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Ahhct-The rate of the title reaction was studied as a function of pH of the reaction medium, temperature, 
t&cities and stcric environment of amino groups. Kinetic constants were calculated from a linear free-energy 
equation permits calculation of separate polar and steric parameters associated with the amino acids which 
influence rates. The mechanism deduced from the study of the pH-rate profik involving the attack of the 
unprotonated amino group as a basic amine nuckophik at the CO carbon. The activation parameters of the 
reaction were determined and AS* was found to be a linear function of AH*. 

Hammett, Taft, and collaborators’” demonstrated that 
the rates of reaction of individual members of a series of 
related reagents with certain compounds are a function 
of polar and steric parameters of the reagents. The 
present investigation of the effect of variables on reac- 
tivities of amino groups in a number of amino acids with 
phenalcne-1 XI-trionc hydrate, established that the 
observed rates are also determined by polar and steric 
substituent factors which are related to readily measured 
physical constants. These observations support a pos- 
tulated reaction mechanism and allow predictions of 
reaction rates of new amino acids with trione hydrate 
under various conditions of pH, temperature and con- 
centration. 

Phenalene-I 2,ltrione hydrate decomposes a-amino 
acids quan6tatively to the corresponding aldehydes with 
one C atom less with the formation of ammonia, &n 
dioxide, and dihydroxyphenalenone.” The rate of the 
reaction was followed by determination of the dhydroxy 
compound by a titrimetric method’ using N-bromosuc- 
cinimide solution. 

O&T of nuction. The order proved to be second- 
order by carrying out the reaction using different initial 
concentrations of both reactants (DL-phenyldanine and 
phenalene-1,2,3-trione hydrate) at 30” in citrate buffer of 
pH 4.25. When log [a(b - x)/b(a - x)] was plotted vs time 
a straight line was obtained. The amount of the product 
formed, x, was calculated in moles/l, since LOml of 
0.005 N N-bromosuccinimide = 0.53 mg of dihy- 
droxyphinalenone. Table 1 summarizes the kinetic data 
and ki is essentially invariant over the indicated range of 
concentration confirming that the reaction between Q- 
amino acids and the trione hydrate is of the second- 
order. 

Effecr of pH on reaction rare. Rates of reaction of the 
trione hydrate (0.004) with r&phenylalanine (O.tMM) at 
30” were determined as a function of pH on the acidic 
side and the results are summa&d in Table 2. 

At pH values l 5.4, the blank experiments gave posi- 
tive measurements. Also, it was found that ammonia 
produced in the reaction can reduce an equivalent 
amount of the trione at pH values l 5.4 &en the reac- 
tion carried out in excess of trione with ammonia, in- 

stead of amimacid, at various pH at fl and the results 
are similar to those obtained by Moore and Stein” for 
the reaction between ninhydrin and ammonia at pH 5.5. 

In Fig, 1 the logarithm of the second+rder rate con- 
stant rises with increasing pH until it levels off at about 
3.2 and higher. The variation of the logarithms of the rate 
constants with pH can be explained as pointed out by 
Roberts and Caserio,” that protonation of an amino 
group decreases its nuclcophilic character, while pro- 
tonating a carbony compound enhances the reaction. 
These two effects are oppositely influenced by pH, as the 
pH increased from 1.7 to 3.2 the concentration of the 
protonated trione is slightly decreased, at the same time, 
the concentration of nonprotonated amino acid is 
moderately increased; and the controlling factor in this 
pH range is the concentration of the free amino acid 
since the rate increases with pH. Therefore the maxi- 
mum rate will be found at that pH where not all of the 

Tabk 1. Kates of reaction of DL-phenylaJaninc with phenaknt- 
W-trione hydrate at 30” in citrate buffer of pH 4.25 b = 0.5 M) 

Triom hydrate DL-Phcnyl~aninc lo’k, 
WIN fmolll) (1 mof- ’ see-‘) 

