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Abstract. ~ Arylbenzoate esters with a quaternary pyridinium group ortho
to the ester function exhibit enhanced reactivity towards basic hydrolysis
relative to their para analogs in the order pyridinium < 4-aminocarbonyl-
pyridinium < 3-aminocarbonylpyridinium < 3-aminocarbounylquinolium. In
contrast, & trimethylammonium group in the ortho position shows a decele-
rating effect relative to the para analog. It is concluded that the cata-
lytic effect of a neighboring pyridinium group is based upon interaction
of the negatively charged transition state of ester hydrolysis with the
electron deficient n-system of the pyridinfum ring. For the p-methoxy-
phenolate ester containing the 3-aminocardbonylpyridinium group iu the
ortho poaition this interaction leads to a change in mechanism from rate
liniting hydroxide ion attack to hydroxide ion catalyzed expulsion of the
leaving group as became apparent from deviation of the Hammett plot and
second~order dependence ou OH concentration. For the p-nitrophenolate
ester 1t was observed that decrease of the solvent polarity by addition of
dioxane results in an increase of the rate of hydrolysis and a marked
increase of the neighboring group effect.

Study of interactions between the positively charged 3-aminocarbonylpyridinium group
and negatively charged intermediates or transition states are of particular interest
in view of the relevance to bfological NAD+ reactions. For example, one of the ateps
in the oxidation of alcohols by NAD+ and alcoholdehydrogenase is the formation of a
ternary enzyme—NAﬁ"-alcoholate complex. It {s proposed that formation of alcoholate
fon 1s catalyzed by hydroxyl ion bound to zine at the active site of the enzyme and
it might be anticipated that the proximity of the positively charged nicotinamide
moiety promotes the formation of alcoholate complex by favorable charge inter-
m:.ti.am;.1 However, it is difficult to obtain a guantitative idea adout the importance
of such charge interactions since under non—enzymical conditions the ethanolate anion
readily forms an adduct with the quaternary nicotinamide gv:m.q:u-l’2 Nevertheless, the
work of Kosower and others has clearly demonstrated that there can be a significant
charge transfer interaction between relative electron-poor pyridinfum groups and
electron-rich aniona.3’4 Some experimental evidence for the importance of charge
interactions in chemical reactivity we obtained from our efforts to prepare the
monosubstituted derivative 2 from a,a'-dibromo-o-xylene (1) and nicotinamide. Even in
the presence of a 100-fold excess of nicotinamide fo chloroform only the bis-product
3 could be obtained (eq. 1). In contrast, x,a'-dibromo-p-xylene reacts readily with
nicotinamide to give the monoproduct inm high yield. It seems probable that in 2 the
leaving ability of the bromide fon 1is largely enhanced by the proximity of the
positively charged nicotinamide group, giving rise to the fast formation of 3.
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In order to get a more quantitat{ve ingight how far the proximity of a quaternary
pyridinium group can affect the rate of formation of transient negatively charged
species {intermediates, trausition atates), we have investigated the alkaline
hydrolyais of a series of ortho- and para-substituted arylbenzoates (4-12)a,b. The
base-catalyzed hydrolysis of arylbenzoates has been studied by several groups in the
past and it has been established that, in water, the rate determining step involves
nucleophile attack of hydroxide fon to the carbonyl mlety.s

0
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Esters a and b differ by the position of the quaternary group relative to the ester
function (ortho vs. para). In comparing the rates of hydrolysis of the two compounds,
inductive effects are largely eliminated and the neighboring group effect of the
quaternary group becomes apparent. Besides esters containing the pyridinfum group (&
10)a,b also esters containing the 3-aminocarbonylquinolinium group (1llm,®) and the
trimethylammonium group (12a,b) have been studied in order to establish the effect of
enlargement and of complete deletion of the x-system of the neighboring group,
respectively.

RESULTS AND DISCUSSION

The hydrolysis of the esters (#12)a,b was studied in series of dilute bduffer
solutions (carbonate, phosphate) and in series of dilute NaOH solutions with ionic
strength 0.1 M (NaCl). It was found that the rate of hydrolysis was slightly
dependent on the buffer concentration, indicating a low contribution of buffer anions
to the catalysis. Therefore, second-order rate constants for OH  contribution, kop-s
have been determined by extrapolation to zero buffer concentration. Alternatively,
koﬁ' has been determined by linear regression from the rates in a sgseries of dilute
NaOH solutions. The rate constants obtained by the two wmethods were in cloge
agreement.

