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ABSTRACT: The reaction of OHÿ ion with 1,o-bis(2-bromopyridinium)alkanes, where the reaction centers are
separated by a varying number of methylene groups, was investigated to model the increased velocity of OHÿ attack
on premicellar aggregatedN-alkylpyridinium compounds. 1,o-Bis(2-bromopyridinium)alkanes (RPBr) [R = propane
(I), butane (II), pentane (III), hexane (IV) and octane (V)] were synthesized and characterized by standard procedures.
The kinetics of I–V with OHÿ ion fitted two consecutive first-order reactions. The intermediate products, 1-(2-
pyridone)-o-(2-bromopyridinium)alkane, and also the final products 1,o-bis(2-pyridone)alkanes, were isolated.
Deuterium isotope effects, activation parameters and salt effects on the reaction rates suggest that OHÿ attack is rate
limiting and there is a through-space acceleration of the initial attack due to the proximity of the positive charges.
These results place an upper limit of 20-fold for the electrostatic acceleration in OHÿ attack in premicellar aggregates.
 1998 John Wiley & Sons, Ltd.
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INTRODUCTION

Reactions of OHÿ with 4-cyano-N-alkylpyridinium ions
(RPCN) produce the corresponding pyridones (P) and
amides (A), by nucleophilic attack at either the CN group
or at C-4 of the pyridinium ring.1,2For a series of RCPNs,
with R varying from methyl to dodecyl, the first-order
rate constants for alkaline hydrolysis (k ), in excess OHÿ,
are independent of RPCN concentration up to 1� 10ÿ3 M

substrate.2 For 4-cyano-N-hexadecylpyridinium (HPCN),
however, the values ofk and theP/A ratios increase with
[HPCN] from concentrations as low as 1� 10ÿ6 M.2

HPCN is a detergent and its critical micelle concentration
(CMC), measured by conductivity or fluorescence
quenching, isca 1� 10ÿ3 M, well above the concentra-
tion where the reaction rate and products for OHÿ ion
attack change with concentration.2 HPCN, and also other
RPCNs with R> butyl, are incorporated in hexadecyl-
trimethylammonium halide (HTAX) micelles.2,3 The
reaction rate of micellar-incorporated RPCN with OHÿ

is orders of magnitude faster than the reaction in aqueous
solution.2,3 As for many other bimolecular reactions, the
calculated second-order rate constant in the micelle is

only 10 times higher than that in water.4 The reaction
product in the micelle, however, is exclusively pyridone.2

In view of the above, we postulated that rate increase, and
preferred formation of pyridone observed for the reaction
of HPCN with OHÿ below the CMC, are due to the
formation of premicellar aggregates of HPCN.2

Aggregation often modifies, sometimes profoundly,
the mechanism or rate of thermal reactions.5–12 In a
supramolecular aggregate, such as a micelle formed by a
positively charged substrates, rate increases for reactions
with negatively charged ions (counterions), such as OHÿ,
arises from hydroxide ion concentration at the inter-
face.11,12 Surface electrostatic effects may also modify
the relative energy of initial and transition states in the
surface of micelles.12,13 Below the CMC, however, the
size of aggregates is a matter of debate, although in some
systems detergent dimers have been demonstrated.2,14–19

Investigation of reaction rates in a detergent dimer should
contribute to our understanding of kinetic effects
observed in the premicellar region. However, the results
are difficult to interpret because the distribution of
aggregated species is unknown, and in dynamic equili-
brium, and the isolation of kinetic contributions of a
unique aggregate demands numerous assumptions and
complex fitting procedures.

A simple model for a detergent dimer is a molecule
containing reactive groups linked by methylene spacers
of different lengths. Hydroxide ion attack on biscyano-
pyridiniums produces two intermediates and at least three
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products;hence,to focus attentionon the effect of the
distancebetweenthetwo positivecentersof thedimeron
thereactionrate,it is desirableto examinethereactivity
of compoundsexhibitingsimplerreactionpathways.The
reaction of 2-bromo-N-alkylpyridiniums with OHÿ

producessolely (the corresponding)2-pyridone.20 In
thepresentstudy,we examinedthe reactionof OHÿ ion
with a seriesof 1,!-(2-bromopyridinium)alkanes(RPBr)

and investigatedthe effect of the distancebetweenthe
pyridinium groupson reactionrates.

