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Guy Bouchoux,*T Nadege Choret Florence Berruyer-Penaudf and Robert Flammangf

Département de Chimie, Laboratoire des ddmismes Ractionnels, UMR CNRS 7651, Ecole Polytechnique,
91128 Palaiseau Cedex, France, Laboratoire de Chimie Physique, Groupe de Chimigqlibe

UMR CNRS 8000, Bament 490, Urversite Paris Sud, 91405 Orsay Cedex, France, and Laboratoire de
Chimie Organique, Uniersitede Mons-Hainaut, 20 Place du Parc, B-7000, Mons, Belgium

Receied: April 24, 2001; In Final Form: July 9, 2001

Unimolecular deamination of protonatedw-alkanediamines (1,2-ethanediamirig, (1,3-propanediamine

(2), 1,4-butanediamined], and 1,5-pentanediamind)j in the gas phase has been examined by tandem mass
spectrometry experiments including metastable ions decompositions and collisional activation techniques and
molecular orbital calculations up to the G2(MP2,SVP) level. For all the protonated molecules, only one
unimolecular dissociation channel, leading to the formation of a protonated cyclic amine via an internal
nucleophilic substitution, was detected. The hydride ion transfer fronatb@bon to thev position is not
competitive with the internal nucleophilic substitution. This has been found to be the result of a large critical
energy for this latter reaction.

1. Introduction SCHEME 1

a,w-Alkanediamines are compounds of interest in various
domains of organic and organometallic chemistry. They are HZUNH; —_ A H, + NH,
known as chelating bidentate ligands in coordination chemistry, i /(
as reactants in industrial polymerization processes, and as
synthetic enzymes for complex formations with substrates by
hydrogen bondingd.Internal hydrogen bonding in the neutral
and in the protonated forms play an important role in the It b .
conformational equilibrium of such species and consequently ™N—CH  Br—ny,* — = H,N=CH H, + NH
in their chelating ability. Gas phase protonation energetics of u
the first members of the series @fw-alkanediamines has been

studied experimentafyand theoretically,demonstrating a clear

enhancement of the gas phase basicities of these molecules witlQ" 1© & protonated imine by internal hydride ion transfer (channel
respect to primary amines of comparable polarizability. This P» Scheme 1). This latter reaction is the unique process followed

has been explained by the formation of a strong internal by protonated 1,2-ethanediol (the so-called “pinacol rearrange-
hydrogen bond in the protonated forms of the diamines, a Ment’)?
proposal which has been corroborated by the observadiod Tandem mass spectrometry experiments and, particularly,
the calculatiof of an entropy loss upon protonation. collisional activation may be used to characterize the structure
Besides these structural and energetic aspects, protonatiorof the ionic products of the deamination reactions. On the other
of one of the amino groups af,w-alkanediamines is also  hand, calculation of the potential energy profiles also provides
expected to activate the correspondingCbond. Accordingly, clues to the feasibility of reactions a and b. This double approach
the unimolecular reactivity of these protonated molecules seemshas been applied to the ammonia loss from protonated
to be controlled by this phenomenon since a loss of ammonia alkanediamined—4. Collisional experiments were conducted
is generally observetl Surprisingly enough, no information  in a six-sector magnetic instrument. The potential energy of each
concerning the structure of the product ions and, a fortiori, the reaction path has been investigated at the MP2/6-3HHE
reaction mechanism of this deamination process is presentlylevel of theory; critical points have been calculated using the
available. The goal of the present study is consequently to G2(MP2,SVP) method.
examine, both experimentally and theoretically, the behavior
of the four simplestr,w-alkanediamines: 1,2-ethanediamidg (
1,3-propanediamine?), 1,4-butanediamine3], and 1,5-pen-
tanediamine 4). By comparison with the homologous didls, The reactions of metastable protonated diamines were studied
the deamination reactjons of protonated)-alkanedigmineg are  with a VG-ZAB-2F double focusing mass spectrometer (B-E)
expected to lead either to a protonated cyclic amine by operating in the chemical ionization mode using methanol as
intramolecular nucleophilic substitution (channel &, Scheme 1) reagent gas. The accelerating voltage was set at 8 kV, the
p ) electron energy at 150 eV, and the emission current at 0.5 mA.
Ecole Polytechnique.
* Universite Paris Sud. The source temperature was kept at 180The Mass analyzed
8 Universitede Mons-Hainaut. lon Kinetic Energy (MIKE) spectra of metastable ions were

2. Experimental and Computational Section
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TABLE 1: Calculated G2(MP2,SVP) and Experimental Heats of Formation of Protonated Diamines +4 and Their Possible
Deamination Products (kFmol~1)

G2(MP2,SVP)

species 0K 298 K exptl deviation

protonated 1,2-diaminoethartihl ™ 599.5 566.1 562% —-35
protonated 1,3-diaminoproparh* 557.9 517.3 513% -3.7
protonated 1,4-diaminobutar@* 525.9 478.3 47987 1.4
protonated 1,5-diaminopentaré* 440

NH3 —-38.1 —45.1 —46.0 0.9
protonated aziridinel A* 769.9 748.9 75190 2.1
protonated acetaldiminéB* 682.7 663.8 65790 —6.8
protonated azetidin@A+ 715.6 687.4 685% -1.8
protonated propanimin@B™* 657.1 631.3 63690 4.7
protonated pyrrolidine3A* 609.4 573.8 57890 4.2
protonated butanimin&B* 637.2 605.0 609

protonated piperidinetA* 527.8

protonated pentanimindB* 584

aFrom a recent reassessntesftthe proton affinities of diamine$—3. ° Estimated; see text.From ref 11.9 For 1A", 2A™, 3A™", and4A™, the
corresponding\sH° were calculated by combining the heats of formaéhand the proton affiniti€d of aziridine, azetidine, pyrrolidine, and

piperidine: H H ) [;1
AN O O O

Aziridine Azetidine Pyrrolidine Piperidine
¢Values estimated from the experimental heats of formatiohB3f and2B* combined with an increment 6f25 kJ/mol for the contribution of
a CH group?’

