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Abstract

Isomeric mixed methyl ethyl esters of 2-methylmaleic acid (citraconic acid) show different electron ionization (El) mass
spectra. Methyl radical is exclusively lost from the*Mion of one isomer @)-methyl 3-ethoxycarbonyl-2-butenoate),
while the elimination of methanol is more efficient in the othef){¢thyl 3-methoxycarbonyl-2-butenoate). Mechanistic
pathways have been proposed for these two specific reactions based on the results of deuterium labeling and collision-indu
dissociation (CID) studies. The initial step in both fragmentation processes is the hydrogen transfer from position 2 of tt
ethoxy group to the oxygen atom of the adjacent carbonyl. The proposed ion structures and mechanistic pathways w
supported by theoretical calculations using hybrid B3LYP density functional (DFT) method with the 6-31G(d,p) basis set.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction The different behavior of such isomers may result
in the discovery of new unexpected mechanistic path-
We have previously shown that electron ionization ways of fragmentation of gas phase ions. One such
(El) and chemical ionization (CI) mass spectra enable case is the highly specific dehalogenation in 2-chloro-
clear differentiation between closely-related isomers, and bromosuccinatel§]. Only one of the two iso-
such as methyl ethyl esters of maleic and substituted meric ethyl methyl esters in this system, namely that
succinic acids, differing in the position of the methyl with the ethyl group at position 4, distant from the
and ethyl group$1-9]. This makes mass spectrome- halogen atomla, gives rise to a very abundan¥z
try a method of choice for the identification of such 159 [M — halogen} ion upon El. A detailed study
isomers, which exhibit similar IR and NMR spectra. showed that this seemingly simple dissociatioriaf
is in fact a stepwise process, which involves at least
* Corresponding author. Tek+972-4-8233-735; two site specific hydrogen migrations, one from po-
fax: +972-4-829-5703. »
sition 2 of the ethoxy group to the carbonyl oxygen

E-mail addresscchrl7am@techunix.technion.ac.il s )
(A. Mandelbaum). atom, and the other from C3 of the succinic moiety to
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the radical site formed at C2 of the original ethoxyl EI mass spectra were obtained at 70 eV and the scan
[3]. The proposed mechanism for this dehalogenation, rate was 15!. The Cl reagent gas was isobutane, and
leading to the mixture of protonated maleate and fu- argon was used as the collision gas in CID measure-
marate (as indicated by a collision-induced dissocia- ments. The offset voltage was30 V.
tion (CID) study), is shown irBcheme 1
In the course of the examination of the behavior of 2 2. Materials
isomeric mixed esters we found that the isomeric ethyl
methyl citraconatea and2b ((Z)-methyl 3-ethoxy- Mixture of 2a and2b (containing also dimethyl and
carbonyl-2-butenoate and)tethyl 3-methoxycarbo-  diethyl citraconates) was prepared by heating citra-
nyl-2-butenoate, respectively) give rise to significantly conic anhydride (20 mg, 0.18 mmol) with ethanol and
different mass spectra under El. The major points of methanol (0.1 ml each) and one drop of concentrated
difference are the elimination of methanol and the loss HC| at reflux for 4 h. Products were separated using
of a methyl radical from the ®M" ions of the two iso- GC, and structural assignment was made by the se-
mers. The results of the investigation of this distinc- quence of e|ution’ based on the previous|y reported
tive behavior of these two closely similar isomers are synthesig1]. Isomer2a had a shorter retention time
presented in this work. than2b.
Pairs of mixed deuterated methyl ethyl esters were
prepared as mixtures by the reaction of citraconic an-

2. Experimental hydride with the appropriate deuterated alcohols.
(2- and E)-2-Carbomethoxymethylidenebutyro-
2.1. Mass spectrometry lactone £)-3 and E)-3, were prepared by Wittig

