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ABSTRACT: A three-step synthetic method for the preparation of fluoranthenes, involving

Miura’s intermolecular C—H arylation, nonaflation, and intramolecular C—H arylation has been

1

ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

The Journal of Organic Chemistry

developed. Various 1-naphthols and haloarenes were successfully used as substrates. Reaction

conditions that afford high site-selectivity have been developed for the intramolecular C—H

arylation step.
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Polycyclic aromatic hydrocarbons (PAHs) have attracted much attention because of their
biological, electronic, and optical properties.' Fluoranthene is one of the smallest nonalternant
PAHs, and its framework has often been utilized as a structural motif for many applications, such
as in sensors’ and organic field-effect transistors,” and as a key synthetic intermediate for
bowl-shaped PAHs.*® While various fluoranthene synthetic methods, many of which utilize

10-17
d,

cross-coupling reactions, have been reporte it is still desirable to develop facile methods for

the synthesis of substituted fluoranthenes from readily available compounds.
Recently, there have been many reports of C—H arylation, especially Pd-catalyzed C—H
arylation with aryl halides, being used to replace conventional cross-coupling reactions to

8-20

construct biphenyl units.' Direct arylation at the C—H groups does not require stoichiometric
pheny ry group q

amounts of pre-formed organometallic compounds, thus making the synthesis of biphenyl
structures easier and more atom-economical. Pd-catalyzed C—H arylation has also been used for

efficient synthesis of PAHs.*"*

We envisaged that a combination of inter and intramolecular
C—H arylation would help realize a convenient synthetic route to fluoranthenes (Scheme 1). The
first step is the Pd-catalyzed intermolecular C—H arylation of 1-naphthols with halobenzenes.

This reaction, developed by Miura et al.,”>**

site-selectively takes place at the C8 position of
I-naphthols. The second step is nonaflation of the hydroxy group through introduction of a

nonafluorobutanesulfonyl (Nf) group,” which is more resistant to O—SO, cleavage than the

3
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commonly used trifluoromethanesulfonyl group.’®*’ In addition, the nonaflating agent, NfF, is
generally cheaper than the common triflating agent, Tf;0. The third step is the Pd-catalyzed

8739 This step was designed based

intramolecular C—H arylation of the corresponding nonaflates.
on the seminal work of fluoranthene synthesis by Rice and Cai.'” Herein, we demonstrate the

feasibility of this synthetic scheme, which provides a useful method for fluoranthene synthesis.

Scheme 1. Three-Step Synthesis of Fluoranthenes

fluoranthenes

intramolecular
C—H arylation

intermolecular

C—H arylation nonaflation

Miura’s C—H arylation of 1-naphthols with halobenzenes is a convenient way of

23,24 . .
" However, it was only successful with

introducing an aryl group at the C8 position.
iodobenzenes; the use of bromobenzenes, which are cheaper and more easily available than
iodobenzenes, resulted in poor yields (<5%).>* To expand the scope of our fluoranthene synthesis,
we first investigated the catalytic conditions of the reaction with bromobenzene. While Miura’s
conditions (Pd(OAc),, Cs,CO3;, DMF) did not afford a significant amount of the desired product,
PCy; was found to be effective as a ligand to Pd (Eq. 1).*' Although the product yield was still
modest, these catalytic conditions significantly expanded the substrate scope of halobenzenes,

and bromobenzenes are now applicable to this C—H arylation.

4
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Pd(OAc), (10 mol %)
PCy; (20 mol %) OH

© Cs,CO3 (3.6 equiv)
r DMF, 110 °C, 24 h OO

(1.2 equw) 41 %

©CoO~NOUTA,WNPE

Intermolecular C—H arylation of other 1-naphthols 1 and halobenzenes 2 was carried out,
14 and various 8-aryl-1-naphthols 3 were obtained (Table 1).*> Both iodobenzenes and
17 bromobenzenes were applicable, although the use of bromobenzenes often resulted in lower
20 yields of 3. Besides 1-naphthol (1a), substituted naphthols 1b and 1le¢ also afforded the
23 corresponding products in good yields (entries 2 and 3). Halobenzenes substituted at the para-
26 (entries 4—7) or the meta-positions (entries 8—13) were used. As well as the catalytic system
29 shown in Eq. 1, PdCIy(PCys), worked well for some bromobenzenes (condition C). Interestingly,
32 less reactive 3-chloroanisole (2g”) also reacted under catalytic condition C to give 3i, albeit in
35 low yield (entry 10). Unfortunately, ortho-substituted halobenzenes, such as 2-iodotoluene,
38 afforded the product only in very low yields (<5%).

Table 1. Intermolecular C—H Arylation of 1-Naphthols with Halobenzenes

46 conditions
47 @O < > __ABoC
48

(1.2 equw

entry 1 2 condition® 3  yield (%)

OoH
gg 1 9 A 3a 47°
1a

60 5
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20 “A: Pd(OAc), (2.5 mol %), Cs,CO;5 (2.0 equiv), DMF, 110 °C, 19-24 h. B:
23 Pd(OAc), (10 mol %), PCys (20 mol %), Cs,COs (3.6 equiv), DMF, 110 °C, 24 h.
26 C: PACl(PCys), (10 mol %), Cs,CO; (3.6 equiv), DMF, 110 °C, 18-24 h. "This
29 combination of 1 and 2 was also reported by Miura et al.>* The yield shown here

32 is based on our experimental results.”

37 We next performed nonaflation of 3 using NfF and Et;N in CH3CN (Table 2). Nonaflates 4,
40 the substrates for the subsequent intramolecular C—H arylation, were successfully obtained in
43 high yields (81-98%).

46 Table 2. Nonaflation of 3

NfF (1.3-6.5 equiv)
Et3N (3.3 equiv)

NfO

CH3CN \
i, 3-13 h 4 R

25 entry 3 4 yield (%)

60 7
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1 3a 4a 84
2 3b 4b 98
3 3c 4c 81
4 3d  4d 90
5 3e 4e 98
6 3f 4f 86
7 3g 4g 94
8 3h 4h 94
9 3i 4i 86
10 3j 4j 93
11 3k 4k 89
12 31 41 97
13 3m 4m 81

We then studied the reaction conditions of another key step, the intramolecular C—H
arylation of nonaflates 4 (Table 3). The initial screening of the catalytic conditions for the
intramolecular C—H arylation of 4a led to a combination of Pdx(dba); as the Pd source, SPhos
as the ligand, K5PO, as the base, and DMA as the solvent. Fluoranthene (5a) was obtained in
good yield (entry 1). To our delight, the use of 1-adamantanecarboxylic acid (1-AdCO,H)**® as
an additive greatly improved the yield (entry 2). We also tested a meta-substituted substrate 4h to

identify the selectivity between 5b and 6a. Site-selective intramolecular C—H arylation®”™*

8
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proceeded to give 5b as the main product (5b:6a = 50:1, entry 3) probably due to steric effects.

The use of pivalic acid instead of 1-AdCO,H resulted in slight decreases in yield and selectivity

©CoO~NOUTA,WNPE

11 (entry 4).

17 Table 3. Conditions for Intramolecular C—H Arylation

20 2(dba); (5 mol %)
21 SPhos 12 mol %)
22 NfO K3PO4 (4 equiv)
additive (2 equw
23
DMA

24 R=H:4a 110°C,24h  R=H:5a
25 Me: 4h Me: 5b

217 entry 4 additive  yield (%)"

20 1 4a (R = H) - <68’
32 2 4a(R=H) 1-AdCOH 98
34 3 4h (R=Me) 1-AdCOH 91 (50:1)

27 4  4n(R=Me) rBuCO:H 86 (45:1)

“For entries 3 and 4, the products were obtained as a mixture of 5b and
6a. The ratio of 5b to 6a was determined by '"H NMR and is shown in
46 parentheses. "A small amount of impurity was included.

51 . . . 3436 -

52 The concerted metalation—deprotonation mechanism is assumed for the intramolecular

55 C—H arylation (Scheme 2). The high site-selectivity is attributed to transition state TS, in which

60 9
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the sterically less hindered position is involved in the six-membered transition state.

Scheme 2. Assumed mechanism of intramolecular C—H arylation

R

o
Tpd AdCO Cpd

NfO
Pd(0)L

With the effective conditions in hand, we applied them to the synthesis of various

NfO

substituted fluoranthenes (Table 4). In most cases, good yields were obtained. For fluoranthene
synthesis using meta-substituted substrates (4i—1, entries 7—10), excellent site-selectivities
(>99:1) were observed. Unfortunately, naphthyl-substituted nonaflate 4m gave

benzo[k]fluoranthene (5j) in lower yield and selectivity under these conditions (entry 11).

Table 4. Intramolecular C—H Arylation of Nonaflates

R
//‘ Pd,(dba); (5 mol %)
A SPhos (12 mol %)
NfO K3POy (4 equiv)
1-AdCO,H (2 equiv)

X DMA
4 R 110°C,24h

entry 4 5 yield (%)“

10
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1
2
3
: -
1 4b ‘ 91
s oer
8 OMe
9
: - .
c
: sel
1451 MeO
16 ()
17 3 4d 73
18
19 OO 5e
o
22
23 4 4e g 98
2 OO .
26
27 Me
28
29 5 4f I 84
30
31 OO 5b
32
33
34 Et
gg 6  4g 3 79
37 OO 59
38
39 OMe
40
: o 2
43 OO 5e ( . )
44
45 CFs
46
47 g " g 80
48 )
49 OO ] (>99:1)
50
51 .
52 Pr
53 () 70
= _— o
= SeX
57
58
59
60 11
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NMe,
() 81
O‘O Si (>99:1)

11 4 8 O‘ 26
" » 8)

‘O 5j g 6b

“The ratio of the isomers was determined by 'H NMR

and is shown in parentheses. "Yield of 6b.

