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Abstract

Competitive deamination and dehydration of protonated�,�-aminoalcohols (1,2-aminoethanol (1), 1,3-aminopropanol
(2), 1,4-aminobutanol (3) and 1,5-aminopentanol (4)) in the gas-phase has been examined by both tandem mass spectrometry
experiments including metastable ions decompositions and collisional activation (CA) techniques and molecular orbital
calculations. For all the precursor molecules1–4, CA experiments demonstrate that the low energy product ions are either
a protonated cyclic amine or a protonated cyclic ether. The mechanisms of the internal nucleophilic substitution reactions
leading to these products have been detailed at the MP2/6-31G∗ level of theory. The thermochemistry associated with the
initial protonation process of1–4 has been examined up to the G2(MP2,SVP) level. (Int J Mass Spectrom 217 (2002) 195–230)
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Pierre Longevialle has been interested by the pro-
cesses occurring under the chemical ionization condi-
tions since the birth of this technique. In the 1970s,
he observed that the loss of water from protonated
steroidal aminoalcohols is intense only if the distance
between the oxygen and the nitrogen is too large to
allow the formation of an internal hydrogen bond [1].
Latter, the availability of a series of�,�-aminoalcohols
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with constrained geometry has been then the starting
point of several studies aiming to quantify these obser-
vations [2–6]. In a first paper, Pierre shows clearly that
the amount of water elimination from the [MH]+ ions
increases when the dihedral angle OCCN increases.
He explains this phenomenon by the formation of a
strong internal hydrogen bond in the N-protonated
forms at small dihedral angle preventing the forma-
tion of a significant proportion of the O-protonated
form, which, obviously, is at the origin of the water
loss. This view has been corroborated by the mea-
surement of the gas-phase basicity of the considered
�,�-aminoalcohols [4] and by the examination of the
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incidence of the protonation exoergicity upon water
loss [6].

Further, the role of the O· · · N distance in the de-
composition of protonated aminoalcohols has been
evidenced in other series [7–13]. For example, it
has been established that the protonated aliphatic
�,�-aminoalcohols eliminate competitively H2O and
NH3 in a ratio which show large variations as a
function of the chain length and of the internal en-
ergy content of the dissociating species. Surprisingly
enough, the structure of the fragment ion has not been
characterized in the course of these studies. In fact,
a cyclic structure has been assumed and supported
by an argumentation based on the comparison of
product ions stability. However, recent data show that
the cyclic ions are not always the most stable. More-
over, for such internal cyclization processes, strain
energies could be important and critical energies may
dramatically differ from reaction enthalpy. This has
been recently established for protonated diols [14]
and protonated diamines [15] and, therefore, has to
be expected for aminoalcohols.

Scheme 1.

The goal of the present study is to examine, both
experimentally and theoretically, the behavior of the
four simplest �,�-aminoalcohols: 1,2-aminoethanol
(1), 1,3-aminopropanol (2), 1,4-aminobutanol (3), and
1,5-aminopentanol (4). By analogy with the homolo-
gous diols and diamines, the losses of H2O and NH3

from protonated�,�-aminoalcohols are expected to
lead, either, to protonated cyclic amine or ether by
intramolecular nucleophilic substitution (channels a1

and a2, Scheme 1), or, to protonated imine or alde-
hyde by internal hydride ion transfer (channel b1 and
b2, Scheme 1).

Tandem mass spectrometry experiments, and par-
ticularly, collisional activation (CA), has been used to
characterize the structure of the ionic products of the
dehydration and deamination reactions. For this pur-
pose, collisional experiments were conducted on the
dissociation products of protonated molecules1–4 in
a six sectors magnetic instrument. On the other hand,
the potential energy profile of each reaction path has
been investigated at the MP2/6-31G(d) level of theory
in order to understand the experimental observations.
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Finally, the protonation thermochemistry has been ex-
amined up to the G2(MP2,SVP) level after confor-
mational analysis of�,�-aminoalcohols1–3 and their
protonated forms.

2. Experimental and computational

The reactions of metastable protonated aminoal-
cohols1–4 were studied with a VG-ZAB-2F double
focusing mass spectrometer (B-E) operating in the
chemical ionization mode using methanol as reagent
gas. The accelerating voltage was set at 8 kV, the elec-
tron energy at 150 eV and the emission current at
0.5 mA. The source temperature was kept at 180◦C.
The mass analyzed ion kinetic energy (MIKE) spectra
of metastable ions were obtained, as usual, by select-
ing with the magnet the ion to be studied and scanning
the electrostatic analyzer voltage. The kinetic energy
release distribution has been derived from the anal-
ysis of the metastable peak profile using the method
described in [16].

The collisional experiments were carried out with
a VG-Analytical Auto Spec-6F mass spectrometer
(E1B1E2–E3B2E4) [17] operating in the chemical
ionization mode using methanol as reagent gas. The
accelerating voltage was set at 8 kV, the electron en-
ergy at 70 eV and the emission current at 1 mA. The
source and the septum inlet temperatures were 200
and 160◦C, respectively. For the experiments using
helium as target gas, the ions of interest were selected
by E1B1 and subjected to CA with helium in the third
field-free region (FFR) of the instrument; the helium
pressure was adjusted in order to reduce the sig-
nal to ca. 70% of its original value. The fragments
were then analyzed by scanning E2 and detected
by the off-axis detector located in the fourth FFR.
The CA (O2) spectra were obtained in a similar way
by selection of the ions with E1B1E2 and CA with
dioxygen in a gas cell located in the fourth FFR,
the fragments were analyzed with E3 and detected
by the off-axis detector located in the fifth FFR.
During the MS/MS/MS experiments, the ions pro-
duced in the third FFR by dissociation of a precursor

selected by E1B1 are further selected by E2 and sub-
jected to CA with O2 in the gas cell situated before E3;
the fragments are analyzed by scanning E3. The CA
spectra presented in Tables 2, 4, 6 and 8 are the result
of ≈30 signal accumulations. The chemical samples
are commercial compounds (Aldrich Chemical) of
research grade; high purity gas were used in the col-
lision experiments: helium 5.0, oxygen 2.6, nitrogen
5.0.

Standard ab initio molecular orbital calculations
have been carried out using the Gaussian-98 series of
programs [18]. The geometries of the different species
investigated were first optimized at the HF/6-31G∗

level and then refined at the MP2(FrozenCore)/6-31G∗

level to take electron correlation effects explic-
itly into account. The zero-point energy (ZPE) has
been calculated at the latter level and scaled by a
factor 0.967 [19]. This procedure has been used
during the exploration of the potential energy pro-
files associated with the dissociations of protonated
molecules1–3. It has been established that accu-
rate heats of formation (i.e.,±6 kJ mol−1) can be
obtained from calculations at the G2 level of the-
ory [20a,20d] or its variants, G2(MP2) [20b,20d]
and G2(MP2,SVP) [20c,20d]. In the present study,
heats of formation have been evaluated from the
G2(MP2) total energies by considering the atomiza-
tion reactions [20e]. Using this approach, the heat of
formation at 0 K for a given species X,�f H

◦
0 (X), is

given by

�f H
◦
0 (X) =

∑
�f H

◦
0 (atoms)

−
∑

E[G2(MP2, SVP)](atoms)

+ E[G2(MP2, SVP)](X) (1)

with E[G2(MP2)] = −0.5, −37.78432,−54.51798
and−99.63282 Hartree for the H, C, N, and O atoms,
respectively. The heat of formation at 298 K is there-
fore, given by

�f H
◦
298(X) = �f H

◦
0 (X) + �298H

◦ (X)

−
∑

�298H
◦ (elements) (2)
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where the difference between the enthalpy at 298 and
0 K is represented by the terms�298H

◦(�298H
◦ =

H ◦
298− H ◦

0). For the elements, experimental�298H
◦

values have been used (i.e., 8.468, 1.050, 8.669 and
8.680 kJ mol−1 for H2(g), C(s), N2(g) and O2(g), re-
spectively), whereas, for the other species, the transla-
tional and rotational contributions were taken equal to
3RT and the vibrational contribution estimated from
the scaled (by a factor 0.893) HF/6-31G(d) vibratio-
nal frequencies.

3. Results and discussion

A summary of the relevant thermochemistry of the
protonated�,�-aminoalcohols1–4 and their possible
dissociation products is given in Table 1.

The data reported in Table 1 are essentially of
experimental origin, the only exceptions are the pro-
tonated aminoalcohols themselves. For the latter, we
used the 298 K heats of formation deduced from at-
omization energies calculated at the G2(MP2) level.
Accordingly, no experimental value of the heat of
formation of neutral aminoalcohols is available, the
few tabulated values [21] are in fact estimates based
on group additivity method [22]. It constitutes, at
best, upper limits since this method does not take into
account the possibility of internal hydrogen bond.
Furthermore, the proton affinity values of1–4 are
subject to uncertainties associated with the entropy
change accompanying the protonation process. With
regards to this question, it seems that the presently
published proton affinities values of1–3 [24] could
be slightly overestimated (see the final part of the
discussion).

