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Na+: 1.17 X IO"2 (5 X IO"5), 1.52 X ICT2 (1 X IO"4), 2.05 X IO"2 (2 
X IO"4), 3.04 X IO"2 (5 X IO"4), 4.49 X IO"2 (1 X IO"3), 6.00 X IO"2 (2 
X 10~3), 7.38 X IO"2 (5 X IO"3), 9.27 X IO"2 (1 X IO"2), 8.97 X IO"2 (2 
X IO"2), 8.81 X IO"2 (5 X IO"2), 8.13 X IO"2 (0.1), 7.78 X IO"2 (0.2); r 
= 0.9882. 

K+: 1.11 X IO"2 (1 X IO"4), 1.19 x IO"2 (2 X IO"4), 1.45 X IO"2 (5 
X IO"4), 1.92 x IO"2 (1 X IO"3), 2.31 X IO"2 (2 x IO"3), 3.67 X IO"2 (5 
X IO"3), 4.68 X IO"2 (1 X IO"2), 5.39 X IO"2 (2 X IO"2), 5.77 X IO"2 (5 
X IO"2), 5.76 X IO"2 (0.1), 5.72 X IO"2 (0.2); r = 0.9611. 

Rb+; 1.18 x IO"2 (5 X IO"4), 1.39 x IO"2 (1 X IO"3), 1.56 X IO"2 (2 
X IO"3), 2.25 X IO"2 (5 X IO"3), 2.96 X IO"2 (1 X IO"2), 3.30 x IO"2 (2 
X IO"2), 3.49 X IO"2 (5 X IO"2), 3.72 X IO'2 (0.1), 3.74 X IO"2 (0.2); r 
= 0.9485. 

Cs+; 1.27 X IO"2 (2 X IO"3), 1.52 X IO"2 (5 X IO"3), 1.70 X IO"2 (1 
x IO"2), 1.95 X IO"2 (2 X IO"2), 2.15 x IO"2 (5 x IO"2), 2.17 X IO"2 (0.1), 
2.06 X IO"2 (0.2); r = 0.9902. 

Reaction 1, x = 7; k{ = 6.15 X IO"3 s"1. Li+: 2.30 X IO"3 (2 X IO"3), 
1.24 X IO"3 (5 X IO"3), 7.77 X IO"4 (1 X 1O-2), 4.34 X IO"4 (2 X IO"2), 
1.92 x IO"4 (5 X IO"2); r = 0.9997. 

Na+: 5.56 X IO"3 (5 X IO"4), 5.04 X IO"3 (1 X IO"3), 4.24 X IO"3 (2 
X IO"3), 3.11 X IO"3 (5 X IO"3), 2.77 X IO"3 (1 X IO"2), 2.52 X IO"3 (2 
X IO"2), 2.13 X IO"3 (5 X IO"2), 1.85 X IO"3 (0.1), 1.62 X IO"3 (0.2); r 
= 0.9816. 

K+: 7.78 X IO"3 (2 X 10~4), 1.08 X IO"2 (5 X IO"4), 1.69 X IO"2 (1 
X IO"3), 2.24 X IO"2 (2 X IO"3), 3.20 X IO"2 (5 x IO"3), 3.81 X IO"2 (1 
X IO"2), 4.00 X IO"2 (2 X IO"2), 4.55 X IO"2 (5 X IO"2), 4.20 X IO"2 (0.1), 
4.28 X IO"2 (0.2); r = 0.9939. 

Rb+: 7.31 X IO"3 (1 X IO"4), 1.14 X IO"2 (2 X IO"4), 1.84 X IO"2 (5 
x IO"4), 2.83 x IO"2 (1 X IO"3), 4.57 X IO"2 (2 X IO"3), 7.06 X IO"2 (5 
X IO"3), 8.53 x 10~2 (1 X IO"2), 9.40 x IO"2 (2 X IO"2), 0.109 (5 X IO"2), 
9.66 X IO"2 (0.1), 0.101 (0.2); r = 0.9796. 

Cs+: 8.01 x IO"3 (1 X VO"4), 9.31 X IO"3 (2 X IO"4), 1.84 x IO"2 (5 
x IO"4), 2.64 x IO"2 (1 X IO"3), 4.38 X IO"2 (2 X IO"3), 6.77 X IO"2 (5 
X IO"3), 0.101 (1 X IO"2), 0.112 (2 X IO"2), 0.122(5 X IO"2), 0.150 (0.1), 
0.150 (0.2); r = 0.9719. 

Me4N
+: 5.81 X IO"3 (5 X IO"2). 

Et4N
+: 5.44 x IO""3 (0.2). 

Reaction 1, x = 10; k{ = 3.27 x IO"3 s"1. Li+: 1.71 X IO"3 (1 x IO"3), 
7.22 X IO"4 (5 x IO"3), 3.92 x IO"4 (1 X 1O-2), 2.14 X IO"4 (2 X IO"2), 
6.32 X IO"5 (0.1); r = 0.9984. 