TABLE 2: CID/MIKE Spectra of C ,HgN™ lons (m/z 44) [LH-NH3]*, 1A*, and 1B" Produced by Chemical lonization of
1,2-Ethanediamine (1) and Aziridine, and by Electron lonization of Isopropylamine, Respectivefy

43 42 41 40 39 38 30 29 28 27 26 25 24 18 17 16 15 14 13 12
O, [l1H-NHg* 57 135 55 38 13 9 16 20 100 46 25 6 2 48 4 2 23 6 2<1
1B* 27 78 34 21 6 3 3 62 100 41 22 4 <1 49 5 1 27 5 <1
1A* 43 128 48 33 11 8 14 20 100 44 23 6 1 68 5 3 24 6 1<1
Nz [1H-NHg* 50 106 49 36 13 9 16 11 100 52 32 10 3 39 4 5 31 16 8 4
[IH-NHg]*™* 97 97 50 36 13 9 22 11 100 49 30 9 3 31 4 5 31 15 8 3
a Collision gas: Qor N; as indicated in the first column.
SCHEME 2 SCHEME 3
HzN+ HzN"/ a\;\}Hz +¥‘]{2 HzN"'-’Hq\;\’H‘b Hz H i i
S b a < a .~ AN
CHj4 - m —_— H,A\H w —_— - ! SvoSgH o F{u
" AR e A » \
b NH3 3
1B* 1H* 1A*
(H,1* [1C, I [17s-CJ*
obtained, as usual, by selecting with the magnet the ion to be b
studied and scanning the electrostatic analyzer voltage. The
kinetic energy release distribution has been derived from the WRE: b
. . . 3 +
analysis of the metastable peak profile using the method |y, ,"H N
described in ref 6. Rewna Hig—3gH
y A
The collisional experiments were carried out with a VG- A :
Analytical Auto Spec-6F mass spectrometeREE,-EsBoE,)’ (1TS-H]' e+ N
operating in the chemical ionization mode using methanol as
reagent gas. The accelerating voltage was set at 8 kV, the ‘ J
electron energy at 70 eV, and the emission current at 1 mA.
The source and the septum inlet temperatures were 200 and,y* e
160°C, respectively. For the experiments using helium as target o N NHL 4
. . . 3 4 Hi an H
gas, the ions of interest were selected hB£and subjected to H H H
collisional activation (CA) with helium in the third field-free (1BT" A

region (FFR) of the instrument; the helium pressure was adjusted

in order to reduce the signal to ca. 70% of its original value.
The fragments were then analyzed by scanningriel detected

by the off-axis photomultiplier located in the fourth FFR. The
CA (Oy) spectra were obtained in a similar way by selection of
the ions with EB;E; and collisional activation with dioxygen
in a gas cell located in the fourth FFR; the fragments were

analyzed with E and detected by the off-axis photomultiplier
located in the fifth FFR. During the MS/MS/MS experiments,
the ions produced in the third FFR by dissociation of a precursor
selected by BB; were further selected by,End subjected to
collisional activation with Qin the gas cell situated before;E
the fragments were analyzed by scanning Ehe CA spectra
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N4C3CoN| = 180°
N,C{C,N; = 180°

1TSCY 1C,*

N,C3CN, = 72,9°

1TSH*

Figure 1. Optimized MP2/6-31G* geometries of the species involved during ammonia loss from protonated 1,2-ethanediamine (bond lengths in
angstroms, bond angles in degrees).

presented in Tables 2, 4, 6, and 8 are the resuit3® signal 6-31G* level to take electron correlation effects explicitly
accumulations. The chemical samples are commercial com-into account. It has been established that accurate heats of
pounds (Aldrich Chemical) of research grade; high purity gases formation (i.e. &6 kI}mol~1) can be obtained from calculations
were used in the collision experiments: helium, 5.0; oxygen, at the G2 level of theo®#d or its variants, G2(MP2¥4 and

2.6; nitrogen, 5.0. G2(MP2,SVP¥cd0wing to the size of the systems considered,
Standard ab initio molecular orbital calculations have been we decided to choose the G2(MP2,SVP) technique. In this
carried out using the Gaussian-94 series of progfaiise approach, the energies are calculated at the QCISD(T) level

geometries of the different species investigated were first using the split-valence plus polarization (SVP) 6-31G(d) basis
optimized at the HF/6-31G* level; the zero point energy (ZPE) set. Corrections for basis set deficiencies are evaluated at the
has been calculated at this level after scaling by a factor 0.8929.MP2/6-311G(3df,2p) level. A higher level correction (HLC),
The geometries were then refined at the MP2(FrozenCore)/ which depends on the number of paired and unpaired electrons,
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TABLE 3: Calculated Total Electronic Energies (hartrees) and R
Protonated 1,2-Ethanediamine, 1H, System
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elative 0 K Energies (k¥mol~1) of the Species Relevant to the

HF/6-31G* MP2(FC)/6-31G* G2(MP2,SVP)

species total ZPE rel 0 K total rel 0 K totaH- ZPE rel 0 K
1H." —189.651 21 319 0 —190.241 58 0 —190.511 397 0
1TSR* —189.631 54 316 49 —190.217 94 60
1C,* (trans) —189.636 31 316 36 —190.222 41 a7
1TSCH —189.590 84 305 144 —190.180 26 147 —190.458 389 139
1C+ —189.609 01 306 98 —190.194 77 110
1A* —133.407 95 214 —133.821 37 —134.003 2511
NH3 —56.184 36 87 —56.354 21 —56.456 657
1A* + NH3 —189.592 31 301 137 —190.175 58 155 —190.459 908 1 132
1TSH* —189.564 86 295 203 —190.152 71 208 —190.442 30 181
1B* —133.442 90 207 —133.848 98 —134.034829 4
1BT + NH3 —189.627 26 294 38 —190.203 19 77 —190.491 486 4 45
aZero point vibrational energy (HF/6-31G(d) corrected by a factor 0.893) -imd&dJj™.

