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The rates of the aminolysis of S-phenyl substituted-acetate series (RC(=0)SCsH.Z. with R=Me. Et. i-Pr. -Bu
and Bn) with benzylamines (XCsH,CH-NH-) are not correlated simply with the Taft's polar (¢7) and/or steric
effect constants (£.) of the substituents due to abnormally enhanced rate of the substrate with R=FEt.
Furthermore. the cross-interaction constant. pr.. is the largest with R=Et. These anomalous behaviors can only
be explained by invoking the vicinal bond (o)-antibond (&) charge transfer interaction between C-C, and
C-S bonds. In the tetrahedral zwitterionic intermediate, T* formed with R=Et the vicinal Gp.c-0 s
delocalization is the strongest with an optitmun antiperiplanar arrangement and a narrow energy gap. A€ = £4+
-&;. Due to this charge transfer interaction. the stability of the intermediate increases (with the concomitant
increase in the equilibrium constant & (= 4,/k_, )) and also the leaving ability of the thiophenolate leaving group
increases (and hence &, increases) so that the overall rate. Ay = A’k is strongly enhanced. Theoretical support is
provided by the natural bond orbital (NBO) analyses at the B3SLYP/6-31+G* level. The anomaly exhibited by
R=Et attests to the stepwise reaction mechanism in which the leaving group departure is rate limiting.
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Introduction

The nucleophilic substitution reactions of S-phenyl sub-
stituted-acetate (SPA) series. RC(=O)SAr where R=Me
(CH;).1 Et(CH;CHg),: i-Pr({(CH3)xCH). 3 £-Bu((CH3);O) *and
Bn(CsH:CH-).* with a large excess amount of benzy lamines
1n acetonitrile are found to proceed by a stepwise mechanism
through a tetrahedral zwitterionic intermediate, T* with
rate-luniting expulsion of the leaving group. thiophenolate
amion (ArS7). A in eq. 1. Since the reactions occur i two
steps, the overall rate constants, Ay, are complex. eq. 2.

.
£, Lo
RC(=0)SC,HaZ + 2XC4H,CH,NHa /(J R-%-SC.aHaZ
NHsCHsCoHyX
SPA + (1

Tt

+ -
M o RC(=O)NHCH,C(H;X + XCGH;CH.NH; + SCeH,Z
foe = (eofls) * ko= Ky )

The reactivity and selectivity parameters including the
cross-interaction constants.” pvz. in eqs. 3 where X and Z
represent substituents in the nucleophile and leaving group.

log(Axz/kun) = puOv+ P20z + Pz ONOz (3a)
Pz = Pz oo = dox ooz (3b)

respectively. are summarized in Table 1. One notes im-
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mediately from this Table anomalously high rate (&) and
large magnitude of pnz for the a-methyl substituted acetate,
i.e., R=Et. The purpose of this work 1s to examine factors
that are responsible for such anomalous behaviors exhibited
by the S-phenyl acetate homologue (SPA) with R=Et. Smce
the Taft's polar (¢")° as well as steric effect constant (£,)°
decreases. i.¢e., becomes more negative, by a successive (-
methylation from R=Me to R=7-Bu (Table 1). reactivity is
expected to change (increase or decrease) successively along
with the increase in the number of methyl group on the -
carbon when the same mechamism applies to all the
members n the series. as normally have been observed and
reported.” The unexpected anomaly observed with R=Et
therefore suggests some umportant stereoelectronic factors
operative n the transition state that are not reflected in the
Taft's ¢ and E; substituent constants.

Results and Discussion

The rate constants. &~ in Table 1, are correlated (excluding
R=Et) with the Taft's polar substituent constants, ¢ . eq. 4.°
where I is the &y value with R=Me for which ¢’= 0.

log(kntho)=p'c" )

Figure 1 shows that the p* value obtained for 4 R’s except
R=Et is p=2.97+022 with correlation coefficient r=
0.994. The observed reactivity of R=Et is lugher by ca. 16
times than that derived from eq. 4. In contrast to the good
correlation of log &y vs. ¢, inclusion of the steric effect (eq.
5a)° gave unsatisfactory cormrelation. eq. 5b, with r=0.779
for the 3R’s.
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Table 1. Reactivity parameters for the reactions of RC(=0)SCsH.Z with XC:HsCH;NH; n acetonitrile at 43 °C

. kx10% i ¢ AH -AS
R o E. (M's™h 56&) (%ZLJ mz (keal mol™) (eu) Flho ref.

