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1. Determination of maximum autocatalytic rate 

Fitting of experimental concentration vs. time data corresponding to the formation of 
endo-3 (Figure S1a), to a 6th order polynomial equation: 

 

� 

C t( ) =a + bt + ct 2 + dt 3 +et 4 + ft 5 + gt 6  — Equation 1 
 

 
afforded a = 8.0311 × 10-3, b = 2.6042 × 10-5, c = 3.3579 × 10-8, d = –9.9321 × 10-13, e = 
1.2721 × 10-17, f = –7.8182 × 10-23 and g = 1.8811 × 10-28, where C is the total 
concentration of endo-3 (C = [endo-3] + [endo-3•endo-3] + [1•endo-3] + [2•endo-3] + 
[1•2•endo-3]) and t is time. 
 
Derivativization of Equation 1 affords Equation 2: 
 

� 

dC

dt
= b + ct + dt 2 +et 3 + ft 4 + gt 5 — Equation 2 

 
Equation 2 represents the variation of reaction velocity as a function of time (dC/dt) – the 
fluctuation of dC/dt with t is depicted in Figure S1b. From this graph, it is evident that 
maximal autocatalytic velocity is attainable in the time region 9000 – 29000 s ((dC/dt) = 0 
precisely at t = 18370 s, when C ≈ 7.0 mM). Thus, within the [C] range 2.5 – 12.5 mM, 
where the ratio of the total concentration of endo-3 over the total concentration of 
precursors 1 or 2 (denoted as ρ) is: 
 

0.1 < ρ = [C]/[precursor] < 1.0 
 
In practice, as evidenced by Figure S1a and S1b, autocatalyst saturation (maximal 
occupancy of recognition sites in endo-3) occurs at the threshold C value of 2.5 mM 
(where ρ = [C]/[precursor] ≈ 0.1 and t ≈ 10000 s), precipitating maximisation of self-
proliferation velocity of endo-3. However, continuous increase of C (and, in turn, ρ) along 
the reaction coordinate, does not result in proportional augmentation of the reaction 
velocity: within the [C] range 2.5 – 12.5 mM, a further 6% increase of reaction velocity is 
noted, whilst at ρ = 1.0 and beyond, reaction velocity is diminished considerably. 
We, therefore, deduced that in the template-injection experiments described in the main 
text, employing ρinitial = [C]initial/[precursor]initial = 0.1, the system operates at the limit of its 
self-replicative capacity, with autocatalysis commencing at t = 0. 
Indeed, exposure of reaction mixtures consisting of 1 and 2 ([1] = [2] = 25.0 mM) to 
gradually increasing initial concentrations of preformed endo-3 (up to 7.5 mM or 0.3 
equivalents), results in rate profiles identical to those obtained by utilisation of 0.1 
equivalents of endo-3. Examination of resultant dC/dt vs. t graphs, similarly exemplifies 
that ((dC/dt)/dt) is significantly reduced when ρ = [C]/[precursor] >1.0. 
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(a)  (b)  
Figure S1 – (a) Concentration vs. time profile of endo-3 (in CDCl3 at –10°C), initial concentrations [1] = 

[2] = 25.0 mM. The solid curve is the best fit of the kinetic data to equation (1) and green 
circles are experimental data points. (b) Rate of formation of endo-3 as a function of time. This 
plot is the first derivative of plot (a). 

 
 
2. Kinetic simulations / Determination of association constants  

On the basis of our kinetic data (Figure S2) – and in accordance with electronic structure 
calculations – we postulated that the efficient production of endo-3 predominantly 
emanates from the operation of an autocatalytic, self-replicating cycle, revolving around 
the assembly of the hydrogen-bonded intermediate [1•2•endo-3].  

 

(a)    (b)  

Figure S2 Concentration-time profiles for the formation of (a) endo-3 or (b) exo-3 in CDCl3 at –10°C. Filled 
diamonds represent the reaction between 1 and 2, filled circles represent the reaction between 1 
and 2 in the presence of 10 mol% (2.5 mM) endo-3, open squares represent the competitive 
inhibition reaction in the presence of 50 mM benzoic acid open diamonds represent the control 
reaction between 1 and 4 in which recognition effects are absent. 
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Nevertheless, the elucidation of the mechanistic subtleties of these recognition-mediated 
processes is dependent upon the construction of simulation models that faithfully 
reproduce experimental time-courses, thus maximising the level of precision in the 
estimation of rate constant values of contributing reactive pathways. 

