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Abstract

lon molecule reactions between ionized aminohydroxycarbeng,XHH]* *, 1, and several representative alkenes (ethene,
propene, 1-butene, 2-butene) were studied by Fourier transform ion cyclotron resonance mass spectrometry. Condensz
processes were evidenced by the fragmentation pattern of the elusive collision complex which exhibits the characteris
behavior of the corresponding ionized aliphatic amide. Mechanistic pathways, corroborated by collision induced dissociatic
and deuterium labeling experiments and by G2 molecular orbital calculations, are proposed to explain the observed patte

Proton and hydrogen atom transfer were also detected in several cases. (Int J Mass Spectrom 219 (2002) 625-641)

© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Twenty years ago, Hoppilliard et a[l] inves-
tigated the keto—enol tautomerism of several radi-
cal cations by use of the MINDO/3 semi-empirical
method of quantum chemistry. The main conclusion
of this study was that the energetically favored path-
way from ionized aldehydes to their enol form is a
two step process involving the corresponding ionized
carbene. Although it rapidly appears that MINDO/3
seriously overestimate the stability of ionized car-

isomerize to ionized vinylalcohol by two successive
1,2-hydrogen shifts thus passing through the hydrox-
ymethyl carbene structuf®]. During the years, the

identification of ionized carbenes in the gas phase
and the understanding of their chemistry has sig-
nificantly advanced (for a recent review on ionized
carbenes, seg3]). However, most of this interest

has been limited to their unimolecular chemistry. By
contrast, our knowledge of the bimolecular chemistry
of ionized carbenes is poorly documented despite
of their unique ability to induce both cationic and

benes, the involvement of these latter species dur- radical reactivity on the same carbon atom. It is the

ing isomerization of ionized carbonylated molecules

has been further corroborated. It has been, for ex-

goal of the present study to bring informations on the
peculiar ion—molecule chemistry of a well character-

ample, established that ionized acetaldehyde mayized ionized carbene: ionized aminohydroxycarbene

* Corresponding author.
E-mail: bouchoux@dcmr.polytechnique.fr

[NH2COHJ*+, 1.
The electronic structure of an ionized carbene, in
its ground state, is of the type*/m:
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It is therefore expected that X¥°C radical cations
should be stabilized by-donor substituents X and V.
Accordingly most of the presently identified ionized
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by introducing argon inside the reaction cell and by
imposing a suitable relaxation delay (typically 25s).
Next, the ions were allowed to react for a variable
time with neutral molecules M at a pressure in the
range 108 to 2 x 10-8 mbar. The characterization of
the most significant product ions has been done by
means of low energy collision induced dissociation
in the FT-ICR cell. Their elemental compositions

carbenes correspond to a carbenic center bearing un-"ave been obtained in the high resolution mode. The
saturated hydrocarbon moiety or heteroatoms such asPimolecular rate constante, were deduced from

fluorine, oxygen or nitrogeii3]. Moreover, the sta-
bilizing effect of the substituent X or Y may render
the ionized carbene much more stable than its con-
ventional isomers. This situation is particularly antic-
ipated for nitrogen substituted carbenes owing to the
well known donor ability of this element. Recently,
we found, by quantum chemical calculations at the
G2(MP2,SVP) level, that ionized aminohydroxycar-
bene [NBRCOH]*t, 1, is the global minimum of the
potential energy surface of the [N,C,QJ8" system
[4]. Moreover, this structure is protected against iso-
merization and dissociation by energy barriers higher
than 170kJ/mol. This explain why its experimen-
tal characterization has been possift¢ and thus
prompted us to explore its bimolecular reactivity.

2. Methods

lonized aminohydroxycarbene may be obtained by
electron dissociation of methyl carbamate, oxamic
acid, oxamide or propionamid®&]. We find that the
higher yield of [N,C,0,H]** ions was obtained when
using oxamide as precursor molecule in our experi-
mental conditions. All reactions were monitored in
a Bruker CMS 47-X ion cyclotron resonance mass
spectrometer equipped with an external ion source
[6]. Experiments consist of transferring all the ions
resulting from electron ionization of oxamide to the
reaction cell located inside the 4.7 T superconduct-
ing magnet. The iongvz 45, [C,O,N,H]™ are then
selected by ejection of unwanted ionic species by a
combination of soft and chirp rf pulses. After selec-
tion, the reactant ions are relaxed to thermal energy

the slope of the logarithmic plot of the abundance of
reactant ions vs. reaction time. The estimated error
on the experimental rate constant values ist€EH)%.
The collision rate constantkgo were calculated us-
ing the trajectory calculations developed by Su and
ChesnavicH7].

The mass analyzed ion kinetic energy (MIKE) spec-
tra have been obtained by scanning the electrostatic
sector voltage of a BE VG-Micromass ZAB-2F mass
spectrometer, after selection of the precursor ions.

The chemical samples used during our experiments
were of research grade and purchased from Aldrich
Chemical (GB) or Messer Griesheim GmbH (Ger-
many).

