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1 Introduction 
The key to elucidation of the organic reaction mechanism is the 
transition state (TS). Determination of TS structure and the 
manner in which TS structure varies with structural changes in 
the reacting system is one of the most important problems in 
physical organic chemistry. In this respect secondary a-deuter- 
ium kinetic isotope effects (KIEs) have provided a useful means 
to determine the TS structures involved in nucleophilic substitu- 
tion reactions and also how the reactants, especially through 
changes in substituents, alter the structure of the sN2 TS.' 
Applications of the secondary a-deuterium KIE (kH/kD) to the 
studies of the sN2 TS have been involved, however, primarily 
with deuterated substrates,' C a-H(D), (I) .  In this case, kH/kD is 
determined by the overall tightness (d f , ,  + df,,) of the TS. 
Quite recently, the secondary a-deuterium KIEs involving deu- 
terated nucleophiles (11) have been used in characterization of 
TS structure; here the secondary a-deuterium nucleophile KIE 
(Nu-KIE) reflects the extent of bond making only (df,,). The 
application of this method has proved to be useful in determin- 
ing variations of sN2 TSs with substituents and in providing 
experimental evidence in support of the mechanistic interpre- 
tation based on the cross-interaction constants, p1,, especially 
when it is supplemented by the secondary a-deuterium substrate 
KIE (C a-KIE). 
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In this article, some of the more important applications of the 
secondary a-deuterium KIEs involving deuterated nucleophiles 
are reviewed in conjunction with the mechanistic criteria based 
on the cross-interaction constants. 

2 Theory 

2.1 Secondary a-Deuterium Kinetic Isotope Effect 
The secondary KIE results from isotopic substitution at a bond 
not being broken in the reaction and arises solely from changes 
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of zero-point energies of ordinary vibration. The magnitude of 
secondary kinetic isotope effects can be approximately given by 
equation 1 .  

where u: and up represent hv/kT for the TS and reactant 
respectively. Using an approximate relationship v D  = u H / 1  .35, 
this can be further simplified into equation 2.2 

Thus any vibrational mode for which the frequency decreases 
( A d  < 0) on going to the TS contributes a factor greater than 
unity (kH/kD > 1.0) and any vibrational mode for which the 
frequency increases (dv* > 0) contributes a factor less than unity 

It has been accepted that the magnitude of kH/kD reflects 
primarily changes in the out-of-plane bending vibrations when 
the reactant is converted into the TS. Streitwieser and co- 
workers3 have analysed a commonly observed secondary a- 
deuterium KIE occurring when deuterium substitution is made 
at a carbon that changes hybridization, and concluded that in 
going from sp3 to sp2 the out-of-plane bending vibration contri- 
butes a factor of approximately 1.41; it is however typically 
around 1.15 to 1.25. For a reaction in which hybridization 
changes from sp2 to sp3, the effect becomes inverted, k H /  
kD < 1 .O, with a minimum of roughly 1 jl.41 = 0.71 for a TS 
closely resembling sp3 hybridized product, typical values being 
between 0.8 to 0.9. 

In accordance with this analysis, when deuterium is substi- 
tuted in the substrate, (I), the C a-KIE can be either normal (kH/ 
k D  > I .O) for a loose SN2 TS with a decrease in the out-of-plane 
bending frequency ( A d  < 0), or inverse ( k H / k D  < 1 .O) when the 
TS is tight with dv* > 0. The kH/kD value reflects the overall 
tightness of the SN2 TS and in effect reflects the extent of both 
bond-making (dfx,) and bond breaking (d&). 

In contrast, when deuterium is incorporated in the nucleo- 
phile (11) the Nu-KIE can only be inverse (kH/kD < 1.0) in a 
normal sN2 TS of the single step, concerted, backside attack 
processes, since the vibrational frequencies of N-H(D) invari- 
ably increases on going to the TS (dvf > 0) due to an increase in 
steric crowding in the bond-making process. 

Recently this commonly accepted view of the origin of the 
secondary a-deuterium KIE as arising from changes in bending 
frequencies has been challenged. It has been shown theoretically 
that the secondary a-deuterium KIE arises mostly from changes 
in stretching, not bending, frequencies4 The results have even 
predicted a smaller value of k H / k D  (< 0) for an overall looser 
TS,4d which is in direct contrast to the trend, i.e. a larger value, 
predicted by the conventional theory of the secondary a-deuter- 
ium KIE. 

