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Measurement of BHR kinetics: Quinuclidine (2, 228 mg, 2.05 mmol) was dissolved in 

benzaldehyde (4, 885 mg, 8.34 mmol) and an approximately equimolar mixture of C(2)-1H and 

C(2)-2H ethyl acrylate (1 and d-1; two runs, one in which xd-1 = 0.50, the second in which xd-1 = 

0.51; 898 mg, 8.93 mmol) was added. The reaction mixture was then stirred at room temperature 

under nitrogen and 50 µL aliquots removed via microsyringe, for analysis. The reaction samples 

were immediately diluted with CDCl3 to ca. 0.7 mL and then analysed by 1H NMR spectroscopy. 

The dilution with CDCl3 attenuates the reaction rate to such an extent that the product and 

substrate ratios were found to be stable over a period of many hours. The 1H NMR spectra were 

recorded on a Jeol ecp 400MHz instrument, with 250 transients being collected per sample prior to 

un-weighted FT, phasing and then analysis by integration.  The extent of conversion of aldehyde (4) 

to product (6) was determined by integration of signals at 7.86-7.91 ppm (2H, m, benzaldehyde-

ArH, 4) and 5.5 ppm (1H, s, Ph-CH-O, 6). The ratio of C(2)-1H and C(2)-2H ethyl acrylate (1 and 

d-1) was determined by integration of signals at 5.78-5.83 (2H, m, C(2)-1H and C(2)-2H ethyl 

acrylate-CHCHH) and 6.12 (1H, dd, C(2) H ethyl acrylate) and, also by integration of signals at  

6.37-6.43 (2H, m, C(2)-1H and C(2)-2H ethyl acrylate-CHCHH) and 6.12 (1H, dd, C(2)H ethyl 

acrylate). For each time point, the average of the two values was used for kinetic simulation. 

 
Simulation of BHR autocatalysis: For Graph I, the reaction kinetics were simulated using two 

simplified models (see Scheme S1), based on A and B in Scheme 1. Due to the contraction in 

reaction volume, vide infra, together with a likely increase in electrostriction as the reaction 

evolves, simulation of data above ca. 50% conversion requires the addition of a refinement to 

allow for the rate acceleration. The simulation is based on a fixed volume batch reactor and thus 

the effect of contraction cannot be allowed for directly. Thus instead, the model includes a second 

mode of autocatalysis involving two molecules of product. This is not intended to be chemically 

valid. In the absence of this refinement, a good fit was obtained for the data up to ca. 50% 

conversion, vide infra and the refinement was not used in the extraction of the prim-KIE. 
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Scheme S1 – Models used to simulate the evolution of the Baylis-Hillman reaction of PhCHO (4, 
4.0 M) with [C(2)-2H0.50/0.51]-ethyl acrylate (1 / d-1, 4.3 M) catalyzed by quinuclidine (2, 1.0 M) at 
RT to give O-d-6 / 6; see Graphs SI and SII.  Both models were refined by addition of a 
bimolecular autocatalytic step to artificially allow for the contraction of the volume of reaction 
with increasing conversion; In the absence of such a refinement (no k4, k3 re-iterated) a good fit is 
obtained for data up to ca. 50 % conversion, see Graph SIII. 
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Figure S1 – Graphs SI, SII and SIII: Evolution of the Baylis-Hillman reaction of PhCHO (4, 4.0 M) 
with [C(2)-2H0.50/0.51]-ethyl acrylate (1 / d-1, 4.3 M) catalyzed by quinuclidine (2, 1.0 M) at RT to 
give O-d-6 / 6, open and cross-filled circles are data from two separate runs. Lines through data 
points are kinetic simulations based on models A: (Graph SI), B: (Graph SII), and B with 
refinement for contraction: (Graph SIII); see Scheme S1.  
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The data from the two separate runs was simulated by iterative fitting using MacKinetics to give 

the curves shown in Figure S1, Graphs SI and SII. It is important to note that whilst the overall 

models give a reasonable fit, the equilibrium populations and individual rate constants have not 

been determined independently and should not be viewed as descriptive of the system. Moreover, 

as is evident from comparison of Scheme 1 and Scheme S1, to ease simulation the models are 

simplified such that some of the individual chemical steps have been telescoped. 