Cyclodextrins (CDs), cyclic oligomers of 6-8 glucoses, have 
been widely used as a model of enzymes. This is mostly due to 
the fact that the catalyses by CDs proceed via the formation of 
molecular complexes of them with substrates prior to chemical 

(1) Preliminary communication: M. Komiyama, H. Hirai, Makromol. 
Chem., Rapid Commun., 2, 661 (1981). 

2 Na+: 2.58 X IO"3 (5 x IO"4), 2.37 X IO"3 (1 x IO"3), 1.88 x IO"3 (2 
2 X IO"3), 1.13 X IO"3 (5 X IO"3), 9.27 X 1O-4 (1 X IO"2), 7.25 X IO"4 (2 
2 X IO"2), 5.27 X IO"4 (5 X IO"2), 4.38 X 10~4 (0.1), 3.69 X IO"4 (0.2); r 
r = 0.9857. 

K+: 3.60 x IO'3 (1 x IO'3), 3.69 x 10~3 (2 X IO"3), 4.44 x IO"3 (5 
5 X IO"3), 5.14 X IO"3 (1 X IO"2), 5.50 X IO"3 (2 X IO"2), 6.83 X IO"3 (5 
5 x IO"2), 8.60 x IO"3 (0.1), 1.08 x IO"2 (0.2). 
5 Rb+: 4.85 X IO"3 (1 x IO"3), 6.15 X IO"3 (2 x IO"3), 7.79 X IO"3 (5 

X IO"3), 9.38 X IO"3 (1 X IO"2), 1.06 X IO"2 (2 X IO"2), 1.15 x IO"2 (5 
2 X IO"2), 1.19 X IO"2 (0.1), 1.37 X IO"2 (0.2); r = 0.9961. 
2 Cs+: 3.95 X IO"3 (1 x IO"3), 4.52 x IO"3 (2 x IO"3), 5.07 X IO"3 (5 
r X IO"3), 5.98 X IO"3 (1 X IO"2), 6.59 X IO"3 (2 X IO"2), 6.63 X 10~3 (5 

X IO"2), 6.90 X IO"3 (0.1), 6.83 X IO"3 (0.2); r = 0.9468. 
1 Et4N+: 3.29 X IO"3 (0.2). 
), Reaction 1, x = 16; k, = 1.48 X IO"3 s"1. Li+: 1.70 X IO"1 (1 X IO"2), 

1.02 x IO"4 (2 x IO"2), 5.26 x IO"5 (5 X IO"2); r = 0.99999. 
I, Na+: 1.22 X IO"3 (5 X IO"4), 1.05 X 1O-3 (1 x IO"3), 8.58 x IO"4 (2 
I, X IO"3), 6.19 X IO"4 (5 X IO"3), 4.20 X IO"4 (1 X IO"2), 3.03 X IO"4 (2 

X IO"2), 2.17 X IO"4 (5 X IO"2), 1.71 X 1O-4 (0.1), 1.35 X 10~4 (0.2); r 
2 = 0.9980. 
2 K+: 1.28 x IO'3 (1 X IO"3), 1.20 X IO-3 (2 X IO"3), 1.06 x IO"3 (5 
r X IO"3), 1.04 X IO"3 (1 X IO"2), 9.20 X IO"4 (2 X IO"2), 8.39 X IO"4 (5 

X IO"2), 7.42 x IO"4 (0.1), 6.80 X IO"4 (0.2). 
1 Rb+: 1.32 X IO"3 (5 X IO"3), 1.26 X IO"3 (1 x IO"2), 1.22 X IO"3 (2 
1 X IO"2), 1.12 X IO"3 (5 X IO"2), 1.10 X 1O-3 (0.1), 1.04 x IO"3 (0.2). 
I, Cs+: 1.41 X IO"3 (5 X IO"3), 1.27 X IO"3 (1 X IO"2), 1.23 X IO"3 (2 

X IO"2), 1.25 X IO"3 (5 X IO"2), 1.23 X IO"3 (0.1), 1.17 X IO"3 (0.2). 
5 Me4N

+: 1.48 X IO"3 (5 X IO"3), 1.42 X IO"3 (5 X IO'2). 
5 Et4N

+: 1.68 X IO"3 (0.2). 
i , 
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transformation. This process is identical with those of enzymatic 
catalyses. High substrate specificities were reported in many bond 
cleavage reactions such as ester hydrolyses, phosphate hydrolyses, 
and decarboxylation.2,3 

(2) M. L. Bender and M. Komiyama, "Cyclodextrin Chemistry", Spring-
er-Verlag, 1978, Berlin. 

