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研究成果の概要（和文）：置換基間反発を利用することにより、芳香族化合物の非電子的な活性化を検討した。
8位にアルキル基が置換した1-メチルキノリニウム塩を合成し、8位のアルキル基を嵩高くするに従ってどの程度
骨格が歪むかを、理論的および実験的アプローチにより検証するとともに、それに伴って反応性が高くなること
も明らかにした。
さらに同程度の嵩高さを有するハロゲン原子が置換したナフタレンについても同様の検討を行ない、ハロゲン間
の反発により骨格が歪むとともにハロゲンダンスやホモカップリングなどの反応が進行することを明らかにし
た。

研究成果の概要（英文）：The non-electronic activation of aromatic compounds by steric repulsion 
between peri-substituents. 1-Methylquinolinium salts with an alkyl group substituted at the 
8-position were synthesized, and it was confirmed that the quinoline  framework is distorted as the 
8-alkyl group became bulkier by theoretical and experimental approaches. It was also found that  the
 reactivity increases with increasing the bulk of the 8-alkyl group.
The similar study was also carried out for naphthalenes substituted with halogen atoms at the 1- and
 8-positions. It was found that the skeleton is distorted by steric repulsion between halogens, and 
that reactions such as halogen dance and homo coupling proceed.

研究分野： 有機合成化学

キーワード： 置換基間反発　キノリン環　ナフタレン　非対称化　芳香族性　環歪み
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研究成果の学術的意義や社会的意義
芳香族化合物は材料科学など多くの分野で幅広く用いられているが、その骨格修飾法は意外と少なく、いくつか
の反応様式に分類されている。本研究では置換基間反発により、芳香環の活性化を達成しており、新たな方法論
を提供したという点でその意義は大きい。置換基が嵩高くなるにつれて、骨格の歪みが大きくなり、それに伴っ
て反応性が向上することを系統的な検討により明らかにした。こうして得られた知見は当該分野の研究者にとっ
て有用な情報になる。また、対称なナフタレン骨格を簡便な操作で非対称化することができ、従来法では入手が
困難であった骨格が容易に得られることから合成化学的な有用性も高い。

※科研費による研究は、研究者の自覚と責任において実施するものです。そのため、研究の実施や研究成果の公表等に
ついては、国の要請等に基づくものではなく、その研究成果に関する見解や責任は、研究者個人に帰属します。
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１．研究開始当初の背景 
芳香族化合物は医・農薬、光学・電子材料などの基本骨格であり、その重要性は増大の一途を辿

っている。それに伴い数多くの骨格修飾法が開発されてきたが、反応性に乏しい芳香環を修飾す

る方法論の種類は少ない。その多くは電子供与基や求引基によって電子状態を変化させること

による活性化、炭素―ハロゲン結合と遷移金属触媒を利用した官能基化、あるいはベンザイン中

間体を経由した脱離―付加反応が大部分を占める。言い換えると、それ以外の手法で芳香環を活

性化する方法論がほとんどないことを意味している。 

 一方、芳香環の平面性を乱すことにより、π共役系の重なりを弱め芳香族性が崩れ興味深い物

性を示すという現象は、シクロファン、サーキュレン、ヘリセンなどの例を挙げるまでもなく、

構造有機化学の分野で古くから盛んに研究されてきた。しかしながら、これらの基質を合成する

ことは困難であるがために導入できる置換基にも制限があることから、簡便な骨格修飾法とし

ての利用には至っていない。一方、芳香環に適度なストレスを与え、平面性を低下させさえすれ

ば、高度に湾曲させなくても十分に活性化できると考えられるが、このアプローチについては全

く検討がなされていない。 

 
２．研究の目的 
本研究では、単純な置換基の立体反発のみによって芳香環を活性化できることを明らかにし、

非電子的な活性化が可能であることを証明する。また、キノリン環のように分極した骨格だけで

なく、炭化水素であるナフタレン環にも本手法を応用し、汎用的な合成法の確立を目指す。 

  
３．研究の方法 
 1位と 8位にアルキル基を導入したキノリニウムイオンを用いて、8位の置換基の嵩高さを調

整することにより、環骨格に生じる歪みを測定し、理論的に求めた値との比較を行なう。また、

実際に反応基質として用い、8位のアルキル基の嵩高さと反応性の相関について理論的および実

験的という 2 つのアプローチから明らかにする。 

 本手法をナフタレン環にも応用する。1,8-ジメチルナフタレンのメチル基にブロモ基を順次加

えていき、嵩高さと環歪みおよび反応性との相関について調べる。さらに 1,8位にヨード基が直

接置換した基質を用いて、合成化学的に有用な骨格への誘導を図る。 

 

