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ABSTRACT: The relative importance of three different routes for the N-nitrosation of amino
acids (nitrosation by N2O3 , by and by intramolecular migration of the nitroso
group from the initially nitrosated carboxylate group) was investigated for methylaminobu-
tyric acid, methylaminoisobutyric acid, azetidine-2-carboxylic acid, azetidine-3-carboxylic
acid, indoline carboxylic acid, and phenylaminoacetic acid. Reaction kinetics were deter-
mined by the initial rate and Guggenheim methods, by spectrophotometric monitoring of the
formation of nitroso amino acid. Kinetic parameters were calculated using a nonlinear opti-
mization algorithm based on Marquardt’s method. In the experimental rate equation the
dominant term corresponds to nitrosation by dinitrogen trioxide, which experiments at vari-
ous temperatures show to take place via an ordered transition state. Nitrosation by intramol-
ecular migration is significant for substrates facilitating the formation of a transition state
structure with a 5- or 6-membered ring. © 1997 John Wiley and Sons, Inc. Int J Chem Kinet 29:
495–504, 1997.
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INTRODUCTION

N-Nitroso compounds may play a significant role in
human carcinogenesis [1–3], and considerable effort
has accordingly been focused on estimating the ex-
tent of human exposure to them via synthesis of en-
dogenous precursors or exposure to exogenous pre-
cursors [4,5]. Studies of the mechanisms of
N-nitrosation have been numerous, but have paid rel-
atively little attention to the nitrosation of amino
acids, in spite of its chemical and biochemical impor-
tance. For the N-nitrosation of proline, hydroxypro-
line, and sarcosine, Mirvish et al. [6] obtained the
rate equation
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(1)

where [nit] is the concentration of nitrite. Measured
values of k were of the same order of magnitude as
for other aliphatic amines [7]. Later, however, the
equation

(2)

(where v0 is the initial rate and [nit]0 and [amino
acid]0 are the initial concentrations of nitrite and
amino acid, respectively) was obtained for the N-ni-
trosation of sarcosine and proline [8], suggesting that
both N2O3 and were acting as nitrosat-
ing agents. Furthermore, the influence of the acidity
of the medium on the term of first order with respect
to nitrite suggested to the authors that 
acted not only directly but also indirectly via a third
route: formation of a nitrosyl carboxylate, followed
by the intramolecular migration of the nitroso group
from the carboxylate group to the secondary amino
group [8]. Mirvish et al.’s failure to detect a term of
first order with respect to nitrite is attributable to their

NO1/NO2H2
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v0 5 (a[nit]0 1 b[nit]0
2)[amino acid]0

v 5 k [nit]2[amino acid]
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use of discontinuous monitoring, analysis by the inte-
gration method even when very small percentages of
the reaction were followed, and graphical methods
for analysis by the initial rate method.

Differences in nitrosation behavior among nitro-
satable substrates can be due to structural differences.
For example, the results of a study of the nitrosation
of five amino acids (including piperidine 2-, 3-, and 
4-carboxylic acids) were explicable in terms of 
(a) whether the Cring—Ccarboxyl bond was equatorial 
or axial and (b) whether the ring was a chair or a 
boat [9]. In the work reported here, we investigated
the relative importance of the three routes mediating
the nitrosation of amino acids and examined the ef-
fects of both structural and functional factors, parti-
cularly as regards the intramolecular NO migration
route. To this end we studied the kinetics of the
nitrosation of methylaminobutyric acid (Mab,I ),
methylaminoisobutyric acid (Maib,II ), azetidine-2-
carboxylic acid (2-Aza,III ), azetidine-3-carboxylic
acid (3-Aza,IV ), indoline carboxylic acid (Ica,V),
and phenylaminoacetic acid (phenylglycine, PhGly,
VI ). These amino acids were chosen for both chemi-
cal and biochemical reasons (L-azetidine-2-car-
boxylic acid, which occurs in nature, has been shown
to inhibit the growth of E. coli cultures and of certain
seedlings [10,11] and to cause abnormalities in grow-
ing embryos [12]). Biochemically, cyclic nitro-
samines such as nitrosoazetidine are often consider-
ably more potent as mutagens than their acyclic