Selective Syntheses Using Cyclodextrins as Catalysts. 2. 
Para-Oriented Carboxylation of Phenols1 
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Abstract: 4-Hydroxybenzoic acid and 4-hydroxy-3-methylbenzoic acid are synthesized in virtually 100% selectivities and high 
yields from the corresponding phenols and carbon tetrachloride by using (3-cyclodextrin ((3-CD) as catalyst. The selective 
syntheses are successfully achieved by a small molar ratio, even 0.03, of /3-CD to phenols and are hardly suppressed by oxygen. 
Kinetic study shows that the selective catalyses by (3-CD originate from both promotion of the para carboxylation and almost 
complete inhibition of the ortho carboxylation. Heptakis(2,6-di-0-methyl)-(3-cyclodextrin in contrast decreases the para selectivity, 
showing the importance of the hydroxyl groups of /3-CD in its selective catalysis. The selective catalysis by (3-CD proceeds 
via formation of a molecular complex with the active species, probably the trichloromethyl cation. In the electrophilic attack 
of the active species at phenols, S-CD regulates the mutual molecular conformation between them through noncovalent interactions, 
resulting in highly selective para carboxylation. 

0002-7863/84/1506-0174S01.50/0 © 1984 American Chemical Society 
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Table I. Reactions between Various Phenols and Carbon Tetrachloride in the Presence and the Absence of (3-CD as Catalyst" 

phenols 

phenol 

2-methylphenol 

3-methylphenol 

4-methylphenol 

/3-CD 

present 
absent 
present^ 
present^ 

present 
absent 

present 
absent 

present 
absent 

yield,6-' 

para-
carboxylated 

phenol 

59 (92) 
8.6 (53) 
0.0 (0.0) 
6.8(38) 

58(62) 
21 (45) 

58 (59) 
42 (61) 

0.0 (0.0) 
0.0 (0.0) 

- mol % 

ortho-
carboxylated 

phenol 

0.6 (0.9) 
7.1 (44) 
0.0 (0.0) 
6.3 (35) 

1.9 (2.0) 
20 (43) 

29 (30) 
20 (29) 

5.4 (92) 
1.8 (86) 

selectivity for 
para-carboxylated 

phenol, 7o 

99 
55 

52 

97 
51 

67 
68 

0 
0 

a Reaction conditions: phenol, 1.5 g; /3-CD, 1.5 g (1.3 mmol); copper powder, 0.1 g (1.6 mmol); carbon tetrachloride, 3.0 mL (31.0 mmol); 
in 20 mL of 20% aqueous sodium hydroxide solution at 80 0C for 15 h under nitrogen. b The averages of the values for duplicate runs, which 
coincide with each other within 5%. c The numbers in parentheses are the values calculated in consideration of recovered phenols. d With
out copper powder. e 1.6 mmol of copper sulfate is used in place of copper powder. 

However, the examples of product specificities in bond for
mation reactions, exhibited by CDs, are rather few. Thus, ap
plication of CDs as selective catalysts for organic syntheses has 
been limited to a small number of reactions as yet.1,4"12 

Previously,12 the authors succeeded in selective syntheses of 
4-hydroxybenzaldehydes from phenols and chloroform in alkaline 
aqueous solutions with CDs as catalysts. 

This paper describes selective syntheses of 4-hydroxybenzoic 
acids from phenols and carbon tetrachloride by using CDs as 
catalysts. Dependence of the selectivity on the structures of 
phenols as well as the catalytic activities of various CDs and their 
derivatives are shown. Kinetic studies on the selective reactions 
are also made. Furthermore, the functions of CDs are discussed. 

Experimental Section 

Materials. Hexakis(2,6-di-0-methyl)-a-cyclodextrin and heptakis-
(2,6-di-0-methyl)-/3-cyclodextrin were synthesized from CDs and di
methyl sulfate by following the literature procedures.13 Copper powder 
was obtained from the Yoneyama Chemical Co. and was used without 
further purification. All other chemicals were purified in the usual ways. 

The authentic samples of 4-hydroxybenzoic acid, 2-hydroxybenzoic 
acid, 2-hydroxy-3-methylbenzoic acid, 2-hydroxy-4-methylbenzoic acid, 
and 2-hydroxy-5-methylbenzoic acid for HPLC analyses were obtained 
by repeated recrystallization of commercial products from ethanol-water: 
mp 215.1-215.4 0C (lit.14 mp 212-213 0C), 158.7-159.3 0C (lit.15 mp 
159 0C), 163.6-164.0 0C (lit.16 mp 163-164 0C), 177.2-177.5 0C (lit.17 

mp 177 0C), 151.6-152.0 0C (lit.18 mp 151 0C), respectively. The 
specimens of 4-hydroxy-3-methylbenzoic acid and 4-hydroxy-2-methyl-
benzoic acid were synthesized by following the methods in the literature:19 

mp 174.5-174.9 0C (lit.19 mp 174-175 0C) and 178.2-178.6 0C (lit.19 

mp 176-178 0C), respectively. 
Selective Syntheses Using CDs as Catalysts. The typical reaction 

(3) J. Szejtli, "Cyclodextrins and their Inclusion Complexes", Akademiai 
Kiado, 1982, Budapest. 

