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This paper is dedicated to Professor John Beynon whom we admire and respect. If we do not succeed in
solving the riddle referred to in our title, we hope our efforts will spur others to do so

Abstract

Metal monocation gas-phase reactions with pyrene (Py) have been investigated. Of those cations which bind Py by abstraction of two
hydrogen atoms, there are two subgroups of which Bibd Ta™ are the most striking and puzzling representatives. THelika group binds
three Py units consecutively, each by expulsion of two hydrogen atoms, whereas'tlygddp binds four Py units; however, in this latter
case, the second Py attachment occurs without the expulsion of any hydrogen. When perdeutergiésli®ded the Tagroup behavior is
unaffected, but the Nbgroup now exhibits a considerable degree of Py attachment in which no deuterium atoms are lost in the first reaction
step. We will attempt to explain this behavior by using the results of reactions’oaMbTa with Py in a Fourier transform mass spectrometer
(FTMS).
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction We have been interested in the gas-phase reactions of uni-

positive metal ions with Py, as studied by Fourier transform
Freiser and co-workerd] published a seminal work on  mass spectrometry (FTMS), for quite some tif8e8]. We

the gas-phase reactions of Nland Ta with alkanes and  find that the following reaction types can be distinguished:

alkenes. They showed that both react similarly and that they

are by far the most reactive metal ions toward C—H bond ac-

tivation ever reported. However, the same ions behave quite  M* + Py — MPy" + Py — MPy," + Py — ...

differently in their reactions with polycyclic aromatic hy- . )

drocarbons (PAHSs), such as pyrene (Py). In a continuation (P) substitution (attachment with loss of hydrogen)

of the early experiments of Wu and Brodb}, who inves- M* + Py — (MPy — Ho)" + Ha

tigated the ligation of metal monocations with mono- and

bidentate nitrogen heterocyclic ligands using Py as a basal(C) charge exchange

indicator, we have initiated a new study of the ligation of + 4

PAHs and their heteroanalogues. M™+Py—M+Py

(a) simple addition (attachment)

(d) oxidation (by traces of yD present in the system)

e MT 4+ H,O — MOT +H, or
* Corresponding author. Teli1-225-5783392; fax:+1-225-5783458. " n
E-mail address: chspm@Isu.edu (S.P. McGlynn). MPy™ + H20 — MOPY™ + Hp
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(e) hydrogenation (by traces of hydrogen present in the sys-MPy,* can be oxidized). However, the oxidized species in
tem) turn, may then be ligated up to the coordination number (but
We did not investigate (d) and (e) because these usu-not exceeding it).
ally take place only atlonger reaction times. Reaction (c)  Finally, those M ions which cause a loss of,Hrom Py
is important only if ionization potential IP(M) is higher in the first step, may be divided into two groups: (i) Nb
than IP(Py) or when excited Mions are present. And, Re", and Zr" and (i) Ta", W, and Pt. We present here
if significant amounts of Py are present at longer re-  the characteristics of the reactions of Nland Ta with
action times, a dimerization equilibrium Py and point up their striking differences. These differences
() Py" + Py=Py,* constitute the riddle we would like to solve.

may be observed. Reaction (f) may be ugbgb] to

determine the gas-phase concentration of neutral Py. .
gasp y 2. Experimental

Most M* ions bind two Py by reaction (a). Reactions
with deuterated Py exhibited no isotope efff@lt indicating 2.1. Compounds
that neither C-H bond cleavage, elongation, or hybridiza-
tion change is involved in the rate-determining step. We con-  Pyrene (Py) and its perdeuterated analogue (iy-ere
clude that these compounds are of sandwich-type or, in theobtained from Fluka Chemie AG, Buchs, Switzerland. The
standard language of gas-phase organometallics, C—-C bondNb and Ta metal foils were of high purity (99.8%; Aldrich,
activated[9-15]. Milwaukee, WI, USA).

