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ABSTRACT Thioamidation kinetics have been studied for reaction in solution between mono- and bifunctional 
amines and dithioesters near room temperature (30-50 "C) using large amine excess. We have used aliphatic 
reagents as well as several ether mono- and diamines and a diether bis(dithioester), which are able to maintain 
polythioamides in solution throughout the condensation reaction and thus give rise to significant results in 
polycondensation kinetics for which sufficient solubility is needed. Pseudo-first-order constants (first order 
relative to dithioesters) were correlated to amine concentrations and allowed to appreciate the values of second- 
and third-order reaction rate constants. The influences of solvent nature, structure of reagents, and temperature 
were examined in numerous examples. Added tertiary amines do not have significant influence on reaction 
rates whereas the primary amine concentration is an important factor of reaction rates. All the collected 
data are correlated through kinetic analysis with a reaction mechanism involving first a reversible nucleo- 
philic addition of the amine to the dithioester thiocarbonyl group to give a zwitterionic intermediate, followed 
by a primary amine assisted prototropy and then decomposition of the so-formed neutral hemidithioacetal- 
like structure to thioamide and thiol. Such a mechanism predicts global order variations for reactions in 
stoichiometric ratio. Kinetically, thioamidation of dithioesters looks like amidation of esters except for tertiary 
amine catalysis, which is ineffective in the first case. 

Ester aminolysis was intensively studied in various apro- 
tic solvents in recent years1* A generally accepted reaction 
rate law is described by 

r = kII[ester] [amine] + k,,,[ester] [amine12 

According to experimental conditions, either the second- 
order (kII) or the third-order ( ~ I I I )  rate constants may be 
found equal to zero. Such results are consistent with a 
reaction mechanism beginning by the reversible formation 
of a tetrahedral intermediate followed by the rate- 
determining disparition of this intermediate, through either 
reaction of an amine molecule or spontaneous reaction. 

ester + amine intermediate 
products + amine 

Dithioesters react with primary and secondary aliphatic 
amines much faster than esters do, leading irreversibly to 
thioamides and thiols according to 

R'C(S)SR2 + R3NHR4 - R1CSNR3R4 + R2SH 
This reaction was described to be so rapid that no kinetic 
measurements could be made on it.9 

In our laboratory, numerous polythioamides have been 
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obtained in solution from bis(dithioester)s and diaminedo 
but some improvements may be expected if the reaction 
mechanism could be known for this step-growth polym- 
erization process. Particularly, aromatic polythioamide 
synthesis remains a problem to be solved correctly." 

Polythioamides are quite stable polymers, very similar 
to polyamides although their melting points are lowered 
in respect to the melting points of the homologous poly- 
amides (50-80 "C for aliphatic compounds12). Solubilities 
are low for purely aliphatic or semiaromatic polythioa- 
mides (concentrated H2S04 and 5 5% LiCl in dimethylfor- 
mamide (DMF) are the usual solvents). However, the 
absence of hydrogen bonding to thiocarbonyl compounds 
is evidently responsible for the solubilization observed in 
the course of thionation of poly(amide-block-ether) leading 
to a poly(thioamide-block-ether), which becomes soluble 
in more convenient solvents such as chloroform.13 

We report here the results of a kinetic study of the thio- 
acylation reaction of primary amines, in the course of which 
we have also used amine and dithioester reagents con- 
taining ether groups in order to maintain the formed thio- 
amides in solution, even in nonpolar solvents. Thus, the 
use of specific UV-visible absorptions of thiocarbonyl 
compounds could allow accurate kinetic measurements on 
thioacylation reactions. 

0 1990 American Chemical Society 
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1. Choice of Reagents 

Mono- and bifunctional compounds were chosen 
according to their availability (diaminodi- and diamino- 
triethers 3 and 4 are commercial products) or their 
accessability through synthesis. Mono- and diamines were 
vacuum distilled just before use, whereas dithioesters were 
either distilled or crystallized and stored in the cold. 

Amines a n d  diamines: n-butylamine, CH3(CH2)3- 
NH2 (1); 3-ethoxy-l-propylamine, CH3CHzO(CH2)3- 
NH2 (2); 4,9-dioxa-1,12-diaminododecane, HzN(CH&O- 
(CH2)40(CHe)3NH2 (3); 4,7,10-trioxa-1,13-diaminotride- 
cane, H~N(CHZ)~O(CH~)~O(CH~)~O(CH~)~NH~ (4). 

Dithioesters  a n d  b is (d i th i0es te r )s :  ethyl hex- 
anedithioate CH3(CHMXS)SC& (5); didodecyl 1,12- 
dodecanebis(dithi0ate) RSCS(CH2)1&(S)SR (R = 
n-ClzH25) (6) ;  didodecyl 4,7-dioxa-l,lO-decanebis- 
(dithioate) RSCS(CH2)20(CH2)20(CH2)2C(S)SR (R = 

Solvents. Reagents and products are somehow different 
in behavior: bidthioamides) are soluble in toluene only 
when also containing ether groups. Dithioesters, which 
are not polar a t  all, require the use of a cosolvent if highly 
polar solvents are used. So we have studied the thioacy- 
lation reaction both in toluene and toluene/DMF mixtures 
(mainly 1/1) to explore the influence of solvent polarity 
on the reaction kinetics. 

n-Cl2H25) (7)- 
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2. Kinetic Measurements 

Aliphatic dithioesters afford strong absorption in the 
UV-visible range: A,,, values are located near 310 nm ( e  
= 1 2  500-13 000 L*mol-l.cm-l) and 450 nm ( t  = 50-80 
L.mol-'-cm-'), allowing us to follow the  dithioester 
concentration from absorbance measurements; useful 
concentrations are in the ranges of lo"' mo1.L-l for the UV 
band and mo1.L-l for the visible band. 

Secondary aliphatic thioamides exhibit absorptions near 
270 nm (intense) and 340 nm (weak). Therefore, it was 
not possible to follow a t  310 nm the dithioester dis- 
appearance until completion as the thioamide group 
absorbs slightly at this wavelength; an isosbestic point was 
noted near 285 nm in the course of the reaction between 
butylamine (1) and ethyl hexanedithioate (5). The extent 
of the reaction was then limited to ca. 75% when kinetic 
measurements were made a t  310 nm. 

