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ABSTRACT: A formal 1,6-conjugated addition-mediated
[2+1] annulation to synthesize spiro[2.5]octa-4,7-dien-6-one
with p-quinone methides and sulfur ylides has been described.
This domino-type process was highly diastereoselective and
exhibited good functional group tolerance and scalability
without the use of metals and bases.

Spiro-cyclopropanes, as a privileged class of spiro com-
pounds, are embedded in a large quantity of natural
products and bioactive molecules." In addition, they could act
as key synthetic intermediates in organic synthetic chemistry
and material chemistry.” Among them, spiro[2.5]octa-4,7-dien-
6-one structural motifs have attracted an increasing amount of
attention because of their presence in natural products as
antitumor antibiotics working by alkylation of DNA.’ In
general, one frequently used synthetic approach to spiro[2.5]-
octa-4,7-dien-6-ones should be distinguished. In the 1980s,
Becker" and Field® constructed them with quinone diazides and
olefins under lighting conditions. Recently, Baran® achieved the
core structure successfully with the same materials by
employing Rh catalysts. However, the commonality of all
these syntheses is that they need well-designed quinone
diazides as starting materials or harsh reaction conditions
such as the use of heavy metals. Therefore, the development of
a promising strategy for synthesizing spiro[2.5]octa-4,7-dien-6-
one from simple starting materials under mild conditions
remains highly desirable.

p-Quinone methide (p-QM) containing a cyclohexadiene
moiety in para conjugation with a carbonyl group has been
known as a reactive intermediate for chemical, medicinal, and
biological processes’ because of its aromatic zwitterionic
resonances.” Recently, two pioneering works of p-QMs offering
diarylmethines through 1,6-conjugated addition have been
reported by Fan and Jorgensen (Scheme 1a).” Taking their
zwitterionic resonances into consideration, we envisaged that
after the addition of a nucleophile, the carbon atom at the para
position of the phenolic hydroxyl still exhibits sufficient
nucleophilicity to realize nucleophilic addition or the
nucleophilic substitution reaction, thus leading to the
preparation of spiro-cyclohexadiene compounds (Scheme
1b).'% This strategy could offer us an easy way to construct
the spiro[2.5]octa-4,7-dien-6-one with p-QMs and appropri-
ately designed substrates.

Sulfur ylides'' have been well employed as outstanding
synthons for the construction of epoxides, aziridines, and
cyclopropanes with aldehydes, imines, and a,f-unsaturated
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aldehydes or ketones.'” Recently, Zhou and co-workers
developed a 1,4-addition and dearomatization reaction of 2-
methyl-substituted arenesulfonylindole and sulfonium bromide
to the synthesis of S-azaspiro[2.4]hept-4-ene derivatives.
Herein, we will describe our method for the synthesis of
spiro[2.5]octa-4,7-dien-6-one through 1,6-conjugated addition-
mediated [2+1] annulation with p-quinone methides and sulfur
ylides (Scheme 1c).

We commenced our research by screening the reaction
between p-quinone methide la and sulfonium bromide 2a in
the presence of 1 equiv of base. To our delight, 4aa was
achieved in 55% yield (Table 1, entries 1—6). The structure was
confirmed by 'H and '*C NMR spectroscopy, mass
spectrometry, and single-crystal X-ray diffraction analysis'*
(Figure S1). Then we employed sulfur ylide 3a instead of
sulfonium bromide 2a to improve the reaction efficiency. When
K,CO; or NaOAc was tested, 4aa was obtained in 90 or 82%
yield, respectively (Table 1, entries 7 and 8). The reaction
proceeded with low yields when Cs,CO; DBU, KOH, and
KOBu were used (Table 1, entries 9—12). A control
experiment without base was also conducted, and the yield of
4aa was further increased to 95% (Table 1, entry 13).
Additionally, several solvents were evaluated, and all of them
failed to give a better result (Table 1, entries 14—17).

With the optimized conditions in hand, we then explored the
scope and generality of p-quinone methides and sulfur ylides,
and the results are shown in Table 2. Most of the p-quinone
methides employed in the reaction delivered the corresponding
products in moderate to good yields with high diastereose-
lectivity. p-QMs bearing a halogen group (-Cl or -Br) or an
electron-withdrawing group (-CF;) at the para position of the
benzene ring afforded 4ba—4da in 82—98% yields. le with a
methyl group at the para position produced 4ea in 69% yield.
p-QMs with -MeO and -Cl at the meta position gave 4fa and
4ga in 97 and 92% yields, respectively. ortho-Chloride- or
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Scheme 1. Reactions of p-Quinone Methide (p-QM)
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Table 1. Optimization of Reaction Conditions”
0]

|
_S

S0 i
Bro© ‘
2a Base
+ or ,, 0
Solvent "z
% » (5
_Sx
3a
entry  2aor 3a base solvent yield (%)° dr”
1 2 K,CO,4 DCM 5 -
2 2a NaOAc DCM <S5 -
3 2a Cs,CO;4 DCM 47 >20:1
4 2a DBU DCM 37 >20:1
S 2a KO'Bu DCM SS >20:1
6 2a KOH DCM 33 >20:1
7 3a K,CO, DCM 90 >20:1
8 3a NaOAc DCM 82 >20:1
9 3a Cs,CO, DCM 44 >20:1
10 3a DBU DCM S -
11 3a KOBu DCM 13 -
12 3a KOH DCM S -
13 3a / DCM 95 (91)° >20:1
14 3a / CH;CN 87 >20:1
15 3a / DMF 93 >20:1
16 3a / THEF 89 >20:1
17 3a / EtOH 94 >20:1

“All reactions were performed with 1a (0.1 mmol), 2a or 3a (0.1
mmol), base (0.1 mmol), and solvents (0.50 mL) at ambient
temperature for 12 h. The yields and dr values were determined by
"H NMR analysis with trioxane as an internal standard. “Isolated yield
reported in parentheses.
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-bromide-substituted 1h and 1i produced 4ha and 4ia in 99 and
91% yields, respectively. For functionalized p-QM:s with alkynyl
or alkenyl groups, the corresponding reactions also proceeded
smoothly to give 4ja and 4ka in 68 and 80% yields, respectively.
Substrates carrying naphthyl offered 4la in 91% yield. (E)-4-
Benzylidene-naphthalen-1(4H)-one (1m) produced product
4ma in 85% yield. The relative configuration of the structure
was determined by single-crystal X-ray diffraction analysis.'*
Varying the R' group of p-QMs with alkyl groups, such as
methyl, ethyl, iso-propyl, and tert-butyl groups, led to products
4na—4qa in 33—97% yields. Subsequently, we explored the
scope of sulfur ylides. 4-Halogen-substituted sulfur ylides
produced 4ab—4ad in 80, 68, and 86% yields, respectively.
When sulfur ylides contain methyl and methoxyl at the para
position, the corresponding products 4ae and 4af were
produced in 80 and 92% yields, respectively. 3g and 3h with
3-methoxyl and 3,4-methylenedioxyl produced 4ag and 4ah in
91 and 99% yields, respectively. Substrates with naphthyl and
thienyl could also produce 4ai and 4aj in 61 and 74% yields,
respectively. R* groups of methyl or methoxyl group failed to
produce the corresponding product. Finally, we set this
protocol in gram scale (S mmol), and model product 4aa
could be obtained in 86% yield (1.77 g) without a decrease of
diastereoselectivity.

To gain insight into the utility of the reaction, spiro[2.5]octa-
4,7-dien-6-one 4aa was further transformed. Treatment of 4aa
with p-toluenesulfonic acid and water gave 3-hydroxy-2-(4-
hydroxyphenyl)-1,3-diphenylpropan-1-one Saa in 92% vyield
(Scheme 2). Under the basic conditions, 4aa could be
transformed into 1,2,3-triphenylprop-2-en-1-one derivative
6aa in 97% yield (2:1 Z:E), which is an important class of
organic compounds present in natural and bioactive molecules
and potential intermediates in numerous organic and medicinal
syntheses."

