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of the carbamate complex slowly convert to a second
complex, which is characterized by a single 3'P{!H} NMR
resonance at 6 83.9 and by IR bands at 2238 and 1260 cm™.
These spectral data show that the carbamate complex has
been converted to the isocyanate complex via a dehydra-
tion reaction (eq 18).27 The proposed pathway for this

@ @ + H0 (18)
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transformation is shown in Scheme VI. As final confir-
mation of the stoichiometry of this isocyanate complex,
we have independently synthesized it by treating [n®-

HoN( 0)co

(26) Stable complexes are readily obtained by the insertion of carbon
dioxide into the metal-nitrogen bond of complexes of substituted amides.
For examples see: Chetcuti, M. J.; Chisholm, M. H.; Folting, K.; Haitko,
D. A.; Huffman, J. C. J. Am. Chem. Soc. 1982, 104, 2138-46. Tsuda, T.;
Watanabe, K.; Miyata, K.; Yamamoto, H.; Saegusa, T. Inorg. Chem. 1981,
20, 2728-30.

(27) Nakamoto, K. Infrared and Raman Spectra of Inorganic and
Coordination Compounds, 3rd ed.; Wiley: New York, 1978; p 276.

cpRu(depe)]* with the isocyanate ion (eq 19).
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In this work, we report a study of the analytical capabilities of laser desorption Fourier transform ion
cyclotron resonance mass spectrometry for the characterization of several air- and moisture-sensitive
organoactinide compounds: polypyrazolylborates of uranium and thorium, AnCl;[HB(3,5-Me,Pz);)- THF,
UCl,(HBPz,),, and ﬁJClz[HB(3 5-Me,Pz);l}, (An = Th, U; Pz = pyrazolyl; x = 1, 2, ...). Although the main
focus of this paper is to demonstrate the analytical capablhty of the technique for detecting intact molecular
ions of air-sensitive actinide compounds, some additional structural information can be obtained directly
from the positive and negative ion mass spectra. Several interesting new species (for example, dinuclear
species of the type An,Cly™ (An = Th, U)) were identified from reactions of laser-formed ions with desorbed
neutrals and fragments. Correlations can be made between gas-phase ion-molecule reactions and their
counterparts in the condensed phase. In particular, we find that the ionic size of the central metal atom

can determine the fragmentation and ion—molecule reaction products.

Introduction
Structural characterization of organic molecules, coor-
dination compounds, and organometallic complexes has
recently been greatly facilitated by use of laser desorp-
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tion/ionization techniques: laser microprobe mass spec-
trometry (LMMS)! based on time-of-flight mass analysis
and laser desorption Fourier transform ion cyclotron
resonance mass spectrometry (LD/MS).2® Of the two
mass analysis methods, FT/ICR mass spectrometry offers
vastly higher mass resolving power (e.g., factor of ~1000

(1) (a) Part 1: Van Vaeck, L.; Bennett, J.; Van Espen, P.; Schveikert,
E.; Gijbels, R.; Adams, F.; Lauwers, W. Org. Mass Spectrom. 1989, 24,
782. (b) Part 2: Ibid. 1989, 24, 797.

(2) Sharpe, P.; Richardson, D. E. Coord. Chem. Rev. 1989, 93, 59-85.

(3) Bjarnason, A.; DesEnfants, R. E., II; Barr, M. E.; Dahl, L. F. Or-
ganometallics 1990, 9, 657.
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at mass-to-charge ratio m/z < 1000 or so) and is clearly
preferable for compounds with m/z < 5000. For example,
LD with FT/ICR detection has proved successful for
analysis of transition-metal organometallic complexes,* as
well as porphyrins®® and chlorophylls.’

