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Factors influencing Kinetic Isotope Effects in Some Proton-transfer Reactions 
in Aprotic Solvents 
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Kinetic studies have been carried out on the proton-transfer reactions of (i) 4-nitrobenzyl cyanide (4 -  
N BC) with tetramethylguanidine (TMG) and (ii) 4-nitrophenylphenylcyanomethane ( 4 - N  PPCM) with 
1,8- bis(dimethylamin0) naphthalene ( D M A N )  in acetonitrile. 

The reaction (i) has a moderate enthalpy of  activation (AH* = 25 k J  mol-') and a negative entropy of 
activation ( A S *  = -98 J mol-I K-'). The deuterium kinetic isotope effect is large. 

The reaction (i i) of  the more hindered molecule 4-NPPCM and D M A N  has similar activation 
parameters ( A H *  = 26 k J  mol-', AS* = -140 J rnol-' K-I), but the kinetic isotope effect is considerably 
larger; also AH,* - AH,* is large (13  k J  mol-') and A, /A,  is small, indicating a considerable 
tunnelling effect. Evidence that the large isotope effects are not artefacts of hydrogen exchange is 
presented. The tunnelling factor is estimated. 

Deuterium kinetic isotope effects and their dependence on 
various factors have been extensively studied for many years 
and several reviews are now available.'-7 The observed value of 
the kinetic isotope effects has been found to be a result of two 
factors, one depending on the loss of zero-point energy for C-H 
and C-D bonds between the initial and transition states of the 
reaction, and the other concerned with the quantum-mechanical 
probability of tunnelling of the proton through the energy 
barrier. The former, according to the theory of Westheimer,' 
will depend on the 'symmetry' of the transition state. 

In our previous papers '-lo we have demonstrated that even 
in polar solvents it is possible to observe high values of kinetic 
isotope effects and a significant contribution of the tunnelling 
of the proton. We observed k,/k, = 10.7 for the reaction of 
4-nitrophenylphenylcyanomethane (4-NPPCM) with 1,1,3,3- 
tetramethylguanidine (TMG)' and k, /k ,  = 20.0 for the reac- 
tion of the same C-acid with 2-phenyl- 1,1,3,3-tetramethyI- 
guanidine (PhTMG)," both in acetonitrile at 25 "C. The higher 
values of the kinetic isotope effect in this latter system were 
attributed to the more symmetrical transition state and to the 
increase in steric hindrance, both due to the phenyl group 
attached to thesp2-hybridised nitrogen in the PhTMG molecule. 

The intention of the present paper is to show the important 
influence of steric factors in determining kinetic isotope effect 
values. In order to investigate this influence, we chose to study 
the reaction of 4-nitrobenzyl cyanide (4-NBC) with TMG, for 
comparison with the reaction of 4-NPPCM with PhTMG." 
The structures of the new reagents, compared with those of 4- 
NPPCM with PhTMG," mean that the C-acid is weaker and 
the base stronger, so that the symmetry of the transition state is 
not affected. Moreover, the reactions of C-acids show only a 
minor dependence of the kinetic isotope effects on the ApK, 
values of the acids and bases used. ' - I 3  Thus, any differences 
between the observed kinetic isotope effect values for the 4-NBC 
and TMG reaction system and those observed for the reaction 
of 4-NPPCM with PhTMG l o  may be attributed entirely to a 
reduction in steric hindrance. 

The second reaction system reported in this paper consists of 
4-NPPCM reacting with I ,8-bis(dimethylamino)naphthalene 
(DMAN). This system was designed to make the reaction centre 
extremely crowded. If steric hindrance is the most important 
factor influencing kinetic isotope effect values, one could expect 

t Where k ,  is the forward rate constant and k ,  is the backward rate 
constant 

to observe high k,/k, values and possibly a large contribution 
of proton tunnelling in this reaction. 

Results and Discussion 
Reaction of 4-NBC with TMG in Acetonitrile.-The reaction 

system of 4-NBC and TMG in acetonitrile gives a red product 
of A,,,, = 532.4 nm. The absorbance measurements of the 
product in equilibrium gave a good linear plot of a/A versus 1/6, 
as required by equation (l), where a and b are the initial 
concentrations of the acid and base, respectively; A is the 
absorbance at equilibrium; E is the molar extinction coefficient 
of the product; and K is the equilibrium constant of the reaction. 

