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Studies of acid—base catalysis, H/D exchange, and solvent isotope effect on the S-elimination
reactions with formation of p-nitrostyrene in acetohydroxamate/acetohydroxamic acid buffers at
pH 9.05, H,O, » = 1 M KCl, 25 °C, from N-[2-(p-nitrophenyl)ethyllalkylammonium ions with
different leaving groups, such as N-methylpyrrolidine 1, N-ethylpyrrolidine 2, N-isopropylpyrrolidine
3, N-methylpiperidine 4, N-isopropylpiperidine 5, and N-methylazepane 6, show a change from a
partially reversible Elchb mechanism with 1, 2, and 4 to an irreversible Elcb mechanism with 3, 5,
and 6. The change in the rate-determining step is related to the increased steric requirement of
the leaving group. A steric acceleration from the carbanion intermediate to product step is proposed.

The B-phenylethyl system has played an important role
in elucidating the-mechanisms of elimination reactions.!
It has been shown?® that the 8-elimination reaction from
N-[2-(p-nitrophenyl)ethyl]alkylammonium ions induced
by CH;CONHO /CH3CONHOH buffers with formation
of p-nitrostyrene proceeds by the Elcb mechanism, as
shown in Scheme 1. In order to obtain information on
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the relationship between changes in the structure of the
leaving group and the mechanism of the reaction, we
have studied the process of Scheme 2.

Results and Discussion

Acid—base catalysis was studied by following the
formation of p-nitrostyrene at 336 nm (initial rates), 25
°C, in CH;CONHO~/CH3;CONHOH buffers, pH = 9.05,
H:0, u = 1 M KCl. The &y (s™1) was calculated from
the A, = Ay + kos(A. — Ag)t.2* The plots of kg (571)
against [AcNHO™] showed curvature with 1-methyl-1-
[2-(4-nitrophenyl)ethyllpyrrolidinium ion (1),1-ethyl-1-[2-
(4-nitrophenyl)ethyllpyrrolidinium ion (2), and 1-methyl-
1-[2-(4-nitrophenyl)ethyllpiperidinium ion (4). With
1-isopropyl-1-[2-(4-nitrophenyl)ethyllpyrrolidinium ion
(3), 1-isopropyl-1-[2-(4-nitrophenyl)ethyllpiperidinium ion
(5) and 1-methyl-1-[2<4-nitrophenyl)ethyllazepanium ion
(6) linearity, corresponding to general base catalysis, was
observed (Figures 1 and 2).
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The curvatures are consistent with a partially revers-
ible Elcb mechanism in which the term kgu[BH], related
to the protonation of the carbanion intermediate by BH,
competes with k,, the rate constant for the expulsion of

the leaving group (LG) from the intermediate. In this
system the following equations hold.2

. oy [OH™1+ ky[B]
s 2 kyy o + k[ BHI + &y

" (> O

k

(1)

Fops = ko ®m,0 T B2 [B]

k
b —k, 22 (2)

[BH] k,  [BH] B "ok,
_ kg [B]
Ro+k, kuotks

Z =—3 4
= 2

k,O = kOH_[OH_] (5)
- ok

ko =koulOH 1= kyy-[OH ]m (6)

B = AcNOH™; BH = AcNHOH
By a first approximation of the ratio (ku,0 + k2)ks =
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Figure 1. Dependence of the ks (s71) for compounds 1, 2,
and 4 on [AcNHO™]. Solid symbols: kus(H20). Open symbols:
Eas(D20). Solid lines are calculated from eq 2 and the appro-
piate rate constants from Table 1. Circle: substrate 1.
Square: substrate 2. Triangle: substrate 4.
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Figure 2. Dependence of the &g (s7!) for compounds 3, 5,
and 6 on [AcNHO"]. Solid symbols: kqs(H20). Open symbols:
Eobs(D20). Solid lines are from linear regression analysis.
Square: substrate 3. Circle: substrate 5. Triangle: substrate
(6).

