
 

 

 

 
 

Supporting Information 
© Wiley-VCH 2005 

69451 Weinheim, Germany 



Supporting information 

 1

Systems chemistry: Kinetic and computational analysis of a nearly 

exponential organic replicator 

 

Maik Kindermann, Insa Stahl, Malte Reimold, Wolf Matthias Pankau, Günter 

von Kiedrowski* 

 

[*] Prof. Dr. G. von Kiedrowski, Dr. M. Kindermann, I. Stahl, M. Reimold, 

Dr. W. M. Pankau 

 Lehrstuhl für Organische Chemie I, Ruhr-Universität Bochum 

 Universitätsstraße 150 

 44780 Bochum (Germany) 

 Fax: (+ 49) 234-32-14355 

 E-mail: kiedro@rub.de 

 

Syntheses 

5a, b: A solution of the amino acid and 1.2 eq of maleic anhydride in acetic acid was stirred 

over night at room temperature. The formed maleoylamino acid was isolated as a colourless 

solid after addition of diethylether, washed with diethylether and dried in vacuum. The 

maleoylamino acid was solved in acetonitile and refluxed for 1h after the addition of 1 eq of 

ZnBr2 and 5eq of hexamethyldisilazane. The reaction mixture was filtered and the filtrate was 

reduced to 10%. After the addition of water the solution was acidified with 0.5 M 

hydrochloric acid (pH = 1) and extracted with dichloromethane. The organic layers were 

combined, washed with water and brine subsequently and dried over MgSO4. The solvent was 

evaporated to give 5a, b. 
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5a: 1H-NMR (200 MHz, CDCl3): δ = 4.29 (s, 2H; CH2), 6.77 ppm (s, 2H; CH=CH); 13C-

NMR (100.5 MHz, CDCl3): δ = 135.28 (CH=CH), 169.24 (CH2), 170.72 (CO), 175.43 ppm 

(COOH); IR (ATR): ν = 3103.1, 2995.9, 1746.3, 1682.3, 1445.2, 1426.2, 1399.0, 1314.9, 

1192.2, 1157.1, 1092.0, 1047.2, 925.5, 840.4, 794.6, 738.6, 696.0, 675.7, 656.3 cm-1; MS (EI, 

70eV) m/z (%) = 155 [M+], 110 (100), 82 (30), 54 (25), 26 (22); mp. = 1120C. 

5b: 1H-NMR (200 MHz, [D6]DMSO): δ = 1.78 (s, 6H; (CH3)2), 6.64 (s, 2H; CH=CH), 11.52 

ppm (s, 1H; COOH); 13C-NMR (100.5 MHz, [D6]DMSO): δ = 24.58 ((CH3)2), 60.30 

(C(CH3)2), 134.54 (CH=CH), 171.02 (CO), 179.08 ppm (COOH); IR (ATR): ν = 1699.9, 

1368.3, 1291.3, 1226.9, 1199.7, 1176.8, 1137.4, 916.5, 828.4, 691.9, 408.8 cm-1; MS (EI, 

70eV) m/z (%) = 183 (1) [M+], 138 (100), 122 (4), 110 (6), 98 (40), 80 (19), 54 (17), 41 (15), 

26 (14); mp. = 165°C. 

 

rac-4: 0.35g (2.76mmol) oxalylchloride were carefully added to a solution of 0.30 g 

(2.17mmol) (2,4-cyclohexadienyl)-acetic acid in 6ml dichloromethane followed by a catalytic 

amount of DMF under an argon atmosphere. After the reaction mixture had been stirred at 

room temperature for 30 min the solvent and an excess of oxalylchloride were evaporated. A 

solution of 0.282 g (2.62 mmol) 2-amino-6-methylpyridine and 0.219g (2.17 mmol) 

triethylamine in 6 ml of dichloromethane was added to the (2,4-cyclohexadienyl)-acetic 

acidchloride over a period of 10 min. The reaction mixture was stirred for 1 h at room 

temperature followed by evaporation of the solvent and chromatographic purification of the 

product (dichloromethane/methanol 80:1, Rf = 0.5). The product was isolated as a colourless 

solid (0.295g). 1H-NMR (600 MHz, CDCl3): δ = 2.07 (m, 1H; CH), 2.34 (m, 1H; CH), 2.42 

