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The gas-phase complexestfdcet), where M is Fe, Co, or Ni and acet is acetophenone, were studied
spectroscopically by infrared multiple-photon dissociation (IRMPD) supported by density functional (DFT)
computations. The FELIX free electron laser was used to give tunable radiatiomfs@® to 2200 cm?.

The spectra were interpreted to determine the metal-ion binding sites on the ligands (oxygen (O) or ring (R))
and to see if rearrangement of the ligand(s) to toluene plus CO occurred. F0D Ninding was found to
predominate (similar to the previously studied*@ase), with less thar-10% of R-bound ligands in the
population. For Cb, a roughly equal mixture of R-bound and O-bound ligands was present; based on the
computed thermochemistry, the OR complex was considered likely to predominatenirplexes appeared
largely O-bound, but with clear evidence for some R-binding. The exceptionally large extent of R binding
for Co" highlights the special affinity of this metal ion for aromatic ring ligands. In contrast, the predominant
O binding for Nit emphasizes the especially high metal-ion affinity of the O site of acetophenone compared
with other ligands such as anisole where R binding of ptedominates. The spectra did not indicate significant
intracomplex rearrangement of ligands to toluene plus CO, and in particular for theaSe the absence of

a metal-bound €0 stretching peak near 2100 chstrongly ruled out such a rearrangement.

Introduction benzene ring for this metal ion. Based on binding energy
measurements from threshold collision induced dissociation
(TCID) studies®?2the late transition metal ions FeCo", and

Ni* have stronger affinities for the aromatic ring thart Crhus,

it is a real possibility that aromatic sites would be preferred
binding sites for these ions on acetophenone, even in competition
with the carbonyl oxygen. The present work explores these

the binding of transition metal ions to these different moieties POSSIPilities for the bis complexes of acetophenone with these
is of interest for elucidating fundamental phenomena like metal ~ three metal ions. The Casystem has particular interest, because
ligand interactions and metal-ion solvatibril Competition ~ this metal ion has exceptional affinity farbinding to aromatic
between aromaticr binding sites and electronegative-atom rings;->*°whereas acetophenone is exceptional among bifunc-
n-donor sites for metal ion binding has broader interest in view tionalz/n ligands in offering particularly high metal ion affinity
of the widespread occurrence of both of these types of binding at the n (oxygen) sité Balancing these factors, it is hard to
sites in common biomolecules such as polypeptides and Predict the favored geometry of the Qacetophenone com-
proteinst2-16 For example, it is known that the presence of metal plexes, so that these systems offer an attractive opportunity for
ions can drastically affect the folding of proteins, changing both experimental differentiation using new spectroscopic approaches.
secondary and tertiary structures. Common examples of this are  Newly emerging techniques of gas-phase ion spectroscopy
iron in hemoglobin and also zinc finger proteins. In many other exploiting intense tunable infrared (IR) light sources make
important cases, such as photosynthesis and electron transpossible the in situ characterization of ionic complexes in the
port”18DNA binding!® and the activities of some therapeutic gas phasé?23-35 The direct structural information coming from
agentg¥2! transition metals bound in coordination complexes this IR spectroscopy, when compared against computationally
with aromatic or n-donor ligands play an important role in predicted spectra, can allow one to distinguish the preferred sites
determining both structure and function of the biological of complexatiorf;3* to gain insights into the rearrangement
systems. chemistry that may accompany metal ion complexatfoi; 2336

In previous work, we have considered the ability of alkoxy, and even to distinguish spin states of the complexed metal
amino, and carbonyl side chains to compete with aromatic sitesion.”3°Since it is not generally possible to measure the IR direct
for the Cr ion.” Only the carbonyl oxygen of acetophenone absorption spectra of trapped gas-phase ions, the process of
was found to provide a more attractive binding site than the infrared multiple-photon dissociation (IRMPD) is used in this
work as an indirect “action spectroscopy” approach for obtaining

The late first-row transition metal ions complex strongly with
aromatic ligands, with benzene receiving the most attention as
the prototypical cas&:® For other aromatic ligands offering
multiple binding functionality, such as an n-donor moiety like
an amino or keto-group, these alternative binding sites can
compete with the aromatic site for metal idhWeUnderstanding