1, kg and kpyu/k; are evaluated from the intercept and the
slope of the plot of (ks — ko YIBH] against k..., eq 2.
Using eq 3, a value for k.. (k. at [buffer] that makes the
deprotonation step completely reversible) can be esti-
mated. With the approximation that ky = k', a value
for (km,0 + k2)k; was calculated from eq 4 and used in
eq 2 to obtain better values of kg, kpu/ks, and k...
Following an iterative procedure until convergence allows
the final values of kg, ksu/ks, ko/ku,0, and k. to be
calculated. In our case, no more than two iterations were
necessary. The calculated rate constants are reported
in Table 1.

The kgpu/k; ratio decreased from 1 to 3 (in which general
base catalysis was observed) by a factor of >4 (from the
absence of curvature the kgu/ks ratio was estimated to
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Table 1. Rate Constants for the g-Elimination Reaction
from Compounds 1--6 (in acetohydroxamate/
acetohydroxamic acid buffers, H:O, pH = 9.05, u = 1M

KCl, 25 °C)

sub- - 10%kon® 10kp kpu/ks 108%..

strate M1s™) (M~1sl) (M) kokm, (571 pKa(LGP
1 0.67 1.55 3.67 156 1.81 10.77
2 0.48 1.05 2.58 213 1.75 11.06
3 0.34 0.702¢ <1 11.25
4 1.06 2.19 2.12 238 4.43 10.53
5 0.49 1.01¢ <1 10.92
6 1.20 1.92¢ <1 10.88

2 Observed second-order rate constant for the elimination
reaction in KOH (0.1 M), u = 1 M KCl, 25 °C. ?At 25 °C, Ho0, u =
1 M KClI; the error on pK,(LG) is £0.05. ¢ Slope of the line from
linear regression analysis of the plot kqbs (s71) vs [B], Figure 2.

be <1 for 3). The observed variation is consistent with
a change from a partially reversible Elcb mechanism for
compounds 1 and 2 to an irreversible Elcb mechanism
for compound 3. It is to be noted that the pK, of the
leaving group increases from 1, pK,(LG) = 10.77, to 3,
pK.(LG) = 11.25. An increase in the kpy/ks ratio is
expected? with the associated increase in the pK, of the
leaving group. In our case the observed decrease in the
kpu/ks ratio from 1 to 3 can then be related to the
increased steric requirements of the LG. The results
from a study of H/D exchange are consistent with the
conclusion of a change in the rate-determining step.
When the elimination was carried out in DO with
acetohydroxamate/acetohydroxamic acid buffers, com-
pounds 1 and 2 incorporated deuterium in the §-position,
while H/D exchange was not observed with compound 3.
(The degree of deuterium incorporation was measured
on the p-nitrostyrene, see the Experimental Section.) In
a typical experiment, 1 was reacted with buffers in D,O
at 42 °C, [B] = 0.381 M, and [BD] = 0.589 M. When the
p-nitrostyrene product was 55% of the starting substrate,
the H/D exchange was 12%. For compound 2, at 42 °C,
[B] = 0.352 M, and [BD] = 0.453 M, at 67% of p-
nitrostyrene formed, the H/D exchange was 10%. Similar
experiments carried out with 3 showed no H/D exchange.
Results from a study of solvent isotope effect are also
consistent. .Carrying out the elimination reactions in
buffers in D;0, the kq,(D:0) were significantly higher
than the k,,(H;0) at the same [B] for 1 and 2, while for
3 the k,,s(D20) values substantially fit a linear correlation
for a general base catalysis, (Figures 1 and 2). This is
in agreement with a partially reversible Elcb mechanism
for 1 and 2 and an irreversible Elch mechanism for 3.
In fact, the term related to the protonation of the
intermediate carbanion, kpu[BH], is lower in D;O due to
the presence of a primary deuterium kinetic isotopic
effect that makes kgp < kpn. In a partially reversible
Elcb mechanism, this term is significant in eq 1, and an
increase in kqs(D;0) with respect to kq,s(H20) is expected.
The effect is greater at higher buffer concentrations
because the kzy[BH] term is larger.

The structural change from 4 to 5 is similar to that
from 1 to 3. A methyl group in the leaving group is
substituted by an isopropyl group. The study of acid—
base catalysis and solvent isotope effect (Figures 1 and
2, data of Table 1) shows that, also in this case, there is
a change from a partially reversible Elcb mechanism
with 4 to an irreversible Elcb mechanism with 5. The
decrease in the kpu/k; ratio can also be related to the
increased steric requirement in the leaving group as the
pK. of the LG increases from 4 to 5 (Table 1).



