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ABSTRACT: The rate constants were measured for deprotonation of 1-(carbethoxymethyl)pyridinium chloride and
1-(2-carbethoxyethyl)pyridinium bromide with strong bases (DBU, MTBD, TBD and P2-Et) in acetonitrile. The UV
spectra and semiempirical calculations are consistent with an ylide structure of the deprotonated species. The ylides
obtained slowly decompose, and the reaction products were identified by1H NMR spectroscopy; 1-
(carbethoxymethyl)pyridinium chloride givesN-methylpyridinium cation and ethanol and 1-(2-carbethoxyethyl)pyr-
idinium bromide converts to pyridine and ethyl acrylate. Copyright 1999 John Wiley & Sons, Ltd.
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INTRODUCTION

Strong bases can abstract eithera- or b-protons from
quaternary ammonium halides. Abstraction of ana-
proton gives ylides as the intermediates. When ab-proton
is removed, an elimination can occur that is similar to a
Hofmann elimination.1

Most N-ylides are capable of only fleeting existence.2

On the other hand, in pyridinium-type ylides a deloca-
lization of charge into the heterocyclic ring may occur
and the stability of such compounds is enhanced.
Pyridine ylides with C = O or CN groups are so stable
that their structures could be determined by x-ray
diffraction.3–6

Ammonium ylides are important precursors in organic
synthesis, owing to their rearrangement under mild
conditions to form highly substituted organic compounds
and the ability to prepare compounds stereospecifically
from ammonium ylides.7 The major drawback in the use
of ammonium ylides in synthesis is the competition
between the two primary rearrangement pathways of
these compounds, the Stevens [1, 2] and the Sommelet–
Hauser [2, 3] rearrangements.7,8

Pyridinium ylides without ab-hydrogen react with
olefinic dipolarophiles.9–11 The reactivity of theN-CH2

group in carbethoxymethylpyridinium salts becomes
comparable to that of the methylene groups inb-keto
esters.12 In these compounds, the action of base rapidly
generates ylides and further reaction results in cleavage
to an acid and anN-methylpyridinium salt,13 by a
mechanism probably similar to that involved in the
fission ofb-dicarbonyl compounds. In the case of ylides
with a b-hydrogen, there is a possibility of Hofmann
elimination to form an alkene and pyridine or a less
substituted amine.1

Most alkene-forming elimination reactions proceed
through a one-step concertedE2 mechanism or a
stepwiseE1cB mechanism with a carbanionic intermedi-
ate.14 Buntinget al.15 reported a detailed kinetic study of
the hydroxide ion-catalysed elimination of pyridines
from N-(2-cyanoethyl)pyridinium cations in aqueous
solution for a pyridine group having a pKBH in the range
1.5–9.7. Reaction rates are both pH and X-substituent
dependent, with a total range of 4� 105-fold in pseudo-
first-order rate constants. Brønsted plots as a function of
the basicity of the pyridine leaving group are concave-
down, which is consistent with a change in rate-
determining step within anE1cB mechanism. These
plots are characterized byblg =ÿ0.30 for the rate-
determining deprotonation for pKBH < 5.8 and
blg =ÿ0.93 for the rate-determining expulsion of the
pyridine nucleofuge from the carbanionic intermediate
for pKBH > 5.8. These reactions are further perturbed by
hydrogen–deuterium exchange and by the Michael-type
addition of pyridines (pKBH > 6) to acrylonitrile to
produceN-(2-cyanoethyl)pyridinum cations.
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In this work we investigated the deprotonation
reactions of 1-(carbethoxymethyl)pyridinium chloride
(1a) and 1-(2-carbethoxyethyl)pyridinium bromide(2a)
by strongbasesin aproticsolventsto obtaininformation
on therelativeacidity of hydrogensin methylenegroups
in thea- andb-positions.