Preliminary tests have established that the reaction 
between aliphatic dithioester and amine follows a first- 
order reaction rate with respect to dithioester, and in this 
paper we report the results of reactions devoted to the 
establishment of the global reaction order and postulate 
a likely mechanism. 

A large amine excess was used in order to determine the 
apparent first-order constant kl* relative to  the dithioester 
concentration according to 

d[ dithioester J 
= k,[dithioester][amine] + dt  r =  

k,,,[dithioester] [amine]* (1) 
If [dithioester] << [amine], then relation 1 becomes 

r = k,,[dithioester] 
where 

k , ,  = k,,[amine], + k,,,[amine],2 (2) 
Pseudo-first-order constants k1, are determined graphically 

Table I 
Kinetics of Reaction bstween n-Butylamine ( 1 )  and Ethyl 

Hexanedithioate (5). 

Toluene 
k1.+ X lo3, 

laminel. mol-L-I 30 "C 40 "C 50 "C 
0.0745 0.146 0.160 0.183 
0.102 0.265 0.307 0.335 
0,182 0,857 1.05 1.19 
0.257 1.72 2.15 2.45 
k11 x 103, Ldmol-1.s-1 0 0 0 
kII1 x 103, L2.mol-2.s-1 26.0 31.0 34.7 
EA(kI1I) = 4-12 kJmol-' 

Toluene/DMF (1/1) 
klr x 103. 

[amine], x lo2 mo1.L-l 30 "C 40 "C 50 "C 
1.74 2.95 2.77 2.57 
2.52 5.12 5.13 4.82 
4.33 11.0 11.9 11.3 
5.39 15.5 16.2 15.9 
k11 X 103, L.mol-l.s-l 119 106 84.5 
kl11 X lo3, L2.mol-2.s-1 3130 3580 3990 
E~(k11) = -14 kJBmo1-l 
a [DTE]o = mo1.L-l. 

E~(k111) = +10 kJ-mol-1 

from the integrated form of relation 2: 

In [dithioester] = -klqt + In [dithioester], 
After combination of this relation with the Beer-Lam- 
bert law, it becomes 

In Do/D = klqt 
in which D is the optical density at time t and DO the initial 
optical density. Thus klq was determined as the slope of 
the variations of In Do/D versus time. Every reagent pair 
offered linear correlations, respectively, at 30,40, and 50 
"C, thus confirming the statement the reaction is first- 
order relative to dithioester. 

According to relation 2, it is possible to write 

k,,/[amine], = k,, + kIII[amine], (3) 
and we have studied the variations of klq/[amine]o versus 
initial amine concentration. 

Experimental values of pseudo-first-order rate constants, 
klq, are reported in Tables I-VIII. Activation energies were 
estimated for the different reaction rate constants. 

3. Experimental Section 
4,9-Dioxa- l112-dodecanediamine and 4,7,lO-trioxa- 1,13- 

tridecanediamine were gifts from BASF, France. Amines and 
ethyl hexanedithioate were vacuum distilled before use whereas 
bis(dithioester)s were crystallized from pentane-isooctane 
mixtures. 

Bis(dithi0ester) 7 was obtained from 1,Zethanediol as follows: 
4,7-Dioxa-l,lO-decanedinitrile: In a 100-mL round- 

bottomed flask are placed under nitrogen 0.167 mol of 1,2- 
ethanediol(lO.35 g), 1 mL of 40% aqueous potassium hydroxide, 
and 0.095 g of 1,4-dihydroxybenzene. Acrylonitrile (0.34 mol) 
is added slowly and the mixture stirred at room temperature for 
20 h. After acidification through 20% aqueous HC1 addition, the 
product is extracted with chloroform, dried over MgSOd, 
concentrated, and distilled [ 118 "C (0.1 mbar)]: colorless liquid; 
yield 65 76. 

Di (o-dodecy 1) 4,7-dioxa- l,l&decanebis( dit hioate): prepared 
from the dinitrile as previously described for bis(dithioester)s10 
through addition of dodecanethiol under an anhydrous HCl 
stream followed by hydrosulfuration of the obtained ami- 
nothioester; however, in the second step replacing pyridine by 
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Table I1 
Kinetics of Reaction between 3-Ethoxypropylamine (2) and 

Ethyl Hexanedithioate (5). 

Toluene 
k1q x 103, s-1 

[amine], mo1.L-1 30 O C  40 "C 50 "C 
0.0812 0.418 0.502 0.568 
0.104 0.687 0.807 0.908 
0.175 1.87 2.28 2.63 
0.255 3.83 4.83 5.28 
kII X 103, Lemol-1.s-1 0.63 0.53 0.55 
kI11 X 103, L2.mol-2.s-1 56.7 73.8 80.2 
EA(kI11) = +I5  kJ-mol-' 

Toluene/DMF (1/1) 
k lq  X 103, s-1 

[amine] x 102, mo1.L-1 30 "C 40 "C 50 "C 
1.72 2.53 2.58 2.52 
2.67 4.98 5.48 5.57 
3.55 8.17 8.77 8.93 
4.88 13.9 15.6 16.3 
kI1 X 103, L-mol-1.s-1 71.7 60.0 48.3 
kI11 X 103, L2.mol-1.s-1 4390 5320 5830 
E~(k11) = -16 kJ.mol-l EA(k111) = +12 kJ.mol-l 

[DTE]o = 10-4 mol-L-1. 

Table I11 
Kinetics of Reaction between 

4,g-Dioxa- 1,12-dodecanediamine (3) and Ethyl 
Hexanedithioate (5). 

To 1 u e n e 
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Table IV 
Kinetics of Reaction between 

4,7,10-Trioxa-1,13-tridecanediamine (4) and 
Ethyl Hexanedithioate (5). 

