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� The ESI-FT-ICR MS using collision-
induced dissociation (CID) method
was applied to investigate the
characteristic fragment ions of
metalla-aromatic complexes for the
first time.
� The fragmentation process of

osmapentalyne, which contained
metal-carbon triple bond in a five-
membered ring, was discussed in
detail.
� These characteristic fragmentation

pathways were helpful to analyze and
interpret the stability and property of
the parent ion.
� This method could be used for the

characterization of other
organometallic complexes, especially
containing characteristic isotopic
peaks.
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The electrospray ionization Fourier transform ion cyclotron resonance mass spectrometry (ESI FT-ICR MS)
using collision-induced dissociation (CID) method was applied to investigate the characteristic fragment
ions of metalla-aromatic complexes for the first time. The fragmentation process of osmapentalyne,
which contained metal-carbon triple bond in a five-membered ring, was discussed in detail. The ESI
FT-ICR MS CID experimental results at high resolution mass spectra (HRMS) demonstrated the elemental
composition of fragment ions unambiguously, thus a reasonable fragmentation pathway of osmapenta-
lyne was proposed. In addition, the characteristic fragment ions have been investigated, which were spe-
cific and useful for the identification of some osmapentalynes complexes. These characteristic
fragmentation pathways were helpful to analyze and interpret the stability and property of the parent
ion. Also, this method could be used for the characterization of other organometallic complexes, espe-
cially containing characteristic isotopic peaks.

� 2014 Elsevier B.V. All rights reserved.
Introduction

Organometallics are highly useful in organic synthesis, homoge-
nous catalysis, and material sciences. In most cases, single crystal
X-ray diffractions are applied to elucidate the structure of
organometallic compounds, which require that the sample must
be well crystallized. However, it is sometimes difficult to obtain
high-quality single crystals [1]. Alternatively, people use nuclear
magnetic resonance (NMR) to obtain the structural information of
the organometallic compounds, but this method cannot give
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Fig. 1. The structure of transition metal aromatic-osmium complex 1-BF4.
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accurate molecular weight and the fine structure, especially to those
paramagnetic metal compounds [2]. In addition in some cases, ele-
mental analysis (EA) are also used to characterize organometallics,
whereas the results of EA are greatly influenced by environment,
such as the temperature, humidity, the composition of air, and so on.

Mass spectrometry (MS) is a powerful tool in multi-disciplinary
researches such as forensics, metabolomics, natural products, and
food science [3–9]. Fourier transform ion cyclotron resonance mass
spectrometry (FT-ICR MS) is uniquely advantageous over other
1
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mass analyzers because it provides higher resolving power and
higher mass accuracy, and can isolate and observe ions for
extended periods. Therefore FT-ICR MS is appropriate for the anal-
ysis of complex mixtures containing multiple ions of the same
nominal mass, as well as for tandem mass spectrometry. When
combined with ESI ionization source, FT-ICR MS can provide rapid,
highly selective, and information-rich analysis [9–19].

Over the past decades, high resolution mass spectra (HRMS) has
been widely utilized to analyze organometallics, however, rare
attention has been paid upon their application in the fragmentation
mechanism of organometallic compounds. Metalla-aromatics [20–
24], a new branch of organometallic complexes, are receiving more
and more attention due to their unique properties and potential
applications. Although some metalla-aromatics have been reported
over the past years [25–35], however, their structural characteris-
tics and diversities are still limited because the access to high-qual-
ity crystals is much more difficult. Complementarily, HRMS studies
on the fragmentation pathways of metalla-aromatics may facilitate
the identification and elucidation of new metalla-aromatics.
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Table 1
Mass spectral data obtained in positive ion mode.

Experimental mass (m/z, Da) Theoretical mass (m/z, Da) Error (ppm) Formula of ion

Complex 1 1159.2373 1159.2394 1.8 C63H51ClO2OsP3
+

Complex 2 1175.2364 1175.2343 1.8 C63H51ClO3OsP3
+

Complex 3 1117.2270 1117.2288 1.6 C61H49ClOOsP3
+

Complex 4 897.1472 897.1480 0.9 C45H36ClO2OsP2
+

Complex 5 913.1418 913.1430 1.3 C45H36ClO3OsP2
+

Complex 7 885.1481 885.1480 0.1 C44H36ClO2OsP2
+

Complex 6 855.1370 855.1374 0.5 C43H34ClOOsP2
+

Complex 8 827.1422 827.1425 0.4 C42H34ClOsP2
+
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Scheme 1. Proposed fragmentation pathways by positive ESI MS/MS.
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Osmapentalyne, a unique metalla-aromatic complex, exhibited
excellent thermal stabilization although it contained a metal-car-
bon triple bond in a five-membered ring [36]. The structure of tran-
sition metal aromatic-osmium complex 1-BF4 was shown in Fig. 1.
In the present study we reported its fragmentation pattern on ESI
FT-ICR MS with the isotope distribution.
Experiments

MS spectrometry was obtained on Bruker Daltonics Apex ultra
7.0T Fourier transform mass spectrometer (Bruker Daltonics, Bre-
men, Germany) with an Electrospray ionization source (Apollo II,
Bruker Daltonics, Bremen, Germany). The conditions employed
for ESI source were a drying gas temperature of 180 �C, a nebuliz-
ing gas pressure of 2.0 L/min, with 4.0 kV on the atmospheric side
of the glass capillary, 3.5 kV on the atmospheric chamber end cap
shield, and the capillary exit voltage was kept 36 V to avoid capil-
lary-skimmer dissociation in the ESI interface. All ion excitations
were performed in broad band mode (frequency sweep radial ion
excitation). Simulations of ion trajectories inside ICR cells in both
thermal motion and also during radial excitation were well known
and given in the literature [37]. The base pressure in the ICR vac-
uum chamber was 4.0 e�11 mbar and in the quadrupole region
6.0 e�6 mbar. High pressure in the quadrupole region was neces-
sary to colinearize the ions in the radialplane and decelerate the
radial components of the ion kinetic energy. CID experiments were
also performed on specific product ions formed as a result of linear
ion acceleration. For CID experiments, argon was used as the colli-
sion gas and the collision energy was set to 15 V.
Results and discussion

