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Abstract

The fragmentation of the 2,3-pentanedione radical cation gives rise to an unexpected composite metastableritrv@eedsulting from the
isobaric losses of CO and,B,. These two fragmentation channels are energetically competitive (i.e., the transition states have similar energies).
The two processes yield [GEB(O)CH,CHz]** and [CHC(OH)=C=0]**, respectively. The latter new ion, which is produced by a McLafferty
rearrangement, has;H° = 604 kJ/mol, obtained from G3 calculations. The four competing processes for metastafBEJCEACHCH;]**, the
(intense) losses of GYO*, CH;CH,CO® and the weak losses of,8, and CO and their transition states were placed on a potential energy
surface computed at the G3 level of theory. The homologous ionized diketone 2,3-butanedione also displays the decarbonylation channel ar
3,4-hexanedione loses CO angHg.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction In this paper we report the metastable ion (MI) and colli-
sion induced dissociation behavior of this diketone and also
Among the most thoroughly studied organic cation dissothe homologues 2,3-butanedione and 3,4-hexanedione. These
ciations is the very well known “McLafferty Rearrangement” three compounds are pale yellow liquids and are used as fla-
[1-3]. This reaction is common to almost all aliphatic aldehy-voring agents to give a pleasant taste and a sweet odor to a
des, ketones, carboxylic acids, esters, amides, etc., and itrequineariety of foods, such as margarine, candies and some beers
the presence of at least one H-atom attached to the atom Hg].
the positiony to the CO groug4]. The smallest diketone that Gas phase radical cations with low internal energy often
could display a McLafferty rearrangement is 2,3-pentanedionedissociate via rearrangement processes in the metastable ion
This would involve the loss of an ethene molecule, (M®283s  time-frame. The typical flight-time of a metastable ion in a
shown inScheme 1 sector mass spectrometer isf@o 10-°s during which they
Very recently, Kercher et a5] determined the 298 K heats decompose in a field-free region of the instrumghns]. In
of formation (A;H°) of the propanoyl ion and radical and of this study, the 2,3-pentanedione radical cation was observed
ionized 2,3-pentanedione itself by the technique of thresholtdo undergo a McLafferty rearrangement in the MI time-
photoelectron photoion coincidence (TPEPICO) spectroscopyrame, but unexpectedly giving a composite peak. As will
This simple bond cleavage wholly dominated their observabe described below, this arises because CO loss competes
tions and under their experimental conditions there was nwith the ethene loss and therefore it was deemed to be of
evidence for the participation of any McLafferty rearrangementinterest to investigate the behaviors of the closest homo-
logues, 2,3-butanedione and 3,4-hexanedione. With the aid
of computational chemistry, a complete potential energy sur-
* Corresponding author. Tel.: +1 613 562 5118; fax: +1 613 562 5170. face for the fragmentations of ionized 2,3-pentanedione was
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T- relative energies and also the heat of formation of the new ion,
0 CH3C(OH)=C=0"", resulting from the loss of ethene from ion-
ized 2,3-pentanedione.

