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Unimolecular dehydration of protonategw-diols in the gas phase has been examined by both tandem mass
spectrometry experiments, including metastable ions decompositions, collisional activation, and neutralization
reionization techniques, and molecular orbital calculations up to the MP2/6-311G**//MP2/6+ZIRE level.

Two reaction mechanisms were found to explain the experimental observations: one leading to a protonated
cyclic ether via an internal nucleophilic substitution and one giving a protonated carbonyl species after hydride
ion transfer from thex-carbon to thew-position. Our major findings are the following: (i) protonated 1,2-
ethanediol exclusively leads to protonated acetaldehyde via a concerted pinacol rearrangement with the
calculated critical energy equaling 99 kJ/mol; (ii) protonated 1,3-propanediol gives protonated oxetane at
low internal energy and protonated propanal at high internal energy with the calculated critical energies of
the reactions equaling 144 and 163 kJ/mol, respectively, and the competition between the two reactions being
explained by the internal energy effect upon dissociation rate constants; (iii) for 1,4-butanediol and 1,5-
pentanediol, the dehydration produces only the corresponding protonated cyclic ether with calculated critical
energies equal to 110 and 107 kJ/mol, respectively.

Introduction SCHEME 1
In the gas phadeas well as in the condensed phddbe OH* a ,/Ht\ b OH*
chemistry of protonated diols is dominated by a dehydration + H0  <—— HO OH ——= |, + H0

process. In the latter case, it is well-established that the reaction
of 1,4- and 1,5-diols, under various catalytic conditions, leads
to the corresponding cyclic ether for which that reaction to path b (Table 1). However, for both processes, the detailed
constitutes the most general preparative route. In contrast, 1,2-mechanistic scheme, the critical energy needed by each reaction
and 1,3-diols may give rise to more complicated behavior due, step, and the experimental details upon the water loss from an
inter alia, to possible carbonium ion rearrangements. Dehydra-homologous series of diols are lacking or incomplete.
tion of 1,2-diols in the solution phase leads to the classical In the present study, we examine, both experimentally and
pinacol rearrangement; the formation of epoxides from tetra- theoretically, the four simplest alkanediols: 1,2-ethanedipl,
substituted or hindered diols has been also reported. Generallyl,3-propanediol?; 1,4-butanediol3; and 1,5-pentanedio.
the dehydration of 1,3-diols occurs in solution under acidic Tandem mass spectrometry experiments, and particularly mul-
conditions to form the corresponding carbonyl compounds; tiple collisions processeshave been undertaken to characterize
oxetane is not usually produced. the structure of the dehydration products. From a theoretical

Despite numerous mass spectrometric investigations of diols point of view, ab initio molecular orbital calculations including
under chemical ionization conditions, the detailed mechanisms electron correlation effects have been done in order to model
of the water loss from gaseous protonated diols is not fully each reaction path.
rationalized. We choose to examine a series of protorwted
diols in order to see if tendencies comparable to those in solution Experimental and Computational Section
phase exist during the dehydration process of gaseous protonated
diols. By analogy with solution phase chemistry, there are a
priori two ways to model the dehydration of a protonated-
diol in the gas phase, one leading to a protonated cyclic ether
(path a, Scheme 1) and one giving a carbonyl protonated specie
(path b, Scheme 1).

The first process is an internal nucleophilic substitution
reaction; the second involves an hydride ion transfer from the
o-carbon to thew-position. From a simple consideration of

The reactions of metastable protonated diols were studied with
a VG-ZAB-2F double focusing mass spectrometer (B-E) operat-
ing in the chemical ionization mode using methanol as reagent
as. The accelerating voltage was set at 8 kV, the electron
nergy at 150 eV, and the emission current at 0.5 mA. The
source temperature was 180. The mass analyzed ion kinetic
energy (MIKE) spectra of metastable ions were obtained, as
usual, by selecting with the magnet the ion to be studied and

. - - . scanning the electrostatic analyzer voltage. The kinetic energy
the enthalpy change associated with the two reactions, it MaY elease distribution has been derived from the analysis of the

Ehe etxpeﬁtedd thalt, when the number of tc;]arbokr]] atlc:jng)s Sep?rat'r:j%etastable peak profile using the method described in ref 5.
€ two hydroxyl groups Increases, path a snould be pretermed e mytiple collisional experiments were carried out with a

p VG-Analytical Auto Spec-6F mass spectrometerBEE,-
URA CNRS 1307. 5 S ) U .
f Universitede Mons-Hainauit. EsB2E4)° operating in the chemical ionization mode using
€ Abstract published ilAdvance ACS Abstractdfay 15, 1997. methanol as reagent gas. The accelerating voltage was set at 8
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TABLE 1: Thermochemical Data Relevant to the Gas Phase
Dehydration of Protonated Diols 1-4 (kJ mol™1)

species AH%208  AdH20f  ApH®ed

[1,2-ethanediol]H, 1H* 315

[oxirane]H" + H,O 448 133
[acetaldehyde]H + H,O 340 25
[1,3-propanediol]H, 2H* 242

[oxetane]H + H,O 382 140
[propanallH + H,O 307 65
[1,4-butanediol]H, 3H* 19¢°

[tetrahydrofuran]H + H,O 265 75

[butanal]lH" + H,O 278 88
[1,5-pentanediol]H, 4H* 150

[tetrahydropyran]H + H,O 223 73
[pentanal]H + H,O 250 100

aFrom ref 3a, except for [tetrahydrofuranjHand [tetrahydropy-
ran]H* for which A¢H°,gs are re-evaluated to conform to the new proton
affinities of reference bases in ref 3bA,H 293 and ApHC 0 represent
the enthalpy variations of reactions a and b, SchemeéFiom
AiH°20¢(1) = —388 kJ mot? (ref 3) and PAL) = 827 kJ mot* (ref
1c). 9 From AfH®204(2) = —408 kJ moi* and PAQ) = 880 kJ mot?
(ref 1c). The tabulatediH°,0¢(2) value® (—392 kJ mot?) appears to
be too high. When considering thH°,9s values calculated by the
Benson’s incremental method-885, —406, —426, —447 for 1-4,
respectively), an excellent agreement, within 3 kJ thak observed
with the data of ref 3a, except for 1,3-propaned®lfor which the
difference attains 14 kJ mdl. We thus choose to homogenize the
heat of formation of gaseous diols by assignixigi®,eg(2) = —408 kJ
mol~2. € From AsH°e¢(3) = —427 kJ moft? (ref 3) and PAB) = 913
kJ mol (ref 1c)." From AjH 24(4) = —449 kJ mot? (ref 3) and PAG)
= (930 kJ mot?1). The latter has been deduced from BA&nd the
calculated heat of isodesmic reacti®* + 4 — 4H* + 3.

kV, the electron energy at 70 eV, and the emission current at

Bouchoux et al.