RESULTS AND DISCUSSION

The strong N-bases1,8-diazabicyclo[5.4.0]undec-7-ene
(DBU) (pKa = 23.9),16 7-methyl-1,5,7-triazabicy-
clo[4.4.0]dec-5-ene(MTBD) (pKa = 24.70),17 1,5,7-tria-
zabicyclo[4.4.0]dec-5-ene (TBD) (pKa = 24.97)17 and
Schwesingerbase,phosphazene(P2-Et) (pKa = 32.80)18

wereusedfor deprotonationreactions;pKa valueswere
determinedin acetonitrilesolution(Scheme1).

Whena 1-(carbethoxyalkyl)pyridinium halide(AH) is
treated with an excess of a strong base (B)
([B0] 4 [AH0]), the following processescanoccur:

where k is the rate constant for the deprotonation
(forward) reaction, k- is the rate constant for the
protonation(backward)reaction,[B0] is the initial base
concentration,[B�H] is the concentrationof the cation
andKD is the dissociationconstantof the ion pair (Aÿ,
B�H) (Scheme2).

The kobs values were calculatedfrom the tracesof
absorbance(1a, 420nm; 2a, 368 nm) vs time and are
listed in Tables1 and2. Whenkobs is plottedvs [B0] an
excellentstraight line is obtained(r > 0.99), wherethe

slopegivesk valuesandtheinterceptk- values(Tables1
and Table 2). This indicatesthat Eqn (1) describesthe
investigatedreactionproperly.Note howeverthat in the
caseof Eqn (2) the term [B�H] is not constant;the
processfor theforwardreactionis first orderbut that for
thebackwardreactionis secondorder.

Although Eqn (1) correctlyfits the experimentaldata
model, Eqn (3) cannot be completely neglected.The
dissociationof the hydrogen-bondedion pairs into ions
increaseswith increasingdilution and temperature.It
seemsthat the contribution of solvated ions can be
neglectedin the rangeof concentrationandtemperature
appliedin this work.

In ylides the carbonis basicand actsas a hydrogen
bondacceptor.Accordingto ab initio calculations(MP2/
6–311�� G** ), ylides form hydrogenbondsevenwith
suchweakprotondonorsasmethanol.19

More reactive 1a undergoesdeprotonationwith all
basesin acetonitrileand DMSO solutionsto give ylide
1b. However,P2-Et,asthestrongestbase,reactstoo fast

to be investigatedquantitatively(Table1).
The activation parameterswere calculated by the

linearleast-squaresfit of lnk vs1/T (Table3). Thevalues
of DG≠ are independentof the N-base used, within
experimentalerror. The large negativevalues for the
entropyof activation (DS≠) reveal that solvation in the
transitionstateis highly ordered.

Thedeprotonationrateconstantsof 1a arecomparable
to thosefor deprotonationof dimethyl (4-nitrophenyl)-

AH � B �
kÿ

k �Aÿ;B�H�; kobs� k�B0� � kÿ �1�

AH � B �
kÿ

k
Aÿ � B�H; kobs� k�B0� � kÿ�B�H� �2�

AH � B �
kÿ

k �Aÿ;B�H� �
KD

Aÿ � B�H; kobs� k�B0� � kÿ�B�H�=KD �3�

Scheme 1 Scheme 2
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malonate.20 This result conformsto that of compounds
containing a CH2 group flanked by two activating
carbonylsubstituents.

Figure 1 illustrates the UV spectrum of 1a in
acetonitrileand its time-dependentchangeson addition
of P2-Et. The absorptionat 420nm is a result of the
resonanceinteractionsof theylide chromophorewith the
COOEt substituent(1b. 1c) (Scheme3). The signifi-
cant decreasein intensity of the 420nm absorption
reflectsconversionof the ylide to productsasshownin
Scheme3. Thesereactionproductswereidentifiedby 1H
NMR spectroscopy.For 1a the reactionproductshave
spectroscopicpropertiesidenticalwith thoseof amixture
of N-methylpyridinium iodide21 and ethanol. The 1H
NMR chemicalshiftsof 1a, its reactionmixturewith P2-
Et andthedecompositionproductsof theylide arelisted
in Table4. WhenP2-Etis addedto 1a, thesignalsdueto

