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Being interested in the analogies of nucleophilic substitutions at arom-
atic and ethylenic centers , we thought it worthwhile to compare kinetic sol-
vent isotope effect (KSfE)-for hydroxylic solvents in such reactions. As we
could not find literature data on KSIE of any simple aromatic nucleophilic
substitution, experimental determinations were made,

Ethanol and ethanol-0-d were chosen as solvents, ethoxide ion and pyr-
idine as nucleophiles, to avoid complications arising from reactants isotop-
ioally different in the two solvents, like OE™(0D") in E,0(D,0). 2,4-Dinitro-
chlorobenzene (2,4-DNCB) was the substrate., For the ethoxide ion reaction,
kinetic runs were ocarried at 25.0° ; analyses were spectrophotometric, in most
cages at 3OC mn, The pyridine reaction was studied by kinetic measurements at
90.0° 3 chloride ion was determined by potentiometric titrations with silver
nitrate. Reaction products were controlled in both solvents.

Several independent runs were performed in each case. Average results
‘are shown in the Table, rate constants being indicated with their standard

deviation., The KSIE, as given by kL. amounts to 1.84 for ethoxide

EtOD/EEtOH !
ion reactions at 25°, and to 1.30 for pyridine reactions at 90°,
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TABLE

Rete constants for reactions of 2,4-DNCB (Co- 4-9:10-'5 !) with ethoxide ion
(10‘3..10'2 ¥), and of 2,4-DNCB (C,= 4-5;10'2 ¥) with pyridine (C,.= 9-21:10'25).

Solvent, N°® of -1 -1
isotopic purity Temperature rans Nucleophile k (1.mole “sec )
BtOH , 250 13 Bt0™ (8442 +.0.32)x207%
- -2 8
Et0D , 95% 250 1 B0 (15,10 + 0.43)x1072
E+0E , 900 10 Pyridine (1.278+ o.osa)no""
ad
BtOD , 91% 90° 6 Pyridine  (1.499+ 0.064)x1074

8 By applying a linear correction, the value calculated for 1004 EtOD iss

) -2
kg, op=15+45210
® Calculated value for 100% B4OD EEtOD-1.530x10—4

The solvent isotope effect on reaction equilibrium constants has been as-
sociated with changes in gero-point energy due to changes in hydrogen donding
from initial to final states § the Bigeleisen equation,1 in a simplified form,2
has been applied to estimate the isotope effects , including solvent isotope
effect y on acid-base equilibrium constants ? The same treatment has been
applied to KSIE4'by using approximate models of transition states, and the
formula (I) s

Ivy = I¥g' = 12.53 T 1°5(533/Esn) (1)

where ZVH and EVH' are the sum of hydrogen stretching fregquenocies (cm—l)
in the initial and transition states, respectively, and T is the temperature
(°x) $ ESH and ESD are the rate congtants in the H-golvent and the D-sol-
vent , respectively., Librational and bending frequencies were neglected. Simple
rules were given to determine how many hydrogen bonds should be considered ,
in particular for the case of water.4

This treatment has been applied to the evaluation of KSIE in the cases of
the Table, It was assumed that each ethanol molecule in the pure solvent

accepts one hydrogen and donates one hjdrogen,s‘while pyridine and ethoxide
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ion in solution accept one and three hydrogens, respectively , from the sol-
vent. The following approximate values of the stretching frequencies were
used s 0...H for liquid ethanol , 3350 c.am-1 ;6 Et0,..H for hydrogens of ethanol
donated to ethoxide ion, 3000 cm-l (taking the value given for hydroxide ion
in wator3) $ Ne..H for hydrogens of ethanol donated to pyridine , 3175 c:zm-1
(as for g-aminophenolg7 similar values were found also in oximes7). Two
extreme models were chosen for each transition state, one having the nucleo-
phile electron pair still on the reactant, and a purely electrostatic partial
bond , the other with a fully covalent partial bond and a complete transfer
of oharge from the nucleophile to the substrate.4 Leaving group was assumed
covalently bonded in both models of trangition state. Because of delocalization
of charge, nitro-groups were considered to be hydrogen-bond acceptors approxim-
ately as good in the initial as in the transition states, and were therefore
neglected.

For the ethoxide ion reaction, with the "electrostatid' model of transition
state, it iss EVH - £Vﬁ = 3x 3000 - 2x 3000 - 3350 = -~ 350 c:m-1 ’
where the 3350 figure is subtraoted because the ethoxide ion accepts one
hydrogen leses in the transition state than in the initial state , and that
hydrogen must be accepted by a solvent molecule.3 For the "covalent™ model of

transition state one obtains: 29H - EVﬁ = 3x 3000 ~ 3x 3350 = - 1050 cm-l,
where the same frequenoy value was used for ©...H bonds between ethanol
molecules and from ethanol to neutral oxygen in transition state.

Both models of transition state give the same result in the case of the
pyridine reaction: IVy - IV =3175 - 3350 =- 175 en”L,

Using eq.(I), the following KSIEs were caloulated 3

N
ucleophile Tenperature EEtOD/EEtOH
- 1.24 ("electrostatic")
Et0 25°
3 1.91 (“covalent")
Pyridine 90° 1.09

In the camse of ethoxide ion, the observed solvent isotope effect is inter-
mediate between the iwo calculated values, and close to the larger one. For
the pyridine reaction, both celculation and experiment indicate a smaller ef-
fect than in the ethoxide case, although in the same direction. The agreement

is as good as can be expected from such an oversimplified model.
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