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Summary 

The kinetics of carbonylation of n-butylamme catalyzed by [Run- 
(EDTA-H)CO]- in aqueous solution to give n-butylformamide (70%) and 
NJV’dibutylurea (30%) is reported. The optimum conditions of the reaction 
are 140 “C and 30 atm of CO 

The effect of ruthenium catalyst, CO pressure and n-butylamme con- 
centrations on the initial rates of carbonylation were investigated. It was 
found that the rate of carbonylation has a first order dependence with 
respect to catalyst, CO pressure and substrate concentrations, respectively. 
A polar solvent such as water, used m our study, was found to enhance the 
rate of carbonylation of the primary amme m comparison with nonaqueous 
solvent systems. The effect of temperature on the rate of n-butylamme 
carbonylation was also mvestlgated and the activation energy evaluated is 
21.6 kcal mol-‘. 

Introduction 

The importance of Cl chemistry usmg CO or its source (natural gas/ 
syn gas) has considerably increased m recent years [ 11. This is mainly due 
to the reactivities of many transition metal complexes of the platinum 
group series, which have been designed specially to activate small molecules 
such as CO, H,, olefm, 0s and NO under milder reaction conditions. The use 
of these complexes m industrially important reactions such as carbonylation, 
oxidation and hydroformylation of olefms and other substrates has made a 
definite impact [l]. One of the important CO insertion reactions is the 
carbonylation of ammes, catalyzed by soluble metal complexes, to give for- 
mamides and ureas dependmg on the nature of the substrates and the 
catalytic systems involved [ 21. 

The ahphatic amines yield mamly N-formyl derivatives as CO msertion 
products, whereas aromatic ammes give diarylureas [ 2,3], due to the dlf- 
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ferences m the baslcltles of the starting ammes. Dlarylureas are formed by 
a hydrogen transfer mechanism mvolvmg two moles of the reactant durmg 
CO msertlon; such a reactlon 1s favoured by low baslclty of the reactants. 
The aromatic ammes therefore give dlarylureas as the carbonylatlon products 
[41. 

Metal carbonyls [5 - lo] catalyze the carbonylatlon of ammes m the 
temperature range 150 - 270 “C and CO pressures between 100 - 300 atm. 
In our studies we have found that the ruthenium complex [Ru”(EDTA-H)- 
(CO)]- catalyzes the carbonylatlon of dlethyl and trlethylamme m aqueous 
medium to give N-formyl denvatlves as mam products at the comparatively 
mild condltlons of temperature -80 - 100 “C and CO pressure m the range 
5 - 30 atm [ll] 

The present work reports the detded kmetlcs of the carbonylatlon of 
the prunary amme, n-butylamme, catalyzed by [Ru”(EDTA-H)(CO)]- m 
aqueous solution. The above catalyst 1s formed zn sztu by the carbonylatlon 
of K_[Ru”‘(EDTA-H)(HZO)] , and has been found to be an excellent catalyst 
system $or many carbonylatlon reactions m aqueous or mured solvent 
syitems [ 11 - 141. 

Expenmental 

Materaals 
nButylamme, supplied by S.D.S. Laboratory Chemicals, Bombay was 

pullfied accordmg to the procedure described [ 151. RuCl,. 3H,O was 
obtamed from Johnson Matthey (U.S A.) and NazEDTA (duodmm salt of 
ethylenedlammetetraacetlc acid) was of AR grade. The complex K[Ru”‘- 
(EDTA-H)Cl] .2H,O 1 was prepared accordmg to the procedure described 
elsewhere [16]. The carbon monoxide gas used m this study was obtamed 
from B.O.C., U.K. and its purity was >99.96%. 

Apparatus and procedure 
The carbonylatlon experunents were carried out 111 a 300 ml stamless 

steel pressure reactor procured from Parr Instrument Co. U.S.A. The detwls 
of this reactor and the procedure adopted are described m our earlier 
pubhcatlon [ 111. 

The analysis of liquid samples withdrawn at different time Intervals 
from the reactor was done using a Shunadzu GC;SA gas chromatograph 
w&h a 2 m long S.S. column packed with 10% Aplezon-L unpregnated on 
90/100 mesh Anankrom (ABS). The other condlttlons of GLC analysis were 
carrier gas Nz, flow rate 30 ml mm-‘, column temperature programmed 
between 100 - 150 “C, m]ectlon temperature 250 “C and detector (FID) 
temperature 350 “C. 