reaction from 2-oxobutyrolacton¢and methoxycar-
Gas chromatography-mass spectrometry (GC-MS) bonylmethylidenetriphenylphosphoran&cheme P
analyses were carried out on a TSQ 700 triple-stage [1].
quadrupole mass spectrometer. The GC separations 2-Oxobutyrolactonet was prepared by oxidation
were carried out on a DB-5 (0.28n film), 6m x of 2-hydroxybutyrolactone (purchased from Aldrich)
0.25mm i.d. capillary column. The column tempera- using Jones reagefit0]. Jones reagent (6.5g C50
ture was programmed from 50 to 250 at 10°C/min. dissolved in 6 ml concentrated ,HO; and 16 ml
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H»0) was added dropwise to 2-hydroxybutyrolactone Gaussian 98 serigd5] of programs. Spin restricted
(59, 49 mmol) dissolved in 200 ml acetone in an ice (RB3LYP) theory has been used for singlet states,
bath and the mixture was stirred for 30 min in an ice and the unrestricted form of the theory (UB3LYP)
bath. Methanol (50 ml) was added and stirring was has been used for radical species. The total ener-
continued for additional 15min in the ice bath. The gies are tabulated iffable 1along with zero-point
filtered solution was evaporated, and the resulting vibration energies (ZPVE). Real vibrational fre-
2-oxobutyrolactoné was purified on a silica column  quencies confirmed the presence of minima on the
using ethyl acetate:hexane (1:1) as eluent: 1.67 g, potential energy surface. Transition states were iden-
33% yield.TH NMR: § = 4.73 (d, 2H), 6.3 (t, 1H), tified as stationary points with one imaginary fre-
in agreement with previously published dgtd] (in qguency. All the energies discussed in this paper are at
disagreement with another rep§i2]). B3LYP/6-31G(d,p} ZPVE.

(2)-3and E)-3: 2-oxobutyrolactone (0.8 g, 8 mmol)
was added to methoxycarbonylmethylidenetriph-
enylphosphorane (2.7 g, 8 mmol) dissolved in 10ml 4. Results and discussion
solution of chloroform/ethanol (1:1). The solution
was refluxed for 1 h. The solvent was then removed The 70eV El mass spectra 24 and2b are shown
in vacuum and the concentrate was shown by GC-MS in Fig. 1 There are two major differences between
analysis to contain three isomers:Ei3; (ii) Z-3; and the mass spectra of these two closely similar isomeric
(iii) is0-3 (1:0.25:1 concentration ratio). The three esters: (i)2b undergoes a more efficient elimination
components were separated on a silica column (1:1 of methanol thara: the relative abundance of thez
ethyl acetate:hexane-3: 1H NMR: § = 3.31 (dt, 140 [M — MeOH]** ion is 17% for2a and 72% for
1H), 3.74 (s, 3H), 4.4 (t, 1H), 6.70 (t, 1H), in agree- 2b. (i) The M** ion of 2a expels a methyl radical
ment with reported dafd 3a]for E-3 synthesized bya  giving rise to them/z 157 [M — Me]* ion (RA =
different route Z-3: 'H NMR: § = 2.98 (dt, 2H), 3.76 15%), which is almost absent in the El mass spectrum
(s, 3H), 4.33 (t, 2H), 6.30 (t, 1H) in agreement with 0f 2b. The distinctive behavior of the two isomers is
reported datfl3a,13b]for Z-3 synthesized by differ- ~ demonstrated ilscheme 3
ent routesiso-3: 1H NMR: § = 3.39 (g, 1H), 3.75 (s,
3H), 4.88 (q, 1H), 7.53 (t, 1H). The analysis of the
NMR data leads to the structure showndoheme 2 5- Formation of the [M — CH3]* ion from 2a

The origin of the expelled methyl group was iden-
3. Calculation details tified by deuterium labeling. The octa-deutero ana-
log ds-2a, in which the two alkoxycarbonyl groups
Full geometry optimization and vibrational anal- are fully deuterium labeled, gives rise to the exclusive
ysis for all species were performed using the hy- loss of a non-labeled methyl group 165, 16%).
brid B3LYP [14] density functional (DFT) method This finding clearly indicates that the two alkoxy-
and the 6-31G(d,p) basis set as implemented in the carbonyl groups are not the origin of the expelled
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Fig. 1. El mass spectra @ (A) and 2b (B).

methyl radical, and it is the methyl group of posi- A plausible mechanistic pathway for the methyl loss

tion 2 of the citraconic skeleton that is lost in the fromthe M** ion of 2ais proposed irscheme 4The
course of this fragmentation. The high specificity of initial step in this mechanism is a hydrogen transfer
this methyl expulsion fron2a and the usually unfa-  from position 2 of the ethoxy group to the oxygen
vored dissociation of vinyl bonds suggest occurrence atom of the adjacent carbonyl. The resulting methy-
of a multistep mechanism, that would lead to a rear- lene radical (intermediatd) attacks the double bond
ranged stabilized structure of the resultingH@Hz] * at position 2 forming a five-membered lactone ring
ion. (intermediateB). Loss of the methyl radical, that is
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now adjacent to the radical site, forms theéz 157 conditions, as expected for isomeric diacid deriva-
ion a, which has a protonated conjugated lactone-estertives [16—18] The )-isomer undergoes efficient
structure. elimination of methanol (most abundamt/z 125