— [ CH,C(OH)=C o]+ e JH,
0 3. Results and discussion

3.1. The 2,3-pentanedione radical cation
Scheme 1. The McLafferty rearrangement of ionized 2,3-pentanedione leading
tothe loss of GHs. 3.1.1. The MI and CID mass spectra of ionized
2,3-pentanedione
2. Experimental and theoretical There are two competing dissociations, as shown in
Scheme 2arising from the cleavage of the 2,3 C-C bond, the
All experiments were carried out on a modified VG-ZAB tan- weakest bond in the radical cation, leading to the formation of
dem mass spectrome{8j with BEE geometry (VG Analytical, the propanoyl ion#i/z 57) and an acetyl radical and the gener-
Manchester, UK). Metastable ion and collision-induced dissociation of the acetyl catiom{/z 43) and a propanoyl radical. The
ation (CID) mass spectra of the ionized diketone molecules werenthalpy values for CkCO* and CHCO® have been deter-
observed in the second field-free region (2FFR) of the masmined by Fogleman et gi13] asA;H° [CH3CO*] =659 kJ/mol
spectrometer. The ion accelerating voltage was 8 kV. Heliunfvery close to the earlier result of Traeger et al., 656 kJ[dw)
was used as the collision gas for the CID experiments. The fraggnd AtH° [CH3CO®] = —10 kJ/mol[15]. The heat of formation
ment ions generated in the 2FFR from the mass selected ionized the GHsCO" ion has been recently measured as 619 kJ/mol
diketones were energy selected by the first electrostatic analyzby Kercher et al[5], in very good agreement with Harvey and
and transmitted into the 3FFR to study their Ml and CID char-Traeger’s value of 617 & 0.9 kJ/mo[16]. The product energies
acteristics to aid their structure identification. All spectra weregiven in Scheme Xhow that the first dissociation channel (to
recorded with the ZABCAT program developed by Mommersproduce the gHsCO" ion) is energetically more favorable than
Technologieg$9]. the second (to yield the GJEO* ion) by ca. 18 kd/mol. Thus, in
The ionized molecules were generated in a low presthe metastable ion mass spectrum of ionized 2,3-pentanedione
sure ion sourcg10] by 70eV electron impact ionization. (Fig. 1A) the base peak is/z 57, i.e., the propanoyl ion, with
Liquid samples were introduced into the source via a lig-a much weaker signal corresponding to the acetyliaf 43),
uid septum inlet. The compounds @EH,COCOCHCHg, only ca. 3% ofn/z 57. Kercher et al. could not measure a thresh-
CH3CH,COCOCH;, CH3COCOCH;, CH3CH,COCH; and  old for m/z 43. Because these ions arise from a simple 2,3 C-C
CH3COCH; were of research grade and were purchased fronbond cleavage, the collision-induced dissociation mass spectrum
Aldrich and were used without further purification. of ionized 2,3-pentanedion€ify. 1B) showed that the peaks for
The Gaussian 98 prograrfisl] were used to perform stan- CoHsCO* and CHCO" are both strongly sensitive to collision
dard ab initio molecular orbital calculations to investigate thegas.
potential energy surface (PES). Optimized geometries and the The MI mass spectrum however also shows a small compos-
energies of all minima and transition states were calculated at thite peak corresponding ta/z 72 (ca. 1.6% ofn/z 57), the loss
B3LYP/6-31+G(d) level of theory. Zero point energies obtainedof 28 mass units from the ionized diketone. It is expected to
from calculations of vibrational frequencies at the same level ofirise from the McLafferty rearrangement of the molecular ion,
theory were scaled by a factor of 0.980&]. A single point leading to GH4 loss. This MI peak was wholly insensitive to
energy calculation at the G3 level of theory on the optimized iorcollision gas signifying that the mass selected precursor ion has
structures at B3-LYP/6-31+G(d) was applied to obtain accurateindergone rearrangement prior to this fragmentdtlath. The

L ]
+ | Sum of Products’

0 Energies
/\H%ZL ArHaos" = 619 kI/mol A Haos” = -10 kJ/mol 609 kJ/mol
A Haos® = 659 kI/mol A. Hage’ = -32 kI/fmol 627 kl/mol

Scheme 2. The simple bond dissociation paths of ionized 2,3-pentanedione.
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Fig. 1. (A) Metastable ion (MI) and (B) collision-induced dissociation (CID) mass spectra of ionized 2,3-pentanedione.

composite peak consists of a large kinetic energy release (KERJot appear in the CID mass spectrum of the 2-butanone ion and
component, giving rise to the broad base and a small KER conso must arise from the dissociation of the center ion structure.
ponent at the peak’s centdfi¢. 1). This could result from the The 2,3-pentanedione ion contains a carbonyl group (at atom 2)
metastable ion undergoing two competing dissociations to givéhat can acceptg-hydrogen from the ethyl group via a McLaf-
fragment ions of different structur§g] or less likely, fromtwo  ferty rearrangement. The product ion is a hydroxyl-substituted
transition states leading to a single product ion. The structure ahethylketene. The computations showed that this 1,5-H transfer
each component of the composite peak was identified as followgrocess leads to an intermediate (structure IIFig. 4) which
Slices of this peak (from the edge or at the center) were transmitan lose ethene by cleavage of thed bond in ion (l1l) and the

ted by the electrostatic analyzer into the third field-free regiordetailed mechanism is described in the section below.

