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Kinetics & Mechanism of Reaction of 4-1-Butylphenol with
Formaldehyde Using Alkali Catalysts )

1SV RANMT REDDY, S0 RAJADURATL & AL SANTAREA

\
) Conteal beather Reseaseh Institute, Advar, Mudras 600020
\TB Recorrod 23 Amcd 1976 aceopted 22 Seplember 1976
The rates of the individual reactions of 4-tertiarybutylphenol (4-TBP)-formaldehyde using
various atkali entalysts have been measored under varying conditions of mole ratios of reagce
tants with varyimg amounts of different catalysts at differcat temperatures. tu all the experi-
ments, the renctions were found to obey second order rate law. ‘Che experimental and the
catenbed vatue af oy, in the case of vartous eatidysts at 80°C have been found to agroe woll within
the expetimental crvors, batropy of activation and the thermodynamle pacameters for the
reactions were calcuiated. The relative efficiencies of the alkali catalysts followed tho order:
Ca (OH), < Ba{OH),; < NaOH < LiOH
NTENSIVE studics have been carrviedt™™ on With an alkali catalyst strength (0-005 to 0-02X)
E (e Kineties of the seaction of different phenols — and 4-TBP concentration (0-04 to 0-063/), it was
with formaldehyde. A varicty of products found that the reaction was free from side reactions
arc obtained, e.g., with simple phcnol alone, two ™ until 60% conversion. The effect” of varying
monomethylols,  two  dimethylols and one  tri-  temperature, [catalyst] and the mole ratios  of
methylol and  further condensation products of - the  reactants on course  of the reaction was
the interaction of methylols among themselves or studied.
) ‘,'\'ilh ‘u(‘XL:(‘.<§ ’ p?wnnl are. }mfsil)lc. v Yeddanapalli Results and Discussion
et al ™ made a comprehensive study on the phenot- L
formatdehvede veaction in the alkaline medinme and 4-£-Putylphenol has twe vacant eatho positions
tepetted Aot the reaction followed peither it nov avaitable for the adddition veaction. The "J";.' rentio]
vecond order : he collected on the two stages of the addition 1
T view of the alewe several disadvantages with action by the praper choice of catalyst, fype of
Gitnpde phenol< i was thonght of inferest to make o phenol and mole ratios. Higher concentrations of
deteilod shude of the teaction between 4 4 bgrele alkadio o donbt bring abant subsequent condensa-
',||. nod aned tanmeaddebaede e allaline medinn, tions ol 2~nwlh_\.-lul»-4-'lI::I' illi“il”_\-’ formed 1o the
\ : dilvdroxydiphenyimethane.  Study  was  therelore
_ Materials and Methods limited upto 002N solution of alkali catalyst with
& 4-1-Butviphenol (4-TBP) was synthesized as de-  the initial concentration of +- TP of 0-053/, there-
‘ seriberl by us earlior®™. Formaldehyde (37-41%, by it was fonnd possible to study the addition
solution, BDH) containing lexs than 29, methanel reaction up ta 607, conversion without  bringing
and dioxane after purification as per the pracednre about the subsequent condensation reaction.
of Vogel was used®. The catalysts LIOH, NaOl, Under the above experimental conditions nsed it
Ba(OH), and Ca(OH), and NaCl, hydrated FeCl, was found that only the first stage of the addition
and hydroxylamine-hydrochloride were of BDI{  reaction, namely the formation of 2-methylol-4-TBP,
(AR) grade.  Doubly distilled water was uscd for ‘was noticed. This was supported by the fact that
preparing the solution. the amount of 2-methylol-4-TBP formed {allicd
The reaction was carried out in a three-nccked with the amount of formaldehyde consumed, thus
flask fitted with a mercury seal stirrer and a reflux climinating the second stage of the reaction leading
, condenser in the temperature range 60-80° --0-1°. to the formation of 2,6-limethylol-4-TBP.  Since
) In view of the insolubility of 4-TBP in water,:the the rate of the reaction between 4-TBP and formalde-
mixture of 4-TBP-formaldehyde was taken in  hyde was found to increasc above g = 0-02, in the
50% dioxane. Even in 507 dioxane, higher concen- present study, ionic strength () = 0-02 was there-
trations of 4-TBP were not soluble completely. fore kept constant throughout the work.
Aliquots of the reaction mixture were taken .at From the:experimental results (Tables 1-3) it is -
regular intervals and placed in an ice-bath to arrest clear that the reaction is of the sccond order. " Tt is
the reaction. 5 ml of the aliquot mixture was used obvious that the substitution:of {-butyl group in
" for the estimation of formaldehyde following the the para-position brings about enhanced reactivity,
' hydroxytamine-hydrochloride metitod?® (Dioxane did which is in agreement with the theoretical require-
' not inferfere in the estimation of formaldehyde). ‘ments that the introduction of an electron repelling
The product of the reaction, 2-methylol-4-TRI" was  group would be expected to increase the reactivity
estimated colorimetrically?® using acid ferric chlo- of the ortho- and para-positions in the substituted
ride. - phenol as compared with phenol itself.
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Tante 1 — Seconn ORDER Rate, CONSTANTS rorR VARIOUS
. 3 -
ALKALT CATALYSTS AT DIFFERENT TEMPERATURES

|
(4- B =0-05M; ionic strength 0-02; HCHO=0-05A1; cata-
lyst conc. =0-006N; solvent, 50%! dinxanc)

