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Equilibrium Formation of Anilides from Carboxylic Acids and
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Abstract: The formations of formanilidgg-methoxyformanilidep-nitroformanilide, and acetanilide from their
corresponding carboxylic acids and anilines in aqueous acidic media have been investigated at temperatures
between 60 and 10TC under a variety of conditions such as pH@) added phosphate, and added ethanol.

In each case, the pseudo-first-order rate constants for the establishment of equillgednir¢m both the
hydrolysis and formation directions, and the conditional equilibrium conskdrt (anilide]/[anilin€}ota) Were
determined in excess formate. Frath and knowledge of how thelp values of RCOOH and anilinium ion
depend on the various conditions, is derived a corrected equilibrium conktagtdefined as [anilide]/
([aniline][RCOOH]). In the case of formanilide, thé value is found to be invariant with temperature reductions,
although theK'¢q value increases. Ind® media, thek' value drops slightly, but after correcting for the medium
induced changes in [aniline] and [RCOOH], t&q value is the same as in water. In the presence of added
KH,PO,, the rate of establishment of equilibrium increases butthandK'eq values do not change relative

to their values without phosphate. Added ethanol is found to increase both the rate of establishment of equilibrium
and theK' equilibrium constants, but reduc&.; The mechanism of formation of anilides in water under
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acidic conditions is discussed.
Introduction

The great bulk of studies concerning amide hydrolysis are
conducted under acidic or basic conditions where the reaction

proceeds essentially to hydrolyzed proddc®onsequently, it

is generally believed that amide bond formation in aqueous
solution is unfavorable because the experimental conditions
under which the reactions are conducted favor the hydrolysis
process (eq 1). However, from the biochemical perspective, it
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bonds in aqueous media in the absence of enzymes is also of
interest since this is implicated in the origin of life. Attenfpfs

have been made to form peptides from amines and acids or by
coupling amino acids under conditions that resemble those of
primitive earth. In studies simulating so-called prebiotic condi-
tions in water, linear and cyclic polyphosphates;anamidé,
metal ions], silica, alumina and cla§,and more recently iron
sulfide plus HS® have been used for promoting amide bond
formation from acids and amines.

Reformation of lactams from their amino acid hydrolysis
products is well-documented and, in many cases, is very
favorable due to the intramolecularity of the proc¥sStudies
by Fersht and RequeAdMorawetz and OtakiZ Guthriel3 and

has long been known that hydrolytic enzymes are also capable (4) (a) Oie, T.; Loew, G. H.; Burt, S. K.; Binkley, J. S.; MacElroy, R.

of reforming peptides in solutioh® The formation of amide
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Physical Organic Chemistry of Acyl Transfer ReactionsCbmprehensie
Biological Catalysis Sinnott, M. L., Ed.; Academic Press Inc: London,
1997; Vol. 1, pp 293-326. (b) Brown, R. S. Studies of Amide Hydrolysis:
The Acid, Base, and Water Reactions.Biochemical Significance of the
Amide LinkageGreenberg, A., Breneman, C., Liebman, J., Eds.; Wiley-
Interscience: New York, 1999; Chapter 2, in pre@s Jencks, W. P.
Catalysis in Chemistry and EnzymolodgcGraw-Hill: New York, 1969;
pp 7-242, 463-554.

(2) (@) Fruton, J. S. IrAdvances in Enzymologweister, A., Ed.; J.
Wiley and Sons: New York, 1982; pp 23306. (b) Dobry, A.; Fruton, J.
S.; Sturtevant, J. MJ. Biol. Chem1952 195 149. Kullmenn, W.J. Biol.
Chem.198Q 255, 8234. (c) Carpenter, F. H. Am. Chem. Sod 96Q 82,
1111. (d) Inovyl, K.; Watanabe. K.; Morihara, K.; Tochino, Y.; Kanaya, T.
Emura, J.; Sekakibaras, $. Am. Chem. Sod 979 101, 751. (e) Esowa,
Y.; Ohmori, M.; Lchikawa, T.; Kurite, H.; Sato, M.; Mori, KBull. Chem.
Soc. Jpn.1977, 50, 2762. (f) Westeneys, H.; Borsook, irhysiol. Reu.
193Q 10, 110. (g) Morihara, K.; Oka, T.; Tsuzuki, HArch. Biochem.
Biophys.1969 132 489. (h) Gawron, O.; Glaid, A. J.; Boyle, R. E;
Odstrchel, GArch. Biochem. Biophyd4.961 95, 203.
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ust* have shown that it is possible, under certain conditions, to obtained by injecting, and determining the peak areas of, a 1:1
form substantial amounts of simple amides from intermolecular formanilide and aniline mixture. For each run two rate constants could
reaction of their constituent acids and amines in water either be obtained, for example, in the hydrolysis direction, the pseudo-first-
with or without catalysis. In view of the attractiveness of forming order rate constant of disappearance of the formanilide as well as the
the amide bond under “green” conditions that avoid the use of rate.cor?stant for the appearance of aniline. _ B

acyl activating agents and dry, non-hydroxylic solvents, we have Kl_netlc _dqta for formation and hydrolysis of acetanilide were
embarked upon a program to investigate the scope and limita-oPtained similarly at 98 2 °C, pH 1.95+ 0.03 and pH 3.72- 0.03

fi f th ide bond f fi to define th with (5.2-5.4) x 10~% M solutions of acetanilide or aniling, = 1.0
lons of the aqueous amide bond formation So as 1o define e(KCI). At lower pH, HCI comprised the buffer and 1.0 M acetic acid

potential applications. The following reveals our findings for a5 added to the solutions. At higher pH, acetate buffer was used with
the formation of simple anilides in aqueous acidic media under the total [buffer] being 1.0 M.

acidic conditions. E. Kinetics by UV—Vis Spectrophotometry.The rates of formation

and hydrolysis of formanilidep-nitroformanilide, andp-methoxyfor-

manilide were observed at 7@ 1 °C using a Cary-219 UVvis
Experimental Section spectrophotometer interfaced with an IBM 486 PC equipped with Olis
software (Online Instrument Systems, Jefferson GA, 1992). Kinetic data
were obtained by observing the rate of change in absorbance (increase
for formation and decrease for hydrolysis) of formanilide at 246 nm
andp-methoxyformanilide at 260 nm. Fgrnitroformanilide, rates of
formation and hydrolysis were obtained by following the rates of

A. Materials and General Methods. Aniline, formic acid, and
p-nitroaniline were obtained from BDH. Acetanilide, formanilide, acetic
anhydride, ang-methoxyaniline were purchased from Aldrich and used
as supplied. Glacial acetic acid was obtained from Fisher Scientific. . e ;

Methanol (HPLC grade) was obtained from EM Science. Aniline and gﬁé%puenfwgg ?r:t(lj ataepdpf);a/rﬁ?:g]?iﬁgjﬂo_a;flllan§£ol;:el(sgsl(fjttli\:j)er‘:)/i;‘1aDtI\jllég
acetic acid were distilled prior to use. All HPLC solvents were filtered ((5.0-6.9) x 102 M) of either (o-H, p-NOs, or p-OCHz)-aniline or
through a 0.45:m filter before use. All melting points were obtained (p-H or p-NO; or p—OCFb)-formaniIiae into ’3 mL of formate buffer
using Fisher-Johns melting point apparatus and are uncorrected. (pH 2.80-4.20, [bufferlow = 0.001-1.0 M, x = 1.0 (KCI)), which

All buffers were prepared using purified deoxygenated water from had been thermally equilibrated at 291 °C in the instrument cell
an Osmonic Aries water purification system. The pH was measured at holder for 30 min. The final pH of each of the runs was measured and
ambient temperature using a Radiometer Vit 90 video titrator equipped shown to agree with the initial pH. The pseudo-first-order rate constants
with a GK2321 C combination electrode, standardized by Fisher were obtained by NLLSQ f|tt|ng the absorbance vs time data to a

Certified pH 2, 4, 7, and 10 buffers. standard exponential modeh(= A. + (Ao — Ax) exp(kt)).