On the other hand, a small number offMons (e.g., All experiments were performed on a FT/MS 2001-DD
Hft) are extremely prone to oxidation and it is difficult Fourier transform mass spectrometer (Finnigan, Madison,
to determine all the various reaction paths. However, the WI, USA) equipped with a 3 T superconducting magnet and
oxidation products never exceed the maximum coordination & Nicolet 1280 data station. Positive ions were produced at
number for a given M (i.e., if the coordination number is 2 x 10-°Torr in the source compartment of the dual cu-
2 then only M™ and MPy" are observed in oxidized form  bic trap. The trapping voltage was maintained-&V dur-
and if the coordination number is 3 then'"MMPy™, and ing the experiment. Single 1064 nm laser pulses, Nd:YAG
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Fig. 1. LD/I spectra of (a) Nb and (b) Ta gas-phase reactions products with pyrene after a few milliseconds reaction time.
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laser Quanta Ray DCR-11 (Spectra-Physics, Inc., Mountaininto the gas phase by evaporating an alcoholic solution at
View, CA, USA) were used to produce Nbor Ta" ions the probe. Following metal ion formation, (i) reaction times
by impingement on the appropriate foil. The probe and the of 1 ms to 300 s ensued before the spectrum was recorded;
foil were located behind the source trap plate. Py (or a mix- or (ii) after a given delay, all but the Mions (or one of
ture of it and its perdeuterated analogue) was introducedsome higher product ions) were removed and the reaction
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Fig. 2. LD/I spectra of (a) Nb and (b) Td gas-phase reactions products with pyrene after a several hundred milliseconds reaction time.
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with gas-phase Py was allowed to proceed for a specifiednot exchange charge with Py when ionized. However, even

time before the spectrum was recorded. It was supposed thahere, after long reaction times, some'Hg present indicat-

the second procedure would permit excited land what- ing that excited states of Nbmay have been involved in

ever other species might be present) to relax before startingthe reaction. Both metals, but Taeven at very short times,

to monitor the reaction or to pick up differences that might form oxidized products.

have occurred relative to the first procedure. Since Py is al- The main reaction products for Nbare:

ready present in the gas phase as the e being formed,

there is no efficient way to ensure relaxation of all excited (NoPy—H2)* — (NbPy, — Hz)™ — (NbPy; — 2Hp) ™

states; consequently, the results may reflect mixtures of ex- ~ "/#2%3 m/2495 m/2695

cited and ground state cation reactions. However, the results

are reproducible and, especially in the long time range, they

certainly do not involve excited states. Consequently, we

will not address their presence further. An excellent review Those for Td, besides Py of mvz 202, are:

on importance of electronically excited states in metal ion N N +

chemistry has been given by Armentrg6]. (TaPy—Hz)" — (TaPy, — 2Hp)™ — (TaPy; — 3Hp)
The deuterium content of the Py/Pypratio was fixed /2381 m/2581 m/2181

and was determined by the low energy (18eV) El mass Oxidation products are also observed:

spectrum as Py-D3:Py-Do:Py-Dg:Py-Dy::64:14:6:16.

— (NbPy, — (3-4Hz)"  (mixture of products
m /2893 or 895

TaO" — (TaOPy— Hp)™ — (TaOPy — Hp)™
m/z197 m/z397 m/z599

3. Results and discussion (TaOPy— H)™, the next oxidation product, is not ob-
served presumably because it losegOHo yield m/z 784

FTMS spectra of the products of Nkand Ta" reactions ~ which, in the late stages of the reaction, becomes the base

with gas-phase Py after a few and several hundred millisec-peak. The surprising result is that Ntbinds more of the

onds are shown iffrigs. 1la, b, 2a and, brespectively. It is rather large Py ligands than does'Tahich is certainly big-

found that Ta, whose IP of 7.88 eV is somewhat larger than ger and should better be able to accommodate them. It is

that of Py at 7.43 eV, produces a considerable amountdf Py also surprising that, unlik€TaPy— H)™ in the second step,

by process (c). On the other hand, Nb &F6.76 eV) should (NbPy— Hz)™ binds Py without loss of b
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Fig. 3. LD/I spectra of (a) Nb and (b) Ta gas-phase reactions products with mixture of Py and Ry{D:4) after short reaction time.
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Although the majority of the gas-phase reactions of M and Py-Do are compared. However, the very small fraction
with organic molecules involves C—H bond rupture, reports of reaction (a) observed in the first step of the™Nteac-
on deuterium isotope effects are scarce. For isotope effect totion with Py formingmyz 295 becomes significantly larger
be operative, theory requires that the bond rupture, elonga-with Py-Dio and increases as the reaction proceeds. At some
tion, rehybridization, or other energy consuming process oc- point, the (NbPy-Bo)™ of m/z 305 becomes as intense as
curs as part of the rate-determining step (transition state) ofthe (NbPy-Dip — D2)™ of m/z 301. An analysis of several
the reactior{17]. Identical experiments with Nband Ta reaction runs under different conditions was performed by
using a mixture of Py and Py reveals an effect on the calculating the increase oz 295 as:
first step of the reaction with Ntbbut not with Ta" (Fig. 3a
and B. Ta" binds Py exclusively by expulsion ofand, 4 _ I(mass 29%
against expectation, no isotope effect is observed when Py I(mass 298+ I(mass 29p

Fig. 4. Tentative structure afNbPy, — 3Hz)*.
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