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Abstract: Currently, mass spectral determination of molecular
weights and elemental compositions of synthetic productsisacom-
mon practice. It isaided by truly impressive developmentsin meth-
ods and instrumentation enabling to characterize great variety of
compounds including even those of a relatively high molecular
weight. Confidence in such measurements, however, depends upon
selecting a suitable ionization method, unambiguous identification
of a molecular-type ion, and the adequate precision of mass deter-
minations. Thisreview addresses major aspects of theion formation
and analysis with specia attention given to the ion-cyclotron reso-
nance. This powerful technique, different in its principle from most
other methods of ion analysis, offers a superb combination of ion
manipulation and measurement parameters and full compatibility
with an array of ionization methods.

Key words. mass spectrometry, ultra-high resolution mass spec-
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1 I ntroduction

Mass spectrometry (MS) is the technique that renders
mass-to-charge ratios (m/z) and relative intensities of ions
formed (with exceptions), separated, and detected in the
high vacuum. The remarkable analytica potentials of MS
have been immediately recognized by its inventor J. J.
Thomson and, in years immediately following the First
World War, the detection and precise characterization of
isotopes of amost all elements have been achieved em-
ploying the very first mass spectrographs and spectrome-
ters! With some delay, however, these seminal
discoveries have been followed by a systematic effort to
analyze organic compounds. Ever since, thanks to a
steady progress in techniques and instrumentation, MS
continuesto servein avariety of inorganic and organic ap-
plications. Moreover, by gaining truly astonishing capa
bilitiesin terms of ionization, mass range, sensitivity, and
accuracy, MS methods cover classes of compounds that
originally have been considered as entirely unsuitable for
such an analysis.?

Still, as exemplified by the recent synthesis of two diter-
penoids,® synthetic work can be carried out with the com-
plete omission of MS. As arule, however, MS data are
used to confirm MW and to replace elemental analyses of
the final reaction products. Only seldom, synthetic publi-
cations include detailed spectral interpretations and use
more advanced M S techniques. This low visibility of MS
contrasts with the structure elucidation of natural and met-
abolic products and, more recently, with the characteriza-
tion and sequencing of linear biopolymers. Still, an early
implementation of MS analysis in the synthetic practice
may greatly facilitate structural assignments well before
time and effort is invested in separation and purification
of products. MS analysis, especially when combined with
the on-line chromatography, provides an advantage in
confirming identity and purity of substrates, in finding if
the expected compounds are formed, in identifying inter-
mediates and by-productsand, finally, in guiding through-
out their isolation and purification. Such an extensive use
of MSmethods, however, requiresan accesstoinstrumen-
tation supported by the comprehension of novel and tradi-
tional methods with the full awareness of their inherent
limitations.

This review, in an attempt to assess the relevance of MS
in establishing MW, surveys selected methods of ion for-
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mation and analysis. It gives specia attention to Fourier
Transform-lon Cyclotron Resonance-Mass Spectrometry
(FT-ICR-MS), an advanced method providing an unprec-
edented ultra-high mass resolution, high sensitivity, and
versatile MSIMS, but still only seldom used in a routine
characterization of organic compounds. Easier access to
FT-ICR-MS instruments, by offering gains analogous to
those of now routine use of the high field NMR, should
help in traditional and combinatorial synthesis aimed at
targets of ever increasing MW and architectural complex-

ity.

2 lon Analysis

21 Types of mass analyzers

Selection of an ion analyzer (Table 1) results from spe-
cific analytical tasks and compatibility with the mode of
sample introduction and ionization. For every mass spec-
trometer, configuration of its three principal parts, ion
source, ion analyzer, and ion detector, determines mass
range, scanning speed, mass resolution, mass accur a-
cy, sensitivity, and the dynamic range of ion intensity
measurements. As exemplified by interfacing MS detec-
tion with chromatographic methods, some of these para-
meters can be compromised, especialy in instrument ded-
icated to a single task. Thus, for gas chromatography-
mass spectrometry (GC-MS), mass analyzers capable of
fast scanning to only about 1,000 u and resolving power
separating only the adjacent ions (unit resolution) may be
quite adequate. Such instruments may operate only with
El (Section 3.2) but require good sensitivity and broad dy-
namic range defining ions that differ in their intensity by
2-3 orders, in components that may differ by another 2-3
orders. For a comparison, LC-MS utilizes greater variety

Biographical Sketch

of ion sources and in some configurations must work with
interfaces handling a considerabl e flow of solvents. More-

over, for techniques such as ESI (Section 3.7) mass ana-
lyzers of an extended mass range (2,000-4,000 u) and
resolution depicting multiply charged ions are highly de-
sirable. Although magnetic-sector instruments usually
furnish all such necessary parameters, quadrupoles and

ion traps* prevail as detectorsin chromatographic applica-
tions. Newer solutions to LC and GC interfacing come
from the recent developments in time-of-flight (TOF) in-
struments offering very high rate of spectral repetitions

and good resolution. Still, registering spectra at medium

and high resolution, rather than a unit resolution, provides
richer structural information and considerably improves
specificity of the detection in analytical applications.
While a simple, on-line M S detection characterizes com-
pounds by their chromatographic mobility and spectra,
tandem-MS (MS/MS) measurements (Section 2.4) pro-
vide another dimension that delineates specific parent-
daughter (or according to PC nomenclature, “precursor-
product”) ion relations. This information considerably
augments selectivity in the detection of selected targets
whereas for novel compounds may help in their structure
elucidation.

Recent developments are aimed primarily at the emerging
applications of soft ionization methods pertinent to medi-
um and high MW biological compounds. There is partic-
ular attention paid to the TOF and ion trap instruments,
mostly because of their great simplicity, and to FT-ICR,
mostly because of its superb parameters. Yet, high resolu-
tion magnetic-sector instruments still suit well all major
ionization methods including those that are most frequent-
ly used in the organic MS and, in terms of resolution and
dynamic range, provide benchmark spectra. Even older
sector instruments upgraded with new data systems and
new ion sources may still offer very good performance.
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These large instruments, however, usually require skillful
operators and must be re-configured and re-tuned to every
ionization method prohibiting an immediate access. Thus,
in spite compromised parameters, smaller but fully dedi-
cated instruments may provide an advantage in circum-
stances where speed is valued over quality. A rea
competition to sectors, however, comes from instruments
that render entirely new features.

Tablel Massanalyzers
Low accelerating potential (<100V):

Quadrupoleion guide: confinesion beam by alternating
electrostatic field perpendicular to its direction; move-
ment of ions controlled in two dimensions; no m/z selec-
tion.

Quadrupole mass filter: aternating electrostatic field
superimposed on a ramped potential; movement of ions
controlled in two dimensions; selective ion transmission
according to m/z.

Quadrupoleion trap: alternating electrostatic field; ions
confined in three dimensions; selective storage and ejec-
tion of ions.

lon cyclotron resonance: co-linear electrostatic and
magnetic fields; ions confined in three dimensions; selec-
tive storage and ejection of ions.

High accelerating potential (>1,000V):

Time-of-flight: no permanent fields; sortsions according
to their velocity; in the reflectron time-of-flight, electro-
static mirror compensates for the energy spread of ions.

M agnetic-sector : fixed or ramped magnetic field (B) per-
pendicular to the direction of the ion beam; direction fo-
cusing deflects and disperses ions of different m/z in one
dimension. Energy focusing obtained by the additional
electrostatic sector (E), with curved electrostatic field per-
pendicular to theion beam and perpendicular to the direc-
tion of the magnetic field; configurations: EB (normal
geometry) or BE (reverse geometry).

Wien filter: mutually perpendicular and overlapping
magnetic and electrostatic fields; ions dispersed in one di-
mension.

Par abola mass spectrograph: co-linear and overlapping
magnetic and electrostatic fiel ds; ions dispersed in two di-
mensions.

2.2 Compatibility of ion sourceswith mass
analyzers

lon sources, such as El, Cl, FAB, and ESI (Sections 3.2,
3.3, 3.4, and 3.7), produce a continuos beam of ions fully
compatible with scanning by quadrupoles or magnetic-
sectors. Scanning, by transmitting to the detector ions of
only a narrow m/z window, wastes most of the total ion
current. For sector instruments, thiswindow is determined

by the width of the entrance and exit slits, magnet geo-
metry, and other active elements such as non-scanning
guadrupoles confining the ion beam. For scanning qua-
drupoles, ion transmission is determined by their specific
tuning conditions. Because mass resolution can be de-
fined as M/AM, with AM representing peak width at its
half-height (this is one of several possible definitions of
the resolving power), it isincreased by narrowing the ob-
served mass window with a dramatic decrease in the ion
transmission and hence, with much decreased sensitivity.
Still, for measurements performed at the limited mass
range, ion multipliers capable of counting even a single
ion provide very good sensitivity. Sensitivity can be im-
proved by focusing of sections of the entire mass range on
an array detector in a step-wise manner. This way is an-
alogous to the photographic registration employed in the
early mass spectrographs and finds major applications at
the extended mass range. Alternatively, a significant in-
creasein sensitivity can be obtained by monitoring only a
selected m/z (commonly employed in the isotope-ratio in-
struments) or avery narrow scanning (selected ion mon-
itoring, SIM, frequently utilized in chromatographic
applications).

With the high-resolution sector instruments, scanning of a
narrow mass range serves a'so in the accurate mass deter-
mination. It is usually performed by the alternative scan-

ning of the measured ion and one or two referenceions at

a fixed, pre-selected magnetic field by switching of the
precisely measured accelerating voltage. It compensates

for fluctuations of the magnetic field and instabilities of
power supplies. Thispeak-matching” technique may
provide single ppm accuracy of mass determination much
better than a slow scan in presence of a reference com-
pound. But with sector instruments, even short term, ppm
accuracy can not be obtained in absence of a simulta-
neously measured internal mass standard.