B. Synthesis.p-Nitroformanilide andp-methoxyformanilide were The acid-catalyzed hydrolysis of formanilide was followed ati79
synthesized fronp-nitroaniline ancp-methoxyaniline and formic acetic 1°C using 9.86x 103 M HCI, « = 1.0 (KCI), with runs being initiated
anhydride as describ&dby Krishnamurthy.p-Nitroformanilide was as above. All the runs were followed for at least 5 half-lives.

recrystalized 2 times from ethyl acetate before use and had a melting ¢ 5 stydies. The rate of formation and hydrolysis of formanilide
point of 196-197 °C (lit.* mp 196-198 °C). p-Methoxyformanilide at 79+ 1 °C was determined in formate buffer ([buffeg} = 0.25—

was purified by recrystalizing 3 times from a chlorofotimexane 1.0 M) at pD 3.60+ 0.03 where pD= pHumeasureq- 0.4018 The rate of

mixture. The pure product had a melting point of ) °C (it. " mp hydrolysis of formanilide was also obtained in 1.£010"2 M DCI, u
78-80°C). _ N _ = 1.0 (KCI). The kinetic data were obtained and analyzed as above.
C. Analytical HPLC Conditions. For HPLC analysis a Hewlett- G. Studies in the Presence of Phosphat&he rate of formation

Packard 1050 series HPLC system, fitted with a variable-wavelength ;¢ hydrolysis of formanilide was determined similarly atd °C

UV—vis detector and autoinje'ctor, was used. For separatiorj, an in the presence of phosphate (04050 M) in 1.0 M formate buffer
u-Bonda-Pak G (Waters) cartridge column was used. A gradient 5 hiy 320+ 0.03 and pH 3.6@= 0.03, with the ionic strength again
mixture of 0.005 M potassium phosphate buffer (pH 7.2) and methanol peing maintained at 1.0 (KCI).

was used to separate aniline from formanilide. For each injection the
initial solvent composition was 20% methanol:80% phosphate buffer,
which after 15 min was modified to 30% methanol:70% phosphate
buffer until 21 min, whereupon 100% methanol was used to wash the
column for 9 min before the next injection. For separation of aniline
and acetanilide, an isocratic mixture of 25% methanol:75% phosphate
buffer (0.005 M, pH 7.2) was used. In both cases, the flow rate was
1.2 mL/min and the detector was setlat= 231 nm.

H. Studies in Aqueous Ethanol. The rate of formation and
hydrolysis of formanilide was obtained in 1.0 M formate buffer in 20%
(v/v) ethanolic water, pH 3.59; = 1.0 (KCI). The kinetic data were
obtained as above at 6D 0.3 °C. Kinetic data were also obtained in
80% (v/v) ethanolic water containing 1.0 M formate at pHs 3.60 and
4.92 at the same temperature. The pH was adjusted by adding a suitable
amount of concentrated NaOH or HCI and measured before and after
the reaction. The ionic strength in 80% ethan®0%water was not

_ D. Kinetics of Amide Formation and Hydrolysis by HPLC. For corrected. The rate of formation and hydrolysis of formanilide was also
kinetics studies at 9& 2 °C, (5.0-5.3) x 10~ M formanilide or aniline obtained at 60C in 1.0 M aqueous formate buffer pH 3.60= 1.0
solutions were made in H20 mL of formate buffer (pH 3.24.2, (KCI).

[buffer]iota = 0.1-1.0 M, u = 1.0 M (KCI)) and were degassed by

passing Ar through them for 30 min. These solutions were then divided
into 10-20 autosampler vials that were then sealed with Teflon-lined
Sfpta-tT.he. \:lals \;verti he".’lt?d Ina bo.'tlﬁcrj contalnlngl; %0.'"”9 V\é‘f’ltfri apd the case of aniline enough HCI was added to convert all of it to
at certain Intervals, the vials were withdrawn, cooled Immediately In- o iniym ion. The pH was measured using a Radiometer Vit 90 video

ice water, and analyzed at ambient temperature by HPLC. The pseu_qo'titrator equipped with a GK2321C combination electrode and interfaced

first-order rate constants for appearance and disappearance of anllln(;Nith an IBM PC. The pH was recorded as a function of added 0.0105
and formanilide were obtained by NLLSQ fitting of peak area vs time M NaOH, which was delivered by a Radiometer ABU 91 autoburet.

data to a standard exponential model (vide supra). The response factorsq jonic strengths of all of the solutions were maintained at 1.0 using
for formanilide and aniline under the experimental conditions were KCI. Data were analyzed by a computer version of Simms method
The K, values reported are an average of three determinations.
Reported in Table 10 (as calculated in the Appendix) &gvalues

|. Determination of pKa. The gKy's of aniline and formic acid were
determined by titration at 24 1 °C. For each determination, 0.048
0.051 mmol of aniline or formic acid was usada 5 mLsolution. In

(14) Keillor, J. W.; Neverov, A. A.; Brown, R. SI. Am. Chem. Soc
1994 116, 4669.

(15) Krishnamurthy, STetrahedron. Lett1982 23, 3315. corrected for the temperature and medium effects.
(16) Perrin, C. L.; Thoburn, J. D.; Kresge, A.JJAm. Chem. S0d992
114, 8800. (18) Glasoe, P. K.; Long, F. Al. Phys. Chem196Q 64, 188.

(17) DeWolfe, R.; Newcomb, C. Rl. Org. Chem1971, 36, 3870. (19) Huguet, J. Ph.D. Thesis, University of Alberta, 1980
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constantK', is given in eq 3.

kobs= kf + kr (2)
K’ = klk )

Absorbance

In practical termsK’' is the ratio of [anilide]/[aniling} at
equilibrium with a given excess of RCOOH. Given in Tables
1S-12S (Supporting Information) are the origirahs data for
T T y ' ' T appearance or disappearance of various the anilides as well as
0 500 1000 1500 2000 2500 3000 i S ) . )
! . the conditional equilibrium constantk;, determined at equi-
Time (Min.) librium by HPLC methods or from the residual absorbance in
Figure 1. Typical kinetic traces for formanilide equilibration at pH  the absorbance vs time UV kinetic plots. Given in TableS1
3.60 at different [formatg}a, 0.10-1.00 M, x = 1.0 (KCI), andT - are the pseudo-first-order rate constants for formatignand
Zi %A@C—' TAT)E QQS(S_%? %??g;if;?rg ?ﬁfggrﬁfsﬂgiﬁnﬂ hydrolysis ,(q) of the qnilides as well as the corregted equilibrium
(), formation at 0.5 M &), hydrolysis at 0.5 M¥), formation at 1.0 constantK'eq Which is based on the concentrations of nonion-
M (#), and hydrolysis at 1.0 M&). ized aniline and formic acid with the concentration of water set
as unity as in eq 42 The acid and amine concentrations can be

Scheme 1

X K — [formanilide] @)
o K 0 eq o . .
)L . HZN@X ¢ )L ©+ 1o [aniline][formic acid]

OH

k, R N
: b determined from the K, values for the various RCOOH and
R=H X=H Ar—NHsz", corrected for the conditions of temperature and
CH; gg;{ media as described in the Appendix, the corrected values being
’ listed in Table 10. We deal with the specific conditions of
Results temperature and structure below, followed by the effects of

I - . . [formate] and additives.
The approach to equilibrium for the anilides given in Scheme

