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Receied August 27, 1996  Figure 1. Typical mass spectrum of rheniuroxygen compounds

. . - ReQ", n = 0, 2-6, 8, produced with a laser vaporization source by
While metal carbonyls have been, since their discovery, ,qdition of a small amount of oxygen to the carrier gas.

extensively studied, much less known is the chemistry of metal

compounds with weaker bound ligands. Even though investiga- respectively. The metal plasma was entrained in the carrier gas
tions of complexes with ligands such as dioxygetwitrogen? pulse, cooled by flowing through a confining channel and by
or carbon dioxid&in condensed phase are making considerable subsequent supersonic expansion into high vacuum, resulting
progress, they still suffer from the lack of understanding of the in formation of ligated rhenium cations. The ions were
subtle metatligand and liganetligand interactions involved.  transferred through several stages of differential pumping into
A number of recent theoretical and experimental gas phasethe high-field region of the superconducting magnet and stored
studies have addressed this problem. Among the main groupinside the ICR cell at a pressure-e6 x 10-19 mbar. To avoid
metals, magnesiutn’ has been the most extensively studied. kinetic excitation during the ion selection procedure, no broad-
As examples of first-row transition metals, complexes of band excitation was employed and ions within a mass range of

vanadiunt iron,® cobalt!® and nicket with CO,, and N**7'¢ 10 mass units around the desired ion were not ejected. Reactant
have been investigated. Dinitrogen addition was also examinedgases were introduced to the ultrahigh vacuum region by two
with ligated iron}” and dioxygen compounds of iréhhave needle valves at pressures between® #0° and 5.5x 108

recently been identified using matrix isolation spectroscopy. mbar, depending on the efficiency of the reactions. Rate
There are, to the best of our knowledge, no similar studies on constants were determined by fitting the observed intensity

the second- or third-row transition metal ions. o time profiles of the reactions to pseudo-first-order reaction
In this paper, we investigate the ionic dioxygen, dinitrogen, kinetics.

and carbon dioxide complexes of rhenium. These are produced A series of rheniumoxygen cations has been observed
using a laser vaporization source, and their ligand exchange (Figure 1) and identified by collision-induced dissocation (CID)
reactions are studied by FT-ICR (ion cyclotron resonance) massexperiment® as Re(Q)", Re(Q):;", Re(Q)s", Re(Q)s,
spectrometry. The experiments were performed on a modified ReQst, and ReQ(O,)*. The present report concentrates on the
Spectrospin CMS47X mass spectrometer described in detailReQ;(0,)* cation, consisting of the Re® entity with one
elsewheré? Rhenium cations ligated with oxygen, nitrogen, dioxygen ligand according to the CID experiment. In a series
or carbon dioxide were produced in a disk type laser vaporiza- of experiments, we found that a number of ligands, including
tion source. The target material was pure rhenium, the helium CO, CGQ, and N, can be attached to RgDin highly efficient
carrier gas at 10 bar was, for the different experiments, seedediigand exchange reactions of Rg¢0,)* which proceed at near

with 0.2 mbar of @, 1.0 bar of N, or 0.4 bar of CQ collision rate. Similar reactions with Reff3* are 2 orders of
(1) Dickmann, M. H.; Pope, M. TChem. Re. 1994 94, 569-584. magnitude slower, and no reactions are observed in our
(2) Hidai, M.; Mizobe, Y.Chem. Re. 1995 95, 1115-1133. experiments with Re(§,*. This observation is actually quite
(3) Leitner, W.Angew. Chem. Int., Ed. Endl995 34, 2207-2221. surprising, as CIB suggests that the energies required for the

46§A_')4"§'gitre’ P.; Bauschlicher, C. W., Jthem. Phys. Lett1994 225 abstraction of a dioxygen ligand from Ref@ and Re(Q)s*

(5) Yeh, C. S.: Pilgrim, J. S.: Willey, K. F.; Robbins, D. L.: Duncan, M.  are even lower than in Re@@,)", the values being D(Re@®"
A. Int. Rev. Phys. Chem1994 13 (2), 231-262. — Op) = 71+14 kJ/mol, D(Re(@)zt — O,) = 88+14 kJ/mol,

N (Jé)gr?gﬁq?bﬁ;s\{\gg%yég fg%?fll’g;”;' D.L.;Pilgrim, J. S.; Duncan, M. gnd D(Re@" — O,) = 97420 kJ/mol, respectively.