(s, 3H; CH3), 2.41-2.47 (m, 2H; CH2CON), 2.87 (m, 1H; CH-chiral), 5.74 (m, 2H; CH=CH), 

5.91 (m, 2H; CH=CH), 6.87 (d, J = 7.3 Hz, 1H; 5-H), 7.56 (dd, J = 7.3 Hz, 1H; 4-H), 7.76 (s 

(br), 1H; NH), 7.98 ppm (d, J = 7.5 Hz, 1H; 3-H); 13C-NMR, HMQC (150.9 MHz, CDCl3): δ 
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= 24.39 (CH3), 28.51 (C-6´), 30.21 (C-1´), 42.01 (NCOCH2), 110.05 (C-3), 119.62 (C-5), 

124.04 (C-5´), 125.09 (C-4´), 125.57 (C-3´), 129.64 (C-2´), 139.04 (C-4), 150.85 (C-6), 

157.19 (C-2), 170.61 ppm (CO); IR (ATR): ν = 3036.7, 2921.4, 1682.6, 1605.1, 1577.6, 

1559.8, 1536.1, 1454.2, 1397.0, 1371.9, 1342.2, 1299.5, 1272.9, 1233.9, 1207.1, 1156.3, 

1141.7, 1087.1, 999.2, 966.7, 823.7, 787.3, 739.7, 694.2, 637.9, 568.9, 498.0 cm-1; MS (EI, 

70eV): m/z (%) = 228 (32) [M+], 211 (9), 156 (34), 121 (52), 110 (6), 103 (4), 72 (22). 

 

(R)-4, (S)-4: (R)- and (S)-4 were synthesized from (R)- and (S)-(2,4-cyclohexadienyl)-acetic 

acid analogous to rac-4. 

(R)-4: α D
25  = + 105° (CH2Cl2, c = 1.03 M). 

(S)-4: α D
25  = + 71° (CH2Cl2, c = 1.05 M). 

 

9: 9 was achieved as an intermediate of the synthesis of rac-2,4-cyclohexadienyl-acetic acid . 

 

1H- and 13C-NMR-spectra were measured with a Bruker DPX 200-spectrometer. The kinetical 

experiments were carried out using a 600MHz-spectrometer (Bruker DRX 600). IR-spectra 

were measured with a Vector 22 IR-spectrometer of Bruker and mass-spectra using a Varian 

MAT 5 mass-spectrometer with an ionisation energy of 70eV. 
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Molecular modeling studies 

 

Notation for the description of the configuration and conformation of template 

molecules: 

 

 

 

 

Distinguished cases for the template directed reaction pathway: 

 

 

 

 

 

O
O

N

O

O
N N

H

O

H

N   N   N   R

(1) (2) (3) (4)

double bond as reference

(1) eNdo / eXo :  Diels-Alder-product

(2) eNdo / eXo :  position of the ring substituent 
                            referred to the double bond

(3) eNdo / eXo :  position of the carboxylic group 
                            referred to the double bond

(4) R / S : configuration of the ring atom carrying
                 the 5-methylpyridineaminocarbonyl-
                 methyl side chain

NNNR_NNNR
NNNR_NNXR
NNXR_NNNR
NNXR_NNXR

NNNR_NNNS
NNNR_NNXS
NNXR_NNNS
NNXR_NNXS

homochiral autocatalysis:
   

heterochiral crosscatalysis:
   



Supporting information 

 5

 

Model reaction of 5’-methyl-1,3-cyclohexadiene and N-carboxymethyl-maleimide:  
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Relative energies of the PM3-calculations of the model reaction with respect to the lowest 

energy configuration: 

 E / kcal mol-1 

 NNN NNX NXN NXX XNN XNX XXN XXX 

transition 
states 0.60 1.03 0.00 0.42 3.28 2.73 6.15 6.21 

products 0.52 0.27 0.25 0.00 1.30 1.13 3.63 4.00 

 

Relative energies of the B3LYP/6-31G*-calculations of the model reaction with respect to the 

lowest energy configuration: 

