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HIGH PRESSURE SYNTHESES OF AROMATIC ALDEHYDES

By Yosuimasa Takezaxy, Hirosur Teranisut, Nosuyuxs Sucita anp Kivosa: Kupo

Kinetic studies have been made on the syntheses of aromatic aldehydes from
toluene, m-xylene and anisole and carbon monoxide in the HF-BF; reaction system.

Rate determinations were conducted under the condition in which the liguid
phase reaction was rate-determining, which could be realized by reducing the con-
centration of the substrate remarkably,

As to the liguid phase reaction of each aldehyde formation, the rate is of the first
order with respect to the dissolved CO and to the complex, respectively.

The rate constants, [min~!(kg/cm?)-1], obtained at 0°C are 8 x 10~2 for toluere,
2.6 x 1072 for m-xylene and 4.6 % 1075 for anisole.

Introduction

The Gatterman-Koch reaction to synthesize aromatic aldehydes from aromatic hydrocarbens and
carbon monoxide with the catalyst, such as AICIe-HCID. is interesting {rom the viewpoint of reaction
kinetics.

Since no kinetic study seems available on this reaction in the HF-BF, reaction system, the follow-
ing kinetic studies have been made in this laboratory:

CH;@ + cu &; Clh-@—cnn (p-tolualdehyde),

CH, CH,
cu,-@ o iy (:Hr@v(.‘m_: (2, 4-dimethylhenzaldehyde),

CHO

c:n.u-@ $ oy TR cl!.u—@ + CH,-O-CHU (0- and p-anisaldehyde)

The details of these studies reviewed here have been published as given in ref. 2).

Experimentals

Material
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HF : Manufactured by Daikin Kogyo Co. Ltd. (purity >99.7 25)

BF;: Manufactured by Baker and Adamson Works (U.S. A.) (purity 99.5 %)

CO : Generated by the decomposition of formic acid with the hot sulfuric acid (purity >98 25)

Toluene, m-Xylene, Anisole: Purified by distillation of the c.p. reagent (purity>98 %).

Procedure

The measured amounts of the liquefied HF and an aromatic compound were charged in an evacu-
ated autoclave. made of stainless steel and equipped with a magnetic stirrer and baffle.

After the autoclave attained the experimental temperature. the required quantity of BF; gas was
introduced to it under stirring to establish the dissolution equilibrium. Subsequently, CO gas was added.

The reaction took place while stirring at a fixed speed and maintaining a constant total pressure
by the continuous supply of CO. At the desired reaction time, the autoclave was cooled immediately,
and the gases exausted, then the produced aldehyde was analyzed by the hydroxylamine method and
gas chromatography.

Kinetic Measurement

The results are given in Table 1 of the preliminary experiments carried out in order to examine
the effect of stirring speed on the reaction rate.

Table 1, Fifect of stirring speed

T . Pco Pep; | Ar/HF | Time |Stirring Yii’éi_"f Controlling conditions
Reaction ; (mole . speed hvde for the liquid phase
i (*C) (kg/cm?)(kg/cm?) ratio)! (min) | (rpm) (1\?%) \ reaction
| 260 | 4.1 ’
|
3 3 1/60 i0 750 18.5
| | 1500 61.2 charge mole ratio
#-Tolualdehyde I toluene/HF < 1/600,
from Lo : "2 780 326 stirring speed
toluene : 1420 | 32.0 >780rpm
1 1 /600 — -
| ! i 780 | 3523
| | b 1300 | 515
! - = — e e —
[ | | o | s 90 | 22.5 |
38 1/ > 1400 | 381
2.4-Dimethylbenz- } charge mole ratio
aldebyde o | | | ! 150 | 295 | mxylene/HE<1/90,
from | i f 900 32.0 stirring spee
. ! i ! ! > >900 rpm
m-xylene ] 3 g ! 1/90 5 o i
| 1700 | 320
| ! 330 139 harge mole ratio
charge mole r
Anpisaldehyde . 750 30.7 anisng/HFSl/H.
fronl | 0 B0 1 B Y, 0 990 | 318 | stirring speed
anisole ' 750
| | ' 1500 k 5 | Sianaem