In conclusion, we developed a strategy for the three-step synthesis of fluoranthenes
consisting of Pd-catalyzed inter and intramolecular C—H arylation. Fluoranthenes were produced
in acceptable yields without using stoichiometric amounts of organometallic reagents. Various
I-naphthols and halobenzenes, including bromobenzenes, were successfully used as the starting
materials. While only mono-substituted fluoranthenes were synthesized in this work, this
three-step procedure is expected to be easily applied to the synthesis of multi-substituted
fluoranthenes. Considering the wide availability of 1-naphthols and halobenzenes together with
the highly site-selective intramolecular C—H arylation step, this synthetic method will provide a
useful route to various fluoranthenes. Furthermore, the strategy could be applied to the synthesis

of other PAHs.

12
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EXPERIMENTAL SECTION:

All reactions were conducted under an argon atmosphere. All of the starting materials,

catalysts, and reagents are commercially available and were used as purchased without further
purification. DMF, CH3CN, and DMA were purchased as anhydrous solvents. Melting points are
uncorrected. For '"H NMR, tetramethylsilane (TMS) (5 = 0) in CDCl; was used as the internal
standard. For °C NMR, CDCl; (8 = 77.0) served as an internal standard. Compounds 1b*® and
1¢*"*® were prepared according to procedures reported in the literature.
General procedure for intermolecular C—H arylation (condition A).* Toa suspension
of 1-naphthol, Cs,CO; (2 equiv), and Pd(OAc), (2.5 mol %) in DMF (5.0 mL/I mmol
I-naphthol) was added an iodoarene (1.2 equiv) at rt. The mixture was heated at 110 °C and
stirred for 19—24 h. After cooling to rt, the mixture was diluted with EtOAc, washed with 1 M aq.
HCI, water, and brine, dried over Na,SO4, and concentrated under vacuum. Purification by
chromatography gave the desired product.

General procedure for intermolecular C—H arylation (condition B). To a suspension of
I-naphthol, Cs,CO; (3.6 equiv), Pd(OAc), (10 mol %), and PCy; (20 mol %) in DMF (8.0 mL/1
mmol 1-naphthol) was added a bromoarene (1.2 equiv) at rt. The mixture was heated at 110 °C
and stirred for 24 h. After cooling to rt, the mixture was diluted with EtOAc, washed with 1 M agq.

HCI, water, and brine, dried over Na,SO4, and concentrated under vacuum. Purification by

13
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chromatography gave the desired product.

General procedure for intermolecular C—H arylation (condition C). To a suspension of
I-naphthol, Cs,CO; (3.6 equiv), and PdCIy(PCy3); (10 mol %) in DMF (8.0 mL/1 mmol
I-naphthol) was added a bromoarene (1.2 equiv) at rt. The mixture was heated at 110 °C and
stirred for 18—24 h. After cooling to rt, the mixture was diluted with EtOAc, washed with 1 M aq.
HCI, water, and brine, dried over Na,SO4, and concentrated under vacuum. Purification by
chromatography gave the desired product.

8-Phenylnaphthalen-1-ol (3a)** (Eq. 1 and Table 1, entry 1). 1-Naphthol (1a) (72.1 mg,
0.50 mmol) was subjected to the intermolecular C—H arylation under condition B for 24 h. After
column chromatography twice (SiO,, hexane/EtOAc = 100/1-25/1 and SiO;, hexane/CHCl; =
20/1), 3a (45.6 mg, 41%) was obtained as a yellow oil. Alternatively, 1-naphthol (1a) (72.1 mg,
0.50 mmol) was subjected to the intermolecular C—H arylation under conditions A for 19 h. After
column chromatography (SiO,, hexane/EtOAc = 100/1-40/1), 3a (51.2 mg, 47%) was obtained
as a yellow oil. '"H NMR (400 MHz, CDCls): & 5.41 (1H, s), 6.92 (1H, dd, J= 1.5, 7.3 Hz), 7.21
(1H, dd, J = 1.5, 7.3 Hz), 7.40 (1H, t, J = 7.8 Hz), 7.44 (1H, t, J = 8.3 Hz), 7.49-7.51 (6H, m),
7.86 (1H, dd, J = 1.5, 8.3 Hz) ppm; “C{'H} NMR (100 MHz, CDCl): & 111.8, 121.0, 121.3,
124.2, 126.8, 128.5, 128.6, 128.7, 128.9, 129.4, 135.7, 136.1, 141.3, 153.0 ppm.

5-Methoxy-8-phenylnaphthalen-1-ol (3b) (Table 1, entry 2). Naphthol 1b (256 mg, 1.5

14
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mmol) was subjected to the intermolecular C—H arylation under condition A for 24 h. After
column chromatography (SiO,, hexane/EtOAc = 100/1—40/1), 3b (289 mg, 77%) was obtained as
a brown solid. Mp. 95.3-96.8 °C; '"H NMR (400 MHz, CDCls): & 4.03 (3H, s), 5.44 (1H, s), 6.81
(1H, d, J = 8.0 Hz), 6.94 (1H, d, J = 7.6 Hz), 7.11 (1H, d, J = 7.6 Hz), 7.40 (1H, t, J = 8.0),
7.44-7.54 (5H, m), 7.96 (1H, d, J = 8.0 Hz) ppm; “C{'H} NMR (100 MHz, CDCls): § 55.6,
103.0, 112.6, 114.6, 122.0, 126.3, 127.5, 128.26, 128.28, 128.4, 128.9, 129.8, 141.4, 152.9, 155.4
ppm; IR (ATR) 615, 698, 750, 1042, 1244, 3429, 3472 cm_l; HRMS (DART-TOF): m/z calcd for
C17H;50, ((IM+H]") 251.1067; found: 251.1079.

6-Methoxy-8-phenylnaphthalen-1-ol (3c) (Table 1, entry 3). Naphthol 1c (321 mg, 1.4
mmol) was subjected to the intermolecular C—H arylation under condition A for 24 h. After
column chromatography (SiO,, hexane/EtOAc = 100/1-40/1) and preparative TLC twice (SiO,,
hexane/EtOAc = 8/1 and 4/1), 3¢ (183 mg, 51%) was obtained as a yellow oil. '"H NMR (400
MHz, CDCL): 6 3.95 (3H, s), 5.33 (1H, s), 6.77 (1H, d, J = 6.8 Hz), 6.90 (1H, d, J = 2.4 Hz),
7.18 (1H, d, J= 2.4 Hz), 7.32-7.45 (2H, m), 7.52 (5H, s) ppm; "C{'H} NMR (100 MHz, CDCl;):
0 55.3, 106.6, 109.8, 116.9, 119.9, 120.9, 127.6, 128.7, 129.0, 129.3, 137.3, 138.0, 140.9, 153.3,
156.2 ppm; IR (ATR): 602, 619, 768, 812, 1458, 2926, 2963, 3044 cm™'; HRMS (DART-TOF):
m/z caled for C7H,;50, ([M+H]") 251.1067; found: 251.1074.

8-(4-Methoxyphenyl)naphthalen-1-ol (3d) (Table 1, entry 4). 1-Naphthol (1a) (145 mg,

15
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1.0 mmol) was subjected to the intermolecular C—H arylation under condition A for 24 h. After
column chromatography (SiO,, hexane/EtOAc = 100/1—40/1), 3d (100 mg, 40%) was obtained as
a yellow solid. Mp. 114.1-114.9 °C; '"H NMR (400 MHz, CDCly): & 3.91 (3H, s), 5.73 (1H, s),
6.96 (1H, d, J = 7.8 Hz), 7.07 (2H, d, J = 8.3 Hz), 7.22 (1H, t, J = 6.8), 7.39-7.50 (4H, m),
7.50-7.58 (1H, m), 7.88 (1H, d, J = 8.3 Hz) ppm; >C{'H} NMR (100 MHz, CDCl;): & ppm 55.3,
111.6, 114.4, 120.8, 121.5, 124.8, 126.8, 128.5, 128.7, 130.7, 133.0, 135.7, 135.8, 153.2, 159.8
ppm; IR (ATR): 563, 768, 827, 1177, 1233, 3460 cm '; HRMS (DRAT-TOF): m/z calcd for
C17H;50, ((M+H]") 251.1067; found: 251.1083.