1 was followed both from the direction of formation and E A'.l.Ef.feCt COf Ttemtpergure .an_? kitrui[gre ort'lh An|I|de.
hydrolysis under a variety of conditions such as temperature, quilibrium Lonstants. sIven in 1ables are the experi-

pH, [RCOOH]ow, and the presence of the additives ethanol and mental ki, kr andK'eq .values for equilibration of fo.rmgnilide
phosphate. Shown in Figure 1 are typical absorbance vs time&nd acetanilide at various pHs and [RCOGHkIt the indicated

traces for the equilibration of formanilide with aniline and témperatures. The data show that Kig, for formanilide at 98
formate at pH 3.60 and 7 in the presence of three different  °C (12.6 M™) is larger than that for acetanilide (3.47) by
[formate]oa. The pseudo-first-order rate constant for the ap- a factor of about 3.7. As expected, equilibrium is reached faster
proach to equilibriumKy,9 can be obtained by NLLSQ fitting  at higher temperature, but reducing the temperature from 98 to
of the absorbance vs time data to a standard exponential model79 °C leads to an increase in théq for formanilide of roughly

A = Aot (Ao — As) exp(kt). The ks can be expressed in  1.6-fold, (12.6 vs 20.1 M!). Given in Table 3 are data
terms of the forward and reverse rate constaktsand k; determined in RO at 79°C that indicate that, at pH (pD) 3.60,
(Scheme 1) as in eq 2, while the conditional equilibrium the overall solvent deuterium kinetic isotope effect (DKIE) on

Table 1. Pseudo-First-Order Rate Constarfte Formation ki) and Hydrolysis k) of Formanilide at 98+ 2 °C and the Equilibrium
Constants(K'eq) Obtained by HPLC at Various pHs and Buffer Concentrations in Aqueous Formate Buffer

pH [formate]otwr (M) k (s ki (s71) K'eq(M™1)
417+ 0.03 0.10 (1.22- 0.03)x 107 (0.23+0.01)x 1075 12.3+ 0.2
3.60+ 0.03 0.10 (4.15: 0.02) x 1075 (1.13+ 0.04) x 1075 13.1+£ 0.6
3.18+0.03 0.10 (1.29: 0.06)x 1074 (2.56+ 0.11)x 1075 12.9+ 0.2
3.57+0.03 0.50 (9.72£ 0.30)x 105 (1.20+ 0.01)x 107* 11.9+£ 0.4
3.57+0.03 1.00 (1.24-0.04)x 104 (3.36+ 0.08)x 104 12.7+ 0.2

a Calculated from the pseudo-first-order rate constakig) (for establishment of equilibrium, usinges = k- + ks andK' = ki/k.. Errors are
deviation from the mean for duplicate values and standard deviations for triplicate Valleisulated using the nonionized concentrations at
equilibrium (eq 4), taking concentration of water as unity and accounting for changes il tbelpe to temperature and ionic strength variations.
[ j—

u = 1.0 (KCI).

Table 2. Pseudo-First-Order Rate Constarfter Formation k) and Hydrolysis k) of Acetanilide at 98+ 2 °C and the Equilibrium
Constants(K'eg) at Various pH Values in Aqueous HCI or Acetate Buffer

pH buffer ke (s7Y) ki (s71) K'eqg(M™1)
1.954 0.05 HCPe: (3.47+ 0.04)x 1075 (0.194 0.02) x 1075 3.64+0.3
3.75+ 0.05 acetate® (0.81+0.02)x 107 (1.07£0.02) x 1078 3.2+0.3

a Calculated from the pseudo-first-order rate constakig) (for establishment of equilibrium, usinges = k- + ks andK' = ki/k.. Errors are
deviation from the mean for duplicate values and standard deviations for triplicate Valtedsulated using the nonionized concentrations at
equilibrium, taking concentration of water as unity and accounting for changes irktsedpe to temperature and ionic strength variatiérisO
M acetate added. [buffer]ow = 1.0 M. ¢ = 1.0 (KCI).
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Table 3. Pseudo-First-Order Rate Constarfter Formation ki) and Hydrolysis ) of Formanilide at 7% 1 °C and the Equilibrium
Constants(K'e) at Various pHs or pDs and at Various Buffer Concentrations in Aqueous Formate Buffer

pH or pD [formateda (M) Kr (s} ki (s71) K'eqg(M™1)

2.80+ 0.03 0.10 (7.02: 0.05)x 10°° (0.77£0.01)x 10°° 20.6
2.79+ 0.03 0.50 (7.60£ 0.10) x 10°5 (4.29+ 0.05)x 10°5 22.7
2.81+£0.03 0.90 (7.69: 0.02) x 10°° (8.22+ 0.02)x 10°° 20.7
3.18+ 0.03 0.10 (3.32£ 0.05)x 10°5 (0.66+ 0.02) x 10°5 19.1
3.20£ 0.03 0.50 (3.66: 0.05)x 10°° (3.60+ 0.05)x 10°° 18.2
3.20+ 0.03 1.00 (4.09t 0.03)x 1075 (8.20+ 0.02) x 10°5 18.6
3.56+ 0.03 0.001 (1.36: 0.02) x 10°°

3.60+ 0.03 0.10 (1.42£ 0.02)x 10°5 (0.42+0.01) x 10°5 20.4
3.61+£0.03 0.50 (1.76: 0.03)x 10°° (2.644+ 0.02)x 10°° 20.9
3.59+ 0.03 1.00 (2.15: 0.03)x 10°5 (5.97+ 0.04)x 10° 19.5
4.01+0.03 0.10 (5.93: 0.02)x 1076 (1.83+0.01)x 1076 20.9
4.02+0.03 0.50 (7.90= 0.01) x 107 (1.25+ 0.01) x 10°5 21.7
4.03+0.03 1.00 (1.06£ 0.01)x 10°° (2.94+0.01)x 10°° 19.0
3.60+ 0.03 0.001 (1.34+:0.03)x 10°°

3.58+ 0.03 0.50 (1.93+ 0.09)x 10°° (1.77£0.10)x 10°° 22.3
3.61+0.03 0.75 (2.01+0.12)x 10°5 (2.76+ 0.30) x 105 21.9
3.60+ 0.03 1.00 (2.18+£0.03)x 10°° (3.96+ 0.06)x 10°° 21.6

a Calculated from the pseudo-first-order rate constakig) (for establishment of equilibrium, using,s = k- + k andK' = ki/k.. Errors are
deviation from the mean for duplicate values and standard deviations for triplicate Valiesulated using the nonionized concentrations at
equilibrium and taking concentration of water as unity. Changes in i plue to temperature, ionic strength, and solvent isotope effects have
been considered.pD. ¢x = 1.0 (KCI).

Table 4. Pseudo-First-Order Rate Constarfte Formation k) and Hydrolysis k) of p-Nitroformanilide at 79+ 1 °C and the Equilibrium
Constants(K'e) at Various pHs and Buffer Concentrations in Aqueous Formate Buffer

pH [formate]oa’ (M) k(s ki (s71) K'eq(M™1)
2.80+ 0.03 1.00 (2.33: 0.05)x 104 (5.34+0.04)x 10°° 0.26
3.18+ 0.03 0.10 (9.86: 0.02) x 10°° (2.16+£0.20)x 107 0.29
3.20+0.03 0.50 (1.12£ 0.03)x 104 (1.1740.05)x 10°5 0.27
3.20+ 0.03 1.00 (1.28:0.03)x 10* (2.40+0.06)x 1075 0.26
3.60+ 0.03 1.00 (7.22: 0.07)x 107 (9.33+0.60)x 107 0.25

a Calculated from the pseudo-first-order rate constakyg) (for establishment of equilibrium, usingss = k- + k andK' = ki/k.. Errors are
deviation from the mean for duplicate values and standard deviations for triplicate Vallelsulated using the nonionized of concentrations at
equilibrium and taking concentration of water as unity. Changes inkis pue to temperature have been considered. For formic acid, the change
in pK, due to ionic strength variation has also been considered. However, the effect of ionic strength Kpdhe-pitroanilinium ion was not
considered since at these pHs, a changeg@5 in K, unit will have less than 2% effect on th€e, ©u = 1.0 (KCI).