Accurate models of the complex functioning of systems encompassing the synchronous 
production of one fertile (self-replicating) and one infertile compound comprise a plethora 
of interlinked reactions and equilibria. It was anticipated that the general production 
patterns of endo-3 and exo-3 would remain largely unaffected by the formation of binary 
complexes [1•2]. Within the binary complex setting, correct alignment of reactive molecular 
orbitals in either an endo or exo transition state, requires the introduction of substantial 
strain on the non-covalently bound transition state structure [1•2]‡, raising the activation 
energy and lowering reaction rates for the production of endo-3 or exo-3. Therefore, it is 
likely that only minute fractions of endo-3 and exo-3 are formed through the binary 
complex channel and its integration to our kinetic algorithm is, therefore, not required. 

Figure S3 summarizes the kinetic model use to fit the observed reaction time courses. On 
the whole, we postulated that species endo-3 was formed by the confluence of two 
reaction channels: the bimolecular channel and the autocatalytic channel. Cycloadduct 
exo-3 is formed exclusively by the bimolecular channel. Since [1•2] is the dominant 
species in solution at low conversions, it is necessary to include a large number of 
bimolecular reactions which emanate from this species and similar ones. 

Magnitudes of rate constants k1 and k2, correlating with manufacture of endo-3 and exo-3 
in an bimolecular fashion, were approximated by the determination of rate constants for 
the equivalent bimolecular reactions between non-associating subunits 1 and 4.  

These estimates of the bimolecular rate constants k1 and k2 were incorporated into the 
comprehensive kinetic algorithm shown in Figure S3 as invariant, predefined parameters.  

Stability constant estimates for complexes [1•endo-3], [2•endo-3], [1•2], [1•exo-3] and 
[2•exo-3] were obtained by analogy to the interaction between the non-reactive model 
compounds shown in Scheme S1. The corresponding association constants were 
determined by the titration method, utilizing 500 MHz 1H NMR spectroscopy at –10°C in 
CDCl3. 

N N
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HH
CDCl3/–10°C

Ka = 1150 M-1

Guest Host

6 [5•6]

HO

O

5

Cl

Cl

 
Scheme S1 The association between complementary model compounds 5 and 6. 
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[1•2•endo-3] [endo-3•endo-3]

Self-replication route

k3

Uncatalysed bimolecular reaction route

Formation of binary and ternary complexes

[1•2] + 1 endo-3 + 1
k1

[1•2] + 2 endo-3 + 2
k1

[1•2] + 1 exo-3 + 2
k2

[1•2] + 2 exo-3 + 2
k2

[1•2] + [1•exo-3] endo-3 + exo-3 + 1
k1

[1•2] + [2•exo-3] endo-3 + exo-3 + 2
k1

[1•2] + [1•endo-3] endo-3 + endo-3 + 1
k1

[1•2] + [2•endo-3] endo-3 + endo-3 + 2
k1

[1•2] + [1•exo-3] exo-3 + exo-3 + 1
k2

[1•2] + [2•exo-3] exo-3 + exo-3 + 2
k2

[1•2] + [1•endo-3] exo-3 + endo-3 + 1
k2

[1•2] + [2•endo-3] exo-3 + endo-3 + 2
k2

[1•2] + [1•2•endo-3] endo-3 + endo-3 + 1 + 2
k1

[1•2] + [1•2•exo-3] endo-3 + exo-3 + 1 + 2
k1

[1•2] + [1•2•endo-3] exo-3 + endo-3 + 1 + 2
k2

[1•2] + [1•2•exo-3] exo-3 + exo-3 + 1 + 2
k2

[1•2] + [1•2] endo-3 + 1 + 2
k1

[1•2] + [1•2] exo-3 + 1 + 2
k2

1 + 2 endo-3
k1

1 + 2 exo-3
k2

K1

K1

K1

K1

K1

K1

K1

K1

K1

K2

K1

K1

1 + 2 [4•6]1 + endo-3 [1•endo-3]

1 + endo-3 [1•endo-3]

1 + [2•endo-3] [1•2•endo-3]

2 + [1•endo-3] [1•2•endo-3]

1 + exo-3 [1•exo-3]

1 + exo-3 [1•exo-3]

1 + [2•exo-3] [1•2•exo-3]

2 + [1•exo-3] [1•2•exo-3]

endo-3+ endo-3 [endo-3•endo-3]

exo-3 + exo-3 [exo-3•exo-3]

endo-3 + exo-3 [endo-3•exo-3]

Bimolecular reactions of complexes

 
 

Figure S3 Kinetic model used to fit the experimentally observed reaction data for endo-3 and exo-3. 
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The concentration of guest 5 was varied between 0 and 75.0 mM whilst that of the host 6 
was maintained at 10.0 mM. The observed, complexation-induced change in chemical shift 
of the resonances arising from the proton located in the 4-position of the pyridine ring in 
compound 6 was monitored as the concentration of guest was varied.  