8-(4-(Trifluoromethyl)phenyl)naphthalen-1-o0l (3e) (Table 1, entry 5). 1-Naphthol (1a)
(72.2 mg, 0.50 mmol) was subjected to the intermolecular C—H arylation under condition A for
24 h. After column chromatography (SiO,, hexane/EtOAc = 100/1) and preparative TLC (SiO»,
hexane/CH,Cl, = 1/1), 3e (70.9 mg, 49%) was obtained as a white solid. Mp. 72.8-74.0 °C; 'H
NMR (400 MHz, CDCls): 6 5.02 (1H, s), 5.91 (1H, d, J= 7.8 Hz), 7.23 (1H, d, J = 6.8 Hz), 7.43
(1H, t, J = 8.1 Hz), 7.50 (1H, t, J= 7.5 Hz), 7.57 (1H, d, J = 8.3 Hz) , 7.63 (2H, d, J = 7.8 Hz),
7.76 (2H, d, J = 8.3 Hz), 7.92 (1H, d, J = 8.3 Hz) ppm; *C{'H} NMR (100 MHz, CDCl;): &
112.0, 121.2, 121.5, 124.1 (q, "Jer = 272.0 Hz), 125.0, 125.3 (q, *Jer = 3.3 Hz), 126.9, 128.8,
129.1, 129.8, 130.1 (q, *Jer = 33.0 Hz), 135.4, 135.8, 146.2, 152.4 ppm; IR (ATR): 615, 758, 820,
1061, 1074, 1107, 1321, 3051 cm'; HRMS (DART-TOF): m/z caled for C7H ,F;0 ([M+H]")

16
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289.0835; found: 289.0837.

8-(4-Methylphenyl)naphthalen-1-0l (3f) (Table 1, entry 6). 1-Naphthol (1a) (72.2 mg,
0.50 mmol) was subjected to the intermolecular C—H arylation under condition B for 24 h. After
column chromatography (SiO,, hexane/EtOAc = 100/1—40/1, and then NH Silica, hexane/CHCl;
= 20/1-10/1), 3f (39.9 mg, 32%) was obtained as a yellow solid. Mp. 81.4-83.1 °C; '"H NMR
(400 MHz, CDCl3): 6 2.48 (3H, s), 5.59 (1H, s), 6.93 (1H, d, J= 7.3 Hz), 7.21 (1H, d, /= 6.8 Hz),
7.35 (2H, d, J = 8.0 Hz), 7.39-7.49 (4H, m), 7.52 (1H, d, J = 8.3 Hz), 7.87 (1H, d, J = 8.3 Hz)
ppm; *C{'H} NMR(100 MHz, CDCLs): & 21.3, 111.7, 120.9, 121.4, 124.8, 126.8, 128.5, 128.6,
129.3, 129.7, 135.7, 136.2, 138.2, 138.6, 153.2 ppm; IR (ATR): 617, 764, 820, 1233, 1389, 3478
cm '; HRMS (DART-TOF): m/z caled for Ci7H;sO ([M+H]") 235.1117; found: 235.1116.

8-(4-Ethylphenyl)naphthalen-1-ol (3g) (Table 1, entry 7). 1-Naphthol (1a) (144 mg, 1.0
mmol) was subjected to the intermolecular C—H arylation under condition B for 24 h. After
column chromatography (SiO,, hexane/EtOAc = 100/1-50/1, and then NH Silica, hexane/CHCl;
= 1/0—10/1) and preparative TLC (SiO,, hexane/CHCl; = 1/1), 3g (32.2 mg, 18%) was obtained
as a yellow oil. "H NMR (400 MHz, CDCl3): 6 1.33 (3H,t,J = 7.6 Hz), 2.77 (2H, q, J = 7.3 Hz),
5.99 (1H,s), 6.92 (1H, d, J= 7.8 Hz), 7.21 (1H, d, J = 6.8 Hz), 7.32—7.48 (6H, m), 7.51 (1H, d, J
= 7.8 Hz), 7.86 (1H, d, J = 8.3 Hz) ppm; "C{'H} NMR (100 MHz, CDCl;): & 15.4, 28.6, 111.7,
120.9, 121.4, 124.8, 126.8, 128.47, 128.50, 128.6, 129.4, 135.7, 136.2, 138.3, 144.9, 153.2 ppm;
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IR (ATR): 764, 819, 1233, 1389, 1454, 3497 cm™'; HRMS (DART-TOF): m/z calcd for CigH;70
([M+H]") 249.1274; found: 249.1278.

8-(3-Methylphenyl)naphthalen-1-o0l (3h) (Table 1, entry 8). 1-Naphthol (1a) (721 mg,
5.0 mmol) was subjected to the intermolecular C—H arylation under condition A for 24 h. After
column chromatography (SiO,, hexane/EtOAc = 100/1-50/1), 3h (761 mg, 65%) was obtained as
a yellow oil. '"H NMR (400 MHz, CDCl;): & 2.43 (3H, s), 5.54 (1H, s), 6.91 (1H, dd, J=1.2, 7.6
Hz), 7.19 (1H, dd, J=1.2, 7.1 Hz), 7.32-7.44 (4H, m), 7.49 (1H, dd, J=1.2, 8.0Hz), 7.84 (1H, dd,
J =83, 1.0 Hz) ppm; "C{'H} NMR (100 MHz, CDCl3): § 21.4, 111.7, 120.9, 121.3, 124.7,
126.4, 126.8, 128.2, 128.6, 128.8, 129.3, 130.1, 125.7, 136.2, 138.8, 141.2, 153.1 ppm; IR
(ATR): 712, 764, 822, 1186, 1233, 1387, 3497 cm™'; HRMS (ESI-TOF): m/z calcd for C7H;30
(IM—H] ") 233.0972; found: 233.0974.

8-(3-Methoxyphenyl)naphthalen-1-ol (3i) (Table 1, entries 9 and 10). 1-Naphthol (1a)
(72.2 mg, 0.50 mmol) was subjected to the intermolecular C—H arylation under condition A for
24 h. After column chromatography (SiO,, hexane/EtOAc = 100/1-20/1), 3i (70.1 mg, 56%) was
obtained as a yellow oil. Alternatively, 1-naphthol (1a) (72.1 mg, 0.50 mmol) was subjected to
the intermolecular C—H arylation under conditions C for 24 h. After column chromatography
three times (SiO,, hexane/EtOAc = 100/1, NH Silica, hexane/CHCIl; = 10/3, and NH Silica,
hexane/CHCI; = 10/1) and preparative TLC (Si0,, hexane/EtOAc = 3/1), 3i (16.2 mg, 13%) was
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obtained as a yellow oil. 'H NMR (400 MHz, CDCls): & 3.85 (3H, s), 5.58 (1H, s), 6.92 (1H, dd,
J=13,1.0),7.03-7.09 (3H, m), 7.22 (1H, dd, /= 6.8, 1.5 Hz), 7.38—7.46 (3H, m), 7.50 (1H, dd,
J=8.0, 1.5), 7.86 (1H, dd, J = 8.3, 1.5 Hz) ppm; "C{'H} NMR (100 MHz, CDCls): § 55.4, 111.9,
114.5, 114.8, 121.0, 121.3, 121.5, 124.8, 126.9, 128.2, 128.8, 130.1, 135.6, 136.0, 142.7, 153.0,
159.7 ppm; IR (ATR): 708, 766, 822, 1038, 1219, 1578, 2942, 3482 cm '; HRMS (DART-TOF):
m/z caled for C7H,;50, ([M+H]") 251.1067; found: 251.1078.
8-(3-(Trifluoromethyl)phenyl)naphthalen-1-o0l (3j) (Table 1, entry 11). 1-Naphthol (1a)
(72.3 mg, 0.50 mmol) was subjected to the intermolecular C—H arylation under condition A for
24 h. After column chromatography (SiO,, hexane/EtOAc = 100/1-30/1) and preparative TLC
(SiO,, hexane/CHCl; = 1/1), 3j (61.7 mg, 43%) was obtained as a yellow oil. 'H NMR (400 MHz,
CDCl3): 6 4.97 (1H, s), 6.90 (1H, d, J= 7.3 Hz), 7.24 (1H, d, /= 6.8 Hz), 7.42 (1H, t, /= 8.0 Hz),
7.49 (1H, t, J= 7.6 Hz), 7.55 (1H, d, J = 7.8 Hz), 7.58-7.66 (1H, m), 7.70 (1H, d, J = 4.0 Hz),
7.74 (1H, d, J = 8.0 Hz), 7.79 (1H, s), 7.91 (1H, d, J = 8.2 Hz) ppm; "C{'H} NMR (100 MHz,
CDCly): & 111.9, 121.1, 121.3, 124.5 (q, "Jer = 273.1 Hz), 124.7 (q, *Jcr = 4.0 Hz), 125.1, 126.3
(q, *Jer = 4.0 Hz), 126.9, 128.8, 129.0, 129.2, 130.7 (q, *Jeor = 32.1 Hz), 132.7, 135.4, 135.9,
143.3, 152.5 ppm; IR (ATR): 507, 704, 766, 1067, 1096, 1119, 1161, 3049, 3539 cm™'; HRMS
(DART-TOF): m/z caled for C17H,,F30 ([M+H]") 289.0835; found: 289.0851.
8-(3-Isopropylphenyl)naphthalen-1-0l (3k) (Table 1, entry 12). 1-Naphthol (1a) (72.1
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mg, 0.50 mmol) was subjected to the intermolecular C—H arylation under condition C for 18 h.
After column chromatography (SiO,, hexane/EtOAc = 100/1) and preparative TLC (SiOy,
hexane/EtOAc = 8/1), 3k (48.7 mg, 37%) was obtained as a yellow oil. 'H NMR (400 MHz,
CDCls): 6 1.33 (6H, d, J = 6.8 Hz), 3.01 (1H, spt, J = 6.8 Hz), 5.60 (1H, s), 6.95 (1H, dd, J= 7.3
1.0 Hz), 7.25 (1H, dd, /= 6.8, 1.0 Hz), 7.32-7.51 (6H, m), 7.53 (1H, d, J= 7.8 Hz), 7.89 (1H, d,
J = 7.8 Hz) ppm; "C{'H} NMR (100 MHz, CDCLy): & 23.9, 34.1, 111.7, 120.9, 121.3, 124.8,
126.76, 126.82, 126.84, 127.5, 128.3, 128.6, 129.0, 135.7, 136.5, 141.2, 149.8, 153.2 ppm; IR
(ATR): 712, 766, 826, 1233, 1389, 2959, 3497 cm'; HRMS (ESI-TOF): m/z caled for C9H;7,0
(IM—H] ) 261.1274; found: 261.1277.