(3FFR), where the CID characteristics of the ions in these slices

were recorded. The CID mass spectrum of each component 6f7.2. The potential energy surface of ionized

the (M-28)" peak is shown irFig. 2 That of the large kinetic 2, 3-pentanedione

energy release component produced two major fragment ions Calculations at the G3//B3-LYP level of theory were per-
(mlz 43 and 57), as shown iAig. 2B. This CID mass spectrum formed to produce a PES for ionized 2,3-pentanedione. Also
is identical to that of ionized 2-butanortéig. 2C), showing that  investigated were the mechanisms of the isomerizations for the
the large KER component arises from the loss of CO from dosses of CO and £4. The energies (in kJ/mol) shown on the
rearranged ionized 2,3-pentanedione. The large kinetic energyES are relative to the calculated energy of the global minimum |
release indicates that the reaction has a significant reverse energffionized 2,3-pentanedione, obtained at the B3LYP/6-31+G(d)
barrier{7]. This dissociation thus requires a rearrangement of thend G3 level of theories, and are giverTable 1 The 0 K poten-
2,3-pentanedione ion to an isomeric species, over an energy baal energy profile is shown ifig. 3.

rier that is higher than that of the thermochemical dissociation The ground state of ionized 2,3-pentanedione is a loosely
limit for the decarbonylation reaction. The reaction path includesC,—Cz bonded species (see Fig. 4, the geometry of ion 1).

the stable state and transition state structures that are shown in

the potential energy surface for ionized 2,3-pentanedione (s€eble 1

Fig. 3. The loss of a CO molecule is commonly ObservedCalcplated relative energieB;e (in kd/mol), at 0K for the different structures

in the (MI) mass spectra of ionized est¢t$], phenols[19], obtained from B3-LYP/6-31+G(d) and G3 levels of theory

dimethyl phosphonaté20], acetamidef21] and diketonef22].  Structures B3-LYP/6-31+G(drel (OK)  G3Erel (0K)
In all the above systems, the low-energy (metastable) ion undef- 0 0
goes decarbonylation via a rearrangement process and so in the 5 4
present example the hidden mechanism of the decarbonylatioth 114 98
is worth discovering. Although such rearrangements involve at’ 50 38
energy barrier, the production of the low energy CO moleculersi 142 128
(AtH°(CO)=-110.53 kJ/mo[23]) makes the decarbonylation TS2 5 6
reaction able to compete with other fragmentation processes. TS3 108 102
The center of the (M-28) ion peak contains fragments CHs;CH,CO*+CHsCO® 106 99
resulting from both components, i.e., it is contaminated by som&HaCH2CO® + CHCO* 129 119
H3CH,C**(=0)CH3 +CO 62 57

ionized 2-butanone (the broad component). However, the ClI

. ; : . HaC**(OH)CO + GH 163 127
mass spectrum contains an intense signal/ai4 which does 3CT(OH) gl
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Fig. 3. Potential energy surface of the 2,3-pentanedione radical cation.

The calculated dissociation limits are 99 and 119 kJ/mol,
respectively, corresponding to the two simple bond fragmen-
tations in the 2,3-pentanedione ion. The PES also shows that
the energy barriers for the two competing 28 amu loss chan-
nels are very close, i.e., 128 and 127 kJ/mol resulting from the
loss of CO and gHg, respectively. For the CO loss, the 2,3-
pentanedione ion, |, rearranges to the stable state IV (38 kJ/mol)
via TS1 (128 kd/mol), an energy at which the three other dis-
sociation processes can all kinetically compete within the Ml
time-frame. Stable state 1V is represented as a 2-butanone ion
electrostatically bound to CO by along bond (3.4504613 shown
in Fig. 4. The reverse activation energy barrier for this CO loss
reaction is ca. 90 kJ/mol (12838 kJ/mol) and this is in keeping
with the significant KER peak observed in the MI mass spec-
trum (Fig. 1). In contrast, the loss of ££14 does not involve a
reverse energy barrier. TS3 is a 6-membered cyclic transition
state for the 1,5-H transfer, corresponding to the McLafferty
rearrangement and it lies at ca. 102 kJ/mol on the PES, which
is ca. 25kJ/mol below the dissociation threshold (127 kd/mol)
for the GH4 loss. Structure 11, having an enol structure, is the
intermediate for this McLafferty rearrangement process and it
loses ethene by cleavage of the3 bond to produce a new ion,
CH3C**(OH)C=0, 2-hydroxymethyl ketene. Stable structure ||
is an isomer of ground state |, in which the ethyl group rotates
and approaches the acetyl carbonyl group {C+O), followed
by the McLafferty rearrangement.

The PES also summarizes the dissociation and rearrangement
energy barriers for all the processes in the MI mass spectrum of

Fig. 2. CID mass spectra of: (A) the middle, (B) the edge component of the2 3-pentanedione. The energy difference between the highest

composite (M-28)* peak and (C) ionized 2-butanone.

