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The regioselectivity of the Gattermann-Koch formylation is 
influenced by the protonation of aromatic compounds under a 
solvent-cage-like atmosphere. 

Electrophilic substitution of aromatic compounds is a very 
common reaction. It has, however, a serious regioselectivity 
problem in that it produces a mixture of isomers which are 
difficult to separate. It has been reported that the regioselectivity 
of electrophilic aromatic substitution is controlled by the 
electron density of aromatic rings,' the nature of the elec- 
trophiles and substrates2 and steric hindrance20 depending on 
the reaction type. On the other hand, Gattermann-Koch 
formylation3 is known to show high regio~electivity~ as 
observed in our previous studies.5 Methylnaphthalenes are the 
only exception, showing a low regioselectivity in formylation 
using HF-SbF5.5c This prompted us to study the regioselectivity 
of the Gattermann-Koch formylation and here we propose a 
new factor that influences the regioselectivity. 

In order to investigate the reason why methylnaphthalenes 
showed such a low regioselectivity, the formylation of 
1 -methylnaphthalene using various compositions of HF-SbFS 
was carried out. The regioselectivity for the monoaldehyde only 
was examined because the dialdehyde is a secondary product. 
The formylation gave two monoaldehydes, 1 -methyl-2-naph- 
thaldehyde 1 and 4-methyl-1 -naphthaldehyde 2 [eqn. (l)]. 
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Surprisingly, the regioselectivity drastically changed at the 
point where the SbFS/l -methylnaphthalene molar ratio was 1 
and 1 :  2 was 0: 1 or 3: 7 as shown in Fig. 1. In control 
experiments, the formyl group did not migrate under these 
conditions. 

To explain the regioselectivity change, we considered two 
factors: (i) the nature of formyl cation and (ii) the protonation of 
aromatic compounds. Recently, the existence of a dication as a 
real electrophile in electrophilic aromatic substitutions is 
proposed when strong acidity is needed to allow the reaction to 
occur.6 Taking into account the protonation equilibrium of 
aromatic compounds in superacid,7 the formyl cation in the HF- 
SbF5 system seems to be a mono- or di-cation depending on the 
SbFS/l -methylnaphthalene molar ratio which is less or greater 
than 1. 
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If the regioselectivity change is derived from the difference in 
the formyl cation nature, i.e. mono- or di-cation, the re- 

HCO+ . - HCOH2+ 

gioselectivity at the 4-position of 1 -methylnaphthalene should 
be exclusively high for the monocation but low for the dication 
as shown in Fig. 1. On the other hand, taking into account the 
dual reactivity of the formyl cation as an electrophile and as a 
Bronsted acid,* the formation of the o-complex, which has the 
ability to produce a formyl cation, seems to influence the 
regioselectivity when the formy lation proceeds through the 
protonation equilibrium with the aromatic compound, CO and 
the superacid, namely, under a solvent-cage-like atmosphere.9 It 
has been reported that the protonation of 1 -methylnaphthalene 
occurs at the 4-position of 1 -methylnaphthalenelo and therefore 
the produced formyl cation with the protonated 1 -methyl- 
naphthalene probably exists close to the 4-position of 1 -methyl- 
naphthalene resulting in high regioselectivity at that position, 
[eqn. (2)]. On the other hand, when the formyl cation is formed 

by both the o-complex and the superacid, the formylation may 
show regioselectivity at both the 4- and 2-positions of 
1 -methylnaphthalene because the formyl cation produced by the 
superacid is free from the solvent-cage restriction, [eqn. (3)] .  
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According to this hypothesis and the protonation equilibrium,6.8 
the regioselectivity change can be explained as follows. In the 
case of the HF-SbF5 system, the formylation does not occur in 
the absence of SbFs.5h.c Therefore, the formyl cation was 
formed by the a-complex with HF.SbF5 to give the high 
regioselectivity at the 4-position when the SbFS/l -methyl- 
naphthalene molar ratio was less than 1. On the other hand, the 
formyl cation was produced by both the o-complex with 
HF-SbFS and HF.SbFS to form 1-methyl-2- and 4-methyl- 
1 -naphthaldehyde when the SbFs/l -methylnaphthalene molar 
ratio was greater than 1. 
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Table 1 Formylation of 1-methylnaphthalene using HCOF or COO 
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Fig. 1 Isomeric distribution of monoaldehyde. The formylation was carried 
out using HF (500 mniol) and I-methylnaphthalene (10 mmol) with CO 
(20 atm) at 0 "C for 2 h. 0 and 0 represent 1 and 2 respectively. 

In order to clarify which factor causes the regioselectivity 
change of the Gattermann-Koch formylation, the formylation 
of 1 -methylnaphthalene in HF--SbFS using HCOFlI instead of 
CO was carried out and the regioselectivity of the HCOF 
formylation was compared with that of the Gattermann-Koch 
formylation. The HCOF formylation clearly poceeds without 
the formation of CO, namely, the formyl cation produced from 
HCOF immediately reacts with 1 -methylnaphthalene without 
the protonation equilibrium among 1 -methylnaphthalene, CO 
and superacid,x,t [eqn. (4)]. These experiments reveal the 
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significant difference in the regioselectivity as shown in 
Table 1, and in the case of the HCOF formylation, the 
regioselectivity was constant regardless of the SbFS/l- 
methylnaphthalene molar ratio. When the SbFs/l -methyl- 
naphthalene molar ratio was 2, the formyl cation seems to be a 
dication because most of the 1 -methylnaphthalene is proto- 
nated7 and excess amounts of SbF5 are found. Therefore, we 
concluded that the regioselectivity change was caused by the 
protonation of aromatic compounds.$ When the SbFS/l- 
methylnaphthalene molar ratio was 1, the HCOF formylation 
showed regioselectivity not only at the 4-position but also at the 

SbFS :sub- Yield of 
strate aldehyde 
(molar ratio) Reagent T/"C t (%I 1 :2  

1 HCOF 0 1 h 15 7:93 
1.25 HCOF 0 1 h 45 6:94 
1.25 HCOF -40 I h 33 6:94 
2 HCOF -40 1 h 50 6:94 
1 co 0 2 h 24 0: 100 
1.25 co 0 10min 12 32 : 68 
1.25 co -40 2 h  13 36 : 64 

~~~ 

0 The formylation was carried out using HF (500 mmol) and l-methylna- 
phthalene (10 mmol) with HCOF (80 mmol) or CO (20 atm). The formation 
of dialdehyde was not observed in these experiments. 

2-position although the Gattermann-Koch formylation showed 
regioselectivity only at the 4-position of 1 -methylnaphthalene. 
When the SbFS/l -methylnaphthalene molar ratio was 1.25, the 
regioselectivity at the 4-position was lower in the Gattermann- 
Koch formylation than in the HCOF formylation. These results 
evidently suggest that the protonation of aromatic compounds in 
the Gattermann-Koch formylation directly influences the 
regioselectivity at the 4-position of 1 -methylnaphthalene-an 
increase or decrease depending on the SbFS/l -methyl- 
naphthalene molar ratio. 

Footnotes 
t When HCOF was added to HF-SbF5, a violent CO exhalation was 
observed. Only a trace amount of aldehyde was obtained when l-methyl- 
naphthalene was added to the solution. Furthermore, the Gattermann-Koch 
formylation produced only a trace amount of aldehyde under atmospheric 
CO pressure. 
$ We could not decide whether the nature of formyl cation was a 
monocation or a dication in this study. 
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