All ab initio quantum chemical calculations were
performed by using the Gaussian 98 set of programs
[8]. It has been established that accurate energies
(i.e., £5kJI/mol) can be obtained from calculations at
the G2 level of theory or its variants G2(MP2) and
G2(MP2,SVP)[9,10]. For the present investigation,
we utilized the G2 technique. Heats of formation
were deduced from the G2 total energy by using a
thermodynamic cycle involving the atomization reac-
tion of the species considergtll]. The 0K heat of
formation ofX is simply given by

AfH®(X,0K) = E[G2](X) + ) _ AfH°(atoms 0K)
— ) E[G2] (atom3
and, at 298K, by

AfH®(X, 298 K) = Af H°(X, 0K) + f Cp(X)dT

- Z/Cp(element$dT
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with the condensation products (ions JMNH,COH—Z]*,

reaction (4)):
/Cp(X)dT = H°(X,298K) — H°(X, 0K)

o+
This procedure has been applied to several ionic [NH2COHP™ (m/245 +M

and neutral structures for which no experimental heat — [M + NHCOH - Z]" +Z (4)
of formation was available, the results are gathered in L L
Appendix A No significant charge exchange reaction is expected

due to the low ionization energy value of the neu-
tral aminohydroxycarbene (the adiabatic ionization

3. Results and discussion energy of the singlet N)COH calculated at the G2
level is 8.44 eV). However, in several cases, a small
lonized aminohydroxycarbene [NBOH]*t, 1, signal corresponding to M is detected, this may

has been allowed to react with several alkenes M be attributed to a small amount af'z 45 ions of a
(M = ethene; propene3; 2-butene4; and 1-butene, ~ structure different froml1. Accordingly, molecular
5) in the FT-ICR cell. The ionic products detected oOrbital calculationg4] indicate that ions [NECO]**

correspond to hydrogen atom transfer products (ions resulting in a covalent bond1{ or a complex

m/z 46 and 44, reactions (1) and (2)): (1”) between ionized ammonia and carbon monox-
ide are only slightly less stable thdh These two
[NH2COH]*" (m/245) + M species may be competitively produced from ionized
— [NH2CHOH]" (m/z 46) + (M — H)* (1) oxamide:

1@
Q H
‘\%N -HNCO

HoN — > NH,COH 1
o]
V
1 D
NH2\JT
-HNCO
NH - @ . o)
o NH;-C or  NHs....CO
o r T

o+
[NHoCOHI*™ (m/245) + M The recombination energy of such ions (i.e., the
— [NH2COJ* (m/z 44) + (MH)* (2) reverse of the ionization energy of the corresponding
to proton transfer products (ions [MH] reaction (3)): ~ neutral) may beh esnmate: 9.9 e\; Slng' in such
ot circumstance, charge exchange wit ecomes pos-
[NHZCOH]+ (m/z49 +M sible, as observed for 1-butene and 2-butene. The
— [MH] ™ + (NH2CO)* ®3) possible participation of iond’ and 1” to the bi-
and to fragment ions originating from losses of a molecular chemistry seems however strictly limited
neutral moiety Z (Z= H®, NHz*, alkyl*, alkene) from to these marginal charge exchange processes.
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Table 1
lons abondancies at half reaction time for the reactiond wefith various alkenes, ¥
M Reaction (1) Reaction (2) Reaction (3) Condensation Charge exchange
m'z 46 AH° m'z 44 AH° MH* PA[M]P m/'z Z % % IE[M]®
(%) (%) (%)
Ethene2 8 —60 50 —28 4 680 72 M 18 4 10.51
57 NH,* 16
Propene3 25 -122 0 —-27 13 752 86 1 4 0 9.73

72 CHs* 45
59 GHy 13

2-Butene4 20 —128 27 -12 15 747 86 Ch* 22 6 9.13
73 GHy 10
1-Butene5 21 —140 6 —24 15 735 86 Ch* 14 6 9.55

73 GHy 13
72 GHs* 21
59 C3Hg 4

aExperimental relative uncertainty is about several % except for reaction (2) where it attaih@Q%.
bProton affinity of the alkene M18].
CAdiabatic ionization energy of the alkene N9].

Table 1 summarizes the product ions abundance for 2-butene. Intermediate values of 75% are obtained
measured for reactions betwegmnd M = 2-5, and for propene and 1-butene. A detailed examination of
some of the relevant thermochemical information. As each reaction route and of their possible mechanisms
an exampleFig. 1 presents the evolution of the ion  will be examined in the following sections.
abundances as a function of the reaction time for the
ethene molecul€l. 3.1. Hydrogen atom and proton transfers

An important point to note is the high efficiency of
the studied reactions. The reaction efficiency, defined Reactions (1), (2) and (3) are under the dependence
by the ratiokexp/keol, Wherekgo is the collision rate of the hydrogen atom affinity of ions [NACOH]**
coefficient, range from 50% for ethene to ca. 100% and [NHCOJ"™ and the proton affinity of the radical

100
80
60 | ——m/z45
3 —=—m/z44
= 40 - ——m/z 57
—>—m/z72
20 A
4
0 T T ‘ T
0 2 4 6 8 10

Reaction time (s)