４．研究成果 

まず、Skraup 合成により 8 位にアルキル基が置換したキノリン環を構築した後、N-メチル化

して対応するキノリニウム塩を合成した。この骨格を利用することの利点は、環骨格を構築する

際に原料を替えるのみで 8 位のアルキル基の嵩高さを調整することができる。X 線結晶構造解

析を行なったところ、8位の置換基が嵩高くなるにつれて置換基間反発が増大しており、事前に

DFT計算で予測したよりも環骨格が大きく歪んでいることを明らかにした。また、NMR スペク

トルのケミカルシフトから芳香族性が低下しており、嵩高いアルキル基を導入したことによっ

て HOMO のエネルギー準位が高くなる様子を UV スペクトルにより確認した。 



 
 

8位の置換基の嵩高さと反応性の相関を調べるために、トリアセトキシ水素化ホウ素ナトリウ

ムとの反応を評価方法として用いた。その結果、8位の置換基が嵩高くなるにつれて、反応速度

が速くなる様子を観察したものの、速度定数を算出するには至らなかった。この問題は、基質間

の競争反応を用いることにより解決することができ、tert-ブチル基が置換した基質が無置換の基

質に比べて訳 30倍の高い反応性を示すことを明らかにした。 

 

 

次にアルキル基の代わりに同程度の嵩高さを有するヨード基やブロモ基を導入したナフタレ

ンを基質に用いた。peri 位に置換基を有する基質（1,8体）と、その比較対象として、同様の電

子状態を有しているものの置換基間反発を持たない基質（1,5 体）を同条件で反応させ、その違

いを評価した。その結果、後者では全く反応しない条件下でも前者は容易に反応することを明ら

かにし、ヨウ素間の立体反発が反応性を高めていることを確認した。すなわち、ハロゲンが異な

った位置に転位するハロゲンダンス反応が進行し、従来法では合成が困難な骨格を容易に得る

ことに成功した。また、本手法により対称なナフタレン環を非対称化する方法であることから合

成化学的に有用である。また、ヨウ素が置換した基質の場合、反応条件を選べば、ヨードナフタ

レンがホモカップリングすることも見出した。 

 

ited an up-field shift with over 1 ppm difference between 2b
and 2f. It should be noted that the results might be within errors
of the DFT calculation. Nevertheless, the tendency of the up-
field shift is compatible with the observed tendency for signals
of N-methyl and protons at the 2- and 4-positions in the
1HNMR (Figure 4).

In consideration of distorted structures, quinolinium salts
possessing a bulkier group should exhibit higher reactivity. In
order to establish an evaluation method of reactivities differing

by the bulkiness of the substituent at the 8-position, reactions
of 2b with several nucleophiles were monitored with 1HNMR
using DMSO-d6 as a solvent (Table 6). At first, nitroalkanes
such as nitromethane and 2-nitropropane, were employed as a
nucleophile because diastereomeric mixtures should be formed
in cases of other nitroalkanes, which resulted in complex NMR
charts. In the case of nitromethane, only 3 was formed, which
could be used for monitoring the reaction; however, the
reaction efficiency was low (Entry 1). Although 2-nitropropane

Table 5. HOMO, LUMO and NICS values calculated using GIAO-B3LYP/6-311+G(d)//B3LYP/6-31G(d,p) and selected values of UV
and NMR spectra.

R
HOMO and LUMO Energy (eV) UV Spectrac NICS(1) 1HNMR Spectra
Ha Lb LbHa λmax (nm) Benzene Ring Pyridine Ring N-Me (ppm)d

H 2a ¹6.64 ¹10.96 4.32 316 ¹11.9 ¹9.65 4.64
Me 2b ¹6.47 ¹10.59 4.12 318 ¹11.2 ¹9.60 4.86
Eta 2c ¹6.39 ¹10.50 4.11 318 ¹11.3 ¹9.40 4.81
Pr 2d ¹6.40 ¹10.47 4.07 318 ¹11.8 ¹9.16 4.79
i-Pr 2e ¹6.43 ¹10.43 4.00 320 ¹12.1 ¹8.92 4.78
t-Bu 2f ¹6.43 ¹10.41 3.98 326 ¹11.5 ¹8.41 4.56

aHOMO energy level. bLUMO energy level. cMeasured using an acetonitrile solution. dMeasured using a dimethyl sulfoxide-d6
solution.

