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Nucleophilic substitution reaction of Y -benzy | bromide with X-pyridines are investigated in DMSO at 43.0 *C.
Biphasic rate dependence is observed on varving the substituents in the substrate (Y) as well as in the nucleo-
phile (X). The two well-defined straight lines in the Hammett (p+) and Brinsted (Sx) plots are interpreted to
indicate the changes in transition-state structure. a decrease in bond cleavage as the substituent on the substrate
is changed from electron-donors (v < 0) to electron-acceptors (oy > 0). and an increase in the extent of bond
formation with the corresponding changes of the substituent on the pyridine. A Jencks” type analysis of separate
polar () and resonance (p") effects can also be accounted for by the change of the transition-state structure. not
by the variable combination of polar and resonance effects.

Introduction

Nucleophilic substitution reactions of benzy| halides have
been shown to proceed through an unimolecular. bimolec-
ular or mixed substitution mechanism depending on the sub-
strate. nucleophile and solvent polarity." In almost all
Hammett cormrelations of the reactions of benzyl halides.
however. U-shaped curves with a minimunm at the unsub-
stituted compound. or biphasic dependence of the rate with a
break at the unsubstiuted compound are observed. when
substituent. ¢y. on the benzene ring is varied.” For this
behavior. three explanations are advanced® : (i) Change of
mechanism from Si2 to Skl on going from electron-with-
drawing to electron-donating substituents. (ii) Change in the
transition state (TS) structure for a single mechanisim with a
differing balance of bond formation and cleavage. (iii) Dif-
fering balance of polar and resonance effects by different
substitucnts (o stabilizc the TS, A variable combination ol
polar and resonance cllects has been described by the usc of
a modificd Yukawa-Tsuno cquation. cq. 1. This cquation is
bascd on the usc of scparate o and pf paramciers for polar

log (ko) =po+p (6" —0) (H

and resonance cffects. respectively. as Tafl and others™ have
proposcd. with preserving the simplicity of the Yukawa-
Tsuno approach.” In (his work. we carricd out kinetic studics
of the reaction of Y-benzyl bromides with X-pynidines in
dimethy] sulfoxide (DMSO) at 43.0 °C. We vaned both sub-
stitucnts X and Y on the nuclcophile and substrate. respec-
tively. ¢q. 2. (o represent relatively wide range of clectron-

- +
XCsHaN + YCsH.CH:Br 2525 XCHNCH:CsH,Y + Br-
@

X = p-CH:0. p-CH;. p-CsHsCHa. H. m-CgHs. m-CHCO.
Pp-CH:CO. p-CN or m-CN

Y = p-CHi. m-CHa. H. m-Cl. m-CN. p-CN., m-NO: or
p-NO:

donating and electron-withdrawing substituent effects. The
objective of this work is to present most plausible explana-
tions for the biphasic rate dependence on the substituents in
the nucleophile (X) as well as in the substrate (Y). We have
determined the cross-interaction constants. pxy in egs. 3.° to
assist our interpretation of the rate data.

log(fsv/kun) = puOx + prov + Pxyv ONGY (3a)
v =9y 1 dox = dpxd Aoy (3b)

Results and Discussion

The pscudo-first-order ratc constants observed (Ao for all
the reaction obeyved oq. 4 with negligible £.( = 0) in dimethyl
sulloxide. The sccond-order ratc constants. &2 (M~'s™") sum-

]\-ohs = ku + ]‘2[ P\ ] (4)

mcrized in Table 1. were determined using cq. 4 with at Icast
five pyvridinc concentrations. |Py]. No complications were
found in the determination of 4. and also in the lincar plots
of ¢q. 4. suggesting that there is no noticcable side reactions
and the overall reaction follows the route given by ¢q. 2. The
rate is faster with a stronger nucleophile (8o < 0) and a
stronger clectron donor substituent in the substraie {(day < ()
as normally ¢xpected for a nucleophilic substitution reaction
with a positive charge development on the reaction cenier.
Co. mthe TS,

