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in both ligand moieties. The pH-dependent rate constant, k; gy,
can be expressed by eq 4, where K denotes the acidity constant

[H*]1KL
k,
([H*] + K)([H*] + K1)

of the ligand. The employment of least-squares fitting to the
pH-dependent rate data gave the values k; = 0.65 M~! 57! and
K, = 10743 M for 7-methylinosine. The latter is comparable to
the pK, value of 6.28 reported for the base moiety in 7-methyl-
inosine 5’-monophosphate at 298.2 K,'9 which lends support to
the validity of the kinetic data. The calculated value for the rate
constant is compatible with that found earlier for the binding of
the [Pt(dien)(H,0)]** ion to the N1 position of the [Pt(dien)-
(Ino-N7)]* complex, viz. 0.74 M1 5713 In other words, a methyl
group at N7 affects the coordination ability of the N1 site in the
same manner as Pt(II) bound to the N7 position. Similarly, when
bound to the N1 ring nitrogen, a methyl group and a Pt(II) ion
have comparable influences on the coordination properties of the
N7 site, as can be seen from the rate constants of 1-methylinosine
and the [Pt(dien)(Ino-NI)]* ion, viz. 0.54 and 0.75 M 5713
Accordingly, N1- and N7-methylated 6-oxopurine nucleosides can
be employed as model compounds to study the relative binding
ability of the N1 and N7 sites of the parent nucleoside.

An analogous treatment of the rate data for 7-methylguanosine
gave the values 0.07 M1 57! for k; and 10758 M for K;. The latter
is in agreement with the pK, value 6.7 reported for 7-methyl-
guanosine in the literature.!” Comparison of the rate constants
for 1- and 7-methylguanosines reveals that the former reacts with
the [Pt(dien)(H,0)}** ion 10 times more readily than the latter.
By contrast, in the case of inosine derivatives, the reactivity of
the 7-methylated compound is slightly higher than that of the N1
isomer. Accordingly, the diminution in the coordination ability
of the guanine N1 position must be attributed to sterical retar-
dation of the C2NH, group, although this substituent inductively
favors complexation (vide supra). The influence of the C2NH,
group thus parallels the effect of the C6NH, group of adenosine,
thou‘%h the latter sterically prevents platination of both N1 and
N7.

Registry No. Aquated Pt!(dien), 48102-16-5; 1-MeGuo, 2140-65-0;
7-MeGuo (R = NH,), 20244-86-4.
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Bonding in gas-phase transition-metal species has been studied
extensively,! because of its importance for catalysis, and novel
structures are frequently invoked to explain the chemistry involved.
In recent years the concept of noncovalent bonding has been
extensively used to describe ionic species observed in mass spec-
trometric experiments.>* For example, we have obtained un-

(1) See e.g.: (a) Russell, D. H., Ed. Gas Phase Inorganic Chemistry:
Plenum Press: New York, 1989. (b) Marks, T. J., Ed. Bonding
Energetics in Organometallic Compounds; American Chemical Society:
Washington, DC, 1990.
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ambiguous evidence for the existence of a weakly bound nonco-
valent (CO)sMn*/CH, complex.’ Odd-? and even-clectron??
hydrogen-bridged cations, [A~H«B]*, and odd- and even-electron
ion-molecule complexes,* [A~B]*, have been proposed both as
stable species and as transient intermediates to explain the
metastable and collision-induced fragmentation characteristics
of (organic) ions. While isotopic labeling experiments and
high-level ab initio molecular orbital theory calculations have been
performed to support the proposed structures, the evidence for
these novel complexes is sometimes inconclusive. In addition,
fragmentation mechanisms can sometimes better be explained by
“conventional” mechanisms.® However, even-electron proton-
bound cations have been unequivocally identified as the products
of many ion-molecule reactions® and some dissociative ionization
processes.” A great deal of attention has been directed toward
those species in which a proton interacts with the lone pairs of
the oxygen atoms of two (stable) neutral molecules, e.g. 1. The

