Nucleophilic displacement at the benzoyl centre: a study of the
change in geometry at the carbonyl carbon atom
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Thesecond-order rate constants for the reaction between hydroxide ion and phenoxide ion with 4-nitrophenyl
esters of substituted benzoic acids in 10% acetonitrile—-water (v/v) solution obey Hammett ¢ correlations.
The values of the Hammett p of 1.67 (k,,o) and 2.14 (ko) are consistent with a large change in
hybridization at the central carbon by comparison with the p value for a standard reaction where a full sp?
to sp® change occurs. The transition state for the concerted reaction thus has a substantially tetrahedral
geometry. The observation of the anti-Hammond effect whereby the p value for the hydroxide ion exceeds
that of the less reactive phenoxide ion is consistent with a concerted, AyDy, mechanism for these reactions.
A stepwise mechanism, Ay + Dy, is unlikely to yield a measurable break in the Hammett correlation for

a change in the benzoyl substituent if the partitioning of the putative tetrahedral intermediate involves
forward and reverse reactions with Hammett correlations possessing similar p values.

Introduction

There is substantial evidence from both substituent effect* and
isotope effect? studies that carbonyl acyl group transfer reac-
tions have a concerted AyDy mechanism when the nucleophile
and leaving group are only weakly basic. The results of
thermodynamic studies® on the stability of putative tetrahedral
intermediates are also consistent with this mechanism and
ligands which have been demonstrated to confer concertedness
include the phenolate and pyridine nucleophiles and leaving
groups.’® Acyl functions with very good leaving groups and
possessing features stabilising the acylium ion favour stepwise
displacement reactions with Dy + Ay mechanisms* whereas
poor leaving groups confer Ay + Dy mechanisms.®> There are
some displacement reactions where pyridine and phenolate ion
ligands do not confer concertedness® and this indicates that
reactions with these ligands probably occupy a borderline
region between AyDy and Ay + Dy processes.

While direct probes of the geometry at the carbon in the
transition state for substitution reactions at the carbonyl centre
are not known it may be inferred from secondary isotope effects
on adjacent atoms.”* The geometry of the transition state for
concerted identity displacements at carbonyl can also be
inferred from the location (z) of the transition state on the
tightness diagonal™ of a More O’Ferrall-Jencks diagram
obtained from Brgnsted or Hammett data for nucleophile and
leaving group variation. The position of the transition state on
the tightness diagonal for an identity reaction is an indication
of whether the transition state is tetrahedral (zr =2) or linear
(where bonding of carbonyl to leaving atom and attacking
atom is zero; t = 0). Intermediate 7 values cannot be assumed to
be linear functions of geometry; at low values of t the geometry
must be planar but as 7 increases the transition state structure
will approach that of a tetrahedral intermediate. The Hammett
substituent effect of substituents on the acyl function is an
indirect probe of the transition state geometry of a concerted
displacement reaction at the acyl group. Byers®® has studied the
addition of nucleophiles to aldehydes as a model of the first
step in an Ay + Dy acyl group transfer process. The addition
of water to substituted benzaldehydes is associated with a
Hammett p,, value of 1.71'° and refers to the change from sp?
to sp® geometry without development of formal negative
charge. When a formal charge develops on the oxygen from the
carbonyl group the p value is substantially larger and hydroxide
ion addition has a p,, of 2.76."* The present study is of the

reactions of phenoxide ion and hydroxide ion with 4-nitro-
phenyl benzoate esters [egns. (1) and (2); 4NP = 4-nitrophenyl]

PhO~ + ArCO-O-4NP —2,

ArCO-OPh + 4NP-O~ (1)

HO™ + ArCO-0-4NP —2 ArCO-O~ + 4NP-O" @

where the variation of the substituent on the benzoyl function
will affect the stability of charge and hybridisation develop-
ing at the carbonyl centre.