Table 5. Pseudo-First-Order Rate Constarfte Formation k)
and Hydrolysis k) of p-Methoxyformanilide at 79t 1 °C and the 0.0004
Equilibrium Constants(K'eg) at pHs 2.80 and 3.20 in Aqueous
Formate Buffer o~
", 0.0003-
pH® k (s™) ki (s™) K'eq(M™) =z
2.82+0.03 (4.08+0.05)x 10° (4.01+£0.04)x 105  41.0 S 0.00024
3.184+0.03 (2.13+0.03)x 10° (4.11+0.06)x 10>  38.9 v
a Calculated from the pseudo-first-order rate constakgs) (for 0.0001+
establishment of equilibrium, usinges = k: + ki andK' = ki/k;. Errors
are deviation from the mean for duplicate values and standard deviations
for triplicate values® Calculated using the nonionized of concentrations 0'000% 00 0.95 0.50 055 | ‘OO
at equilibrium and taking concentration of water as unity and accounting ) ‘ : ) )
for changes in the K's due to temperature and ionic strength. [formate];ya (M)
 [bufferloa = 1.0, = 1.0 (KCI). Figure 2. Pseudo-first-order rate constants of formatitn &) and
theK'¢q for formanilide is 1.1+ 0.1 but that the DKIE oK' = hydrolysis . M) of formanilide vs [formatejw at 98+ 2 °C (pH=
kilk; is 1.5-1.6 ([formate}a = 0.5-1.0 M). 3.60 andu = 1.0 (KCI)). The lines were obtained from the fits to eqs
5 and 6.

Given in Tables 4 and 5 are the k;, andK'¢q values for the
equilibration ofp-nitroformanilide andp-methoxyformanilide can be fit to eqs 5 and 6
at 79°C at various pHs. The respectitte,q values of 0.26 and ’

40 M1, coupled with the value of 20.1 M for formanilide at Kk = Koy T Ky [formate] 5)
79°C, indicate a strong dependence on the basicity of the aniline
substituent. ki = [formate], i (Ky; + kfformatel,) (6)

B. Effect of [formate] on k; and k;. Shown in Figure 2 are

typical plots of the pseudo-first-order rate constants for forma- whereky,, the intercept for eq 5, is the spontaneous pseudo-
tion (k) and hydrolysis K) of formanilide as a function of first-order rate constant for hydrolysis at pH 3.6Q; is the
[formate]owa at 98°C, pH = 3.60, andu = 1.0 (KCI). Similar second-order rate constant for formate-catalyzed hydrolysis, and
plots (not shown) can be made for the processes 4C7The kir and kyr are the second- and third-order rate constants for
data indicate that the hydrolysis follows a linear dependency formate-dependent hydrolysis and formation of formanilide.
on the [formate], while the formation follows an exponential Fitting of the appropriate hydrolysis and formation data at 98
behavior. The kinetic/concentration data for the two processesand 79°C (from Tables 1 and 3) to eqgs 5 and 6 gives the values
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Table 6. Pseudo-First-Order Rate Constants for the Acid Catalyzed Hydrokgsig 1),2 of Formanilide at a Given pH or pD, Second-Order
Rate Constantss;, (M~* s71),2 of Formate (buffer) Catalysis on Hydrolysis, and Second- and Third-Order Rate Conkta(its,* s)2 and kx
(M~2 s71),2 of Formate (buffer) Catalysis on Formation of Formanilide from Aniline and Formic Acid at Various Temperatures and pHs or pDs

kor x 10P ki x 10° Kif x 10P kor x 10P

temp CC) pH or pD (s (M-1s M-1ts) M—2s7)

79+ 1 2.80 7.02+0.21 8.50+ 3.50 7.84+ 0.09 1.45+ 0.11

79+ 1 3.20 3.24+ 0.01 8.45+ 0.01 6.24+ 0.05 1.95+ 0.06

79+ 1 3.60 1.35+ 0.01 8.01+ 0.14 4.45+0.14 1.47+ 0.15

79+ 1 4.00 0.54+0.01 5.19+ 0.13 2.02+ 0.08 0.93+ 0.08

79+ 1 3.604 1.38+ 0.08 8.31+ 1.10 3.04+ 0.10 0.91+ 0.10

79+ 1 2.00 43.84+0.01

79+ 1 1.96 53.2+0.01

98+ 2 3.60 3.72+ 0.56 95.0+ 18.0 13.7+0.10 19.9+ 0.20

aThe errors calculated from the standard deviation of the fi¢ o6 [formate}w andk: vs [formatel to eqs 5 and 6, respectively, at the given
pH or pD.P At this pH the acid-catalyzed hydrolysisy, is much higher than the buffer catalyzed hydrolygis(less than 11% at highest buffer
concentration)¢ pD. ¢ HCI or DCI was used as buffer; no formate addeds 1.0 (KCI).

Table 7. Pseudo-First-Order Rate Constants of Formatlenand Hydrolysis k) of Formanilide and the Equilibrium Constant§' ) in the
Presence of Phosphate at #91 °C in Aqueous Formate Buffer and the Second-Order Rate Constant for Phosphate Catalysis on Hydrolysis
(kPho9b and Formation KPho9P

pH2 [phosphatg}ia (M) k x 1P (sY) ki x 10P(s™Y) K'eqg(M™1) kphos x 1P (M~1s7Y) kPhos x 10°P(M~1s7Y)
3.21 0.10 (4.66£ 0.02) (9.50+ 0.03) 18.5 6.14+ 0.05 13.4+ 0.10
3.21 0.30 (5.9G¢ 0.10) (12.2+ 0.05) 18.6

3.58 0.10 (2.47: 0.03) (6.71+ 0.02) 19.1 2.70: 0.09 6.90+ 0.09
3.60 0.50 (3.52¢ 0.05) (9.44+ 0.01) 18.8

2 [buffer]ota = 1.00 M, u = 1.0 (KCI).? The errors are calculated from the standard deviation of the fi @6 [phosphate}. and ki vs
[phosphatej to a linear equatiork; = k° + kP°{phosphate}a or ki = k + kP"°{phosphate}., wherek® andk?® are the pseudo-first-order rate
constants of hydrolysis and formation without added phosphate under the experimental conditions at the given pH. The data at zero phosphate
concentration were obtained from Table 4.

Table 8. Pseudo-First-Order Rate Const&mi$ Formation k) and Hydrolysis k) of Formanilide and the Equilibrium Constaht&'eg) in
Aqueous Ethanolic, Formate Buffer at 6at00.3 °C

% (vIV)
pH® ethanol k (s ki (s74) K'eq(M1)d
3.59+ 0.03 20 (5.32£ 0.55)x 1076 (3.30£0.02)x 10°° 23.9
4.92+0.05 80 (2.82£ 0.03)x 10° (1.85+ 0.02) x 1075 14.8
3.60+ 0.05 80 (7.0 0.02) x 1076 (7.14+£0.02)x 10°° 9.2
3.60+ 0.05 0 (5.86+ 0.03)x 1076 (1.65+ 0.02) x 1075 32.7

a Calculated from the pseudo-first-order rate constakyg) (for establishment of equilibrium, using,s = k- + k andK' = ki/k.. Errors are
deviations from the mean for duplicate values and standard deviations for triplicate Veladsulated using the nonionized of concentrations at
equilibrium and taking concentration of water as unity, accounting for the changes iK{Balpe to the percent ethanol present in the solvent and
variation of temperature. 20% v/v ethanol water corresponds to 16.4 wt %, and 80% v/v corresponds to 75°@owtfe6]io = 1.0 M. 4 Given
the possibility that ethyl formate is produced during the reaction, that species could be involved in the formation of formanilide, and that the water
concentration can no longer be taken as unity Khgshould be written ak'.= ([amide][HO])/(([acid] + [ethyl formate])[amine]) ¢ x uncorrected.

