2188.

Hsu, D.-S.; Chen, C.-H.; Hsu, C.-W. Synthesis of Spiranes by Thiol-Mediated Acyl Radical

Cyclization. Eur. J. Org. Chem. 2016, 2016, 589-598.

Breslow, R. On the Mechanism of Thiamine Action. IV. Evidence from Studies on Modd

Systems. J. Am. Chem. Soc. 1958, 80, 3719-3726.

(a) Stetter, H.; Kuhlmann, H. Addition von Aliphatischen, Heterocyclischen und Aromatischen
Aldehyden an a,-Ungeséttigte Ketone, Nitrile und Ester. Chem. Ber. 1976, 109, 2890-2896. (b)
Stetter, H.; Kuhlmann, H. Addition Aliphatischer, Heterocyclischer und Aromatischer Aldehyde
an Butenon. Chem. Ber. 1976, 109, 3426-3431. (c) Ciganek, E. Esters of 2,3-Dihydro-3-
oxobenzofuran-2-acetic Acid and 3,4-Dihydro-4-oxo-2H-1-benzopyran-3-acetic  Acid by

Intramolecular Stetter Reactions. Synthesis 1995, 10 1311-1314. (d) Bhunia, A.; Yetra, S. R;;

31

ACS Paragon Plus Environment



oNOYTULT D WN =

(9)

The Journal of Organic Chemistry Page 32 of 35

Bhojgude, S. S,; Biju, A. T. Efficient Synthesis of y-Keto Sulfones by NHC-Catalyzed
Intermolecular Stetter Reaction. Org. Lett. 2012, 14, 2830-2833. (e) Patra, A.; Bhunia, A.; Biju,
A. T. Facile Synthesis of y-Ketophosphonates by an Intermolecular Stetter Reaction onto
Vinylphosphonates. Org. Lett. 2014, 16, 4798-4801. (f) Yetra, S. R.; Patra, A.; Biju, A. T.
Recent Advances in the N-Heterocyclic Carbene (NHC)-Organocatalyzed Stetter Reaction and
Related Chemistry. Synthesis 2015, 47, 1357-1378. (g) Ghosh, A.; Patra, A.; Mukherjee, S.; Biju,
A. T. Synthesis of 2-Aryl Naphthoquinones by the Cross-Dehydrogenative Coupling Involving

an NHC-Catalyzed endo-Stetter Reaction. J. Org. Chem. 2019, 84, 1103-1110.

(a) Ender, D.; Breuer, K.; Runsink, J.; Teles, J. H. The First Asymmetric Intramolecular Stetter
Reaction. Helv. Chim. Acta 1996, 79, 1899-1902. (b) Kerr, M. S.; Read de Alaniz, J.; Rovis, T.
A Highly Enantioselective Catalytic Intramolecular Stetter Reaction. J. Am. Chem. Soc. 2002,
124, 10298-10299. (c) Pesch, J.; Harms, K.; Bach, T. Preparation of Axially Chiral N,N’-
Diarylimidazolium and N-Arylthiazolium Salts and Evaluation of Their Catalytic Potential in the
Benzoin and in the Intramolecular Stetter Reactions. Eur. J. Org. Chem. 2004, 2004, 2025-2035.
(d) Mennen, S. M.; Blank, J. T.; Tran-Dubé, M. B.; Imbriglio, J. E.; Miller, S. J. A Peptide-
Catalyzed Asymmetric Stetter Reaction. Chem. Commun. 2005, 41, 195-197. (e) Enders, D.;
Niemeier, O.; Henseler, A. Organocatalysis by N-Heterocyclic Carbenes. Chem. Rev. 2007, 107,
5606-5655. (f) Read de Alaniz, J.; Rovis, T. The Cataytic Asymmetric Intramolecular Stetter
Reaction. Synlett 2009, 20, 1189-1207. (g) Benhamou, L.; Chardon, E.; Lavigne, G.; Bellemin-
Laponnaz, S.; César, V. Synthetic Routes to N-Heterocyclic Carbene Precursors. Chem. Rev.
2011, 111, 2705-2733. (h) Flanigan, D. M.; Romanov-Michailidis, F.; White, N. A.; Rovis, T.