Table 1. Kinetic data (standard deviation in parentheses) for the deprotonation reaction of 1-(carbethoxymetyl)pyridinium
chloride (1a) (3� 10ÿ5

M) with bases (0.0005±0.0075 M) in acetonitrile

kobs (sÿ1)

Base Temperature(°C) 0.0005M 0.0025M 0.0050M 0.0075M 10ÿ4 k (l molÿ1 sÿ1) Int (sÿ1)

DBU 5 200 (3) 285(4) 410(5) 530(7) 4.75(9) 172 (5)
10 285 (4) 402(5) 535(6) 673(9) 5.51(7) 260 (3)
15 365 (5) 485(3) 655(8) 830(12) 6.67(15) 325 (7)
20 500 (6) 640(3) 835(5) 1027(11) 7.57(13) 457 (5)
25 615 (6) 774(8) 986(7) 1210(12) 8.51(15) 566 (7)

MTBD 5 230(4) 336(3) 480(4) 630(8) 5.76(10) 197 (3)
10 254 (3) 377(6) 555(8) 729(9) 6.94(7) 207 (3)
15 260 (2) 413(5) 608(8) 810(9) 7.86(6) 218 (3)
20 263 (5) 443(5) 658(11) 871(10) 8.71(9) 221 (4)
25 285 (4) 480(6) 726(11) 986(11) 10.27(13) 216 (6)

TBD 5 263 (4) 421(4) 642(8) 856(8) 8.52(12) 215 (6)
10 302 (5) 500(5) 760(10) 974(9) 9.51(28) 260 (13)
15 342 (3) 557(4) 827(9) 1072(13) 10.46(17) 294 (8)
20 389 (5) 621(8) 897(9) 1194(11) 11.56(13) 325 (6)
25 430 (4) 675(8) 1004(11) 1320(13) 12.77(11) 366 (5)

P2-Et — a

a The reactionis too fast.

Table 2. Kinetic data (standard deviation in parentheses) for the deprotonation reaction of 1-(carbethoxyethyl)pyridinium
bromide (2a) (3� 10ÿ5

M) with P2-Et (0.0005±0.0125 M) in acetonitrile

kobs (sÿ1)

Temperature(°C) 0.0005M 0.0075M 0.0100M 0.0125M k (l molÿ1 sÿ1) Int (sÿ1)

5 0.035(2) 0.075(2) 0.103(5) 0.143(3) 141 (7) ÿ0.030(1)
10 0.053(2) 0.100(3) 0.135(3) 0.186(4) 174 (8) ÿ0.030(1)
15 0.112(4) 0.175(4) 0.235(4) 0.294(4) 242 (8) ÿ0.030(1)
20 0.173(4) 0.254(4) 0.341(3) 0.425(5) 337 (3) 0.003(1)
25 0.250(5) 0.362(4) 0.485(5) 0.611(4) 474 (9) 0.010(1)

Table 3. Thermodynamic data

Compound Base DH≠ (kJ molÿ1) ÿDS≠ (J molÿ1 Kÿ1) DG≠ (kJ molÿ1)

1a DBU 18.11� 0.90 90� 3 44.87� 0.90
MTBD 16.71� 1.02 93� 4 44.47� 1.02
TBD 11.24� 0.42 109� 2 43.91� 0.42

2a P2-Et 40.12� 2.46 60� 8 57.89� 2.46

Figure 1. UV±visible spectra of (a) 1a (5� 10ÿ5
M) and a

mixture of 1a (4� 10ÿ5
M) with P2-Et (1� 10ÿ2

M) in
acetonitrile after (b) 0.5, (c) 6, (d) 12 and (e) 20 min
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theprotonsof thepyridinering lost theirmultiplicity and
becomebroad (Fig. 2). This suggeststhat 1a is in a
dynamicequilibrium with 1b and1c.