(4) R. Breslow and P. Campbell, J. Am. Chem. Soc, 91, 3085 (1969). 
(5) R. Breslow and P. Campbell, Bioorg. Chem., 1, 140 (1971). 
(6) R. Breslow, H. Kohn, and B. Siegel, Tetrahedron Lett., 1645 (1976). 
(7) I. Tabushi, K. Fujita, and H. Kawakubo, J. Am. Chem. Soc., 99, 6456 

(1977). 
(8) I. Tabushi, K. Yamamura, K. Fujita, and H. Kawakubo, J. Am. Chem. 

Soc, 101, 1019 (1979). 
(9) M. Ohara and J. Fukuda, Pharmazie, 33, H7 (1978). 
(10) M. Komiyama and H. Hirai, Makromol. Chem., Rapid Commun., 

2, 177, 601, 707, 715, 733, 757, 759 (1981). 
(11) M. Komiyama and H. Hirai, Bull. Chem. Soc Jpn., 54, 2053 (1981). 
(12) M. Komiyama and H. Hirai, J. Am. Chem. Soc, 105, 2018 (1983). 
(13) B. Casu, M. Reggiani, G. G. Gallo, and A. Vigevani, Tetrahedron, 

24, 803 (1968). 
(14) I. A. Pearl, J. Org. Chem., 12, 85 (1947). 
(15) H. Kolbe and E. Lautemann, Ann., 115, 157 (1860). 
(16) O. Jacobsen, Chem. Ber., 14, 2347 (1881). 
(17) O. Jacobsen, Chem. Ber., 11, 570 (1878). 
(18) O. Jacobsen, Chem. Ber., 11, 375 (1878). 
(19) E. H. Cox, J. Am. Chem. Soc, 49, 1028 (1927). 

procedure is as follows. To 20 mL of 20 wt % aqueous sodium hydroxide 
solution, 1.5 g of phenol, various amounts of CDs or their derivatives, and 
0.1 g of copper powder were added. The reaction was started with the 
addition of 3 mL of carbon tetrachloride and was continued at 80 0C for 
15 h with vigorous stirring under nitrogen. 

After the reaction was complete, the reaction mixture was acidified 
with hydrochloric acid, followed by extraction with ethyl ether. The ether 
layer was washed with water twice and evaporated. The product analyses 
were made with HPLC by using the absorbance at 254 nm: Toyo Soda 
LS410K, MeOH-100 column (silica gel octadecylsulfonate), 30 cm, 25 
0C; eluent, 1:1 ethanol-water. 

Kinetic Study. To 20 mL of a 3:2 water-ethanol mixture containing 
2.0 g of sodium hydroxide, 1.5 g of phenol, 1.5 g of /3-CD, 0.1 g of copper 
powder, and 0.05 mL of carbon tetrachloride were added. The reaction 
was carried out at 25 0C under nitrogen. The concentration of residual 
carbon tetrachloride was determined with GLPC (Porapak Q column, 
2 m, 170 0C). The product analysis was made with HPLC as described 
above. 

Results 

Selective Syntheses of 4-Hydroxybenzoic Acids Using CDs as 
Catalysts. Table I shows the yields and selectivities for the for
mation of 4-hydroxybenzoic acids from phenols and carbon tet
rachloride. 

In the presence of /3-CD, the selectivities for 4-hydroxybenzoic 
acids are virtually 100%, and their yields are satisfactorily high 
for both phenol and 2-methylphenol. In its absence, however, large 
amounts of the ortho-carboxylated phenols are produced, resulting 
in the selectivities for the desired compounds around 50%. Thus, 
the selective syntheses are successfully achieved by using /3-CD 
as catalyst. 

Quite importantly, the selective catalysis of /3-CD is highly 
suppressed when phenol has a methyl substituent at the meta 
position. The selectivity for the formation of 4-hydroxy-2-
methylbenzoic acid from 3-methylphenol in the presence of /3-CD 
is almost identical with the value in its absence. This remarkably 
high substrate specificity indicates the participation of molecular 
complex between phenols and /3-CD in the selective catalyses. 

For 4-methylphenol, the carboxylation at the para-carbon atom 
does not take place even in the presence of (3-CD. 

Copper powder is absolutely required for the selective reaction 
to proceed. Although carboxylation also occurs in the presence 
of copper sulfate in place of copper powder, /3-CD exhibits no 
selective catalysis there. 