Me, CH: 0.00 0.00 1.65 -1.40 5.32 0.90 5.2-6.2 46-56 1.25-1.39 1
(1.36) (-2.21) (1.33y

Et, C-Hs -0.10  -007 13.6 -2.09 274 2.36 3.9-4.6 53-60 1.18-1.24 2
2.11) (-1.18) (1.23)

#Pr, (CH;».CH -0.19 047 0.320 -1.33 4.35 0.82 10.6-13.2 30-41 1.22-1.53 3
(1.30) (-1.82) (1.22)

-Bu, (CH:):C 030 -1.534 0221° -1.35 365 1.05 9.9-11.5 39-46 1.23-1.51 3
(1.30) (-1.49 (1.23)

Bn, C:H:CH: 022 033 6.68 -1.30 1.61 0.92 4.2-55 49-60 1.21-1.72 4
(1.3%) (-1.66) (1.36)

X = p-Me() and Z = p-Me at 43 °C. *Z=H. X=H. *X = p-Me() and Z = p-Me at 45 *C. “Extrapolated value from Arrhenius plot.
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Figure 1. The plot log [Ay(RYAn(Me)] vs. o for the reactions of
RC(=0)53CsHy-p-CH; with p-CH:OCsHIJCH:NH; at 43 °C where
R= Me, Et, i-Pr, +-Bu and Bn.
log(knki) = p & +SE,
log(hnika) =174 £ 2. 196"+ 0.55 £ 0.70F,

(3a)
(5b)

For the three points (R=Me, /-Pr, t-Bu) correlation of log
(kwki) wath the steric effect constants, (£5). gave S=0.30+
.03 (r = 0.987); the two, R=Et and Bn, deviated wildly from
the linearity. Comparison of the p" and S values suggests that
the steric effect (£.) contnibutes much less (¢ one tenth)
than the polar effect (¢) to the overall rates. One reason for
this could be that the steric effect is compensated by its
opposite influence on the rate. In the addition step. 4. the
bulkier the substituent R. the rate becomes more retarded by
steric hindrance, whereas the rate is enhanced by steric
relieving effect in the rate-luniting expulsion of the leaving
group (k) from the intermediate, T=. The negligible steric
effect has led, of course, to the satisfactory comrelation with
polar effect alone (eq 4). The p’c’ comrelation (eq. 4) is
expected to apply for the reaction where steric and
conjugative effects do not play any role.*’ For example the
Syl and S2 reactivities of alkyl denvatives are normally
well correlated with eq. 4.

The anomalous reactivity found with R=Et cannot be due

to the steric effect since there is no reason to believe the
ethyl group has an anomalously rate enhancing streic effect.
We therefore think that 1t i1s caused by a rather strong
conjugative effect witlun the TS. Since the rate constant &y 1s
composed of two constants, &y = K-k. the rate enhancing
effect can be on either X or 4. or on both.

In the molecular orbital theory, the proximate (geminal
and/or vicinal) bond-antibond (6-0) charge transfer de-
localization stabilizations are well established effects.® The
charge transfer takes place from a bonding orbital (which
can be 7, ¢ or lone pair. #) to an unoccupied antibonding
orbital (which can be 7 or ¢°). represented in general as 6—
o . and the stabilization energy is given by a second-order
perturbation energy. AF's0= in eq. 6 where Ae is the
energy gap between the two, bonding (7, # or ¢ tvpe) and