To achieve the optically active spiro[2.5]octa-4,7-dien-6-one,
we employed the known chiral sulfur ylides 7 developed by
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Table 2. Substrate Scope”™*
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w, O
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1 3 4 R

4aa 91% 4ba 98%
(1.779, 86%)¢

4ha 99% 4ia 91% 4ja 68% 4la 91% 4ma 85% 4na 97%

o o o

4ad 86% 4ae 80%

40a 92% 4pa 51%°

3
4af 92% 4ag 91% 4ah 99% 4ai 61% 4aj 74%

?All reactions were performed with 1 (0.1 mmol) and 3 (0.1 mmol) in CH,Cl, (0.50 mL) at ambient temperature for 12 h. bIsolated yields. “dr
values of >20:1. “Total of 5.0 mmol. “dr of 3:1.

Scheme 2. Transformation of 4aa

OH
Bu ‘Bu Bu ‘Bu
p-TsOH, H20 Pyridine
e
acetone o r//o EtOH, reflux P Ph
Ph Ph O
5aa 4aa 6aa
(92% yield) (97% yield, Z:E = 2:1)
Aggarwalw instead of 3a to conduct our reaction (Scheme 3). Scheme 3. Attempt To Synthesize Enantiopure 4aa
Unfortunately, only trace 4aa could be detected.

According to the literature,”'*™'” a reasonable mechanism is o 0
described in Scheme 4. The first step involved nucleophilic By Bu Rh Bu Bu
attack of sulfur ylide 3 on p-QMs 1 through 1,6-conjugated o R_m? DCM
addition to give two intermediates, A and B, through paths a * )\\//S
and b. Because of steric hindrance, intermediate A was more Ph | Ph Ph ©
stable than B and easier to transform into major product 4 1a 7 4aa Ph
through the Sy2 nucleophilic substitution reaction. < 5% yield
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Scheme 4. Plausible Mechanism
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In conclusion, we have developed a new strategy for
synthesizing spiro[2.5]octa-4,7-dien-6-one through 1,6-conju-
gated addition-mediated [2+1] annulation of p-QMs with sulfur
ylides. This domino-type process was highly diastereoselective
and exhibited good functional group tolerance and scalability
without the use of metals and bases.

B EXPERIMENTAL SECTION

General Information. 'H and *C NMR spectra were recorded on
a 300 MHz spectrometer using CDCl; as a solvent. Infrared (IR)
spectra were recorded using a thin film supported on KBr disks. High-
resolution mass measurement was performed with an electrospray
ionization (ESI) method on a Q-TOF mass spectrometer operating in
positive ion mode. Melting points were measured on a microscopic
melting point apparatus. Tetrahydrofuran (THF) was distilled from
sodium/benzophenone, N,N-dimethylformamide (DMF) from cal-
cium hydride, and dichloromethane (DCM) from phosphorus
pentoxide. PE refers to petroleum ether (bp 60—90 °C), and EA
refers to ethyl acetate. Flash column chromatography was conducted
using commercially available 200—300 mesh under pressure unless
otherwise indicated. Gradient flash chromatography was conducted
eluting with PE and EA. All other starting materials and solvents were
commercially available and were used without further purification
unless otherwise stated.

General Procedure for the Preparation of p-Quinone
Methides. Aldehydes (10 mmol) were added to a solution of
phenols (10 mmol) in toluene (40 mL). The reaction mixture was
heated in a Dean—Stark apparatus to reflux. Piperidine (20 mmol) was
added dropwise over 1 h, and the reaction mixture continued to reflux
for 3 h. After the mixture had cooled just below the boiling point of
toluene, acetic anhydride (20 mmol) was added, and then the solution
was stirred for 15 min. The residue was extracted three times with
dichloromethane. The combined organic layers were washed with
water and brine sequentially, dried over Na,SO,, filtered, and
concentrated. The crude product was purified by flash chromatography
on silica gel to afford the corresponding product. la—11 were
synthesized by the general procedure.'® 8 10—1q,” were
prepared using the corresponding literature procedures.

General Procedure for the Preparation of Sulfonium
Bromide. Dimethyl sulfide (10 mmol) was added to a solution of
2-bromoacetophenone (10 mmol) in acetone (15 mL). After the
mixture had been stirred for 12 h, the residue was filtered and washed
with acetone. The solid product was used as sulfonium bromide
without further purification. 2a—2j was prepared by the general
procedure.””

1m,” 1n,

General Procedure for the Preparation of Sulfur Ylides.
Corresponding sulfonium bromide was added to a solution of NaOH
(10 mmol) in water (10 mL). The solution was stirred for 30 min and
then extracted several times with dichloromethane. The combined
organic layers were washed with water and brine sequentially, dried
over Na,SO,, filtered, and concentrated. The sulfur ylides obtained can
be used directly without further purification. 3a—3j were prepared by
the general procedure.'

General Procedure for the Preparation of Spiro[2.5]octa-
4,7-dien-6-ones. A sealed tube was charged with p-quinone methide
(0.1 mmol, 1 equiv), sulfur ylide (0.1 mmol, 1 equiv), and
dichloromethane (0.5 mL). The reaction mixture was stirred at
ambient temperature for 12 h. Then the reaction mixture was
concentrated in vacuo and purified by careful chromatography on silica
gel to afford the desired product.

1-Benzoyl-5,7-di-tert-butyl-2-phenylspiro[2.5]octa-4,7-dien-6-
one (4aa). White solid: 37.6 mg, 91% yield; mp 166—168 °C; 'H
NMR (300 MHz, CDCl;) 6 7.87 (d, ] = 7.2 Hz, 2H), 7.60 (t, ] = 7.3
Hz, 1H), 7.48 (t, ] = 7.5 Hz, 2H), 7.38—7.23 (m, SH), 6.62 (d, ] = 2.7
Hz, 1H), 6.03 (d, ] = 2.7 Hz, 1H), 4.09 (d, ] = 7.5 Hz, 1H), 3.96 (d, |
= 7.5 Hz, 1H), 1.16 (s, 9H), 1.13 (s, 9H); *C NMR (75 MHz,
CDC13) 6 194.6, 185.6, 150.1, 149.8, 138.5, 137.6, 137.5, 135.2, 133.5,
129.1, 128.8, 128.6, 1282, 127.7, 40.8, 40.4, 40.0, 35.2, 29.3; IR (KBr)
3062, 3003, 2956, 2903, 2865, 1668, 1646, 1620, 1450, 725, 695 cm™;
HRMS (ESI) caled for [CyH3,0, + H]* 413.2475, found 413.2474.

1-Benzoyl-5,7-di-tert-butyl-2-(4-chlorophenyl)spiro[2.5]octa-4,7-
dien-6-one (4ba). White solid: 43.6 mg, 98% yield; mp 197—199 °C;
'H NMR (300 MHz, CDCl,) & 7.86 (d, J = 7.3 Hz, 2H), 7.60 (t, ] =
7.3 Hz, 1H), 7.48 (t, ] = 7.5 Hz, 2H), 7.33 (d, ] = 8.3 Hz, 2H), 7.21 (d,
J = 8.2 Hz, 2H), 6.57 (d, ] = 2.5 Hz, 1H), 5.99 (d, ] = 2.5 Hz, 1H),
403 (d, ] = 7.4 Hz, 1H), 3.89 (d, ] = 7.4 Hz, 1H), 1.15 (s, 9H), 1.15
(s, 9H); 3C NMR (75 MHz, CDCl;) § 194.3, 185.5, 150.5, 150.0,
137.9, 137.2, 133.8, 133.6, 130.5, 128.9, 128.8, 128.2, 40.8, 40.2, 39.1,
35.2, 35.2, 29.3, 29.2; IR (KBr) 3056, 3009, 2959, 2909, 2866, 1663,
1645, 1619, 1597, 1495, 1450, 1288, 882, 737, 685 cm™'; HRMS (ESI)
caled for [C,yH;,ClO, + H]* 447.208S, found 447.2084.

