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Abstract

Gas phase reactions of ammonia with the oxonium ions, ROCH2
1 (R 5 H, CH3, C2H5, n-C3H7, i -C3H7) have been

investigated with Fourier transform ion cyclotron resonance mass spectrometry and theoretical methods (ab initio quantum
chemistry, Rice-Ramsperger-Kassel-Marcus theory). In all instances two reactions are observed to occur in competition:
addition/elimination, which gives CH2NH2

1 1 ROH, and substitution, which gives RNH3
1 1 CH2O. With the exception of

R 5 H, the rate of CH2NH2
1 formation is by far faster than RNH3

1 formation. The experimental observations are rationalised
by the model calculations, which also show that the more exothermic the overall reaction is, the lower is the barrier. This clear
trend in reactivity is dictated by the electronic properties of the R groups. For R5 i -C3H7 an additional route for loss of
formaldehyde was found. For the first time the prototype reaction CH2OH1 1 NH33 CH2NH2

1 1 H2O has been observed.
(Int J Mass Spectrom 195/196 (2000) 171–184) © 2000 Elsevier Science B.V.
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1. Introduction

Aldehydes and ketones react with amines to give
imines (Schiff bases) [1–3]. The formation of imines
has been studied extensively, and the mechanism is
rather well understood in the liquid phase [4,5]. Briefly,
the reaction is general acid catalysed, with a maximum
rate around pH5 4, and it has been postulated to occur
via the key steps shown in Scheme 1. As indicated in
Scheme 1, the central step in this addition/elimination

(ae) mechanism is proton transfer from the general
acid to the oxygen atom and it is rate determining.

A fundamental issue in all mechanistic studies is
how reactivity depends on the intrinsic properties of
the reacting molecules. This information is available
from gas phase studies. By systematic examination of
suitable model systems in the gas phase it is possible
to gain insight into the factors which govern liquid
phase reactivity. Several workers have found that
immonium ions are formed in chemical ionization
mass spectrometry by water loss from adducts be-
tween amines and a number of protonated carbonyl
compounds [6–8]. These studies were, however, not
sufficiently specific to determine the mechanism of
immonium formation. Vainiotalo and co-workers [9]
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investigated the reaction between protonated acetone
and amines at very low pressures (p 5 1028 mbar,
Fourier transform ion cyclotron resonance mass spec-
trometer), as shown in Scheme 2, but did not observe
formation of the protonated imine [reaction (4)]. Instead,
proton transfer to the more basic amine [reaction (5)]
was observed. However, when the otherwise easily
transferable proton of protonated acetone is blocked
by a second acetone molecule, thereby forming a
protonated acetone dimer, reaction with an amine
gave the anticipated protonated imine [reaction (6)].

When the proton of the protonated carbonyl com-
pound is substituted by an alkyl group the addition/
elimination (ae) route is the preferred reaction [reac-
tion (7)]. This has been noticed by several authors
[10–12]. Transfer of the alkyl group to the amine,
which for R Þ H formally corresponds to a nucleo-
philic substitution reaction (sub), is also observed
[reaction (8)], but is of significantly lower abundance.

This ambident character of alkyl oxonium ions has also
been observed in reactions with alcohols, ethers, alde-
hydes, ketones and other classes of organic compounds
[10,13–30]. The general principles of gas phaseae
reactions have been investigated and discussed in an
earlier paper by us [31]. A common feature among gas
phaseae reactions, which distinguishes them from
their solution counterparts, is that they involve in-
tramolecular 1,3-proton transfer between the initial
nucleophilic addition and eventual elimination.

As already mentioned an oxonium ion has two
electrophilic centres. This is indicated in Scheme 3. A
closer mechanistic analysis reveals that the two path-
ways (addition/elimination—path a, or substitution—
path b) differ by the fact that the nucleophile initially
attacks the oxonium ion. So far, no systematic inves-
tigation of the factors which determine the product
distribution in reactions between oxonium ions and a
nucleophile has been done. It is of great interest to
learn more about how the electronic structure of the
oxonium ion and the attractive interactions between
the oxonium ion and the incoming nucleophile may
influence the outcome of the reaction. It is therefore
interesting to see how the nature of the R substituents

Scheme 1.

Scheme 2.

Scheme 3.
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may come into play. In this article we present results
for reactions between oxonium ions of the type
1CH2OR (R 5 H, CH3, C2H5, n-C3H7, i -C3H7) and
ammonia. Our study is based on kinetic measurements
of the reactions in the cell of a Fourier transform ion
cyclotron resonance (FTICR) mass spectrometer and
extensive ab initio quantum chemical calculations of
relevant stationary points along the reaction paths.