Fitting of experimental data to the appropriate binding isotherm afforded Ka = 1150 M-1. 
A value of 1150 M-1 was thus used for all binary associations (K1) in the model. 
Additionally, this association constant was used for the complexes [exo-3•endo-3] and 
[exo-3•exo-3] which had been determined computationally to be incapable of forming 
more than one amidopyridine•carboxylic acid interaction simultaneously. 
1H NMR spectra of endo-3 displayed no observable concentration dependence. 
Characteristic resonances produced from carboxylic acid and amide protons remained 
centered at δ 11.21 and 10.59, respectively, in the concentration range 100 µM – 25 mM. 
On account of the classical chelate effect, dictating additivity of energies of individual non-
covalent interactions, initial assumptions about the strength of self-association of endo-3, 
logically comprised dimerization constant  (K2) magnitudes around K1

2 (K2  ~ K1
2).  

Subsequent fitting of experimental time courses corresponding to the generation of endo-3 
and exo-3 to this reaction model afforded an excellent fit (Figure S4) of the experimental 
data (R% = 0.74). Only two parameters were optimized in this process, namely the Ka for 
the product duplex [endo-3•endo-3] (K2, optimized value: 4.7 x 106 M-1) and the rate 
constant for reaction in the ternary complex (k3, optimized value: 1.22 x 10-3 s-1). 

(a)        (b)  
 

Figure S4 –  Best fit (solid lines) of kinetic model to the experimental data (open circles) for the production 
of endo-3 and exo-3 from 1 and 2 in CDCl3 at –10°C. For clarity, only every second 
experimental data point is shown.  (b) Observed (solid line) and simulated (filled diamonds) 
rate vs. time profiles (right axis) for the reaction between 1 and 2 in CDCl3 at -10°C. The 
calculated concentration of the ternary complex (open diamonds, left axis) is shown for 
comparison. 
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Simulation and fitting was accomplished using the SimFit1 program. The command file 
used to simulate and fit the data in this study is shown below:  

 
*============================================================= 
* 4-Phenyl Maleimide + 4-Nitrone Replicator 
*============================================================= 
* Replication Model -  AB bimolecular only 
*============================================================= 
* 
* This model only allows the dimerisation constant 
* and the rate constant in the ternary complex to vary. 
*  
* A = 1; B = 2 ENDO = endo-3; EXO = exo-3 
* 
* Bimolecular rates from experiments 
* Ka = 1025 M-1 from experiment 
* 
* Final R%      = 0.74 % 
* EM(ABENDO)    = 22.7 M 
* Ka(ENDO•ENDO) = 4.7 x 106 M-1 
* 
*============================================================= 
 
DIM (2) 
 
* Bimolecular routes to ENDO 
 
REACTION (A + B        --> ENDO     )     CONSTANT ( 1, 5.38E-5, 0) 
 
* Bimolecular routes to EXO 
 
REACTION (A + B        --> EXO      )     CONSTANT ( 2, 1.57E-5, 0) 
 
* Formation of binary complexes including product duplexes 
* Only [ENDO*ENDO] is stable beyond one Pyr*COOH association 
 
REACTION (A + ENDO     ==> AENDO    )     CONSTANT ( 3, 1E9, 0) CONSTANT ( 4, 8.70E+5,0) 
REACTION (B + ENDO     ==> BENDO    )     CONSTANT ( 5, 1E9, 0) CONSTANT ( 6, 8.70E+5,0) 
REACTION (A + BENDO    ==> ABENDO   )     CONSTANT ( 7, 1E9, 0) CONSTANT ( 8, 8.70E+5,0) 
REACTION (B + AENDO    ==> ABENDO   )     CONSTANT ( 9, 1E9, 0) CONSTANT (10, 8.70E+5,0) 
REACTION (A + EXO      ==> AEXO     )     CONSTANT (11, 1E9, 0) CONSTANT (12, 8.70E+5,0) 
REACTION (B + EXO      ==> BEXO     )     CONSTANT (13, 1E9, 0) CONSTANT (14, 8.70E+5,0) 
REACTION (A + BEXO     ==> ABEXO    )     CONSTANT (15, 1E9, 0) CONSTANT (16, 8.70E+5,0) 
REACTION (B + AEXO     ==> ABEXO    )     CONSTANT (17, 1E9, 0) CONSTANT (18, 8.70E+5,0) 
REACTION (ENDO + ENDO  ==> ENDOENDO )     CONSTANT (19, 1E9, 0) CONSTANT (20, 1.00E+3, 1, 1, 1000) 
REACTION (EXO  + EXO   ==> EXOEXO   )     CONSTANT (21, 1E9, 0) CONSTANT (22, 8.70E+5,0) 
REACTION (ENDO + EXO   ==> ENDOEXO  )     CONSTANT (23, 1E9, 0) CONSTANT (24, 8.70E+5,0) 
REACTION (A + B        ==> AB       )     CONSTANT (25, 1E9, 0) CONSTANT (26, 8.70E+5,0)  
 
