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Abstract

We recently demonstrated that a battery of reactive aldehydes can be generated by human neutrophils through the acti
of myeloperoxidase oa-amino acids. To determine the aldehydes, we formed the pentafluorobenzyloxime (PFBO) derivatives
by reacting them with pentafluorobenzylhydroxylamine (PFBHA) and submitting the derivatives to gas chromatography
electron-capture mass spectrometry (GC/EC/MS). Two geometric isomers are formed for each of the aldehydes, and they &
separable by gas chromatography (GC) and exhibit distinguishable electron-capture (EC) mass spectra. Major fragment io
include [M — HF]", which probably has a six-membered ring formed via HF loss from the molecular radical anion.
Subsequent decomposition of this intermediate yields other characteristic ions (e.g. those formed by elimination of NO and th
anion of m/z 178). We proposed fragmentation pathways and mechanisms that are consistent with the data derived fron
collisionally-activated dissociations (CAD) coupled with tandem mass spectrometry, exact-mass measurements, studies
deuterium-labeled analogs, and calculations by PM3 semiemperical and ab initio methods. The generality of the structurall
informative fragmentation pattern together with GC separation is the basis of a powerful means for the identification of reactive
aldehydes in biological processes and the pathogenesis of disease. (Int J Mass Spectrom 185/186/187 (1999) 795-812) © 1¢
Elsevier Science B.V.
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1. Introduction target molecules containing nucleophilic groups. For
Reactive aldehydes have been implicated in a wide example, 4-hydroxy-2-nonenal (HNE), a cytotoxic
range of physiological processes [1, 2]. They may also decomposition product of lipid peroxidation, sponta-
contribute to the complications of diabetes mellitus, neously forms Michael adducts with sulfhydryl, his-

atherogenesis, alcoholic cirrhosis, and the aging pro- tidyl, and lysyl residues. Recent studies demonstrate
cess [1-4]. These biological effects are likely derived that activated phagocytes oxidize virtually all of the

from the selective reactivity of the aldehyde with  common amino acids into reactive aldehydes by a
pathway involving the generation of HOCI by myelo-

—_— peroxidase (MPO) [5-9] [Eq. (1)]:
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The amphipathic reactive aldehydes generated by (HPLC) as described previously [9]. In brief, amino
myeloperoxidase may then modify critical molecular acids (100 nmol) were incubated individually in
targets at sites of inflammation through formation of gas-tight vials (1 mL) in the presence of myeloperox-
various covalent adducts. Thus, generation of alde- idase (20 pmol), HO, (100 nmol), and NaCl (100
hydes from amino acids represents a mechanism for umol) in sodium phosphate buffer (50 mM, pH 7.0) at
phagocyte-mediated damage at sites of inflammation 37 °C for 30 min. Doug Spitz of Washington Univer-
and vascular disease [5-9]. sity School of Medicine generously provided the
In previous gas chromatography/mass spectrome- 4-hydroxy-2-noenal (HNE). Thedg-phenylacetalde-
try (GC/MS) studies, volatile pentafluorobenzyloxime hyde was purchased as thmino acid, DL-phenyt-
(PFBO) derivatives were prepared by reaction with alanine-2,3,31;, from Isotec, Inc. (Miamisburg, OH)
the reagent pentafluorobenzylhydroxylamine (PFBHA) and converted to the aldehyde by the procedure
and used in the detection of short-chaitydroxyal- described in this section. Pentafluorobenzylhydroxy-
dehydes [10] and aldehydes derived from lipid per- lamine (PFBHA) was obtained from Aldrich Chemi-
oxidation [11,12]. High-energy tandem mass spectro- cal (St. Louis).
metric studies of PFBO derivatives of ketosteroids
[13,14] and of guneribone [15] were reported. Here 2.2. PFBO derivatives of aldehydes
we employed GC/MS, high-energy collisionally acti-
vated decomposition (CAD) by linked-scanning and Aldehydes dissolved in phosphate-buffered saline
tandem mass spectrometry (MS/MS), and exact-mass(100 mM NacCl, 50 mM sodium phosphate, pH 7.0)
measurements in a systematic investigation of the were cooled to 0°C, and the derivatizing reagent
electron-capture (EC) mass spectra of the PFBO PFBHA was added in twofold molar excess relative to
derivatives of aldehydes derived from lipid peroxida- the original total amino acid concentration. Sodium
tion and oxidation ofa-amino acids. We also ana- hydroxide (final concentration 1 M) was then added
lyzed the characteristic fragment ions of the PFBO and the vials were capped, heated to 65 °C for 1 h, and
derivatives of dg-phenylacetaldehyde by the same cooled to 0 °C. Extraction was performed with an
methods to determine the fragmentation pathways andequal volume (1 mL) of ethyl acetate, and the residual
the nature of the fragment ions characteristic of this aqueous solution was acidified to pH 2 with concen-
class of compounds. Furthermore, we performed the- trated HCI and again extracted with another 1 mL of
oretical calculations by semiempirical PM3 and ab ethyl acetate. The extracts were combined and stored
initio methods for structural determination of the in gas-tight vials until analysis.
precursor, intermediate, and fragment ions, the calcu-
lation of the associated reaction energetics, and the 2.3. Mass spectrometry
assessment of mechanistic feasibility of the proposed
fragmentation pathways. EC mass spectra were acquired on a Hewlett-
Packard 5988A GC/MS instrument coupled with a
Teknivent Vector | data system. Mixtures of the

2. Experimental PFBO derivative of amino-acid oxidation products
were analyzed by GC on a Restek RTX-200 column
2.1. Aldehydes (15 m, 0.33 mm id, Jum film thickness) threaded into

the ion source of the mass spectrometer. The initial

Malondialdehyde (MDA) was prepared by acid GC oven temperature of 70 °C was increased to

hydrolysis of 1,1,3,3-tetramethoxypropane (Sigma 150 °C at a rate of 10 °C/min, and then raised to a

Chemical Co., St. Louis, MO). Standard amino acids final temperature of 280 °C at a rate of 20 °C/min.