On the basis of successful preliminary LD/MS results
on a polypyrazolylborate complex of uranium,® we decided
to study other polypyrazolylborates of uranium and tho-
rium. The polypyrazolylborate ligands (HBPzj)~ and
[HB(3,5-Me,Pz);]” have been used as stabilizing ligands
in the synthesis of organo compounds of uranium(III) and
-(IV) and thorium(IV) and can be considered as alternative
ligands to the cyclopentadienyls and substituted cyclo-
pentadienyls. The compounds based on the “An(HBPz;),”
and “An[HB(3,5-Me,Pz);]” moieties show a very rich
chemistry; several such complexes, including amides, alk-
oxides and aryloxides, thiolates, cyclopentadienides, and
o-hydrocarbyls as additional ligands, have recently been
prepared.® These air- and moisture-sensitive compounds
have been characterized by C, H, N, Cl, and metal ele-
mental analysis, infrared, UV/IR/near-IR, and NMR
spectroscopies, and (when crystals were available) single-
crystal X-ray diffraction.

Preliminary LD/MS studies® of UCI;[HB(3,5-
Me,Pz),)-THF indicated B-N bond breaking with the
formation of the interesting highly coordinatively unsat-
urated uranium species [UCl3(3,5-Me,Pz)]”. Such B-N
bond breaking had already been observed in solution. This
finding as well as evidence for a dinuclear species of the
type U,Cly (see below) may reveal novel synthetic path-
ways and reactions with direct analogues in solution
chemistry of such organoactinide compounds. In order to
explore these potentialities, we report in this paper the
LD/MS analysis of the analogous thorium compound, the
uranium(III) compound {UCL,[HB(3,5-Me,Pz);l},, and the
unmethylated polypyrazolylborate UClL,(HBPzj),.

Experimental Section

All of the analyzed compounds were synthesized as described
previously.? Due to their sensitivity to oxygen and moisture, they
were handled in inert-atmosphere gloveboxes or by a combination
of vacuum and Schlenk techniques. The following compounds
were studied: ThclatHB(3,5'M62PZ)3‘THF, UClz(HBPZa)g, and
{UCI,[HB(3,5-Me,Pz);]}, (Pz = pyrazolyl = CsH;N,). x is un-
known, since no crystals could be obtained. The compound was
therefore characterized by C, H, N, Cl, and U elemental analysis
and electronic, infrared, and 'H and !B NMR spectroscopies. A
few milligrams of each compound was dissolved in a few microliters
of purified tetrahydrofuran, the sample was transfered to a dimple
or groove in a disk-shaped stainless steel probe tip, and the solvent
was allowed to evaporate. All of the manipulations were made
in a dry argon glovebag. The probe tip was transferred promptly
to the mass spectrometer with minimal exposure to the atmo-
sphere.

LD FT/ICR mass spectra were obtained with Extrel FTMS-
2000 instruments interfaced either to a Tachisto high-power pulsed

(4) Bjarnason, A. Rapid Commun. Mass Spectrom. 1989, 3, 373-376.

(5) Marshall, A. G.; Mullen, S. L.; Shomo, R. E., II; Weisenberger, C.
R. 33rd Annual Conference of the American Society of Mass Spectrom-
etry, San Diego, CA, May 1985; Collected Abstracts, pp 325-326.

(6) Brown, R, S.; Wilkins, C. L. Anal. Chem. 1986, 58, 3196-3199.

(7) Brown, R. 8,; Wilkins, C. L. J. Am. Chem. Soc. 1986, 108,
2447-2448,

(8) Marques, N.; Bjarnason, A.; Pires de Matos, A.; Weil, D. A.
Pittsburgh Conference, New York, 1990.

(9) (a) Margalo, J.; Marques, N.; Pires de Matos, A.; Bagnall, K. W.
J. Less-Common Met. 1986, 122, 214. (b) Ball, R. G.; Edelman, F.;
Matigons, J. G.; Takats, J.; Marques, N.; Margalo, J.; Pires de Matos, A.;
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Marques, N.; Pires de Matos, A. Polyhedron 1990, 9, 69. (d) Domingos,
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1990.
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Figure 1. Negative ion Nd:YAG (1.064-um) LD FT/ICR mass
spectrum of ThCL;L"THF. Note the loss of THF and a proton
to leave the predominant ion [ThCl;L’ - H]~.