1-Benzoyl-2-(4-bromophenyl)-5,7-di-tert-butylspiro[2.5]octa-4,7-
dien-6-one (4ca). White solid: 40.3 mg, 82% yield; mp 201-203 °C;
"H NMR (300 MHz, CDCl;) § 7.85 (d, ] = 7.4 Hz, 2H), 7.60 (s, 1H),
7.53=7.40 (m, 4H), 7.15 (d, ] = 8.0 Hz, 2H), 6.56 (d, ] = 1.9 Hz, 1H),
5.99 (s, 1H), 4.00 (d, J = 7.3 Hz, 1H), 3.88 (d, J = 7.4 Hz, 1H), 1.15
(s, 9H), 1.14 (s, 9H); *C NMR (75 MHz, CDCl;) § 194.3, 185.5,
150.5, 150.0, 137.8, 137.2, 134.3, 133.6, 131.7, 130.8, 128.8, 128.2,
126.9, 121.7, 40.7, 40.1, 39.1, 35.2, 29.3, 29.2; IR (KBr) 3056, 2959,
2867, 1663, 1643, 1619, 1491, 1450, 1288, 1215, 1012, 882, 736, 688
cm™'; HRMS (ESI) caled for [C,oH;,BrO, + H]* 491.1580, found
491.1577.
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1-Benzoyl-5,7-di-tert-butyl-2-[4-(trifluoromethyl)phenyl]spiro-
[2.5]octa-4,7-dien-6-one (4da). White solid: 41.6 mg, 87% yield; mp
158—160 °C; 'H NMR (300 MHz, CDCl;) § 7.87 (d, J = 7.3 Hz, 2H),
7.62 (d, J = 8.0 Hz, 3H), 7.49 (t, ] = 7.5 Hz, 2H), 7.41 (d, ] = 8.0 Hz,
2H), 6.57 (d, J = 2.6 Hz, 1H), 5.96 (d, ] = 2.6 Hz, 1H), 4.10 (d, ] = 7.3
Hz, 1H), 3.94 (d, ] = 7.5 Hz, 1H), 1.15 (s, 9H), 1.14 (s, 9H); *C
NMR (75 MHz, CDCl,) § 194.1, 185.4, 150.7, 150.3, 139.4, 137.5,
137.2, 137.0, 133.7, 129.6, 128.9, 128.2, 125.6, 125.5, 40.6, 40.0, 39.1,
35.2, 35.2,29.2, 29.2; IR (KBr) 3062, 3009, 2962, 2926, 2861, 1659,
1620, 1450, 1327, 1289, 1129, 1068, 883, 730, 689 cm™'; HRMS (ESI)
caled for [Cy0Hy F;0, + H]* 481.2349, found 481.2347.

1-Benzoyl-5,7-di-tert-butyl-2-(p-tolyl)spiro[2.5]octa-4,7-dien-6-
one (4ea). White solid: 29.5 mg, 69% yield; mp 178—180 °C; 'H
NMR (300 MHz, CDCl;) 6 7.86 (d, ] = 7.2 Hz, 2H), 7.59 (t, ] = 7.3
Hz, 1H), 7.48 (t, ] = 7.5 Hz, 2H), 7.14 (s, 4H), 6.61 (d, ] = 2.7 Hz,
1H), 6.06 (d, ] = 2.7 Hz, 1H), 4.05 (d, ] = 7.4 Hz, 1H), 3.92 (d,] = 7.5
Hz, 1H), 2.35 (s, 3H), 1.15 (s, 9H), 1.15 (s, 9H); *C NMR (75 MHz,
CDCl,) 6 194.7, 185.7, 150.0, 149.6, 138.7, 137.8, 137.6, 137.4, 133.5,
132.1, 129.3, 128.9, 128.8, 128.2, 41.0, 40.6, 39.9, 35.2, 29.3, 21.26; IR
(KBr) 3012, 2962, 2920, 2863, 1657, 1645, 1620, 1484, 1450, 1044,
883, 734, 689, 635 cm™'; HRMS (ESI) calcd for [C;H;,0, + H]*
4272632, found 427.2631.

1-Benzoyl-5,7-di-tert-butyl-2-(3-methoxyphenyl)spiro[2.5]octa-
4,7-dien-6-one (4fa). White solid: 43.0 mg, 97% yield; mp 123—131
°C; 'H NMR (300 MHz, CDCl,) 6 7.86 (d, J = 7.3 Hz, 2H), 7.58 (d, J
=73 Hz, 1H), 7.48 (t, ] = 7.5 Hz, 2H), 7.26 (t, ] = 7.9 Hz, 2H), 6.85
(d, ] =7.9 Hz, 2H), 6.79 (s, 1H), 6.60 (d, ] = 2.5 Hz, 1H), 6.07 (d, ] =
2.5 Hz, 1H), 4.06 (d, ] = 7.4 Hz, 1H), 3.93 (d, ] = 7.5 Hz, 1H), 3.80 (s,
3H), 1.15 (s, 18H); *C NMR (75 MHz, CDCl;) 6 194.6, 159.7,
150.1, 149.8, 138.5, 137.5, 136.8, 133.5, 129.6, 128.8, 128.2, 121.3,
114.9, 113.1, 55.3, 40.9, 40.4, 40.0, 35.2, 29.3; IR (KBr) 3056, 2997,
2958, 2914, 1658, 1643, 1619, 1491, 1450, 1256, 883, 810, 732, 689
cm™; HRMS (ESI) caled for [CyH;,0; + H]* 443.2581, found
443.2582.

1-Benzoyl-5,7-di-tert-butyl-2-(3-chlorophenyl)spiro[2.5]octa-4,7-
dien-6-one (4ga). Light yellow solid: 41.0 mg, 92% yield; mp 145—
147 °C; 'H NMR (300 MHz, CDCl,) 6 7.94—7.79 (m, 2H), 7.60 (t,
=7.4Hz, 1H), 7.48 (t, ] = 7.5 Hz, 2H), 7.34—7.21 (m, 3H), 7.16 (dd, J
=43, 1.2 Hz, 1H), 6.57 (d, ] = 2.7 Hz, 1H), 6.00 (d, ] = 2.7 Hz, 1H),
4.04 (d, ] = 7.4 Hz, 1H), 391 (d, ] = 7.4 Hz, 1H), 1.16 (s, 9H), 1.15
(s, 9H); *C NMR (75 MHz, CDCl;) § 194.2, 185.5, 150.5, 150.1,
137.9, 137.4, 137.3, 137.1, 134.5, 133.7, 129.8, 129.3, 128.9, 128.2,
128.0, 127.4, 40.6, 40.1, 39.1, 35.2, 35.18, 29.3, 29.2; IR (KBr) 2997,
2957, 2850, 1661, 1647, 1619, 1598, 1478, 1449, 886, 786, 733, 689,
653 cm™'; HRMS (ESI) calcd for [CyoH;,ClO, + H]* 447.2085, found
447.2086.

1-Benzoyl-5,7-di-tert-butyl-2-(2-chlorophenyl)spiro[2.5]octa-4,7-
dien-6-one (4ha). White solid: 44.3 mg, 99% yield; mp 176—178 °C;
'H NMR (300 MHz, CDCl;) § 7.91 (d, ] = 7.2 Hz, 2H), 7.61 (t, ] =
7.4 Hz, 1H), 7.50 (t, ] = 7.5 Hz, 2H), 7.43—7.34 (m, 1H), 7.30-7.25
(m, 3H), 6.67 (d, ] = 2.7 Hz, 1H), 5.86 (d, ] = 2.7 Hz, 1H), 4.02 (d, ]
=7.5Hz, 1H), 3.93 (d, ] = 7.5 Hz, 1H), 1.17 (s, 9H), 1.12 (s, 9H); *C
NMR (75 MHz, CDCl;) 6 194.4, 185.6, 150.5, 150.1, 137.8, 1374,
137.1, 136.4, 133.8, 133.6, 130.0, 129.7, 129.1, 128.9, 128.2, 126.6,
40.8, 40.3, 38.6, 35.2, 35.1, 29.3, 29.2; IR (KBr) 3044, 2962, 2897,
2861, 1670, 1647, 1619, 1593, 1446, 1060, 754, 736, 698 cm™'; HRMS
(ESI) caled for [C,gH;,ClO, + H]* 447.2085, found 447.2082.