were oxidized to their respective aldehydes and puri- Both high-resolution (10 000 resolving power) exact-
fied by high-performance liquid chromatography mass measurements, and linked-scanning experiments
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were performed on a VG (Micromass, formerly VG, were located by geometric optimization. The potential
Manchester, England) ZAB-SE double-focusing in- energy surfaces for the syn and anti isomers of the
strument equipped with an Opus 3.2 data system. The PFBO derivatives of both benzaldehyde and phenyl-
linked-scanning experiments gave information on acetaldehyde were investigated by using the PM3
CAD in the first field-free region. The CAD tandem method. Heats of formation for all minima were
mass spectrometric experiments were performed on acalculated and employed in screening candidates for
VG ZAB-T four sector (BEBE) instrument also likely intermediates in the fragmentation processes
equipped with an Opus 3.2 data system; fragmentation because differences in heats of formation of the
was induced in a collision cell between the two double- intermediates must conform to the range of energies
focusing BE sections so that both precursor and available from the EC ionization process. In addition,
fragment ions could be selected and analyzed with reaction trajectories were calculated by the PM3 method,
greater resolving power than that afforded by a single and the results were employed to locate transition states
double-focusing BE instrument. lon-source tempera- for some of the proposed reaction steps by eigenmode
tures of the VG sector instruments were maintained at following. All minima and transition states were
150 °C, and methane was the moderating gas for EC. validated by performing vibrational analyses on the
Perfluorokerosene was used as the internal standardoptimized geometries and checking the calculated

for high-resolution exact-mass measurements. Hessian matrices for the correct number of negative
eigenvalues, either none or one, respectively. All
2.4. Theoretical calculations heats of formation were calculated to standard condi-

tions (temperature, 298.15 K, and pressure, 1 atm).

To elucidate the structures of the molecularionand  The PM3 method employed in this study is part of
characteristic fragment ions, we undertook a program the Spartan v5.0 package (Wavefunction, Inc.) and
of molecular modeling at the semiempirical PM3 was running on a Silicon Graphics Indigo Il worksta-
level of parameterization [16, 17] and by ab initio tion. Furthermore, it will be assumed that all theoret-
methods to determine the most likely structures cor- ical calculations in this study were performed by the
responding to the molecular formulas and reasonable PM3 method unless noted otherwise. The ab initio
reaction pathways. The semiempirical algorithm with calculations were performed by using theusSIAN 94
the PM3 Hamiltonian (hereafter referred to as the suite of programs [18, 19] (Gaussian, Inc.) running on
PM3 method) has a good record for determining a Silicon Graphics Power Challenge workstation.
structures, but the calculated heats of formation are  Ab initio methods were used to optimize geome-
considered semiquantitative. Even with this limita- tries and calculate energies for the further character-
tion, the geometric and thermochemical results of the ization of fragments produced by single-bond cleav-
method can be used to guide the selection of likely ages (see Scheme 1). Geometries were optimized at
mechanisms and related structures as encountered irthe Hartree—Fock level (HF) with the 6-315(d)
breakdown schemes. The advantage of the PM3 basis set, which provides diffuse and polarization
method is its ability to handle much larger systems orbitals on the nonhydrogen atoms to account for
than is practical for ab initio procedures. The PM3 radical and/or anionic character of the fragments and
method was chosen for this study because of the sizesprecursors. Vibrational analyses were performed on
of the structures involved. In addition, we found that the optimized geometries at the same level of theory,
the PM3 method gave results that parallel ab initio and thermal-energy corrections to attain standard
calculations on certain fragments (see below), a cor- conditions were calculated from scaled zero-point
respondence that was much closer than that producedenergies and fundamental vibrational frequencies
by the semiempirical AM1 level of parametrization. [20]. The thermal-energy corrections were added to

Minima corresponding to the molecular anions, the calculated energies of the various species. In
postulated intermediates, and characteristic fragmentsaddition, the vibrational analyses were used to vali-
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m/z 197
m/z 181

m/z 167

[M-181]

Scheme 1. Common fragment ions derived by single-bond cleav-
ages of the radical anions of the PFBO derivatives of aldehydes.

date all optimized geometries as minima, i.e. no
imaginary frequencies were found. The final stage of
refinement, which involved geometric optimization
and energy calculation for each species, was per-
formed by using Becke’s hybrid functional, B3LYP
[21], with the same basis set, 6-85G(d).

Relative enthalpies of the simple-cleavage reac-
tions were calculated from the heats of formation of
the reaction components obtained from calculations
by the PM3 method or from the corrected energies
derived from ab initio calculations with the addition
of RT to account for differences in the number of
products produced by some of the cleavages. The

single-bond cleavage that produces 2,3,4,5,6-pen-
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tafluorobenzyl anion was used to set the zero point on
the relative enthalpy scale for the cleavage reactions.
The differences in the energetics of the fragmentation
processes that give rise to the simple cleavage prod-
ucts serve to put limits upon the range of energies

available from the electron-capture process; the avail-
able energy must be sufficient to drive the fragmen-

tation and rearrangement reactions.

The same ab initio procedures were used to calcu-
late the corrected energies associated with various
possible structures for the fragment ionrafz 178.
The differences in energy, identical to differences in
heats of formation in this case, allowed us to propose
likely reaction mechanisms and to postulate the struc-
ture of this ion.

3. Results and discussion

In Table 1, we present the formulas and likely
structures of malondialdehyde (MDA), HNE, which
are two products formed from lipid peroxidation,
acrolein and benzaldehyde, which are two known
toxic aldehydes, and aldehydes generated by my-
eloperoxidase-catalyzed (MPO-catalyzed) oxidation
of 13 naturally occurringx-amino acids.

Typically, two geometric isomers (syn and anti,
see below) of PFBO-derivatives of each aldehyde are
formed in the derivatization reaction [Eq. (2)].