Table I. Species from the Negative Ion LD FT/ICR Mass
Spectra of AnCL,L’e THF (An = Th, U; L’ = HB(3,5-Me,Pz),;
Pz = Pyrazolyl)

M = ThCL,L/ M = UCLL"
ThCly UCl,
ThCly(3,5-Me;Pz);~ UCl,(8,5-Me,Pz)-
[M - HJ (M]”

[M - H + NH,J"

M+ ClJ

[M - H + CzHeN]‘

ThyCly U,Cly

¢Data from ref 8.

CO; (10.6-um) laser (Madison, WI) or a Continuum (formerly
Quantel) Model YG600A Nd:YAG (1.064 um) laser (Columbus,
OH). Each positive or negative ion mass spectrum was obtained
from a single laser shot, and data were acquired on the source
side of a dual ion source/analyzer ion trap.

For LD FT/ICR mass spectra obtained on the Columbus in-
strument, the operating pressure in the ion trap was ~3 x 1078
Torr. Each laser pulse produced ~30 mJ at the fundamental
1.064-um wavelength. Synchronization between warmup and
Q-switched laser pulses and the FT/ICR experimental event
sequence is described elsewhere.!® The highest ion yield was
obtained when ions generated from a given laser pulse were al-
lowed to pass into the ion trap by grounding the source trap plate
for 2 ms after the laser pulse, after which the trapping potential
was raised to 2 V and left there for ~2 s to provide an ion
thermalization and/or ion-molecule reaction period. The effect
of trap voltage gating on ion trapping efficiency is discussed
elsewhere.!! Coherent ion cyclotron motion was then excited by
frequency-swept irradiation over a bandwidth extending from dc
to several hundred kilohertz to 1 MHz at a sweep rate of a few
hundred hertz per microsecond at an rf amplitude of ~10 dB
below 130 V (p-p). Direct-mode detection over the same band-
width generated either 32K (or 64K) time-domain data, to which
another 32K (or 64K) zeros were added before discrete Fourier
transformation. No time-domain windowing was employed.

Detection conditions for the CO, LD/MS experiments carried
out in Madison were similar, except for higher sweep rate (1
kHz/us) and wider mass range. The output energy of the laser
was controlled by adjusting an aperture and was estimated to be
~0.05 J per pulse for the laser desorption/ionization experiments.
In the Madison experiments, the source trap electrode was
grounded for 100 us after the laser pulse, after which the trapping
potential was raised to 1 V for positive ion and -1 V for negative
ion detection.

Results and Discussion
ThCLLTHF (L’ = HB(3,5-Me Pz);). The negative
ion Nd:YAG LD mass spectrum of this compound (Figure

(10) Liang, Z.; Ricca, T. L.; Marshall, A. G. Rapid Commun. Mass
Spectrom. 1991, 5, 132-136.

(11) Beuy, 8. C,; Laude, D. A,, Jr. Int. J. Mass Spectrom. Ion Proc.
1991, 104, 109-127.
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Figure 2. Negative ion CO; (10.6-um) LD FT/ICR mass spec-
trum of the same compound as in Figure 1: (a) wide-range mass
spectrum; (b) higher resolution display of a selected spectral
segment. Note the increased degree of fragmentation as well as
ion-molecule reactions to produce species of mass higher than
the parent compound.

Table II. Species from the Positive Ion LD FT/ICR Mass
Spectra of AnCL,L’¢ THF (An = Th, U; L’ = HB(3,5-Me,Pz),;
Pz = Pyrazolyl)

M = ThCl,L/ M = UCL,L"
ThCL,L™* UCLL™
(M]*
[M + NaJ* [M + Na]* (?)
[M + KJ* [M + KJ*
[M + Na + K]* [M + Na + KJ*

2Data from ref 8.

1) exhibits very little fragmentation. Loss of THF and a
proton from the neutral parent yields the most abundant
ionic species, [ThCl;L’ = H]". The same experiment con-
ducted with a CO, laser (Figure 2) produces considerably
more fragmentation (perhaps due to greater sample
heating by the laser pulse) as well as higher mass species
due to further ion—molecule reactions. Isotopic relative
abundances are especially helpful in assigning species
containing boron and chlorine atoms, as shown nicely in
Figure 2b.