for these rate constants compiled in Table 6. Two things are  Given in Table 8 are the pseudo-first-order rate constants for
apparent from the data in Table 6. First, Kgeconstants increase  formation and hydrolysis of formanilide in aqueous ethanolic
linearly with increasing [HO*], indicating that the hydrolysis  solutions of [formatgji = 1.0 M, T = 60 °C, and ionic strength

in the absence of buffer is specific acid catalyzed. Second, from not held constant. In keeping with the trends of temperature on
the D,O data given in the table, théoft*/ko°*) ratio at pH K'eq Noted in part A above, in the absence of alcohol, the
(pD) 3.6 is 1.0+ 0.1, while that at pH 2.0 is 0.9. The solvent corrected equilibrium constant increases at lower temperature
DKIE on the buffer catalysis for hydrolysis at pH (pD) 3.6, although the rate of attainment of equilibrium decreases. Added
(kaH29kq,P0), is 0.964 0.13, while the DKIE for formation ethanol has the effect of decreasing béthand k;, but by

are k20l P°) = 1.46 £ 0.10 and Ko"C/kPC) = 1.61+ different amounts, the net effect being to reducgy as the
0.31. ethanol content increases.

C. Effect of Additives on the kt, k;, and K'eq Constants.
Given in Table 7 are théds, k;, and K'eq constants for the
equilibration of formanilide at 79C at pHs 3.20 and 3.60 in a A summary of the conditional equilibrium constants’,(

1.0 M formate buffer in the presence oblRO,. At these pH defined as in eq 3) and corrected equilibrium constalits,,(
values, the phosphate exists as the monoanionic form and thedefined as in eq 4) for the anilides under all conditions
ionic strength was held at 1.0 with added KCI. Although investigated is presented in Table 9. TKeconstant gives an
equilibrium is attained faster in the presence of phosphate, theindication of the expected [anilide]/[aniling)y at a given set

K" andK'eq values are unchanged relative to those obtained in of conditions when there is an excess of carboxylic acid present.
the absence of phosphate. Plots (not shown) ofkthend k, It is known that the formation of the anilides depends on the
values against [phosphate] give straight lines, the slopes of whichconcentrations of the nonionized acid and arfiidiél314as
give the phosphate catalysis on the formatid®"¢9 and depicted in Scheme 2. Therefore factors that alter tgspof
hydrolysis kP9 processes: these values are also listed in Table the amines and acids play an important role in controlling the
7. extent of amide formation under a given set of conditions and

Discussion
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Table 9. Conditional Equilibrium ConstantK() and Equilibrium
Constants 'e)? of Formanilide, Acetanilidep-Nitroformanilide,
and p-Methoxyformanilide under Various Conditions

temp [RCOOH]ota K'eq
compound pH (°C) (M) K (M)
formanilide 4.17 98 0.10 0.19 123
formanilide 3.60 98 0.10 0.27 13.1
formanilide 3.18 98 0.10 0.20 129
formanilide 3.60 98 0.50 1.23 11.9
formanilide 3.60 98 1.00 2.64 12.7
acetanilide 1.95 98 1.60 0.06 3.60
acetanilide 3.75 98 1.60 1.34 3.20
formanilide 2.80 79 0.10 0.11 20.6
formanilide 2.79 79 0.50 057 227
formanilide 2.81 79 0.90 1.07 20.7
formanilide 3.20 79 0.10 0.21 19.1
formanilide 3.20 79 0.50 1.00 18.2
formanilide 3.20 79 1.00 2.05 18.6
formanilide 3.60 79 0.10 0.29 204
formanilide 3.61 79 0.50 1.49 20.9
formanilide 3.59 79 1.00 2.77 195
formanilide 4.01 79 0.10 0.30 20.9
formanilide 3.20 79 0.50 1.58 21.7
formanilide 3.20 79 1.00 2.78 19.0
formanilide 358 79 0.50 0.93 223
formanilide 3.6t 79 0.75 1.37 21.9
formanilide 3.60 79 1.00 1.80 21.6
p-nitroformanilide 2.82 79 1.00 0.23 0.26
p-nitroformanilide 320 79 0.10 0.02 0.29
p-nitroformanilide 320 79 0.50 0.10 0.27
p-nitroformanilide 321 79 1.00 0.19 0.26
p-nitroformanilide 3.60 79 1.00 0.13 0.25
p-methoxyformanilide 2.82 79 1.00 0.98 41.0
p-methoxyformanilide 3.18 79 1.00 1.88 38.9
formanilide 321 79 1.00 2.04 185
formanilide 3.21 79 1.00 2.04 185
formanilide 358 79 1.00 2.72 19.1
formanilide 358 79 1.00 2.70 19.0
formanilide 3.60 60 1.00 282 327
formanilide 359 60 1.00 6.21 23.9
formanilide 3.60 60 1.00 10.2 14.4
formanilide 492 60 1.00 654 9.3

aObtained usingK'eq

taking activity of water as unity. The concentrations of nonionized acid

= [formanilide]/[aniline][formic acid] and

and nonprotonated amine were calculated using the correktachper
the given conditions? Acetate.c pD. ¢ In presence of 0.10 M KiPQ,.
eIn presence of 0.30 M KHPQ,. fIn presence of 0.50 M KpPQO,.9 In
20% aqueous ethandlin 80% aqueous ethandlGiven the possibility

that ethyl formate is produced during the reaction, that species could
be involved in the formation of formanilide, and that the water

concentration can no longer be taken as unity Kthgshould be written
asK'e—= ([amide][H0))/(([acid] + [ethyl formate])[amine]).

Scheme 2

this is reflected in the corrected equilibrium constateq B : A g !
Several points of note are apparent from inspection of the data.formanilide (discussed above) and its microscopic reverse, the
(1) For a given amideK" increases as the [formagg) increases,
butK'eqremains constant irrespective of the pH and [formaie]
(2) In the set of formanilides, thp-substituent alters botK'

andK'eq (3) Alteration of the acyl portion from formanilide to
acetanilide decreases the equilibrium constant by a factor of

J. Am. Chem. Soc., Vol. 121, No. 19, 19883

Scheme 3
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240-fold. (4) For formanilide at a given pH and [HCOQ#d],
reduction in the temperature from 100 to 8D produces almost

no change irK' but increaseK'e¢q by a factor of about 3. (5)
Added phosphate increases the rate of attainment of equilibrium
without affecting theK' or K'eq. (6) Added ethanol increases
the rate of attainment of equilibrium and tié but reduces
K'eq In the following we will deal with these observations in
detail.

A. Mechanism of Specific Acid Catalyzed and General
Catalyzed Hydrolysis and Formation. The hydrolysis of
amides is specific acid catalyzed and adheres to the mechanism
given in Scheme 32921where preequilibrium protonation of
the amide, followed by attack of @ assisted by ogor mor&*
water molecules, generates a neutral tetrahedral intermediate
(To) and an encounter complex withs®&™. Rapid protonation
of the N to yieldT ™ followed by water-assisted-N cleavage
generates the acid, amine, angCH. Consistent with such a
mechanism is the fact that the solvent DKIE foyQr-catalyzed
hydrolysis is~1.0 and little180=C exchange is detected in
labeled amides recovered from solution after partial hydrofsis,
indicating that the rate-limiting step is largely formationTa$
from the protonated amide. The data of Table 6 for formanilide
indicate that the hydrolysis at zero added formate is linearly
dependent on [kD*] and that the solvent DKIE for that process
is, as expecteél 1.0+ 0.1.

It is required that the reaction of acid-catalyzed amide
formation follows the microscopic reverse of the hydrolysis,
proceeding through the same intermediates with the same rate-
limiting step(s). Thus the reaction must proceed through a
reversible HO*-catalyzed attack of the amine on RCOOH to
yield Ty™, which then deprotonates to give Bo, which
undergoes rate-limiting general acid catalyzed (gt C—OH
cleavage to yield the protonated amide.