To 1 u e n e 
klq X lo3, s-l 

[amine] ,'mol.L-' 30 "C 40 "C 50 "C 
0.075 18.6 24.5 30.3 
0.103 27.2 36.5 44.8 
0.182 54.3 75.7 96.0 
0.250 82.2 117 150 
kII X IO3, Lemol-l-s-l 0 0 0 
kIII X IO3, L2.mol-2-s-1 26.0 31.0 34.7 
EA(kI1) = +16 kJ.mol-l &(kIII) = +12 kJ-mol-' 

Toluene/DMF (1/1) 

klq x 103, S-1 

[amine] x IO2, mo1.L-l 30 "C 40 "C 50 "C 
1.62 7.02 9.25 11.2 
2.86 12.3 16.2 19.4 
3.78 16.4 22.0 26.3 
4.30 19.0 25.5 30.7 
kII X 103, L-mol-1-s-1 426 551 673 
kIII X lo3, L2-mol-2.s-1 280 822 695 
EA(kI1) = +I9  kJ.mol-l 

a [DTE]o = 10-4 mo1.L-1. 
& ( k d  = low 

Table V 
Kinetics of Reaction between n-Butylamine ( 1 )  and 

Di(n-dodecyl) 1,2-Dodecanebis(dithi0ate) (6). 

To 1 u e n e 

[amine], mo1.L-1 30 'C 40 "C 50 OC laminel, mo1.L-1 30 "C 40 "C 50 "C 
0.0798 0.732 0.908 1.07 
0.103 1.06 1.33 1.58 
0.186 2.56 3.43 3.98 
0.256 4.30 5.83 7.57 
kII X 103, L.mo1-W 5.79 6.29 5.98 
k1II X 103, L2.mol-2.s-1 43.8 64.1 89.5 
E~(k111) = +29 kJ.mol-l 

Toluene/DMF (1/1) 

0.082 0.147 0.198 0.136 
0.111 0.295 0.323 0.317 
0.179 0.747 0.782 0.868 
0.387 3.75 4.47 5.30 
kII X 103, L-mol-l.s-l 0 0 0 
kIII X 103, L2-mol-2.s-l 25.1 30.5 39.5 
EA(kII1) = +I7 kJ.mol-l 

Toluene/DMF (1/1) 

laminel x 102, mol-L-1 30 "C 40 "C 50 "C 
5.58 6.63 7.87 
9.82 11.8 14.1 
10.6 13.0 14.7 
13.8 16.7 19.6 
286 335 401 
1030 1530 1510 

EA(kII1) = low 
(DTE = dithioester.) 

cross-linked poly(viny1pyridine) (Reilly Chemicds) gives improved 
yields of pure product: yellow solid. Mp: 28 "C. Yield: 70%. 
Anal. Found (caicd of C32He202S4 = 607.106): C, 63.03 (63.31); 
H, 10.16 (10.29); 0,5.37 (5.27); S, 20.76 (21.13). lH NMR (CDCW: 
b 0.85 (t,  6 H), 1.25 (m, 40 H), 3.22 (t, 8 H), 3.57 (m, 4 H), 3.88 

29.52,29.67,31.97,36.72,51.86,71.09,234.82. W-visible (CHCU: 
310.2 nm (t = 25 400 Lmmol-l-cm-l); 454.9 nm (c  = 53 L-mol-l.cm-l). 

Kinetic Measurements. T h e  kinetic experiments were 
conducted in a 1-cm-length double-walled quartz cell, thermo- 
stated by water circulation, stirred with the aid of a small magnetic 
bar. UV-visible absorptions were measured in a Perkin-Elmer 
Lambda 15 apparatus. Desired volumes of preheated reagent 
solutions in the solvent used are measured with micropipettes 
and mixed directly in the cell a t  time zero. 

(t,  4 H). 13C NMR (CDC13): 6 14.09, 22.72, 27.33, 29.18, 29.38, 

~ ~~ 

[amine] x 102, mo1.L-1 30 "C 40 "C 50 "C 
1.56 0.685 0.682 0.695 
2.84 1.80 1.85 1.92 
3.78 2.65 2.90 2.88 
4.80 3.83 4.15 4.28 
kII X 103, L-mol-'.s-l 29.2 25.2 25.7 
kIII X IO3, L2.mol%-l 1080 1320 1340 
EA(kII1) = +9 kJ-mol-' 

[DTE]o = 10-4 mo1.L-1. 

4. Results 

4.1. Butylamine (1 )  + Ethyl Hexanedithioate (5) 
(Table I). For reactions in toluene the results give linear 
correlation between klu /  [amine10 and [aminelo; however,  
extrapolations to low a m i n e  concentrat ions would indicate  
nega t ive  values for k11. Assuming  zero va lue  for these 
constants, we obtained better correlations between klq and 
[amine]$. 

I n  the  solvent mixture toluenelDMF (1111, i t  appears 
that the react ion rate i s  s t rongly enhanced and kII cannot 
be t a k e n  equal to zero a l though i t  remains low, whereas 
k111 i s  ca. 100 t i m e s  grea te r  as i n  pure toluene.  

So i t  is ev ident  that the use of a polar  solvent speeds 



4736 Delktre and Levesque 

Table VI 
Kinetics of Reaction between 3-Ethoxypropylamine (2) and 

Di(n-dodecyl) 1,12-Dodecanebis(dithJoate) (6). 

Toluene 
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klq x 103, s-1 

[amine], mo1.L-1 30 "C 40 " C  50 "C 
0.0743 0.295 0.350 0.398 
0.104 0.572 0.688 0.807 
0.178 1.58 1.98 2.30 
0.253 3.10 3.88 4.63 
k11 x 103, L-mol-1.s-1 0.583 0.333 0.133 
kill X lo3, L*.mol-l.s-l 46.2 59.8 71.3 
E A ( ~ I I I )  = +18 kJ-mol-1 

kl, x 103,s-1 
[amine] x 102, mo1.L-1 30 "C 40 "C 50 "C 

Toluene/DMF (3/1) 
1.56 0.685 0.682 0.695 
2.84 1.80 1.85 1.92 
3.78 2.65 2.90 2.88 
4.80 3.83 4.15 4.28 
k11 x 103, L.mol-1.s-1 29.2 25.2 25.7 
kIlI X 103, L2.mol-W 1080 1320 1340 
E~(k111)  = t 9  kJ.mol-1 

Toluene/DMF (1/1) 
1.60 1.92 1.83 1.80 
2.73 4.20 4.45 4.48 
3.71 6.75 7.18 7.48 
4.72 9.63 11.0 11.3 
kll X lo3, L.mol-l-s-l 78.7 56.6 50.5 
klr1 X 103, L2.mol-2.s-1 2710 3740 4040 
E A ( ~ I I )  = -18 kJ.mol-1 E~(kl11)  = t 1 6  kJ-mol-1 

[DTE]o = mol-L-l. 