Figure 2. HOMOLUMO energy diagrams of 8-substituted
1-methylquinolinium ions.

N
R Me

+

BF4

_

2

Figure 3. UV-vis. spectra of 8-alkylated 1-methyl-
quinolinium salts 2 in acetonitrile.

R = H (2a)

R = Pr (2d)

R = Me (2b)

R = i-Pr (2e)

R = Et (2c) 

R = t-Bu (2f)

Figure 1. ORTEP and side views of quinolinium salts 2af measured at ¹150 (°C).

Bull. Chem. Soc. Jpn. 2020, 93, 50–57 | doi:10.1246/bcsj.20190263 © 2020 The Chemical Society of Japan | 53

displayed almost the same reactivity as the propyl derivative 2d
(Entry 3), isopropyl derivative 2e was 1.5 times more reactive
higher than these (Entry 4). As shown in Figure 2, significantly
different reactivity between the isopropyl derivative 2e and t-
butyl derivative 2f was observed (Entry 5). Based on these
results, it can be inferred that the bulkier the substituent at the
8-position the higher the reactivity. The order of the rela-
tive reactivity of quinolinium salts 2af is determined as 2a
(R = H, 1.0) < 2b (R =Me, 2.8) < 2c (R = Et, 4.6) ¼ 2d
(R = Pr, 4.8) < 2e (R = i-Pr, 7.5)¹ 2f (R = t-Bu, 28.2).

3. Conclusion

Introduction of an alkyl group at the 8-position of 1-
methylquinolinium salt was found to distort the framework

because of steric repulsion between the peri-substituents. The
degree of distortion increased as the substituent became bulkier,
which was confirmed by X-ray crystallography. NICS(1) value
on the quinoline ring and a signal from the methyl group at the
1-position shifted to higher field as the 8-substituent became
bulkier. This dearomatization consequently increased the reac-
tivity of the quinoline ring. Also, the t-butyl substituted deriva-
tive 2f exhibited nearly 30-fold higher reactivity than 2a. This
activation using only steric effect was entirely achieved without
using any electronic effect on the substituent. Insights reported
here will be applicable in chemistry fields involving various
aromatic rings.

4. Experimental

General. All reagents were purchased from commercial
sources and used without further purification. 1H and 13CNMR
spectra were recorded on a Bruker DPX-400 spectrometer (400
MHz and 100MHz, respectively) in CDCl3 using TMS as an
internal standard. The assignments of the 13CNMR were per-
formed by DEPT experiments. A Shimadzu IR spectrometer
equipped with an ATR detector was used to record infrared
spectra. High-resolution mass spectra were obtained on an AB
SCEIX Triplet TOF 4600 mass spectrometer. Melting points
were recorded on an SRS-Optimelt automated melting point
system and were uncorrected. Microwave heating was per-
formed with an Anton-Paar Microwave 300 (850W, 2455
MHz) using a 10mL glass vessel. Data collection for X-ray
crystal analysis was performed on Rigaku/R-AXIS RAPID
(CuKα λ = 1.54187¡) and Rigaku/XtaLAB Synergy-S/Cu
(CuKα λ = 1.54187¡) diffractometers. The single crystals
were obtained by recrystallization from THF (for 2a), MeOH
EtOH (for 2b), CH2Cl2THF (for 2c and 2d), and CH2Cl2PhH
(for 2e and 2f ). X-ray measurement was performed at ¹150 °C.
The structures were solved by direct methods (SHELXT) and
refined through full-matrix least-squares techniques on F2
using SHELXL and OLEX2 crystallographic software pack-
ages.1214 All non-hydrogen atoms were refined with anisotrop-
ic displacement parameters and hydrogen atoms were placed at
calculated positions and refined “riding” on their corresponding
carbon atoms.