Examination of Table 1 reveals that the dehydration
products are always more stable than those corre-
sponding to the ammonia loss. It is generally observed
that the dehydration reaction is dominant from low
energy protonated aminoethanol,1H+, and amino-
propanol,2H+, while the reverse stands for protonated
aminobutanol,3H+, and aminopentanol,4H+. There
is consequently no direct relationship between the
branching ratio of the two dissociation processes and

Table 1
Thermochemistry of the deamination and dehydration reactions
from protonated aminoalcohols1–4 (heats of formation, in the ion
convention, and heats of reaction in kJ mol−1)

Species �f H
◦
298 �H ◦

298

Protonated aminoethanol [1H]+ 394.5a 0
[Aziridine]H+ + H2O 509.2c 114.7
[Acetaldimine]H+ + H2O 415.2d 20.7
[Oxirane]H+ + NH3 657.3c 262.8
[Acetaldehyde]H+ + NH3 549.8c 155.3

Protonated aminopropanol [2H]+ 343.4a 0
[Azetidine]H+ + H2O 443.8c 100.4
[Propanimine]H+ + H2O 394.2d 50.8
[Oxetane]H+ + NH3 602.3c 258.9
[Propanal]H+ + NH3 510.7c 167.3

Protonated aminobutanol [3H]+ 310.5a 0
[Pyrrolidine]H+ + H2O 336.2c 25.7
[Butanimine]H+ + H2O 367.2d 56.7
[Tetrahydrofurane]H+ + NH3 477.8c 167.3
[Butanal]H+ + NH3 483.9c 173.4

Protonated aminopentanol [4H]+ 282b 0
[Piperidine]H+ + H2O 285.3c 3.3
[Pentanimine]H+ + H2O 342.2d 60.2
[Tetrahydropyrane]H+ + NH3 438.3c 156.3
[Pentanal]H+ + NH3 457.0c 175.0

a Calculated from G2(MP2) atomization energies, see text.
b Estimated from�f H

◦
298 [3H]+ and an extra stabilization

situated between the increment of a CH2 group [22] and the
difference in enthalpy between [2H]+ and [3H]+.

c Using �f H
◦
298(H2O) = − 241.8 kJ mol−1 and �f H

◦
(NH3) = −45.9 kJ mol−1. The �f H

◦
298 of the fragment ions

were calculated by combining the heat of formation [21] and
the proton affinity [23] of the corresponding neutral with
�f H

◦
298[H]+ = 1530.0 kJ mol−1.

d From [15a].

the stability of the products. The second observation
emerging from Table 1 is that protonated cyclic amines
and ether are more stable than their protonated imine
or aldehyde counterpart only for 5-membered rings
or higher. It is, thus, by no means evident that exclu-
sive formation of cyclic ions should be observed from
protonated aminoethanol,1H+, or aminopropanol,
2H+. These two remarks, at least, demonstrate if
necessary the interest to correctly assign the product
ion structures and to examine in detail the potential
energy change associated with the dehydration and
deamination reactions of ions1H+–4H+ depicted in
Scheme 1.
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Scheme 2.

3.1. Protonated 1,2-aminoethanol, 1H+

Previous studies [5,7–11] have demonstrated that
the major fragmentation of protonated aminoethanol,
1H+, is the water loss. Accordingly, the chemical ion-
ization mass spectrum of1 exhibits a major peak at
m/z 44 [1H–H2O]+. The [1H–NH3]+ signal amounts
for less than 10% of the peak [1H–H2O]+. Under
CA of high [8] or low [9,10] energy,1H+ still elim-
inates predominantly a water molecule, the competi-
tive ammonia loss representing only 10–30% of the
water loss. The dehydration reaction is also responsi-
ble of the lone signal observed in the MIKE spectrum
of 1H+. When1d3D+ (ND2CH2CH2OD+ D+) ions,
produced by deuterium exchanges with D2O in the ion
source, are selected, the signal in the MIKE spectrum
corresponds to [1d3D–OD2]+. The water loss conse-
quently implies only the hydrogens initially located
on the heteroatoms, no exchange with the carbon hy-
drogens is observed. The shape of the metastable peak
associated with the dissociation1H+ → [1H–H2O]+

is a simple Gaussian and its analysis leads to the ki-
netic energy release values:T0.5 = 32 ± 3 meV and
T average= 95± 9 meV.

Table 2
CA/MIKE spectra of [C2H6N]+ (m/z 44) ions produced by chemical ionization of 1,2-aminoethanol,1, and aziridine, and by electron
ionization of 1,2-aminopropane,2APr, respectivelya

43 42 41 40 39 38 30 29 28 27 26 25 18 17 16 15 14 13 12

[1H–H2O]+(S)b 62 160 62 36 8 5 6 46 100 41 19 2 38 1 <1 15 1 – –
[1H–H2O]+(FFR)c 88 305 93 59 20 15 22 14 100 54 25 9 48 – – 11 – – –
[2Apr–CH3]+ 27 78 34 21 6 3 3 62 100 41 22 4 49 5 1 27 5 <1 –
[Aziridine]H+ 43 128 48 33 11 8 14 20 100 44 23 6 68 5 3 24 6 1<1

a Collision gas: O2.
b Ions formed in the ion source.
c Ions produced in the third field-free region of the four sectors mass spectrometer.

Considering the two possible reaction mechanisms
presented in Scheme 1, the dehydration of1H+ is
expected to give either protonated aziridine (path
a1, Scheme 2) or protonated acetaldimine (path b1,
Scheme 2).

Protonated aziridine and protonated acetaldimine
are the two most stable C2H6N+ ions containing the
CCN connectivity and their experimental characteri-
zation by CA has been recently reconsidered [15b].
Briefly, it may be recalled that very similar CA spectra
are observed for both ions when helium is used as tar-
get gas, but that the use of O2 rather than He induces
more differences in the CA mass spectra. The most
significant are (i) the presence of a characteristic peak
at m/z 29, corresponding to a methyl loss, for proto-
nated acetaldimine, and (ii) an intensem/z 42 signal
for protonated aziridine. Table 2 shows the partial CA
(O2) mass spectra of protonated aziridine, protonated
acetaldimine and ions [1H–H2O]+ coming from dis-
sociations of1H+ in the ion source (“S”) or in the
FFR.

It is noteworthy that the CA mass spectrum of the
ions [1H–OH2]+ produced in the ion source presents
significant peaks atm/z 29 and 42 demonstrating the
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presence of protonated acetaldimine and protonated
aziridine. Roughly, using the ratio of peak intensities
(m/z 42)/(m/z 41) and (m/z 29)/(m/z 27), the present
data may be interpreted by the existence of a mixture
of C2H6N+ ions containing comparable proportions
of both structures. Neutralization–reionization (NR)
experiments confirm the formation of a mixture of
structures by dehydration of1H+ in the ion source.
Accordingly, the NR mass spectrum of protonated
aziridine is characterized by peaks atm/z 43 and 41
on one hand, andm/z 28 and 27 on the other, of com-
parable intensities. For protonated acetaldimine the
situation is clearly different since the ratio of peak in-
tensities (m/z 43)/(m/z 41) and (m/z 28)/(m/z 27) are
equal to ca. 1.6. In fact, the NR mass spectrum of ions
[1H–OH2]+ is intermediate between the two reference
spectra (the two preceding ratio of peak intensities are
equal to 1.3 and 1.2, respectively) in agreement with
the existence of a mixture in equivalent amount of
protonated aziridine and protonated acetaldimine.

When considering now the [1H–OH2]+ ions pro-
duced in the third field-free region of the six sector
mass spectrometer, it clearly appears that the CA mass
spectrum (“FFR” Table 2) shows am/z 29 peak of
very low intensity and a (m/z 42)/(m/z 41) ratio close
to 3.0, as already observed for protonated aziridine.
In summary, collisional experiments demonstrate that
ions 1H+ of low internal energy lead to protonated
aziridine by loss of a water molecule but that a sig-
nificant amount of protonated acetaldimine is compet-
itively produced from ions of higher internal energy.
This reveals a more complicated situation than previ-
ously assumed.

The following theoretical part will bring informa-
tion on the energy required by the two dehydration
processes a1 and b1 presented in Scheme 2. Concern-
ing the ammonia loss, which represents a minor disso-
ciation route from high internal energy1H+ ions, only
the formation of protonated acetaldehyde (reaction b2,
Scheme 1) has been considered since, as it will be
seen below, the set of products [oxirane]H+ + NH3 is
significantly higher in energy than the transition struc-
tures leading to water loss. During the reaction mod-
eling at the MP2/6-31G∗ level, it has been found that

the formation of protonated aziridine involves three
successive steps while protonated acetaldimine (or ac-
etaldehyde) is produced via a 1,2-hydrogen migration
concerted with a CO (or CN) bond elongation. The
various steps of these reaction channels are summa-
rized in Scheme 3 and the corresponding MP2/6-31G∗

optimized structures are presented in Fig. 1. The cor-
responding energies are reported in Table 3 and illus-
trated by the 0 K energy diagram sketched in Fig. 2.