Positive electrospray ionization (ESI) often combines hydrogen
ion during the spraying and evaporation process of the microdro-
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Fig. 4. The ESI FT-ICR MS CID fragmentation spectra of C63H51ClO3OsP3
+, m/z 1175.2364.
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Fig. 5. The ESI FT-ICR MS CID fragmentation spectra of C61H49ClOOsP3
+, m/z 1117.2270.
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plets, which has been extensively studied since the early work ini-
tiated by Fenn et al [38]. But for the ionic compounds, generally
only M+ can be detected by the spectrometer in positive mode.
The mass spectrum of C63H51ClO2OsP3

+ (complex 1) was shown in
Fig. 2. For complex 1, the spectrum was quite clean, with a
dominant molecular ion peak at m/z = 1159.2373, which is
only 2.3 ppm difference from the theoretical value (1159.2394).
The observed isotopic pattern of C63H51ClO2OsP3

+ was in
good agreement with the simulated (Fig. 2a). A minor peak
at m/z = 1175.2364 was observed, which was assigned as
C63H51ClO3OsP3

+ (complex 2) that was derived from the oxidation
of C63H51ClO2OsP2

+ (Fig. 2b). An explanation for this was that the
large ring strain in the five-membered ring of complex 1 made
the metal-carbon triple bond easily be oxidized to form complex
2 under high temperature of the test conditions.

For MS/MS operation, product ion spectra were generated at
15 V collision energy. Fig. 3 showed the ESI FT-ICR MS CID fragmen-
tation spectra of C63H51ClO2OsP3

+. Under the experimental condi-
tions, complex 1 was prone to lose a triphenylphosphine (PPh3)
ligand in the osmium center into C45H36ClO2OsP2

+ (complex 4).
The molecular ion peak of complex 4 was observed at
m/z = 897.1472, which was consistent with the theoretical value
(m/z: 897.1472) accurately calculated from the Isotope Pattern soft-
ware supplied by Bruker company. Isotope Pattern software could
afford us much important information about the fragmentation
ions, for example, one major peak with m/z 913.1418 (complex 5)
appeared in the MS/MS spectra, which was 262.0946 Da less than
the quasi-molecular ion peak. The corresponding elemental compo-
sition of the neutral fragment was assigned as PPh3. The other peaks
were calculated by the same method. The formulae of main poten-
tial ionic fragments were listed in Table 1. The mechanism of
proposed fragmentation pathways was shown in Scheme 1.

However, complex 1, C63H51ClO2OsP3
+ (m/z 1159.2373) was eas-

ily oxidized to complex 2, C63H51ClO3OsP3
+ (m/z 1175.2364), then

there were two cleavage pathways. In the first cleavage pathway
which could been clearly seen in Fig. 4, one of the PPh3 ligands in
the osmium center was lost, which formed C45H36ClO3OsP2

+ (com-
plex 5)with a m/z 913.1418. Then the carbonyl group was lost under
high temperature, leading to the formation of C44H36ClO2OsP2

+

(complex 7) with molecular ion peak at m/z = 885.1481. Interest-
ingly, the –COOCH3 group in complex 7 was hydrolyzed into –COOH
by the trace water of methanol, and then decarboxylated in high
temperature up to 180 �C, leading to a new molecular ion peak at
m/z = 827.1422 (C42H34ClOsP2

+, complex 8). Another cleavage
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pathway which could be obtained in Fig. 5 was to form complex 3,
C61H49ClOOsP3

+. It should be noted that complex 3 (m/z
1117.2270) in the primary mass could not be clearly seen, but when
the isolation window was set to 1117.2 Da, it was still a strong peak.
The likely reason was that –COOCH3 group in complex 2 was hydro-
lyzed into –COOH, and then lost one of CO2 under high temperature,
which was similar to the formation of complex 8 from complex 7.
With the slow increase of collision energy in MS/MS, two major
strong peaks with m/z 855.1370 (complex 6) and m/z 827.1422
(complex 8) were found. A reasonable explanation for this observa-
tion was that complex 3 first lost one of the PPh3 ligands in the
osmium center, leading to the formation of C43H34ClOOsP2

+ (com-
plex 6) with a m/z 855.1370. However, the carbonyl group in the
five-membered ring of complex 6 was prone to dissociation, which
resulted in the formation of a four-membered ring complex 8 via
ring contraction reaction.

Finally, the ESI-MS/MS mass spectra of compound 1 and its frag-
ment ions were summarized in Table 1. It was clear that each error
between the measured and the theoretical value was less than
2.5 ppm, which was accurate for structural elucidation studies.

Conclusion

The logical fragmentation pathways of the compound in
positive mode have been proposed by ESI FT-ICR MS, which is
important for the rapid identification of organometallic com-
pounds. The molecular weight and the characteristic fragment ions
obtained by MS/MS are consistent with the basic molecular struc-
ture. In combination with the isotope distribution, ESI FT-ICR MS
plays a significant role in the identification of metal compounds
and fragmentation mechanism. This study has extended the appli-
cation scope of HRMS and offered a new way for the investigation
of reaction mechanism of organometallics. Further studies aimed
to exploit the fragmentation pathways of other organometallic
complexes are in progress.
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