Fig. 1. Normalized peak intensities vs. time for the reactiori aiith ethene2 (P = 1.6 x 10-8 mbar).
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Table 2 free radicals, intrinsic barriers are typically close to

G2 calculated total energies (Hartree) and heats of formation ca. 60 kJ/moI[16] consequently for exothermic re-

(kd/mol) for aminohydroxycarbene and its H variants y . ' ! .
actions,Eq will be less than this value. Moreover, if

Species Fok AtHok  ArHzegk Eo becomes lower than the stabilization energy of the
[NH2COHJ*, 1 —169.275678 786.9 776.6 encounter complex, the reaction may proceed. This
NH,COH (neutral) —169.585960 —27.6 —-38.1 ; ; ;

situation is suggested to correspond to the cases of
[NH2CHOH]*+ —169.960248 518.4 503.5 99 resp )
[NH,COJ* _168.730081 690.6 684.1 neutrals M= 3, 4 and5 for which the overall reaction
[NH,COJ* —168.996245 -8.1 —-13.7 enthalpy loss is the largest.

Reaction (2) involves a hydrogen atom transfer
from the hydroxyl group of ionized carberieto a
(NH2CO)*, respectively. These quantities were not carbon atom of the neutral molecule M. ForM2-5
available and we have thus estimated their values by the AH® of reaction (2) is situated betweenlO and
ab initio molecular orbital calculations at the G2 level. —30kJ/mol, these values imply a lower exothermicity
Table 2lists the G2 calculated total energies and the than that of reaction (1), nevertheless/z 44 ions
corresponding heats of formations obtained using the are almost always detecte@aple 1. This difference
“atomization” procedure described in the computa- may be ascribed to differences in the mechanism of
tional section. the two reactions. If reaction (1) looks like a pure

Considering these data, the hydrogen atom affinity hydrogen atom transfer between two radical sites the
of the ions [NHCOH]** and [NH,COJ* are equal situation is different for reaction (2). In the latter
to 491.1 and 125.5kJ/mol, respectively, the proton case, the reactive step may be visualized by the initial
affinity of the radical (NHCO)® is calculated to be  proton transfer of the hydroxylic hydrogen toward the
739.7 kd/mol (usingAs H°[H]+ = 1530 kJ/mol[19]). w-electron system of the neutral reactant, followed

Hydrogen atom abstraction by the carbenic cen- by a rapid charge exchange. The critical energy for
ter of 1 to produce ionswz 46 (reaction (1)) is not  such a reaction is probably less than that associated
always observed, despite a favorable enthalpy of reac-with a pure free radical process. Another attractive
tion (Table J). In fact, peaks atvz 46 are only notice-  explanation is thatm/z 44 ions does not originate
able for M= 3, 4 and5, i.e., when an allylic radicalis  from a direct bimolecular event such as reaction (2)
simultaneously produced. In those cases, reaction (1) but, rather, from a condensation—elimination process
is exothermic by more than 120 kJ/mol, by contrast, as it will be described ifsection 3.2
for M = 2 the exothermicity is equal to 60 kJ/mol. As expected from the calculated proton affinity
These observations suggest that the hydrogen atomvalue of the radical (NKICO)® (protonation at the
transfer needs a significant activation barrier which oxygen), reaction (3) becomes important only when
may be erased by the stabilization of the products. the proton affinity of M is close to or higher than
A double well potential energy profile may account 740kJ/mol [able ). It should be noted however that
for this phenomenon. In a first step, reaction (1) pro- it is not the major process for most of the studied
vides an encounter complex stabilized by intermolec- couples of reactant although proton transfer is known
ular (probably electrostatic) interactions, then the hy- to be a very efficient reaction when its exothermicity
drogen transfer may occur with a critical energy is in excess by only a tenth of kJ/mol.
to give a second complex involving, that time, the fu-
ture products. According to the Bell-Evans—Polanyi 3.2. Condensation processes
principle [15], the critical energyEg is related to the
reaction enthalpy and to the intrinsic energy barrier  Beside hydrogen atom and proton transfers, a large
Epi by a relationship of the typ&og = Egi + « AH®. part of the product ions appears to correspond to the
For intermolecular hydrogen atom transfers between loss of a radical, or a molecule, from an elusive adduct
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between ionl and the molecule MTable 1shows
that these processes represent up~80% of the
product ion current at half reaction time. Tha'z
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[CH3CHCHC(OH)NH,]*. When 1-butene is used
as neutral reactant the CID spectrum of tih& 86
product ions is different, it presents four peaksrét

72 ions are observed during experiments with ethene, 69 (10%, NH loss), 44 (42%, [NHCO]™ ions), 43
propene and 1-butene, their elemental compositions (10%, HNCO loss) andnwz 41 (18%, NH + CO

are [G,N,0,Hs]. These ions present identical CID
spectra dominated by peaksalz 55 (50%, NH loss)
and 27 (45%, NH + CO loss), a small peak atv/z

loss), no signal is detected @az 58. The most logi-
cal explanation of the present results is the existence
of a mixture ofm/z 86 ions. Protonated crotylamide,