100 scans (acquisition time 150 s). The chemical samples
(diols, aldehydes, and oxacycloalkanes) are commercial com-
pounds (Aldrich Chemical) of research grade; high-purity gases
were used in the collision experiments: helium 5.0, oxygen 2.6,
ammonia N45 (Praxair).

All ab initio molecular orbital calculations were performed
using a local version of the GAUSSIAN 94 set of programs.
Stationary points have initially been located by geometry
optimization using single-reference Hartrdeock (HF) wave
functions with the polarized 6-31G* basis set. Depending upon
the size of the system, geometrical parameters of relevant
structures have then been reoptimized at the second-order
Mdller—Plesset perturbation (MP2/6-31G*) level. Stable struc-
tures and saddle points were characterized by harmonic vibra-
tional analysis at these levels. Zero-point vibrationnal energies,
ZPE, are estimated from HF/6-31G* (MP2/6-31G*) vibrational
wavenumbers and scaled by 0.9 (0.97). Improved relative
energies have subsequently been obtained from single-point total
energy calculations with the larger 6-311G** basis sets. The
calculated total and relative energies are summarized in Tables
3,5,7,and 9.

Results and Discussion

Protonated 1,2-Ethanediol, 1H. 1,2-ethanediol is known
to give an abundanfiH—H,O]" ion under chemical ionization
conditions! This ion is also responsible for the exclusive signal
in the MIKE spectrum ofLH*, moreover, H/D exchange in the
ion source demonstrates that water loss concerns exclusively
the hydroxylic and the protonating hydrogens. The metastable
1 dissociationlH" — [1H—H,O]* is associated with a simple

mA. The source and the septum inlet temperatures were 200Gaussian peak, in keeping with a single reaction path. The
and 160°C respectively. For the experiments denoted CA-He, following kinetic energy release values were deduced from the

the ions of interest were selected byBg and subjected to
collisional activation (CA) with helium in the third field free

analysis of the metastable peak profil€s = 37 &+ 4 meV
and Tayerage= 105+ 10 meV.

region (FFR) of the instrument; the helium pressure was adjusted The characterization of thelH—H,O]* ions may be done
in order to reduce the signal to ca. 70% of its original value. by tandem mass spectrometry experiments. Collisional activa-

The fragments were then analyzed by scanningril detected
by the off-axis photomultiplier located in the fourth FFR. The

tion (CA) spectra of various [§£150]* ions have been previously
reported® Chen and Storié showed that the CA spectrum of

CA (O) spectra were obtained in a similar way by selection of [LH—H,O]* and protonated acetaldehyde are comparable, but

the ions with EB;E, and collisional activation with dioxygen

they did not examine protonated oxirane. The results obtained

in a gas cell located in the fourth FFR; the fragments were on the six-sectors instrument of the Mons University using either

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 B, are further selected by,Eand subjected to
collisional activation with Qin the gas cell situated beforg;E
the fragments are analyzed by scanniag Ehe neutralization

helium or dioxygen as the collision gas are presented in Table
2.

The CA(He) mass spectrum dfffi—H,0]" is characterized
by a dominant loss of methane (which is also the unimolecular
dissociation). As shown in Table 2 this spectrum is not very
different from those of protonated acetaldehyde (with which

reionization (NR) experiments are performed by successive the closest resemblance is noted) or protonated oxirane. On
collisions with ammonia and dioxygen in the two gas cells the latter spectrum and as already obsefvate may note more
situated in the fourth FFR. Species non-neutralized in the first intense signals ah/z19 andm/z31 and a less intense peak at

cell are deflected by an intermediate electrode raised at
potential of 9 kV.

The experimental data are collected in Tables 2, 4, 6, and
and Figures 1, 5, 9, and 12; the CA (He) and CA)(€pectra

am/z 15. The differences between the CA spectra are not
significantly more pronounced when dioxygen is used as the
8collision gas* In addition to the preceding observations, a loss
of 15 u becomes important, and the corresponding signal

are the result of 30 signal accumulations (corresponding to anconstitutes the base peak in the spectrum of protonated

acquisition time of 45 s), and NR spectra are the average of acetaldehyde.

From these observations, it seems hard to

TABLE 2: CA (He) and CA (O ,) Spectra of m/z 45 lons Generated by Chemical lonization from 1,2-Ethanediol (1),

Acetaldehyde (1a), and Oxirane (1b)

44 43 42 41 40 31 30 29 28 27 26 25 24 19 18 17 16 15 14 13 12
He 1 16 31 8 <1 <1 7 100 8 68 44 6 <1 3 <1 <1 29 9 <1
la 30 30 12 <1 <1 10 100 12 72 51 9 <1 2 <1 <1 35 12 1
b 12 42 8 5 8 100 10 78 45 8 12 21 9
o 1 45 116 43 7 <1 8 78 100 20 47 32 8 1 6 1 17 7 1
la 71 96 39 8 1 12 126 100 27 47 37 10 3 5 1 1 2 24 11 3 1
b 23 109 35 6 <1 13 53 100 17 57 31 8 2 15 1 14 7 1
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TABLE 3: Total (hartree) and Relative (kJ mol ~1) Energies Calculated for the Protonated 1,2-Ethanediol System

MP2(FC)/6-31G* MP2(full)/6-31G* MP2(FC)/6-311G** /| MP2(full)/6-31G*
species total rel total rel ZPE total rel +ZPE
1H.* —229.859 51 0 —229.87429 0 241 —230.036 99 0 0
1C; (trans) —229.837 96 57 —229.85265 57 239 —230.017 23 52 50
1TS-C —229.817 78 110 —229.83219 111 231 —229.994 27 112 102
1C, —229.825 32 90 —229.83978 91 231 —230.003 16 89 79
[oxirane]H" —153.604 59 —153.616 50 174 —153.712 07
H,O —76.196 85 —76.199 24 52 —76.267 61
[oxirane]H" + H,O —229.801 44 153 —229.81574 154 226 —229.979 68 150 135
1C, —229.851 49 21 —229.866 13 21 232 —230.029 80 19 10
1TS-H —229.810 40 129 —229.82505 129 223 —229.992 56 117 99
[acetaldehyde]H —153.644 86 —153.656 92 169 —153.754 52
[acetaldehyde]H + H,O —229.84171 47  —229.856 16 48 220 —230.022 13 39 18
1C, —229.89236 —86 —229.90707 —86 227 —230.072 83 —94 —108
1TSC,/C, —229.805 43 181 218 —229.97175 171 148