* Ternary complex reaction 
 
REACTION (ABENDO         --> ENDOENDO              )      CONSTANT (27, 2E-4, 2, 1, 1000) 
 
*Bimolecular Reactions of Complexes 
 
REACTION (AB + A         --> ENDO + A              )      CONSTANT (28, 5.38E-5, 0) 
REACTION (AB + B         --> ENDO + B              )      CONSTANT (29, 5.38E-5, 0) 
REACTION (AB + A         --> EXO  + A              )      CONSTANT (30, 1.57E-5, 0) 
REACTION (AB + B         --> EXO  + B              )      CONSTANT (31, 1.57E-5, 0) 
 
REACTION (AB + AEXO      --> ENDO + A + EXO        )      CONSTANT (32, 5.38E-5, 0) 
REACTION (AB + BEXO      --> ENDO + B + EXO        )      CONSTANT (33, 5.38E-5, 0) 
REACTION (AB + AENDO     --> ENDO + A + ENDO       )      CONSTANT (34, 5.38E-5, 0) 
REACTION (AB + BENDO     --> ENDO + B + ENDO       )      CONSTANT (35, 5.38E-5, 0) 
 
REACTION (AB + AEXO      --> EXO  + A + EXO        )      CONSTANT (36, 1.57E-5, 0) 
REACTION (AB + BEXO      --> EXO  + B + EXO        )      CONSTANT (37, 1.57E-5, 0) 
REACTION (AB + AENDO     --> EXO  + A + ENDO       )      CONSTANT (38, 1.57E-5, 0) 
REACTION (AB + BENDO     --> EXO  + B + ENDO       )      CONSTANT (39, 1.57E-5, 0) 
 
REACTION (AB + ABEXO     --> EXO  + A + B + EXO    )      CONSTANT (40, 1.57E-5, 0) 
REACTION (AB + ABEXO     --> ENDO + A + B + EXO    )      CONSTANT (41, 5.38E-5, 0) 
REACTION (AB + ABENDO    --> EXO  + A + B + ENDO   )      CONSTANT (42, 1.57E-5, 0) 
REACTION (AB + ABENDO    --> ENDO + A + B + ENDO   )      CONSTANT (43, 5.38E-5, 0) 
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REACTION (       2 AB    --> ENDO + A + B          )      CONSTANT (44, 5.38E-5, 0) 
REACTION (       2 AB    --> EXO  + A + B          )      CONSTANT (45, 1.57E-5, 0) 
 
REACTION (COMPILE) 
 
REACTION (SHOW) 
CONSTANT (SHOW) 
 
DEFINE   (1, ENDO, P, 1) SCALE (3,1) 
DEFINE   (2, EXO , P, 4) SCALE (3,1)  
 
SELECT   (ENDO, EXO) 
 
READ     (KINETICDATA) 
REACTION (DOC) 
CONSTANT (DOC) 
 
TIME     (SEC) 
WIN      (0, 120000, 30000, 200, 0, 25e-3, 5e-3, 3e-4) 
 
ASSIGN   (OBS,  ENDO = ENDO + AENDO + BENDO + ABENDO + 2 ENDOENDO + ENDOEXO) 
ASSIGN   (OBS,  EXO  = EXO  + AEXO  + BEXO  + ABEXO  + 2 EXOEXO   + ENDOEXO) 
ASSIGN   (SPEC, A    = #25e-3 ) 
ASSIGN   (SPEC, B    = #25e-3 ) 
 
CHOOSE   (EXP1) 
 
INTEG    (STIFF, 1E-9, 1, 0.075, 100, 50) 
 
PLOT     (OBS, RES) 
 
* Optimise rate constants using simplex 
 
SIMPLEX  (PLOT) 
SIMPLEX  (PLOT) 
SIMPLEX  (PLOT) 
SIMPLEX  (PLOT) 
SIMPLEX  (PLOT) 
 
PLOT     (OBS, RES) 

 



 

 S9 

3. Synthesis 

a. Synthesis of N-oxide 1 

Coupling of 2-amino-6-methylpyridine 7 and 4-chloromethylbenzoyl chloride furnished 4-
Chloromethyl-N-picoline benzamide 6 in quantitative yields. Treatment of 6 sequentially 
with hexamethylene tetraamine (HMTA) and concentrated hydrochloric acid afforded the 
amidopicoline-tethered carbaldehyde 8. 