AED e = 2F oo (E£v—Eq) =— WkSoee) I1AE (6)

antibonding, orbital levels (x or ¢ type) and Foe is the
Fock matnx element which 1s proportional (with a constant
k) to the overlap (Seo<) between the two orbitals.® Now if we
look at the T~ mtermediate structures, 1 and 2 m Scheme 1,
for the case of (b) the C=-R- ¢'bond is located antiperiplanar
to the vicinal C'-LG antibonding ¢” orbital. as can be readily
seen i structure 2. The vicinal ¢—¢ charge transfer
mmteraction 1s stronger when they are antiperiplanar than they
are synperiplanar to each other.’ We therefore expect that in

R? \ . R> -
(6]
R3////,, I H;);N
"Cz /R'
+
/ \ \\\\\NHZ
R Cl-"
| T
3
R R*
LG LG
1 2

Scheme 1. R'=C:H:CH; and LG=8C:H.Z. (a) Me : R™=R*=R*=H.
(h) Et : R*=CHa, R*=R*=H., (¢) i-Pr : R*=R*=CH; R*=H., (d) r-Bu:
RI}=R*=R*=CH;.
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Figure 2. The structure of tetrahedral intenmediate (T =) bound with aniline and S-phenyl methyl (A) and ethyl (B) acetate at the RHF/3-

21G*//RHF/3-21G* level.

the case of (b) with R=Et. there will be a strong charge
transfer delocalization and the structure, /e., the T°
intermediate, 1s strongly stabilized (and hence X is large
eq. 2). The natural bond orbital (NBO) theorv™™* predicts
that the 6ap—6"-p NBO delocalizaion leads to a decrease in
A-B and C-D bond orders (and hence causes stretching of
the bonds) and a simultaneous increase in B-C bond order
{causes contraction of B-C bond). In other words the ¢c.c—
O .5 interaction in (b) leads to overall stabilization of the
intermediate, T *. (increase in K). but stretches the C-S bond
somewhat, which facilitates, of course. the expulsion of the
leaving group, ZCsH4S™. in the rate-linuting step (increase in
k). As a result, the rate 1s enhanced smce both X and Ay 1n
eq. 2 are imcreased. An antiperiplanar arrangememt
intermediate structure is presented in Figure 2.

What about in other compounds? Since the gy level is
lower than the G-.c level.™ the 6—¢" interaction in (a) with
R=Me will be smaller due to a larger energy gap. A& in eq.
6. For R=i-Pr (¢) and f-Bu (d) cases, the electron-donating
ability increases with an increase in the number of Me group
on the C- atom (as reflected in the almost 2 and 3 times more
negative Taft polar effect (o) constants® in Table 1). As a
result of this greater electron donation toward the C-S bond,
the & .5 orbital level is raised” and leads to a wider energy
gap. Ag, n eq. 6 and reduces the charge transfer stabilization
energies, AE s~ Furthermore as the a-carbon is
successively methvylated. steric inhibition increases in the
intermediate, T =, which will cause stretching of the C'-C-
bond™ and in effect the overlap. See+. decreases. These two
effects, (1) wider energy gap, (Ae= large), and (i1) weaker
overlap. (Seo+ =small) cause weak and insignificant
stabilization of the T = structure and the rate enhancing effect
due to gr-.c—0 ¢ interaction becomes small (much smaller
than that for R=Et case). For R=Bn, the phenyl group 1s a
relatively strong electron-acceptor (¢ =+0.22) so that the oc.c
level is depressed” and hence AE;.s+, decreases due to a
wider energy gap, A€ in eq. 6.

We have performed natural bond orbital (NBO)
analvses®™™ to calculate charge transfer energies using a
model svstem (3) with R'=H and LG=F in 1 and 2. For the

ethyl case. R=Et, the o-0cr vicinal charge transfer
stabilization® is the largest with AF* -« = -4.9 keal mol ™ at

l

R—C—F

NH-
R=Me, Et, :-Prund 1-Bu
3

the B3LYP/6-31+G* level of theory. For the R=Me, /-Pr and
{-Bu. the comresponding stabilization energies are lower with
=45, <29 and -3.2 keal mol™' respectively. Albeit the
differences in the charge transfer stabilization energies are
small due to the adoption of a model calculation, the
expected trend 1s borme out n the result of our density
functional theory (DFT) calculation.

