
PHASE- 
TRANSFER CATALYSIS FOR DETERMENA-I-KN BY GAS CHROMATO- 
GRAPHY. 11’ 

The of benzoic acid was studied in di&rent &vents containing an 
aI@1 halide and ~trabut&mmonium bicarbonafe- The bicarbonate tion was tram- 
femed to the organic s&veas by shaking solid sodium bicarbonate with solutions of 
tetrabi&$ammonium &&csgen sulphate. The alkylation rate was intluenced by the 
type of solvent used, &ones being the most favourabIe. The quaternary ammonium 
bicarbonate was found to be stable in the ketones even at elevated temperatures, but 
the dissolution was slower than in halogenakd solvents. The possibility of controlling 
the alkyktion rtaction by a suitable choice of sokr&, alkyd halide and reaction 

fmqeratnre was derrronstrated. It was also shown that the content of water and 
ethanol in some solvents dm.sticaUy z&ii the alkylation rate. 

LNIRODUCTION 

Extensive work has been carried out on exhzctive &yIation and phase- 
tram&r catiysis (PTC) in recent years and several surveys have been published+9. 
A&y1 esters have been pzepared for amiytical pwposes by these technique9°.11. 
Processes oaxming in the presence of solid components, solid-liquid PTC, with 
crown ethers or quatemaz..r ammonium compour~ds as dissolution agents, may lead 
to interesting aLzalyticaf possibiiities u - I’. T&is paper describes f&er studies on a 
previously employed solid-liquid PTC pmces~~-‘~ with special emphasis on the effect 
of solvents on the dissolution of the quaternary ammonium bicarbonate and 011 the 
me of the akylation reaction. 

‘FOrpartI,SeeL czkmmatm_. 170 (1979) 25. 
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EXPERIMENTAL 

Apparattrs 
The equipment employed in Part IL6 was used. 

The following were used: tetrabutylammonium (‘IRA) hydrogen sulphate (Lab 
Kemi, G&borg, Sweden; Fluka, Buchs, Switzerland); sodium bicarbonate (Merck, 
Darmstadt, G.F.R. ; pa. grade); methyl, ethyl, propyl, butyl and benzyl iodide, butyl 
bromide and butyl and benzyl chloride (Fluka); chloroform, methylene chloride, 1,2- 
dichloroethane, acetone. methyl ethyl ketone, methyl- isobutyl ketone, acetonitrile and 
pentanol (Merck, p.a. grade); Perchloric acid (Merck, p.a. grade); dioxane (Merck, 
puriss grade), benzoic acid (pharmacopoeical grade); sulphuric acid (I mol/l) (Merck, 
pa. grade); n-hexadecane (internal standard for the gas chromatographlc deter- 
minztions) (Merck). All solvents were used without any further purification. 

A 40.00~ml volume of organic solvent containing TBA hydrogen sulphate 
(0.01 mol/l) was shaken for different periods of time with 1.00, 6.00 or 10.00 g of 
sodium bicarbonate in a thermostated water bath at 20.0 f 0.1 “C at a frequency 
of 80 strokes/ruin. The suspension was transferred to a filter-paper and 5.00 or 10.00 
ml of the clear filtrate were analysed by potentiometric titration with per&lo&z acid 
in dioxane (0.0035 mol/l). Titrations in chloroform were performed after addition of 
methyl isobutyl ketone, which made it easier to read the potential. 

Preparation of TBA bicarbonate. A 40.00-d vohne of organic solvent cm- 
taining TBA hydrogen sulphate (0.01 mol/l) was shaken for 20 min with 6.00 g of 
sodium bicarbonate and filtered_ The alkylation reaction was studied in a thermo- 
stated water bath at 20.0 f O.l”C, except in the experiments where the influence of 
temperature was studied (in &se cases the water bath was thermostated at 10.0, 
20.0,30.0,40.0 and 50.0 f 0.1 “C). A ZO.OO-ml volume of the solution of pre-dissolved 
base was mixed with 10.00 ml of the same organic solvent containing benzoic acid 
(0.0% mol/l) and n-hexadecane (0.008 mol/l). A lO.OO-ml volume of a solution of 
alkyiating agent (different concentrations) was added and 1.00 ml of the mixture 
was removed at various times up to at least 24 h and shaken with 0.2 ml of snlphuric 
acid (1 mol/l) to stop the reaction. When acetone and acetonitrile were used as 
solvents the reaction was stopped by adding 1.00 ml of the reaction mixture to a 
tube containing 1.00 ml of methylene chloride and 0.2 ml of sulphuric acid. The 
completion of the esterScation was checked by determining the content of henzoic 
acid by liquid chromatography’6 and, in the butylation studies also by gas chromato- 
graphic quantification of butyl benzoate. 