F - F
CHZQF 2)
F F
Anti-

These isomers are usually separable by GC [15] asthe conventional use of syn and anti designations for
illustrated by the ion chromatograms of the PFBO the configuration of oximes [22] to the stereoisomers
derivative of HNE shown in Fig. 1. Typically, the of the PFBO derivatives [11].)

anti-isomer elutes before the synisomer [11]. The GC  When the syn and anti isomers of the PFBO
retention times and the abundances of molecular andaldehydes were separable by GC, we found that the
characteristic fragments ions represented in the EC isomers exhibited distinguishable EC mass spectra
mass spectra of the 17 compounds included in this (see Tables 1 and 2 as well as Figs. 2 and 3).
study are summarized in Table 1. (We have applied Furthermore, the patterns of abundance for thg M



Table 1

NCI mass spectra of PFBO derivatives of aldehydes, the relative abundances of characteristic ions

Parent r.t. miz mlz mlz mlz miz mz
amino acid Aldehyde (R-CHO) (min.) M" [M—HF]" [M—HF—HCN]" [M—HF-NO]* [M-181]° 204 197 196 181 178 167
Gly H-— 3.13 4.2(225) 9.5(205) **(178) 29 (175) nd (44) nd 10 4 100 80 27m
Ala anti CH,— 424 0.2(239) 8.9(219) nd(192) 16 (189) nd (58) nd 12 31 100 54 8.6M
syn 438 0.6 9.6 4 3.9 nd 14 13 100 60 5 T
Val anti  (CHy),CH— 5.72 0.1(267) 7 (247) nd (220) 6.3 (217) nd (86) 61 5 35 89 100 6 &
syn 5.80 13 2.6 5.3 nd nd 19 4 100 41 37 2
lle anti  CH,CH,C(CHy)H— 6.78 0.3(281) 4(261) nd (234) 3.3(231) 0.1(100) 34 13 25 8 100 012
syn 6.82 4.3 3.7 2.6 0.7 07 19 21 100 77 1.7 3
Leu anti  CH(CH,),— 6.98 nd(281) 13(261) nd(234) 14 (231) nd(100) 25 98 31 46 100 2.7%
syn 7.16 4.7 23 8.1 4.7 04 22 41 100 90 75 2
Ser anti  HOCH— 8.17 nd(255) 1.2(235) nd (208) 18 (205) 0.4 (74) 76 10 53 9.6 100 7.2:;
syn 8.31 4.7 32 nd nd 50 20 3 10 01 100 nd
Thr anti  CHC(OH)H— 9.42 nd(269) 37(249) nd(222) 1.7 (219) 0.2 (88) 13 26 38 nd 100 252
syn 9.56 0.3 12 nd 3.7 9 3 77 82 14 100 11 3
Asp anti  HOOCCH- 9.53 nd(283) 57(263) 0.3(236) 0.7 (233) 1.8(102) 58 24 12 21 100 ndg
syn 9.69 nd 17 0.2 0.3 67 23 nd 04 13 100 07 =
Lys" NH,(CH,),— 10.60 nd(296) 21(276) nd (249) 6.0 (246) nd(115) nd 67 13 14 100 5%
Phe anti  GH<CH,— 11.15 nd(315) 1.0(295) 0.6 (268) 1.0 (265) 0.2(134) 57 8 8 22 100 1 ‘5)
syn 11.26 1.3 34 47 0.2 0.6 26 26 07 15 100 nd Q
Glu" HOOC(CH,),— 11.22 2(297) 15(277) nd(250) 0.1 (247) 100(116) nd nd 56 05 15 ndg
Tyr anti  HO(GH,)CH,— 13.10 0.8(331) 100(311) nd (284) 1.0 (281) 0.7(150) 06 nd nd nd 100 nd§
syn 13.21 100 25 nd 0.5 nd 2 16 5 1 6 2
Trp anti  GHNCH,— 14.62 0.3(354) 100(334) nd (307) nd (304) 20(171) 02 4 48 88 9 32
syn 1476 nd 100 nd 0.1 6.4 nd 3 35 6 44 27 %
*Acrolein anti CH~=CH-— 535 0.4(251) 82(231) 0.8(204) 100 (201) 2 (70) 08 3 20 10 23 12§85
syn 564 9 61 2 87 2 11 50 100 94 16 2
*MDA CH ,(CHO)— 13.39 nd(462) 19(442) 47 (415) 0.5 (412) 54(281) 100 75 25 18 41 8.I®
13.42 nd nd nd 0.6 0.3 100 01 23 63 17 13
13.46 nd 20 34 0.5 100 85 74 8 56 67 96 8
*Benzaldehyde anti  gHs— 10.10 2.7(301) 50(281) nd(254) 72 (251) 40(120) 0.2 65 46 100 63 61L
syn 10.90 nd 85 nd 97 64 03 49 43 65 20 100gQ
*4-HNE anti  CHy(CH,),CHOHCH-=CH— 12.89 0.8(351) 63(331) 0.6 (304) 15 (301) 10 (170) 1 21 100 3 23 867
syn 1291 2.2 100 1.5 40 41 2 8 82 2 12 22 %

nd = not detected (relative abundanc®.1%); 'syn and anti isomers not baseline resolved; *standard aldehyde; **interference overlap/witfi8.
Data for the [M— X]~ are reported as: relative abundano#Z).

Some data presented in this table were previously published [9] albeit with reversed syn and anti designations [11].

66.
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A

Relative Abundance

N__A A
L

Cc

12.88 12.90 12.92 12.94

12.88 12.90 12.92 12.94

12.88 12.90 12.92 12.94

Retention Time (min.)

Fig. 1. The EC/GC mass chromatogram of the PFBO derivative of HNE. (A) TIC; (B) trace af/th@51 ion, M"; (C) trace of than/z 331

ion, [M—HF] .

[M — HF — HCN]", and [M — 181] ions favor the
later eluting component, whereas that for the {M
HF — R]™ ion tracks the earlier eluting component
(see Table 2), which indicates that the early/late

strongly track the geometric isomers must be defi-
nitely linked through intermediates that retain the
stereochemistry of the original isomers.

To account for the fragmentation patterns as pre-

groupings form consistent classes that are tenablesented in Tables 1 and 2, we propose that the major
with the previous report that anti-isomers elute before fragment ions of the radical anions of the PFBO-

syn isomers [11]. In addition, fragment ions that aldehydes fall into two classes. First, fragment ions
arise from single-bond cleavages of the molecular
anion M" (see Scheme 1). The fractional abundances
of these fragments are not expected to track strongly
either of the isomers. Second, fragment ions arise
through fragmentation of various rearrangement inter-

Table 2
Summary of trends in ion abundances from Table 1

Abundance ratios

Fragment lon yn ant mediates (see Schemes 2 and 3).