Sources such as PD and LD, including MALBEgtion

3.5), utilize a short, nanosecond pulse of the ionizing radi-
ation and produce a single burst of ions that is incompati-
ble with the usual scanning mode. Although this obstacle
can be circumventetnass analyzers detecting all ions of
a pulse by very fast analysis of all ions (TOF) or by storing
ions (quadrupole ion trap and ICR-MS), provide a pre-
ferred solution. Ever since the incidental discovery of
22Cf-PD (first method that revealed formation of stable,
high-mass molecular iorty, TOF has become the analyz-
er of choice for all ion sources producing pulses of ions.
TOF, introduced in 1946 as ion velocitrbprovides sim-

ple construction at theoretically unlimited mass range. Re-
cent improvements, such as addition of electrostatic
mirrors, re-introduction of the “delayed ion extraction” or
“time-lag focusing”, and the availability of very fast elec-
tronics, enable mass resolution approaching 10,000 and
very good mass accuragin addition, the unique capabil-
ity of the very fast ion analysis warrants new applications
in combination with chromatography and as a component
of tandem MS systems.
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2.3 Fourier Transform-lon Cyclotron
Resonance-M ass Spectrometer N \

231 Overview o @ @ 1
ICR-MS finds its early beginning in the “omegatrdmAt { + !
first, this method of ion analysis has been applied main = O \

to study ion-molecule reactions. However, the introdun’\ —

tion of an ion-trapping celf Fourier transform for the ion 5

detection'! and interfacing with different ion sources, hasF_ 1. The cubical ICR-Cl: (1) positive ions injected on the Z
P : : _ :» Figure 1. The cubici -Cell: (1) positive ions injected on the Z-
significantly improved its parameters. New FT-ICR in irection are trapped by the positively biased XY electrodes and “coo-

struments find an array of appllcatlons that take full a ed” by the moderation gas; ions assume a complex trajectory compo-
vantage of the unprecedented combination of the Ultrsd of slow trapping oscillationsoj, very slow magnetron motion
high resolution, high sensitivity, and excellent accuracy @inm), and fast cyclotron motioreih); (2) after attaining high vacu-
mass measurements. FT-ICR has a unique possibility 4w, ions are excited by applying a complex frequency signal to the
isolate, to store, to excite, and to reanalyze ions, enablint electr_o_des assummg_larger and coherent cyclotron orblts;_ (3) fi-
amongst other features, to perform multiple tandem-M lly, thel_r image current is d_etec_ted onXigelectrodes. For c_Iarlty,

: . . . only the first figure shows directions of the magnetron motion, trap-
experiments without any additional hardware. Historyi,g oscillations, and cyclotron motion.
basics, and major aspects of FT-ICR-MS have been exten-
sively reviewed? Two recent articles are especially rec-
ommended for a lucid and comprehensive description sfluare root ofr/q (m being mass and the charge of an
the ICR principles as well as good literature covetadfe. ion), proportional to the square root of the trapping poten-
The second article presents systematic overview of caldial V,, and inversely proportional to the electrode separa-
lations of all major parameters pertinent to the trappintipn a. In the equation below, parameteis related to the
excitation, and frequency measurement of ions moving aell geometry (for a cubical cell, it is equal to 2.774

the ICR-cell. whereas for the ideal cell it is equal to 4):
v, = (1/2m(2qV,a/ma)Y? or w, = (2qV,a/maf)¥?
2.3.2 Trapping ions in the ICR-cell The uniform magnetic fieldg, in the Z-direction) bends

In ion-beam instruments, ion source, analyzer, and detd€ 10n of a velocity into a circular path in the plane per-
tor are spatially separated. Thus, as result of a limited i§fndicular to the one determined by the directions of this
velocity, there is only a short temporakéc) separation ield and the ion velocity (Lorentz’ force). As result, the

of the ion formation, analysis, and detection. In the ICRN@ular acceleration,?r is proportional to the strength

instruments, except for ions formed externally to the ma§f @ magnetic field, charge and velocity of the ion in the
fzplane, but it is inversely proportional to the ion mass:

net, these three major events may be separated on th
der of seconds or even minutes but still take place in thgr = qy,B,/m

same ICR-cell. This cell, arranged from a set of electrodg§, substituting the angular velocity, =
in a form of a cube or an elongated box or a cylinder, {8 is transformed to: ¢
placed in a strong magnetic field now most frequently , B

provided by super-conducting magnets. Homogeneity af” = d@Bo/M or . = B,g/m

stability of this field is crucial for the performance andAs evident from the above, the angular cyclotron frequen-
similarly as for spinning NMR sample, its small imperfecey (. is independent of the ion original velocity and has
tions are averaged by the ion motion and, similarly as ihe sole dependence an/q and the magnetic field
NMR, an increased strength of the magnetic field deditrength. This is in a sharp contrast to the situation of mag-
sively improves all measurement parameters. netic-sector instruments following similar equation but

In a cubical cell, positive (negative) ions are confined ificludingr and the ion velocity (i.e. the acceleration volt-
the electrostatic potential well, which is formed betweefd€)- In the real cell with finite dimensions, however, trap-
the two parallel electrodes that are oriented perpendicul®#n9 oscillations contribute a radial component opposite
ly to the lines of a magnetic field and positively (negativd® the Lorent force. Thus, the corrected force acting upon
ly) biased. The combination of these electric and magnetft€ ion is equal:

fields forces the trapped ions into a complex motion sempw’r = quB,r - qV,ar/a?

arable into three componentsapping oscillations, ¢y- g equation when rearranged into a simple quadratic
clotron motion, andmagnetron motion (Figure 1), the f)orm, is independent of the ion radius
most crucial aspect of the ICR principle (compare ref. 14

. . ¥ - gwB/m + qVia/ma= 0
Square trapping electrodes of a cubical cell form an elec- . i i )
tric field deviating from the ideal one in which a chargd N€ two solutions of this equation can be expressed using

oscillates along Z-axis between the two equidistant ele®s andw, defined as above, and describe ‘treeluced”

trodes of the infinite dimensions. The frequency of thigyclo'Fron frequency and magnetron frequencyrespec-
trapping oscillation V, is inversely proportional to the tively:

v, /1, this equa-

Synlett 1999, No. 2, 249-266 ISSN 0936-5214 © Thieme Stuttgart - New York

This document was downloaded for personal use only. Unauthorized distribution is strictly prohibited.



NEW TOOLSIN SYNTHESIS Fourier Transform-lon Cyclotron Resonance-Mass Spectrometer 253

Oreduced cydiotron = Wre = W2 + (We/2)? - w,2/2)Y2 fast succession. At their resonant frequency, ions of the
Orareron = O = OS2 - (002)? - 02,2/2) 12 same m/z absorb energy increasing their linear velocity
agnetron c

o . i and assuming larger but now fully synchronized cyclotron
Itisimmediately apparent that the differenceof w;and W, grpits. These orbits have the same radius for ions of dif-

is equal to the wy, and with the frequency of trapping 0S-  ferent m/z as, importantly, there is no dependence on the
cillations being much smaller than the cyclotron frequen- /7 i the excitation event. lon packets, even as small as
¢y, there is only a smal deviation from a linear  apout two hundreds of singly charged idhare now able
dependence holding for the “ideal” cyclotron frequency, jnqyce a measuratiimage current on the third pair of

w.. This, nevertheless, requires the exact calibration of tAg.ctrodes parallel to the XY-plandigolar detection).
frequency (i.e. mass) scale of the FT-ICR instrument, pOgrernatively, an image current of the doubled frequency
sibly under the same trapping conditions and for a similgg , pe detected by both XZ and YZ electrodpsadru-
number of trapped ions. For example, in a magnetic fiefgh ar detection). The image current is independent of the

of 4.7 Tesla, for ions at m/z 19 {&') and 720 (&"), the  magnetic field but is proportional to the charge and radius
calculated cyclotron frequencies (calculated from the o the cyclotroning ions. Amplitude of the excitation sig-

relationv=w/2m) are 3,798,615 and 100,241 Hz respegyg| must be well adjusted to prevent ion ejection (see be-
tively. Ina 1 inch cubical cell and 0.5 V trapping potentialy,) why allowing to obtain sensitivity sufficient for
their trapping oscillation frequencies are 23,518 and 3,8¢facting complex transient signals corresponding to all
Hz respectively resulting in the reduced cyclotron freyanned jons. This signal, digitized and registered in the
quencies of 3,798,542 (-73 Hz, -20 ppm difference) anghe_domain, is now ready for processing by the Fast Fou-
100,168 Hz (-73 Hz, -720 ppm difference) respectivelyijer Transform (or other methods) extracting all compo-
For these two ions, their calculated magnetron motion frian frequencies allowed by the selected digitization rate.
quencies are very close being 72.80 and 7_2.85 Hz resp&fsnals are digitized either directlyrad band acquisi-
tively. In the same cell, for the same two ions at m/z 39n) or after subtracting a close, fixed frequerntsr ¢ ow

and 720, raising the trapping potgntlal to 10 V increasggng or heter odyne acquisition, the mode used in FT-
the calculated frequencies of their magnetron motions f@\iRy. Limitations of electronics performing digitization
1,478 and 1,457 Hz respectively. Another value that caR el as limitations in storing and processing large ar-
easily be calculated for the above equations is the critiGal s of data disallow long transient to be acquired at very
mass for which cyclotron motion is no longer stable, i-ggh digitization rates. Thus, under the condition of a
frequencies of the reduced cyclotron motion and magngroad band acquisition, its is impossible to take full ad-
tron motion are equal. In the 1 inch trapping cell, 0.5 Vantage of the available frequency resolution. Narrow
trapping potential and 4.7 Tesla magnetic field (i.e. as fghng acquisition, however, due to dramatic decrease in
the above examples) the critical mass is 248,000 u (Dgjeasured frequencies, enables both long acquisition and
For other reasons, such as possibility to trap with an gy, gigitization rate. As in NMR, FT process can include
ceptable radius, such a high mass range may not be avgijpgization and zero-filling affecting the apparent peak

able:® shape and resolution.

Space charge formed by the trapped ions is another imag siressed above, ion kinetic energy does not influence
portant factor affgctmg the accuracy of mass determ'r?é&?clotron frequency, which can precisely measured with

tion and precluding ions of a very close m/z to attaiphsoution increasing proportionally to the length of a

discretely different cyclotron frequencies. Space charg@nsjent signal. Thus, in absence of ion/neutral-collisions
restricts the number of ions that can be kept in the cgllq other mechanisms leading to the ejection of ions from
without effecting their perfect storage and detection anghe |CcR-cell or disturbing their coherent movement, un-

consequently, limits the dynamic range. At low trappingjsiorted trapping of ions lasting for seconds or even min-
potentials, ions can be lost from the ICR-cell by their ejegies is achievable for small and medium ions.

tion along Z-axis. However, a significant frequency and

amplitude of the magnetron motion may also affect ioS Mmentioned above, applying a complex frequency sig-
storage in the XY direction. nal to the cell causes the trapped ions to absorb energy at

their specific resonance. Thus, a broad range of frequen-
. _ cies is applied to cover the measured mass range with am-
2.3.3 Detection of the trapped ions plitude and duration adjusted so as to put all ions on the

Initially, ions are trapped at the increased pressure caud@fiistorted cyclotron orbits within the cell dimensions
by a buffer gas admitted into the ICR-cell region as a sh@fd t0 give an optimal image current. Such excitation al-
pulse. It causes ions to decrease their velocity and to att:g¥¥S &/S0 ejecting of all ions from the cell if their orbits

a small (<1mm) radius of an incoherent cyclotron motiof€ach the electrodes. It is possible, however, to construct
The subsequent pumping (to ~ALTorr) prepares these & complex signal that_m|sse§ one or more frequency win-
“cooled” and trapped ions for the detection. For this pufioWs Of & predetermined widtistéred waveforms in-
pose, the excitation signal is applied to a second pair ¥ ¢ Fourier transform, SWIFT).™ Applying such a
electrodes placed in the XZ-plane. It is either a short pulS8MPIeX signal to the trapped ions causes ejection of all
or a complex signal containing all frequencies corrd®nS with exception of a selected cluster of isotopic ions

sponding to a selected mass range applied at once or fif §Ven a single ion. This and similar modes are used prior
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Figure 2. Externally calibrated broad-band MALDI-FT-ICR-MS of a
bile acid THP ether obtained in 2,5-dihydroxy-benzoic acid (DHB)
spiked with sodium iodide. This spectrum was obtained at 2 MHz
sampling rate with 512 k data points processed. The instrument was
calibrated about one week earlier. The cal cul ated exact mass of MNa"
ionis5 mmu lower.
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Figure 3. Narrow-band, negative MALDI FT-ICR-MS of the boron
compound shown aso in Figure 8. In spite very high resolution, the
excessive buildup of a space charge prevented separation of the two
isotopic  ions  MBCgH;,F,, (calculated 863.065)  and
10B13CC4H,,F,, (calculated 863.072, expected intensity ~8%) and
shifted their positions from that expected (see arrows). Mass scale for
this spectrum was set by taking the monoisotopic ion °BCg,H;,F,,
(calculated 862.069) as the reference. This provided good agreement
with the observed positions the two other ions 1'B3C*?C4H,,F,, (cal-
culated 864.068), and 'B!3C,2C,4H,,F,, (calculated 865.072). An
anaogy can be made to alarge group of runners occupying track of a
limited width. In such a situation, it is difficult for each individua to
retain its own speed, especidly if the difference is minimal. Slightly
slower or faster individuals are forced to run with the major group and
affect the averaged speed.

to further manipulation of ions, including tandem-MS
measurements (Section 2.4.2).

