
THE EXTRACTION OF ALKOXIDE ANIONS BY 
Q~ATERNARY A~~~N~~~ PHASE 

TRANSFER CATALYSlS 

Tk &SF’ and one of the most useful synthetic 
a~pli~t~o~ of phase transfer catatysis (PTC) is the 
proration of ethers &a the biphasic Williamson 
reaction according to the general equation’ (I): 

R’X+ROlf+CN@ ~‘CIROR’CH~O$X~ (1) 

where R and R” arc primary or secondary alkyi or aryg 
residues, X is a halide and the caustic base is usually 
sodium or potassium hydroxide in aqueous solution. 
The phase transfer catalysts of choioe are Iipophiiic 
quaternary ammonium or phosphonium salts but 
crown ethers’ and polyethylene glycols’ were also 
successfully applied. The introduction of PTC 
rn~j~~tjoos of the trad~Fjoo~ procedure alowed 
simpler work-up, cheaper raw mater&, and higher 
sclcctivi~ics. As a rcsuft the new method was applied to 
numerous syntheses [survey: Ref. 21, including sym- 
metrical and non-syrn~t~~i aiiphatic and aromatic 
ethers, cruwn ethers, sugar ethers% ethers of hydroxyf 
amines, alad variaus pfy etktrs.’ Etherification under 
PTC condition has also Found some analytical 
applications, The mechanism of reaction (1) was 
proposed by several authorsand includes the f&lowing 
steps :1 

~a)Alcoho~ ajkox~de~~j~jbrjurn which takes placcat 
tht interphaxr or in the aqueous phase {Eq. 2). 

RO~~U~~~RU~~~*Q 0) 

This is actually an acid +ase ~~li~urn and ifs 
~uiiibrium constant is the acidity constant KHA of the 
alcohol,‘b*’ 

(b) Extraction OF the alkoxide ion from the aqueous 
phaseorfrom thtinttrpharr:inFot~bulkofttreorggnic 
phase by anion exchange and ion pair ~xtraetio~ with 
the quaternary ammonium cation fEq. 3), 

WC,, f WG oI urtrr~j 0 W%,,I + -‘%a, 01 

where Q is the quaternary cation and X0 is Ihe anion 
originally introduced with the catalyst or anion 
substituted according to Eq. (1). The cquitibrium 

constant ior this type of anion exchange across the 
interphase was termed by Gotdon and Kutinas and by 
Starks*~~f~tiv~~nstant Ku’. IF~s~uaiIy~xpr~~ 
in rcferencc to the extraction OF chloride. 

(c) The final step in the overall process (1) is Fhc 
nucfcophitic substitution in the organic phase which 
yields the ether product and rtkaxs the catalyst for 
another catalytic cycle (Eq. 4), 

R’X +QQR --+ R”UR +QX f4) 

While steps (a) and (e) of the above mechanism were 
studied in some derail by several authors, step (b) is 
known only from inference. No mcasurcmcnts were 
made todetermine th~naturcofth~s~uili~um and no 
data are availabtz for q~ant~tatjvG evaluation of K**’ 
inspitt of the fact that it is an important Factor in the 
kinetics of the Williamson reaction. 

A mechanism which is similar in nature was 
proposed for rhc PTC ~ky~ation of weak acids and for 
the dihalocarbenc formation from chloroform and 
bromoform :* fnttrfaciaf equilibrium Formation of the 
anion of a weak acid by interaction with aqueous base 
and subsequent ion pair extraction.” The higher 
l~~phj~i~ty and thusselective extractability ofcarbon, 
nitrogen, or afkonidc anions allows Fhe activation and 
reaction of acids which are tO” or tven fO’O times 
weaker’ ‘.” than water bysimpie hydroxide bases. This 
is obviously one of the major achievements of phase 
transler catalysis. 

