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1. Introduction

Carbon-carbon bond forming reactions mediated by radical
have received considerable attention in organic synthesis during
the last two decades.! The oxidative free radical reaction mediated
by metal salts has been developed into a versatile protocol for the
formation of highly functionalized products from simple pre-
cursors.>~> Among these, manganese(lll) acetate, cerium(IV) am-
monium nitrate, and silver(I) carbonate have been used most
efficiently. Previously, we found that oxidative free radical reactions
of 2-phenylamino-1,4-naphthoquinones with B-dicarbonyl com-
pounds produced benzo|f]indole-4,9-diones and benzo[b]acridine-
6,11-diones effectively.3"" The solvent effects play an important
role in this free radical reaction.>* We have continued to study this
manganese(Ill) mediated reaction with 2-phenylamino-1,4-ben-
zoquinone 1. When 2,3-dimethyl-5-(4-methylphenylamino)-1,4-
benzoquinone (1b) was treated with ethyl acetoacetate (2) and
manganese(Ill) acetate in formic acid, dimer 4b was obtained ex-
clusively in 46% yield and no trace of the expected indole-4,9-dione
3b could be isolated (Eq. 1).6 Dimer 4b was formed presumably via
the intermolecular coupling reaction of imine radical 5b produced
by the manganese(Ill) oxidation of 1b (Scheme 1).” This different
behavior of 1b can be explained by the higher the electron density
of 1b, owing to electron donating of the two methyl groups,
therefore it was oxidized in a much faster rate than that of the
corresponding 2-phenylamino-1,4-naphthoquinone derivative. The
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formation of this dimeric product 4b is interesting. Although it has
been known that imine radical 8 can be generated by the oxidation
of enamine 6 with metal salts (Eq. 2) and it undergoes efficient
addition to the C-C double bond.® The generation of imine radial 5
has not yet been reported. In this report, we wish to describe our
results on the free radical reaction of imine radical produced from
the metal salts oxidation of 2-amino-1,4-benzoquinones.
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2. Results and discussion

We began our studies of the manganese(lll) mediated
dimerization reaction with 2-phenylamino substituted 1,4-benzo-
quinones 1 (Eq. 3). When 2,3-dimethyl-5-(3,5-dimethylphenyl-
amino)-1,4-benzoquinone (1a) was treated with manganese(IIl)


mailto:cpchuang@mail.ncku.edu.tw
www.sciencedirect.com/science/journal/00404020
http://www.elsevier.com/locate/tet
www.sciencedirect.com/science/journal/00404020
http://www.elsevier.com/locate/tet

7416 P-Y. Lu et al. / Tetrahedron 65 (2009) 7415-7421

NHR O
A
6

I:JR (0] NR O
- (2)
R1)\/IJ\R2 R1)J\o/U\R2
7 8

Mn(lll) or Ce(IV)

R R,

[0}

Scheme 1.

acetate in formic acid at 0 °C, 4a was obtained in 56% yield (Table 1,
entry 1). The structure of 4a was revealed by 'H NMR and *C NMR
analyses. In addition, the NMR-based structure was confirmed by
single crystal X-ray crystallographic analysis (Figure 1).° By using
acetic acid as solvent, this reaction only resulted in the deterioration
of 1a and no desired product 4a can be found after stirred at room
temperature for 16 h (entry 2). Although the mechanistic details of
this reaction are unclear, dimer 4a may be formed by the reaction
mechanism presented in Scheme 1. Initiation occurs with the man-
ganese(Ill) oxidation of 1a to produce imine radical 5a. In-
termolecular coupling’ of 5a generates 9a, which is then oxidized by
manganese(Ill) to produce imine radical 10a. Six-membered-ring
radical cyclization of 10a gives 11a after aromatization. Oxidation of
11a by manganese(Ill) produces imine radical 12a and then it un-
dergoes another six-membered-ring radical cyclization and sub-
sequent aromatization to give dimer 4a. The generalities of this
reaction were examined with other 2-phenylamino-1,4-benzoqui-
nones 1 and the results are summarized in Table 1. This reaction
worked well and dimers 4 were formed in 21-60% yields. It shows
that the reaction yields for this reaction are highly dependent on the
effect of substituent on the benzene ring. The reactions of 1d and 1e
bearing an ortho-methyl group gave the corresponding dimers 4d

Table 1
Oxidative dimerization mediated by manganese(Ill) acetate

Entry 1,4-Benzoquinone Product (yield (%))

R! R? R R* R® R®

1 1a Me Me H Me H Me 4a (56)*
2 1a 4a (0)°
3 1b Me Me H H Me H 4b (60)
4 1c Me Me H H H H 4c (49)°
5 1d Me Me Me H H H 4d (31
6 1e Me Me Me H Me H 4e (46)°
7 1f Me Me H H Br H af (24
8 1g Me Me H H cl H 4g (21)
9 1h H Me H H Me H 4h (51
10 1i H Me H H H H 4i (37)
1 13a —

2 These reactions were carried with 1 (0.71 mmol), manganese(lll) acetate
(2.94 mmol) in formic acid (10 mL) at 0 °C for 30 min.
b The reaction mixture was stirred at rt in HOAc for 16 h.
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Figure 1. The molecular structure of 4a.