TABLE 4: CA/MIKE Spectra of C 3HgN™ lons (m/z 58) [2H-NH3]*, 2A*, and 2B" Produced by Chemical lonization of
1,3-Propanediamine (2) and Azetidine, and by Electron lonization of 2-Butylamine, Respectively

57 56 55 54 52 51 44 43 42 41 40 39 38 37 30 29 28 27 26 25 24 18
He [2H-NHg* 21 18 <1 1 <1 12 15 52 10 283 10 5 92 31 100 49 26 3
2B* 5 17 <1 3 2 3 34 50 267 15 39 13 7 52 22 100 48 22 2 5
2A* 20 16 1 2 1 <1 <1 14 16 59 9 22 10 5 96 30 100 49 27 3
O, [2H-NHg]* 34 69 8 15 5 2 1 13 17 49 12 24 12 7 91 39 100 41 29 8 2 1
2B* 8 58 10 15 7 2 2 27 40 131 16 33 14 8 43 43 100 37 21 5 6 2
2AF 29 70 5 12 4 1 <1 9 11 55 8 19 9 5 96 36 100 39 23 6 1<1
N2 [2H-NHs]® 37 51 6 11 4 1 9 13 44 10 22 11 6 82 38 100 47 33 1
[2H-NHg]*™* 48 68 5 11 5 2 2 7 9 3 8 18 10 5 77 31 100 45 29 1
2B+ 9 52 2 11 5 1 26 35 124 12 31 11 5 36 24 100 43 23 5 1
2A* 37 62 4 10 3 <1 7 9 38 7 18 9 4 83 32 100 46 29 8 1<1

aCollision gas: He, @ or N, as indicated in the first column.

is finally introduced. The total enerd@{G2(MP2,SVP)] is given
by

E[G2(MP2,SVP)]= E[QCISD(T)/6-31G(d)}+
E[MP2/6-31HG(3df,2p)]— E[MP2/6-31G(d)]+ HLC +
ZPE

The HLC correction is calculated from HLE —Ang — Bn,
with ng andn, being the number g8 ando valence electrons,
respectively s < n,), and the parametefsandB are equal to
5.13 x 103 and 0.19x 1073 hartree, respectiveRf.

Heats of formation have been evaluated from the
G2(MP2,SVP) total energies by considering the atomization
reactiong® Using this approach, the heat of formation at OK
for a given species XA:Ho(X), is given by

AHC(X) = ZAfH°O(atoms)—
3 E[G2(MP2,SVP)](atoms}- E[G2(MP2,SVP)](X) (1)
with E[G2(MP2,SVP)]= —0.5, —37.782 33, and-54.517 06

for the H, N, and C atoms, respectively. The heat of formation
at 298 K is therefore given by

AfH®505(X) = AHo(X) + AjedH(X) —
ZA298H°(eIements) )

3. Results and Discussion

Before discussing in detail each individual case, a summary
of the relevant theoretical and experimental thermochemistry
of the protonated,w-alkanediamines and their potential dis-
sociation products is given in Table 1.

The data reported in Table 1 are indicative of the accuracy
we can expect from G2(MP2,SVP) calculations on these
particular systems. All the theoretical heats of formation are
calculated by the atomization method described in the compu-
tational section, at the G2(MP2,SVP) level. The experimental
heats of formation of protonated aziridine, azetidine, pyrrolidine,
and piperidine are obtained by combining the experimeXxtaf
of the neutral®11 and the proton affinity values taken from
the recent compilation by Hunter and Li¥sThe heats of
formation of protonated acetaldimine and protonated propan-
imine are deduced from the appearance energy measurements
of the corresponding ions using energy-selected electfons.
From examination of Table 1 it appears that the agreement
between experiments and G2(MP2,SVP) computations is sat-
isfactory since the absolute deviation is less than -fkl.

The second observation concerns the heats of formation of
the protonated molecules. The G2(MP2,SVP) values present a
decrease of 49 and 39-kdol~! when going fromlH™ to 2H™
and 3H". Part of these differences is obviously due to the
presence of an additional GHyroup for which an enthalpy
increment of —25 k}mol™! is expected. The fact that the

where the difference between the enthalpy at 298 K and that atenthalpy difference of-39 k¥mol™! calculated betwee@H™"

0 K is represented by the terfxpogH® (A29eH® = H298 — H®0).
For the elements, experiment@jogH® values have been used
(i.e., 8.468, 1.050, and 8.669-kdol 1 for Hzg), Cis), and Nyg),

and3HT is close to—25 k}mol~! may be taken as evidence
that, in 3H*, the strain induces only limited destabilization.
Moreover, it is expected that the effect will be weakened again

respectively), whereas for the other species the translational andvhen passing to the speciéll™. We can thus propose that the

rotational contributions were taken equal tRBand the
vibrational contribution was estimated from the scaled (by a
factor 0.893) HF/6-31G(d) vibrational frequencies.

heat of formation of the latter is situated between 439 and 453
kJ-mol~1; the mean value of 446 (with a probable error of ca.
10 kImol™) is indicated in Table 1.
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ITSH* SCHEME 5

+
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kJ.mol"!

e [2C,]* [2TS-CJ*
HoN© ¥ HH
\ + NHa N ’...:....yH
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2cy
[2TS-H]*
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. ) . . kel
Figure 2. Calculatel 0 K energy profiles for the two possible /\/NHQ \:I + NH,
eliminations of ammonia from protonated 1,2-ethanediamine. Relative + NH;
energies calculated at the MP2/6-31G*//MP2/6-3HSZPE level and, {281 [2A1
in bold, by the G2(MP2,SVP) method.
CHz.5 Finally, one may note that thevz 42 signal is more
SCHEME 4 intense for ionsLA™ than for ions1B*.
LHox " Turning now to the CA mass spectrum of ioridHFNH3] T,
. HNNH ¥ . L
LN b a D+ the data quoted in Table 2 show a close similarity to that of
NN NI, HU';“ NI protonated aziridin@A*. In particular, the intensities of peaks
- b " m/z 28 and 42 are identical from one spectrum to the other.
2H* *