Effect of Leaving Group Structure in Elcb Mechanism

Finally, a comparison of the kgy/k; ratios of substrates
1, 4, and 6 allows evaluation of the effect of leaving group
ring size. It can be seen from Figures 1 and 2 and the
data of Table 1 that the kpu/k. ratio decreases from 1 to
4 to 6. In this series too, there is a change from a
partially reversible Elcb mechanism for 1 and 4 to an
irreversible Elcb mechanism for 6, as shown by the acid—
base catalysis and solvent isotope effect studies. The
small increase in the pK, of the LG (Table 1) from 1 to 6
indicates that the observed variation in mechanism is not
related to the electronic effect but to a steric effect.

In conclusion, this system shows a decrease in the kpy/
k3 value related to an increased steric requirement of the
leaving group. This decrease in the kgu/k, ratio can be
traced back to an increase in the k; rate constant, since
the kg rate constant is not expected to be strongly
affected by this structural variation of the leaving group
in the S-position with respect to the site of protonation
of the intermediate by Ac(NHOH. In fact variations on
the electronic effect of the leaving group have little
influence on the kgy rate constant,? and the increased
steric requirements of the leaving group from 1 to 8 and
from 4 to 5 have a limited effect on the 2oy and &g rate
constants (from Table 1, it can be seen that the total
variation in koy and kg is a factor of ca. 2, and it is the
sum of the electronic and steric contributions). We
suggest that the increase in the &5 rate constant can be

¢ k2
%N—@—CH—?H-‘; ——— OzN‘-©—CH=CH2 + /T\

+
AR

explained by a relief of steric strain (this effect has also
been reported in Sy1-type reactions®® and S-elimination
reactions’ ), since the steric requirements on the inter-
mediate are larger than in the products, and/or by a
different solvation® of the intermediate.

Experimental Section

Materials. Glass-distilled and freshly boiled water was
used throughout. Reagent grade potassium chloride, 2-(p-
nitrophenyl)ethyl bromide, and acetohydroxamic acid (Aldrich)
were used without further purification. p-Nitrostyrene was
prepared and purified as previously described.*

1-[2-(4-Nitrophenyl)ethyllpyrrolidine (7). A mixture of
(p-nitrophenylethyl bromide (2.1 g, 9.13 mmol) and pyrrolidine
(6.6 g, 92 mmol) in 2 mL of acetonitrile was kept at 45 °C for
2 h and at room temperature for 8 h. The reaction mixture
was hydrolyzed with potassium carbonate and the amine
extracted with Et,O and dried over NasSO4. The solvent was
removed under reduced pressure, and the resulting crude
product was purified by crystallization with petroleum ether
at —20 °C to give 1.83 g (8.3 mmol) of yellow solid: mp 43 °C;
!H-NMR (80 MHz, CDCly) 6 1.8 (m, 4H), 2.7 (m, 8H), 7.25—
8.3 (m, AA'BB’ system, 4H); MS m/z 220 (M*), 84 (100). Anal.
Caled: C, 65.43; H, 7.30; N, 12.72, Found: C, 65.42; H, 7.53;
N, 12.50.

1-[2-(4-Nitrophenyl)ethyl]piperidine (8). The procedure
for the synthesis of the amine 8 was the same as the one for
amine 7. From 4 g (17 mmol) of (p-nitrophenyl)ethyl bromide
and 13 g (153 mmol) of piperidine in 10 mL of acetonitrile was
obtained 2.5 g of crude product, and then it was chromato-
graphed on silica gel (eluent Et;O/CH3;0H, 85/15) to give 1.2