The hydrolysis of the esters was carried out at pH conditions sufficiently low to
prevent interference of adduct formation by attack of OH~ or other nucleophiles to
the pyridinium ring.6 Consequently, esters 1Ila and 11b, containing the quinolium
ring, vere hydrolyzed in agqueous solutions below pH 9.70; the other esters below pH
12.0. Uncomplicated pseudo~first-order hydrolysis was observed under these
conditions. In water-organic solvent mixtures the pyridinium ring is more susceptible
to OH attack and solutions of lower pH have been employed (_v_iie_ inofra).
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Table I Second-order rate constants (H-l,n'l) for hydroxide 1on promoted hydrolysis
of esters (4-12)a,b)

Ester x Y A ) KBaK3(b) k ortho
k para
RS 4-N0, H 22.6 19.6 1.15
Sa,b 4-NO, 4-CONE, 27.5 20.8 1.32
6a,b 4-NO, 3-CONH, 18.6 19.5 1.98
7a,b 3-N0, 3-CONE, 36.6 18.5 1.98
8a,b H 3-CONR, 8.88 4.00 2.22
9a,b 4~0CH, 3-CONH, 8.20 2.71 3.03
10a,b 4~0CH, 4~CONH, .70 2.70 1.37
N CON,
11a,b 40, @Q’ m 20.4 15.2
t ]
o *
9
12s,b 4-NO, -N(CHg) 3 (*) 9.70 21.7 0.45

*) pyridinium group completely replaced by this group.

In Table 1 second-order rate constants for hydrolysis by hydroxide iom, kOH-’ are
presented. From the data in this Table it 1s apparent that the proximity of a positi-
vely charged pyridinium group to the ester function has a rate enhancing effect since
the ortho-substituted esters (4-10)a, react 15 to 300X faster than the para-substi-
tuted analogs (&#-10)b. For the quinolinium substituted ester the neighboring group
effect 18 even much larger; {i.e. ortho-substituted ester 1la hydrolyses 15 times
faster than the _;La_gi-substituted analog 11b. The rate enhancements for the ortho-
substituted esters are striking because substituents ortho to an ester group general-
ly exhibit a rate retarding effect on hydrolysis.fTevaluating the neighboring
group effect on these esters it is important to point out that, in addition to steric
hindrance, the effective hydration of the cationic group by the solvent and the con-
formational flexibility of the compounds is such that the influence of the neigh-
boring group on the ester function is considerably less than optimal.

The rate enhancements induced by the proximity of the positively charged pyridinium
group, in principle, may originate from (i) increased localization of OH ion in the
neighborhood of the ester group due to electrostatic interactions, (11) favorable
charge interaction of the incipient negative charge on carbonyl oxygen upon attack of
OH™, (111) stabilization of negative charge on the leaving group. Since the proximity
of a trimethylammonium group induces a decelerating effect on the rate of ester
hydrolysis, as is shown for lla,b, it 1{s not very likely that increased localization
of O 1in the neighborhood of the ester group is responsible for the observed effects
because in that case similar effects should be expected for the trimethylammonium
group and the pyridinium groups.