The proton affinity of a primary amine is higher
than that of a primary alcohol by ca. 120 kJ mol−1

[20]. It is thus, not surprising to find that the ni-
trogen atom is the preferential protonation site of
1,2-aminoethanol. The most stable conformation of
the N-protonated aminoethanol,1Ha

+, presents an
internal hydrogen bond characterized by a O· · · H–N
distance of 2.00 Å and a dihedral angle NCCO of
48.1◦ (Fig. 1). The stabilization energy of this struc-
ture may be estimated by a comparison with thetrans
structure1Hb

+. The energy difference (39 kJ mol−1

at the MP2(FC)/6-31G∗ + ZPE level, Table 3) is
far from the stabilization energy of the complex
CH3OH/CH3NH3

+ (93 kJ mol−1 at the same level
of theory, 80 kJ mol−1 from experiment [25]). This
weakening of the internal hydrogen bond, which
is not unexpected in such a strained system, it is
also reflected by the bond length of 2.00 Å, con-
siderably higher than the 1.672 Å calculated for
CH3OH/CH3NH3

+. It may be noted that conformer
1Hb

+, is 129 kJ mol−1 lower in energy than the most
stable conformation of the O-protonated molecule
(1C1–N, Fig. 1, Table 3), in good agreement with the
proton affinity difference between a primary amine
and a primary alcohol recalled above.

The cyclodehydration reaction of1H+ starting
from structure1Ha

+ (path a1, Scheme 3) needs the
transfer of one proton from the nitrogen atom to the
oxygen before the ring closure. Internal proton trans-
fer has been first explored by reducing the O1 · · · H11

distance (Fig. 1). At the HF/6-31G∗ level, this pro-
cess leads to a stable structure, where the proton is
located on the oxygen and an internal hydrogen bond
is created with the nitrogen,1Hd

+, is found. This
structure is situated 115 kJ mol−1 above1Ha

+. At the
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Scheme 3.

MP2(FC)/6-31G∗ level, however,1Hd
+ collapses to

1Ha
+ and it is found that the proton transfer must

be coupled with a rotation around the C–N bond
in order to attain atrans conformation preventing
the proton to return back to the nitrogen atom. This
stable structure,1C1–N (Fig. 1), lies in a shallow
potential energy well situated between the two transi-
tion structures1TS–R and1TS–C–N. The transition
structure1TS–R resembles closely structure1C1–N
(the essential difference is the NCCO angle value of
130.7◦ for 1TS–R and 178.2◦ for 1C1–N). 1TS–R is

situated 183 kJ mol−1 above1Ha
+ and 15 kJ mol−1

above1C1–N (MP2/6-31G∗ + ZPE level, Fig. 2). It
may be noted that structure1C1–N is partly stabi-
lized by a favorable electrostatic interaction between
the carbon atom C3 (Fig. 1), which is bearing a posi-
tive charge of 0.49, and the lone pair of the nitrogen
atom. This interaction foreshadows the subsequent
intramolecular nucleophilic substitution process. The
rear attack by the nitrogen toward the carbon C3 in-
duces the elimination of the water molecule through
the transition structure1TS–C–N characterized by
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Fig. 1. MP2/6-31G(d) optimized geometry of the species involved during dissociation of protonated 1,2-aminoethanol,1 (bond lengths in
Å, bond angles in◦).



G. Bouchoux et al. / International Journal of Mass Spectrometry 217 (2002) 195–230 203

Table 3
Calculated total electronic energies (Hartree) and relative energies (kJ mol−1) of the species relevant to the protonated 1,2-aminoethanol,
1H+, system

Species HF/6-31G∗ MP2(FC)/6-31G∗

Total Rel Total Rel ZPEa Rel 0 K

1Ha
+ −209.47186 0 −210.07355 0 294 0

1Hb
+ −209.45819 36 −210.05778 41 292 39

1Hd
+ −209.42800 115 – – – –

1TS–R −209.40273 182 −210.00084 191 286 183
1C1–N −209.40828 167 −210.00627 177 285 168
1TS–C–N −209.40046 187 −210.00002 193 280 179
1C2–N −209.43459 98 −210.03605 98 280 84
[Aziridine]H+ −133.40795 – −133.82137 – 220 –
H2O −76.01075 – −76.19685 – 55 –
[Aziridine]H+ + H2O −209.41870 140 −210.01822 145 275 126
1TS–H–N −209.38161 237 −209.97897 248 270 224
[Acetaldimine]H+ −133.44290 – −133.84898 – 214 –
[Acetaldimine]H+ + H2O −209.45365 48 −210.04583 73 269 48
1TS–H–O −209.38049 240 −209.97982 246 271 223
[Acetaldehyde]H+ −153.22612 – −153.64486 – 178 –
NH3 −56.18436 – −56.35421 – 90 –
[Acetaldehyde]H+ + NH3 −209.41048 161 −209.99907 195 268 169
[Oxirane]H+ – – −153.60459 – 183
[Oxirane]H+ + NH3 – – −209.95880 301 273 280

a Zero-point vibrational energy (MP2/6-31G∗ corrected by a factor 0.967 [19]), in kJ mol−1.

Fig. 2. Calculated 0 K energy profile (kJ mol−1) for the water and ammonia losses from protonated 1,2-aminoethanol. Relative energies
calculated at the MP2/6-31G(d) + ZPE level (into brackets are indicated the corresponding 298 K enthalpy variation).
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N1–C3 and C3–O4 distances of 2.003 and 1.825 Å,
respectively (Fig. 1). The process continues by the
lengthening of C3–O4 and the shortening of N1–C3
until attainment of a complex between protonated
aziridine and the water molecule,1C2–N. This
complex, where the C3–O4 distance is extended
to 2.734 Å, enjoys a stabilization of 42 kJ mol−1

with respect to its components. Its dissociation, into
[aziridine]H++H2O, is expected to occur without any
reverse critical energy. The two transition structures
1TS–R and1TS–C–N are approximately at the same
energy level (183 and 179 kJ mol−1, respectively,
Fig. 1) and are situated only∼10 kJ mol−1 above the
stable conformer1C1–N but ca. 50 kJ mol−1 above
the dehydration products. In outline, it can be said
that most of the energetic cost of the cyclodehydration
reaction a1 is the proton transfer from the nitrogen
to the oxygen atom in order to form the intermediate
structure1C1–N.

Obviously, the second dehydration route (b1,
Scheme 3) is also preceded by a proton transfer
from the nitrogen to the oxygen. As indicated be-
fore, the lone O-protonated structure, predicted to
be stable at the MP2/6-31G∗ level, is thetrans con-
former 1C1–N. A slight distortion of this structure
associated with a 1,2-hydride ion migration open the
possibility of water loss through the transition struc-
ture 1TS–H–N (Fig. 1). The overall critical energy
of the process1Ha

+ → [acetaldimine]H+ + H2O is
equal to 224 kJ mol−1 (Fig. 2). It may be considered
as resulting from the addition of two energetic con-
tributions: the intramolecular proton transfer giving
access to structure1C1–N and to the concerted 1,2-H
migration/C–O bond elongation. This later contribu-
tion renders the reaction path b1 unfavorable with re-
spect to the cyclodehydration a1 as clearly evidenced
in Fig. 1.

Finally, the deamination process b2 (Scheme 3)
leading to [acetaldehyde]H+ + NH3 has been inves-
tigated. The mechanism involves a 1,2-hydride ion
migration concerted with a C–N bond elongation.
That time, the starting structure1Ha

+ brings the na-
tive neutral and thus no proton migration is needed.
The transition structure for the reaction,1TS–H–O,

is calculated to be 223 kJ mol−1 above1Ha
+. This

energy is considerably higher than that required for
the concerted 1,2-H migration/C–O bond elongation,
1C1–N → [acetaldimine]H+ + H2O (critical energy
56 kJ mol−1), depicted above. As already emphasized,
this phenomenon is due to the large difference in
dissociation enthalpies of C–XH+ (X = OH, NH2)
bonds [15b]. For example, the dissociation enthalpies
of CH3–XH+ are 280 and 440 kJ mol−1 for X = OH
and NH2, respectively, in keeping with the ability of
the heteroatoms to share their lone pair electrons.

Note that the second possible deamination reac-
tion (path a2, Scheme 1) leads to products (proto-
nated oxirane+ NH3) situated 280 kJ mol−1 above
1Ha

+, i.e., 100 kJ mol−1 above the transition struc-
tures 1TS–R and 1TS–C–N, this reaction is conse-
quently excluded.