Equation ( 1 )  is derived on the basis of the assumption that the 
product is an ion-pair,14 so the reaction of 4-NBC with TMG 
may be represented by equation (2).1 

H 
I 
I 

CN 

02NC,H,-C-H + HN=C(NMe,), & 
k ,  

H 
I 

CN 

0 2 N C  H C -  H,fj=C(NMe,), (2) 

The equilibrium constant for this reaction system is KZ: = 
252 _+ 8 dm3 mol-' and the molecular extinction coefficient 
E = 32 700 & 1 500. The observed equilibrium constant is close 
to that previously found for the reaction system of 4-NPPCM 
and PhTMG" (K:: = 400 & 30 dm3 mol-'). This agreement 
gives support to our suggestion that the removal of a phenyl 
ring both from the acidic and the basic sites in the system 4- 
NPPCM + PhTMG does not greatly change the ApK, value of 
the system, and hence the symmetry of the transition state 
remains almost unaffected. 

The observed first-order rate constants and second-order rate 
constants for the proton- and deuteron-transfer reactions are 
collected in Table 1. 

The reaction of 4-NBC and TMG has khZo = 1839 dm3 
mol-' s-' and is much slower than the reaction of 4-NPPCM 
and TMG8 (kf;,' = 6 640 dm3 mol-' s-I), and of about the same 
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Initial conc. of 4-nitrobenzyl cyanide = 5 x lo-' M 

T/"C lo3 h/mol dm-j k d s -  ' k,/dm3 mol-' s-I 

Table 1. Observed and second-order rate constants for proton- and deuteron-transfer reactions between 4-nitrobenzyl cyanide and tetramethyl- 
guanidine in acetonitrile 

k'Hlk,D 
Proton-transfer reaction 

5 0.90-4.52 6.2 1-9.93 I 029 f 9 

15 0.90-4.52 9.25-14.58 1480 f 10 
20 0.90-4.52 11.10-17.75 I839 .f 6 
25 O . W . 5 2  13.90-22.10 2 270 f 20 

35 0.90-4.52 2 I .82-33.73 3 4 0 0 f 2 0 0  

10 0 .904 .52  7.39- 12.19 1 3 0 6 f 3  

30 0.90-4.52 18.39-27.57 2545 + 20 

Deuteron-transfer reaction 
5 0.90-4.52 0.073,--0.3 13 67 f 4 

10 O . W . 5 2  O.w2,4.415 89 f 4 
I5 O . W . 5 2  0.1 16,--O.497 107 f 3 
20 O . W . 5 2  0.142-0.625 136 & 5 
25 0.90-4.52 0.174-0.779 170 k 6 
30 0.90-4.52 0.21 6 4 . 9 7 5  214 1 1  
35 0.90-4.52 0.264-1.2 15 265 f 12 

Equilibrium constants: 
1 839 

= 194 f 2 dm3 mol-'; KHzoeq = 252 & 8 dm3 mol-'. E = 32 700 + KHZotin = k, = - 
k, 9.5 

product = 532.4 nm. 

k,/s-' 

5.2 f 0.1 
6.2 + 0.1 
7.9 & 0.1 
9.5 f 0.1 

11.8 f 0.1 
16.0 f. 0.1 
18.8 f 0.1 

15.4 f 0.9 
14.7 + 0.7 
13.8 f 0.4 
13.5 f 0.5 
13.3 f 0.5 
11.9 k 0.6 
12.8 f 0.9 

500 dm3 mc. ' cm-'. of ion-pair 

Table 2. The activation parameters for the reaction of proton- and deuteron-transfer between 4-nitrobenzyl cyanide and tetramethylguanidine in 
acetonit rile 

Parameter Normal 
substrate 

Deuteriated 
substrate 

A P  (kJ mol-') 
EA (kJ mol-') 
AS3 (J mol-' K-') 
AG* (kJ mol-') 
A (dm3 mol-' s-') 
AH,' - AHH$ 
ASD' - ASH* 
AGD' - AGt,' 

25.0 f 1.0 
27.5 f 1.0 

-98.0 f 4.0 
54.0 f 2.0 

(1.30 f 0.6) lo8 (8.02 f 1.83) lo7 

29.7 f 0.5 
32.2 f 0.5 

- 102.0 f 2.0 
60.0 f 1.0 

5 f 1  
4 f 4  
6 + 2  

1.6 f 0.8 

rate as the reaction between 4-NPPCM and PhTMG" (k;" = 
1 708 dm3 mol-' s-l). 