FT-1CR provides a non-destructive mode of the detection
that may be repeated many times for the same ion packet.
After each cycle, this mode of ion re-measurement em-
ploysion re-axialization in the center of acell followed by
another excitation and acquisition.’® As result, similarly
asfor other spectral methods using signal averaging, there
is an improvement of the signal-to-noise ratio proportion-
al to the square root of a number of individual measure-
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ments. In this respect, quadrupolar axialization allows
converting of the magnetron motion into cyclotron motion
and improves not only ion re-measurement but also many
other important parameters of FT-ICR.*®

Thefollowing spectra, obtained at the field strength of 4.7
Tedlawith theinstrument equi pped with the two separated
MALDI and ESI units (lonSpec),? illustrate major fea-
tures of FT-ICR-MS measurements. For compounds be-
low 1,500 Da (singly charged ions), the broad-band
acquisition with the 2 MHz sampling rate, 512k data
points (0.262 second transient) provides mass resolution
of about 20,000 (Figure 2). It can still be doubled by go-
ing to 1024k points. In anarrow band mode, for transients
lasting almost a minute, the resolution may reach
2,000,000 (Figure 3). Such ultra-high resolution, but only
with the optimal trapping conditions, allows to separate
ionsthat differ only by afew mmu (Figure4). Stability of
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Figure 4. (Top) Ultra-high resolution, narrow-band positive MAL-
DI-FT-ICR-MS of cholesterol betaine-type ester obtained for the
mixture of the unlabeled and 4-mono-deuterated cholestrol in aration
of about 10:1 measured in DHB as a materix. In spite alower resolu-
tion (~340,000), if compared to that in Figure 3, trapping asmaler ion
population allowed to separate two pairs of isotopic ions at m/z 507
1BC2C,4H5,0,N and Cy,2HH5 O,N, and at m/z 508 *C,?C4,H5,0,N
and 3C¥C,.?H'H;,O,N. (Bottom) Narrow-band MALDI FT-ICR-
MS of partly hydrogenated Cg, (courtesy of Prof. Mark Meier, Uni-
versity of Kentucky) measured in 9-nitroantracene as amatrix. Resol -
ving power of about 500,000 (for m/z 720) alowed differentiating all
expected isotopic ions at mass 721 and 722 (J. St. Pyrek and A. C.
Harms, unpublished data).
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Figure 5. Externally calibrated positive MALDI-FT-ICR-MS of cu-
curbituril measured in DHP asthe matrix. Although the mixture of ha-
lides of lithium, sodium, potassium, rubidium, and cesium was added
to the matrix, this compounds shows the preferenceto large alkali me-
tal ions. With asmaller ion populationin the | CR-cell, only major ions
were observed but the mass measurement errors dropped to 2-8 mmu.
This sample was generously provided by Prof. William L. Mock, Uni-
versity of Illinoisat Chicago

the super-conducting magnet, both short and long term, is
another extremely valuable characteristics of this system
enabling mmu accuracy of mass measurements even in
the absence of internal calibration reference (Figure 5).
lon isolation, required prior to MS/M'S experiments, can
be achieved by applying suitably adjusted frequency sig-
nal that retains only one isotopic component of an ion
cluster (Figure 6).

234 Getting ionsinto the ICR Cell

In the ICR system, ions may be formed directly in the cell
by a laser pulse focused on a suitably positioned probe.
Furthermore, the ICR-cell may directly serve as the El
source with the analyzed compound admitted either con-
tinuously or, preferably, via a pulse valve. In such a
source, filament located on the Z-axis emits electrons to-
ward the cell along the lines of the magnetic field. Cyclo-
tron motion puts electrons on a spiral trajectory, similarly
asin the conventional El sources employing small perma-
nent magnets, thus increasing their path and the ionization
efficiency. Because ionization and detection are separated
in time, the electron beam can be switched off during de-
tection eliminating interference with the space charge of
ionizing electrons. The same source can produce Cl spec-
traif theionstrapped are alowed to equilibrate with their
parent molecules via protonation/deprotonation (self-Cl).
Alternatively, pulse of a reagent gas admitted to the cell
region produces conditions resembling Cl in a continu-
ous-beam ion source but at a comparatively low pressure.
With a long time available for ions derived from the re-
agent gas to collide with neutral molecules, a sufficient
number of product ions can be accumulated for detection.

Limited size of a horizontal bore of a super-conducting
magnet puts constrains on the vacuum chamber and
makes difficult for probes and GC-M S interfacesto reach
the ICR-cell located in the center of a magnet. For the
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Figure 6. Positive MALDI-FT-ICR-MS of methylated and acetylated
cholic acid 3-O-3-D-glucuronide in the DHB matrix spiked with lithi-
um iodide followed by the isolation of MLi* ion and the subsequent
SORI experiment.

SUPERCONDUCTING MAGNET

:::]DUAL ICR-CELL

{——— VACUUM PUMPS ——>

SUPERCONDUCTING MAGNET

ICR-CELL

ION SOURCE

':| =

ION GUIDE

&——— VACUUM PUMPS

Figure 7. Two configurations of the FT-ICR-MS instrument: dual-
ICR-cell with the internal location of the ion sources (top) and single
ICR-cell with the external location of ion sources and the ion quide
(bottom). There are two differentially pumped regionsin the first con-
figuration, usually with the lower vacuum on the source side. The se-
cond arrangement enables several stages of pumping before reaching
the high vacuum region housing the ICR-cell and alows for a much
greater flexibility.

ISSN 0936-5214 © Thieme Stuttgart - New York

This document was downloaded for personal use only. Unauthorized distribution is strictly prohibited.



256 J. St Pyrek

NEW TOOLSIN SYNTHESIS

same reason, vacuum pumps can not be positioned close
to the ICR-cell and internal ion sources. One solution
comes from arranging two | CR-cells back-to-back in the
two separately pumped vacuum chambers communicating
by a small opening for transfer of ions (Figure 7). One
such cell serves astheion source and, dueto pressurelim-
itations, ions trapped there can be measured at lower res-
olution whereas for better resolution, ions can be
transferred to the second cell remaining at much better
vacuum. A remarkable performance of such a system, in
terms of resolution and ion manipulation, has been dem-
onstrated with several ionization methods including GC-
MS.2t Although GC-FT-ICR-MS s till not able to com-
pete with other mass analyzers in providing fast spectral
repetition, possibility to perform high-resolution mea-
surements without major sacrifice in sensitivity consti-
tutes the major advancement. This technique may furnish
both precise mass and MS/MS information for compo-
nents that are already characterized by a unit resolution
spectra helping in the structure elucidation of reaction/
natural/metabolic products prior to their tedious purifica-
tion.?2 Additional developments of thistechniqueincrease
sensitivity, dynamic range, and mass measurement accu-
racy.?

Major improvementsin interfacing FT-ICR-M S with dif-
ferent ionization methods comes from the introduction of
ion guides allowing externally formed ions to enter the
ICR-cell placed in a center of a strong magnet. Such
guides utilize either non-scanning quadrupoles or electro-
static lenses allowing separating the externa source by
severa pumped regions before ions reach pressure <108
Torr (Figure 7). Currently, especialy to implement anal-
ysis at high MW, interfacing of the external ESI and
MALDI sources with instruments build around super-
conducting magnets of field strength of 7.0-9.4 Teda is
actively pursued.®

24 Tandem mass spectrometry

241 Tandem mass spectrometry with magnetic-
sectors and quadrupoles

With many fragmentation pathways possible for a partic-
ular ion structure, balance between their kinetic parame-
ters and the internal energy of an ion determines if it
survives until detected or fragments before. Magnetic in-
struments may detect ionsthat decompose after full accel-
eration but before reaching the first magnetic or

electrostatic sector (in the “first field-free region”). At
fixed accelerating voltage (and fixed potential of the el

trostatic sector in the two sector instruments), sueta-

stableions (M*) are registered as broadened signals wit
the apparent value of m/z equal to M*={f4M,,. Due to
partial loss of kinetic energy, such product ions are f

positions of energetic ions. Nevertheless, it is useful in
confirming a daughter-parent relation of the selected pair
of ions. In order to better utilize this feature, an increased
fragmentation can be brought about by collisions with
neutral gas moleculesd|lision activated/induced disso-
ciation, CAD/CID; several other methods, suchsas-
face-induced dissociation, are also available). Collisions
change ion kinetic energies into their internal energy,
which is channeled into different fragmentations. Conse-
guently, the enhanced formation of daughter ions enables
to perform more efficient MS/MS (dandem-M S) ex-
periments and depict fragmentation sequences serving as
the source of structural information. In addition, monitor-
ing of characteristic fragmentation processes can be em-
ployed in the analysis of mixtures increasing selectivity
and sensitivity of the detectiodction 2.5).