As previously mentioned in the Results, the observed rate
constant for the attainment of equilibriurky,s is the sum of
the pseudo-first-order rate constakitandk:. Figure 2 illustrates
that both the latter constants are dependent on [RCQ@H]
but in different ways. Fitting of thd, andk; vs [formate]oa
data in Tables 1 and 3 to eqs 5 and 6 gives the values for the
formate-dependent rate constants presented in Table &gl he
and ks terms relate to the #D'-catalyzed hydrolysis of

(20) (a) Bennet, A. J.; Slebocka-Tilk, H.; Brown, R. S.; Guthrie, J. P.;
Jodhan, AJ. Am. Chem. So499Q 112, 8497. (b) Bennet, A. J.; Slebocka-
Tilk, H.; Brown, R. S.J. Am. Chem. S0d.992 114,3088. (c) Brown, R.
S.; Bennet, A. J.; Slebocka-Tilk, Hicc. Chem. Red992,25, 481.

(21) (a) Cox, R. A,; Yates, KCan. J. Chem.1981, 59, 2853 and
references therein. (b) Moodie, R. B.; Wale, P. D.; Whaite, T. Chem.

3.7 but decreases the rate of attainment of equilibrium by about Soc.1963 4273.
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solvent DKIE for k/729/kyP2°). Mechanism3 is predicted to

kor terms relate to a formate-catalyzed hydrolysis of formanilide have a more inverse value than mecharismhich results from
and its microscopic reverse, the formate-catalyzed aminolysis the pre-equilibrium protonation DKIE superimposed on a factor

of formic acid. At least three possible kinetically equivalent

mechanisms can be presented for the formate-catalyzed hy-

drolysis as given in—3. Mechanisml involves general acid

H H
Oécg otcg 0 /H o /H
H He ¢ e
g./ gﬁ /( \’\< i /O N
a— o)
< R SO
HH=y W H Lo o
+4 ,CcH JC-H
H ™H H “H o 2
+O/H O N/H
/g\N/ — - \IO |\
('O ™ O//C\
JC-H H
0 3

catalyzed attack of O on formanilide or, in the reverse
direction, general base plus®™-promoted decomposition of
To. Mechanism2 involves formate anion acting as a general

base to deliver kD to a protonated amide and, in the reverse

of %3 to account for an increased [formate anion] ipgCH

B. Effect of pH on the Conditional Equilibrium Constant,
K'. As shown in Table 9, at constant [formagg] the conditional
equilibrium constant maximizes at about pH 3.60 and then
decreases at higher and lower pH. The conditional equilibrium
constant includes the [formatg] so eq 3 becomes

K' = ki/k. = K"[formate],,, = [anilide]/[aniline],

whereK" = [anilide]/([HCOOH + HCOO ])([HsN*t—Ar +
HoN—Ar]). Because the formation reaction depends on the
concentrations of RCOOH and amine, the optimum pH for
synthesis of a given amide from its constituents occurs at values
between the lg,'s of RCOOH and HN*—Ar, expressed as H

= (pK2cd 4 pK ammonium/3 2b.3 Jsing a K, value of 3.63 for
HCOOH and 3.87 (100C) or 3.78 (80°C) for anilinium ion
(see Appendix), the calculated optimum pHs for formation of
formanilide are calculated to be 3.83 and 3.71 at 80 and 100
°C, close to the experimentally observed optimum value of 3.60
given in Table 9.

There is an apparent solvent deuterium equilibrium isotope

direction, formic acid acting as a general acid to assist in the effect (EIE) on the formanilid&'./K'p = 1.56 at pH (pD) 3.6

decomposition ofl o. Finally, in mechanisn3, formate acts as

andT = 80 °C (Table 9). The data of Tables 3 and 6 clearly

a nucleophile on the protonated amide to give a transient Show that the source of the DKIE is in theterm since thek

anhydride intermediate.

The solvent DKIE of k;;MC/k;,P2°) = 0.96 & 0.13 for the
formate-promoted hydrolysis of formanilide at pH (pD) 3.60
and 79°C permits us to favor mechanis?rafter consideration

of the effect of DO on the concentrations of protonated amide,

term has a unit kinetic isotope effect. Consideration of the effects
of D,O on the [Ky's of formic acid and aniliniur® indicates
that at pH (pD) 3.6 there is 50% less of the required neutral
amine in DO than in HO (14% vs 29%) but/s more HCOOD.
Thus the forward reactiom[HCOOL][L ;2N—Ar] should show

formic acid, and formate anion. Since it is generally observed @ solvent EIE of/z x %; = 1.4 due to simple concentration

that oxygen and nitrogen acids are stronger by a factordf
in H,O relative to DO?? (since O™ is a stronger acid in fD
than is BO™ in H,0), one expects that the amide would be
more protonated by a factor ef3 in D,O. Also, since the K,

effects alone. It is notable that the solvent EIEKg, which
depends on the true concentrations of the neutral acid and amine,
is unity.

C. Effect of Structure on K’ and K'¢q. Fersht and Requetfa

for formic acid under our conditions is 3.63 in water and 4.09 showed that, for a number of aliphatic amines, the corrected

in D,O,23 for a given [formate}a, there will be more HCOOD
at pD 3.60 in BO than HCOOH at pH 3.60 in #D (70% vs
50%)24 Mechanisml is disfavored since it should exhibit a
large primary DKIE ofku/kp = 2—5 attributable to at least two
protons in flight reduced b¥/; to account for the increase of
[HCOOL] in D,0. By contrast, mechanistis similar to what

is proposed in Scheme 3 for the specific acid-catalyzed

hydrolysis of amides, but with formate replacing®as the

base in assisting the delivery of water to protonated amide. In

this case, the DKIE should bel due to the competing effects

of an inverse DKIE associated with preequilibrium protonation
of the amide and a normal DKIE associated with the general

base delivery of the attacking wat@mnodified by®/3 to account
for the increased [formate anion] in,&. This same mechanism

was found to be operative for the acetate-promoted hydrolysis

of distorted anilide4.25

o

o]
4

Mechanisms2 and 3 are kinetically indistinguishable, but
there is a preference f& based on the near unit value of the

(22) Gold, V.Adv. Phys. Org. Cheml969 7, 259.
(23) Bell, R. P.; Kuhn, A. TTrans. Faraday Socl963 59, 1789.

equilibrium constant for amide formation was related to tke p
of the corresponding ammonium ion by eq 7. The experimental

log K'e;= 0.50+ 0.51K (@mmonium) @)
K'eq from that study for formanilide is 8 times smaller than
would be predicted using eq 7 probably due to the fact that
aliphatic and aromatic amines are described by slightly different
Brgnsted relationships. In the present study of formanilides at
80 °C, the relationship betweéf ¢ and aniline basicity is

log K'eq= —0.95+ 0.57K(anilinium) (8)

Itis also seen (Tables 1 and 2) that attainment of equilibrium
is 240 times faster for formanilide than for acetamide under
comparable conditions of temperature, pH, and reagent con-
centrations. The higher reactivity of HEQ)X can be attributed
to steric factors since nucleophilic attack on the formate carbonyl

(24) Given that i, = pH + log[A—H]/[A], it can be calculated that for
formic acid, Ko = 3.6 in water, at pH 3.6 the ratio of [HCOOL]/[HCOQ
is 1.0; in DO, where the K, of formic acid is 4.0, the ratio is 2.51.
Similarly, for anilinium, |Ks = 4.02 in water at 79C, the ratio of [LsN*—
Ar]/[L .2N—Ar] is 2.51 at pH 3.6, but in BO, where the Ka = 4.4, the
ratio is 6.3.