H H
H H 2 H ce
\o----+-~~-o/ \o----+---- \N-- A (
PO N
Hp H HCCH3
1 2 3

latter type of interaction renders the ion unconventional in the
sense of a valence bond description, but the bonding can approach
covalent bond energies with the stabilization energy relative to
the dissociation products, AH* + B or A + BH*, often in the
range 120140 kJ.mol™'.%¢

Alternatively, a proton can interact with the x system of one
(stable) molecule and the lone pairs of an oxygen or nitrogen atom
in another (stable) molecule to give novel structures, e.g. 2 and
3.7 To date, the latter species have not been unambiguously
identified, but both theory®®® and experiment®-!° lend support to
their existence. They have been proposed as intermediates to
explain metastable and collision-induced fragmentation pathways
of certain ions, and ab initio molecular orbital theory calculations
have identified them as stable species on the potential energy
surface. In general, the stabilization energy of these species is
considerably lower than that of the above mentioned —Q«H+O~
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Figure 1. Collision-induced dissociation mass spectrum of isolated [Cr-
(CO)JC,H,* ions, having a center-of-mass energy of 4.0 eV, with Ar
as target gas (5 X 10 mbar) and a 100-ms interaction time. With a
shorter interaction time and/or a lower center-of-mass energy [Cr-
(CO)4]H* is the only fragment observed. The abundance of C,Hs* (not
shown) is stronger than that of m/z 165, but weaker than that of m/z
193. Some fragmentation of 53Cr or !3C labeled [Cr(CO)¢]C,H;*
yielding **Cr- or 1*C-labeled [Cr(CO)4|H* (asterisk) is observed as well.

bridged species. For example, 2 has been calculated to be bound
by only 82 kJ-mol™! relative to H;O* + C,H,.2® In the present
manuscript we propose to extend the concept of a proton inter-
acting with two (stable) neutral molecules to more complex
transition-metal species.

Experimental Section

The experiments were performed with a Bruker Spectrospin CMS 47
Fourier transform ion cyclotron resonance (ICR) mass spectrometer!'s
equipped with a high-pressure external ion source.!'® Cr(CO)s and
Mn,(CO),, were used as precursors and CH, was the chemical ionization
agent. Chemical ionization pressures up to 4 mbar and 2 keV electrons
were used for ionization. Gas-flow restrictions and differential pumping
provided a high-pressure gradient from the ion source to the ICR cell;
for a pressure inside the ion source of 4 mbar, the pressure in the ICR
cell was a 4 X 107® mbar. The product ions were transferred from the
high-pressure ion source to the ICR cell and trapped, followed by a 2-s
delay to thermalize the ions by collision with argon present in the ICR
cell (5.0 X 107 mbar). By the ejection of all other ions from the ICR
cell, the ion of interest was isolated. An rf pulse at the exact cyclotron
frequency was then used to increase the translational energy of this ion
to a known value. The length of the rf pulse determined the transtational
energy of the ion.!? In the subsequent delay collision-induced dissocia-
tion (CID) took place with Ar as target gas. The fragment ions were
detected in broad-band mode (full mass spectrum) and narrow-band
mode (single ion detection). Each experiment was repeated 16 times to
obtain a good signal-to-noise ratio. To determine the threshold energy
for relevant collision-induced dissociations from the center-of-mass en-
ergy, E.n, dependence of the fragment ion intensity, the latter curve was
analyzed with an empirical model (eq 1),!* where E, is the threshold

0(Eem) = 0o(Ecr — E)*/ Eep™ (1)

energy for the endothermic reaction, o, is an energy-independent scaling
factor, and n and m are variables. Armentrout et al.'*!4 have found that
the form with m = 1 is one of the most useful in deriving accurate
thermochemistry. In addition, this form has been predicted theoretically
for translationally driven reactions.!* The other parameters, o, E,, and
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Figure 2. Energy dependence for the collision-induced loss of C,H, from
isolated [Cr(CO)¢]C,H4* with Ar as target (5 X 10 mbar) and a 10-ms
interaction time (single collision conditions). The y axis represents the
ratio of the intensities of the fragment and parent ions normalized to 1000
for the ratio at a center-of-mass energy of 2.6 eV.

n, were optimized by using a nonlinear least-squares analysis to give the
best fit to the experimental data.