The low intensity of/z 29 (20%) indicates the absence dH-
o NH3]* ions of structurelB*. The last collisional experiment
3.1. Protonated 1,2-Diaminoethane, 1H The MIKE spec-  qone on this system was designed to characterizel the\H3] *
trum of protonated ethanediamiriei*, exhibits a major peak  jons originating from metastable iof#i* (see the experimental
atm/z 44, corresponding tdH-NHz] " ions. WhenlgsD™ (ND>- section for more details). The CA mass spectra of the ibHs [
CHCH,ND; + D) ions, produced by H/D exchanges with® NHz]* produced by dissociation dH* in the ion source or in

in the inlet system, are selected, the main signal in the MIKE flight between two sectors are given in Table 2 (Mas used
spectrum corresponds td¢hD-NDs] ™. The loss of ammonia 5 collision gas). Owing to the lower precision associated with
consequently involves only the hydrogen atoms located initially the cA mass spectrum of th&H-NHa]* ions produced from

on the nitrogen atoms; no exchange with the carbon hydrogensyetastable iondH*(denoted LH-NH3] ™ in Table 2), it can
is observed. The metastable peak associated with the dissociatioe considered that both spectra are identical.

1H* — [1H-NHg]" is simple Gaussian and its analysisads In summary, collisional experiments demonstrate that ions
to the following kinetic energy release3os = 26 + 3 meV 1H™*, of low or high internal energy, lead to protonated aziridine,
and Taverage= 68 + 7 meV. 1A*, by loss of ammonia. Considering the heats of formation

Considering the two possible reaction mechanisms presentedof the two ions1A* and 1B, this means that the dissociation
in Scheme 1, the deamination 1ifi " is expected to give either  of 1H* leads to the thermochemically less favored product. This
protonated aziridinelA™ (path a, Scheme 2) or protonated suggests that an important energy barrier prevents the formation

acetaldimine,1B* (path b, Scheme 2). of the most stable productB*. This hypothesis has been
StructureslA™ and1B* are the two most stable;8sN* ions controlled by examining the two reactions with the help of ab

containing the CCN connectivifif. Experimental characteriza-  initio molecular orbital calculations.

tion of CHeN™ ions by collisional activation (CA) was During the reaction modeling at the MP2/6-31G* level, it

presented in the literature some years &gdery similar CA has been found that the formation of protonated azirididg,,

spectra have been observed for idWs" and1B™ when helium involves three successive steps whilB* is produced via a

is used as target gd&9Vvan de Sande et &9 pointed out that 1,2-hydrogen migration together with the CN bond elongation.
the peak amm/z 30 (methylene loss) is more abundant in the The various steps of these two reaction routes are summarized
CA spectrum of protonated aziridid* and thus may be used in Scheme 3 and the corresponding MP2/6-31G* optimized
as a diagnostic signal. Results obtained with the six-sector massstructures are presented in Figure 1. The corresponding energies
spectrometer of Mons University using @r N) as target gas  are reported in Table 3 and are illustrated bg thK energy

are presented in Table 2. The reference ibA$ and1B* were diagram sketched in Figure 2.

obtained by chemical ionization of aziridine and electron  The most stable form of protonated ethanediamitig,;™
ionization of isopropylamine, respectively. It is clear that the (Figure 1), is characterized by a small NCCN dihedral angle of
use of Q rather than He induces more differences in the CA 44.5 owing to the existence of an internal hydrogen bénd.
mass spectra of the reference ions. Besides the two peaks alhe intramolecular nucleophilic substitution (reaction a, Schemes
m/z 18 and 42, which are also observed in the metastable 2 and 3) needs the rear attack by the nitrogandward the
dissociations of both precursors, the major signal appean&zat  carbon G, i.e., the passage through a conformation developing
28. It is noteworthy that an important peakratz 29 corre- a NCCN dihedral angle g£18C°. The corresponding structure
sponding to a methyl loss is essentially observed for s, 1C,* (Figure 1) has been found to be a minimum on the
Similar enhancement of the methyl loss by collision with O  potential energy surface. It lies 47-kdol~1 abovelH," and

has been observed for GEHX* ions with X = OH, SH, or the rotationlH,™ — 1C;™ (1TSR", NCCN dihedral angle=
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: 1477 CyGGNy =61.3° C,C5CoN, =-57.8°
NiHLNs = 147.7 N5CiC3C, =-64.47 NsC,C3G = 171,7°
2H,* 2¢*

C 050N, = -22.6° CyC4CoNy =-16.9°
Ny, TG, = 197° NsC4C3Cs = 196,6°
2TSC* 2C,"

HoCyCsCy = -4.5°

2TSH*

Figure 3. Optimized MP2/6-31G* geometries of the species involved during ammonia loss from protonated 1,3-propanediamine (bond lengths in
angstroms, bond angles in degrees).

128) involves a barrier of 60 kinol~* (Table 3, Figure 2). NHs through a loose transition state are calculated to be too
The shortening of the NC; distance is accompanied by an close together (147 and 155 -kibl™!, respectively). This
increase of the potential energy until attainment of a maximum, ambiguity is not resolved at the higher G2(MP2,SVP) level,
147 k3mol~1 abovelH,", for the transition structuréTSC" sincelTSCT is calculated to be 7 kithol~1 abovelA™ + NHa.