0.004 0.004 2.97 
0.004 0.00s 3.02 
0.004 0.012 3.10 
0.004 0.016 2.93 

Table 2. Rate constants of reaction of phenalene-1.2~tine 
hydrate with ~-phenyialaniue as a function of pH in buffers 

b = 0.5 M) at 3tP 

PH 

1.75 
2.11 
2.33 
2.74 
3.20 
3.74 
4.25 
4.77 

lo’k, 
(I mol-’ set-‘) 

1.19 
1.52 
1.82 
2.39 
2.88 
2.91 

2:: 

(logkz+4) 

0.076 
0.182 
0.260 
0.378 
0.459 
0.164 
0.473 
0.455 

339 
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Fig. 1. Rates of reaction of Dt-phcnyialanine and phmakne- 
W-tine hydrate as a function of pH at 30”. 

amine has been protonated, and, at the same time, 
enou& of the carbonyl compound exists as its conjugate 
acid to afford a reasonable reaction rate. It is obvious 
that the rate of such a reaction must pass through a 
maximum as a function of pH where the product of the 
concenbations of reactive species, protonated trione (H 
trione’), and non-protonated amino acid (RN&), is a 
maximum eqn (3). For trione 

K lrionc = [trione][H’J/[H trione’]. 

For the amino acid (RNHA 

(1) 

Kz = [RNHrJ[H+l/[RNH,+] (2) 

Rate= k[H trione*][RNHJ. (3) 

As the pH increased above 3.2, the concentration of 
the various ionized species of the amino acids and their 
relative reactivities as nucleophiles are effected. 

The measurements of the reaction are made under 
conditions where only a minute fraction of the amino 
acid exists with its amino group in the free-base form. It 
is of interest to calculate how fast the active form of the 
amino acid (having its amino group free) is reacting with 
the trione hydrate. For this purpose there are two mole- 
cular species to lo considered, the anion H,NCHRCOW 
and the uncharged form H2NCHRCOOH. The fraction 
of the former species present in our citrate buffer of 
known pH is IpH+%), and the fraction of the latter 
species is 10PKz where KI is the ionisation constant of 
the amino group of the amino acid, and K, is the equili- 
brium constant between the zwitterion and the unchar- 
ged amino acid.12 Bartlett and Jones13 found that the 
fraction of neutral glycine present at pH 4.74 is 
l/l,5oO,tMM and the fraction of the anion form is 
1/62&ooO; i.e. about two-thirds of the free amino group 
which responsble for the reaction with anhydride of 
N-boxy-rr-amino acids at pH 4.74 is situated on the 
glycine anion, and the other third is on neutral glycine. 
As expected, a negative charge on the cahxyl group 
might enhance the nucleophilic reactivity of the amino 

group, so that the anion would be inherently more reactive 
than the neutral form. Thus, as the pH increased above 3.2, 
the concentration of the amino acid anion increases and 
since the relative reactivity as nuckophile compared to 
neutral form is high, one can expect, the rise in pH values 
above 3.2 should further increase the rate, which is not the 
case. 

In a series of experiments of reaction between 
DL-phcnylalanine and trione hydrate at 30” in citrate 

buffer of pH 4.25 in presence of varying citric acid 
concentration (0.024.1 M)+ it was noted that the rate of 
reaction is slightly increased in presence of 0.07 M citric 
acid and higher. This provides evidence that although the 
free amino acid concentration is lowered by citric acid 
added, yet the rate of reaction is slightly increased, 
indicating that the concentration of the reactive con- 
jugate acid of the trione (which is highly decreased 
above pH 3.2) is the controlling factor in the pH range 
3.2-5.4. 

Also, the order of reaction between DL-phenyl~anine 
and trione hydrate at pH 4.25 proved to be second-order 
(Table I), confirming that the rate-limiting step is the Erst 
step (Scheme 2). 