More recently, however, further theoretical works have 
clearly shown that the conventional view is correct after aIL5 
Poirier et al.Sh have stressed that the secondary a-deuterium KIE 
is related to the 'space' available for  the out-of-plane bending 
vibrations in the TS. Thus the secondary a-deuterium KIE is 
determined by the looseness, i.e. the distance between the 
nucleophile and leaving group (d f , ,  + dGZ), of the SN2 TS; a 
greater kH/kD value is observed for a looser TS. 

This discrepancy between the views of the two theoretical 

(kH/kD < 1.0). 
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groups seems to arise from two different reference (initial) states 
adopted for relating bond length changes to the secondary a- 
deuterium KIEs Bond length changes relative to the encounter 
complex rather than the reactant appear to lead to the uncon- 
ventional, and indeed untenable, view as to the origin of the 
secondary a-deuterium KIE 

2.2 Cross-interac tion Constant 
A simple second order expression, equation 3, is arrived at by a 
Taylor series expansion of log k,, where k,J is a rate constant for a 
dually substituted reaction system, around U, = uJ = 0 and neg- 
lecting pure second-order and higher order terms The indicies i 
and j represent X,Y and/or Z in a typical SN2 TS, Scheme 1 The 
cross-interaction constant p1, can be alternatively given by 
equation 4, and represents the change in the intensity of cnterac- 
tion between substituents U, and U, on going to the TS,6bz e , It 
corresponds to an activation parameter 

It has been shown6 that pxy ( < 0) and pyz ( > 0) have opposite 
signs and their magnitudes reflect the extent of bond-making 
and breaking, respectively, in a normal sN2 reaction proceeding 
through a concerted back-side attack mechanism In contrast, 
the sign of pxz can be either positive or negative and determines 
types of TS variation with respect to substituent changes in the 
nucleophile(6ax) and leaving group ( 6 0 ~ )  When pxz is positive a 
stronger nucleophile (6ax < 0) and/or a stronger nucleofuge 
( 6 0 ~  > 0) lead to an earlier TS with a lesser extent of bond 
making (6px > 0) and bond breaking (t ipL < 0), whereas when 
pxz is negative the opposite is true, I e , a later TS is obtained 
with a stronger nucleophile and/or a stronger nucleofuge The 
magnitude of pxz provides a measure of the overall TS tightness 

Pxz 

I -  

X = Nucleophile j?+&,, ' Z = Leaving Group 

( d ~  19 (d:z) 

Substrate 

R, = Reaction Centre 

o = Substituent 

Scheme 1 

It is inversely related to dt,,(dt,, + dfYZ), the greater the magni- 
tude of pxz, the tighter is the TS, i e , the shorter is the d i z  It is to 
be noted, however, that dftz is not exactly same as the sum of 
two distances, dt, ,  + dGZ, since the angle Rx-Ry-RZ is in 
most cases smaller than 180", thus dt, ,  5 df , ,  + dfYZ 

One the other hand, in the carbonyl addition-elimination 
processes with rate limiting breakdown of a tetrahedral interme- 
diate, the signs of pxy(  > 0) and pyz ( < 0) are opposite to those 
corresponding ones for the normal sN2 processes7, and the sign 
of pxz is always positive For this type of mechanism, the 
magnitude of px, pz, pxy, and pyz tends to be large 

3 Applications 

3.1 Transition State Variations for Associative and Dissociative 
SN2 Reactions 

For a typical SN2 reaction at a primary carbon, e g  ethyl 
benzenesulfonates, pxz is positive (Table 1) Since pxz is 
positive, an earlier TS with a lower degree of bond-making and 
bond-breaking is expected for a stronger nucleophile and/or a 
stronger nucleofuge Comparison of the k H / k D  values for 
X = p-CH,O and rn-NO, shows that the magnitude for both 
substrate and nucleophile secondary KIE, C a-KIE and Nu- 
KIE, are larger for the former, a stronger nucleophile This 
indicates that the stronger nucleophile forms a looser TS due to a 
lesser extent of bond making This is also true for a stronger 
nucleofuge when Z = p-NO, andp-CH, are compared We note 
that the k H / k D  values for the CU-KIE and Nu-KIE change in 
parallel, i e , the trend of change in the Ca-KIE follows that in 
the Nu-KIE, indicating that the Ca-KIE is domindted by the 
extent of bond making This is due to a tight TS formed by a 
large extent of bond-making with a low degree of bond cleavage, 
i e , the reaction proceeds by an associative SN2 mechanism 