Comparison of rates for the reactions of benzy | bromide
with pyriding in methanol (b = 55,5 % 107 M~ 57! at 50.0
°CT £=327). DMF (k- =394 x 107" M~ sl a1 50.0°C7: g=
37.0) and DMSO (k- = 894 x 107 ML g7 at 45.0 °C: e =
46.7) shows that the rate is the greatest in DMSQ: this 1s a
reflection of the greatest diclectric constant (€) rendering the
greatest stability to the dipolar TS while these 1s no ground
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Tahle I. Ratc constants. & (X 10* M™' s7'). for the reactions of Y-benzy] bromides with X-pyridines in dimcethyl sulfoxide at 45.0 °C
;_ pKa"r 2-CH; ni-CH4 H m-Cl m-CN »-CN m-NO P-NO:> p-,'f pv*
p-CH:O 638 41.7 275 20.0 18.6 16.6 15.8 15.1 14.1 -1.8740.05 -0.28+0.02
(0.999) (0.992)
p-CH: 603 ile 19.5 13.3 12.6 1.7 11.0 10.2 9.53 -2.1740.05 -0.2920.05
{0.999) {0.964)
p-CdICIy 5.59 23.3 15.7 11.2 10.0 9.55 9.12 8.91 8.51 -1.86£0. 11 -0.1740.02
{0.998) {0.978)
I 5.21 18.9 1.4 8.94 8.71 8.29 7.91 7.53 7.06 S193£0.01 -0.2140.06
{0.993) {0.952)
m-Colls 487 15.8 10.6 6.76 6.46 6.17 5.89 5.25 4.90 -2 154029 -0.2840.08
(0.991) (0.908)
m-C1;C0 310 5.83 3.64 2.63 251 229 2.00 1.82 1.58 -2.03120.01 -0.4810.09
(0.999) (0.932)
p-CHaCO 230 3.09 1.78 1.12 0.741 0.661 0.389 0.325 0.501 -2.5810.13 -0.4310.06
(0.999) (0.975)
p-CN 1.86 224 1.20 0.794 0.525 0.490 0.407 0.355 0.316 -2.6510.04 -0.5510.12
(0.998) (0.939)
m-CN 135 1.20 0.671 0.389 0.251 0.210 0.193 0.191 0,182 -2.8520.24 -0.3420.02
(0.997) (0.994)
Py -1.3240.05 -1.3320.06 -1.38+0.10 -1.3320.13 -1.2440.12 -1.23+0.13 -1.28+0.17 -1.28+0.18
(0.998y  {0.997) {0.991) {0.986) {0.986) {0.983) {0.974) {0.973)
N -3.43 -4.15 -4.15 -5.00 -5.19 -5.06 -4.90 -4.69
By 0.2510.01 0.2510.02 0.2610.02 0.251£0.02 0241001 02312002 02440.03 0.2320.04 Pxy” Pay
{0.999) (0.993) {0.993) {0.993) {0.993) (0.991) {0.971) (0.952) =-0.91 =-0.29
B’ 0.3810.03 0.4240.02 0.4620.03 0.5610.04 0.38+0.05 0.57£0.04 0.55£0.04 0.5420.03
{0.993) {0.998) {0.996) {0.995) {0.993} (0.996) {0.994) (0.997)

X = p=Cl0. p-ClHs. p-Col IsSCHa, T =Cal Ts. "X = m1=CHCO, m-CN. X = m-CH:CO. p-Cl:CO. p-CN, m-CN. ¢ pK, values in water at 25 “C: ref’ 8a.
‘Correlation coelticient, Y — p-CH:, #-CHs, H. The ¢ values were taken [rom Hansch. C.: Leo. A Tafl, R. W., Chem. Rev.. 1991, 91, 165, Y — m-Cl.
m-CN.m-NQy p-NOa th) Y = p-CHio m-CHz, H, Correlation cocfticient was better then 0977, 'Y = m-Cl. m-CNL p-CNL s-NO-. p-NQ:, Correlation

coetlicient was better then 0.969.

state stabilizing effect of hydrogen bonding (by a protic sol-
vent such as MeOH).