analogues [3], but the mechanisms of neither their
toxicity nor their carcinogenicity are close to being
understood. Chemically, it is of interest to compare
the nitrosation of azetidine carboxylic acids with that
of amino acids that are acyclic or have larger rings
because of the greater rigidity of the azetidine com-
pounds and because of the differences between the
pKs of their amino and/or carboxyl groups and those
of acyclic and aromatic amino acids [13–15].

EXPERIMENTAL

Reagents

4-Methylaminobutyric acid (nominal purity 99%),
methylaminoisobutyric acid (98%), indoline car-
boxylic acid (99%), and phenylaminoacetic acid
(95%) were supplied by Aldrich (Steinheim, Ger-
many); L-azetidine-2-carboxylic acid (97%) by Fluka
(Buchs, Switzerland); and azetidine-3-carboxylic acid
(98%) by Sigma (St. Louis, U.S.A.). Sodium nitrite
(p.a., from Merck, Darmstadt, Germany) was desic-
cated at 110°C before use. All solutions were made
up fresh immediately before the kinetic experiments
in which they were used. Ionic strength was adjusted
with Merck p.a. NaClO4 or NaOH; HClO4 solutions
were prepared by dilution of 60% HClO4 (prs. grade,
from Panreac, Barcelona, Spain) and their concentra-
tion was determined by conventional methods.

Apparatus

Nitrosation kinetics were monitored spectropho-
tometrically in a Shimadzu UV-2101 apparatus
equipped with a thermoelectric cell holder controlling
temperature to within 60.1°C and linked to a
Hewlett–Packard Color Pro printer and a Gridec-386
computer. IR spectra in capillary films were recorded
in Beckman IR-33 and Bonnem FTMB-100 spectro-
graphs. 1H NMR spectra in CDCl3 were recorded in a
200 MHz Bruker WP 200 SY spectrometer with TMS
as internal reference. Acidity was measured using a
Radiometer M64 digital pH-meter with a GK2401
combined electrode. Melting points were measured in
a Büchi apparatus.

Preparation of Pure Samples of the Nitroso
Compounds

N-Nitrosomethylaminobutyric acid (NMab) and N-ni-
trosomethylaminoisobutyric acid (NMaib) were pre-
pared by the method described by Lijinsky et al. [16]
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for nitrosoisonipecotic acid. The presence of CO and
NO groups was confirmed by the bands at, respec-
tively, 1725 and 1450 cm in the NMab spectrum
and at 1718 and 1340 cm in the NMaib spectrum.
Since NMab is relatively unstable it was stored in a
desiccator at 4°C. N-nitrosoazetidine-2-carboxylic
acid (N-2-Aza) and N-nitrosoazetidine-3-carboxylic
acid (N-3-Aza) were prepared by a slightly modified
version of Lijinsky et al.’s [16] method (the solvent
of the initial amino acid was dilute sulphuric acid,
and the nitrosated product was extracted from the fi-
nal reaction mixture with ethyl ether). Both ni-
trosamines were recrystallized from ether by addition
of CH2Cl2 and cooling. N-2-Aza with IR and NMR
spectra in agreement with published data [17] crystal-
lized as colorless needles of M.P. 108–110°C (Lit.
107°C, [17]).

We were unable to prepare pure samples of ni-
trosoindoline carboxylic acid (NIca) or ni-
trosophenylglycine (NPhGly).

