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Analysis of Transition-Metal Compounds Containing Tetrathiafulvalene Phosphine Ligands
by Fast Atom Bombardment Mass Spectrometry: Limitations and the Development of
Matrix Additives for the Desorption of Multiply Charged Complexes
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A series of new complexes incorporating the functionalized tetrathiafulvalene (TTF) ligethdgCHs)(P(GsHs)2)2-

TTF (0-P2) and (P(6H5s)2)4TTF (P4) have been prepared and studied by fast atom bombardment mass spectrometry
(FABMS). The mononuclear-P2 complexes [M{-P2)](BF4). (M = Fe, Pd, Pt) and [CO(P2),(NCCH;),](BF4)2

were synthesized from reactions of the free ligand with the fully solvated B&lts [M(NCCH)n|(BF4)> (M =

Fe, Co,n = 6; M = Pd, Pt,n = 4). The dinuclear P4 complex, pf®P4)(NCCH)4](BF4)4, was produced by
reacting the free ligand with Pt&{NC;Hs), followed by abstraction of the chlorides with AgBh acetonitrile.
Reaction of [Pd(NCCH)](BF,4). with 1 equiv of P4 produces the polynuclear compound formulated as
[Pd(P4)}(BF4)2n which was characterized by infrarééh, and3'P{H} NMR spectroscopies and elemental analysis.

The use of FABMS in this study was undertaken in order to elucidate the chemical options of multiply charged
cations in the desorption process from the liquid matrix to the gas phase. The use of additives to the FAB matrix
(m-nitrobenzyl alcohol) was demonstrated for the P4 complexes which do not give spectra in this medium due to
a high positive net charge. The addition of triflic acid (HOTf orgSBsH) to the FAB matrix/analyte solution

was shown to assist in the MS analysis of cationic complexes with up to six charges and a mass rang up to
4000. When HOTTf is added, bound OTénions are formed and are attached to the cationic complex, lowering
the net charge te-1. The method of using matrix additives as opposed to chemically synthesizing the OTf
compounds is a convenient in situ method which produces species that are capable of being analyzed by FABMS.

Introduction (ethylenedithio) tetrathiafulvalene (BEDT-TTF), and tetra-
methyltetraselenafulvalene (TMTSF) form salts with polychal-
cogenide, halide, and mixed chalcogenide/halide cluster anions
of Re with remarkable variations in properties, differences that

In one approach to preparing materials with paramagnetic metalhave been attributed to changes in the size, shape, and redox

centers in the same structural framework as open-sheiganic ~ ProPerties of the organic donor and inorganic acceptors.
radical cations, researchers are investigating salts of tetrathi-, AN entirely different philosophy for the construction of hybrid

afulvalene (TTF)-based radical cations with high-moment metal inorganic/organic arrays involves the direct coordination of

cluster anioné. Organic donor molecules such as TTF, bis- metals to organic radicals through a heteroafoin. this vein,

it has been shown that the use of open-shell oxygen donor
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C. E.; FourmigieM.; Grandinetti, G.; Dunbar, K. R., manuscriptin ~ Of Batail and Fourmiguet al. first demonstrated in 1992 the
preparation. (c) Manriquez, J. M.; Yee, G. T.; McLean, S.; Epstein, synthesis of a series of molecules such as 3,4-bis(diphenylphos-

A. J.; Miller, J. S.Sciencel99], 252, 1415. (d) Pei, Y.; Kahn, O.; ino)-3 4'-di i iohe-
Nakatani, K.: Codiovi E. Mathonie, C.: Sletten. 33, Am. Chern. phino)-3,4'-dimethyltetrathiafulvaleneofP2) and tetra(diphe

Soc.1991 113 6558. (e) Cornelissen, J. P.; LeLoux, R.; Jansen, J.;

The design of molecule-based materials with tunable con-
ducting, optical, and magnetic materials is the focus of much
research activity in synthetic organic and inorganic chemistry.
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nylphosphino)tetrathiafulvalene (P4)8 This series comprises  as well as a simple approach to obtaining meaningful spectra
stable redox-active ligands that form strong metal interactions of multiply charged transition-metal species.
enhanced by chelation through their phosphine functionalization.
Work in our laboratories has established that cationic complexesExperimental Section
of the type [ME-P2)]?* and [M(P4)}2"" can be prepared by
reactions of the solvated precursors [M(NC£:Hg]2" with the Synthesis ofo-P2 Complexes. The [M(0-P2)](BF4). (M = Pd,
appropriate phosphine ligand. Pt, Fe) and [Caf-P2L(NCCH),](BF4). complexes were synthesized
In lieu of X-ray structures, a convenient tool for the by reacting 2 equiv of the-P2 ligand, dissolved in 5 mL of Ci€l,,

characterization of these molecules, particularly with respect Wit IMINCCHaJil(BFs), (M = Pt,n = 4; M = Fe, Co, Pdn = 6)
to nuclearity, is desired. Mass spectrometry techniques provide'S3°Ved in 5 mL of CHCN. The resulting solutions were stirred for
such a tool’ for detailed structural analysis, with fast atom 12 h, and the products were precipitated by the addition of toluene.