The Hammett plots (Figure 1)} for the substituent variation
in the substrate show curvature with a break pointat Y — H
analogously 1o other nucleophilic reactions of substituted
benzyl halides.”™ The approximate slopes, py, for the two
lincar parts are shown in Table . For the electron donors, oy
< (), the slopes are large negative (py — -1.9-~-2.9), whereas
for the electron acceplors. oy = 9, the magnitude of py val-
ucs is much smaller (py — -0.2--0.6). The negative sign ol
pyv indicates positive charge development on the benzylic
carbon (), and hence implics a greater extent of bond
cleavage than bond formation in the TS. Thus resonance sta-
bilization of positive charge on 'y by an clectron-donor
leads 1o a large extent of bond cleavage whereas an clectron
acceptor substituent destabilizes the cationic charge by polar
elfect leading 1o a lower extent of bond cleavage in the TS.
On closer examination of the py values. we note that the
magnitude of py. and hence the extent of bond cleavage, is
somewhat smaller for the reactions with basic pyridines (ox
<2 0) than those with less basic pyridines (ox = 0). This sug-
gests that the degree of bond making is smaller with the
basic nucleophiles than with weakly basic nucleophiles (vide
infra), which in turn leads 1o a lesser degree ol bond cleav-
age with the basic pyridines. ie., on carlier TS along the

-1 W
2 -
2N
)
o
.3
X=m-CN
-4 T T T M T T T M T M T
0.2 0.0 0.2 0.4 0.6 0.8
Oy

Figure 1. [{ammett plots (py) for the X-pyridinolysis of Y-benzyl
bromides (tor X=p-CHz0. H and m-CN) in DMSO at 45.0 °C.

reaction coordinate.
We have attempted a Jencks type analysis of the separate
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Table 2. Substituent etfects tor the attack of substituted
pyridines (X} on substituted benzy! bromides

Substituted ,

pyridine P P e
X Ox

-C110 027 0.2 1.7 83
p-Cli; 017 0.2 1.8 9.0
p-CHaCylHs -0.09 0.2 1.6 8.0
-CHCO 0.50 0.4 2.1 53
m-CN 0.56 04 2.3 58
p-CN 0.66 0.5 2.1 4.2

polar (p) and resonance effects (p')’ according to eq. | in
Table 2, where p is based on data for benzyl bromide and p-
nitrobenzyl bromide and p’ is based on the deviation ot the
point for p-methylbenzyl bromide from the line defined by
benzyl bromide and p-nitrobenzy! bromide.”

We note that for an electron donor substituent {&y <2 0) in
the nucleophile both the polar (p) and resonance effects (p)
are smaller than those for an electron withdrawing X {ax >
0). but the overall resonance ratio (p — pp) is greater.™
This simply shows that the degree of bond making is smaller
but that of bond cleavage is quite large so that there is only
small difference in the extent of bond cleavage depending on
nucleophiles. X: as a result, the positive charge development
which is facilitated by resonance effects of substituent Y
becomes greater for an electron donor X than that for an
electron acceptor X for which bond making is more
advanced.