8-(3-(®V,N-Dimethylamino)phenyl)naphthalen-1-o0l (31) (Table 1, entry 13). 1-Naphthol
(1a) (72.1 mg, 0.50 mmol) was subjected to the intermolecular C—H arylation under condition C
for 24 h. After column chromatography (SiO,, hexane/EtOAc = 100/1-40/1), 31 (50.4 mg, 38%)
was obtained as a yellow oil. '"H NMR (400 MHz, CDCls): § 2.97 (6H, s), 5.97 (1H, s), 6.76—6.83
(3H, m), 6.91 (1H, d, J= 8.0 Hz), 7.24 (1H, dd, /= 8.0, 4.0 Hz), 7.35 (1H, t, J = 6.0), 7.46 (1H, d,
J=28.0), 742 (1H, d, J = 8.0), 7.48 (1H, d, J = 8.0 Hz), 7.84 (1H, dd, J = 8.0, 6.0 Hz) ppm,;
“C{'H} NMR (100 MHz, CDCL): § 40.3, 111.7, 112.3, 112.8, 116.8, 120.7, 121.4, 124.8, 126.8,
127.9, 128.5, 129.8, 135.6, 137.1, 142.1, 150.5, 153.4 ppm; IR (ATR): 422, 455, 492, 706, 764,
1234, 1593, 3460 cm '; HRMS (DRAT-TOF): m/z caled for CigHisNO ([M+H]") 264.1383;
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found: 264.1388.

[1,2°-Binaphthalen]-8-0l (3m) (Table 1, entry 14). 1-Naphthol (1a) (72.1 mg, 0.50 mmol)
was subjected to the intermolecular C—H arylation under condition B for 24 h. After column
chromatography (SiO,, hexane/EtOAc = 100/1) and preparative TLC (SiO,, hexane/CHCl; = 1/1),
3m (58.5 mg, 43%) was obtained as a yellow solid. 'H NMR (400 MHz, CDCls): § 5.48 (1H, s),
6.93 (1H, d, J= 7.3 Hz), 7.30 (1H, d, J = 7.3 Hz),7.39-7.46 (1H, m), 7.49 (1H, t, J = 7.6 Hz),
7.51 (1H, d, J = 8.3), 7.58-7.66 (3H, m), 7.88-7.93 (2H, m), 7.94-8.04 (3H, m) ppm; "C{'H}
NMR (100 MHz, CDCls): 6 111.8, 121.1, 121.5, 124.9, 126.8, 126.9, 127.1, 127.3, 127.9, 128.2,
128.6, 128.76, 128.83, 132.9, 133.0, 135.8, 136.2, 138.9, 153.1 ppm (One carbon signal is
overlapped.); IR (ATR): 741, 756, 818, 1260, 1325, 1580, 3530 cm '; HRMS (DART-TOF): m/z
caled for CooH; 5O ([M+H]") 271.1117; found: 271.1126.

General procedure for nonaflation. To a solution of an 8-aryl-1-naphthol in CH3CN (2.6
mL/1 mmol 8-aryl-1-naphthol) was added Et;N (3.3 equiv) at rt. After cooling to 0 °C, NfF
(1.3-6.5 equiv) was added dropwise for 1 min. The reaction mixture was allowed to warm to rt
and was then stirred for 3—13 h, after which 1 M aq. HCI was added. The mixture was extracted
with EtOAc, washed with water and brine, dried over Na,SQO,, and concentrated under vacuum.
Purification by chromatography gave the desired product.

8-Phenylnaphthalen-1-yl nonafluorobutanesulfonate (4a) (Table 2, entry 1). Naphthol
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3a (110 mg, 0.50 mmol) was subjected to the nonaflation with 1.3 equiv of NfF for 4 h. After
column chromatography twice (SiO,, hexane/EtOAc = 100/1—40/1 and hexane/EtOAc = 100/1),
4a (211 mg, 84%) was obtained as a pale yellow solid. Mp.77.7-78.5 °C; '"H NMR (400 MHz,
CDCl): 8 7.38=7.50 (8H, m), 7.60 (1H, t, J = 7.6 Hz), 7.92 (1H, dd, J = 8.3, 1.0 Hz), 7.97 (1H,
dd, J = 8.3, 1.0 Hz); "C{'H} NMR (100 MHz, CDCL): & 119.7, 124.5, 125.0, 126.5, 127.4,
127.8, 128.0, 129.6, 129.7, 132.2, 136.3, 137.4, 161.6, 146.0 ppm (The perfluorobutyl carbons
were not observed.); IR (ATR): 527, 563, 588, 696, 764, 1140, 1192 cm '; HRMS (DART-TOF):
m/z caled for CooH 2F903S ([M+H]") 503.0358; found: 503.0344.

5-Methoxy-8-phenylnaphthalen-1-yl nonafluorobutanesulfonate (4b) (Table 2, entry
2). Naphthol 3b (228 mg, 0.91 mmol) was subjected to the nonaflation with 1.3 equiv of NfF for
5 h. After column chromatography twice (SiO,, hexane/EtOAc = 50/1), 4b (475 mg, 98%) was
obtained as a yellow solid. Mp. 107.8—109.7 °C; '"H NMR (400 MHz, CDCl): & 4.07 (3H, s),
6.97 (1H, d, J = 8.3 Hz), 7.31-7.69 (8H, m), 8.49 (1H, dd, J = 7.3, 2.0 Hz ) ppm; "C{'H} NMR
(100 MHz, CDCls): 6 55.8, 104.7, 120.3, 123.5, 124.3, 125.4, 127.0, 127.7, 128.3, 129.4, 129.8,
132.3, 141.8, 145.9, 154.7 ppm (The perfluorobutyl carbons were not observed.); IR (ATR): 511,
571, 733, 766, 1020, 1140, 1194, 1425 cm '; HRMS (DART-TOF): m/z calcd for Cy1H 4F90,S
([M+H]") 533.0464; found: 533.0459.

6-Methoxy-8-phenylnaphthalen-1-yl nonafluorobutanesulfonate (4c¢) (Table 2, entry 3).
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Naphthol 3¢ (227 mg, 0.91 mmol) was subjected to the nonaflation with 1.3 equiv of NfF for 7 h.
After preparative TLC three times (SiO», hexane/EtOAc = 8/1, hexane/CH,Cl, = 1/1 twice), 4¢
(393 mg, 81%) was obtained as a pale yellow solid. Mp. 111.3-112.2 °C; '"H NMR (400 MHz,
CDCls): 6 3.97 3H, s), 7.19 (1H, d, J = 2.4 Hz), 7.23 (1H, d, J = 2.4 Hz), 7.31 (1H,d, J= 7.8
Hz), 7.39-7.52 (6H, m), 7.85 (1H, d, J = 8.3 Hz) ppm; "C{'H} NMR (100 MHz, CDCL;): & 55.4,
106.1, 117.2, 120.1, 124.5, 125.6, 127.5, 127.8, 128.3, 129.5, 138.0, 139.3, 141.2, 146.3, 157.4
ppm (The perfluorobutyl carbons were not observed.); IR (ATR): 563, 839, 1003, 1136, 1177,
1192, 1425 cm'; HRMS (DART-TOF): m/z caled for Co1H 4Fo04S ([IM+H]") 533.0464; found:
533.0487.