2. Experimental and theoretical methods

2.1. Mass spectrometric experiments

The reactions were studied with a FTICR mass
spectrometer equipped with an external ion source
(Apex 47 e, Bruker Daltonics, Billerica, MA, USA). The
appropriate reactant ions (ROCH2

1) were formed by 70
eV electron impact on a suitable ether (ROCH2R9) in the
external ion source. The mixture of ions produced in this
way were transferred to the ICR cell which contained
NH3 (or ND3) at a stationary partial pressure of typically
1 3 1028 mbar. The temperature of the cell was esti-
mated to be approximately 300 K. All ions withm/z
values different from that of the ion of interest (ROCH2

1)
were then ejected from the cell by correlated frequency
sweep [32]. Subsequent to this argon was introduced to
the cell via a pulsed valve (peak pressure 1025 mbar)
and then allowed to pump away for 3–4 s. During this
period multiple collisions between the trapped ions and
argon ensured that the ions were thermally and transla-
tionally cooled to ambient conditions before they were
brought to reaction. After this event complete isolation
of the ROCH2

1 ions was accomplished by single fre-
quency shots to get rid of unwanted ions. This was
necessary because small amounts of ionic reaction prod-
ucts and fragment ions formed by collisionally induced
decomposition are formed during the cooling period.
The reactions were observed by recording mass spectra
after a variable reaction time,tr. In this way the product
ion distribution could be obtained as a function of time.
Pseudo-first-order rate constants for the total consump-
tion of the reactant ions (ktot) were taken from the slope
of the straight line obtained by plotting the logarithm of
the normalised reactant ion intensities againsttr. The

high degree of linearity of the plots demonstrated that
the reactant ions were translationally and thermally
equilibrated as the result of their careful preparation. To
obtain the rate constants for formation of the two
primary products (ksub 1 kae 5 ktot) the relative inten-
sity of the addition/elimination product was plotted
against the intensity of the substitution product (all
secondary products included). Great care was taken to
ensure linearity of this plot, and the slope of the plot was
taken to be the ratiokae/ksub. All measurements were
repeated in at least four different sessions to ensure long
time reproducibility and to obtain reliable measurement
statistics. The ion gauge was calibrated by measurement
of the reaction NH3

1z 1 NH3 3 NH4
1 1 NH2

z (k 5

2.2 3 1029 cm3 molecule21 s21) [33]. The instrument
was operated at sufficiently high resolution to identify all
reactants and products by precise mass measurement.
Chemicals were of research quality and checked for
purity by mass spectrometry. Reaction efficiencies
were estimated using collisional rates obtained by the
parametrised model of Su and Chesnavich [34].

2.2. Quantum chemical model calculations

Quantum chemical calculations were carried out
using the program systems GAUSSIAN 94 [35]. The
basis sets 3-21G and 6-31G(d, p) was employed [36].
The quantum chemical methods used were Hartree-Fock
(HF) [37], Møller-Plesset perturbation theory to second
order (MP2) [38], and the compound G2 method [39].

All relevant critical points (reactants, transition struc-
tures, intermediates, and products) of the potential en-
ergy surface were characterised by complete optimisa-
tion of the molecular geometries for HF/3-21G, MP2/6-
31G(d, p), and G2. Owing to unacceptable demands on
computer resources G2 calculations were not carried out
for R 5 C3H7. Harmonic frequencies were obtained by
diagonalising the mass-weighed Cartesian force constant
matrix, calculated from the analytical second derivatives
of the total energy (the Hessian). Harmonic frequencies
obtained in this manner were used to calculate the zero
point vibrational energies (ZPVE) as described in the
following. Relative energies were calculated by includ-
ing the MP2/6-31G(d, p) zero point vibrational energies
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scaled by a factor of 0.9608 [MP2/6-31G(d, p)] [40]. For
the G2 method [39] the built-in scale factor was used.

2.3. Rice-Ramsperger-Kassel-Marcus calculations
[41]

A standard computer procedure was employed.
The scaled normal frequencies of vibration from the
MP2/6-31G(d, p) calculations were used as input.
Details of the calculations (list of frequencies etc.)
may be obtained from the authors upon request.

3. Experimental results

For all five systems studied the following two
reactions were observed to occur in competition:

1CH2OR 1 NH3O¡
kae

1CH2NH2 1 ROH (9)

1CH2OR 1 NH3O¡
ksub

RNH3
1 1 CH2O (10)

The results are given in Table 1. The reader should
note that the uncertainty in our reported absolute rate
constants generally is625%, mainly as a result of the
precision in the pressure gauge reading. However,
within the series of measurements presented here the
uncertainty in the product distribution factors (relative
rate constants) is only65%.