(Figure 1), which connectsC;™ and1C,". The latter structure The second reaction (path b, Schemes 2 and 3) involves a
is clearly a complex between protonated aziridine and the 1,2-hydride ion migration together with the separation of the
molecule of ammonia, and it is characterized by aNH; molecule of ammonia. The transition structure of this reaction,

distance of 2.86 A (Figure 1). This complex is 110rkaI|~* 1TSH* (Figure 1) is situated 208 kdol~ abovelH,™ at the
abovelH," and only 45 kdmol~! below its components (Table  MP2/6-31G*-ZPE level and 181 kinol~! abovelH," at the

3, Figure 2). The &NHs lengthening leads to the separated G2(MP2,SVP) level (Table 3). What is clearly evident from
products, protonated aziridirleA* + NHgz, by a continuously the examination of Figure 2 is thaffSH* is well above the
endothermic process. At the MP2/6-31&2PE level of theory, energy determining step of reactionJSC' or 1A + NHy):

it is difficult to decide which is the energy determining step of the energy difference is 6442 k3mol~! depending upon the
the overall reaction a. The formation of the compleX" via level of theory used in the calculations. This large energy
the transition structur@TSC" and its dissociation intaA* + difference explains why th&H™ ions prefer to dissociate via
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TABLE 5: Calculated Total Electronic Energies (hartrees) and Relative 0 K Energies (k}mol~1) of the Species Relevant to the
Protonated 1,3-Propanediamine, 2H, System

HF/6-31G* MP2(FC)/6-31G* G2(MP2,SVP)

species total ZPE rel 0 K total rel 0 K totaH- ZPE rel 0 K
2H," —228.694 88 392 0 —229.418 92 0 —229.745 173 0
2H,* —228.67275 389 55 —229.389 84 73
2Ct —228.678 91 390 40 —229.397 14 55
2TSCH —228.63172 380 154 —229.352 32 163 —229.686 89 153
2C,t —228.659 57 381 82 —229.376 32 101
2A* —172.459 86 289 —173.003 78 —173.241 850 3
NH3 —56.184 36 87 —56.354 21 —56.456 657
2A* + NH3 —228.644 22 376 117 —229.357 99 144 —229.698 507 3 120
2TSH* —228.586 97 366 257 —229.307 05 268 —229.655 1 236
2B* —172.481 22 280 —173.018 45 —173.264 134 6
2B" + NH3 —228.665 58 367 52 —229.372 66 96 —229.720791 6 61

aZero point vibrational energy (HF/6-31G(d) corrected by a factor 0.893) -imd&dJj™.

2TSH* (Table 1). The CA mass spectra of severgHgN™ ions have
been presented in the literatdf& but none of these studies
reported the spectrum of protonated azetidine. The results
obtained using the six-sector mass spectrometer for the two
reference ionA* and2B™ and for the PH-NH3] ™ fragment
ions are presented in Table 4.

Whatever the target gas used during the collisional experi-
ments (He, @ or Ny), the two ion structure2A*™ and2B* can

kJ.mol'!

Ha- be identified using them/z 57, 39-43, 30, and 28 peak
\:I + N intensities. The two main pieces of diagnostic information are
2a* (i) the peak a/z41 is the base peak of the CA mass spectrum

' of protonated propanimin2B™ and (ii) the signals ain/z 57

AN and 30 are larger in the CA mass spectrum of protonated

28" azetidine2A*. Comparison with the CA mass spectra BHf

NH3]* ions reveals that the latter are essentially protonated
azetidine2A*. This conclusion is also valid for th@H-NH3]
ions coming from dissociation of metastal@el™ ions (noted
[2H-NH3] ™ in Table 4, target gas=Ny). Thus, protonated 1,3-
M 0 propanediamine ion8H™ of low or high internal energy lead
Figure 4. Calculatel O K energy profiles for the two possible to the cyclized deamlnatlon_pro_duct+.A3 noted above |nthe_ case
eliminations of ammonia from protonated 1,3-propanediamine. Relative of protonated 1,2-ethanediamiri¢d”, the I_OSS of ammon"?‘
energies calculated at the MP2/6-31G*//MP2/6-3HSZPE level and, conducts to the least stable products. This suggests again the
in bold, by the G2(MP2,SVP) method. existence of a large energy barrier for the process leading to
the most stable produc&B™ + NHs. This point is confirmed
SCHEME 6 by ab initio molecular orbital calculations.
. RN The detailed mechanism of the two reaction routes is
~ A b ‘ ’ a { ] presented in Scheme 5.
- NHs (CHyS - NH, The MP2/6-31G* exploration of the internal nucleophilic
3H, a7 substitution (path a) reveals again that the reaction proceeds in
two steps involving the passage through two stable intermediates
the internal nucleophilic substitution reaction a rather than 2Ci" and2C,". The hydride ion migration (path b) is coupled
reaction b even though the latter leads to the more stableWith the CN bond elongation and occurs in one step. The

3B*

products1B* + NHs. corresponding structures and energies are presented in Figure
3.2. Protonated 1,3-Propanediamine, 2H. Unimolecular 3 and Table 5, respectively.
decomposition of metastable ioRBl* leads exclusively todH- The most stable form of protonated 1,3-propanediamine,

NHs]* ions. The corresponding peak observed in the MIKE structure2H," (Figure 3), presents clearly an internal hydrogen
spectrum is simple Gaussian and is characterized by kineticbond31¢ This conformation is more stable than the “zigzag”
energy release values o5 = 35+ 4 meV andTaverage= 98 conformation2H,*, where the NCCCN frame is fully extended,
+ 10 meV. As already observed with 1,2-ethanediamingl/D by 73 k3mol~! (MP2/6-31G*, Table 5). The internal nucleo-
exchange with BO in the ion source demonstrates that the philic substitution needs first the conformational cha@¢h*
ammonia loss fron2H* involves exclusively the N-bonded — 2C;* in order to prepare the rear attack by the Nifoup

hydrogen atoms. toward the nucleophilic center. This rearrangement is ac-
The two possible products of the loss of ammonia fi@ih companied by the breaking of the internal hydrogen bond and

are protonated azetidinA* (path a, Scheme 4) and protonated thus requires an appreciable amount of energy. Accordingly,

propanimine 2B™ (path b, Scheme 4). the critical point is situated 60 kdiol~! above 2H,". The
The latter ion is the most stable structure in thgHgN™ intermediate ior2C; ™ (relative MP2/6-31G* energy 55 kdol 2,

series: protonated azetidi2A™ is less stable by 56 kdol™! Table 5) finds its stability in a small favorable interaction
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TABLE 6: CA/MIKE Spectra of C 4H1oN™ lons (m/z 72) [3H-NH3]*, 3A™, and 3B" Produced by Chemical lonization of
1,4-Butanediamine (3) and Pyrrolidine, and by Electron lonization of 2-Pentylamine, Respectivety