. . This method is very similar to the previously reported synthesis of [Rh-
bombardment (FABMS) being the method of choice for the (0-P2)Y](BF,), which was structurally characterized by X-ray methtids.

analysis of nonvolatile, thermally labile compounds with mo- - s procedures for the iron complex were performed under anaerobic
lecular weights in the 5063000 rangé. However, approaches  conditions, whereas the other metal products were handled in air. A
used for obtaining and interpreting mass spectra for organo- more detailed example of these procedures is described as follows.
metallic complexes are not nearly as developed as those for  (co(0-pP2),(NCCHs),](BF.),. In separate flasks, 0.040 g (0.084
organic molecules. For organic molecules, atom bombardmentmmol) of [Co(NCCH)g)(BF4). was dissolved in 5 mL of acetonitrile,

of a matrix/analyte solution typically yields protonated analytes and 0.103 g (0.171 mmol) @k(PhP)Me,TTF was dissolved in 5 mL

as the most abundant species due to “desorption/ionization”. If of dichloromethane. The cobalt solution was added to the TTF solution,
the species present in solution is already ionic such asdda  which effected a color change to dark brown, and the reaction solution
K*, the species need only be desorbed. In most cases, onlywas stirred for 12 h. The solution volume was reduced~50%,
singly charged ions are observed in FAB so the situation treated with 20 mL of toluene to afford a brown solid, and filtered in
becomes more complex when an analyte in the matrix solution air. The remaining brown solid was washed with toluene, 80 mL,
exists as a multiply charged species. The desorption of multiply to remove unreacted-P2 and with diethyl ether, 4 5 mL, until the
charged transition-metal-containing species in FAB has long Washings became colorless. Finally, the solid was dried in vacuo. The
been recognized as a limitation of the experin¥énEor organic ~ Yield was 0.098 g (77%).

molecules that are multiply charged anions in solution, matrix ~ [Ptz2(P4)(NCCHs)|(BF.)s. One equivalent of the P4 ligand and 2

additives have been identified that assist analytes in lowering €auiv of PtC{NC7Hs). were combined in CECl; to form the insoluble
their net charge, to a single negative charge, during the complex P{P4)ClL. The solid was then treated with 4 equiv of AgBF
desorption everit and in CHCN, refluxed for 2 days. The resulting mixture was filtered

In the course of our studies on the tetrathiafulvalene phos- to remove the AgCl byproduct, and the desired product was precipitated

phine complexes, we noted with interest, recent reports on thefrom solution with diethy! ether.
characterization of cationic “molecular squares”. It appears that [PA(P4)h(BF)zn. Solid samples of P4 (0.207 g, 0.213 mmol) and

. : . [PA(NCCH;)¢](BF4)2 (0.116 g, 0.261 mmol) were loaded into separate
considerable promise exists for the use of FABMS to character- flasks and dissolved in 6 mL of GBI, and CHCN, respectively. The

ize cyclic inorganic ring structures wrgh charges ranging from o4 <o ution was then added to the metal solution, and the resulting
+4 to +8 when the counteranion is trifluoromethanesulfonate iyt re was stirred for 12 h, resulting in a dark brown solution. The

(triflate) 12 Given this precedence for the usefulness of the sojution was concentrated to 5 mL, treated with 20 mL of diethyl ether
FABMS tool in these charged systems, considerations for the to yield a brown precipitate, and removed by cannula. The resulting
successful analysis of phosphine-containing cationic transition- brown solid was washed with diethyl ether310 mL, and dried in
metal species are presented here. The chemical options ofvacuo. The yield was 0.243 g (91% based on [Pd(P4)BF Anal.
highly charged ionic species in the FAB experiment will be Calcd for PdRSsCssHaoB2Fs: C, 53.12; H, 3.31. Found: C, 53.67; H,
considered. Specifically, metal-containing complexes of the 3.69. *P{*H} (0 ppm CDCN): 44.2. IR (Nujol, cm?): 1049 ¢rz—r),
form [M(0-P2)](BF4), will be evaluated. The mass spectro- 689 ©-P2).

metric analyses are being developed simultaneously with Mass Spectrometry. Mass spectra were obtained on a JEOL HX-
synthetic protocols for these compounds. The goal of this work 110 double-focusing mass spectrometer (JEOL, Ltd., Tokyo, Japan)
is to develop an understanding of the FAB mass spectra of suchoperated in the positive ion mode. lons were produced by fast atom
complexes and to identify approaches for obtaining structurally Pombardment (FAB) with a beam of 6 kV Xe atoms and an emission
significant mass spectra. Also, the analysis of molecules current of 5 mA. The mass spectrometer was operated with an
containing the P4 ligand, such asfiP4)(NCCH)4](BF.)4, with acceleratlng.voltage_ of 1Q kV_ at resolutions between 1500 an_d 3000.
a higher ionic charge in solution, will be discussed. The FAB In the experiments investigating the desorption of'Bahe solution

spectrum of this, and of larger P4 complexes, will be considered used was BaGI(EM Science, Gibbstown, NJ) dissolved in methanol
P ’ 9 P ! (J. T. Baker, Phillipsburg, NJ) at a concentration of 5 npiol/ One

microliter of analyte was mixed with AL of glycerol (Sigma Chemical
Co., St. Louis, MO) matrix on the FAB direct insertion probe, and

(6) Canneschi, A.; Gatteschi, D.; Rey, ®og. Inorg. Chem 1991, 331.
(7) Inoue, K.; lwamura, HJ. Am. Chem. Sod 994 116, 3173.