For R 5 H proton transfer [reaction (10)] is dom-
inating. Our rate constant ofksub(H) 5 6.1 3 10210

cm3 molecule21 s21 agrees well with previous mea-
surements of Okada et al. (8.03 10210 cm3 mole-
cule21 s21) [11] and Matsumoto et al. (8.63 10210

cm3 molecule21 s21) [42]. Apparently because our
measurements were conducted over a longer reaction
period than those of Okada et al. and Matsumoto et
al., we were able to observe the addition/elimination
product, CH2NH2

1. The rate iskae(H) 5 6.1 3 10212

cm3 molecule21 s21, which is 1% of the rate of the
proton transfer reaction. This finding is quite extraor-
dinary because it represents the first observation of the
simplest possible (R5 H) system where this type of
addition/elimination can occur. Moreover, the fact
that this reaction takes place must be of significance to
interstellar chemistry, because ammonia, formalde-
hyde, methylene imine, and water are known to be
abundant in interstellar clouds [43,44].

For R 5 CH3 the addition/elimination pathway
takes over, and methyl group transfer (nucleophilic
substitution) only accounts for about 10%. Our rate
constants [kae(CH3) 5 2.7 3 10210 cm3 molecule21

s21 and ksub(CH3) 5 2.5 3 10211 cm3 molecule21

s21] are in reasonable agreement with previous mea-
surements of Okada et al. [11] [kae(CH3) 5 1.3 3

10210 cm3 molecule21 s21 and ksub(CH3) 5 3.7 3

10211 cm3 molecule21 s21], with Freitas and O’Hair
[22] [kae(CH3) 5 5.9 3 10210 cm3 molecule21 s21),
and with Wilson et al. [28] [ICR:kae(CH3) 5 4.3 3

10210 cm3 molecule21 s21, selected ion flow tube
(SIFT): kae(CH3) 5 5.9 3 10210 cm3 molecule21

s21]. At long reaction times NH4
1 is observed. Okada

Table 1
Experimental rate constants

R kae
a ksub

a fb 5 kae/ksub

Ska 5
kae 1 ksub gae

c gsub
c Sgc 5 gae 1 gsub

–H 0.061 6.1 0.010 6.2 0.0026 0.26 0.26
–CH3 2.7 0.25 10.8 3.0 0.12 0.011 0.13
–C2H5 3.0 0.016 188 3.0 0.14 0.000 74 0.14
–CH(CH3)2 2.2 0.014 157 2.2 0.10 0.000 66 0.10
–CH2CH2CH3 2.7 0.014 193 2.7 0.13 0.000 66 0.13

a All the rate constants are given in units of 10210 cm3 molecule21 s21. The uncertainty in the experimental rate constants is estimated to
be around 25%.

b The uncertainty in the relative rate constants is estimated to be around 5%.
c The reaction efficiency,g, is calculated as the ratio between the experimental reaction rate constant and the collision rate constant. The

collision rate constant is calculated using parameterised trajectory theory, see text for details.
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et al. [11] suggested that this ionic species was formed
as the result of

1CH2OCH3 1 NH33 NH4
1 1 CH4O (11)

They suggested that the neutral product is ethylene
oxide (oxirane). We have good reason to disregard
their suggestion, and propose an alternative explana-
tion. The methylene immonium ions produced in
reaction (9) reside in the FT-ICR cell, and during
reaction a large concentration build up. The ions react
further by proton transfer according to:

1CH2NH2 1 NH33 NH4
1 1 CH2NH (12)

A separate experiment was carried out with the
isolated CH2NH2

1 product of electron ionization (EI)
of hexylamine. It was demonstrated that the rate of the
proton transfer of reaction (12) wask12 5 1.9 3
10212 cm3 molecule21 s21, and kinetic modeling of
the reaction manifold fits well with the found tempo-
ral NH4

1 distribution.
Addition/elimination is also dominating when R5

C2H5, n-C3H7, i -C3H7, and the proportion of addition/
elimination to substitution for these larger substituents
are significantly smaller than for R5 CH3 (Table 1).

For R 5 C2H5 we performed an additional exper-
iment using ND3 instead of NH3. We determined an
intermolecular isotope effect ofkH/kD 5 1.4 for the
addition/elimination reaction andkH/kD 5 1.0 for the
substitution reaction. The significance of these find-
ings will be discussed in Sec. 4.

4. Quantum chemical models

A systematic study of the stationary points of the
reaction paths for the competing addition/elimination
and substitution reactions was conducted for all five
systems under investigation and the results are pre-
sented in Table 2. For each species only data for the
rotamer with the lowest potential energy are reported.
Fig. 1 shows the general potential energy profiles for the
two mechanisms, and defines the energy parameters
used in the discussion. The geometries of the species
involved are displayed in Fig. 2 and Table 3. The relative
potential energies (MP2 and G2 values including ZPVE)

of the stationary structures along the reaction paths
(see Fig. 1 for definition of all quantities) are given in
Table 4. The MP2 data will be discussed here.