In Table II, the activities of various CDs and their derivatives 
as catalysts for selective syntheses of 4-hydroxybenzoic acid are 
listed. 7-CD exhibits selective catalysis as well as /3-CD. The 
activity of /3-CD is much larger than that of 7-CD. a-CD shows 
no increase in selectivity, although it slightly accelerates the 
reaction. 

In contrast, hexakis(2,6-di-0-methyl)-a-cyclodextrin and 
heptakis(2,6-di-0-methyl)-/3-cyclodextrin, in which all of the 
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Table II. Catalytic Activities and Selcctivities of CDs and Their Derivatives for Selective Synthesis of 4-Hydroxybenzoic Acid0 

CD or its deriv 

none 
ct-CD 
(3-CD 
T-CD 
hexakis(2,6-dH9-methyl)-a-cyclodextrin 
heptakis(2,6-di-0-methyl)-(3-cyclodextrin 

yield,6' 

4-hydro.\y benzoic 
acid 

8.6 (53) 
12(54) 
59(92) 
12(58) 

1.2(35) 
1.9 (33) 

; mol % 

2-h 'droxy benzoic 
acid 

7.1 (44) 
10 (45) 
0.6 (0.9) 
4.0 (19) 
1.9 (55) 
2.0(35) 

selectivity for 
4-hydroxybenzoic 

acid, r/c 

55 
55 
99 
75 
39 
49 

a Reaction 
3.OmL (31.0 
duplicate run 
cred phenol. 

conditions: phenol, 1.5 g (15.9 mmol); CDs or their derivatives, 1.5 g; copper powder, 0.1 g (1.6 mmol); carbon tetrachloride, 
mmol); in 20 mL of 207r aqueous sodium hydroxide solution at 80 0C for 15 h under nitrogen. b The averages of the values for 
i, which coincide with each other within 5%. c The numbers in parentheses are the values calculated in consideration of recov-

Table III. Consumption Rates of Carbon Tetrachloride and Formation Rates of Products in the Mixtures Containing Carbon Tetrachloride 
Toaether with Various Additivesa"c 

additives 

initial rate of 
consumption of 

CCl4, 10"4mol/h 

0.00 
0.00 
0.00 
0.30 
0.37 
0.36 

4-hy 

U U I U U V U J l I U J l U 

droxybenzoic 
acid 

0.00 
0.00 
0.07 
0.36 
0.36 

l y ' *• v 

2-h yd roxybenzoic 
acid 

0.00 
0.00 
0.06 
0.00 
0.00 

none 
phenol 
phenol + (3-CD 
phenol + Cu 
phenol + Cu + (3-CD 
phenol + Cu + (3-CD + styrene 

° In 20 mL of a 3:2 water-ethanol mixture containing 2.0 g of sodium hydroxide at 25 0C under nitrogen. b Charged amount: phenol, 
15.9 mmol; (3-CD, 1.3 mmol; copper powder, 1.6 mmol; carbon tetrachloride, 0.52 mmol; styrene, 0.02 mmol. c AlJ the values are averages 
of the values for duplicate runs, which coincide with each other within I'lc 

hydroxyl groups at the 2 and 6 positions are methylated, show 
suppression of the reaction with respect to both yield and selec
tivity. This result definitely confirms the importance of the hy
droxyl groups of CDs in their selective catalyses. 

In all the selective syntheses, neither chloroform nor hexa-
chloroethane was detected at all in the reaction mixtures 
throughout the reaction time. The GLC analyses employed should 
be able to detect these haloalkanes, if they had been formed in 
0.03 mol % yields or more with respect to the charged carbon 
tetrachloride. 

Effect of the Amount of /3-CD on the Yield and Selectivity for 
4-Hydroxybenzoic Acid. Figure 1 depicts the plots of the yield 
and the selectivity for 4-hydroxybenzoic acid vs. the initial molar 
ratio of /3-CD to phenol in the reaction between phenol and carbon 
tetrachloride. The yield increases almost linearly with the in
creasing molar ratio in the range investigated. 

The selectivity remains virtually constant at 100% in a wide 
range of the molar ratio. The decrease in the selectivity is detected 
only at the molar ratio smaller than 0.025. It is important that 
the selective catalysis by /J-CD is achieved by a quite small amount 
of /3-CD with respect to the charged phenol and carbon tetra
chloride. 

Effect of Oxygen on the Selective Catalysis by /3-CD. The solid 
circles and squares in Figure 1, which refer to the yields and 
selectivities, respectively, for the reactions under air, almost 
perfectly superimpose on the open circles and squares for the 
reactions under nitrogen. Thus, oxygen exhibits no measurable 
effects on the selective catalysis by /3-CD. 