I?Srsvﬁgﬁgecgfrgi"%r'{ggrﬁgé %%“J%”g'e'zzléf;s cod spectra which have been shown to be good surrogates for the
 Case Western Rgserve University. ' linear absorption spectfd.This method employs an intense
8 FOM. infrared laser to resonantly pump vibrational energy into the
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TABLE 1: Energies of Bis Complexes Relative to M +
Separate Ligands (kJ moi?)

cr Fe Co Ni
(benzenef 402 395 423 390
RR 295 (D) 373D = 369y 426 387
(0]e} 421 447 448 472
OR 323 414 (B=332f 447 438
AcetTolCO (O) 332 461 474 476
AcetTolCO (R) 442 426 422

@ Sum of experimental binding energies for two benzene ligands from
ref 3.2 Acetophenone values for Cfrom calculations reported in ref
7.¢Entries labeled D are doublet states, while the other wdues
are quartet states.
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ternary complex structures with acetophenone, toluene, and CO
as ligands on the metal ion. It is expected that this would show
up in the spectroscopy of these systems, and this question is
addressed below.

Experimental Section

The experimental apparatus, based on the coupling of a 4.7
T Fourier transform ion cyclotron resonance (FT-ICR) mass
spectrometer with the beam line of the FELIX free electron laser,
has been discussed in detail elsewléf€ Briefly, metal ions
are generated via laser ablation from sputtering targets (Good-
fellow, 99.98% purity) using single pulses-20 mJ) from an
Nd:YAG laser (EKSPLA). The ions then drift into the ICR cell,

molecule in a noncoherent fashion, until it has sufficient energy where they are trapped and exposed to a pulse of acetophenone

to dissociaté’ 38

The thermochemistry of binding of first-row transition metals
to benzene is well establishédproviding a model for the
binding of metal ions to the ring of acetophenone (Table 1).
The later transition metal ions all favor a high-spin*3ds!

vapor (5-10 x 1077 Torr peak pressure) in order to form the
complexes. A second pulse of He gas5(x 1076 Torr peak
pressure) is also used to help stabilize the complexes. The
acetophenone (Aldrich, 99%) was used as received from the
supplier, except for a freezump—thaw cycle to remove

configuration in the absence of ligands, but the presence of adissolved gases. A reaction delay 6f3 s was used to allow

ligand field usually promotes the ion into a™cbnfiguration,
so that the configurations of interest here are’ F&d’), Co"
(3c®), and Ni* (3c). As is well understood,Co" gives the
strongest ringzr bonding among the late transition metals,
because its ©configuration allows double occupation of the
d — 7* metal-to-ligand donor orbitals (gdand de-y2) as well
as the weakly interactingAorbital, while at the same time
allowing single occupation of the two metal orbitals,(end
dy,) that are subject to repulsive interaction with the filled ligand
o orbitals. Both F& and Ni have weaker (though still strong)
7 binding ability. In the case of Ni the weaker binding is a
consequence of the addition of oned repulsive electron in
the d shellt The stronger binding in the Cacomplex relative
to the F& complex is attributed, by Bauschlicher et atg a
greater extent of €x* back-donation in the Cosystem. On

the complexes of interest to form and cool via collisions (in
the presence of the decaying pulses of He and of acetophenone)
and via spontaneous emissibtoward the ambient temperature

in the ICR trap, namely 300 K. Since laser ablation is known
to produce significant abundances of metal atoms and ions in
excited electronic staté$such a delay was considered necessary
to ensure that the complexes were in the ground electronic state
when the spectra were taken. Under these conditions, only bis-
acetophenone complexes (along with substantial amounts of
mono-decarbonylated bis complexes) were observed in abun-
dance, although small amounts of mono and tris complexes were
also seen in the final ion populations. The reaction sequences
leading to the bis complexes were not explicitly elucidated in
these experiments. Sequential reactions leading te™Mire
normal for transition-metal ions reacting with carbonyl com-

the basis of these qualitative considerations, we may anticipatepounds in the FT-ICR ceff

that among late transition metal ions Cwill compete most
favorably for thesr site compared with the O site of acetophe-
none.