(5) Brown, H. C.; Fletcher, R. S. J. Am. Chem. Soc. 1948, 71, 1845.
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g (5.1 mmol) of amine 8 as a yellow oil: 'H-NMR (80 MHz,
CDCl3) 8 1.6 (m, 6H), 2.7 (m, 8H), 7.25 —8.4 (m, AA’B’ system,
4H); MS m/z 234 (M%), 98 (100). Anal. Caled: C, 66.64; H,
7.74; N, 11.96. Found: C, 66.56; H, 7.75; N, 11.86.
1-[2-(4-Nitrophenyl)ethyllazepane (9). The procedure
for the synthesis of the amine 9 was the same as the one for
amine 8. From 3.6 g (15.6 mmol) of (p-nitrophenyl)ethyl
bromide and 18 g (180 mmol) of azepane was obtained 1.2 g
(4.8 mmol) of amine 9 as a yellow oil: 'H-NMR (80 MHz,
CDCly) 4 1.6 (m, 8H), 2.7 (m, 8H), 7.25—8.3 (m, AA'BB’ system
4H); MS m/z 248 (M%), 112 (100). Anal. Caled: C, 67.72; H,
8.12; N, 11.28. Found: C, 67.88; H, 8.03; N, 11.19.
1-Ethylpyrrolidine (10). An equimolar amount of ethyl
bromide was added dropwise to a solution of pyrrolidine in
methanol keeping the temperature at 20 °C by an ice—water
bath. The mixture was hydrolyzed with potassium carbonate,
extracted with ether, and dried over NazSQ,. The solution was
fractionally distilled and the fraction with bp 104—105 °C? was
collected. 10: 'H-NMR (80 MHz, CDCl3) 6 1.12 (t,J = 7 Hz,
3H), 1.78 (m, 4H), 2.50 (m, 6H); MS m/z 99 (M™), 84 (100).
1-Isopropylpyrrolidine (11). The procedure for the syn-
thesis of amine 11 was the same as the one for amine 10.
Isopropyl iodide was used as reagent. 11: bp 112—113 °C;10
'H-NMR (80 MHz, CDCl;) é 1.1 (d, J = 7 Hz, 6H), 1.85 (m,
4H), 2.4 (m, 1H), 2.65 (m, 4H); MS m/z 113 (M), 98 (100).
1-Isopropylpiperidine (12). The procedure for the syn-
thesis of amine 12 was the same as the one for amine 10.
Isopropyl iodide and piperidine were used as reagents. 12:
bp 149—150 °C;!! TH-NMR (80 MHz, CDCl;) 6 1.05 (d, J = 7
Hz, 6H), 1.6 (m, 6H), 2.4 (m, 4H), 2.7 (m, 1H); MS m/z 127
(M), 112 (100).
1-Methylazepane (13). The procedure for the synthesis
of amine 13 was the same as the one for amine 10. Methyl
iodide and azepane were used as reagents. However, in this
case the fraction distilled at 136 °C was a mixture of azepane
and amine 18. Separation of the secondary and tertiary amine
was accomplished by standard Hinsberg procedure. The
amine 13 was purified by distillation: bp 138 °C;!? tH-NMR
(80 MHz, CDCl;) ¢ 1.6 (m, 8H), 2.3 (s, 3H), 2.55 (m, 4H); MS
m/z 113 (M*), 84 (100).
1-Methyl-1-[2-(4-nitrophenyl)ethyl]pyrolidinium io-
dide (1). An excess of methyl iodide was added to a solution
of amine 7 (600 mg, 2.7 mmol) in 5 mL of acetonitrile. The
mixture was stirred for 2 h at 40 °C. The reaction mixture
was then evaporated to dryness and the solid washed with
Et;0. The salt was dissolved in 2 mL of ethanol and
precipitated with Et;0. The solid was washed with Et;0 and
crystallized twice from 2-propanol—ethanol at —20 °C to give
salt 1, 250 mg (0.69 mmol): mp 123—133 °C dec; tH-NMR (80
MHz, D;O) ¢ 2.1 (m, 4H), 3.0 (s, 3H), 3.5 (m, 8H), 7.35—-8.15
(m, AA'BB’ system, 4H). Anal. Caled: C, 43.11; H, 5.29; N,
7.73. Found: C, 42.98; H, 5.40; N, 7.82.
1-Ethyl-1-[2-(4-nitrophenyl)ethyllpyrrolidinium Bro-
mide (2). The procedure for the synthesis of salt 2 was the
same as the one for salt 1. From 760 mg (3.5 mmol) of amine
7 and an excess of ethyl bromide was obtained 290 mg (0.88
mmol) of salt 2. The salt was crystallized from 2-propanol at
—20 °C: mp 119-129 °C dec; 'H-NMR (80 MHz, D,0) 6 1.3
(t, 3H), 2.1 (m, 4H), 3.35 (m, 10H), 7.35—8.15 (m, AA’BB’
system, 4H). Anal. Caled: C, 51.07; H, 6.43; N, 8.51.
Found: C, 51.17; H, 6.48; N, 8.36.
1-Isopropyl-1-[2-(4-nitrophenyl)ethyllpyrrolidinium Io-
dide (3). An excess of isopropyl iodide was added to a solution
of amine 7 (1 g, 4.5 mmol) in 5 mL of acetonitrile. The reaction
mixture was refluxed for 5 h, and then evaporated to dryness.
The residual was washed with Et;O, dissolved in 2 mL of
ethanol, and precipitated with Et;0. The solid was treated
with hot 2-propanol. The undissolved solid was crystallized
from 2-propanol at room temperature. A second crystallization
from 2-propanol—ethanol at room temperature gave 200 mg