Deprotonationof the less reactive species,2a, was
investigatedonly with P2-Et (Table 2), becausethe
reactionwith other baseswas too slow to study. In 2a
therearetwo CH2 groupsandtheir relativeaciditiesare
not known. One may expect that the formation of the
ylide 2b would producea considerablered shift and
hyperchromic effect in the UV spectra becauseof
lengtheningof theconjugatedsystem.Ontheotherhand,
the formation of 2c would causelittle changein the
absorption.As Fig.3 shows,additionof P2-Etto 2ashifts
theabsorptionto ca368nmandprovesthat2b is formed.
Semiempiricalcalculationssupport the above conclu-
sion.FromTable5, it is seenthat2b is morestablethan
2c by 65 kJ molÿ1. Hence it seemsthat the N�CH2

hydrogenatomsareslightly moreacidic thanCH2COO.
a-Deprotonationof the secondring carbon was also
observedwhen N-ethylpiperidine was treated with a
super-base(s-BuLi–t-BuOK).22

A typical time-dependentUV spectrumshowingthe
disappearanceof 2b is shownin Fig.3. Theylidesarenot
very stable compoundsand slowly rearrangeto more
stableproducts.The1H NMR spectrumshowsthatcation
2a on additionof P2-Etslowly undergoeseliminationto
give pyridineandethyl acrylate(Fig. 4 Table6), but the
reactiondoesnot go to completion,becausethesecom-
poundsremainin equilibrium. The elimination reaction
of acrylates is reversible.15 The formation of ethyl
acrylateestablishedthat the elimination occursvia 2c,
whichcanbegenerateddirectly from 2aandadditionally
via 2b (Scheme4). ThusP2-Etabstractsboth a- andb-
protonsfrom 2abutabstractionof thea-hydrogenatomis

Scheme 3

Table 4. 1H NMR data for products resulting from the reaction between 1a and P2-Et in DMSO-d6
a

Assignment P2-Et CH3CH2OH

Ha a 9.33(broad) 9.29(d) — —
b 8.98(d) 9.00(d)b

Hb c 8.28(broad) 8.30(t) — —
d 8.11(t) 8.12(t)b

Hg e 8.75(broad) 8.75(t) — —
f 8.57(t) 8.57(t)b

N-CH2 g 5.96(broad) 5.93(s) — —
h 2.80(m) 2.80(m)

N-CH3 i 2.64(s) — 2.61(s) —
j 2.63(s) 2.58(s)
k 2.61(s) 2.54(s)
l 2.60(s) 2.50(s)
m 2.52(s)
n 5.02(s) 4.37(s)b

OCH2 o 4.21(d,broad) 4.24(q) — —
p 3.44(q) 3.44(q)

CH3 r 1.24(t) 1.29(t) —
s 1.09(t) 0.95
t 1.05(t) 1.05(t)

a d = Doublet;m = multiplet; t = triplet; q = quartet.
b Datafrom Ref. 21.
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the rate-determiningstep.The elimination stepis much
slowerthanthedeprotonationreaction.

The time-dependentUV spectraof substituted1-(2-
cyanoethyl)pyridinium cationsin aqueousalkalinesolu-

tionsshowthat thereactionmixture is transparentabove
300nm.15 Theabsorptionsof thepyridinium cationsare
more intensethan thoseof neutral pyridines but their
wavelengthsare comparable.The only exceptionsare
cations with amino and methoxy substituents,which
showa moresignificantspectralchangeasa resultof the
resonanceinteractions of the substituentswith the
pyridinering. ThesedatashowthatN-(2-cyanoethyl)pyr-
idinium cationsin alkalineaqueoussolutiondo not form
ylides.Hence,the deprotonationmechanismof pyridine
cationsby strong basesin aprotic solventsis different
from that in aqueousalkalinesolution.