(8) (a) FourmiglieM.; Batail, P.Bull. Soc. Chim. Fr1992 129, 829. (b) spectra were obtained. TheP2 and P4 metal complexes were
Jarchow, S.; Fourmigyé\.; Batail, P.Acta Crystallogr.1993 C49, dissolved in acetonitrile (J. T. Baker, Phillipsburg, NJ) at concentrations
1936. (c) FourmiglieM.; Huang, Y.-S.Organometallics1993 12, of 5 nmoljL; 1 uL of this solution was mixed with 1uL of
797. (d) Gerson, F.; Lamprecht, A.; Fourmigud. J. Chem. Soc.,  mnitrobenzyl alcohol (Aldrich Chemical Co., Milwaukee, WI) and

Eﬁggghzﬁgs é%?firzsﬁhcger? EZE{{"E‘,Z%@???'}%’ S.; Batai, P. introduced into the FAB ion source. Volatile solvents quickly evaporate

(9) De Pauw, E.; Caprioli, R. M.; Moore, W. T.; Hayes, R. N.; Gross, M. and are removed when the target is placed into the vacuum system of

L. In Methods in Enzymology: Mass SpectrometicCloskey, J. the mass spectrometer. For the Beg@ldo-P2 complexes, mass spectra
10) /:\/i_,”Ed-;JA'\CAa?\;IemiC gress: 8030%519898;?:/1%. 193, pp-20@3. were obtained by scanning over th¥éz range of 1500 Da in 15 s;
iller, J. M. Mass Spectrom. Re ) : for the P4 complexes, the/z range of 2-6000 was scanned in 1 min.
(11) Huang, Z.-H.; Shyong, B.-J.; Gage, D. A.; Noon, K. R.; Allison].J. Multiol ¢ P ' llect dg | ) ts trifl id
Am. Soc. Mass Spectrot994 5, 935. ultiple spectra were collected. In some experiments triflic acid was

(12) Whiteford, J. A.; Rachlin, E. M.; Stang, P.Angew. Chem., Int. Ed.  added; 1uL of triflic acid (Eastman Kodak Co., Rochester, NY) was
Engl. 1996 35, 2524. mixed with the analyte/matrix solution immediately prior to analysis.
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A. FAB Mass Spectra of Species That Are Multiply- mfz

Charged in Solution. To consider the options of multiply  Figure 2. +FAB mass spectrum of Bagh glycerol. Peaks represent-
charged ionic species in the FAB experiment, we will discuss ing ions evolving from the glycerol matrix are labeled with an asterisk
BaCk as an analyte using glycerol (G) as the matrix. As a (*)-

solvent, glycerol is in many ways similar to watérand BaC} ] )
exists in ionic form in this matrix. A variety of desorption ~are observed. Also, no peak representing(Bis presentr(/z

pathways yielding positive ions are shown in Figure 1. The = 138). Thus, reduction accompanying desorption, to lower
formation of doubly charged ions, either bare, {84g), or the charge on the metal, does not occur. Typical of a FAB
partially solvated, [B&+G](g), is not expected. In FAB, spectrum, most of the low-mass ions (belowz = 200) are
insufficient energy is provided to condensed phase species tor€lated to the glycerol matrix. The peaksratz = 93, 185,
result in desorption of multiply charged ions. lonic desolvation 277, 369, and 461 are all proton-bound glycerol clusters,
energies are proportional to the square of the ionic charge,[Gn + HI*, n=1—5. The peaks at lower massvg = 45,
according to the Born equatidh.The Born equation was 57, 75) are fragment ions of glycerl.

developed to estimate solvation energies of atomic and small _ Interestingly, two types of ions are generated during FAB of
molecular ions. A form of the equation, to describe the energy BaCkin G. An intense peak is observedralz = 229, which
required for ion desolvation during desorption, is shown in eq iS not due to the glycerol matrix. From its isotope pattern, it

1. must contain one Ba atom, and it does not contain Cl. The ion
must be singly charged since the separation between isotope
ziZeZNA 1 peaks is 1 amu. The ion corresponds to [BaB1]". Since
Agesor° =+ 8 ( - —) 1) the mass of G is 92, the added mass of 91 Da must be (G
€ofi & H)~, the glyceride ion. Therefore the major peak in the

spectrum am/z = 229 represents [Ba(G — H)7]*. Appar-
ently, B&" reacts with a glycerol molecule to form a singly
charged ion, leaving a proton in solution, as suggested by
reaction 2. A bound glycerol molecule forms a negatively

In eq 1, an ion of chargge and radius; is considered, being
desorbed from a solution with a dielectric constan¢pivhere
€o is the permittivity of a vacuum. The dielectric constant for
glycerol is 42.5. The energy required for the complete desol-
vation of a B&" ion from glycerol is 20.98 eV. The maximum ot FAB ot . N
energy available for molecular desorption in FAB has been [Ba”" + G](solv)— [Ba” (G — H) 17(g) + H"(solv)
estimated to be no greater than 19.98VThus, one would )
not expect to form B#H(g) in the FAB experiment, for
introduction into the mass analyzer, although it is the only form
of barium that exists in the solution. If barium existed ag Ba
in solution, only 4.6 eV would be required for its desolvation
desorption. Thus, singly charged species such dsavareadily
desorbed; multiply charged ions usually cannot be desorbed
directly upon fast atom bombardment of a solution containing . -,
the ion. As will be seen in subsequent spectd,ions can be Ing to tr;;f‘.dd't'on of neptral glycerol moIepuIes.
desorbed in some cases. When charge is distributed throughout If a Ba" ion reacts with G to form an anion and complexes

a molecular framework, the Born equation does not accurately \(lav;thetcklatl;:tntlr?;;On?eizﬂct:n\/\gézI?j ;'I';glgiggttgg%?;’] glrjﬁnwould
represent solvation energies. However, for similar species, P 9

solvation energies will have a strong dependence on Overa”desorptlon. A peak representing BaQim'z = 173) is ni)t
observed. However, an ion is generated of the form [BaQ]
charge. m/z = 265), representing a solvated Ba@n. Since glycerol
Figure 2 shows theé-FAB mass spectrum of Baglusing a § ms ¢l t,r F\)Ni'[h | gr lions. cluster 'f | rgly ttached
glycerol matrix. Barium contains seven isotopes, in the range orms clusters glycerol 1ons, clusters ot glycerol attache