Experimental

Materials

Most of the esters were prepared by reaction of the appropri-
ate acid chloride with 4-nitrophenol**® with a base catalyst
such as pyridine solvent. The acid chloride was either used as
supplied (method A, Table 1) or prepared in situ (method B)
from the corresponding acid. The 4-nitrophenyl 2,4-
dinitrobenzoate and 3,5-dinitrobenzoate were prepared from
the acids and 4-nitrophenol by use of dicyclohexylcarbodi-
imide (method C). All esters were recrystallised from suitable
solvents and their physical characteristics are listed in Table 1.
The esters were identified by comparing their melting points
with literature values *2 and where these are not known they were
characterised by elemental analysis and by IR and *H NMR
spectroscopy. The following preparative procedures are typical.

4-Nitrophenyl 3-trifluoromethylbenzoate
3-Trifluoromethylbenzoyl chloride (2.5 ml) was added to a
stirred solution of 4-nitrophenol (2 g) in pyridine. After a few
minutes, the reaction mixture was diluted with water and
extracted twice with toluene. The combined organic extracts
were washed with dilute HCI, sodium carbonate solution and
water, dried with magnesium sulfate, filtered and evaporated to
give crude solid; this was recrystallised from ethanol to give a
white crystalline solid.

4-Nitrophenyl 3-cyanobenzoate

Thionyl chloride (1 ml) was slowly added to a cold, stirred
solution of 3-cyanobenzoic acid (1.5 g) in tetrahydrofuran
(THF). This mixture was slowly added to a solution of 4-
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Table 1 Physical characteristics of substituted 4-nitrophenyl benzoates prepared for this work

(%) Found®

Mp/°C
Benzoate ester? (lit.) Formula C H N
Parent(B) 142-143 C;;H,NO, 64.4 3.6 5.7
(143) (64.2) (3.7) (5.75)
3-CN(B) 177-178 C,,HgN,O, 62.6 2.65 10.3
(62.7) (3.0) (10.45)
3-CI(B) 132-133 C,3H CINO, 56.1 2.75 5.1
(132.5-133) = (56.2) (2.9) (5.0
4-CI(A) 135-137 C,3H CINO, 56.2 2.8 4.75
(138) (56.2) (2.9) (5.0
4-Me(B) 121-122 C,H,;NO, 65.2 4.1 5.4
(120-121) % (65.4) 4.3) (5.4)
4-NO,(B) 158-159 C,5HgN,Oq 54.2 2.6 9.7
(158-159) (54.2) (2.8) 9.7
4-CI-3-NO,(B) 163-164 C,3H,CIN,Oq 47.9 2.2 8.7
(48.4) (2.2) 8.7)
3-NO,(B) 142-143 C,5HgN,Oq 53.9 2.6 9.6
(135.5) % (54.2) (2.8) 9.7
3-CF;(A) 94-95 C,HgF;NO, 54.1 25 45
(82.0-82.5)* (54.0) (2.6) 4.5)
3,5-(NO,),(C) 192-193 C3H;N;Oq 46.8 2.0 12.7
(190) (46.9) (2.1) (12.6)
2,4-(NO,),(C) 167-168 C3H;N;Oq 46.7 2.0 12.5
(46.9) (2.1) (12.6)

3 Method of preparation A: from acid chloride; B: from acid via the acid chloride in situ; C: from acid using dicyclohexylcarbodiimide. ® The

calculated values are given in parentheses.

Table 2 Kinetic data for the reaction of 4-nitrophenyl X-substituted benzoates with the phenolate ion?®

X a® koptYdmimol st Kkuotdm®Pmol s pHf N? [PhOH]"/mm Kops/1073 5721

H 0 2.01 0.232 10.97 20 6.5-32 3.2-9.0
(0.19) (0.01) and

10.00

4-NO, 0.78 77.6 6.15 9.99 9 4.8-24 7.1-86
(20.2) (0.229)

4-Me —-0.17 2.02 0.064 9.96 6 23-115 1.1-4.1
(0.24) (0.03)

3-NO, 0.71 49.0 3.72 9.95 13 6.5-33 17-65
(3.84) (0.034)

4-Cl 0.23 7.69 0.458 9.98 5 9.5-48 3.4-13
(0.32) (0.005)