DFT Calculation. The geometrical optimization was
performed by DFT calculation at the B3LYP/6-31g(d,p) level
implemented with the Gaussian 09 package.15 Convergence at
a local minimum structure was confirmed by no imaginary
frequencies on frequency analysis. The local minimum struc-
tures were subjected to GIAO method of DFT calculation at
the B3LYP/6-311+G(d) to obtain NICS(1) values and were
subjected to population analysis to get MPA and NPA values at
the same level as the geometrical optimization.

Synthesis of 8-Alkylquinolines. 8-Alkylquinolines were
prepared according to the Skraup method from 2-alkylanilines.

To a solution of 2-isopropylaniline (1.35 g, 10mmol) and
potassium iodide (215mg, 1.3mmol) in glycerin (1.1 g, 120
mmol), 80% aqueous sulfuric acid (5.5 g, 44.9mmol) was added
dropwise over 3min. with vigorous stirring. The resultant mix-
ture was heated at 145 °C for 15 h. The reaction mixture was
poured into ice-water (30mL), and then neutralized with 2M
aqueous sodium hydroxide solution. The mixture was extracted
with ethyl acetate (30mL © 3), and the combined organic layer

Table 8. Competitive reactions using two kinds of 1-
methylquinolinium salts possessing a different alkyl group
at the 8-position.

N
R1 Me

BF4

+ _

DMSO-d6

rt, 1 h

N
R1 Me

H
NaBH(OAc)3

(1.0 equiv.)

H

2A (1.0 equiv.) 3A

N
R2 Me

BF4

+ _

2B (1.0 equiv.)

N
R2 Me

H
H

3B

Entry R1 of 2A R2 of 2B
Yield/% Ratio
3A 3B 3A/3B

1 H Me 19 53 26/74
2 Me Et 31 50 38/62
3 Et Pr 44 46 49/51
4 Pr i-Pr 37 57 39/61
5 i-Pr t-Bu 19 70 21/79
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Figure 5. Comparison of reactivity of 2af for the hydride
reduction.
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60 diaminonaphthalenes by diazotization followed by Sandmeyer
61 reaction.10 Since the crystallographic data of 1 and 2 were
62 already provided,7,11 we compared their structural parameters

t1 63 (Table 1). The crystal system of 1 contains six independent

64 molecules in a unit cell, and structural parameters were varied.
65 For instance, the dihedral angles (I1−C1−C8−I2) distribute
66 over a wide range [1.6(4)° −15.0(4)°], which is not suitable to
67 evaluate the distortion. Thus, common structural parameters
68 among the six independent naphthalenes were selected. The
69 sum of the bond angles in each six-membered ring of 1 and 2
70 were almost 720° indicating that planarity of the naphthalene
71 ring is maintained. The atom distance C1−C8 of 1 was far
72 away compared to 2 due to steric repulsion between the peri-
73 iodo groups. Whereas the atom distance C4−C5 of 1 was
74 close. This structural alternation is consistent with previous
75 examples, the so-called “scissors e!ect”.12 Besides, the bond
76 angle around C10 of 1 considerably decreased. The DFT
77 calculation estimated that the HOMO level of 1 was higher
78 than that of 2; this tendency is consistent with previously
79 reported distorted aromatic compounds (Figure S1). The high
80 HOMO level of 1 is considered to be suitable for undergoing
81 the halo-Jacobsen rearrangement.
82 When 1 was treated with TfOH at room temperature, the
83 iodo group rearranged to a!ord 1,5-diiodonaphthalene 2, 1,4-
84 diiodonaphthalene 3, and 1-iodonaphthalene 4 in 30%, 16%,

s1 85 and 44% yields, respectively (Scheme 1). In addition, 4,4′-
86 diiodo-1,1′-binaphthyl 5 was also produced in 10% yield,
87 which was formed by the regioselective homocoupling reaction
88 at the 4-position. In contrast, 1,5-diiodonaphthalene 2 was
89 intact to furnish no product under the same reaction
90 conditions. These results demonstrated that the distorted
91 structure of 1 certainly promoted the halo-Jacobsen rearrange-
92 ment.
93 Noteworthy, the product ratio of 2−5 was varied with

t2 94 reaction temperature (Table 2). While the yields of 2−4 evenly
95 decreased as the reaction temperature became lower, the yield
96 of homocoupling product 5 gradually increased and reached
97 74% when conducted at −40 °C (entries 1−3). These results