Notably, the neighboring group effect for esters (4~11)a is different from the effect
exerted by cationic head groups of micelles. The presence of cetyltrimethylammon{um
ln'omi.de6 and cetyldimethylammonium chlor1de® accelerates the alkaline hydrolysis of
prnitrophenylbenzoate, whereas little or no effect is observed by micelles of n-dode-
cylpyridinium chloride on the basic hydrolysis of poitrophenyl alkylate esters_.lo
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Inspection of the data in Table I shows that variation. of the Y substituent in the
pyridinium group does not affect the rate of hydrolysis for the para-substituted
esters. Almost the same rates are found within the series (4-7)b (X = NOp) and (9-
10)b (X = OCHj). For the ortho-substituted esters, however, the hydrolysis rate
increases in the order Y « H < 4-CONH, < 3-CONH2, which 18 1in correlation with the
relative stabilities of the pyridinium cations, based upon their PKy values.11 The
increased reactivity of the 213h_o-substituted esters is indicative for a tramnsition
state ianteraction of the ester group with the =n-system of the pyridinium wmoiety.
Hydrogen bonding interactions from the carbonamide group to the ester function ‘do not
contribute to the enhanced reactivity since replacement of the carbonamide group of
6a,b by the N,N-dimethylaminocarbonyl group has no significant effect. Of larger
importance seems to be a coplanar orientation of pyridinfum ring and ester function
in order to allow maximum interaction between incipient negative charge in the ester
moiety and the n-system of the pyridinium ring in the transition state. Strong
aupport for this conclusion 1is found the much larger ﬂ/l’iﬁ. ratio of 15 for
hydrolysis of 1la,b. Since in 1lla the 3-aminocarbonylquinolinium group is more
restricted in 1ts rotation and possesses a larger n-system than the pyridinium group,
stronger X-interaction with the ester group is possible.

It is remarkable that a change of leaving group from p-mitrophenolate to p~methoxy-
phenolate reduces the rate of hydrolysis considerably more for the para-than for the
ortho-substituted esters. Obviously, for the latter compounds the lower leaving
ability of p-methoxyphenolate group is partly compensated by interaction with the
neighboring pyridinium group.
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Fig. 1 Faomett plots for ortho- and para-substituted

14 .
esters (6~9)a,b Fig. 2 Rate of hydrolyais of 9a,b as a function of the

hydroxide ion concentration. Inset: Second-order
(0R”] dependence of hydrolysis of 9a.

Fig. 1 gives the Hammett plots for the nicotinamide substituted esters (6~9)a and b,
respectively. For the gt_l}i-substituted benzoates, the methoxyphenyl ester 9a shows a
positive deviation from the plot, 1indicating an extra effect of the neighboring
nicotinamide group. This deviation from the Hammett plot may point to a mechanistic
change from rate limiting hydroxide attack to rate limiting breakdown of the tetra-
hedral intermediate. This is confirmed by the non-linear increment of the reaction
rate at hydroxide concentrations above ca. 3'x 10-3 M, which points out that a
second-order hydroxide term (k3[0ﬂ-]) becomes important in hydrolysis (Fig. 2). A
plot of k. /[OH ] vs. [OH ] gives a straight line with slope ky = 607 M2l and
intercept ky = 5.38 M 1lsl. The appearance of second-order hydroxide ion catalysis
indicates that the tetrahedral intermediate I becomes sufficiently stabilized by the
neighboring 3-aminocarbonylpyridinium group to make the hydroxide-ion catalyzed
breakdown of I (step 3) kinetically significant (eq. 2). '
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Furthermore, we have investigated the effect of addition of dioxane on the rates of
hydrolysis. It was expected that decrease of the solvent polarity would result in a
more distinct nefighboring group effect, since charged species involved 1in the
reaction will become less stabilized by the solvent. Generally, addition of organic
cosolvents results in an increase of the nucleophilicity and basicity of anions in
water. However, the base catalyzed hydrolysis of phenylbenzoate is slowed down upon

addition of ethanol12 and the same effect was observed for p-mitrophenylbenzoate upon

addition of t-butyl alcohol, t-amyl alcohol and acetonitrile.8

This 1is a clear
indication that increase of the OH activity is not the dominating effect governing
the reaction rate. Moreover, for the neutral hydrolysis of aryl dichloroacetates, {t
has been established that the rate decrease upon addition of dioxane and acetounitrile
13 The data 1n Table

II show that in the presence of a cat{onic substituent to the ester addition of

is primarily caused by initfal state stabilization of the ester.

dioxane enhances the hydrolysis of 6a,b and lla,b. An explanation for this dramatic
change in solveant effect for both the ortho~ and para-substituted esters is wmost
probably that the inductive effect of the cationic group increases as the result of

Table I1 Observed rate constants for hydrolysis of 6a2,b and 12a,b in dioxane-
carbonate buffer 0.01 M, pH 10.00 at 25°C.