8-(4-Methoxyphenyl)naphthalen-1-yl nonafluorobutanesulfonate (4d) (Table 2, entry
4). Naphthol 3d (83.3 mg, 0.33 mmol) was subjected to the nonaflation with 1.3 equiv of NfF for
7 h. After preparative TLC (SiO,, hexane/EtOAc = 5/1), 4d (159 mg, 90%) was obtained as a
pale yellow solid. Mp. 115.4-116.7 °C; '"H NMR (400 MHz, CDCL;): & 3.89 (3H, s), 7.01 (2H, d,
J=8.7Hz), 7.36 (2H, d, J = 8.7 Hz), 7.43-7.56 (3H, m), 7.60 (1H, t, J = 7.8 Hz), 7.91 (1H, d, J
=7.8 Hz), 7.97 (1H, d, J = 7.8 Hz) ppm; *C{'H} NMR (100 MHz, CDCl3): & 55.3, 113.4, 119.8,
124.7, 124.9, 126.5, 127.6, 129.7, 130.8, 132.1, 134.1, 136.4, 137.2, 146.0, 159.4 ppm (The
perfluorobutyl carbons were not observed.); IR (ATR): 561, 584, 766, 820, 1136, 1180, 1242
cm '; HRMS (DART-TOF): m/z caled for CoH;4F9O04S ([M+H]") 533.0464; found: 533.0453.
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8-(4-(Trifluoromethyl)phenyl)naphthalen-1-yl nonafluorobutanesulfonate (4e) (Table
2, entry 5). Naphthol 3e (199 mg, 0.69 mmol) was subjected to the nonaflation with 1.3 equiv of
NfF for 7 h. After preparative TLC twice (SiO,, hexane/EtOAc = 8/1 twice) and column
chromatography (SiO,, hexane/CH,Cl, = 1/0—20/1), 4e (387 mg, 98%) was obtained as a pale
yellow solid. Mp. 108.1-108.9 °C; 'H NMR (400 MHz, CDCl;): § 7.48—7.60 (5H, m), 7.64 (1H, t,
J=17.6 Hz), 7.72 (2H, d, J = 8.3 Hz), 8.00 (2H, t, J = 7.3 Hz) ppm; "C{'H} NMR (100 MHz,
CDCly): & 120.1, 124.35, 124.39 (q, "Jep = 270.8 Hz), 124.8 (q, *Jer = 4.2 Hz), 125.4, 126.5,
128.7, 129.2, 129.86 (q, Jer = 23.1 Hz), 129.90, 132.0, 135.9, 136.3, 145.3, 145.4 ppm (The
perfluorobutyl carbons were not observed.); IR (ATR): 727, 764, 826, 1136, 1323, 1431 cm '
HRMS (DART-TOF): m/z calcd for Cy H;oF1205S (M) 570.0154; found: 570.0186.

8-(4-Methylphenyl)naphthalen-1-yl nonafluorobutanesulfonate (4f) (Table 2, entry 6).
Naphthol 3f (47.8 mg, 0.20 mmol) was subjected to the nonaflation with 1.3 equiv of NfF for 7 h.
After preparative TLC twice (SiO,, hexane/EtOAc = 8/1, hexane/EtOAc = 5/1), 4f (90.8 mg,
86%) was obtained as a pale yellow solid. Mp. 97.1-98.1 °C; '"H NMR (400 MHz, CDCLs): & 2.46
(3H, s), 7.28 (2H, d, /= 8.0 Hz), 7.33 (2H, d, J = 8.0 Hz), 7.44-7.57 (3H, m), 7.61 (1H, t, J= 7.6
Hz), 7.92 (1H, d, J = 7.8 Hz), 7.99 (1H, d, J = 4.0 Hz) ppm; “C{'H} NMR (100 MHz, CDCl;): &
21.1, 119.8, 124.7, 124.9, 126.5, 127.7, 128.5, 129.5, 129.6, 132.1, 136.3, 137.2, 137.5, 138.7,
146.0 ppm (The perfluorobutyl carbons were not observed.); IR (ATR): 571, 764, 814, 1136,
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1188, 1431 cm'; HRMS (DART-TOF): m/z caled for Cy1H 4Fo05S (IM+H]") 517.0514; found:
517.0502.

8-(4-Ethylphenyl)naphthalen-1-yl nonafluorobutanesulfonate (4g) (Table 2, entry 7).
Naphthol 3g (33.7 mg, 0.14 mmol) was subjected to the nonaflation with 1.3 equiv of NfF for 7 h.
After preparative TLC (SiO,, hexane/CHCl; = 2/1), 4g (67.6 mg, 94%) was obtained as a pale
yellow solid. Mp. 111.1-112.2 °C; '"H NMR (400 MHz, CDCl;): & 1.31 (3H, t, J = 7.8 Hz), 2.75
(2H, q, J= 7.8 Hz), 7.31 (4H, m), 7.47 (1H, d, /= 8.0 Hz), 7.52 (2H, t, /= 8.0 Hz), 7.60 (1H, t, J
= 8.0 Hz), 7.92 (1H, d, J = 8.3 Hz), 7.97 (1H, d, J = 7.8 Hz) ppm; "C{'H} NMR (100 MHz,
CDCl): 6 15.6, 28.7, 119.7, 124.7, 124.9, 126.5, 127.3, 127.7, 129.55, 129.57, 132.0, 136.3,
137.6, 138.9, 143.6, 145.8 ppm (The perfluorobutyl carbons were not observed.); IR (ATR): 569,
698, 725, 764, 824, 1136, 1186, 1204, 1431 cm_l; HRMS (DART-TOF): m/z caled for
CaoH 6F90;S ([M+H]") 531.0671; found: 531.0659.

8-(3-Methylphenyl)naphthalen-1-yl nonafluorobutanesulfonate (4h) (Table 2, entry 8).
Naphthol 3h (116 mg, 0.50 mmol) was subjected to the nonaflation with 2.0 equiv of NfF for 8 h.
After preparative TLC (SiO,, hexane/EtOAc = 8/1), 4h (240 mg, 94%) was obtained as a yellow
solid. Mp. 55.6-56.9 °C; 'H NMR (400 MHz, CDCl;): § 2.41 (3H, s), 7.22 (3H, m), 7.34 (1H, t, J
= 3.8, 8.0 Hz), 7.48 (3H, m), 7.56 (1H, t, J = 7.8, 8.0 Hz), 7.88 (1H, dd, J = 1.6, 8.4 Hz) , 7.92
(1H, t, J = 4.3, 4.6 Hz) ppm; “C{'H} NMR (100 MHz, CDCl3): & 21.3, 119.6, 124.6, 124.9,
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126.5, 126.7, 127.7, 127.9, 128.0, 130.0, 130.4, 132.0, 136.3, 137.4, 137.6, 141.6, 146.0 ppm
(The perfluorobutyl carbons were not observed.); IR (ATR): 569, 583, 762, 1126, 1140, 1192,
1425 c¢m'; HRMS (DART-TOF): m/z caled for CyH4 FoO3S ([M+H]") 517.0514; found:
517.0498.

8-(3-Methoxyphenyl)naphthalen-1-yl nonafluorobutanesulfonate (4i) (Table 2, entry
9). Naphthol 3i (71.0 mg, 0.28 mmol) was subjected to the nonaflation with 6.5 equiv of NfF for
6 h. After preparative TLC (SiO,, hexane/EtOAc = 8/1), 4i (129 mg, 86%) was obtained as a
yellow solid. Mp. 67.8—69.4 °C; '"H NMR (400 MHz, CDCl;): § 3.84 (3H, s), 6.95-6.99 (3H, m),
7.35 (1H, t, J = 8.0 Hz), 7.46-7.52 (3H, m), 7.59 (1H, t, J=8.0 Hz ), 7.82 (1H, d, /= 8.0 Hz) ,
7.97 (1H, d, J = 4.0 Hz) ppm; "C{'H} NMR (100 MHz, CDCL): & 55.3, 113.0, 115.6, 119.7,
122.3, 124.5, 125.0, 126.5, 128.1, 128.8, 129.6, 131.9, 136.2, 137.2, 142.9, 145.9, 159.2 ppm
(The perfluorobutyl carbons were not observed.); IR (ATR): 573, 586, 698, 727, 766, 1140, 1192,
1422 cm™'; HRMS (ESI-TOF): m/z caled for CoH;4F904S ([M+H]") 533.0464; found: 533.0495.

8-(3-(Trifluoromethyl)phenyl)naphthalen-1-yl nonafluorobutanesulfonate (4j) (Table
2, entry 10). Naphthol 3j (236 mg, 0.82 mmol) was subjected to the nonaflation with 2.0 equiv of
NfF for 6 h. After preparative TLC (Si0,, hexane/EtOAc = 10/1), 4j (433 mg, 93%) was obtained
as a colorless oil. '"H NMR (400 MHz, CDCls): & 7.49-7.65 (6H, m), 7.71 (2H, s), 8.00 (2H, t, J
= 8.0 Hz) ppm; "C{'H} NMR (100 MHz, CDCls): & 120.0, 124.2 (q, *Jcr = 3.3 Hz), 124.27 (q,
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"Jer = 270.8 Hz), 124.29, 125.4, 126.5, 128.4, 128.7, 129.7, 130.3 (q, *Jer = 32.1 Hz), 132.2,
132.8, 135.7, 136.3, 142.5, 145.5 ppm (One aromatic carbon signal is overlapped. The
perfluorobutyl carbons were not observed.); IR (ATR): 586, 762, 827, 1009, 1125, 1198, 1331
cm '; HRMS (DART-TOF): m/z caled for Co H;oF1205S (M) 570.0154; found: 570.0144.