N NH2

Cl

O

NHOH

N N
H

O

N N
H

O

N N
H

O

1, 99%

CH2Cl2,  0°C,  16 h

8, 63%

6, 97%
7

1. HMTA, EtOH/H2O

    16 h, reflux
2. 10M HCl

EtOH, 3 days,  r.t.

9

N

O

Cl

Cl

O

 
Scheme S2 Synthetic route for the preparation of nitrone 1. 

 
β-Phenylhydroxylamine 92 was prepared quantitatively by Zn-catalysed reduction of 
nitrobenzene in the presence of an excess of ammonium chloride and was utilised without 
further purification. 

In the ultimate step, the condensation of β-phenylhydroxylamine 9 with carbaldehyde 8 – 
in the absence of light and at room temperature – afforded the target N-oxide 1 with a yield 
of 99%. Gradient nOe3 experiments demonstrated that 1 possesses a Z-configuration. 

 

b. Synthesis of maleimide carboxylic acid 24 

The condensation of 4-aminophenylacetic acid 10 with maleic anhydride 11 (see Scheme 
S3) in analytical reagent grade (AR) acetic acid initially afforded the intermediate 12. 
Rasing the reaction temperature facilitated (acid-catalysed) intramolecular attack of the 
weakly nucleophilic N-atom of the amide moiety to the maleic acid carbonyl, resulting in 
the formation of cyclic maleimide 2. 
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CO2H

O

N
H

OH

O

HO

O

NH2

OO O

N

O

O

OH

O

AcOH, r.t.

11

AcOH, reflux

10 12

2, 46%  
Scheme S3 Synthetic route for the preparation of 2. 

 
c. Synthesis of prototypical, non-associating dienophile 4 

Non-associating dienophile 4 was synthesised via esterification of carboxylic acid 2. A 
novel methodology, developed by Madhusudhan5 et al., was applied. Madhusudhan et al. 
amply illustrated that NaHSO4•SiO2 catalyses the selective esterification of aliphatic acids. 
Accordingly, carboxylic acid 2 was injected into a suspension of silica gel-supported 
NaHSO4 (NaHSO4•SiO2) in methanol, followed by stirring at ambient temperature. After 16 
hours, the target compound 4 was formed in 55% yield and was purified by flash column 
chromatography. 

 

NaHSO4•SiO2

MeOH, r.t.
N

O

O

OH

O

N

O

O

OMe

O

2 4, 55%  
Scheme S4 Synthetic route for the preparation of 4. 

 
The catalyst NaHSO4•SiO2 was prepared60 by addition of SiO2 to an aqueous solution of 
NaHSO4•H2O and subsequent stirring for 15 – 20 minutes. Eventually, water was slowly 
evaporated by heating of the reaction mixture at 80°C for approximately eight hours. The 
catalyst was further dehydrated by elevation of temperature to 120°C (for at least 48 hours 
prior to use). 
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d. Synthesis of self-complementary adducts endo-3, exo-3 and infertile adducts endo-13, 
exo-13 

Adducts endo-3 and exo-3 were generated in quantitative yields by incubation of 
equimolar quantities of dipole 1 and dipolarophile 2 at 35°C for 5 hours. Typically, endo-3 
spontaneously precipitated as an amorphous solid and was filtered off. Small amounts of 
exo-3 were also formed (endo-3:exo-3 = 33:1). 

Analogously, diastereoisomeric adducts endo-13 and exo-13 were synthesised in low total 
yields (10 – 30%) by incubation of equimolar quantities of dipole 1 and dipolarophile 4 at 
50°C for 72 hours. Endo-13 and exo-13 were separated via flash column chromatography. 
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O

N

O

O

N

O

H

N

N

O

H

N

O

O
O N

O

O

H

N

N

O

H

R

O

N

N

O

O

O O

N
N

O

H

R

endo-TS
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N

N

O

O
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O

N

N

O

H

1

2: R = H

4: R = Me

endo-3: R = H

endo-13: R = Me

1

2: R = H

4: R = Me

exo-3: R = H

exo-13: R = Me  

Scheme S5  Production of diastereoisomeric cycloadducts endo-3/endo-13 and exo-3/exo-13 
via navigation of the endo and exo transition states, respectively. 