1-Benzoyl-2-(2-bromophenyl)-5,7-di-tert-butylspiro[2.5]octa-4,7-
dien-6-one (4ia). White solid: 44.5 mg, 91% yield; mp 175—177 °C;
'"H NMR (300 MHz, CDCL;) § 7.91 (d, ] = 7.4 Hz, 2H), 7.66—7.56
(m, 2H), 7.49 (t, ] = 7.6 Hz, 2H), 7.34—7.23 (m, 2H), 7.19 (dd, ] =
10.1, 4.5 Hz, 1H), 6.68 (d, ] = 2.6 Hz, 1H), 5.84 (d, ] = 2.6 Hz, 1H),
4.00 (d, ] = 7.5 Hz, 1H), 3.94 (d, ] = 7.5 Hz, 1H), 1.18 (s, 9H), 1.12
(s, 9H); 3C NMR (75 MHz, CDCl;) § 194.3, 185.6, 150.6, 150.2,
137.7, 137.4, 137.2, 135.6, 133.6, 133.0, 130.2, 129.3, 128.9, 128.2,
127.3, 126.6, 40.9, 40.9, 40.5, 35.2, 35.1, 29.3, 29.1; IR (KBr) 3044,
2991, 2962, 2897, 2855, 1668, 1646, 1620, 1597, 1448, 1217, 1051,
752, 733, 686, 645 cm™'; HRMS (ESI) calcd for [C,gH;;BrO, + H]*
491.1580, found 491.1579.