8-(3-Isopropylphenyl)naphthalen-1-yl nonafluorobutanesulfonate (4k) (Table 2, entry
11). Naphthol 3k (57.0 mg, 0.22 mmol) was subjected to the nonaflation with 2.0 equiv of NfF
for 8 h. After preparative TLC (SiO,, hexane/EtOAc = 10/1), 4k (106 mg, 89%) was obtained as
a yellow oil. "H NMR (400 MHz, CDCls): § 1.30 (3H, d, J = 1.3 Hz), 1.32 (3H, d, J = 2.4 Hz),
2.95 (1H, spt, J= 6.8 Hz), 7.23 (1H, dd, J= 1.6, 1.8 Hz), 7.27 (2H, dd, J= 1.6, 7.0 Hz), 7.37 (1H,
d, J = 8.0 Hz), 7.40—7.55 (3H, m), 7.58 (1H, t, J= 7.6, 7.8 Hz) , 7.89 (1H, dd, J = 1.6, 8.4 Hz),
7.94 (1H, dd, J = 1.2, 8.0 Hz) ppm; "C{'H} NMR (100 MHz, CDCLs):  23.8, 24.0, 34.2, 119.7,
124.6, 124.9, 125.5, 126.5, 127.1, 127.7, 127.8, 128.0, 129.6, 132.0, 136.3, 137.8, 141.5, 146.1,
148.3 ppm (The perfluorobutyl carbons were not observed.); IR (ATR): 584, 764, 826, 1009,
1142, 1196, 1227, 2963 cm'; HRMS (DART-TOF): m/z caled for C,3H;gFe03S ([M+H]")
545.0827; found: 545.0810.

8-(3-(V,N-Dimethylamino)phenyl)naphthalen-1-yl nonafluorobutanesulfonate (41)
(Table 2, entry 12). Naphthol 31 (83.4 mg, 0.32 mmol) was subjected to the nonaflation with 3.0
equiv of NfF for 13 h. After preparative TLC (SiO,, hexane/EtOAc = 4/1), 41 (167 mg, 97%) was
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obtained as a yellow oil. "H NMR (400 MHz, CDCLs): & 2.95 (6H, s), 6.75 (1H, d, J = 8.0 Hz),
6.80 (2H, dd, J = 8.0, 1.2 Hz), 7.28 (1H, t, J = 8.0 Hz), 7.43-7.58 (4H, m), 7.88 (1H, dd, J = 8.0,
4.0 Hz), 7.93 (1H, dd, J = 8.0, 4.0 Hz) ppm; "C{'H} NMR (100 MHz, CDCl): § 40.8, 112.1,
114.7, 118.7, 119.5, 124.7, 124.8, 126.5, 127.7, 128.4, 129.5, 131.8, 136.3, 138.3, 142.4, 146.1,
150.5 ppm (The perfluorobutyl carbons were not observed.); IR (ATR): 571, 584, 698, 826, 1011,
1142, 1196 cm™'; HRMS (DART-TOF): m/z caled for Co,H,7FoNO;S ([M+H]") 546.0780; found:
546.0784.

[1,2°-Binaphthalen]-8-yl nonafluorobutanesulfonate (4m) (Table 2, entry 13). Naphthol
3m (37.0 mg, 0.14 mmol) was subjected to the nonaflation with 3.0 equiv of NfF for 4 h. After
preparative TLC (SiO,, hexane/EtOAc = 4/1), 4m (61.5 mg, 81%) was obtained as a pale yellow
solid. Mp. 120.1-121.4 °C; 'H NMR (400 MHz, CDCl;): & 7.43—7.54 (5H, m), 7.56 (1H, dd, J =
7.0, 1.2 Hz), 7.61 (1H, t, /= 8.0 Hz), 7.86—7.90 (4H, m), 7.93 (1H, dd, /= 8.2, 1.2 Hz), 7.97 (1H,
dd, J= 8.0, 1.2 Hz) ppm; C{'H} NMR (100 MHz, CDCl;): & 119.8, 124.7, 125.1, 125.9, 126.1,
126.6, 127.2, 127.6, 127.1, 128.0, 128.1, 128.4, 129.6, 132.4, 132.7, 133.3, 136.3, 137.4, 139.2,
145.9 ppm (The perfluorobutyl carbons were not observed.); IR (ATR): 584, 725, 746, 764, 822,
1138, 1188, 1429 cm'; HRMS (ESI-TOF): m/z caled for CosH2F903S ([M—H]") 551.0369;
found: 551.0343.

General procedure for intramolecular C—-H arylation. A suspension of an
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8-aryl-1-naphthyl nonaflate, Pd,(dba); (5 mol %), SPhos (12 mol %), KsPO4 (4.0 equiv), and
1-AdCO>H (2.0 equiv) in DMA (4.0 mL/1 mmol 8-aryl-1-naphthyl nonaflate) was heated at
110 °C for 24 h. After cooling to rt, 1 M aq. HCl was added. The mixture was extracted with
EtOAc three times, and the combined organic phases were washed with water and brine, dried
over Na,SOs, and concentrated under vacuum. Purification by chromatography gave the desired
product.

Fluoranthene (5a)" (Table 3, entry 2). Nonaflate 4a (50.2 mg, 0.10 mmol) was subjected
to the intramolecular C—H arylation. After preparative TLC (SiO,, hexane/EtOAc = 10/1), Sa
(19.9 mg, 98%) was obtained as a white solid. '"H NMR (400 MHz, CDCl3): & 7.37 (2H, dd, J
=5.2, 2.8 Hz), 7.62 (2H, t, J =8.4 Hz), 7.83 (2H, d, J =8.4 Hz), 7.89-7.94 (4H, m) ppm; *C{'H}
NMR (100 MHz, CDCls): 120.0, 121.5, 126.6, 127.5, 127.9, 130.0, 132.4, 136.9, 139.4 ppm.

8-Methylfluoranthene (5b)*° (Table 3, entry 3 and Table 4, entry 5). Nonaflate 4h (103
mg, 0.20 mmol) was subjected to the intramolecular C—H arylation. After preparative TLC three
times (SiO,, hexane/EtOAc = 10/1, three times), methylfluoranthenes (39.3 mg, 91%) were
obtained as an orange solid. The ratio of 5b to 6a was determined by 'H NMR to be 50:1.
Alternatively, nonaflate 4f (58.0 mg, 0.11 mmol) was subjected to the intramolecular C—H
arylation. After preparative TLC (SiO,, hexane/EtOAc = 10/1), 5b (20.5 mg, 84%) was obtained
as a yellow solid. 5b:* "H NMR (400 MHz, CDCls): & 2.49 (3H, s), 7.18 (1H, dd, J = 8.0, 8.4
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Hz), 7.60 (1H, dd, J=2.8, 6.2 Hz), 7.62 (1H, t, J= 2.8, 6.2 Hz), 7.73 (1H, s), 7.80 (3H, m), 7.88
(1H, d, J = 2.8 Hz), 7.90 (1H, d, J = 2.8 Hz) ppm; "C{'H} NMR (100 MHz, CDCl;): & 21.8,
119.5, 119.8, 121.2, 122.3, 126.1, 126.5, 127.85, 127.93, 128.3, 130.0, 132.6, 136.9, 137.07,
137.08, 137.5, 139.7 ppm. 6a:* 'H NMR (400 MHz, CDCls): § 2.78 (3H, s), 7.19 (1H, d, J="7.6
Hz), 7.29 (1H, t, J = 7.6 Hz), 7.52-7.54 (2H, m), 7.62-7.72 (2H, m), 7.80 (1H, d, J = 7.2 Hz),
7.85(1H, dd, J=3.2,8.4 Hz), 7.96 (1H, d, J= 6.8 Hz), 8.00 (1H, d, J= 6.8 Hz) ppm.
3-Methoxyfluoranthene (5c) (Table 4, entry 1). Nonaflate 4b (347 mg, 0.65 mmol) was
subjected to the intramolecular C—H arylation. After column chromatography (SiO,,
hexane/CHCI; = 20/1-10/1) and preparative TLC (SiO,, hexane/CHCl; = 1/1), 5¢ (138 mg, 91%)
was obtained as a yellow solid. '"H NMR (400 MHz, CDCls): & 4.06 (3H, s), 6.88 (1H, d, J = 7.8
Hz), 7.30-7.44 (2H, m), 7.64 (1H, dd, J = 8.1, 7.1 Hz), 7.80-7.88 (2H, m), 7.92 (1H, d, J = 6.8
Hz), 7.98 (1H, d, J = 6.8 Hz), 8.13 (1H, d, J = 8.3 Hz) ppm; C{'H} NMR (100 MHz, CDCl;): &
55.8, 105.6, 120.4, 120.6, 121.1, 121.4, 121.7, 122.7, 126.2, 126.9, 127.4, 129.4, 133.7, 136.3,
139., 139.3, 157.0 ppm; IR (ATR): 748, 756, 775, 1069, 1150, 1238, 1422 cm '; HRMS
(DART-TOF): m/z caled for Ci7H,30 ([M+H]") 233.0961; found: 233.0976.
2-Methoxyfluoranthene (5d) (Table 4, entry 2). Nonaflate 4¢ (107 mg, 0.20 mmol) was
subjected to the intramolecular C—H arylation. After preparative TLC (SiO,, hexane/EtOAc =
8/1), 5d (41.5 mg, 89%) was obtained as a yellow solid. Mp. 75.3—76.4 °C; 'H NMR (400 MHz,
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CDCl3): 6 4.00 (3H, s), 7.16 (1H, s), 7.36—7.44 (2H, m), 7.57-7.66 (2H, m), 7.74 (1H,d, J= 7.8
Hz), 7.81 (1H, d, J = 6.8 Hz), 7.90 (2H, d, J = 6.8 Hz) ppm; >C{'H} NMR (100 MHz, CDCl;): &
55.8,104.7, 113.1, 117.8, 121.4, 121.75, 125.6, 127.4, 127.9, 128.3, 128.5, 130.5, 136.6, 138.3,
138.8, 140.4, 160.5 ppm; IR (ATR): 509, 615, 723, 741, 773, 835, 1032, 1466 cm '; HRMS
(DART-TOF): m/z caled for Ci7H,30 ([M+H]") 233.0961; found: 233.0969.