71 70 69 68 67 57 56 55 54 53 52 51 50 44

He [BH-NH3]* 9 11 4 6 <1 <1 2 19 5 6 3 4 3 15
3B* 1 3 1 1 6 52 58 14 9 7 7 6 30
3A* 21 10 3 5 <1 <1 2 11 4 5 2 3 2 12

O, [3H-NH3] ™ 10 20 7 18 2 2 3 15 5 5 3 3 3 9
3B* 2 7 2 2 1 <1 78 37 18 7 7 6 4 19
3A* 30 21 5 15 <1 <1 1 6 2 2 <1 1 1 4

N2 [BH-NH3]* 15 23 7 17 <1 <1 11 3 3 1 2 1 6
[3H-NHg] ™ 11 25 9 18 2 2 9 5 5 3 3 3 7
3B* 6 10 4 2 3 67 38 17 6 6 5 4 18
3A* 42 29 6 18 <1 <1 6 2 2 <1 1 1 4

43 42 41 40 39 38 37 30 29 28 27 26 18 15

He [BH-NH3]*™ 100 48 54 17 46 12 5 267 23 91 54 18 <1 2
3B* 100 78 61 17 54 14 6 383 62 139 103 22
3A* 100 47 53 15 43 11 4 205 19 84 47 15

0O, [3H-NH3]* 100 36 44 14 33 12 7 158 11 48 22 11 <1 <1
3B* 100 61 52 19 43 17 10 131 41 88 49 19 1 1
3A* 100 40 53 17 30 10 4 133 8 48 20 8

N2 [3H-NH3]*™ 100 43 54 17 45 7 3 176 18 86 53 29 1 1
[3H-NHg]™* 100 40 50 18 42 6 3 149 17 81 49 28 3 3
3B* 100 72 58 23 53 22 10 176 46 128 90 35 2 4
3A* 100 40 53 17 43 18 9 147 18 90 53 30 <1 1

@ Collision gas: He, @ or N; as indicated in the first column.

SCHEME 7
%

[3TS-HT

NHz
+ NH3

W

38"

[3AT1

between the nucleophilic NHyroup and the electron-deficient

carbon G. When the distance between these two reactive centers

is shortened, the NfHmolecule begins to move away and the
energy increases markedly until attainment of the transition
structure2 TSC' situated 163 kdnol~1 above2H, ™. This point
corresponds to the energy determining step of the overall
reaction a (Scheme 5) as illustrated by the energy profile
presented in Figure 4.

In fact, after the passage througlSC*, the structureC,™,
which is a complex between protonated azetidine and the NH
molecule, is produced. In this complex, situated 10rial~!
above2H,", the C-NH3 distance (2.92 A, Figure 3) is far from
a covalent bond length and the separation of the prodi&ts
+ NHs3 needs only the endothermicity of the process, i.e., 43
kJmol~1. The MP2/6-31G*ZPE relative energy o2TSC"
with respect tA" + NH3 is 19 k3mol™%, a difference which
is close to the expected precision of the calculations at this level.
It is noteworthy, however, that this energy difference is
conserved at the higher G2(MP2,SVP) level (33nkdl™L,
Table 5). The fact tha2TSC* constitutes the highest point in

the energy surface of the internal nucleophilic substitution
reaction a seems consequently confirmed.

The second possible reaction (b, Scheme 5) is the 1,3-hydride
ion migration. We found that this reaction requires considerable
critical energy. The characterized transition strucifSH™,
localized at the MP2/6-31G* level, is situated 268rkal?!
above2H,*. At the G2(MP2,SVP) level this energy difference
reduces to 236 kihol™2. It is, however, evident th&TSH" is
higher than2TSC", by no less than 83 kihol™! at the G2-
(MP2,SVP) level. Consequently, the calculations confirm nicely
the expectation, based on the experimental observation, that a
large energy barrier prevents the formation of the most stable
deamination products thus allowing the system to evolve via
the internal nucleophilic substitution reaction.

3.3. Protonated 1,4-Butanediamine, 3H. The MIKE spec-
trum of protonated 1,4-butanediamir®™, presents only one
peak of Gaussian shaperatz 72. Analysis of the peak profile
leads to the estimate of the kinetic energy release valligs:
=54+ 5 meV andTaverage= 162+ 16 meV. The molecule of
ammonia eliminated frolBH™* contains exclusively hydrogen
originating from the nitrogen atoms as demonstrated by H/D
exchange experiments.

The two GH;oN™ ions expected to be produced by the
internal nuclophilic substitution and by the hydride ion migration
are protonated pyrrolidineA™, and protonated butaneimine,
3B, respectively (Scheme 6). These two ions can be, a priori,
purely formed by protonation of pyrrolidine and by electron
ionization of 2-aminopentane and characterized by their colli-
sional activation spectra. The CA mass spectra of thelsigdN™
reference ions and of th&iH-NH3]* ions produced either in
the source or in a field-free region of the six-sector instrument
are reported in Table 6. The,@A spectrum of protonated
pyrrolidine, 3A*, agree perfectly with the recently published
data of Frosing and TurecéR.

Several characteristic features are observed between the CA
spectra of3AT and 3B™, particularly in the regionsnz 27—

29, 42-44, 54-56, and 76-71. For example, the presence of
an intense signal atvz 56 is characteristic of structur@B™
while peaks atwz 71 and 70 are specific for structuBA™.
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N(C1CCs = -70.9°
C1CC5C, =T1.7°
C,CHCaNs = -74.3°

NgC1 C2C3 = 158,17
C1CyC3C4 = 49,3
CyC3C4N 5 =-507

Bouchoux et al.

NgC1C2C3 = 175,67
C1CoCaCy = 69,6%
C5C3CyNs = -67°

NgCiCCs = 155.5°
C1CoC5Ca = 35.8°
C,C3CN5 =91,7°

3TSH*
Figure 5. Optimized HF/6-31G* geometries of the species involved during ammonia loss from protonated 1,4-butanediamine (bond lengths in

angstroms, bond angles in degrees).