In the trione hydrate, the hydrated carbonyl has no 
partial positive charge, as represented by ninhydrin in a 
kinetic study of the ninhydrin reaction.” An equilibrium 
between the trione and its hydrated form can be present 
specially in acid medium in a similar manner to the 
reversible hydration of carbony compounds investigated 
by Bell (Scheme I).” 

and also 
H bionc+ G trione + H+(HIO+). 

Scheme 1. 

The reaction pathway may be interpreted as shown in 
Scheme 2. 

Since the observed second-order rate constant was 
found to increase with pH over the range 1.7-3.2 (see 
Table 2 and FQ. l), this indicates that the overall reac- 
tion in this pH range is second-order and the rate-limiting 
step is the attack of amino acid as a free base on the CO 
group while tie dehydration of carbinol-amine addition 
compound (3) is fast. If the rate of decomposition of the 
last compound is the rate-determining step, the reaction 
rate would increase with decrease of pH which is not the 
case. 

Efect of polar and sttric factors on rates. At pH 4.25, 
eqn (3) shows that the rate of reaction depends only on 
pK2 of the amino group of the amino acids since the 
amount of protonated trione is presumably fixed. The 
dependence of reaction rates on differences in inherent 
b&cities, and thus nucleophilicities,‘” of the amino 
groups, as indicated by their pK;s, can be deduced by 
comparing the rates of reaction of the several amino 
acids at the same amino acid anioa concentrations.‘5 The 
second-order rate constant was determined for a series 
of a-amino acids with varying p& values and the results 
are summarized in Table 3. The anionic form of an amino 
acid rather than the zwitterion would be expected to 
react with the trione because the latter form has a 
positive charge on the N atom and could not participate. 
At any given pH the concentration of the amino acid is 
governed by eqn (4); (see text). Where A- represents the 
amino acid anion and HA* the zwitterion. If the anion is 
the reactive species, eqn (4) predicts that at any given pH 
the observed rates should decrease with increasing pK2 
values (as shown in Table 3) because the greater the pK2 
the lower tbe anion concentration. To correlate the 
observed rate constant k, with basicities of the amino 
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I 2 5 

4 5 (red) 

Scheme 2. 

group, second-order rate constants LA-, based on amino 
acid anion as the reactive species, were computed from 
eon (Sa) given by BurchMd and Storrs,” which is the 
same eqn (5b) derived by Friedman and Wall,” where 
[H’] is the hydrogen ion concentration, K2 or K, is the 
ion&ion constant of the amino group, k2, observed 
overall second-order rate constants, and LA- is the 
secondorder anion rate constant. 

pH = P& + log ([A-I/[HA*l) (4) 

k, K.h,- 
=K,+ Ua) 

LA- = k2( 1+ [H+l/U Ub) 

It can be seen from Table 3 that the a-amino acids 
(2-U), the amino groups are attached to secondary C 
atoms (similar steric environment) whereas in glycine (1) 
the amino group is attached to a primary C atom. Since 
k,- rate constants measure rates at the same amino acid 

anion concentration, differences in these rate constants 
for a sterically similar series of amino acids (2-E) should 
then bc due to inherent differences in basicities of amino 
groups as measured by pK, values. This point is striking- 
ly illustrated by the observed kA- values of L-tyrosine 
and L-3,!M-iodotyrosine (Table 3) which k,- for L- 
tyrosine is about 4.5 times greater than the corresponding 
value for the di-iodo derivative, ahbough the steric 
environment of the amino groups in these two amino 
acids is nearly identical. This difference in rate constants 
must be due to the difference in pK1 values of the amino 
groups in the two compounds. 

Brgtnsted-type plots of log k,- (Tattle 3) against pK2 
values”*‘ep of the amino groups at 30” gave, with the 
exception of hi&dine, a straight line (Fig. 2). This linear 
relationship demonstrate that the calculated rate constant 
k,- is a function of the basicities of the amino groups. 
The reason for the faster rate in case of t.-histidine, than 
predicted from the pK1 value of its amino group, appears 
to be the presence of tbe NH group in the imidaxole 
ring,” since L-l-methylhistidine gives tie expected rate 
constant. 