RESULTS AND DISCUSSION 

lizjher~ce of rhe organic solvent 
The dissolution siep’. In Part II6 the dissolution of the bicarbonate anion as 

* In Part II6 solvztion was used in the same sense as dissolution in fhis paper. 
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the tetrabutylammonium ion @ in xethylene cbioride was found to be more rapid 
when the avdabfe smface area of sodium bicarbonate was large. This could be 
achieved by using large amounts of sodium bicarbonate or by grinding the sait. In 
&is study, the Mueuce of the amount of solid sodium bicarbonate on the dissolution 
procedure was evaluated for metbyl ethyl ketone. In methylene chloride an 
N&KC& : TF3AHSO. molar ratio (R) of 3Q:l was found to be sufiicient to achieve 
equilibrium after 20 min of sbaki&. ft is evident from Table I that a larger ratio, Et, 
was necessary in methyl ethyl ketone and it is atso clear that ffie dissohztion is slower 
than in metbylene chloride. In practical use, an R value of 180 proved to be most 
suitable. The efkct of the shaking time on the dissolution process was studied for 
some other soIvents, %itb the resu&s shown in Table II (R = 180). In the halogenated 
solvenfs equilibrium was attained a&r 5 min, but in the ketones and acetonitrile 20420 

TABLE I 

DISSOLUTION OF BICARBOXATE WTTH TBA HYDROGEN SULP~TE IN M?ZHYJL 
EFHYLKEA-om 

R = NaH~3:T11AHsoI molar ratio. V&es given are concentrations ofdissohzd HCO,‘ (mmol~l). 

skakingrimc(miil) h’aRC0, 1g) 

1.00 6.00 z0.w 

R 

30 180 3w 

5 0.8 4.0 3.5 
20 1.7 7.2 4.7 

: 
6.6 4.9 

:8’ 96 96 
120 6.6 9:6 9:6 

DISSOLmON OF BICARBONATE WiTH TBA HYDROGEN SULPHATE IN DIFFERENT 
SOLVENTS 

NaKCO,:TBAHSO~mofar ratio = lSO.Vahes given se conaarations ofdisolved HCl&-(mnolj 
I).Vatuts~n~aw~u;aeo~on~sameoccasion. 

soled SbdI-J?J time (ma) 

5 20 60 120 

Acaoac - I.9 4.7 - 
- - 7.9 

Mcthy~ cth>l kcsonc 6.0 8.4 8.7 - 
4.0 7.2 9.6 
- - ii.; 

Methyl isoburyl kctoue 8.8 9.1 ;; :, 
5.0 !?.s 1 - 

CbJOdiXSi 9.0 - 9.1 - 
1,2-DichIomcshane 8.3 8.1 7.8 - 
Methykzxcflki& 7.0 7.0 7.0 - 
Aatanitac - 5.9 - 

- - - 9.8 
&&and 2.7 - 
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min were necessary. The process was slowest in acetone, and acetonirrile ami methyl 
ethyl ketone gave intermediate values. The last solvent was selected for more extensive 
studies, which revealed that large differences in bicarbonate concentrations could 
sometimes be obtained with shorter shaking times. Thus, after 20 min values between 
2.7 and 10.1 mmol/l were obtained, and 60 min of shaking produced concentrations 
of 8.7-9.6 mmol/l. This emphasized that a sufficient shaking time and amount of 
sodium bicarbonate should be allowed for the dissolution of the bicarbonate ion pair. 

Toluene, benzene and ethyl acetate were tested but could not be used since 
TBAHSO, was not sufficiently soluble in these solvents. 

