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The tandem positive electrospray mass spectrometry (ESMS") fragmentation of ionic liquids
incorporating the 1-methyl-imidazolium ring substituted on N" with an alkyl chain function-
alized with an alcohol, carboxylic acid, or an iodobenzyl or iodobenzoyl ester is presented for
the first time. The influence of chain length and function is studied. Esterified structures led to
intense CID fragments lacking the imidazolium ring allowing full characterization of the ester
moiety. Fragment ion compositions for this interesting and newly important class of com-
pounds are established through accurate mass data and deuterium labeling. The presence of
the cationic ring system produces intense even electron molecular cations in electrospray that
undergo multiple stages of CID to yield fragments which often are radical cations. Unusual

losses of methyl and hydrogen radicals are frequently noted.
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of considerable interest because of their potential

use in “green” chemistry. Due to their low vapor
pressure, high thermal stability, ease of recovery facili-
tating recycling, and applicability to both chemical and
enzymatic catalytic processes, ILs have been advocated
as reaction media to replace volatile organic solvents
(for recent reviews see [1]). Room-temperature ionic
liquids have now been explored as media for electro-
chemical technologies [2], chemical extractions [3], var-
ious other industrial processes [4] for analytical pur-
poses [5], and, for example, as matrices in matrix-
assisted laser desorption ionization [6]. More recently,
the use of imidazolium ILs which constitute with pyri-
dinium ILs the two main IL families as soluble supports
for organic synthesis to facilitate phase separation and
purification has also been demonstrated [7]. The special
interest that these compounds have for study by elec-
trospray mass spectrometry (ESMS) resides in the in-
herent permanent charge they carry, which gives rise to
uncommon modes of collision induced dissociation (CID).

To our knowledge, only a few published reports deal
with ESMS of imidazole based ILs [8-11], and they
incompletely describe their properties in the mass spec-
trometer and their fragmentation pathways. We report
here the tandem ESMS (ESMS") fragmentation of sev-

Ionic liquids (ILs) have recently become the subject
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eral ILs substituted on N" of 1-methylimidazole with
alkyl chains functionalized with hydroxyl, carboxylic
acid, or ester groups (Scheme 1). Their elemental com-
positions are confirmed through accurate mass mea-
surement data and their fragmentation pathways are
studied through isotope labeling and accurate MS? for
Compounds 1 to 4 and through accurate MS" scans for
Compounds 5 to 8.

In addition, we measured fragment ion intensities
expressed as percent total ion current as a function of
collision cell voltage as described by Butcher et al. [12].
These breakdown graphs allow an estimation of the
relative energy of transitions and can be used not only
to interpret fragmentation pathways in the manner
used to illuminate the homolytic mechanisms proposed
for the thermolysis of neutral species [13] but also to
allow the selection of optimal conditions for analysis by
multiple reaction monitoring.

Experimental
Compounds

All compounds were prepared following previously
described procedures [7c]. Analytical characterization is
given in reference [7c] for Compounds 1 and 5 and in
the Supplementary Material section (which can be
found in the electronic version of this article) for the
others.

Deuterium oxide, [°H;]-iodomethane and [*H,]-imi-
dazole were obtained from CDN Isotopes (Pointe-
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Scheme 1. Structures of compounds studied.

Claire, Quebec, Canada), the other starting materials
(imidazole, 2-bromoethanol, 3-bromopropanol, 6-bro-
mohexanol, and chloroacetic acid) were obtained from
Aldrich Chemical (Oakville, Ontario, Canada). Labeled
derivatives were synthesized by the microwave con-
densation method [14] and the resulting mixtures were
analyzed in ESMS® without further purification. Ele-
mental compositions of all the studied compounds were
confirmed in high-resolution ES-FTMS.

Instrumentation

Low-resolution ESMS and ESMS? analyses were carried
out in positive ion mode using a Micromass Quattro II
triple quadrupole mass spectrometer (Manchester, UK)
equipped with an electrospray source. Samples, dis-
solved in 80% acetonitrile, 20% H,O containing 0.5%
formic acid, were infused at a flow rate of 120 ml/h.
Spectra were accumulated in multi-channel analysis
(MCA) mode for 1 min at each collision energy (CE),
smoothed, and background subtracted. Data analyses
were carried out using MassLynx version 3.5 software.