3-Cl 0.37 15.2 0.911 9.97 5 13-62 8.5-31
(0.51) (0.028)

3-CF, 0.47 19.8 0.995 9.99 11 9.6-48 1.3-26
(5.74) (0.037)

3-CN 0.61 37.9 2.34 9.97 5 9.8-49 14-62
(14.9) (0.084)

4-Cl-3-NO, 0.94 190 6.71 9.96 10 2.6-13 26-61
(6.15) (0.243)

3,5-(NO,), 1.42 3700 36.0 8.01} 5 3.9-38.6 5-18
(320) (3.3)

2,4-(NO,), 1.10 456 11.7 7.971 5 3.4-34.3 2-5
(35) (0.91)

2 General conditions: wavelength 400 nm, 25 °C, 25 mm KHCO, buffer, 0.1 M ionic strength maintained with KCI. Solvent: 10% v/v MeCN-water.
® All values are from ref. 21. © The standard errors are given in parentheses. ¢ Calculated using measured pH values and assuming pK,, = 14. ¢ Calculated
using a fraction of base derived from measured pH values and assuming the pK, of phenol to be 9.95. f pH of the aqueous stock buffered solutions.
9 Number of data points not including duplicates. " Concentration range of phenol. ' Range of pseudo-first-order rate constants observed. ' The

buffer employed here was tris(hydroxymethyl)aminomethane at 25 mm.

nitrophenol (1.4 g) in pyridine, decolourising the solution and
precipitating a solid. After stirring the mixture for a few min-
utes the precipitate was isolated by filtration and the filtrate
evaporated to give a solid. The combined solids were taken up
in dichloromethane, washed with dilute HCI, aqueous Na,CO;,
and water, and then dried (magnesium sulfate), filtered and
evaporated to give crude solid; this was recrystallised from ethyl
acetate to yield a white crystalline solid.

4-Nitrophenyl 2,4-dinitrobenzoate
Dicyclohexylcarbodiimide (4.12 g) was added to a solution of
4-nitrophenol (2.78 g) and 2,4-dinitrobenzoic acid (4.24 g) in
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pyridine (30 ml). The mixture was stirred overnight at room
temp. and then filtered to yield 6.66 g of dicyclohexylurea. The
residue from the evaporated filtrate was recrystallised from
butan-1-ol to yield needles.

Methods

Melting points were determined using a Kofler Thermospan
instrument and elemental analyses were carried out with a
Carlo Erba C,H,N analyser. IR spectra were obtained from
Nujol mulls recorded on a Perkin-Elmer 683 spectrometer
and *H NMR spectra were recorded at 100 MHz with a JEOL
JNM-PS-100 instrument.



Kinetics

All solutions were prepared with water that was double distilled
from glass and degassed before use. Buffer materials were either
of AR grade or purified before use. The solutions for studies
of rates at different phenolate ion concentrations were prepared
by dilution of a stock solution containing the phenolate ion
with a stock solution without phenol (but identical in respect of
buffer component concentration, pH and ionic strength) to give
a series of buffered solutions with different phenolate ion con-
centrations. Acetonitrile was added (to give 10% v/v) to counter
solubility problems of the ester substrates. See footnotes to
Table 2 for identities of components.

The fraction of phenolate ion (FB) in the phenol buffers in
the aqueous—organic solvent was calculated from the pH of the
agueous stock solution. Dilution with organic solvent will
change the pK, of the phenol but this will be counterbalanced
by a change in the pH. In the present case the increase in
acetonitrile to 10% concentration (v/v) causes an average
increase in the pH-meter reading (glass electrode) of 0.14. The
hydroxide ion concentration in aqueous solvent was calculated
from the pH of the aqueous solution and includes a correction
for dilution by the organic solvent.