1-Benzoyl-5,7-di-tert-butyl-2-[2-(phenylethynyl)phenyl]spiro[2.5]-
octa-4,7-dien-6-one (4ja). Brown oil: 34.7 mg, 68% yield; '"H NMR
(300 MHz, CDCl;) 6 7.85—7.75 (m, 2H), 7.59—7.51 (m, 2H), 7.41
(dd, J = 10.5, 4.6 Hz, 2H), 7.31 (ddd, ] = 7.5, 5.1, 1.9 Hz, 4H), 7.26 (s,
1H), 7.25—7.22 (m, 2H), 6.67 (d, ] = 2.7 Hz, 1H), 6.01 (d, ] = 2.7 Hz,
1H), 4.25 (d, J = 7.6 Hz, 1H), 3.96 (d, ] = 7.6 Hz, 1H), 1.15 (s, 9H),
1.01 (s, 9H); C NMR (75 MHz, CDCl;) § 194.6, 185.7, 150.0,
149.9, 138.3, 137.9, 137.5, 137.4, 133.4, 132.7, 131.5, 129.1, 128.7,
128.4, 1282, 128.2, 127.7, 125.4, 125.0, 122.7, 94.7, 86.8, 41.3, 40.7,
39.4, 35.1, 35.0, 29.2, 29.1; IR (KBr) 3061, 2998, 2956, 2865, 1673,
1645, 1619, 1494, 1484, 1449, 756, 725, 689 cm™'; HRMS (ESI) calcd
for [C4,H340, + H]* 513.2788, found 513.2785.
1-Benzoyl-5,7-di-tert-butyl-2-{2-[(E)-styryllphenylispiro[2.5]octa-
4,7-dien-6-one (4ka). Light yellow solid: 41.1 mg, 80% yield; mp
167—169 °C; 'H NMR (300 MHz, CDCL,) § 7.91 (d, ] = 7.3 Hz, 2H),
7.68 (d, J = 7.6 Hz, 1H), 7.60 (t, ] = 7.3 Hz, 1H), 7.49 (t, ] = 7.5 Hz,
2H), 7.35—7.19 (m, 8H), 6.94 (q, ] = 16.2 Hz, 2H), 6.76 (d, ] = 2.6
Hz, 1H), 591 (d, ] = 2.6 Hz, 1H), 4.09 (d, ] = 7.4 Hz, 1H), 3.96 (d, ]
= 7.4 Hz, 1H), 1.20 (s, 9H), 1.03 (s, 9H); *C NMR (75 MHz,
CDClL,) & 194.8, 185.5, 150.7, 150.5, 138.7, 138.1, 137.5, 137.2, 137.0,
133.6, 133.4, 130.8, 129.6, 128.9, 128.7, 128.3, 127.9, 127.5, 126.6,
125.3, 124.9, 41.5, 40.6, 39.0, 35.3, 35.1, 29.4, 29.1; IR (KBr) 2954,
2865, 1664, 1644, 1619, 1596, 1481, 1448, 1215, 1015, 958, 761, 722,
691 cm™'; HRMS (ESI) caled for [Cy,H,0, + H]* 5152945, found
515.2942.
1-Benzoyl-5,7-di-tert-butyl-2-(naphthalen-1-yl)spiro[2.5]octa-
4,7-dien-6-one (4la). Light yellow solid: 42.0 mg, 91% yield; mp 184—
186 °C; '"H NMR (300 MHz, CDCl,) § 8.02—7.92 (m, 2H), 7.88—
7.77 (m, 2H), 7.64 (t, ] = 7.4 Hz, 1H), 7.59—7.49 (m, 3H), 7.49-7.35
(m, 4H), 6.83 (d, J = 2.7 Hz, 1H), 5.76 (d, ] = 2.7 Hz, 1H), 4.35 (d, J
=7.3 Hz, 1H), 4.11 (d, ] = 7.4 Hz, 1H), 1.25 (s, 9H), 0.84 (s, 9H); *C
NMR (75 MHz, CDCl;) 6 194.8, 185.4, 150.6, 150.1, 138.8, 137.5,
137.0, 133.7, 133.5, 132.9, 132.4, 128.9, 128.6, 128.5, 128.3, 126.5,
126.2, 126.2, 125.0, 124.0, 41.3, 40.5, 38.3, 35.4, 34.9, 29.4, 28.8; IR
(KBr) 3056, 3021, 2968, 2944, 2850, 1678, 1642, 1613, 1598, 1449,
804, 781, 724, 689, 650, 594 cm™'; HRMS (ESI) calcd for [C;;H,,0,
+ H]* 463.2632, found 463.2630.
2-Benzoyl-3-phenyl-4'H-spiro[cyclopropane-1,1’-naphthalen]-4'-
one (4ma). Light yellow solid: 29.7 mg, 85% yield; mp 159—161 °C;
"H NMR (300 MHz, CDCL;) 6 8.19 (d, J = 7.9 Hz, 1H), 7.64 (d, ] =
7.4 Hz, 2H), 7.50—7.25 (m, 11H), 6.67 (d, ] = 10.1 Hz, 1H), 6.53 (d, J
=102 Hz, 1H), 4.54 (d, ] = 8.1 Hz, 1H), 3.91 (d, ] = 8.1 Hz, 1H); *C
NMR (75 MHz, CDCl;) 6 192.6, 184.7, 148.9, 138.8, 136.6, 135.3,
133.7, 133.2, 1322, 129.7, 129.2, 128.9, 128.8, 128.1, 128.0, 127.4,
127.3, 123.8, 44.7, 39.0, 38.6; IR (KBr) 3050, 2950, 2903, 1672, 1653,
1598, 1481, 1449, 1304, 1215, 1013, 764, 700, 603 cm™"'; HRMS (ESI)
caled for [C,sH 4O, + Na]* 373.1199, found 373.1198.
1-Benzoyl-5,7-di-tert-butyl-2-methylspiro[2.5]octa-4,7-dien-6-
one (4na). White solid: 34.0 mg, 97% yield; mp 126—128 °C; 'H
NMR (300 MHz, CDCl;) § 7.78 (d, ] = 7.2 Hz, 2H), 7.56 (t, ] = 7.3
Hz, 1H), 7.44 (t, ] = 7.5 Hz, 2H), 6.49 (d, ] = 2.6 Hz, 1H), 6.46 (d, ] =
2.6 Hz, 1H), 3.32 (d, ] = 7.3 Hz, 1H), 2.82 (d, ] = 6.7 Hz, 1H), 1.46
(d, ] = 6.4 Hz, 3H), 1.31 (d, J = 9.6 Hz, 9H), 1.12 (s, 9H); *C NMR
(75 MHz, CDCl;) 6 195.2, 185.7, 150.8, 149.1, 138.8, 137.6, 137.5,
133.3, 128.7, 128.0, 44.7, 39.7, 35.3, 35.0, 31.5, 29.4, 29.2, 14.0; IR
(KBr) 3015, 2955, 2867, 1660, 1642, 1615, 1481, 1041, 880, 724, 691,
653 cm™'; HRMS (ESI) caled for [C,,H;,0, + H]* 351.2319, found
351.2317.
1-Benzoyl-5,7-di-tert-butyl-2-ethylspiro[2.5]octa-4,7-dien-6-one
(40a). White solid: 33.5 mg, 92% yield; mp 141—143 °C; 'H NMR
(300 MHz, CDCl,) 6 7.79 (d, J = 7.1 Hz, 2H), 7.55 (d, ] = 6.7 Hz,
1H), 7.46 (d, ] = 7.0 Hz, 2H), 6.49 (s, 2H), 3.36 (d, ] = 7.0 Hz, 1H),
2.74 (d, ] = 7.1 Hz, 1H), 1.92—1.61 (m, 2H), 1.32 (s, 9H), 1.12 (s,
9H), 1.04 (t, ] = 7.0 Hz, 3H); '3C NMR (75 MHz, CDCl;) § 195.1,
185.6, 150.6, 148.9, 138.9, 137.6, 133.2, 128.7, 128.1, 43.8, 39.6, 38.9,
35.3, 35.0, 29.3, 29.2, 22.7, 13.3; IR (KBr) 2997, 2950, 2920, 1663,
1638, 1618, 1555, 1224, 1122, 1042, 733, 689 cm™'; HRMS (ESI)
caled for [C,gH3,0, + H]* 3652475, found 365.2482.
1-Benzoyl-5,7-di-tert-butyl-2-iso-propylspiro[2.5]octa-4,7-dien-6-
one (4pa). White solid: 19.4 mg, 51% yield; dr 3:1; mp 109—111 °C;
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'"H NMR (300 MHz, CDCl,) 6 7.80 (d, ] = 7.6 Hz, 2H), 7.55 (d, ] =
7.3 Hz, 1H), 7.50—7.39 (m, ] = 7.5 Hz, 2H), 6.49 (d, ] = 4.4 Hz, 2H),
3.37 (d, J = 7.3 Hz, 1H), 2.59—2.48 (m, J = 10.5, 7.5 Hz, 1H), 1.80—
1.70 (m, 1H), 1.32 (s, 9H), 1.17—1.08 (m, ] = 7.3 Hz, 12H), 0.96 (d, J
= 6.6 Hz, 3H) (major); *C NMR (75 MHz, CDCl;) § 195.0, 185.6,
150.6, 148.8, 143.5, 138.8, 137.7, 133.2, 128.7, 128.1, 45.0, 43.5, 35.3,
35.0, 29.9, 29.5, 29.2, 22.6, 21.9 (major); IR (KBr) 2959, 2920, 2850,
1663, 1639, 1618, 1449, 1384, 1252, 1087, 1046, 880, 730, 692 cm™;
HRMS (ESI) caled for [C,4H;,0, + H]* 379.2632, found 379.2638.
1-Benzoyl-2,5,7-tri-tert-butylspiro[2.5]octa-4,7-dien-6-one (4qa).
White solid: 13.1 mg, 33% yield; mp 113—115 °C; '"H NMR (300
MHz, CDCL,) 6 7.81 (d, ] = 6.9 Hz, 2H), 7.56 (d, ] = 6.8 Hz, 1H),
747 (d, ] = 6.7 Hz, 2H), 6.76 (s, 1H), 6.42 (s, 1H), 3.58 (d, J = 8.0
Hz, 1H), 2.73 (d, ] = 8.2 Hz, 1H), 1.32 (s, 9H), 1.12 (s, 9H), 1.10 (s,
9H); '*C NMR (75 MHz, CDCL;) 6 195.1, 185.8, 149.6, 148.6, 139.4,
137.6, 137.5,133.3, 128.7, 128.1, 48.5, 41.2, 41.1, 35.3, 35.0, 31.6, 30.0,
29.4,29.2; IR (KBr) 3003, 2956, 2914, 2867, 1654, 1641, 1618, 1540,
1366, 1253, 1226, 1038, 1017, 880, 780, 731, 689 cm™'; HRMS (ESI)
caled for [C,,H340, + H]* 393.2788, found 393.2792.
5,7-Di-tert-butyl-1-(4-fluorobenzoyl)-2-phenylspiro[2.5]octa-4,7-
dien-6-one (4ab). White solid: 34.3 mg, 80% yield; mp 136—138 °C;
'"H NMR (300 MHz, CDCL;) § 7.98—7.82 (m, 2H), 7.39—-7.23 (m,
SH), 7.16 (dd, ] = 11.9, 5.3 Hz, 2H), 6.58 (d, ] = 2.7 Hz, 1H), 6.02 (d,
J = 2.7 Hz, 1H), 4.08 (d, ] = 7.4 Hz, 1H), 3.90 (d, ] = 7.5 Hz, 1H),
1.16 (s, 9H), 1.13 (s, 9H); "*C NMR (75 MHz, CDCl;) § 193.0,
185.5, 167.7, 164.3, 150.2, 149.9, 138.3, 137.4, 135.1, 133.9, 130.9,
130.8, 129.1, 128.6, 127.8, 116.1, 115.8, 40.7, 40.3, 40.0, 35.2, 29.2; IR
(KBr) 2958, 2910, 2857, 1670, 1655, 1620, 1601, 1506, 1482, 882,
746, 696 cm™'; HRMS (ESI) calcd for [C,oH;,FO, + H]* 431.2381,
found 431.2385.
5,7-Di-tert-butyl-1-(4-chlorobenzoyl)-2-phenylspiro[2.5]octa-4,7-
dien-6-one (4ac). White solid: 30.4 mg, 68% yield; mp 151-153 °C;
'"H NMR (300 MHz, CDCl,) & 7.80 (d, ] = 8.7 Hz, 2H), 7.46 (d, ] =
8.6 Hz, 2H), 7.38—7.29 (m, 3H), 7.28—7.22 (m, 2H), 6.57 (d, ] = 2.7
Hz, 1H), 6.01 (d, ] = 2.7 Hz, 1H), 407 (d, ] = 7.5 Hz, 1H), 3.88 (d, J
= 7.5 Hz, 1H), 1.15 (s, 9H), 1.13 (s, 9H); *C NMR (75 MHz,
CDCl,) 6 191.8, 183.9, 148.6, 148.3, 138.5, 136.6, 135.6, 134.1, 133.4,
127.9, 127.5, 127.4, 127.0, 126.1, 39.1, 38.8, 38.4, 33.6, 28.7, 27.6; IR
(KBr) 2957, 1662, 1644, 1619, 1587, 1484, 1458, 1217, 1090, 744,
696, 650 cm™"; HRMS (ESI) calcd for [C,H;;ClO, + H]* 447.2085,
found 447.2087.
1-(4-Bromobenzoyl)-5,7-di-tert-butyl-2-phenylspiro[2.5]octa-4,7-
dien-6-one (4ad). White solid: 42.0 mg, 86% yield; mp 149—151 °C;
"H NMR (300 MHz, CDCl;) § 7.73 (d, J = 8.5 Hz, 2H), 7.62 (d, ] =
8.5 Hz, 2H), 7.33 (t, ] = 8.0 Hz, 3H), 7.27 (s, 1H), 7.24 (s, 1H), 6.57
(d, J = 2.5 Hz, 1H), 6.01 (d, ] = 2.5 Hz, 1H), 4.08 (d, ] = 7.4 Hz, 1H),
3.88 (d, ] = 7.4 Hz, 1H), 1.16 (s, 9H), 1.13 (s, 9H); *C NMR (75
MHz, CDCl;) 6 193.6, 185.5, 150.3, 150.0, 138.2, 137.2, 136.2, 135.0,
1322, 129.6, 129.1, 128.8, 128.6, 127.8, 40.7, 40.4, 40.0, 35.2, 29.2; IR
(KBr) 2956, 2909, 1658, 1646, 1620, 1586, 1481, 1008, 886, 774, 742,
698 cm™'; HRMS (ESI) calcd for [CypoHj,BrO, + H]* 491.1580, found
491.1584.
5,7-Di-tert-butyl-1-(4-methylbenzoyl)-2-phenylspiro[2.5]octa-4,7-
dien-6-one (4ae). White solid: 34.0 mg, 80% yield; mp 148—150 °C;
'"H NMR (300 MHz, CDCL;) 6 7.78 (d, ] = 8.2 Hz, 2H), 7.44—7.18
(m, 7H), 6.61 (d, J = 2.6 Hz, 1H), 6.03 (d, ] = 2.6 Hz, 1H), 4.08 (d, J
= 7.4 Hz, 1H), 3.94 (d, ] = 7.5 Hz, 1H), 2.41 (s, 3H), 1.15 (s, 9H),
1.13 (s, 9H); C NMR (75 MHz, CDCl;) § 194.1, 185.7, 150.0,
149.7, 144.5, 138.7, 137.8, 135.4, 135.0, 129.5, 129.1, 128.6, 128.3,
127.7, 40.7, 40.3, 40.0, 35.1, 29.3, 21.7; IR (KBr) 2956, 2909, 2864,
1658, 1644, 1619, 1607, 1487, 1456, 1287, 1045, 742, 696 cm™;
HRMS (ESI) caled for [CyH3,0, + H]* 427.2632, found 427.2634.
5,7-Di-tert-butyl-1-(4-methoxybenzoyl)-2-phenylspiro[2.5]octa-
4,7-dien-6-one (4af). White solid: 40.8 mg, 92% yield; mp 166—168
°C; '"H NMR (300 MHz, CDCl;) 6 7.86 (d, J = 8.8 Hz, 2H), 7.38—
7.23 (m, SH), 6.95 (d, ] = 8.7 Hz, 2H), 6.61 (d, ] = 2.3 Hz, 1H), 6.02
(d, J = 2.3 Hz, 1H), 4.07 (d, ] = 7.4 Hz, 1H), 3.91 (d, ] = 7.5 Hz, 1H),
3.87 (s, 3H), 1.15 (s, 9H), 1.13 (s, 9H); *C NMR (75 MHz, CDCl;)
5 192.7, 185.6, 163.9, 149.9, 149.6, 138.7, 137.9, 135.4, 130.5, 129.1,
128.5, 127.6, 114.0, 55.5, 40.6, 40.1, 39.9, 35.1, 29.3; IR (KBr) 2960,