Table 1 Secondary a-deuterium KIEs for the reactions of 
ethyl arenesulfonates with anilines in acetonitrile at 
65 0 ~ 1 4  

CH CH , (D,)OSO,C, H,Z + XC, H,NH , (D ,) ????- 
65 0°C 

(pxz = + 0 33) 

X Z 
'"I'D 

C,-KIE NU-KIE 

p-CH3O P-NO,  0 98(4) 0 86(9) 
p-CH3O P-CH3 0 98(1) 0 86(2) 
m-NO, P-NO2 0 96(2) 0 85(8) 

0 85( I )  m-NO, P-CH3 0 95(3) 

These type of effects are clearer in Table 2 A stronger 
nucleophile, e g , X = p-CH,O, is seen to give a larger k H / k D  
value for the Ca-KIE indicating a looser TS overall but with a 
smaller primary substrate-carbon KIE, 2 k / 1 4 k ,  value due to a 
lower extent of bond cleavage, this shows clearly that the loose 
overall TS indicated by the larger substrate kl, /kD value is 
dominated by a lower degree of bond making since the extent of 
bond cleavage is lower Exactly the same trend is reported by 
Harris et a1 , l o  for the reactions of methyl iodide with substi- 
tuted pyridines the TS for a Menschutkin-type reaction is looser 
overall with a larger kH/kD value but the extent of bond cleavage 
is smaller with a smaller primary substrate-carbon KIE for a 
stronger nucleophile Thus when pxz ispositive, a lower degree of 
bond-making as well as bond-breaking is observed for a stronger 
nucleophile and/or a stronger nucleofuge This type of TS varia- 
tion with substituents X and Z are consistent with that predicted 

Table 2 KIEs for the reactions of methyl p -  
bromobenzenesulfonate with N,N-dimethylanilines in 
acetonitrile at 55 0°C9 

C(14C)H3(D3)OS0,C,H4Br + XC,H4N(CH3), CH,CN 
55 0°C 

X 

p-CH3O 
P-CH 3 
H 
p-Br 
m-Br 

kHlk, 
( C,- K I E) 

0 98(3) 
0 97( 1 )  
0 97( 1) 
0 95(3) 
0 95(8) 

l2k/I4k 

1 14(9) 
1 15(2) 
1 16(2) 
1 16(2) 
I 16(3) 
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by the potential energy surface (PES),' or More O'Ferrall- 
Jencks' diagram, and is controlled by thermodynamic 
effects 6u 

The results in Table 3 provide a relatively rare example of 
negative pxz l 3  The pxz is not only negative but also the 
magnitude is relatively small This means that the TS is rather 
loose as evidenced by the normal secondary a-deuterium KIEs, 
Ca-KIE of kH/kD > 1 0, observed for the deuterated substrate 
The trends of change in the kH/kD valuesi4 are exactly opposite 
to what we have seen above for the case of positive pxz Now a 
stronger nucleophile and/or nucleofuge lead to a later TS with a 
greater degree of bond-making and -breaking For example, 
comparison of kH/kD for X = p-CH,O and rn-NO, indicates 
that for the stronger nucleophile, z e , the former, substrate kH/ 
kD (> 1 0) is greater indicating that the TS is overall looser, but 
nucleophile k H / k D  (< 1 0) is smaller indicating a tighter bond 
formation This means that a stronger nucleophile leads to a 
greater extent of bond cleavage as well as bond formation, the 
looser overall structure predicted by a larger substrate kH/kD 
value being dominated by the greater extent of bond cleavage 

Table 3 Secondary a-deuterium KIEs for the reaction of 
benzyl arenesulfonates with anilines in acetonitrile at 
30 0 0 ~ 1 4  

X 

CH,CN C6H,CHz(Dz)OSOzC6H4Z i- XC6H4NH2(Dz) - 
30 0°C 

k H / k D  
Z (C,-KIE) (NU-KIE) 

p-CH3O P-NO, 1 lO(2) 0 89(8) 

m-NO, P-NO, 1 09(5) 0 95( 1) 
p-CH3O P-CH3 1 09(6) 0 95(5) 

m-NO, P-CH3 1 08(9) 0 97(3) 

This type of TS variation is in accord with that predicted by 
quantum mechanics and is controlled by intrinsic effects 6a 

The CU-KIE in this case is dominantly influenced by the extent 
of bond cleavage, since the progress of bond cleavage is more 
advanced than that of bond-making, the reaction proceeds by a 
dissociative sN2 mechanism 

