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ABSTRACT: The selective synthesis ofterephthalic acid from benzoic acid with carbon tetrachloride, copper powder, and 
aqueous alkali was achieved by the usc of P-cyclodextrin (jJ-CyD) as a mediator at 60°C under nitrogen of atmospheric 
pressure, producing terephthalic acid in 74 mol% yield with 100% selectivity. When iX-CyD or y-CyD was used instead of 
{J-CyD, the reaction hardly proceeded. The addition of p-benzoquinone to the reaction mixture decreased the yield ofterephthalic 
acid remarkably. An oxygen atmosphere also suppressed the reaction appreciably. Thus, the active species formed from carbon 
tetrachloride and copper powder in the reaction mixture is proposed to be trichloromethyl radical. The conformations of CyD
benzoate inclusion complexes in aqueous alkaline solution were determined by the nuclear magnetic resonance spectroscopy 
using 1H homonuclear Overhauser enhancement on the rotating frame. The benzoate anion was axially included in the cavity 
of P-CyD with orientation such that the carboxylate group was at the primary hydroxyl side of P-CyD. The essential factor 
of the carboxylation by the use of P-CyD was the inclusion complex formation of P-CyD with benzoate anion and fJ-CyD 
with carbon tetrachloride in the reaction mixture. The very high selectivity was ascribed to the conformation of the 
P-CyD-benzoate inclusion complex. 

KEY WORDS Carboxylation, Benzoic Acid I Inclusion Complex, P-Cyclodextrin-Benzoate I Radical 
Inhibitor I Formation Constant I Conformation, Inclusion Complex I Nuclear Magnetic Resonance, 
1H I Rotating Frame Overhauser Enhancement Spectroscopy I 

Terephthalic acid is widely used as an essential mono
mer, not only for conventional polyesters, namely poly
( ethylene terephthalate) and poly(p-phenylene tereph
thalamide), but also for high performance polymers such 
as poly[(terephthalic acid)-a/t-(p-phenylene diamine; 
3,4' -diaminodiphenylether)], poly(p-phenylene benzo
bisthiazol), etc. Usually, terephthalic acid is produced 
by liquid-phase oxidation of p-xylene, 1 and by dispro
portionation of potassium benzoate. 2 

Alpha-, {3-, and y-cyclodextrins (a-CyD, {3-CyD, and 
y-CyD) are cyclic oligomers of 6, 7, and 8 glucose units, 
respectively, as shown in Figure 1, and form inclusion 
complexes with aromatic compounds in aqueous solu
tion. 3 .4 

Reimer and Tiemann 5 reported the syntheses of 2-
hydroxybenzoic acid and 4-hydroxybenzoic acid from 
phenol and carbon tetrachloride without copper powder 
in aqueous alkali. The yields of hydroxybenzoic acids 
were very low. Komiyama and Hirai6 reported that the 

[3-CyD 
Figure 1. Structure and positional numbers of protons in P-CyD. 

reaction of phenol with carbon tetrachloride and copper 
powder in aqueous alkali using {3-CyD as mediator 
produced 4-hydroxybenzoic acid in 59 mol% yield with 
99% selectivity. The hydroxyl group of phenol has 
activating effect on the electrophilic substitution reaction 
of the aromatic ring. 7 The carboxyl group of benzoic 
acid has deactivating effect. 7 For example, the yield of 
2-hydroxybenzaldehyde was 35 mol% on the formyla
tion of phenol, whereas that of 5-formyl-2-hydroxy
benzoic acid was 17 mol% on the formylation 2-
hydroxybenzoic acid. 8 These low yields were due to 
the deactivating effect of the carboxyl group. 8 Conse
quently, the electrophilic substitution reaction of ben
zoic acid should occur slightly at the meta position. In 
previous communications, we reported preliminarily the 
selective carboxylation of benzoic acid using {3-CyD as 
mediator, 9 and the conformation of the {3-CyD-ben
zoate inclusion complex. 10 

This paper describes detailed results of the selective 
synthesis of terephthalic acid from benzoic acid, carbon 
tetrachloride and copper powder in aqueous sodium 
hydroxide solution under mild conditions by the use of 
{3-CyD as mediator, as shown in Scheme 1. The active 
species formed from carbon tetrachloride and copper 
powder is examined by using radical inhibitors. The 
conformations of {3-CyD-benzoate inclusion complex10 

+ CCI• 
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and a-CyD-benzoate inclusion complex in aqueous 
alkaline solution were determined by the rotating frame 
Overhauser enhancement spectroscopy (ROESY). 11 - 13 

The positional selectivity of the carboxylation is dis
cussed on the basis of the conformation of the inclusion 
complex. 