(zlh()::t)xe 104 Ko ba (5ec—1) %&?Ttr:o 10% Kobs (sec”ly -kro‘;tT}:’-
6a 6b 12a 12b
- 18.6 19.5 1.98 9.70  21.7 0.45
10 88.7 5.5 1.95 29.2  60.6 0.48
20 177 74.9 2.36 54.5  94.2 0.58
30 368 99.7 3.69 108 135 0.80
40 1130 131 8.64 198 182 1.08
50 3310 190" 17.4 366 224 1.63

*
) Adduct formation to nicotinamide ring becomes concurrent side reaction.
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diainished hydration at lower water content. Furthermore, Fig. 3 clearly shows that
the effect of the neighboring 3-aminocarbonylpyridinium group becomes much more mani-
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Fig. 3 Effect of dioxane addition on the basic hydrolysis
of 6a,b and 12,b (carbonate buffer 0.01 M,
pH = 10.00, 25°C).

fest in solutions of lower water content, whereas only a moderate effect is observed
for the trimethylammonium group‘lb Solvent effects for the p-methoxyphenyl ester
could not be obtained since under the more basic conditions needed for hydrolysis of
this compound, addition of cosolvent results in concurrent addition of hydroxide ion
to the nicotinamide moiety. This became apparent from the appearance of an absorption
peak in the spectrum at 357 nm.

In conclusion, the positively charged quaternary nicotinamide group and the related
pyridinium and quinolinfum groups are able to stabilize transient negative charges
developed in the ester function by interaction with their electron deficient =-
electron system. This effect {s exhibited more pronounced when the polarity of the
solvent is reduced. Considering the conformational flexibility of the compounds
examined and the polarity of the solvents used, the observed neighboring group
effects most probably represent only a fraction of what might occur in more con-

atraint gystems in less polar environment.

EXPERIMENTAL SECTION

Materials

The aryltoluate esters were prepared by adding dropwise 15.5 g of ortho- or para-
toluyl chloride to a solution of O.1 mole of the appropriate phenol and 7.9 g of
pyridine in 100 ml of dry ether. The reaction mixture was stirred for 2 h and after
filtration, the filtrate was evaporated in vacuo.

The products were recrystallized from ethanol-water, except phenyl-p-toluate which
was a liquid.
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Phenyl-o-toluate. Colusn chromstography on silica with chloroform-cyclohexane 1:1
yielded 60% of a colorless ligquid (11:.%5 bp 306°C/754 mm). "H NMR (CDCly), & (TMS):
2.65 (8, CHq), 6.55-8.17 (m, arom). .

Phenyl-ptoluste, yleld 92%, m 76-77°C (11t.°¢ 75-76.5°C). 'R MM (cCly), 6 (TMS):

2.34 (s, CHy), 6.85-8.15 (m, arom). 1

3-Nitrophenyl-o-toluate, yield 71Z, mp 82-83°C. "H NMR (CECI%, 8 (TMS): 2.62 (s,

CH3§, J.H—%‘f w, arom). Anal. Caled for Cy,Hy(NO4.: C, 65.3; H, 4.31. Found: C,

65.64; H, 4.24. 5 . 1

3-Mi trophenyl-p~toluate, yield 78%, mp 105-107°C (1it.”’¢ 106-107°C). "H NMR (CHCl,),

T (TMS): 2.%5 (s, CH S, 7.10-8.20 (m, arom).

A—gtzrg henyl-o-toluste, yleld 89%, mp 107-108°C (1it.ll 108-103°C). R M (coe1y),
TMS): 2. (s, EH35, 7.15-8.35 (m, arom).

4-Nitrophenyl~p-toluate, yield 91%, mp 119-120°C (lit.SC 120.3-121.3°C). g e

N s 2. (s, CH4), 7.15-8.30 (m, arom).

lo-MetgoxyphenyLo-toluate, yleld 82Z, mp 59-60°C. “H NMR (CDC13), 6 (TMS): 2.39 (s,

CH3), 3.66 (s, OCH,;), 6.60-8.20 (m, arom). Anal. Caled for CysH 404 C, 74.36; H,

5.83. Found: C, 74.14; H, 5.91.

4—Methoxyphenyl-p-toluate, yield 93X, mp 93-95°C. lg mm (CDCly), & (TMS): 2.58 (s,

CH3), 3.64 (s, OCH3), 6.57-8.07 (m, arom).