Spectroscopic Properties and Working
Wavelengths

Whereas the nitrosatable substrates had a (slightly
pH-dependent) band at 200 nm but no UV bands at
wavelengths longer than 230 nm, all the nitrosamines
exhibited a strong —NO band centered at 210–240
nm. However, to prevent pH from affecting the total
absorbance of the reaction mixture via its effect on
the deprotonation equilibrium, the for-
mation of NMab, NMaib, N-3-Aza, NIca, and
NPhGly was not monitored at absorbance peaks but
at the nearest isosbestic points of that equilibrium:
249 nm for NMab, NMaib, and N-3-Aza (the mea-
sured molar absorption coefficient of nitrite at 249
nm was , in agreement with the50.0 6 0.5 M21 cm21

NO2H/NO2
2

21

21

value in the literature [17]), 323 nm for NIca and 265
nm for NPhGly. At these wavelengths, absorption by
the nitrosamines was strong enough for precise moni-
toring. Absorption by N-2-Aza was significantly pH-
dependent at 249 nm, and the formation of this ni-
trosamine was accordingly monitored at 240 nm,
where its absorbance was not affected by pH; for this
reaction, absorbance by nitrite was taken into account
by measuring its absorption coefficient at each work-
ing pH. The molar absorption coefficients,e, of
NMab, NMaib, N-2-Aza, N-3-Aza, and the corre-
sponding substrates at the working wavelengths are
listed in Table I.

Kinetic Measurements

Nitrosation kinetics were monitored by recording UV
absorbance by the nitrosamines at the listed wave-
lengths. To avoid any interference from the decompo-
sition reaction of nitrous acid, the nitrosation kinetics
of Mab, Maib, 2-Aza, and 3-Aza were determined by
the initial rate method. For each set of conditions,
3–5 replicate experiments were performed, in each
of which a straight line was fitted by the least-squares
method to the absorbance-time data for at most 2% of
the total reaction (the fit was good enough in each
case to provide assurance that deviation from the true
tangent to the curve at t 5 0 was negligible [18,19]).
The initial reaction rate v0, in mol dm s , was cal-
culated as the mean of the slopes of these lines, di-
vided by De

. Since no data for the e of pure NIca
and NPhGly were available, and since the nitrosation
of Ica and PhGly were considerably faster than those
of the other substrates, the kinetics of these reactions
were determined by Guggenheim’s method [19,20].

e(nitrosamine)]
[5 e(nitrosamine) 2 e(nitrite) <

2123

Table I Molar Absorption Coefficients of the Nitrosatable Substrates and the Nitroso 
Compounds Formeda

Compound

NMaib –
NMab –

N-2-Aza –
N-3-Aza –

Maib –
Mab –

2-Aza –
3-Aza –

a When two values for figure, the first corresponds to pH = 1 and the second to pH = 4. If only one value
figures it is the same for both pHs.

«

10.8 6 0.5; 12.3 6 0.6
2.58 6 0.2; 2.13 6 0.2

1.2 6 0.1
0.75 6 0.08

3823 6 35
7220 6 123

3938 6 38
2750 6 24; 3450 6 35

mol21dm3cm21mol21dm3cm21
«249«240
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RESULTS AND DISCUSSION

Plots of reaction rate against pH were bell-shaped for
all the amino acids studied, with negligible reaction
at (Fig. 1). Experiments to investigate the
influence of amino acid concentration showed first-
order behavior in all cases:

(3)

where v0 is the initial rate and [AA]0 is the total ini-
tial concentration of amino acid; Table II lists the val-
ues of a obtained for Mab and Maib at various pH
values and nitrite concentrations. For all the sub-
strates, plots of v0/[nit] 0 against [nit]0 are linear with
non-zero ordinates at the origin, showing the involve-
ment of processes that were first- and second-order
with respect to nitrite:

v0 5 a [AA]0

pH . 4.5

(4)

The results are compatible with those of previous
studies [8,9] and with the mechanism shown (for
Maib) in Scheme I, which, if the right-hand side of
step 1 is ignored (in view of the results of Fig. 1), im-
plies the rate equation

(5)

where , , and 
. Table III lists the values of w, h,

j, and KI obtained by fitting eq. (5) to the experimen-
tal data using a nonlinear optimization algorithm
based on Marquardt’s method [21,22]; the value of Ka
was taken from the literature [23]. In support of the
adequacy of eq. (5) and Scheme I, the pKI so obtained
agree well with the directly measured values also
shown in Table III.