Much less information is available on the binding of carbonyl
moieties to transition metal ions. The only value found in the
literature is an estimate of 209 kJ/mol for the acete@e™
complex, which was estimated on the basis of available
thermochemical values for similar systefA©n the other hand,

After the ion—molecule reactions, the complexes of interest
were isolated and irradiated with several (typically 10) pulses
from FELIX. Each FELIX pulse €7 us) consists ba 1 GHz
train of micropulses+10uJ energy), and the duration of these
micropulses{1 ps) determines the bandwidth of the radiation,
which is typically 0.2-0.5% of the central wavelength. The
wavelength is continuously tunable between 3 and 2%50Q in
this work, we investigated the range between 500 and 2206 cm

the reactions of ketones and aldehydes with late transition metal(20—4.5 um). Upon resonant absorption of multiple photons,

ions have been studied rather extensiv@y* For smaller

the complex can reach internal energies beyond the dissociation

systems such as acetone, the primary mode of reaction isthreshold and hence undergo fragmentation. After irradiation

decarbonylation, producing a CO molecule and the correspond-

ing alkane3®#%although a richer chemistry is observed for the
larger ketones and aldehyd8g2Unfortunately, acetophenone

with FELIX, a standard FT-ICR excite/detect ev@ntvas
applied to determine the extent of photodissociation. Several
photofragment channels were observed for each complex,

was not included in any of these earlier studies, although oneincluding loss of intact ligands and decarbonylation. Some

might reasonably expect it to behave similarly to the smaller

significant differences between the spectra in the different

ketones and undergo decarbonylation to produce metal-ionchannels were observed (see below); however, it is generally

bound toluene.

The extent of the catalytic activity of later transition metal
ions for the decarbonylation of small ketones is illustrated by

most appropriate to use the sum of all fragment channels to
represent the absorption of the parent complex under study.
Therefore, unless otherwise noted, the infrared (IRMPD) spectra

the kinetic energy release distribution (KERD) measurements presented herein represent the total fragmentation of the parent

from the Bowers group, which were consistent with the rate-
determining transition states for decarbonylation lying below
the asymptotic reactant enertfyThis raises the interesting

possibility that the M/acetophenone bis complexes studied here

may have available an intracomplex rearrangement reaction,
making accessible both the expected “reactant-side” bis-ac-
etophenone complex structures, and also the “product-side”

complexes, plotted as a function of the wavelength of FELIX.
The extent of frqagmentation was typicath20% for the most
intense peaks.

Comparison with Calculations. The thermochemistry and
harmonic vibrational modes of the complexes were calculated
by DFT/MPW1PW91 using Gaussian ¢3.Computational
protocols were similar to those described previodsijhe
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Figure 1. IR absorption spectrum of acetophenone nedlredmpared O Bmdmg modes R Bmdmg
with DFT calculation using the present protocol. Figure 2. Metal ion binding motifs for acetophenone.

calculated harmonic normal-mode frequencies were scaled by
0.965. This scaling factor gives a very good fit to the major
peaks in the IR spectrum of neutral acetophenone (Figure 1)
and is similar to the scaling factors that have been adopted in
other DFT fits of IRMPD spectra of first-row transition metal
complexed.:?° The figure typifies the generally excellent agree-
ment of computations at this level with IR absorption spectra.
In the figures, the calculated vibrational stick spectra were
convoluted with a Gaussian line shape function with a full width
at half-maximum of 20 cmt for Figure 1 and 30 cmt for the
other figures.