Treatment of the kinetic data obtained for our trione 

Tabk 3. Rates of reaction of amino acids with phenaleae-l,2,3- 
trionc hydrate as a function of pK, of the amino groups at pW 

4.25 and 3tF 

No. Amino acid 

10’k2 k,- 
pKI values of 

(I q ol-’ sex-‘) amino groups 

1 
2 
3 
4 
5 
6 
7 

f 
10 
11 
12 
13 
14 
IS 

GlyCk 3.98 66.07 9.47 
L-3J-Di-iodotyrosinc 12.59 3.72 7.72 
L-t -Methylbistidinc 3.90 llJ1 8.72 
m-Cbbr~~-pkoykni~~ 3.80 12.59 8.?7 
&hkro-RL-phenylalank 3.89 13.80 8.%0 
pCt&o-rn-pbcnyhlaninc 3.39 12.59 8.82 
L-HiStidinc 5.50 21.90 8.85 
L--Tyrosinc 3.02 16.98 
IX-Thrwninc 3.02 16.98 ;: 
DL-Pk@&lIilE 2.97 16.69 9:aI 
L&Methiollk 2.57 17.38 
LX-Lcucine 1.78 28.18 ;: 
DL-Aspartk acid 1.83 30.34 9:47 
m.-Gbtamic acid 1.66 32.36 9.54 
DL-Norlcucinc 1.48 35.48 9.63 

Fil. 2. Variation of log LA- with pK2 vducs for the reaction of 
o-amino acids with trione hydrate at pH 4.25 and 30”. The 

numbers correspond to the amino acids listed in Tabk 3. 
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reaction, in a manner analogous to that described by 
Taftza for other reactions, makes it possible to separate 
the polar and steric factors which influence the reaction 
rates. The linear relationship between log k,- and pK2 
values (Fig. 2) may be described by eqn (6) which is an 
extension of the Bmnsted catalysis law. 

log k,- = p(s10pe)pK~ + qintercept). (6) 

It was found from the study of other reactions”“‘*‘* 
involving amino acids of varying structures, that the 
linear plots of sterically similar series are parallel, i.e. the 
slopes of lines are nearly identical. Taking in con- 
sideration the above approach, eqn (6) may be expressed 
as a Hammett-Taft free energy relationship (eqn 7) 
which correlates the logarithm of the ratio of the k,- rate 
constants of any a-amino acid and that of glycine, the 
simplest amino acid, to differences in polar and steric 
factors. 

log k,- (any a-amino acid) 
k,- (glycine) 

=j&+E,. (7) 

The polar reaction parameter p gives a measure of 
sensitivities of rates to basicities of amino groups, and 
the polar substituent parameter uA, defined as the 
diierence in pKI values between any a-amino acid and 
glycine, gives a quantitative measurement of the change, 
in basicity of an amino group due to the introduction of 
additional substitueats into the a-carbon of glycine. The 
steric substituent constant E, depends on the size and 
steric requirements of the substituents in the reaction. 
The E, values for the individual amino acids were cal- 
culated by means of qn (7) from data in Table 3 and the 
results, together with the u* and & values, are shown 
in Table 4. The term Q* is written with superscript A to 
donate its origin and applicability to aliphatic amino 
compounds. The term p was evaluated from the slope of 
the linear plot of log k,- against pK, in Fii. 2, and found 
to be 0.51. The steric substituent constants, E, (- 0.358 + 
0.012; except histidine), calculated from eqn (7), are 
free-energy parameters that give a direct measure of the 
stcric factor associated with the amino component. This 
point is illustrated best by comparing the reactivities of 
glycine and norleucine. One of the hydrogens on the a-C 

atom in glycine is replaced by a Bu groub in norleucine. 
This BU group causes an increase in the pK, value of the 
amino group (polar factor) as well as a change in the 
steric environment near the amino group (steric factor). 
The effect of polar factor resulting from the change in 
the pK2 value on rates is quantitatively given by pp* and 
that of steric factor by E,. Equation (7) permits the 
calculation of individual contributions of polar and steric 
factors to relative reactivities (Table 4). 