Note: Ar represents toluene, m-xylene or anisole,
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In both syntheses of p-tolualdehyde from toluene and of 2. 4-dimethylhenzaldehyde irom m-xylene.
the gas-liquid contact was found rate determining at the concentration of 1/60 (charge mole ratio:
toluene or m-xylene/HF)., At this concentration, the effects of CO pressure on the rates for both re-
actions are examined under the fixed stirring speed as shown in Fig. 1. The initial rates are propor-
tional to CO pressure under this condition as seen in Fig. 2; the diffusion of CO gas into the liquid-Alm

is inferred to be rate-determining.
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Effect of CO pressure under gas difiusion-controlled condition

(i) 0°C, Per; 3kg/cm?, stirring speed 750rpm
(ii) 0°C. PBFy Skg/cm?, stirring speed 1100 rpm
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Fig. 3 Effect of CO pressure for tolu- and dimethylbenzaldehyde formation
(1) 0'C, Per; 1kg/cm?, charge mole ratio toluene/HF = 1/600
(ii) 0'C, Prry 5 kg/cm?, charge mole ratio m-xviene/HF = 1/130
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The conditions enabling the liquid phase reaction to be rate-determining, are given in the last
column of Table I, and the kinetic studies given in this report hereafter are those made under these
conditions.

The effect of CO pressure, BF; pressure and temperature are given in Figs. 3. 4, 5 and 6. respec-
tively.

The syntheses of anisaldehvdes require higher CO pressure and temperature than in the tolu-
aldehyde and dimethylbenzaldehyde syntheses.
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Fig. 5 Eifect of BF; pressure
(i) 0°C. Pco 1kg/cm?, charge mole ratio toluene/HF = 1 /600
{ii) 0°C. Pco 3kg/cm?, charge mole ratio m-xvlene/HF =1/130
(iiiy 22°C, Pco 185kg/em?, charge mole ratio anisole/HF =1/31, ald. denotes anisaldehyde
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Fig. 6 Eifect of temperature
(i): Pco 1kg/cm?, PBF; 1kg/cm? charge mole ratio toluene/HF =1/600.
(ii): Pco Tkgfem? Por; 5kgfem?, charge mole ratio m-xylene/HF =1/130,
(iii): Pco 185 kg/cm?, charge mole ratio znisole/HF —1/32
—i—: PBry 12.8kg/cm?, —{ —: PsrFy 10.5kg/cm?, —@—: PBr; B.3kg/em?

Discussion

The initial rate equalions have been derived irom the following considerations.
1) The respective aldehyde is produced by the reaction of the complex with dissolved CO as
shown in (1) and (2). and the rate is the first order with respect to the complex and CO pressure.
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BF; (gas)
1l Her, K
Ar(d)+ HF +BF;(d)——[ArH*-BF, ], (1)

CO (gas)
1\ Eco k
[ArH*.BF,"]+CO(d)—>{Aldehyde.H*.BF,"], (2)

where Ar(d) represents toluene. m-xylene or anisole, K the equilibrium constant for the complex for-
mation, k ((kg/cm®)~min~') the rate constant. Hgp, the Henry constant ((kg/cm®)-'] of BF; dissolu-
tion in HF and Iicp the Henry constant of CO ({kg/cm®)!) in HF.

?) Judging from the selective formation of p-tolualdehyde from toluene and of 2.4-dimethyl-
benzaldehyde from m-xyliene. the complex type (I) is presumably formed from toluene, and the type
(IT) from m-xylene by (1).

CH,
H H :
Cl{ L ] BF;_ Ci‘{; @ . BFI-
H
H
M (1D

The initial amount of toluene complex {I) or m-xylene complex (II) relative to the charged substrate,
represented by Cy. is given by (3),

5 Co
J‘L_(l —Co)HBF;PBF; (43

In this equation, the concentration of HF is omitted since the large excess amount of HF is used.
Then, the initial rate. v, is

KHBF: BFa

_DAUBFTBFs g 4
1+KHBF:PBF3"C0 (4)

vo=*kHcolufco=*#Hco

where fco denotes the fugacity of CO.
3) Both ¢- and p-anisaldehyde are produced from anisole, so the formations of both o- and p-

complex of anisole are assumed, i.e.,

CH,OBF,

CH,0BF, ‘o Hoo .