The C=0O stretching mode near 1750 ci which is Binding Modes. Four low-energy binding motifs were
important as a highly diagnostic feature for ring-bound metal identified as available to each of the two acetophenone ligands.
ions, shows slightly unsatisfactory behavior in our studies of Two of these, designated R andin Figure 2, are expected
acetophenone complex spectra, in that this peak appears lowemodes of attachment to the basically undistorted ligand. A third
than predicted by amounts ranging from 20 to 53 &niNeither binding geometry, not pictured, is the in-plane O-binding site
using larger basis sets nor using the alternative B3LYP (“planar endo”) on the endo side of the oxygen, which was
functional gives any apparent improvement. This disagreementconsistently found as a local potential energy minimum. This
of calculation and observation is larger than has been found latter binding geometry in both mono- and bis-complexes was
typical for the frequency correlations of theory and experiment generally calculated as less stable by amounts ranging from 10
both in the other peaks of the present spectra and in otherto 25 kJ/mol than the corresponding&geometry and also
IRMPD studies of gas-phase ions. This could raise concern (with one or two possible exceptions) less stable than thg,O
about whether the structure assignments of ring-bound ac-geometry. Since it is less stable thagand Qngo Offers no
etophenone ligands in the present study are correct. Howeverapparent steric or other advantages in forming the bis-complexes,
it appears that this vibration is not well treated by the present and probably rearranges with small barrier tg.§9 it was not
DFT protocol, since the predicted value for this mode is also taken into consideration in cataloging the likely geometries of
considerably too low (by 25 cml) for neutral acetophenone the bis complexes.

(Figure 1), where there is no possibility of a wrong structural ~ The fourth binding motif, the chelated formegdo (Figure
assignment. We place confidence in the use of this peak as a2), is interesting in that it moves the acetyl group out of planarity
diagnostic feature of ring-bound acetophenone complexes,with the benzene ring, thereby sacrificing some resonance
particularly because of its relatively isolated location in the stabilization of the ligand moiety in exchange for the advantage
spectra, and we attribute the consistent under-prediction of thisof chelating the metal ion between the oxygen andzén
frequency to problems with the DFT treatment. interaction with the ring. This Qd.geometry is shown in Figure

Judging (very approximately) from peaks in the spectra that 2. Interestingly, Gnqo is calculated to be the most stable
appear to be isolated single transitions, we estimate the linegeometry for all three of the mono complexes of the present
widths as typically 30 cmt, which is similar to what was late transition metal ions (but not for the ‘Ccomplex, which
reported as typical for IRMPD spectra of some medium-sized spontaneously rearranges to the planar-endo complex). However,
PAH ions3’ The spectra of the complexes also show evidence the chelated @, binding motif is less favorable when two
of varying amounts of congestion, particularly in the 1300 ligands share the metal coordination shell, and the bis-complexes
1500 cni? region (minimal for Cr, increasingly substantial for  with two Osy, ligands are consistently predicted to be more
Ni and Co, and most severe for Fe). Lending support to this stable by amounts of the order of 420 kJ mot? than those
suggestion are recently described results on an analogousontaining one or two Qqoligands. Moreover, the vibrational
system?®® a spectrum of the K(phenylalanine) complex showed calculations consistently predicted spectra for thg @d Qngo
similar heavy congestion in this region, which was greatly isomers that were too similar for the isomers to be distinguished
reduced in a later spectrum of Afphenylalanine) employing  on the basis of the present spectroscopy. Accordingly, we will

a more effective ion thermalization technique. We may note
that the same experimental parameters (timings, FEL power,
number of FEL shots) were used for all of the metals, and all
of the new spectra (Fe Co" and Nit complexes) were recorded

on the same day. However, it is worth noting that for the Fe
complexes it was more difficult to maintain a stable ion signal,
and this contributed to the somewhat decreased signal-to-noise
ratio in that spectrum.

Results and Discussion
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base the following discussion on the assumption that the
O-bound complexes have the@geometry but bearing in mind
that the present spectroscopic results do not actually distinguish
this from the Qngo alternative.

Calculated Thermochemistry.Table 1 summarizes relevant

aspects of the thermochemistry of these systems. A useful [

reference point for considering ring-bound complexes is the
experimental threshold collision induced dissociation (TCID)
values for benzen&To facilitate comparison of the present
results with that study, the summed first and second ligand
binding energies are included in the first row of Table 1. With
the exception of Cr (see below), the calculated total binding
energies for the acetophenone complexes with exclusively
m-bound ligands are nicely parallel to the experimental values
for the benzene complexes. In particular, thetGmmplex
shows significantly higher affinity for ring-binding than either
Fe" or Nit, as expected from the qualitative orbital interaction
arguments noted in the Introduction. Note that theé R& bis
complex could have either a doublet or quartet ground state;
the calculated stabilities of these are the same within the
expected uncertainty of the calculations.