1383 — 13383, The most abundant formi&Ba, with a natural to ions evolving from the BaGlare not unexpected. In the

abundance of 71.6%. Each of the other isotopes has anFAB target in this experiment, [Ba]. = [C] <<.[G]’ so_it is
abundance of less than 15%. If formed,?Ba) ions would not unreasonable that Bareacts with glycerol in solution as

. . . well as CI in order to lower its charge. Similar systems have
appear in the spectrum with an m/z value of 138/89; none been studied by Millet? Instead of describing thevz = 265

ion as a solvated BaClspecies, it should be considered as

charged ligand (G- H)~, and the resulting complex has a single
charge and can be desorbed. This is one example of the solution
/ chemistry that may occur during the desorption process in order
to reduce a high charge (greater than unity). Solvated forms
of the m/z = 229 ion are observed aw/'z = 321 and 413 in
Figure 2. These three peaks are separated by 92 u, correspond-

(13) Noon, K. R. Ph.D. Thesis, Michigan State University, 1995.

(14) Atkins, P.Physical Chemistry5th ed.; W. H. Freeman: New York,
1994. (16) SZé&ely, G.; Allison, J.J. Am. Soc. Mass Spectro997, 8, 337.

(15) Takayama, MJ. Am. Soc. Mass Spectrodf95 6, 114. (17) Saraswathi, M.; Miller, J. MJ. Chem. Soc., Dalton Tran%997, 341.
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an incompletely desolvated ion. Thus, its formation requires
less energy than that for the completely desolvated form. Note
that, similar to the sequence of peaks labatéd= 229, 321,
and 413, addition of 1 and 2 G’s t/z = 265 occurs, leading

to m/z = 357 and 449.

If cations from ionic compounds of the form [N(L~),] have
available pathways, they can desorb from solution with a low
(single) charge in the positive ion FAB experiment. If they
cannot, no analyte-related peaks will be observed intRAB
spectrum. When analyzing an ionic compound by FAB, the
chemist should not expect to detect abundant doubly or triply
charged ions, although doubly charged ions are observed for
some complexe¥:18 Even in cases where doubly charged ions
are observed, the singly charged ion peaks are usually of greate
intensity with a better signal-to-noise (S/N) ratio. Observation
of triply charged ions by FAB is extremely rare for ionic
species?

B. FAB Mass Spectra of [M(0-P2)](BF4). Complexes. 1.
Choice of Matrix. While BaCh, in the example above, is
soluble in glycerol, th®-P2 complexes studied here are not. A
matrix used very successfully in the analysis of inorganic and
organometallic compounds by FABMSrisnitrobenzyl alcohol
(NBA).10.2021 These complexes are soluble in this matrix, and
representative ions are generated. There is a significant
difference between NBA and glycerol in the FAB experiment.
NBA is known to participate in redox reactions and oxygen-
transfer reactions with analyte molecules, rather than just acid/
base chemistry. NBA has both oxidative and reductive capa-
bilities.2? This provides an opportunity to investigate other
chemical options available to multiply charged complexes, to
lower their charge during FAB.

2. FAB Mass Spectra ofo-P2 Complexes. The BaC} FAB
example represents a simple system to show how a multiply
charged atomic ion can be converted into a singly charged
molecular gas-phase species. Of course, the situation change
for the FAB analysis of these complexes. There are reduced
direct metat-solvent interactions due to the presence oftHiR2
ligands, and the counterions are molecular and more complex.
Also, the NBA solvent offers other options for desorption of
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Figure 4. (a) +FAB mass spectrum of [Fe{P2)](BF), in m-
nitrobenzyl alcohol. (b) Enlargement of a portion of the mass spectrum
about them/z = 1275 peak. (c) Theoretical isotopic distribution for an
ion with the [Fe¢-P2), + F]* composition. Portions of the spectra are
enlargee-multiplication factors are indicated (in these and other
spectra).

as the matrix. All ions observed arel ions; no peak atvz

S 628, representing the doubly charged, intactoFRRR)?*
species, is observed. The most intense peak observed represent-
ing ions containing the intact F@f2), core is atm/z = 1275.

This is 19 u greater than the core mass and represents
[Fe(-P2), + F]*. Figure 4b shows an enlargement of thi

charged complexes in lower charged states. A set of complexes— 12575 peak. The elemental composition of the ions repre-

of the form M@-P2),?* was made (M= F&2", Ca?", PP*, PE)

sented by this peak is FefEls PsSgF. If the lowest mass isotope

and isolated as the tetrafluoroborate salts. The structure of thegt each atom is used, 1273 would be the nominal mass. This

M(0-P2)?" complex is shown in Figure 3. Since the ligands

are neutral, the metal determines the charge on the complex,

a. The FAB Mass Spectrum of [Fe¢-P2),](BF4),. Figure
4a shows the-FAB spectrum of [Feg-P2)](BF4)2 using NBA

(18) Miller, J. M.; Balasanmugam, K.; Nye, J.; Deacon, G. B.; Thomas,
N. C. Inorg. Chem.1987, 26, 560.