EXPERIMENTAL 

Materials 
heta-Cyclodextrin (fi-CyD) was purchased from 

Tokyo Chemical Industry Co. and recrystallized from 
aqueous solution. alpha- and y-CyD were obtained from 
Nacalai Tesque Inc. and recrystallized from aqueous 
solution. Copper powder was used of organic synthesis 
grade (the average diameter of particles I 11m) from 
Aldrich Chemical Co. Benzoic acid was obtained from 
Kanto Chemical Co. and recrystallized from aqueous 
solution. para-Benzoquinone was purified by sublima
tion. All other chemicals were purified by the usual 
ways. 

Carboxylation 
Three mmol of benzoic acid, 0.8 mmol (0.05 g) of 

copper powder, and 3.0 mmol of /3-CyD were added to 
30 mL 30 wt% aqueous sodium hydroxide solution. 
The reaction was started with the addition of 9.5 mmol 
of carbon tetrachloride and continued for 7 h at 60oC 
under nitrogen. Then, residual carbon tetrachloride was 
removed by evaporation under reduced pressure. The 
cooled reaction mixture was neutralized with hydro
chloric acid. The pH value of the mixture was adjusted 
to 9.7 with an aqueous sodium hydroxide solution, 
followed by filtration of the mixture through a sintered 
glass disk. The filtrate was analyzed by high performance 
liquid chromatography (HPLC) using absorbance at 
254 nm. The main product was isolated and confirmed 
to be terephthalic acid by comparison with authentic 
samples (HPLC, IR, MS, 1H-NMR). The yield of ter
ephthalic acid and recovery of benzoic acid were based 
on the starting amount of benzoic acid. The selectivity 
of terephthalic acid was based on the total amount of 
carboxylated products. 

Determination of Inclusion-Complex Formation Constant 
Inclusion-complex formation constants were deter

mined by the Benesi-Hildebrand method/ 4 •15 as fol
lows. X and Yare the initial concentrations of /3-CyD 
and substrate, having molar extinction coefficients of sx 
and By, respectively. The change of absorption intro
duced by formation of a complex may be represented 
by the term LlA, which is related to the total optical ab
sorbancy A by the relationship LlA =A- sxX- By Y. The 
equilibrium concentration of the complex Z is given by 

(1) 

where Lls=ez-ex-ey. The formation constant Kr is 
given by Kr = Z/[(X- Z)( Y- Z)] which on expansion 
becomes Z/ Kr = XY- YZ- XZ + Z 2 • Assuming that 
XY»Z 2 this becomes Z/Kr=XY- YZ-XZ, or 

Z=XY/(X + Y + 1/Kr) 

On combining eq I and 2, the following is obtained 
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(2) 

XY 1 (X+ Y) 
--=-···-+---
LlA KrLls Lle 

(3) 

Since Lle and Kr are constants, this equation represents 
a straight line when [X][Y]/LlA is plotted against the 
sum of the stoichiometric concentrations [X]+ [Y]. 

Measurements 
High performance liquid chromatograms were taken 

with a Tosoh SC-8010 chromatograph using the ab
sorbance at 254 nm: a strong anion exchange column 
(TSKgel SAX), 40oC; eluent, an aqueous solution of 
0.2 M sodium nitrate and 0.05 M boric acid buffer (pH 
9.7) with acetonitrile (1 vol%). 

1 H NMR spectra were recorded at 400 MHz on a 
JNM-GX400 FT-NMR spectrometer at 27°C. The 
samples for 1H NMR spectra of a solution of CyD 
(0.1 molL- 1 ) and a solution containing Cy D (0.1 
molL- 1) and carbon tetrachloride (0.1 molL- 1) were 
prepared in 1 wt% NaOD/D 20. Those of a solution con
taining CyD (0.1 molL - 1) and benzoate (0.1 mol 
L - 1) were prepared in 1 wt% NaOD/D20 using benzoic 
acid as benzoate. A two dimensional rotating frame 
Overhauser enhancement spectroscopy (2D ROESY) 
spectrum 11 - 13 was acquired in a sweep width of 2500 
Hz. A spin-lock field was used during the mixing period 
of 1000 ms and 500 ms in order to minimize magnetiza
tion transfer through scalar couplings. Free induction 
decays which accumulated 128 times at each mixing 
time were stored in a matrix of 1024 x 128. The data 
matrix was expanded to 1024 x 512 by zero-filling for 
F 1-axis and multiplied by the sinebell window function 
prior to the double Fourier transform. Chemical shifts 
are given in parts per million (ppm) downfield from 
that of tetramethylsilane in chloroform-d1 using internal 
capillary. 

The absorption spectra were recorded using a Hitachi 
U-3300 spectrophotometer at 25°C. 