Table 1. Accurate mass measurements for Compounds 1 to 8

J Am Soc Mass Spectrom 2006, 17, 85-95

Nitrogen was used as drying gas (400 1/h) and nebu-
lizing gas (20 1/h). The ES capillary was set at 3.1 kV
while the MS analysis was carried out at a cone voltage
of 25V, a scan rate of 300 Da/s with an inter-scan delay
of 0.1 s, and a scan range of 120-1000 Da. The resolving
power was set to obtain unit resolution. CID analyses
were performed in argon (pressure 1.2 X 10~° mbar)
with CE ranging from 0 eV to 60 or 100 eV with 5 eV
increments (laboratory frame of reference). Breakdown
graphs are constructed by plotting percent total ion
current (TIC) for each ion against the collision cell
voltage at which each spectrum is measured, and these
are available as Supplementary Material. ESMS spectra
of all nonlabeled compounds and combined ESMS*
scans of energies above 15 eV are available as Supple-
mentary Material.

High-resolution measurements were made in posi-
tive ion electrospray mode with an IonSpec 7.0 tesla
FTMS (Lake Forest, CA) calibrated with polyethylene
glycol 300. The instrument was equipped with a Z-
spray source from Waters Corporation (Milford, MA),
an accumulation hexapole, no collision cell, a quadru-
pole ion guide, a standard cylindrical ion cyclotron
resonance (ICR) cell, and Omega 8 software. The anal-
yses employed a direct infusion flow rate of 2 to 3
ml/min, a capillary voltage of 3800 V and a cone
voltage of 45 V. Ions were accumulated in the hexapole
for 300 to 1500 ms with a rod voltage of 120 V. For the
transfer of ions through the quadrupole ion guide, the
low mass range coil with a frequency of 1985 kHz was
used. Parameter setups were manually built to optimize
the MS"™ analyses. For MS? scans, sustained off reso-
nance ionization collision induced dissociation (SORI-
CID) was used with an arbitrary waveform for expel-

Compound g 4 Y Formula Calculated Found (error: ppm)
1 X=CH;Y=H CgH,,N,O" 127.0866 127.0864 (—1.6)
R = (CH,),0OH X =C?H;Y=H CgHgN,O?H,;* 130.1054 130.1055 (1.0)
X =C?H,Y = 2H CeHsN,02Hg " 133.1242 133.1244 (1.1)
2 X=CH;Y=H C,H,5N,0" 141.1022 141.1022 (-0.5)
R = (CH,);0H X =C?H;Y=H C,H;oN,0%H, ™" 144.1211 144.1213 (1.8)
X =C?Hy Y =2H C,H,N,0%Hg* 147.1399 147.1400 (0.5)
3 X=CH;Y=H C,oH1sN,0" 183.1492 183.1487 (—2.4)
R = (CH,)¢OH X =C?H;Y=H CqoH16N,0%H,* 186.1680 186.1682 (0.8)
X =C?Hy Y =2H Cq0H13N,0%Hg ™ 189.1868 189.1865 (—1.6)
4 a X=CH;Y=H CgHgN,0,™ 141.0658 141.0664 (4.2)
R = CH,COOH b X =C?H;Y=H CeHgNLO2H, " 144.0847 144.0849 (1.8)
c X =C?H,Y = 2H CeH3N,0,2Hg" 147.1035 147.1038 (1.8)
5 C,3Hq14IN, O, 357.0094 357.0092 (-0.8)
6 Ci4H16IN,O,™ 371.0251 371.0247 (-1.0)
7 Cq7H,0IN, 0, 413.0720 413.0716 (—1.1)
8 C,3Hq14IN, O, 357.0094 357.0092 (-0.8)
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Figure 1. Breakdown graph for 1. For the sake of clarity, some minor ions have been removed but
are available in the Supplementary Material. Solid lines represent even electron ions, dotted lines

represent odd electron ions.

ling from the ICR cell all the ions outside a window of
+ 10 Th around the ion of interest and an isolation
function was used to expel, within this window, ions
more than 0.9 Th from the selected precursor. A 500 ms
rf pulse (1-3 V,,,) SORI with an offset frequency 1 kHz
lower than the resonant ion cyclotron frequency was
used with a nitrogen gas pulse of 100 ms starting
synchronously with the SORI rf pulse.

For MS® and MS* experiments, the same steps were
followed without the additional isolation function. For
detection, ion excitation was done through an arbitrary
waveform in a range of 25 to 1000 m/z with an ampli-

Table 2. Compositions of CID fragments obtained for
Compound 1 and its labeled analogs

Y
A OH
XNINT
=

Y Y

X = CH, X = C?H, X = C?H,
Composition Y=H Y=H Y =2H
CoHN,OXY, " 127 130 133
CoHaN,XY5" 109 112 115
CH,N,XY, " 96 99 102
C,HN,LXY " 95 98 101
CoHN,XY,* 83 86 89
CoHNY, ™ 68 68 71
C,HNXY,* 56 59 61
C,H,OH " 45 45 45
C,H,0H" 43 nd nd
C,HNY," 42 42 45
CNXY™* 42 45 46

Bold ions have significant intensity only at high CE as correlated by
breakdown graphs in Supplementary Material
nd: not detected

tude of 140 V (b-p), the ADC rate for MS was 2 MHz for
a scan range of m/z 108-1000 and 16 MHz for MS" for a
scan range of m/z 25-500. Transients were 2 M data
points long and up to 10 scans were accumulated. To
allow the pressure in the ICR cell to come back to its
nominal value of 1-2 107" torr before the detection
step, a waiting time of 4 s was used after the last gas
pulse. The MS™ experiments were calibrated using the
precursor ion as internal reference.