(19) M&, M.; Tamas, J.; MahigS.; Przybylski, M.; Tuba, ZAnal. Chim.
Acta199Q 241, 289.

(20) Barber, M.; Bell, D.; Eckersley, M.; Morris, M.; Tetler, [Rapid
Commun. Mass Spectrorho8§ 2, 18.

(21) Reynolds, J. D.; Cook, K. D.; Burn, J. L. E.; Woods,JCAm. Soc.
Mass Spectroml992 3, 113.

peak is very small. The most intense peak in the isotopic
distribution,m/z = 1275, will be used to represent [EeP2),

+ F]*. Figure 4c shows the theoretical isotopic distribution
for this elemental composition as calculated by Isotopic Profiler
from WindowChem Software, Inc. (Fairfield, CA). THéP-
{1H} NMR spectrum of [Fed-P2)](BF,), displays two signals
ato = 56.1 and 75.5 ppm, respectively, indicating the presence
of two different phosphorus-containing species in solution. The
resonance at 56.1 ppm is shifted downfield from the free ligand
and falls in the range previously reported for dvi2)
complexe$a1a The second resonance is shiftec20 ppm



Analysis of Transition-Metal Compounds

downfield from the first, which has been reported by others to
signify the presence of coordinated BFor F~ ligands?2&-¢
The ®F NMR spectrum is in accord with this hypothesis, with
singlets appearing at= —148.6 and-503.0 ppm, respectively.
The resonance at = —148.6 ppm is in the range for values
reported for uncoordinated BFand for the terminal fluorines
of a coordinated BF anion?2¢ The singlet at-503.0 ppm is
indicative of bound fluorine from coordinated BFor an
abstracted Fion.222¢ |n any case, it is obvious that the cation
is associated wht a F source in some form, which leads to a
fluoride ion being associated with the expectedoFeRy?"
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when it is still bound to the metal. Clearly, P-oxidation occurs
at the expense of PM complexation. This has been seen
previously through the isolation of dioxidized P4 as a result of
the reaction between CoCand P4¢ Other small peaks are
present which show that the intact complex can undergo
oxidation. For example, the peakmfz = 1291, 16 u above
1275, represents [FeP2LF + O]f. This should be more
accurately described as [F¢o-P2)(-P2+0) + F-]*. Finally,
consider the peak atvz = 675, which is 75 u above that for
the free ligand. This corresponds to addition of an iron and a
fluorine. This is the only peak which represents the metal with

complex, reaction 3. Such a phenomenon has been seera single ligand attached, as [BeP2H-F]".

— FAB

Fe@-P2),”" + BF,” — [Fe(0-P2), + F]" + BF4(g) (3)
previously in the detection of [LW(CQNO)F]" (n=0, 1, 2)

ions in the mass spectra of [LW(CO)(NO)SpF (L = PMe;,
PMePhP)?2 This shows an additional option that multiply
charged cations have, when the counterion is molecular and
bonds within the counterion can be broken. With both F-

coordinated and uncoordinated species present prior to analysis

it may be important to determine if correlations exist between
the relative intensity of thevz = 1275 peak and variations in
the synthetic procedures. Figure 4a also shows a singly charge
ion, Fep-P2)", at m/z = 1256. Apparently, in NBA, a Te
reduction of the complex occurs, either prior to or during the
FAB process, to generate a singly charged ion.

Interestingly, the most intense analyte-related peak for this
complex ismVz= 600 which represents the ionized free ligand,
0-P2*. Freeo-P2 ligand could have been present in the sample,
and the ion could have been formed directly. However, the

complex was washed several times in order to remove any free

ligand present, so it is unlikely that-P2 was in the sample.
The absence of a peak at18.8 ppm in the3P{1H} NMR
spectrum confirms this result. The other option is that the peak
atm/z= 600 is a fragment ion. If the primary ion, FeP2),2",
was desorbed but was unstable in the gas phase, fragments m
appear atm/z = 656 andm/z = 600 representing Fe{P2)"
ando-P2™, respectively. However, FeP2)" is not observed.
In a complex such as Fef2)?", considerable charge delo-
calization would be expected, and the formation of charged
ligands during metatligand bond cleavage is reasonable. It
is expected that the-P2 ligand is easily ionized, due to the
presence of the aromatic groups. For example, while the
ionization energy (IE) of phosphine is 9.9 eV, the IE of triphenyl
phosphine is more than 2 eV lower, 7.4 8/ Thus, formation
of ionizedo-P2 ligands in the spectra should not be unexpected.
There are a number of other analyte-related peaks imthe
= 600-700 region of the spectrum shown in Figure 4a. The
peaks aim/z = 616 and 632 represent the addition of 1 and 2
oxygen atoms to the ligand. The oxidation sites are presumably
at the phosphorus atoms since W22 molecule appears to be
capable of incorporating no more than 2 oxygen atoms. Also,
+FAB spectra (not shown) of the freeP2 ligand have been

obtained and show the same two oxidation products. The peaks

atm/z = 616 and 632 may arise from oxidation of the ligand

(22) (a) Honeychuck, R. V.; Hersh, W. thorg. Chem.1987 26, 1826.
(b) Honeychuck, R. V.; Hersh, W. Hnorg. Chem.1989 28, 2869.
(c) Lundquist, E. G.; Folting, K.; Hoffman, J. C.; Caulton, K. G.
Organometallicsl99Q 9, 2254. (d) Fernandez, J. M.; Gladysz, J. A.
Inorg. Chem.1986 25, 2672.