EXPERIMENTAL

Acetonitrile,2-bromopyridine,1,3-dibromopropane,1,4-
dibromobutane,1,5-dibromopentane,1,6-dibromohex-
ane and 1,8-dibromooctane(Aldrich) were distilled
beforeuse.All other reagentswere of analyticalgrade
or better. Deionized, doubly glass-distilledwater was
usedthroughout.

The bis(2-bromopyridinium)alkanesweresynthesized
from the reaction of 2-bromopyridinewith the corre-
spondingdibromoalkane.21 The reflux times were 13h
for 1,3-bis(2-bromopyridinium)propanedibromide (I ),
14h for 1,4-bis(2-bromopyridinium)butane dibromide
(II ), 20h for 1,5-bis(2-bromopyridinium)pentanedibro-
mide (III ), 60h for 1,6-bis(2-bromopyridinium)hexane
dibromide(IV ) and120h for 1,8-(2-bromopyridinium)-
octanedibromide(V). The productswere recrystallized
twice from ethanolandvacuumdried at room tempera-
ture. Melting points (°C) and elementalanalyses(%)
were as follows: I , m.p. 239–241,C, H, N exp. 28.19,
3.25,5.05andfound28.73,3.08,4.03;II , m.p.256–258,

Scheme 1

Table 1. UV, 1H NMR and 13C NMR of RPBR, bispyridones (RPP) and of the intermediate compound (RPBrP) for R = propane (XI)

�max (nm)a

Compound (e, l molÿ1 cmÿ1 1H NMRb 13C NMRb

RPBr (I ) 277(16 000) 2.47–2.63(q, 2H) 28.65,58.75
4.81(t, 4H) 127.23,134.71
7.83–7.93(m, 2H) 138.24,146.71
8.22(d, 4H) 147.31
8.88(d, 2H)

RPP(VI ) 296(11 200) 1.67–1.78(m, 2H) 27.63,47.15
3.64(t, 4H) 109.06,118.71
6.11–6.22(m, 4H) 138.26,141.81
7.18–7.26(m, 4H) 163.35

RPBr (V) 277.5(15 600) 1.11(m, 8H) 25.0,27.56
1.69–1.76(m, 4H) 28.77,62.94
4.5 (t, 4H) 126.75,134.41
7.7–7.78(m, 2H) 137.76,145.82
8.07(d, 4H) 147.02
8.71(d, 2H)

RPP(X) 296 3.31(m, 4H) 24.93,27.56
(11 000) 4.24(m, 4H) 27.88,50.09

4.67(m, 4H) 109.01,118.55
6.96(t, 4H) 138.84,141.76
9.5–9.62(m, 4H) 163.64

10.63–10.66(m, 4H)
RPBrP(XI ) 277(8000) 1.82(q, 1H) 27.41,28.34

296(5600) 2.02(q, 1H) 47.27,59.67
3.02–4.13(m, 4H) 109.39,118.95
6.14–6.24(m, 3H) 127.05,134.51
7.07–7.36(m, 4H) 138.39,141.94
8.01–8.08(m, 1H) 142.24,146.29

146.89,164.48

a �max= absorptionwavelengthmaxima.
b Chemicalshifts in ppmusingTMS asthe standard.
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C, H, N exp.31.61,3.03,5.26andfound30.86,3.1,4.88;
III , m.p. 207–209,C, H, N exp. 33.00,3.32, 5.13 and
found32.74,3.36,4.56; IV , m.p.232–233,C, H, N exp.
34.32,3.60, 5.00 and found 34.44,3.49, 4.78; V, m.p.
178–180,C, H, N exp.36.77,4.11,4.76andfound35.91,
4.14,4.49.Theresultsof bromidetitration22 werewithin
experimentalerror.ProtonandcarbonNMR spectrawere
in accord with the structure.23 For I–V the molar
absorbancesof the pyridinium substratesat 277 and
296nm were 16000� 150 and 400� 100, respec-
tively.23