From the general energy profile given in Fig. 2,
it consequently appears that the cyclodehydration
reaction a1 is the most favored dissociative process
for 1H+ ions. The corresponding transition structure
is 45 kJ mol−1 below the two other:1TS–H–N and
1TS–H–O which corresponds to the dehydration b1

and to the deamination b2. The calculations confirm
the experimental observation that1H+ ions of low in-
ternal energy lead exclusively to protonated aziridine.
The competitive formation of protonated acetaldimine
and protonated acetaldehyde at high internal energy
is due to the fact that the three reactions posses simi-
lar rate constant values in this energy range. In other
words, it means that the three reactions have similar
frequency factors, this seems reasonable in view of
the mechanisms which, always, involve comparably
tight transition structures.

3.2. Protonated 1,3-aminopropanol, 2H+

As previously noted, the main behavior of proto-
nated aminopropanol,2H+, of high or low internal
energy, is the dehydration process [5,7–11]. Two
peaks,2H+ (m/z 76) and [2H–H2O]+ (m/z 58) are
observed in the methanol chemical ionization spec-
trum, the signal associated with [2H–NH3]+ ions
represents less than 10% of the base peakm/z 58. The
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Scheme 4.

MIKE spectrum of2H+ exhibits only one peak at
m/z 58 (kinetic energy released:T0.5 = 36 ± 4 meV
and T average = 113 ± 11 meV). This peak is fully
displaced atm/z 60 when the mobile hydrogens of the
precursor ion have been exchanged by deuterium in
the ion source. The water loss, thus, concerns exclu-
sively the hydrogen atoms borne by the heteroatoms.

From a mechanistic point of view, the two possible
dehydration path are the routes a1 and b1 depicted in
Scheme 4.

Reaction a1 is an intramolecular nucleophilic sub-
stitution giving protonated azetidine while the path
b1 corresponds to a 1,3-hydride ion migration cou-
pled with the water loss to produce protonated propa-
nimine, the most stable C3H8N+ ion.

The CA mass spectra of protonated azetidine and
protonated propanimine have been compared recently
[15b]. The distinction between the two structures is
possible through the high intensities of peaks atm/z

Table 4
CA/MIKE spectra of [C3H8N]+ (m/z 58) ions produced by chemical ionization of 1,3-aminopropanol,2, and azetidine, and by electron
ionization of 2-aminobutane,2AB, respectivelya

57 56 55 54 52 43 42 41 40 39 38 37 30 29 28 27 26 25 18 15 14

He [2H–H2O]+(S)b 11 14 <1 2 <1 17 22 81 9 26 11 6 85 30 100 50 26 4 3 – –
[2AB–CH3]+ 5 17 <1 3 2 34 50 267 15 39 13 7 52 22 100 48 22 2 5 – –
[Azetidine]H+ 20 16 1 2 1 14 16 59 9 22 10 5 96 30 100 49 27 – 3 – –

O2 [2H–H2O]+(S)b 23 65 7 13 5 15 21 67 11 25 11 7 78 42 100 39 23 6 1 1<1
[2AB–CH3]+ 8 58 10 15 7 27 40 131 16 33 14 8 43 43 100 37 21 5 2 2<1
[Azetidine]H+ 29 70 5 12 4 9 11 55 8 19 9 5 96 36 100 39 23 6<1 <1 <1
[2H–H2O]+(S)b 26 68 6 13 6 15 19 63 11 25 12 7 78 34 100 46 29 9 2 6 4

N2 [2H–H2O]+(FFR)c 12 68 5 10 4 8 1 41 8 20 11 6 92 33 100 46 30 10 2 4 3
[2AB–CH3]+ 9 52 2 11 5 26 35 124 12 31 11 5 36 24 100 43 23 5 1 6 2
[Azetidine]H+ 37 62 4 10 3 7 9 38 7 18 9 4 83 32 100 46 29 8<1 3 2

a Collision gas as indicated in the first column.
b Ions formed in the ion source.
c Ions produced in the third field-free region of the four sectors mass spectrometer.

30 and 57 for the former structure, and atm/z 41 for
the latter.

Table 4 contains the CA mass spectra of both ref-
erence ions and of [1H–H2O]+ ions. All in all, the
CA mass spectrum of the [1H–H2O]+ ions produced
in the source matches more closely that of protonated
azetidine. However, a noticeable increase of them/z
41 signal and a loss of intensities ofm/z 30 and 57
point to the presence of a small amount of protonated
propanimine. Considering now the CA mass spec-
trum of the [1H–H2O]+ ions produced in the third
field-free region of the six sectors mass spectrome-
ter, it appears identical to that of protonated azeti-
dine. Consequently, the loss of H2O from protonated
1,3-aminopropanol occurs exclusively by intramolec-
ular nucleophilic substitution at low internal energy,
whilst the 1,3-hydride shift mechanism becomes
weakly competitive at higher energy. This situation,
comparable to that encountered for 1,2-aminoethanol,
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Table 5
Calculated total electronic energies (Hartree) and relative energies (kJ mol−1) of the species relevant to the protonated 1,3-aminopropanol,
2H+, system

Species HF/6-31G∗ MP2(FC)/6-31G∗

Total Rel Total Rel ZPEa Rel 0 K

2Ha
+ −248.51791 0 −249.25228 0 369 0

2Hb
+ −248.49787 53 −249.22853 62 367 60

2C1–N −248.45093 176 −249.18090 187 362 180
2TS–C–N −248.44195 199 −249.17171 211 358 200
2C2–N −248.48542 85 −249.21803 90 358 79
[Azetidine]H+ −172.45986 – −173.00378 – 298 –
H2O −76.01075 – −76.19685 – 55 –
[Azetidine]H+ + H2O −248.47061 124 −249.20063 136 353 120
2C1–O −248.50436 36 −249.23588 43 368 42
2TS–C–O −248.43828 209 −249.16818 221 356 208
2C2–O −248.44229 199 −249.17041 215 356 202
[Oxetane]H+ −192.23868 – −192.79289 – 260 –
NH3 −56.18436 – −56.35421 – 90 –
[Oxetane]H+ + NH3 −248.42304 249 −249.14710 276 350 257
2TS–H–N −248.41095 281 −249.14494 282 343 256
[Propanimine]H+ −172.48122 – −173.01845 – 289 –
[Propanimine]H+ + H2O −248.49197 68 −249.21530 97 344 72
2TS–H–O −248.40456 298 −249.13818 300 346 277
[Propanal]H+ −192.26579 – −192.81538 – 253 –
[Propanal]H+ + NH3 −250.45015 178 −249.16959 217 343 191

a Zero-point vibrational energy (MP2/6-31G∗ corrected by a factor 0.967 [19]), in kJ mol−1.

1, will be now examined by molecular orbital calcu-
lation (Table 5).

The detailed steps of the two dehydration mecha-
nisms a1 and b1, as revealed by the calculation, are
sketched in Scheme 5.

For a complete understanding of the chemistry of
protonated 1,3-aminopropanol, the homologous deam-
ination processes a2 and b2 have also been examined,
the corresponding steps are presented in Scheme 6.

Optimized geometries of some of the most signifi-
cant structures are gathered in Fig. 3, the total and rel-
ative energies are presented in Table 4 and illustrated
by the 0 K energy profile of Fig. 4.

The most stable protonated form of 1,3-aminopro-
panol is the N-protonated structure2Ha

+ (Fig. 3). This
structure is stabilized by an internal hydrogen bond
characterized by a NH· · · O distance of 1.763 Å and
a O· · · H–N angle of 136.9◦. The calculated energy
difference between2Ha

+ and the fulltrans conformer
2Hb

+ is equal to 60 kJ mol−1, demonstrating, as
expected, a more efficient hydrogen bonding in proto-

nated 1,3-aminopropanol than in its lower homologue
1,2-aminoethanol. Protonation on the oxygen atom is
energetically unfavorable, and, from a structural point
of view, stable structure are only possible if the OH2

group is sufficiently remote from the nitrogen atom
to avoid internal proton transfer. We find structure
2C1–N (Fig. 3) to be the most stable conformer of
O-protonated 1,3-aminopropanol, its peculiar stability
is due to the existence of an attractive force between
the nitrogen atom and the carbon atom C4 which bears
the OH2 group and consequently a significant positive
charge. Structure2C1–N plays also a key role in the
dehydration mechanisms a1 and b1 (Scheme 5). Star-
ing from the global minimum2Ha

+, the formation
of 2C1–N passes through a transition structure corre-
sponding to a dihedral angle O5CCC of ∼140◦ and
situated only 4 kJ mol−1 above2C1–N. The backside
nucleophilic attack of N1 toward C4, associated with
the C4–O5 bond elongation, leads to an ion/neutral
complex 2C2–N (protonated azetidine/water). The
corresponding transition structure2TS–C–N (Fig. 3)
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Scheme 5.

Scheme 6.