Results and Discussion

Table 1 presents the accurate mass measurements ob-
tained for unlabeled Compounds 1 to 8 and the labeled
analogs of 1 to 4.

Y
A OH
X~
NONT,
Y Y
1) n=1 CgH;;N,O* m/z 127
2) n=2 C;H,3N,0* m/z 141

/ 3) n=5 CyH;oN,0" mv/z 183
Y

1) C,H;0* m/z 45
. 2)CH,0"mz59
3) C4H,30* m/z 101

A
XNONW -H,0
Y Y
1) 2) 3)C,H;N,* Y
2 )ij ;32 I X\KI%N

/ \ X- N@N“n\/ L
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CNWY;* CNWXY,* Yy v Y X

D2 HCHN  1)2)3) CHN 1) n=0 CgHoN,* m/z 109 1) 2) 3) CsH;N,
e 42 iz 56 2) n=1 C;H N,* m/z 123 m/z 95

Scheme 2. CID fragmentation scheme and product ion compo-
sitions proposed for 1, 2, and 3. Ion compositions and masses are
those for the unlabeled compounds. “W” represents the hydrogen
atom transferred to N from the leaving side-chain. X and Y are
defined in Table 1.
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Table 3. Accurate masses obtained for the principal fragment produced in CID of Compounds 1, 2 and 3

n
Y
Found (error: ppm)
Proposed formula Calculated 1 2 3
X=CH;, Y=H,n=1 C,H,;N,* 83.06037 83.0604 (0.2) 83.0607 (4.4) 83.0605 (1.3)
X =C?Hs, Y=H,n=2 C,2HzH, N, ™ 86.07921 86.0792 (0.3) 86.0792 (0.0) 86.0796 (4.6)
X =C?Hs Y=2H,n=5 C,2HgH,N,* 89.09804 89.0981 (0.8) 89.0986 (6.4) 89.0979 (—1.8)

Fragmentation of Compounds 1, 2, and 3

These ILs bear an alcohol function and may be useful as
media to dissolve highly polar biomolecules such as
carbohydrates and nucleic acids [15] and as substrates
for organic syntheses [7c, d]. Structures and composi-
tions of fragment ions produced from these ILs are
established through SORI CID MS" in the FTMS and by
CID in the triple quadrupole instrument with deute-
rium labeled analogs synthesized with trideutero-
methyl iodide and unlabeled or *H, labeled imidazole.

Figure 1 is the breakdown plot for 1 which is useful
in the construction of its fragmentation scheme. The
main fragments of Compound 1 and its labeled analogs
are presented in Table 2. With increasing CE, m/z 127
begins to decline at 10 eV, coinciding with the onset of
appearance of m/z 83. M/z 83 maximizes at ~20 eV and
as it declines in intensity, the intensities of m/z 42 and 56
increase together, suggesting a precursor—product rela-
tionship. M/z 45 also appears early in the loss of m/z 127
intensity, and this suggests that like m/z 83, it is a first

x0.3M
1007 a) 45 OH
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" h J\ 56 68 J 9596 10 127
0 T T \;\ T T T T 9\ \A T
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Figure 2. Influence of labeling on the CID of 1 at CE = 25 eV (a) conventional MS? of 1, (b) and (c)
MS? of deuterium labeled 1. Ion intensities in the range m/z 82 to 90 are multiplied by 0.3 to increase
the visibility of other ions. (d) MS? spectrum of m/z 96 obtained by in source decomposition of 1
showing loss of hydrogen and methyl radicals from m/z 96. (e) MS? spectrum of m/z 95 obtained by
in source decomposition of 1 showing loss of methyl radical from m/z 95.
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Figure 3. MS? spectrum at CE 25eV in deuterated solvent of the IL parent ions of 1 in (a), 2 in (b),
3in (c). Panel (d) correlates the number of methylene hydrogens in the side-chain with the ratio of the

intensities of m/z 83 and 84

generation fragment of m/z 127. One can note that the
intensity of m/z 127 does not fall to zero but rather
remains at ~20% TIC above 25 eV. We interpret this as
an indication that m/z 127 undergoes a rearrangement
to a more stable ion above 25 eV. The appearance of m/z
95 coincides with the point at which m/z 127 ceases its
decline and does not fall appreciably with increasing
CE, suggesting that it is a reasonably stable ion with
perhaps some aromatic stabilization derived from its
possibly rearranged precursor. Scheme 2 correlates
these observations, and includes additional aspects in-
ferred from high-resolution data and CID of labeled 1.