M- +

[M — HF]" -

[M — HF — HCNJ" + 3.1. Simple fragmentations

[M — HF = NOJ

M — 181]°

En,z 204 :] M — HF — R] @ v W The relative enthalpies of the various simple cleav-
m/z 197 ages of PFBO-benzaldehyde (see Table 3) anions as
m'z 196 calculated by the PM3 and ab initio methods (see Sec.
m/z 181 . | | ith th inale-bond
Mz 178 = [M — HF — RCNJ™ 2.4, Experimental) correlate with those single-bon
m/z 167 cleavages actually observed (see Scheme 1, Table 3).

Mean fractional abundances of each species of ion for the syn All S'mple cleavages are endothermic as Calcu'_ated by
and anti isomersA,,,andA,,;, were calculated from the fractional ~ the PM3 method, and the cleavage producing the
abundances for the ions represented in the EC mass spectra of thez,3,4,5,6-pentaf|uorobenzyl anion is used as the zero
PFBO derivatives of acrolein, benzaldehyde, and the aldehydes : :
derived by MPO oxidation of the amino acids: Ala, Val, lle, Leu, on the enthalplt? scale for the S|mple cleavages. The
Ser, Thr, Asp, Phe, Tyr, and Trp. The syn and anti abundance ratios '€lative enthalpies of the observed cleavages of the
designate the ratio8.y,/Aa. and Ay f/Agyr A “+” in a column PFBO-benzaldehyde anion are clustered in the range
i the range 1.6.5., and a bank enty ncatoe  rato fess an 1.5, 21 126 10 0.0 keal mal by ab initio methods (0.0

g Ly J “to 18.5 kcal molt by PM3), whereas the relative

R refers to base group in the aldehyde R—-CHO. )
PFragments ions from simple cleavages. enthalpies for other cleavages that do not occur range
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Fig. 2. The EC mass spectra of the syn (A) and anti (B) isomers of the PFBO derivatives of benzaldehyde.

from 25.6 to 52.2 kcal mol* (26.4 to 51.1 kcal mol* require more energy to initiate than the cleavages that
by PM3—see Table 3). The neutral precursor of the are observed.

syn-PFBO-benzaldehyde anion has a relative heat of  In the absence of any activation barrier, the differ-

formation of —16.3 kcal mol'* by PM3. For the ence between the heat of reaction for a fragmentation
PFBO-phenylacetaldehyde anion, the heat of forma- and the heat of formation of the precursor represents
tion of the precursor is-17.6 kcal mol'?, and the a lower bound in the energy required to drive that

observed cleavages require 0.0 to 16.9 kcal Thol  cleavage, energy that must come from the electron-
additional energy whereas the cleavages that do notcapture ionization and residual thermal energy of the
occur require 28.5 to 53.2 kcal mdi (by the PM3 neutral. Similarly, the energetics of the cleavages that
method). The simple cleavages that do not occur do not occur, plus the associated activation barriers
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Fig. 3. The EC mass spectra of the syn (A) and anti (B) isomers of the PFBO derivatives of phenylacetaldehyde.

and kinetic shifts, place upper limits on the energy ion does not dominate the EC mass spectra and the
available from the ionization event. The energetics for [M —196]  ion is not observed strongly indicate that
simple cleavages of both anions are very similar and the m/z 196 ion arises by another mechanism other
point to a maximum energy available in the range of than H transfer accompanying a single bond cleavage
40 to 60 kcal mot™. (see Scheme 2 and later discussion).

The fragmentations that give rise to th#z 196 The [M—181] ion that is observed in the EC mass
ion and the unobserved [M196]" from both PFBO- spectra of the PFBO derivatives of several of the
benzaldehyde and PFBO-phenylacetaldehyde anionscompounds listed in Table 1 may result from C-O
are energetically more favorable than the observed bond cleavage as depicted in Scheme 1. The
simple cleavages and are exothermic with respect to [M —181] fragment ion is not abundant from the
the precursors as calculated by PM3. Thatrtiie 196 PFBO-derivatives of aldehydes derived from the ox-
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13 H/H_I:

F
o
-« \ —_—
Simple N
F F
Cleavages H/(
See Scheme 1 s F Ph
M®™
F oo |°
F F
270
DN
F i F
F H Ph
4 3
- PhCNi
F F
0]
F H F
F
4z m/z 178 3a
- NOQOe l
F
F Ph F F
F - F
3z [M - HF - NO] 5z m/z 196

Scheme 2. Proposed fragmentation pathways/oPFBO-benzaldehyde radical anion. The pathways are common to all radical anions of the
anti and syn PFBO derivatives of the aldehydes in this study.

idation of aliphatic amino acids (e.g. Gly, Ala, Val, or amino acids with hydroxylated (e.g. Ser or Thr) or

Leu), but it is formed more abundantly by the frag- acidic (e.g. Glu or Asp) side chains. Such patterns of
mentation of the PFBO-derivatives of benzaldehyde, occurrence suggest that the dispersal of negative
MDA, and of aldehydes derived from the oxidation of charge either onto hydroxy and carboxylate functions
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F g /H—|7
o

F
\ ‘—_‘
N
YR
— F H
M* 1 CH,Ph ’
/ / - HF l
Simple Rearrangement .
Cleavages Cleavages
See Scheme 1 See Scheme 2

P H

F
7z [M-HF-HCN]*

Scheme 3. Proposed fragmentation pathways oftm®FBO-phenylacetaldehyde radical anion. The additional pathway leading to product
formed by loss of HCN pertains to derivatives of aldehydes that hakgdrogens.
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Table 3
Calculated relative energies of simple cleavages of the syn PFBO derivatives of benzaldehyde and phenylacetaldehyde