Thereactionproducts,isolatedaftercompletereaction
of I–V with OHÿ, wereisolatedandcharacterizedby 1H
and 13C NMR and UV spectrometry.All data were
consistentwith theformationof theexpectedbispyridone
(Scheme1).20

The intermediate 1-(2-pyridone)-3-(bromopyridi-
nium)propane(XI ) was isolated in good yield from a
reaction mixture containing I . Aliquots of a reaction
mixture of I and OHÿ, withdrawn at convenienttimes,
wereacidifiedwith 5 M acid andseparatedby thin-layer
chromatography(TLC) (0.5M NaBr in methanol).23,24

CompoundXI was isolated by preparativeTLC of a
scaled-upreactionmixture.The1H and13C NMR (D2O)
andUV spectrawereconsistentwith thestructureshown
in Scheme1.Themultipletsbetween�1.82and2.02were

assignedto thecentralmethylenegroupof XI (Table1).
The deshielding of the pyridinium protons indicates
partial stabilizationof the positive chargeof the ring.
This effect canbe attributedto a conformationin which
both rings are in proximity. Preliminary energymini-
mization calculationssuggestthe existenceof a local
minimum whereboth ringsarein proximity, asopposed
to RPBr wherethe centralchain is fully extended.The
NMR data are in full agreementwith the proposed
structure.

Reactionkinetics were followed at 296nm in excess
OHÿ at25°C in aBeckmanModel70spectrophotometer.

RESULTS AND DISCUSSION

Thefinal productsfrom thereactionof I andV with OHÿ

ion, isolated in 90% yield from scaled-up reaction
mixtures, were the corresponding1,!-bis(2-pyridone)-
alkanes(Scheme1). The UV and NMR spectraof 1,3-
bis(2-pyridone)propane(VI ) and 1,8-bis(2-pyridone)-
octane(X) wereconsistentwith the proposedstructures
(Table1).23 Thefinal productsfrom thereactionof II –IV
with OHÿ were not isolated,but the UV spectrawere
thoseexpected(not shown).

Figure 1. Spectral time dependence for the alkaline hydrolysis of 1,3-bis(2-bromopyridinium) propane dibromide (I). Conditions:
[NaOH] = 5� 10ÿ3

M; [I] = 2� 10ÿ5
M; temperature = 25°C. The time between the scans is 30 s
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The kinetics of the reactionof I–V with OHÿ ion,
exemplifiedin Fig. 1 was followed spectrophotometri-
cally. Thespectraof the reactionmixture of compounds
I–V with OHÿ exhibitedan isosbesticpoint at 288nm
(Fig. 1). First-orderanalysisof thechangein absorbance
(at 277or 296nm) with time did not fit theexperimental
data. The variation of absorbance(Abs) with time (t)
fitted the following equation(Fig. 2):

Abs� PÿQ exp�ÿFt� � R exp�ÿGt� �1�

whereP, Q, F, R, andG arethefitting parameters.

Severaltwo-stepreactionpathwaysyield kinetic fits to
equation (1).25 One particular reaction pathway, fast
OHÿ attack on RPBr yielding a half-reactedpyridone,
followed by a slowerOHÿ attackon the intermediate,is
consistentwith boththekineticandstructuraldatafor this
reaction.

This reactionpathwaycanbe representedas25

Aÿ!k1 Bÿ!k2 C

where, A, B and C are the initial RPBr, intermediate
productandfinal pyridone,respectively(Scheme1). In

Figure 2. Experimental and simulation absorbance changes (� = 296 nm) for the alkaline hydrolysis of 1,3-bis(2-
bromopyridinium) propane dibromide (I). Conditions: (&) experimental, hydrogencarbonate buffer concentration = 20 mM,
pH = 10.3, [I] = 1.7� 10ÿ5