208 G. Bouchoux et al. / International Journal of Mass Spectrometry 217 (2002) 195–230

Fig. 3. MP2/6-31G(d) optimized geometry of the species involved during dissociation of protonated 1,3-aminopropanol,2 (bond lengths
in Å, bond angles in◦).
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Fig. 3. (Continued ).

is situated 200 kJ mol−1 above2Ha
+. Finally, disso-

ciation of the complex2C2–N needs the 41 kJ mol−1

of reaction endothermicity, no reverse critical en-
ergy is associated with this reaction. In summary, the
determinant step of the intramolecular nucleophilic
substitution a1 is the passage through the transition
state2TS–C–N whose energy of 200 kJ mol−1, is, for
the major part, due to the proton transfer from the
nitrogen to the oxygen atom.

The second possible dehydration pathway (reaction
b1, Scheme 5) leads to protonated propanimine via a
1,3-hydride ion migration. The starting point of this
reaction is easily accounted for by a slight rotation
around the C2–C3 bond from2C1–N (Scheme 5). This

allows the formation of the corresponding transition
structure,2TS–H–N, which is situated 256 kJ mol−1

above 2Ha
+ and, consequently, 56 kJ mol−1 above

the transition structure for reaction a1, 2TS–C–N
(Fig. 4). No doubt that the latter is the favored dehy-
dration mechanism as attested by the observation of
the exclusive formation of protonated azetidine from
metastable2H+ ions.

The loss of a molecule of ammonia represents a mi-
nor process from protonated 1,3-aminopropanol. Since
the energy of the two possible set of products are be-
low or close to the critical energy for the dehydration
reactions, we decided to examine theoretically reac-
tions a2 and b2 (Scheme 6). The cyclodeamination
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reaction a2 starts with the formation of the con-
former 2C1–O which is 42 kJ mol−1 less stable than
2Ha

+. The passage2Ha
+ → 2C1–O corresponds

to a dihedral angle N5CCC of 140◦ and needs only
46 kJ mol−1. The following step is the nucleophilic
reaction itself, i.e., the ring closure coupled with the
C–N bond elongation. It needs 166 kJ mol−1 and leads
to a complex between protonated oxetane and ammo-
nia, 2C2–O. This reaction intermediate dissociates
into its components without reverse critical energy.
The products, protonated oxetane plus ammonia,
being higher in energy than the transition structure
2TS–C–O, the determining step of the deamination
reaction b1 is simply the separation of the components
of the complex2C2–O. At this stage, it is tempting to
compare the two nucleophilic substitution reactions
a1 and a2. The most meaningful difference lies in the
energy involved by the steps2C1–N → 2C2–N and
2C1–O → 2C2–O. The former process is exother-
mic by 100 kJ mol−1 while the latter is endothermic
by 160 kJ mol−1. This situation is, again, a reflection
of the fact that the dissociation energy of a C–NH3

+

bond is more than 100 kJ mol−1 higher than the dis-
sociation energy of a C–OH2+ bond.

Finally, the last reaction, b2, has been studied.
This process leading to protonated propanal by a 1,3-
hydride migration concerted with a C–O bond cleav-
age pass through the transition structure2TS–H–O
which is situated 277 kJ mol−1 above2Ha

+, it is the
process associated with the highest critical energy.
Again, this reaction involving a C–O bond cleavage
from 2C1–O is more energy consuming than the re-
action b1 which involves a C–N bond cleavage from
2C1–N.

Scheme 7.

In summary, it emerges from the above calculations
that the cyclodehydration reaction a1, giving rise to
protonated azetidine, possesses the lowest critical en-
ergy. This is in agreement with the exclusive forma-
tion of this product ion from2H+ ions of low internal
energy. The parallel formation of protonated propan-
imine and of [2H–NH3]+ ions, at higher internal en-
ergy, may be understood if the rate constants of the
competitive processes become comparable at high en-
ergy regime. This is in agreement with the calcula-
tions which, moreover, suggest that the [2H–NH3]+

ions are presumably protonated oxetane.

3.3. Protonated 1,4-aminobutanol, 3H+

The chemical ionization mass spectrum of
1,4-aminobutanol presents peaks atm/z 90, 73 and
72 of significant intensities [7–11]. By contrast, dis-
sociation of3H+ ions of either low or high internal
energy in the field-free regions, gives rise, mainly,
to m/z 73 [8–11]. Accordingly, the MIKE spectrum
of 3H+ presents signals atm/z 73 [3H–NH3]+ (in-
tensity: 96%) andm/z 73 [3H–OH2]+ (intensity:
4%). Comparable results have been reported for
collision-induced dissociations in a sector instrument
[8] and in a triple–quadrupole apparatus [9]. Deu-
terium labeling demonstrates that those reactions only
involve the hydrogen atoms localized initially on the
heteroatoms. The peak associated with the metastable
dissociation3H+ → [3H–NH3]+ is Gaussian in
shape and characterized by the kinetic energy release
values:T0.5 = 32±3 meV andT average= 93±9 meV.

Scheme 7 presents the four possible pathways of the
deamination and dehydration reactions of ions3H+.
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The structures of the C4H9O+ and C4H10N+ frag-
ment ions have been identified from their collisional
activation mass spectra obtained on the six sectors
mass spectrometer. Table 6 contains the CA spectra
of the [3H–NH3]+ ions produced either in the source
or in the third field-free region of the mass spectrom-
eter and the reference C4H9O+ ions, i.e., protonated
tetrahydrofuran and protonated butanal.

The two reference ions may be identified, what-
ever the target gas used, by the presence of a peak at
m/z 57 for protonated butanal andm/z 42 for proto-
nated tetrahydrofuran. Significant differences also ap-
pears in them/z 27–31 region. It is clear from Table 6
that the CA spectra of [3H–NH3]+ ions are identical
to that of protonated tetrahydrofuran. Consequently,
C4H9O+ ions formed by ammonia loss from [3H]+

precursors of low or high internal energy, are formed
by the intramolecular nucleophilic substitution a2.

Similar investigation has been done for the
C4H10N+ ions, the data are summarized in Table 7.
The two reference ions, protonated pyrrolidine and
protonated butanimine, may be distinguished particu-
larly by peaks in them/z 71–68 and 30–26 regions,
and atm/z 56. The CA mass spectrum of [3H–OH2]+

ions produced in the source of the mass spectrometer
agrees only with the protonated pyrrolidine struc-
ture. Thus, the dehydration reaction also occurs via
intramolecular nucleophilic substitution, a1.

The various reaction intermediates involved dur-
ing deamination and dehydration of protonated
1,4-aminobutanol3H+ are summarized in Schemes 8
and 9, respectively. Considering the size of the sys-
tem, the complete investigation of the corresponding
part of the potential energy surface has been done at
the HF/6-31G∗ level, the most important optimized
structures are presented in Fig. 5. The energies have
been then evaluated at the MP2/6-31G∗//HF/6-31G∗

+ ZPE level (Table 8). These data were used to
construct the 0 K energy diagram presented in Fig. 6.

The most stable structure of protonated 1,4-amino-
butanol is the pseudo-chair N-protonated structure
3Ha

+ (Fig. 5). As expected, the internal hydrogen
bond is shorter in3Ha

+ than in the lower homologues
(1.736 Å for3Ha

+ but 1.879 Å for2Ha
+ and 2.13 Å

for 2Ha
+, HF/6-31G∗ optimized geometries). In the

same vein, the N–H· · · O bond angle is larger for
3Ha

+ (155◦ compared to 133◦ and 106◦ for 2Ha
+

and1Ha
+, respectively). As a consequence, the stabi-

lization energy of3Ha
+ is also larger, an estimate of

67 kJ mol−1 is given by the energy difference between
3Ha

+ and the linear conformer3Hb
+ (Table 7).

The cyclodeamination reaction a2 begins with the
conformational change3Ha

+ → 3C1–O. During this
process, the internal hydrogen bond is broken and re-
placed by an electrostatic attraction between the car-
bon atom C1 and the oxygen. Conformer3C1–O is
42 kJ mol−1 above the global minimum3Ha

+ from
which it is separated by a very small rotational barrier
of 2 kJ mol−1 (Fig. 6). The ring closure is accom-
panied by the C–N bond elongation, this step is as-
sociated with transition structure3TS–C–O situated
166 kJ mol−1 above3Ha

+. Further, the system evolves
toward the ion/neutral complex3C2–O which may dis-
sociate by a simple separation of its components. All
the transition structures identified during the overall
cyclodeamination process are situated below the en-
ergy level of the dissociation products. It consequently
appears that the energy determining step is the forma-
tion of protonated tetrahydrofuran plus a molecule of
ammonia by the simple stretching of the weak C· · · N
bond present in the complex3C2–O.