In the breakdown graphs of 2 and 3 (Supplementary
Material), similar correlations are noted and are sup-
portive of the fragmentation pathway proposed in
Scheme 2. The parent ions (m/z 141 and 183) begin to
lose intensity at 10 eV, and, like m/z 127 in 1, stabilize

Y Y
o
X A, NN °
((0 N®N\AOH H,0 N®N—
S S ..
X~ NN -H 4a) CgHoN2O," miz 141 a) CgHyN,O* miz 123
>—< 4b) CgHg?HaN,0," m/z 144 b) CgH4?H3N,0* m/z 126

4c) CgHa?HgN,O," miz 147 ©) CeH?HgN,O* m/z 129

/COZH \CO2H
a) C4HsNy* miz 81

H @ CsHgNy" mh%—» b) C4HsN,™ m/z 81
«"b) CsHs2H3N, iz 99 ©) CaHp?H3N,* miz 84
) CsHy?HgN,"'miz 102

a) C4H N,* m/z 83
b) C4H2HzN,* miz 86
©) C4H2HgN,* miz 89

a) C4H4N; " miz 80 - a) CsH;N,* m/iz 95
b) C4HsN,*"miz 80 ~<«— b) CsHy?H3N," miz 98
) C4H?H3N, ' m/z 83 ) CsH2HgN,* m/z 101

Scheme 3. Proposed fragmentation pathway for 4. X = CH, for
4a, and C?H; for 4b and 4c. Y = H for 4a and 4b, and 2H for 4c.

after 25 eV at ~20 and 6% of TIC, respectively. M/z 95
is a less intense fragment in 2 and 3, and its intensity
correlates inversely with alkyl chain length.

By accurate mass measurement, m/z 83, which is the
base peak for unlabeled 1 to 3 in a wide energy range is
C4H,N,". Their C*H, and *H analogs are shifted to m/z
86 (C,H;H,N, ") and m/z 89 (C,°H¢HN, "), respectively
(Table 3, Figure 2). This fragmentation is similar to the
scission of the alkyl C-N bond of N-alkyl pyrroles with
concomitant transfer of a hydrogen from the leaving
alkyl moiety to the nitrogen [16, 17] to yield in our
study the Il-methyl-3-H-imidazolium ion. The side
chains of 1 to 3 are terminated by a hydroxyl group and
the question of the origin of the transferred hydrogen
arises. To elucidate this point, we recorded the CID
scans of Compounds 1 to 3 in a deuterated solvent
(ACN 80%/D,0 19%/formic acid 1%) which exchanges
the labile proton of the hydroxyl group. This produced
two ions at m/z 83 and 84 (Figure 3a, b, ¢) having
relative intensities dependant on the alkyl chain length.
The origin of the hydrogen W transferred from the
side-chain on N" is directly correlated to the number of
methylene group hydrogens in the side-chain and alco-
hol function through a second-order relationship (Fig-
ure 3d). The migrating proton has been shown to
originate in various positions along the alkyl chain in an
analogous fragmentation in the electron ionization
spectrum of N-n-butylpyrrole [17], however to the best
of our knowledge this is the first time that the influence
of the chain length terminated with an alcohol function
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Table 4. Compositions of SORI CID fragments obtained for Compound 4 and labeled analogs

Y

X\@/\{(})/OH

J Am Soc Mass Spectrom 2006, 17, 85-95

Y Y
4a) X = CHg 4b) X = C?H, 4c) X = C?H,
Composition Y=H Y=H =2H

Proposed formula  Calculated Found (error: ppm)  Calculated Found (error: ppm)  Calculated Found (error: ppm)
CsHN,OXY,™" 123.0553 123.0554 (1.2) 126.0741 126.0742 (1.0) 129.0929 129.0931 (1.4)
C,H,N, XY™ 96.0682 96.0685 (3.2) 99.0870 99.0875 (4.6) 102.1059 102.1063 (4.3)
C,HN,XY;™* 95.0604 95.0607 (3.8) 98.0792 98.0793 (0.8) 101.0980 101.0984 (3.8)
CzHN,XY,* 83.0604 83.0608 (5.7) 86.0792 86.0799 (7.7) 89.0980 89.0987 (7.0)
C,H,NL Y, 81.0447 nd 81.0447 81.0449 (2.8) 84.0636 84.0635 (—0.5)

nd: not detected

is studied. To discount the possibility that proton ex-
change may competitively occur in position 2 of the
ring, which is more labile than positions 4 and 5 [18], we
also recorded the CID spectrum of 5 in the same
solvent. The spectrum obtained for 5 (data not shown)
was unmodified, proving that no exchange occurs on
the ring under these conditions during the electrospray
process.