Table VI1 
Kinetics of Reaction between n-Butylamine (1) and 

Di(n-dodecyl) 4,7-Dioxa-1,lO-decanebis(dithioate) (7)s 

Toluene 

[amine], mo1.L-1 30 "C 40 O C  50 "C 
0.0751 3.18 3.07 2.80 
0.100 6.33 5.54 5.36 
0.182 19.7 19.4 20.1 
0.254 40.4 76.4 86.1 
k11 x 103, Lamol-14 0 0 0 
kII1 X lo3, L2.mol-2d 613 577 589 

Toluene/DMF (1/1) 
klu x 103, S-1 

[amine] x 102, mo1.L-1 30 "C 40 "c 50 "C 
0.212 0.300 0.237 0.196 
0.820 3.15 2.75 2.37 
1.59 8.89 8.29 7.69 
2.30 15.9 15.3 13.6 

k11 x 103, Lamol-1.s-1 - - - 
kl.11 X lo3, Lz.mol-2.s-1 883OOb 60O0Ob 47500b 
0 [DTE]o = IO-' mo1.L-1. b Initial slopes. 

up the reaction between these purely aliphatic mon- 
odithioesters and monoamines. In both solvents, activation 
energies for k111 are low (10-12 kJ/mol) but become 
negative for k11, suggesting this kind of analysis does not 
matter. 

4.2. 3-Ethoxypropylamine (2) + Ethyl Hexane- 
dithioate (5) (Table 11). I n  toluene, these reagents 
behave very much like the preceding ones, with third- 
order rate constants approximately twice as much and 

Table VI11 
Kinetics of Reaction between 3-Ethoxypropylamine (2) and 

Di(n-dodecyl) 4,7-Dioxa-l,lO-decanebis(dithioate) (7). 

Toluene 
k,+ x 103, s-1 

[amine], mo1.L-I 30 "C 40 "C 50 "C 
0.0491 2.00 2.01 1.92 
0.0802 4.83 5.03 5.03 
0.103 8.33 8.57 8.53 
0.146 16.2 17.7 17.5 
klr x 103, L-mol-1.s-1 7.33 7.33 6.00 
k111 X 103, L 2 m " 2 d  500 513 523 
EA(kIII) = t 2  kJ.mol-1 

Toluene/DMF (1/1) 
kl*  x 103,s-1 

[amine] x 102, mo1.L-I 30 "C 40 "C 50 "C 
0.659 1.67 1.63 1.53 
1.40 6.16 6.35 6.00 
1.89 10.9 10.8 11.3 
2.17 13.9 14.1 13.7 
kll x 103, L-mol%-' 86.7 73.3 60.0 
kIlI X 103, L2.mol-2.s-1 25200 26300 25800 
E ~ ( k l 1 )  = -15 kJ.mol-1 

a [DTEIo = 10-4 mol-L-'. 

second-order rate constants near zero. 
In  to luene lDMF (ill), third-order rate constant 

enhancement is smaller than for butylamine (70-80 times 
the value observed in pure toluene). However, third- 
order rate constants are higher than those obtained for 
butylamine: the presence of an ether group accelerates 
slightly the third-order reaction in both solvents. 
4.3. 4,9-Dioxa-l,l2-dodecanediamine (3) and 4,7,10- 

Trioxa-1,13-tridecanediamine (4 )  + Ethyl Hex- 
anedithioate (5) (Tables I11 and IV). The very large 
excess of amine used in these reactions allows us to study 
only the first thioacylation of the diamine and then the 
influence of the second amine group on it. 
4,9-Dioxa-1,12-dodecanediamine (3) .  I n  toluene, 

second-order rate constants become appreciable although 
nearly constant as the temperature is varied. Third- 
order rate constants are quite comparable to those obtained 
for the monoamine. 

In toluene/DMF (ill), second-order rate constants are 
4-10 times higher than for 3-ethoxypropylamine whereas 
third-order rate constants are divided by about 4. 

In every solvent, the relative importance of the second- 
order reaction is increased by the presence of a second 
amine group in the molecule. Thus, the most important 
reaction acceleration is observed for the lower values of 
amine excess. 
4,7,1O-Trioxa-l,13-tridecanediamine (4). A third ether 

function seems to generate a new enhancement of reaction 
rates although third-order rate constants are decreasing 
in toluene/DMF mixture (l/l). 
4.4. Di(n-dodecyl) Dodecanebis(dithi0ate) (6) + 

n-Butylamine ( 1 )  (Table V). Bis(dithi0ester)s reacting 
with excess monoamine allow us a priori to observe 
eventually reactivity differences between the unreacted 
bis(dithioester) and the first-formed thioamide-dithioester. 

This was never observed in the conditions used; so we 
tried to isolate the intermediate thioamide-dithioester. 
However, the presence of long-chain thiol in the dithioester 
group-useful for obtaining crystalline bis(dithi0- 
ester)s-lowers the differences between the different 
dithioesters, and we could not obtain thioamiddithioester 
sufficiently pure for kinetic measurements. 
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The present kinetic results thus represent a mean of the 
reactivities of both dithioester functions, if any difference 
exists between them. 

I n  toluene, as observed before for purely aliphatic 
reagents, only third-order reaction rate constants are 
worked out from experimental data. Calculated ~ I I I  values 
are quite similar to the previously determined third- 
order rate constants for reaction between the same amine 
and a monodithioester. 

I n  a toluenelDMF (1/1) mixture, again second-order 
rate constants are appreciable although about half the 
values obtained for monodithioester; third-order rate 
constants are nearly the same for bis(dithioester) as for 
monodithioester. 

4.5. Di(n-dodecyl) Dodecanebis(dithi0ate) (6) + 
3-Ethoxypropylamine (2)  (Table VI). I n  toluene, 
second-order reaction rate constants are very low, whereas 
third-order rate constants are enhanced about twice as 
much by the presence of an ether group as compared to 
n-butylamine reaction rates. This was previously noted 
for monodithioester reacting with 3-ethoxypropylamine. 

In  a toluenelDMF ( 1 1 1 )  mixture, there is no major 
difference with the previous results between 3-ethoxypro- 
pylamine and an aliphatic monodithioester although all 
rate constants are lower in the case of the bifunctional 
dithioester. 