Figure 2. 1H NMR spectrum of a mixture of 1a and P2-Et in DMSO-d6

Figure 3. UV±visible spectra of (a) 2a (5� 10ÿ5
M) and a

mixture of 2a (4� 10ÿ5
M) with P2-Et (1� 10ÿ2

M) in
acetonitrile after (b) 0.5, (c) 6, (d) 12, (e) 18 and (f) 30 min

Table 5. Calculated heats of formation (DHf) and dipole
moments (m)

Compound DHf (kJ molÿ1) m (D)

PM3 SAM1 PM3 SAM1

1b ÿ94.98 ÿ106.02 2.55 2.78
2b ÿ116.98 ÿ111.54 2.10 2.30
2c ÿ44.56 ÿ45.77 10.31 10.45
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CONCLUSIONS

Thedeprotonationof la with DBU, MTBD, TBD andP2-
Et and 2a with P2-Et in aprotic solvents has been
investigatedby kinetic measurements,UV and1H NMR

spectroscopyand PM3 semiempiricalcalculations.The
kobsdatafits Eqn(1) well. TheUV spectrashowthatboth
compoundsform ylides, which undergodecomposition.
These decompositionreactionswere followed by 1H
NMR spectroscopy.TheN-methylpyridinium cationand
ethanol were detectedin the mixture containing 1a,
whereaspyridineandethyl acrylateweredetectedin the
mixture containing2a.

It is interesting that deprotonation of the 1-(2-
cyanoethyl)pyridinium cation in aqueousalkaline solu-
tion doesnot proceedvia ylides.15 Thus deprotonation
with strongbasesin aproticsolventsdiffers from that in
alkalineaqueoussolution.

EXPERIMENTAL

An equimolarmixture of pyridine andtheappropiate!-
haloalkanecarboxylic ethyl esterwasallowedto standat
room temperatureuntil a solid was precipitated.This
productwas filtered off and washedwith diethyl ether.

Figure 4. 1H NMR spectrum of a mixture of 2a with P2-Et in DMSO-d6

Scheme 4
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The 1-(carbethoxyalkyl)pyridinium halides were very
hygroscopicandcouldbe hydrolysedto the correspond-
ing 1-(carboxyalkyl)pyridinium halides by standingat
room temperaturefor several weeks; 1-(carbethoxy-
methyl)pyridinium chlorides(1a), m.p. 62–65°C (lit.,23

m.p. 70°C), 1-(2-carbethoxyethyl)pyridinium bromides
(2a), m.p.67–69(lit.,24 m.p.70–72°C).

The bases, 1,8-diazabicyclo[5.4.0]undec-7-ene
(DBU), 7-methyl-1,5,7-triazabicyclo[4.4.0]dec-5-ene
(MTBD), 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD)
and Schwesingerbase,phosphazenebase(P2-Et),were
purchasedfrom Flukaandwereusedasreceived.

Acetonitrile waspurifiedby themethodof O’Donnell
et al.25 with a final distillation from P2O5 (b.p. 81.5–
82.0°C).

The1H NMR spectrawererecordedin DMSO-d6 on a
Varian Gemini 300VT spectrometer, operating at
300.07MHz, using TMS as the internal standard.The
spectraof themixtureof compounds1a or 2awith P2-Et
weremeasuredimmediatelyafter preparation.

UV spectrawererecordedin acetonitrileonaHewlett-
Packarddiode-arrayspectrophotometer.

The kinetic runs for the deprotonationreactionwere
carried out using a stopped-flow spectrophotometer
(Applied Photophysics)with thecell block thermostated
to within� 1°C.

PM326 and SAM127 semiempiricalcalculationswere
performedusingtheAMPAC 5.0program.28 In all cases
the PRECISE keyword was used and full geometry

optimization was carried out without any symmetry
constraints.
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