The two main fragments obtained from the 1-methyl-
3-H-imidazolium ion in a previous study [19] at m/z 42
and 56 are observed here in the CID of 1 to 3 and are
CH,N" and C;HN", respectively, through accurate
MS? of m/z 83. Figure 3a shows that as for m/z 83, by

using a deuterated solvent, m/z 56 and 42 are split with
m/z 57 and 43 arising if W is a deuteron. Then, when X
is changed to C?H,, m/z 56 is further shifted to m/z 59
and further to 61 when Y is *H (Figure 2). With the
labeling convention adopted in Table 1, these observa-
tions confirm m/z 56 ion is C,NWXY," and for m/z 42
we have the two possibilities, CNXY" and C,NWY;".
M/z 95.0605 (CsH,N, * requires 95.0604) in 1 is attrib-
uted to a b cleavage and is probably stabilized by ring
expansion [20]. Its intensity decreases with the chain
length and its position is shifted to m/z 98 and 101 in
C?H, and *H, analogs, respectively, of 1 (Figure 2) to 3,
indicating that all labeling is conserved in this ion.

00, /\N/\H/OH 95 K20
o] a) \ / Is) 96
) 5456 8 8183 123126 i
b ¥ s AW - b
. PAN OH 98
100 2H3C—N@N/\W o1
99 144
%] b) (¢} 82
a4 | 5]\4 59 76 86 97 109 126
3N x4 ¥ 145
100+ PaN 02H X
QY
%] ©) 0) 82 99
4 48 76 81| 87 110 126127 149
[ AL : A i
%
g OH 147
100 o 2H3C—N® NTY
5 101 ) W/ O
0/ |
"D g s 83 100 H °H
o j_t/é J Jl 59 72 7/\6 89 112 129 /
T T T T T T T T T T T T T T T T TM/Z
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Figure 4. (a) MS? spectrum of m/z 141 for 4. (b) MS? spectrum of trideuteromethyl-substituted m/z
144. (c) MS? spectrum of trideuteromethyl-substituted 4 electrosprayed in deuterated solvent. M/z 126
corresponds to the loss of 2HOH from m/z 145 and m/z 127 results from the loss of CH, radical from
m/z 145. (d) MS? spectrum of *H-labeled 4 showing loss of ?H" from m/z 102 and 85
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Table 5. Accurate MS" data (error: ppm) for Compounds 5-7. Ions correspond to those in Scheme 4

1
R (0)
NN Oy
— 0]
lon B lon C lon D lon E lon F lon H
lon A C,H, 10" CeHul™ CgHgO,™ C,H, O™ CeH, ™ lon G C,H,N,*
5 MS?2 357 CoHgO,I" 230.9299 202.9351 148.0519 104.0257  76.0308 nd
274.9562 (—0.7) (—0.8) (—0.7) (0.0) (0.0) (0.1)
MS?2 275 230.9302 202.9352 148.0519 104.0257  76.0310
(0.1) (0.0) (0.5) (0.3) (3.5)
MS2 231 202.9352 104.0259  76.0310
(0.1) (2.5) (3.5)
MS* 203 76.0310
(3.5)
6 MS? 371 CioH100,1" 230.9304  202.9354 104.0258  76.0308 C,H,N,*
288.9725 (1.7) (1.2) (1.0) (1.1) (1.1) 123.0916 (—0.3)
MS?3 289 230.9301
(—0.1)
MS?3 231 202.9354 104.0255  76.0308
(1.0) (—2.0) (0.9)
7 MS? 413 230.9305 202.9357 CioHq7N, ™t 83.0605
(1.7) (2.6) 165.1388 (1.3) (1.2)
MS?3 231 202.9354 104.0264  76.0311
(0.9) (7.0) (4.0)
MS?2 165 83.0604
(0.0)

nd: not detected

M/z 96 and 68 are observed only at higher CE and
are, respectively, attributed to CsHgN, " and C;H,N,™
through the use of labeling (Table 2). Radical cation m/z
96 can only be formed directly from even electron m/z
127 (by homolytic B-cleavage loss of HOCH,). Radical
loss from an even electron ion is unusual. The break-
down graph for 1 shows that the onset of formation of
m/z 96 is as low as 20 eV (Figure 1). To further study the
fragmentation of m/z 95 and 96, we produced them

I
\N@N Aé)fr?jc)(@/

5) n=1C3H4IN 0, m/z 357
6) =2 C,4H16IN,0," m/z 371
7) =5 Cy7H N ,0," m/z 413 \ lon A

<(CH4NCO H |
/ \ 507(©/
lon G \N®NW lon B / o}
= 5) R=C,Hy4 CoHglO 5" m/z 275

5) n=0 CgHgN,™ m/z 109 '/'}‘@I

6) n=1C,HyN,* m/z 123 SC(: .