RESULTS AND DISCUSSION 

Carboxylation of Benzoic Acid 
Figure 2 shows the dependence of the yield of ter

ephthalic acid (para-carboxylated product) on the initial 
mole ratio of /3-CyD to benzoic acid. The yield of 
terephthalic acid increases with {3-CyD, and takes a 
maximum (39mol% with 100% selectivity) at a mole 
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Figure 2. Plot of yield of terephthalic acid vs. initial mole ratio of 
{3-CyD to benzoic acid. Conditions: 30 mL of 30 wt% NaOH aq, 
3.0 mmol of benzoic acid, 0.8 mmol of copper powder, 9.5 mmol of 
carbon tetrachloride, 60°C, 7 h. 
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Figure 3. Plot of yield of terephthalic acid vs. initial mole ratio of 
carbon tetrachloride to benzoic acid. Conditions: 30 mL of 30 wt% 
NaOH aq, 3.0 mmol of benzoic acid, 1.5 mmol of fJ-CyD, 0.8 mmol of 
copper powder, 60 oc, 7 h. 
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Figure 4. Plot of yield of terephthalic acid vs. initial mole ratio of 
copper powder to benzoic acid. Conditions: 30mL of 30wt% NaOH 
aq, 3.0 mmol of benzoic acid, 1.5 mmol of fJ-CyD, 117 mmol of carbon 
tetrachloride, 60°C, 7 h. 

ratio of [3-CyD to benzoic acid of 0.5, where the yields 
of phthalic acid (ortho-carboxylated product) and 
isophthalic acid (meta-carboxylated product) are 0.0 
mol% and O.Omol%, respectively. In the absence of 
[3-CyD, however, carboxylation did not occur. The pro
motion of carboxylation by [3-CyD is probably attrib
utable to inclusion complex formation. The solubili
ties of carbon tetrachloride and benzoic acid in aque
ous alkali in high concentration increase by the 
formation of the [3-CyD-carbon tetrachloride complex 
and [3-CyD-benzoic acid complex. Decrease in the yield 
of terephthalic acid at the initial mole ratios of [3-CyD 
larger than 0.5 (see Figure 2) may be associated with the 
deactivation of the active species formed too much to 
react with the benzoic acid in the inclusion complex. 
When o:-CyD was used instead of [3-CyD, the reaction 
did not proceed. The recovery of benzoic acid was 
lOOmol%. When y-CyD was used instead of [3-CyD, the 
yields of terephthalic acid, phthalic acid and isophthalic 
acid were 0.4mol%, O.Omol%, and O.Omol%, respec
tively. 

Figure 3 exhibits the relationship between the yield of 
terephthalic acid and the initial amount of carbon tet
rachloride at a mole ratio of [3-CyD to benzoic acid 
of 0.5. The yield of terephthalic acid has a maximal val
ue (63 mol%) at a mole ratio of carbon tetrachloride 
to benzoic acid of 39. Carbon tetrachloride is required 
in large excess to get good yield of terephthalic acid, 
probably because a considerable part of the active spe
cies formed from carbon tetrachloride is decomposed by 
reaction with hydroxide ion from sodium hydroxide in 
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Figure 5. Plots of yields of terephthalic acid vs. reaction time in 
carboxylation in the presence of p-benzoquinone.: Initial mole ratios 
of p-benzoquinone to carbon tetrachloride 0.0 (0), 0.01 (0), 0.05 ([]), 
and 0.1 (.). Conditions: 30mL of 30wt% NaOH aq, 3.0mmol of 
benzoic acid, 1.2 mmol of coppe powder, 2.1 mmol of fJ-CyD, 117 
mmol of carbon tetrachloride, 60oC. 

the aqueous solution. 
Figure 4 depicts the dependence of the yield of tere

phthalic acid on the initial amount of copper powder 
at a mole ratio of carbon tetrachloride to benzoic acid 
of 39. The yield of terephthalic acid reaches a maximum 
(69mol% with 100% selectivity) at a mole ratio of 
copper powder to benzoic acid of 0.4. The increase in 
the yield of terephthalic acid by the addition of a small 
amount of copper powder may be due to increase of the 
reaction surface area of copper powder. 

The optimum amount of [3-CyD was investigated 
under the following conditions: the initial mole ratio of 
carbon tetrachloride to benzoic acid of 39 and that of 
copper powder to benzoic acid of 0.4. At an initial mole 
ratio of [3-CyD to benzoic acid of 0.7, the yield of 
terephthalic acid had a maximal value (74mol% with 
I 00% selectivity), where the yields of phthalic acid and 
isophthalic acid were O.Omol% and O.Omol%, respec
tively. Recovery of benzoic acid was 23mol%. In the 
previous communication,9 we reported that benzoic 
acid was converted to terephthalic acid in 75mol% yield 
with 87% selectivity by the use of carbon tetrachloride 
and copper powder in aqueous alkali with [3-CyD as 
mediator. Shortly afterward, we examined the optimum 
amount of [3-CyD, carbon tetrachloride and copper 
powder, respectively, on the carboxylation of benzoic 
acid by the use of [3-CyD as mediator. The optimal 
conditions of high performance liquid chromatography 
for the product analysis were investigated to improve the 
separation of each peak. We found that the yield and 
selectivity of terephthalic acid were 74 mol% and 100%, 
respectively. 