In a typlcal experunent, the carbonylatlon of n-butylamine using 
complex 1 was carried out for complete conversion at optmused reactlon 
condltlons. The products of carbonylatlon of n-butylamme were separated 
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by TLC technique and identified by their usual physlcochemlcal properties 
as n-butylformamlde (70%) and N&V’-dlbutylurea (30%). 

Results and dlscusslon 

The effect of the catalyst K[Ru”‘(EDTA-H)Cl] *2Hz0 1 concentra- 
tion, n-butylamme concentration, dissolved CO concentration and tempera- 
ture on the mltlal rate of carbonylatlon of n-butylamme was mvestlgated. 
For each variable, the mltlal rates were calculated from the plots of the 
quantity of CO absorbed us. tune Since the reaction under conslderatlon 1s a 
gas-liquid reaction, it IS nnportant to ensure that the rate data 1s obtamed 
under condltlons such that drffuslonal resistance 1s neghglble. The reaction 
mixture was thoroughly agitated at a speed of 600 rpm m all expernnents, 
which ensured that the gasliquid mass transfer resistance 1s neghgible and 
the rates are determined under purely kmetlcally controlled condltlons 

The CO solublllty data required under the reaction condltlons are 
independently determmed [ 171 and used to interpret the kmetlc data of this 
reaction. 

Effect of catalyst concentration 
The effect of catalyst concentration on the reaction rate was studied 

at 140 “C and 0.101 M n-butylamme concentration and dissolved CO con- 
centration of 4.7 X 10e3 M. The results are shown m Fig. 1, which indicate 
that the reaction 1s first order with respect to catalyst concentration. 

Effect of dmolved CO concentratzon 
The effect of dissolved CO concentration (CO partial pressure varied 

between 5 - 30 atm) has been studied at 0.101 M n-butylamme concentra- 
tion, catalyst concentration of 
of carbonylatlon us dissolved 

2.0 mmol 1-l and at 140 “C. A plot of rate 
CO concentration is presented m Fig 2, 

rx 0 05 10 15 20 25 

Catalyst concentrat~ordmmol 1-t) 

Fig 1 Effect of catalyst concentration on the rate of n-butylamme carbonylatlon 

Fig 2 Effect of dissolved CO concentration on the rate of n-butylamme carbonylatlon 
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Fig 3 Effect of n-butylamme concentration on the rate of carbonylatlon 

Fig 4 Effect of temperature on the rate of n-butylamme carbonylatlon 

which mdlcates a fust-order dependence of the reaction on CO concentra- 
tion. 

Effect of n-butylamme concentration 
The reaction rate was studled at 140 “C as a function of n-butylamme 

concentration at a catalyst concentration of 2.0 mmol I-’ and dissolved CO 
concentration of 4 7 X 10e3 M. Figure 3 shows the plot of rate us n-butyl- 
amme concentration. The reaction exhlblts first-order dependence with 
respect to n-butylamme concentration. 

Effect of temperature 
The effect of temperature on the rate of n-butylamme carbonylatlon 

was studied m the temperature range 120 - 160 “C at constant condltlons 
of catalyst concentration of 2 mm01 I-‘, n-butylamme concentration of 
0.101 M and dissolved CO concentration of 4.7 X 1O-3 M. From the graph 
of -ln rate us. l/T (Fig. 4), the actwatlon energy E, IS evaluated as 21.6 kcal 
mol-’ 

Mechanasm and rate law 
Based on the products formed and the kmetlcs of n-butylamme car- 

bonylatlon catalyzed by complex 1, the mechamsm shown m Scheme 1 
IS proposed 

In the proposed mecharusm, the actwe catalytic species [Run- 
(EDTA-H)(CO)]- 3 1s formed m sztu by the reduction of [Ru”‘(EDTA-H)- 
(H,O)]- 2a m a fast reaction with CO. Species 2b is formed m solution by 
the rapld aquatlon of the startmg material K[ Ru”‘(EDTA-H)Cl] -2H,O m 
aqueous solution [ 181 



133 

CLR”lr<H*O)l- + co 
KI 

=+=+ [LRulkO)I- + H 0 
2 

2b - I 

$ 
C H 

[L Ru”(CO)] - Lk? 
2 

;;: 
C 
‘> ’ 

H 

LRu-N-H 

’ Bu 

--+ LRu$N+$ : 

Bu 

‘Bu 

++- [LR$‘(CO)l- + 

A 

n-hutylformamlde (70%) 

0 HH ,H 
LRu=-&N+- H 

:: 
+ N-H 

’ Bu 
\ 

-++ Bu-Y-C-y-Bu + H2 + [LRuR(CO)]- 

Bu H H 

NJddibutylurea (30%) 