Normal scanning mode of a magnetic instrument does not
provide good resolution (and thereby sensitivity) in de-
tecting metastable ions. Two-sector instruments enable
much improved resolution by employing so called
“linked-scans’ in which electrostatic and magnetic fields
are varied simultaneously according to simple rules. Thus,
respectively, by keeping constant eithéfeB or B/E, or
B(1-E)Y?/E, precursor ions of a specified fragment or
fragment ions formed form a specified precursor or ions
formed by a specified loss of a neutral fragment can be de-
tected. Alternatively, by combining three, four, or more
sectors (for example: BEB, EBBE, EBEB, EBEEBE) al-
lows to increase mass resolution in selecting the precursor
ion and in monitoring the daughter/product ions. These
configurations eliminate the lack of selectivity of the
linked-scan and provide “true” MS/MS measurements. In
an early demonstration of the power of the EB-EB system,
two close ions of phenyl isocyanate (M-COgHEH,
91.042) and toluene (M-H,8,, 91.055) have been sep-
arated in the first EB part (resolution of about 12,000) to
give different daughter ion spectra analyzed in the sec-
ond?® Quadrupoles, TOF, and ion traps can also be added
to sectors resulting ihybrid-instruments (for example
EB-Q, EB-TOF). In all these systems, every sector/sec-
tion performs only one function on the accelerated ion
beam providing all three modes of the MS/MS analysis.
Thus, precursor ions are detected by setting the second an-
alyzer on a specific fragment while scanning the first one.
Product ions are detected by setting the first analyzer on
the specified precursor while scanning the second. Final-
ly, for detection of ions formed by the constant neutral
loss, both analyzers are scanned with the mass-offset
equal to that of the neutral fragment.
nother simple but quite powerful arrangement comes
;fr_om combining two quadrupole analyzers via a collision
cell employing the third, non-scanning quadrupole
EQqQ). Such “triple quads” provide a versatile tool espe-
cially as detectors for the on-line chromatography and the
Jnore complex systems (QgqQgQ) are being develdped.

cused between the parent\nd daughter/product ions

(My) that have been formed in the ion source attaining futl4.2
acceleration. Usually, the presence of metastable ions_in
spectra results from a spontaneous, unimolecular decom-
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Tandem-MS with FT-ICR-MS

r every step of the parent ion selection or product anal-
ysis, tandem systems described above utilize separate
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mass analyzers acting upon the ion beam (two analyzers
are required to follow one reaction). However, in systems
based on the ion storage (quadrupole ion traps and FT-
ICR), the same analyzer enables to follow consecutive
fragmentation steps by a flexible, software-controlled se-
guence of ion manipulations with the temporal separation
of individual steps on the order of seconds. Thisallowsto
prepare the ICR-cell to different functions by switching
on/off and by ramping voltages applied to the individual
electrodes, by applying suitably designed frequency puls-
es, and by admitting gases through fast operating valves
followed by fast pumping. As for the normal spectral ac-
quisition, such a sequence usually starts with the removal
of any remaining ions by polarizing the trapping elec-
trodes to arelatively high, opposite voltage. Subsequent-
ly, in the external source configuration, ions are admitted
the cell. Thisisdone by firing alaser (for MALDI) that is
synchronized with potentials of the trapping electrodes
gating ionsinto the | CR-cell while sources producing con-
stant beam of ions may require much longer time for ad-
mitting. Following gjection, only the selected ions are
retained in the cell, submitted to dissociation and analyzed
for the product ions by the usual sequence of the excita-
tion and measurement. If the isolation/dissociation steps
are repeated, one can follow several successive decompo-
sitions with the number of repetitions limited by the num-
ber of ions|eft for the detection. Notably, such analysis of
trapped ions detects only products whereas scanning ana-
lyzers perform MS/MS analysis in all three modes (Sec-
tion 2.4.1).

In order to induce dissociation of the trapped ions either
collisional or radiative energy can by applied. This in-
cludes different ways of exciting ions (to increase their ki-
netic energy) prior to or together with the CAD process (to
increase their internal energy). One convenient way is to
irradiate selected ions with a frequency close to their cy-
clotron frequency causing fluctuations of their cyclotron
orbits (in amode analogous to the interference of the two
very close radio-transmitters). For the optimal perfor-
mance, this method of a sustained off-resonanceirradi-
ation (SORI) requires the adjustment of the time,
amplitude, frequency, and collision gas pressure.?’

3 on formation

3.1 Overview

Inthe MSion source, ionsareformed either by the remov-
al/addition of an electron - leading to molecular ions M*/
M-, or by protonation/deprotonation - leading to pseudo-
molecular ions (or, more correctly, protonated/deproto-
nated molecules) MH*/(M-H)", or by addition of another
small ion - leading to cationized molecules such as MNa'.
For salts (e.g. ammonium, phosphonium, carboxylates,
and sulfonates), ionization/desorption processes frequent-
ly produce gas phase ions that directly correspond to
charged moieties and their counter-ions (Figur e 8). While
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Figure 8. Negative MALDI-FT-ICR-MS of sodium tetrakig3,5-
bis(trifluoro-methyl)phenyl]borate (courtesy of Dr. Robert C. Had-
don, University of Kentucky). This spectrum was acquired with the
broad-band mode and 1024 k data points, however, only 512 k data
points were processed to give the spectral resolution of about 10,000.
Compare Figure 3.
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Figure 9. The expanded broad-band ESI-FT-ICR-MS of a peptide
mixture. At the resolving power of about 15,000 (calculated from the
haf-width of peaks), base-line resolution of isotopic ions can be ob-
tained and the charge-state can be derived from the interval s between
individual ions measured in mass units. Molecular weight of the par-
ent compound requires the identification of a mono-isotopic ion (for
the mono-isotopic mass, which may or may not be present) or finding
the center of mass from ion intensities (for the averaged mass). Mo-
reover, one must confirm that the ion in question is charged exclusi-
vely by protonation or, possibly, thetotal chargeisdueto protonation
aswell as cationization.

most ionization methods produce singly charged ions rec-
ognized by one mass unit spacing of *C isotopic compo-
nents, some methods lead also to multiply charged ions.
For such ions, '3C isotopic components are spaced by
Y,unit (Figure 9).

As arule, identification of the molecular-type ionsisthe
first step in interpreting mass spectra. First, possible ori-
gin of theion of the highest m/z as either afragment or an
addition product must excluded; second, the types of mo-
lecular ion represented in the spectrum must be correctly
recognized. Molecular ions and protonated/cationized
molecules contain all original atoms of the analyzed com-
pound and, consequently, their abundant presence, on one
hand, and their correct identification in spectra, on the
other, makes the determination of MW straightforward.
This simple notion motivates the search for and the pre-
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ferred use of ionization methods that lead to stable ions of
a molecular-type or, conversely, methods that produce
spectrain which these ions dominate over fragments. Ki-
netic parameters of al possible cleavage and rearrange-
ment processes open to a specific ion structure, on one
hand, and the internal energy available to its individual
bonds, on the other, determine the temporal stability of an
ion during mass anaysis. Asresult, for ions with the same
amount of the internal energy those with more atoms and
more bonds (for instance for a series of homologues) are
less likely to fragment.?® Notably, for soft ionization
methods involving an increased pressure in the space of
the ion formation (including methods that desorb ions
from liquid or solid phases), collisions with neutral mole-

As has been nicely exemplified for a series of normal hy-
drocarbons, the intramolecular vibrational and rotational
super-cooling of molecules in Supersonic Molecular
Beam (SMB) leads to an impressive increase in the stabil-
ity of molecular ions formed by Ef.With the conven-
tional EI, normal hydrocarbons show only barely
detectable M whereas such ions dominate in spectra ob-
tained with SMB. In another approach Wfetastable
Atom Bombardment (MAB), gas phase chemi-ioniza-
tion (not chemical ionization) can be brought about by
metastable atoms of noble gases. Employing one of five of
these elements (with the excitation energy decreasing
from 20 to 8 eV, when going from helium to xenon) one
may control the energy transferred to the ionized mole-

cules remove an excess of the internal energy (a “coolingtiles. For example, ionizing with metastable atoms of xe-

effect). Such soft methods are best exemplifiediéy
desor ption (FD), californium-252 plasma desor ption
(PD), fast atom bombardment (FAB), liquid second-
ary ion mass spectrometry (LSIMS), andlaser desor p-
tion (LD). On this list are alsonatrix assisted laser
desor ption/ionization (MALDI) andelectrospray ion-

ization (ESI), two powerful methods that gain general a
ceptance. In spite limited understanding of the exact ways

C.

non minimizes fragmentation and allows very selective
ionization® It may be predicted that much broader utili-

zation of MAB and SMB-EI may augment significance of

El ionization, the method that is still well suited to many
important classes of organic compounds.

3.3 Chemical ionization

of ion formation® the use of all these methods tremenchemical ionization (Cl) is the gas phase process involv-
dously expands the realm of MS analysis with the mostg ion-molecule reactions with species derived from a re-
spectacular results obtained for biological compounds afient gas (or their mixtures) that is first ionized by El at
a relatively high MW Notably, these ionization meth- high electron energy. Typically, the even-electron
ods also cover many groups of organic compounds thEeudomolecular ion/protonated molecule Mot (M-

are either difficult or entirely incompatible widhectron
impact (El) andchemical ionization (ClI), the two prin-
cipal methods of a traditional organic MS.

3.2 Electron impact ionization

H)* ions are formed. The efficient Cl process, in case of
ion sources producing a constant beam of ions, requires
relatively high pressure of the reagent gas (~1 Torr) butin
instruments that trap ions for an extended time, ion sourc-
es may work at much lower pressure. Notably, collisional
cooling of the nascent ions by molecules of the reagent

The process of electron impact ionization (El) involves gas warranties the relative softness of the Cl process
unimolecular interaction of gas phase molecules withthereas specificity of ion-molecule reactions (usually of
electrons accelerated to about 10-100 eV. As a primate acid/base character) affects ionization efficiency and
product, El forms an excited odd-electron molecular raimpacts upon the type of ions formed. Very efficient ion-
ical-ion M*. These ions are additionally destabilized byzation leading to Mions can be obtained for compounds
having an unpaired electron and, usually, are capableadfhigh electron affinity. As result, with a suitable deriva-
entering complex processes of high-energy demand. Ailen, many compounds can be analyzed at the exception-
though stability of molecular ions may be improved bwlly high sensitivity by GC-MS with the negative CI
lowering energy of the ionizing electrons (thus leading tdetection.

their increased proportion in spectra), for most of organjg aqdition to ions mentioned above, other high mass ions
compounds such ions fragment extensively. Consequeptsy result from the association with species derived from
ly, the presence of molecular ions in spectra is an exc§Ra reagent gas or even from “true” chemical reactions.
tion and not a rule. Some structural characteristics, &$ch ions are exemplified by Mf8.)*, M(NH,)*, and
those favoring the charge_locallzatlon, may have a drm(No)+, formed with methane, ammonia, and nitric ox-
matic effect on fragmentation and may increase the refge respectively. The relation of such ions to the “un-
tive stability of high-mass ions and channel fragmentatiqthown” parent molecule may not be discernible and their

processes as for pyridine containing Schiff base derivgresence may obscure clarity of mass spectra. In such cas-
tives of aliphatic aldehyded.Similarly, long chain ali- es stable-labeled reagent gases may greatly help in their

phatic alcohols show only barely detectable MdHon

identification. For example, the use of a mixturé*diH,

while low-mass fragments prevail. This contrasts withnd 1*NH, leads to the labeled adduct ions¥iH,)*/
spectra of their trimethylsilyl ethers (TMS ethers) showw(**NH,)* but the protonated ion MHremains unla-
ing a prominent M-Me ion consistent with the charge afeled* Furthermore, with a suitable reagent gas (e.g.

the TMS group.
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ND; or D,O), the in-source deuteration of exchangeable

positions can be obtained. Such an exchange can be car-
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Figure 10. Externally calibrated, positive APCI-FT-ICR-MS of a
mixture of amino acid n-butyl esters N-acetyl derivatives (G glycine,
A danine, P proline, V valine, L leucine, | iso-leucine, and F phenyl-
alanine taken in an approximately equimolar amount. The top spec-
trum shows protonated molecules (MH) of al compounds included
in the mixture with dramatically different ionization efficiencies ob-
served for individual derivatives (resolving power about 50,000). The
bottom spectrum, registered at about 5-times higher concentration
(resolving power about 30,000), in addition to ions listed above,
shows the set of ions corresponding to 11-12 proton-bound-dimers
(M;M,H*). There are 21 expected dimers for these 7 amino acids as |
and L can not be differentiated based on MW. This feature, although
interesting from a point of the apparent selectivity (prevalent dimers
were observed for P, V, and L/I), complicates the overall spectrum
and requires the accurate mass determination for making the unambi-
guousidentifications. Asindicated by thisexample, formation of such
multipleions (frequently observed in Cl, APCI, and FAB) may hinder
spectral interpretations. Obvioudly, such dimeric ions can be recogni-
zed more easily for pure compounds, especially for compounds with
the known MW.

ried out for an extended time (5-30 minutes!) for ions
trapped in the ICR-cell.®

Atmospheric Pressure Chemical lonization (APCI),
increasingly important in combination with liquid chro-
matography, involves high temperature nebulization of
solutions in presence of a corona discharge or (3-emitter
while solvents or their additives (for example ammonium
acetate) play the role of areagent gas (Figure 10). lons
formed at the atmospheric pressure are transferred to the
high vacuum part of a mass spectrometer via several stag-
es of pumping and mass analyzed.* A version of Cl pro-
cess, LD-CI and MALD-CI, leading to the attachment of
silver ions, can also be obtained with laser desorption. Re-
cently, this method combined with FT-ICR-MS has been
applied to the analysis of non-polar polymers.”