 E / kcal mol-1 

 NNN NNX NXN NXX XNN XNX XXN XXX 

transition 
states 0.00 1.73 1.54 3.33 5.43 3.48 9.06 7.57 

products 0.35 0.00 1.12 0.88 1.72 0.47 4.47 3.80 
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Electron density (B3LYP/6-31G*) of transitions states and products with endo-

stereochemistry of the Diels-Alder-reaction: 
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Reaction of 2-(2,4-cycloheadienylacetamido)-6-methylpyridine 4 and N-carboxymethyl-

maleimide 5a:  

 

 

 

 

Energies of the PM3-calculations of the reaction of diene 4 and maleimide 5a: 

 E / kcal mol-1 

 termolecular 
complexes 

transition- 
states 

template 
duplexes 

single 
geometries 

autocatalysis    

NNNR NNNR -325.314 -288.903 -357.319 
 

NNNR NNXR -324.846 -286.150 -354.680 

NNXR NNNR -322.734 -286.205 -354.680 
diene: 
4.184 

NNXR NNXR -322.918 -286.359 -355.674 

crosscatalysis    
maleimide: 
-140.385 

NNNR NNNS -324.943 -288.356 -356.428 
NNNR NNXS -322.346 -283.333 -356.551 

template: 
-171.839 

NNXR NNNS -323.990 -285.362 -356.551 

NNXR NNXS -322.802 -285.868 -356.440 
 

non-template-directed reaction    

NNNR -102.779  
NNXR 

 
-102.395  
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Energies of the B3LYP/6-31G*-calculations of the reaction of diene 4 and maleimide 5a: 

 E / kcal mol-1 

 termolecular 
complexes 

transition- 
states 

template 
duplexes 

single 
geometries 

autocatalysis    

NNNR NNNR -1650518.80 -1650496.66 -1650546.35 
 

NNNR NNXR -1650518.53 -1650492.67 -1650546.52 

NNXR NNNR -1650518.84 -1650497.48 -1650546.52 
diene: 

-456701.92 

NNXR NNXR -1650514.18 -1650493.42 -1650545.32 

crosscatalysis    
maleimide: 
-368518.31 

NNNR NNNS -1650515.60 -1650498.61 -1650547.20 
NNNR NNXS -1650516.21 -1650493.67 -1650546.54 

template: 
-825254.23 

NNXR NNNS -1650519.55 -1650495.72 -1650546.54 

NNXR NNXS -1650516.91 -1650500.66 -1650551.18 
 

non-template-directed reaction    

NNNR -825207.16  
NNXR 

 
-825205.06  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Supporting information 

 9

Structures resulting from B3LYP/6-31G*-calculations: 

 

autocatalysis 

termolecular complexes transition states template duplexes 

NNNR_NNNR 
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NNXR_NNNR 
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crosscatalysis 

termolecular complexes transition states template duplexes 

NNNR_NNNS 

NNNR_NNXS 

NNXR_NNNS 

NNXR_NNXS 

   

non-template-directed reaction 
(geometries with minimal energy) 

educts transition state product 
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Auto- versus cross-catalysis  

Netto constants: 

A kinetical analysis based on a reaction model that does not seperate between the different 

enantiomeric species results in association and rate constants which have to be considered as 

“Netto” viz. averaged or overall constants:  

 

For a single amidinium-carboxylate recognition the netto association constant K1 netto has to be 

calculated as the average value of all association constants resulting from a consideration of 

the different enantiomers. They were presumed to be almost identical as a consequence of an 
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K2 homo =                    =
[CR_CR]

[CR]2

[CS_CS]

[CS]2

K2 hetero =
[CR_CS]
[CR] [CS]

[C2]

[C]2
K2 netto =

Netto rate constant k:

Netto association constant K2 netto:

2 K2 homo      [C]2 + K2 hetero      [C]2

(3)

(2)

[C] = [CR] + [CS]

[C2] = [CR_CR] + [CR_CS] + [CS_CS]

(4)

(5)

(6)

K2 netto =
[CR_CR] + [CR_CS] + [CS_CS]

( [CR] + [CS] )2

K2 netto =
Khomo [CR]2 + Khetero [CR] [CS] + Khomo [CS]2

[CR]2 + 2 [CR] [CS] + [CS]2

(7)

(8)

racemat [CR] = [CS] =     [C]

K2 netto = (9)
2      [C]2 + 2      [C]2

K2 netto =      K2 homo +       K2 hetero (10)

knetto =      ( kauto +  kcross) (1)
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inferior importance of  structural influences resulting from the respective molecular residues 

during the formation of a single amidinium-carboxylate interaction.  In this case, the analysis 

based on a reaction model differentiating between the enantiomeric species as well as on a 

model that does not distinguish between the enantiomers results in the same values for the 

respective association constant K1. 