44 (5%, GHg, loss) is also observed. Moreover, these [CH3CHCHC(OH)NH]™ would be responsible of

spectra are superimposable to that of iois72 com-
ing from electron ionization of valeramide which have

the low intensity signals atvVz 69 and 41, while pro-
tonated vinylacetamide, [GYCHCH,C(OH)NH,]™

been established to be of protonated acrylamide struc-gives the couple of ionswz 44 and 43. We note

ture, [CHCHC(OH)NH]™ [14a]. Loos et al.[14a]

that both ions differ by the attachment of a proton

showed recently that the metastable ion spectrum of between two bases of similar proton affinities (753.0

this [CH,CHC(OH)NH,]™ structure presents a ma-
jor peak atmyz 55 and a weak signal aw/z 44. Our
CID spectrum presents the same peaks plusth@7

and 751.6 kJ/mol for HNCO and propene, respec-
tively [18]). This remark is in line with the MIKE
[14a] and high energy CID13] spectra of protonated

signal pointing to a subsequent elimination of a CO vinylacetamide which are dominated by peaksnét

molecule from the acylium iom/z55, [CH,CHCOJ".
It may be noted that, as expected, both peaks55
andm/z 44 appear in high yield in the high energy col-

43 and 44, respectively.
Finally, ionsm/z73 of formula (G,H7,N,O), formed
with 2- and 1-butene were also subjected to colli-

lisional activation spectrum of protonated acrylamide sional experiments. The interpretation of the data are

[13]. Finally, our observation of a small peakmatz 44
in the low energy CID spectrum ofVz 73 ions with

M = 2-butene may be interpreted by a trace of proto-

less straightforward since the same peaks are observed
in both spectra atw/z 39, 44, 45, 56 and 72. How-
ever, significant and reproducible differences in inten-

nated vinylacetamide ions (see below for a discussion sities suggest that the two reactions do not lead to

concerning the characterization of this structure).

In a similar way, them/z 86 ions formed by reac-
tion of 1 with 2-butene give CID spectra containing
two major signals atn/z 69 (46%, NH loss) and 41
(44%, NH + CO loss) interpretable by the genera-
tion, by NHs loss, of an acylium iomvz 69 which
in turn expels a molecule of carbon monoxide. A
small peak also appears mtz 44 (10%, [NHCOJ"
ions). The MIKE spectra of protonated crotylamide,

the same (mixture of) structure(s). The peaksnéat

44 (GHs® loss) and 45 (gH4 loss) are of higher in-
tensity when M= 1-butene, while the Hand NH;
losses (Vz 72 and 56) are more intense for M
2-butene. We tentatively interpret these observations
by the formation of a structure more prone to ethene
elimination in the former case, i.e., the distonic ion
[CH2CH2C(OH)NH]**. This ion is probably in ad-
mixture with the highly stabilized ionized enolamine

methacrylamide and vinylacetamide have been re- [CH3CHC(OH)NH]*T ions as it will be discussed in

ported recently{14a). The former presents only one
peak atm/z 69, the second two peaks at'z 69
(100%) andm/z 58 (23%) and the latter essentially
one peak amm/z 43. Since, in our low energy CID
spectrum, we observe mainiwz 69 and its decom-
position products one may conclude that th& 86
ions produced in our experiments, by reactionlof
with 2-butene, are principally protonated crotylamide,

the following section.

Experimental and theoretical results concerning the
behavior of the four compounds M of interest in pres-
ence of ionl are discussed separately in the lines
below.

e Reaction between ionized aminohydroxycarbene,
1, and ethene?2, gives mainly rise to ions at
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m'z 44, [C,N,0,B]", 57, [G,0,Hs]t and 72,
[C3,N,O,Hs]* (Fig. 1). No signal corresponding
to the adduct ionswz 73, [C3,N,O,H;]*" is de-
tected, as commonly observed in FT-ICR experi-
ments. As indicated above, iomg/z 46 are only
marginally produced despite a favorable exother-
micity for reaction (1), andm/z 29 which may
originate from proton transfer is not detected since
reaction (3) is not thermochemically allowed to
occur. lonsm/z 57 and 72 formally correspond to
the loss of [NH]®* and H, respectively, from the
[C3,N,O,H;]** adduct. The structure of the/z 72
ions has been attributed to protonated acrylamide,
[CH2CHC(OH)NH;]T by CID experiments (see
above). Similarly, the CID spectrum of ions/z

57 present peaks at'z 29 (GHs®, 100%) and 42
(CH3*® loss, 12%) compatible with the acylium ion
structure, [GH5COJ* (other signals atv/z 28 and

27 correspond to further dissociations of thnéz

29 ions). Finally ionawz 44 may originate from a

’ &)
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direct hydrogen atom transfer (reaction (2)) or from
a loss of an ethyl radical from the §N,O,H;]**
adduct. These results lead to the suggestion that the
approach of iorl toward the ethene molecule gives
rise to a covalently bonded species which may
further isomerize and dissociate by elimination of
H*, [NH2]* or an ethyl radical. The most simple
mechanistic pathway accounting for this scenario is
depicted inScheme 11t involves the initial forma-
tion of the distonic ion [CHCH,C(OH)NH,]*™,

12a, and its isomerization by H-shifts into ionized
propanamide [CBCH,CONH,]**, 12¢, or ionized
enolamine [CHCHC(OH)NH]**, 12b. Simple
bond cleavages from these three intermediates
would lead to the observed fragmentianz 72 and

m/'z 57.