The larger E, value associated with the trione reaction 
is not unexpected because the aromatic ring system of 
the bionc component is relatively rigid and no&xible; 
consequently, the amin+compontnt is more limited in 
the number of orientations it can assume during the 
formation of the transition state. 

On the basis of present results, it may be concluded 
that both polar and steric factors influence rates in the 
trione reaction. An examination of the mechanism of this 
reaction (Scheme 2) reveals that both of these 
parameters are involved during the attack of amino 
group on the CO group of the trione in the fust step of 
the depicted mechanism. Our results are therefore con- 
sistent with the view that the first step is ratedetermin- 
ing. It may be assumed that decarboxylation of 3 is not 
the ratedetermining step because under the conditions 
of our reaction decarboxylation would be expected to be 
unimolecular and not subject to steric hindrance.” A 
slight polar parameter might conceivably exist if the 
double bonds of the planar transition state are influenced 
by the R groups via hyperconjugation or v-orbital over- 
lap. Also the hydrolysis of IV to products could not bc 
rate controlling because in the first place, rates should be 
governed by steric factors alone, and in the second place, 
all amino acids should have identical rates. 

Activation pa~me.tefx The rates of readOn of Q- 
amino acids with the trione hydrate were examined at 
three different temperatures at H 4.25 and the activation 
parameters were calculated= J!l! at W and the results are 
summarized in TabIe 5. 

To elucidate the effect of stnrcture in the reaction 
studied, the results in Table 5 have been used to plot AH’ 
vs AS’ for a series of amino acids undergoing the same 
reaction. The best line was obtained by applying the 
principle of least squares as shown in Fig. 3. Eq&n (8) 
describes this plot where, AH: is the value of AH+ 

Table 4. Polar and steric substitucnt constants for the rates of reaction 
acids with phenaknc-IJJ-tine hydrate at pH 4.25 ad 30’ 

of amino 

Rel. Chd. 
No. Amino acid CA WA E, rates 

2 

: 
5 
6 
7 
8 
9 

10 
11 

’ 12 
13 
14 
15 

Glycinc 0 
L-3$-Di-iodotyrosinc - 1.75 
L-l-Methyhistidinc - 0.7s 
mChloro-DL-phcnylahalanine - 0.70 
o-chloru-DL-phenyldaniae - 0.67 
p_ChlOro-DL-pbcnyhhlaninc - 0.65 
L-Hiddine - 0.62 
L-Tyrosine - 0.47 
DL-TtUCOlliN - 0.47 
lx-Phcnylalanine - 0.47 
DL-Methioninc - 0.39 
nt-Leucim - 0.02 
I&Aspa& acid 0.00 
~-0hWnic acid + 0.07 
DL-Norkucinc . +0.16 

0 0 1 
- 0.893 - 0.357 3.16 
- 0.383 -0.376 0.98 
- 0.357 -0.363 O.% 
- 0.342 -0.3uI 0.98 
- 0.332 -0.388 0.85 
-0.316 -0.W 1.38 
- 0.240 - 0.3sO 0.76 
-0.240 - 0.350 0.76 
- 0.240 - 0.358 0.75 
-0.199 -0.381 0.65 
-0.01 - 0.360 0.4s 

0.00 -0.338 0.46 
+ 0.036 -0.346 0.42 
+ 0.082 - 0.352 0.37 

Average - * 0.358 f 0.012 
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Table 5. Temperature dcptndcncc of the reaction between a-amino acids and 
phenaknc-1,2&riooe hydrate at pH 4.25 and activation parameters at 30” 