This is similar to that described by Meurer et 4], who
regarded it as a loosely electron-bonded acylium ion dimer:
+O=C-Ru. In their paper, they observed?

R;—C=0"...e"-.

and the lowest barrier is 29 kd/mol and so the internal energy of
the metastable ions lies in a 29 kJ energy band above the lowest
dissociation limit. This energy range is typical for Ml processes,
giving relative peak abundances of from 1-2 to 100%.

The calculated product energies at the B3LYP/6-31+G(d) and
G3 level of theory are shown ifable 1 298 K G3 results are fur-

43 ion as the base peak in the 70 eV El mass spectrum of 2,8aer compared with experimental dataTliable 2 which shows
pentanedione ion, contrary to their expectation based on the iothat the accuracy of G3 calculations for the products is quite

ization energies of the two keto-radicals (IE (§2D*)=7.0eV

good, with the differences falling in the range ## kJ/mol.

[25] and IE (CHCH,CO®) =6.75eV[15], not 5.7 eV as quoted Note that there is no direct experimental value fogH° of
in [24]). However, when all the fragment ions arising from fur- the 2-hydroxymethyl ketene ion, GB**(OH)CO. This can
ther dissociation of then/z 57 and 43 ions are summed, the however usefully be estimated using the empirical relation-

apparent discrepancy disappears.

ship betweemA;:H° and Inf) (n: the number of atoms in the
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Fig. 4. Optimized geometries of the stable and transition states at B3-LYP/6-31+G(d).

ion) from the effect of —OH substitution in homologous ions latedA¢H°[CH3C**(OH)C=0] value 604 kJ/mol obtained from

[26]. AfH°[CH3CH=C=0°*]=783.5+0.3kJ/mol was deter- the G3 total energies (according

to the atomization method

mined by Traegej27]; the substitution of -OH at C-2 lowered reported by Nicolaides et gJ28]) is in good agreement with

the enthalpy value by ca. 185 kJ/mol (obtained from the slope othe estimated value.

the AtH° versus Ing) plot), and thusA;H°[CH3C**(OH)C=0] Some additional comments deserve to be made concerning
was estimated to be 599 kJ/mol (784-185kJ/mol). The calcu2,3-pentanedione and its energetics. There is no experimental

Table 2
Comparison of the calculated product energies from the G3 level of theory (at 298 K) with experimental values

Products G3 product energies (298 K) Experimental product energies (298 K) Erel (G3— experimental value)
CH3CH,CO" + CH3CO® 606 609 -3

CH3CH,CO"® + CHzCO* 625 627 -2

CH3CH,C**(=0)CH; + CO 570 566 4

CH3C**(OH)=C=0 + G;H4 656 652 4

a Experimental data use the estimat®d7°[CH3C**(OH)=C=0] = 599 kJ/mol (see the text).
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value for its AtH® but it can most readily be estimated by 100%) and a weakn/z 58 ion (ca. 1.9%) resulting from
additivity or an equivalent method. For example, the knownthe loss of 28amu. The CID mass spectrum of this 58
A¢H° for 2,3-butanedione is327.2 kJ/mo[29]; addition of the  ion is the same as that of the acetone radical cation and so
difference betweem\i H°[CH3COCHs] = —217.3+0.7 kd/mol  m/z 58 arises from the loss of CO from the ionized 2,3-
[29] and AtH°[CH3COCH,CH3] = —238.74+ 0.8 kd/mol[29], butanedione, a reaction analogous to that described for 2,3-
namely —21.44+1.5kJ/mol, gives an estimated;H°[CH3 pentanedione. The MI signal at/z 58 is a flat-topped peak
COCOCHCHs] = —349+ 2 kJ/mol, close to those reported by with a significant KER showing that this reaction similarly has
Kercher et al[5], —348 and—344 kJ/mol. The ground state of a reverse energy barrier. The calculated dissociation thresh-
ionized 2,3-pentanedione was found to have a very long OC—C@Id for this CO loss channel is 40.5kJ/mol lower than that
bond (sed-ig. 4) and itsAtH° was computed to be 513.7 kJ/mol for the generation of the acetyl ion, using the following estab-
atthe G3 level. The adiabatic ionization energy (IE) is thus onlylished experimental dataa{H°[CH3COCH;**]=719kJ/mol

8.94 eV, slightly below the previously reported value of 9.1 eV[25] and A{H°(CO)=-110.5kJ/mol [23], sum=608.5kJ/