aZPE (corrected by the factor 0.97) in kJ mbl

45
29 43
a
26
15 Eh
L 0400503567 0,CyC30=-176.9°
45 1H,* 1TS-C
29 43
b
26
-
26 0,C,C40,=-178.3°
29
43 0,C5C40,=77.3°
c 45 1C, 1TS-H
' Figure 2. Geometrical parameters of some structures relevant to the
15 protonated 1,2-ethanediol system. Bond lengths are reported in
angstroms and bond angles in degrees (MP2(full)/6-31G* optimized
geometries).
Figure 1. NR (NHy/O,) mass spectra of [ElsO]* ions (n/z 45) neutralization of protonated oxirane would lead to an unstable
produced from 1,2-ethanedidl)((a), acetaldehydel§) (b), and oxirane hypervalent radical which probably regenerates neutral oxirane.
(1b) (c). The observations of peaks at/z 18 and 26 in the NR mass

spectrum and ofn/z19 in the CA (He, @) mass spectra of

unambiguously decide if thelH—H,O]* ion structure is  protonated oxirane may be interpreted by the parallel formation
protonated acetaldehyde alone or in a mixture with protonated of a proton bound complex8+--Hz0* during the protonation
oxirane. proces$? The exact matching of the NR spectra bH—H,0]"

A more efficient way to distinguish between theséz 45 ions and of protonated acetaldehyde, particularly imtfe24—
ion structures is offered by their neutralizatioreionization 32 region, demonstrates that the dehydrationlbf leads
spectra. As shown in Figure 1, identical spectra are obtainedexclusively to [CHCHOH]" ions in the source of the mass
for [LH—H2O]" and protonated acetaldehyde. Important dif- spectrometer.
ferences are observed on the NR spectrum of protonated In summary, the experimental informations indicate that the
oxirane: less abundant recovered signal and larger intensitiesdehydration of protonated 1,2-ethanediol occurs via a single
for the peaks ain/z18 and 26. mechanism at low internal energy and that the source-produced

The neutralization of [CBCHOH]" ion is expected to give  [1LH—H,0]* ion is protonated acetaldehyde.
rise to a stable radical. This is confirmed by the high intensity ~ The results of the molecular orbital calculations conducted
of the recovered signal and by a NR spectrum comparable toon this system are summarized in Table 3.
the CA (Q) spectrum (Table 2) in that case. This indicates  The most stable conformation of protonated 1,2-ethanediol,
that the [CHCHOHTY radical has a lifetime greater than the 1H,*, corresponds to a dihedral angle OCCO of 3%6the
delay of ca. lus necessary to travel the distance between the MP2(full)/6-31G* level (Figure 2). This result is in reasonable
neutralization and the reionization cells. In contrast, the agreement with that obtained previously at the MP2/6-31G*//
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SCHEME 2
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8 Figure 3. Schematic potential energy profile for dehydration reactions
HIA'\{H + 10 from the protonated 1,2-ethanediol system (MP2/6-311G**//MP2/6-
H 31G*+ZPE calculations and (in parentheses) MP2/6-31G*//HF/3-21G

calculations of ref 12).
3-21G leve! (OCCO = 45°). The structurelH,™ allows an
internal hydrogen bond length of 1.66 A, a value larger by ca. ates into protonated oxirane plus® The stabilization energy
0.44 A than that we have calculated (MP2(FC)/6-31G*) for the of complex1C,, with respect to protonated oxirane plus®
proton-bonded complex between protonated and neutral methais equal to 56 kJ/mol. The energy-determining step of the
nol: overall cyclodehydration reaction is the dissociation of the ion-
neutral complexLC; into its components.
HaC. The second dehydration reaction ®H* involves a 1,2-
\ 1.219 A +/H hydride ion shift concerted with the departure of the water
/O _O\ molecule (the prototype of the “pinacol” rearrangement, reaction
CHs b, Scheme 2). The present data confirm the conclusions of
Nakamura and Osamufawho showed that this process is a
This situation reflects the unfavored dipeldipole interac- concerted reaction rather than a stepwise elimination involving
tions and steric constraints which limit the extent of the internal {ransien-hydroxycarbenium cation, [G}€H,OH]". In fact,
hydrogen bond iiHa*. Another proof is given by the limited ~ the latter isolated species is not a stable structure and collapses
stabilization energy of this conformation which may be il- readily to theo-hydroxycarbenium ion [CECHOHI™; in the
lustrated by the fact that the anti conformation, for which the Present system this structural change is concerted with the water
OCCO angle is equal to 180lies only 50 kJ/mol abovéHa* elimination. The transition structure of this concerted reaction,
(MP2(FC)/6-311G**//MP2(full)/6-31G* calculation, Table 3), ~1TS—H. is situated 99 kJ/mol abovEH,™. We note that this
an energy markedly smaller than the bimolecular H-bond energy calculated value is in perfect agreement with previous computa-
calculated (MP2(FC)/6-31GFZPE) for the system CHOH,* tions'* but markedly higher than the estimate of 56 kJ/mol based
+ CHsOH (151 kJ/mol). The various steps involved during ©n & kinetic treatment of experimental data obtained by high-

the two possible dehydration reactionsiti* are depicted in  Pressure mass spectrometfy. , .
Scheme 2. It appears, from examination of Figure 3, that the dehydration

Experimentaly, the two reactions are associated with endo- route leading to protonated acetaldehyde (reaction b, Scheme

thermicitiesAaH® 208 and AyHC 205 of 133 and 25 kd/mol (Table 2) is favored, by 36 kJ/mol (energy difference between

1), in good agreement with the calculated 298 K values of 140 Protonated oxirane plus# and1TS—H), over the cyclode-
and 26 kJ/mol. hydration process (reaction a, Scheme 2).

In order to create a new-€0 bond starting fromiH,* during However, the rate-determining step of the two reactions are

the cyclodehydration reaction, it is first necessary to rotate the IN €ssence different. -In the former case, it is a concerted 1,2-
molecule around the C(2)C(3) bond to attain thaH* trans hydride ion shift/water elimination process. For the latter
conformation (structurdCy, Scheme 2). This conformational ~ €&ction itis only the separation of the two components of the
change has been studied elsewhere, and the transition structurl0Sely bound complexC,. Consequently it may be expected
was predicted to lie 65 kJ/mol aboéd,* and only 5 kd/mol that the competition will favor reactioa at high energy. The
above the OCCG= 180° conformation (MP2/6-31G*//3-21G fact, established by the experimental data, that this is apparently
calculationsf. It may be noted that the trans confornieg; is not the case may be briefly discussed. To elucidate this
a species slightly stabilized by a favorable interaction between question, calculations of the unimolecular rate constants as-
O(1) and C(3) as attested by the O(1)C(2)C(3) angle value of Sociated with the two possible dehydration reactions giving
100° and by the small increase of the C(3)O(4) bond length Protonated acetaldehyde (reaction b, Scheme kg), and
(1.53 A). The gas phase hydrolysis of protonated oxirane, which Protonated oxirane (reaction a, Scheme ) have been

is the reverse of the cyclodehydration reaction, was studied Undertaken. The RiceRamspergerKasset-Marcus (RRKM)

theoreticaly in 1987 by Ford and Smth.Our results, obtained formulation'® of the rate constant has been used in conjunction
at a higher level of theory, confirm some of their conclusions. With the Stein-Rabinovitch algorithrif to evaluate the sums