7) n=4C oH,,N,* m/z 165 16)7) CoH|
m/z 231

. lonD
-Co - -
lon H 5) CoHg0,* m/z 148
lonC
—NnAN-H
N@N

6) R=C3Hg C1oH1010," m/z 289
J

lon E
6)7) m/z83 + ! 7_@
4
CaHNy* 5)6)7) CeHl*m/z203 O
. 5)6)7) C;H,0 m/z104
A co
lon F
O
Route A 5)6)7) CeHs™ Route B
m/z76

Scheme 4. Proposed fragmentation pathway for 5, 6, and 7.

from 1 in the source with a 75 V cone voltage. Their
product ion scans are presented in Figure 2d and e and
demonstrate that radical cation m/z 96 undergoes H'
loss, and that m/z 96 and 95 both undergo methyl
radical loss leading to m/z 80 and m/z 81, respectively,
even though m/z 95 is an even electron ion. It should be
noted that fragmentation of both these ions leads to
several common fragments.

Regarding fragments involving the alcohol function,
the neutral loss of water expected for aliphatic alcohols
is only a minor fragmentation pathway with, again, an
intensity decreasing with chain length, and is found for
1 at m/z 109.0760 (C4HoN,* requires 109.0760), for 2 at
m/z 123.0917 (C,H;;N," requires 123.0917), and is not
detected for 3. Whereas « cleavage of 1 leads to m/z
45.0336 (C,H50™" requires 45.0335), which constitutes its
second main fragment and for 2 m/z 59.0492 (C;H,O*
requires 59.0491), which is less intense than for 1, for 3
an analogous ion is detected with difficulty at m/z
101.0962 (C¢H,30™" requires 101.0961). Labeling of the
methyl group and the imidazole ring do not affect these
masses whereas the use of a deuterated solvent shifts
them 1 Da upward (Figure 3a for 1), confirming them as
the result of cleavage a to the imidazole ring.

Fragmentation of 4

The proposed fragmentation pathway of 4 is presented
in Scheme 3, which is supported by its breakdown
graph (Supplementary Material), and by accurate mass



92 LESIMPLE ET AL.

100

J Am Soc Mass Spectrom 2006, 17, 85-95

-1 |—+—m/z 357

% Total Ton Current

0.1

—a—m/z 275
.o |——m/z 231
—x—m/z 203
--%--m/z 148
—x—m/z 109
--0---m/z 76
&m/z50

5) Cy3H,4IN,0" m/z 357

0 10 20 30 40 50

60 70 80 90 100

Collision Energy eV

Figure 5. Breakdown graph for 5. Solid lines represent even electron ions, dotted lines represent odd

electron ions.

data (Table 4) obtained in SORI-CID for 4 and its
labeled analogs. As noted above in the breakdown
graphs for 1 through 3, the intensity of the parent ion
begins to decline at 15 eV and remains constant above
30 eV, perhaps due to collision induced rearrangement
to a more stable ion. However, the presence of a
carboxylic acid function leads to a very different frag-
mentation pathway. Whereas for 1 to 3, m/z 83 was a
major fragment for a wide range of collision energies, in
the case of 4 this fragment only reaches 5% at 25 eV.
Instead, the major fragmentation pathway for this com-
pound leads to m/z 95 and 96 (Figure 4a), the former
being the base peak above 25 eV. These ions were
shown through their accurate mass to be CsH,N," and
CsHgN, ™, respectively, (Table 4) and were increased,
respectively, to m/z 98 and 99 by C*Hj labeling (Figure
4b) and then to m/z 101 and 102 by additional ring
labeling (Figure 4d). Their formation occurs through

. \N@N/TOMO

-l
+
v@- ;/8) C13H14IN0,* miz 357 —@l
0.
ROx N
-/ &

C13H14N20," " m/z 230

\ O

CsHgN,"" m/z 96

V \izm .:
H
C7Hg" *miz 90 \

C/Hs* m/z 89

Route B

CsH/N,* miz 95 C3H4N,™™ miz 68

Route A

Scheme 5. Proposed fragmentation pathway for 8.

/ CHgl* m/z 217
-l -

loss of the carboxyl group by homolytic B-cleavage,
specifically as CO,H' to yield radical cation m/z 96 in the
manner analogous to that in 1, while m/z 95 is formed
by loss of formic acid. These two ions are very much
more intense in 4 than in 1, which greatly facilitates the
recording of accurate mass data for them and their CID
fragments. The high intensity of m/z 95 may be due to
rearrangement leading to a very stable aromatic struc-
ture [20] as suggested for 1. The loss of CO,H" (which
may occur as successive or concerted losses of H and
CO,) is unusual when it occurs from an even electron
ion. The breakdown graph for 4 shows that the onset of
formation of m/z 96 (the resulting radical cation) is as
low as 15 eV (Supplementary Material).