Conversion of the methyl group of the toluate esters into the a-bromomethyl group was
accomplished by refluxing the ester (30 mmole), N-bromosuccinimide (30 mmole) and
benzoylperoxide (0.2 mmole) 1in tetra (90 ml). The progress of the reaction was
followed by NMR by monitoring the appearance of the -CHy~Br signal in the range &
4.40-4.95 ppm. Usually it took 12 or more hours to bring the reaction to completion.
After cooling and filtration, the filtrate was evaporated in vacuo. The crude product
was chromatographed on silica with cyclohexane-acetone 9:1 and was used without
further purification for reaction to the quarternary compounds (412)a,b.

The general procedure for the esters (4-12)a,b was as follows: a mixture of 5 mmole
of the a-bromotoluate ester and 5 mmole of the appropriate pyridine (or 3-aminocarbo-
nylquinoline for 1lla,b or trimethylamine for 12a,b) was refluxed for 12 h in 40 ml of
dry THF. After cooling, the precipitate was washed with THF and acetone and recrys-
tallized from ethanol-ether.

idinium bromide (4a), yleld 82%, mp 178~
. . 8, CHlg . m, arom), 9.06 (dd, pyr

H2,6). Anal. Caled for C, EISBrN204: C, 54.95; H, 3.64. Pound: C, 54.71; H, 3.63.

1=[ 4~[( 4=Nitrophenoxy)carboayl ]benzyl idinium bromide (4b), yield 922, mp 225-

Hy), 7o m, arom), 9.45 (dd, pyr

H, 3.64. Pound: €, 54.95; H, 3.64.

aminocarbonyl idinfium bromide Sa),

[+

’ . B,
H2,6). Anal. Caled for Cy H, cBrN,0;: C, 54.95;

r%onsl be

C.

1]=4-

s WP 8, HQ » m,
arom), 9.30 (d, pyr H2,6). Anal. Calcd for CooH)gBrN405: C, 52.41; H, 3.52. Found: C,
52.69; H, 3.45.

(4=-Nitrophenoxy)carbonyl]benzyl

3 » D : 2), «5-9.5 o,
arom), 9.60 (d, pyr H2,6). Anal. Calcd for CZOHIGBrNZ!OS: C, 52.41; H, 3.52. Found: C,
52.41; H, 3.34.
1-{2-[(4-Nitrophenoxy)carbonyl]benzyl]-3-(aminocarbonyl)pyridinium bromide 6a),
yield 90%, mp 239-241°C. 'H NMR (DMSO-d6), & (DSS): 6.42 Es, CH,), 7.4-9.%4 (m, arom),
9.55 (s, pyr H2). Anal. Caled for CyoH ¢BrN405: C, 52.41; H, 3.52. Pound: C, 52.24;
H, 3.70.

=3-(aminocarbonyl)

idinium bromide
8 =

’ » m, arom),
s H, ;.52.

Found: C, 52.25;

» mp » $ b

9.78 (s, pyr H2). Anal. Caled for CpoH, BrN.Os: C, 52.41
H, 3.62.

(3-Nitrophenoxy)car 7a),
yield R C. D! N DSS): 6. N H; N . arom),
9.40 IE;, pyr H2). Anal. Caled for C?_OHIGBIN305: C, 52.41; H, J.52. Pound: C, 52.64;
H, 3.43.

(3-Nitrophenoxy)car (7h),
yleld 85%, mp 233-235"C. N . CH,), m, arom),
9.7(; E;, pyr H2). Anal. Calcd for 020H16BrN305: C, 52.41; H, ;.52. Found: C, 52.66;
H, 3.45.

o 4= arom), 9.45 (s, pyr
Found: C, 58.22; H, 4.03.
idinium bromide (8b), yield 88X, mp
w, arom), 9.75 (s, pyr
¢+ C, 58.03; H, 4.11.
idinium bromide (9a),

1-

> y U
H2). Anal. Caled for CypH) 7BrNy04: C, 58.12; H, 4.15. Pound
( 4-Methoxyphenox: 9ca bonyl aminocarbonyl)
, mp - N DSS): 3. g, 0OC 3), 0.
6.9-9.3 (m, arom), 9.49 (s, pyr H2). Anal. Caled for Cy1HygBrNy04: C, 56.89; H, 4.
Found: C, 56.81; H, 4.26.

idinium bromide %),

Te ) =256°C. ‘H NMR (DMSO—~d6), DSSY: 3. s, OCH),
«8-9.5 (m, arom), 9.79 (s, pyr H2). Anal. Caled for CZIngBerol‘: 3C, 56.89; H, 2.
Pound: C, 56.98; H, 4.31.

y
6
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b4 y W ’ . Hy),
7.1-9.2 (wm, arom), 9.40 (d, pyr H2,6). Anal. Calcd for 02181931'320,‘:
4.32. Found: C, 57.01; H, 4.38.