Starting from the trans conformdiCy, the shortening of the and densities of vibrational states. The rate constant for reaction

O(1)+-C(3) distance is a continuously endothermic process until © 1S Simply given by
the transition structurd TS—C is attained. Then, there is 4
formation of an ion-neutral compledC, which further dissoci- Kip = ky = z P"11s-H(E — Eg)/hNy(E)
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14 L L L L SCHEME 3

; —— Kyp=kyyy, E°=1.03 eV
6 —--- Kya=kye, E°=1.40 eV L O—H---.0oH,

T T T T 1C,
1 2 3 4 5
E (eV)

Figure 4. RRKM rate constants for the pinacolic rearrangemén) ( protonated oxirane may be formed frdrl* at low, as well as
and the cyclodehydratiofk) reaction from protonated 1,2-ethanediol.  at high, internal energy.

" . . A second observation that emerges from examination of
where 3 P*yrs—n(E — Eoy) represents the sum of vibrational  rigre 3 is that the critical configuratioiTS—C involved in
states of the transition structuid'S—H containing the excess ¢ first step of reaction is virtually at the same energy level
energyE — Eos and+N1H(I_E) the density of vibrational states of  55175—H. It is thus highly probable that, besides protonated
the parent ionlH," of internal energyE. Reactiona is a acetaldehyde, sontC, complexes are competitively produced.
muIt|st_ep process for which thr_ee _elementary rate constants mayr rthermore this latter may be at the origin of a second way of
be defined, if we neglect the incidence of the passage thoughsormation of protonated acetaldehyde inside ion-neutral com-

1Cy: plexes as indicated in Scheme 3.
" It is known'%12 that isolated protonated oxirane may inter-
{Ha* o, S 1o convert to protonated acetaldehyde via an appreciqble energy
ke A barrier (116 kJ/mol, MP2/6-31G* calculatid®y. We inves-

tigate the analogous water-solvated reacti6fy — 1C4 in order
By using the steady state approximation to the transient specieso see whether the complex-mediated reaction sketched in
1C; and the inequalitiekp < k-c andkc < kp resulting from Scheme 3 is a plausible mechanism for the formation of
the corresponding critical energy values (Figure 3), the overall protonated acetaldehyde. Our calculations show that the two

rate constant for reaction k. may be approximated by complexeslC', and 1C, are identically stabilized by ca. 125
kJ/mol (Table 3). Secondly, the transition struct@iies—C,/
Kia= zP*lD(E — Eg/hN(E) C, is calculated to lie 148 kJ/mol abodd,™, i.e. 130 kJ/mol

above the products [JEHOH]" + OH,. One should observe

where 1D refers to the loose transition state associated with that the critical energy for the water-solvated isomerizatiGh
dissociation ofLC,. — 1C,4 (138 kJ/mol) is higher than that of the isolated reaction

The sums,SP5(E — Ep) and the densities\;n(E), of the (116 kJ/mat?9). This difference is accounted for by the nature
vibrational states have been evaluated from the calculated MP2/of the interaction between the water molecule and the bounded
6-31G* frequencies scaled by 0.97 (internal rotations were hydrogen in the couple reactants/products and in the transition
treated in the harmonic vibrator approximation) and using the structure. It has been noted above th&t, and 1C4 possess
critical energiesEy; = 99 kJ/mol (1.03 eV) andgz = 135 kJ/ the same stabilization energies, this is in keeping with compa-
mol (1.40 eV) calculated at the MP2/6-311G**//MP2/6- rable HO---H distances (1.457 and 1.446 A, respectively) and
31G*+ZPE level. The loose transition structut® has not identical net charges on the hydrogen atom (0.61). In contrast,
been successfully located because of the flatness of the potentiafor the transition structuréTS—C,/C, the HO-:-H is length-
energy surface in this region. Consequently, the correspondingened to 1.69 A because most of the positive charge of the cation
vibrational frequencies have been calculated fdCa species  is supported by the CHmoiety thus inducing a lowering of
characterized by a fixed C(3)O(4) distance of 3.0 A, all the other the positive charge on the hydrogen atom (0.56) and conse-
geometrical parameters being optimized. The internal energy quently a lowering of the hydrogen bonding.
dependence of the two corresponding rate constants is presented The transition structur@TS—C,/C4, which constitutes with
in Figure 4. high probability the rate-determining step in the overall process

The observation thdt;, is always greater thaky, by 1-5 of Scheme 3, is too high in energy to efficiently compete with
orders of magnitude confirms that only the concerted reaction the concerted pinacol rearrangement which is predicted to need
b (Scheme 2) is occurring at the all-energy regime and that no only 99 kJ/mol {TS—H). It appears consequently that the route

TABLE 4: CA (He) and CA (O ,) Spectra of m/z 59, [C3H;O]* lons, Generated by Chemical lonization from 1,3-Propanediol
(2), Propanal (2a), and Oxetane (2b)

58 57 56 55 53 44 43 42 41 40 39 38 37 31 30 29 28 27 26 15

He 2 2 10 6 2 105 1 28 3 <1 220 7 100 26 64 20
2a 6 8 10 3 40 26 3 <1 109 7 100 31 65 18
2b 27 5 1 104 5 36 10 4 381 22 100 60 75 43

0o, 2 31 72 9 1 17 40 23 113 15 46 15 9 231 36 100 54 57 28

2a 85 106 5 13 2 29 48 33 68 15 51 14 8 133 38 100 49 54 261
2b 13 105 7 3 18 8 186 17 37 12 5 58 38 100 70 55 27
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depicted in Scheme 3 could not be efficient and that the unique A 28
way to generate protonated acetaldehyde by dehydration of
protonated 1,2-ethanediol is the concerted process involving the
transition structurelTS—H (reaction b, Scheme 2). This
conclusion confirms the deductions based on experiments which
demonstrate the dominant formation of protonated acetaldehyde
and occurrence of a single reaction mechanism in the metastable a 44 59
time frame. 31

Protonated 1,3-Propanediol, 2H. Among the four com-
pounds 1—4 studied here, 1,3-propanediol gives the less 28
abundant [MH-HO]* ions under chemical ionization conditions;
the abundances rati@ii—H,OJ]"/2H" is only equal to 0.05
using methane as reagent gasWater loss is the exclusive
fragmentation of metastabBH* ions, and this reaction involves
only the protonating and the hydroxylic hydrogens. The signal
in the MIKE spectrum is simple Gaussian, and the following 31 44
kinetic energy release values may be deduced from the analysis
of the metastable peak profiléfps = 21 £+ 2 meV andTaverage
= 56+ 7 meV. Identification of [GH;O]" ions produced by
dehydration o2H* occurring either in the source or in the third 28
field free region of the mass spectrometer has been attempted
by collisional experiments. It has been reported a long time
agoif and recently confirme#f, that protonation of oxetane
gives [GH;O]* ions whose CA spectrum is very similar to that
of protonated propionaldehyde.