 

4. Compound Characterization 

4-Chloromethyl-N-(6-methyl-pyridin-6-yl) benzamide 6 

ClN

N

O

H

 

A solution of 2-amino-6-picoline 7 (3.43 g, 31.75 mmol) in dry CH2Cl2 (80 cm3) was added 
dropwise to neat 4-(chloromethyl)benzoyl chloride (2.00 g, 7.67 mmol) at 0°C. The 
resulting reaction mixture was then allowed to warm to room temperature and stirred for 16 
h. The solvent was removed in vacuo and the crude residue purified using flash 
chromatography on silica gel (SiO2, Hexane:EtOAc, 9:1) to yield 6 as a colourless solid 
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(2.66 g, 97%). 1H NMR (CDCl3, 300 MHz): δH 8.61 (br, 1H), 8.17 (d, 1H, J = 8.0 Hz), 7.91 
(d, 2H, J = 8.0 Hz), 7.65 (dd, 1H, J = 8.0 and 7.0 Hz), 7.50 (d, 2H, J = 8.0 Hz), 6.93 (d, 1H, 
J = 7.0 Hz), 4.62 (s, 2H), 2.45 (s, 3H). 13C NMR (CDCl3, 75 MHz): δC 165.0, 156.9, 150.7, 
141.5, 138.9, 134.3, 128.9, 127.7, 119.6, 111.1, 45.3, 24.0. IR (KBr): 3388, 3061, 2971, 
2892, 1658, 1650, 1603, 1372, 1305, 1088, 1048, 767, 748, 698, 658 cm-1. MS (EI+) m/z 
260 ([M]+., 35%), 226 (8). HRMS (EI+) calculated for C14H13N2OCl [M]+. 260.0716, found 
260.0718. 

 
4-Formyl-N-(6-methyl-pyridin-6-yl) benzamide 8 

ON

N

O

H

 

A mixture of chloride 6 (0.89 g, 3.43 mmol) and hexamethylene tetraamine (1.44 g, 10.3 
mmol) in EtOH/H2O (4 cm3, 1:1 v/v) was heated to reflux for 16 h.  Concentrated HCl (2 
cm3) was added and the reaction mixture refluxed for a further 30 min. The mixture was 
diluted with water (50 cm3) and extracted using CH2Cl2 (175 cm3).  Purification using flash 
chromatography (SiO2, Hexane:EtOAc, 3:2) afforded 8 as a colourless solid (0.52 g, 63%). 
Mp: 108.4 – 109.6°C. 1H NMR (CDCl3, 300 MHz): δH 10.09 (s, 1H), 8.71 (br, 1H), 8.17 (d, 
1H, J = 8.0 Hz)), 8.08-7.97 (m, 4H), 7.66 (dd, 1H, J = 8.0 and 7.0 Hz), 6.95 (d, 1H, J = 7.0 
Hz), 2.44 (s, 3H). 13C NMR (CDCl3, 75 MHz): δC 191.3, 164.4, 156.9, 150.3, 139.3, 138.9, 
138.5, 129.9, 127.8, 119.8, 111.0, 23.8. IR (KBr): 3356, 3265, 3068, 1783, 1683, 1577, 
1540, 1458, 834, 791, 727 cm-1. MS (EI+) m/z 240 ([M]+., 28%), 211 (100), 133 (85), 105 
(40), 77 (44). HRMS (EI+) calculated for C14H12N2O2 [M]+. 240.0899, found 240.0896. 

 

N-phenyl-{4-[N-(6-Methyl-pyridin-6-yl)-benzamide]} nitrone 1 

N

O
N

N

O

H

 