A collision-induced dissociation (CID) study was [MH — MeOH]" ion, 49% myz 157 precursor ion),
undertaken in order to verify the proposed structure  which is in agreement with the short distance between
for the m/z 157 [M — CHz]™* ion. A mixture of @)- the ester and the lactone groups. On the other hand,
and E)-2-carbomethoxymethylidene butyrolactone the parent MH ion is of highest abundance in the
((2)-3 and E)-3)) was synthesized by Wittig reaction  CID spectrum of E)-3 with the distant basic sites,
of 2-oxobutyrolactone and methoxycarbonylmethyli- and the elimination of methanol is much less efficient
denetriphenylphosphoran&c¢heme P and separated  (45%m/z 125 [MH — MeOH]™ ion).
by column chromatography. The CID spectra of the  The CID spectrum of thewz 157 ion obtained
mz 157 MHT ions obtained upon isobutane-Cl from from 2a, shown inFig. 2, is similar to that of Z)-3,
(2)-3 and E)-3 are shown inFig. 2 The geomet-  although the relative abundances of the secondary
rical isomers exhibit distinctive behavior upon CID product ions atn/z 97 and 69 are considerably lower.
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Fig. 2. CID spectra of (A)Yn/'z 157 obtained fronRa; (B) MH* of (Z)-3; and (C) MH" of (E)-3.

This finding suggests the structure &){3 for the where that product ion is of considerable abundance
great part of/z 157 ions obtained fror@a. The low (10%). The preferential formation of th&)tisomer re-
abundance of thevz 139 [P-HO] " ion in the CID sults from its stabilization by proton bridging between
spectrum (1%) indicates low contribution oE)¢3, the two adjacent carbonyl groups. The quantitative
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differences between the two CID spectrdd 157 of Moreover, the CID mass spectra of théz 113 ions
2avs. MHT of (2)-3) may be due to the different en-  obtained fromRa and2b are very similar (se€ig. 3),
ergy content of the precursor ions, which are obtained which is indicative of identical structures. Therefore,
under different conditions (El-induced fragmentation there is no evidence for the cyclization step leading to
of 2a vs. CI protonation of £)-3). The above re- intermediateD.
sult supports the mechanistic pathway proposed in  There is a possibility of differentiation of the two
Scheme 4for the stepwise expulsion of the methyl proposed cyclization steps affording intermedi&te
radical from the M ion of 2a. from 2a (Scheme % and intermediateD from 2b
We will turn now to the question of the isomer speci- (Scheme bbased on Baldwin rules in the condensed
ficity of the loss of the methyl radical, which takes phasg19-21] The formation of intermediatB from
place in2a but not in2b. In analogy to the initial 2a is defined as a ®&xo-trig ring closure, whileD
step in the mechanistic pathway proposed above for would be formed by a @ndo-trig process. For rad-
2a, a similar hydrogen migration igb from the ethyl ical trigonal ring closures Bxo-trig processes are
moiety to the adjacent carbonyl oxygen atom would favored while 6endo-trig analogs are disfavored.
form a radical site at C2 of the original ethoxy group However, both Zexo-trigand 6endo-trigare favored
(seeScheme h Cyclization by bond formation be- in cationic cyclizationd19]. If the gas phase radical
tween the latter methylene radical and C2 of the citra- cation chemistry resembles the radical behavior in
conic skeleton could give rise to intermedi@tewhich the condensed phase, Baldwin rules would favor for-
would be expected to undergo expulsion of a methyl mation of intermediat® by the 5exocyclization of
and/or a methoxycarbonyl radical. The absence of the intermediateA, but disfavor the Gndoring closure
m/z 157 [M — CH3]™ ion in the ElI mass spectrum to form intermediateD from C, and thus explain the
of 2b could be attributed to the preferential expulsion absence of thevz 157 [M — CHz]™ ion in the mass
of the methoxycarbonyl radical affording thez 113 spectrum of2b. It is of course possible that the re-
[M — CH3OCO]J" ion, which is one of the abundant luctance of2b to expel the methyl radical is due to
ions (RA 60%) formed fron2b. However, thewz113 the competition of this process with the elimination
ion is also present in the mass spectrun2afand its of methanol, which is much more efficient 2 than

abundance is even higher than tham (RA 90%). in 2a.
COOCH; H;C COOCH3 H3C OOCH3 CH3OOC a
ow %@
+OH
2b Intermediate C bIntermedlate D
a
CH@OOC\Q \Q
+0OH
ion x iony
[M-CH;]* [M-COOCH;]"
m/z 157 m/z 113