3.2 Tightness of SN2 Transition States 
Determinations of secondary KIEs involving deuterated nucleo- 
philes, Nu-KIE, and the cross-interaction constant pxz have led 
to some interesting results concerning the structure of TSs for 
sN2 processes at primary and secondary carbon centres 

The magnitude of pxz, which is inversely proportional to the 
tightness of SN2 TSs, has been found to be a relatively large 
constant value at a primary carbon (= 0 29-0 40 in MeCN or 
MeOH at 45 0-65 O O C ) ,  whereas it is a smaller constant at a 
secondary carbon centre (= 0 10-4 13 in MeCN at 65 O"C), 
irrespective of the size of the group attached to the reaction 
centre (Table 4) * 5a  These constant pxz values suggest that the 
TS is tight or loose (dt,, in Scheme 1 is short or long) depending 
on whether the reaction centre (Ry) carbon (Scheme 1) is 
primary or secondary, but the TS tightness varies very little with 
regard to the group attached to the reaction centre, RY 

This constancy of the TS tightness has been confirmed by a 
high level ab initzo MO calculations using polarization (*) and 
diffuse (+) functions with inclusion of the electron correlation 
effect at the MP2 level, (MP2/6 - 31 + G*//MP2/ 
6 - 31 + G*),lSh on the reaction X- + R X e X R  + X- with 
various primary and secondary R groups for X = F and C1 5a 

The overall tightness, d'cx x), was indeed constant for each 
nucleophile, X = F and C1 For X = C1 the constant values were 
greater than those for X = F with seven primary 
(die, cl) = 4 67 f 0 02A) and nine secondary 
(die, cl) = 4 80 f 0 03 A) carbon centres studied The theoreti- 

Table 4 The pxz values for the reactions of ROS0,C6H4Z 
with XC6H,NH, 

R Solvent T (T)  pxz  ref 

Primary CH3 

Compounds C,H, 

MeCN 650 032 8 
MeOH 650  030 8 
MeCN 650 034 8 
MeOH 650 033  8 

CH, = CHCH, MeCN 45 0 0 37 21 
CH,=C(CH,)CH, MeCN 450 040 h 
CHrCCH,  MeCN 450 029 c 
(CH 3 )3CCH 2 MeOH 5 5 0  031  d 

MeCN 650 033  e 
(CH 313 SlCH 2 MeOH 650  0 31 t 

Secondary Isopropyl 
Compounds 2-butyl 

2-pentyl 
2-hexyl 
3-pentyl 
3-hexyl 
cyclobutyl 
cyclopen t y 1 
cycl o hex yl 
cyclohept yl 

MeCN 
MeCN 
MeCN 
MeCN 
MeCN 
MeCN 
MeCN 
MeCN 
MeCN 
MeCN 

650 0 10 f 
650 0 12 18 
650  0 I 3  18 
650 0 13 18 
650  0 1 2  18 
650  0 1 2  18 
650 011 16 
650  011 16 
650 0 11 16 
650  011 16 

(a) H K Oh, H J Koh, and I Lee, J Chem Sac Perkzn Trany 2, 
1991, 1981 (b) H K Oh, C H Shin. and I Lee, J Phys 0r.g Chem , 
1992,5, 731 (c) H K Oh, I H Cho, M J Jin, and I Lee, J Phbs 
Org Chem , in press (6, H J Koh, H W Lee, and I Lee, J Chem 
Sac Perkzn Trans 2, 1994, 253 (e) H K Oh, C H Shin, and I Lee, 
J Chem Soc Perkzn Trans 2, 1993, 241 I U, H K Oh, Y B Kwon, 
and I Lee, J Phys Org Chem , 1993,6,357 

cal difference in the tightness of ca 0 1 8 ,  
(dd!,l cI) = d*(sec) - d*(prim) = (4 80- 4 67)8, = 0 1 A} for 
X = Cl corresponds to the experimental difference in pxz of ca 
0 2 (dpxz = pxz(prim) - pxz(sec) = 0 33 - 0 12 = 0 2) This 
theoretical analysis lends credence and reliability to the mechdn- 
istic significances of the cross-interaction constants and in 
particular the inverse proportionality established experimen- 
tally between the magnitude of pxz and the overall TS tightness 