Reactions were initiated by the addition of an aliquot (0.01
to 0.05 ml) of a solution of the substrate (in acetonitrile) on the
tip of a glass rod to 2.5 ml of buffered solution, contained in
a 1 cm path-length silica cuvette in the thermostatted cell
compartment of either a Pye Unicam SP 800 or a Perkin-Elmer
Lambda 5 UV-VIS spectrophotometer. A few vertical strokes
of the glass rod effected mixing and the reaction was followed by
monitoring the change in absorbance with time at 400 nm, the
optimal wavelength for analysis of the 4-nitrophenolate ion
product. The pH of the solutions were measured before and
after each kinetic run using a Radiometer PHM®62 meter with
a Russell CMAWL combined electrode, calibrated with BDH
buffers; data for experiments where the pH changed by more
than 0.1 units were discarded.

Pseudo-first-order rate constants were obtained from linear
plots of log(A, — Ay vs. t where A, is the absorbance of the
solution at the given wavelength at time t. The rate constants
were also obtained by fitting the value of A, (which increases
with time in these cases) to the equation A=A, —
(A, — Aj)e ™. Ester concentrations employed in the kinetics
were 50-100 pm; at the upper limit of concentration some of the
esters still exhibited solubility problems and for these esters the
lower limit was employed.

Data were fitted to theoretical equations by use of programs
operating on an Opus IV or V PC or by use of ‘grid-search’
programs written in BASIC and employing a BBC Master 128
computer.

Results

The reactions of 4-nitrophenyl esters of substituted benzoic
acids with phenol exhibited good first-order kinetics over at
least 90% of the total reaction. The reactions followed the rate
law of egn. (3) with good linear correlations of k,, against total

Kobs = Karo [ArO7] + Koy [OHT] (3)

phenol concentration; examples of the plots of values of Kk
against phenol concentration are shown in Fig. 1. The absence
of a background buffer effect is deduced from the lack of a
significant difference in the rate constants obtained for the
phenolysis of 4-nitrophenyl 3-chlorobenzoate at different buffer
concentrations and constant pH (Fig. 2). The second-order rate
constants for phenolysis, k.o, Were obtained using eqn. (4)

Karo = (dKop/d[ArO7])/FB (4)

(where FB is the fraction of total phenol present as the ion).

0.08
3-NO,
3-CN
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TV)
50,04+
e 3-Cl
0.02
0 0.015 0.030 0.045 0.060 0.075
[Phenol ]/ M

Fig. 1 Dependence of k., on phenol concentration for the phenolysis
of 4-nitrophenyl esters of substituted benzoic acids. The conditions of
measurement are given in Table 2 and the substituents are as labelled.
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Fig.2 The absence of background buffer catalysis in the phenolysis of
4-nitrophenyl 3-chlorobenzoate in different KHCO;-K,CO, buffer
concentrations (ll 50 mm, [J 25 mm) that demonstrates the lack of buffer
catalysis. Other conditions are as listed in Table 2.

Eqn. (4) was checked for the reaction of phenolate ion with 4-
nitrophenyl benzoate at two pH (Table 2). The second-order
rate constants for hydrolysis (koy, listed in Table 2) were calcu-
lated from observed rate constants at zero phenol concentration
which agreed with the extrapolated values. No correction was
made for the effect of buffer concentration as this had already
been shown to be negligible at the concentrations of buffer
employed (Fig. 2). The second-order rate constants for
hydrolysis are similar to those previously reported under differ-
ent solvent conditions.*?** The rate constants for the reaction
of phenolate ion with 4-nitrophenyl benzoates are also similar
to those recently reported for the reaction in 20% dimethyl
sulfoxide—water (v/v) and in ethanol.

The second-order rate constants, k.o and kg, for the
reaction of substituted 4-nitrophenyl benzoates with phenolate
and hydroxide ions both exhibit Hammett ¢ dependences
[egn. (5) and (6)] depicted in Fig. 3. The values for p for

log Kao = 1.67 + 0.08c — 0.716 + 0.060
(n=11, r=0.9900) (5)

log Koy =2.14 £ 0.07¢ + 0.314 £ 0.052
(n=11,r=0.9952) (6)
hydrolysis may be compared with those previously determined

with values ranging from p=1.86 in water**® to p =2.04 and
p = 2.01 in 33% acetonitrile-water.'22132
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Fig. 3 The Hammett dependence of the phenolysis (l) and hydrolysis
(A) of 4-nitrophenyl esters of substituted benzoic acids. The substitu-
ents and conditions used are given in Table 2.