Sr&i&y of T’A bicarbonate. In methylene chloride the quaternary ammo- 
nium bicarbonate concentration decreased by about 30% in 20 h at room temper- 
atun9. More extensive degradation was found to occur in 1,2dichloroethane, 27% 
disappearing within 6 h at 20°C. At higher temperatures the degradation reaction 
accelerated; for example, 78% had degraded after 3 h at 40°C. In contrast to the 
halogenated solvents, there was no decline in the TBA bicarbonate concentration in 
acetone, methyl ethyl ketone, methyl isdbutyl ketone or a&o&rile at room tem- 
perature for at least 6 days. At 60°C no degradation of TBA bicarbonate was 
observed after 3 h in methyl ethyl ketone. 

Butylation of TBA benzoate in 1,2_dichloroethane gave 2-chloroethyl benzoate 
as a by-product (verified by gas chromatography-mass spectrometry). At higher 
temperatures this compound was often the main product. This indicates that the 
reason for the instability of the TBA bicarbonate in the halogenated solvents might 
be that they react with the nucleophilic bicarbonate anion. From this it follows that 
the alkylating agent might react with the TBA bicarbonate, which emphasizes the 
importance of adding the a&y1 halide after the carboxylic acid has reacted with the 
pre-dissolved base_ If the alkyl halide was added some time before the acid, the 
halide could in principle begin to consume the necessary excess of bicarbonate (see 
Importance of the TBA concentration). 

The dkyation step. The rate of the alkylation reaction was studied in the 
solvents mentroned in Table II. As in Part II6 benzoic acid was used as the model 
substance and the reaction was followed by determination of the product (ester) 
concentration at suitable time intervals. An excess of alkyl halide was used in this 
study also. Pseudo-first-order behaviour of the alkylation reaction was assumed, and 
the observed rate constants (k’) were calculated from the slopes of the straight lines 
obtained by plotting log C-/C, - C, versus time (where C, is the concentration of 
the alkyl ester when no carboxylic acid could be detected in the reaction mixture 
and C, is the concentration of the alkyl ester at ,ime t). 

Halogenated solvents have been used extensively in PTC reactions and 
extractive alkylation7*10. This study shows, however, that solvents of the dipolar 
aprotic type such as ketones and acetonitrile are useful and might even be superior 
(Table III). These solvents are known to solvate cations, whereas anions are poorly 
solvated16Jg. For this reason many reactions can be considerably more rapid in 
dipolar aprotic solvents, when the reaction involves anions. The observed rate 
constants, k’, obtained in this study (Table III) are in agreement with these observa- 
tions. The ketones are the solvents of choice from a reactivity point of view, with 
methyl ethyl ketone being about 100 times better than methylene chloride. 

Addition of water to a concentration of 0.11 mol/l(O.2 %, v/v) reduced the k 



ALEZLATION OF CARBOXYLlC ACIDS FOR GC. II 259 

TABLE Ill 

BUrYLATiON OF IN DIFFERENT ORGANIC SOLVENTS 

SacF-art Ba@i t&We coacentra&27n k’- IO= (mWz) Gziuu?arediimefor 
(ld0 99% alkyhzh uiik 

1.0 IAll bldyl 
iodide (nnir) 

Methyl ethyl kctolxz 0.1 54 1 

ACCtOrsC 0.1 49 Methyl ischltyl ketone 0.1 16 : 
ACXt0titriIe 0.1 3.1 15 
1 ,Z-Dicfitometbane 1.0 6.5 71 
Mechykne cworidc 1.0 3-9 118 
momform 1.0 0.40 1150 

for butylation of benzoic acid in methyl ethyl ketone from 0.54 to 0.15. Hence it is 
advantageous to use a dry solvent in the 2lkyIation reaction. The use of 2 solvent 
such as methyl ethyl ketone 2s 2n extractant of 2cid.s from aqueous samples is less 
suitable owing to its ability to dissolve w2teF"; another solvent therefore has to be 
used for such extractions. 