M; (solid line) simulation, [I] = 1.7� 10ÿ5
M, k1 = 1.5� 10ÿ3 sÿ1, k2 = 1.5� 10ÿ4 sÿ1, P = 0.1834,

Q = 0.092, R =ÿ0.062 [see equation (1)]

Table 2. Rate constants for the reaction of compounds I±V with OHÿ ion

pH k (sÿ1� 103)a I II III IV V

10.3 k1 1.74 0.74 0.47 0.27 0.16
k2 0.19 0.12 0.1 0.07 0.05

10.6 k1 2.85 0.97 0.56 0.44 0.26
k2 0.33 0.19 0.14 0.13 0.09

11.0 k1 6.27 2.35 1.37 1.00 0.72
k2 0.74 0.47 0.37 0.32 0.27

11.3 k1 11.3 4.15 2.22 1.79 1.07
k2 1.47 0.85 0.65 0.58 0.47

11.8 k1 47.3 17.6 10.3 6.90 4.02
k2 4.9 3.01 2.22 1.68 1.39

12.1 k1 87.8 32.1 17.6 13.3 10.1
k2 9.34 5.76 4.3 3.58 3.21

12.3 k1 154 54.9 33.8 23.5 14
k2 16.4 10 7.85 6.66 5.37

12.7 k1 425 122 78 50.5 31
k2 47.9 27.3 22.3 18.1 13.1

13.0 k1 620 208 115 81.2 83.5
k2 73 43.2 34.2 28.4 26.4

a k1 andk2 are the rateconstantscorrespondingto the attackof OHÿ ion on the substrateandhalf-reactedintermediate(Scheme1). They were
calculatedby a computerfit of the absorbance–timedatawith equation(1).
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excessor constant (buffer) OHÿ, k1 and k2 are the
pseudo-first-orderrateconstantsk21[OH] andk22[OHÿ],
respectively.The correspondingequationdescribingthe
variation of Abs with time for this reaction pathway
(Scheme1) is26

Abs� A0f"c�k2 ÿ k1� � eÿk1t�k2�"aÿ "c� � k1�"bÿ "a��
�eÿk2t�k1�"cÿ "b��g �2�

whereA0 is the initial RPBrconcentrationandea, eb and
ec are the molar extinction coefficients of RPBr,
intermediateproductandfinal bispyridone,respectively.
The fit of the experimentaldata to equation (1) is
exemplifiedin Fig. 2. Theformationof a 1-(2-pyridone)-
!-(bromopyridinium)alkane accounts for the single
isosbesticpoint in Figure 1. The final product,bispyr-
idone(Scheme1), is formedby a slowerattackof OHÿ

on the intermediate.
The isolationandcharacterizationof the intermediate

and final products (see Experimental and Table 1)
demonstratethat the reaction pathway proposed in
Scheme1 adequatelydescribesthe reactionof I–V with
OHÿ and validatesthe use of a kinetic analysisusing
equation(2).

The pH dependenceof the rate constantsfor the two
kinetic transients(Scheme1), obtained by computer
fitting of the data using equation(2), are presentedin
Table 2. The slopesof the log k versuspH plots were
1.0� 0.02 for both k1 and k2, indicating that both
reactionsarefirst order in OHÿ ion over this pH range.
Thesecond-orderrateconstantsfor thereactionsof I–V,
andtheir respectiveintermediates,with OHÿ (k12andk22,
Scheme1) are presentedin Table 3. The second-order
rate constant for OHÿ attack on N-ethyl-2-bromo-
pyridinium (NEBP) is includedfor comparison.20

The moderaterate increasein both reaction steps,
usingODÿ asanucleophilein D2O asasolvent(Table4),
suggeststhat nucleophilicattackis ratelimiting.25

TheArrheniusplotswerelinearfor bothreactionsteps
from 10 to 60°C and the activationparameters,for the
reactionsof I andNEBPwith OHÿ ion, arepresentedin
Table 5. The 10-fold difference between the rate
constantsfor attack of OHÿ ion on I and on the
intermediateis dueto a favorableenthalpyof activation,
partially compensatedfor by an unfavorableactivation
entropy(Table5).