34 Fast atom bombar dment

Both El and ClI, capable of ionizing only gas phase mole-
cules, arelimited to compounds with some vapor pressure

in vacuum and, if higher temperatures are required for
volatilization, with asufficient thermal stability. Thiscon-
trasts with soft ionization methods not posing such a re-
striction. Soft methods may efficiently ionize compounds
that are entirely involatile either because their high polar-

ity or presence of acharge(s) or high MW or al thesefac-
tors combined. These methods, however, display
selectivity and usually require liquid or solid matrices se-
lected for the reasons of solubility and the most efficient
ionization. Matrices, in turn, introduce additional ions re-
sulting from complex clustering processes that may in-
volve impurities and additives. Thus, if MS is used to
establish and not just to confirm the anticipated MW, de-
ciphering obscure spectral features may be quite perplex-

ing.

Incaseof FAB or LSIMS, ionsare formed by bombarding
solutions with fast atoms or fast ions respectively. Mea
sured compounds are dissolved in a solvent (matrix) of
low volatility in vacuum such as glycerol, m-nitrobenzyl
alcohol, and triethanolamine. In the routine characteriza-
tions of synthetic organic compounds, FAB is still one of

the most frequently used methods together with El and Cl.
Certainly, its broad acceptance can be attributed to the rel -
ative experimental simplicity, especially if compared to
FD3 that has preceded FAB. Thisisin spite FAB relative-

ly low sensitivity (not especially important in the analysis

of synthetic products), low-mass background of strong
ions derived from the matrix (“chemical noise”), and a
possibility of various reactions with matrix molecufes.
As for other soft ionization methods, molecules with the
inherent charge display especially abundant ions whereas
many other compounds show protonated (M&hd cat-
ionized molecules3ection 3.6). Still, some organic com-
pounds are ionized by a simple loss of an electron and
produce molecular ions M

At the time of its introduction, there has been a great fas-
cination with FAB inspired by a possibility to analyze po-
lar compounds with no need for their derivatfén.
Possibility to introduce moieties carrying a fixed charge,
however, extends applicability of FAB and other soft ion-
ization methods. As demonstrated for bile aé¢fdste-
roids® and peptide& such derivation increases
sensitivity and enables analysis of otherwise refractive
compoundsExample 1). In FAB, complex surface phe-
nomena may cause strong suppression effects leading to
spectra showing only certain components or spectra that
dramatically change with tinf€. To some extent, these
features are obviated by a constant flow of a solution con-
taining a few per cent of matrix applied to the FAB target.
This Continuos Flow or Frit-FAB approach, by exposing
constantly refreshed surface to the fast atom beam, allows
also a successful coupling with 1*€Recently, however,

this technique and thermo-spray ionization is superseded
by APCI and ESI, two methods that enable efficient on-
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line coupling with LC and electrophoresis (Section 3.3
and 3.7).

35 Matrix assisted laser desor ption/ionization

Direct laser desorption (LD) iseffective only if the A, of
the analyzed compound matches the laser output. Matrix
Assisted Laser Desorption/lonization (MALDI) does not
posethis restriction and provides good ionization efficien-
cy at the high-mass range.*” In MALDI, the light energy
is first absorbed by an excess (usually >1,000) of a crys-
talline matrix with the absorption maximum close to the
laser output. Specialy formulated liquid matrices may
also be used to form ionswith alaser pulsing at afrequen-
cy of 10~20 Hz. This makes MALDI source compatible
with a slow scanning sector instrument.*® As arule, how-
ever, ashort burst of ionsformed by asinglelaser pulsein
LD or MALDI, similarly as?5°Cf-PD, isfollowed by non-
scanning methods of ion analysis (compare Section 2.2).

In a simplified model, matrix evaporation forms excited
and ionized species that in turn ionize other components
and the type of ions formed parallels those observed in
FAB (Example 1). Asin case of other soft ionization
methods, neutral species present in a plume beforeitsdis-
sipation in vacuum provide a cooling effect contributing
to the stability of ions formed. Many compounds have
been tested as matrices for MALDI but only some work
well. For different classes of compounds, matrices show
striking differences in the ionization efficiency and the
difference in their suitability for different method of ion
analysis. For instance, matrices working well with MAL-
DI-TOF may not be suitable for MALDI-ICR. Still,
MALDI may show lack of reproducibility resulting from
the matrix selection, matrix-to-compound ratio, form of
matrix crystallization, and possible presence of impurities
including those formed by a degrading matrix (Example
2). MALDI and other soft ionization methods are highly
selective and subject to strong suppression effects. Al-
though this selectivity may facilitate detection of com-
pounds with well recognized ionization characteristics
but, at the same time, it may create an uncertainty in char-
acterizing novel compounds as well asin evaluating puri-
ty. Suppression effects may completely prevent some or
all componentsfrom producing ions and may lead to asit-
uation inwhichions observed represent only the most eas-
ily ionized components and not those that are
quantitatively important. Consequently, for al soft ion-
ization methods, the removal of salts, organic buffers, and
detergentsisimportant in avoiding sample-unrelated ions
and suppression effects.

Example 1

Free cholesterol, unsuitable for the ionization by FAB,
MALDI or ESI, can be transformed into a charge bearing
betaine esters by reacting with the excess of 2-fluoro-1-
methylpyridinium p-toluenesulfonate or N-chloroformyl
betainyl chloride. These esters produce very intense spec-
tra but strong ions derived from the reagents are also
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present.*® We have prepared similar derivatives by aquan-
titative reaction of cholesterol chloroacetate with aliphatic
tertiary amines, pyridine, picolines, and lutidines. Upon
evaporation, these simple transformations lead to charged
products that provide clean MALDI (Figure 4) and ESI
spectra.

Example 2

In our experience with MALDI-FT-ICR-MS, severd
traceionsare frequently encountered. Two suchionsat m/
z 550 and 522 are suspected as a contamination. Their ac-
curate masses are very close to the calculated for CggHgoN
(550.629) and CyH,xN (522.598) and, most probably,
represent the quaternary ammonium detergent (Aerosurf,
CH4(CH,);;N*(CH;), and its lower homologue
CH5(CH,)sN*(CHy), respectively). Another ion at m/z
273, found only occasionally, most probably represents a
decomposition product of 2,5-dihydroxybenzoic acid
used as amatrix (DHB, C;HgO,). It accurate massis very
closeto that calculated for C,,HzOgH* (273.040; two mol-
ecules of DHB minus two water molecules).

3.6 Cationization

Very early, formation of cationized ions has been recog-
nizedin FD and FAB provingto bevery useful in the anal-
ysisof compounds that resist protonation.>° Even traces of
alkali metals, especially the ubiquitous sodium ion, may
lead to full or apartial cationization but dissolving saltsor
hydroxides in a matrix allows much better control of this
process. As tested for selected natural products, elements
with well recognizable isotopic patterns, for example sil-
ver or thallium both with two naturally occurring isotopes
(*’Ag 51.3% and ®Ag 48.7%, 2Tl 29.5% and 2°°TI
70.5%) produce easily discernible attachment ions.>! Sim-
ilarly, mixtures of akali metal salts can produce well rec-
ognizable patterns (Figure 5) and are useful in the
analysis of polymers, especialy those containing ether
bonds.>? Moreover, to facilitate cationization, special de-
rivatives incorporating moieties with the high affinity to
akali ions (e.g. crown ethers) can also be employed.> We
have been able to observe efficient cationization accom-
panied by a minimal fragmentation for over 100 fully
blocked methyl ester-acetates of glucuronides and gluco-
sides of bile acids and steroids (Figure 6).>* All these
compounds, in matrices free from alkali metal salts, show
only low-mass ions resulting from the extensive loss of
acetic acid and sugar moietieswhile only the simplest pro-
duce informative El spectra, especially at the low eV.%

Example 3

In El, THP ethers of steroids and aliphatic compounds
usually produce no significant molecular ion but a promi-
nent fragment ion at m/z 85 and weak ions of a higher
mass. These useful intermediates, however, can be char-
acterized by FAB and MALDI as alkali metal attachment
ions (Figure 2).%
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3.7 Electrospray ionization lengthy® for a small ion, even a simple comparison of the
relative intensities and the odd/even position of ion sig-
nals, directly indicates the number of atoms of multi-iso-
topic elements (e.g. the well known nitrogen rule and
counting of Cl and Br atoms). With the increasing number
of atoms, the center of gravitsMer aged mass) shifts to-
ward ions containing heavier isotopé&iopic ions) and
the ion containing only the lightest isotop@sofioiso-
(“Coulomb explosion”® Obtaining optimal spraying topic ion) bec_ome_s less and less signiflcgnt. Thus, for
y chpounds with high MW, the numerical difference (but

condition is the most important experimental aspect Aot the relative!) between these two numbers becomes

ESI and, apart from the voltage applleq to the spray Ohore apparent. Carbon clusters provide a simple illustra-
fice, is determined by the surface tension of a solvent 8

solvent mixture and the presence of electrolvtes. To {)n of calculating the relative intensities of isotopic ions
pr ectrolytes. *f!om the binominal distribution. It includes the number of
hance the spray, a supporting flow of a liquid or a nebuli

ing oas can be apolied and. interestinaly. even Ves'toms in an ion as an exponential factor and the partial
99 PP ' gy, shundance of the two carbon isotopes as the contributing

efficient nebulization in the absence of the high elecmﬁrobabilities Example 4). It shows that even very small
potential still produces ions (*Sonic Spray*}Most nota- variation of the natural abundance impacts upon the pat-

bly, very sensitive analysis gf-size samples is obtamedtern of isotopic ions. By measuring the averaged mass

by reducing the flow rate to nl/min (“Nano-Spray”). This . . )
beneficial effect is explained by the substantial improv with the ppm accuracy, such small differences can be de