The results listed in Table III show that all the sub-
strates are nitrosated predominantly by N2O3. Nitro-
sation by NO1/NO2H2

1 is certainly significant for Ica
and PhGly, but the large standard deviations of h for
Mab, Maib, 2-Aza, and 3-Aza prevent any conclusion
as to the importance of this route for these substrates.
N-Nitrosation via the carboxyl group is significant for
both the azetidine carboxylic acids, for one of the
acyclic amino acids but not for the other, and for one
of the aromatic amino acids but not the other.

To investigate the influence of temperature on the
three reaction paths, the values of w, h, and j for
Maib, 2-Aza, and Ica (i.e., for one member of each of
the three structural groups considered) were deter-
mined for a range of different temperatures (Table
IV). The kinetic significance of these parameters, and
the validity of the optimization procedure by which
they were calculated, are confirmed by their conform-
ing well to Arrhenius’ equation (Fig. 2 shows the re-
sults for Ica); the path-specific activation parameters
so obtained are listed in Table V. The salient feature
of this table is that all the entropies of activation are
negative, indicating that for all three groups of sub-
strates the transition states of all three routes are
highly ordered. Nitrosation by N2O3, for example,
probably involves the transition state illustrated, for
Maib in Scheme II.

If the microscopic constant is assumed equal to
the acidity constant Ke of an ester of the amino acid
[26], then we may write and .h 5 kaKeK2w 5 kbKeK3

K̃I9

kcK2K4K5(KI 2 K̃I9)
j 5h 5 kaK̃I9K2w 5 kbK̃I9K3

 1 j 
[AA]0[nit]0[H1]0

(K1 1 [H1]0)(Ka 1 [H1]0)

1 h 
[AA]0[nit]0[H1]0

2

(K1 1 [H1]0)(Ka 1 [H1]0)

 v0 5 w 
[AA]0[nit]0

2[H1]0
2

(K1 1 [H1]0)(Ka 1 [H1]0)2

v0 5 a[AA]0(b[nit]0 1 c[nit]0
2)

Figure 1 Dependence of the rate of nitrosation of amino
acids on the acidity of the medium. , :
a) , (j),
(h), and (r); b) ,

(r), (h), and 
(j); c) , (j),

(h), and (r); d) 
and ; e) and

; and f) 
and .[nit]0 5 1.0 3 1023 M

[PhGly]0 5 5.0 3 1025 M[nit]0 5 1.0 3 1023 M
[Ica]0 5 5.0 3 1025 M[nit]0 5 5.0 3 1023

[3-Aza]0 5 0.1 M1.6 3 10232.8 3 1023
[nit]0 5 4.0 3 1023[2-Aza]0 5 0.1 M

3.0 3 10235.0 3 103[nit]0 5 8.0 3 1023
[Maib]0 5 0.1 M3.6 3 1023

6.4 3 1023[nit]0 5 8.0 3 1023[Mab]0 5 0.2 M
T 5 298 KI 5 0.5 M
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Table II Values of the Parameter a (Eq. (3)) for Methylaminobutyric Acid, Mab, and Methyl-
aminoisobutyric Acid, Maib

[nit] 0 [nit] 0

Amino Acid pH pH

Mab 2.31 1.75
3.38 3.20
3.83 3.83

Maib 2.40 2.40 10.5 6 0.324.6 6 0.9
0.473 6 0.0111.16 6 0.01
1.00 6 0.022.09 6 0.05

0.136 6 0.0071.40 6 0.04

5 3 1023 M8 3 1023 M

1027 a, s21

For Mab, Maib, 2-Aza, and 3-Aza the unreliability of
the value of h prevents calculation of ka from the sec-
ond of these expressions, but Table VI lists the values
of kb calculated from w using published values of K2
and K3 [27,28] and the Ke values of their methyl es-
ters, which are also shown. For Ica and PhGly, no ex-

perimental values of Ke are available, the methyl ester
of PhGly, for example, is too poorly soluble to work
with [29], but since the acidity constants of the
methyl esters of amino acids are related to those of
the parent amino acids by a Taft correlation [30]