4.1. Addition/elimination mechanism (ae)

The mechanism for immonium ion formation is
similar for all five substituents. An initial nucleophilic
attack of ammonia on the methylene carbon leads to
formation of a N-protonated carbinolamine as the first
intermediate. This isomerises to the second intermediate,
the corresponding O-protonated carbinolamine, by in-
tramolecular proton transfer. This intramolecular proton
transfer constitutes a tight transition state, and is the rate
limiting step of the mechanism, as evident by the
experimentally observed isotope effect ofkH/kD 5
1.4. Subsequent to the intramolecular proton transfer
the ROH entity is lost and the final product ion,
CH2NH2

1, is formed. The thermochemical driving
force is the formation of a strong C¢N bond.

Our theoretical models are in good qualitative agree-
ment with those of Bouchoux and Hoppilard [45] for
R 5 H, except that these authors did not locate the
central transition structure. There is also good agreement
with Okada et al. [11] and with Freitas and O’Hair [22]
for R 5 CH3. Bouchoux and Hoppilard [45] and
Okada et al. [11] employed simpler wave functions
than those used here, whereas Freitas and O’Hair [22]
used a wave function of a similar kind as we did.

When we compare the results we observe clear
trends in the energetics of the reactants, intermediates,
transition structures, and products with the nature of
the substituent, R. We have recently introduced a set
of generally applicable stabilisation constants for
different R groups to express their ability—as cat-
ions—to accept a Lewis base [46]. The constants are
a 5 1.000,0.938, 0.915, and 0.895 for R5 H, CH3,
C2H5, and i -C3H7, respectively, and will be used to
anchor the present data. We term the energy differ-
ence between the reactants (NH3 1 ROCH2

1) and the
first and second intermediates, respectively, asEae(Int1)
andEae(Int2), see Fig. 1. The energy difference between
the reactants and the transition structure for the proton
transfer isEae(TS), andEae(Prod) is the energy differ-
ence between the reactants and the products. With these
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Table 2
Absolute energies

Molecule HF/3-21G (Hartree)a MP2/6-31G(d, p) (Hartree)a G2(0 K) (Hartree)a

NH3 (1) 255.839 03 256.349 13 256.458 65
CH2OH1 (2a) 2113.474 94 2114.429 61 2114.607 76
NH3 z z z CH2OH1 (3a) 2169.410 35 2170.863 77 2171.144 16
H–TS (ae) (4a) 2169.366 69 2170.817 44 2171.094 74
NH2CH2 z z z OH2

1 (5a) 2169.407 37 2170.859 34 2171.142 31
CH2NH2

1 (6) 293.809 27 294.638 10 294.791 84
H2O (7a) 275.565 91 276.198 76 276.332 05
CH2O z z z HNH3

1 (10a) 2169.421 86 2170.873 01 2171.150 45
NH4

1 (11a) 256.185 45 256.684 78 256.781 40
CH2O (12) 2113.195 14 2114.157 18 2114.338 92
CH2OCH3

1 (2b) 2152.283 60 2153.590 17 2153.840 39
NH3 z z z CH2OCH3

1 (3b) 2208.200 61 2210.007 15 2210.359 55
CH3–TS (ae) (4b) 2208.162 20 2209.967 42 2210.316 39
NH2CH2 z z z OHCH3

1 (5b) 2208.192 83 2209.993 99 2210.348 86
CH3OH (7b) 2114.347 85 2115.331 12 2115.534 90
NH3 z z z CH3OCH2

1 (8b) 2208.145 47 2209.959 37 2210.314 64
CH3–TS (sub) (9b) 2208.144 67 2209.953 88 2210.307 52
CH2O z z z CH3NH3

1 (10b) 2208.195 77 2210.009 72 2210.361 61
CH3NH3

1 (11b) 294.981 69 295.838 05 296.007 75
CH2OCH2CH3

1 (2c) 2191.086 56 2192.755 90 2193.077 29
NH3 z z z CH2OCH2CH3

1 (3c) 2246.998 43 2249.168 11 2249.591 61
CH3CH2–TS (ae) (4c) 2246.960 94 2249.130 20 2249.580 13
NH2CH2 z z z OHCH2CH3

1 (5c) 2246.991 95 2249.154 28 2249.580 13
CH3CH2OH (7c) 2153.144 36 2154.490 09 2154.764 27
NH3 z z z CH3CH2OCH2

1 (8c) 2246.945 01 2249.122 67 2249.549 70
CH3CH2–TS (sub) (9c) 2246.940 96 2249.112 70 2249.539 20
CH2OCH2CH3 z z z NH3