. ARG . . Sected even for ions of large molecules. Such measure-
ment in the ionization efficiency resulting from the forma-

tion of smaller droplets and their easier and much fas ments, however, are reliable only if other close ions (e.g.
desolvatiort® P -1 or M+1 at the low mass or MNat the high mass) do

not overlap.
Typically, ESI spectra of large and polar molecules are

distinguished by the presence of multiply protonatedxample 4

deprotonated molecules such as flldr (M-zHY. A se- For G, only two isotopes are involved in calculations. For
ries of such consecutive ions differs by a single charge d,, at 98.889%4°C, the molecular ion cluster can be cal-
rectly allowing to calculate the “charge-state” (i.e. theulated as the individual terms of the binominal (0.98889
value of ‘z’) and the averaged MW from a series of linear 0.01111%°. By taking new value for carbd?C (another
equations. This is possible even if the isotopic structure efid of the approximate spread encountered in Nature) it
these ions remains unresolved. If ions corresponding ¢hanges to (0.98931 + 0.01069Figure 11 presents the
two or more components are not resolved, such calcu@mparison of such calculations performed fgyadd the
tions might not be easy or even fully reliable. However, tivo hypothetical clustersgg and Gyg,. Figure 12 shows
every ion is discerned and resolution allows identifyingpectra of a series of carbon clusters obtained upon the
isotopic componentsSéction 4.1), one can obtain an un- high power laser desorption of the homogeneous sample
ambiguous determination of both the charge-state antiCg,. Evidently, as detected by FT-ICR-MS;,@eorga-

MW justifying the need for the high resolutidfigure9). nizes with the formation of even carbon species that are up
As in case of other soft ionization methods, some addf about 180 atoms. One needs to note that all these ions

tives can be employed to help in the analysis of difficufi'® free from the interference isbbaric ions (the same
compounds by ESISection 4.2). Due to this exceptional n_omlr_lal mass bu; dlffer_enjt isotopic com_posmon). Sm_u_lar
softness of ESI, weak attachment processes may leacdlfyation, i.e. all isotopic ions have unique composition
ions that either obscure spectral clarity (e.g. attachmentQfcurs for perfluoro-hydrocarbons (PFK) used as mass
salts) or allow detecting the non-covalent interactfns Standards in El and Cl (fluorine is monoisotopic). On a
Strong response of molecules with the inherent charg@ntrary, for all compounds that are build of two or more
encountered with ionization methods desorbing ions forfulti-isotopic elements only the lowest mass, monoiso-
liquid and solid matrices, gives an attractive possibility tfPiC ion has no isobars.
observe charged reaction intermedi&tes. With the increasing number of atoms in the ion, complex
isotopic clusters represent only more sampling points
available to the MS measurement reflecting statistical dis-
4 M ass spectrometry and molecular weight tribution of all possible isotopic combinations. For in-
determination stance, by selecting 10,000 carbon atoms as a
representative sample, one needs to céthtatoms in
one Gy Molecule whereas ten thousangdnblecules
would be needed. Counting folecules is experimental-
The number of atoms of elements with two or more isdy realized in the determination 6iC content after com-
topes contributes to the complexity of the ion pattern intaustion to CQ. In view of the fact that FT-ICR-MS allows
strictly predictable manner. Although for large, multi-eledetecting single ions with a multiple charge, looking at the
ment compounds such calculations may be quite

Electrospray ionization (ESI), being one of the softest ion-
ization methods, produces ions directly from solutions by
fast evaporation of charged micro-droplets that are ob-
tained at the flow rates of about pil/min.>” Thisevaporation
starts at the atmospheric pressure and continues in the
evacuated, hot interface until the droplet size reaches the
point preventing the solvation of holding ions together

4.1 Stableisotopes and molecular ions
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Figure 11a. Distribution of isotopic ions of four hypothetical carbon
clusters, Cg, Cgo, Cano, @nd Cgpop Cal cul ated for the two different natural
abundances of 13C. First row correspondsto 1.111 and second to 1.069
% 13C respectively. For the two larger clusters, shift of the average
mass becomes more apparent only as result of more points available
for the calculation. Still, the averaged masses of these four clusters
constitute multiplicities of the averaged mass of carbon, i.e. 12.01115
and 12.01073 respectively. Their determination requires very accurate
measurement of the relative intensities of all isotopic ions. Monoiso-
topic ions are significant only for Cg and Cg, (compare Figure 12)
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Figure 12. A single shot laser desorption FT-ICR-MS obtained from
the film of apure sample of Cg, at no attenuation of the nitrogen laser

(337 nm) and the maximum ion transmission set at about 1400 u. At
the low laser power, Cg, isthe only component observed.

individual molecule is not only an intellectual exercise.

natural abundance of heavier isotopes while for others (C,
Si, S, Cl, Br) heavier isotopes are more significant. Still,
for many elements that are or may be used in organic syn-
thesis, the lightest isotopes are not equivalent with the
most abundant ones.

The following definitions are used in determining MW by
MS for small and large molecul& The nominal ion
mass represents “the mass of an ion with a given empiri-
cal formula calculated using the integer mass numbers of
the most abundant isotope of each elementrtbeoi so-

topic ion mass represents “the mass of an ion for a given
empirical formula calculated using the exact mass of the
most abundant isotope of each element”; finally ates -

aged mass corresponds to “the mass of an ion for a given
empirical formula calculated using atomic weight of each
element”. An unclear definition omonoisotopic and
nominal mass as “mass calculated by summing the atom-
ic masses of the lightest (most abundant) isotopes, but in-
cluding the mass defect ... (... the exact-mass equivalent
of the nominal mass)” can also be folhd.

These definitions, although seem to be unquestioned, pose
formal and practical problems. Thus, the temmpirical
formula (that “expresses in simplest form of relative
number of the kind of atoms in a molecule”) is used incor-
rectly and should be replacedtoplecular formula (sig-
nifying “the actual number and kind of atoms in a
chemical entity (i.e. molecule, group or ion)”; according
to definitions in ref’). Although there is no contradic-
tions for compounds composed of either monoisotopic el-
ements or elements with the most abundant isotope being
also the lightest (such as H, C, N, O, F, P, S, CI, Br, and
), for elements listed in columns 4-Bable 2) ‘monoiso-

topic ions’ are not free from isobars (for example boron
containing ionFigur e 8). Replacing the term “most abun-
dant isotope” with “the lightest isotope” eliminates the
formal and practical inconsistencies in selecting ions for
measurements both at low and high mass. The original
definitions, evidently, date to the time when the range of
mass measurements has been limited. Now, at much ex-
tended mass range, one needs to deal with spectra in
which monoisotopic ions are entirely insignificant.

4.2

Stable isotope label and its detection by MS represents
one of the principal tools in chemistry and biochemistry
and its applications precede that of radioisotépdhis
area is still actively pursued with exciting new method-

| sotopic depletion and substitution

This “single-ion-approach” may provide an alternative iflogical and instrumental developmefitDetection of

characterizing ions of very large molecules by a very pr?ass shifts caused by isotopic_substitution gnaples to fol-
longed observation of only several trapped ions. Not on'I9W stable label and finds multitude of applications such

their m/z could be precisely measured, but also the cha@Sotope dilution for quantification, metabolic transfor-
2 could be deduced from its changes occurring durinﬁ‘at'ons’ reaction _mechanlsms_, or even clarification of
the storage timé Structural ambiguities. At the high enrichment level, sta-
i i ble label can be detected by the “full-scan” or partial mass
Except for 22 monoisotopic elements, most are composgz&Ctra (SIM,Section 2.2), whereas at the low enrich-
from 2-10 natural isotoped gble 2). Three elements es- mant precise isotope-ratio methodology is indispensable.

sential for organic compounds (H, N, O) show very lov, his area, new developments include the “on-line” com-
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bination of chromatographic separations with isotope-ra-
tio measurements performed on low MW products
obtained by chemical conversion (e.g. on-line combus-
tion)’® or reaction in the microwave plasma.”* This ap-
proach makes the detection of label independent of
spectral features such as fragmentation and the presence
or absence of amolecular ion.

The alternative use of stable labeled substrates in synthe-
sis may be beneficial in clarifying structural ambiguities.
For example, complexes with one or more atoms of multi-
isotopic elements (e.g. ruthenium, Table 2) produce very
complex patterns of isotopic ionsand, especially when an-
alyzed by FAB, are frequently obliterated by matrix de-
rived ions. A paralel synthesis performed with an
enriched isotope could not only improve the clarity of
spectrabut also increase signal-to-noiseratio. A recent re-
port of ESI spectra of Rus(CO),, and similar compounds
of Os and Re cationized by silver ions’? exemplifies such
acaseinwhich theion pattern would be greatly simplified
by enrichment of the Ru component.

I sotopic depletion is another viable alternative. Recently,
first example of a small protein biosynthesized from pre-
cursors containing only the light isotopes of carbon and
nitrogen has been reported (Example 5). Certainly, this
approach, by lowering contribution of isotopic ions with
an increase in the relative intensity of monoisotopic ions,
augments sensitivity and precision of the accurate mass
measurements should gain importance in characterizing
bio-molecules. Obtaining narrow isotopic clusters should
be useful in characterizing mixtures, analyzing fragmen-
tation, and counting exchanged deuterium atoms. Thisap-
proach, by simplifying spectra, may find use for low MW
microbial and plant metabolites. Furthermore, the synthe-
sis of medium and large polymers and supra-molecules
could also be accomplished from afew simple precursors
depleted in heavier isotopes. One needs to remember that
the complementary approach, i.e. the use of substrates/

Table2

Naturally occurring isotopes with the lowest atomic mass

precursors enriched in heavier isotopes, may providelucid
spectra only at the relatively low MW. For large mole-
cules, only compounds depleted in minor isotopes may be
obtained with very high purity required to eliminate i soto-
picions.

