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Abstract: Kinetic studies on nucleophilic substitution reaction of benzyl 
tosylates with aniline6 are reported. The reaction was found to proceed 
via a dissociative Sg2 mechanism with leas than 50 X bond formation and 
extensive bond breaking at the transition state. It was found that 
positive charge development at the benzylic carbon is eubatantial and 
para-aubstituent effect on the substrate is predominantly of resonance type. 
Bond formation is shown to be favored by a better nucleophile, by an 
electron withdrawing group on the substrate and by the more polarchighet 
MeCN content) solvent. The substrate, nucleophile and solvent were found to 
follow the RSP. 

Nucleophilic substitution reaction of benzyl derivatives involving variations of substituent and 

solvent have been widely investigated. 
l-10 

Recent studies include investigations of substituent 

effect on kinetic isotope effect 
3-5 

and applications of linear free energy relationships. 
4,7,10 

These studies on benzyl derivatives were however mostly carried out using halides as the leaving 

group(LG). and there are relatively few which have examined nucleophilic substitution with 

benzenesulfonate leaving group. 
11-13 

Yohl'reported the result of his studies on subetituent effect 

of reactants that the nucleophilic substitution of benzyl beneenesulfonates proceeds by an SN2 

mechanism. Isotope effect studies of benzyl benzeneaulfonatea led Ando et al. 
13 

to conclude that 

the substitution on the benzyl moiety with an electron withdrawing group makes the transition 

atate of the SN2 process more product-like. 

Menschutkin reaction has long been of great importance in the systematic physical-organic 

investigation of the effect of solvent variation on reaction ratee. 

In this work, the variation of SN2 transition state in the Henschutkin-type reaction of beneyl 

toaylates with anilinee, cl), caused by substituenta on the nucleophile and benzyl moiety as well 

as by the solvent is investigated. 

K@2 + y@H20S02-@H3 - x@H2CH2ay + -'3'oCH3 (') 

The solvent mixtures we adopted, MeOH-HeCN, are known to have suitable properties for the 

investigation of solvent effect on the TS variation: dielectric constant of the mixtures are 

approximately constant(isodielectric), while an increase in the hydrogen bond donor acidity(a) is 

accompanied by a decrease in the polarity(n*) in the spectrum of solvent composition change toward 

pure HeOH. 
14 

RESULT and DISCUSSION 

Substituent effect: Second-order rate constants for the reaction of para-substituted benzyl 

2635 
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Table 1. Rate constants(k2x103 H-'s-') for reactions of Y-benzyl tosylate with X-aniline@ in 
methanol-acetonftrile mixture.9 at 35.0 'C. 

HeOH(v/v x1 Y X-p-m30 PCH3 H p-Cl W-NC 
2 

100 pCH3 68.1 54.0 43.7 33.0 18.6 

H 22.8 16.3 11.5 8.71 3.28 

p-Cl 23.3 16.5 10.4 6.85 2.04 

m-NO2 6.97 4.30 2.62 1.28 0.316 

90 PCH3 55.8 42.2 34.5 25.7 13.8 

H 19.9 14.0 9.71 6.76 2.38 

80 

70 

50 

P-Cl 
m-NO 

2 

p-CH3 

H 

P-Cl 

m-NO2 

p-CH3 

H 

P-Cl 

m-No2 

F-CH3 

H 

PC1 

m-NO, 

19.4 14.0 9.08 5.61 1.70 

5.73 3.90 2.19 1.05 0.251 

42.5 35.5 27.4 20.4 10.5 

16.6 11.9 7.75 5.49 1.84 

17.2 11.8 7.34 4.53 1.27 

5.00 3.16 1.82 0.871 0.199 

36.9 29.2 22.9 16.2 7.94 

15.1 10.0 6.66 4.45 1.38 

15.3 10.1 6.22 3.74 1.02 

4.62 2.75 1.42 0.742 0.155 

31.8 24.2 17.8 12.0 5.25 

10.9 7.04 4.45 2.78 0.920 

11.2 7.18 4.35 2.53 0.688 

3.53 2.06 1.14 0.567 0.112 

tosylates with aniline6 in MeOH-HeCN mixtures are ahown in Table 1. The table reveals that 

substitution of a more electron withdrawing group on the benzyl moiety a@ well aa on aniline 

decreases the rate. The rate enhancement by an electron donating subetituent on the subetrate 

indicates that positive charge develops at the reaction center, Co, which in turn means that bond 

rupture of the Co-U: bond is more advanced than bond formation of the N-Co bond at the 

traneition-state. 