Kinetics in a Water-Ethanol Mixture. Table III lists the rates 
of consumption of carbon tetrachloride and those of formation 
of products in the alkaline mixtures containing carbon tetrachloride 
together with phenol, /3-CD, and copper powder. The reactions 
are carried out in a 3:2 water-ethanol mixture, which perfectly 
dissolves all the components except for copper powder. In the 
absence of copper powder, carbon tetrachloride is not consumed 
at a measurable rate. 

In the presence of phenol and copper powder, carbon tetra
chloride is consumed at a considerable rate even in the absence 
of /3-CD. However, only 43% ((0.07 + 0.06)/0.30) of the con
sumed carbon tetrachloride is incorporated to the reaction with 
phenol. In addition, the reaction takes place at the ortho and the 

0.05 0.10 0.15 

Initial molar ratio of (3-CD 
to phenol 

Figure 1. Plots of yield and selectivity vs. the initial molar ratio of (3-CD 
to phenol for the selective synthesis of 4-hydroxybenzoic acid with use 
of (3-CD as catalyst: O and D, for the reactions under nitrogen; • and 
•, for the reactions under air; phenol, 1.5 g; carbon tetrachloride, 3 mL; 
copper powder, 0.1 g; in 20 mL of 20% aqueous sodium hydroxide so
lution for 1 h at 80 0C. 

para positions of phenol at almost identical rates. 
In the presence of /3-CD together with phenol and copper 

powder, however, almost all of the consumed carbon tetrachloride 
reacts with phenol. Furthermore, the reaction occurs over
whelmingly at the para position. The rate of the total consumption 
of carbon tetrachloride is slightly larger than the value in the 
absence of /3-CD. 

Thus, the selective catalysis by /3-CD is attributable to both 
the promotion of the reaction at the para position and virtually 
total suppression of the reaction at the ortho position. 

Styrene, a powerful quencher for the trichloromethyl radical,20 

shows no measurable effect on the selective synthesis at the initial 
molar ratio 0.04 to carbon tetrachloride. 

Discussion 
Active Species for CD-Catalyzed Selective Syntheses of 4-

Hydroxybenzoic Acids. The selective syntheses of 4-hydroxy
benzoic acids using ,3-CD as catalyst probably proceed with 
trichloromethyl cations, formed in situ from carbon tetrachloride 
by the catalysis of copper powder, as the active species. 
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o- o-

_ j l _ > i I < i t C j ^ > J hydrolysis «*=*> 

L c ^ _ ^ J ^ - -k^J COO' 

1 

Figure 2. Proposed mechanism of the selective syntheses of 4-hydroxy-
benzoic acids from phenol and 2-methylphenol with /3-CD as catalyst. 

The mechanism involving trichloromethyl radicals is unlikely 
due to the following reasons: 

(1) Styrene, which strongly quenched trichloromethyl radicals 
and thus totally inhibited reactions involving them at the initial 
molar ratio 0.01 to carbon tetrachloride according to a literature,20 

showed no measurable retardation in the present reactions at the 
initial molar ratio 0.04 (see Table III). 

(2) Oxygen, which exhibited significant retardation in the 
reactions involving trichloromethyl radicals according to the 
literature,21 showed no measurable effect either on the rate or on 
the selectivity in the present reactions (see Figure 1). 

(3) Chloroform and hexachloroethane, which were produced 
in high yields in the reactions involving trichloromethyl radicals 
according to the literature,21 were not formed at measurable rates 
in the present reactions. 

Almost all the trichloromethyl cations should form molecular 
complexes with /3-CD prior to the attack at phenols, since the 
selective syntheses are achieved at quite a small molar ratio of 
/3-CD to phenol or carbon tetrachloride (see Figure 1). Tri
chloromethyl cations can be trapped in the cavity of /3-CD im
mediately after being formed on the surface of copper powder. 
Alternatively, the trichloromethyl cation can be formed predom
inantly from the carbon tetrachloride included in the cavity, also 
with catalysis by copper powder, and thus be trapped in the cavity. 
Otherwise a much larger amount of /3-CD should be required for 
the selective syntheses, so that the /3-CD-catalyzed selective re
action could proceed predominantly over the uncatalyzed less-
selective reaction. 

Effective trapping of the active species trichloromethyl cation 
by /3-CD prior to attack at phenols is due to the large equilibrium 
constant for the formation of the molecular complex between 
trichloromethyl cation and /3-CD. There, the electrostatic at
traction between the positive charge of the cation and the negative 
charges of /3-CD is cooperatively functioning with the apolar 
interaction between the cation and the /3-CD. In the alkaline 
reaction media, the secondary hydroxyl groups of /3-CD are mostly 
in the anionic forms, since their pKB is around 12.2 If the active 
species were trichloromethyl radicals rather than trichloromethyl 
cations, such an effective trapping of the active species by a small 
amount of /3-CD would be hardly expected. 