I n  a toluene/DMF (311) mixture, intermediate values 
between pure toluene and a 1/1 mixture are obtained as 
expected for the progressive influence of increasing solvent 
polarity. 

4.6. Di( n-dodecyl) 4,7-Dioxa- 1,lO-decanebis(dit hio- 
ate) (7) + Butylamine (1) (Table VII). In  toluene, rapid 
reactions are observed as compared to the preceding ones. 
Moreover, a slight increase (20-30% ) in pseudo-first- 
order correlation was noted above 50% conversion. 
Correlation of k ~ *  versus [amine], is quite good except for 
higher temperatures and amine concentration. As bis- 
(dithioester) 7 could be obtained only when using 
crosslinked poly(viny1pyridine) instead of pyridine (see the 
Experimental Section), we suppose that its very high 
reactivity toward nucleophiles is responsible for deviations 
a t  elevated temperatures and amine concentration. 
Calculated third-order rate constants are very high (ca. 
10-30 times the previous values in toluene). However, an 
unexpected dithioester-consuming reaction is excluded as 
it was possible to prepare high molecular weight poly- 
thioamides from 7. 

In  a toluenelDMF ( l / l )  mixture, high reaction rates 
are observed, but no linear correlation was possible between 
kl*/[amine]o and the amine concentration. It seems clear 
that the relative amount of second- and third-order reaction 
rates varied as the amine concentration was increased. 

4.7. Di(n-dodecyl) 4,7-Dioxa- 1,lO-decanebis(dithi0- 
ate) (7) + 3-Ethoxypropylamine (2) (Table VIII). In  
toluene, as with n-butylamine, a slight increase in pseudo- 
first-order rate constant was noted above 50% conversion. 
Initial rates allow us to determine low values of second- 
order rate constant and very high third-order rate 
constants: ether amine 2 behaves similarly to alkyl- 
amine against diether bis(dithioester) 7. 

Surprisingly, in a toluene/DMF ( 1 / 1 )  mixture, good 
linear correlation was found again for this reaction. Both 
second- and third-order rate constants are very high. 

I t  is clear the presence of ether functions in the chain 
of a bis(dithioester) greatly enhances its reaction rates 
toward primary amines. As dithioesters are useful reagents 
for protein m~dif icat ion,’~ this result affords a way to 
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Table IX 
Kinetics of Reaction between rr-Butylamine (1)  and 
Di(n-dodecyl) l,lZ-Dodecanebis(dithioate) (6) in the 

Presence of Triethylamine (TEA). 

Tolueneb 
kl+’ x 103, 

[TEA], mo1.L-’ 30 “C 40 O C  50 O C  

0 
0.12e 
0.252 
0.375 

1.46 2.00 2.22 
1.48 1.93 2.21 
1.47 1.91 2.06 
1.43 1.93 2.12 

kIIIcat x 103, L.mol-l.s-l 0 0 0 
klw x io3 (mean), s-l 1.46 1.94 2,15 
kla X lo3 (Table VI, s-l 1.61 1.91 2.47 

Toluene/DMF (1 / l P  
klo’ x 103, s-1 

[TEA] x lo2, mo1.L-l 30 ‘C 40 ‘C 50 ‘ c  
0 4.55 4.53 4.23 
0.0125 4.65 4.63 4.18 
0.0252 4.50 4.50 4.18 
0.0381 4.48 4.45 4.14 

klr x 103 (mean), s-l 4.54 4.52 4.18 
klu x 103 (Table V), s-l 4.18 4.01 3.67 

a [DTEIo = mo1.L-l. * [NH& = 0.25 mo1.L-l. [NHzlo = 
0.027 mol.L-l. 

promote rapid thioacylation reaction as needed for many 
of these very versatile substrates. 

4.8. Reaction with Added Tertiary Amine. As it 
appears from the previous data, thioacylation reaction rates 
are correlated to amine concentration via a complex law 
including a second-order term with respect to  this 
concentration. Assuming a possible occurrence of a 
catalytic role for amine groups, we have tested the influence 
of added tertiary amine in some systems. 

If a tertiary amine catalyzed reaction can take place, we 
may assume the reaction kinetics to obey the rate law 

r = d[DTE]/dt = k,,[DTE][NH,] + krII[DTE][NH,l2 + 
k,,,cst.[DTE] [NH,] [tertiary amine] 

in which [NHz] is the primary amine concentration. 
In the case where an excess primary amine is used, a 

pseudo-first-order reaction rate can be observed with a 
pseudo-first-order rate constant, kly’, given by 

k ~ ~ p t  x 103, Lamol-1.s-1 0 0 0 

kl/  = kII[NH,I + k,,,[NH,I2 + 
k,,,cst.[NH,] [tertiary amine] 

or 

kl,’/[NH2] = k,, + kI,,[NH,] + k,,Ft.[tertiary amine] 
As [NH,] remains nearly constant, owing to the large excess 
of primary amine used, we have correlated the observed 
k1*’/ [NH,] with the tertiary amine concentration. 

In Tables IX-XI1 are collected the observed values for 
k1y’ measured in the presence of various amounts of tri- 
ethylamine (TEA) or 1,7-diazabicyclo[2.2.2]octane 
(DABCO); the later is particularly known as a powerful 
catalyst in ester amidation reaction.2*6 Different reaction 
systems were tested including n-butylamine or 3-ethoxy- 
propylamine reacting with an alkyl biddithioester) in 
toluene or a toluene/DMF mixture. 

It is evident that TEA has no catalytic effect at  all. Even 
DABCO produces only a slight increase of the reaction 
rates: adding more than 1 equiv of DABCO/mol of primary 
amine results in a 25-30% rate increase only. 
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Table X 
Kinetics of Reaction between 3-Ethoxypropylamine (2) and 

Di(n-dodecyl) 1,12-Dodecanebis(dithioate) (6) in the 
Presence of Triethylamine (TEA)' 

Tolueneb 
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[TEA], mol-L-l 30 "C 40 'C 50 "C 
0 3.00 3.76 4.43 
0,126 2.97 3.66 4.47 
0.252 2.96 3.63 4.71 
k ~ l p t  x 103, Lnmol-1,s-1 0 0 0 
k l l  x 103 (mean), 9-1 2.98 3.68 4,54 
k l Y  x lo3 (Table VI), s1 3.06 3.85 1.52 

Toluene/DMF (1/ 1Ic 

[TEA] x 102, mol-L-1 30 "C 40 "C 50 "C 
0 3.67 3.84 3.84 
0.0136 3.50 3.80 3.83 
0.0251 3.51 3.74 3.81 
0.0383 3.48 3.71 3.93 
k11fBt x 103, L.mol-1.s-1 0 0 0 
k1q x lo3 (mean), s-1 3.54 3.77 3.85 
k l u  X lo3 (Table V), s-' 3.66 3.75 3.79 

IDTElo = mol.L-'. [NH210 = 0.25 mo1.L-1. c [NH210 = 
0.0259 mol.L-'. 

