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Abstract: The kinetics of reaction of representative primary and secondary amines with 2-amino-4,5-benzo-6-oxo-
1,3-oxazine (8) [an intramolecular o-carboxyl addition product to a carbodiimide group], to provide o-ureidobenz-
amides, are described (30°, H;O solvent, x = 1.0). Under the pseudo-first-order conditions of total amine con-
centration ([Nz]) > [8] the aminolysis reactions were found to proceed via simple nucleophilic attack (kx[N][8])
and amine general base assisted nucleophilic attack (k.,[N]28]). Only the values of &y have been tabulated since,
under the conditions of the experiments, the major portion of the reactions proceed through the path associated
with this constant. The pH dependence of the aminolysis rates are readily explainable by considering reaction of
amine with two (i.e., 8a and 8b) of the four species of 8 previously shown to exist in aqueous solution. In addition
the kinetics of the aminolysis reaction require the same pK, values as those determined spectrophotometrically
for interconversion of the four species of 8 (i.e., 8a =2 8b (pK,, = 3.10); 8b == 8¢ (pK,, = 10.61); 8¢ == 8d (pK,, =
9.21)]. The second-order rate constants for reaction of 8a with primary amine free bases is related to the pX, of
the conjugate acids of the amines via the expression log &1 = 0.75pK, — 3.0 when pK, < 9 but tending toward a
constant value of log k; for higher pK.’s. In contrast species 8b is far less reactive with primary amines; log &, =
0.84pK, — 8.8. Compound 8 may be considered as a model for the carboxylic acid adduct in the carbodiimide
synthesis of amides. From the present studies rationales for certain known features of the carbodiimide synthetic
procedure become evident. These include the ability to carry out the condensation in aqueous solution, the ap-

parent greater reactivity of less basic amines etc.

One of the most versatile methods used in peptide
synthesis is the coupling of suitably blocked
amino acids by means of carbodiimides. The reaction
is an overall dehydration, the carbodiimide 1 being con-
verted to the corresponding urea 5, which normally
precipitates from solution. Similarly, carbodiimides
have been used for the formation of aromatic and ali-
phatic acid amides, anhydrides and esters, and phos-
phate and sulfate esters. The method was first de-
scribed by Khorana® and by Sheehan and Hess.?® The
synthetic procedure has many advantages, e.g., re-
actions may be carried out in aqueous solution, and has
gained wide application; several reviews, by Khorana?
and by others,* list the scope of the reaction in detail.
In addition to the urea (5), the other by-products com-
monly isolated are the N-acylurea (3) and anhydride
(7); in some cases these are the major or only products.

The sequence of reactions of Scheme I has been sug-
gested by Khorana®™ and others*® to account for the
products formed; the most important point about
Scheme I is the postulation of the intermediacy of the
O-acylisourea (2) which may then isomerize (an O = N
acyl shift, forming 3) or react with nucleophiles to give,
e.g., the anhydride (7) or the amide (4). However 2
is not isolated in the course of the reaction. Attempts
to isolate and characterize 2 usually yield only the
N-acylurea 3. This reflects the fact that the isoimide
structure {RC(=0)OC=N) israrely encountered. Un-
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less stabilized by special structural features, a facile
isomerization to the corresponding imide (C(=0)-
NC(=O0)R) occurs. Curtin and Millar” have demon-
strated that the anti isomer of the isoimide may, how-
ever, resist isomerization. The nitrogen lone pair is
then on the side remote from the O-acyl group, and the

(7) D.Y. Curtin and L. L. Millar, Tetrahedron Lett., 1869 (1965).
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rate of isomerization to the imide is essentially that of
anti - syn conversion, the four center O — N acyl
shifts occurring relatively rapidly in the syn isomer.
DeTar and coworkers® have carried out a kinetic in-
vestigation of some carbodiimide reactions in aceto-
nitrile and carbon tetrachloride solution. Although the
results are complicated by the intervention of multiple
association equilibria in the solvent system chosen for
study, they agree with a scheme such as I. For ex-
ample, evidence was obtained to show that the N-acyl-
urea (3) did not arise from the reaction of the urea (5)
with the acid anhydride and that the anhydride did not
react directly with the carbodiimide (1) under the con-
ditions used for the study.