The second possible mechanism of ammonia
loss (b2 Scheme 8) possesses a transition structure
of too high energy to favorably compete with the
previously examined mechanism a1. Accordingly,
structure3TS–H–O is situated 284 kJ mol−1 above
3Ha

+ and 85 kJ mol−1 above the products: proto-
nated butanal+ NH3. This result explain why only
the protonated tetrahydrofuran is produced from3H+

ions of low and of high internal energy.
The first step of the cyclodehydration reaction a1

(Scheme 9) is the proton transfer from the nitrogen
to the oxygen atom:3Ha

+ → 3C1–N. The lat-
ter structure, which is situated 174 kJ mol−1 above
3Ha

+, is the most stable O-protonated form of the
1,4-aminobutanol. Starting from3C1–N, the ring
closure along the C–N bond is accompanied by a
C–O bond stretching until attainment of the3C2–N
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Scheme 8.

ion/neutral complex. As illustrated by Fig. 6, struc-
ture 3C1–N lies in a very shallow potential energy
well since it is separated from3Ha

+ by a rotational
barrier of 10 kJ mol−1 and from3C2–N by a barrier
of 3 kJ mol−1. Finally, the last step of the reaction is
the dissociation of complex3C2–N by separation of
its components, protonated pyrrolidine and a water
molecule. At the level of theory used here, it is hard
to decide which of the two steps3Ha

+ → 3C1–N or
3C1–N → 3C2–N is energy determining. However,
there is no doubt that most of the energy requirement
is the formation of conformer3C1–N, i.e., the energy
needed by the intramolecular proton transfer from the
nitrogen to the oxygen atoms.

This energy is also required by the second dehydra-
tion reaction (b1, Scheme 9). The transition structure
of this reaction is 293 kJ mol−1 above3Ha

+, the re-
action is consequently not competitive with reaction
a1 in agreement with the exclusive formation of pro-
tonated pyrrolidine from3H+.

In conclusion, the experimental behavior of proto-
nated 1,4-aminobutanol,3H+, is easily explained by
the two low energy processes a2 and a1. Both re-
actions are intramolecular nucleophilic substitutions
leading to cyclized ionic products. Calculation indi-
cates comparable critical energy for the ammonia loss
and the water loss (Fig. 6, Table 8). Experimental
results suggest that the former reaction possesses a
slightly lower critical energy in order to account for the
greater intensity of peakm/z 73 in the MIKE spectrum
of 3H+.

3.4. Protonated 1,5-aminopentanol, 3H+

Finally, only the experimental results concerning
protonated 1,5-aminopentanol,4H+ will be reported.
The size of the system as well as the obvious conclu-
sions which can be drawn from the three lowest homo-
logues renders unnecessary a theoretical investigation
of this molecule.
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Scheme 9.

The behavior of4H+ is comparable to that of3H+,
its MIKE spectrum presents three peaks atm/z 87
[4H–NH3]+ (82%), m/z 86 [4H–OH2]+ (11%), and
m/z 69 [4H–NH3–OH2]+ (7%). The main peak is
Gaussian and characterized by the kinetic energy re-
leases:T0.5 = 40 ± 4 meV andT average = 104 ±
10 meV.

The four possible reaction pathways for losses of
water and ammonia are summarized in Scheme 10.

Scheme 10.

Product ion structures have been examined, as usual,
by CA. The results are gathered in Tables 9 and 10.

The two possible deamination products, proto-
nated tetrahydropyran and protonated pentanal, may
be distinguished by comparison of them/z 27–31,
42–45, 53–57 and 67–69 peaks in their CA spectra.
We can see, from examination of Table 9, that the
CA mass spectra of the [4H–NH3]+ ions formed in
both the source or the field-free region of the mass
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Fig. 5. MP2/6-31G(d) optimized geometry of the species involved during dissociation of protonated 1,4-aminobutanol,3 (bond lengths in
Å, bond angles in◦).
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Fig. 5. (Continued ).

spectrometer, perfectly match that of the protonated
tetrahydropyran. The most favored pathway is conse-
quently the intramolecular nucleophilic substitution
reaction a2 (Scheme 10).

The dehydration reaction is expected to give rise
to either protonated piperidine or protonated pentan-
imine. These two structures are easily characterized
from their CA mass spectra, particularly in them/z
39–44 region. It may be concluded from Table 10 that
[4H–OH2]+ ions are essentially protonated piperidine
and, consequently, that the dehydration reaction oc-
curs exclusively by the internal nucleophilic substitu-
tion reaction a1 (Scheme 10).

These experimental results are in complete analogy
with those obtained for the lower homologue3H+.
This has to be expected because a comparable poten-
tial energy profile is probably associated to3H+ and
4H+. Moreover, the formation of the cyclic ionized
fragments is even more favored in the latter case by
the decrease of the reaction enthalpy (Table 1).

3.5. Protonation thermochemistry

Gas-phase basicity of aminoalcohols1–3 has been
determined by Mautner et al. [24] from measurement
of proton transfer equilibrium constants in a mass
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Table 8
Calculated total electronic energies (Hartree) and relative energies (kJ mol−1) of the species relevant to the protonated 1,4-aminobutanol,
3H+, system

Species HF/6-31G∗ MP2(FC)/6-31G∗//HF/6-31G∗

Total Rel ZPEa Total Rel Rel 0 K

3Ha
+ −287.55619 0 441 −288.42030 0 0

3Hb
+ −287.53448 57 438 −288.39355 70 67

3Hc
+ −287.47975 201 431 −288.33708 218 208

3C1–O −287.54306 34 440 −288.40390 43 42
3TS–C–O −287.49598 158 427 −288.35194 180 166
3C2–O −287.50859 125 429 −288.36491 145 133
THFH+ −231.30799 – 335 −231.99216
NH3 −56.18436 – 89 −56.35371
THFH+ + NH3 −287.49235 168 424 −288.34587 195 178
3C1–N −287.49079 172 432 −288.35055 183 174
3TS–C–N −287.48923 176 429 −288.34825 189 177
3C2–N −287.55325 8 433 −288.41666 10 2
[Pyrrolidine]H+ −211.52894 – 373 −212.20494 – –
H2O −76.01075 – 55 −76.19596 – –
[Pyrrolidine]H+ + H2O −287.53969 43 428 −288.40090 51 38
3TS–H–O −287.44134 302 415 −288.30235 310 284
[Butanal]H+ −231.30223 324 −231.98026 – –
[Butanal]H+ + NH3 −287.48659 183 413 −288.33397 227 199
3TS–H–N −287.44077 303 413 −288.29793 321 293
[Butanimine]H+ −211.51755 – 360 −212.18399 – –
[Butanimine]H+ + H2O −287.52830 73 415 −288.37995 106 80

a Zero-point vibrational energy (HF/6-31G∗ corrected by a factor 0.913 [19]), in kJ mol−1.

spectrometer equipped with a high pressure ion source.
Variable temperature studies allowed also the authors
to estimate the�H◦ and�S◦ of the reactions and con-
sequently the proton affinities (PAs) and protonation
entropy of the aminoalcohols1–3. It was found that
the gas-phase basicities and proton affinities of the
molecules1–3 are enhanced with respect to the corre-
sponding primary amines and that the protonation is
accompanied by a significant entropy loss. These ob-
servations are in agreement with the formation of a
strong internal hydrogen bond in the protonated forms,
as already demonstrated by the molecular orbital cal-
culations presented above. In order to fully quantify
these effects, we have decided to estimate the ther-
mochemical quantities associated with the protonation
process by means of molecular orbital calculations.
The following lines will present results of entropy es-
timations taking into account the rotational barriers of
the torsional modes, and proton affinities calculations
conducted at the G2(MP2) level.

The method of calculation of absolute third law en-
tropies adopted here uses standard statistical thermo-
dynamic formulae through a procedure comparable to
the E2 method described by Radom and co-workers
[26]. Entropies for internal rotations were computed
by using the hindered rotor model developed by Pitzer
and Gwinn [27]. In this approach, the energy levels
of a rotor associated with a potential energy barrier of
the formV0/2 (1 − cosnφ), whereφ is the dihedral
angle, are found with the help of a one-dimensional
Schrödinger equation. In practice, the entropy of a
given rotor is obtained by subtraction of a corrective
term to the entropy calculated under the free rotor ap-
proximation,S◦

fr :

S◦
fr = 1

2
R ln

[
8π3eIredkT

n2h2

]

wheree = 2.71828 andIred the reduced moment of
inertia of the two rotating groups around the axis con-
taining the twisting bond. The corrective term values
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Fig. 6. Calculated 0 K energy profile (kJ mol−1) for the water and ammonia losses from protonated 1,4-aminobutanol. Relative energies
calculated at the MP2/6-31G(d) + ZPE level (into brackets are indicated the corresponding 298 K enthalpy variation).

are presented as a function of two dimensionless vari-
ables:V0/RT and 1/Qfr (i.e., the reciprocal of the par-
tition function for the free rotation). In the present
study, the required rotational potential energy barriers,
V0, were obtained at the HF/6-31G(d) level using a
relaxed rotation approach (i.e., all geometrical param-
eters were optimized except the dihedral angle consid-
ered). For the purpose of comparison, the entropy of
the corresponding harmonic oscillator was also calcu-
lated using the vibrational frequencies of the torsional
modes given by the relationship:

ν =
( n

2π

) (
v0

Ired

)1/2

.