Our results (Table 4) are in line with these observations. c
Excluding the two signals ah/z41 and 31, which correspond 44 59
also to unimolecular dissociations, the CA (He) of protonated W, Ao
propanal and oxetane show clear similarities but also small
differences. In particular, for the latter ions, more pronounced B 29
signals appear an/z57, 30, 28, and 26 and an unresolved peak
at m/z38—39 should be noted. The CA (He) spectrum of the
source-produced?H—H,0]* ions present slightly better analo-
gies with that of protonated propanal. More firm conclusions 43
may be drawn from the CA (§) spectra. The two reference
structures are distinguishable by comparison ofrttie37—45
region and them/z 58 signal (Table 4), and it appears more
clearly that the spectrum of the source-producgid-{H,O]*

ions is closer to that of protonated propanal; however, these 29

comparisons do not exclude the possibility of a mixture of 41

protonated propanal and protonated oxetane. b 27 39
Finally, the NR spectra allow another means to differenciate 43

59

both protonated propanal and protonated oxetane (Figure 5A).

The former leads to an intense recovered signal in agreement
with the formation of a stable G&H,C'HOH radical; the
signals in the rangm/z37—44 are specific of this structure. In
the case of protonated oxetane, no significant recovered signal 29
is observed, and interestingly enough, the major fragment c
corresponds to ionized ethene. As seen in Figure 5A, a clear 27
analogy exists between the NR spectra of protonated propanal 39
and that of PH—H,QO] " ions produced in the source of the mass 43
spectrometer. However, a slight lowering in intensities of peaks
m/z59—-57, m/z44—37 andm/z31—-29 may be indicative of a oot

parallel formation of protonated oxetane. Fig‘ére 5(-1 f(A) NFS(NHs/Oz) ’;‘_3{5)?(35390”3 of %7?2;;0”3(1@/259)
. . . . . proauced from 1,s-propaneadi a), propanal 4a) , and oxetane
As pointed out in the introduction, formation of protonated 5y () (B) Part of the CA (@) mass spectra of [E,0]* ions (n/z

propanal by dehydration of2H-H,O]" ions is the less  5g) produced during the flight from metastabRH]* ions (a), from
endothermic process (65 kd/mol compared to 140 kJ/mol for protonated propanaRé) (b), and from protonated oxetan2bj (c).

the formation of protonated oxetane). The preceding theoretical

study of 1,2-ethanediol revealed, however, that the route leadingions 2H]™. The CA (Q) spectrum of [GH;O]* ions generated

to protonated aldehyde may involve an important activation by dissociation of 2H]* in the third field free region of the
barrier, and this point will be fully confirmed here (see below). six-sectors instrument (see Experimental and Computational
Thus it was of interest to examine more deeply the possibility Section) is presented in Figure 5B together with the CA) (O
of formation of protonated oxetane at low internal energy. For spectra of the reference structures obtained at identical collisional
this purpose, MS/MS/MS experiments have been done in orderenergy (6130 e\&= laboratory frame kinetic energy). Figure
to characterize [¢H-0]" ions produced in flight from metastable 5B shows clearly identical spectra fa2H—H,O]" ions and

vvvvvvvvvvvvvvvvvvvvv
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TABLE 5: Total (hartree) and Relative (kJ mol ~1) Energies Calculated for the Protonated 1,3-Propanediol System

HF/3-21G HF/6-31G* MP2(full)/6-31G* MP2(FC)/6-311G**//MP2(full)/6-31G*

species total rel total rel total rel ZPE total rel +ZPE
2H,* (trans) —269.030 13 98 312 —269.22021 95 97
2H,* —266.855 05 0 —268.297 05 0 —269.067 31 0 310 —269.256 46 0 0
2C, —266.81596 103 —268.27585 56 —269.038 81 75 312 —269.228 30 74 76
2TS-C —266.79922 147 —268.25614 107 —269.01518 137 305 —269.20242 142 137
2G, —266.80389 134 —268.267 44 78 —269.030 05 98 305 —269.21852 100 95
[oxetane]H —191.19059 —192.238 68 —192.809 75 248  —192.93008
H,O —75.585 96 —76.010 75 —76.199 24 52 —76.267 61
[oxetane]lH + H,O  —266.77655 206 —268.24943 125 —269.00899 153 300 —269.197 69 154 144
2C; —266.83594 50 —268.28591 29 —269.053 87 35 307 —269.24242 37 34
2TS—H —266.72955 330 —268.22799 181 —268.99381 193 294 —269.18829 179 163
[propanallH —191.193 20 —192.265 79 —192.832 31 241  —192.955 42
[propanallH +H,O —266.77916 199 —268.276 54 54 —269.03155 94 293 —269.22303 88 71
2Cs —266.84776 19 —268.31739 —53 —269.08115 —36 300 —269.272 40 —42 —52

aZPE (corrected by the factor 0.97) in kJ mbl
SCHEME 4

H H

2TS-H

MOH

+ H,0

protonated oxetane. It appears consequently that BHE|

of low internal energy generate preferentially protonated oxet-

CC3C,0y=58,6°
G CaCaCa=-61.8°

218-C

C4CyCa0,=16.3° HCyCyly=-7.3°

2C 2TSH

Figure 6. Geometrical parameters of some structures relevant to the

protonated 1,3-propanediol system. Bond lengths are reported in
angstroms and bond angles in degrees (MP2(full)/6-31G* optimized

ane. The situation is in contrast to what has been observed aigeometries).

higher energy where the major, if not exclusive, dehydration
product is protonated propanal. This contrasted behavior will
be now examined in the light of molecular orbital calculations.
The two isomerization/dissociation routes investigated in
order to model the dehydration processe<26f][" are presented
in Scheme 4. They involve cyclization by internal nucleophilic
substitution (reaction a) and 1,3-hydride ion migration (reaction
b).

formation of the structur@C; (Scheme 4) in which an internal
stabilization is provided by a favorable interaction between O(1)
and C(4) (interatomic distanee 2.668 A) and where the C(4)
O(5) bond begins its elongation (1.548 A). The following step
is the ring closure process leading to the formation of an ion-
neutral complexXC, for which a stabilization energy of 49 kJ/
mol is calculated. The transition structure connect to

The computational results are summarized in Table 5, and 2C,, 2TS—C, has been located, and our best estimate of its
the geometry of some stationary points are presented in Figurerelative energy is 137 kJ/mol (Figure 7). These events are

6.

followed by the dissociation of the compl@%; into protonated

Afirst observation concerns the accuracy of the computational 0xetane plus kD by a continuously endothermic process. The
data: a reasonable agreement is found between experimentaglissociation of the ion-neutral compl2K; into its components

reaction enthalpyAsH®29s = 140 kJ/mol andAyH%»98 = 65

constitutes in fact the energy-determining step of the overall

kJ/mol (Table 1), and the corresponding calculated 298 K values cyclodehydration reactior2D, Figure 7).

of 149 and 78 kJ/mol.