Organocataytic Reactions Enabled by N-Heterocyclic Carbenes. Chem. Rev. 2015, 115, 9307-

9387.

32

ACS Paragon Plus Environment



Page 33 of 35

oNOYTULT D WN =

U N (e
NO U h WN=O

18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

(10)

(11)

(12)

(13)

(14)

(15

(16)

(17)

The Journal of Organic Chemistry

Sanchez-Larios, E.; Holmes, J. M.;Daschner, C. L.; Gravel, M. NHC-Catalyzed Spiro Bis-Indane
Formation via Domino Stetter-Aldol-Michael and Stetter-Aldol-Aldol Reactions. Org. Lett.

2010, 12, 5772-5755.

Sun, F.-G.; Ye, S. Diastereoselective Synthesis of 3-Hydroxyindanones via N-Heterocyclic
Carbene Catalyzed [4+1] Annulation of Phthalaldehyde and 1,2-Diactivated Michael Acceptors.

Synlett 2011, 22, 1005-1009.

Lathrop, S. P.; Rovis, T. A Photoisomerization-Coupled Asymmetric Stetter Reaction:
Application to the Total Synthesis of Three Diastereomers of (-)-Cephalimysin A. Chem. <ci.

2013, 4, 1668-1673.

Dell’Amico, L.; Rassu, G.; Zambrano, V.; Sartori, A.; Curti, C.; Battistini, L.; Pelosi, G.;
Casiraghi, G.; Zanardi, F. Exploring the Vinylogous Reactivity of Cyclohexenylidene
Maononitriles: Switchable Regioselectivity in the Organocatalytic Asymmetric Addition to
Enas Giving Highly Enantioenriched Carbabicyclic Structures. J. Am. Chem. Soc. 2014, 136,

11107-11114.

McCubbin, J. A.; Hosseini, H. Krokhin, O. V. Boronic Acid Catalyzed Friedel-Crafts Reactions
of Allylic Alcohols with Electron-Rich Arenes and Heteroarenes. J. Org. Chem. 2010, 75, 959

962.

Luzzio, F. A. In the Oxidation of Alcohols by Modified Oxochromium(VI)-Amine Reagents;

Paquette, L. A., Ed.; Organic Reactions;, Wiley: New York, 1998; Vol. 53, pp 1-221.

Cheng, M.; Hulce, M. 1,6-Addition of Organocopper Reagents to 3-Alkynyl-2-cycloalkenones:

Regiospecific Syntheses of Dienones and Allenes. J. Org. Chem. 1990, 55, 964-975.

(a) Bengtson, A.; Hallberg, A.; Larhed, M. Fast Synthesis of Aryl Triflates with Controlled

Microwave Heating. Org. Lett. 2002, 4, 1231-1233. (b) Sa4, J. M.;Martorell, G.;GarciaRaso, A.

33

ACS Paragon Plus Environment



oNOYTULT D WN =

(18)

(19)

(20)

(21)