 

Estimation of primary and secondary kinetic isotope effect for BHR:  Analysis of the mol fractions 

[xd-1 / x1], determined by 1H NMR integration, against conversion confirms that a primary kinetic 

isotope effect attenuates the rate of reaction of d-1 versus 1 in the early stages of reaction (up to ca. 

20 %) and thus the simplistic model for regime B was adapted as shown in Scheme S2.  
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Scheme S2 – Model used to simulate the evolution of the Baylis-Hillman reaction of PhCHO (4, 
4.0 M) with [C(2)-2H0.50]-ethyl acrylate (1 / d-1, 4.3 M; Graph SIV) and   [C(2)-2H0.51]-ethyl acrylate 
(1 / d-1, 4.3 M; Graph SV) catalyzed by quinuclidine (2, 1.0 M) at RT to give O-d-6 / 6. See 
MacKinetic output, vide infra, for time / concentration data. 
 
Note that the autocatalysis was modelled without a primary kinetic isotope effect and without the 

refinement for contraction (vide supra). The data from the two runs was analysed in parallel with 

the rate constant for non-autocatalysed decomposition of the deuterated zwitterion 5 having 

freedom in the iteration so as to obtain an estimate of the prim-KIE (k2/k2d) required to achieve a 

reasonable fit. Due to the exchange of protons / deuterons between d-1 and 6 and between 1 and O-

d-6, presumably via the enolate (3), as evidenced in control experiments, vide infra, only the data 

from the first ca. 30 % reaction was employed.  Using both data sets in concert a value of 4.8 is 

attained in a reasonable fit from one collected set of rate constants – see Figure S2, graphs SIV and 
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V. Note that, as with simulations in Figures SI, SII and SIII, whilst the overall model gives a 

reasonable fit, the equilibrium populations and individual rate constants have not been determined 

independently and should not be viewed as descriptive of the system. Nonetheless, a significant 

primary kinetic isotope effect is evident and the present analysis suggests that thus is in the region 

of 5 ± 2. 
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Figure S2 – Graphs SIV and SV: Evolution of the Baylis-Hillman reaction of PhCHO (4, 4.0 M) 
with [C(2)-2H0.50]-ethyl acrylate (1 / d-1, 4.3 M; Graph SIV) and [C(2)-2H0.51]-ethyl acrylate (1 / d-1, 
4.3 M; Graph SV)  catalyzed by quinuclidine (2, 1.0 M) at RT to give O-d-6 / 6. Lines through data 
points are kinetic simulations based on model B, without refinement for contraction, employing 
kH/kD = 4.8 for non-catalysed step (iii) i.e. k2/k2d = 4.8 
 
 
Equilibration of D-label between acrylate (1) and adduct (O-d-6); and between deuterated 
acrylate (d-1) and adduct (6) under conditions of BHR. 
 
To a sample of C(2)-2H ethyl acrylate (d-1 (96 % 2H) 295 mg, 2.95 mol) in an NMR tube bearing a 

PTFE Young’s valve and containing a capillary of CDCl3, was added PhCHO (4, 292 mg, 2.75 

mmol), quinuclidine (153 mg, 1.38 mmol) and ethyl 2-[hydroxy(phenyl)methyl]acrylate (6, 570 

mg, 2.75 mmol) under an atmosphere of argon. The NMR tube was sealed and the mixture 

monitored by 1H NMR against time. The conversion of benzaldehyde (4) to product (6 / O-d-6) 

was estimated by integration of signals in the region 7.86-7.91 (2H, m, benzaldehyde-ArH) and 5.5 

(1H, s, product-OH/DCH).  The relative proportions of C(2)-1H and C(2)-2H ethyl acrylate were 
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estimated by integration of signals in the region 5.78-5.83 (2H, m, C(2)-1H and C(2)-2H-ethyl 

acrylate-CHCHH) and 6.12 (1H, dd, C(2) H ethyl acrylate) and, also by integration of signals at  