(7) Robbins, D. L.; Brock, L. R.; Pilgrim, J. S.; Duncan, M. A.Chem. By introducing both I and CQ to_the Ul_trahigh vacuum
Phys.1995 102 1481-1492. region, we could establish that the Ngand in the Re@N,*
76§8) Sievers, M. R.; Armentrout, P. B. Chem. Phys1995 102, 754~ complex formed from Reg)O,)* could be completely replaced

(é) Schwarz, J.; Schwarz, Organometallics1994 13, 1518-1520. by CQ; (Figure 2). Ina S'm'_lar experlment_, we found that £0

(10) Asher, R. L.; Bellert, D.; Buthelezi, T.; Brucat, P.Ghem. Phys. can be replaced by CO. Finally, all the ligands mentioned so
Lettii924h227’R62L3_‘ gza. ¢ D. Buthelezi. T+ Wi cera. G. Brucat. P far are efficiently exchanged againsi® present in traces in
3 C(:he)m.SPﬁ)r/s. 611004 298 300302 o ooexerd B BIUCALE the ultrahigh vacuum region. These findings are summarized

(12) Bauschlicher, C. W., Jr.; Pettersson, L. G. M.; Siegbahn, P. E. M. in Scheme 1. The easy and quantitative replacement diyN
J. Chem. EhySl987_, 87, 2129-2137. o o N CQ; indicates that the latter ligand is more strongly bound to
11%??24\1\?2’ J.; Heinemann, C.; SchwarzJHPhys. Chen 995 99, ReQst. This observation is interesting, since for irfBrgobaltls

(14) Asher, R. L.; Bellert, D.; Buthelezi, T.; Brucat, P.JJPhys. Chem. and nickel!16the situation is reversed, with the bare'F€a",

1995 99, 1068-1072. _ and Ni* ions binding N more strongly than C® The observed
sose)Hememann, C.; Schwarz, J.; Schwarz JHhys. Chent 996 100 behavior suggests a considerable influence of either the metal
(16) Khan, F. A.; Steele, D. L.; Armentrout, P. &.Phys. Chem1995 center or of its ligation (or both) upon the bonding of additional

99, 7819-7828. weak ligands like dioxygen, dinitrogen, and carbon dioxide.
HasrpBaranov. V. I Javahery, G.; Bohme, D. &hem. Phys. Lett 995 To address the question of whether the specific nature of the
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Table 1. Ligand Exchange Reactions, Measured Rate Constants

kans and Reaction Efficienciesk)
Re0,CO;
e . kabs
reaction (10 % cmis™) D (%)
F) ReO,(H,0)"
= Re0,(0,) + N, » ReO,N," + O, 3.57 58
s Re04(0;)" + CO, ~ ReO,CO," + 0, 7.37 98
’g Re0,(0,)" + CO - ReO,CO™ + O, 4.33 66
]
E Re(0,);," + N, ~ Re(Q,),N,' + O, 0.01 - 0.06 0.2-1.0
< Re(0y)," + CO, ~ Re(0,),CO," + O, 0.03 - 0.08 0.5-1.0
Re(0,);" + CO - Re(0,),CO" + O, 0.04 0.6
Re(0)," + N, - < 0.001 <0.02
o 1 2 3 4 5 6 7 8 9 10 11 12 Re(0y)," + CO, - < 0.002 < 0.03
reaction delay / s
) o : . ) Re(0,)," + CO -~ < 0.003 < 0.04
Figure 2. Intensity-time profile of the reaction of Rg®@,)* with a . N
1:1 mixture of N and CQ. In the first step, RegiO.)* (®) reacts ReO,N;" + CO, = Re0,CO," + N, 4.94 65
with N2 to ReQN," (®) and with CQ to ReQCO;," (l). The N, ligand Re0,CO," + CO - Re0,CO" + CO, 237 36
; o : 9
in ReGN;" is fur_ther replac_ed b_y COAIl thr_ee Ilgands_ are eff|C|entI_y ReN,* + €O, ~ ReCO;" + N, 036 5
exchanged against B, which is present in traces in the ultrahigh
vacuum region, thus finally forming Re.0)" (a). ReCO,"” + N, = ReN," + €O, 0.013 02
. . i Mn,O," + N, -~ Mn,O,N," + O. 2.38 38
Scheme 1. Successive Ligand Exchange Reactions of Te oo o
RE(Q,)L+ Mn,0;" + CO, - Mn,0,CO;" + O, 6.69 87
2 N o M co, N $%co co $° Ho co HO Mn,ON," + CO, - Mn,0,C0;" + N, 5.49 72
!, / L, / ', / " : : !, + +
Rel_ Rel Re!_ R R WO + N, - WO;N,” + O 4.29
O/” o O/" <o o/lle\o O/"e\\o O/HEQO H] 2 3tN2 2 69
o o o WO;* + N, ~ WON," + 0, 1.79 29
reactions. While Rep undergoes a rapid ligand exchange with ~ WOr * N = WON."+ O, 2.62 43
CO,, ReCQ reacts only extremely slowly with Nestablishing WO, + CO, - WO,CO," + 0, 8.23 100
that also to the bare rhenium cation g&more strongly bound WO," + CO, -~ WO,C0," + 0, 257 34
than N> by 8 + 2 kJ/mol, derived from the rate constants in 4 CO. - WO.CO + O .
Table 1. With CoC@" and CoN*, we found the opposite WO, + €O, = WOC0, + O, 03 13
behavior as described in the literature, thus excluding an Wo,” + CO, ~ WO,CO," + 20, 532 71
influence of the mode of ion generation. Change of the metal o o, + co, - wo,coy," + 0, 206 2