Effects of Radical Inhibitors on the Carboxylation 
Figure 5 shows the relationship between the yield of 

terephthalic acid and reaction time on the addition of 
p-benzoquinone. The yield of terephtalic acid decreases 
remarkably with increasing p-benzoquinone, especially 
at the initial stage of the reaction. At a reaction time of 
0.5 h, the yield is 58 mol% in the absence of p-benzo
quinone, whereas it is only 4.7mol% at a mol ratio of 
p-benzoquinone to carbon tetrachloride of 0.1. para
Benzoquinone is a strong radical-capturing agent. 16 The 
decrease in the yield of terephthalic acid by the addition 
of p-benzoquinone should not be associated with the 
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Figure 6. Plots of yields of terephthalic acid vs. reaction time under 
nitrogen (0) and oxygen (e). Conditions: 30 mL of30 wt% NaOH aq, 
3.0 mmol of benzoic acid, 1.2 mmol of copper powder, 2.1 mmol of 
fi-CyD, 117 mmol of carbon tetrachloride, 60°C. 

formation of fJ-CyD-p-benzoquinone complex, because 
the formation constant of fJ-CyD-p-benzoquinone com
plex is much smaller than that of fJ-CyD-benzoic acid 
complex as described later. 

The dependence between the yield of terephthalic acid 
and reaction time under nitrogen ( 0) and oxygen (e) 
is shown in Figure 6. In this figure, the point and error 
bar shows the mean and range between the maximum 
and minimum of three observed values, respectively. 
The yield ofterephtalic acid is 58 mol% under nitrogen at 
the reaction time 0.5h, whereas it is 40mol% under 
oxygen. For all reaction times, the yields under oxygen 
are apparently smaller than those under nitrogen. 
According to the literature, 17 oxygen exhibits significant 
retardation in the reactions involving trichloromethyl 
radical. Oxygen caused decrease of the yield of tereph
thalic acid in the present reaction, indicating the ac
tive species in the carboxylation to be a radical species, 
trichloromethyl radical. 

Komiyama et a/. 6 reported that the carboxylation of 
phenol with carbon tetrachloride and copper powder in 
aqueous alkali using fJ-CyD as a mediator probably 
proceeds with trichloromethyl cation as the active spe
cies, owing to the following: (I) Styrene, which strong
ly quenches the trichloromethyl radical, showed no 
measurable retardation in the carboxylation of phe
nol using fJ-CyD. (2) In the reaction under air, oxygen 
showed no measurable effect either on rate or selec
tivity. (3) Chloroform and hexachloroethane, produced 
in the reactions involving the trichloromethyl radical, 
were not formed at measurable rates in the reaction. 
The effect of oxygen in air on the carboxylation of phe
nol using fJ-CyD was estimated in the reaction under 
air at I atm at the reaction time lh by Komiyama et a/. 6 

We investigated in detail the carboxylation of benzoic 
acid using fJ-CyD under air at I atm. At a reaction time 
of 0.5 h, the yield of terephthalic acid under air was 
55 mol%, whereas the yields under nitrogen and oxygen 
were 58 mol% and 40mol%, respectively (see Figure 6). 
At a reaction time of 1 h, the yield under air was 66 
mol%, whereas the yield under nitrogen and oxygen 
were 67 mol% and 60 mol%, respectively (see Figure 6). 
The decrease in yield under air was much smaller than 
that under oxygen. The solubility coefficient of oxygen 
in aqueous alkali is small (Bunsen coefficient: 0.01104 
in 1.5 molL - 1 aqueous sodium hydroxide solution at 
622 

Cu + CC\4 - CuCI + • CC\3 

CuCI + CC\4 - Cu C\2 + • CC\3 

-ooc-Q + ·CC\3 - -ooc-0-ccJ3 

-ooc-0-cc\3 
NaOH (aq.) -ooc-0-coo-

Scheme 2. 

50"C). 18 The amount of dissolved oxygen in aqueous 
alkali under air at l atm was estimated using this co
efficient: 0.00296 mmol. Thus, the amount of oxygen 
dissolved in the reaction mixture under air was very 
small compared to the amount of carbon tetrachloride 
( 117 mmol) added to the reaction mixture. This is 
probably the reason why Komiyama et a/. 6 could not 
find the small decrease in yield under air at a reaction 
time of I h. 