6.37-6.43 (2H, m, C(2)-1H and C(2)-2H-ethyl acrylate-CHCHH) and 6.12 (1H, dd, C(2)H ethyl 

acrylate). A linear relationship between conversion and protium incorporation at C(2) in the 

remaining ethyl acrylate was observed ([xH = 0.04 + 0.48 (± 0.02)c]; where c = mol fraction 

PhCHO converted). In a second experiment, a mixture of quinuclidine (153 mg, 1.38 mmol), 

PhCHO (4, 292 mg, 2.75 mmol), ethyl 2-[hydroxy(phenyl)methyl]acrylate (6, 285 mg, 1.38 mmol) 

and ethyl acrylate (1, 295 mg, 2.95 mol) was added to a sample of O-deuterated ethyl 2-

[hydroxy(phenyl)methyl]acrylate (O-d-6, 272 mg, 1.31 mmol) in an NMR tube bearing a PTFE 

Young’s valve and containing a capillary of CDCl3. The reaction mixture was monitored by 1H 

NMR over a period of hours, in an identical manner as above. By the point at which there had been 

83% conversion of the PhCHO there had been only 4% deuterium incorporation at C(2) into the 

remaining ethyl acrylate. A control experiment in which equimolar quantities of 6 and MeOD were 

mixed in CDCl3 and allowed to equilibrate, yielded an equimolar distribution of MeOH, MeOD, 6 

and O-d-6. This suggests that K = 1 for equilibrium between 6 and O-d-6 and thus intramolecular 

hydrogen bonding between the hydroxyl and the carbonyl oxygen does not result in a significant 

equilibrium isotope effect for OH versus OD in 6. The different outcomes between the 

incorporation of protium into d-1 and deuterium into 1 in the control experiments described above 

presumably arises from the egress of traces of additional protic species, presumably water, into the 

starting materials. Irrespective of the origin, the effect of such equilibration between 1 / d-1 and 6 

and O-6 on the data in the competition experiments between 1 / d-1 for 4, catalysed by 2 (Graphs 

II, III, SIV and SV) is negligible in the key phases of the reaction prior to the onset of significant 

autocatalysis (0 to ca. 20 % conversion PhCHO). Moreover, any significant equilibration between 

1 / d-1 and 6 and O-6 would have the effect of attenuating the increase in xD for 1 and thus reduce 

the apparent prim-KIE. However, in the latter stages of reaction when significant 6 / d-O-6 has 

accumulated, it should be noted that the equilibration between 1 / d-1 and 6 and O-6 compromises 

any meaningful analysis of the decrease in xd-1 with regard to, for example, secondary kinetic 

isotope effects. 

 
Reaction dilatometry. 
 
The reactions discussed herein are conducted in the absence of co-solvent, i.e. ‘neat’, and display a 

noticeable contraction in volume as reaction proceeds. Instantaneous rates at a given conversion 

are thus higher than if the volume were constant. For the reaction of PhCHO (4, 4.0 M), ethyl 

acrylate (1, 4.3 M) catalysed by quinuclidine (2, 1.0 M), the relationship of volume (V, mL) with 
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conversion (c – the mole fraction PhCHO converted) was found to be linear as follows: 

Quinuclidine (223 mg, 2.00 mmol) was dissolved in benzaldehyde (851 mg, 8.02 mmol) and ethyl 

acrylate (859 mg, 8.58 mmol) was added. The reaction mixture was syringed into a Young’s tap 

NMR tube containing a capillary of CDCl3, the NMR tube was sealed and the level of the reaction 

mixture was accurately marked.  1H NMR spectra were taken every hour and the level of the 

reaction mixture was marked against a scale (arbitrary units) that had been pre-printed and taped to 

the NMR tube.  The rate of conversion to product was based upon the integration of 7.86-7.91 (2H, 

m, benzaldehyde-ArH) and 5.56 (1H, s, product-OHCH).  After 24 h the reaction mixture was 

removed from the tube and acetone was added up to each of the marked levels and the volume of 

acetone added was noted. The following data were obtained: (c, Vt) (0, 1.813); (0.123, 1.788); 