Teup. ke 104 Temp. ky 1
() litre molet (°C) titre malc™t
sect see™
[LUEHIUM HYDROXNIDE SoDIYM HYDROXIDE'
6H0 2:257 . 60 1-778
63 3-008 63 2-211
0 . 4-620 IE 3379
75 5959 75 4962
8o 8-451 70 7-134
Flarist HYPRONIDE CALCIUM HVDRONIDE
] 1486 60 1-i44
65 2-067 103 X 1-384
7 2953 R | 2:201
75 4423 73 3-549
S0 6:041 T80 4318

.I
Tauvrn: 2 — Siconn OrRDER RaTe (fnss'xu\l.\“qs ror VARIOUS

CONCENTRATIONS OF ALKALL ATALYSTS

. S .
(- TR = 00507 jonic strenath=0:02; !l(_‘l-I(.h:ﬂOS.\l;
femp. =800 4-0-1°; solvent, 30701 dioxanc) .

Coneen- Lo 100 (litre mnte[t sec )
{ration i e e e+ e B
TIIAY LiOH NaOll WOHY,  Ca(OMH,
20 IR IRY 2200 PN 1284
[ N30 7120 (3] -3
N0 1740 NS <202 5-120
T 15 119 RS i
130 2p3 13810 831 7340
2n 271 18:23 13675 8147
Toaven b Sreann Opber RATE Cousiapas ror Voriors

Rurips oF Reveranae

Nat g N
solvent 300 dioaxane) -

R BT A B T B T L : . T
. . (litre meolet
ety
21 6-3007
31 662231
RN ) HeHN

Pived of varviing femperatire --- 'l'h;«- experimental
tate Jdata have bheen analyzed as follows:

The " Neehicrons enepy of :wli\‘:\liuln (14 wned he
freqneney lactor log, 77 have heen %':llt'lll;llt"! [rom
fhe Hoear plot of log & aginst 170

The free vnergy of activation ('_\(}7‘!. enthalpy of
activation (NN, and  the wnnn';\! el activation
LASH b heen ealenlated nstny (ST SIS REAS

R T
‘ EE aven o oxihe an

-

B o N

2 I
A b AN have also been evalpated nsine the
vebatron i 0 o 3

N i NI RS

CE, -is

.- found to be true in a number of cascs.
", and log,, PZ was fairly linear, but a plot of log,,

TAnLE 4 — THERMODYNAMIC PARAMETERS AND FREQUENCY
Factor AT 70°C

Catalyst E Al any Vog W87 — ANt
keatfmol kealfmol kealfmol c.u.
LiOH 15-60 14-92 2543 6-593 30-63
NaOH 15-90 15-22 25-65 6639 30-38
Ba(OH), 16-33 15-65 2573 6-R70) 2019
Ca(OH), 16-74 16-06 2595 6-993 2879

whirh follow from a combiation of Eq. (1) with
the Arthenius equation under the assumption that
temperature  independent.  In the direct
evaluation of AHY and ASt from the experimental
data by means of Eq. (1), ANV and AS' are
acsumed to be temperature dndependent. TE was
found that the vidues of A found using o< 04
and (2) differ very little.

The lower values of frequency factor (Table 4)

indicale that the entropy of activation (AS}) has a

relatively large negative value or that the trans-
mission  coeflicient  was  small. The  latter  was
A plot of

P/ against 1/E, was better, as it should he on the
hasis of thermodynamic considerations of Fairloush
and Uinzhelwood® if both the Avthenins parametess
weie the controlling factors of the reaction rate.
Effect of alkali catalysts —-- The 4-TPP-formaldi-

Sivde reaction cowld not he stadied aver a wider

vange of AL in view of the fact dhat inerense i
Drings abont very rapid condensation reaction of
the  methvlolphenols with eictants, tlence (he
allidi “endalyst} was varied in the range 20 104N
for 5-0 - TN and the reaction rade constants were
fowned o inetease rapidly with increase in Hie
concentintion of the alkali (Table 2). This indi-

“eaterd that the phenate jon was the reactive species

in the reaction. The rate of the reaction catalysed
by the varions catatvsts followed the order Ca<bPa
SNnes i Similar ohservations bave heen made
by other workers in’ the case of different phenols.
This ohscrvation indicates that the cation also
influences the velocity of the reaction. :

Effect  of varying reactant conceniralion — The
yates of individual reactions Wave been measured
at different mole ratios of the reactants using sodinm
hydroxide as a catalyst. The second order rale
liw waz obeyved in the mole ratio yanue 1:2, 1:3,
1:4 (farmaldehyde-phenol).  The rates of the re-
actiom Jicd not vary with ehanges in the male ratioy
of The reactants (Table 3).