The BaC} example showed that multiply charged metals have
a variety of options in generating singly charged species in the
desorption process. The [EeP2)](BF4), data show that
additional options are available when the counterion ig BF
In this case, the spectrum is dominated by ions representing
the free ligand, and relatively small peaks establish the molecular
structure.

b. The FAB Mass Spectrum of [Ptp-P2)](BF4),. On the
basis of the spectrum of the EeP2)?>" complex, we would
expect certain peaks to be observed for the platinum complex.
Few of these are present in the spectrum, which is shown in

Gl:igure 5a. On the basis of data obtained usingpfRA}?T,

one would expect no peak for the doubly chargeaPR2)>"

ion (M/z= 698). The spectrum shown in Figure 5a displays a
relatively intense peak atvz = 698. Isotopic peaks for the
doubly charged ion displayed a separation of 02 units
between peaks and an oxygen addunftz(= 706) at only 8

mvz units higher than the peaks for B#2)2*, confirming the
desorption of doubly charged ions. In contrast to the spectrum
of the iron complex, no peak representing the ionizedl2
ligand is present atVz = 600. This may suggest that there is
a metal-dependent relationship controlling the relative abun-
dances of the M{-P2)?* and o-P2* ions. The ME-P2)%"
species should have different charge distributions whes M
Fe and Pt. The sum of the first and second ionization energies

8t Fe (24 eV) is less than that for Pt (27.5 éd).Thus, the

iron complex may have more’t—M*—L%* character and the
Pt complex more EM?t—L character. Delocalized charge can
weaken the metalligand interaction and would result in an
ionized ligand during bond cleavage of the desolvated complex
in the case of iron. If a larger fraction of the total charge resides
on the metal in the platinum complex, then theoFRR)2"

species may survive the desorption process, without undergoing

fragmentation.

For the iron complex, a small peak was seen foroFe2)+
due to a 1e reduction, possibly during the desorption process.
Figure 5a shows that RHP2)," (m/z= 1396) is an intense peak
in the spectrum. The second IE of Pt (18.6 eV) is greater than

that of Fe (16.2 eV¥? thus reduction by reaction with NBA is

more exothermic for the Pt complex, favoring formation of the
singly charged P4-P2)" species. Figure 5, parts b and c,
shows the isotopic peaks fon/z = 1396 and the theoretical
isotopic distribution, confirming its elemental composition and
its net charge.

The spectrum of the iron complex showed that the doubly
charged species could react with BFo form a singly charged
gas-phase species, via fluoride extraction. No ions are formed
containing a PtF bond. There is, however, a peaknaz =

(23) Lias, S. G.; Bartmess, J. E.; Liebman, J. F.; Holmes, J. L.; Levin, R.
D.; Mallard, W. G.Gas-Phase lon and Neutral Thermochemistry
American Institute of Physics and American Chemical Society: New
York, 1988.

(24) Huheey, J. Elnorganic Chemistry: Principles of Structure and
Reactvity; Harper & Row: New York, 1972.

(25) Miller, J. M.; Jones, T. R. B.; Deacon, G. Biorgan. Chim. Acta
1979 32, L75.
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Figure 5. (a) +FAB mass spectrum of [RifP2)](BF4). in m-
nitrobenzyl alcohol. (b) Enlargement of a portion of the mass spectrum
about then/z = 1396 peak. (c) Theoretical isotopic distribution for an
ion with the Pt-P2)," composition.

1483 which represents the addition of the,BRnion, [Ptf-
P2) + BF4]*, not unlike the complexation of Bawith CI~ to
form a singly charged gas-phase species.

In the spectrum of the iron complex, evidence for oxidation

Asara et al.

Table 1. lon Intensities for [M0-P2)}](BF4). Complexes by
+FAB2

metal C C?* [C+O]" [C+F]* P2* M(0-P2)" [C+BFj]*

Fet w W | I

Cot | M w w w w

P | M w M M
PEr I M w M

aC = [M(0-P2)). | = intense peak; M= medium intensity peak;
W = low intensity peak.

eo af|
T )~ —F
o0 TO

Figure 6. Polynuclear structure [M(P4f].

The M-ligand bonds are more easily cleaved in the Fe
complex than in the Pt complex, consistent with HSAB
interactions. Again, the Pd complex yields a spectrum similar
to that observed for Pt, from the data in Table 1. Table 1 also
further supports the proposal that the intensity of the peak
representing the ionized, free ligand is proportional to the sum
of the first and second IEs of the metal. Of the four metals,
the sum is lowest for Fe, and in Figure 4a 2+ peak is
most intense. The sum is higher for Co, and a weak signal for
the ionized ligand is observed; the sum is highest for Pt and
Pd, and no ionized ligand peak is present.