Two kinds of arguments support this proposal:
thermochemistry and a comparison with the behavior
of ionized aliphatic amidefl2—-14] First of all, the

HO NH,
+ HO NH
Y + CH,CH ) ~ . ||| @ [NHZCO+ + *CHs
H e miz 44
m/z 46 m/z 45
1 2 800
768 828
(4)
. NH
NH NH, NH, 3
)K/ Lo /K/. 1.4-H o LT 0 °
+ -~
HO HO 12ac (720) **
12e 12a 625 12c 658 12d
/ 1,2-H| | 12ab '
(680)
NH
2 NH, NH, + C,HCO*
= m/z 57
+ + H®
780
m/z 72 12b 560
740

Scheme 1.
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energy levels of the dissociation products are obvi-
ously below that of the reactarits-2 (see Table A.1in
Appendix Afor the various thermochemical data used
to comfort Scheme ) Second, using\{H°(12c) =
658 kJ/mol, it appears that ionized propananii@eis
below the reactants+ 2. Furthermore, it is now well

G. Bouchoux, J. Chamot-Rooke/ International Journal of Mass Spectrometry 219 (2002) 625641

1,3-distonic ion and the ionized enol are more sta-
ble than the carbonyl structure by 55 and 80 kJ/mol,
respectively (B3LYP/6-313%+G**//B3LYP/6-31G*
level [14b]). The heats of formation estimated to
625, 560 and 658 kJ/mol for structur&a—12c are
in line with this general trend. This means that the

established that, in the carbonyl series, distonic ions three intermediate$2a—12c are below the reactants

and ionized enols are more stable than their carbony-

1+ 2 by not less than~200, 270 and 170kJ/mal,

lated isomers. For example, in the aldehyde series, therespectively. This large energy gap allows the oc-

1,3-distonic ion [CHCH,CHOH]** and the ionized
enol [CHeCHCHOH]**+ are more stable than ionized
propanal [CHCH,CHOJ** by ~50 and~110 kJ/mol,
respectively (MP2/6-31:£G**//MP2/6-31G* cal-
culations [17]). In a recent thorough investigation
of ionized valeramide, it has been found that the

45
180

8@

60

a8

20

currence of various isomerization reactions such
as those presented iBcheme 1 i.e., essentially
1,2- and 1,4-H migrations. Similar reactions have
been examined in the case of ionized propdadl,
where it has been shown that the 1,4-H migration
[CH3CH,CHOJ*t — [CH2CH,CHOHIJ** and the

72

59

86

nbu l

i L l]l
T *

| L A

r—T
58

—r————
40

28 g B

LINNN I S S S SN S An v B Y NN B A B

60 7’8 30 98

m/z

Fig. 2. FT-ICR spectrum for the reaction ffwith propene3 (P = 1.2 x 10~ mbar) after 5s reaction time.
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1,2-H shift [CH,CH,CHOH]* ™ — [CH3CHCHOHP ionized propanamide containing 170 kJ/mol of excess
needs ca. 60 kJ/mol. Assuming similar values in the energy.
present case (values in parenthesgsheme }, it Finally we carried out experiments betwegmand
is clear that transition structurd®ab and 12ac are deuterated ethene,D4 in the FT-ICR cell and exam-
easily accessible frorh+ 2 thus explaining the rapid  ined the mass shifts in the high resolution mode. The
elimination of B or NH2* (and probably also, at peak atm/z 57 is mainly shifted tan/z 61(80%), but
least for a part, @Hs®). small amounts ofrvz 60 (15%) andn/z 59 (5%) are

It is interesting to note that the low energy—low however noticeable. The latter signals corresponds to
temperature electron ionization mass spectrum of NHD and ND» losses and consequently points to a no-
propanamide presents only two peaken@73 (M* ™) ticeable H/D exchange~20%) involving the amino
andm/z 72 [12]. According toScheme Z1his process group which may occur within the collision complex
is indeed the dissociation of lowest energy. As also before the formation of the covalent bond. However,
expected fromScheme 1the 70eV mass spectrum less efficient 1,4-H shifts involving structur&2d and
present major peaks at'z 29, 44 and 57 and only  12e (Scheme I may also explain these observations.
a small signal atm/z 72 since the latter process in- Another possibility is the intermediacy of a sufficiently
volves a rearrangement and the formers simple bond long lived ion—neutral complex between Midnd the
cleavages. The FT-ICR results presented above showacylium ion [GHD4CO]™ which may allow the ob-
an intermediate figure in accordance with the fact served H/D exchange. Concerning the hydrogen atom

that ion molecule reaction betweé&rand?2 results in loss, the two peaks observedmatz 75 andnvz 76 are
|(1)
HO NH 2
R LI Y - YT ~_
+* 3 .
miz 45 m/z 44
769
796
1(4) /
NH, NH, NH,
1,4-H
HO™ + =+ CHg*| —— « — o)
HO™ + +o
m/z 72 13a 13¢c 615
h H \
NH, NH,
O —_— + + H*®
HO™ + Ho)\«’/
13b m/z 86
718