The paper by Komiyama et a/. 6 describes that the 
trichloromethyl cation might be formed on the surface 
of copper powder with catalysis by copper powder. If 
the copper powder is a catalyst, the copper powder 
might remain unchanged at the end of reaction. How
ever, remaining copper powder was not found at all in 
the reaction even at reaction time I h. No solid matter 
could be found in the reaction mixture. The color of 
the reaction mixture was deep dark brown due to the 
formation of the fJ-CyD-carbon tetrachloride complex. 
At a small amount of fJ-CyD, however, light blue color
ation was identified in the reaction mixture, ascribed to 
copper(II) ions. Consequently, copper powder is evi
dently not a catalyst, but a reactant with carbon tetra
chloride to form an active species, trichloromethyl 
radical, as shown in Scheme 2. In the reaction of or
ganotin compounds with carbon tetrachloride in the 
presence of copper power, the reaction of copper powder 
with carbon tetrachloride produced copper(I) chloride. 19 

Copper(I) chloride and carbon tetrachloride formed 
copper(II) chloride and the trichloromethyl radical in 
the reaction of carbon tetrachloride with amines. 20 In 
a preliminarily study, we confirmed that copper(I) 
chloride is also effective for the reaction in the place of 
the copper powder. The reaction of benzoic acid with 
carbon tetrachloride and copper(!) chloride using fJ-CyD 
as mediator produced terephthalic acid in 43 mol% yield, 
under the following conditions: 30 mL of 30 wt% NaOH 
aq, 0.54 mmol of copper( I) chloride, 3.0 mmol of benzoic 
acid, 1.5 mmol of fJ-CyD, and 151 mmol of carbon 
tetrachloride, at 60°C, for 7 h. Consequently, the active 
species formed from carbon tetrachloride and copper 
powder should be the trichloromethyl radical, not the 
trichloromethyl cation, as shown in Scheme 2. The 
trichloromethyl radical predominantly attacks at the 
para position of benzoic acid. The resulting p-trichloro
methyl benzoate is hydrolyzed to give terephthalate, as 
shown in Scheme 2. 

Inclusion-Complex Formation of fJ-CyD with Benzoate 
Anion and fJ-CyD with p-Benzoquinone 
For determination of the formation constants of 
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Table l. Formation constants (K,), differences in molar 
extinction coefficients for free and complexed substrate 

(Lle), and wavelengths of {3-CyO complexes in 
aqueous solution at 25oC 

Guest 

Benzoate anion• 
p-Benzoquinoneb 

KrfM-1 c 

422± 10 
35±2.0 

212± 13 
2692± 119 

Wavelength/nm 

275,280 
246,252 

a Benzoic acid (0.26mmol L - 1) and {3-CyO (0, 2.5, 5.0, 7.5, !Ommol 
L- 1) in aqueous solution. b Para-benzoquinone (0.13 mmol L- 1) and 
{3-CyO (0, 2.0, 4.0, 7.0, 8.0mmolL - 1 ) in aqueous solution. cThe 
reported formation constant is the average of two determinations 
agreeing within 10%. 

Table II. Proton chemical shifts of {3-CyO in the absence 
(b0 ) and presence (b) of carbon tetrachloride• 

-----------·-------

Protons of {3-CyO bo/ppmb bjppmc b-b0 jppmd 

H-1 4.95 4.94 -0.01 
H-2 3.51 3.50 -0.01 
H-3 3.88 3.80 -0.08 
H-4 3.45 3.45 0.00 
H-5 3.82 3.84 +0.02 
H-6a 3.84 3.86 +0.02 
H-6b 3.78 3.80 +0.02 

a Conditions: 400 MHz 1 H NMR at 27°C. b {3-CyO (0.1 molL - 1) in 
I wt% Na00/020 solution. c {3-CyO (0.1 molL- 1 ) and carbon 
tetrachloride (0.1 molL - 1) in I wt% Na00/0 20 solution. d Signs + 
and - indicate downfield and upfield shifts, respectively. 

/3-CyD-benzoate anion inclusion complex and /3-CyD
p-benzoquinone inclusion complex, absorption spectra 
were measured at 25oC. The benzoic acid molecule was 
converted to the benzoate anion in aqueous solution 
(pH 7). Change in absorbance of benzoate anion (0.26 
mmol L- 1) was determined as a function of /3-Cy D 
concentration (2.5-1 0 mmol L -t ). That of p-benzo
quinone (0.13 mmol L - 1) was measured as a function of 
/3-CyD concentration (2.0-8.0 mmol L - 1 ). Formation 
constants were determined by the Benesi-Hildebrand 
method. 14' 15 In the absorption spectra of the benzoate 
anion at different /3-CyD concentrations, the isosbestic 
point was observed at 258 nm. In those of p-benzo
quinone at different /3-CyD concentrations, isosbestic 
points were observed at 232 and 258 nm. These isosbestic 
points indicated a 1 : 1 equilibrium. As shown in Table 
I, the formation constants (Kr), the difference of the 
molar extinction coefficients for free and complexed 
substrate (.de), and the monitored wavelength of /3-CyD 
inclusion complexes are summarized. The value for the 
formation constant of /3-CyD-benzoate anion is 422 ± 
10M- 1 , which is in good agreement with the literature 
value (372 ± 45 M - 1 in phosphate buffer solution (pH 
6.2))_21 The formation constant of /3-CyD-p-benzoqui
none is 35 ± 2.0 M - 1 and is far smaller than that of the 
/3-CyD-benzoate anion. 