The analogous uranium compound has previously been
analyzed by Bjarnason et al.® The results obtained for the
uranium and thorium negative ions are compared in Table
I. Positive ion LD mass spectra (not shown) have been
obtained for the homologous uranium and thorium com-
pounds. Table II lists assighments for the major ionic
species.

In all of the above LD mass spectra, no coordinated
THF could be observed, in accord with the lability of this
ligand in the case of the uranium compound, which can
also be prepared without a coordinated THF.% All at-
tempts to prepare the adduct-free thorium compound
failed: it appears that this species can be prepared only
in the gas phase.

As seen from Table I, B-N bond breaking of the pyra-
zolylborate ligand is clearly observed, and the fragment
ions 'I'l’lCIa(S,E)-Meng)z' (m/z = 527) and UC13(3,5'M62PZ)-

Liang et al.
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Figure 3. Negative ion Nd:YAG (1.064-um) LD FT/ICR mass
spectr;m of {UCl;[HB(3,5-Me,Pz);1i. (see text for peak assign-
ments).

(m/z = 438) can be identified. These species are re-
markable for their high coordinative unsaturation and
probably could not be prepared in solution unless suitable
counterions are used or dimers are formed. For example,
ThCl, and UCl, in the condensed phase have high coor-
dination numbers due to chlorine bridging. Incidentally,
B-N bond breaking has also been observed in solution
when UCI, is reacted in tetrahydrofuran with 2 equiv of
KHB(3,5-Me,Pz);, resulting in the formation of UCL-
[HB(3,5-Me,Pz);](3,5-Me,Pz).12

The polypyrazolylborate nitrogen donor ligand suffers
further fragmentation, as seen from the presence of species
with NH,~ or C,H¢N~ amide ligands coordinated to the
thorium. From Table I, it is evident that the larger ionic
size of thorium permits this element to stabilize species
with coordination numbers larger than for the corre-
sponding uranium species: compare ThCl,(3,5-Me,Pz),"
with UCl4(3,5-Me,Pz)™ and note the species [M ~ H +
NH,]", [M + CIJ;, and [M - H + C,H,N]-, which are
formed only with thorium. Moreover, dinuclear species
of the type An,Cly™ (An = Th, U) are clearly identified.
The uranium species U,Cly™ has previously been identified
in a preliminary phase diagram study of CsU,Cl, by Barton
et al.1¥ Also, Cotton et al. have prepared the dinuclear
uranium alkoxides KU,(OCMes)y, Uy(OCMes)g, and U,-
(OCHMez)lo.M

The positive ion LD mass spectra are less informative,
partly because minor contamination by sodium and po-
tassium (which we suspect are always present in small
quantity due to the synthetic processes used) yielded
pseudomolecular ions of the type (M + K)* and (M +
Na)*. The molecular ion [M]* is formed only for the
uranium compound, since the corresponding thorium [M]*
ion would require a Th(V) oxidation state. Interestingly,
the coordinatively unsaturated species AnCLL’* is ob-
tained for both An = U and Th.

{UCL,[HB(3,5-Me,Pz);]l.. The following species may
be identified from the negative ion LD mass spectrum
shown in Figure 3:

m/z

438 UCl4(3,5-Me,P2)~
498 UClz(3,5-Me2Pz)2'
640 UCLL-

700 UCLL/(3,5-Me,Pz)~
760 UCIL/(3,5-MeyPz),~

(12) Marques, N.; Margalo, J.; Pires de Matos, A.; Bagnall, K. W.;
Takats, J. Inorg. Chim. Acta 1987, 139, 79.

(13) Barton, C. J.; Wilkerson, A. B.; Grimes, W. R. In Phase Diagrams
of Nuclear Reactor Materials; Thoma, R. F., Ed.; Report No. ORNL-
2548; Oak Ridge National Laboratory, Oak Ridge, TN, 1959; p 137.
23 (ig)l Cotton, F. A.; Marler, D. O.; Schwotzer, W. Inorg. Chem. 1984,
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Figure 4. Positive ion Nd:YAG (1.064-um) LD FT/ICR mass
spectrum of {UCl,[HB(3,5-Me,Pz)3]}, (see text for peak assign-
ments). Note the appearance of the uranium dimer species.