An understanding of the reactivity of the O-acyliso-
urea (3) and its partitioning amongst the various prod-
ucts is obviously vital to define conditions of solvent,
pH, nucleophile, etc., where the yield of the desired
amide 4 is maximized at the expense of the by-products.
Hopefully one could then explain some of the unusual
features of the reaction; e.g., addition of acid is re-
ported to have little effect (in tetrahydrofuran solution)
on the amount of amide formed, and higher yields of
simple amides are obtained with less, rather than more,
basic amines.®

Lempert and Doleschall’® have demonstrated that
the cyclic benzoxazine 8, which is a model for the iso-
imide 2, may be isolated under suitable conditions.

0 0 (”)
0 0 RNE, C—NHR
N” NH, N NH

NHCONH,
8 8’ 9

Nucleophilic attack by the amino nitrogen (or by the
imino nitrogen in the tautomeric form 8’) at the car-
boxyl group is sterically prohibited. Kinetic studies on
the hydrolysis of 8 have shown!! that although the re-
actions of 8 with hydroxide ion and of protonated 8
with water are significant in basic and acidic solution,
respectively, there is a large pH region (4-8) in which
the hydrolysis of 8 is relatively slow (¢, > 1 hr). In
this study we have examined in aqueous solution the
reaction of a number of representative amines with the
O-acylisourea (8) to give the amides (9).

Experimental Section

Materials. Potassium chloride, potassium hydroxide, and potas-
sium phosphate were reagent grade and used without further puri-
fication. The water used throughout was deionized and then
twice distilled in an all-glass apparatus. The liquid amines morpho-
line and piperidine were purified by distilling the commercial
material over sodium hydroxide using a 20-in. Teflon annular
spinning band column. The morpholine obtained had bp 129°,
the piperidine 105.5-106°, Both were stored under nitrogen and
used immediately. Glycine (Fischer, Reagent grade) and glycyl-
glycine (Calibochem, A grade) were used directly without further
purification, The hydrochlorides of the following amines were

(8) D. F. DeTar and R. Silverstein, J, Amer. Chem. Soc., 88, 1013,
1020 (1966); D. F. DeTar, R. Silverstein, and F. F. Rogers, ibid., 88,
1024 (1966).

(9) A. Buzas, F, Canac, C, Egnell, and P. Freon, C, R. Acad. Sci.,
260, 2249 (1965); A. Buzas, C, Engell, and P, Freon, ibid,, 252, 896
(1961).

(10) K. Lempert and G. Doleschall, Monatsch. Chem., 95, 950 (1964).

(11) A. F. Hegarty and T, C, Bruice, J. Amer. Chem. Soc., 92, 6561
(1970).
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recrystallized from ethanol or ethanol-water shortly before use:
ethylamine (Eastman), mp 108-109°; vL-lysine (Sigma Chemical
Co.), mp 268°; 2,2,2-trifluoroethylamine (Pierce Chemical Co.);
glycine ethyl ester (Aldrich), mp 145-146°; ethylenediaminedi-
hydrochloride (Matheson Coleman and Bell).

2-Ureidobenzamide. o-Aminobenzamide (12.2 g, 0.10 mol) was
stirred at 0° in 150 ml of 1:1 acetic acid-water and a solution of 8.1
g (0.10 mol) of potassium isocyanate was added over 1 hr. The
precipitated urea (14.0 g, 85 %) was filtered and washed with water.
On recrystallization (from methanol-water, maintaining the tem-
perature below 50°), the 2-ureidobenzamide had mp 180-182°
dec (when heated rapidly to 170°); lit.!> mp 184-185° (rapid heat-
ing).

The methods used for the preparation of 2-amino-4,5-benzo-6-0x0-
1,3-oxazine (8) and 2,4-(1H,3H)-quinazolinedione have previously
been described. !