and 4e in lower yields (entries 5 and 6). This can be attributed to the
steric effect of the ortho substituent, which retards the free radical
cyclization of 10 and 12 onto the benzene ring. When the electron-
withdrawing halogeno groups were substituted on the benzene ring,
the yields of 4f and 4g are reduced substantially (entries 7 and 8).
These results can be rationalized by consideration that the electron
deficiency of radical intermediates 10 and 12 makes the rate of free
radical cyclization to the halogeno group substituted benzene ring
much slower. To test the regioselectivity of this reaction, the oxida-
tive radical reaction of 2-methyl-5-phenylamino-1,4-benzoqui-
nones 1h and 1i was next studied. Treatment of 1h with
manganese(Ill) acetate under the same conditions afforded dimer 4h
exclusively in 51% yield (entry 9). No product derived from the ad-
dition of radical 5h to the C3 of another 1h can be found. It indicates
that the intermolecular radical coupling reaction of 5h proceeds in
a much faster reaction rate than that of the intermolecular addition
of it to C3 of another 1h. Reaction of 1i with manganese(Ill) acetate
gave result similar to 1h, with the corresponding dimer 4i as the sole
productin 37%yield (entry 10). This reaction was also examined with
2-alkylamino substituted 1,4-benzoquinone. In contrast to the
results shown above, the reaction of 5-ethylamino-2,3-dimethyl-
1,4-benzoquinone (13a) with manganese(Ill) acetate gave no
distinguishable product (entry 11).
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Carbon radical is produced by the Ag(1)/S;052 redox system and
it undergoes efficient addition to the C-C double bond.!” In this
reaction, Ag(Il) was generated in situ from Ag(I) by the action of
S,052 and catalytical amount of silver(I) was used. Today’s envi-
ronmental concerns encourage the development of greener re-
action conditions. We have continued to study the radical

o R
N.q AgNO, R NH
—_—
K2S,0g R?2
2
14 0
O Ph (4)
R, i , NH

dimerization reaction of 2-alkylamino substituted 1,4-benzoqui-
nones under Ag(1)/S,052 conditions (Eq. 4). When 5-ethylamino-
2,3-dimethyl-1,4-benzoquinone (13a) was treated with silver(I)
nitrate and potassium persulfate in acetonitrile-H,0 at 70 °C, 14a
was obtained in 66% yield (Table 1, entry 1). Similar result was
obtained when ammonium persulfate was employed in place of
potassium persulfate (entry 2). In the absence of silver(I) nitrate,
the yield of 14a decreased to 37% (entry 3). The formation of 14a
occurs from the intermolecular coupling reaction of imine radical
15a, which was produced by the manganese(IIl) oxidation of 13a. To
find the optimum reaction conditions, a solvent-screening for this
dimerization reaction of 13a was then undertaken. The change of
solvent to DMA, acetone, and dioxane gave 14a in much poor yields
(entries 6-8). In ethanol, 14a was afforded in 69% yield (entry 4).
Encouraged by these initial results, by choosing acetonitrile
and ethanol as solvent, we applied these reaction conditions to
other 5-ethylamino-1,4-benzoquinones 13b-f. The reaction of 13b
worked well and 14b was produced in good yield (entry 9 and 10).
Reaction of 13c under these reaction conditions afforded dimer 14c
in 63% yield (entry 11). Similar to the results shown in Table 1, di-
mer 14c was formed in high regioselectivity, no product derived
from the addition of radical 15c¢ to the C3 of another 13c can be

Table 2
Oxidative dimerization mediated by silver(I) nitrate and potassium persulfate

Entry 1,4-Benzoquinone Solvent Product (yield (%))
R! R? R

1 13a Me Me Et CH3CN-H,0 14a (66)?
2 13a CH5CN-H,0 14a (64)°
3 13a CH3CN-H,0 14a (37)°
4 13a EtOH-H,0 14a (69)°
5 13a EtOH-H0 14a (69)°
6 13a DMA-H,0 14a (51)
7 13a Acetone-H,0 14a (35)*
8 13a Dioxane-H,0 14a (37)*
<) 13b Me Me Bn CH3CN-H,0 14b (62)*
10 13b EtOH-H,0 14b (67)¢
11 13c H Me Et EtOH-H,0 14c (63)?
12 13d H Me Bn EtOH-H,0 14d (58)*
13 13e t-Bu H Me EtOH-H,0 14e (70)*
14 13f t-Bu H Bn CH5CN-H,0 14f (63)°
15 1c CH3CN-H,0 9c (48)f

2 These reactions were carried with 13 (0.84 mmol), potassium persulfate
(1.67 mmol), and silver(I) nitrate (0.25 mmol) at 70 °C for 1 h.

P The reaction was performed with silver(I) nitrate and ammonium persulfate
under similar reaction conditions.

¢ The reaction was performed with ammonium persulfate under similar reaction
conditions.

4 The reaction yield was based on 89% conversion of 13b.

€ The reaction yield was based on 93% conversion of 13f.

f The reaction was carried with 1c, potassium persulfate, and silver(l) nitrate
under similar reaction conditions.

found. Again, it can be concluded that radical 15c is preferred to
undergo intermolecular coupling reaction. Analogous results were
obtained with 13d-f and are also listed in Table 2 (entries 12-14).
We also studied this silver(Il) mediated reaction with 2-phenyl-
amino substituted 1,4-benzoquinone 1. Under Ag(1)/S,05? condi-
tions, 1¢c was converted to the corresponding dimeric product 9¢ in
48% yield (entry 15). Contrary to the results shown in Table 1, 9c¢ is
the only product and no trace of 4¢ can be found. This can be as-
cribed to the poor solubility of 9¢ in acetonitrile-H,O. It pre-
cipitated as the reaction proceeded and could not undergo further
oxidation reaction (9¢—4c).