The pseudo chair structud#,™ (Figure 6) is the most stable
conformation of PH]* ions. As expected, the internal hydrogen
bond is more efficient ikH," than in the lower homologH,*.
This is reflected by the smaller H-bond length of 1.38 A which
approaches the value calculated for the bimolecular systegn CH
OH,++*OHCH; (1.219 A). An estimate of the H-bond energy,
including the strain energy effect, is provided by the energy
difference betwee@H," and the all-trans conformatidtH, ™,

i.e. 97 kJ/mol (Table 5).

The cyclodehydration reaction @H* (reaction a, Scheme

4) follows a path comparable tbH". The first step is the

The concerted dehydration pathway associated with a 1,3-
hydride ion migration (reaction b, Scheme 4) involves a
transition structur@TS—H situated 163 kJ/mol abovaH,*
and 92 kJ/mol above the dissociation products, protonated
propanal and water. Moreover, struct@ES—H is 19 kJ/mol
above the cyclodehydration products: protonated oxetane and
water.

The general potential energy profile associated with reactions
a and b (Figure 7) seems to parallel the experimental observation
of the favored formation of protonated oxetane at low internal
energy. However, to explain the competitive formation of
protonated propanal at high internal energy the overal rate
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2TS-H

kJ.mol"!

76 (75)

P e

+ H,0

0
2H,*

Figure 7. Schematic potential energy profile for dehydration reactions
from the protonated 1,3-propanediol system (MP2/6-311G**//MP2/6-
31G*+ZPE and (in parentheses) MP2/6-31G*//MP2/6-31G* calcula-
tions).

constant of reaction a must increase more rapidly with energy
than that of reaction b. In order to check this expectation, the
calculation of the two rate constarksandk, corresponding to
reactions a and b has been done using the RRKM theory. For
reaction b the rate constant is simply given by

=ky= ZP*ZH(E — Eop)/hN,(E)

where SP54(E — Eon) and Nx(E) concern the transition
structure2TS—H and the parent io2H,*, respectively; the
critical energyEgn has been taken equal to 163 kJ/mol (1.69
ev).

In the case of reaction a, the situation is more complex as
long as the stable intermedia®€, is formed with a critical
energy close to that of the dissociation. Neglecting the incidence
of the intermediat@C,, three elementary rate constarmts,k—c,
andkp, should be considered:

HO®

ke kp

2C, ——

2Ha" + H,0

kc

If one applies the steady state approximation2t@, and
assumes thak ¢ ~ kp > k¢, as expected in view of the

Bouchoux et al.

log [k(E) (s1)]

e K=k E°=1.69 &V
- Ky, (see text)

T
2

T
3
E (eV)

Figure 8. RRKM rate constants for the cyclodehydratida,)( and

the dehydration assisted by a 1,3-hydride ion transkes) (from
protonated 1,3-propanediol (see text for the full meaning of each rate
constant).

1,3-hydride ion shift/dehydration process b. At 5leyis lower
thanky, by more than one order of magnitude. The intercept
of the two curves arises for an internal eneEgf ca. 2.25 eV

and the corresponding rate constant’s value is 50’ s71, i.e.

a value greater than the rate constantdf® s! allowed for
metastable dissociations. Thus most of the dissociations of ions
2H* occurring in the ion source of the mass spectrometer, i.e.
with a rate constant greater thar10° s71, proceed via the path

b to give protonated propanal.

Considering now the dissociation of metastable HS for
which the rate constant is close to°X0?, the favored process
is clearly reaction a. The corresponding internal energy,
determined from the equalityp, = 10° s71, is E* = 1.70 eV.

At this energyksy is close to 10 st, and the reaction b cannot
compete with process a.

In summary, the experimental results concerning the dehydra-
tion of protonated 1,3-propanediol may be accounted for by the
simple model of competitive reactions a and b presented in
Scheme 4. Only the former process arises from metastable ions
2H*, the latter being increasingly important as the internal
energy increases to becomes dominant for most of the dissocia-
tions occurring in the ion source.

Protonated 1,4-Butanediol, 3H. The methane chemical
ionization mass spectrum of 1,4-butanedi8), presents an

T
4 5

corresponding critical energies, then the overal rate constantintense peak corresponding to the water I@&3$-fH,O] " (53%

koo may be approximatéél by
Koo~ [Ko/ (Ko + K_c)]ke
i.e.

kea™ [y P7o(E — Eqp/(Y P'(E — Eod) +
Y Pran(E — EoIl Y P'e(E — Eod/hN,(E)]

with S P*p(E — Eop) and S P*c(E — Eoc) being the sum of
states of the transition structures for dissociation of complex
2C; into protonated oxetane plus wat@D)) and for isomeri-
zation2H,™ < 2C, (2TS—C). As long as<E refers to the ground
state of2H,™, the critical energies values used in the calculation
are Eop = 144 kJ/mol (1.49 eV) anétoc = 137 kJ/mol (1.42
eV). The two representative curvés(E) and kop(E) in the
range of internal energlf = 1-5 eV are presented in Figure
8.

The most obvious conclusion which may be drawn from the
data presented in Figure 8 is that the cyclodehydration reaction
a occurs at a slower rate at high eneigyhan the concerted

of the base pealBH™).1¢ Unimolecular decompositions of
metastableBH™ ions lead exclusively todH—H,O]" ions, a
reaction involving only the protonating and the hydroxylic
hydrogens. The metastable peak is simple Gaussian, and thus
only one reaction mechanism seems to be operative at least at
low internal energy. The corresponding kinetic energy releases
areTos = 28 £ 3 meV andTaverage= 76 £ 7 meV.

The characterization of [{E1oO]" ions by CA mass spec-
trometry has been explored some years &gResults obtained
using the six-sectors mass spectrometer are reported in Table
6.