Scheme 5.
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Table 1
Computed energies
Structure Total electronic energies (Hartrees) ZPVE (kcal/mol) Relative energies (kcal/mol)
IntermediateB —612.70651 123.05 0
2a°t —612.67034 122.44 221
TS-1 —612.63983 118.57 374
IntermediateA —612.65815 121.03 283
TS-2 —612.65349 120.2 304
lon a —572.82791 98.33 1634
IntermediateD —612.71137 124.2 D
2bet —612.68393 122.46 155
TS-3 —612.64954 121.58 31°3
IntermediateC —612.66557 120.80 1524
TS-4 —612.65186 118.17 496
lon x —572.81519 100.17 28F
lony —384.26986 90.74 23°¢
CHs* —39.84288 18.68
CHzOCC —228.40060 30.75
lon c11 —496.93367 88.60 Q0
lon b —496.91899 88.70 9%3
IntermediateC11 —496.90841 85.91 1322
IntermediateA1; —496.90609 85.83 1455
lon ¢ —496.88553 87.16 28°8
lon by —496.88134 86.37 30°%6

aEnergies relative to intermediai

bThe energy of methyl radical is included.
¢Energies relative to intermediaf2.

dThe energy of methoxycarbonyl radical is included.
€ Energies relative to oy ;.

Quantum mechanical calculations have been per- Scheme 4 The rate determining step in this pro-
formed in order to find explanation for the different cess is the hydrogen transfer from carbon 2 of the
behavior of the M* ions of 2a and 2b. The results ethoxycarbonyl group to the adjacent carbonyl oxy-
of the calculations are listed ifable 1 and the struc-  gen, and the barrier energy of this rearrangement is
tures of calculated species are showikig. 4a and b 15.3 kcal/mol. The formation of intermediaBefrom
The potential energy profile calculated for the loss of intermediate A is exothermic (28.3 kcal/mol), and
CHgs radical from ionized?a, shown inFig. 53 is in the energy barrier for this transformation is very low
agreement with the mechanistic pathway proposed in (2.1 kcal/mol).

\[COZCDZCH3 CO,CH; CO,CH,CH; CO,CD;
S ST S

CO,CH; CO,CD,CH; CO,CD; CO,CH,CH;
d-2a dy-2b d;-2a d;-2b

\{C02CDZCD3 \[COzCHs \[COECDQCDg \[C02CD3
CO,CH;, CO,CD,CD; CO,CDs CO,CD,CD;

ds-2a ds-2b dg-2a dg-2b
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Fig. 3. CID of m/z 113 ions obtained fron2a (A) and 2b (B).

The energy profile calculated for the mechanis-
tic pathway, proposed irscheme 5for the unob-
served loss of CHl radical from the M* ion of
2b, is shown inFig. 5h The formation of interme-
diate D from intermediateC by ende6 cyclization
is exothermic (15.4 kcal/mol), but the energy of the
transition state TS-4 of this transformation is very
high (49.6 kcal/mol, barrier energy 34.2kcal/mol).
The great difference between the calculated bar-
rier energies of theexa5 and ende6 cyclizations
(2.1 kcal/mol vs. 34.2kcal/mol, respectively), lead-
ing to intermediate88 and D, respectively, provides
an explanation for the different behavior of the two
isomers2a and 2b with respect to the elimination of

the methyl radical. If intermediat® were formed, it
would have readily eliminated the methyl radical from
position 2: the calculated energy of this dissociation
is 28.3, 12.9 kcal/mol higher than the energy of inter-
mediateC. The absence of thevz 157 [M — CH3] "

ion in the mass spectrum @b is thus in agreement
with high barrier energy involved in the formation of
intermediateD.

6. Elimination of methanol

The loss of methanol from the ™ ions of2a and
2b was studied by deuterium labeling. Pairs of the
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Interm. B

Fig. 4. (a) Computed structures involved in the loss of;CGkidical from the molecular ion da. (b) Computed structures involved in the
unobserved loss of CHradical from the molecular ion dtb.
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deuterated isomeric mixed esters2h, dp-2b, d3-2a,
ds-2b, ds-2a, ds-2b, dg-2a and @-2b were prepared

The data inTable 2clearly show that the elimi-
nation of methanol takes place in both isomers with

and their El mass spectra were measured. The relativethe abstraction of a hydrogen atom from position 2 of

abundances of the [M methanol}* ions are summa-
rized in Table 2

the ethoxycarbonyl group. This finding suggests that
the elimination is preceded by hydrogen migration
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Table 2
Elimination of methanol from deuterium labeled citraconates (%RA)
[M — MeOHJ*+ [M — MeODJ*+ [M — CD3OHJ** [M — CD3ODJ**
2a 17
2b 72
dr-2a 122 b
dp-2b 37 b
ds-2a 10
ds-2b 49
ds-2a b 15
ds-2b b 53
dg-2a b 12
dg-2b -b 43