Calculated relative enthalpies

(kcal mol™%)
Potential fragment pairs (simple cleavages) R = CgHs R = C¢HsCH, Observed in
Aldehyde (R-CHO) end PFBO end m/z PM3  Ab initio PM3 spectra?
R-CHN" + HCHO? Pentafluorophenyl anion 167 18.5-1.7 16.9 Yes
synR—CHNO’ Pentafluorophenyl-CH 181 0.0 0.0 0.0 Yes
synR—CHNO™ Pentafluorophenyl-CH  [M — 181] 27 -24 11.6 Yes
R—CHN" Pentafluorophenyl-Ck0~ 197 3.7 —12.6 2.1 Yes
R-CHN™ + HCHO? Pentafluorophenyl radical [M- 197] 51.1 52.2 53.2 No
R—CHN"™ Pentafluorophenyl-C}0° [M — 197] 26.4 25.6 28.5 No
R-CHNH Pentafluorophenyl-CH® 196 —58.1 —48.3 —59.3 Yes
R—CHNH" Pentafluorophenyl-CHD [M — 196] —25.7 —19.4 —12.3 No
PrecursorsynPFBO-benzaldehyde anion 301 -16.3 Yes €0.1%)
PrecursorsynPFBO-phenylacetaldehyde anion 315 -17.6 Yes

The relative enthalpies were calculated as the difference in enthalpies of reaction between a given fragmentation pathway and that whic
produces pentafluorophenyl-GH2,3,4,5,6-pentafluorobenzyl anion), a commonly observed cleavage. The enthalpy of formation of the
PFBO-benzaldehyde anion was not calculated by ab initio methods. The semiempirical PM3 and ab initio calculations were performed a
described in Sec. 2 (Experimental) and the results presented are for the most stable conformations only.

®These fragmentations are expected to involve the concurrent fragmentation of the unstable internsei&eSHNOCH,” and
synR-CHNOCH,, to R-CHN" and R-CHN’, respectively, and HCHO. The intermediategmR-CHNOCH, andsynR-CHNOCH,, are less
stable than their respective fragments by 24.3 and 8.9 kcalfrfot R = C¢Hs— and 24.1 and 8.6 kcal mot for R = CgH;CH,—, as
calculated by the PM3 method. The loss of HCHO likely proceeds readily without rearrangement, since reaction path calculations by PM:
yield maximum activation enthalpies of 2.9 and 2.1 kcal Mdbr loss of HCHO from the radical and anion, respectively, forERCsHs—.

PThe fragmentation pathways that yield the pentafluorophenyl-CHO anion and neutral (radical anion and neutral 2,3,4,5,6-pentafluorober
zaldehyde) have been included since we initially thought these may arise from a single bond fragmentation accomparsieit.by H

or by conjugation into a phenyl ring aids the forma- for the preceding step that produced that intermediate.
tion of this ion. The intermediates presented in Schemes 2 and 3 were
selected such that the mechanistic steps are structur-
ally and energetically feasible, given the constraints
implicated by the energetic requirements of the sin-
In Scheme 2, we present structures and mecha-9l€-bond cleavages, and conform to known modes of
nisms that are common to all PFBO-aldehydes as isomerization and fragmentation of anions. (Schemes
illustrated by starting with the PFBO-benzaldehyde 2 and 3 are drawn illustrating the syn isomers.)
anion. In Scheme 3, we present other mechanismsand We analyzed trends in the abundances of the
related structures starting with the PFBO-phenylacet- Various ionic fragments presented in Table 1 by
aldehyde anion, including the route leading to the Calculating the average fractional abundance of each
product formed by the elimination of HCN, which type of ion in Table 1 with respect to the syn and
only occurs when there arehydrogens on the parent ~ antiisomers by using the fractional abundances of the
aldehyde. The heats of formation for all species ions produced in the EC mass spectra of each PFBO-
featured in Scheme 2 were calculated by the PM3 aldehyde isomer for those PFBO-aldehydes where
method (Table 4). For each intermediate or product both syn and anti-isomers were available. We used the
ion, the heats of reaction are presented in two ways: average fractional abundances of the syn and anti-
the overall heat of reaction (Table 4) for the formation isomers,A, , andA,,; respectively, to calculate the
of that intermediate starting from the initial radical production ratiosAgy{Aan; and A,nidAsyn for each
anion, 1, and the stepwise heat of reaction (Table 4) type of ion. We found that the ratios fall into three

3.2. Rearrangement fragmentations
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Calculated energies of rearrangement fragmentations of the radical anions of the PFBO derivatives of benzaldehyde and
phenylacetaldehyde (see Schemes 2 and 3)

Species Fragmentation Heat of formation Heat of reaction, Heat of reaction,
number class m/z (kcal mol™) overall (kcal morl?) stepwise (kcal molt)
synPFBO-benzaldehyde radical anion f{RCsH5—)

1 M- 301 —189.1 0.0

2 M- 301 -181.3 7.9 7.9
3 [M—HF]- 281 —149.2 -22.8 -30.7
3a [M—HF] " 281 —135.2 -8.8 14.0
3z [M—HF-NOQO]~ 251 -125.8 15.3 24.2
4 [M—HF]- 281 -129.6 -3.2 19.6
4z [M —HF—RCN]" 178 —228.4 —43.6 —40.4
5 M- 301 —189.7 -0.6 -85
5a M- 301 —215.4 -26.3 —25.7
5z [M —RCH=NH] - 196 —273.4 —41.8 —155
anti-PFBO-benzaldehyde radical anion {RC;H5—)

1 M- 301 —188.7 0.0

2 M- 301 -182.4 6.3 6.3
3 [M—HF] - 281 -212.0 -23.3 —29.6
synPFBO-phenylacetaldehyde radical anion$RC;HsCH,—)

1 M- 315 —-194.0 0.0

2 M- 315 —190.4 3.6 3.6
3 [M—HF]~ 295 —154.8 -235 -27.1
3a [M—HF]- 295 —138.8 -75 16.0
3z [M—HF-NO]~ 265 -121.8 24.1 31.6
4 [M—HF]~ 295 —136.9 -5.7 17.8
4z [M—HF—RCN]" 178 —228.4 —45.1 -394
5 M- 315 —196.7 -2.7 -6.3
5a M- 315 -221.1 -27.2 —24.5
5z [M—RCH=NH] - 196 —273.4 —41.7 -14.5
6 [M—R]™ 224 -216.4 17.2 13.6
6z [M—R—-HF]~ 204 —165.9 4.9 -12.3
7 [M—HF]- 295 -117.4 13.8 10.2
7a [M—HF]~ 295 -112.8 185 4.7
7b [M—HF]~ 295 —134.2 -2.9 -214
7z [M—HF—HCN] 268 -192.0 -27.8 —24.9
anti-PFBO-phenylacetaldehyde radical anion$FC;HsCH,—)

1 M- 315 —-195.5 0.0

2 M- 315 —190.2 53 5.3
3 [M—HF]~ 295 -217.5 -22.0 -27.3
6 [M—=R]™ 224 -176.8 18.8 135

All calculations were performed by the PM3 method as described in the Experimental section. The heat of formation for each species is fo
its most stable configuration. The overall heat of reaction is that for the reaction starting from the initial prelgiasdrhaving progressed
to the current stage. The stepwise heat of reaction refers to that for the immediate mechanistic step (Schemes 2 and 3).