A clear distinction between protonated butanal and protonated
tetrahydrofuran is afforded by the CA (He) and particularly,
the CA (@) mass spectra. The former is characterized by an
intense methane losm(z57) and by a peak ah/z35.5 (9%),
corresponding to the formation of a doubly charged ion
[C4H-0]1?*, while for protonated tetrahydrofuran a signahatz
42 is noticeable. The distribution of peak intensitie&k 27—

31 may be also used to distinguish between the two structures.
Finally, examination of Table 6 reveals a close analogy between
the CA spectra of§H—H,0]* and protonated tetrahydrofuran.
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TABLE 6: CA (He) and CA (O ,) Spectra of m/z 73, [C4HO]* lons, Generated by Chemical lonization from 1,4-Butanediol (3),

Butanal (3a), and Tetrahydrofuran (3b)

72 71 70 69 58 57 55 54 53

51

He 3 2 <1 205
3a 8 2 4 15 251
3b 12 6 2 2 3 166
O, 3 7 11 2 2 5 409 3
3a 10 2 1 1 60 400 7
3b 10 9 2 1 1 4 383 3

50 45 44 43 42 41 39 38 37 31 30 29 28 27 26
1 32 100 35 18 23 54 12 4 30
1 6 44 100 10 25 30 39 54 9 66 10
1 8 42 100 44 28 32 60 22 12 37
3 6 63 100 69 40 45 50 22 9 28 10
3 6 93 100 21 33 38 12 7 32 6 52 15 47 16
3 6 58 100 65 38 42 50 23 10 29 11

TABLE 7: Total (hartree) and Relative (kJ mol ~%) Energies Calculated for the Protonated 1,4-Butanediol System

HF/6-31G* MP2(FC)/6-31G*//HF/6-31G* MP2(FC)/6-311G**//HF/6-31G*
species total rel ZPE total rel +ZPE total rel +ZPE
3H* (trans) —307.305 19 94 392 —308.17568 117 114
3H.t —307.341 06 0 395 —308.220 40 0 0 —308.461 42 0 0
3G, —307.316 68 64 394 —308.188 66 83 82
3TS-C —307.310 44 80 386 —308.176 85 114 105 —308.416 25 119 110
3C; —307.334 53 17 389 —308.206 39 37 31
[tetrahydrofuran]H —231.307 99 330 —231.99216 —232.160 32
2 —76.010 75 54 —76.195 96 —76.267 47
[tetrahydrofuran]# + H,O  —307.318 74 59 384 —308.188 12 85 74 —308.427 79 88 77
3Cs —307.35480 —36 392 —308.23090 -—28 =31
3TS—H —307.264 13 202 374 —308.13594 222 201
[butanal]H" —231.302 23 319 —231.980 26 —232.151 96
[butanal]H" + H,O —307.312 98 74 373 —308.176 22 116 94 —308.419 43 110 88
3GCs —307.35342 —-32 381 —308.223 85 -9 —23
aZPE (corrected by the factor 0.9) in kJ mél
39 SCHEME 5
28 . i -
H p =
42 Lﬁ’---om b Ho " H\OH a Htfom
Lfcam)
HO
3¢,
a . ‘
3TS-H 3H,
18 71 - t
HO-------- 3 ---OH,
28
Hé/\/\ + H0

28
0

42

[

18

71

(particularlym/z55 and 57). The noticeable signalratz44

may be simply explained by the reionization of a molecule of
vinyl alcohol produced by ethyl loss upon neutralization. These
signals are completely absent from the NR spectrun8bif{
H.O]* ions. In conclusion, collisional experiments demonstrate
unambiguously that only protonated tetrahydrofuran is produced
by dehydration of protonated 1,4-butanediol in the source of
the mass spectrometer. As long as this product is more stable
than protonated butanal there is good chance that it is also
produced at low internal energy; this point will be confirmed
by the results of molecular orbital calculations.

Figure 9. NR (NHs/O) mass spectra of [£1;0]* ions (m/z 73) The systenBH* (Scheme 5) has been examined at the HF/

produced from 1,4-butanedioB) (a), butanal 8a) (b), and tetrahy-

drofurane 8b) (c).

6-31G* level during the geometry optimization procedure, and
energies have been refined by inclusion of the electron correla-

The NR spectra fully confirm this conclusion (Figure 9): for tion effect (MP2(FC)) and ZPE corrections with the 6-31G*
both precursors3 and tetrahydrofuran, there is no recovered basis set (Table 7). For the most significant points, calculations
signal as expected for the corresponding hypervalent neutralhave been done at the MP2(FC)/6-311G**//HF/6-31G* level,
which probably dissociates spontaneously to give a mixture of but it is found that no appreciable change in relative energies
neutrals such as propenenfg 42), formaldehyde r/z 30), is induced by the increase of the basis set size.
ethylene (n/z28), etc. In contrast, neutralization/reionization The 298 K relative energies of the products are calculated
of protonated butanal gives a small, but significant, recovered (MP2(FC)/6-31G*//HF/6-31G*) to be 79 and 102 kJ/mol for
signal and peaks characteristic of the initial ionic structure paths a and b, respectively, in reasonable agreement with
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3c,;

318-C
Figure 10. Geometrical parameters of some structures relevant to the
protonated 1,4-butanediol system. Bond lengths are reported in

angstroms and bond angles in degrees (HF/6-31G* optimized geom-

etries).

3TS-H

201

kJ.mol"!

105 (110)
3TS-C

94 (88)

WOH

+ H,0

B*

{ ]+ H0

3C,
82 [64]

74 (77)

0

3H,*
Figure 11. Schematic potential energy profile for dehydration reactions
from the protonated 1,4-butanediol system (MP2/6-31G*//HF/6-
31G*+ZPE, (in parentheses) MP2/6-311G**//HF/6-31G*, and (in
brackets) HF/6-31G*//HF/6-31G* calculations).

experiment (75 and 88 kJ/mol, Table 1). The cyclized structure
3H." has been found to be the most stable conformation of

protonated 1,4-butanediol (Figure 10), and it is more stable than

the all-trans conformeBH,™ by 114 kJ/mol. The internal

Bouchoux et al.

39
28
41
a
18 85
b 57 69
87
o8 39
41
c
56 85

Figure 12. NR (NHy/O.) mass spectra of [;,0]" ions (n/z 87)
produced from 1,5-pentanedidl)((a), pentanal4a) (b), and tetrahy-
dropyrane 4b) (c).

The transition structur8TS—C is 105 kJ/mol abov8H," and,
most importantly, 31 kJ/mol above the dissociation products,
protonated tetrahydrofuran plus water. The compl&@sare
thus generated, after passage thro8g8—C, with a noticeable
amount of vibrational energy and will spontaneously dissociate
once produced.