(0.247, 1.764); (0.39, 1.741); (0.48, 1.724); (0.69, 1.68); (0.88, 1.65). Linear regression of this data 

yields: [Vt = V0 – 0.103 (± 0.001) cV0] , Despite the significant change in volume, the increasing 

reaction rate in the early phases of reaction (i.e. during the onset of apparent autocatalysis) cannot 

be accounted for by the effect that this increase in concentration will have, even for a reaction 

displaying termolecular kinetic dependence. Moreover, in control experiments in which 50 mol % 

methanol was present from the start, this autocatalytic behaviour is not evident but an essentially 

identical relationship between volume and conversion was determined [Vt = V0 – 0.087 (± 0.003) 

cV0]; dataset: (c, Vt); (0, 1.675); (0.215, 1.656); (0.373, 1.622); (0.498, 1.601); (0.629, 1.584); 

(0.800, 1.555).  Due to its complexity with regard to incorporation in the kinetic modelling studies 

described herein, the effect of volume contraction was not taken into account in the extraction of 

the approximate primary kinetic isotope effect. Thus as conversion increases, rate is seen to rise 

away from the model due to the acceleration caused by contraction. However, the key data for the 

kinetic isotope effect, vide infra, emerges during the very early phases of the reaction (< ca. 20 % 

conversion) when the change in volume is small and the effect on concentrations negligible (< 2.2 

%).   

 

Preparation of C(2)-deuterated ethyl acrylate, d-1. 

Ethyl acrylate (4.92 g, 46.1 mmol) was added to a solution of DABCO (2.49 g, 23.1 mmol) in D2O 

(5.54 g, 231 mmol) and the reaction mixture was vigorously stirred for 2 h.1  The organic phase 

was separated from D2O, and added to a second solution of DABCO (2.49 g, 23.1 mmol) in D2O 

(5.54 g, 231 mmol) and the reaction mixture again vigorously stirred for 2 h.  The organic phase 

was separated from D2O, dried over MgSO4, filtered and distilled to give an 98:2 ratio (1H NMR) 

of [C(2)-2H]-ethyl acrylate (d-1) : ethyl acrylate (1) as a colourless liquid, 1.48 g (32%). IR (neat) 
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3550, 2119, 1718, 1229, 1134 cm-1; 1H NMR (400 MHz, CDCl3) δ 1.31 (3H, t, J = 7.1 Hz, CH3), 

4.22 (2H, t, J = 7.1 Hz, CH2), 5.80-5.83 (1H, m, CHCHH), 6.38-6.41 (1H, m, CHCHH); 13C NMR 

(100 MHz, CDCl3) δ 14.2, 60.4, 128.3 (t, JCD = 25.3 Hz), 130.3, 166.2. 

 
Preparation of O-deuterated Baylis Hillman adduct O-d-6. 
 
Quinuclidine (155 mg, 1.39 mmol) was dissolved in benzaldehyde (591 mg, 5.58 mmol) and ethyl 

acrylate (670 mg, 6.96 mmol) was added.  The reaction was stirred overnight at room temperature. 

Column chromatography on silica-gel (Pet-ether/Et2O 3:2) gave 884 mg (77%) of ethyl 2-

[hydroxy(phenyl)methyl]acrylate (6) as a colourless oil (Rf = 0.3 Pet-ether/Et2O 3:2); IR (neat) 

3454, 2938, 1701, 1267 cm-1; 1H NMR (CDCl3) δ 1.24 (3H, t, J = 7.1 Hz, CH3), 3.04 (1H, d, J = 

5.7 Hz, OH), 4.16 (2H, t, J = 7.1 Hz, CH2), 5.56 (1H, d, J = 5.7 Hz, OHCH), 5.81 (1H, s, CCHH), 

6.34 (1H, s, CCHH), 7.25-7.37 (5H, m, ArH); 13C NMR (CDCl3) δ 14.0, 60.9, 73.4, 125.9, 126.6, 

127.8, 128.4, 141.3, 142.2, 166.3; MS (EI) m/z (%): 206 (20) [M+], 189 (100), 105 (30), 79 (5); 