Phenylhydroxylamine 9 (0.18 g, 1.69 mmol) and aldehyde 8 (0.34 g, 1.40 mmol) were 
dissolved in EtOH (5 cm3). The precipitate was recrystallised from EtOH.  Nitrone 1 was 
isolated as a yellow solid (0.46 g, 99%). Mp: 154.9 – 156.0°C. 1H NMR (CDCl3, 300 MHz): 
δH 8.72 (s, 1H), 8.48 (d, 2H, J = 8.0 Hz), 8.19-8.15 (m, 1H, 7.98-7.79 (m, 3H), 7.79-7.75 
(m, 2H), 7.67-7.60 (m, 1H), 7.49-7.45 (m, 3H), 6.93 (d, 1H, J = 8.0 Hz), 2.45 (s, 3H). 13C 
NMR (CDCl3, 75 MHz): δC 164.5, 156.8, 150.5, 148.8, 138.7, 135.4, 133.7, 133.3, 130.2, 
129.1, 128.8, 127.4, 121.6, 119.5, 110.9, 23.8. IR (KBr): 3343, 3120, 1666, 1607, 1576, 
1551, 1395, 1070, 794, 772, 684 cm-1. MS (FAB+) m/z 332 ([M+H]+., 100%), 316 (11), 224 
(9), 208 (7). HRMS (FAB+) calculated for C20H17N3O2 [M]+. 332.1399, found 332.1391. 
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 [4-(6,5-Dioxo-6,5-dihydro-pyrrol-4-yl)-phenyl] acetic acid 2 

N

O

O

O

OH

 

4-Aminophenylacetic acid 10 (5.00 g, 33.11 mmol) was mixed with maleic anhydride 11 
(3.20 g, 32.65 mmol) and the resulting mixture was dissolved in glacial (AR) acetic acid 
(200 cm3). The resulting solution was stirred at ambient temperature under a nitrogen 
atmosphere for 12 hours, followed by heating to reflux for a further 5 hours. The solvent 
was then evaporated in vacuo. A yellow residue was obtained, which was purified by flash 
column chromatography (SiO2; CH2Cl2:AcOH, 20:1). Fractions containing the product were 
combined and the solvent removed under reduced pressure to afford 2 as a yellow solid, 
which was recrystallised from DCM (3.53 g, 46%). Mp: 151.7 – 153.1°C. 1H NMR (CDCl3, 
300 MHz): δH 7.41 (d, 2H, J = 9.0 Hz), 7.32 (d, 2H, J = 9.0 Hz), 6.85 (s, 2H), 3.60 (s, 2H).  
13C NMR (CDCl3, 75 MHz): δC 177.8, 177.4, 169.9, 134.6, 133.5, 130.8, 130.6, 126.5, 
41.1. MS (EI) m/z 231 ([M]+., 10%), 186 (100). HRMS (EI) calculated for C12H9NO4 [M]+. 

231.0532, found 231.0528. 

 
(4-(6,5-Dioxo-6,5-dihydro-pyrrol-4-yl)-phenyl) acetic acid methyl ester 4 

OO

N

O

O  

Maleimide 2 (1.00 g, 4.32 mmol) was added to a solution of NaHSO4•SiO2 (100 mg/mmol) 
in methanol (20 cm3) and left to stir under nitrogen for 30 h. The resultant suspension was 
subsequently filtered to separate the catalyst and the mother liquor evaporated in vacuo to 
yield a yellow residue. Purification of the crude product by flash column chromatography 
(SiO2, DCM) ensued to afford the product 4 as a yellow solid (0.58 g, 55%). Mp: 86.7 – 
87.6°C. 1H NMR (CDCl3, 300 MHz): δH 7.37 (d, 2H, J = 8.3 Hz), 7.23 (d, 2H, J = 8.3 Hz), 
6.76 (s, 2H), 3.62 (s, 3H), 3.58 (s, 2H). 13C NMR (CDCl3, 75 MHz): δC 171.5,  169.5,  
134.0, 130.2, 126.1, 52.1, 40.8. MS (EI) m/z 245 ([M]+., 33%), 186.1 (100), 158 (15). 
HRMS (EI) calculated for C13H11NO4 [M]+. 245.0688, found 245.0694. Calculated for 
C13H11NO4: C, 63.67; H, 4.52; N, 5.61. Found: C, 63.38; H, 4.46; N, 5.61. 
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Endo-(4-{7-[4-(6-Methyl-pyridin-6-ylcarbamoyl)-phenyl]-4,6-dioxo-6-phenyl-
hexahydro-pyrrolo[7,4-d]isoxazol-5-yl}-phenyl) acetic acid (endo-3) 

O

N

N

O

O

OH
O

N

N

O

H

 