Kinetical analysis of the Diels-Alder reaction using the racemic diene and the analysis of the 

reaction with only one enantiomer of the diene component applying a reaction model that 

does not differentiate between the species resulting from the different enantiomers led to 

similar rate constants for the auto- and cross-catalytic template directed reaction as well as to 

similar association constants for the homo- and heterochiral template duplexes. It has to be 

noticed that the values for the heterochiral case are the results of calculations based on 

equations (1) and (10).  

K1 / M-1 K2 netto (C2) / 
M-1 

K2  (C2) / 
M-1 

K2  (C2) /  
M-1 knetto / s-1 kauto / s-1 kcross / s-1 

single 
amidinium-
carboxylate 
interaction 

racemic homo-
chiral 

hetero-
chiral 

racemic homo-
chiral 

hetero-
chiral 

6.80E+02 
(fix) 9.72E+05 1E+06 1.89E+06 2.08E-03 2.33E-03 1.83E-03 

 

Based on these results a comparable effectiveness of auto- and cross-catalysis was assumed. 

 

Simulations: 

Kinetic simulations using SimFit were performed to get an impression about the degree of a 

reliable differentiation between auto- and cross-catalytic reaction channels as a consequence 

of the influence of the rate of the templated reaction and the magnitude of product inhibition. 

The calculations were carried out based on the reaction model which accounts for the diverse 

species resulting from both enantiomers of the diene component.  
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As the Diels-Alder reaction with only one enantiomer of the diene and the corresponding 

reaction with the racemic form show similar over-all profiles, the concentration-time curves 

of both reactions were calculated ensuring the same half-life period and precursor 

concentrations. The over-all reaction rate depends on the rate of the templated step as well as 

on the degree of product inhibition, i. e. on the stability of template duplexes. In a certain 

range both effects can compensate for each other so that the over-all rate stays the same even 

if the ratio of constants characterising the cross- and auto-catalytic pathway varies. 

Simulations were done to get an impression of the conditions that would afford to 

differentiate between the degree of homochiral auto- and heterochiral cross-catalysis. For this 

purpose the netto association constant K2 netto as well as the netto rate constant knetto of the 

templated reaction were kept constant, while the single rate constants for the auto- and the 

cross-catalytic pathway and the stabilities of the homo- and heterochiral template duplexes, 

respectively, were varied over a large range. Thus the resulting curves represent product 

formation and precursor decrease from the over-all reaction, i. e. the sum of auto- and cross-

catalytic reaction channels, on the one hand and solely from the auto-catalytic reaction path 

on the other hand. 

 

Simulated curves of the Diels-Alder reaction with the racemic and the enantiomerically pure 

form of the diene (kauto / kkreuz = 2.06, K2 homo  / K2 hetero = 431): 
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Simulated curves of the Diels-Alder reaction with the racemic and the enantiomerically pure 

form of the diene (kauto / kkreuz = 0.14, K2 homo  / K2 hetero = 1.5 x 10-3): 
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Simulated curves of the Diels-Alder reaction with the racemic and the enantiomerically pure 

form of the diene (kauto / kkreuz = 0.49, K2 homo  / K2 hetero = 0.1): 
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As a result of the simulations several sets consisting of a defined value of the templated rate 

constant and the association constant of the template duplex yield nearly identical profiles. It 

is thus almost impossible to identify whether a reaction pathway is favored by a high 

templated rate and at the same time disfavored by a larger stability of the corresponding 

template duplex, or whether it is the other way around. Because the concentration-time curves 

take a very similar course a conclusion concerning the participation of the reaction pathways 

cannot be obtained from the curve shape alone. 