There is another, very imporrant preparative aspect 
that must k considered : 3% atkoxide ion extracted 
according to Eq. (3) is not only a reactive nuclcophiie 
but akso a strong ba, IF was shown, for example, thirr 
fQ” 3 M ~~~t~rn~Fhy~arnrno~~um t-butoxidcis loo0 
tima more basic than potassium t-b&oxide (both in t- 
butanol”). Extracted alkoxidc bases can k applied in 
principle to n~rn~ro~s base-catalyzed reactions, e.& 
oxidations, cIim~nations and isomerizations. Better 
quantitative understanding of the mechanism of the 
alkoxidc ion pair formation and extraction is thus 
highly desirable. 
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Tabk 2. Base extraction by chlorobcntcnt solutions don&m salts and pinacol(O.1 M 
each) from on equal volume S@; NaOH (per cutt of the maximurn posibk bastity) 

Bu,N@ Pcn,N@ Hex,N@ Hcp,N@ Oct,N@ Oct,P@ 
-.. -.-- ~- .- - 

Cl* 7 31 35 34 40 26 
be R 20 23 22 26 
JQ 6 5t 8 f 8 

t Saturated solution only because solubility qO.1 M. 

Tabk3.Extractionofthcpinecolanion bytetraactylammoniumhalidainchlorobnutne:~ 
aqueous sodium hydrortde 

Catalyst Molar ratio lixrractcd base (‘: of maximum posibk) 
anion NR,X/pinacol rderwd to NR,X &erred to pinacol 

.-I - .-_ ~ - 

Br I:1 z 26 
I:2 25 
i:fO 60 6 
1: 100 50 0.5 

Ct f:I 40 40 
I:2 78 39 
1.10 8U 8.8 
I: loo 90 0.9 

extractionC1 > Br r f is found. Interestingly, the most 
lipophilic cation exhibits the highest selectivity. This 
indicates that the extracted species is lipophilic in 
nature and that it is more compatible with cations with 
longer alkyl chains. We have observed the opposite 
phenomenon in extraction of the hydrophilic formate 
ion.” It istherefore unlikely that a hydroxideion pr is 
pta@g an important rok in the extra&on process. 

After separation of the organic phase containing the 
base, excess of benzyl chloride was added to the 
solution followed by heating the mixtures to 80” for 3 
hr. The maior nroduct obtained from the benzyl 

r , 

the 
g= 

chloride was the benzyi ether derived from 
corresponding alcohol which was identified by 

chromatographic analysis. In the case ofdiols selective 
formation of monobcnzyl ethers was found.18 

The concentration ofextracted base is dependent on 
the amount of alcohol added. This is shown in Fig, 1 
where the tKct of varying con~ntratio~ of n-butanol 
and bcnzyl alcohol on extraction of base by NHex.Ct 
and NWex,Br, respectively. is presented. As could bc 
cxpeettd, this dependence k not Iincar and approachhes 
a maximum value at higher alcohol eonamtrations. 
Table 3 gives the results of similar experiments with 
pinacol and NOct,Cl and NO&&. 

~c~u~~s~jumhydroxid~~n~ntrat~oni~al~ 
an important factor in the extraction process. Figure 2 
presents the c~n~ntration of base in the organic phase 
as a function of tht aqueous phase hydroxide 

CC)NCENTRATION or ROt4 1~ ~?GANIC ma3 

Fig. I. Extraction of base by n-butanol and bet@ &&sot in 
the NaOH/tetra-n-huylanunonium rywcm as function dtbe 
WhoI concnrtmtion. A bet@ aloohol-NaOH-t&wt- 
bcxyhtmmonium bromide. e n-butanol-NrOH-m-n- 
hcxylanunonium chloride. (Erpcrimcntti ooaditiwr: equal 
volumes of 2 M squaw NaOH solution and 0.0688 M tctrw 
n-~yl~oni~ s&t bctwne solution contacted in 

pfwrma of the aicoko1 f&r 20 min.) 