/ H B (s)
<+ IF 4 BF, /
\

CH,OBF,

@ * BF,” (6)

H T

~ .

—
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The initial amount of the o-complex (=) and the p-complex (=C?) zre given by (7) and (8),
o "
Kﬂ= s — T m [
(1 —C'0)HpF.FRF:s ()
and
. Cr
K - .0 . 3
P (1=C"0)HpF: PoF: L8
where K, denotes the equilibrium constant ifor (3), i for (6), and C'e=C"3+C¥,.
Then. the initial rates are
vw=k HcoC'yfco for the total aldehyde formation. (9)
vo=k,Hcol"% fco for the o-aldehyde formation, (10)
and
wy=k,Hcol"yfca {for the p-aldehyde formation. (11)
Combining these with (7) and (8), we abtain
T (Ko+ K )Hpr: PrE, 5 12
. Ll +(Ko+ KP)HHFJPHFa ( J
o ’ !’BF—
=k, Brs ! 13
’ 1+(Ku+Kp)HBFSPBstCO (13)
and
Par ’
b= BFs feo. 4
V= T et Kp)HorsPors C (14)

where ¥, =kHco, *o=heK.HcoHpr; and
K p=kpKpHcoHgpFs.

Table Z, Equilibrium constants for the complex formation reaction
and Henry constant of BF3 gas in HF

Complex formation E%‘;ng?;il:m ; T He; 24 c:u:at:nt
reaction . | C L [(kgfemd)]

900 0 4.86 > 1079

Toluene(d}+HF +BF1(d) 1,200 -9 6.61x 1073
1,600 ’ —20 8.67 %1073

86.5% 0 4.86x 1073

m-Xylene(d)+ HF + BF3(d) 200 —-20 8.67x107?
500% l —40 1.58 % 1072

oL | 40 | 295x10°

Anisole(d}+HF +BF3(d) 75.9%% 32 3.30 %1073
100%+ a2 3981073

Note: * These valuesare at the HF solution saturated wilth a complex and
m-3ylene.
#+ These values represent the equilibrium constant of (A, + Rp), since
the separate determinations of A, and A, are impossible,
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Table 3 Examination of BF; pressure effect

_— Observed ;
Condition initial rate ) Calculation -
Reaction Fidx- ed o Px i‘a?‘ 5 2y ) Ci | Rate coggtant
2y .min~1) [ 3 .
condition j g/em?) {mole 2;-min ) (maole %) | [ikg/cm?) ‘min1]
| 0.0475 144 211 68x10°7
I - ¥ =y
p-'I‘o]ualdehyde . 0.0860 2.7t 29.6 : 9.2%x 1072 \r
from Pco I'kg/em? 0.203 1.06 30.8 8.0x107% av.8.0x107?
Koz 1.0 6.55 81.0 8.1%1072]
5.0 7.32 92,9 7.9% 1072
0.5 141 17.8 | 26x10°
Z.*l-Dimelh)éll- c 1.1 2.55 318 2.7x 10-2}
benzaldehyde 0" ! z 3 gt g
Feom Pco 3kg/cmt 0 3.54 434 26x 1072 av.2.6x107
n-xylene 5.0 .19 68.6 2.5x 1072
‘ 6.0 5.53 7.8 2.5 % 10‘3)
: o ~ Fixed Pers vl T, & HCO
condition | (kg/cm?®) lmole %-min~') (mole %) | [(kg/cm?)'min1]
1.0 0.274 63, 4.7% 1073
3.9 0.525 152 4.6x 1075 lav, 4.6 X 1073
8.3 0.690 200 48x 1073
| S o T
% C [mole % k, Hco K,
‘ (mole %-min~)}  (kg/em?)]  [(kg/cmy) 'min7l]
o- and p-Anisaldehyde | e L0 0.150 65.0 3.2x1073
irom ! Pco z * : =
anisole | 185kg/cm? 3.9 0.314 152 + 2.9x%x107% tav.3.0x10°%
i fco 5 -3
L Skg/emy 8 o422 200 2.8% 10
' Pov | C*F [mole % %k, HcoK,
(mole % +min~)! (kg/em®]  [(kg/cm?) tmin7!]
1.0 0.100 63.0 1% 1078
3.9 0.214 152 201072 lav. 2.0%x 1073
8.5 0.270 200 l 1.9x 1073
]
_ 100Per; s PRI
x '= ¥R+ Kp)s73P0F3 representing the initial value for the complex