In conclusion, the vicinal Oc.c—0c.s charge transfer
delocalization 1s the strongest with R=Et due to the
optimum. antiperiplanar, arrangement between & and &
orbitals as well as the narrow energy gap. A€

The most stable mtermediate, T=, with R=Et should
provide the strongest C-N bond and hence the largest
magnitude of pv and fx value is observed experimentally
(Table 1). The strongest ¢—¢ interaction should lead to a
facile C-S bond cleavage in the rate-determining step, Ab,
and the TS 1s reached at an early stage with lower degree of
bond cleavage. The lower degree of bond cleavage 1is
reflected in the smaller magnitude of f; (or pz) value. and
also in the low activation enthalpy, AHF. in Table 1. It is well
known that the main component of the deformation energy.
AFE4.r, which 1s required to transform the reactant to the TS
structure. is the stretching of the cleaving bond.!! Thus a
tightest TS 1s realized with R=Et as evidenced by the largest
positive cross-interaction constant,” prz. n Table 1.

The kinetic isotope effects Au/kp, mvolving deuterated
benzylamime (XC:sH,CH-ND-) nucleophiles are all greater
than unity’~ and the magnitude is similar so that the ku/kp
values do not provide a very sensitive measure of the TS
structure.
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The anomalous reactivity and large magnitude of pxz
found with R=Et in the S-pheny] series are also found in the
dithio series, RC(=S)SC¢HiZ. The rate is the fastest and the
Pz value is the largest with R=Et in the dithio series studied
so far (R=Me."” Et"* and Bn'). If our interpretation is
correct, the same anomaly will be found with R=Et in the
phenolate series, RC(=O0)OC:H,Z, as well as in the thiono
senies. RC(=S)OC¢HZ . Substitution of O by S. or of S by
O. does not change the strongest vicinal Gec—0 .. charge
transfer interaction expected with R=Et, as can be seen in
Scheme 1. The same argument presented above for the S-
phenyl series should apply to the other series. provided the
same stepwise mechanism applies to all the members in the
respective series. We stress that the anomaly observed with
R=Et is a manifestation of the stepwise mechamsm through
a tetrahedral zwitterionic intermediate with rate-limiting
expulsion of the leaving group on the grounds that : (1) If the
bond formation step. in which polar effect alone is
important, were rate-himiting. the rate order should have
been in the order of the Taft’s ¢ constant; R= #-Bu < j-Pr <
Et < Me < Bn. (1) If the reaction rates were affected
exclusively by steric effects of the type present in reactions
used to define E.. the rate (log 4v) should have been well
correlated with the steric effect constant, E.. alone with the
susceptibility constant .S. (111) If the reactions proceeded by a
siunple concerted (Ss2) process. the Taft equation (5a)
should have been valid.” (iv) If the bond cleavage were
solelv responsible in determining the rate. the rate order
should have been in the reverse order of the Taft's ¢
constants since electron donating R group facilitates leaving
group expulsion'®; R=Bn < Me < Et < i-Pr < 1-Bu.

We conclude that the anomaly observed with R=Et provides
evidence for a stepwise mechanism in which the rate constant
(k) 1s composed of two factors as expressed by eqn. (2).
Thus the observed rate 1s determined by both the stability
(K) of the intermediate, T*. and nucleofugality of the leaving
group (Av). Both of these factors are outstandingly favorable
for the reactions with R=Et due to the strong vicmal ¢c.c—
O c.s charge transfer interaction in the intermediate, T*.
Further experimental as well as theoretical works are in
progress to support our arguments presented in this work.

Calculations. 44 initio MO calculations were performed
with Gaussian 98 svstem of programs.'” Geometries were
optimized at the B3LYP/6-31+G* level of theorv. The
natural bond orbital (NBO) analvses were carried out to
obtain proximate bond - antibond (6—¢") orbital interaction
energies (AE'Vs-s) at the NBO-B3LYP/6-31+G* level.
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