The above argument is consistent with the previous finding that 
molecular complex formation between positively charged modified 
CDs and negatively charged guest compounds was enhanced in 
considerable magnitudes by the cooperation of an electrostatic 
interaction and an apolar interaction.22,23 

Participation of the molecular complex between trichloromethyl 
cation and /3-CD in the selective catalyses is further supported 
by the fact that a-CD shows no measurable increase in selectivity. 
The CPK molecular model study indicates that the trichloromethyl 
cation as well as carbon tetrachloride can be almost totally ac
commodated in the cavity of /3-CD but not in the cavity of a-CD. 

Selective Catalyses by CDs. The mechanism of the selective 
syntheses of 4-hydroxybenzoic acids from phenol and 2-methyl
phenol using /3-CD as catalyst is proposed as shown in Figure 2. 
First, a ternary molecular complex 1 is formed from the tri
chloromethyl cation, /3-CD, and phenols. Here, the cavity of /3-CD 

(20) M. Asscher, Chem. Ind. {London), 1430 (1965). 
(21) W. J. Lautenberger, E. N. Jones, and J. G. Miller, J. Am. Chem. Soc., 

90, 1110 (1968). 
(22) I. Tabushi, N. Shimizu, T. Sugimoto, M. Shiozuka, and K. Yama-

mura, J. Am. Chem. Soc, 99, 7100 (1977). 
(23) Y. Matsui and A. Okimoto, Bull. Chem. Soc. Jpn., 51, 3030 (1978). 

Figure 3. Conformation of the ternary molecular complex 2 composed 
of 3-methylphenolate ion, Q-CD, and trichloromethyl cation. 

is largely occupied by the trichloromethyl cation, and phenols in 
their anionic form are shallowly included in the cavity from the 
apolar side involving the C-4 atoms. The inclusion of this apolar 
side in the apolar cavity of /3-CD is energetically much more 
favorable than the inclusion of the polar side involving the phe-
noxide oxygen atom. Furthermore, the penetration from the polar 
side is largely inhibited by the electrostatic repulsion between the 
negative charge at the phenoxide oxygen atom and the negative 
charges at the ionized hydroxyl groups of /3-CD. 

Then, the trichloromethyl cation should attack overwhelmingly 
at the para-carbon atom of phenols, which is located in close 
proximity. 4-Hydroxybenzoic acids are formed by the hydrolyses 
of the C-Cl bonds in the resulting intermediates.24 The attack 
of the trichloromethyl cation at the ortho position of phenols in 
1 is highly unfavorable. Thus, the selective catalysis by /3-CD 
is attributable to the regulation of the mutual conformation be
tween phenolates and the active species through noncovalent 
interactions. 

The proposed mechanism is based on a previous NMR study"'12 

showing that phenolate ion is included in the cavity of a- or /3-CD 
from the side involving the C-4 carbon atom in the molecular 
complex. Furthermore, formation of a ternary molecular complex 
composed of phenolate, chloroform, and a- or /3-CD has been 
confirmed. The conformation of the ternary molecular complex 
is qualitatively identical with that of 1 except for the replacement 
of the trichloromethyl cation with chloroform. 

The above mechanism is consistent with the kinetic results 
showing that the reaction at the ortho position is almost totally 
inhibited by /3-CD and the reaction at the para position is promoted 
by /3-CD (Table III). The active species, the trichloromethyl 
cations, are effectively incorporated into the reaction in Figure 
2 without being wasted by hydrolysis, since almost all of them 
are trapped in the cavity as discussed above. Stabilization of 
unstable species by CDs, attributable to steric and/or microsolvent 
effects, has been well-known.2 

The proposed mechanism is also in good agreement with the 
importance of the hyroxyl groups of /3-CD in the selective catalysis, 
vividly shown by no catalytic activity of heptakis(2,6-di-0-
methyl)-/3-cyclodextrin (Table II). The smaller activity of Y-CD 
than that of /3-CD is ascribed to the smaller magnitude of the 
conformational restriction between phenolates and the tri
chloromethyl cation, due to the larger size of the cavity. 

The mechanism is further supported by the fact that the se
lective catalysis is suppressed by the methyl substitution at the 
meta position in phenol in spite of no suppression by the methyl 
substitution at the ortho position. In the reaction of 3-methyl-
phenol, a ternary molecular complex 2 in Figure 3 is formed from 
trichloromethyl cation, /3-CD, and 3-methylphenol instead of 1 
as for the case of unsubstituted phenol or 2-methylphenol. 3-
Methylphenolate is included in the cavity with the w-methyl group 
first.25,26 Under this situation, the geometrical discrimination 
between the para and the ortho positions with respect to the attack 
by the trichloromethyl cation is so small that the selectivity for 
the para reaction is low as observed. The alkyl substituents at 
the meta position of phenol also exhibited a large suppression of 
selectivity in the /3-CD-catalyzed selective syntheses of 4-
hydroxybenzaldehydes from phenols.12 

The proposed mechanism does not necessarily require the 
formation of a ternary molecular complex composed of the tri-

(24) H. Wynberg, Chem. Rev., 60, 169 (1960). 
(25) R. L. VanEtten, J. F. Sebastian, G. A. Clowes, and M. L. Bender, 

J. Am. Chem. Soc, 89, 3242 (1967). 
(26) M. Komiyama and H. Hirai, Chem. Lett., 1467, 1471 (1980). 
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chloromethyl cation, /3-CD, and phenolates as a stable species. 
Instead, the regulation of the mutual conformation between 
phenolates and the trichloromethyl cation can be achieved by /3-CD 
only in the transition state, also through noncovalent interactions. 