Table XI 
Kinetics of Reaction between n-Butylamine (1)  and 
Di(n-dodecyl) 1,12-Dodecanebis(dithioate) (6) in the 
Presence of 1,4-Diazabicyclo[2.2.2]octane (DABCO)s 

kl+' x 103, s-1 

solventb [DABCO], mol-L-' 30 "C 40 "C 50 "C 
toluene/ 0 3.90 3.97 3.48 

DMF (1/1) 0.0125 4.22 4.33 3.93 
0.0251 4.54 4.64 4.19 
0.0375 4.64 4.78 4.55 
k111Cat x 103, L-mol%-' 20.3 21.8 27.7 
kl+ X lo3 (extrapolated), s-l 3.94 3.98 3.52 
k l +  X l o 3  (Table V), s-1 3.73 3.56 3.23 

[DTE]o = mol.L-l. * [NH2]o = 0.025 mo1.L-l. 

Table XI1 
Kinetics of Reaction between 3-Ethoxypropylamine (2) and 

Di(n-dodecyl) 1,12-Dodecanebis(dithioate) (6)  in the 
Presence of 1,4-Diazabicyclo[2.2.2]octane (DABCO). 

k1r' x 103, s-1 
solventb [DABCO], mol-L-' 30 "C 40 "C 50 "C 

toluene/DMF 0 
(1/1) 0.0128 

0.0251 
0.0382 

3.82 4.01 4.02 
4.18 4.36 4.46 
4.41 4.68 4.82 
4.82 4.89 5.20 

k ~ p t  x 103, Lemol-1-s-1 977 894 1177 
kl* X lo3 (extrapolated), 3.82 3.98 3.52 
kl+ X lo3 (Table VI), s-* 3.88 3.57 4.07 

[DTE]o = mo1.L-I. [ N H z ] ~  = 0.026 mo1.L-I. 

This acceleration is obviously lower than those observed 
in varying the reagent nature or adding a polar solvent. 
Moreover, we have previously established that tertiary 
amines are able to promote slow enethiolization of 
dithioesters, thus catalyzing self-condensation of these 
compounds according to a reaction pathway equivalent to 
the Claisen-Dieckmann condensation of esters.I0 Such a 
reaction seems to be sufficient, if induced by the strongly 
nucleophilic DABCO, to produce the observed increase in 
dithioester disappearance rates. 

So, we think that third-order reactions are not the 
consequence of a nucleophilic attack of the first-formed 

Table XI11 
Summary of k~l  and Values 

Solvent: Toluene 
amine amine diamine diamine 

T,  OC 1 2 3 4 
Second-Order Rate Constant k11 X los, L-mol-l+rl 

dithioester 5 30 0 0 5.79 21.6 
40 0 0 6.29 26.8 
50 0 0 5.98 32.0 

bis(dithi0ester) 6 30 0 0 
40 0 0 
50 0 0 

bis(dithioester) 7 30 0 7.33 
40 0 7.33 
50 0 6.00 

Third-Order Rate Constant k111 x lo3, L2.mol-2d 
dithioester 5 30 26.0 56.7 43.8 45.1 

40 31.0 73.8 64.7 81.2 
50 34.7 80.2 89.5 113 

bis(dithi0ester) 6 30 25.7 46.2 
40 30.5 59.8 
50 39.5 71.3 

bis(dithioester) 7 30 613 500 
40 577 513 
50 589 523 

Solvent: Toluene/DMF (1/1) 
amine amine diamine diamine 

T,"C 1 2 3 4 
Second-Order Rate Constant k11 X 109, Lemol-h-* 

dithioester 5 30 119 11.7 286 426 
40 106 60.0 335 551 
50 84.5 48.3 401 673 

bis(dithioester) 6 30 77.0 78.7 
40 57.7 56.5 
50 38.2 50.5 

biddithioester) 7 30 105P 86.7 
40 1210a 73.3 
50 1280" 60.0 

Third-Order Rate Constant k111 x lo3, L2.mol-2.s-1 
dithioester 5 30 3130 4390 1030 280 

40 3580 5320 1530 822 
50 3990 5830 1510 695 

biddithioester) 6 30 2910 2710 
40 3400 3740 
50 3660 4040 

bis(dithioester1 7 30 88300b 25200 
40 600OOb 26300 
50 475OOb 25800 

a k11 was supposed to be identical with kl. b Initial slopes. 

reaction intermediate by any amine doublet. 

5. Discussion 
Considering the results of the kinetic study (Table XIII), 

it appears that variations of reagent structures induce 
similar effects, whatever the solvent is. I n  toluene, a strong 
increase is observed for the second-order rate constant, 
k11, when the amine is a diamine or when ether functions 
are introduced in both reagents. Temperature variations 
have little influence, if any. The third-order rate constant, 
h111, is mostly affected when ether functions are present 
or-although at  a lower extent-by increasing temperature. 

I n  a t o l u e n e l D M F  (111) m i x t u r e ,  all reactions are 
largely accelerated and kn is enhanced only in the reaction 
of diamines, whereas bis(dithi0ester) 7 remains the most 
reactive reagent of its kind. 

From a mechanistic point of view, it seems very unlikely 
that kinetically different reactions could take place a t  the 
same time for all the different reagents and solvents we 
have studied. In one case, the analysis of kinetic data 
through simultaneous second- and third-order reactions 
has failed, with no linear correlation existing between k l q /  
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Figure 1. Primary amine thioacylation mechanism. 

[amine], and [amine],. Moreover, the occurrence of 
apparently negative activation energies for many of the 
second-order rate constants is not readily understandable. 
So we have looked for a mechanism able to explain all these 
observations in a unique but versatile pathway. 