98indicate that products 2−4 were produced through a di!erent
99reaction pathway from that for 5.
100To obtain further insights into these reactions, Gibbs free
101energies were calculated for the protonated intermediates A, B,
102and C, among which 1-protonated intermediate A was
103 f2considerably more stable than the others (Figure 2a). The 1-
104iodo group of A was orthogonal to the naphthalene plane,
105which reflects the β-e!ect to stabilize the allylic cation.
106Calculations of the transition energy to intermediate A
107indicated that A was formed via B rather than direct
108protonation at the ipso-position (Figure S2). From these
109results, intermediate A is considered to be important in
110studying the reaction mechanism. 1,5-Diiodonaphthalene 2
111and its 1-protonated intermediate D were also calculated for
112comparison (Figure 2b). The free energy of 1 was estimated to
113be 12.6 kcal/mol higher than that of 2, which corresponded to
114the e!ectiveness of this activation protocol. The free energies
115of A and D were estimated to be comparable, but A was 1.6
116kcal/mol more stable than D. Thus, the energy gap between 1
117and A is 13.6 kcal/mol smaller, which is consistent with the
118experimental results as shown in Scheme 1.
119To trap the intermediate A, the reaction was conducted in
120the presence of toluene, which yielded iodized toluenes 6 and
1217 in 25% and 11% yields, respectively, without any detectable
1221,5-diiodonaphthalene 2 and homocoupling product 5
123 s2(Scheme 2a). A similar tendency was also observed when
124the same reaction was performed at −40 °C. It is considered
125that 1,4,8-triiodonaphthalene 8 should be formed by the
126reaction of 1 with intermediate A. To confirm this hypothesis,
1278 was subjected to the reaction with TfOH in the presence of
128toluene. In this reaction 1,5-diiodonaphthalene 2 was obtained
129as a main product indicating that 2 was produced from 8.
130Based on these results, iodonaphthalenes 2−4 were formed

Table 1. Structural Parameters of Diiodonaphthalenes 1 and
2a

1 2
∑ Bond Angles of 6-Membered
Ring

719.8−720.0; 719.9 (avg.) 720

C1−C8 2.59(1)−2.61(1); 2.60
(avg.)

2.488(6)

C4−C5 2.41(1)−2.49(1); 2.44
(avg.)

2.497(5)

C1−C10−C9 113.8(6)−116.2(6); 114.8
(avg.)

117.8(4)

C8−C10−C9 113.8(7)−115.4(6); 114.6
(avg.)

119.6(4)

aColor labels: gray, carbon; white, hydrogen; purple, iodine. The
thermal ellipsoids are represented at 50% probability level.

Scheme 1. Treatment of Diiodonaphthalenes 1 and 2 with
TfOH under the Same Conditions

Table 2. E!ects of the Reaction Temperature

Yield (%)

Entry Temp (°C) 2 3 4 5a

1 25 30 16 44 10
2 −20 4 32 18 45
3 −40 3 12 11 74

aThe yield was calculated based on 1.

The Journal of Organic Chemistry pubs.acs.org/joc Note
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61 reaction.10 Since the crystallographic data of 1 and 2 were
62 already provided,7,11 we compared their structural parameters

t1 63 (Table 1). The crystal system of 1 contains six independent

64 molecules in a unit cell, and structural parameters were varied.
65 For instance, the dihedral angles (I1−C1−C8−I2) distribute
66 over a wide range [1.6(4)° −15.0(4)°], which is not suitable to
67 evaluate the distortion. Thus, common structural parameters
68 among the six independent naphthalenes were selected. The
69 sum of the bond angles in each six-membered ring of 1 and 2
70 were almost 720° indicating that planarity of the naphthalene
71 ring is maintained. The atom distance C1−C8 of 1 was far
72 away compared to 2 due to steric repulsion between the peri-
73 iodo groups. Whereas the atom distance C4−C5 of 1 was
74 close. This structural alternation is consistent with previous
75 examples, the so-called “scissors e!ect”.12 Besides, the bond
76 angle around C10 of 1 considerably decreased. The DFT
77 calculation estimated that the HOMO level of 1 was higher
78 than that of 2; this tendency is consistent with previously
79 reported distorted aromatic compounds (Figure S1). The high
80 HOMO level of 1 is considered to be suitable for undergoing
81 the halo-Jacobsen rearrangement.
82 When 1 was treated with TfOH at room temperature, the
83 iodo group rearranged to a!ord 1,5-diiodonaphthalene 2, 1,4-
84 diiodonaphthalene 3, and 1-iodonaphthalene 4 in 30%, 16%,