The values of the equilibrium constants derived from equi- 
librium (Kz: = 252 & 8 dm3 mol-') and kinetic measurements 
(k:: = 194 j-- 2 dm3 mol-') (Table 1) are in good agreement, 
indicating that the ion-pair product of h,,,. = 532.4 nm is not 
involved in any side reactions. 

The kinetic curves for deuteron-transfer reactions are exactly 
first-order and the same values of observed rate constants were 
obtained when different parts of kinetic curves were used for 
calculations with Guggenheim's method. The equilibrium 
constant for the formation of the ion-pair product is high, and 
so the reverse reaction too slow for the isotopic exchange to 
make detectable changes in the shapes of the kinetic curves. 
According to Melander and Saunders,' the use of the early part 
of kinetic curves for the study of deuteron-transfer reactions 
reduces the probability of the results being distorted by the 
effects of isotopic exchange. In our case, the reaction studied was 
slow enough to enable entire kinetic curves to be recorded and 
used in calculations. This additionally proves that the deuter- 
ium isotope effects (Table 1) are not artefacts representing the 
genuine and unperturbed values. Moreover, the contribution 
from isotopic 'scrambling' l 6  always leads to an increase in 
observed kinetic isotope effect values. The drop in the isotopic 
rate ratio observed in the system of 4-NBC with TMG, when 

compared with the reaction of 4-NPPCM with PhTMG," 
cannot therefore be a result of this phenomenon. 

The activation parameters for proton- and deuteron-transfer 
reactions are shown in Table 2. 

The values both of enthalpy and of entropy of activation are 
very similar to those found for the reaction of 4-NPPCM with 
PhTMG." Although the reaction of 4-NBC with TMG has a 
ApKa value comparable to that for the reaction of 4-NPPCM 
with PhTMG," the greater crowding in the latter reaction 
system should be reflected in smaller rate constants and bigger 
values for the enthalpy of activation, especially in the D-transfer 
reaction. The observed similarities of rates and enthalpies of 
activation, then, seem to be a result of 'additional' acceleration 
of the reaction between 4-NPPCM with PhTMG" by tunnel- 
ling of the transferred proton. In our case (Table 2) the rate 
constants and enthalpies of activation are almost equal for the 
proton-transfer reaction, and substantially different for the 
deuteron-transfer reaction, when the reactions of 4-NPPCM 
with PhTMG" and of 4-NBC with TMG are compared. These 
data give supplementary support to our earlier suggestion 
concerning the large contribution of tunnelling in the reaction 
of 4-NPPCM with PhTMG in acetonitrile ( k H / k D  = 23; 
AAHi = 12.4 kJ mol-'; AH/AD = 0.12)," and also suggest that 
the reaction system of 4-NBC and TMG shows no appreciable 
tunnelling (Table 2), since the values of the isotopic rate ratio 
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(kH/kD = 13), the differences in the enthalpies of activation 
( A A P  = 5 kJ mol-I), and the ratio of Arrhenius pre- 
exponential factors (A,/AD = 1.6) are large, but are all in the 
semi-classical region. We can thus conclude that, when com- 
paring the reaction of 4-NPPCM with PhTMG and of 4-NBC 
with TMG, it is the reduction in steric hindrance which seems to 
be responsible for the dramatic decrease in observed kinetic 
isotope effects and in tunnelling in the latter reaction system. 