The OO complexes of the three late transition metals are not |

very different from each other in stability. The combination of
this with the RR trends leads to the predictions that OO binding
should be strongly favored for Feand Nit, but the ring and
oxygen sites should be more competitive with each other for
Co*. For this latter metal ion, the OR complex is calculated to
be essentially equal to the OO complex, indicating equality
within the computational uncertainty of the ring and O sites.
The RR complex might be expected to be similar but is actually
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Figure 3. Felix IRMPD spectra of the four measured*fdcet}

calculated to have somewhat lower stability, perhaps becausesomplexes (present results and ref 7 along with the IR absorption

of some steric repulsion of the two ring-bound ligands. For Ni
and Fé€, it is clear that ring binding is much less favorable
than O binding. In general, the table suggests that each switch
of a ligand from R binding to O binding gaing40 kJ mot?in
stability for these two ions.

Finally, the rearrangement to the intracomplex decarbonyla-
tion structure M (acet)(toluene)(CO) was found to give the most
globally stable structure for all three late transition metal ions,
but for Fe" and Nif, the energy gains from the decarbonylation
rearrangement are not as strong as for Ckthe intracomplex
decarbonylation reaction for C¢acet} is thermochemically
quite favorable.

There is an unresolved uncertainty in the binding thermo-
chemistry of the benzene bis complex with"Cifo the extent
that this may reflect an uncertainty in the DFT-calculated
thermochemistry, it could have bearing on the present thermo-

spectrum of the neutral ligafR). Blue lines and corresponding labels
at the top provide indexing for 12 of the prominent peaks in the neutral
acetophenone spectrum.

doublet states of the RR bis-complexes produced predicted
spectra that agreed well with the IRMPD resdlts.
Spectroscopic ResultsThe spectra and their interpretations
are not straightforward, and it is instructive to start the analysis
with a comprehensive comparison of all of the measured
M™(acet) spectra, along with the IR absorption spectrum of
the neutral ligand® These are shown in Figure 3. It is
immediately clear that the ion spectra are similar in many of
their features but that there are also significant differences
among them and also between them and the neutral ligand.
Inspection of the similarities and differences leads to a convinc-
ing assignment of the conformations and spectra of the ions.
The correlation and interpretation of these spectra are

chemical predictions. The problem is that DFT calculations for gescribed using (dashed) index lines added on Figure 3, along
Cr(Bz)," ? are lower by a large amount-Q eV) than the barrier  yith the numbers labeling 12 clear features of the neutral-ligand
to second-ligand removal obtained by credible kinetic modeling spectrum. The normal mode character of each of these 12
of experimental results from two different techniqdéslt has features, as indicated from the calculations, is described in Table
been speculated that this discrepancy is connected with the, The most intense modes in the neutral spectrum are peaks 8
change in spin between the doublet bis-complex and the sexte{ring to side chain €C stretch) and 12 (CO stretch), which is
mono-complex, but it remains unclear whether the problem lies fortunate, since they correspond to modes that are quite sensitive
with the experiments, the kinetic modeling, the DFT calcula- to the particular site of metal ion binding and hence are the
tions, or some combination of the3é>' Fortunately, benzene  most useful diagnostic features. Peak 3 (out-of-plane ring CH
bis complexes of other transition metal ions do not seem to bend) is also a possibly useful diagnostic peak, since it is fairly
share this problem, since the DFT calculations of both the first well isolated in the spectrum and corresponds to a mode that

and second ligand binding energies of benzene tg Be",

and Ni~ are within 3 kcal/mol of the experimental valugs.
Furthermore, our previous study of aniline and anisole with Cr
showed that, irrespective of any possible problems in calculation
of the thermochemistry, DFT vibrational calculations of the

has been shown for other aromatic ligands to blueshift in the
presence of ring-bound transition metal iGriPeak 9 (methyl
umbrella and €C stretch) is a fairly intense mode that is
perturbed by side chain binding. Peak 11 corresponds to the
IR-active C-C stretching deformation modes of the aromatic
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TABLE 2: Principal IR Absorption Peaks of the Neutral 1
Ligand Visible in Figure 1, Along with the Normal Mode 7 Ni*(Acet)