Brbnsted g values obtained from slopes of the plote of log k2 vs pKa of aniline8 are s-rized 

in Table 2. The 8value increasea from ~0.20 for an electron donating subetituent(Y=p-C831 to 

a0.50 for an electron withdrawing one(Y=pNo2) on the substrate. Since the 8 value ie the 

relative sensitivity of the TS to substitution on the aniline ring, degree of charging on N atom 

at the TS should be considered to vary from %220X to %50X of the (full) final charge aa the 

substituent (Y) on the subetrate ia changed from p-CH3 to p-N02. These values are comparable to 

those of Arnett and Reich l5 (~30 %) and Matsui and Tokura" (*0.48) for methylation of substituted 

pyridiaes and N,N-dimethyl aniline8 with methyl iodide respectively. Results of our extended 

Brdnxted treatment thus indicate that the degree of the N-Co bond formation at the TS is indeed 

variable and is less than 50 X complete as the substituent Y is varied, bond formation being 

Table 2. Brdnsted 8 values for reactions of Y-benzyl tosylate with 
X-aniline6 in methanol-acetonitrile mixtures at 35.0 OC. 

HeOH(v/v X) Y-p-CR3 H PC1 P-NC~ 

100 0.19 0.28 0.36 0.45 

90 0.20 0.31 0.36 0.47 

80 0.21 0.32 0.38 0.48 

70 0.23 0.34 0.39 0.50 

50 0.26 0.36 0.41 0.50 

Correlation coefficients, r-0.996+ 0.003. 
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Table 3. Hamett pX values for reactions of Y-benryl tosylate with 
X-aniline0 in methanol-acetonitrile &&urea at 35.0 OC. 

HeOH(v/v X) Y-P-QI3 H PC1 p-No2 

100 -0.56 -0.82 -1.'05 -1.34 

90 -0.59 -0.91 -1.06 -1.36 

80 -0.61 -0.94 -1.12 -1.40 

70 -0.67 -1.02 -1.16 -1.46 

50 -0.78 -1.05 -1.20 -1.49 

Correlation coefficients, r-0.997*0.002. 

favored by an electron withdrawing group on the substrate. 

The Hmett p values (P,) determined from linear plots of log k2 VB ox (a for a subatituent on 

aniline) are ehown in Table 3. The sign and size of p have been associated with the type and 

extent of charge development at the reaction center in passing from ground to transition state. 

Westaway et al. 
5 
have made use of the Hmett pX value for eubatituent variations on nucleophile as 

a measure of the degree of bond formation between nucleophile and substrate at the TS. Table 3 

reveals that the pX values are negative, implying that positive charge develops on the N atom ae 

the TS is formed. The size IpXl is greater for a more electron withdrawing eubstituent Y on the 

benzyl moiety. This trend ia in accord with the results of Ando et al., 
13 

and Y0h.l' An electron 

withdrawing subetituent on the substrate is thus conducive to charge transfer from nucleophile to 

the reaction center, C,, resulting in an enhancement of positive charge development on the N atom 

and bond formation of the N-C, bond. The greater magnitudes of both S and lpX[ hence support an 

SN2 mechanism with increasing degree of bond formation at the TS as Y ir varied to a more electron 

withdrawing one. 

Hamnett plots are shown in Fig. 1 for variation of substituent on the benzyl moiety. As it wa.s 

found in the Hanerett plots for the solvolysis of benzyl tosylate, 11,17 a better correlation was 

Figure 1 
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if-tt plota for reaction of Y-benryl tosylate with 
anilinee in Pathaool-acetonitrile mixtures at 35.0 OC. 
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obtained with o + 
rather than with o indicating exteneive positive charge development at the 

benaylic carbon C a* Electron donating substituents have been found to ahov positive deviations in 

the Hamett plota of nucleophilic substitutions of benayl derivatives. l-3,5,18-20 This type of 

non-linear behavior is even more striking in the reaction involving anionic nucleophiles. The 

non-linear Qmaatt plots are often imputed to (i) change in mechanism with eubstituent, 3,‘8 (ii) 

variation of TS structure with substituent in an otherwise single mechanism 19-20 and (iii) 

different relative contribution to TS atabiliration by polar and resonance effect depending on an 

individual substituent. 2,5 Large positive deviations exhibited by electron donating subatituents 

in the Hammett plots for solvolyais of para-substituted benzyl tosylatea have been interpreted as 

due to strong resonance stabilization of the TS. 11 
Westaway and Young’ attributed the non-linear 