@Measured under different conditions with TSQ 700.
b | ess than 1%.

from that position to the oxygen atom of the adjacent ical, seeScheme % and intermediat€ (open-chain

carbonyl, forming intermediat& (open-chainA; or C1 or ring-closedC13) in the case of2b. Plausible

ring-closedA11) in the case ofa (which has been pre-  mechanistic pathways for the loss of methanol fizan

viously proposed to precede the expulsion of{Cal- and2b are proposed iSchemes 6 and, Tespectively.
O

+O jon b,
TL‘-’
O
E H
\
HC_C=01 o= OA) \[ I 0+
N
CO,CH; ﬁ
2a IntermedlateA Intermediate A Intermediate A |,

7

CO,CH; C\ +
[M-CH;]" Hs ion b1 ion bu
ion a Intermediate B

Scheme 6.
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The elimination of methanol from the ¥ ions of acyclic intermediateA andC, which may be followed

2a and2b may take place via cyclization of interme- by cyclization to the seven-membered ketolactone
diatesA andC to B andE, respectively, resulting in  structuresb, and cp, respectively. The pronounced
the ionized ketene structureg andc;. Another pos- preference of methanol elimination frazh may be at-
sibility is a direct elimination of methanol from the tributed to the presumably greater stability of the more

o)
2a —> Intermediate A —————> Intermediate Aj—> \O
-CH30H HsC / +
C
\\
ionby; O
2b —> Intermediate C ——>CH3OH Intermediate C11—> \
ion c11

Scheme 8.
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Fig. 6. Computed structures involved in the elimination of methanol from the molecular ia2e arid 2b.

substituted ketene structure of iopn (or of its cyclic
analogciy1), as compared with iofb1 (or cyclized
b11) obtained from2a. An alternative (or additional)
origin of the suppressed methanol elimination from
2a is the competitive expulsion of the methyl radical
from intermediateB, which is not possible in inter-
mediateE.

DFT calculations were performed for the species
proposed inSchemes 6 and.7The results of the

calculations are listed ifable 1 the computed ion
structures are shown iRig. 6 and the resulting en-
ergy profile is given inFig. 7. The elimination of
methanol fron2a and2b via intermediate®\ andC,
respectively (for their computed energies §égs. 5a
and b gives rise to the cyclized intermediatés ;
and C13, respectively. The calculations suggest that
the open-chain structure&; and C;1 are unstable.
The formation of the seven-membered ring idns
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find use in structural assignments of analogous iso-

andcy from intermediate#\11 andCy1, respectively,

is an endothermic process (16.1 and 15.6 kcal/mol, mers which exhibit very similar IR and NMR spectra.

respectively), while the transformation of the two As in other previously reported cases, the different be-
havior of the isomeric mixed ethyl methyl esters has

intermediates to the bicyclic isomeric iotg1 and
the examination of the symmetrical analogs. Thus, in

c11 is exothermic in both cases. The considerably led to a better understanding of the gas phase chem-
istry of this system, which could not be achieved on
compared withb1; (13.2 kcal/mol vs. 5.2 kcal/mol),
ter2d does not. The mechanistic pathway proposed for

the specific loss of a methyl radical froBa (shown

greater exothermicity of the formation of ioni¢ as

provides an explanation for the greater efficiency of the citraconate system, the molecular ion of the diethyl
ester2c expels a methyl radical while the dimethyl es-

in Scheme Xbut not from the isomeri@b, provides

methanol elimination from2b than from 2a. The

information derived from the DFT calculations, con-
cerning the elimination of methanol from the*M of

2a and2b, is summarized irscheme 8

7. Conclusion

a simple explanation for the different behavior 2af

and2d.
An additional noteworthy point in this work is the
demonstration of the ability of mass spectrometry to

We have shown in this work that the two closely differentiate and assign structures of the geometrically
similar isomeric methyl ethyl citraconates exhibitare- isomeric £)- and E)-2-carbomethoxymethylidene bu-

markably different behavior upon El. This result may tyrolactones Z)-3 and E)-3. This finding suggests
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that the structural assignment@é-diesters based on
alcohol elimination from their protonated molecules

[16—18]may be extended to lactone-ester systems, and

possibly to other appropriate diacid derivatives.
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