1 (10c) 2246.994 50 2249.171 23 2249.593 78
CH2CH3NH3

1 (11c) 2133.780 57 2134.999 29 2135.240 43
CH2OCH(CH3)2

1 (2d) 2229.890 07 2231.923 09 2232.315 56
NH3 z z z CH2OCH(CH3)2

1 (3d) 2285.795 93 2288.330 54 z z z

(CH3)2CH–TS (ae) (4d) 2285.760 28 2288.294 36 z z z

NH2CH2 z z z OHCH(CH3)2
1 (5d) 2285.790 91 2288.316 38 z z z

(CH3)2CHOH (7d) 2191.942 06 2193.650 72 2193.996 46
NH3 z z z (CH3)2CHOCH2

1 (8d) 2285.746 60 2288.287 39 z z z

(CH3)2CH–TS (sub) (9d) 2285.739 54 2288.275 45 z z z

CH2OCH(CH3)2 z z z NH3
1 (10d) 2285.794 02 2288.334 90 z z z

(CH3)2CHNH3
1 (11d) 2172.580 43 2174.162 44 2174.475 02

NH3 z z z H–C3H6OCH2
1 (13d) z z z 2288.287 39 z z z

(CH3)2CH–TS (elim) (14d) z z z 2288.273 19 z z z

NH3–H z z z C3H6 z z z OCH2
1 (15d) z z z 2288.315 91 z z z

NH3–H z z z C3H6
1 (16d) z z z 2174.130 84 z z z

CH2OCH2CH2CH3
1 (2e) 2229.880 12 2231.912 06 2232.305 28

NH3 z z z CH2OCH2CH2CH3
1 (3e) 2285.789 72 2288.322 80 z z z

CH3CH2CH2–TS (ae) (4e) 2285.753 24 2288.285 11 z z z

NH2CH2 z z z OHCH2CH2CH3
1 (5e) 2285.783 97 2288.308 98 z z z

CH3CH2CH2OH (7e) 2191.936 98 2193.643 99 2193.989 21
NH3 z z z CH3CH2CH2OCH2

1 (9e) 2285.738 00 2288.278 49 z z z

CH3CH2CH2–TS (sub) (10e) 2285.733 83 2288.268 40 z z z

CH2O z z z CH3CH2CH2NH3
1 (11e) 2285.786 88 2288.326 35 z z z

CH3CH2CH2NH3
1 (12e) 2172.573 79 2174.154 75 2174.467 55

a Zero-point vibrational energy scaled by 0.9207 (HF/3-21G) and 0.9608 [MP2/6-31G(d, p)] are included in all the energies. For the G2
calculations the built-in scale factor was used.
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Fig. 1. Schematic potential energy diagram for (a) the addition/elimination (ae) mechanism, (b) the substitution (sub) mechanism. See Table
4 for the actual values of the indicated energy parameters.
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definitions all quantities have positive signs. It would be
interesting to see how the electronic structures of the
system responds to the properties of the substituents
(R 5 H, CH3, C2H5, i -C3H7). It turned out that there
is a linear relationship between the relative energies of
all stationary points and thea constants (all quantities
are in kJ mol21 and the goodness-of-fit parameter of
the linear plot,r , is given for each):

Eae(Int1) 5 685a 2 463, r 5 0.998 (13)

Eae(TS)5 415a 2 314, r 5 0.997 (14)

Eae(Int2) 5 927a 2 718, r 5 0.999 (15)

Eae(Prod)5 1049a 2 899, r 5 0.989 (16)

The fact that the barrier height decreases [Eae(TS)
increases] when the overall reaction becomes more exo-
thermic is evident from this analysis. When we look
more closely at the central chemical transformation,
Int1(3)3 Int2(5) [Fig. 1(a), Table 4], we notice that this
reaction step becomes more and more endothermic
[Eae(Int1) 2 Eae(Int2) increases] along the line R5 H,
CH3, C2H5, and i-C3H7. Simultaneous to this both the
forward [Eae (Int1) 2 Eae(TS)] and the reverse barrier
[Eae(Int2) 2 Eae(TS)] decrease. At first sight this seems

unusual and is in apparent conflict with the extended
Hammond postulate [47], which predicts that the for-
ward barrier should increase and the reverse barrier
should decrease. Inspection of the geometrical data (Fig.
2, Table 3) isalso confusing, because there is no
correlation between the anticipated position of the TS
along the reaction coordinate, and the lengths of the
bond being broken (r4) and the bond (r3) being
formed. However, all this confusion is resolved by
realizing that the intramolecular proton transfer in-
volves a rather intricate electronic reorganization
where more than one bond is broken and more than
one is formed [31]. Accompanying proton transfer
from N to O, there is a significant shortening of the
C–N bond from a single to a double bond and a
simultaneous lengthening of the C–O bond from a
double to a single bond. For this reason the so-called
adiabatic criterion of the Hammond postulate is not
valid [47].

Because the stabilisation constant,a—according to
our definition—is not defined for R5 n-C3H7, the
data for this system has been omitted from the
analysis. It is also a problem that the normal propyl
group may rearrange to the more stable isopropyl

Fig. 2. Structures of the stationary points with indication of the most important geometrical parameters. See Table 3 for the actual values.
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group at some stage along the reaction trajectory, with
the consequence that a comparison between theory
and experiment would be obscure. It is, however,
informative that the data for R5 n-C3H7 fit well in
between those for R5 C2H5 and i -C3H7.