Under the same experimental condition (in MeCN at 65 "C), 
the Nu-KIEs were, for example, k H / k D  = 0 86(2) and 0 90(5) for 
the reactions of ethylI4 (primary) and cyclopentyl (secondary) 
benzenesulfonates, respectively, with deuterated anilines In 
fact, the kH/kD values for the Nu-KIE at secondary carbon 
centres are all greater than that for the ethyl compound (Table 
5 )  This is again consistent with a more advanced bond-making 
expected from a greater value of pxz indicating a tighter TS for a 
primary carbon centre 

Table 5 Secondary a-deuterium nucleophile KIEs (Nu-KIE) 
for the reactions of anilines with secondary alkyl 
arenesulfonates in acetonitrile at 65 0 "C 

acyclic' * 2-butyl" 
series 3-pentyl 

2-pen ty 1 
2-hexyl 
3-hexyl 

allcyclic' cyclobutyP 
series cyclopenty 1 

cyclo hex yl 
cycloheptyl 

- 0 0 7  0 93(4) 
- 0  14 0 92(0) 
- 0 36 0 90(9) 
- 0 39 0 89(3) 

- 0 91(3) 
- 0 90(5) 
- 0 89(0) 
- 0 87(8) 

- 0 4 3  0 88(0) 

For X = p NO, and Z = p-CH,O For X = p CI and Z = p-CH, Total 
Tdft's polar substituent constant, P W Taft Jr , Steric Effects in Organic 
Chemistry ed M Newman Wiley New York 1956 Chapter 13 
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Another quite interesting result emerged from the studies of 
Nu-KIE for the SN2 reactions at secondary carbon centres a 
smaller k H / k D  (< 1 0) is observed in the reaction of a sterically 
more hindered secondary carbon centre, Table 5 l 6  This may be 
interpreted as (1) due simply to a greater steric hindrance of the 
substrate to the approaching nucleophile, or (11) due to a greater 
extent of bond making in the TS, which will also incur a greater 
steric hindrance, for the more crowded reaction centre Experi- 
mental as well as theoretical evidence supports the latter inter- 
pretation the smaller k H / k D  (< 10) observed for  the mure 
crowded system reflects mainly a more extensive bond making in 
the TS 

For the alicyclic series, the magnitude of px (pnuc) and /3x (Pnuc), 
and also of pz (pig) and Bz (PI& increases with increasing ring size 
For example, in the reactions with anilines px (and PX) increases 
successively from - 0 92 (0 33) to - 1 58 (0 57) as the ring size 
grows from cyclobutyl to cycloheptyl, indicating that the degree 
of bond making increases successively and the TS shifts towards 
a later position along the reaction coordinate The reaction 
energies, d E,, calculated by the semiempirical AM 1 -MO 
method indicated that as the ring size grows the exothermicity of 
the reaction decreases, or alternatively the endothermicity 
increases successively According to the Bell-Evans-Polanyi 
(BEP) principle'7 a more endothermic reaction should lead to a 
later TS with a greater extent of bond-making, in agreement with 
the above interpretation of the decreasing (Nu-KIE) kH/kD 
(< 1 0) value 

In fact, the TS tightness for the reactions at the alicyclic 
secondary alkyl carbon centres is constant, as the constant 
experimental pxz and theoretical dtcl cI) values indicated, but 
shifts toward a later position along the reaction coordinate with 
a more and more asymmetric TS structure as the ring size 
grows,16 i e , the extent of bond-making as well as bond- 
breaking increases successively in the TS as the ring size becomes 
larger from cyclobutyl to cycloheptyl 

For the acyclic secondary carbon series,' theoretical results 
also supported relatively constant overall TS tightness with a 
greater degree of bond-making for a more crowded system (as 
expressed by an increase in the Taft's steric constant, CE, in 
Table 5) 

A tighter bond formation for a sterically more hindered 
system is in fact consistent with the BEP principle,17 since a 
sterically hindered TS is prone to lead to a hindered, higher 
energy product, which in turn leads to a greater endothermicity 
We can therefore conclude that a tighter bond is formed at a 
sterccally more demanding reaction centre in the normal SN2 
reactions l 9  

3.3 Failure of the Magnitude of px(pnu,) as a Measure of the 

The magnitude of pX(pnuc) in SN2 reactions is often loosely 
related to the extent of bond making in the TS within a series of 
reactions In most cases this is true For the reactions of benzyl 
chloride and bromide with anilines the Nu-KIE, kH/kD, 
decreases as the electron-withdrawing power of substituent Y 
becomes stronger, i e for Y = p-NO, indicating that the extent 
of bond-making increases In agreement with this trend, the 
magnitude of px also increases,2o as shown in Table 6 