Reaction of' 4-N PPCM with DMAN in Acetonitrile.-The 
reaction system of 4-NPPCM and DMAN in acetonitrile gives 
a violet product of Amax. = 580 nm. Equilibrium measurements 
of the absorbance of the product show detectable dissociation 
of the ion-pair product. Therefore neither equation ( I ) ,  nor the 
equation which was derived on the basis of the assumption 
that the product dissociates to separate ions,14 is fulfilled. 
Consequently, it is only possible to make an approximate 
estimate of the equilibrium constant and the molecular 
extinction coefficient of the product for this reaction system: 
Kfq" z 2 dm3 mol-' and E 2 35000 were estimated for 
ion-pair product formation. Since the value of the extinction 
coefficient is compatible with those found for the other 
reactions carried out with 4-NPPCM,8*'0 the approximation of 
the equilibrium constant within the same set of experiments 
seems therefore to be reliable. The much smaller equilibrium 
constant (Kf,o = 2 dm' mol-') compared with those for the 
other reactions of this C-acid (Kz: varying from 400--6OOO 

dm' mol-', with bases of comparable strength)8"" is a 
manifestation of the enhanced steric hindrance in the reaction 
system. The energy of the ion-pair product is increased by steric 
inhibition of resonance stabilisation, due to the inability of this 
sterically hindered system to become planar. This may be the 
reason why the equilibrium constant is smaller than expected, 
and for the significant dissociation of the ion-pair product. 

The observed and calculated rate constants for the forward 
and backward proton- and deuteron-transfer-reactions are 
collected in Table 3. 

The comparison of the values of the equilibrium constant 
calculated from kinetic measurements at 20 "C with that 
calculated from equilibrium measurements (Table 3) shows that 
they are of the same order of magnitude; K:: = 7 dm3 mol-' 
and K:: = 2 dm3 mol-' respectively. 

The forward rate constants kLZo are 6.7, 6640, and 1700 
dm3 mol-' s-' for DMAN, TMG,' and PhTMG," respectively, 
all in acetonitrile. This differentiation of the rate constants is 
attributed to the increase in the energy of the transition state in 
the case of the sterically hindered reactions; this is reflected in 
the activation parameters (Table 4), particularly in the small 
values of the Arrhenius pre-exponential factor A. 

Since the enthalpies for the reaction of 4-NPPCM with 
PhTMG" and DMAN (Table 4) are equal (AH,' = 
26.2 f 0.4; AHD' =39.0 f 1.0; and AH,' = 26.0 & 0.8; 
AHH' = 40.0 & 3.0 kJ mol-', respectively), the difference in 
the rate constants is clearly due to steric factors, reflected in the 

Table 3. Observed and second-order rate constants for proton- and deuteron-transfer reactions between 4-nitrophenylphenylcyanomethane and 1 3 -  
bis(dimethy1amino)naphthalene in acetonitrile 

Initial concentration of 4nitrophenylphenylcyanomethane = 1 x 1W' M 

T/"C lo2 b/mol dm-3 kohls- '  k,/dm3 mol-' s-' k&' kfHlhD 
Proton-transfer reaction 

15 2.02-8.06 0.81 1-1.150 5.7 f 0.3 0.7 f 0.1 
20 2.02-8.06 0.99% 1.405 6.7 f 0.9 0.9 f 0.1 
25 2.02-8.06 1.209-1.716 8.2 f 0.5 1.1 f 0.1 
30 2.02-8.06 1.448-2.075 10.2 f 0.5 1.2, f 0.1 
35 2.02-8.06 I .768-2.509 12.4 & 0.4 1.5 f 0.2 

1.9, f 0.2 40 2.02-8.06 2.228-3.087 14.4 k 0.3 
Deu teron-transfer reaction 

10 0.506-2.024 0.003 8 5 4 . 0 0 5  98 0.14 f 0.01 
I5 0.506-2.024 0.004 70-4.008 22 0.23 & 0.005 
20 0.506-2.024 0.006 104).010 89 0.32 f 0.01 

30 0.50&-2.024 0.0 I0 05-0.0 1 7 95 0.52 _+ 0.02 
35 0.506-2.024 0.012 784.022 82 0.66 f 0.02 

25 0.506-2.024 0.007 9 1 4 . 0  1 3 98 0.40 f 0.02 

24.3 f 1.4 
20.9 f 2.9 
20.5 f 1.6 
19.6 f 1.2 
18.8 f 0.8 

Equilibrium constants: 