3
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Radical annulation—the combination of addition and cycliza-
tion reaction mediated by manganese(Ill) acetate has been used
for the synthesis of cyclic systems.!! Since imine radical 5 can be
generated effectively from the manganese(Ill) acetate oxidation
of 2-phenylamino-1,4-benzoquinone 1, we next investigated the
manganese(lll) mediated radical annulation reaction between 1
and styrene (16) (Eq. 5). Treatment of 2,3-dimethyl-5-(3,5-
dimethylphenylamino)-1,4-benzoquinone (1a), styrene (16) with
manganese(Ill) acetate in acetonitrile at 70 °C led to the forma-
tion of 17a in 24% yield (Table 3, entry 1). The structure of 17a
was characterized by 'H NMR and '3C NMR spectra. Furthermore,
the exact configuration of 17a was determined by X-ray crystal-
lographic analysis.!? Twistane 17a may be formed by the reaction

Table 3
Radical annulation reaction mediated by manganese(Ill) acetate

Entry 1,4-Benzoquinone Product (yield (%))
R! R? R3 R*

1 1a H Me H Me — 17a (24)
2 1a i-PrOH 17a (38)*
3 1a i-PrOH 17a (25)°
4 1a EtsSiH 17a (33)°
5 1a PhsSiH  17a (30)°
6 ib H H Me H i-PrOH 17b (30)°
7 1b Et3SiH 17b (25)?
8 1c H H H H i-PrOH 17¢ (33)?
9 1d Me H H H i-PrOH 17d (20)?
10 1le Me H Me H i-PrOH 17e (21)*
11 1f H H Br H i-PrOH  17f (31)
12 1g H H Cl H i-PrOH 17g (30)*
13 1j H OMe H H i-PrOH 17j (30)

2 These reactions were carried with 1 (0.59 mmol), styrene (12.4 mmol), iso-
propanol (2 mL), and manganese(Ill) acetate (2.98 mmol) in acetonitrile (8 mL) at
70°C for 7 h.

b The reaction was performed in i-PrOH.

¢ These reactions were carried with 1 (0.59 mmol), styrene (12.4 mmol), silane
(1.18 mmol), and manganese(lIl) acetate (2.94 mmol) in acetonitrile (10 mL) at 70 °C
for 7 h.
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mechanism presented in Scheme 2. Manganese(Ill) oxidation of
1a produces imine radical 5a. Intermolecular addition of 5a to the
C-C double bond of styrene generates radical 18a, which un-
dergoes 6-exo radical cyclization to produce radical 19a. This
radical intermediate 19a undergoes intermolecular addition to
another styrene to generate 20a. Free radical cyclization of 20a to
the imine group followed by hydrogen atom abstraction from the
reaction mixture gives 17a. There is no trace of another expected
product 22a, derived from the 5-exo radical cyclization of 18a, can
be found. To improve the reaction yield of 17a, we next con-
ducted this annulation reaction of 1a with isopropanol, tri-
ethylsilane, and triphenylsilane as hydrogen atom sources
(entries 2-5). As shown in Table 3, in the presence of isopropanol,
17a was produced in best reaction yield (entry 4). Other examples
with isopropanol as hydrogen atom source are also listed in Table
3 (entries 7-13). In all cases, 1 was converted to 17 effectively in
fair yield. Due to the steric effect of the ortho-methyl group, 1d
and 1e gave the corresponding 17d and 17e in lower yields
(entries 9 and 10) (Fig. 2).

Figure 2. The molecular structure of 17a.

In conclusion, imine radicals 5 and 15 can be generated from
the manganese(Ill), silver(Il) oxidation of 2-amino-1,4-benzoqui-
nones. These free radical reactions provide efficient methods for
the generation of the dimeric products 4 and 14. In the presence

of styrene, twistane 17 was afforded from 2-phenylamino-1,4-
benzoquinone 1 via a radical annulation reaction of imine
radical 5.

3. Experimental
3.1. General

Melting points are uncorrected. Infrared spectra were taken
with a Hitachi 260-30 spectrometer. 'H and 13C NMR spectra were
recorded on a Bruker AMX-400, AVANCE 500 or AVANCE 300
spectrometer. Chemical shifts are reported in parts per million
relative to TMS as internal reference. Elemental analyses were
performed with Heraeus CHN-Rapid Analyzer. Mass spectra were
recorded with Finnigan MAT-95XL mass spectrometer. Analytical
thin-layer chromatography was performed with precoated silica gel
60 Fa54 plates (0.25 mm thick) from EM Laboratories and visualized
by UV. The reaction mixture was purified by column chromatog-
raphy over EM Laboratories silica gel (70-230 mesh). The starting
2-amino-1,4-benzoquinones 1 and 13 were synthesized according
to literature procedure.!3

3.2. Typical experimental procedure for the manganese(IIl)
mediated dimerization reaction

A mixture of 2,3-dimethyl-5-(3,5-dimethylphenylamino)-1,4-
benzoquinone (1a, 182 mg, 0.71 mmol) and manganese(Ill) acetate
(788 mg, 2.94 mmol) in formic acid (10 mL) was stirred at 0 °C for
30 min. The reaction mixture was diluted with ethyl acetate
(100 mL), washed with saturated aqueous sodium bisulfite (50 mL),
water (2x50 mL), saturated aqueous sodium bicarbonate (50 mL),
and dried (NaySO4). The solvent was evaporated under reduced
pressure and the crude product was purified by column chroma-
tography over silica gel (20 g) using dichloromethane-ethyl acetate
(30:1) as eluent, followed by crystallization (chloroform-hexane)
to give 4a (100 mg, 56%).

3.2.1. Dimer 4a

Yellow powders; mp 271-272 °C (dec); IR (KBr) 1680, 1600,
1255, 1065, 735cm™!; '"H NMR (400 MHz, CDCl3) 6 1.97 (s, 6H,
2xCHs), 212 (s, 6H, 2xCH3), 2.19 (s, 6H, 2xCHs), 2.25 (s, 6H,
2xCH3), 6.74 (s, 2H, 2xArH), 7.31 (s, 2H, 2xArH); *C NMR
(125.8 MHz, CDCl3) 6 13.4, 14.7, 20.4, 23.0, 56.2, 116.4, 129.6, 135.6,
136.2, 139.9, 144.4, 147.5, 147.8, 157.2, 181.5, 191.7; HRMS calcd for
C32H28N»04: mfz 504.2051, found m/z 504.2050.