Maleimide 2 (0.6 cm3 of a 41.66 mM solution in CDCl3) and nitrone 1 (0.4 cm3 of a 61.33 
mM solution in CDCl3) were mixed and left to react at ambient temperature for 4h until the 
product endo-3 precipitated. Mp: 220.2 – 221.7°C. 1H NMR (DMSO, 300 MHz): δH 10.70 
(br, 1H), 8.28 (br, 1H), 8.07 (d, 2H, J = 8.3 Hz), 8.01 (d, 1H, J = 8.3 Hz), 7.71 (t, 1H, J = 
8.3 Hz), 7.69 (d, 2H, J = 8.3 Hz), 7.30-7.20 (m, 6H), 7.01 (d, 1H, J = 7.5 Hz), 6.99-6.94 (m, 
1H), 6.53 (d, 2H, J = 8.3 Hz), 5.98 (br, 1H), 5.41 (d, 1H, J = 7.5 Hz), 4.19 (d, 1H, J = 7.5 
Hz), 3.58 (br, 2H), 2.44 (s, 3H). 13C NMR (DMSO, 75 MHz): δC 174.8, 173.6, 172.8, 165.9, 
157.0, 151.8, 149.2, 143.3, 138.8, 136.1, 130.2, 129.5, 128.7, 127.4, 126.6, 126.6, 122.8, 
119.5, 114.5, 112.1, 79.5, 78.2, 68.6, 56.7, 23.9. MS (ES+) m/z 563 ([M+H]+, 38%), 354 
(100). HRMS (ES+) calculated for C32H27N4O6 [M+H]+ 563.1931, found 563.1936. 

 
Endo-(4-{7-[4-(6-Methyl-pyridin-6-ylcarbamoyl)-phenyl]-4,6-dioxo-6-phenyl-
hexahydro-pyrrolo[7,4-d]isoxazol-5-yl}-phenyl) acetic acid methyl ester endo-13 

O

N

N

O

O

O
O

N

N

O

H

 

A solution of nitrone 1 (0.20 g, 0.61 mmol) and 4 (0.14 g, 0.61 mmol) in CHCl3 (12 cm3) 
was stirred in the absence of light and at ambient temperature for 72 hours. The solvent 
was subsequently under reduced pressure and cycloadduct endo-13 (yellow solid, 0.10 g, 
29%) was separated from the crude product via flash column chromatography (SiO2, 
Hexane:EtOAc, 1:3). Mp: Decomposed > 130°C. 1H NMR (DMSO, 300 MHz): δH 8.26 (br, 
1H), 8.00 (d, 2H, J = 8.3 Hz), 7.95 (d, 1H, J = 8.3 Hz), 7.71 (t, 1H, J = 8.3 Hz), 7.66 (d, 2H, 
J = 8.3 Hz), 7.30-7.20 (m, 6H), 7.01 (d, 1H, J = 7.5 Hz), 6.99-6.92 (m, 1H), 6.58 (d, 2H, J = 
8.3 Hz), 5.89 (br, 1H), 5.41 (d, 1H, J = 7.5 Hz), 4.19 (d, 1H, J = 7.5 Hz), 3.55 (br, 3H), 3.48 
(br, 2H), 2.44 (s, 3H). 13C NMR (DMSO, 75 MHz): δC 174.7, 173.6, 172.8, 165.9, 156.9, 
151.6, 150.2, 144.5, 138.8, 136.0, 130.2, 129.5, 128.7, 127.4, 126.6, 126.6, 122.8, 119.5, 
114.5, 112.1, 79.5, 78.2, 68.6, 56.7, 42.0, 23.9. MS (ES+) m/z 577 ([M+H]+, 100%). HRMS 
(ES+) calculated for C33H28N4O6 [M+H]+ 577.2087, found 577.2093. 
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5. Electronic Structure Calculations 

All molecular mechanics calculations were performed on a Linux workstation the AMBER* 
forcefield together with the GB/SA solvation model for chloroform as implemented in 
Macromodel (Version 7.1, Schrodinger Inc., 2000). Ab initio electronic structure 
calculations were carried out using GAMESS7 running on a 12 CPU custom-built Linux 
cluster. The version dated 22 Nov 2004 was used in all calculations. The transition state 
for the reaction between nitrone and maleimide was located by generation of an initial 
guess using the linear synchronous transit (LST) method and then refinement at the HF/6-
31G(d) level of theory within GAMESS. This model transition state was then used to 
construct an initial guess for the transition state leading to the appropriate cycloadduct. 
This guess was refined at the B3LYP/6-31G(d) level of theory to a transition state structure 
possessing single imaginary vibration that corresponded to the reaction coordinate. 

The structures below are ball-and-stick representations of endo-3, exo-3, [1•2•endo-3]‡ 
and [endo-3•endo-3]. Carbon atoms are white, nitrogen atoms are light gray and oxygen 
atoms are dark gray. Most hydrogen atoms have been omitted for clarity. 

 

 

endo-3 

 

 exo-3 
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[1•2•endo-3]‡ 

[endo-3•endo-3] 
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