Hasaaett correlationa of benzyl derivatives to a non-uniform relative contribution of the polar and 

resonance effects on the TS by the individual substituent. One ahould obtain a normal linear 

Hanmett correlation in the absence of the resonance effect on the SW2 transition state. 21,22 

Young and Jencks2 determined the relative importance of polar and resonance substituent effects on 

the Sg2 TS by using a modified Yukawa-Tauno equation, (2). 

log (k/ko) ‘- pun + p’(o+ - un) (2) 

where p and or are susceptibilities of a reaction to polar and resonance substituent effects 

respectively. The use of o+ constant ie required to correlate substituent effects in a reaction 

involving formation of an electron-deficient center in direct conjugation with a substituent, and 

o n and (a* - on) represent polar and resonance aubstituent constants reepectively. The resonance 

effect of an electron-releasing aubatituent, co* - on), is greater for p-CH3 than for p-Cl, and ia 

zero for the substituent (H or pNO2) which has no electron-releasing resonance effect. The Iprl 

value will be large in a reaction with large resonance substituent effect and it can be greater 

than (PI in a reaction with dominant resonance effect. Since the resonance effect is absent for 

H and ptU12, eq. (2) simplies for the two compounds to, 

log (k/ko) = co” (3) 

The Hannwtt pa” plots are shown in Fig. 2, where p-CH3 and p-Cl are also included. The extent of 

I 1 1 

-0.2 0 0.4 0.8 
n o 

Figure 2. Hamaett plots for reactions of Y-bennyl tosylate with 
X-anilines in methanol at 35.0 OC. 
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Table 4. Hamett PG values for reactions of Y-benzyl tosylate with 
X-aniline6 in methanol-acetonitrile mixtures at 35.0 ‘C. 

MeOH(v/v X) X=p-aI30 P-CM, H P-Cl =rn? 
100 -0.69 -0.78 -0.84 -1.06 -1.25 

90 -0.72 -0.74 -0.84 -1.04 -1.23 

80 -0.71 -0.77 -0.83 -1.03 -1.21 

70 -0.69 -0.75 -0.81 -1.02 -1.20 

50 -0.66 -0.72 -0.79 -0.90 -1.16 

Correlation coefficients, r-0.994+0.005. 

positive deviation exhibited by pCH3 and p-Cl can be a measure of resonance contribution. 

Alog (k/k01 = p%+ - uo) (4) 

The reaction constant P’ can then be determined using eq. (4). For the reaction aeriea 

investigated all the Pr values were found to be greater by 5slO times than P values. Al though the 

Pr values were obtained with only two substituents, the results clearly demonstrate an 

overwhelming influence of the resonance effect in the TS formation. 

Recently Afanas’ev 
23 

proposed another dual substituent parameter equation (5) with “universal” 

polar(o*) and resonance(o? substituent constants. 

log (k/ko) = P*o* + pror + B (5) 

where B is a constant. He maintained and has shown that the application of this equation leads us 

to a more accurate separation of polar and resonance substituent effects. The application of 

eq. (5) to the present data for four para-substituents, Y-H, pCH3, p-Cl and p-N02, shows again 

the predominant resonance contribution (R values 
24 

reaching to 74-5 X) to the total substituent 

effect. 

Hamnett p; values determined for the reaction with u+ constants of Y-H, p-Cl and p-NO2 are 

sussaarized in Table 4. Here the sign of the Pz is an indicative of therelativs importance of bond 

formation(ph>O) 25 and bend breaking( P~~_~~<O), 
1 ,I6 

since P 
+ 

Y - ‘break + ‘form 
Table 4 reveals that 

p: values are negative indicating that bond breaking is more advanced than bond formation at the 

TS, i. e.a lobreakl’ IPforml; considering the partial cancellation of pbreak by pform which is 

positive, relatively large negative PG values obtained should mean extensive bond breaking at the 

TS. The decrease in IpGI for a more electron donating substituent on the nuclephile, e. g. 2 
X-p-CH30, is due to a greater degree of charge transfer for a better nucleophile resulting in 

an increase in IPformI and bond formation. According to Table 1, the rate is also greater with a 

better nucleophile. 