, and since the pKa of(pKa 2 pKe < 2 [6,31,32])

NH2CH3

HNO2 NO2
2 1 H1

1

COOH

NH9CH3

(1)
COO2

NH2CH3
1

1

COO2

NH9CH3

KIIKI

COOH

N(NO)CH3

ka (slow)NO1 1
COOH

NH9CH3

COOH

N(NO)CH3

kb (slow)N2O3 1
COOH

NH9CH3

COOH

K4NO1 1
COONO

NH2CH3
1
NH2CH3

COO2

1

K5

(5)

(6)

(7)

(8)1 H1
COONO

NH2CH3 NH9CH3

kc (slow) (9)
N9N"O

OH

COONO

O

N
N"O

O

O

HNO2 1 H1 NO1 1 H2O

2HNO2 N2O3 1 H2O

Ka

K2

K3

(2)

(3)

(4)

K9I

KI

K9II

KII

Scheme I
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Table III Optimized Values of the Parameters , , and of Eq.(5) Corresponding to Nitrosation by , by
and by Internal Migration of the NO Group, Respectively (see Scheme I). T = 298 K

Amino
Acid

Mab NS 4.22
Maib 1.96

2-Aza 2.02 2.01 [24] 10.21 [24]
3-Aza 3.19 3.20 [14] 10.30 [14]

Amino
Acid

Ica 1.26 – –
PhGly NS 2.03 1.83 [14] 4.4 [25]

NS: Not significantly different from zero.
Measured by us.
Vaules of for Mab, Maib, 2-Aza, and 3-Aza exhibited large standard deviations, and have been considered unreliable.hb

a

9.3 6 2.824.7 6 4.31254 6 303
54.5 6 0.211.17 6 0.0910.4 6 2.03026 6 99

mol dm23s21dm3mol21s21dm3mol21s21
pKI exppKIKI 6 103jhw

0.640 6 0.124110 6 25b6.86 6 0.30
9.53 6 0.95134 6 40b18.3 6 0.6

10.75a2.20a11.1 6 0.812.5 6 4.3b7.0 6 0.3
10.78a4.03a(6.0 6 0.7)1022b0.126 6 0.002

mol dm23s21dm3mol21s21dm3mol21s21
pKII exppKI exppKIKI 3 103j 3 108h 3 106w 3 104

NO1/NO2H2
1

N2O3jhw

PhGly is 4.4 [25], then the pKe’s must be about 2.4.
This value of pKe implies values of ka and kb of the
order of 1010 and 108 dm3 mol s , respectively.
Thus kb for Ica and PhGly is of the same order as for
2-Aza and 3-Aza; these values are in the range for
diffusion-controlled reactions [33], and are similar to
the corresponding rate constants for sarcosine and
proline [8], and to those for pipecolic, nipecotic, and
isonipecotic acids (Pip, Npa, and Ipa, respectively)

2121

and their esters ethylpipecolate, EPip, ethylnipeco-
tate, ENpa, and ethylisonipecotate, EIpa [34] (Table
VII). The values of kb for Mab and Maib are one or
two orders of magnitude smaller. The estimated order
of magnitude of ka for Ica and PhGly, like that of kb,
is the same as for sarcosine and proline [8] and for
ENpa and EIpa [34] (Table VII).