The second dehydration reaction investigated involves a
concerted 1,4-hydride ion migration (reaction b, Scheme 5). The
transition structure8TS—H is found to lie 201 kJ/mol above
3H,™ and 107 kJ/mol above the products, protonated butanal
plus water (Figure 11). An energy difference of no less than
96 kJ/mol separates the two transition structl8€S—H and
3TS—C; there is consequently no doubt that the competition
between these two reactions will be inefficient and that only
reactiona should occur at low as well as at high internal energy.
In conclusion, both calculation and experiment demonstrate the

hydrogen bond length is again shortened with respect to the €xclusive occurrence of the cyclodehydration reaction leading

lower homolog2H+ (1.458 A for3H,* and 1.613 A for2H,™,
geometries optimized at the HF/6-31G* level).

The cyclodehydration route (reaction a, Scheme 5) is also

characterized by the formation of two intermediate ion-neutral
complexes3C; and3C,. The latter species is stabilized by 43
kJ/mol with respect to protonated tetrahydrofuran and water.

to protonated tetrahydrofuran from protonated 1,4-butanediol
in the gas phase.

Protonated 1,5-Pentanediol, 4H. The dehydration reaction
is the exclusive dissociation of metastable iegHd™, and it
involves only the protonating and the hydroxylic hydrogens.
The peak observed in the MIKE spectrum 4fi* is simple

TABLE 8: CA (He) and CA (O ,) Spectra of m/z 87, [CsH1,0]™" lons, Generated by Chemical lonization from 1,5-Pentanediol

(4), Pentanal (4a), and Tetrahydropyran (4b)

86 85 71 69 68 67 65 58 57 56 55 54

53 51 50 45 44 43 42 41 39 31 30 29 28 27 26

He 4 271 1 35 2 3 <1 5 1 6 2 100 25 24 12 3 15
4a 3 271 5 91 6 2 15 34 52 11 100 44 17 53 6 50
4 6 <1 176 6 48 5 10 1 2 7 4 13 5 100 38 38 24 9 26

O, 4 7 4 4 628 35 20 6 49 15 20 11 13 5 5 25 20 22 17 100 43 28 29 16 25
4a 8 4 640 7 24 145 18 9 6 6 27 95 69 35 100 58 20 9 55 19 40 12
4 12 6 3 568 44 22 2 6 56 18 23 12 14 6 6 23 20 22 19 100 45 30 30 18 25
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TABLE 9: Total (hartree) and Relative (kJ mol ~1) Energies Calculated for the Protonated 1,5-Pentanediol System

HF/3-21G HF/6-31G* MP2(FC)/6-31G*//[HF/6-31G*
species total rel total rel ZPE total rel +ZPE
4H* (trans) —346.341 27 86 465 —347.342 63 110 107
4H,* —344.506 02 0 —346.374 23 0 468 —347.384 56 0 0
4C, —344.464 09 110 —346.35081 62 467 —347.354 36 79 78
4TS-C —344.458 30 125  —346.34362 80 458 —347.34011 117 107
4C, —344.48571 53 —346.375 36 3 464 —347.379 22 14 10
[tetrahydropyran]H —268.876 63 —270.349 61 405 —271.165 86
H,O —75.585 96 —76.010 75 54 —76.195 96
[tetrahydropyran]H + H,O —344.462 59 114  —346.360 36 36 459 —347.361 82 60 51
4C; —344.520 82 -39 —346.396 10 —57 466 —347.404 17 —51 —53
4TS—H —344.404 00 268  —346.31230 163 448 —347.314 22 185 165
[pentanallH —268.834 20 —270.337 94 391 —271.146 86
[pentanallH + H,O —344.420 16 225  —346.348 69 67 446 —347.342 82 110 88
4Cs —344.487 76 48  —346.388 92 -39 454 —347.390 18 —15 -29

aZPE (corrected by the factor 0.9) in kJ mal

SCHEME 6
f H .
+ H
He Y .H O HH
HO @ b Ho " NOw a
S| k ) —_— OH;
CHy)$
4C,
4TS-H 4H,* l
t M, 4rS-H
H
o

| s
o SH
O\OHQ
C NN+ HO
HO ?
"
He By
O +HO e— eon
2

4C,

415-C 4C,
Gaussian with the following characteristicks s = 31+ 3 meV Figure 13. Geometrical parameters of some structures relevant to the
and Taverage= 76 = 7 meV. protonated 1,5-pentanediol system. Bond lengths are reported in

Concerning the [gH1;0]* fragment ions, the two potential ~ angstroms and bond angles in degrees (HF/6-31G* optimized geom-
candidates, protonated pentanal and protonated tetrahydropyrargtries).
may be easily characterized by their CA spectra. Distinct ATSH
differences may be observed in th#z 27—31, 39-45, and 165
53—57 regions in the CA (He) and, particularly, in the CAJO
spectra (Table 8).

The spectrum of4H—H,0]* fragment ions agrees with the
formation of protonated tetrahydropyran by dehydratiotef
in the source of the mass spectrometer. This conclusion is also
supported by the NR spectra which are identical for 1,5-
pentanediol and tetrahydropyran precursors but different from WOH
that of protonated pentanal (Figure 12). In the former cases,
no recovered signal is detected in accordance with the formation
of an unstable hypervalent neutral. For protonated pentanal, a
weak recovered signal is observed together with peaks/at
69 and 57, corresponding to water and ethane losses, respectively
(the last reaction is analogous to the methane loss observed in
the NR spectrum of protonated butanal).

Molecular orbital calculations have been done at the MP2/
6-31G*//HF/6-31G*-ZPE level. The two reaction mechanisms
presented in Scheme 6 have been studied. 4H,*

The results are presented in Table 9 and in Figure 13. rigyre 14. Schematic potential energy profile for dehydration reactions
Calculation of the 298 K heat of reaction a and b leads to from the protonated 1,5-pentanediol system (MP2/6-31G*//HF/6-31G*
AdH208 = 54 kJ/mol andAyH®298 = 95 kJ/mol, a set of results  + ZPE and (in parentheses) HF/6-31G*//HF/6-31G* calculations).
comparable to the experimentaly based values of 73 and 100
kJ/mol presented in Table 1. The most stable structure of calculated to be equal to 1.465 A at the HF/6-31G* level of
protonated 1,5-pentanal is the conforrdét,™ which presents geometry optimization; at this same level the H-bond length in
an internal hydrogen bond. The hydrogen bond length is 1Hs*, 2H,*, and 3H,* were 1.889, 1.613, and 1.458 A,

kJ.mol!

ac, 78(62)

0
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Scheme 6) as illustrated by the schematic potential energy profile

presented in Figure 14. The two corresponding transition
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