The results obtained for aminoalcohols1–3 and
their protonated forms are gathered in Table 11.

Several comments concerning the conformational
analysis of the various structures can briefly be made.
The MP2/6-31G(d) optimized structures of the neutral
molecules1–3 are presented in Fig. 7.

The global minimum on the potential energy sur-
face associated with molecule1 along the three tor-
sional modes is the conformer g‘Gg’ which presents
an internal hydrogen bond between the hydrogen of
the hydroxyl group and the lone pair of the nitrogen
atom (Fig. 7). Our conformational analysis, thus, con-
firms the previous findings obtained at lower levels of
theory [28]. Note that thetrans conformer, g‘Tg’, in
which the internal hydrogen bond is broken, is situ-
ated 12.5 kJ mol−1 above conformer g‘Gg’. As shown
in Table 11, the rotational barriers along the three
axis are of comparable magnitude, the comparison be-
tween these energy barriers of ca. 29 kJ mol−1 and the
difference in energy between1g‘Gg’ and 1g‘Tg’ re-
veals that a large part of the torsional critical energy
is brought by repulsive interactions between eclipsed
substituents and not only by the breaking of the inter-
nal hydrogen bond. In the protonated form1H+, rota-
tional barriers around the O1–C2 and the C2–C3 bonds
are as high as 69 and 44 kJ mol−1, respectively. The
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Table 11
Entropy calculation for the neutral and protonated aminoalcohols1–3

Species Bond V0
a S◦b S◦

t (free rotation)c S◦
t (Pitzer)c S◦

t (harmonic oscillator)c

1 O1–C2 28.6 312.1 18.9 8.9 6.0
C2–C3 29.0 31.2 20.8 16.0
C3–N4 28.4 21.8 11.6 8.5

1H+ O1–C2 68.6 304.1 18.6 3.0 3.0
C2–C3 44.4 31.6 19.3 16.2
C3–N4 12.4 12.8 7.5 3.9

2 O1–C2 19.8 352.1 18.9 10.7 7.3
C2–C3 28.3 33.0 22.5 19.4
C3–C4 31.6 33.1 22.3 19.1
C4–N5 27.3 21.9 11.9 8.8

2H+ O1–C2 81.4 333.4 18.6 2.5 2.5
C2–C3 70.5 33.2 15.8 15.8
C3–C4 52.0 33.7 17.6 17.6
C4–N5 14.2 14.5 8.3 4.7

3 O1–C2 18.5 391.8 19.0 11.0 7.6
C2–C3 33.0 33.4 22.5 18.1
C3–C4 24.3 36.6 27.0 23.7
C4–C5 36.3 33.6 22.1 18.9
C5–N6 29.3 21.9 11.6 8.5

3H+ O1–C2 90.0 368.8 18.7 2.3 2.3
C2–C3 87.0 34.0 15.8 15.8
C3–C4 61.0 37.0 20.2 20.2
C4–C5 47.0 34.2 18.5 18.5
C5–N6 12.2 14.6 9.0 5.3

a Potential energy barrier of the internal rotation around the “bond”; value in kJ mol−1, calculated at the HF/6-31G(d) level.
b Total entropy (J K−1 mol−1) of the species considered calculated using the Pitzer’s procedure for the torsional modes.
c Contribution to the entropy of the torsional modes calculated using the Pitzer’s method or within the harmonic oscillator or rigid free

rotor approximations.

transition structures are eclipsed conformers in which
the internal hydrogen bond is clearly broken. By con-
trast, the rotation of the NH3 group around the C3–N4
bond presents a barrier height of only 12 kJ mol−1 and
a three-fold symmetry. This low energy barrier is due
to the fact that the NH3 group can rotate whilst main-
taining one (or two) favorable interactions between
one (or two) H of the NH3 group and the lone pair of
the oxygen atom. No complete breaking of the internal
hydrogen bond is thus, occurring during the rotation
around the C3–N4 bond.

Microwave spectrum of 1,3-aminopropanol,2,
has been interpreted by the existence of an internal
hydrogen bond of the type OH· · · N at room tem-
perature [29]. Indeed, molecular orbital calculations

confirm that the most stable conformation of2 presents
this kind of intramolecular interaction in a chair ar-
rangement including the bonding hydrogen and the
five heavy atoms [28c,29b] (2gG‘Gg’, Fig. 7). The
OH · · · N bond energy may be estimated to16 kJ mol−1

and the energy barriers associated with the CC or
CN torsional modes, which are close to 30 kJ mol−1,
clearly include the breaking of this hydrogen bond.
It is not the case for the rotation around the C–O
bond because the OH· · · N bond cleavage is partly
compensated by the formation of a NH· · · O bond
(the stable conformer containing this arrangement is
situated 14 kJ mol−1 above 2gG‘Gg’). This explain
why the corresponding critical energy amounts for
only ∼20 kJ mol−1. After protonation, the rotational
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Fig. 7. MP2/6-31G(d) optimized geometry of the most stable conformers of neutral aminoalcohols1–3 (bond lengths in Å, bond angles in◦).
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barriers are considerably increased except for the C–N
bond. This phenomenon has the same origin as that
evidenced for protonated 1,2-aminoethanol,1H+: the
rotation of the NH3 group preserves an internal hy-
drogen bonding, thus, reducing the rotational barrier.

The most stable form of 1,4-aminobutanol,3,
presents also a OH· · · N hydrogen bond in a
pseudo-chair conformation (Fig. 7). The hydrogen
bond energy may be estimated to ca. 20 kJ mol−1, an
amount of energy recovered in the rotational critical
energies except for the C–O bond, as already ob-
served for2. Not surprisingly, The rotational barriers
are significantly increased in the protonated molecule,
3H+, with the exception of that corresponding to the
C–N bond.

Calculation of the contributions toS◦ of the tor-
sional modes by the Pitzer’s method uses corrective
terms which are dependent upon the rotational bar-
rier height V0 [27]. When this barrier exceeds ca.
50 kJ mol−1 (i.e., 20RT at 298 K), theS◦ term is close
to that which is calculated using the harmonic oscilla-
tor approximation. For the neutral aminoalcohols1–3,
the rotational barrier height is situated between 18
and 36 kJ mol−1 and the use of the Pitzer’s approach
was necessary to estimateS◦(M) at 298 K. In the case
of the protonated species,1H+–3H+, the rotational
barriers are generally larger than 50 kJ mol−1 and the
harmonic oscillator approximation has been found to
correctly work. As observed above, the only excep-
tion is the rotation of the NH3 group which may occur
without a complete breaking of the internal hydrogen
bond. For this latter torsional mode, the rotational

Table 12
Protonation thermochemistry of aminoalcohols1–3

H ◦
298 (Hartree)a �f H

◦
298(calc) (kJ mol−1)a PA(M) (kJ mol−1)a �S◦

p (J K−1 mol−1)b,d GB(M) (kJ mol−1)c,d

1 −210.02220 −219.6 921.8 (930.3) −8.0 (−3.3) 887.0 (896.8)
1H+ −210.368968 394.5 – – –
2 −249.244436 −236.6 950.6 (963.6) −18.7 (−44.2) 914.8 (917.9)
2H+ −249.604157 343.4 – – –
3 −288.468285 −257.8 962.5 (984.0) −23.0 (−65.4) 925.1 (932.0)
3H+ −288.832526 310.5 – – –

a Calculated G2(MP2) results.
b �S◦

p = S◦(MH+) − S◦(M); S◦(MH+) and S◦(M) values are presented in Table 11.
c Calculated using GB(M) = PA(M) − T [�S◦

p − S◦
H+ ].

d In parentheses, experimental determinations from [24], adjusted to the most recent basicity scale [23].

barrier is situated between 12 and 14 kJ mol−1 and the
symmetry number is equal to 3. In that case again, the
Pitzer’s method has been used to estimate its entropic
participation. The individual contributions to entropy
of each torsional modes,S◦

t , estimated following the
Pitzer model and the harmonic oscillator and free ro-
tor approximations are presented in Table 11. The
entropy differences�S◦

p = S◦(MH+) − S◦(M), cal-
culated using this procedure are presented in Table 12.