As observed for Compound 1, fragmentation of m/z 95
and 96 produced by cone voltage fragmentation (Supple-
mentary Material) leads to proton and methyl radical
losses. Here again, analogous *H' loss is confirmed by the
observation of ions at m/z 97.0734 (CsHs"H,N, " requires
97.0729) and 100.0922 (CsH,*HsN, " requires 100.0918) in
the ?H; and *Hg analogs of 4 from m/z 99 (Figure 4c) and
102 (Figure 4d), respectively. The loss of H, therefore,
occurs from the methyl function on N}, although there is
evidence of scrambling (see below).

The processes leading to m/z 80 and m/z
81.0447(C,HsN, " requires 81.0447) are not fully under-
stood, although it is obvious that they occur through
methyl radical loss (Figure 4e, f). The question of the
proton source arises. First, in Figure 4b the presence of
m/z 82 suggests a loss of 17 Da from m/z 99, which is not
C?Hy but rather C*H,H and second, if we compare
Figure 4b and c where the carboxylic acid proton is
replaced by a deuteron, not only does a new ion at m/z
83 appear but also the ratio between the ions at m/z 98
and m/z 99 is affected, suggesting some hydrogen
scrambling in the ring expansion process forming a
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Table 6. Accurate MS" data for Compound 8 (error: ppm)
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Composition Calculated MS? 357 MS2 251 MS? 230 MS?2 217 MS? 96
CoHgO,l1" 274.9563 274.9564 (0.2)

CeHsN,OI* 250.9676 250.9677 (0.7)

Cy3H1uN,0, 230.1050 230.1050 (0.0)

C,Hgl™ 216.9509 216.9509 (0.3)

CsHgN, 96.0682 96.0682 (0.5) 96.0683 (0.6) 96.0683 (0.9)

CsH,N,* 95.0604 95.0605 (1.1) 95.0605 (1.3) 95.0604 (0.1)
C,Hg" 90.0464 90.0465 (1.4) 90.0464 (0.4)

C,H" 89.0386 89.0386 (0.7)

labeled analog of the m/z 95 ion noted in Scheme 2. In
that case, m/z 83 could occur by C?HH,' loss from m/z
99. Moreover, in Figure 4d m/z 85 can only be rational-
ized as the loss of C*HH, from m/z 102.

The loss of water from m/z 141 leading to m/z
123.0553 (C¢H,N,O™" requires 123.0553) is confirmed by
the observation of m/z 126 and m/z 129 in the *H, and
H, labeled analogs. We observe a very weak loss of
methyl radical from m/z 141 (Figure 4a), and this loss
from 144 in the cases of labeled 4 (Figure 4b) could be
confused with the loss of water (both losses reduce the
ion mass by 18 Da). When the *H, analog was subjected
to CID in deuterated medium, a loss of 19 Da was noted
(Figure 4c), confirming that loss of methyl radical and
water from m/z 141 are competing processes. In Figure
4c one can observe that, as for Compounds 1 to 3, the
use of deuterated solvent leads to the splitting of the m/z
86 ion with m/z 87 being the most intense of the two,
showing that the migrating proton is, as for 1, mainly
taken from the carboxyl group.
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T amas) T T T T T + T T T T m/z
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Figure 6. (a) MS? spectrum of m/z 357 for 8 showing loss of T
from the molecular cation (m/z 357. (b) MS? spectrum of m/z 90
obtained by in source decomposition of 8 showing loss of H" and
CH; from m/z 90.

Fragmentation of Esters 5, 6, and 7

Compounds 5, 6, and 7 were obtained by esterification
of 1, 2, and 3 with p-iodobenzoic acid [7c]. Accurate MS™
data are presented in Table 5 and their fragmentation
pathways are proposed in Scheme 4. The breakdown
graph of 5 presented in Figure 5, clearly shows that m/z
357 fragments successively through m/z 275, 231, 203,
and 76. This succession is supported through accurate
MS" data presented in Table 5. Similar behavior is noted
for 6 and 7 (see breakdown graphs in Supplementary
Material).

Two main fragmentation pathways are presented in
Scheme 4 and supported through accurate MS"™ data in
Table 5. Route A leads to ionic fragments derived from
the imidazolium portion and Route B leads to fragment
ions derived from the iodophenyl ester moiety.