1-[ 4= ( 4~Methoxyphenoxy)carbonyl ]benzyl]~4~(aminocarbonyl idinium bromide (10d),
yleld 85X, mp 9-231"C. "H NMR (DMSO-d6), DSS): 3.6 8, OCH,), 6.1 s, CH,y),
7.1-9.2 (m, arom), 9.40 (d, pyr H2,6). Anal. Caled for 02151981'8204: C, 56.89; H,
4.32. Pound: C, 56.80; H, 4.21.

8, »
C, 56.89; H,

-3-(aminocarbonyl)quinolinium bromide (11a),

, mp 245-2 N H 8, CHy), 7.5- m, arom),
10.07 (s, quin H4), 10.12 (s, quin H2). Anal. Caled for C,p,H)gBrN305: C, 56.71; H,
3.57. Found: C, 56.53; H, 3.54.

-9=

aminocarbonyl)quinolinium bromide (11d
, DSS): 6. m, arom),
Anal. Caled for Cp,H,oBrN40: C, 56.71; H,

yield 73Z, mp 215-217°C.
10.05 (8, quin H4), 10.45 (s, quin H2).
3.57. Found: C, 56.62; H, 3.61.

2~[( 4~Nitrophenoxy)carbonyl ]benzyltrimethylammonium bromide (12a), yield 90%, mp 201~
io&'c Zuc.% I§%-1§2'c5. {h Nﬁi (BﬂSb‘iﬂ'. WW: s 8, N(CH.)).), 5.12 (s,
CHZ)’ 7.5-8.5 (m, arom). Anal. Caled for CUngBthO,.: C, 51.66; H, .35. Found: C,
51.40; H, 4.68.

4~[ (4-N{trophenoxy)carbonyl |benzyltrimethylammonium bromide (12b), yield 92X, wp 269-
I7£sc. R innso—aﬁ, g (DSS): 3.09 (8, N(CH;)a)» 5.7& (s, CH 7.4-8.5 (m,

1]
arom). Anal. Caled for C17H19BrN2°A: C, 51.66; H, 4.38 .« Found: C, Sl.g’l; H, 4.67.

Kineti¢ measurements

The water used in the kinetic measurements was distilled twice in an all quartz
distillation unit. The ester hydrolysis was carried out in 1 cm quartz cells in a
thermostated cell compartment maintained at 25.0 + 0.1°C of a Varian DMS 90 spectro-
photometer. About 5 pl of a concentrated solution of the ester in water was added to
2 ml of buffer or NaOH solution. The buffers used were borax buffer pH = 9.20
(1lla,b), carbonate buffer, pH = 10.50 (#7)a,b; 12a,b and phosphate buffer pH = 11.50
(8~-10)a,b). Alternatively, dilute NaOH solutions (p = 0.1 with NaCl) were employed.
The rate of hydrolysis was measured by following the appearance of the formed pheno-
late (400 nm, X = 4-NO,; 390 nm, X = 3-NO,; 287 nm, X = H; 303 nm, X = OCH3). All
ester hydrolysis reactions were followed to greater than 752 completion and infinity
points A, were taken after 10 half lives. In all cases straight lines were obtained
by plotting Iln (Aw-At) against t, showing first-order kinetics. The pseudo first-
order rate constant was calculated from the tangent of the slope of the line. Rate
constants were determined at least in duplo and were reproducible to within 3X. The
second-order rate constant for hydroxide ifon ko — has been determined by measurement
of the rate in a series of diluted buffer solutfons (dilution with 0.1 M NaCl to keep
the ionic strength constant) and extrapolation to zero buffer concentration or by
linear regression of the data obtained from series of dilute NaOH solutions.
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