K i i  = 
580 nm!Ii 0.9 - 

= 6.7 - 7 & I dm3 mol-'; Kc'g" (estimated) = 2 dm3 mol-'. E 2 35000 dm3 mol-' cm-'. A,,,, of product in acetonitrile = 

Table 4. The activation parameters for the reaction of proton and deuteron transfer between 4-nitrophenylphenylcyanomethane and 1,8-bis(di- 
methy1amino)naphthalene in acetonitrile solvent 

Parameter 

AM (kJ mol-') 
EA (kJ mol-') 

AG* (kJ mol-I) 
A (dm3 mol-' s-') 

AS' (J mol-' K-I) - 

AH,' - AH,+' 
ASD'  - AS,,' 
AG,' - AGH' 
A U I A D  

Normal 
substrate 

26.0 & 0.8 
28.5 & 0.8 

68.0 & 1.0 
140.0 & 3.0 - 

(8.47 & 3.47) 105 
13 & 2 
20 f 8 
7 + 4  

0.08 f 0.06 

Deuteriated 
substrate 
40.0 f 3.0 
43.0 f 3.0 

1 19.0 f 9.0 
75.0 f 9.0 
(1.03 f 0.9) lo7 
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Arrhenius pre-exponential factors ( A  = 2.1 x lo8 and A = 
8.5 x lo5 dm3 mol-’ s-I, respectively). 

The values of the kinetic isotope effects collected in Tables 3 
and 4 are very large. The value of the isotopic rate ratio (kH/kD = 
21 1 at 25 “C) is one of the largest reported. This value is 
only slightly smaller than the rate ratios kH/kD = 24 and 23 
found for the reaction of 2-nitropropane with 2,6-lutidine and 
sym-collidine in a mixed Bu‘OH-H,O In the case of 
the present reaction of 4-NPPCM with DMAN in acetonitrile, 
the values of AAH* = 13 & 2 kJ mol-’ and A H / A D  = 0.08, 
together with the isotopic rate ratio kH/kD = 21 & 1, indicate a 
significant contribution of tunnelling to the overall mechanism 
of the proton-transfer reaction. 

The calculated kH/kD values were fitted by a truncated Bell’s 
equation with vH* = 1 040 cm-’ using the computer program of 
Saunders and Kaldor.I7 The calculated value of the ratio of 
tunnelling factors QH/& = 2.35 is larger than the values given 
by Caldin and Mateo ’’ for the reaction of 4-nitrophenylnitro- 
methane with TMG: QH/QD = 1.56, 1.65, and 1.75 in aceto- 
nitrile, dichloromethane, and tetrahydrofuran, respectively. 
Even the value of QH/& = 1.9 given by Kresge” for this 
reaction in toluene is lower. This result confirms our general 
conclusion ‘-lo that the contribution of the tunnelling effect is 
influenced by the polarity of the solvent to an extent much less 
than was formerly assumed.’ 

Experimental 
Mareriafs.4-Ni trophenylphenylcyanomethane (4-NPPCM) 

was prepared by the procedure of Neresheimer and Rupple 2o as 
previously described in detail.’ 

Deuteriated 4-NPPCM was obtained by isotopic exchange in 
dioxane-D,O mixture in the presence of OD-  ions.8 The 
isotopic purity reached at least 98%, as shown by n.m.r. and 
m.s. analysis. 

4-Nitrobenzyl cyanide (4-NBC). The commercial product by 
Fluka AG, Busch SG was recrystallised from 95% ethanol to 
give crystals of m.p. 114-1 15 ”C. The deuteriated analogue 4- 
NBC-d, was obtained as above using a procedure identical to 
that for 4-NPPCM-d.8 The isotopic purity (n.m.r. and m.s. 
analysis) was at least 98%. 

1,8-Bis(dimethylamino)naphthalene (DMAN). The com- 
mercial product from Aldrich was freshly crystallised from a 
mixture of methanol and ethylene glycol to give faintly 
yellowish crystals, m.p. 44-45 “C. 