The heats of formation of neutral fragments used in the calculation of the relative and stepwise heats of formation were also calculated b
the PM3 method:AH?(HF) = —62.7, AHO(HCN) = 33.0, AH? (NO) = 14.7, AH(CsHsCN) = 58.5, AHY(CHCH=NH) = 42.5,
AH®(CHCH,CH) = 52.1, andAH®(CsHsCH,CH=NH) = 37.7 kcal mof ™.

The species numbers correspond to the labels for structures or the corresponding anti-isomers in Schemes 2 and 3. The calculatic
involving the anti-isomers were performed on principal ions that preserve isomeric stereochemistry.



F.-F. Hsu et al./International Journal of Mass Spectrometry 185/186/187 (1999) 795-812

Table 5
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Accurate mass measurements of fragment ions from the radical anions of the PFBO derivatives of aldehydes

Measure mass

Calculated mass  Deviation (pgiop assignment

Aldehyde Elemental composition
p-hydroxyphenyl-acetaldehyde ;§NO,F, 311.0656
C14HgOF, 284.0485
Phenylacetaldehyde 1H/NOF, 295.0604
C,.HsOF, 268.0522
CysHoF4 265.0630
Acrolein C,oHsNOF, 231.0301
CioHsFs 201.0327
Common fragment ions {E1,NOF, 204.0069
C,H,0F; 197.0047
C H,Fs 181.0077
C,H,OF, 178.0043

311.0569 1.10 [MHF]~ B
284.0460 —0.80 [M—HF—HCN]
295.0620 5.50 [MHF]- -
268.0511 —5.10 [M—HF—HCN]
265.0640 3.90 [MHF—NO]~
231.0307 2.60 [MHF]~
201.0331 2.00 [MHF—NO]~
204.0072 1.60 [MHF—R]~
197.0026 —4.70

181.0076 —-0.40 B
178.0042 —-0.90 [M—HF—RCN]

°R refers to base group in the aldehyde R—-CHO.

classes as summarized in Table 2; all but four ratios
were less than 1.5, which we consider insignificant,
given the variability between spectra. We found that
AsydAqani is 8.5 for M™ and 30 for [M— HF —
HCN] " ions; in addition,Aq, /A, is 3.7 for [M —
181]" and A,n/Asyn is 3.0 for m/z 204 ions. The
strong preference for the syn isomer to form an M
ion and/or allow its persistence implies that stereo-
chemical constraints are involved in the production
and/or stability of the M ion. Likewise, the strong
preference of the syn isomer in producing the M
HF — HCN] " ion implies a mechanistic pathway
where configurations derived from the original stere-
ochemistry are preserved.

We propose that the initial formed molecular
anion, M’, (1; in Schemes 2 and 3) cyclizes to a

derivative of aldehydes (Table 1). However, elimina-
tion of HF from the molecular anion yields an
[M—=20] " ion, a major fragment ion for most deriva-
tives (Table 1). The formula of this putative [M HF] -

ion was verified by accurate-mass measurement (Ta-
ble 5). Furthermore, production of this ion shows no
preference for anti or syn isomers, a fact that is
observed for all other fragment ions except those
previously noted.

The origin of the H in the HF loss was explored
with the PFBO-derivative oflg-phenylacetaldehyde;
the molecular anion eliminates DF rather than HF
(data not shown), indicating that the H in the depart-
ing HF does not arise from the benzylic methylene
group of the derivatizing moiety. It was previously
reported that the molecular anion of the PFBO-

structure that features a six-membered ring and yet derivative of ring-labeled 2,3,4,5,6-pentadeuteroben-

maintains isomeric identity2(in Schemes 2 and 3)

zaldehyde loses HF, not DF [11], indicating that the

and that all rearrangement-based fragmentations of source of H is not the aromatic ring of the derivatized

M " proceed through this cyclic form. The formation
of this cyclic intermediate does not require a large
investment of energy; thanti- and synPFBO-benz-
aldehyde anions require 6.3 and 7.9 kcal ol
Additional investments of 17.2 and 12.1 kcal mbl
respectively, are required to surmount the transition
state connecting and?2.

The molecular anion, M is not only more abun-
dant for the syn isomers but also is not uniformly
detectable in the EC mass spectra of the PFBO-

benzaldehyde. The origin of the H in the HF loss must
be the N-=CH moiety, where the CH is from the
aldehyde function, R—CHO. We postulate that HF loss
occurs from the cyclic form of M 2, and leads to the
formation of the intermediat8, also having a six-
membered ring, as illustrated in Scheme 2. A similar
intermediate can also be used to rationalize the EC
mass spectra of fluoroacyl derivatives of catechols
and 2-hydroxyaniline compounds [23].

The formation of the sterically favorable six-
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membered ring configuration with an extended con- of formation of these ions, except those for tinéz
jugated structure is highly exothermic, both overall 162 and [M— 2(HF)]" ions, which usually arise by
and stepwise. Furthermore, the conjugated structure collisional activation, are rationalized in Schemes 2
would extend through the aldehyde portion in cases and 3.
when the carbonyl group is conjugated with an The proposed production of [M HF — NO]™
aromatic or olefinic group. The stability conferred by from [M — HF]", 3, involves the breaking of the CO
conjugation accounts for the high abundance of the bond to form3a, an [M — HF]" ion, followed by the
[M — HF]" ion from acrolein, benzaldehyde, and loss of NO and cyclization, which are likely concerted,
possibly the aldehydes derived from Tyr and Trp to form the product ion3z The calculated overall heat
(Table 1). We further propose that the six-membered of reaction (Table 4) shows that the proposed route is
ring intermediate 3, decomposes to yield the other endothermic, but is within the bounds of available
major fragment ions as summarized in Scheme 2. The energy, although the calculated energetics may present a
proposed structures of the ions and the mechanisms ofpessimistic estimate in this case. Struct@mis the
formation are supported by data obtained by linked- lowest energy form ion that we found among other
scanning experiments and by CAD spectra from reasonable candidates for an (M HF — NO] ™ ion.
tandem mass spectrometry (data not shown). The route leading to elimination of NO from [M