Alternatively, ion activation can be omitted in the above described
procedure and the reactivity of the isolated ions with certain substrates
(CH;0H and C,H,OH) can be examined by varying the delay between
isolation of the ion of interest and detection.

All compounds were of commercial origin and showed no detectable
impurities.

Results and Discussion

The high-pressure mass spectrum of Cr(CO), + CH, was
dominated by m/z 221, [Cr(CO)¢]H*, but an appreciable amount
of the m/z 249 [Cr,Cq,04,Hs]* ion, generated via reactions 2-5,

CH, + ¢ — CH,** + 2¢" (2)
CH,/* — CH,* + H° (3

CH;* + CH, — C,H,* + H, 4
C,H;* + Cr(CO)¢ — [Cr(CO)¢]C,H,* (5)

was also observed (ca. 50% of m/z 221'¢). The CID mass
spectrum of the latter ion was dominated by m/z 221 (see Figure
1). From the high mass resolution attainable with the FT-ICR
mass spectrometer, it was determined that m/z 221 corresponded
to {Cr(CO)s]H*. The threshold for collision-induced C,H, loss
was found to be rather low, 60 * 5 kJ-mol™! (see Figure 2). CO
loss from m/z 249 was only observed at much higher energies.
For example, at a center-of-mass energy of 3.0 eV C,H, loss was
ca. 9.0 times as intense as CO loss. Since Cr(CO), is a hexa-
coordinate species, the structure of the m/z 249 ion is of some
interest.

To date it had been assumed that protonation of Cr(CO), occurs
at the metal position with the proton affinity (PA) being 756
kJ-mol.'”  With use of pulsed ionization high-pressure mass
spectrometry,'® proton transfer between protonated Cr(CO), and

(15) Chesnavich, W. J.; Bowers, M. T. J. Phys. Chem. 1979, 83, 900.

(16) The relative abundance of these ions was dependent on the ion source
pressure (2.5 Torr) and temperature (298 K).
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(18) See, e.g.: Kebarle, P. In Techniques for the Study of Ion-Molecules
Reaction; Farrar, J. W., Saunders, W. H,, Jr,, Eds.; Wiley: New York,
1988; pp 221-286.
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various bases, B, was examined by measuring the relative inten-
sities of [Cr(CO)4]H* and BH* as a function of the ion source
residence time.!” At elevated temperature (>100 °C) the PA
of Cr(CO)¢ was determined to be within experimental error equal
to the literature value, 756 kJ-mol~'.!” However, below 40 °C
protonated Cr(CO)¢ was in equilibrium with bases with a con-
siderably lower PA, which indicated a PA for Cr(CO), between
690 and 710 kJ-mol™!. 1In support of this, [Cr(CO)s]H* was
observed to undergo slow proton transfer to H,S (PA(H,S) = 712
kJ:mo!l™!®) in the ICR cell. On the basis of the linear relationship
between the oxygen 1S binding energy (determined via X-ray
photoelectron spectroscopy?!) and the PA of oxygen bases,? the
oxygen PA of Cr(CO), was estimated to be 703 kJ-mol™!. Thus,
at low temperature protonation occurs at the oxygen atom of one
of the carbonyl groups, whereas higher temperatures result in
metal protonation. An energy barrier between the two forms
apparently prevents isomerization of the two structures at low
temperature. These results are supported by recent infrared
spectroscopic data,?? where it was observed that molecules like
(CF,);COH and HCI form a hydrogen bridge with the carbonyl
oxygen atom of transition-metal carbonyl complexes in a liquid-
xenon matrix; the binding energy of such adducts was determined
to be ca. 25 kJ-mol™!. It was also concluded that protonation at
the metal center proceeded with the participation of these H-
bonded complexes as intermediates.