Relative contribution of alkali catalvsed and 1un-

catnlvsed veactions — The relative reactivities of the
< alkali entalysts in the phenol-farmaldehyde reaction

vere enlentated as followe, By assuming a compesite
mectumi=m Tor the veaction, the rate equation can
b anranaed s
ok ATRPECRLO"

kTR ('”_.l'\' -:||:|l_\'~:| LS
the order inatkah cadalest in the eatas
Jro o kooave the rate

PR RR TR

\‘\'yt.]w (e
fynd pad of the reaction.

constants “or the ||n¢_’.‘lt:l]\'~--ll el the .'I”\‘:»Ii~!‘.'!|2l|\‘.'~“~',!,
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(Lithium hydroxide catalvst)
ko - I(_N ‘ 'I‘-, IRBIRIEY| Jee TLAOITY % of [LiOH] k
{ri1aphic flivye b 2 MmN titre mgled eatidvsed i”(.:H”} (
LTI v b e reilven ' T
30 [ 26 3N 643 36:23 o-[a 1-29
20 (IS [ 772 6069 012 1-34
ek [IRAYE b 10-29 6730 0-1n 2-66
g 15 100 12 80 7200 (20 2-37
: 7] [N y3n IR T4 n 3 184
Ty [, Yat de R i 4n R

reaction. The rate Ee. (41 was proposed based on
two assumptions, i.c. the addition reaction is pro-
ceeding in two paths, one path is catalyst dependent
and the other is catalyst independent.

—d(CI{,0)d¢ 5
(- TBP][CIT,0) - )
ko = kutk. [catalyst]” ... (6)
where &, is the observed second order rate constant.
If n =1, then

ko = ku+ke [catalyst]

= hutk [catalyst]"

v (7)

The values of k&, and A, were obtained from the-

slope and the intercept respectively of the linear
plot of k, against [catalvst]. The values of %,
obtained graphically from the plot of &; versus
[catalyst] were fairly in good agreement with the
values found experimentally in the absence of cata-
lysts. The relative contribution of the alkali-
catalysed and the uncatalysed parts of the 4-TIRP-
formaldehyde reaction have been determined using
the values of %, and k.. The results thus obtained
in the case of lithium hydroxide catalyst are given
in Table 5 (similar calculations were done in the
case of other catalysts also). The % of the overall
reaction taking place by the catalysed path was
calculated using Eq. (8).
o of cataly jony <., Aleatalyst]
% of catalysed reaction -: ourk fefeatalyst] ,::H)O
.. (8)

The relative reactivitics of the alkali-catalvsed

- reaction of 4-TBP-formaldchyde arc given in Table

6. Irom Table 6, it follows that the relative cata-
Iytic cfficiencies of the four alkali catalysts wre in
the following order:
LIOH >NaOH =~ Ba(O1H), == Ca(O11),

In the study of theikinetics of the phennl-fornmlile-
hyde reaction, the' selative contribntion of alkali-
catalysed portion and the uncatalvsed portion swas
caleulateds stimultancously for the Grst time using
Eqg. (7).

It has been already shown that the reaction of
A-TRP-formaldehyde under the present investiva-
‘tion” was ‘a bimelecular reaction, the order with
respect Lo formaldelvde and phenate don being one
cach.  In addition (o this, the tate of the reaction
depends “on [phenate iond, _which s ultimately
dependent alkali featalyst]. The phenate ion s
more reactive than phenol dteelf which may be
“explained on ‘the basis of inereased eloctron density

426

TanLe 6 — Revative REACTIVITIES OF
ALKALI-CATALYSTS
(#-TBP=0-0571; temp.=80-0..0-1"; HCHO=0-051/;
solvent, 50", dioxanc)

Catalyst hu = 104 ke Relative
(litre mole™?  (litre* mole? reactivity
sect) : sec™l) .
(graphic
valve)
Ca(QM), 38 328 1-0
Ba(OH), 50 S42 1-7
NaOH 4-6 304 25
LiOH 50 1286 39

ku=4-2x10"% litre mole! see'? (experimental value).

at ortho- and para-positions. The addition reaction
being an aromatic substitution, the increased clec-
tron density al the ortho- and para-positions is the
sum of inductive and clectromeric effects acting in
the same direction.

For the inductive cffect, the phenate ion repels

clectrons while the hydroxyl group attracts clec-
trons and hence the hydroxyl group tends to de-
activate the ring. .In. the case of the clectromeric
cflect, electrons are released much more rapidly by

the phenate ion than by phenol alone.  The overall -
effect of the electron displacements.-thercfore gives’

the phenoxide ion having a greater reactivity than
phenol. TFormaldehyde reacts as CH,=0 through the

clectron process, the concentration of CH,=0 being
proportional to the total {ermaldehyde which cxists
as methylene glveol in aqueouns solution?®s,
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