The Hammett plots for the variation of substituents in the
nucleophile (X) also show curvatures with a break at X — m-
CH:CO (ox —0.38), Figure 2. The negative slope of the
electron-donor segment (including X — #-CH3CO) is smaller
(px = -1.3) than that of the electron-acceptor part (px —
-3.4~-5.2) which excludes p-CHzCO and p-CN. These latter
two acceptor substituents are known to have weak s-donor
effeet under the strong cationic charge of pytidinium ion
(azonium ion. T>N=—) and deviate positively from the
logks versus o e.. aummett) plots. This is evident [rom the
much cnhanced rates for the two substituents in the plots,
Figure 2. However these deviations from the Hlammett plots
disappear in the logk: versus pK, (i.e.. Bronsted) plots (Fig-
ure 3), since the basicity enhancing m-donor cflect of the two
acceptors is correctly reflected in the pK, measurement, in
contrast 1o the lack ol such z-donor elfect (duc to the lack of
strong cationic [unctional center) in the determination of the
o constants. The Brénsted plots are also curved with a break
at X — m-CI:CO. The slope is greater for the weakly basic
pyridines (Bx — 0.4-0.6) than lor the basic nucleophiles (Bx
- 0.2~0.3). These two well defined straight lines represent-
ing two diflerent degrees of bond making by basic and
weakly basic pyridines. respectively, provide evidence lor a
structural change of the TS, but not for a mechanistic change
as we ofien lound with acyl transler reactions for which such
biphasic dependence of the rates on the basicity of nucleo-
philes are normally taken as a mechanistic change from the
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Figure 2. Hammett plots (px} for the X-pyridinolysis ol Y-benzy!
bromides (for Y = m-CH;, H) in DMSO a 43.0 °C,
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Figure 3. Hammett plots (8x} for the X-pyridinolysis ol Y-benzyl
bromides (for Y = m-CHz. H and p-NO=) in DMSO at 45.0 °C.

ratc-limiting breakdown to formation of a tetrahedral inter-
mediate as the basicity of the amine nucleophile is
increased.” In the present work, the existence of such an
intermediate is out of question due to the strong nucleofugal-
ity of the bromide ion with the formation of a strong cationic
reaction centet.

This type of biphasic rate dependence on the nucleophile
basicity is. however, rare, and in fact this is the first case we
have encountered, in the Sy2 reactions. We can think of two
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rcasons for this behavior: (i) A relatively wide range of the
pyridine pK, values (pK, = 1.35~6.38) used. and (ii) a strong
interaction between the two reaction ceniers. the N atom on
the pyriding and the bensylic carbon. Ce. in the TS which is
well stabilized by a relatively strong dipolar aprotic solvent.
DMSO.

The magnitudes of these By values suggest that bond for-
mation is greater with weakly basic pyridines than with
basic pyvridincs in agrcement with our carlicr prediction
bascd on the magnitude of the py values. The magnitudes of
both px and Sy in Table 1 show very small variations
depending on the substituents in the substrale Y. The magni-
tudes of px and B lor the donor Y (py =-3.4~-3.7. and S =
0.4) arc shightly smaller than that for the acceplor Y (py =
-4.7~-3.2 and fi; = 0.3~0.6) with clectron acceptor substitu-
cents in the nucleophile. X. For the clectron donating substit-
ucnts X in the nucleophile. there is very little variation in the
magnitude of px and By depending on substitucnts Y.

The small variations of py and fBx depending on the sub-
stituents in the substrate (Y) indicate that the degree of bond
formation is quite siular irrespective ol the substiruent Y.
The large difference m the magnitude of py between clec-
tron-doner Y (-1.9~-2.9) and clectron-acceptor Y (-0.2~-0.6)
is therelore largely attributable to the large diflerence in the
positive charge developed m the TS. fe.. in the extent of
bond clcavage in the TS.

Since py is dependent on Gk, or alicrnatively py is depen-
dent on oy (Table 1). the reaction procceds by a mechanism
which 1s cssentially Su2 in all cases: thus there is no mecha-
nistic change from Si2 o Sk 1. ruling out the explanation (i)
above. The cross-intcraction constants. gxy. arc -0.91 and
-0.29 for the clectron-donor and clectron-acecplor Y. respec-
tively. The former is a typical valuc obtained for Si2 reac-
tions of benzyl derivatives.® The latter value (pxy = -0.29) is
somewhat smaller. which is most probably duc to the lower
positive charge in C,, Icading 1o a weaker clectrostatic inter-
action between the two charged reaction centers on the pyri-
dinc nuclcophile and substrate in the TS.* The fact that there
arc two distinct lincar portions both lor px (8v) and py sup-

Table 3. Activation paramelers” for the reactions of Y-benzyl
bromides with X-pynidines in dimethylsultoxide