s1 85 and 44% yields, respectively (Scheme 1). In addition, 4,4′-
86 diiodo-1,1′-binaphthyl 5 was also produced in 10% yield,
87 which was formed by the regioselective homocoupling reaction
88 at the 4-position. In contrast, 1,5-diiodonaphthalene 2 was
89 intact to furnish no product under the same reaction
90 conditions. These results demonstrated that the distorted
91 structure of 1 certainly promoted the halo-Jacobsen rearrange-
92 ment.
93 Noteworthy, the product ratio of 2−5 was varied with

t2 94 reaction temperature (Table 2). While the yields of 2−4 evenly
95 decreased as the reaction temperature became lower, the yield
96 of homocoupling product 5 gradually increased and reached
97 74% when conducted at −40 °C (entries 1−3). These results

98indicate that products 2−4 were produced through a di!erent
99reaction pathway from that for 5.
100To obtain further insights into these reactions, Gibbs free
101energies were calculated for the protonated intermediates A, B,
102and C, among which 1-protonated intermediate A was
103 f2considerably more stable than the others (Figure 2a). The 1-
104iodo group of A was orthogonal to the naphthalene plane,
105which reflects the β-e!ect to stabilize the allylic cation.
106Calculations of the transition energy to intermediate A
107indicated that A was formed via B rather than direct
108protonation at the ipso-position (Figure S2). From these
109results, intermediate A is considered to be important in
110studying the reaction mechanism. 1,5-Diiodonaphthalene 2
111and its 1-protonated intermediate D were also calculated for
112comparison (Figure 2b). The free energy of 1 was estimated to
113be 12.6 kcal/mol higher than that of 2, which corresponded to
114the e!ectiveness of this activation protocol. The free energies
115of A and D were estimated to be comparable, but A was 1.6
116kcal/mol more stable than D. Thus, the energy gap between 1
117and A is 13.6 kcal/mol smaller, which is consistent with the
118experimental results as shown in Scheme 1.
119To trap the intermediate A, the reaction was conducted in
120the presence of toluene, which yielded iodized toluenes 6 and
1217 in 25% and 11% yields, respectively, without any detectable
1221,5-diiodonaphthalene 2 and homocoupling product 5
123 s2(Scheme 2a). A similar tendency was also observed when
124the same reaction was performed at −40 °C. It is considered
125that 1,4,8-triiodonaphthalene 8 should be formed by the
126reaction of 1 with intermediate A. To confirm this hypothesis,
1278 was subjected to the reaction with TfOH in the presence of
128toluene. In this reaction 1,5-diiodonaphthalene 2 was obtained
129as a main product indicating that 2 was produced from 8.
130Based on these results, iodonaphthalenes 2−4 were formed

Table 1. Structural Parameters of Diiodonaphthalenes 1 and
2a

1 2
∑ Bond Angles of 6-Membered
Ring

719.8−720.0; 719.9 (avg.) 720

C1−C8 2.59(1)−2.61(1); 2.60
(avg.)

2.488(6)

C4−C5 2.41(1)−2.49(1); 2.44
(avg.)

2.497(5)

C1−C10−C9 113.8(6)−116.2(6); 114.8
(avg.)

117.8(4)

C8−C10−C9 113.8(7)−115.4(6); 114.6
(avg.)

119.6(4)

aColor labels: gray, carbon; white, hydrogen; purple, iodine. The
thermal ellipsoids are represented at 50% probability level.

Scheme 1. Treatment of Diiodonaphthalenes 1 and 2 with
TfOH under the Same Conditions

Table 2. E!ects of the Reaction Temperature

Yield (%)

Entry Temp (°C) 2 3 4 5a

1 25 30 16 44 10
2 −20 4 32 18 45
3 −40 3 12 11 74

aThe yield was calculated based on 1.
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