However, for an associative SN2 reaction series in which 
negative charge develops at Ca in the TS with py > 0, an inverse 
proportionality between the magnitude of px and the extent of 
bond-making is obtained The trends of change in Nu-KIE, kH/ 
kD, for the reactions of benzoyl chlorides with anilines are shown 
in Table 7 2 o  

Reference to this table reveals that kH/kD (< 1 0) increases, 
and hence the extent of bond-making decreases, with a stronger 
electron-withdrawing substituent in the ring (80, > 0) in direct 
contrast to the trend found for benzyl halides above The 
magnitude of px, however, grows with an increase in the 
electron-withdrawing power of substituent Y, which is contrary 
to the putative proportionality between jpxj and the extent of 
bond making This shows that care should be exercised in the 
interpretation of lpxl as a measure of bond formation within a 
series of SN2 reactions 

One may argue that different mechanisms apply to the two 
reaction series, I e , for benzyl and benzoyl series The following 
experimental evidence rules out this possibility (1) For both 
reaction series, the sign of pxy was found to be negative 
suggesting a normal $2 mechanism, despite the fact that for 
benzyl halide series the reactivity-selectivity parameter, 
W = pXpy/pXy21b or pXpYpXY21a is negative and the reactivity- 
selectivity principle (RSP)22 holds, but for benzoyl chloride 
series Wis positive and RSP is not valid 2 2  (11) Similar trends (as 
benzoyl) are also observed for the reaction series of benzenesul- 
fonyl for which a normal SN2 mechanism has been 
reported to apply (111) The carbonyl addition4imination 
mechanism with rate-limiting breakdown of a tetrahedral inter- 
mediate can be ruled out, since for this type of mechanism the 
Nu-KIE kH/kD values are greater than unlike the benzoyl 
chloride series for which the values are less than one (Table 7) 
Also for this type of mechanism, pxy is positive and W is 
negative so that RSP is valid in fact RSP holds in general for this 
type of mechanism (iv) The mechanism with a hydrogen- 
bonded four-centre TS can be ruled out, since for such a process 

Extent of Bond-making 

Table 6 Secondary a-deuterium nucleophile KIEs (kH/kD for Nu-KIE) for the reactions of benzyl bromides with anilines in 
acetonitrile at 25 0°C 2o  

YC,H,CH,Br + XC,H,NH,(D,) 
25 0°C 

X P-CH, H p-c1 m-C1 P-NO, 
Y 

P-CH, 0 93(2) 0 92(8) 0 92(6) 0 92(1) 0 91(7) 

H 0 93(9) 0 93(5) 0 92(8) 0 92(5) 0 92(3) 

p-c1 0 94(5) 0 93(9) 0 93(9) 0 93(4) 0 93(2) 

m-C1 0 95(9) 0 95(5) 0 94(9) 0 94(7) 0 94( 1) 

P-NO, 0 97(1) 0 96(6) 0 96(4) 0 95(8) 0 95(5) 

- 1 37 - 1 45 - 155 - 163 - 1 79 
( -  139)" ( -  1 46) ( -  1 57) ( -  1 64) ( -  181)  

PX 

(1 With XC,H,ND, 

PY 

- 0 48 
(-046)" 
- 0 55 

( -  0 5 5 )  
- 0 65 

( -064)  
- 0 75 

( -  0 74) 
- 0 9 1  

( -090)  
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Table 7 Secondary a-deuterium nucleophile KIEs (kH/kD for Nu-KIE) for the reactions of benzoyl chlorides with anilines in 
acetonitrile at 25 0°C 2o  

p-CH3O 0 90(5) 0 90(8) 0 92( 1)  0 92(8) 

P-CH3 0 90(0) 0 90(4) 0 91(7) 0 92(1) 

H 0 89(6) 0 89(7) 0 90(8) 0 91(7) 0 93(0) 0 94(6) 

p-c1 0 88(9) 0 89(5) 0 90(6) 0 91(0) 0 92(0) 0 93(9) 

m-C1 0 88(5) 0 89( 1) 0 90(5) 0 91(0) 0 91(3) 0 92(5) 

1 3 1  
(1 28) 

1 24 
(1 24) 

m-NO, 0 83(6) 0 83(8) 0 86(7) 0 88(0) 0 88(9) 0 89(3) 0 92(4) 

P-NO, 0 82(0) 0 82(4) 0 84(3) 0 86(3) 0 87(8) 0 87(8) 0 89(5) 