The use of ketones as solvents for 2lkyIation of organic acids ~2s mentioned 
in 1913 by Claiscn and EisIeW,“, more recently by Kawahara= and, on the micro- 
scale, by Diinges”. These reactions occurred in the presence of potassium carbonate 
at elevated temperatures. Some alkali metal carbonates have been used recently in 
methylation reactions of a number of aromatic acids in acetonP_ Caesium car- 
bo_712tes reacted the quickest, followed by rubidium and potassium salts, which 
shows the eK.zct of the size of the counter ion. The Same good effect can be achieved 
by using the TEA bicarbonate ion pair as described in this paper_ With the TBA 
cation excluded, La., only sodium bicarbonate presenf no 2lkylation of benzoic acid 
in methyl ethyl ketone occurred within 24 h at 20°C. The alkylation of hydantoins 
performed with acetone or methyl ethy: ketone 2s solvents required 2 stronger base 
(potassium hydroxide) in order to go to compIetionz5_ 

The reaction was slower in halogenated solvents than in the ketones. 1,2- 
Dichloroethane and methylene chloride g2ve rate constants of the same magnitude. 
Chloroform gave 2 considerably lower reaction rate, however, which may be due to the 
ethanol preservative. Addition of ethanol to methyIene chloride reduced k’ con- 
siderably, as can be seen in Table IV. A further illustration of this e&ct was given 
by an attempt to butylate benzoic acid in pentanol. In this experiment no ester 
was formed even after 24 h_ 

Some probIems were encountered with the reproducibility of the observed rate 
constaat, x--‘, in methylene chIoride. The wu-iations in the magnitude of k’ nere found 
to depend on different concentrations of ethanol and water in the solvent (Table 
iv)- Methylene chloride saturated wirh water produced 2 k' of about one sixth of 
the value obtained in batches of this solvent containing small amounts of ethanol 
and water, which indic2tes that 2 direct reaction in methylene chloide extr2cts from 
aqueous samples is less favourable. 

The probable reason for the influence of ethanol and water on the alhyIation 
is the salvation of the nucleophilic benzoate anion by these hydrogen donor+19 
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TABLE IV 

INFLUENCE OF WATEX AND ETEiANOL ON THE BU-TYLA~ON OF BENZOIC ACID 
Organic solvent: methylene chloride. Alkylating agent: butyl iodide (1.0 mol/l). The content of water 
was determined by Karl Fischer titration and ffie ethanol was determined by gas chromatography 
using a Pos-apak Q column. 

Water concentration (r&/i) Ethanol concentration (mol/l) k’- (m&t-‘) 

0.107’ 

0.034 
0.026 

0.012 
0.012 

0.006 
0.006 

- 
- 
- 
- 

0.001 
0.001 
0.001 
0.002 
0.002 
0.82” 
0.161 

0.70 
0.70 
2.9 

:: 
4:1 

1:; 
3.7 
0.14”’ 
2.9 

* Saturated with water. 
l * Added to the reaction mixture. 

*** In this instance the reaction was not followed to completion but k’ was calculated by as- 
suming c, = 1 .OO* 10m3 mol/L 

The soivents in this study were used without any purification. As demonstrated in 
Table IV, this can influence the values of k’, which therefore have to be regarded as 
approximate. 

Dissociation of ion pairs is likely to occur in solvents with higher dielectric 
constar~rs~~~~. No attempts have been made to determine dissociation constants or 
to evaluate possible differences in the a&y&ion raB; between the benzoate anion 
as zn ion pa? with TBA or present as a dissociated ion. 

Importance of the TEA concentration 
In the solid-liquid FTC alkylation of indometacirP it was found that the 

concentration of quaternary ammonium compound had to be at least equivalent to 
the concentration of carboxylic acid in order to achieve quantitative derivatization. 
The concentration of dissolved bicarbonate was about 80% of the TBA hydrogen 
sulphate concentration initially present when methylene chloride was used as a 
solver@, which means that there was a four-fold excess of dissolved bicarbonate in 
relation to carboxylic acid in the reaction mixture. This proved to be sufkient for 
ffie quantitative alkylation of benzoic acid and also acetylsali@ic acid. 