Under the same assumption as above, that is
approximately equal to the acidity constant Ke of an

K̃I9

Table IV Optimized Values of the Parameters , , and of Eq.(5) for Methylamino-
isobutyric Acid, Azetidine-2-Carboxylic Acid, and Indoline Carboxylic Acid at Various
Temperatures

T, K

Methylaminoisobutyric Acid
296.0
298.0
300.0
302.0
304.0

Azetidine-2-Carboxylic Acid
292.0
294.0
295.0
296.0
298.0
299.0
300.0

Indoline Carboxylic Acid
283.0
287.0
290.5
294.5
298.0

Since these values exhibited large standard deviations, they have been considered unreliable.a

5.45 6 0.211.17 6 0.0910.39 6 2.003026 6 99
5.34 6 0.640.46 6 0.088.88 6 1.522591 6 256
4.39 6 0.170.22 6 0.04a1962 6 400
4.83 6 0.340.16 6 0.054.48 6 1.211755 6 88
4.71 6 1.100.23 6 0.073.71 6 2.41480 6 307

10.7 6 0.317.5 6 1.7a13.29 6 0.33
11.2 6 0.716.3 6 3.3a12.54 6 0.66
9.53 6 1.413.4 6 4.0a11.55 6 0.90

9.5 6 0.412.5 6 1.7a8.67 6 0.33
9.4 6 0.511.1 6 2.2a8.22 6 0.44
9.4 6 0.59.3 6 1.7a7.33 6 0.34
7.1 6 0.37.8 6 0.8a6.11 6 0.25

6.42 6 0.4715.66 6 5.72a7.68 6 0.32
6.87 6 0.3811.46 6 3.37a6.65 6 0.22
7.37 6 0.71aa5.68 6 0.38
8.48 6 0.548.35 6 3.50a5.41 6 0.18
5.18 6 0.614.8 6 3.0a3.29 6 0.14

mol dm23s21dm3mol21s21dm3mol21s21
103 3 KI108 3 j106 3 h104 3 w

jhw
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Figure 2 Temperature-dependence of the optimized para-
meters w, h, and j of eq. (5) corresponding to nitrosation of
indoline carboxylic acid by N2O3, by , and
by internal migration of the NO group, respectively (see
Scheme I).

NO1/NO2H2
1

O CH3

HO

N9H
O

OO

N"N

#

1

2

d

2d

1

Scheme II Probable transition state structure in the nitro-
sation of methylaminoisobutyric acid by N2O3.

ester of the amino acid [26], we may also write
. For all the amino acids stud-

ied except PhGly, the measured or estimated value of
Ke is negligible in comparison with KI , so that

; in the case of PhGly, the estimated
value of Ke is about half that of KI . In either case the
j < kcK2K4K5KI

j 5 kcK2K4K5(KI 2 Ke)

expression for j has too many unknowns for unequiv-
ocal analysis of the observed variation. Nevertheless,
a Taft correlation for K5 similar to that for Ke suggests
that the difference in j between Ica and the azetidines
and acyclic amino acids is essentially due to differ-
ences in K5. The remaining differences in j within
and between groups (i.e., j(Maib)–j(Mab),
j(Ica)–j(PhGly), and j(azetidines)–j(acyclics))
may be explained, in keeping with the observed nega-
tive entropies of activation for this route, in terms of
the effect on kc of differences as regards the facility
with which the required highly ordered transition
state structures can be attained and maintained, as
follows.

The fact that N-nitrosation via the carboxyl group
is negligible for Mab may be attributed to the length
of the flexible butyric acid chain, which means (a)
that there is little probability of a CO-borne nitroso
group becoming contiguous with the amino nitro-
gen and (b) that even if the two nitrogen atoms do
approach each other, the transition state involved in
NO exchange in this molecule is a 7-membered ring,
i.e., a relatively unstable structure [35]. By contrast,
contiguity of the nitroso and amino nitrogens in C-ni-
troso-Maib can be achieved by rotation about a sin-
gle C—C bond, and the transition state involved 
in NO exchange is a relatively stable 5-membered
ring (Fig. 3). In fact, the value of j for Maib is of the
same order as the found for the 
structurally similar amino acid sarcosine [9], which

8.4 3 1027 s21

Table V Route-Specific Activation Parameter for the
Nitrosation of Amino Acids

Methylaminoisobutyric Acid
Nitrosation

by

Migrationc

Azetidine-2-Carboxylic Acid
Nitrosation

by

Migrationc

Indoline Carboxylic Acid
Nitrosation

by

Migrationc

a,b,c Values obtained from Arrhenius plots of w, h, and j, re-
spectively.