The corresponding positive ion LD mass spectrum is
shown in Figure 4. This spectrum shows many more
fragments, and the following tentative assignments can be
made:

m/z

700 UCLL/(3,5-Me,Pz)*
760 UCIL/(8,5-Me,Pz),*
820 UL/(3,5-Me,Pz),*

It is interesting that THF adducts are observed in the
positive ion mass spectrum (UCIL’(3,5-Me,Pz), THF* at
m/z 832, UCLL/(3,5-Me,Pz), THF* and [M], THF* (m/2
1287, with centroid at m/z 1284)) but not in the negative
ion mass spectrum.

Although Santos® had previously found some evidence
that the uranium(III) compound might be a dimer, no
dimer was observed in the mass spectrum. However, in
the positive ion LD mass spectrum, we can tentatively
assign the peak at m/z = 1287: since the sample was
dissolved in tetrahydrofuran, it is possible that the THF
ligand bridges two monomers. The related uranium(III)
compound (UCps)s(pyrazine) has been studied by Eigen-
broti® by mass spectrometry. Although the molecular
species, a dimer confirmed by X-ray diffraction, was not
observed, dinuclear species showing loss of one, two, or
three Cp ligands were observed in the mass spectrum.

As for the previously described uranium and thorium
compounds, B-N bond breaking was observed and pyra-
zolide ligands were found attached to the metal; the species
UCl4(3,5-MeyPz)~ and UCI,L~ appeared as previously
noted for the negative ion LD mass spectrum of the ura-
nium(IV) compound UCl;[HB(3,5-Me,Pz);] - THF. For the
proposed dimer

L Cl Cci
AN yd
u U
VRN AN
(o]] cl

one might expect the following fragments to result from

v

(16) Eigenbrot, C. W., Jr. Ph.D. Thesis, Lawrence Berkeley Labora-
tory, 1981
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Figure 5. Negative ion Nd:YAG (1.064-um) LD FT/ICR mass
spectrum of UCl,(HBPz;);. Note the prominent molecular ion
peak.

laser desorption: UCL,L/, UCIL/, and UCLL/. The last two
species would be expected to have short lifetimes because
of their high coordinative unsaturation. As we have ver-
ified above, B-N bond breaking of the L’ ligand gave rise
to 3,5-Me,Pz fragments which would be expected to react
further with the ionic species present. Finally, it is in-
teresting to note Santos®f observed that, in solution, the
complex (UCLL"), reacts with CHCl,, giving the species
UCLL’ and UCL,L/(3,5-Me,Pz).

UCL,(HBPz;),. This compound is more coordinatively
saturated than the other three compounds just described.
Figure 5 shows the negative ion LD mass spectrum, which
exhibits much less fragmentation than those previously
discussed. The most prominent peak is due to the mo-
lecular ion, UCl,(HBPzg),~. The only other prominent
peak can be assigned to UCl,(HBPz;)Pz", indicating B-N
bond breaking of the ligand HBPz;~. These results are
consistent with a higher stability for the title compound.

Conclusions

In this work, we have demonstrated that laser desorption
Fourier transform mass spectrometry is a powerful ana-
lytical method for the identification and characterization
of air-sensitive organoactinide compounds. The gas-phase
synthesis of new organo compounds reveals novel synthetic
pathways and reactions that appear to be related to the
solution chemistry. For example, evidence for B-N bond
breaking was demonstrated, leading to new pyrazolide
complexes that may also be prepared in solution. Also,
our observation of stable gas-phase dinuclear ionic species
of the type An,Cly”" may lead to the synthesis of new ionic
or neutral dinuclear compounds in solution. Moreover, the
observation of stable UCl,(HBPz;)Pz in Figure 5 offers
encouragement for attempts to prepare the coordinatively
unsaturated neutral compound UCl,(HBPz;)Pz. A final
interesting result is the influence of the ionic size of the
central ion, demonstrated by the ability of the thorium to
form species with higher coordination numbers.
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