The lack of isomeric preference in the formation of HF]" must not be demanding because the {M
the [M — HF] " ion, 3, implies that it is a common  HF — NO]~ fragment ion is produced from nearly all
product for both syn and anti isomers and suggests PFBO-aldehydes (Table 1) and is most abundant from
that its mechanistic trajectory frorh through 2 is PFBO-benzaldehyde and -acrolein. An fM50]" ion
equally facile for both isomers. Nevertheless, the syn was also observed in the EC mass spectra of PFBO
isomer preferentially produces Nons (1 and2), and derivatives of other carbonyl-containing compounds
this may be understood by noting that 4 a minor [10—14]. Formation of this ion was previously attributed
ion whereas [M— HF] " is usually a major ion. Thus, to the elimination of HF and of formaldehyde (HCHO)
small differences in rates of decomposition of the from the molecular anion of such compounds [12,13].
isomers would not significantly affect the abundance Not only would that cleavage require unlikely rearrange-
of the [M — HF]" ion but would have a profound ments, but also its formula does not agree with that
influence on the persistence of the “Mons. In established by accurate mass measurements. Instead
addition, the depletion of Min the production of  the [M — 50]  ion is [M — HF — NO]~ (Table 5).

[M — HF — HCN] - andm/z 204 ions that favor the We propose the route fror@ to the m/z 178 ion
syn and anti isomers, respectively, would also affect involves a 1,5 (or 1,3) H shift to form iom, a
the M* abundance. transient [M— HF] " species that exothermically de-
Decomposition of the [M- HF]" ion results in composes by &etro Diels—Alder reaction to produce
formation of [M— 40]", [M — 47]", and [M — 50]~ the m/z 178 ion, 4z, and benzonitrile in this case.

ions by losses of HF, HCN, and NO, respectively. Calculations show that the transition state forrigo
Other common fragment ions, although not necessar- Diels—Alder ¢DA) reaction requires only 2.7 kcal

ily derived from the decomposition of [M HF]", mol~* above that of the reactadt Thus one expects
occur atm/z 204, 196, 178, and 162. The formulas of therDA to be a very facile decomposition accounting
the ions, [M—HF], [M —HF—HCN]’, for the high abundance of thre/z 178. The proposed

[M — HF — NOJ]~, m/z 204, andm/z 178 were con- structure of them/z 178 ion is discussed along with
firmed by accurate mass measurements (Table 5). Theother candidates in a later section.

virtual lack of ions at [M— 27]" and [M — 30] in The large preference for the formation of [M
the EC mass spectra indicates that the formation of HF — HCN]" ions from the syn rather than the anti
[M — HF — HCN]  and [M — HF — NOJ™ ions is isomer strongly indicates that formation must proceed

primarily through the [M— HF] " species. The routes  from structurel through an intermediate other than
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3. one that would preserve stereochemical features The fragment ion oim/z 204 is formed from the
traceable to the original isomers. We see that the molecular anion of most PFBO-aldehydes (Table 1)
configuration of the syn isomer of M2, has an and is the most abundant fragment produced from the
appropriate orientation for a 1,3 elimination of HF molecular anion of PFBO derivative of MDA, a
whereas the anti-derived configuration does not. Thus, symmetrical dialdehyde. The formula of this ion, as
we propose that the pathway for elimination of HCN determined by accurate-mass measurements, is con-
(Scheme 3) starts with the elimination of HF frd@ro sistent with the CAD spectra, which are invariant with
yield 7, which then undergoes sequential addition-elim- regard to source molecular anions of the PFBO
ination through ior7a, to yield an [M — HF] " ion, 7b aldehydes (data not shown). Because the fractional
has a seven-membered ring and is likely a minor abundance of this ion favors the anti-isomer, it must

component of the total population of [M HF]" ions.
Overall, the path froni to 7b is essentially thermoneu-
tral, but formation of7 and 7a requires some energy

arise from preferential elimination of the R group
(CgHsCH,—) from the anti isomer of2 to form a
transient specie8 which in turn loses HF to form an

investment (Table 4). Furthermore, the transition states unstable productx. The latter product ion rearranges

for 7 to 7aand7ato 7b require an additional 18.3 and
6.5 kcal mol?, respectively, above the energy o
This energyshould be available from the ionization

to 6z, them/z 204 ion (Scheme 3).
We initially thought the ion atrvz 196 arose from a
H- transfer accompanying the simple cleavage that

process (see the earlier discussion on simple fragmen-otherwise produced the ion of¥z 197. However, the

tations).

The ion 7b possesses a contiguous HCN moiety
that can be eliminated exothermically to form the
[M — HF — HCN] ion, 7z The theoretical calcula-
tion of likely reaction routes fronib to the final
product,7z, suggests that the most likely reaction trajec-
tory involves the sequential breaking of the weak NO
bond and the weakened CC bond, liberating HCN
followed by the formation of a CO bond to givéz.

CAD of the [M — HF]" ion derived from the

production of than/z 196 ion from the molecular anion
would be highly exothermic (Table 3) and should
dominate the EC mass spectra. Moreover, the production
of the complementary [M- 196] ion would also be
exothermic, yet, it is not observed, whereas the comple-
mentary pair of products, the/z 181 and [M— 181]
ions, whose formation would be endothermic, do
occur.