The Journal of Organic Chemistry Page 34 of 35

Palladium-Catalyzed Cross-Coupling Reactions of Highly Hindered, Electron-Rich Phenol
Triflates and Organostannanes. J. Org. Chem. 1992, 57, 678-685. (c) Nemoto, H.; Miyata, J.;
Y oshida, M.; Raku, N.; Fukumoto, K. A Novel Palladium-Mediated Cascade Reaction Triggered
by Strain Release of the Cyclobutane System. A New Genera Route to Benzo- and
Naphthohydrindans. J. Org. Chem. 1997, 62, 7850-7857. (d) Choshi, T.; Kumemura, T.;
Nobuhiro, J.; Hibino, S. Novel Synthesis of the 2-Azaanthraquinone Alkaloid, Scorpinone,
Based on Two Microwave-Assisted Pericyclic Reactions. Tetrahedron Lett. 2008, 49, 3725-
3728. (e) Krasley, A. T.; Maachowski, W. P.; Terz, H. M.; Tien, S. T. Catalytic Enantiosel ective
Birch—Heck Sequence for the Synthesis of Tricyclic Structures with All-Carbon Quaternary
Stereocenters. Org. Lett. 2018, 20, 1740-1743. (f) Lescop, C.; Mdller, C.; Mathys, B.; Birker, M ;
de Kanter, R.; Kohl, C.; Hess, P.; Nayler, O.; Rey, M.; Sieber, P.; Steiner, B.; Weller, T.; Balli,
M. H. Novel S1P; Receptor Agonists — Part 4: Alkylaminomethyl Substituted Aryl Head Groups.

Eur. J. Med. Chem. 2016, 116, 222-238.

(a) Sonogashira, K.; Tohda, Y.; Hagihara, N. A Convenient Synthesis of Acetylenes: Catalytic
Substitutions of Acetylenic Hydrogen with Bromoalkenes, lodoarenes, and Bromopyridines.
Tetrahedron Lett. 1975, 16, 4467-4470. (b) Chinchilla, R.; N§era, C. Recent Advances in

Sonogashira Reactions. Chem. Soc. Rev. 2011, 40, 5084-5121.

Nicolaou, K. C.; Sun, Y.-P.; Peng, X.-S.; Polet, D.; Chen, D. Y.-K. Total Synthesis of (+)-

Cortistatin A. Angew. Chem. Int. Ed. 2008, 47, 7310-7313.

Mukai. C.; Hirose, T.; Teramoto, S.; Kitagaki, S. Rh(l)-Catalyzed Allenic Pauson-Khand
Reaction: First Construction of the Bicyclo[6.3.0]undecadienone Ring System. Tetrahedron

2005, 61, 10983-10994.

Melnyk, P.; Gasche, J.; Thal, C. Improved Syntheses of 2-Bromonicotin-Aldehyde and Acid.

Synth. Commun. 1993, 23, 2727-2730.

34

ACS Paragon Plus Environment



Page 35 of 35

oNOYTULT D WN =

(22)

(23)

(24)

(25)

The Journal of Organic Chemistry

(a) Stetter, H. Catalyzed Addition of Aldehydes to Activated Double Bonds-A New Synthetic
Approach. Angew. Chem. Int. Ed. 1976, 15, 639-647. (b) Nakamura, T.; Hara, O.; Tamura, T.;
Makino, K.; Hamada, Y. A Facile Synthesis of Chroman-4-ones and 2,3-Dihydroquinolin-4-ones
with Quaternary Carbon Using Intramolecular Stetter Reaction Catalyzed by Thiazolium Salt.

Synlett 2005, 16, 155-157.

Liu, Q.; Rovis, T. Enantioselective Synthesis of Hydrobenzofuranones Using an Asymmetric
Desymmetrizing Intramolecular Stetter Reaction of Cyclohexadienones. Org. Process Res. Dev.

2007, 11, 598-604.

(@ Hsu, D.-S.; Yeh, J.-Y.; Cheng, C.-Y. Tota Synthesis of the Proposed Structure of (z)-
Nidemone. Org. Lett. 2017, 19, 5549-5552. (b) Hsu, D.-S.; Liou, C.-Y. Total Synthesis and

Structural Revision of (+)-Nidemone. Org. Biomol. Chem. 2018, 16, 4990-4995.

Tissot, M.; Poggidi, D.; Hénon, H.; Midller, D.; Guénée, L.; Mauduit, M.; Alexakis, A.
Formation of Quaternary Stereogenic Centers by NHC-Cu-Catayzed Asymmetric Conjugate
Addition Reactions with Grignard Reagents on Polyconjugated Cyclic Enones. Chem. Eur. J.

2012, 18, 8731-8747.

35

ACS Paragon Plus Environment