C. FAB Mass Spectra of Transition-Metal Complexes of
the P4 Ligand. Structurally similar too-P2, the P4 ligands
contain four phosphines. It is apparent that the use of P4 can
lead to oligomeric complexes of the type [M(P&)}, Figure
6. These represent an important aspect of the analytical
challenge of this work. Due to the unavailability of single
crystals at this stage, it is unclear precisely what oligomeric
species are being formed. Consequently, there is a keen interest
in being able to identify them using FABMS. Unfortunately,
with each additional metal, the charge increasesHzy and
the complexes become increasingly refractory to FAB analysis,
unless the species in solution can access chemical routes to
sufficiently lower their charge during the desorption process.
The work presented for th@P2 complexes was undertaken in
an attempt to develop an understanding of how the structures

was observed. The free ligand, as the mono- and di-oxide, wasof such larger species correlate with the FAB spectra obtained.

observed. Oxygen addition to the complex was also directly

1. The FAB Mass Spectrum of [Pt(P4)(NCCH3)4](BF 4)a.

observed. In the spectrum of the Pt complex, there is a peakThe first P4 complex studied was pR4)(NCCH)4](BF4)a4,

16 u abovenyz = 1396, representing oxygen addition to the
singly charged complex. Thus, the ion with’z = 1412 in
Figure 5a is described as [B#P2)(-P2+ O)]*.

The complexes of [POCP2)](BF4), and [Fe0-P2)](BF4)2
show that there is a strong metal dependence onttRAB
spectra ob-P2 complexes. Hard/soft acid/base (HSAB) theory
may be a useful tool in predicting metal-dependent differefices.
In reactions involving F extraction from BE~, HSAB theory

which was synthesized specifically to terminate with one P4
ligand and two metals (see Experimental Section). Each square-
planar P¥" is also bound, initially, to two acetonitrile molecules,
Figure 7. In solution, the core cationic complex is quadruply
charged, [P(P4)}'". There is no evidence in the spectra that
the acetonitrile ligands are retained. Figure 8a shows-Hh&B
spectrum of [P{P4)](BF)4 using NBA as the matrix. Due to
the high desolvation energy for this highly charged ion and the

would suggest the process to be more likely for Fe than Pt; this limited amount of energy provided by the fast atom beam, the

is observed. Additional data for other metal complexes is
provided in Table 1. The iron and cobalt complexes were the
only ones observed to extract fwhile the larger divalent metals
form adducts with the intact BF ligand, supporting this
correlation.

ions must access a pathway to reduce their charge. It apparently
cannot do so; desorption does not occur, and no gas-phase ions
representing this complex, in any charge state, are formed.

In FAB, some analytes show a strong dependence on the
matrix used. However, for organometallic and inorganic
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Fiajre 7. Dinuclear structure [RtP4)(NCCH)4*".
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obtained. High-mass ions in the'z = 1500-2000 range are
now observed. The mass of the(P&)* core is 1331 u (based

on the most abundant isotope of the metéiPt). The most
intense peak in Figure 8b in the expanded region of the spectrum
is atm/z = 1778, which is 447 u greater than the core mass.
Since triflic acid molecules have a mass of 150 u, this
corresponds to the addition of three triflate ions, each with a
mass of 149 u, reaction 4. That is, the addition of triflic acid

[PL(P4Y"* + 3HOTfyg —- [PLPAI(OT; (g) (4)

allows for the detection of-4 species that were present in the
NBA solution and that could not be successfully converted into
lower-charged species without this additive. As previously
reported, triflic acid does not serve as a source of fluoride ions,
which explains why F abstraction was not observéd.

Oxygen adducts are seemalz = 1794, 1810, and 1826 with
each peak representing jR4)(OTfs+0]", [PL(P4)(OTf)
+20]J", and [P£(P4)(OTfs+30]", respectively. Recall that,
in the case 0b-P2 complexes, no more than two oxygen atoms
could be added. Other peaks in the spectrum include=
1629, which represents pP4)(OTfp] ", and a peak atvz =
1927, which represents [iPP4)(OTfy]*. Presumably, thevz
= 1629 peak is a partially reduced form, ARt (P4)(OTfy] .
Reduction of Pt" in theo-P2 complex was also observed. More
interesting is than/z = 1927 peak, which could represent a
mixed valence species PPPET(P4)(OTfy]*. Oxidation of a
P£* would require a considerable amount of energy, even in a
solvent in which oxidation has been reported to occur. A more
reasonable possibility is that oxidation of the ligand has occurred
to give [PETPET(P4)"(OTf)4]*. In any case, the ion observed
contains four triflates; the increased electrostatic interactions
of the charged ligands with the charged metals may effectively
stabilize the higher-charge state in this gas-phase complex. These
results show that addition of triflic acid allows for the detection

of ions present in the FAB matrix that are undetected in the
normal FAB experiment.

To test the general utility of triflic acid addition, the
oligomeric complex [Pd(P4)|BFs).n was analyzed by FAB