3.2.2. Dimer 4b

Yellow crystals; mp 253-254°C (dec); IR (KBr) 1680, 1665,
1615, 1375, 1260 cm™!; 'H NMR (400 MHz, CDCls) 6 1.97 (s, 6H,
2xCHs), 2.21 (s, 6H, 2xCH3), 2.34 (s, 6H, 2xCH3), 6.68 (s, 2H, ArH),
711 (d, J=7.9 Hz, 2H, ArH), 7.53 (d, J=7.9 Hz, 2H, ArH); >C NMR
(125.8 MHz, CDCls) 6 13.7, 14.5, 21.6, 54.9, 122.6, 126.9, 131.0, 131.2,
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140.0, 141.3, 146.2, 1484, 155.8, 181.6, 191.4. Anal. Calcd for
C30H24N204: C, 75.61; H, 5.08; N, 5.88. Found: C, 75.63; H, 5.05; N,
5.88.

3.2.3. Dimer 4c¢

Yellow powders; mp 275-276 °C (dec); IR (KBr) 1665, 1610,
1375, 1260, 775 cm™'; 'H NMR (400 MHz, CDCl3) 6 1.98 (s, 6H,
2xCHs), 2.34 (s, 6H, 2xCH3s), 6.93 (d, J=7.6 Hz, 2H, ArH), 7.18 (t,
J=7.6 Hz, 2H, ArH), 7.32 (t, J=7.6 Hz, 2H, ArH), 7.64 (d, J=7.6 Hz, 2H,
ArH); 13C NMR (125.8 MHz, CDCl3) 6 13.8, 14.5, 54.9, 122.6, 126.4,
130.6, 131.1, 142.0, 146.3, 148.6, 156.6, 181.4, 191.2; HRMS calcd for
Ca8Ho0N204: m/z 448.1431, found m/z 448.1427.

3.2.4. Dimer 4d

Yellow powders; mp 348-349 °C (dec); IR (KBr) 1665, 1610,
1370, 1260, 1075 cm™'; 'H NMR (400 MHz, CDCl3) 6 1.96 (s, 6H,
2xCH3), 2.32 (s, 6H, 2xCHs), 2.50 (s, 6H, 2xCHs), 6.75 (d,
J=7.6 Hz, 2H, ArH), 7.04 (t, J=7.6 Hz, 2H, ArH), 7.14 (d, J=7.6 Hz,
2H, ArH); 3C NMR (100.6 MHz, CDCl3) 6 13.7, 14.4, 17.7, 54.7,
122.6, 124.1, 129.9, 132.2, 139.8, 140.4, 146.1, 148.4, 155.4, 1814,
191.6; HRMS calcd for C3gH24N204: m/z 4761752, found m/z
476.1744.

3.2.5. Dimer 4e

Yellow powders; mp 327-328 °C (dec); IR (KBr) 2920, 1665,
1610, 1260, 740 cm~'; '"H NMR (400 MHz, CDCl3) 6 1.95 (s, 6H,
2xCH3), 217 (s, 6H, 2xCHs), 2.31 (s, 6H, 2xCH3), 2.47 (s, 6H,
2xCHjs), 6.51 (s, 2H, ArH), 6.94 (s, 2H, ArH); >C NMR (125.8 MHz,
CDCl3) 6 13.7,14.5, 17.6, 21.5, 54.7, 122.7, 124.7, 133.0, 138.5, 139.6,
140.4, 146.1, 148.2, 154.5, 181.7, 191.8; HRMS calcd for C33H2gN204:
m/z 504.2043, found m/z 504.2046.

3.2.6. Dimer 4f

Yellow crystals; mp 314-315 °C (dec); IR (KBr) 1675, 1610, 1370,
1260, 740 cm™~'; 'H NMR (400 MHz, CDCl3) & 2.01 (s, 6H, 2xCH3),
2.36 (s, 6H, 2xCH3), 7.00 (d, J=1.8 Hz, 2H, ArH), 7.48 (dd, J=8.4,
1.8 Hz, 2H, ArH), 7.55 (d, J=8.4 Hz, 2H, ArH); '3C NMR (125.8 MHz,
CDCl3) 6 13.9,14.6, 54.5,124.1,124.6,129.2,132.4,134.1,140.8, 146.2,
149.1, 156.0, 180.7, 190.5; HRMS calcd for CygHig BryN,04: m/z
603.9641, found m/z 603.9637.

3.2.7. Dimer 4g

Yellow crystals; mp 315-316 °C; IR (KBr) 2920, 1675, 1550, 1330,
1260 cm~; TH NMR (400 MHz, CDCl3) 6 2.01 (s, 6H, 2xCH3), 2.36 (s,
6H, 2xCH3), 6.86 (d, J=2.0 Hz, 2H, ArH), 7.32 (dd, J=8.5, 2.0 Hz, 2H,
ArH), 7.62 (d, J=8.5 Hz, 2H, ArH); '3C NMR (75.4 MHz, CDCl3) 6 13.8,
14.5, 54.5,123.9, 126.4, 131.0, 132.2, 136.3, 140.4, 146.2, 149.1, 156.0,
180.7, 190.5; HRMS calcd for CgH13CloN204: m/z 516.0649, found:
m/z 516.0646.

3.2.8. Dimer 4h

Yellow powders; mp 209-210 °C (dec); IR (KBr) 1685, 1615,
1565, 1310, 1210cm™!; 'H NMR (400 MHz, CDCl3) 6 2.02 (d,
J=1.4Hz, 6H, 2xCHj3), 2.24 (s, 6H, 2xCH3), 6.79 (d, J=0.8 Hz, 2H,
ArH), 7.14 (dd, J=7.9, 0.8 Hz, 2H, ArH), 7.27 (q, J=1.4 Hz, 2H, 2xCH),
7.55 (d,]J=7.9 Hz, 2H, ArH); >C NMR (125.8 MHz, CDCl3) 6 17.4, 21.6,
55.1,121.8, 127.2,131.3, 131.5, 139.5, 139.7, 141.8, 150.9, 155.8, 1814,
191.8; HRMS calcd for CygHyoN204: m/z 448.1417, found m/z
448.1420.