Considering the CA spectra o8IH-NH3] " ions, they present
significant peaks atvz 71 and 70 and a negligible signal at
m/z 56. These observations indicate that thgHGN™ ions
coming from3H™ are essentially protonated pyrrolidiBa*.
This conclusion stands for th8-NH3] " ions produced in the
ion source as well as in the field-free region.

The various reaction intermediates involved during reactions
a and b from protonated 1,4-butanedian8ht™ are summarized

have been undertaken for the transition structures associated
with the energy determining steps of each reaction route. These
data were used to construct the energy diagram presented in
Figure 6. The optimized structures and the calculated total and
relative energies are presented in Figure 5 and Table 7,
respectively.

The most stable structure of protonated 1,4-butanedi-
amine is the pseudo chair structuBH," (Figure 5). As

in Scheme 7. Considering the size of the system, the completeexpected, the internal hydrogen bond is shorteBkty™ than

investigation of the corresponding part of the potential energy

in the lower homologues (1.76 A f@H,* but 1.882 A for

surface has been done at the simple HF/6-31G* level. The 2H,", HF/6-31G* optimized geometries). In the same vein, the
energies have been then evaluated at the MP2/6-31G*//HF/N—H---N bond angle is larger foBH," (~160° compared to

6-31G*+ZPE level. More elaborate G2(MP2,SVP) calculations

~148 for 2H,). As a consequence, the stabilization energy



Reactivity of Protonated,w-Alkanediamines J. Phys. Chem. A, Vol. 105, No. 40, 2009175

TABLE 7: Calculated Total Electronic Energies (hartrees) and Relative 0 K Energies (k}mol~1) of the Species Relevant to the
Protonated 1,4-Propanediamine, 3H, System

HF/6-31G* MP2/6-31G* G2(MP2,SVP)
species total ZPE rel 0 K total rel 0 K total 0 K rel 0 K

3Ha" —267.734 31 464 0 —268.588 43 0 —268.975 175 0
3Hy" (trans) —267.708 29 460 64 —268.554 38 85
3G —267.716 11 462 46 —268.564 39 61
3TSCH —267.682 74 454 125 —268.531 83 139 —268.927 259 126
3G —267.727 00 456 11 —268.574 74 28
3A*t —211.528 94 365 —212.204 94 —212.500 126 5
NH3 —56.184 36 87 —56.353 71 —56.456 657
3AT + NH3 —267.713 30 452 43 —268.558 65 66 —268.956 783 5 45
3TSH* —267.621 34 438 271 —268.471 16 282 —268.884 323 238
3B* —211.51755 352 —212.183 99 —212.489 531
3B" + NH3 —267.70191 439 60 —268.537 70 108 —268.946 188 73

aZero point vibrational energy (HF/6-31G(d) corrected by a factor 0.893)-imaii™. ® Single point calculations using the HF/6-31G* optimized
geometries.

TABLE 8: CA/MIKE Spectra of C sHi,N' lons (m/z 86) [4H-NH3]*, 4A*, and 4B" Produced by Chemical lonization of
1,5-Pentanediamine (4) and Piperidine, and by Electron lonization of 3-Heptylamine, Respectivély

85 84 83 82 80 72 70 69 68 67 65 56 54 53

He [4H-NHg™ 10 14 1 2 1 1 3 48 7 5 1 100 15 11
4B* 2 1 <1 4 73 2 3 1 100 13 7
4A* 37 15 1 2 <1 2 33 6 4 <1 100 14 10

O, [4H-NHg]*" 49 28 8 3 7 72 14 10 2 100 17 11
4B* 2 3 3 3 3 5 59 5 6 2 100 14 6
4A* 70 33 8 3 6 36 11 7 <1 100 16 9

N2 [4H-NH3]*™ 36 34 5 10 4 6 52 13 8 2 100 18 12
[4H-NHg] ™ 15 34 5 9 4 8 6 35 12 7 2 100 17 12
4B* 7 6 3 5 2 6 48 5 5 2 100 15 8
4A* 64 36 6 10 4 5 31 11 7 2 100 18 11

52 51 50 44 43 42 41 39 30 29 28 27 18 15

He [4H-NH3z]* 5 5 3 19 42 44 99 60 251 41 65 44 <1 <1
4B* 4 4 2 40 102 58 89 51 196 36 60 44 <1 <1
4A* 4 4 3 14 33 36 67 43 147 26 40 23

O [4H-NHg]* 6 7 6 14 34 29 55 34 130 20 35 20 1
4B* 5 6 5 24 82 41 53 32 86 22 40 24 1 <1
4A* 5 5 4 10 34 27 41 28 98 16 31 16

N2 [4H-NH3]* 8 8 8 13 33 35 63 56 166 40 81 61 3 3
[4H-NHg]** 7 8 7 12 32 32 54 50 144 37 74 56 2 2
4B* 7 7 6 23 81 49 63 47 88 31 69 51 1 3
4A* 7 8 7 11 31 33 52 50 140 37 75 56 2 2

aCollision gas: He, @ or N, as indicated in the first column.

of 3H," is larger; an estimate @85 ktmol~! is given by the 3TSH' is situated 282 kdnol~! above 3H,"; this energy
energy difference betwee&H," and the linear conformedH,™ difference reduces to 238 %dol~! at the G2(MP2,SVP) level.
(Table 7). It is clear, however, tha8TSH™ is higher tharBTSC" and that