(9) Braun, J. V. Chem. Ber. 1911, 44, 1256.
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(12) Lindsay, J. R.; Masheder, D. J. Chem. Soc., Perkin Trans. 2
1976, 1, 47.
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(0.51mmol) of 3: mp 185189 °C dec; *H-NMR (80 MHz, D;0)
6 1.3(d, J = 6 Hz, 6H), 2.1 (m, 4H), 3.1 (m, 2H), 3.5 (m, 6H),
3.8 (m, 1H), 7.35~8.15 (m, AA’'BB’ system, 4H). Anal. Cal-
cd: C, 46.16; H, 5.94; N, 7.18. Found: C, 46.12; H, 5.85; N,
7.32.

1-Methyl-1-[2-(4-nitrophenyl)ethyl]lpiperidinium Io-
dide (4). The procedure for the synthesis of salt 4 was the
same as the one for salt 1. From 650 mg (3 mmol) of amine 8
and an excess of methyl iodide was obtained 500 mg (1.3 mmol)
of 4. The salt was crystallized from 2-propancl—ethanol at
—20 °C: mp 167—170 °C dec; 'H-NMR (80 MHz, D;0) ¢ 1.8
(m, 6H), 3.1 (s, 3H), 3.4 (m, 8H), 7.35—8.3 (m, AA’'BB’ system,
4H). Anal. Caled: C, 44.69; H, 5.63; N, 7.45. Found: C,
44.73; H, 5.72; N, 7.33.

1-Isopropyl-1-[2-(4-nitrophenyl)ethyl]lpiperidinium Io-
dide (§). The procedure for the synthesis of salt § was the
same as the one for salt 3. From 2 g (8.5 mmol) of amine 8
and an excess of isopropyl iodide, was obtained 800 mg (1.98
mmol) of 5. The salt was crystallized from 2-propanol—ethanol
at room temperature: mp 217—219 °C dec; 'H-NMR (80 MHz,
D;0) 4 1.4 (d, J = 6 Hz, 6H), 1.8 (m, 6H), 3.4 (m, 8H), 4.1 (m,
1H), 7.35—8.4 (m, AA'BB’ system, 4H). Anal. Caled: C, 47.53;
H, 6.23; N, 6.93. Found: C, 47.46, H, 6.10; N, 6.84.

1-Methyl-1-[2-(4-nitrophenyl)ethyllazepanium lodide
(6). The procedure for the synthesis of salt 6 was the same
as the one for salt 1. From 700 mg (2.82 mmol) of amine 9
and an excess of methyl iodide was obtained 950 mg of 8. The
salt was crystallized from 2-propanol—ethanol at 0 °C mp 182—
184 °C dec; 'H-NMR (80 MHz, D,0) 6 1.8 (m, 8H), 3.1 (s, 3H),
3.5 (m, 8H), 7.35—8.35 (m, AA’'BB’ system, 4H). Anal. Cal-
cd: C, 46.16; H, 5.94; N, 7.18. Found: C, 45.98; H, 6.05; N,
7.06.