s+ (y: Initial amount of the complex relative to the charged substrate

Equilibrium constants for the complex formations and Henry constant of BF; are reproduced
in Table 2, which were reported in the previous papers?),

Now, according to the derived rate equations, the results will be examined. As can be seen in
Fig. 7, there exists a linear relationship between the respective initial rate and CO fugacity as expected
from the rate equations.

Results of the examination of the BF; pressure on the rates are given in Table 3, showing the
correctness of the derived rate equations as to the effect of BF; pressure.

The reaction velocity for anisaldehydes formation is much slower than those for tolualdehyde and
dimethylbenzaldehvde formation.

From the temperature effect on rates, given in Tables 4 and 3, the apparent activation energies
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Fig. 7 Examination of CO pressure
(i): 0°C, Pey¥y Lkg/em?. (ii): O'C, Per; 5kgfem?.  (iii): 40°C, Pur; 12.8kg/ecm?
Table 4. Examination of temperature effect
Initial = Initial | Rate  Activation
Fixed T velocity amount of constant
Reaction P . v complex k Heo energy
, conitions C (mole %+ G | [(kg/cm?)t
l R _ | _ min7l) (mole %) | min"'] (kcal-mole”)!
p-Tolualdehyde Pco, 1kg/cm? 0 6.55 81.0 8.1x 107 |
from Pary, 1kgfem? -9 3.90 88.8 ‘ $4% 1072 ‘ i6
toluene toluene/HF =1/600% | —20 | 262 93.3 | 28x107 |
2,4-Dimelhylbenz- | Fco, 7kg/cm? ) 11.9 68.6 2.5% 1072
aleahyds PBFy, 5 kgfem? —20 1 5.32 88.7 8.5% 1073 8.1
m-xylene m-xylene/HF = 1/[30““: —40 1.51 93.0 2.2% 1073
* charge mole ratio
Table 5. Examination of temperature efiect
) - | Initial - Rate ‘Activation
Ruactiva Pco fCO PBFa T riale 1( ﬁonsm?t : energy
] - - a. 3 -
(kg/cm?) ‘ (kg/cm?) (kg/em?) °C [mc;ﬂei:f]] | I(f:/_;é&_[( g‘fq';}g:l_]_(kcal-mnle'l)
o-Anisaldehyde 185 190 12.8 43 R {1.4; 383 '§ 6.7 %1073
from 190 192 10.5 32 0.92 284 S149x10°3 9.0
8, —
anisole | B _ _ I 22 - — £ 3.0x10°3°
p-Anisaldehyde | 185 190 128 40 v {0.95 383 -_gf' 4.2x 1073
from 190 | 192 10.5 32 .0.36 284 L1dIx1073 9.0
» -
Anlgpie - - — |z -  —  Zlaoxiwo|

% ¢f, Table 3

(kcal/male) are obtained to be 7.6 for the formation of tolualdehyde, 8.1 for dimethylbenzaldehyde

and 9 for anisaldehvdes, Though the rate equations can explain the eifects of reaction variables, as

described above, there can be another possible mechanism such as the substitution reaction ol uncom-

.1(1968)
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plexed aromatics by formyl cation. This mechanism can offer the expression of the same type as pre-
sented in this paper with respect to CO pressure and BF, pressure except for the value of the rate
constant. More detailed discussion on the mechanism will be published later.,
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