343 

Amino acid 

AH’ AG' 
IO k&l mol-’ see-‘) -AS’ 

22.5’ 300 31.5O (kcal mot-‘) (Cal mol-’ K-‘) 

Glycine 1.62 3.98 9.12 m.39 14.50 6.79 
M;Threonine 1.41 3.02 6.20 17.36 15.34 17.41 
DL-Phcnylalanine 1.33 2.41 6.27 18.16 15.35 14.79 
DL-Aspartic acid 0.78 1.83 3.98 19.08 15.22 12.73 
tn.-Leucine 0.76 1.78 3.91 19.31 15.04 12.06 
DL-Methionine 1.07 2.57 5.82 19.76 15.31 9.77 

17 

t 

-18 -16 -19 -I2 -10 

AS*/cal md-’ K-’ 

-8 -6 

Fu. 3. Isokinetic plot for the reaction of trione hydrate with 
a-amino acids. The numbers correspond to the amino acids tisted 

in Table 3. 

corresponding to AS* = 0, and fl is a constant, which has 
the dimensions of absolute temperature and is therefore 
termed the isokinetic temperature. The value of this 
temperature has ken calculated and found to be 274°K 
(correlation coefficient = 0.897) lower than experimental 
temperature by about 30”, meaning that the rate Seems to 
be governed by the entropy of activation. Two important 
conclusions may be drawn from the fact that good cor- 
relations are obtained?’ (a) the mechanism of the 
reaction of trione hydrate and any a-amino acids tested 
foliow one and the same mechanism, and (b) there is no 
large change in steric hindrance about the reaction center 
on going through the series of a-amino acids studied. 

AH’ = AH,' + @AS (8) 

Mateti. PhenaIcne-lZ&trionc hydrate, m.p. 27rP, was pre- 
pared and puri6ed as described previously.‘* 
a-Amino acti. The ~-amino acids used were biochemical 

reagent of purity not kss than 99%. 
Bu&r solutions. Buffer sulns with ionic strength g = 0.5 M and 

covering the pH range 1.7-55 were prepared from A.R., sodium 
dihydroOen pbosphatc. disodium hydrogen phosphate, 
phosphoric acid, trisodium citrate and citric acid. The calculakd 
amount of AR, NaCl or KCI was added for each buffer solution 
ot maintain the ionic s&ength 

Kinetic pmcedm. The general procedure has been des- 
CribcdP U-Amino acid soln 10 ml; 0.02M and phenakne-123 
trione hydrate 10 ml; O.o(H M, both dissolved in the appropriate 

bufttr (ionic strength 0.5 M) were mixed at 3(P in a Pyrex round 
bottom flask with side arm fitted with a glass stopper, filled w& 
N1. The rate of reaction was followed by determining the formed 
dihydroxyphtnalcnonc, which is a red compound; compktely 
insoluble in cold water; solubility not more than 0.2% in cold 
water.’ Thus, after abut IO min, a number of 5 ml aliquots were 
quicWy introduced into separate glass-stoppcred Pyrex test 
tubes, filled with N2 and were placed in the same thermostat. At 
increasing intervals of time, one of the test tubes was removed, 

+ IL10 ml of glacial AcOH was added to stop the reaction and to 
dissotve the red product, the contents were then transferred to a 
conical flask and was diluted to 25 ml with distilled water. 4% K1 
soln (5 ml) and starch soln (1 ml) were then added, the contents 
were titrated against standard&d N-bromosuccinimide soIn* 
(0.005 N). A blank experiment was carried out using the buffer 
soln instead of amino acid soln. The pH’s of the mixture were 
measured at the beginning and at the end of the reaction. No 
significant change was observed. The rate constant k, was cal- 
culated from the kinetic equation of a second-order reaction with 
the same initial concentration of both reactants. . 
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