Characteristics Indicated by the DFT Calculations ] 2
neutral ligand
frequency T
peak # (cm™) mode charactér i
1 590 ip G=0 bend
2 691 ring oop CH bend N
3 757 ring oop CH bend i
4 952 CH rock o e rr
5 1024 ip ring deformation 800 4 Oexooexo
6 1080 ip ring H bend A
7 1182 ip ring H bend 600
8 1263 ring-side-chain €C stretch
9 1366 OC-CHs C—C stretch and Cklumbrella 400 -
10 1446 CH scissors and ip ring H bend
11 1598 ip ring deformation 200
12 1708 C=0 stretch

aip = in-plane; oop= out-of-plane. !
300 { RR

ring, which were useful diagnostic modes for complexes of ]
aniline and anisole in our earlier stuéylhis is a less useful 200
feature for acetophenone however, since it is weaker in general
and is also overlapped by (redshifted) peak 12 in some cases

IR Intensity (km mol™)
o

(see below). The rest of the spectrum seems to consist of 100
“spectator” modes which are similar in position and intensity
in all spectra, regardless of metal ion binding site. 0
The spectrum of the Crcomplex was interpreted in our 600 800 1000 1200 1400 1600 1800
earlier worK as reflecting pure OO binding, and this interpreta- Wavenumber (cm)

tion still seems valid. The CO stretching mode (peak 12) is Eigyre 4. Experimental IRMPD spectrum and computed spectra of
strongly redshifted te-1600 cnT?, as expected when the metal  Nj+(acet).

ion binds to the carbonyl group, and there is no sign of any
“free” carbonyl stretch near 1700 crh which would be  gaithough peak positions in IRMPD spectra are generally well
expected for ring bound ligands. Furthermore, the overall fit of correlated to those expected for single-photon, direct absorption
the experimental spectrum of the'Gromplex to the calculated  spectra, the multiple photon nature of the IRMPD mechanism
spectrum of the OO bound bis complex was shown to be quite can cause discrepancies in the relative intensities of the géaks.
good! The IRMPD spectrum of the Nicomplex is qualitatively  Thus, in the comparisons below, we consider quantitative
quite similar to that of CF, although it appears somewhat agreement of peak positions to be most important and look only
broadened and more congested. We take this as a strongor qualitative similarity of predicted and observed intensity
indication that the acetophenone ligands in th& bbmplexes patterns.
are predominantly O-bound as well, although there is some Spectroscopy of Ni(ace§)™. Figure 4 shows the spectrum
evidence for a small population of R-bound ligands, as discussedgf the Ni* bis complex along with predicted spectra of the OO
below. and RR isomers. Based on the calculated spectra, diagnostic
The Co" spectrum has peaks that correspond nicely to the peaks for R-bound ligands, which are largely absent here, would
major features of the Crand Ni* spectra, but it also shows  be peaks at 1230 crh (red-shifted #8) and 1760 crh (#12).
three additional peaks peaks at 1720, 1230, and 800.cthe Interestingly, peak #3 does not seem useful for identifying
first of these corresponds to an unperturbed carbonyl stretchR-bound ligands in this case. Diagnostic features for O-bound
(peak 12) and thus is strongly indicative of ring binding, as ligands are the very strong absorption on the blue side (600
discussed above. Similarly, the peak at 800 tiBs consistent 1650 cntY) of the cluster of peaks near 1600 chired-shifted
with a blue-shifted out-of-plane (oop)-&4 bending mode of  #12) and a peak near 1300 chiblue-shifted #8). The predicted
the aromatic ring (peak 3), another indicator of ring binding. OR spectrum, not shown in this figure, is almost exactly a direct
The assignment of the peak at 1230 ¢énis not as readily ~ summation of the OO and RR spectra and shows both types of
apparent, but the computational data (see below) indicate thatdiagnostic peaks.
it corresponds to red-shifted peak 8. Thus, the spectrum of the  The absence of any peaks above 1600 &in the experi-
Co* complex gives strong indications of the presence of both mental spectrum is a strong indication that no important fraction
ring-bound and O-bound acetophenone ligands in the ion of the complexes have a ring-bound acetophenone ligand. The
population. predicted spectra for the different OO-bound isomers (of which
The overall quality of the Fespectrum is lower than for the  only the Qx(Qexo iSOMer is shown in Figure 4) all show good
other systems, making its interpretation more tentative. However, agreement with the IRMPD data. With one exception (see
it seems most similar to the Cspectrum, having some clear  below), there is a good one-to-one correspondence of predicted
features (the peak at 1700 chand the substantial dissociation and observed peaks, and the relative intensities are ap-
around 1230 cmi) that are indicative of ring-binding, in  proximately matched. The immediate strong conclusion is the
addition to displaying the diagnostic peaks for O-binding. absence of a major extent of ring-bound acetophenone ligands.
We continue the discussion of these spectra below, where This is fully in accord with the expectation from the computa-
we consider the comparisons of the experimental spectra withtions (Table 1) that O binding to Niis substantially more
the DFT calculations. It is important to keep in mind that, favorable than ring binding.
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n_i 200 Figure 6. Comparison of the Cdacet) spectrum with the computed