Scheme 2.
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in the ratio~2:1 indicating, as expected, a preferred
elimination of a deuterium atom. However, since the
deuterium loss is probably attenuated by an isotope
effect, no conclusion can be drawn concerning the ex-
tent of the H/D exchange preceding this reaction. Fi-
nally, we note thamvz 44, [NH,COJ", andm/z 45,
[NH2COH]J™, ions do not incorporate any deuterium
atom to a detectable level and that nméz 46 ions

are observed, even at reaction time as long as 30s. It

may thus be concluded that a large paritét 44 ions
probably occur from the direct hydrogen abstraction
reaction (2) rather than from dissociation of the inter-
mediatel2c.

e Propene3, reacts withl mainly via the condensa-

tion route, the major peak observednalz 72 cor-
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of formula [G;,0,N,Hs] and consequently originate
from an ethene elimination from the adduct. A mi-
nor signal corresponding to the elimination of H
(m/z86) from the adduct+ 3 is also noticeable. By
contrast with the ethene case, miz 44 ions have
been detected in our experiments with propene.

Again the results may be explained by the initial
formation of a covalent bond in the adducts, the sit-
uation is however complicated here by the fact that
the two unsaturated carbon atoms of the neutral re-
actant,3, are not identical. For the sake of clarity,
two schemes were drawn in order to illustrate the two
modes of approach of iod toward 3 (Schemes 2
and 3. Electrophilic attack ofl. on the central carbon
of neutral propene3, leads to the distonic ioi3a

responds to the loss of a methyl radical from the which may isomerize to ionized enolamiri@b or
adduct1 + 3 (Fig. 2. As noted above, the CID ionized 2-methyl propanamidic (Scheme 2 Sim-
spectrum of these ions demonstrates that they areple cleavages from these ions would produte 86,
of protonated acrylamide structure. As attested by 72 and 44. In a similar way, the approachldbward

high resolution measurements, the ionz 59 are

‘(1)

the carbon atom of the methylene group Jfmay

H )]
HO\/N A L | NHCO" o ~_~°
" /z+.45 1 3 m/z 44
NH, NH, NHz
)\A. 1’4_H 1’5—H )\/\
HO™ + = +9 — Ho'+ .
13f
13d \ 626 13g
NH l
/
HO + CHfl HO™ + = + H* HO A
HO™ + m/z 86
m/z 72 13e m/z 59
693 713 687

Scheme

3.



G. Bouchoux, J. Chamot-Rooke/ International Journal of Mass Spectrometry 219 (2002) 625-641 635

give rise to the species3d-13g, the latter being the
precursor of ionsn/z 59 (Scheme R

The validity of these proposals is first supported by +*
the favorable exothermicity of the overall processes. 1 3
Accordingly, the products enthalpies of formation cor- Scheme 2 ‘ Scheme 3
responding to ionsn/z 86, 72 and 59 are below + J l

3 by ca. 80 to110kJ/mol. Considering that the car-
bonylated covalent form&3c and 13f are more sta-
ble thanl 4 3 by 170-180kJ/mol it is evident that
they are able to isomerize via the elementary steps
. . . 1,2-HOCNH,

depicted inSchemes 2 and. 3t is also noteworthy > . M
that no significant signal atvz 71 (NH,* loss from HO
13c or 13f) has been detected during the experiments 13a 13d
thus indicating that all the observed chemistry oc-
curs more readily than direct bond cleavages leading
to final products at an enthalpy level situated around
769-781 kJ/mol. pathway from the two molecular ioris8c and 13f is

The observation of a significant peakratz 59 in- the ethene loss which is best described by the McLaf-
dicates that the reactions presentedstheme 3are ferty rearrangementinvolving the 1,5-hydrogen migra-
operational. It does not mean however that the reac- tion 13f — 13g. Ethene elimination from3c needs a
tions of Scheme Zare inoperative since it is probable skeletal rearrangement of the isopropyl chain which,
that1 approache8 at one or the other side of the CC obviously, may be achieved by the 1,2-HOCNshift
double bond (i.e., a 100% regioselectivity is unlikely). 13a — 13d presented itscheme 4The 1,4-hydrogen
A way to distinguish between the two routes would transfersl3f — 13d and13c — 13a complete the
be to check the structure of tima'z 86 ions. Unfortu- connection between ionized butanamidif, and
nately the corresponding peak intensity is too low to ionized 2-methylpropanamidé3c. Reaction13f —
allow, for example, collision experimentinthe FT-ICR 13g — m/z59 + CoH, is expected to occur at its
cell. Moreover, even if a 100% regioselectivity is op- thermochemical threshold since the products are sit-
erative, an overlap between the mechanistic steps pre-uated 60kJ/mol abové&3f. This is largely enough
sented inSchemes 2 and, &chieved for example via  to overcome the 1,5-hydrogen migration barrier. The
a 1,2-OHCNH shift, as sketched iBcheme 4cannot fact that the MIKE spectra ofi3c is identical to
be excluded. that of 13f means that the 1,4-hydrogen transfers