Inclusion-Complex Formation of Cyclodextrins with 
Carbon Tetrachloride in Alkaline Aqueous Solution 
The 400 MHz 1 H NMR spectrum of a solution con

taining /3-CyD (0.1 moLl- 1) and carbon tetrachloride 
(0.1 molL- 1) was compared with that of a solution of 
/3-CyD (0.1 molL - 1 ). Table II shows the values of 1 H 
chemical shifts of /3-CyD in the absence of carbon 
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tetrachloride and presence of carbon tetrachloride. The 
C-1-C-6 protons in the glucose unit of /3-CyD are 
defined as H-1-H-6, respectively, as shown in Figure 1. 
According to the literature, 22 H-3 and H-5 atoms are 
directed toward the interior of the cavity of /3-CyD, 
whereas H-1, H-2, and H-4 atoms are located on the 
exterior. The shifts of the H-3 (- 0.08) and H-5 ( +0.02) 
atoms located in the interior of the cavity of /3-CyD are 
larger than those ofH-1 ( -0.01), H-2 ( -0.01), and H-4 
(0.00) atoms located on the outer surface of /3-CyD. The 
upfield shift of the H-3 atom and downfield shift of the 
H-5 atom are due to the magnetic anisotropy effect of 
the C-CI bonds. 23 •24 These facts suggest that carbon 
tetrachloride may thus be included in the cavity of /3-
CyD. When o:-CyD was used instead of /3-CyD, o:-CyD 
formed a white precipitate with carbon tetrachloride. 
When y-CyD was used instead of /3-CyD, carbon tetra
chloride hardly dissolved in solution. The filtrates of 
these mixtures of o:-CyD and y-CyD, respectively, were 
analyzed by 1 H NMR. The values of 1 H chemical shifts 
were observed not to change from those in the absence 
of carbon tetrachloride. 

Sanemasa et al. 25 reported the formation constants 
of CyD-carbon tetrachloride complexes determined 
by the volatilization rate of a guest from the aqueous 
phase into the gaseous phase. The formation constant 
(42 ±17M - 1 ) of the o:-CyD-carbon tetrachloride com
plex was much smaller than that (150 ±35M - 1) of the 
/3-CyD-carbon tetrachloride complex. The white pre
cipitate in solution containing o:-CyD and carbon 
tetrachloride as described above, should be associated 
with the complex formation of o:-CyD-carbon tetra
chloride. The carbon tetrachloride molecule is partially 
included in o:-CyD due to the size limitation of o:-CyD, 
according to the literature. 25 Precipitation seemed to 
occur through decrease in the solubility of o:-CyD caused 
by including carbon tetrachloride partially. The associa
tion between y-CyD and carbon tetrachloride has not 
been observed, according to the literature. 25 The associ
ation between y-CyD and carbon tetrachloride was also 
not perceived by our measurement of 1 H chemical shifts 
of y-CyD as described above. Calorimetric studies of 
CyD complexes with benzoic acid using a microcalori
meter by Siimer et al. 26 revealed that benzoic acid formed 
unstable inclusion complex with y-CyD. Thus, the car
boxylation of benzoic acid by using y-CyD hardly pro
ceeded. 

Conformation of Cyclodextrin-Benzoate Inclusion Com
plexes in Alkaline Aqueous Solution 
In the previous communication, 10 the conformation 

of /3-CyD-benzoate inclusion complex in aqueous solu
tion was determined by measurement of the 1 H chemi
cal shifts of /3-CyD and the ROESY spectrum on the 
aqueous alkaline solution of /3-CyD and benzoic acid. 
The 400 MHz 1 H NMR spectrum of a solution con
taining /3-CyD (0.1 molL- 1) and benzoate (0.1 molL - 1) 

was compared with that of a solution of /3-CyD (0.1 
molL- 1 ). The benzoic acid molecule was converted to 
the benzoate anion in aqueous alkaline solution. Table 
III shows the values of 1 H chemical shifts of /3-CyD in 
the absence of benzoate anion and the presence of 
benzoate anion. In the presence of benzoate anion, all 
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Table III. Proton chemical shifts of {i-CyO in the absence 
(b 0) and presence (b) of benzoate anion" 

Protons of fi-CyO bo/ppmb b/ppm' <l-b 0 /ppmd 
-------------- ---------- -----------

H-1 4.93 4.92 -0.01 
H-2 3.49 3.49 0.00 

H-3 3.86 3.83 -0.03 

H-4 3.42 3.41 -0.01 
H-5 3.77 3.71 -0.06 

H-6 3.81 3.78 -0.03 

"Conditions: 400 MHz 1H NMR at 27"C. b fi-CyO (0.1 molL - 1) in 
I wt% Na00/020 solution. c fi-CyO (0.1 molL- 1) and benzoate 
anion (0.1 molL -I) in I wt% Na00/020 solution. d Sign -indicates 
upfield shifts. 
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Figure 7. 20-ROESY spectrum of a solution containing fi-CyD 
(0.1 molL -I) and benzoate anion (0.1 molL -I) in l wt% Na00/020 
at 2rc. Projection spectra on the F 1-axis and F 2-axis, respectively, 
were obtained from the ]-resolved 20 spectrum. 

protons of [3-CyD shifted upfield. The larger changes in 
the chemical shifts of H-3 ( -0.03) and H-5 ( -0.06), 
compared with those of H-1 ( -0.01), H-2 (0.00), and 
H-4 ( -0.01), indicate that the benzoate anion is included 
in the cavity of the [3-CyD molecule. The upfield shifts 
are due to the magnetic anisotropy effect of the phenyl 
group of benzoate. 