8-Methoxyfluoranthene (5e) (Table 4, entries 3 and 7). Nonaflate 4d (97.3 mg, 0.18
mmol) was subjected to the intramolecular C—H arylation. After preparative TLC (SiO,,
hexane/EtOAc = 8/1), 5e (30.9 mg, 73%) was obtained as a yellow solid. Alternatively, nonaflate
4i (107 mg, 0.20 mmol) was subjected to the intramolecular C—H arylation. After preparative
TLC (S10,, hexane/EtOAc = 5/1), Se (42.7 mg, 92%, >99:1) was obtained as a yellow solid. Mp.
120.2—-122.3 °C; '"H NMR (400 MHz, CDCl;): § 3.91 (3H, s), 6.89 (1H, dd, J = 8.0, 4.0 Hz), 7.45
(1H, d, J = 4.0 Hz), 7.55-7.61 (2H, m), 7.86 (2H, t, J = 8.0 Hz), 7.80 (2H, t, J = 8.0 Hz), 7.89
(1H, d, J = 4.0 Hz) ppm; "C{'H} NMR (100 MHz, CDCl): § 55.6, 107.7, 112.8, 119.0, 119.9,
122.2, 125.4, 126.9, 127.7, 128.0, 130.0, 132.5, 132.9, 136.8, 137.0, 141.3, 160.0 ppm; IR
(ATR): 546, 596, 623, 772, 816, 1024, 1223 cm'; HRMS (DART-TOF): m/z calcd for C7H,;30
([IM+H]") 233.0961; found: 233.0976.

8-(Trifluoromethyl)fluoranthene (5f) (Table 4, entries 4 and 8). Nonaflate 4e (114 mg,
0.20 mmol) was subjected to the intramolecular C—H arylation. After preparative TLC (SiO,,
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hexane/EtOAc = 10/1), 5f (52.9 mg, 98%) was obtained as a pale yellow solid. Alternatively,
nonaflate 4j (104 mg, 0.18 mmol) was subjected to the intramolecular C—H arylation. After
preparative TLC (SiO,, hexane/EtOAc = 10/1), 5f (39.3 mg, 80%, >99:1) was obtained as a pale
yellow solid. Mp. 64.2-65.5 °C; '"H NMR (400 MHz, CDCl;): § 7.60—7.73 (3H, m), 7.90 (1H, d,
J=8.0Hz),7.92 (1H, d, J= 8.0 Hz), 7.94 (1H, d, J= 8.0 Hz), 7.96 (1H, d, J = 8.0 Hz), 7.98 (1H,
d, J= 8.0 Hz), 8.12 (1H, s) ppm; "C{'H} NMR (100 MHz, CDCLs): § 118.2 (q, *Jcr = 4.1 Hz),
120.8, 121.2, 121.3, 123.3, 124.4 (q, *Jcr = 4.1 Hz), 125.7, 127.4, 127.7, 128.0, 128.1, 129.3 (q,
“Jer = 32.2 Hz), 129.5 (q, 'Jer = 275.3 Hz), 135.5, 139.6, 142.26, 142.28 ppm; IR (ATR): 775,
818, 1055, 1099, 1109, 1263, 1323 cm'; HRMS (DART-TOF): m/z calcd for C17H,oF3 ((M+H]")
271.0729; found: 271.0726.

8-Ethylfluoranthene (5g) (Table 4, entry 6). Nonaflate 4g (67.2 mg, 0.13 mmol) was
subjected to the intramolecular C—H arylation. After preparative TLC (SiO,, hexane/EtOAc =
10/1 and then hexane/CHCIl; = 2/1), 5g (23.0 mg, 79%) was obtained as a yellow solid. Mp.
38.3-39.1 °C; '"H NMR (400 MHz, CDCLy): 8 1.37 (3H, t, J = 7.6 Hz), 2.82 (2H, q, J = 7.8 Hz),
7.21-7.29 (1H, m), 7.64 (2H, td, J= 7.6, 4.4 Hz), 7.78 (1H, s), 7.84 (4H, td, J = 7.8, 3.9 Hz), 7.93
(3H, dd, J = 14.2, 6.8 Hz) ppm; "C{'H} NMR (100 MHz, CDCl;): § 15.9, 29.2, 119.5, 119.8,
121.1, 121.3, 126.1, 126.5, 127.2, 127.8, 127.9, 130.0, 132.7, 137.09, 137.12, 137.14, 139.8,
144.0 ppm; IR (ATR): 704, 754, 1022, 1161, 1171, 1356 cm™'; HRMS (DART-TOF): m/z calcd
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for C1sH;s ((M+H]") 231.1168; found: 231.1181.

8-Isopropylfluoranthene (5h) (Table 4, entry 9). Nonaflate 4k (100 mg, 0.18 mmol) was
subjected to the intramolecular C—H arylation. After preparative TLC (SiO,, hexane/EtOAc =
10/1) and then gel permeation chromatography (JAIGEL-1H and 2H, Japan Analytical Industry,
CHCLs), 5h (31.4 mg, 70%, >99:1) was obtained as a yellow oil. '"H NMR (400 MHz, CDCl;): &
1.36 (6H, d, J= 7.3 Hz), 3.05 (1H, sep, J = 6.8 Hz), 7.23 (1H, d, /= 6.4 Hz), 7.62 (1H, d, J = 8.0
Hz), 7.64 (1H, d, J = 4.0 Hz), 7.66 (1H, d, J = 4.0 Hz), 7.82 (2H, d, J = 8.0 Hz), 7.85 (1H, s),
7.88 (1H, d, J= 6.8 Hz), 7.93 (1H, d, J = 6.8 Hz) ppm; "C{'H} NMR (100 MHz, CDCl;): & 24.2,
34.5, 119.55, 119.62, 119.8, 121.3, 125.9, 126.1, 126.5, 127.8, 127.9, 130.0, 132.7, 137.1, 137.2,
137.3, 139.7, 148.7 ppm; IR (ATR): 606, 772, 814, 1427, 1456, 2957, 3042 cm '; HRMS
(DART-TOF): m/z caled for CioH,7 ((M+H]") 245.1325; found: 245.1339.

8-(/V,N-Dimethylamino)fluoranthene (5i) (Table 4, entry 10). Nonaflate 41 (103 mg, 0.19
mmol) was subjected to the intramolecular C—H arylation. After preparative TLC three times
(S10,, hexane/EtOAc = 8/1, 8/1, 4/1), 5i (38.7 mg, 81%, >99:1) was obtained as an orange solid.
Mp. 94.4-96.8 °C; '"H NMR (400 MHz, CDCls): & 3.10 (6H, s), 6.73 (1H, dd, J = 8.0, 4.0 Hz),
7.33 (1H, d, J = 4.0 Hz), 7.53-7.61 (2H, m), 7.68 (1H, d, J = 8.0 Hz), 7.73 (1H, d, J = 2.4 Hz),
7.75 (1H, d, J = 4.4 Hz), 7.79 (1H, d, J = 8.0 Hz), 7.90 (1H, d, J = 4.0 Hz) ppm; "C{'H} NMR
(100 MHz, CDCls): 6 41.0, 106.1, 111.4, 117.9, 119.3, 122.2, 124.4, 126.5, 127.6, 128.1, 128.4,
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130.0, 133.0, 137.6, 137.8, 141.1, 150.8 ppm; IR (ATR): 567, 596, 623, 768, 802, 1092, 1179,
1607 cm '; HRMS (DART-TOF): m/z caled for CsH ¢N ([M+H]") 246.1277; found: 246.1287.
Benzo[Kk]fluoranthene (5j)'° (Table 4, entry 11). Nonaflate 4m (59.6 mg, 0.11 mmol) was
subjected to the intramolecular C—H arylation. After preparative TLC (SiO,, hexane/EtOAc =
10/1, hexane/CH,Cl, = 2/1) and then gel permeation chromatography (JAIGEL-1H and 2H,
Japan Analytical Industry, CHCIs), 5j (7.0 mg, 26%) was obtained as a pale yellow solid, and 6b
(2.1 mg, 8%) was obtained as an yellow solid. 5j:'° '"H NMR (400 MHz, CDCls): & 7.49 (2H, dd,
J=16.6,2.8 Hz), 7.67 (2H, dd, J = 7.8, 6.8 Hz), 7.84 (2H, d, J = 3.6 Hz), 7.94 (2H, dd, J = 6.0,
3.2 Hz), 8.01 (2H, d, J = 6.8 Hz), 8.31 (2H, s) ppm; >C{'H} NMR (100 MHz, CDCls): & 119.2,
120.2, 126.0, 126.2, 128.2, 128.7, 130.5, 133.5, 135.3, 136.9, 137.8 ppm. 6b:'" "H NMR (400
MHz, CDCl;): 6 2.78 (3H, s), 7.19 (1H, d, J = 7.6 Hz), 7.29 (1H, t, J = 7.6 Hz), 7.52-7.54 (2H,
m), 7.62-7.72 (2H, m), 7.80 (1H, d, J= 7.2 Hz), 7.85 (1H, dd, J = 3.2, 8.4 Hz), 7.96 (1H, d, J =

6.8 Hz), 8.00 (1H, d, J = 6.8 Hz) ppm.

AUTHOR INFORMATION:
Corresponding Author
E-mail: manabe@u-shizuoka-ken.ac.jp

34

ACS Paragon Plus Environment



Page 35 of 40 The Journal of Organic Chemistry

©CoO~NOUTA,WNPE

Notes

The authors declare no competing financial interest.