In this context, it is interesting to compare 13f — 13d and13c — 13a and the 1,2-HOCNH
the above described experimental results to the shift 13a — 13d also occur below the energy level
MIKE spectra of ionized butanamide and ionized of the products of the McLafferty rearrangement.
2-methylpropanamide. Both spectra exhibit an intense Finally, one can observe that the ratio of peak inten-
peak atn/z 59 (ethene loss) and two signalsratz sitiesm/z 59/m/z 72 is equal to five from the MIKE
70 (NHs loss) andm/z 72 (CHg® loss). It is quite spectra of butanamide and 2-methylpropanamide, but
remarkable that the relative peak intensities are iden- is less than unity from the ion—-molecule reaction
tical in both spectra (100, 6 and 20%, respectively). betweenl and 3 in the FT-ICR experiments. This
One may also recall that the low energy—low temper- is so because, in the latter case, the system is sam-
ature electron ionization mass spectra of butanamide pled at a higher internal energy thus favoring the
and 2-methylpropanamide are dominated by the peak methyl loss which may occur directly from the initial
atm/z 59 [12]. Thus, the most favorable dissociation adductl3a.

Scheme 4.
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Fig. 3. FT-ICR spectrum for the reaction tfwith 2-butene4 (P = 1.1 x 10-8 mbar) after 3.5s reaction time.

Reaction ofl with 2-butene4, produces two signif-
icant ions atm/z 86 (CHs® loss) andnwz 73 (GH4
loss) of structures [CRCHCHC(OH)NH]' and
(probably) [CHRCHC(OH)NH,]**, as established
from CID experimentsKig. 3).

A, now familiar, mechanistic scheme is pro-
posed in order to explain the experimental obser-
vations Scheme h Again, the initial formation of
a 1,3-distonic ion,14a, is the starting point of the
various isomerization—dissociation steps.

Structurelda is the direct precursor of thevz 86,
[CH3CHCHC(OH)NH]* ions produced by methyl
loss. It may be recalled that the isomeric ion, pro-
tonated methacrylamide, [GI8(CH3)C(OH)NH]*,

has not been evidenced from the CID spectrum of the
m/z 86 ions produced by reaction a&fwith 2-butene.
This is in keeping with a slightly higher heat of for-
mation of the latter but is more probably due to the
slowdown effect of the formation of the highly stable
isomeric ion14b. According to the reaction scheme,
the most likelym/z 73 candidate structure is ionized
enolamine [CHCHC(OH)NH]**. The lower inten-
sity of the peakm/z 73, whereas the enthalpy of the
products is lower than that of the/z 86 ion, is proba-
bly illustrative of the non-negligible critical energy of
the 1,4-hydrogen atom migratidata — 14c.

The limited number of condensation products
from the 1 + 4 reactants is at variance from that
of the isomeric systeni + 5 suggesting inefficient
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Scheme 5.

connection between them, as discussed in the follow-
ing section.

e The case of 1-butend, like that of propene3,
presents the possibility of a double approach of the
ionized reactant toward the CC double bond. Four
product ions are detected @tz 86 (CHg® loss), 73
(CoHaloss), 72 (GHs® loss) andn/z59 (GsHg loss)
(Fig. 4). In the section devoted to the description
of the CID results it has been concluded thalz
86 ions are a mixture of [Cs(CHCHC(OH)NH]™
and [CHCHCH,C(OH)NH,]™ structures and that
mz 72 are, unambiguously, [GHEHC(OH)NH,]™
ions. Concerningn/z 73 ions the possible forma-
tion of a mixture of [CHCH,C(OH)NH,]** and
[CH3CHC(OH)NH]* T structures has been tenta-
tively suggested. The intensity of ta/z 59 peak
was too low to allow CID experiments to be made,
it is however highly probable that it is ionized eno-
lamine [CHC(OH)NH,]** since it is the most sta-

ble structure corresponding to this CCON frame
and the most logical product for an elimination of
a propene molecule in the present system.

The two distonic structures expected to be ini-
tially produced,15a and 15e (Scheme §{ are the
entry points for the isomerization paths of ionized
valeramide $cheme Y and 2-methyl butanamide
(already considered iScheme k Also indicated in
Scheme 6is the possibility of a 1,2-HOCN#shift
connectinglba and 15e.

The difference observed between 2- and 1-butene
in their reactions witt, in particular the formation of
ionsm/z72 andmn/z59 and the differences in structures
for ionsm/z 73 and 86, suggest that the mechanistic
pathways depicted i8cheme 5alone, cannot explain
the behavior of 1-butene.