2903, 1647, 1621, 1601, 1511, 1481, 1233, 754, 704 cm™'; HRMS
(ESI) caled for [C3oH;,05 + H]* 443.2581, found 443.2580.
5,7-Di-tert-butyl-1-(3-methoxybenzoyl)-2-phenylspiro[2.5]octa-
4,7-dien-6-one (4ag). White solid: 40.2 mg, 91% yield; mp 144—146
°C; 'H NMR (300 MHz, CDCl;) § 7.52—7.19 (m, 8H), 7.13 (d, ] =
7.3 Hz, 1H), 6.59 (s, 1H), 6.04 (s, 1H), 4.08 (d, ] = 7.3 Hz, 1H), 3.93
(d,J = 7.4 Hz, 1H), 3.82 (s, 3H), 1.16 (s, 9H), 1.13 (s, 9H); *C NMR
(75 MHz, CDCL,) 6 194.5, 185.6, 159.9, 150.1, 149.9, 138.8, 138.5,
137.7,135.2, 129.8, 129.1, 128.6, 127.7, 120.7, 120.1, 112.3, 55.4, 41.1,
40.4, 40.0, 35.2, 29.2; IR (KBr) 3056, 2957, 2861, 1665, 1644, 1619,
1603, 1581, 1484, 878, 771, 742, 695 cm™; HRMS (ESI) calcd for
[C3oH3,0; + H]* 443.2581, found 443.2577.
1-(Benzo[d][1,3]dioxole-5-carbonyl)-5,7-di-tert-butyl-2-
phenylspiro[2.5]octa-4,7-dien-6-one (4ah). White solid: 45.0 mg,
999% yield; mp 181—183 °C; 'H NMR (300 MHz, CDCL,) § 7.44 (dd,
J =82, 1.6 Hz, 1H), 7.39—7.36 (m, 1H), 7.35—7.21 (m, SH), 6.85 (d,
J=8.1Hz, 1H), 6.59 (d, ] = 2.6 Hz, 1H), 6.04 (s, 2H), 6.02 (d, ] = 2.6
Hz, 1H), 4.06 (d, ] = 7.4 Hz, 1H), 3.88 (d, ] = 7.5 Hz, 1H), 1.17 (s,
9H), 1.13 (s, 9H); *C NMR (75 MHz, CDCl,) § 192.3, 185.6, 152.2,
150.0, 149.7, 148.4, 138.6, 137.8, 135.3, 132.3, 129.1, 128.6, 127.7,
124.7, 108.1, 107.9, 102.0, 40.6, 40.2, 39.9, 35.1, 29.3, 29.3; IR (KBr)
2961, 2909, 1665, 1644, 1618, 1506, 1491, 1455, 1434, 1253, 1098,
1040, 868, 743, 696 cm™'; HRMS (ESI) calcd for [C30H;,0, + Na]*
479.2193, found 479.2195.
1-(2-Naphthoyl)-5,7-di-tert-butyl-2-phenylspiro[2.5]octa-4,7-
dien-6-one (4ai). White solid: 28.1 mg, 61% yield; mp 139—141 °C;
'H NMR (300 MHz, CDCL,) § 8.29 (s, 1H), 7.92 (dt, ] = 16.9, 8.0 Hz,
4H), 7.57 (dt, ] = 15.1, 6.5 Hz, 2H), 7.42—7.27 (m, SH), 6.64 (d, ] =
2.4 Hz, 1H), 6.12 (d, ] = 2.4 Hz, 1H), 4.15 (4, J = 7.5 Hz, 1H), 4.08
(d, J = 7.5 Hz, 1H), 1.19 (s, 9H), 1.12 (s, 9H); *C NMR (75 MHz,
CDCl,) 6 194.5, 185.6, 150.2, 149.9, 138.5, 137.8, 135.7, 135.3, 134.8,
132.4, 130.2, 129.6, 129.2, 128.8, 128.8, 128.6, 127.9, 127.7, 127.1,
123.7, 41.1, 40.4, 40.0, 35.2, 35.1, 29.3, 29.2; IR (KBr) 2957, 1666,
1649, 1622, 1458, 821, 789, 748, 698 cm™'; HRMS (ESI) calcd for
[C33H3,0, + Nal* 485.2451, found 485.2453.
5,7-Di-tert-butyl-1-phenyl-2-(thiophene-2-carbonyl)spiro[2.5]-
octa-4,7-dien-6-one (4aj). White solid: 30.9 mg, 74% yield; mp 166—
168 °C; '"H NMR (300 MHz, CDCl,) § 7.85—7.60 (m, 2H), 7.42—
7.20 (m, SH), 7.16 (s, 1H), 6.79 (s, 1H), 5.98 (s, 1H), 4.03 (d, ] = 6.9
Hz, 1H), 3.87 (d, ] = 7.0 Hz, 1H), 1.21 (s, 9H), 1.12 (s, 9H); °C
NMR (75 MHz, CDCl;) § 186.7, 185.7, 149.8, 149.6, 144.5, 138.5,
137.4, 135.1, 134.6, 132.5, 129.0, 128.6, 128.4, 127.8, 41.1, 40.4, 40.3,
352, 35.1, 29.3, 29.2; IR (KBr) 2956, 2865, 1645, 1629, 1619, 1518,
1484, 1421, 1253, 744, 721, 695 cm™'; HRMS (ESI) calcd for
[C,,H300,S + H]* 419.2039, found 419.2038.