4.2. SN2 mechanisms (sub)

For R Þ H the transfer of an alkyl group from
formaldehyde to ammonia corresponds to an SN2 reac-
tion. The thermochemical driving force is the larger

Table 3
Geometries for the structures shown in Fig. 2; all the bond lengths are in angstroms, and all angles are in degrees

Structure –H (a) –CH3 (b) –CH2CH3 (c) –CH(CH3)2 (d) –CH2CH2CH3 (e)

CH2OR1 (2) r1 1.252 1.249 1.248 1.247 1.248
r2 0.983 1.494 1.528 1.551 1.520

NH3 z z z CH2OR1 (3) r1 1.505 1.507 1.508 1.547 1.551
r2 1.388 1.381 1.380 1.363 1.361
r3 0.967 1.446 1.457 1.472 1.460
a12 101.4 102.1 102.2 107.7 108.0

R–TS (ae) (4) r1 1.458 1.463 1.466 1.464 1.467
r2 1.493 1.477 1.474 1.471 1.473
r3 1.177 1.200 1.210 1.216 1.212
r4 1.399 1.365 1.354 1.347 1.352
a12 93.4 93.2 93.4 93.4 93.4
a34 112.7 112.7 113.0 113.1 113.1

NH2CH2 z z z OHR1 (5) r1 1.284 1.288 1.290 1.294 1.292
r2 2.404 2.271 2.214 2.147 2.173
r3 0.965 1.441 1.456 1.467 1.454
a12 110.1 108.2 108.3 108.3 107.5

ROH (7) r1 0.961 1.421 1.426 1.431 1.427

NH3 z z z ROCH2
1 (8) r1 z z z 1.246 1.246 1.245 1.246

r2 z z z 1.528 1.542 1.569 1.538
r3 z z z 2.724 2.943 3.143 2.957
a12 z z z 121.1 120.9 123.8 120.6
a23 z z z 178.4 160.3 145.8 160.1

R–TS (sub) (9) r1 z z z 1.239 1.237 1.235 1.237
r2 z z z 1.775 1.857 1.967 1.858
r3 z z z 2.205 2.258 2.355 2.263
a12 z z z 120.7 120.4 120.4 120.4
a23 z z z 177.7 167.3 162.1 167.4

CH2O z z z RNH3
1 (10) r1 1.230 1.225 1.226 1.226 1.226

r2 1.667 2.756 2.893 2.965 2.909
r3 1.053 1.511 1.521 1.529 1.520
a12 139.6 173.7 176.6 177.9 176.9
a23 166.5 172.2 158.2 152.7 157.0

RNH3
1 (11) r1 1.023 1.507 1.518 1.528 1.518

NH3 (1) r1 1.013
CH2NH2

1 (6) r1 1.282
CH2O (12) r1 1.220
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alkyl cation affinity of ammonia compared to formalde-
hyde, and also in this case the barrier becomes lower the
more exothermic the reaction is. These features are
evident from the reaction diagram of Fig. 1(b) and
Table 4. In the case of R5 H, the mechanism reduces
to a single minimum proton transfer from formalde-
hyde to the more basic ammonia. The energy differ-
ences (for R5 CH3, C2H5, i -C3H7) show a linear
dependence on the electronic property of the R group
as already discussed for theae mechanism:

Esub(Int1) 5 300a 2 228; r 5 0.998 (17)

Esub(TS)5 696a 2 615; r 5 0.992 (18)

Esub(Int2) 5 472a 2 258; r 5 1.000 (19)

Esub(Prod)5 519a 2 340; r 5 1.000 (20)

The transition structures (9) for the sub mechanism
(Fig. 2, Table 3) are typical for SN2 reactions. The
factors that govern the stabilities of transition struc-
tures of SN2 reactions relative to reactants have been
discussed by us in an earlier article [48]. Also in this
case the most exothermic overall reaction gives the
lowest energy transition structure. For the actual
chemical transformation, Int1(8) 3 Int2(10) [Fig.
1(b), Table 4], the situation is again less clear. The
correlation between the position of the TS along the
reaction coordinate (expressed byr2 or r3, Table 3)
and the forward barrier [Esub(Int1) 2 Esub(Int2), Ta-
ble 4], is as one should expect from the Hammond
postulate: for an exothermic step a lower barrier will
give a more reactant like TS. However, both the
forward and the reverse barriers increase with de-

creasing exothermicity—in disagreement with the
Hammond postulate prediction. The problem is most
likely that the electronic reorganization also could
involve the C¢O partial double bond in addition to the
bonds being directly formed and broken.