PX - 2  11  - 2 2 8  - 2 46 - 2 57 - 2 77 - 2 84 - 3 22 
( -  2 07)" ( -  2 24) (- 2 43) ( -  2 54) ( -  2 74) ( -  2 80) ( -  3 20) 

0 With XC,H,ND, 

the Nu-KIE k H / k D  values observed are greater than one,2s in 
this TS partial depronation of N-H(D) leads to a primary KIE 
(vide infra) 

3.4 Front-side Attack SN2 Mechanism 
Back-side sN2 attack on the cumyl system will be difficult owing 
to steric inhibition by the two methyl groups on CCL, and instead 
the front-side approach of a nucleophile becomes energetically 
favourable For reaction 5 ,  the magnitude of pxz is relatively 
large negative (= - 0 75) indicating that the nucleophile (X) 
and the leaving group (Z) are in close proximity with a strong 
interaction in the TS, Figure la The results in Table 8 2 6  
indicates that variations of lpxi and pz are in agreement with 

X 
0 
-fp \\ 0 

4 
z 

( Pxz = -0.75) 

X i 
( P x z  = -0.10) 

those expected from a negative pxz value, a stronger nucleophile 
(X = I)-CH,O) and nucleofuge (Z = p-NO,) lead to a later TS (a 
greater extent of bond-making and cleavage indicated by the 
greater lpxl and pz, respectively) However, in contrast to this 
trend of increasing jpxl, I e , a greater degree of bond-making 
expected if the reaction were a normal SN2 process of back-side 
attack, k H / k D  becomes greater suggesting a lesser extent of 
bond-making as the electron-withdrawing power of substituent 
Z increases 

Examination of the TS structure in Figure la  shows that the 
reaction centre of aniline, N, plays a role of Ca in the normal sN2 
reaction of benzyl benzenesulfonates, Figure 1 b, for which the 
substrate KIE, CU-KIE, is normal (kH/kD > 1 0), Table 3, and 
the trend of change in the kH/kD values is dominantly influenced 
by the extent of bond cleavage in the TS The TS structure in 
Figure la  indicates that as the leaving group departs farther 

Table 8 Secondary a-deuterium nucleophile KIEs (kH/kD for 
Nu-KIE) for the reactions of cumyl arenesulfonates 
with anilines in acetonitrile at 55 0°C 2 6  

c6H,c(cH3) ,oso ,c ,H4z  + XC,H,NH,(D,) 
55 0°C 

p-CH3 H P-c1 P-NO, P7 
Z X 

0 82 p-CH 3 0 0 92(4) 0 94(6) 0 99(1) 1 OO(3) (0 78)" 

0 74 P-CH, 092(0) 094(1) 098(4) 1 OO(3) (0 70) 

0 62 H 091(3) 093(9) 097(6) 1 OO(9) (o 57) 

0 36 p-c1 0 90(4) 0 93(5) 0 97(1) 1 OO(7) (o 31) 

0 08 m-NO, 0 90(1) 0 90(3) 0 90(3) 0 90(5) (o 07) 

0 04 P-NO, 0 88(7) 0 90(1) 0 89(6) 0 90(1) (o 03) 

Px - 2 6 3  - 2 7 3  - 2 7 9  - 3  15 
m m'-(NO,), - - - - - 0 0 1  

( -  2 62)" ( -  2 71) ( -  2 78) ( -  3 10) 

With XC,H,ND, Figure 1 Proposed TS structures for the reactions of (A) cumyl arenesul- 
fonates with anilines and (B) benzyl arenesulfonates with anilines 
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away the N-H vibrational mode is sterically relieved to increase 
the k H / k D  value Since the sign of pxz is negative, the leaving 
group moves farther away from the reaction centre carbon, CU, 
when the nucleophile and/or nucleofuge become stronger lead- 
ing to a sterically more relieved N-N moiety, as a result the k H /  
k D  value becomes greater, as indeed is observed in Table 8 The 
combined analysis of the sign and magnitude of pxz with the 
trend of change in the Nu-KIE, kH/kD, leads us to conclude that 
the S N 2  reaction of cumyl arenesulfonate with aniline proceeds 
by a front-side attack mechanism 