General Procedure for Preparing 3-Hydroxy-2-(4-hydrox-
yphenyl)-1,3-diphenylpropan-1-one. To a solution of 4aa (0.3
mmol) in 6 mL of acetone were added p-TsOH (0.3 mmol) and water
(0.3 mmol), and then the reaction mixture was stirred for 0.5 h. Then
water was added and extracted three times with DCM. The combined
organic layers were washed with water and brine sequentially, dried
over Na,SO,, filtered, and concentrated. The crude product was
purified by flash chromatography on silica gel to afford the
corresponding rearomatized product Saa in 92% yield.

2-(3,5-Di-tert-butyl-4-hydroxyphenyl)-3-hydroxy-1,3-diphenyl-
propan-1-one (5aa). White solid: 118.6 mg, 92% yield; mp 141—143
°C; '"H NMR (300 MHz, CDCl;) 6 8.04—7.86 (m, 2H), 7.44 (dd, ] =
5.0, 3.7 Hz, 1H), 7.40—7.31 (m, 2H), 7.19—7.11 (m, 3H), 6.99 (dd, J
=6.5,2.9 Hz, 2H), 6.65 (s, 2H), 5.25 (d, ] = 9.0 Hz, 1H), 5.05 (s, 1H),
4.64 (d, ] = 9.0 Hz, 1H), 3.28 (brs, 1H), 1.25 (s, 18H); 3C NMR (75
MHz, CDCl;) 6§ 201.0, 153.0, 141.5, 137.1, 136.1, 133.0, 128.9, 128.5,
127.8,127.3, 126.8, 125.8, 125.4, 77.1, 62.6, 34.2, 30.2; IR (KBr) 3622,
3562, 2953, 1665, 1436, 1189, 1148, 1040, 768, 704, 606 cm™'; HRMS
(ESI) caled for [C,oH;,05 + Na]* 453.2400, found 453.2398.

General Procedure for the Preparation of 2-(4-Hydroxy-
phenyl)-1,3-diphenylprop-2-en-1-one. To a solution of 4aa (0.1
mmol) in 2 mL of ethanol was added 2 mL of pyridine. The reaction
mixture was heated to reflux for 10 h. The crude product was
concentrated and then purified by flash chromatography on silica gel
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to afford the corresponding product 6aa in 97% yield with a Z:E ratio
of 2:1.

2-(3,5-Di-tert-butyl-4-hydroxyphenyl)-1,3-diphenylprop-2-en-1-
one (6aa). Brown oil: 40.0 mg, 97% yield; 2:1 Z:E; 'H NMR (300
MHz, CDCl,;) 6 8.06—7.94 (m, major), 7.91—7.79 (m, minor) (2H),
7.57—6.97 (m, 11H), 5.30 (s, major), 5.24 (s, minor) (1H), 1.40 (s,
major), 1.31 (s, minor) (18H); *C NMR (75 MHz, CDCl,) § 200.3,
198.7, 154.2,153.8, 141.6, 141.5, 138.7, 138.6, 136.8, 136.2, 135.9,
135.6, 133.5, 132.1, 130.1, 129.9, 129.7, 129.5, 128.7, 128.6, 128.5,
128.4, 128.2, 128.1, 128.0, 127.6, 126.9, 126.8, 126.2, 123.4, 34.4, 34.3,
30.2, 30.1; IR (KBr) 3547, 2955, 2924, 2856, 1669, 1643, 1619, 1450,
1218, 1090, 732, 696 cm™'; HRMS (ESI) caled for [C,oH,,0, + H]*
413.2475, found 413.2470.
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X-ray crystallographic data for 4ma (CIF)

B AUTHOR INFORMATION

Corresponding Authors

*E-mail: hyao@cpu.edu.cn.

*E-mail: ajlin@cpu.edu.cn.

Notes

The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

Generous financial support from the National Natural Science
Foundation of China (21572272 and 21502232), the Natural
Science Foundation of Jiangsu Province (BK20140655), and
the Foundation of State Key Laboratory of Natural Medicines
(ZZJQ201306) is gratefully acknowledged.

B REFERENCES

(1) Por selected examples of spiro-cyclopropane in bioactive
compounds, see: (a) Tserng, K. Y., Jin, S. J; Hoppel, C. L.
Biochemistry 1991, 30, 1075S. (b) Tanasova, M.; Sturla, S. J. Chem.
Rev. 2012, 112, 3578. (c) Monn, J. A; Prieto, L; Taboada, L.;
Pedregal, C; Hao, J,; Reinhard, M. R.; Henry, S. S.; Goldsmith, P. J;
Beadle, C. D.; Walton, L.; Man, T.; Rudyk, H.; Clark, B.; Tupper, D,;
Baker, S. R;; Lamas, C.; Montero, C.; Marcos, A.; Blanco, J.; Bures, M.;
Clawson, D. K; Atwell, S.; Lu, F.; Wang, J.; Russell, M.; Heinz, B. A,
Wang, X,; Carter, J. H,; Xiang, C.; Catlow, J. T.; Swanson, S.; Sanger,
H.,; Broad, L. M,; Johnson, M. P.; Knopp, K. L.; Simmons, R. M. A;
Johnson, B. G.; Shaw, D. B.,; McKinzie, D. L. J. Med. Chem. 2018, S8,
1776.

(2) For selected examples of spiro-cyclopropane compounds
participating in total synthesis, see: (a) Marti, C.; Carreira, E. M. J.
Am. Chem. Soc. 2005, 127, 11505. (b) Lerchner, A.; Carreira, E. M.
Chem. - Eur. J. 2006, 12, 8208. (c) Rafferty, R. J.; Hicklin, R. W,;
Maloof, K. A.; Hergenrother, P. J. Angew. Chem., Int. Ed. 2014, 53, 220.
(d) Sokolowska, K.; Carballa, D.; Seoane, S.; Pérez-Fernandez, R;
Mourifio, A.; Sicinski, R. R. J. Org. Chem. 2018, 80, 165.

(3) (a) Hurley, L. H,; Lee, C.-S.; McGovren, J. P.; Warpehoski, M.
A.; Mitchell, M. A; Kelly, R. C.; Aristoff, P. A. Biochemistry 1988, 27,
3886. (b) Boger, D. L.; Ishizaki, T.; Zarrinmayeh, H.; Munk, S. A;;
Kitos, P. A.; Suntornwat, O. J. Am. Chem. Soc. 1990, 112, 8961.
(c) Boger, D. L,; Boyce, C. W.; Garbaccio, R. M.; Goldberg, J. A.
Chem. Rev. 1997, 97, 787. (d) Schnell, J. R;; Ketchem, R. R.; Boger, D.
L.; Chazin, W. J. J. Am. Chem. Soc. 1999, 121, 564S. (e) MacMillan, K.
S.; Boger, D. L. J. Med. Chem. 2009, S2, 5771.

(4) Becker, H. D.; Elebring, T. J. Org. Chem. 1985, 50, 1319.

(S) Field, K. W.; Schuster, G. B. J. Org. Chem. 1988, 53, 4000.

(6) Dao, H. T.; Baran, P. S. Angew. Chem,, Int. Ed. 2014, 53, 14382.