5. Discussion

From the data of Table 4 with reference to the
potential energy diagram of Fig. 1 it is easy to under-
stand why proton transfer dominates over immonium
ion formation for R5 H. The proton transfer (sub) has
no transition structure in this particular case, and has a
loose transition state. The competingae reaction has
both a higher barrier and a tight transition state.

The rate constant for immonium ion formation
relative to R-group transfer is expressed by the
product distribution factorf 5 kae/ksub (Table 1).
Along the series R5 CH3, C2H5, i -C3H7 the exper-
imentally determined ratio increases from CH3 to
C2H5. From C2H5 to i -C3H7 the ratio f decreases
nominally, which we judge to be significant because
the precision in the relative rate constants is better
than65%. The quantum chemical models predict that
the difference in the barrier heights forae and sub
increases continuously along the series R5 CH3,
C2H5, i -C3H7. This does not necessarily imply thatf
should increase too. To get some insight into this, we
performed approximate Rice-Ramsperger-Kassel-
Marcus (RRKM) calculations to investigate the cu-
mulative effect of (1). The difference in barriers forae
andsub [Eae(TS) 2 Esub(TS)], (2). the potential energy

Table 4
Relative potential energies for substitution and addition–elimination mechanisms on the MP2/6-31G(d, p) and G2 level; the quantities are
defined in Fig. 1; all values are in kilojoule per mole

R Eae(Int1) Eae(TS) Eae(Int2) Eae(Prod) Esub(Int1) Esub(TS) Esub(Int2) Esub(Prod)

–H (MP2) 223.3 101.6 211.6 152.6 z z z z z z 247.5 166.0
–CH3 (MP2) 178.1 73.8 143.6 78.5 52.7 38.3 184.9 146.8
–CH2CH3 (MP2) 165.6 66.1 129.3 60.8 46.3 20.1 173.8 135.0
–CH(CH3)2 (MP2) 153.1 58.1 115.9 43.6 39.8 8.5 164.6 124.5
–CH2CH2CH3 (MP2) 161.7 62.8 125.5 54.9 45.4 18.9 171.1 133.2
–H (G2) 204.2 74.4 199.3 151.0 z z z z z z 220.7 141.6
–CH3 (G2) 158.9 45.6 130.8 72.8 41.0 22.3 164.3 125.1
–CH2CH3 (G2) 146.2 37.9 116.0 53.0 36.1 8.6 151.9 114.0
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of the transition structures relative to the reactants
[Eae(TS) andEsub(TS)], and (3). the number of degrees
of freedom. The RRKM expression [41] for the rate
coefficient is

k~E! 5
G* ~E 2 E0!

hN~E!
(21)

whereE is the energy,E0 is the critical energy of the
reaction,G* is the integrated density of states at the
transition state,h is Planck’s constant, andN is the
density of states of the reacting species. The outcome
of an ion–molecule encounter with a given bimolec-
ular rate constant for the association,kc, may either be
resultless (backdissociation to reactants, with a given
unimolecular rate constantk2c), or the chemical
transformations may take place, with given unimo-
lecular rate constantskae andksub:

O¡
kc

O¡
kae

M1 1 N M1. . .N products (22)

¢O
k2c

O¡
ksub

The problem was simplified by assuming that both
chemical transformation take place via the same
intermediate M1 . . . N, which was taken to be the
H3N–CH2–OR1 species (3) of the ae mechanism.
This is the lowest energy intermediate, and it seems
reasonable to assume that the interconversion between
this intermediate and (8) of thesub mechanism is fast
and reversible. The effect of rotation (J quantum
number) was neglected in our treatment. The MP2/6-
31G(d, p) energies and scaled frequencies were used,
and available translational, rotational, and vibrational
energies corresponding to a temperature of 298 K was
added to the reacting molecules. It was assumed that
the steady state approximation is valid for the inter-
mediate H3N–CH2–OR1 at any given energy, i.e.
d[M1. . .N]/dt 5 0. Using this approximation it is
straightforward to estimate the product distribution
factors f using Eq. (21) to determinek2c, kae, and
ksub, respectively.

With these approximations we did not expect to
reach quantitative agreement. In any instance the
RRKM rate coefficients are strongly dependent on the

potential energies of the transition structures, and in
principle they are therefore adjustable parameters, at
least when quantitatively correct data are unavailable.
This is particularly evident from the fact that the
importance of the backdissociation reaction, ex-
pressed as the ratiok2c/(k2c 1 kae 1 ksub) appears
to be underestimated: 0.00 (CH3), 0.01 (C2H5), 0.09
(i -C3H7), 0.02 (n-C3H7) when compared to the esti-
mated reaction efficiencies reported in Table 1. Al-
though these estimated efficiencies probably have
uncertainties of the order of 30%–50%, our judge-
ment is that the relative RRKM rate constants for the
back reaction are generally calculated too small. On
the other hand, the purpose of these calculation is not
to obtain quantitative measures of a rather compli-
cated reaction scheme. By the procedure used here we
would instead expect that the trends in reactivity
through the two channelsae and sub should be
qualitatively correctly reproduced. We determined the
following RRKM (298 K) product distributionf
factors: 5 (CH3), 107 (C2H5), 398 (n-C3H7), and 1206
(i -C3H7). No attempt was made to calculate the rates

Fig. 3. The natural logarithm of the product distribution factor, lnf,
wheref 5 kae/ksub, vs. the alkyl group susceptibility constantsa.
The circles are the experimental data points, whereas the squares
are the RRKM values obtained from the MP2 quantum chemical
properties (see text). The line is the best fit through the theoretical
points.