Kinetic Measurements. The kinetics were studied fol-
lowing the decomposition of the [2-(4-nitrophenyl)ethyllam-
monium ions to p-nitrostyrene at 25 °C, with aqueous potas-
sium hydroxide and aqueous acetohydroxamate/acetohydrox-
amic acid buffers. The ionic strength was maintained at 1 M
with potassium chloride. Slight variations in pH within the
buffer series required some adjustments of the pH to 9.05. The
appearance of p-nitrostyrene was followed spectrophotometri-
cally at 336 nm (¢ = 8298 in H;0, 4 = 1 M KCl, 25 °C) after
injection of 50—100 uL of substrate solution (H2O or H,O/CHj-
CN) into a temperature-equilibrated cuvette containing 2 mL
of the buffers or hydroxide solution. The reactions with
hydroxide solutions were followed to completion. The pseudo-
first-order rate constants were obtained from the slopes of the
plot In(A.. — Ap)/(A.. — A) vs time.

The reactions with buffer solutions (pH = 9.05, 25 °C, H;0,
# = 1 M KCl) were studied by using ca. 3 x 1072 M substrate
and following the reaction to 2—3% completion, The total
concentration of buffer solutions was 0.6—0.06 M. The pseudo-
first-order rate constants, kops (s7!), were obtained from the
slopes of the plot A; vs time divided by (A. — Ap). An
association constant of 0.27 M~! was considered for buffer
association.? The [OH-] was calculated from the equation*
—log [OH"]1 = 14 — (pH + 0.19). The pK, of AcNHOH is 9.4
at 25 °C, HzO, « = 1 M KC1.?2 It was shown that p-nitrostyrene
was stable in the buffer solutions used and under the experi-
mental kinetic conditions. As a control, for all substrates it
was confirmed that the kqs (s™1) obtained in 0.1 M KOH, from
the initial rates and from following the reactions to completion,
were in agreement.

Product Analysis. Experiments carried out with all the
substrates in buffers showed that after extraction with n-
hexane and VPC analysis, the only products were p-nitrosty-
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rene and the amine leaving group. Reactions in KOH were
also quantitative eliminations to p-nitrostyrene as shown by
UV analysis of the p-nitrostyrene product.

PK. Determination. The pK, values of the amine leaving
group were determined by titration at 25 °C, H,O, u = 1 M
KCl.

Solvent Isotope Effect. The elimination reactions were
followed in acetohydroxamate/acetohydroxamic acid buffers,
D30, using the same procedure described for reactions in Hy0.
The [B] and [BD] were calculated from the measured pH and
the relationships:'® pD = pH + 0.4 and pD — pK. = log
[BIBD]. The ratio [BY/[BD] was always 0.5. Measuring the
pH of solutions with different [B/[BD] ratios, we found a pK,
=10 + 0.05 for AcNHOH (D0, u = 1 M KCl, 25 °C), which
was in agreement with a previously reported? value.

H/D Exchange. Experiments were carried out dissolving
the substrate (2 x 10~2 M) in acetohydroxamate/acetohydrox-
amic acid buffers in D20 solution at the desired temperature.
The reaction mixture was covered with a layer of n-hexane,
frequently shaken, and extracted. Under these conditions the
contribution to deuteration by the addition of the amine
leaving group to p-nitrostyrene can be excluded.2 When the
reaction mixture reached the desired percentage, the reaction
mixture was extracted with n-hexane and the residual sub-
strate was treated in KOH (1 M), at 45 °C for 90 min; this
reaction mixture was covered with a layer of n-hexane,
occasionally shaken, and extracted. The degree of deuterium
incorporation was determined in the p-nitrostyrene formed in
this elimination reaction. Mass spectra of this p-nitrostyrene
show that the ratio of the peaks M/(M + 1), m/e 149/150,
decreased when a significant amount of deuterated p-nitro-
styrene was present (we found that the ratio in the mass

De Hp
o=
Ha
spectra of the p-nitrostyrene formed from the reaction of the
reagent with KOH was 10.8 + 2). The percentage of H/D
exchange was evaluated from % (H/D) = 100(10.8C — A)/(9.84
+ 10.8C), where A is the intensity of the peak at m/e 149 and
C that of the peak at m/e 150. The 'H-NMR spectral4 (CDCl;)
of these samples show the expected appearance of the mul-
tiplets at = 5.9 and 5.5 ppm related to the coupling of the
H, and H; protons with deuterium. It is to be noted that in
the elimination induced by KOH, the transfer of the proton to
the base is faster than that of deuterium due to a primary
deuterium kinetic isotope effect; however, in this process is
expected a limited loss of deuterium.
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