The internal substitution reaction a is again characterized by the former process could not compete with the latter at any
the initial formation of an intermediat8C;*, where a favorable ~ energy regime. Consequently, at low or at high internal energy
interaction is allowed between the nucleophilic Nstoup and ~ of the reactan8H™, the only observed ammonia loss leads to
the electron-deficient carbon atom. This structure is situated 61 protonated pyrrolidineA*. It is noteworthy that, contrary to
kJ-mol~! above3H,*, and its formation needs only 5+dol 2 the previously examined protonated diamiri¢$" and 2H",
of excess potential energy at the MP2/6-31G* level. The the structure formed corresponds also to the more stable ionic
cyclization step3C;t — 3C,t is energy determining for the  product which may be produced by the deamination reactions.
overall reaction a. The transition structuBISC' is 139 3.4. Protonated 1,5-Pentanediamine, 4H Finally, only
kJmol~! (126 kdmol~! at the G2(MP2,SVP) level) abod,*. experimental results concerning protonated 1,5-pentanediamine
At this stage the carbon atom is approximately at the same 4H™ will be reported. The size of the system as well as the
distance from both nitrogen atoms and the increase of the C  obvious conclusions that may be drawn from the three lowest
Ng distance is accompanied by a considerable gain in energyhomologues renders unnecessary a theoretical investigation of
until attainment of the stationary poiBC,*. This structure is this molecule.
a complex between protonated pyrrolidiB&™ and a molecule The ammonia loss is the only fragmentation4i* meta-
of ammonia. It is stabilized by 38 kiol~* with respect to its  stable ions. Deuterium labeling demonstrates that the eliminated
components, and no reverse activation energy seems to bemolecule of ammonia contains exclusively hydrogen originally

associated with the dissociati@C;" — 3A* + NHa. bonded to the nitrogen atoms 4i*. The corresponding peak
The second possible process, the 1,4-hydride ion transfer bin the MIKE spectrum is simple Gaussian, and the kinetic energy
(Scheme 7), involves a transition structB&8SH' of high release values deduced from the analysis of the peak profile

energy. At the simple MP2/6-31G*//HF/6-31&ZPE level areTos = 83+ 8 meV andTaverage= 218 + 20 meV.
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3TSH* Conclusion

The present study demonstrates that protonatedalkanedi-
amines eliminate a molecule of ammonia exclusively via an
internal nucleophilic substitution process (Si¢action a) even
when the product ion is not the most stable. Molecular orbital
calculations indicate that the reaction proceeds via two inter-
mediate structuresnC; and nC,) separated by a significant
energy barrier. This situation is reminiscent of the double-well
potential energy surface associated with intermoleculag SN
reactions involving cationic substratés.

The size of the molecule appears to have a strong effect on
the potential energy profile of the $keaction. As the number
m of carbon atoms increases, the stability of the protonated cyclic
~ N amine increases. Consequently, the transition structlieC
is increasingly higher in energy than the fragments and the
transient complexC, contains an increasingly large amount
Ho of internal energy. This is corroborated by the observation of
an increase ot th@ value associated with the ammonia loss
from metastable ions when passing fram to 4H*, although
4t this increase is also partly due to a degree of freedom effect.
The second possible reaction mechanism for the ammonia
o loss from protonated,w-alkanediamines, the hydride shift b,
3 is never observed. Molecular orbital calculations show that it

Figure 6. Calculatel 0 K energy profiles for the two possible IS @ one-step process where the hydr_ide ion_approa(_:h occurs
eliminations of ammonia from protonated 1,4-butanediamine. Relative together with the €N bond elongation. This reaction is

kl.molt

+ NH;4

+ NH;

energies calculated at the MP2/6-31G*//MP2/6-3H5ZPE level and, associated with a critical energy so large that it renders
in bold, by the G2(MP2,SVP) method. impossible its competition with reaction a. The calculated 0 K
SCHEME 8 critical energy differences between processes b and a are 43,

75, and 111 kdnol™! for 1H*, 2HT, and 3H™, respectively.
HqN"“—H\ITIHo e This increase with the size of the system is obviously due to

N b ) | a the increase of stability of the cyclic structure&™ with respect
NN T H\‘J\H/L'H T to nB* whenn increases. In this context the behavior of the

) H\bj i ) fourth protonated moleculgH™, is not unexpected.

It is tempting to compare the present data with the results
obtained for the corresponding digl$n the latter case it has
been concluded that protonated 1,2-ethanediol gives exclusively

The two possible €H1,N* ions expected from reactions a  reaction b (the pinacol rearrangement) while protonated 1,4-
and b are protonated piperididd* or protonated pentanimine  butanediol and protonated 1,5-pentanediol give only reaction
4B* (Scheme 8). These two structures can be produced bya. Protonated 1,3-propanediol evolves via reaction a at low
chemical ionization of piperidine and electron ionization of a internal energy and reaction b at high internal energy. The reason
suitable amine, respectively, and identified by their collisional for this constrasting behavior is the comparable values for the
activation spectra (Table 8). As observed in Table 8, prominent critical energies of both processes for 1,2-ethanediol and 1,3-
differences appear in the/'z 85—84 andm/z 39—44 regions. propanegllol. T_h|s means, in partu_:ular, that the cr|t|ca_1l energy
In particular, an important peak at/z 43 is characteristic of for reac.tlon. bis not]cegbly lower in the case of the .d'OIS than
the protonated pentanimine structure while peaks/ag5 and of the diamines, as indicated by the calculations. This phenom-

. LT . enon finds its origin in the difference of dissociation energies
84 signal the presence of protonated piperidine. It is apparent o ~_ v+ (X = O, N) bonds. For example, the enthalpy

that the CA _spectra (pbtained using He, 6r N, as target_gas_) variations associated with (i) GBH,* — CHs" + OH, and

of C5H12|\!+ ions coming from protonated 1,5-pentanediamine, (jiy CH,NHz* — CHs* + NH3 are 280 and 440 kihol 2,
4HT, are identical with that of protonated piperidine. Moreover, respectively, in keeping with the ability of the heteroatoms to
the CA spectrum of the 41:1oN* ions originating from  share their lone pair electrons. Thus, the dissociation of-&IC
dissociation of metastable iodd™ (denoted 4H-NHz]** in bond requires more energy than aQ bond in the protonated
Table 8) is identical with that of thetH-NHs] * ions produced species. This is exactly what is reflected by the high critical
in the ion source. One may thus conclude that protonated energies for reaction b in the case of N with respect to O. The
piperidine4A™ is the exclusive deamination product4ifi™ at phenomenon is less pronounced, if existing, for therghiction
low and at high internal energy. As observed for the three since the G-X bond breaking is (partly) compensated by-aXC
previous cases, the most favorable reaction of deamination isbond forming.

the internal nucleophilic substitution. Furthermore, as also
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