3.2.9. Dimer 4i

Yellow powders; mp 235-236 °C (dec); IR (KBr) 1680, 1625,
1565, 1310, 1210 cm™"; 'H NMR (400 MHz, CDCl3) 6 2.02 (d,
J=1.3Hz, 6H, 2xCH3), 7.05 (dd, J=7.8, 1.1 Hz, 2H, ArH), 7.23 (td,
J=7.8,1.1 Hz, 2H, ArH), 7.29 (q, J=1.3 Hz, 2H, 2xCH), 7.36 (td, J=7.8,
11Hz, 2H, ArH), 767 (dd, J=7.8, 11Hz, 2H, ArH); >C NMR

(75.4 MHz, CDCl3) 6 174, 55.1, 121.7, 126.6, 130.88, 130.91, 131.4,
139.7, 1414, 150.9, 156.5, 181.2, 191.5; HRMS calcd for CogH16N204:
m/z 420.1100, found m/z 420.1105.

3.3. Typical experimental procedure for the silver(Il)
mediated dimerization reaction

A solution of 5-ethylamino-2,3-dimethyl-1,4-benzoquinone
(13a, 150 mg, 0.84 mmol), potassium persulfate (452 mg,
1.67 mmol), and silver(I) nitrate (43 mg, 0.25 mmol) in ethanol-
water (8 mL, 1:3) was heated at 70 °C for 1 h. The reaction mixture
was diluted with ethyl acetate (100 mL), washed with water
(3x50 mL), and dried (Na;SOg4). The solvent was evaporated under
reduced pressure and the crude product was purified by column
chromatography over silica gel (20 g) using dichloromethane as
eluent, followed by crystallization (chloroform-hexane) to give 14a
(104 mg, 69%).

3.3.1. 2,2’-Bi(3-ethylamino-5,6-dimethyl-1,4-benzoquinone) 14a

Dark violet crystals; mp 174-175 °C; IR (KBr) 3305, 3265, 1660,
1575, 1300 cm~!; TH NMR (400 MHz, CDCl3) 6 1.13 (t, J=7.0 Hz, 6H,
2xCH3), 2.01 (s, 6H, 2xCHgz), 2.04 (s, 6H, 2xCH3), 3.13 (dq, J=11.0,
7.0 Hz, 2H, CHy), 3.25 (dq, J=11.0, 7.0 Hz, 2H, CH3), 5.61 (br s, 2H,
2xNH); 3C NMR (75.4 MHz, CDCl3) 6 11.9, 13.1, 15.2, 37.7, 104.7,
136.1, 143.8, 144.4, 184.06, 184.11. Anal. Calcd for CooHp4N204: C,
67.40; H, 6.79; N, 7.86. Found: C, 67.32; H, 6.82; N, 7.85.

3.3.2. 2,2'-Bi(3-benzylamino-5,6-dimethyl-1,4-benzoquinone) 14b

Pink crystals; mp 197-198 °C; IR (KBr) 3330, 1650, 1580, 1500,
1300 cm ™ '; 'H NMR (400 MHz, CDCl3) 6 1.95 (s, 6H, 2x CHs), 1.97 (s,
6H, 2xCHs), 4.29 (dd, J=13.6, 5.2 Hz, 2H, CH,), 4.33 (dd, J=13.6,
5.2 Hz, 2H, CHy), 5.99 (t, J=5.2 Hz, 2H, 2xNH), 7.06-712 (m, 4H,
ArH), 7.21-7.31 (m, 6H, ArH); 13C NMR (75.4 MHz, CDCl3) § 12.0,
13.2, 47.2,105.5, 1271, 127.5, 128.7, 136 .4, 137.9, 144.0, 144.3, 183.9,
184.2. Anal. Calcd for C3gH2gN204: C, 74.98; H, 5.87; N, 5.83. Found:
C, 74.98; H, 5.92; N, 5.84.

3.3.3. 2,2'-Bi(3-ethylamino-6-methyl-1,4-benzoquinone) 14c

Dark violet crystals; mp 164-165 °C (dec); IR (KBr) 3330, 1670,
1560, 1515,1290 cm™~'; "H NMR (400 MHz, CDCl3) 6 114 (t, J=7.2 Hz,
6H, 2xCHs), 2.08 (d, J=1.5Hz, 6H, 2xCHs), 3.05-3.35 (m, 4H,
2xCH), 5.59 (br s, 2H, 2xNH), 6.52 (q, J=1.5 Hz, 2H, 2xCH); 3C
NMR (75.4 MHz, CDCl3) ¢ 15.3, 16.9, 37.8, 105.1, 129.1, 144.2, 150.3,
183.7, 184.3. Anal. Calcd for CigHyoN204: C, 65.84; H, 6.14; N, 8.53.
Found: C, 65.77; H, 6.18; N, 8.50.

3.3.4. 2,2'-Bi(3-benzylamino-6-methyl-1,4-benzoquinone) 14d

Dark violet crystals; mp 174-175 °C; IR (KBr) 3315, 3290, 1670,
1565, 1335 cm™!; 'H NMR (400 MHz, CDCl3) 6 1.98 (d, J=1.3 Hz, 6H,
2xCH3), 4.31 (d, J=6.1 Hz, 4H, 2xCH>), 5.97 (t, J=6.1 Hz, 2H, 2xNH),
6.48 (q, J=1.3 Hz, 2H, 2xCH), 7.06-7.11 (m, 4H, ArH), 7.22-7.32 (m,
6H, ArH); '>C NMR (75.4 MHz, CDCl3) 6 16.8, 47.0,105.7, 127.1,127.7,
128.8, 129.2, 137.6, 144.2, 150.1, 183.5, 184.2. Anal. Calcd for
CogH24N204: C,74.32; H,5.35; N, 6.19. Found: C,74.17; H,5.33; N, 6.16.