As expected, most of the entropy differences�S◦
p

is coming from the entropy terms associated with the
internal rotations. Considering the rotations which
are hindered after the protonation, for the three in-
vestigated molecules, each individual contribution to
�S◦

p falls in the range−4 to −7 J K−1 mol−1. This
entropy loss is obviously related to the large increase
of the rotational barrier when passing from the neutral
to the protonated structures. The contribution to the
entropy difference�S◦

p associated with the rotation
of the amino group bearing the proton is close to a
common value of−4 J K−1 mol−1. A negative value
may be surprising since the corresponding rotational
barriers decreases from the neutral to the protonated
forms, however a major contribution to�S◦

p is due
to the symmetry change of this torsional mode dur-
ing protonation. The net result is a clear decrease
of the entropy difference�S◦

p when the size of the
molecule increases in qualitative agreement with the
experimental observations [22]. However, the com-
parison between the calculated and experimental
entropy differences�S◦

p (Table 12) is disappointing.
If a correct agreement is observed for1 (calculated
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�S◦
p = −8.0 J K−1 mol−1 compared with the exper-

imental value of−3.3 J K−1 mol−1), the deviation
attains 25 and 42 J K−1 mol−1 for 2 and 3, respec-
tively. This difference is far from the estimated error
of 0.5 J K−1 mol−1 per rotation assumed on theS◦

calculated using the Pitzer’s tables. Moreover, the
maximum contribution to�S◦

p corresponding to the
hindrance of one internal rotation may be estimated
by considering theS◦

t term calculated using the har-
monic oscillator for the protonated species and that
calculated using the free rotor for the neutral. Using
the data of Table 11, we calculate a difference of ca.
16 J K−1 mol−1 per rotation. This means that the�S◦

p

values cannot decrease by more than 16 J K−1 mol−1

when passing from1 to 2 and 3; the experimen-
tally derived values, 41 and 21 J K−1 mol−1 are thus,
probably too high. Finally, one may note that signifi-
cant discrepancies have been already observed in the
experimental determination of�S◦

p from one labora-
tory to another [15b,24] and that better agreement is
obtained when comparing Gibbs free energy changes.

It has been recalled in the computational section
that G2 methods may provide accurate estimate of the
proton affinities. The proton affinities values quoted in
Table 12 have been calculated using the G2(MP2)H298

values for M and MH+ and the enthalpy of translation
of the proton (6.2 kJ mol−1). Examination of Table 12
shows that the calculated proton affinity values are
systematically lower than the experimental ones. The
deviations (8.5, 13.0 and 21.5 kJ mol−1 for 1, 2 and3,
respectively) are significantly higher than that expec-
ted with G2(MP2) calculations (±6 kJ mol−1) [20d].
Curiously, the deviation seems to increase with the
size of the molecule. Since the proton affinity value
is dependent on the choice of the�S◦

p values used in
the expression PA(M) = GB(M) + T [�S◦

p − S◦H+],
these observation suggests that the experimental�S◦

p
(values into parentheses in Table 12) are too negative,
and that this phenomenon increases when passing from
1 to 3. Combining the calculated proton affinities and
�S◦

p values, theoretical gas-phase basicity estimates
may be proposed. The GB(M) obtained by this means
are compared with the experimental values in Table 12.
It can be seen that the calculated GB values are again

lower than the experimental values, but, that time, the
mean difference amounts for only 6.6 kJ mol−1 for the
three compounds1, 2 and 3. This better agreement
between the calculated and experimental gas phase
basicities speaks again for�S◦

p values closer to that
estimated here using the Pitzer’s method than to that
derived from experiments.

3.6. Stereochemical effects during the dissociation
of protonated 1,2-aminoalcohols

We return now to the question, raised by Pierre
Longevialle and recalled in Section 1: how to explain
the influence of the OCCN dihedral angle upon the
protonation energetics of 1,2-aminoalcohols and on
the dehydration efficiency of their protonated forms?
To answer this question, we have examined the
MP2/6-31G(d) potential energy of 1,2-aminoethanol,
1, and its oxygen and N-protonated forms as a func-
tion of the dihedral angle OCCN,θ .

The potential energy curve associated with the neu-
tral molecule1 (Fig. 8, top) presents two minima at
θ = ±55.1◦ corresponding to the two enantiomeric
conformers g‘Gg’ (see Fig. 7). As expected the inver-
sion barrier (θ = 0◦, 23 kJ mol−1) is lower than the
energy required to break the internal hydrogen bond
in order to generate thetrans conformer (θ = 125◦,
34 kJ mol−1). A comparable potential energy curve is
observed for the N-protonated form1H+ (Fig. 8, bot-
tom). The critical energies are however, different ac-
cording to the stronger internal hydrogen bond in this
species (18 and 49 kJ mol−1, respectively). Obviously,
the difference between the two potential energy curves
of 1 and the N-protonated form of1H+ is the reflect
of the proton affinity shift,�PA, induced by the freez-
ing of the dihedral angleθ . The evolution of�PA
with θ , as calculated from the MP2/6-31G∗ results, is
presented in Fig. 9.

From θ = −50◦ to θ = 50◦, the proton affinity is
practically constant and a clear decrease of the proton
affinity is observed whenθ exceeds 50◦, i.e., when,
increasingly, the internal hydrogen bond is broken.
For the purpose of comparison, the experimental�PA
values obtained by Houriet et al. [4] for the series
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Fig. 8. Calculated MP2/6-31G(d) potential energy of neutral and protonated 1,2-aminoethanol as a function of the dihedral angle NCCO.

of �,�-aminoalcohols studied by Pierre Longevialle
are also indicated in Fig. 9. The excellent agreement
between the two sets of data, thus, confirms that the
experimentally observed�PA is essentially the reflect
of the difference in the internal hydrogen bond in the
neutral and the protonated molecule.

Fig. 8 presents also the potential energy curve as-
sociated with the O-protonated form of1. Note that,
for θ = 180◦, the corresponding structure is simply
the 1C1–N form described in Fig. 1. As indicated
in Fig. 8, the potential energy of the O-protonated
molecule slightly increases when decreasingθ from
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Fig. 9. Calculated MP2/6-31G(d) proton affinity variation of 1,2-aminoethanol as a function of the dihedral angle NCCO (the experimental
points are from [4]).

180 to 120◦ and further decreases gently toθ ∼ 90◦.
Below this dihedral angle value, the potential energy
falls dramatically and, nearθ = 60◦, the O-protonated
structure becomes unstable and the system suddenly
evolves toward the N-protonated form. Thus, the
O-protonated form of1 is stable only betweenθ ∼
60◦ andθ = 180◦. In addition to this limitation, the
water loss efficiency is expected to be the reflect of
the geometrical constraints on the corresponding tran-
sition structure. Forθ = 180◦, the atoms arrangement
is optimum for the elimination of the water molecule
via the internal nucleophilic substitution reaction as
described in the preceding part. When reducing the
angleθ , it becomes difficult for the nitrogen atom to
approach the vicinal carbon atom back to the OH2

group. Whenθ = 120◦, this backside attack is ob-
viously forbidden and ifθ is further reduced, the

most favorable reaction becomes the proton migra-
tion from the oxygen to the nitrogen atom rather than
the switching to the second possible mechanism of
water loss, i.e., the 1,2-hydride shift. The calcula-
tion thus predicts an efficient loss of water from the
O-protonated form of�,�-aminoalcohols for dihedral
angles situated between 180 and 120◦. This is exactly
what has been observed by Longevialle et al. [2] and
perfectly in line with his interpretation.

4. Conclusion

The present study demonstrates that protonated
�,�-aminoalcohols present a behavior more con-
trasted than previously assumed. Collisional exper-
iments show that the structure of the low energy
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dissociation products are always that expected from
the internal nucleophilic substitution reactions. For
1,2- and 1,3-aminoalcohols, this reaction corresponds
to the water loss while for 1,4- and 1,5-aminoalcohols
it corresponds to ammonia loss. Clearly, these obser-
vations are not directly related to the endothermic-
ity of the reactions. Molecular orbital calculations
demonstrate that the intramolecular nucleophilic
substitution reactions proceed via two intermediate
structures (nC1 –N and nC2–N for the water loss
andnC1–O andnC2–O for the ammonia loss). This
situation is reminiscent of the double wells potential
energy surface associated with intermolecular SN2
reactions involving cationic substrates (see for exam-
ple [30]) or intramolecular nucleophilic substitution
reactions accompanying the elimination of water or
ammonia from protonated diols [14] or diamines
[25]. A major observation is that the formation of
the structurenC1–N, where the proton is local-
ized on the oxygen atom, needs 180–200 kJ mol−1.
This reaction is thus, observed only for 1,2- and
1,3-aminoalcohols1 and 2 because all the other
possible dissociation routes have critical energies
higher than 220–250 kJ mol−1. In contrast, proto-
nated 1,4- and 1,5-aminoalcohols3 and 4 eliminate
quasi-exclusively ammonia since the corresponding
critical energies are in the 150–170 kJ mol−1 range.

A detailed conformational analysis of both the neu-
tral and the protonated forms of1–3 lead us to propose
theoretical values for the thermochemical quantities
associated with the protonation process. Good agree-
ment with experiment is found between gas phase ba-
sicities but significant discrepancies are observed for
proton affinities and protonation entropies. Finally, the
stereochemical effects observed on the proton affin-
ity of conformationally blocked 1,2-aminoalcohols
and on the dissociation of their protonated forms has
been illustrated and discussed using1 as a suitable
model.
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