Kinetic . Measurements. All kinetic measurements and pK.
determinations were carried out at 30° in aqueous solution at u
= 1.0 with potassium chloride. The combined Cary 15 spectro-
photometer-Radiometer pH-stat assembly used for most of the
kinetic experiments has been described in detail elsewhere, 1113

For those aminolyses studied close (=1 pH unit) to the pK.
of the amine, the amine-amine hydrochloride solution acted as
buffer. In this case the pH of the reaction solution was measured
at 30° before and after a kinetic run using a Radiometer pH meter
Type PHM 22 equipped with a PHA 630 scale expander. Any
run showing a pH drift greater than 0.03 unit was discarded. The
rates of aminolysis of 2-amino-4,3-benzo-6-0x0-1,3-0xazine were
measured (in 3-ml cuvettes) using either a Cary 15 or Gilford Model
2000 spectrophotometer. Generally it was found convenient to
follow the decrease in optical density at 265 nm. At pH’s outside
the buffer capacity range of the amine, pH was maintained constant
using the pH-stat assembly described above. Use of this apparatus
had the advantage that aminolyses could be studied under condi-
tions when the amine was either essentially 0 or 1009 protonated.
The amine-amine hydrochloride solutions were prepared just prior
to a kinetic run, by the addition of standardized hydrochloric acid
or potassium hydroxide to solutions of the free amine or amine
hydrochloride. A minimum of four serially diluted buffer con-
centrations (1.0-0.05 M in total amine concentration) were used
in those pH regions and with those amines in which the plots of
kobsa rs. total amine concentration were strictly linear  Otherwise
6-8 dilutions were used to facilitate the separation of terms first and
second order in the amine concentration.

The values of the pseudo-first-order rate constants (kowsa) were
calculated either graphically [plots of log (OD,, — OD,) us. time
()] or using programs written for an Olivetti-Underwood Pro-
gramma 101 computer by Dr. Donald Tanner, formerly of this
laboratory.

Product Analysis. On a preparative scale it has been shown that
the reaction of the benzoxazine 8 with a variety of primary and
secondary amines gives the corresponding amides 9 in high yield.!
Although no detailed product analysis was carried out in this
study for all the amines used, it was shown that in one case (with
ammonia as the amine) the amide was the primary aminolysis
product of both 8a and 8b. The ammonolysis of 8 was initially
carried out in 0.5 M total ammonia concentration at pH 9.50.
Under these conditions reaction is essentially with 8b. On com-
pletion of ammonolysis, the pH was rapidly adjusted to 10.50 and
the recyclization of the o-ureidobenzamide (9, R = H) formed in
the initial experiment [to 2.4-(1H,3 H)-quinazoline] was followed by
repetitive scans of the ultraviolet. The spectral changes observed
were identical with those observed on cyclization of an authentic
sample of the amide 9 (R = H), as was the rate constant calculated
from this date.* Since the cyclization of 9 (R = H) is not subject
to general base catalysis,!* the rate was unaffected by the
presence of ammonia. In a similar manner, by carrying out the
ammonolysis of 8 at pH 6.0, it was shown that 9(R = H) was also
formed from 8a.

Results

The rates of aminolyses of 8 by representative primary
and secondary amines have been measured at 30° in
aqueous solution (u = 1.0). The kinetics were studied

(12) W, A, Jacobs and M, Heidelberger, ibid., 39, 2437 (1917).

(13) T. C. Bruice and J. R. Maley, 4nal, Biochem., 34, 275 (1970).

(14) A. F. Hegarty and T. C. Bruice, J. Amer. Chem. Soc., 92, 6575
(1970).
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Figure 1. Plot of apparent second-order rate constants (calculated
for total amine concentration; 1. mol™! sec™!) for reaction of
morpholine with 8 (H.0, 30°, u = 1.0). Points are experimental
and the curve generated fromeq 5.

under pseudo-first-order conditions by maintaining the
amine at all times in a large excessrelativeto 8. For pri-
mary amines, plots of the observed pseudo-first-order
rate constants (kopsq) vS. the free amine concentration (at
constant pH) exhibited upward curvature indicating a
term of greater order than one in amine. For these
cases kopsq Was found to be related to the free amine con-
centration and could be expressed by a sum of terms
via eq 1, where [N] refers to the free (unprotonated)