3.3.5. 2,2'-Bi(5-tert-butyl-3-methylamino-1,4-benzoquinone) 14e
Dark red crystals; mp 194-195 °C; IR (KBr) 3310, 1670, 1580, 1510,
1335 cm™!; TH NMR (400 MHz, CDCl3) 6 1.27 (s, 18H, 6 xCHz), 2.89 (s,
6H, 2xCHs), 6.56 (s, 2H, 2xCH); 3C NMR (75.4 MHz, CDCl3) 6 28.9,
30.3, 34.7, 103.5, 135.3, 146.3, 150.9, 183.5, 184.7. Anal. Calcd for
Co2H28N204: C,68.73; H, 7.34; N, 7.29. Found: C,68.83; H, 7.36; N, 7.23.

3.3.6. 2,2'-Bi(3-benzylamino-5-tert-butyl-1,4-benzoquinone) 14f
Dark red crystals; mp 164-165 °C(dec); IR(KBr)3280,1665,1575,

1505, 1330 cm™!; "H NMR (400 MHz, CDCl3) 6 1.27 (s, 18H, 6xCH3),

4.29 (d, J=5.9 Hz, 4H, 2xCH>), 6.04 (t, J=5.9 Hz, 2H, 2xNH), 6.49 (s,
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2H, 2xCH), 7.07-7.13 (m, 4H, ArH), 7.23-7.32 (m, 6H, ArH); >*C NMR
(75.4 MHz, CDCl3) 6 29.0, 34.8, 47.3,104.0, 127.2,127.8,128.9,135.3,
137.8,145.3,151.1,183.3, 184.9. Anal. Calcd for C34H36N,04: C, 76.09;
H, 6.76; N, 5.22. Found: C, 75.76; H, 6.75; N, 5.11.

3.3.7. 2,2'-Bi(5,6-dimethyl-3-phenylamino-1,4-benzoquinone) 9¢

Dark red powder; mp 235-236 °C; IR (KBr) 3360, 3305, 1635,
1580, 1310 cm™!; 'H NMR (400 MHz, CDCl3) 6 1.82 (s, 6H, 2xCH3),
2.01 (s, 6H, 2xCH3), 6.84 (d, J=7.5 Hz, 4H, ArH), 6.96 (t, |=7.5 Hz, 2H,
ArH), 7.01 (br s, 2H, 2xNH), 7.05 (t, J=7.5 Hz, 4H, ArH); >C NMR
(75.4 MHz, CDCl3) 6 11.6,12.9,108.4, 123.9, 124.9, 127.8,135.9, 137.8,
139.2, 144.0, 183.2, 184.1. Anal. Calcd for CogH4N204: C, 74.32; H,
5.35; N, 6.19. Found: C, 74.12; H, 5.33; N, 6.17.

3.4. Typical experimental procedure for the radical
annulation reaction

A mixture of 2,3-dimethyl-5-(3,5-dimethylphenylamino)-1,4-
benzoquinone (1a, 151 mg, 0.59 mmol), styrene (1.29¢g,
12.4 mmol), isopropanol (2mlL), and manganese(Ill) acetate
(395 mg, 1.47 mmol) in acetonitrile (8 mL) was heated at 70 °C.
After heated for 3 h, the color of manganese(lll) acetate dis-
appeared, another manganese(Ill) acetate (405 mg, 1.51 mmol)
was added. The reaction mixture was heated for another 4 h and
then diluted with ethyl acetate (100 mL), washed with saturated
aqueous sodium bisulfite (50 mL), water (2x50mL), and dried
(NaS04). The solvent was evaporated under reduced pressure and
the crude product was purified by column chromatography over
silica gel (20 g) using ethyl acetate-hexane (1:20) as eluent, fol-
lowed by crystallization (ethyl acetate-hexane) to give 17a
(105 mg, 38%).

3.4.1. rel-(1R,3S,4S,6S,8S,10R)-1,6-Dimethyl-3-(3,5-dimethylphenyl-
amino)-4,10-diphenyl-tricyclo[4,4,0,0>¢]decane-2,7-dione 17a

White crystals; mp 222-223 °C; IR (KBr) 3375, 2950, 1725, 1605,
1455 cm™'; "H NMR (400 MHz, CDCl3) 6 0.80 (s, 3H, CH3), 1.21 (s,
3H, CH3), 1.89 (dd, J=13.5, 11.1 Hz, 1H, CH), 1.98 (dd, J=13.5, 9.2 Hz,
1H, CH), 2.08-2.23 (m, 2H, 2xCH), 2.17 (s, 6H, 2xCH3), 3.08 (dd,
J=11.7, 8.5 Hz, 1H, CH), 3.72 (dd, J=4.4, 1.2 Hz, 1H, CH), 3.95 (dd,
J=11.1,9.2 Hz, 1H, CH), 4.77 (s, 1H, NH), 6.23 (s, 2H, ArH), 6.34 (s, 1H,
ArH), 6.82 (dd, J=7.6, 1.7 Hz, 2H, ArH), 7.00-7.13 (m, 5H, ArH), 7.27-
7.34 (m, 3H, ArH); 3C NMR (75.4 MHz, CDCl3) 6 11.6,12.7, 21.4, 31.1,
37.6, 471, 48.1, 51.8, 53.8, 57.2, 70.2, 113.5, 120.3, 127.0, 127.7, 127.8,
128.3, 128.7, 138.5, 138.6, 139.0, 144.1, 214.6, 216.4. Anal. Calcd for
C33H33N0,: C, 82.90; H, 7.17; N, 3.02. Found: C, 82.81; H, 7.21; N,
3.00.