Example5

Well-characterized FK506-binding protein has been iso-
lated from E. coli grown on 99.95% glucose 2C4 and
99.99% ammonium sulfate “N,.” This 107 amino acid
protein has the elemental composition
Coy7Hg30N 146015555, corresponding to the monoisotopic
mass 11,780.07 with the calcul ated relative intensity only
0.65%. Its ESI-FT-ICR spectrum obtained at the natural
abundance shows magjor ions at M+6 to M+9 whereas the
spectrum of the same protein obtained on the depleted me-
dium showsthe monoi sotopic ion asthe most i ntense peak
at m/z 11,780.01 (-5 ppm error!). Weaker ions corre-
sponding to M+1 and M+2 represent mainly the contribu-
tion of oxygen and sulfur isotopes. Recently, a similar
approach has been used to improve signal-to-noiseratioin
the CID spectra of depleted cystatin, also investigated by
FT-ICR-MS.™

4.3 High or ultra-high resolution?

For asingly charged ion at m/z 1,000, the difference of a
mmu requires mass resolution of 1,000,000. The use of
such high resolving power is illustrated here for a singly
deuterated cholesterol derivative. It enables distinction of
the two isobaric M+1ions containing either one *3C or one
2H and differing by only ~3 mmu (Figure 4). A similar
approach could be helpful in defining frequently encoun-
tered cluster of ions such as (M-H)*, M*, and (M+H)*. In
thiscase, at m/z 500, base-line separation of *?C'H and 1*C
isobars, with 4.5 mmu difference, requires resolution of
over 100,000. At medium resolution, one should measure
the accurate mass of the (M-H)* ion only. For the already

Total Number Main isotope has the Main isotope does not have the lowest atomic mass
number of | of lowest atomic mass _ ,
isotopes elements Relative amount of the lowest mass isotope (%)
>1 1<>0.1 <0.1
1 22 ®Be, "°F, PNa, 7Al, P,
monoisotopic 43¢, SMn, ¥Co, *As,
elements BQY’ 93Nb, mRh, 1271‘
I33Cs, MIPI', lSQTb‘ ]()SHO,
’”Tm, lgSAU, 209Bi’ 232Th
2 22 H, °C, N, °ClL, “Cu, | °Li, B, "In, oy *He, *La, ™°Ta |
69Ga, 79Bl', BSRb, ]07Ag, ISIEU, IBSRe, 1911[‘,
lleb’ 175Lu 203T1
3 7 160’ 2°Ne, BMg, ZSSi, 39K 36Ar 234U
4 5 s *Cr, *Fe, “Pb Hsr
5 6 NI, “Zn, ©Zr T1, PGe oW
6 7 Ca ™pq ™Se, PKr, "CEr, | “'Pt
lqu,
7 10 142Nd T, MO, %RU, lMSm ISOBa’ lSZGd’ ISGDy, 18405’
168Yb’ 196Hg
8 2 cd ™Te
9 1 ™Xe
10 1 50
Total: 83 44 17 14 8
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mentioned series of carbonyl complexes of ruthenium (7
isotopes), osmium (7 isotopes), and rhenium (2 isotopes)
cationized by the silver ion (2 isotopes), unless the ultra-
high resolution is applied, the selection of an ion suitable
for the precise mass determination poses a formidable
problem.

The charge state assignment in ESI spectrais also quite
demanding (Section 3.7). Thus at m/z of 1,000 and ion
with 50 charges, the resolving power of 50,000 isrequired
to depicts the isotopic cluster.

Example 6

El spectrum of molybdenum hexacarbonyl shows an
abundant molecular ion cluster. With seven isotopes of
molybdenum (92, 94, 95, 96, 97, 98, and 100 with therel-
ative abundances of 14.8, 9.3, 15.9, 16.7, 9.6, 24.1, and
9.6 respectively) the original rule (Section 4.1) points to
the ®®Mo ion at m/z 266 as the nominal and monoisotopic.
This ion, however, has six isobaric components above
0.01% and its two major ones a m/z 265.8750
(M o(*2C**0),, 21.92%) and 265.8786
("M o™?C.12C, %804, 0.587%) could be differentiated at the
mass resolution of about 70,000. Thus, mass measure-
ments performed routinely at a medium resolution, would
be affected by only about 0.1 mmu (0.3 ppm). This small
interference is due to accidentally low abundance of Mo
and the low number of carbon atoms in this molecule.
True monoisotopicion at m/z 259.8758 correspondsto the
lightest isotopes %2Mo(*2C*®0), (14.60%) and is suitable
for the precise mass determination even at arelatively low
resolution. The suitability of ions for precise mass deter-
mination requires case-by-case evaluation based on the
expected elemental composition of the measured ion and
the available resolving power. This, however, may no be
feasibleif the measured compound has an unknown com-
position.

4.4

Recently, in view of the apparent contradiction in under-
standing of mass spectroscopists and editorial polices of
organic journals (usualy asking for HR-MS data to be
within a small and pre-defined error), the accuracy re-
quired for the precise mass determinations has been dis-
cussed.”® Except for very smal ions, experimentaly
determined monoisotopic mass with a low mmu error is
not adequate to deduce a unique elemental composition.
Such measurements can distinguish, however, between
several possible elemental compositions deduced from
other spectral data or from independently obtained struc-
tural information. Only knowing the list of elements that
may be present in the molecul e and the approximate num-
ber of respective atoms, the required precision of massde-
termination can be evaluated.” In such calculations, the
necessary constrains in the possible elemental composi-
tion may come from the number of carbon atoms calculat-
ed (or estimated) from the intensity of the M+1 ion, the
number of carbon and hydrogen atoms counted from the

M ass measur ement accur acy
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number and multiplicity of carbon signals in *C NMR
spectra (permitted by the lack of symmetry) plusthe num-
ber of exchangeable hydrogen atoms bound to hetero-at-
oms determined from H NMR. With the C H,, part
established, complementing the elemental formula with
hetero-atoms may be easier.

4.5 Can molecular weight be unequivocally

determined by mass spectrometry?

Certainly, in the determination of MW, accuracy and sen-
sitivity of MS are unmatched by other methods. Except

for the electrophoretic characterization of polypeptides
and oligonucleotides and characterization of synthetic
polymers by the size-exclusion, MS has largely replaced

the reliance on methods relying on bulk properties of
compounds or their solutions. M'S methods are capabl e of
providing an immediate result with very small samples,
and, frequently, it tolerates impurities such as solvents
that are detrimental to other methods. Still, if the investi-
gated compound is available in apure form and quantities
enabling spectral and chemical characterization, MS data

are usually considered only asaconfirmatory evidencefor

the predicted MW. Such predictions may come from dif-
ferent sources, the most important being the expected
course of a chemical/metabolic transformation, deriva-
tion, and data obtained by other spectral methods. Nota-

bly, structural predictions also impact on the selection of

a specific ionization method and, consequently, spectra

are usualy interpreted in a backward fashion. In a case of
agood fit, MS results are accepted with little or no scruti-

ny, whereas if ambiguities or even contradictions appear,
inadequacies of MS arefirst to blame. Still, for the entire-

ly unknown compound or even for the unexpected reac-

tion product, this approach may fail. Eveninasimple case
exemplified by a condensation expected to occur with the
elimination of a small molecule ‘E’ (e.g. water, hydrogen
halide), MS results can be misleading. Thus, the primary
product, either due to the lack of such elimination or due
to an unnoticed re-addition, may have its MW equal to the
sum of MW of substrates but still may show only a prom-
inent ion ‘M-E’. If molecular or pseudomolecular ions are
weak or absent, fragments (e.g. M-Me, M-water, ML
important for t-butyl-dimethylsilyl derivatives) can be ex-
trapolated to the correct MW. The origin of such frag-
ments, however, ought to be very well proven.

In spite a tremendous success obtained with novel ioniza-
tion methods, MS is still not able to provide unequivocal
MW information for every class of organic compounds.
The confidence in such determination, however, can be
reinforced if the ionization/fragmentation behavior of a
particular class is well known, if consistent results are ob-
tained with several different ionization methods (includ-
ing experimentation with matrices and their additives),
and if there is full consistency between spectra of well-
chosen derivatives. Still, of a key importance is an agree-
ment of MW established by MS with the conventional el-
emental analysis and, especially, wite and*H NMR
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data capable of providing the exact count of carbon and
hydrogen atoms (if the parent compound is of relatively
low MW and its molecule can not be divided into the en-
tirely identical units). In absence of such data, it is crucia
to select the most appropriate ionization method and to
find ways of their verification. Such situation may result
from alimited amount of the studied material encountered
in the identification of minor components in complex
mixtures or in the characterization of inseparable poly-
mers. It may also result from a practical selection of MS
as the sole source of information. Thisis exemplified by
the need for automation in monitoring products of acom-
binatorial synthesis requiring streamlining of the MS
analysis of a wide range of compounds to one method
suchasMALDI, ESI or APCI. To avoid compromised re-
sults, however, intermediates of a multi-step synthesis
ought to be followed with ionization methods that accom-
modate increasing MW and changing ionization proper-
ties as new functional groups are added, blocked or
deblocked.

Example 7

Cucurbituryl, a substance known since 1905, is a conden-
sation product of glycoluril with formaldehyde and, ap-
parently, has a polymeric nature. Cucurbituryl analyzesas
(CeHgN,O,),, and shows high symmetry inits NMR spec-
trum. At the time of its 1981 reinvestigation, MS analysis
hasfailed (thisincluded FD) but its symmetrical structure
has been established by X-ray crystallography of a calci-
um bisulfate complex.”” Figure5 showsits MALDI spec-
trum measured in DHB spiked with the series of akali
metal iodides from lithium to cesium. This spectrum dis-
playsaseriesof ionsthat include MNa", MK* (dominant),
MRb*, and MCs" but, interestingly, MLi* ion is absent.

Acknowledgements

Funds for FT-ICR-MS instrument have been provided by the Uni-
versity of Kentucky. The author would like to thank Mr. Yong-
Qiang Qian for his help in measuring some spectra used here as an
illustration.

References and Notes

(1) Rapid progressisnot new for mass spectrometry. In a surpri-
singly short time, the detection of almost all stable isotopes
completed by J. W. Aston and A. J. Dempster in middle thir-
ties, has been followed by the construction of immense mass
spectrometers named as calutrons. Calutrons have been em-
ployed for the separation of fissionable uranium for the Man-
hattan project and, subsequently, for the preparation of
isotopes of many other elements (Yargey, A. L., Yargey, A.
K., J. Am. Soc. Mass Spectrom., 1997, 8, 943). Possibility of
the preparative use of MS for separation of isotopes has been
suggested by Aston in 1919 and implemented by othersin
1934. S. Glasstonesburcebook on atomic energy”, Van No-
strand 1950. Mladjenovic, MThe history of early nuclear
physiscs’ (1896-1931)” Word Scientific.

(2) McLafferty, F. W.J. Am. Soc. Mass Spectrom., 1997, 8, 1.

(3) Snider, B. B., Vo, N. H., O'Neil, S. VJ, Org. Chem., 1998,
63, 4732.

Synlett 1999, No. 2, 249-266

(4) March, R. E.J. Mass Spectrom., 1997, 32, 351. McLuckey, S.
A., Van Berkel, G. J., Goeringer, D. E., Glish, G.Anal.
Chem., 1994, 66, 689A.

(5) Lenon lll, J. D., Shinn, D., Vachet, R. W., Glish, G.Anal.
Chem., 1996, 68, 845.

(6) Torgerson, D. F., Skowronski, R. P., Macfarlane, R. D.,
Biochem. Biophys. Res. Commun., 1974, 60, 616. Cotter, R. J.,
Anal. Chem., 1988, 60, 781A.

(7) Stephens, W. ERPhys. Rev. 1946, 69, 691.

(8) Cotter J. RBiomed. Environ. Mass Spectrom. 1989, 18, 532.
Guilhaus M. J. Mass Spectrom. 1995, 30, 1519. Russell, D.
H., Edmondson, R. Dib., 1997, 32, 263.

(9) Hipple, J. A., Sommer, H., Thomas, H. Rhys. Rev., 1949,
76, 1877.

(10) Mclver, Jr., R. T.Rev. ci. Instrum., 1970, 41, 555.

(11) Comisarow, M. B., Marshall, A. G., Chem. Phys. L&a74,
25, 282 and 489Can. J. Chem., 1974, 52, 1997.