3.5 Temperature Dependence of the Cross-interaction 

According to equation 2, the secondary KIE, a selectivity 
parameter, is a function of temperature and the selectivity 
decreases as the temperature rises Thus the Nu-KIE, for which 
frequencies of the out-of-plane bending vibration increase on 
going to the TS ( d v f  > 0 and hence kH/kD < 1 0), will approach 
to 1 0 as the temperature rises, AT > 0 This approach of kH/kD 
(< 1 0) to I 0 should indicate a decrease in the selectivity and a 
looser TS with a lesser extent of bond-making, this in turn will be 
reflected in the decreased size of Ipxvl as well as of lpxzi 
Examples are shown in Table 9 2 7  

Constants 

Table 9 Temperature effects on the magnitude of pXv2, and 

Reaction T("C) P X Y  

P X Z  2 7 h  

25 
35 
45 
35 
45 
55 
25 
35 

- 0 47 
- 0 4 3  
- 0 40 
- 0 44 
- 0 42 
- 0 39 
- 0 85 
- 0 8 1  
Pxz 

XC,H,NH, Y(Z)C6H4COOCOC6H, 25 1 46 
35 125 
45 1 19 

3.6 SNl Processes 
Since for the SN I processes the nucleophile does not participate 
in the TS, pxy and pxz are zero,6 I e , there is no interaction 
between the nucleophile and substrate, and leaving group 
respectively, in the TS, and hence the Nu-KIEs cannot be 
observed, kH/kD = 1 0 This has been confirmed for the reaction 
of a-t-butylbenzyl arenesulfonates with anilines, equation 6 For 
this reaction cross-interactions pxy and pxz were zero and the 
Nu-KIE, kH/kD, was practically unity,2s the pyz  values were, 
however, large and positive in methanol-acetonitrile mixtures 
(= 0 6 - 1  0) correctly reflecting a relatively large extent of bond 
cleavage involved in the SN1 TS 

3.7 A Four-centre SN2 TS with a Primary Kinetic Isotope 

The reaction of 1 -phenylethyl arenesulfonates with anilines, 
equation 7, exhibited a large 

Effect 

negative pxz (=  - 0 56) suggesting that the two, nucleophile 
and leaving group, are in close proximity in the TS Based on 
various experimental results, the TS is believed to involve a four- 
centre hydrogen-bonded type, (IIJ), which is a result of frontal 
attack The kH/kD values in Table 10 are indeed in accord with 
this proposal The size of kH/kD is large, exceeding the limit of 
secondary KIEs ( k H / k D  I 1 41) and the four-centre TS is seen to 
be more stable by forming a stronger hydrogen bond for a 
weaker nucleophile and/or nucleofuge This is consistent with 
the greater deprotonation occurring when the aniline has an 
electron-withdrawing substituent (weaker nucleophile to facili- 
tate proton nucleofuge) to localize more electronic charge on the 
redction-centre oxygen atom leading to a greater electrostatic 
attraction of the proton An earlier TS is formed with a weaker 
nucleophile and/or nucleofuge since in this reaction pxz is 
negative A relatively early TS formed with a hydrogen bond 
between the nitrogen and oxygen atoms (111) is also indicated by 
the relatively small magnitude of pxy (= - 0 21) and pyz 
(= 0 11) observed The primary KIE ( k H / k D  > 1 0) due to the 
partial deprotonation of one of the two N-H(D) bonds should 
have been greater than the observed value since the out-of-plane 
bending vibrational frequencies of the other N-H(D) bond are 
increased in the TS due to steric hindrance and give an inverse 
effect (kH/kD < l o ) ,  and the combined result of the two is 
actually observed When the nucleophile is changed to N , N -  
dimethylaniline, the size of pxz decreases to - 0 24, which is still 
somewhat high because of closer approach of the nucleophile 
towards the leaving group in the partial front-side attack, but 
without the deprotonation involved in the four-centre-type TS 

Table 10 Kinetic isotope effects for the reactions of 1 - 
phenylethyl arenesulfonates with deuterated anilines 
in acetonitrile at 35 0°C25c 

p-CH3O H P-NO, 1 70(3) 
p-CH3O H P-CH3 1 96(4) 
m-NO, H P-NO, 2 34(8) 
m-NO, H P-CH, 2 58(3) 

H-N------H(D) I 4f 

I 

4 Conclusion 
(1) The mechanistic interpretation of the size of secondary KIEs 
(kH/kD) based on the conventional view as to the origin of the 
effects is consistent with the variation of TS structures predicted 
by the sign and magnitude of the experimental cross-interaction 
constants, pIJ 

(11) The cross-interaction constants and the secondary KIEs 
supplement each other as useful means for the elucidation of TS 
structures 
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