3.4.2. rel-(1R,3S5,4S,6S,10R)-1,6-Dimethyl-3-(4-methylphenyl-
amino)-4,10-diphenyl-tricyclo[4,4,0,0%% decane-2,7-dione 17b

White powder; mp 201-202 °C; IR (KBr) 3390, 2935, 1730, 1615,
1455 cm™'; "H NMR (400 MHz, CDCl3) 6 0.80 (s, 3H, CH3), 1.21 (s,
3H, CH3), 1.89 (dd, J=13.5, 11.1 Hz, 1H, CH), 1.98 (dd, J=13.5, 9.1 Hz,
1H, CH), 2.09-2.24 (m, 2H, 2x CH), 2.20 (s, 3H, CH3), 3.08 (dd, J=11.6,
8.6 Hz, 1H, CH), 3.70 (dd, J=4.5, 1.6 Hz, 1H, CH), 3.94 (dd, J=11.1,
9.1 Hz, 1H, CH), 6.52 (d, J=8.4 Hz, 2H, ArH), 6.82 (dd, J=7.8, 1.4 Hz,
2H, ArH), 6.86 (d, J=8.4 Hz, 2H, ArH), 6.99-7.12 (m, 5H, ArH), 7.24-
7.34 (m, 3H, ArH); 3C NMR (75.4 MHz, CDCl3) 6 11.5,12.7, 20.3, 30.9,
37.6,46.9, 48.0, 51.8, 53.7, 57.2, 70.2,115.4, 127.0, 127.4,127.6, 127.8,
128.2, 128.7, 129.4, 138.5, 139.0, 141.6, 214.6, 216.2. Anal. Calcd for
C31H31NO;3: C, 82.82; H, 6.95; N, 3.12. Found: C, 82.80; H, 6.98; N,
3.06.

3.4.3. rel-(1R,3S5,4S,6S,10R)-1,6-Dimethyl-3-phenylamino-4,10-
diphenyl-tricyclo[4,4,0,0>8 decane-2,7-dione 17c

White crystals; mp 204-205°C; IR (KBr) 3380, 2970, 1730,
1600, 1455 cm™~!; TH NMR (400 MHz, CDCls) é 0.81 (s, 3H, CHs3),

1.21 (s, 3H, CH3), 1.90 (dd, J=13.5, 11.1 Hz, 1H, CH), 1.99 (dd, J=13.5,
9.1 Hz, 1H, CH), 2.10-2.25 (m, 2H, 2xCH), 3.09 (dd, J=11.6, 8.6 Hz,
1H, CH), 3.72 (dd, J=4.5, 1.6 Hz, 1H, CH), 3.98 (dd, J=11.1, 9.1 Hz, 1H,
CH), 4.89 (br s, 1H, NH), 6.61 (dd, J=7.7, 1.2 Hz, 2H, ArH), 6.68 (t,
J=7.7 Hz, 1H, ArH), 6.81 (dd, J=7.7, 1.2 Hz, 2H, ArH), 6.98-7.11 (m,
7H, ArH), 7.27-7.34 (m, 3H, ArH); '3C NMR (75.4 MHz, CDCls3)
0 11.6, 12.7, 31.0, 37.6, 46.8, 48.1, 51.9, 53.8, 57.2, 70.1, 115.2, 118.2,
1271, 127.7, 127.8, 128.3, 128.72, 128.74, 128.9, 138.4, 139.0, 144.2,
214.6, 216.1. Anal. Calcd for C3gH9NO>: C, 82.73; H, 6.71; N, 3.22.
Found: C, 82.81; H, 6.82; N, 3.15.

3.4.4. rel-(1R35,4S,6S,10R)-1,6-Dimethyl-3-(2-methylphenyl-
amino)-4,10-diphenyl-tricyclo[4,4,0,0%% decane-2,7-dione 17d

White crystals; mp 249-250 °C; IR (KBr) 3400, 2945, 1725, 1605,
1455 cm™!; 'H NMR (400 MHz, CDCl3) 6 0.83 (s, 3H, CH3), 1.22 (s,
3H, CHs), 1.78 (s, 3H, CHs), 1.91 (dd, J=13.5, 11.1 Hz, 1H, CH), 2.00
(dd, J=13.5, 9.2 Hz, 1H, CH), 2.13-2.28 (m, 2H, 2xCH), 3.11 (dd,
J=11.5, 8.7 Hz, 1H, CH), 3.78 (dd, J=4.3, 1.4 Hz, 1H, CH), 4.02 (dd,
J=11.1,9.2 Hz, 1H, CH), 4.87 (br s, 1H, NH), 6.63 (t, J=7.5 Hz, 1H, ArH),
6.73 (d, J=7.5 Hz, 2H, ArH), 6.84 (d, J=7.5 Hz, 1H, ArH), 6.94 (d,
J=8.0 Hz, 1H, ArH), 6.97-7.03 (m, 2H, ArH), 7.03-7.11 (m, 4H, ArH),
7.27-7.37 (m, 3H, ArH); 3C NMR (75.4 MHz, CDCl3) 6 11.6,12.7,17.2,
31.0, 37.6, 46.3, 48.1, 52.5, 53.8, 57.1, 704, 113.0, 118.1, 124.3, 126.3,
127.0, 127.6, 127.7, 128.3, 128.68, 128.71, 130.4, 138.2, 139.0, 142.5,
215.0, 216.3. Anal. Calcd for C31H31NO2: C, 82.82; H, 6.95; N, 3.12.
Found: C, 83.05; H, 7.10; N, 3.07.

3.4.5. rel-(1R,3S5,4S,6S,10R)-1,6-Dimethyl-3-(2,4-dimethylphenyl-
amino)-4,10-diphenyl-tricyclo[4,4,0,0°8 decane-2,7-dione 17e

White crystals; mp 257-258 °C; IR (KBr) 3390, 2925, 1730, 1515,
1455 cm~'; "H NMR (400 MHz, CDCl3) 6 0.82 (s, 3H, CH3), 1.21 (s,
3H, CH3),1.74 (s, 3H, CH3),1.90 (dd, J=13.5,11.1 Hz, 1H, CH), 1.99 (dd,
J=13.5, 9.2 Hz, 1H, CH), 2.12-2.25 (m, 2H, 2xCH), 2.19 (s, 3H, CHz),
3.09(dd,J=11.4, 8.8 Hz,1H, CH), 3.75 (dd, J=4.2,1.9 Hz, 1H, CH), 3.99
(dd, J=11.1, 9.2 Hz, 1H, CH), 4.72 (s, 1H, NH), 6.67 (s, 1H, ArH), 6.73
(d, J=7.2 Hz, 2H, ArH), 6.80-6.88 (m, 2H, ArH), 6.97-7.10 (m, 5H,
ArH), 7.25-7.35 (m, 3H, ArH); 3C NMR (75.4 MHz, CDCl3) 6 11.6,
12.7,17.2,20.3, 31.0, 37.6,46.5, 48.1, 52.5, 53.8, 57.1, 70.5,113.1, 124.4,
126.5,127.0,127.2,127.6,127.7,128.3,128.7,131.2,138.3,139.1,139.9,
215.1, 216.4. Anal. Calcd for C33H33NO;: C, 82.90; H, 7.17; N, 3.02.
Found: C, 82.73; H, 7.18; N, 2.95.