A simple mechanism may comprise first an equilibrium 
between the reagents and an intermediate, followed by an 
irreversible unimolecular decomposition of the later. Such 
a mechanism associated with the usual quasi-stationary 
state hypothesis for the intermediate gives a kinetic relation 
in which the dithioester disappearance rate is always first- 
order in both amine and dithioester and is then inadequate 
for our purpose. 

This simplest mechanism compatible with our results 
consists of an equilibrium between reagents (A, B) and a 
reaction intermediate (I) followed by a bimolecular reaction 
in the later with amine (B) (Figure 1): 

The dithioester disappearance rate is then 

-d[A]/dt = k,[AJ[B] - k-,[I] 
The variation of intermediate concentration is expressed 
by 

d[I]/dt = ki[A][B] - k-i[I] - kJB] 
Assuming a steady state for the intermediate, we can 
evaluate its stationary concentration, [IIst 

[IIst = k,[AI[Bl/(kz[Bl + k-1) 
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Then 

-d[Al/dt = k~k~[A1[B12/(k~[Bl + k-1) (4) 
It might be possible to have simultaneously such a second- 
order reaction between the amine and the reaction 
intermediate and a monomolecular decomposition of the 
later (absolute rate constant, k2'). The steady-state 
hypothesis leads in that case to relation 4': 

-d[A]/dt = k,k2[A1[B12/(k2[Bl + k-, + k2)) (4') 
Relations 4 and 4' are mathematically identical, the sum 
k1 + kz' or the constant k-1 playing the same role. So we 
have used the relation 4, but we cannot be sure that 4' is 
not the correct one. 

In relation 4, the global reaction order depends on the 
relative values of terms included in the denominator: 

If kz[B] << k-1 or k-1+ kz', we may observe a third order 
according to 

-d[Al/dt # klkz[A1[B12/k-l 
or 

-d[Al/dt = ~II I [AI[BI~ ( 5 )  
in which k ~ n  = k1kz/k-l or ~ I I I =  k l k z / ( k - l +  k2'). If kz[B] 
>> k-1 or k-1 + kz', the global order is only 2 as 

-d[Al/dt # kikz[AI[Bl/kz[Bl 
or 

-d[Al/dt = kI,[Al[Bl (6) 
in which kn = kl. If kz[B] # k-1, then the global order would 
vary throughout the reaction and no linear correlation could 
be obtained in the usual treatment for second- or third- 
order reactions. 

Relation 4 is thus able to explain how a reaction obeying 
a unique mechanism may fit either a second-order or a 
third-order kinetic equation, or sometimes neither. 

When large amine excess (concentration noted as 
[amine],) is used, eq 4 can be rearrange to 

-d[A]/dt = kik,[dithioester][amine],2/ 

where 
(k,[amine], + k-J = k,,[Al 

k,, = k,k,[amine1,2/(k,[amine]~ + k-J 
or 

1 -  k-, + k,[amine], -- 
hi, k,kz[amine],2 

or 

[amine], k-, 1 =- + -  
k,, kikz [amine], ki  (7) 

This new relation was first tested on results that gave no 
linear correlation according to relation 3. A linear plot was 
obtained between [amine]o/k1, and 1/ [amine], using the 
results reported in Table VI1 for the reaction of n-butyl- 
amine (1) and diether biddithioester) 7 (Figure 2). 

Such linear correlations are fitted by all the reported 
kinetic results when using relation 7, thus verifying the 
validity of the postulated hypothesis. This result allows 
us to estimate more interesting rate constants; namely (1) 
the second-order rate constant, I t , ,  of the direct reaction 
between aliphatic dithioesters and primary amines leading 
to the formation of intermediate I, as the reverse of 
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Table XV 
Calculated Apparent Reaction Order at Various Conversion 

Rates. 
conv degree 

[ami ne]/ k,,,, i 
9 i  

/*' 

/ 

0 235 4 i o  - 
Figure 2. Correlation between [amine]/klp and [aminel-' for 
reaction between didodecyl 4,7-dioxa-l,lO-decanebis(dithio- 
ate) (7) and n-butylamine (1) according to relation 7 .  

Table XIV 
Application of Relation 7, [NHzllklr = f(l/[NH&, to 

Kinetic Results 

T hi, k- i lk z ,  
dithioester amine solven ta  O C  L.mol-1.s-1 mo1.L-1 

5 

5 

5 

5 

5 

5 

5 

5 

6 

6 

6 

6 

6 

7 

7 

7 

7 

1 

1 

2 

2 

3 

3 

4 

4 

1 

1 

2 

2 

2 

1 

1 

2 

2 

T 

T/DMF ( l j l )  

T 

T/DMF (1/1) 

T 

T/DMF (1/1) 

T 

T/DMF (1/1) 

T 

T/DMF (1/1) 

T 

T/DMF (1/1) 

T/DMF (3/1) 

T 

T/DMF (1/1) 

T 

T/DMF (1/1) 

50 30 I 
30 
50 

30 
50 
30 
50 
30 
50 
30 
50 
30 
50 

301 50 

301 50 

30 
50 

30 
50 
30 
50 
30 
50 
30 
50 

2: \ 

-1 

0.4 
0.6 

-0.2 

0.8 
1.1 
0.25 
0.60 
2.8 
2.0 
0.4 
0.7 
0.5 
0.7 

>0.2 

0.3 
0.5 

>0.1 

0.04 
0.06 
0.14 
0.18 
0.4 
0.4 
1.0 
1.6 

-1 

- 40 - 30 
0.025 
0.050 - 10 
0.08 
0.11 
1 x 10-3 
3 x 10-3 
3 x 10-3 
3 x 10-3 
30 x 10-3 
80 x 10-3 
2 x 10-3 
2 x 10-3 
>8 

0.03 
0.07 
-5 
0.04 
0.06 
0.03 
0.05 
0.6 
0.7 
0.01 
0.03 
- 1.2 

.. g:} -2.3 -0.06 
7 3 CHClS/DMF (1/1) 30 0.7 0.4 

T = toluene. 

intercept ordinate in relation 7 ( l / k l ) ,  and (2) the ratio 
k- l lkz between the intermediate decomposition first- 
order rate constant and the second-order products 
formation rate constant, as the ratio of the slope to the 
intercept ordinate of relation 7. 