The value of ¢ for the 2,4-dinitro array of substituents is
composed of the sum of that for the 4-nitro and the 2-nitro
groups. The o value for the 2-nitro group is estimated accounting
for the steric hindrance of the substituent, from the hydroxide
ion rate constant for attack on the ethyl 2-nitrobenzoate utilis-
ing a Hammett equation derived from data from Tommila and
Hinshelwood’s work for hydrolysis of substituted ethyl benz-
oates.** The data yield a value of 0.33 for the ¢ value of the
ortho substituent and the value for the 2,4-dinitro array is thus
1.10. This value is employed for both hydroxide ion and phe-
noxide ion attack on the 4-nitrophenyl substituted benzoate
ester. The fit to the linear regression is good in both cases and
the inclusion of the ortho substituent is not critical to the final
o values.

Discussion

Evidence for concertedness

By analogy with similar systems®"¢ it would seem reasonable
to suppose that reactions of 4-nitrophenyl benzoates with
phenolate ions possess concerted mechanisms.

The value of Leffler’s a for the hydroxide ion (0.78, obtained
by use of B, =2.76™) is larger than that for the phenoxide ion
attack (0.61) consistent with an anti-Hammond effect. The
sensitivity to ¢ of the 4-nitrophenyl substituted benzoates also
increases with increasing reactivity of the nucleophile in the
series —2.17, —2.61 and —2.80 for 4-cyano-, unsubstituted and
4-methoxy-phenolate ion nucleophiles respectively for reactions
in 20% dimethyl sulfoxide-water.'® The values of f3,, for attack
of substituted phenoxide ion on 4-nitrophenyl benzoates in
20% dimethyl sulfoxide-water are respectively 1.18, 1.04 and
0.98 for the 4-nitrophenyl esters of the 4-nitro-, parent and
4-methoxy-benzoates™ and the trend in selectivity can be
explained by the effect of the substituents in the benzoate on
the stability of the acylium ion corner of the More O’Ferrall-
Jencks diagram (analogous to Fig. 4). The p values for attack of
phenolate ion, ethoxide ion and acetophenone oximate ion on
substituted benzoate esters of 4-nitrophenol in ethanol increase
with reactivity.*® The anti-Hammond effects are consistent with
the concerted process but cannot readily be explained by an
Ay + Dy mechanism with rate-limiting addition.

Geometry of the transition state

The hybridization change from sp? to either sp (for acylium ion
formation) or sp® (for tetrahedral intermediate) would give p
values with respectively positive and negative values.

The polar effect of substituents in the benzaldehyde nucleus
of 1.71%° for the addition of water is due to the change of
hybridization from sp? to sp® The ionisation of the hydrated
species gives an extra contribution to p of 1.05 (the p value for
addition of the hydroxide ion is 2.76). Change in hybridization
from sp? to sp as in the formation of an acylium ion would give
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Fig. 4 More O’Ferrall-Jencks diagram for the displacement of 4-
nitrophenolate ion from substituted 4-nitrophenyl benzoate esters by
nucleophiles. The movement of the transition state consequent on
the change in stabilities of the four corners is the resultant of motion
parallel to the reaction coordinate towards the least stable corner and
motion perpendicular to the reaction coordinate towards the most
stable corners.

a negative p which would be modified by a further negative
component due to the formation of positive charge. The
observed values of p for the various displacements all lie in the
positive region and are consistent with hybridization of the
central carbon tending towards sp®.