Figure 7 exhibits the ROESY spectrum of the solution 
containing [3-CyD and benzoate anion, where the ]
resolved spectrum of benzoate is shown on the F 1-axis 
and that of [3-CyD on the F2-axis. The cross-peak 
connecting the H-3 resonance of [3-CyD to the H-3 
resonance of benzoate is remarkably observed, and that 
to the H-2 and H-4 resonances of benzoate is observa
ble. The cross-peak connecting the H-5 resonance of [3-
CyD to the H-2 resonance of benzoate is appreciable. 
These results indicate that the H-2 atom of benzoate 
is situated near the H-5 atom of [3-CyD and the H-3 
atom of benzoate lies close to the H-3 atom of [3-CyD. 
Thus, the conformation of [3-CyD-benzoate inclusion 
complex in aqueous alkali can be proposed, as shown 
in Figure 9. In this figure, [3-CyD is illustrated simply by 
its cavity; the inner diameter of cavity 6.0 A for the pri
mary hydroxyl side, 6.4 A for the secondary hydroxyl 
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Figure 8. 20-ROESY spectrum of a solution containing o:-CyD 
(0.1 molL- 1) and benzoate anion (0.1 molL- 1 ) in I wt% Na00/020 
at 27"C. Projection spectra on the F1-axis and F2-axis, respectively, 
were obtained from the ]-resolved 20 spectrum. 

side, and the depth of the cavity is 7.9 A, according to 
the literature. 27 The benzoate anion is axially included 
in the cavity of [3-CyD with orientation such that the 
carboxylate group is at the primary hydroxyl side of [3-
CyD and the para position of benzoate, at the second
ary hydroxyl side of [3-CyD. 

The conformation of a-CyD-benzoate inclusion com
plex in aqueous alkali was determined by a similar 
method. Figure 8 illustrates the ROESY spectrum of the 
solution containing a-CyD and benzoate anion. The 
cross-peak connecting the H-3 resonance of a-CyD to 
the H-3 resonance of benzoate is clearly observed, and 
that to the H-2 resonance of benzoate is observable. The 
cross-peak connecting the H-5 resonance of a-CyD to 
the H-3 resonance of benzoate is appreciable. These 
results indicate that the H-2 atom of benzoate lies close 
to the H-3 atom of a-CyD and the H-3 atom of benzoate 
is located between the H-3 and H-5 atoms of a-CyD. 
Figure 9 depicts the proposed conformation of a-CyD
benzoate inclusion complex in aqueous alkali. In this 
figure, a-CyD is illustrated simply by its cavity: the inner 
diameter of cavity 4.7 A for the primary hydroxyl side, 
5.2 A for the secondary hydroxyl side, and the depth of 
the cavity is 7.9 A, according to the literature. 27 The 
benzoate anion is axially included in the cavity of a-CyD 
with an orientation which directs the para position of 
benzoate to the primary hydroxyl side of a-CyD and the 
carboxylate group to the secondary hydroxyl side of 
a-CyD. 

Thermochemical investigation of [3-CyD complexes 
with benzoic acid and sodium benzoate using a micro
calorimeter by Siimer et al. 28 reveals that the carboxyl 
group and carboxylate ion enters the cavity of [3-CyD 
first, but does not determine the orientation direction of 
the guest molecule in the cavity of [3-CyD. The NMR 
spectroscopy by Bergeron et a/. 29 indicates that both 
benzoic acid and sodium benzoate penetrate the cavity 
of a-CyD at the secondary hydroxyl side, carboxyl 
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group first, although the sodium benzoate penetration 
was more random. However, 1H-1H intermolecular 
nuclear Overhauser effect (NOE) between a-CyD and 
sodium benzoate is not observed in the literature, 29 

owing to the weak binding of sodium benzoate in the 
cavity of a-CyD. The ROESY 11 - 13 method is useful 
for NOE measurement of moderately large molecules 
(molecular weight of about 1000). We succeeded in the 
determination of the conformations of /3-CyD-benzoate 
inclusion complex and a-CyD-benzoate inclusion com
plex by the ROESY method. From our measurement 
of formation constant of J)-CyD-benzoate as described 
above, the 79% of benzoate anions in the solution form 
inclusion complexes with /3-CyD. The benzoate anion 
included in the cavity of /3-CyD, as shown in Figure 9, 
can be attacked at the 4-position selectively by the ac
tive species. The proposed conformation of J)-CyD
benzoate inclusion complex is consistent with the po
sitional selectivity of the carboxylation of benzoic acid. 
The proposed conformation of a-CyD-benzoate inclu
sion complex is compatible with the finding that car
boxylation did not occur. 