An attempt was made to alkylate benzoic acid in methylene chloride, in 
which the TBA concentration was 50% of the benzoic acid concentration. In this 
solution the concentration of dissolved bicarbonate could be expected to be about 

- 40 % of the benzoic acid concentration. The results were compared with an alkylation 
in which a five-fold excess of TBA was used (Fig. 1). The alkylation in the presence 
of excess TBA was quantitative within 120 min, whereas only about 47% of the 
benzoic acid had reacted after 3 days in the system with a deficit of TBA. The concen- 
tration of ester found is close to the expected concentration of dissolved bicarbonate 
mentioned above, and it is obvious that a slight excess of TBA bicarbonate com- 
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Fig. 1. lntluemr of TBA comtration on the butyiidon of beuzoic acid. Organic sohent: me- 
tbykne cMoride_ AIkyIating agent: butyl iodide (1.0 mol/l). Benzaic acid concentration: l_OO- IO-” 
mo41. TBA concentration: A, S_CXI- lo-’ mow; B. O_.W lo-’ mol/l_ 

pared with carboqlic acid is necasary for complete akylation to be achieved. This 

observation again demonstrates that protolysis of the acid (step II in the proposed 
reaction sequencex6) is essential for the reaction to proceed. 

It was shown in Part Ix6 that the butyylation of benzoic acid in methylene 
chloride was M order with respccr to butyl iodide. The same relationship between 
k’ and butyi bromide concentration was vahd in methyl ethyl ketone, as shown in 
Fig. 2. Another way to control the reaction rate is to use alk$ halides of different 
natures, e.g., a c-hange in the length of the carbon chain and the halogen atom. 
Table V gives the reactivities of some alkylating agents in methyIene chloride. The 
reactivity increased in the order chloride, bromide, iodide. Ben& iodide was con- 
siderably more reactive than the others. In methyl ethyl ketone, buty: iodide 
(0.1 moI/I) had a k’ of OS4 (Table III), whereas butyi bromide was only one tenth 
as reactive (Fig. 2) at the same concentration. Butyl chioride was even less reactive. 

Temperature eflects 
Variation of the temperature is another possible means of infiuencing the 

reaction rate. In the butylation of benzoic acid the pseudo-first-order rate constants 
varied greatly with temperature (Table VI); for example, an increase in temperatnre 
from 20.0 to SO.O”C produced about a 10 times more rapid ahqlation in methyl 
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k’ min 
-t 

Qi 0.2 0-t 0.4 0.5 0.6 O-7 (I.8 0-s t-0 Butyl bromide eoncantration [I PA 
Fig. 2. ReIationship between observed rate constant and butyl bromide concentration in the butyla- 
tion of benzoic acid. Organic soIvent: methyl ethyl ketone. 

TABLE V 

ALKYLATION OF BENZOIC ACID WDX DIFFERENT ALKYLATING AGENTS 

Organic solvent: methylene chloride. Concentration of alkylating agent: 1.0 mol/l. 

ACkylarrir agent k’- Iff (min-‘) CaIccdated time for 99% alkyhtian [min) 

Methyl iodide 77 6 
Ethyl iodide 8.1 57 
Propyl iodrde 4.4 10.5 
Butyl iodide 3.9 118 
Butyl bromide 1.1 419 
Butyl chloride 0.010’ 46050 
Beuzyliodide - I . . 

Ben@ chloride 1.3 354 

* In this instance the reaction was not followed to completion but k’ was calculated by as 
suming c, = 1.00. lo-’ mol/l. 

We It was not possible to make a kinetic measurement in this instance because the reaction was 
complete viithin 1 min. 

TABLE W 

BUTYLATION OF BENZOIC ACID AT DIFFEREW TEMPERATURES 
Organic solvent: methyl ethyl ketone. Alkylating agent: butyl bromide (0.1 mol/l). 

Temperature (“C) K- 16 (miWz) Calculated time for 99% alkylbtion (mrh) 

10.0 0.70 658 
20.0 4.7 98 
30.0 17 27 
40.0 37 12 
SO.0 54 9 



ALKXLMTON OF CARBOXYLIC ACIDS FOR GC. n, 

ethyl ketone. 3Bi.s solvent could be suitable for work at bigber f~mperatures as 
TBA bicarbonate did not decompose as it did in tie balogemaxi solvents (cf-, 
s&&&y of TBA bfka&omzfe)_ 

The advantage of using tie ketones is considerable, as they are readily avail- 
able, stable and can be evaporated fairly easily. The last property contrasts with those 
of other dipolar aprotic solvents such zs dimethy!formamide, dimethyl sulphoxide 
and dimethylacetamide_ 
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