The results obtained from these correlations are reported 
in Tables XIV and XV a t  30 and 50 "C. 

0 0.90 0.99 

kn[AI[BI 5.04 X lo4 5.04 X 10" 5.04 X 10" 
kr11[A1 [B12 1.38 X 1.38 X 10% 1.38 X 
second-order ==0.3/1 =3/1 =30/ 1 

third-order 

a Reaction at 30 "C between bis(dithioester) 6 and 3-ethoxypro- 
pylamine (2) in toluene/DMF (1/1). [Dithioesterlo = [amine10 = 0.08 
mol-L-'; kll = 0.0787 L-mol-W; k111 = 2.71 L2.mol-2-s-* (Table VI). 

contribution 

contribution 

Reagents. In some cases, the absolute values of l / k l  
are very small in comparison with the variable term in eq 
7, so an important error is made on the value of k l  and 
then on the value of k-l/kz; the estimations done for these 
examples (monoamine and alkylmono- or alkylbis- 
(dithioester)) afford the highest values found for k-l/kz, 
indicating in tha t  case the reverse reaction of the 
intermediate toward the reagents presents higher rate 
constants than the formation of products (but in different 
units). As the reaction rate to products is equal to k2- 
[amine] [I] whereas the reverse reaction to reagents depends 
on k-l[I] only, it is evident that the amine concentration 
influences the relative importance of these reaction paths. 

The main influence from the nature of reagents is 
observed in the ratio k-l/kz,  which varies in large 
proportions (from to 30-40 mo1.L-l). The lowest values 
of k-llkz are always noted when diamines are used, 
particularly in a toluene/DMF (1/1) mixture. The 
presence of a second primary amine function in these cases 
seems to greatly increase kz, i.e., the product formation 
reaction rate constant, a t  least in the very diluted 
conditions used for this study. 

Temperature. The influence of temperature on the 
values of k l  and k-l/kz is rather small, so we have reported 
only their values for 30 and 50 "C. Reaction rate constant 
k l  of the first step is quite high for a bimolecular reaction 
(between 0.1 and 3 mo1.L-'wl) and the temperature 
variations have little influence on them: activation energies 
are very low, only 1 or 2 kJ-mol-l. 

The ratio k-l/k2 presents somewhat more intense 
variations as the temperature is raised and is generally 
increasing. A t  higher temperatures it seems then the 
reverse reaction to reagents is slightly more accelerated 
than the product formation. 

Reaction Order in Stoichiometric Ratio. As a 
consequence of complex rate variations versus reagent 
concentrations, we have estimated what would be observ- 
able when amine thioacylation will be conducted with stoi- 
chiometric amounts of amine and dithioester. Another 
important feature is the forecast of what would happen 
in a polycondensation reaction in which the reaction needs 
to be conducted at  very high conversion rates. As the UV 
absorption band of thioamide is nearly as intense as a 
dithioester band, it was only possible to study a polycon- 
densation reaction through the less intense visible band 
and then in the range of concentrations near 0.1 mol-L-'. 

Preliminary results have shown order variations during 
the course of polythioamidation together with the 
occurrence of second order as the conversion degree 
becomes higher than 85-90%.15 Simulation of a poly- 
condensation reaction can be illustrated in calculating the 
values of dithioester disappearance rates according to  
apparent second- and third-order reaction according to 
relation 1: the results are collected in Table XV, and it 
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Figure 3. Internal solvation probably occurring in the zwitter- 
ionic reaction intermediate. 

is evident that  the global reaction order will change 
throughout the reaction. Initial reaction rate would be only 
ca. 20 5% second order, but this proportion increases to 80 ?6 
at  a conversion degree of 0.90 and 98% at 0.99. Thus the 
postulated kinetics is able to  fit the order variations 
observed in polythioamidation reactions. 

6. Thioamidation Mechanism 
The most important feature of this kinetic study is the 

tendency of primary amine to promote the second step in 
thioamidation reaction whereas an added tertiary amine 
does not. 

Some structural influences may be understood in terms 
of internal solvation of the ammonium part  in the 
intermediate, mainly when ether functions are present in 
the vicinity. Such interactions are illustrated in Figure 
3 and might be responsible for stabilization of the zwit- 
terionic intermediate: we have observed important rate 
accelerations when using bis(dithi0ester) 7 in which two 
ether functions may play such a role. In Table XIV, it 
seems the main difference between the two bis(dithioester)s 
6 and 7 is the ratio k - l / k *  value, which is clearly lower for 
dithioester 7 than for 6, particularly in toluene as a solvent. 

Some authors have postulated in ester amidation the 
intervention of an amine hydrogen-bonded dimer: but this 
could explain only third-order reaction in an apolar solvent; 
in a toluene/DMF mixture the presence of such a dimer 
is quite unprobable as DMF is a strong hydrogen- 
bonding solvent. 

I t  seems more general to explain the primary amine 
intervention in the product formation step through an 
amine-assisted prototropy taking place before thiol 
liberation (Figure 1). A concerted proton transfer is likely 
because a tertiary amine is able to react in a noncon- 
certed one. This primary amine catalyzed prototropy does 
not need a particular conformation in the transition state 
as it would be the case in a second-order nucleophile- 
catalyzed elimination. 
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The thiol and thioamide formation must be very rapid 
from the hemidithioacetal-like neutral structure formed 
by prototropy. 

7. Conclusion 
The kinetic study of a thioamidation reaction conducted 

in dilute solution on mono- and bifunctional amines and 
dithioesters has shown this reaction is best described by 
eq 4, thus fitting all the results and allowing us to explain 
the global order variations observed in the course of poly- 
thioamidation. A mechanism is proposed on this basis, 
involving first the nucleophile addition of the amine to the 
highly polarizable thiocarbonyl group, followed by a 
primary amine catalyzed prototropy in the zwitterionic 
intermediate, and finally thiol elimination from the neutral 
hemidithioacetal-like structure thus formed. 

As our results are similar to the published kinetic study 
of polyamidation of esters (variable contributions of 
apparently simultaneous second- and third-order reactions), 
it seems likely that similar mechanisms may operate in 
the two reactions. However, the prototropy involved in 
the thioamidation mechanism does not need t o  be 
concerted in the ester amine reaction, as in that case, 
tertiary amines are effective catalysts for the amidation 
reaction. 
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