Kobsa = Kuyar + Kn[N] + kgp[N]? (D

amine concentration (i.e., K, = [NJH*}/[NH"], and
[Ng] = [N] + [NH*]). The constant kyyq, is the hy-
drolytic (i.e., amine independent) rate at the given pH.
The constants ky and kg, are best separated by rear-
rangement of eq 1 to provide 2. A secondary plot of

Kobsa — Knyar

%ﬂ = kn + kg[N] 2)
(kopsa — Kuyar)/[N] vs. [N] then gives ky (the second-
order rate constant for reaction of the substrate with
free amine) as intercept and k., (nucleophilic attack
assisted by the amine as a general base) as slope. Only
the ky values are quoted in this study; the contribution
of kg, was in all cases small and could be ignored with
some secondary amines (e.g., morpholine) or at low
amine concentration.

The reaction between the secondary amine, morpho-
line, and 8 was investigated over the pH range 2-11.
The observed rate constants at a given pH followed the
simple relationship seen in eq 3; in Figure 1, the kx..

Kobsd = kNT[NT] (3)

values obtained are plotted as a function of pH. A
theoretical fit of the data was obtained assuming the
kinetic scheme shown in eq 4; the species a, b,¢,and d

Kal Kag K'\a

-H- -H* -H-
a—=—b——c=—xd (€))
FH- | +H +H-
l k(N l k[N

products

designate the various forms of the substrate in solution;
the equilibrium constants K,, K,,, K., have the values

log k,

1 |
5 6 7 8 9 10 1

PKq

Figure 2. Brensted plot for reaction of amines with the indicated
1onic species of 8 (4 in 1, mol~!sec™?).

7.96 X 10=¢ 2.43 X 10—, and 6.17 X 10—, respec-
tively.!! Using these known constants and the acid
dissociation constant of the conjugate acid of morpho-
line (K,, = 2.09X 10~°) the values of k; and k, which

k1Ka ay
kng = ‘
ST G + Kolas + Ko
k;zaH2 Ka_‘
5
ag® + Koau + KK, x ag + K, ®)

best fit the observed kinetic data are calculated as 1.60
X 104 M—1! sec~! and 6.3 X 10~ M~! sec™!, respec-
tively. The solid line in Figure 1 is theoretical having
been derived from eq 5 employing these constants.
Below ca. pH 7, aminolysis occurs essentially entirely
with species A of the substrate. Then eq 5 reduces to
eq 6. The rates of aminolysis of several amines were

ke — lea.,aH
T T (ag + Ko)au + Ka)

determined in the ‘“‘plateau” region (pH 4-7). The
resultant second-order rate constants (k) for the reac-
tion of the free amine with species a are listed in Table

(6)

Table I. Second-Order Rate Constants (k;) for the Aminolyses®
of Species a of 8 (30°, u = 1.0)
ki, 1. mol—t
Amine sec™! pK,b
Triftuoroethylamine 17.2 5.63
Ethylaminediamine, monocation 565 7.53
Glycine ethyl ester 600 7.75
Glycylglycine 1,290 8.25
Glycine 7,500 9.63
Ethylamine 11,000 10.69
Morpholine 16,000 8.68

e Calculated from data obtained in the ““plateau’ region pH4-7.
® At 30°, u = 1.0{see T. C. Bruice, A, Donzel, R, W. Hufmann, and
A. R. Butler, J. Amer. Chem. Soc., 89, 2106 (1967); T. C. Bruice,
J. J. Bruno and W. S. Chou, ibid., 85, 1659 (1963); M. J. Gregory
and T. C. Bruice, ibid., 89, 2327 (1967)].

I. A Bronsted plot of these data is provided in Fig-
ure 2. The solid line drawn through the points for
trifluoroethylamine, ethylenediamine monocation, gly-
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Figure 3. Brgnsted plots for rates of reaction of free amine species
at pH 9.64 and 10.64 with 8 (second-order rate constants in 1. mol™!
sec™}; rate constants corrected for small contribution of reaction
with 8a—see text).

cine ethyl ester, and glycylglycine has slope (3) = 0.75.
The more basic amines, glycine and ethylamine show
negative deviation and the secondary amine morpholine
shows a positive deviation from this line.