On the other hand, Table 3 shows that the lPxl values are greater with an electron withdrawing 

substituent(Y=p-t+C2) on the substrate implying greater degree of charge transfer and bond 

formation compared with an electron donating one(Y-PCH3). However the rate is shown to be 

greater with an electron donating substituent(Y=pCl13) demonstrating that the bond breaking is 

dominant in determining the overall rate of the reaction. 

Solvent Effect: The second-order rate constant in Table 1 is seen to increase with MeOH content of 

solvent mixtures. However the Brdnsted 8 and lpxl values(Tables 2 and 3) increase with MeCN 

content of the solvent. Since we should expect bond breaking to increase with an increase in 

hydrogen bond donor acidity(a) of the solvent, the rate increase with MeCH content is consistent 

with the above conclusion that the dominant process is the bond breaking. This is supported by 

the fact that the increase in bond formation(increase in 6 and IpXl) occurs with an increase in 

polarity(rr*) of the solvent accompanied by a decrease in FIeCH content of the solvent mixtures. 

A decrease in lP;l valueactable 4) vith a decrease in HaOH content again reflects greater degree 

of bond formation in the more polar solvent causing greater charge transfer and bond formation at 

the TS(vide supra). 

Reactivity-Selectivity Behavior: According to the reactivity-selectivity principle(RSP),26 
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greater selectivity ie exhibited by a lees reactive reagent. Inspection of the results in 

Tables 1*4 reveal8 that the RSP is adhered; for the lers(more) reactive substrate Y-p-NO2 

(Y-p-CH3), selectivity parmeters B and IpXl are greater(smaller), and again for the lese(more) 

reactive nucleophile X-m-N02(X= p-CHjO), IP~I is greater(amaller). Solvent variation also 

causee the change in selectivity parameters. The change is relatively mall but nevertheleea ie 

significant for B and Ip 1 values, for which the RSP appears to hold; 

solvent 50 X (100 X) &oH~ the 8and lpxl 

for the lees(more) reactive 

values are greater(maller). 

CONCLUSIONS 

Results ofour studiesinvolvingsubstituentwdsolventeffectaon the rates of nucleophilic substitution 

reactions of benzyl tosylatee with anilinea lead us to the conclusions: (i) The reaction proceeds 

via a dieaociative S 
N 
2 mechanism; bond formation ia ?r 20-50 X complete but bond breaking ia 

extensive 80 that the rate of reaction is dominated by the bond breaking process. (ii). 

Application8 of dual subatituent parameter equations show that the effect of pera-subetituent on 

the substrate is predominantly of resonance type due to eubstantial positive charge development on 

the reaction center at the TS. (iii) Bond formation ia favored by a better nucleophile, by an 

electron withdrawing aubstituent Y on the subetrate and by the more polar eolventchigher MeCN 

content). (iv) Both substratea and nucleophiles follow the RSP. Although changes in selectivity 

parameters are small with the solvent change, the RSP appears to be adhered by the solvent also. 

EXPERIMENTAL 

Material: Merck GR grade methanol wan used without further purification and acetonitrile was used 
after redistillation over phosphorus pentoxide. Aniline was dietilled under reduced preseure 
(65 'C, 10 mm Rgip) and substituted auilines were recrystallized from ethanol. para-Subetituted 
benxyl pare-toluenerulfonates(Y-benzyl toaylatee) were prepared by reacting silver 
para-tolueneaulfonate with para-substituted benzyl bromidee.12 The products were recryetailized 

~~~31h~.:;t~~.rf~7~~~~o~;;e~~g.G(lit.1~ 58.5%58.9); p-Cl, 52.0clit.r91:?~y[:;.?~ "I' 
Meltin points(uncorrected) were ae 

p-NO,, 103.0(lit.11 105~105.5). 

Rate Constants: Ratee were measured conductometrically using Beckmann Model RC-18A conductivity 
meter at 35.00+-0.03 'C. Large excess amouate(0.015~0.15 M) of aniline8 relative to subetrate 
concentration were used in the react' 
determined by the Guggenheim method. 18 

n and pseudo-first-order rate constants, Irobs, were 
The eecond-order rate coneranta, k2, were then obtained 

from the elope of the plots of (more than four) kob ve aniline concentratron, (eq. 6). 
k ohs m k2[anr!ind (6) 

Good second-order kinetics (r>O.999) were obtained in all cases. 
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