H-3 

4 

---- -H-5 

a-CyD 

Secondary hydroxyl side 

Primary hydroxyl side 

--A!H3 
r-- -Y- -H-5 

c 
.. ...::----o 
8 

{3-CyD 
Figure 9. Proposed conformations of the cc-CyD--benzoate inclusion 
complex and the fi-CyD-benzoate inclusion complex; -----H-3 and 
-----H-5 show planes comprised of the corresponding atoms of cc-CyD 
and {J-CyD, respectively. 

CCI4 
NaOH (aq.) 
Cu, {3-CyD 

__ v Cu, {3-CyD 

i • CCb 

. . 

Mechanism of Selective Carboxylation 
The solubility of carbon tetrachloride in water is poor 

(0.024 wt% at 50°C). 30 Therefore, carbon tetrachloride 
itself may be little concerned with the reaction in aqueous 
alkali. When carbon tetrachloride is included in the 
cavity of the /3-CyD, it can be soluble in aqueous alkali 
and concerned with the reaction. The carbon tetra
chloride included in J)-CyD may react with metallic 
copper powder, generating copper(I) chloride and the 
trichloromethyl radical, as shown in Scheme 2. Copper(I) 
chloride may also transfer an electron to carbon tetra
chloride leading to formation of the trichloromethyl 
radical and copper(II) chloride. 

The proposed mechanism of the selective synthesis of 
terephthalic acid using J)-CyD as mediator is shown in 
Figure 10. The benzoate anion is axially included in the 
cavity of J)-CyD with an orientation such that the 
carboxylate group is at the primary hydroxyl side of 
J)-CyD and the para position of benzoate, at the sec
ondary hydroxyl side of /3-CyD. Carbon tetrachloride 
included in J)-CyD with copper powder forms the tri
chloromethyl radical, as the active species. The tri
chloromethyl radical should attack predominantly at 
the para position of the benzoate anion included in 
J)-CyD. The p-trichloromethyl benzoate is rapidly hy
drolyzed to give terephthalate in aqueous alkali. 

The benzoate anion is axially included in the cavity of 
a-CyD with orientation which directs the para position 
of benzoate to the primary hydroxyl side of a-CyD, as 
shown in Figure 9. The primary hydroxyl group of a
CyD has considerable freedom of movement about the 
C-5-C-6 bond. 3 The inner diameter of primary hydroxyl 
side of a-CyD (4.7 A)27 is smaller than that of the 
secondary side (5.2A). 27 The trichloromethyl radical 
may not attack at the benzoate anion included in a-CyD 
from primary hydroxyl side due to steric hindrance of 
the C-5-C-6 bond. According to the literature, 25 the 
carbon tetrachloride molecule is partially included in 
a-CyD. The white precipitate in the solution containing 
a-CyD and carbon tetrachloride as described above, 
may be due to the decrease in the solubility of a-CyD 
caused by including carbon tetrachloride partially. 
Thus, carbon tetrachloride in the aqueous alkaline so
lution of a-CyD could hardly form the trichloromethyl 

Cl Cl CI ....._I/ coo-c 

.. ¢ NaOH (aq.) ¢ 
c coo-

0--:--:- :;-.0 e· 

Figure 10. Proposed mechanism of carboxylation of benzoic acid using fi-CyD as mediator. 

Polym. 1., Vol. 28, No.7, 1996 625 



Y. SHIRAISHI eta/. 

radical, as the active species. Based on the interaction 
between y-CyD and carbon tetrachloride, carbon tetra
chloride hardly dissolves in solution. Consequently, car
boxylation hardly proceedes by a-CyD or y-CyD. 

CONCLUSIONS 

The selective carboxylation of benzoic acid with car
bon tetrachloride, copper powder and aqueous alkali 
was achieved by the use of P-CyD as mediator at 60°C 
under nitrogen of atmospheric pressure, producing 
terephthalic acid in 74mol% yield with 100% selectivity. 
The carboxylation probably proceeds with the trichlo
romethyl radical formed from carbon tetrachloride and 
copper powder, as the active species. The benzoate 
anion is axially included in the cavity of P-CyD with 
orientation such that the carboxylate group is at the 
primary hydroxyl side of P-CyD and the para position of 
benzoate, at the secondary hydroxyl side of P-CyD. The 
benzoate anion included in P-Cy D is predominantly 
attacked at the para position by the trichloromethyl 
radical and forms terephthalic acid with very high se
lectivity. The conformation of P-CyD-benzoate inclu
sion complex is consistent with the positional selectiv
ity of the reaction. 
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