The reaction of several amines with 8 was also investi-
gated at pH 9.64 and 10.64. From the observed rate
constants the rate constants for reaction with species a
(Table I) were subtracted thus providing a set of con-
stants for reaction with any other ionic species of 8
(see Table II; ky represents the second-order constant

Table II. Second-Order Rate Constants for the Reaction of
Unprotonated Amines with Species b of 8

kn,b M-1sec!

Amine pK. pH = 9.64 pH = 10.64
Glycylglycine 8.25 8.0 X 10°3 8.2 X 10—¢
Morpholine 8.68 2.4 X 1072
Glycine 9.63 8.8 x 102 3.8 X 107®
Ethylenediamine 10.18 3.9 X 107t 3.17 X 10°2
Lysine 10.25 2.80 X 102
Ethylamine 10.69 7.6 X 101 9.3 X 1073
Bronsted 8 0.82 0.84

230° u = 1.0, pH 9.64 and 10.64. ! Correction has been
made for reaction with protonated 2-amino-4,5-benzo-6-0xo-1,3-
oxazine (pK, = 3.10).

for reaction between free amine and b present at a
given pH). Bronsted plots of the log of these rate con-
stants vs. the pK of the corresponding amine (Figure 3)
are essentially parallel; an average Bronsted 8 of 0.84
can be calculated for aminolysis of species b.

The reactions of two further amines, glycine and
piperidine, were also studied as a function of pH in the
pH region where b is the principal reactive species.
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Figure 4. Plot of apparent second-order rate constants (calculated
for total amine concentration; 1. mol~1sec™!) for reaction of glycine
with species of 8 as controlled by pH. Points are experimental and
the curve generated from eq 5.

With morpholine as nucleophile, as a consequence of the
positive deviation from the Brensted plot shown for
species a (Figure 2) but not for b (Figure 3), reaction
with a was significant at all pH’s; the observed rate
constants were therefore not highly dependent on the
values of K,, and K,,. A small difference in the spec-
trophotometrically and kinetically determined pK,’s
might therefore go unnoticed. This difficulty did not
arise with glycine. The kx, values showed a “bell-
shaped” dependence on pH (Figure 4). This curve has
a maximum at pH 9.63, which is the pK, of glycine.
Consequently if a simple single protonation—-deprotona-
tion of the substrate were occurring, this should also
have a pK, at 9.63 [since for a bell-shaped curve, pHpax
= 1, (pKa, + pKa,)).® A satisfactory fit of the data in
Figure 4 for reaction of glycine with b could not be ob-
tained using eq 7, the ‘“‘normal” equation for a bell-

k - k'rKalaH
NT aH2 + KalaH + K31K82

shaped profile, with pK,, = pK., = 9.63. The reason
for this is clear from Figure 5 in which the rate constants
for unprotonated amine (k) are plotted against pH.
The sigmoid curve is not that for a single pX, but for
two overlapping pK’s with pK,, = 10.61, pK,, = 9.21
(these values are identical with those previously ob-
tained from hydrolytic data'?). Using these values a
best fit of the observed data was sought by variation

O]

of k.. For glycine, k» = 0.12 M—! sec™* was used in

K., Ky
—H+ ~H*

b—=c—=d
+H* +H*

lka[N]

p

kggaH2

kN=

8
aI—I2 + KagaH + KazKax ( )

(15) R, A, Alberty and V. Massy, Biochem. Biophys. Acta, 13, 347
(1954).
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Figure 5. Plot of true second-order rate constant (I. mol=! sec~?)

for reaction of glycine free base with species of 8 as controlled by pH.
Points are experimental and the line theoretical having been gen-
erated fromegq 8.

eq 8 to compute the theoretical plot in Figure 5. This
also fits the k.. values observed (Figure 4), when al-
lowance is made for protonated amine. Below pH 9,
the major reaction was with a; therefore at pH’s below
9 there is considerable inaccuracy (with consequent
scatter observed in Figure 5) in the data for reaction
with b.