Comparison of Selective Catalysis by CDs in Carboxylation with 
That in Formylation. As shown above, one of the functions of 
/3-CD in the selective carboxylation is the regulation of the mutual 
conformation between phenolates and the trichloromethyl cation. 
This is identical with the function of /3-CD in the selective 
syntheses of 4-hydroxybenzaldehydes from phenols and chloro
form.12 There, /3-CD regulates the mutual conformation between 
phenolates and chloroform (and thus that between phenolates and 
the active species, dichlorocarbene), resulting in the reaction at 
the para position in high selectivity. 

In the present selective carboxylation, /3-CD additionally 
functions as a trapping and protecting agent for the active species. 
Thus, only a small amount of /3-CD is required for the selective 
catalyses to proceed efficiently. In the selective formylation, 
however, the molar ratio of chloroform to /3-CD must be carefully 
controlled below unity throughout the reaction, so that almost all 

Of the simple "bisected" cyclopropylcarbinyl cations 1-4, only 

1, R1 = R2 = H 
2, R, =H, R2 =CH3 

3, R1
 = CH3; R2 — H 

4, R1 = R2 = CH3 

the cis secondary ion 3 is unreported. However, the obvious 
precursers of 3, e.g., 1-cyclopropylethanol, are reported1 to yield 
only the trans ion 2 on addition to strong acids and this, and other 
evidence, strongly suggests that 2, is the thermodynamically 
preferred member of this C5H9

+ pair. 
The existance of 3, as distinct from the trans isomer 2, would 

seem to depend only on the magnitude of the rotation barrier about 
the C l -Ca bond, also an unknown experimental quantity. In 
Table I, we have tabulated what is presently known concerning 
the apparent Cl-Ca rotation barriers in 1-4. Barriers calculated 
by MO procedures are also listed and in the single case where 
a comparison with experimental can be made, the agreement is 
quite good. It is sufficient to note at this point that were the 

(1) Olah, G. A.; Kelly, D. P.; Jeuell, G. L.; Porter, R. D. J. Am. Chem. 
Soc. 1970, 92, 2544. 

(2) Schmitz, L. R.; Sorensen, T. S. J. Am. Chem. Soc. 1982, 104, 2605. 
(3) Kabakoff, D. S.; Namanworth, E. /. Am. Chem. Soc. 1970, 92, 3234. 

of the chloroform is in the complexing state with /3-CD.12 Oth
erwise, the reaction involving free chloroform takes place com
petitively with the /3-CD-catalyzed reaction, resulting in a de
creased selectivity. This difference is due to the fact that the 
inclusion of the trichloromethyl cation in the cavity is much more 
favorable than the inclusion of dichlorocarbene in the cavity. 
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Table I. Cl-Ca Rotation Barriers for Cyclopropylcarbinyl 
Cations 1-4 

cation 

1 
2 
3 
4 

designation 

primary 
secondary 
secondary 
tertiary 

experimen 
barrier, 

Ea, kcal/m 

M 1 . 4 b 

7 

0 

13. r 

tal 

Ol 

calculated 
barrier,0 

Ai", kcal/mol 

26.3 
20.8 
19.0 
13.2 

" See ref 2. The data for 3 were calculated subsequently by 
using the same procedure. b This ion is stable to about -60 0 C 
The absence of line broadening (k < s"1) at this temperature was 
used to calculate a minimum AG . c Reference 3. 

rotation barrier is 3 19 kcal/mol, this would readily permit the 
observation of 3 (t]/2 ca. 1 h at -21 0C). 

This paper reports on the first preparation of 3, the subsequent 
rearrangement of 3 to 2, and the fact that the 3 -* 2 rear
rangement does not, as assumed above, take place by a direct 
C l -Ca bond rotation, involving instead the 1-ethylallyl cation 
as a key observable intermediate. This in turn allows one to study 
certain mechanistic aspects of the little investigated cyclo
propylcarbinyl j=t allyl cation interconversion process. 

Results 
Cyclopropylcarbinyl-cyclobutyl cation interconversions are 

known to be highly stereospecific, and this suggests that a cy-
clobutane system would be a logical precurser to 3. In fact, we 
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