Following Scheme 6the attack ofl on the car-
bon Gy of the molecule of 1-butene gives rise to
15e which may lead directly to the ionsvz 72 by
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Fig. 4. FT-ICR spectrum for the reaction tfwith 1-butene5 (P = 1.0 x 10-8mbar) after 5s reaction time.

ethyl loss. Accordingly, this is the major dissoci-
ation path for reaction oflL with 1-butene, it was
not observed with the 2-butene. Isomerization by a
1,4-hydrogen migratiorl5e — 14d produces the
1,4-distonic structure which may be at the origin of
the [CHsCHC(OH)NH,]*™ ions. All the other peaks
would necessarily arise from structutéa produced
either by the attack ofl on the carbon @, of the
molecule of 1-butene, or from the 1,2-HOCMIri-
gration15e — 15a. Thus, let us look aBcheme 7
which illustrates the evolution of the system start-
ing from 15a. Isomerization of this 1,3-distonic ion
into ionized valeramidel5c explains the formation
of ions m/z 59 via a McLafferty rearrangement in-
volving the intermediaté5d. In competition with the

1,5-hydrogen migratioft5c — 15d, the 1,6-hydrogen
transferl5c — 15f opens the possibility of formation
of the distonic ionmV/z 73, [CH,CH,C(OH)NH]* ™

by ethene elimination. The second possible isomer-
ization route from the 1,3-distonic addudba is
the 1,2-hydrogen shift5a — 15b, it offers another
way to producenwz 72 ions, [CHCHC(OH)NH]*,

by loss of an ethyl radical. Finally the direct elim-
ination of a methyl radical from the iod5a may
producem/z 86 ions of protonated vinylacetamide
structure. At this stage it is comforting to observe
that our FT-ICR results are formally comparable to
that obtained during the study of the unimolecular
chemistry of ionized hexanamid&3] and valeramide
[14]. Moreover, several of the mechanistic steps
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presented inSchemes 5—have been recently sub- Table A.1 Continued)

jected to molecular orbital calculatiorj$4b]. For- Species NI Method
tunately, all the transition structures are predicted to (reference)
be significantly below the energy level of the reac- CH,=CHC"(OH)NH, 516 G2
tants1 + 1- or 2-butene, thus giving weight to the ~CH2=C(OHNH** 635 G2
- . CHa* 147 [19]
mechanistic proposals depicted$chemes 5-7 N-CsH,CONH,*+ 626 a
i-C3H7CONHy** 615 5
n-CsH;CO* 562 [19]
4. Condlusion i-CgH,CO* 548 [19]
' AN 20 [19]
The bimolecular reactivity of ionized aminohy- -\ 88 (20]
droxycarbene [NHCOHJ**, 1, toward the simplest -\, 100 [20]
alkenes offers a large palette of the radical-cation/ 2\ 171 [20]
neutral chemistry. The compouriddmay act as a H NH,
atom acceptorroa H atom donor. The former reaction = 495 <
is associated with a large energy barrier indicative of T\,HZ
a pure hydrogen atom transfer. The latter appears to g
have a lower energy barrier suggesting another type of HO)WLY 500 -
reaction. The proton affinity of the radical NBO®
is calculated to be 740kJ/mol at the G2 level, this is NS 0 [19]
corroborated by the observation of a limited proton /\/ =12 [19]
transfer with ethene, propene and butenes which offer /\/ 69 [20]
a 680—752 kJ/mol proton affinity range. AL 133 [19]
The most significant finding is the condensation re- )
action which may be considered as another example of-/\/ 4 [19]
charge catalyzed free radical addition on the CC dou- ”'C“HﬁlﬁONHZ.+ 609 [14b]
ble bond. These reactions constitute moderate energy )\2/\ 515 [14b]
entry points in the potential energy surface of ionized po” + N
amides. NH,
A/. 625 [14b]
HO” +

Table A.1
Heats of formation (kJ/mol) of the various species considered

aFrom A¢Haggk (neutra) = —279 kJ/mol[19] and an adiabatic
ionization energy of 9.38eV assumed to be identical to that of

Species AfH2o8K Method 2-pentanong19].

(reference) bFrom A¢Haogk (neutra) = —283 kJ/mol[19] and an adiabatic
NH,C*+OH 776 G2 ionization energy of 9.30eV assumed to be identical to that of
NH>CH+OH 503 G2 2-methylbutanong19].
NH,C*+O 681 G2 °From AfHzg9gk [CH2=CHC(OH)NH2]* = 546 kJ/mol (G2
NH,C*O _14 G2 calculation) and corrected for the methyl substitution by
CoHa 52 [19] considering the heats of formation of the homolog ions
CoHs® 265 [19] [CH2=C_HCH(OH)F and [CHCH=CHCH(OH)I" (642 and 591,
CoHs* 902 [19] resgecnvely)[lQ]. _ .
CoHs* 119 [20] Fro.m AfH29sk [CH2=CHC(OH)NH2]*™ = 546 kJ/m0| .(GZ
He 218 [19] calculation) and corrected for the methyl substitution by
NH,* 189 [19] considering the heats of formation of the homolog ions
CoHsCONH,*+ 658 [19] [CH2=CHCH(OH)I" and [CH,=C(CHz)CH(OH)]* (642 and 596,

]

CyHsCO* 591 [19 respectively)[19].
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Appendix A

Table A.1lcontains the heat of formation values, of
experimental and theoretical origin, used to support
the mechanisms described$themes 1-7
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