Equation 8 predicts that at very low ay values ky
will be proportional to ay? i.e., a plot of log kx vs. pH
should have slope —2.0 at high pH. This condition
cannot be rigorously tested with glycine since ky rapidly
becomes less than kyyq, (the hydrolytic constant) as the
pH is raised. A more reactive amine, piperidine, was
therefore used and a plot of log ky vs. pH is provided in
Figure 6. Clearly, as required by eq 8 (from which the
theoretical line was drawn with k; = 0.70 M~! sec™ 1),
at high pH the rate constants decrease with the square of
the hydrogen ion concentration.

Discussion

The O-acylisourea (8) has been established, viag
spectrophotometric titration in aqueous solution,!! to
exist in protonated (8a), neutral (8b), monoanionic (8c),

Scheme 11

0 K, 0 K.
SOUEICONE"
E%\NH2 T N)\NHz -
. 8b
a
0. O.
CI
H H
9 9

and dianionic (8d) forms. The determined pK, values
are: 8a=8b(pK, = 3.10); 8b =8¢ (pK,, = 10.61);
8c = 8d (pK,, = 9.21). Since pK,, > pK,, the mole
fraction of 8c never exceeds 109, regardless of the pH.

If one considers that the substrate (8) exists in four
forms and the amine in two (protonated and free) then
it is obvious that a complex dependency of rate on pH
might be anticipated. For the purpose of visualizing

log ky

-40 = 1 | I

8 9 oH 10 1 12

Figure 6. Plot of the log of the true second-order rate constant for
reaction of morpholine free base with the species of 8 as controlled
by pH. Points are experimental and the curve generated from eq 8.

the species involved in the aminolysis of 8 the apparent
second-order rate constant (kx., €q 3 and 5) based on

the total concentration of amine as free base and conju-
gate acid is plotted vs. pH (Figure 1). Morpholine was
chosen as the amine because reaction of this secondary
amine with 8 showed no dependency upon the second
power of amine concentration. The reaction sequence
of Scheme II is shown to fit the data best.

Reaction of amine with 8a suffices to rationalize
kx.p of Figure 1 between pH 1.0 and 8.0. Reaction of
amine with both 8a and 8b accounts for kx.p between
pH 8 and 12. The theoretical line in Figure 1 was
computed using the spectrophotometrically determined
pK.’s for substrate (Joc. cit.) and Scheme II. No re-
action between the amine and the anionic species 8¢
and 8d was detected. Below pH 3 essentially all of 8
is as 8a so that further reducing the pH merely decreases
the rate by making the concentration of free amine

- K‘i -
Co; - co,
i :N=C=NH o : : V=C=N"
8¢ 8d

limiting. In the pH region ca. 4-7, the rate of morpho-
linolysis of 8 is essentially independent of pH giving the
“plateau” in Figure 1. Since the region lies between
(but relatively far from) the pK,’s of both 8a and the
amine (pK, = 8.68), the major species in solution are
8b and protonated amine. Increasing the pH by one
unit in this region increases the concentration of free
amine tenfold but there is no observable change in the
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overall rate since the concentration of 8a decreases
tenfold. At pH 7, essentially all 8 is as 8b and further
increase in pH decreases k.. because (as the pK, of the

amine is approached) 8a becomes limiting.

The second-order rate constants (ki) for the reaction
of 8a with the various amines listed in Table I were
determined from the observed rate constants in the
plateau region (pH 4-7). The more weakly basic
amines fit the Bronsted relation of eq 9. The pro-

log ki = 0.75pK, — 3.0 ©)

tonated species 8a is, therefore, highly reactive toward
amines. For example, 2 1.0 M solution of glycine at
pH 3.0 contains only 2.3 X 1077 M free glycine, but
11, for the glycinolysis of 8a under these conditions can
be calculated as just 12 min.