(12) Marshall, A. G.Acc. Chem. Res., 1996, 29, 307. Comisarow,
M. B., Marshall, A. G.,). Mass Spectrom., 1996, 31, 581.
Wilkins, C. L., Gross, M. L.Anal. Chem., 1981, 53, 1661A.

(13) Amester, 1. J.J. Mass Spectrom., 1996, 31, 1325.

(14) Marshall, A. G., Hendrickson, C. L., and Jackson, G&ss
Soectrom. Rev., 1998, 17, 1

(15) Wood, T. D., Schweikhard, L., Marshall, A. @nal. Chem.,
1992, 64, 1461.

(16) Limbach, P. A., Grosshans., P. B., Marshall, A A&al.
Chem., 1993, 65, 135.

(17) Marshall, A. G., Wang, T.-C. L., Ricca, T. 0., Am. Chem.
Soc., 1985, 107, 7893.

(18) Pitsenberger, C. C., Easterling, M. L., Amster, |Adal.
Chem., 1996, 68, 3732.

(19) Guan, S., Kim, H. S., Marshall, A. G., Wahl, M. C., Wood, T.
D., Xiang, X.,Chem. Rev., 1994, 8, 2161.

(20) Li, Y., Mclver, Jr. R. T., Hunter, R. LAnal. Chem., 1994, 66,
2077.

(21) Cody, R. B., Kinsinger, J. A., Ghaderi, S., Amster, I. J.,
McLafferty, F. W., Brown, C. EAnal. Chim. Acta, 1985,
178, 43.

(22) Pyrek, J. St., inModern Phytochemical Methods”, N. H.
Fisher, M. B. Isman, H. A. Stafford, editod991, Plenum
Press, NY and London, 175-269; page 228.

(23) Hogan, J. D., Laude Jr., D. A.,Am. Soc. Mass Spectrom.,
1990, 1, 431.

(24) Marshall, A. G., Guan, SRapid Commun. Mass Spectrom.,
1996, 10, 1819.

(25) McLafferty, F. W., Todd, P. J., McGilvery, D. C., Baldwin, M.
A., J. Am. Chem. Soc., 1980, 102, 3360.

(26) Juliano, V. F., Gozzo, F. C., Eberlin, M. N., Kasheres, C., do
Lago, C. L.,Anal. Chem., 1996, 68, 1328.

(27) Gauthier, J. W., Trautman, T. R., Jacobson, \r@l. Chim.
Acta, 1991, 246, 211.

(28) Vekey, K.,J. Mass Spectrom., 1996, 31, 445.

(29) Szekely, G., Allison, JJ, Am. Soc. Mass Spectrom., 1997, 8,
337.

(30) Pyrek, J. StCurrent Op. Chem. Biol., 1997, 1, 399.

(31) Harvey, D. J.J. Am. Soc. Mass Spectrom., 1991, 2, 245.

(32) Dagan, S., and Amirav, Al,Am. Soc. Mass Spectrom., 1995,
6, 120.

(33) Faubert, D., Paul, G. J. C., Giroux J., Bertrand, Mntl.J.
Mass Spectrom. lon Process., 1993, 124, 69.

(34) Ligon, Jr., W. V., Grade, HJ, Am. Soc. Mass Spectrom.,
1994, 5, 596.

(35) O’Connor, P.B., Speir, J. P., Wood, T. D., Chorush, R. A,,
Guan, Z., McLafferty, F. W.]). Mass Spectrom., 1996, 31,
555.

(36) Huang, E. C., Wachs, T., Conboy, J. J., Henion JAm2l,
Chem., 1990, 62, 713A.

ISSN 0936-5214 © Thieme Stuttgart - New York

This document was downloaded for personal use only. Unauthorized distribution is strictly prohibited.



266 J. St Pyrek

NEW TOOLSIN SYNTHESIS

(37) Kahr,M.S., Wilkins, C.L.,J. Am. Soc. Mass Spectrom., 1993,
6, 453. Walker, K. L., Kahr, M. S., Wilkins, C. L., Xu, Z.,
Moore J. S., ib. 1994, 5, 731.

(38) Lattimer, R. P., Schulten, H. R., Anal. Chem., 1989, 61,
1201A.

(39) Theberge, R., Bertrand, M. J., J. Mass Spectrom., 1995, 30,
163; and J. Am. Soc. Mass Spectrom., 1996, 7, 1109.
Theberge, R., Paul G. J. C., Bertrand, M. J., Org. Mass Spec-
trom., 1994, 29, 1. Dass, C., J. Mass Spectrom., 1996, 31, 77.
Tuinmam, A. A., Cook, K. D., J. Am. Soc. Mass Spectrom.,
1992, 3,318. Chan, K. W. S,, Cook, K. D., Anal. Chem., 1983,
55, 1422.

(40) Takayama, M., J. Am. Soc. Mass Spectrom., 1995, 6, 114.

(41) Barber, M., Bordoli R. S, Elliot, G. J., Sedgwick, D., Tyler,
A. N., Anal. Chem.,, 1982, 54, 645A.

(42) zZhang, J., Griffiths, W. J,, Bergman, T. Sovall, J., J. Lipid
Res., 1993, 34, 1895.

(43) DiDonato, G. C., Busch, K. L., Bimed. Mass Spectrom., 1985,
12, 364.

(44) Huang, Z-H., Wu, J., Roth, K. D. W., Yang, Y., Gage, D. A,
Watson J. T., Anal. Chem., 1997, 69, 137.

(45) Ref. 22, page 211.

(46) Ito, Y., Takeuchi, T.,Ishii, D., Goto, M., J. Chrom., 1985, 346,
161.

(47) Karas, M., Hillenkamp, F., Anal. Chem., 1988, 60, 2301.
Hillenkamp, F., Karas, M., Beavis, R. C., Chait, B. T., Anal.
Chem., 1991, 63, 1193A.

(48) Kalli, V. S. K., Orlando, R., Anal. Chem., 1997, 69, 327.

(49) Testino, S. A., Bush, K. L., Hasdltine, J. N., Proceedings, 40"
ASMS Conference, Washington, DC. 1992, 1539.

(50) Teesch, L. M., Adams, J., J. Org. Mass Spectrom., 1992, 27,
931.

(51) Pettit, G. R., Holzapfel, C. W., Cragg, G. M., J. Nat. Prod.,
1984, 47, 941.

(52) van Rooij, G. J., Duursma, M. C., Heeren, R. M. A., Boon, J.
J,, deKoster, C. G., J. Am. Soc. Mass Spectrom., 1996, 7, 449.

(53) Wilson, S.R,, Lu, Q., Tulchinsky, M., Chem. Commun., 1993,
664.

(54) Aggarwd, S.K., Pogue, R. Y., Pyrek, J. St., Proceedings, 43¢
ASMS Conference, Atlanta, Georgia, 1995, 170. Pyrek, J. &,
Song, J., Hadd, H. E., Proceedings, 44rh ASMS Conference,
Portland, Oregon, 1996, 1291.

(55) Ref. 22, page 195.

(56) Aggarwa, S.K., Pogue, R. Y., Pyrek, J. St., Proceedings, 43
ASMS Conference, Atlanta, Georgia, 1995, 169.

(57) Aleksandrov, M. L., Gall’, L. N., Krasnov, N. V., Nikolaev, V.

l., Shkurov, V. A.J. Anal. Chem., 1985, 40, 1227.

(58) J.B. Fenn, J. B., Rosell, J., Meng, C.XAm. Soc. Mass
Spoectrom., 1997, 8, 1147.

(59) Hirabayashi, A., Sakairai, M., Koizumi, Hnal. Chem.,
1994, 66, 4557.

Synlett 1999, No. 2, 249-266

(60) Wilm, M., Mann, M., Anal. Chem., 1996, 68, 1.

(61) Smith, R. D., Bruce, J. E., Wu, Q., Lei, Q.Ghem. Soc. Rev.,
1997, 26, 191.

(62) Wilson, S. R., Perez, J., Pasternak JAAm. Chem. Soc.,
1993, 115, 1994. Arakawa, R., Tachiyashiki, S., Matsuo, T.,
Anal. Chem., 1995, 67, 4133.

(63) Kubini, H.,Anal. Chim., Acta, 1991, 247, 107.

(64) Bruce, J. E., X. Cheng, X., Bakhtiar, R., Wu, Q., Hofstadler,
S. A., Anderson, G. A., Smith, R. OJ.,Am. Chem. Soc., 1994,
116, 7839.

(65) Price, P.J. Am. Soc. Mass Spectrom., 1991, 2, 336. Yargey,
J., Heller, D., Hansen, G., Cotter, R. J., FenselalAr@l,
Chem., 1983, 55, 353.

(66) Watson, J. T.,Ihtroduction to mass spectrometr8rd editi-
on, 1997, Lippincott-Raven.

(67) Lewis, Sr., R. J.,Mawley’s Condensed Chemical
Dictionary’, 12th edition, 1993, Van Nostrand Reinhold
Comp., NY.

(68) Rittenberg DJ. Appl. Phys. 1942, 13, 561.

(69) Ref. 30.

(70) Brand, W. A.J). Mass Spectrom., 1996, 31, 225. Brenna, J. T.,
Acc. Chem. Res., 1994, 27, 340.

(71) Abramson, F. PMass Spectrom. Rev., 1994, 13, 341.

(72) Henderson, W., Nicholson, B. K.,Chem. Soc. Chem.
Commun., 1995, 2531. Compare also: Moucheron, C.,
Kirsch-De Mesmaeker, A., Dupont-Gervais, A., Leize, E.,
Van Dorsselaer, AJ. Am. Chem. Soc., 1996, 118, 12834.
Kriesel J. W., Konig, S., Freitas, M. A., Marshall, A. G.,
Leary, J. A., Tilley T. D.,J. Am. Chem. Soc., 1998, 120,
12207.

(73) Marshall, A. G., Senko, M. W., Li, W., Li, M., Dillon, S., Gu-
an, S., Logan, T. M.J. Am. Chem. Soc., 1997, 119, 433.

(74) Akashi, S., Takio, K., Matsui, H., Tate, S., Kainosho, M.,
Anal. Chem., 1998, 70, 3333.

(75) Burlingame, A. L., Boyd, R. K., Gaskel, S.Anal. Chem.
1994, 66, 634R. See page 636R/637R. Gross, MJLAM.
Soc. Mass Spectrom. 1994, 5, 57.

(76) Inthe 1980 lecture, at symposium untitled “The Search for Ze-

ro”, J. Beynon has made the following statement: “I have al-
ways considered, that we have paid too little attention in

organic analyses to the technique of accurate mass measure-
ment. Most people have come to accept over the years that an
accuracy of between 1 and 5 ppm is acceptable. | suggest that

an accuracy much better than this can be readily achieved if

the necessary electronic design is undertaken, and that this ac-

curacy will pay a handsome dividend in the form of less am-
biguity in empirical formulas.” Borman, S. AAnal. Chem.,
1981, 53, 37A.

(77) Freeman, W. A, Mock, W. L., Shih, N.-¥. Am. Chem. Soc.,
1981, 103, 7367.

ISSN 0936-5214 © Thieme Stuttgart - New York

This document was downloaded for personal use only. Unauthorized distribution is strictly prohibited.