The facile loss of C,H, from [Cr(CO)s]JC,H;s* suggests a
loosely bound complex. By analogy with protonated Cr(CO),,
the ethyl cation can be expected to interact initially with one of
the carbonyl oxygen atoms in Cr(CO)g, which might be followed
by ethyl cation transfer to the metal center. However, it can
reasonably be assumed that, if rearrangement is possible, the
barrier separating the two structures will be considerably higher
than that in protonated Cr(CO)g. The highest level ab initio
calculations performed to date have shown that the bridged
structure of C,Hs* (4) is the only minimum found on the C,H;*
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potential energy surface. Therefore we suggest that the bridging
hydrogen atom of a nonclassical C,Hs* ion interacts with a lone
pair of one of the carbonyl oxygen atoms, generating structure
5, which is rapidly thermalized in the high-pressure environment
of the ion source. The energy required for C,H, loss from § is
in good agreement with stabilization energies obtained for similarly
bridged systems. For example, it was calculated that alkene losses
from 2% and 3° require 82 and 42 kJ-mol,™ respectively, and
benzene was found to be bound to (CH,);NH* by 67 kJ-mol!,10

Since Cr(CO), is a hexacoordinate species formation of a
covalent Cr~C,H, bond is for steric reasons unlikely. If C,Hs*
had been covalently bound to the Cr(CO)¢ moiety at one of the
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Notes

carbonyl groups, a much higher stabilization energy might have
been expected; e.g., at least 160 kJ-mol™! is required for C,H, loss
in ions containing a —C(O)C,H; group.® In addition, for C,Hs*
bound to the carbon atom of one of the carbonyl groups a sig-
nificant signal at m/z 57, C;Hs;CO*, could be expected, since its
generation is energetically more favorable than most other frag-
mentation routes.” However, no signal at m/z 57 was observed.

Reactivity studies showed that the C,Hs* group can easily be
transferred from [Cr(CO)¢]C,Hs* to CH;OH and C,H,OH,
generating protonated methyl ethyl ether and dimethyl ether (or
an isomer), respectively. The facile transfer of an intact ethyl
group would seem to preclude a structure in which the proton is
bound to the metal center and ethylene is held primarily by weak
electrostatic interaction.

Thus, we propose that the {Cr(CO)s]C,H;* ions have structure
5, although additional generation of isomeric species cannot be
ruled out. On the basis of the above conclusion, it comes as no
surprise that all attempts to methylate Cr(CO), with dimethyl
halonium ions failed.

The above result is not an isolated case. Similar species have
also been seen in the high-pressure mass spectrum of Mn,(CO),,
+ CH,. In this case, both an intense m/z 391 signal, [Mn,-
(CO),o]H*, as well as signals at m/z 419, [Mn,,C,,,0,0,H;]",
and m/z 433, [Mn,,C,3,0,,H,]*, were present (ca. 16% and 8%
of m/z 391'), Although the m/z 419 and 433 signals were too
weak to determine threshold energies, it could be established
unambiguously that alkene losses (C;H, and C;Hg, respectively)
were the least energy demanding fragmentation pathways with
threshold energies below 100 kJ-mol™!. The threshold energy for
CO loss from [Mny(CO),,]JH* was established as 80 + 7 kJ-mol™.
Thus, the threshold energy for alkene loss from 7/z 419 and 433
can reasonably expected to be less than 80 kJ-mol™. Because these
ions are coordinately saturated as well, we propose that these ions
must result from addition of C,Hs* and C;H,*, generated via CH,
chemical ionization, to Mn,(CO),,. Again, the results are most
compatible with hydrogen-bridged species 6 and 7.
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In summary, we have shown that threshold collision-induced
dissociation experiments can be used advantageously to identify
organometallic ions of novel structure as well as to obtain a
quantitative measure of selected bond energies. Future contri-
butions from this laboratory will give more examples.
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