Prediction of breakpoint position and ‘sharpness’
The Brgnsted correlation for a two-step mechanism [Ay + Dy;
egn. (7a)] including a breakpoint is described by eqgn. (7b).Y’

RCO-Lg + Nu~ kk:’ Intermediate L,
RCO-Nu + Lg~ (7a)
log Ky = 10g(1074P5*C€) — Jog(1 + 1001~ /2)PK-pKa) (7b)

The ‘sharpness’ of the break is related to the difference, Ap,
between p_, and f,, the Bragnsted selectivities for k_, and k,
respectively. A similar equation governs the correlation if
Hammett methodology is used.

The value of Ap can be estimated for the putative stepwise
mechanism for the reaction of substituted phenolate ions with
a phenyl ester such as 4-nitrophenyl acetate [egn. (8)] because
there are a considerable number of known values of £, and
good estimates of f for rate constants which might be expected
for formation and decomposition of tetrahedral intermediates.
The p value for k, (structure 1) is likely to be slightly more
positive than zero because the effect of electron donating sub-
stituents is to assist the departure of negative charge but is only
felt through two atoms by the bond undergoing fission. The
value of f_, will be substantially negative because of the prox-
imity of the substituent of the bond undergoing fission; the 3, is
estimated from S values for fission of alcoholate and phenolate
ions from tetrahedral intermediates (—0.63% and —0.9*%) and
an average value of —0.76 is chosen for f5,. The value of —0.76
is probably an upper limit for Af and this means that there
should be a substantial break in the free energy correlation. Fig.
5 illustrates the phenolysis of 4-nitrophenyl acetate '* where the
data are fitted to egn. (7) with Af and the pK, of the phenol at
the breakpoint (pK,) fixed at —0.76 and 7.14 respectively and f,
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Fig. 5 Brgnsted type dependence for the displacement of 4-
nitrophenolate ion from 4-nitrophenyl acetate by substituted phenolate
ions. The data and the linear correlation (a) are from Ba-Saif, Luthra
and Williams;** the line (b) is calculated from eqn. (7) assuming that
pK, is 7.14 and that A= —0.76 (see text). The correlation coefficients
for the fit to the lines are: A, 0.9860;'* B, 0.9527.

@o— + CHSCO—O@NOZ

X

CH3CO—O@ + —04<C:>>7No2
X

®

R
[kal X [k
on— {3 %
— loss of substituted

loss of (X4
4-nitrophenolate phenolateion
ion 1
X
/\/|\
NS
k [kdl
o (D)o
loss of o! loss of
4-nitrophenolate phenolate ion
ion 2

and C are variant. The predicted fit for the stepwise mechanism
correlates poorly compared with that of the linear Brgnsted
equation.

The position of a break (pK,) on the pK, or ¢ axis for reac-
tion of phenolate ions with substituted benzoates is not pre-
dictable from a mechanism involving a putative tetrahedral
intermediate (structure 2) unlike the situation where the sub-
stituent change is on either leaving group or nucleophile. Data
were reported™ for the reaction of three phenolate ions with
substituted phenyl benzoates which were interpreted by the
intervention of breaks in the Hammett plots at pK, ca. 3.5
corresponding to ¢ values of between 0.5 and 0.6. Increased
electron withdrawing ability of the acyl function was claimed to
cause a change in rate-limiting step because the leaving group
departure (k,) becomes reduced as k; increases with increasing
a. The criterion for a change in rate-limiting step is the ratio
k_,/k, (see structure 2) and thus any change in rate-limiting step
must be caused by a difference in selectivity of k_, and k, and
not that between k, and k,. The p value for k_;, would be
relatively small and approximately equal to that for k, as both
reactions are essentially similar; the value of Ap, a measure of
the sharpness of the breakpoint, would thus be close to zero.

Sharp breaks are possible for the Hammett plot for a putative
stepwise process when the Hammett p values for k_, and k, are
expected to be substantially different. Such effects are observed
in the formation of semicarbazones from benzaldehydes %
because the p value for the forward, acid catalysed, dehydration
step has a relatively large negative p value in contrast to the
small negative p value expected for the expulsion of the hydra-
zine from the carbinolamine intermediate. The reverse step will
have a p value only slightly more negative than zero because it is
expected that the transition state for addition is close to the
structure of the tetrahedral adduct.
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