F&. 2. Extraction of bar by N~OH/~t~~~xy~~um 
chforkk/akobol system ark function of the aqueous hydroxide 
conocntration al amstant ionic strength 2 V I.85 M benzyl 
alcohol. () 3.3 M n-popanol. A4.3 Methanol. (Experimental 
conditions: ss in Fig f with addition d NaloQ to tbc aqueous 

phase to totaf salt oonczntration of 2 M.) 
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concentration in prcacncc d n-propanol, n-butanol, 
and bcnzyl alcohol. The ionic strength of the aqueous 
phase in these runs was maintained constant by adding 
sodium chloride. 

The observations support the proposed mechanism 
of the PTC Williamson synthesis.’ We think that the 
mechanism For base extraction prcscntcd by Agarwal 
and Diamond’ ’ in which a hydroxide ion pair is 
extracted along with three alcohol mokculcs is not 
compktcly corrcot. It might very well bc that an 
alkoxide ion pair is similarly extracted complexed with 
three alcohol molcculcs. a claim which was also raised 
by Starks.’ The bchaviour of onium salts is thus 
digcrent From the bchaviour of crown ethers where 
hydroxide ion can bc cocxtractcd with alkoxidc ion.’ 

It should bc notcd that no direct relation could bc 
found bctwccn the water solubility of the alcohol addcd 
and the amount of extracted base. The extraction 
process can work very effectively even when the alcohol 
dots not dissolve at all in the aqueous phase (5096 
sodium hydroxide solution Forms a separate phase even 
with ethanol). This indicates that the alkoxidc 
Formation according to Eq. (2) is not ncassarily a 
homogeneous process in the aqueous phase but can 
take plaa at the interphase where the base in the 
aqueous phase absorbs a proton from the alcohol 
raiding in the organic phase and the so Formed sodium 
alkoxidc is adsorbcd on the interphase. This 
mechanism of anion Formation is quite common in 
~a~+~9bascs and was originally proposed by 

The amount of Free alkoxide in basic alcohol 
solutions can bc cvaluatad if the Kx*. of the alcohol in 
the particular system is known. 

Murto has defined the stoichiomc~c ~uilib~~ 
constant For hydroxide alkoxide equilibrium K’m,6+7 

K’,* - 
IH,OIEROel &,oIR081 
[ROH][OHO] = X,,%j (51 

where XHIO and Xkoo arc thcmolarfra~ionofthcwatcr 
and the alcohol, rcspcctivcly. Equation (5) is valid in 
dilutesolutions where concentration can be used rather 
than activities. Kh, is changing very little with the 
nature of the solvent but it is strongly dependent on the 
structure of the alcohol. 

If we assume that Eq. (5) can bc applied in biphasic 
systems we can calculate the conantration of free 
alkoxidc ion directly according to 

KL,X,o+,COHO1 [ROo] = - ‘--I 
XWIO 

(6) 

Sina equal volumes of the two phases arc used then the 
concentration oF ORe and OH@ can bc cxprcsscd as 
volumetric, aqueous phase concentration even if the 
alkoxidc ion is actually located at the interphase. When 
tctrahcxylammonium chloride solution is contacted 
with aqueous sodium hydroxide in prcscna of alcohol, 
alkoxidc ion is Formcd according to Eq. (2k Followed by 
anion exchange process (Eq. 3). 

For thccxchangcproccssofthetypcprcscntcdin Fq. 
(3) a sclcctivity constant can be d&ad6 

Tabk4.Addilyadsdeaintyco~anltforslcoholsba&doa 
Figs. ui 

Alcohol KL* K”’ 

Ethanol 0.65 0.14 
Propanol 0.4 250 
Buranol 0.4 4.87 
Bcnzyl alcohol 2.0 10.15 

Chlorideanion in thcaqucous phase can bcdctcrmincd 
directly by titration, [QOR] can bc assumed to bc the 
total amount of base titrated in the organic phase. 
(QCl] can bc calculated by mass balana of the initial 
amount of quatcrnary salt introduced and [OR@], 
can bc calculated by Eq. (6) provided that Kh, is 
known. 