(25) Wang, Q.-P.; Bennet, A. J.; Brown, R. S.; Santarsiero, B.Bm.
Chem. Soc1991, 113 5757.
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Figure 3. Plot of log of formation equilibrium constanK{ey) against
1/T for equilibrium formation of formanilidey = 1.0 (KCI): W, this
work; O, at 25°C (ref 11).

is less hindered than that on the g3=0)X.2% However, the
respective corrected equilibrium constants vary only by a factor
of 3.7, indicating that the formation and hydrolysis processes

are nearly equally sensitive to the steric effects. Morawetz and
Otaki'? came to the same conclusion after they observed that

the amide equilibrium formation constants for a series of higher

J. Am. Chem. Soc., Vol. 121, No. 19, 19&®5
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intermediates. In some cases it is known that phosphate can act
nucleophilically toward RGEO)X to give acyl phosphate
intermediates. In a recent paper, we provided evidence that
phosphate can act as a nucleophilic catalyst toward ester and
thiolester hydrolysig! This mechanism generally occurs when
the conjugate acid of the departing group, X, has a &y p
and can leave readily as an anion which is not the case for
phosphate catalysis of amide equilibration where X would be
OH or NHR. In an earlier study we suggestttthat the catalytic
mechanism of phosphate-assisted formation and hydrolysis of
amides proceeds via either sequential general base/general acid
process or a bifunctional concerted general base/general acid
processes (Scheme 4).

To study the effect of the solvent polarity on theandK'eq

fatty acids under aqueous basic conditions were nearly the saméhe formation and hydrolysis of formanilide was carried out in

but that CHNH, reacts 140 times faster with formate than with
acetate.

D. Effect of Temperature on K' and K'¢q. The corrected
equilibrium constanti{'eg) for formanilide is inversely propor-
tional to temperature, increasing 2.6 times from 100 t¢®0
(Table 9). A plot of logK'eq vs LIT (Figure 3) gives a straight
line with positive slope from which can be computedBleq
of 6.60+ 0.25 kcal/mol. This value is very close to thé] of
ionization for anilinium (7.38 kcal/moB’ The K, of anilinium
ion decreases from 3.78 to 4.30 from 100 to €X) whereas
the change in ¥, of formic acid over the same range is
negligible because itAH of ionization is—0.04 kcal/mot’ (see
Appendix). The anticipatel'sqfrom eq 8 for an aniline having
a K, of 4.30 would be 31.6 M, essentially the same as what
is found experimentally (32.7 M, Table 9). Thus the over-
whelming result of the temperature effect is to alter Kig,
due to changes in the amine basicity.

both 20 and 80% (v/v) ethanol/water mixtures at’@and pH
3.60 (Table 8). Addition of cosolvents complicates the defini-
tions of pH and g, and also modifies the water concentration
in the equilibrium process. Given the possibility that ethyl
formate is produced during the reaction and that species could
be involved in the formation of formanilide (vide infra) and
that the water concentration can no longer be taken as unity,
the K'eq should be written a'eq = ([amide][H0])/(([acid] +
[ethyl formate])[amine]). However, the values gty given in
Tables 8 and 9 are computed in the same way as for the aqueous
conditions to facilitate comparison. Under comparable conditions
of pH and [formate}i, both the rate constant for attainment
of equilibrium (op9 and the conditional equilibrium constant
(K') increased about 3.5 times in changing from 0 to 80%
ethanol (see Table 9). TheKp of formic acid increases with
the addition of ethanol in aqueous meéflaand under the
experimental conditions, theKg of formic acid changes to

In practical terms, there is a near independence of the ~~>-33in 80% ethanol from 3.63 in aqueous media; 25 °C.

conditional equilibrium constank', on temperature, the values
at pH 3.6 and [formate}s being 2.82, 2.77, and 2.64 at 60, 79,

On the other hand thelg of anilinium ion decreases t93.78
in 80% ethanol from 4.30 in aqueous meéfidhe changes in

and 100°C. This is due to an almost complete counterbalancing PKa's due to the addition of ethanol increase the concentration
of the two competing effects of (a) increasing the amount of of nonionized forms of both aniline and formic acid at a given
neutral amine as the temperature increases due to the drop iPH (here 3.6), and so the equilibrium should lie more toward

pKa which should serve to increa$@, and (b) reducing the
nucleophilicity of the amine which should serve to decrease
theK' as in eq 8.

E. Effects of Phosphate and Ethanol AdditivesThe data

anilide formation. However, it should be noted that, if the
observed change K’ were only due to the increases in effective
concentration of reactive species ((HCOOH] andNirh]), the
change would be higher than 3.5-fold in 80% ethanol. The other

in Table 7 show that phosphate catalyzes the formation and competing factor which counterbalances the overall effect on

hydrolysis of formanilide, but as expected, the equilibrium
position is not changed by the addition of KO, The
accelerating effect is not great since, at pH 3.6, [formaieF
1.0 M, andu = 1.0, the addition of 0.5 M phosphate only
increases the rate of attainment of equilibrium by 50%. It is

known that phosphate ions are able to mediate acyl trans-

fer,28:29.30n this case to amine or water, through proton addition

K" is the drop in basicity of the amine.

Similar observations were made in studies of enzymatic
formation of amide bond&? and it is reported that, in the
enzyme-catalyzed peptide formation, the addition of organic

(28) (a) Schepartz, A.; Breslow, R. Am. Chem. S0d 987, 109,1814.
(b) Cunningham, B.; Schmir, G. 1. Am. Chem. S0d 967 89, 917.
(29) (a) Lee, Y.; Schmir, G. LJ. Am. Chem. S0d 979 101, 3026 (b)

and removal during the formation and breakdown of tetrahedral Cunninghum, B.; Schmir, G. LJ. Am. Chem. Sod966 88, 551

(26) The Taft steric parameters (defined as kigf,) = Es, determined
from the acid-catalyzed hydrolysis of esters) for H andsCie 1.24 and
0, respectively: Shorter, J. lidvances in Linear Free Energy Relationships
Chapman, N. B., Shorter, J., Eds.; Plenum Press: New York, 1972.

(27) Isaacs, N. S. IRhysical Organic Chemistry-ongmans Group UK
Ltd.: New York, 1987; pp 216213.

(30) (a) Kirby, A. J.; Mujahid, T. G.; Camilleri, Rl. Chem. SacPerkin
Trans. 21979 1610. (b) Camilleri, P.; Ellul, R.; Kirby, A.; Mujahid, T.
G.J. Chem. Sag¢Perkin Trans. 21979 1617.

(31) Gill, M. S.; Neverov, A.; Brown, R. SJ. Org. Chem1997, 62,
7351.

(32) Grunwald, E.; Berkowitz, BJ. Am. Chem. Sod 951, 73,4939.

(33) Gutbezahl, B.; Grunwald, B. Am. Chem. Sod 953 75, 1953.
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Scheme 5

ki
H;0'+ HCOOH + NHPh - H;0+ HCONHPh + H,0
-1

K
H;0"+ HCOOH + EOH —k—ﬂz—- H;0'+ HCOOEt + H,0
-2

k3

H;0'+ HCOOE: + NH,Ph HCONHPh + EOH + H;0"

-3

solvents shifted the equilibrium more toward amide bond
formation. For examplé? in the chymotrypsin-catalyzed forma-
tion of the dipeptide benzyloxycarbonyitryptophanylglycin-
amide (from benzyloxycarbonyHryptophan $) and glycin-
amide 6)), the addition of 85% 1,4-butanediol increased the

o}
H
J ° HoN
NH
N o
B 0
OCH,Ph NH;

5 6

extent of amide formation by a factor of 84. Th&pof the
carboxylic acid group 05 shifted from 3.6 in aqueous solution
to 5.3 in 85% 1,4-butanediol, without a significant change in
the K, of the amine group o6 (from 8.2 to 8.1). In that study