Addedsaltsdecreasedthereactionrate(Table6). The
extrapolatedvalueof k to zerosaltconcentration(linear
plot of log k againstthesquarerootof theionic strength)
wassimilar for NaF andNaBr. The effect of salt on the
rateconstantfor theattackof OHÿ on I is largerthanthat
on the intermediate(Table6). The (negative)salt effect
wasexpectedsincethereactionof dipositiveions,suchas
I–V, with OHÿ ion shouldbe inhibited by salt and the
effectshouldbelargerfor k1 thanfor k2 (Scheme1) since
only the initial substrateis a dipositiveion.27

Theresultson thekinetic effectof bis-positivedouble
reactivepyridinium ions are compatiblewith a simple

Table 3. Second-order rate constants for the reaction of OHÿ ion with N-ethyl-2-bromopyridinium (NEBP), compounds I±V (k12)
and their respective intermediates (k22)

Compound

Rateconstant NEBPa I II III IV V

k12 (l molÿ1 sÿ1) 0.4 7.0� 0.8 2.6� 0.5 1.5� 0.4 1.06� 0.2 0.7� 0.1
k22 (l molÿ1 sÿ1) — 0.8� 0.1 0.5� 0.06 0.4� 0.06 0.31� 0.04 0.25� 0.02

a Second-orderrateconstantfor the reactionof NEBPwith OHÿ from Ref. 20.

Table 4. Secondary isotope effect of D2O on the rate of
reaction of I with ODÿ

k1 (sÿ1) k2 (sÿ1)

NaOH/H2O
a 0.11 0.011

NaOD/D2O
a 0.13 0.013

a [ODÿ] = [OHÿ] = 0.01M.

Table 5. Activation parameters for the reaction of I and NEBP with OHÿ iona

Ea DH‡ DS‡
Reaction (kcal molÿ1) (kcal molÿ1) (cal molÿ1 Kÿ1)

OHÿ � Ib 12.5 11.9 ÿ13.4
Intermediatec�OHÿ 15.4 14.8 ÿ8.1
NEBPd�OHÿ 15.8 15.2 ÿ8.3

a NaOH= 0.01M, [I ] = 1.7� 10ÿ5 M.
b [NaOH] = 0.01M, [I ] = 1.7� 10ÿ5 M.
c SeeScheme1.
d Datafrom Ref. 20.
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through-spaceelectrostaticeffect when analyzedas a
function of the averagedistance.For the short-chain
compoundsthevalueof k22 is still largerthanthatof (the
reference)N-ethyl-substitutedbromopyridinium(NEBP)
(Table 3). The value of k22 decreasessteadily with
increasingdistanceandfor compoundV k22 is abouthalf
of thatfor NEBP(Table3).Themodestrateenhancement
for OHÿ attackon I , whencomparedwith thereactionof
the samenucleophilewith the intermediateproduct,can
therefore be ascribedto a through-spaceelectrostatic
effect on the reactioncenter.Therefore,the electrostatic
effect could be dueto an increasein the stability of the
initial charge-transfer complexbetweenthe nucleophile
and the double positive charge on the reactivity at
reactioncenter.

CONCLUSION

We haveshownthat the reactionof hydroxideion with
1,!-bis(2-bromopyridinium)alkanesproceedswith a fast
initial formation of 1-(2-pyridone)-!-(2-bromopyri-
dinium)alkane,followed by a slower hydroxide attack
andfinal formationof 1,!-bis(2-pyridone)alkane.As the
number of methylene groups between the positively
charged2-bromopyridiniumringsincreasesfrom threeto
six, the relative ratesof initial attack approachthat of
reaction OHÿ with 2-bromopyridinium ion. The rate
enhancement,attributedto athrough-spacechargeeffect,
reaches20-foldfor thepropanederivative.Sinceafurther
approximation of the charged reaction centers in a

premicellar aggregateis unlikely, we suggestthat the
additionalrateenhancementfound in premicellaraggre-
gatesof comparablepyridinium rings stemsfrom ion
condensationin theaggregate.
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