1,1,3,3-Tetramethylguanidine (TMG) was dried with KOH 
pellets then with a molecular sieve and fractionally distilled 
under reduced pressure. The middle fraction, about 25% of the 
total, was used. The water content, estimated by i.r. analysis, was 
about 0.5% by weight. 

Acetonitrile. Reagent grade acetonitrile from BDH was puri- 
fied by the method of O’Donnell et aL2’ 

Equilibrium and Kinetic Measurements.-Optical density 
measurements were made on a Specord M-40 spectrophoto- 
meter at 20 i- 0.5 “C. 

The kinetic runs were performed under pseudo-first-order 

conditions with base always in at least 20-fold excess. The 
solvent acetonitrile was always freshly distilled and all solutions 
were freshly prepared. 

The kinetic measurements for the normal and deuteriated C- 
acids were made by means of a stopped-flow spectrophotometer. 

Pseudo-first-order rate constants were calculated by 
Guggenheim’s method. The second-order rate constants were 
calculated from equation (3) where kobs = pseudo-first-order 
rate constant. 

The activation parameters were evaluated from the tempera- 
ture dependence of the second-order rate constants by means of 
a least-squares fit to the transition-state theory equation. 

Acknowledgements 
We thank Professors E. F. Caldin and K. T. Leffek for 
discussions. 

References 
1 F. W. Westheimer, Chem. Rev., 1961, 61, 265. 
2 R. P. Bell, ‘The Proton in Chemistry,’ 2nd edn., Chapman and Hall, 

3 R. P. Bell, Chem. SOC. Reu., 1974, 3, 513. 
4 A. Jarczewski and P. Pruszynski, WiadomoSci Chemiczne, 1978, 32, 

693. 
5 L. Melander and W. H. Saunders Jr., ‘Reaction Rates of Isotopic 

Molecules,’ John Wiley and Sons, New York, ch. V, 1980. 
6 R.  A. More O’Ferrall in ‘Proton Transfer Reactions,’ eds. E. F. 

Caldin and V. Gold, Chapman and Hall, ch. 8, 1975. 
7 (a)  L. H. Funderburk and E. S. Lewis, J.  Am. Chem. Soc., 1964,86, 

2531; (b) E. S. Lewis and L. H. Funderburk, ibid., 1967,89,2322; (c) 
E. S. Lewis and J.  K. Robinson, ibid., 1968, 90, 4337. 

8 A. Jarczewski, P. Pruszynski, and K. T. Leffek, Can. J. Chem., 1983, 
61, 2029. 

9 A. Jarczewski, P. Pruszynski, M. Kazi, and K. T. Leffek, Can. J .  
Chem., 1984,62, 954. 

ch. 12, 1973. 

10 A. Jarczewski and P. Pruszynski, Pol. J .  Chem., 1984, 58, 1175. 
1 1  R. A. Marcus, J. Phys. Chem., 1968, 72, 891. 
12 A. J. Kresge ‘Isotope Effects on Enzyme Catalysed Reactions,’ eds. 

W. W. Cleland, H. H. O’Leary, and D. B. Northrop, University Park 
Press, Baltimore, 1977. 

13 See ref. 5, ch. 11, and ref. 6. 
14 E. F. Caldin, A. Jarczewski, and K. T. Leffek, Trans. Faraday Soc., 

1971, 67, 110. 
15 See ref. 5, ch. X. 
16 0. Rogne, Acra Chem. Scand., Ser. A, 1978,32, 559. 
17 S. B. Kaldor and W. H. Saunders, Jr., J. Am. Chem. Soc., 1979, 101, 

18 E. F. Caldin and S. Mateo, J. Chent. Soc.. Faradaj. Truns. 1, 1975, 

19 M. F. Powell, Ph.D. Thesis, University of Toronto, 1981. 
20 H. Neresheimer and W. Ruppel, U.S.P. 2080057/1937 (Chem. Abstr., 

21 J.  F. O’Donnell, J.  T. Ayers, and C. K. Mann, And.  Chem., 1965, 

Received 2nd May 1985; Paper 51726 

7594. 

71, 1876. 

1937, 31, 4830). 

37, 1161. 