As the amine base strength is increased, the k, values
calculated for the amines no longer follow eq 10 and the
plot k; vs. pK, of the amine shows downward curvature
(Figure 2). Jencks and Gilchrist'® have also recently
noted similar curvature in Brensted plots; it was par-
ticularly marked in reactions between the most re-
active amines and substrates. In fact, with the most
reactive substrate studied, 1-acetoxy-4-methoxypyridin-
ium ion 10, increase in base strength above pK, 10
(for primary amines) had little effect on the aminolysis
rate. Not surprisingly, 10 and 8a also show other sim-
ilarities. Thus the pK, of the conjugate acid of the

i
7
CH,—C—0— \ OCH,4

10

leaving groups in 10 and 8a are ca. 2 and 0, respec-
tively, and secondary amines in both cases show signifi-
cant positive deviation from the Bronsted relationship.
In fact, even though both plots of log ki for aminolysis
of 8a and 10 vs. pK, of the amine are curved, the indi-
vidual log ki values when plotted against one another
(Figure 7) give a straight line, none of the amines seri-
ously deviating. That the slope of this line is greater
than (rather than equal to) unity is due to the fact that
the curvature in the Brpnsted plots occurs at slightly
different pK, for the two substrates.

Several similarities between the aminolyses of 8a
and carbodiimide-mediated amide-formation reactions
(Scheme I) are now apparent. The compound 8a may
be considered as a model for the intermediate 2 in the
carbodiimide reaction. Similarities in the aminolysis
of 8a and the carbodiimide reaction follow with the ap-
propriate rationale for the reactivity of 8a: (i) the
aminolysis of 8a may be carried out in aqueous solution
because the competing hydrolysis of 8a is minimal over
a large part of the pH range in which the aminolysis
reactions are maximal; (ii) a changein the pH of the solu-
tion within this region [ca. pH 4 to (pKamine —1)]
does not affect the rate of aminolysis; (iii) since the
Bronsted 8 value for reaction of free amine with 8a is
0.75 (see eq 10), it follows that the apparent second-
order rate constants, kyp, for less basic amines are
larger than those for more basic amines in the plateau
region. This is due to the fact that the product of the

(16) W. P. Jencks and M, Gilchrist, J. Amer, Chem. Soc., 90, 2622
(1968).
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Figure 7. Plot of the log values of the true second-order rate con-
stants (1. mol—t sec™?) for reactions of amines with 8a vs. the cor-
responding values for aminolysis of 1-acetyoxy-4-methoxypyridin-
iumion.

concentration of reactant species (i.e., 8a and free amine
base) is greater for an amine of low pK, and that 8 <
1.0 so that the decreasing concentration of free amine
is not compensated by the increase in its nucleophilicity
with increasing pK,. The curved Brgnsted plot even
accentuates this feature. For example, in a competitive
reaction between equal concentrations of ethylamine
(pK, = 10.69) and trifluoroethylamine (pK, = 5.63) at,
say pH = 4.0, 99.5% of the aminolysis product can be
calculated to result from trifluoroethylamine attack on
8a. If amines with pK, lower than 8a itself were to be
used, however, this advantage would be gradually
lost so that at pH 4, ethylamine will react with 8a equally
rapidly as will an amine of pK, ca. 0 (and more rapidly
than with an amine of even lower pK,). The efficiency
of the O-acylisourea intermediate 2 as an acyl transfer
agent depends on the extent and position of the plateau
region for this compound. The model system 8 is
probably less readily protonated than is the intermediate
normally occurring in carbodiimide reactions, 2, where
R = cyclohexyl. From consideration of the pK,’s
of the conjugate acids of O-methylisourea 11 (9.8) and

OCH; OCH;

HN/‘\NHQ C:H,NZ “NH,
11 12

its N-phenyl derivative 12 (7.3), the O-acyl group in 8
would appear to have a large effect in reducing basicity
(pK, of 8a = 3.10). The low basicity of 8a probably
also reflects the possible resonance stabilization of the
cyclic free base 8b. The termination of the plateau
region at high pH is normally dictated by the pk,
of the amine used.

Aminolysis of 8b. At pH’s9~11, the concentration of
the protonated species 8a is extremely low and aminoly-