181L. Bache-Andreassen, E. Uggerud/International Journal of Mass Spectrometry 195/196 (2000) 171–184



for R 5 H because the proton transfer does not have
a fixed transition structure.

We then plotted the logarithms of the calculated
and experimentalf factors (with exception ofn-C3H7)
versus the substituent constantsa (see previous para-
graph for their definition). This is shown in Fig. 3.
The three RRKM values fall on a straight line, as we
expected, but the experimental points do not. This
could of course be the result of imperfections in the
MP2 calculations or in the underlying assumptions of
the RRKM model used, but could also be the result of
a wrong mechanistic interpretation. From the plot it
could seem that the point for R5 i -C3H7 represents
the exception. The most obvious explanation for this
odd behaviour could be that in addition to the antic-
ipated sub mechanism, another efficient route for
formaldehyde loss is operative:

CH2OCH(CH3)2
1 1 NH33 C3H10N

1 1 CH2O
(23)

From our previous experience with SN2 reactions [48]
we have learned that the mechanistic scenarios with

isopropyl and tertiary butyl groups are more intricate
than for smaller R groups. In particular reaction routes
which includes proton transfer from the alkyl group to
the incoming neutral molecule (as, e.g. in an elimina-
tion reaction) become more competitive relative to
substitution. On this basis we investigated the follow-
ing candidate mechanism by performing quantum
chemical calculations:

CH2OCH(CH3)2
1 1 NH33

[H3N· · ·H2 C3H6OCH2]
1 (13d) (24a)

[H3N· · ·H2 C3H6OCH2]
13

[H3N 2 H· · ·C3H6· · ·OCH2]
1 (15d) (24b)

[H3N 2 H· · ·C3H6· · ·OCH2]
13

[H3N 2 H· · ·C3H6]
1 (16d) 1 CH2O (24c)

It turned out that this mechanism indeed must be of
importance. This is shown in Fig. 4. The highest point
along the reaction coordinate corresponds to the

Fig. 4. MP2/6-31G(d, p) potential energy diagram for the alternative route for formaldehyde elimination in the reaction between ammonia
and the isopropyl oxonium ion. The rate determining step is a proton transfer. Relative energies indicated are in kilojoules per mole and include
zpve corrections.
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transition structure14d for the elimination step (24b).
This point is only 6 kJ mol21 higher in energy than TS
9d of the substitution reaction. The accuracy of this
calculated potential energy difference is of course
crucial. Only a change by a few kilojoules per mole
would result in dramatically different reaction rates
from a RRKM calculation. Because the rate determin-
ing step of reaction (24) corresponds to a proton
transfer, quantum mechanical tunneling [49] is a
factor which certainly will enhance its relative impor-
tance.

We have compared the MP2 and G2 reaction
energies [Eae(Prod) andEsub(Prod)] with the corre-
sponding experimental values. It turns out that the G2
values on an average are in slightly better agreement
than the MP2 values. However, this comparison is
severely hampered by the lack of reliable experimen-
tal heats of formation, especially for the alkyl oxo-
nium ions. When we compare the MP2 and G2
transition structure energies [Eae(TS) andEsub(TS)]
the overall tendency is that they decrease on going
from MP2 to G2, and that the drop forEae(TS) is
higher than forEsub(TS). As a consequence, using the
G2 barriers in the RRKM calculations instead of the
MP2 barriers would lead to a larger deviation from the
experimental product distribution factor. This is rather
surprising. It should be emphasised though that the
performance of the model chemistries G1, G2, and G3
only have been optimised for stable molecular struc-
tures, and not for transition structures where bonds are
half broken or half formed.

6. Conclusion

The bidentate electrophilic nature of an alkyl
oxonium ion is expressed by its reactivity towards
ammonia through the observation of two reaction
channels: addition/elimination (attack on the carbonyl
carbon) and substitution [attack on thesp3 carbon
next to the oxygen (the alpha carbon)]. The competi-
tion between the two channels is reproduced by
quantum chemical model calculations, which also
shows that the potential energy barriers increase with
increasing size of the alkyl group. For the most

substituted alkyl group investigated here,i -Pr, two
different mechanisms contribute to formation of the
formal substitution product.
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