ACKNOWLEDGMENT

This work was partly supported by the Platform Project for Supporting in Drug Discovery and
Life Science Research (Platform for Drug Discovery, Informatics, and Structural Life Science)
from the Ministry of Education, Culture, Sports, Science and Technology (MEXT) and Japan

Agency for Medical Research and development (AMED).

SUPPORTING INFORMATION: 'H- and "C-NMR spectra. This material is available free of

charge via the Internet at http://pubs.acs.org.

REFERENCES AND NOTES:

(1) Harvey, R. G. Polycyclic Aromatic Hydrocarbons: Chemistry and Carcinogenicity;

Cambridge University Press: Cambridge, UK, 1991.

(2) Fetzer, J. C. Large (C> = 24) Polycyclic Aromatic Hydrocarbons: Chemistry and

Analysis; John Wiley & Sons, Inc.: New York, 2000.

3) Wu, J.; Pisula, W.; Miillen, K. Chem. Rev. 2007, 107, 718.

35

ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

4

)

(6)

(7

®)

©)

(10)

(1)

(12)

(13)

(14)

(15)

The Journal of Organic Chemistry Page 36 of 40

Chen, L.; Hernandez, Y.; Feng, X.; Miillen, K. Angew. Chem. Int. Ed. 2012, 51,

7640.

Plunkett, K. N. Synlett 2013, 24, 898.

Shanmugaraju, S.; Mukherjee, P. S. Chem. Commun. 2015, 51, 16014.

Yan, Q.; Zhou, Y.; Ni, B.-B.; Ma, Y.; Wang, J.; Pei, J.; Cao, Y. J. Org. Chem. 2008,

73, 5328.

Wu, T.-C.; Chen, M.-K.; Lee, Y.-W.; Kuo, M.-Y.; Wu, Y.- T. Angew. Chem. Int. Ed.

2013, 52, 1289.

Chen, M.-K.; Hsin, H.-J.; Wu, T.-C.; Kang, B.-Y.; Lee, Y.-W.; Kuo, M.-Y.; Wu,

Y.-T. Chem. Eur. J. 2014, 20, 598.

Rice, J. E.; Cai, Z. W. J. Org. Chem. 1993, 58, 1415.

Rice, J. E.; Cai, Z.-W.; He, Z.-M.; LaVoie, E. J. J. Org. Chem. 1995, 60, 8101.

Wegner, H. A.; Scott, L. T.; de Meijere, A. J. Org. Chem. 2003, 68, 883.

Scott, J. L.; Parkin, S. R.; Anthony, J. E. Synlett 2004, 2004, 161.

Wegner, H. A.; Reisch, H.; Rauch, K.; Demeter, A.; Zachariasse, K. A.; de Meijere,

A; Scott, L. T. J. Org. Chem. 2006, 71, 9080.

Allemann, O.; Duttwyler, S.; Romanato, P.; Baldridge, K. K.; Siegel, J. S. Science

2011, 332, 574.

36

ACS Paragon Plus Environment



Page 37 of 40

©CoO~NOUTA,WNPE

(16)

(17)

(18)

(19)

(20)

1)

(22)

(23)

(24)

(25)

(26)

(27)

(28)

(29)

The Journal of Organic Chemistry

Xu, S.; Chen, K.; Chen, H.; Yao, J.; Zhu, X. Chem. Eur. J. 2014, 20, 16442.

Geary, L. M.; Chen, T.-Y.; Montgomery, T. P.; Krische, M. J. J. Am. Chem. Soc.
2014, 136, 5920.

Alberico, D.; Scott, M. E.; Lautens, M. Chem. Rev. 2007, 107, 174.

Ackermann, L.; Vicente, R.; Kapdi, A. R. Angew. Chem. Int. Ed. 2009, 48, 9792.
Burke, A. J.; Marques, C. S. Catalytic Arylation Methods; Wiley-VCH Verlag GmbH
& Co.: Weinheim, 2015; Chapter 4.

Echavarren, A. M.; Gémez-Lor, B.; Gonzalez, J. J.; de Frutos, O. Synlett 2003, 585.
Segawa, Y.; Maekawa, T.; Itami, K. Angew. Chem. Int. Ed. 2015, 54, 66.

Satoh, T.; Kawamura, Y.; Miura, M.; Nomura, M. Angew. Chem. Int. Ed. 1997, 36,
1740.

Satoh, T.; Inoh, J.-i.; Kawamura, Y.; Kawamura, Y.; Miura, M.; Nomura, M. Bull.
Chem. Soc. Jpn. 1998, 71, 2239.

Hogermeier, J.; Reissig, H.-U. Adv. Synth. Catal. 2009, 351, 2747.

Han, X.; Stoltz, B. M.; Corey, E. J. J. Am. Chem. Soc. 1999, 121, 7600.

Ikawa, T.; Nishiyama, T.; Nosaki, T.; Takagi, A.; Akai, S. Org. Lett. 2011, 13, 1730.
Pascual, S.; de Mendoza, P.; Echavarren, A. M. Org. Biomol. Chem. 2007, 5, 2727.
Liu, Z.; Larock, R. C. J. Org. Chem. 2007, 72, 223.

37

ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

(30)

(1)

(32)

(33)

(34)

(35)

(36)

(37)

(38)

The Journal of Organic Chemistry Page 38 of 40

For 3-step synthesis of tetrahydrofluoranthene motifs: Martin, S. E.; Streeter, M. D.;

Jones, L. L.; Klepfer, M. S.; Atmatzidis, K.; Wille, K. D.; Harrison, S. A.; Hoegg, E.

D.; Sheridan, H. M.; Kramer, S.; Parrish, D. A.; Amick, A. W. J. Org. Chem. 2014,

79, 8324.

Miura et al. reported that the use of PPh; as a ligand resulted in poor yield (<5%). See

ref. 24.

In reference 24, Miura et al. isolated the arylated 1-naphthols as the corresponding

acetates after treatment with acetic anhydride in pyridine to improve the yields. On

the other hand, we did not acetylate the naphthols throughout this work to avoid the

two further steps (acetylation and hydrolysis).

Barder, T. E.; Walker, S. D.; Martinelli, J. R.; Buchwald, S. L. J. Am. Chem. Soc.

2005, 127, 4685.

Lafrance, M.; Fagnou, K. J. Am. Chem. Soc. 2006, 128, 16496.

Lafrance, M.; Lapointe, D.; Fagnou, K. Tetrahedron 2008, 64, 6015.

Ackermann, L. Chem. Rev. 2011, 111, 1315.

Ackermann, L.; Novék, P.; Vicente, R.; Hofmann, N. Angew. Chem. Int. Ed. 2009, 48,

6045.

Noviak, P.; Correa, A.; Gallardo-Donaire, J.; Martin, R. Angew. Chem. Int. Ed. 2011,

38

ACS Paragon Plus Environment



Page 39 of 40

©CoO~NOUTA,WNPE

(39)

(40)

(41)

(42)

(43)

(44)

(45)

(46)

(47)

(48)

The Journal of Organic Chemistry

50, 12236.

Hennings, D. D.; Iwasa, S.; Rawal, V. H. J. Org. Chem. 1997, 62, 2.

Grigg, R.; Savic, V.; Tambyrajah, V. Tetrahedron Lett. 2000, 41, 3003.

Campeau, L.-C.; Parisien, M.; Jean, A.; Fagnou, K. J. Am. Chem. Soc. 2005, 128,

581.

Cacchi, S.; Fabrizi, G.; Goggiamani, A.; lazzetti, A. Org. Biomol. Chem. 2012, 10,

9142.

Chang, N.-h.; Chen, X.-c.; Nonobe, H.; Okuda, Y.; Mori, H.; Nakajima, K.; Nishihara,

Y. Org. Lett. 2013, 15, 3558.

Iwasaki, M.; lino, S.; Nishihara, Y. Org. Lett. 2013, 15, 5326.

Matsukihira, T.; Saga, S.; Horino, Y.; Abe, H. Heterocycles 2014, 89, 59.

Kulkarni, S. A.; Madan, S.; Jana, N. K.; Tale, P. V.; Cheemala, N. M.; Mahangare, S.

J.; Vidhate, P. P.; Kulkarni, C. P.; Patel, S. S.; Patil, A. D.; Shinde, R. M.; Palle, V.

P.; Kamboj, R. K. WO2012090177A2, 2012.

Kumar, S.; Saravanan, S.; Reuben, P.; Kumar, A. J. Heterocycl. Chem. 2005, 42,

1345.

Manitto, P.; Speranza, G.; Monti, D.; Fontana, G.; Panosetti, E. Tetrahedron 1995, 51,

11531.

39

ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

(49)

The Journal of Organic Chemistry

Amin, S.; Bedenko, V.; LaVoie, E.; Hecht, S. S.; Hoffmann, D. J. Org. Chem. 1981,

46, 2573.

40

ACS Paragon Plus Environment

Page 40 of 40