Hegarty, Bruice | O-Acylisourea Aminolysis
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sis of 8b by the strongest amine bases becomes the
major reaction. At pH 10.64 and 9.64, Bronsted
plots of the log of the second-order rate constants
(k) for reaction between 8 and the free amine (Figure 3)
are parallel (slope = 0.84). These particular pH values
were chosen for study because they are on the ascending
and descending limbs of the bell-shaped pH profile
which describes the hydrolysis of 8. That 3 values are
identical at pH 10.64 and 9.64 is anticipated for the
proposed!! hydrolytic scheme in which 8b is the reac-
tive species in both the ascending and descending por-
tions of the pH-rate profile. Just as the reactivity of
the electron deficient positively charged 8a with amines
is similar to that of 10, the reactivity of the neutral
species, 8b, lies between that of phenyl acetate and p-
nitrophenylacetate. Note also that morpholine, a
secondary amine, fits on the Bronsted plot for the reac-
tion of primary amines with 8b (Figure 3), whereas in
the reaction with 8a morpholine exhibits a positive
deviation from the Brensted plot for primary amines
(Figure 2). Though the reason for this reactivity pat-
tern is not known, it is shared in the reaction of mor-
pholine with phenyl acetate and 10, respectively.!61
The relationship of pK, of the amine conjugate acid to
ky at pH values 10.64 and 9.64 leads to the expression
log k, = 0.84pK, — 8.8.

Although the Bronsted plots of ky in Figure 3 are
parallel, the rates of aminolysis at pH 9.64 are ca. ten-
fold greater than those at pH 10.64. In Figure 5 there
is plotted the second-order rate constants, ky, for
reaction of glycine free base with total 8 vs. pH.
Though the plot of Figure 5 is sigmoid, a theoretical
fit requires two ionization constants and these prove to
be identical with the spectrophotometrically deter-
mined !’ values for the ionization of 8b and 8¢. From
the theoretical fit of the points of Figure 5 it is logically
deduced that 8b is the reactive species and that reaction
of amine with 8c and 8d cannot be detected (eq 8§).
Note that it was not possible to make such a clear dis-
tinction between 8b and 8¢ as the reactive species in the
hydrolysis of 8.1}

Extra support for the kinetic scheme of eq 8 was ob-
tained with piperidine where at high pH, kx « ag®
(Figure 6). Though the concentration of 8b decreases
very rapidly beyond pH 10, because pK,, > pK,,, the
aminolysis could be studied over a relatively large pH
range due to the great nucleophilicity of this more basic
amine (pK, = 11.05).

(17) T. C. Bruice, A. Donzel, R. W. Huffman, and A, R, Butler,
J. Amer, Chem, Soc,, 89, 2106 (1967).

In designing a synthetic reaction one is concerned with
the yield of product as a function of pH (i.e., kxrp)
rather than the specific rate constant for reaction of any
species (kx, ki, ks, etc). The variation of kxp with pH
for glycine is given in Figure 4; the curve shows a
maximum at pH 9.63, decreasing at lower pH due to
protonation of the amine and at higher pH because 8b
is converted to the inactive 8¢ and 8d. The more basic
amine, piperidine, gives a similar type of plot with a
maximum at pH 9.9. With the more basic amines,
therefore, the most rapid reaction occurs, not in the
plateau region (pH 4-7), but ca. pH 9.6-9.9. In this
latter region reaction of weaker amines, such as tri-
fluoroethylamine, with 8 is negligible. Therefore, in a
competitive situation involving a strong and weak base,
the product from attack by either can be obtained in
high yield merely by choosing the optimal pH for the
reaction. At pH 9.9 the hydrolysis of the substrate is,
of course, maximal (7, is ca. 3 min) so that some hy-
drolysis inevitably accompanies aminolysis at this pH.

It is difficult to predict with certainty how closely the
reactions of the O-acyl intermediate 2 (where R =
cyclohexyl) will parallel those of 8. Thus, 2 should be
less acidic than 8b, and its pK, should therefore be
>10.61. Moreover the proton loss is reversible from
8b since both ring opening of the initially formed anion
and the retrograde intramolecular addition of the
benzoate anion to the carbodiimide are both rapid
processes. With 2, however, dissociation of the anion
13 might be equally rapid (k:’ large) but carboxylate

Tl)
0—C—FR’  -u*
R—N—C=N—R  -u"
H

2
? 1

Colc___R/ By RC—O~
| <

R—NZ(=N—R *"  R—N=C=N—R

13 14

anion attack on the neutral carbodiimide (an inter-
molecular reaction) is almost certainly relatively slow
(k_1’ slow), by comparison with its reaction with hy-
droxide ion.
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