We contacted dilute sodium hydroxide solutions 
(1.5-2 M) at constant ionic strength with bcnrcnc 
solutions of NHcx,Cl in presence of ethanol, n- 
propanol, n-butanol. and bcnzyl alcohol. For each 
experiment the magnitude of [QQR], [QCI], [ORa], 
and [ClO] was mcasurcd or calculated as dcscribcd. 
For each alcohol the product [QOR] x [Cle] was 
plotted t’s [QCl] x [ORe] at various initial hydroxide 
concentrations. From the slope of each graph KY’ For 
the above alkoxidcs was estimated using linear 
rcgrcssion analysis. The data arc shown in Figs 36 and 
summarizcd in Table 4. Although the interapt, which 
should theoretically bc zero, turns up in some casts to 
bc positive or negative the linear correlation is very 
good. Based on the data presented in Table 4 we can 
conclude that primary alkoxidcs arc cffcctivcly 
extracted under the above conditions with selectivity 
constants, relative to chloride, larger than one (except 
For cthoxide and probably mcthoxidc). The alkoxidc 
would not bc effcctivcly cxtractcd if the competing 
counter ion was bromide. We showed in the cast of 
FormatczO that high sclcctivitia can be enforced in 
ovcrsaturatcd solutions, where halide anions pre- 
cipitate. Tables 1 and 2 show the limits ofsuch practices 
in the prcscnt case. 

The cxtractcd anion is a nuclcophilc in the 
Williamson synthesis but it can also bc utilized as a 
strong bax. Initial experiments that WC perf~mad 

_ . ,_- -I. _- . . ..- .A 

Fig 3. e- for ctbyl alcohol. 
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_ _ _ - __ _ _- - 

Fig. 5. K&,, for n&ton& 

indicate that addition of the tract amount of primary 
&oh& increaxs the rates of the bascsataly?#i 
isomcrization of allyi benz..nc,” the bascsatalyzcd 
autoxidation of flusrcne.” and the formation of 
atkyncs from vjc. dibromidcs,*’ all under FTC 
conditions. Further research on the application of 
alcohols in base extra&en is now in progress. 

Maiprials: Analytical grade solvmts and reagents were ah 
obtained from Fluka. The quattmary ammonium s&s wcrc 
frtac-dricd immediately bet&x w&ring. 

Exrrarrion procedure: Extraction of w, NaGH aq 
soh~tions: &XJ i-d of chlotobentenc containmg 0.1 M of the 
quatnmary ammonium sah and 0.1 M of the alcohol wcrc 
wncentratal with 200 ml of w_ (wiw) NaOH aq with 
vigorous shaking for 20 min. After phau: separation a 100 ml 
sample from tht upper part of the organic phase was 
Eyuihbratcd similarly with tO0 ml of 1st; (w, wv) NaHr aq s&n. 
After phase separation an aiiquot of the ayutous phase was 
titrated with 0.1 M HCI s&n. 

Exrrrrcrtnn oj 1 -2 fr sf~dium ky&u*tdP x~lulion.5. 100 ml 
hcnxnccontaining tngofan alcohoJand0.03 0.1 M ofttira- 
n-~~ylamrno~iurn chloride was vigorously contacted for 20 
min with SC!@ ml 1 S 2 M NaGH aq soht contaming NaCi lo 
make up a total ionic strength of 2. After phase wrafion a 
100 mt sampk from the upper part of the organic phase was 
contactod with lOOmI 0. I M HCIroln which was back titrated 
with 0.1 34 NaGH. 

AcPnnivlrdgnwnr -This a~pcrativc research project was 
ruppurtcd by Tkutscht Forschungrgcmcinschaft in both 
countries. 
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