HRMS (EI): calcd for C12H14O3 206.0943, found 206.0947.  Ethyl 2-

[hydroxy(phenyl)methyl]acrylate (285 mg, 1.38 mmol) was dissolved in CH3OD (1 ml) and the 

solution transferred by syringe into a 5 mm diameter NMR tube, containing a sealed glass capillary 

tube (ca. 1 mm diameter) of CDCl3, and equipped with a PTFE Young’s valve. The volatiles were 

removed in vacuo and the residue re-dissolved in CH3OD (1 ml).  The volatiles were again 

removed in vacuo, to give the O-deuterated Baylis-Hillman adduct (O-d-6) as a colourless oil (272 

mg, 95%).  1H NMR (400 MHz, neat, with CDCl3 capillary) δ 0.94 (3H, t, J = 7.0 Hz, CH3), 3.76-

3.96 (2H, m, CH2), 5.52 (1H, s, OHCH), 5.92 (1H, s, CCHaHb), 6.23 (1H, s, CCHaHb), 7.06-7.24 

(3H, m, ArH), 7.25-7.38 (2H, m, ArH); 13C NMR (400 MHz, neat, with CDCl3 capillary) δ 13.8, 

60.7, 72.2, 124.5, 127.2, 127.6, 128.0, 142.2, 143.3, 166.0; MS (EI) m/z (%): 207 (43) [M+], 189 

(20), 105 (100), 77 (43); HRMS (EI) calcd for C12H13DO3 207.1006, found 207.0999 
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-------------------- 
MacKinetics v0.9.1b (Jul 21 1997 21:12:57) 
Time is 18:14:00 12Oct2004; edited. 
Final residual = 0.00958676 
    (after 187 objective function evaluations) 
 Reaction equations: 
   1 + 4 + 2 -> 5, 0.025 
   5 -> 1 + 4 + 2, 2288 
   d-1 + 4 + 2 -> d-5, 0.025 
   d-5, -> d-1 + 4 + 2, 2288 
   5 -> 6 + 2, 0.279 
   d-5-> 6 + 2, 0.058 
    5 + 6 -> 6 + 6 + 2, 0.668 
  d-5 + 6 -> 6 + 6 + 2, 0.668 
 
Dataset 'beta' (temperature=293): 
================================= 
 Initial time and concentrations: 
                              4               6         1            d-1         2            5          d-5 
             0               4               0        2.10        2.20       1            0            0 
  
13 records of time and concentration: 
                           4             1               d-1        6 
           900         3.97        2.08        2.19       0.03 
          1800        3.94        2.07        2.16       0.06 
          2700        3.91        2.05        2.16       0.09 
          3600        3.86        2.01        2.15       0.14 
          4500        3.82        1.99        2.14       0.18 
          5400        3.79        1.96        2.13       0.21 
          6300        3.74        1.94        2.10       0.26 
          7200        3.70        1.90        2.09       0.31 
          9000        3.58        1.84        2.04       0.42 
         10800       3.46        1.76        2.00       0.54 
         12600       3.27        1.65        1.93       0.72 
         14400       3.12        1.58        1.85       0.88 
         18000       2.78        1.42        1.66       1.21 
  
Dataset 'alpha' (temperature=293): 
================================== 
 Initial time and concentrations: 
 Initial time and concentrations: 
                              4               6           1            d-1          2            5          d-5 
             0               4               0        2.15         2.15         1            0            0 
      
12 records of time and concentration: 
                            4                  1                      d-1                 6 
           900         3.97        2.12        2.15       0.03 
          1800        3.94        2.11        2.14       0.06 
          2700        3.91        2.07        2.14       0.09 
          3600        3.88        2.04        2.14       0.12 
          4500        3.84        2.00        2.14       0.16 
          5400        3.80        1.97        2.13       0.20 
          6300        3.75        1.95        2.10       0.25 
          7200        3.71        1.91        2.10       0.29 
          9000        3.60        1.84        2.06       0.40 
         10800       3.47        1.76        2.01       0.53 
         12600       3.35        1.68        1.97       0.65 
         18000       2.86        1.43        1.73       1.14 
------------------------------------ 
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1 Mathias, L. J.; Colletti, R. F. Macromolecules, 1988, 21, 857-858.  This procedure has been 

used to alpha deuterate methyl acrylate, tert-butyl acrylate and acrylonitrile.  
 