Route A is best represented by Compound 7 in
which the first fragment G results from the of elimina-
tion of iodobenzoic acid as seen for 5, 6, and 7 at m/z
109, 123, and 165, respectively. Their intensities increase
with increasing aliphatic chain length. This is the only
ion having appreciable intensity in the A pathway for 5.
Secondly, proton transfer with side-chain elimination
leads to the 1-methyl-3-H-imidazolium ion at m/z 83
which is the base peak for 7 above 25 eV, does not reach
1% of the TIC for 6, and is not seen for 5. As noted for
Compound 3, a second ion of low intensity was found
for 7 at m/z 83.0857 (C¢Hy; * requires 83.0855) in the MS?
of m/z 413 and also in the MS® of m/z 165.

For Route B, the heaviest fragment, A, obtained for 5
and 6 (m/z 275 and 289, respectively, Scheme 4) with
increasing CE is formed by a cleavage and loss of the
imidazolium ring. In 5, in which two methylenes sepa-
rate the imidazolium ring and the ester function, m/z
275 reaches a greater abundance than B, the iodoben-
zoyl ion at m/z 231, while in 6, three methylenes
separate the two groups, and the analogous ion at m/z
289 maximizes at an abundance lower than that for B.
The analogous ion at m/z 331 for 7 in which six
methylenes intervene is not seen. For CE above 30 eV, B
is formed directly by acyl-oxygen cleavage and be-
comes the base or a very intense peak for 5 and 6,
whereas for 7, its intensity only reaches 12% of TIC.
Above 40 eV, m/z 203 is formed from B by carbon
monoxide neutral loss whose intensity reaches more
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than 28% of the TIC for 5 and 6, whereas it is below 11%
for 7. M/z 148 is formed by loss of iodo radical from m/z
275, and is seen only for 5, while iodo radical loss
producing distonic radical cations m/z 104 and m/z 76, E
and F, respectively, occurs for all three compounds,
probably in the manner noted in the ESMS of iodo
derivatives of coumarin [21]. The onset of formation of
E and F are ~40 and 50 eV, respectively.

Fragmentation of Compound 8

Compound 8 was obtained by the esterification of the
carboxylic acid function of 4 with iodobenzyl alcohol.
Two main fragmentation routes are observed for this
compound (Scheme 5), and these are supported by
accurate mass data shown in Table 6 and by CID
(Figure 6 and Supplementary Material).

In Route A, the first fragment is formed starting at 10
eV by loss of iodine radical leading to m/z 230, it reaches
maximum intensity at 20 eV, and it is not detected
above 45 eV. In addition, we observe hydrogen and
methyl radical losses from m/z 95 and 96 as described
above. The onset of formation of m/z 96 from 8 is 15 eV
and it is the base peak in the interval from 20 to 45 eV
yielding m/z 95 by H radical loss above 25 eV.

The first ion to be formed via route B at m/z 217 is
attributed to the formation of an iodobenzyl ion. The
well known stability of such ions allows this ion to
remain as an intense peak in CID from 15 eV up to 100
eVv.

A benzyl or tropylium radical cation at m/z 90 is
formed by loss of an iodine radical from m/z 217 as
demonstrated by MS’ (Table 6). CID of m/z 90 produced
by in source fragmentation of 8, presented in Figure 6b,
shows that m/z 89 is formed by H radical loss from this
radical cation. Evident also is the loss of methyl radical
by m/z 90; the mechanism of this loss is unknown.

Conclusions

Our study of the ESMS" behavior of several types of
imidazolium ILs reveals many interesting routes of
decomposition, some counter-intuitive and even sur-
prising, presumably due to the presence of a permanent
formal cationic charge. Several instances of H' loss are
demonstrated from odd electron ions and confirmed by
’H losses in deuterium labeled analogs. CH; and C*Hy
losses are also observed from even-electron ions, losses
that are generally found in high-energy processes oc-
curring in kilovolt regimes, not in electrospray-CID-
triple quadrupole systems. Homolytic charge remote
cleavage of an iodine-carbon bond may have less
energetic requirements, and several instances of this
loss are noted. Collision-induced rearrangement of sev-
eral ILs to ions resistant to decomposition at higher
energies is apparent.

ILs 1 through 4 are useful as anchors for solution
phase peptide synthesis [7d] and produce prominent
fragments incorporating the imidazolium ring. On the
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other hand, for esters 5 to 7, the relative importance of
two main routes of fragmentation strongly depends on
the number of methylenes between the ester function
and the imidazolium ring. When this number is low,
intense fragments arise by a charge-transfer to the ester
moiety. At higher carbon number, imidazolium frag-
ments and ions derived from them are predominant in
the spectra.

This unusual transfer of charge to the ester moiety
could be the basis for the derivatization of a variety of
analytes with the imidazolium ring which may greatly
improve their limits of detection by ESMS. The presence
of their permanent formal positive charge, therefore, is
an opportunity to be exploited in establishing sensitive
analytical methods for them in ESMS and ESMS?.
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