complexes, NBA is preferred. When organic molecules cannot Using NBA as the matrix. Again, no peaks representing the
be read”y detected in FAB, “additives” can be used. These analyte are ObserVEd, Figure 9a. Triflic acid was then added to
are frequently as simple as acids (to increase the amount ofthe matrix/analyte solution, and the spectrum shown in Figure
protonated molecules formed) or salts (to allow species such9b was obtained. In this case, ions witfz values as large as
as [M+ NaJ* to be formed). In considering possible additives, 4000 were detected. When expanded, each peak in Figure 9b
we noted that some highly charged organometallic complexescontains a cluster of peaks representing various oxygen-
have been successfully characterized by FAB. For example, ~ containing forms. For example, the peak @z = 940
Stang et al? used FAB to characterize a complex containing represents the ionized P4 ligand. Higher mass peak¥zat
four P&* ions, introduced as a [cofé]L)s salt. They observed ~ 956, 972, 989, and 1015 indicate the addition of up to 4 oxygen
singly charged species in the mass spectrum such a$fcere ~ atoms (1 to each phosphorus atom). The dominant peaks
7L-]*. Unfortunately, similar species are not formed in the represent [Pd(P4)](OTf)(m'z= 1194), [Pd(P4)](OTf" (m/z
[Pty(P4)](BFs)4 experiment. One possibly important variable = 1601), [Pd(P4)](OTf)s* (m/z = 2543), [Pd(P4)](OTf)s*
is that, in the Stang experiment, the counteranion used was(M/z = 2945), and [Pg(P4)}](OTf)s" (m'z = 3890). Clearly,
triflate (CR:SO;~ or OTf"). Rather than have the P4 compounds reduction and triflate addition occurs to yield singly charged
made again as the triflate salts, the decision was made toions which are desorbed. The important result is the observation
evaluate NaOTf as a matrix additive in these experiments. This that an oligomeric mixture of complexes was formed with
approach did not assist in generating ions related to the [Pt 3. Larger oligomers may be present but not detected. The P4
(P4)F+ complex. However, success was achieved by using complexes could not have been characterized by FAB without
triflic acid (HOTf) as a matrix additive. the chemical assistance of an additive such as triflic acid.

D. HOTf as a Matrix Additive in FAB. When 1uL of Having demonstrated the utility of triflic acid addition, the
HOTf is added to the NBA matrix/analyte solution used to gduestion remains as to why it is effective in enhancing detection

obtain the spectrum shown in Figure 8a, that shown in 8b is of highly charged species in the FAB experiment and why
addition of sodium triflate is not. We will assume that, for the

Figure 8. +FAB mass spectrum of [RP4)(NCCH).](BF4)4 in (a)
m-nitrobenzyl alcohol and (bin-nitrobenzyl alcohol with addition of
triflic acid.

(26) Didier, P.; Jacquet, L.; Mesmaeker, A. K.-D.; Hueber, R.; van
Dorsselaer, Alnorg. Chem.1992 31, 4803.

(27) Stang, P. J.; White, M. RAldrichimica Actal983 16, 15.
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a o r 50 analogous process does not occur. Triflic acid as an additive,

] however, seems to be able to serve in this capacity. The neutral

] HOTf molecule complexes with the multiply charged species,

. it forms an anionic ligand that strongly binds to the metal
center(s), and it ejects a stable cation (proton) into the solution.
Overall, the process can occur with the energy available in the
FAB experiment. As synthetic procedures develop and larger
oligomeric species of the tetraphosphine ligand (P4) in this work

) m Nttt are generated, we will be in a position to determine the range

o 1000 2000 3000 4000 of charge states over which FAB can be applied when matrix

additives are employed.

It should be noted in closing that, while the work reported
rxlso r 250 here used FAB, a variety of desorption/ionization techniques
are now available in mass spectrometry. Newer methods such
as electrospray ionization (ESI) and matrix-assisted laser des-
940 601 % 20as 3800 orption/ionization (MALDI) are rapidly becoming more avail-
/ / able, while FAB continues to find new areas of applicafién.
Each method has its strengths, weaknesses, successes, and
failures, which is why few MS laboratories solve structural
problems with just one technique. MALDI has captured the
attention of the MS community by generating predominantly
- T singly charged ions from analytes with molecular masses greater
0 1000 2000 3000 4000 than 100 000. The role of additives in the MALDI experiment
m/z is not well-understood. In making the target for laser irradiation,
Figure 9. +FAB mass spectrum of [Pd(P4BF,)z in (a) m- matrix, analyte, and additives must first be cocrystallized. Triflic
ggirg.benzyl alcohol and (bn-nitrobenzyl alcohol with addition of triflic acid is not a candidate additive in MALD|, s_ince it is a liquid
at room temperature. Electrospray is an obvious method to turn
amount of triflic acid used, the NBA solvent used, and the to when the analyte is multiply charged in solution, since it is
dielectric constant of NBA, most of the triflic acid is present as capable of generating multiply charged gas-phase ions. How-
HOTf. We will also assume that one or more triflic acid ever the mass spectrometer of choice in ESIMS is usually a
molecules are present in the solvation sphere of ionic speciesquadrupole mass filter or an ion trap. These have limitéd
formed. In the liquid FAB target, ions and their solvation spheres ranges, relative to time-of-flight or magnetic sector instruments.
are more accurately described as(P#)1*(NBA)(HOTT),, for Also, they do not provide high-resolution data as would a
example. From such species, desorbed, desolvated ions ar@ouble-focusing instrument. There are advantages to using the
formed. In the desorbed species, whatever their final form, all FAB-based approach developed here, since singly charged forms
NBA solvent molecules are removed; when HOTf is added, all of the analyte are generated. This facilitates the interpretation
are removed as well. However, the triflic acid appears to be of MS/MS spectra which can provide structural information.
converted into triflate ions during the atom bombardment \ynile MS/MS spectra can be generated for multiply charged

process. The neutral triflic acid may easily bind to the core gpecies, interpretation of the resulting spectrum can be very
metal complex, while counteranions are solvated and are farthergigsicylt. If a +4 ion is subjected to collisional-activation and

from the cations. Thus, when energy is deposited and desorptionfragmentation it will typically form+4, +3, +2, and +1

can occur, one or more triflic acids are converted into triflate fragment ions. This is particularly difficult to deal with when

|ons,_releasmg+prc_)tons to the solution, reaction 5, similar to the the analytes are metal-containing compounds such as those
reaction of B&" with glycerol. discussed here
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