3.4.6. rel-(1R,3S5,4S,6S,10R)-3-(4-Bromophenylamino)-1,6-
dimethyl-4,10-diphenyl-tricyclo[4,4,0,0>% |decane-2,7-dione 17f

White crystals; mp 251-252 °C; IR (KBr) 3385, 2970, 1730, 1595,
1455 cm™'; 'H NMR (400 MHz, CDCl3) 6 0.81 (s, 3H, CH3), 1.21 (s,
3H, CH3), 1.89 (dd, J=13.4, 11.2 Hz, 1H, CH), 1.98 (dd, J=13.4, 9.2 Hz,
1H, CH), 2.06-2.24 (m, 2H, 2xCH), 3.09 (dd, J=11.7, 8.4 Hz, 1H, CH),
3.63 (d, J=3.8 Hz, 1H, CH), 3.92 (dd, J=11.2, 9.2 Hz, 1H, CH), 4.94 (br
s, 1H, NH), 6.48 (d, J=7.9 Hz, 2H, ArH), 6.80 (d, J=7.9 Hz, 2H, ArH),
6.99-7.16 (m, 7H, ArH), 7.23-7.34 (m, 3H, ArH); 3C NMR (75.4 MHz,
CDCl3) 6 11.6, 12.7, 30.9, 37.6, 46.8, 48.0, 51.7, 53.7, 57.2, 69.9, 110.1,
116.7,127.3,127.8,128.0,128.3,128.6,128.7,131.7,138.2,138.8, 143.3,
214.3, 215.7. Anal. Calcd for C39H28BrNO>: C, 70.04; H, 5.49; N, 2.72.
Found: C, 69.89; H, 5.42; N, 2.63.

3.4.7. rel-(1R,3S5,4S,6S,10R)-3-(4-Chlorophenylamino)-1,6-
dimethyl-4,10-diphenyl-tricyclo[4,4,0,0°8 Jdecane-2,7-dione 17g
White crystals; mp 241-242 °C; IR (KBr) 3395, 2975, 1730, 1600,
1500 cm~'; TH NMR (400 MHz, CDCl3) ¢ 0.81 (s, 3H, CH3), 1.21 (s,
3H, CH3), 1.88 (dd, J=13.5, 11.2 Hz, 1H, CH), 1.99 (dd, J=13.5, 9.1 Hz,
1H, CH), 2.03-2.26 (m, 2H, 2xCH), 3.09 (dd, J=11.7, 8.4 Hz, 1H, CH),
3.63(dd, J=4.0,1.2 Hz, 1H, CH), 3.91 (dd, J=11.2, 9.1 Hz, 1H, CH), 4.93
(brs, 1H, NH), 6.52 (d, J=8.8 Hz, 2H, ArH), 6.79 (dd, J=7.7, 1.4 Hz, 2H,
ArH), 6.97-715 (m, 7H, ArH), 7.28-7.36 (m, 3H, ArH); °C NMR
(75.4 MHz, CDCl3) 6 11.6, 12.7, 30.9, 37.6, 46.8, 48.0, 51.8, 53.7, 57.2,
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70.0,116.2,123.0,127.2,127.7,127.9, 128.3, 128.6, 128.7, 128.8, 138.2,
138.8,142.9, 214.3, 215.8. Anal. Calcd for C3oHa5CINO>: C, 76.66; H,
6.00; N, 2.98. Found: C, 76.64; H, 6.03; N, 2.92.

3.4.8. rel-(1R,3S,4S,6S,10R)-1,6-Dimethyl-3-(3-methoxyphenyl-
amino)-4,10-diphenyl-tricyclo[4,4,0,0>8 Jdecane-2,7-dione 17j

White crystals; mp 197-198 °C; IR (KBr) 3390, 2935, 1730, 1600,
1455 cm~!; TH NMR (400 MHz, CDCl3) 6 0.81 (s, 3H, CH3), 1.21 (s,
3H, CH3), 1.90 (dd, J=13.5, 11.1 Hz, 1H, CH), 1.99 (dd, J=13.5, 9.2 Hz,
1H, CH), 2.08-2.25 (m, 2H, CH), 3.09 (dd, J=12.5, 8.5 Hz, 1H, CH),
3.71 (s, 3H, OCHs), 3.71-3.76 (m, 1H, CH), 3.98 (dd, J=11.1, 9.2 Hz,
1H, CH), 6.13 (t, J=2.2 Hz, 1H, ArH), 6.26 (d, J=7.9 Hz, 2H, ArH), 6.84
(dd, J=7.9,2.2 Hz, 2H, ArH), 6.98 (t, J=7.9 Hz, 1H, ArH), 7.00-7.13 (m,
5H, ArH), 7.27-7.32 (m, 3H, ArH); 13C NMR (75.4 MHz, CDCl3) 6 11.6,
12.7, 31.0, 37.6, 46.8, 48.0, 51.7, 53.7, 55.0, 57.2, 70.1, 101.6, 103.5,
108.1,127.1,127.7,127.8,128.3,128.7,129.6, 138.4,138.9, 145.4, 160 .4,
214.5, 215.9. Anal. Calcd for C31H31NOs: C, 79.97; H, 6.71; N, 3.01.
Found: C, 79.98; H, 6.79; N, 2.93.
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