[5] estimated from the molecule’s photoelectron spectrummol andA;H°[CH3CO*] =659 kJ/mol[13], AtH°[CH3CO"] =
From ref.[5], the vertical IE was ca. 9.4 eV, leading to an ion —10 kJ/mol[13,15], sum =649 kJ/mol. The Ml mass spectrum
A¢H® of 558 kJ/mol, an energy well on the way to the lowest dis-of 2,3-butanedione, with the acetyl ion as the base peak, indi-
sociation limit at 609 kJ/mol (to produceBsCO* + CH3CO"). cates that the transition state for the CO loss reaction must lie
Note that the McLafferty intermediate, ion Ill, lies in only above 649 kJ/mol, resulting in a significant KER. This result
a shallow potential well, unlike the analogous distonic ionsparallels the observations for the decarbonylation of ionized
from simple ketonesA;H® values for the latter can reliably be 2,3-pentanedione where the large KER component of the com-
estimated using proton affinity (PA) data and alkyl C—H bondposite (M-28}* peak corresponded to CO loss with aremarkable
strengths, e.g., for C}COCHCHsz**, A¢H°=677kJ/mol energy difference between the transition state and the dissocia-
[25], andAtH°[CH3C*(OH)CH,CH,*] = ca. 667 kJ/mol, using tion limit on the PES of 2,3-pentanedione.
PA[CH3COCH,CH3] =827 kJ/mol [30] and D[RCH-H]= lonized 3,4-hexanedione is a symmetrical diketone and so
420 kJ/mol[15]). A computational exploration of alternative the peak for the propanoyl iom(z 57 = 100%) dominates the
geometries for ion Il did not disclose another minimum. TheMI mass spectrum (sdég. 6). There are however some minor
ion Il is still less stable than its vertically ionized keto-analog, Ml peaks:m/z 99 (ca. 10%);m/z 96 (ca. 1%), resulting from
presumably as a result of a destabilizing influence by thehe loss of a methyl radical (M-1%5) and the loss of KO (M-
(additional) CO group adjacent to the principal charge site (i.e.18)**, respectively, and two very weak peaksdt 85 and 86

at CHsC*(OH)-); for example, the PA of Cs€£OCOCH is  (both <1%). Then/z 86 peak (the loss of 28 amu) is composite,
some 25 kJ/mol lower than that of GAH,COCH; [30]. similar to the (M-28)* peak in the MI mass spectrum of ion-
ized 2,3-pentanedione and thus can be expected to result from
the loss of CO and &H4. Because the large KER component
of this composite peak is partially overlapped by #ie 85 ion

and because the signal was too weak, it was not transmitted to
§;£e next FFR in order to investigate each component’s structure.

diketones, 2,3-butanedione and 3.4-hexanedione. The MI ma hen collision gas was added (to single collision conditions),

spectrum of ionized 2,3-butanedione (the biacetyl ion) ism/_Z 85 (|v|-29)-+. increased three-fold, indicgting that this ion
straightforward Eig. 5), producing the acetyl ionnf/z 43, arises from a simple bond cleavage, very likely the loss of an

3.2. The dissociation characteristics of the 2,3-butanedione
and 3,4-hexanedione radical cations

We also investigated the dissociations of the homologou

off scale
CH,CH,CO* 86
57
CH,CO*
m,'i 43 after added collision gas
‘ 86
85
(M-CO)* M-CH,
m/z 58 M-H,0 %
96
A \-.
,.J \ .

Fig. 5. Ml mass spectrum of ionized 2,3-butanedion& 86). Fig. 6. MI mass spectrum of ionized 3,4-hexanedionk € 114).
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Fig. 7. CID mass spectrum of the/z 57 ion generated from the metastable
ionized diketones.

1415

ethyl radical from the 3,4-hexanedione ion. We were asked (T.

Baer, private communication) whether the; 57 product ion

consisted of more than one component. The CID mass spectra qﬁ

X. Wang, J.L. Holmes / International Journal of Mass Spectrometry 249-250 (2006) 222-229

rangement can occur following collisional excitation. To check
the hydrocarbon ion content of theéz 42 ion in the above spec-
tra, them/z 42 fragment ion from a source-generaigfy 57

ion was transmitted into the 3FFR and its CID mass spectrum
was recorded (sddg. 8). This CID mass spectrum was identical
with that of ionized ketene (which can directly be produced from
ionized acetone) and shows no 37, 38 or 39 ions. We conclude
that the hydrocarbon contamination in th; 57 ions is very
minor indeed.
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