alone, without invoking effects of the other ligands causes the
difference of the relative binding strength of the &hd CQ
ligands.

Another question which we tried to address by experiment
was whether the ligand exchange of dioxygen againsbiN
CO;, is special for Re@(O,)™ or a common feature of transition
metal dioxygen complexes. In several quick preliminary
experiments, we have succeeded in producing various oxygen
rich manganese and tungsten cations. In each case, we hav

observed a behavior similar to the oxo complexes of rhenium P ; i

i *than N and CQ to the ion in question. The lack of reactivity
easy exchange of thexdigand against Nand CQ. Table 1 ot pa(),+ with CO, however, is difficult to explain in that
summarizes the observed reactions, together with absolute rathay_

constant.psand reaction efficiencie® derived from ADG1
theory.

An interesting observation which requires comment involves
reactions of Re(@s" and Re(Q)4" which, in spite of the weaker
binding, exchange the Qigands against Nand CQ and even

An alternative explanation would invoke two different types
of peroxo ligands. In Re(§s™ and Re(Q)4™ could the peroxo
ligands, in analogy to the known Crffa®~ compound, be
coordinated side-on, with the coordination in RE¢D)* being
of the end-on type? This could account for a different trend in
binding energies of @ Ny, and CQ if the end-on ligated @

ould be bound more weakly and the side-on one more strongly

In summary, we show that a variety of weakly bound
complexes can be produced using laser vaporization technique.
Examination of ligand exchange reactions of oxygen rich
complexes of rhenium shows that this metal binds, @@re
- i strongly than the dinitrogen ligand, in contrast with previous
+
CO much less efficiently than Re@,)". One possibility is - \gies on several first-row transition metals, iron, cobalt or

to expl_ain this as a steric effect. In Rg(O,)" the reactant nickel. Evidence is presented that the type and degree of
may still have a direct access to the metal center. The energygl

. . e igation, rather than differences in binding energies, determine
released by 'ghe adsorption would then cause the dissociation of; o (ate constants of gas phase ligand exchange reactions.
the peroxo ligand bond. In RefR* the metal seems to be
less accessable, which results in a much smaller rate constant acknowledgment. Financial support by the European Commission,
of the ligand exchange, and in the presumably fully saturated program Environment, by the Deutsche Forschungsgemeinschaft, and
Re(Q)4, there is no possibility for the reactant gas to attack by the Fond der Chemischen Industrie is gratefully acknowledged. The
the metal. authors thank Wolfgang A. Herrmann for cooperation and for the
rhenium sample.

(21) Schidler, D.; Schwarz, HAngew. Chem., Int. Ed. Endl995 34,
1973-1996. JA963013E