] o Al A
b G x10'M's ") (kealmol ') (calmol 'K ")
I pCll; 35 9.17 14.0+0.6 23+l
45 18.9
35 38.9
II  p-NO- 35 37 137104 23+1
45 7.06
33 16.8
m-CN p-CH:y 33 (1.620 12.7400.7 32+1
43 1.20
33 2.32
m-CN p-NO- 33 (120 7.8+0.2 5182
43 ().182
33 .277

“Calculated by the Eving equation. Errors shown are standard deviations.
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ports the contention that there are changes in the TS struc-
turc (explanation ii) depending on the substituents. [f there
were a variable combination of polar and resonance cflects
(cxplanation iii) the p' valuc in Table 2 should ¢xhibit grad-
ual continuous change.’ not discontinuously in roughly two
parts as obtained in Table 2.

The activation parameters (Table 3) are within the range of
valucs normally observed lor Sy2 reactions of benzyvl deriva-
tives.

[n summary. the pyridinolysis ol benzyvl bromides in
DMSO proceeds by the Si2 mechanism. There are structural
changes of the TS as the substituent in the substrate is
changed. and also as the substituent in the nucleophile is
changed. as cvidenced by the biphasic dependences of rates
on the structural paramecters. oy and pKq(X). respectively.

Experimental Scction

Materials. International Specialty Chemicals ACS grade
dimcthy] sulfoxide (DMSO) was used afier two distillations,
The pyridine nuclcophiles. Aldrich GR. were used without
further purification. Aldrich benzyl bromide substrates were
uscd. which were redistilled or recrystallized before use,

Rate constant. Rates were measured conductimetrically
at 43,0 £0.03 °C. The conductivity bridge used in this work
was a scll-madc computer automatic A/D converter conduc-
tivity bridge. Psudo-first-order rate constants. Kups. were
determined by the curve fitting analysis of the diskette data
with a modificd version of the Origin program. which fits
conduclance vs lime data to the cquation A = A_+ (Ay-
A exp(-kos 1). where AL Ag-A_ . and &g, arc itcratively
oplimizcd to achicve the best possible Ieast-squarcs fit with a
large cxcess of pyridine (Py): [benzyl bromide] = 1 x 107
M and |Py] = 0.03~0.24 M. Sccond-order rate constants. £-.
were obtained from the slope of a plot of ku vis |Py] with
morc than five concentrations of pyridine. ¢q. 4. The 42 val-
ucs in Table | arc the averages of more than three runs and
were reproducible 1o within £3%,

Product analysis. p-Mcthylbenzy] bromide (CHaCoHy-
CH-Br) was rcacted with an excess of pyriding (CsHsN)
with stirring for morc than 13 half-lives at 43.0 °C in dime-
thyl sulfoxide. and the products were isolale by evaporating
the solvent under reduced pressure. The product mixture was
trcated with column chromatography (silica gel. 13% cthyl
acctate / n-hexanc). The same method was used for the reac-
tion of p-methylbenzyl bromide (BrCH-CsH4CH3) with m-
cvanopyriding (m-CNCsH N). The product analysis dala are
given below.,

CsHsN™-CH-C4H,CH;. M.p. 86~87 °C. &1 NMR (250
MHz. CDCI3). 2.15 (3H. s. CHa). 6.21 (2H. s. CH-). 7.1-7.5
(4H. m. benzene). 8.4-9.6 (SH. m. pyriding). Mass. m/z 184
(M), (Cale. For CxH N (C. 84.8: H. 7.6. Found: C. 84.6:
H. 7.7%).

m-CNC:HN"-CH-C4H,CH:. Mop. 92-94 °C. 8. NMR
(250 MH~z. CDCLy). 2.15 (3H. s. CHa). 6.23 (2H. s. CHa),
7.1-7.4 (4H. m. benzene). 8.4-9.6 (4H. m. pyndine). Mass,
m/z 209 (M*). (Calc. For C,H ;3N (C. 80.4: H. 5.7. Found :
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C. 80.5: H. 5.6%)).
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