L = EDTA-H (protonated ethylenedlammetetraacetlc acid) 

Bu = -(CH,),-CH3 

Scheme 1 

K [ Ru’“(EDTA-H)Cl] + Hz0 =+ [Ru”‘(EDTA-H)(H*O)]- 
1 2a 

2[Ru”‘(EDTA-H)(HzO)]- + CO 2 2[Ru”(EDTA-H)(H,O)]- + CO2 
2 

2a 2b + 2H+ 

Carbonylation of 2b takes place m a pre-equilibrium step K, to form the 
active catalytic species [Ru”(EDTA-H)(CO)]- 3. In a second pre-eqmhb- 
rmm step, the substrate n-butylamme reacts with complex 3 to give the 
mixed hgand complex 4. The ratedetermmmg step of the reaction is 
proposed to be the CO insertion m the Ru-N bond, givmg rise to an 
unstable mtermediate species 5. The migration of hydrogen to nucleophllic 
CO in a fast step gives the mayor carbonylation product n-butylformamide 
(70%), and the active complex 3 is generated m the presence of available 
CO. In a subsequent fast step, complex 5 reacts with one more molecule of 
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n-butylamme to give the minor product N,N’dlbutylurea, a molecule of 
hydrogen and regenerates the active complex 3. This mechanism 1s smnlar 
to that proposed [ll] earlier for the carbonylatlon of dlethylamme and 
trlethylamine. Intramolecular prototroplc shift to the nucleophlhc CO centre 
IS more favourable for the prnnary ammes because of then hxgher baslclty 
and the resultmg stabrhzatlon of mtermedrate species 3 Thus N-formyl 
derivatives are the maJor reactron products as compared to the ureas, which 
require a nucleophlhc attack of the prnnary amme on the ~%mnde mter- 
mediate 5. 

Based on the kmetlc observations, the rate law can be written as. 

rate = 
kK,K,[CATl, WI RI 

1 + K,[CO] + K,K,[CO] [S] 

where [CAT]= = total K[Ru”‘(EDTA-H)Cl]*ZH,O concentration, [CO] = 
dissolved CO concentratzon, [S] = n-butylamme concentration, K, and K2 
are equllibrmm constants and iz 1s the rate constant. 

For the purpose of evaluating the kmetlc constants, the above eqn. (1) 
could be rearranged m the followmg two ways as* 

[CATIT = 1 ! 1 
rate [S] kK,K,[CO] 

(2) 

and 

[CATIT 1 

rate =-( IL WI kWhP1 

From the above eqns. (2) and (3), the values of k, K, and K,, at 140 “C 
and 30 atm CO, as evaluated graphically are: 

k = 2.50 mm-l 

Kl = 1.92 M-r 

K2 = 30.12 M-r 

The activation parameters of n-butylamme carbonylatlon were calcu- 
lated m the temperature range 120 - 160 “C, and the average values are 
presented m Table 1. The actrvatlon energy of the carbonylatlon of n-butyl- 
amme 1s farrly endothermic, to the extent of about 17 kcal mole1 as 
compared to those of drethylamme and trrethylamme (Table 1) The reac- 
tlvrty order dlethylamme < trlethylamme < n-butylamme 1s m accord wrth 
the decreasing baslclty of the ammes. As the amme becomes more basrc, 
the msertlon of a nucleophrhc CO m the M-N bond m the ratedetermmmg 
step to form mtermedlate specres 5 1s retarded and the reaction slows down. 
The effect IS more pronounced m n-butylamme, where the presence of the 
bulky n-butyl group considerably retards the msertlon of CO m the M-N 
bond by a sterrc effect which raises the actlvatlon energy by -17 kcal mol-’ 
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TABLE 1 

Values of thermodynamrc parameters of amme csrbonylatron 

System log Ka E, AH+ AS+ AG' 
at 25 “C (kcal mol-‘) (kcal mol-‘) (e u ) (kcal mol-‘) 

n-butylamme 10 64 216 20.8 +49.9 0 2 
(120 - 160 “C) 

drethylammeb 10 93 43 3.6 -513 15 
(80 - 100 “C) 

tnethylammeb 10 72 52 4.4 -47 6 0.3 
(80 - 100 “C) 

The reaction 18 however favoured by a positive entropy of activation which 
more than offsets the endothermic enthalpy of activation. Thus baslclty 
seems to be the maJor factor m the reactivity of secondary and tertiary 
ammes, whereas both baslclty and steric effects operate m the reactivity of a 
bulky pnmary amme such as n-butylamme. 
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