We propose that the route to formation starts with
a 1,3-proton transfer in the cyclic Mspecies?2, to

PFBO derivative of phenylacetaldehyde produced the give 5. Part of the driving force for this step is the

[M — 2(HF)], [M — HF — HCNOJ", [M — HF —
NO] ™ ions and ions ofm/z 178, 162, and 136 [Fig.
4(A)]. CAD of the [M — DF]" ion derived from the
PFBO derivative ofdg-phenylacetaldehyde produced
the [M — 2(DF)], [M — DF — DCNOJ’, [M —
DF — NOJ ions and ions ofm/z 178, 162, and 136
[Fig. 4(B)]. The virtual absence of [M- HF —
HCN]" or [M — DF — DCN]" ions produced from
the [M — HF]" or [M — DF]" ions, respectively,
indicates that the precursor [M HF] " species for
[M — HF — HCN]" production is indeed a minor
component among all the [M- HF] " ions. The ob-
servation of ions ofn/z 178, 162, and 136 for both

elimination of hypovalent sites withi2. The steps
that follow involve the breaking of the weak NO bond
to form the intermediateha, followed by the elimi-
nation of the aldehyde imine to give th&z 196 ion,

5z (2,3,4,5,6-pentafluorobenzaldehyde anion); these
steps are calculated to be exothermic from Bof
both PFBO-benzaldehyde and PFBO-phenylacetalde-
hyde (Table 4). Furthermore, calculation of possible
reaction paths indicates that the proposed route is
energetically the most facile; the NO cleavage has
essentially no barrier, and the transition state fi&am

to 5z requires an activation energy of 12.7 kcal mbl
aboveba to surmount. The proposed mechanism for

cases indicates that these ions result from the loss ofthe generation of then/z 196 ion also explains the

all remnants of the benzyl group of phenylacetalde-

hyde, also consistent with Scheme 2 and 3.

absence of an [M- 196]  ion as seen in the EC mass
spectra.



810 F.-F. Hsu et al./International Journal of Mass Spectrometry 185/186/187 (1999) 795-812

A m/z178 Precursor
[M-HF]™

m/z162

Relative Abundance

m/z136

100 120 140 160 180 200 220 240 260 280
Mass (m/2)

Precursor

B m/z178 (M- DF™

m/z162

-NO -DF

Relative Abundance

- dg-phenyl

100 120 140 160 180 200 220 240 260 280 300
Mass (m/2)

Fig. 4. The product ion CAD spectra of (A) the [M HF]" ion of m/z 295 from PFBO-phenylacetylaldehyde and (B) the fNDF]- ion of
m/z 302 from PFBOdg-phenylacetylaldehyde obtained by tandem mass spectrometry.

3.3. The structure of m/z 178 propose that this ion is formed as depicted in Scheme

2 and discussed earlier. However, there are several
The ion ofm/z 178 is observed in all of the EC  possible isomers of tha/z 178 ion.

mass spectra (Table 1) and corresponds to the base We calculated the relative heats of formation by

peak in many of the spectra. CAD of the [M HF] both PM3 and ab initio methods (Experimental, Sec.

ions yields an abundant fragment iomaliz 178 (Fig. 2.4) for six possible isomers ofVz 178, GH,OF;

4). Furthermore, precursor-ion scans obtained by (see Table 6 and accompanying drawings of the

B2/E scanning confirm that the ion a¥/z 178 arises isomers). The isomers can be divided into two

from the [M — HF]" ion (data not shown). We classes, low-energyA(andB) and high-energyG
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Table 6
Calculated relative energies of various isomersnif 178,
C™H,OF, *

Calculated relative energies

(kcal mol™%)

Form PM3 Ab initio
A 0.0 0.0

B 6.8 25

C 76.3 57.5

D 82.2

E 73.6

F 90.1 59.0

Form: isomer as illustrated in Diagrams 1 and 2. The semiem-

811

— F — B, also involving the same energy invest-
ment as does the production ©f Thus, we propose
that them/z 178 ion isA, which is the most stable
form of C,H,OF,, as indicated by theoretical cal-
culations, and has the most facile route of formation
(Scheme 2).

4., Conclusion

The EC mass spectra of PFBO derivatives of

pirical PM3 and ab initio calculations were performed as described aldehydes substituted with various R groups can be
in Sec. 2.4 (Experimental); the results presented are for the most rationalized by a pair of schemes that class the

stable conformations of each form only. FoAn(2,3,4,5-tetraflu-

orobenzaldehyde anion) is used to set the zero on both the relative products accordmg to whether they arise from Smgle
PM3 and ab initio scales for relative energy, which is the difference bond cleavages (Scheme 1) of the molecular anion,

between the heat of formation for a given form, and that for Form
A.

Low-Energy Forms

F F -
F CH] F c;]
F H F o)

A F B F
High-Energy Forms
F

F __A_CHO" . CH0~
F: ; :F F F

to F); the difference in heats of formation between
the two classes i5-50 kcal mol * and would make
the production ofC to F from 1 endothermic rather
than exothermic by-40 kcal mol'* as it is forA.
Furthermore, the production of would require
high-energy cleavages fro3, compared to the
facileretro Diels—Alder decomposition of to form

A. Furthermore, the production @ and E would
require higher-energy forms of [M HF] " ions as
precursors. In addition, the route BBwould beC

M ", or from fragmentation of intermediate products of
rearrangements (Schemes 2 and 3). The second set
arises from the cyclization of the molecular anion via
a six-membered ring. That intermediate eliminates HF
to form another, more stable intermediate which also
has a six-membered ring; the H in the HF is derived
from the embedded #CH moiety. The first interme-
diate gives rise to product ions of [M HF —
HCN] " andm/z 204, which are isomerically specific,
and the ion ofm/z 196. The second intermediate
produces all other major ions considered in this study.
Among the latter group is an [M- HF — NO]™ ion
that is highly characteristic of PFBO-aldehydes.

The relative abundance of various product ions is
determined in part by the negative charge dispersion and
the degree of conjugation in the R group. Because
reactive aldehydes are readily converted to PFBO deriv-
atives and the PFBO group has high electron affinity,
this derivative will be useful in the identification and
detection of aldehydes in biological systems. An addi-
tional advantage is that the derivatization procedure is
applicable to samples containing physiological concen-
trations of salt. Our preliminary GC/EC/MS studies
demonstrate that many of the amino-acid-derived alde-
hydes generated by myeloperoxidase are present in
human inflammatory tissues [24]. The mass spectromet-
ric features we describe here provide a basis for under-
standing the GC/EC/MS spectra generated by the
PFBO-aldehydes and for building a powerful tool to
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investigate the role of reactive aldehydes in a wide range [10] A. Loidl-Stahlhofen, K. Hannemann, G. Spiteller, Chem.

of physiological and pathological processes.
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