Aman and Brown

Table 10. Computed K4's of Anilines and Acids at Various
Temperatures and at= 1.0

pKain 20% (v/v)

pKain 80% (v/v)

temp €C) pKain water ethanol ethanol
Aniline

25 4.89+ 0.03 4.42 3.78k
60 4.30 3.83 3.19
80 4.02

100 3.78

Formic Acid

25 3.63+ 0.03 3.97 5.33%
60 3.63 3.97 5.33%
80 3.63

100 3.62

Acetic Acid

25 4.60

100 4.62

p-Nitroaniline
25 1.00
80 0.65%
p-Methoxyaniline

25 5.34
80 4.3%f

aMeasured afw = 1.0 (KCI). " Calculated usingAHignization @and
ASonization Values from ref 27¢ Available dat& indicates that the i,
of acetic acid drops from = 0 tou = 0.2, but above: = 0.2, the 1K
is independent of ionic strength. The value used was that giverat
0.2.9Reference 37 Reference 38 at = 0.10 M. f Extrapolated value
using data from ref 36 (from 20 to £T). 9 Calculated using data from

the enhancement in dipeptide formation in the above solvent ref 33. 20% v/v ethanol water corresponds to 16.4 wt % and 80% v/v

system was attributed mostly to the change K, pf the
carboxylic acid group of benzyloxycarbonyitryptophan. Pre-

corresponds to 75.8 wt %.Kp values interpolated from data given
between 0 and 20 wt %, and 65 and 80 wt % assuming a linear
interpolation." Assuming effect of temperature same as for aqueous

sumably such effect could be operative in the nonenzymatic media.' Calculated using data from ref 33. 20% v/v ethanol water

coupling of these two species as well.
Although the effects of the addition of ethanol can be
explained in terms of the change iKKgs, another possibility

exists wherein ethyl formate is formed as a reactive intermediate

and amide formation will occur through the aminolysis of ethyl
formate (Scheme 5). Kistiakowsky studtédhe equilibrium
formation and hydrolysis of ethyl formate in acidic aqueous

ethanol and showed that the acid-catalyzed rate of attainment

of equilibrium (ko + k-») in Scheme 5) varies from 2.8 103

to 3.3 x 1073 M~1 s 1 when the solvent composition changes
from 21 to 80% ethanol at 25C. The equilibrium positions
lay 17, 61, and 72% toward formation of ethyl formate in 21,
73, and 84% ethanol, respectively. The author also reported a
8—10% increase in the rate of attainment of equilibrium when
the temperature was increased to °€ from 25 °C, with no
change in the equilibrium position. From these data, it is clear
that ethyl formate will be formed under our reaction conditions
so the possibility of formanilide formation via aminolysis of
ethyl formate cannot be ruled out at this point.

Conclusions

In this study we have shown that it is possible to form
formanilide, acetanilidegy-nitroformanilide, ang-methoxyfor-

corresponds to 16.4 wt % and 80% v/v corresponds to 75.8 wik%. p
values interpolated from data given between 0 and 20.3 wt %, and
65.1 and 79.9 wt % assuming a linear interpolatigkssuming no effect

of temperature chang&u not corrected.

the attainment of equilibrium for the various formanilides varies
from 1.6 to 8.6 h, and so for practical purposes, equilibrium
can be established within-312 h (31/2). The rate of attainment

of equilibrium is subject to a large steric effect in the acyl portion
such that acetanilide equilibrium is established 240 times slower
than is formanilide equilibrium under comparable conditions
of temperature and pH. Nevertheless, the corrected equilibrium
constantK'eq is only marginally affected by the steric factor,

Nthe value for acetanilide being 3.7 times smaller than forma-

nilide.

Reducing the temperature slows the rate of establishing
equilibrium but has virtually no effect oK', althoughK'eq
increases. This is due largely to the effect of increasing the
basicity of the aniline at lower temperature which makes it more
nucleophilic toward the acid although the RCOOW,pis
essentially invariant with temperature. Added phosphate (0.5
M) increases the rate of establishing equilibrium for formanilide
by 1.6 times at pH 3.6 and 8 but does not influence the
equilibrium position. Both the rate of establishing equilibrium

manilide in reasonable amounts and in reasonable times fromany thek' increase as the ethanol content increases in the
their amine and carboxylic acid constituents in aqueous acidic jedium. The effect results primarily from increasing the

solution. The conditional equilibrium constarK;, gives an
indication of the [anilide]/[aniling}i, ratio expected once
equilibrium is established. The equilibrium position for forma-
nilides shifts more to formation with increasing basicity of the
aniline, and at 1.0 M [formatg], and pH 3.60, the respective
K’ values for formanilidep-methoxyformanilide, ang-nitro-
formanilide are 2.05, 1.88, and 0.19 at®D. The half-time for

(34) Kistiakowsky,Z. Physik. Chem1898 27, 250.

concentrations of the neutral forms of RCOOH and amine. From
a practical point of view, an 80% ethanol solution at pH 3.6
containing 1.0 M [formatej at 60°C enhances the yield of
formanilide to 91% from 73% in water, with equilibrium being
attained in 12 h relative to 42 h.

All the experiments in this study were conducted using excess
formate and concentrations of aniline or anilide which ensured
homogeneous conditions for purposes of the kinetic work.
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Synthetically, for amide formation in water, one can use much

J. Am. Chem. Soc., Vol. 121, No. 19, 19&®7

Assuming thatASis insensitive to ionic strengtihH atu =

higher concentrations of acid and aniline since the forming 1.0 (KCI) becomes 7.77 kcal/mol. Therefore, th&,pof

anilide will quickly separate from the water layer and drive the
equilibrium further to the side of amide formation.
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anilinium ion at 100°C becomes 3.75. An averagiof 3.78
was used for further calculations. Similar calculations were done
at 80°C (pKa = 4.02) and at 60C (pKa = 4.30).

2. Formic Acid. The K, of formic acid, 3.63+ 0.03, was
obtained by potentiometric titration at 24 1 °C andu = 1.0
(KCI). It is reported” that AHionization = —0.04 kcal/mol and
ASonization = —17 cal/(mol K) for formic acid ag = 0. From

order rate constants for the establishment of equilibrium and calculations similar to those above, thig;mt 100°C is 3.63.

K’ values for formanilide, acetanilidg-methoxyformanilide,
and p-nitroformanilide under various conditions (12 tables)

Therefore, although the change in ionic strength (from 0 to 1.0
M) alters the K, of formic acid by 0.12 unit, there is no effect

(PDF). This material is available free of charge via the Internet due to the change in temperatdPe.

at http://pubs.acs.org.

Appendix: Calculation of pKy's Listed in Table 10

1. Aniline. Isaacs has listéd the enthalpies and entropies
for dissociation of various acids and ammonium ions: for
anilinium ion AHionization = 7.38 kcal/mol and\Sopnization= 3.7
cal/(mol K) atu = 0. By titration in this study, the kK, of
anilinium ion was determined to be 4.890.05 at 24+ 1 °C
andu = 1.0 (KCI). Using the expressionrAG = RT In K,
AG of anilinium dissociation is calculated to be 6.67 kcal/mol
(Ka=1.29x 109 atu = 1.0 andT = 24 £+ 1 °C.

SinceAG = AH — TAS and assuming th&H is unaffected
by ionic strengthAS can be calculated as 2.39 cal/(mol K) at
u = 1.0 (KCI). Thus theAG at 100°C andu = 1.0 becomes
6.49 kcal/mol. Hence, thedq of aniline under these conditions
is 3.80.

3. p-Methoxyanilinium lon. Biggs has shown that theKp
of p-methoxyanilinium ion decreases with increasing temper-
aturé® and has obtainediKy’s of p-methoxyanilinium ion at
five different temperatures ranging from 20 to 40 andu =
0.10 M (KCI). The K, vs temperature plot follows a linear
equation, K = a + bT, whereT is temperature iriC, a =
0.018, andb = 5.79. Using these datakp of p-methoxya-
nilinium was calculated to be 4.35 at 8C.
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