175 6 23125 6 20
61 6 349 6 5NO1/NO2H2

1b
72 6 432 6 3N2O3

a
J K21 mol21kJ mol21

2DS#DH#

120 6 771 6 5
60 6 372 6 5N2O3

a
J K21 mol21kJ mol21

2DS#DH#

53 6 698 6 17
78 6 468 6 6N2O3

a
J K21 mol21kJ mol21

2DS#DH#

Table VI Values of the Rate Constants kb

Corresponding to Attack on Amino Acids by N2O3

(See Scheme I), Together with the Ke Values used to
Calculate kb from w (See Text)

kb

Amino Acid Ke
a dm3mol21s21

Mab
Maib
2-Aza
3-Aza

a Measured by us for the methyl esters.

2.3 3 1081.01 3 1029
1.2 3 1083.16 3 1029
5.4 3 1074.27 3 1029
2.6 3 1061.66 3 1029
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Table VII Values of the Rate Constants kb and ka

Corresponding to Attack on Amino Acids with 
6-Membered Rings by N2O3 and NO1/NO2H2

1,
Respectively [34]

kb ka

Amino Acid dm3mol21s21 dm3mol21s21

Pip a

Npa a

Ipa a

EPip a

ENpa
EIpa

a Since these values showed large standard deviations, they are
considered unreliable.

4.49 3 1090.23 3 108
6.18 3 10103.66 3 108

1.85 3 108
2.11 3 108
1.12 3 108
0.17 3 108

Figure 4 Interconversion syn-anti in the N-nitrosoazeti-
dine-2-carboxylic acid.

likewise forms a 5-membered ring during NO
exchange (Fig. 3).

For the 2-Aza two facts are known: (i) compared
with other nitroso amino acids, in this particular case
the corresponding nitroso compound crystallizes
preferentially in anti conformation and (ii) the energy
barrier for the interconversion of the isomers (Fig. 4)
is by far smaller for the 2-Aza than for any other
amino acid [17].

If we acknowledge for the transition state a struc-

ture similar to that of the N-2-Aza, the DH# value cor-
responding to the intramolecular NO migration will
also be substantially smaller in the nitrosation of 
2-Aza. Consequently, the j value should be higher as,
in fact, has been observed (see Table III).

In the nitrosation of 3-Aza, the mechanism will be
analogous, probably with greater tension in the tran-
sition state (see Fig. 5).

Although the transition state structure for PhGly
is, as for Ica, a relatively stable 5-membered ring
(Fig. 6), the probability of its formation must be
lower than for Ica because of the flexibility of the ex-
tracyclic moiety of PhGly. This explains why there is
no significant nitrosation by PhGly by this route.

Figure 3 Structure required for intramolecular NO trans-
fer: acyclic amino acids.

Figure 5 Structures required for intramolecular NO trans-
fer: a) azetidine-2-carboxylic acid and b) azetidine-3-car-
boxylic acid.
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CONCLUSIONS

The above results on the nitrosation kinetics of six
cyclic and acyclic amino acids with their —COOH
and amino groups in different relative positions and
electronic environments allow the following conclu-
sions.

Amino acids can be nitrosated via three kinetically
distinguishable routes: direct N-nitrosation by dinitro-
gen trioxide; direct N-nitrosation by nitrosonium or
nitrosacidium ions; and indirect N-nitrosation by C-
nitrosation of the carboxyl group by 
followed by intramolecular migration of the NO
group to the amino nitrogen atom.

The predominant route is nitrosation by N2O3 via a
highly ordered transition state.

N-Nitrosation via the carboxyl group is only sig-
nificant if the size or rigidity of the substrate facili-
tates formation of a transition state with a 5- or 6-
membered ring.
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