(7) For selected examples on p-QM intermediates, see: (a) Hamels,
D.; Dansette, P. M,; Hillard, E. A.; Top, S.; Vessiéres, A.; Herson, P,;
Jaouen, G.; Mansuy, D. Angew. Chem., Int. Ed. 2009, 48, 9124.
(b) Messiano, G. B.; da Silva, T. D.; Nascimento, L. R.; Lopes, L. M. X.
Phytochemistry 2009, 70, 590. (c) Dehn, R.; Katsuyama, Y.; Weber, A.;
Gerth, K; Jansen, R,; Steinmetz, H.; Hofle, G.; Miiller, R.; Kirschning,
A. Angew. Chem., Int. Ed. 2011, 50, 3882.

(8) Baeyer, A,; Villiger, V. Ber. Dtsch. Chem. Ges. 1903, 36, 2774.

(9) (a) Chu, W.-D.; Zhang, L.-F.; Bao, X.; Zhao, X.-H.; Zeng, C.; Du,
J-Y,; Zhang, G,; Wang, F-X; Ma, X-Y,; Fan, C.-A. Angew. Chem.
2013, 125, 9399. (b) Caruana, L.; Kniep, F.; Johansen, T. K; Poulsen,
P. H; Jorgensen, K. A. J. Am. Chem. Soc. 2014, 136, 15929.

(10) (a) Baird, R.;; Winstein, S. J. Am. Chem. Soc. 1962, 84, 788.
(b) Wu, Q.-F.; Liu, W.-B.; Zhuo, C.-X;; Rong, Z.-Q,; Ye, K.-Y,; You, S.-
L. Angew. Chem., Int. Ed. 2011, S0, 445S. (c) Nemoto, T.; Ishige, Y.;
Yoshida, M.; Kohno, Y.; Kanematsu, M.; Hamada, Y. Org. Lett. 2010,
12, 5020. (d) Yoshida, M.;; Nemoto, T.; Zhao, Z.-D.; Ishige, Y;
Hamada, Y. Tetrahedron: Asymmetry 2012, 23, 859.

(11) For selected reviews of sulfur ylides, see: (a) Li, A.-H.; Dai, L.-
X.; Aggarwal, V. K. Chem. Rev. 1997, 97, 2341. (b) Aggarwal, V. K
Winn, C. L. Acc. Chem. Res. 2004, 37, 611. (c) Sun, X.-L.; Tang, Y. Acc.
Chem. Res. 2008, 41, 937. (d) Zhu, C.; Ding, Y.; Ye, L.-W. Org. Biomol.
Chem. 20185, 13, 2530.

(12) For selected examples of epoxidation, see: (a) Aggarwal, V. K;
Hynd, G.; Picoul, W.; Vasse, J.-L. J. Am. Chem. Soc. 2002, 124, 9964.
(b) Illa, O.; Namutebi, M.; Saha, C.; Ostovar, M.; Chen, C. C;
Haddow, M. F.; Nocquet-Thibault, S.; Lusi, M.; McGarrigle, E. M,;
Varinder, K,; Aggarwal, V. K. J. Am. Chem. Soc. 2013, 135, 11951.
(c) Boratyfski, P. J.; Skarzewski, J. J. Org. Chem. 2013, 78, 4473.
(d) Boucherif, A.; Yang, Q.-Q.; Wang, Q.; Chen, J.-R;; Ly, L.-Q.; Xiao,
W.J. J. Org. Chem. 2014, 79, 3924. For selected examples of
aziridination, see: (e) Liao, W.-W.; Deng, X.-M.; Tang, Y. Chem.
Commun. 2004, 13, 1516. (f) Morton, D.; Pearson, D.; Field, R. A,;
Stockman, R. A. Chem. Commun. 2006, 17, 1833. (g) Kavanagh, S. A,;
Piccinini, A,; Connon, S. J. Org. Biomol. Chem. 2013, 11, 3535. For
selected examples of cyclopropanation, see: (h) Corey, E. J;
Chaykovsky, M. J. Am. Chem. Soc. 1965, 87, 1353. (i) Romo, D,;
Romine, J. L.; Midura, W.; Meyers, A. 1. Tetrahedron 1990, 46, 4951.
(j) Zhang, R;; Mamai, A.; Madalengoitia, J. S. J. Org. Chem. 1999, 64,
547. (k) Kunz, R. K;; MacMillan, D. W. C. J. Am. Chem. Soc. 2005,
127, 3240. (1) Deng, X.-M.; Cai, P; Ye, S.; Sun, X.-L.; Liao, W.-W.,; Li,
K; Tang, Y,; Wu, Y.-D.; Dai, L.-X. J. Am. Chem. Soc. 2006, 128, 9730.
(m) Kakei, H.; Sone, T.; Sohtome, Y.; Matsunaga, S.; Shibasaki, M. J.
Am. Chem. Soc. 2007, 129, 13410. (n) Cheng, Y,; An, J; Lu, L.-Q;
Luo, L.; Wang, Z.-Y.; Chen, J.-R; Xiao, W.-J. J. Org. Chem. 2011, 76,
281. (o) Biswas, A;; De Sarkar, S. D.; Tebben, L.; Studer, A. Chem.
Commun. 2012, 48, 5190.

(13) (a) Luo, J.; Wu, B.; Chen, M.-W.; Jiang, G.-F.; Zhou, Y.-G. Org.
Lett. 2014, 16, 2578. (b) Zhou, Y.-G.; Li, A.-H.; Hou, X.-L,; Dai, L.-X.
Tetrahedron Lett. 1997, 38, 7225. (c) Li, A.-H.; Zhou, Y.-G,; Dai, L.-X;;
Hou, X.-L,; Xia, L.-J.; Tang, M.-H. Angew. Chem., Int. Ed. Engl. 1997,
36, 1317. (d) Zhu, B.-H.; Zheng, J.-C.; Yu, C.-B; Sun, X.-L.; Zhou, Y.
G.; Shen, Q;; Tang, Y. Org. Lett. 2010, 12, 504. (e) Chen, M.-W.; Cao,
L.-L; Ye, Z.-S,; Jiang, G.-F,; Zhou, Y.-G. Chem. Commun. 2013, 49,
1660. (f) Wu, B.; Chen, M.-W.; Ye, Z.-S.; Yu, C.-B.; Zhou, Y.-G. Adv.
Synth. Catal. 2014, 356, 383.

(14) Crystallographic data for 4aa and 4ma have been deposited with
the Cambridge Crystallographic Data Centre as Deposition Numbers
CCDC 1412107 and 1427612, respectively. Detailed information can
be found in the Supporting Information.

(15) Gandeepan, P.; Rajamalli, P.; Cheng, C.-H. ACS Catal. 2014, 4,
448S.

(16) Illa, O.; Arshad, M.; Ros, A.; McGarrigle, E. M.; Aggarwal, V. K.
J. Am. Chem. Soc. 2010, 132, 1828.

(17) Gai, K; Fang, X; Li, X;; Xu, J; Wu, X; Lin, A;; Yao, H. Chem.
Commun. 2015, DOI: 10.1039/C5CC06287].

DOI: 10.1021/acs.joc.5b01793
J. Org. Chem. 2015, 80, 11123—11130


http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.joc.5b01793
http://pubs.acs.org/doi/suppl/10.1021/acs.joc.5b01793/suppl_file/jo5b01793_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.joc.5b01793/suppl_file/jo5b01793_si_002.cif
http://pubs.acs.org/doi/suppl/10.1021/acs.joc.5b01793/suppl_file/jo5b01793_si_003.cif
mailto:hyao@cpu.edu.cn
mailto:ajlin@cpu.edu.cn
http://dx.doi.org/10.1039/C5CC06287J
http://dx.doi.org/10.1021/acs.joc.5b01793

The Journal of Organic Chemistry

(18) () Richter, D.; Hampel, N.; Singer, T.; Ofial, A. R.; Mayr, H.
Eur. J. Org. Chem. 2009, 2009, 3203. (b) Bacha, J. D.; Matthews, J. S.
US 4032547, 1977.

(19) Ratts, K. W.; Yao, A. N. J. Org. Chem. 1966, 31, 1185.

11130 DOI: 10.1021/acs.joc.5b01793
J. Org. Chem. 2015, 80, 11123-11130


http://dx.doi.org/10.1021/acs.joc.5b01793