= ] OexoR mixed-ligand complex, illustrating one of various combinations
100 of an O-bound ligand with an R-bound ligand that give satisfactory

fits to the observed spectrum.

600 800 1000 1200 1400 1600 1800 of observed and predicted peaks, and the peak positions are
well reproduced by the calculation, with the exception of the
] troublesome free-CO stretch, which+€25 cm? too high in
r'g“}:e 5. Obsde“’ed. spectrum for_gl@cet) and calculated spectra the predicted spectrum (see the Computational section above).
or the OO and RR isomeric possibilities. Note that the calculation even reproduces the doubling of peak
#3 in the IRMPD spectrum (756800 cntl). A predicted

The one feature not well matched in position in the calculated spectrum for an equal mixture of RR and OO, made by adding
OO-bound spectra is the shoulder near 1230 cim the the calculated spectra of OO and RR with equal weight (not
experimental spectrum. (Compare with the clear absence of suctshown), is almost indistinguishable from the OR spectrum
a feature in the Crspectrum in Figure 3.) There is a strong shown. Given that the hetero-dimer OR complex is somewhat
peak in the calculated spectrum of the OR and RR systems neaimore favorable thermochemically than a mixture of OO and
this position, and thus, it is possible that the observed feature RR homodimer complexes (see Table 1), a preponderance of
indicates the presence of a small population of ring-bound OR complexes in the population seems likely, but there is really
ligands. However, the absence of the expected correspondingno way to make this distinction from the observed spectrum.
peak above the baseline noise at 1760 tsharply limits the Spectroscopy of Fe(acetf. Figure 7 shows observed and
maximum possible extent of such R-bound ligands, and we placecomputed spectra for E¢acet). The situation is similar to the
an upper limit of~10% on the population of these isomers.  Co* case, with features in the spectrum indicating both R-bound

Spectroscopy of Co(ace). Figure 5 displays observed and  and O-bound ligands, although the features suggesting R-bound
calculated spectra of the Cdois complex. It is immediately  ligands are weaker than in the spectrum of the” Complex.
obvious that neither the RR nor the OO prediction by itself gives Note that the weak free carbonyl band near 1710 cmas
a satisfactory match. The unique diagnostic peaks predicted forreproducible from scan to scan and is unmistakably present in
ring-bound ligands based on the calculations are the peaks athe single channelvz = 176 spectrum (see below). Also, the
795 (blue-shifted #3), 1230 (red-shifted #8), and 1750tm broad feature near 1230 chis hard to explain in the absence
(#12). The diagnostic peaks for O-bound ligands are the peaksof ring-bound ligands, as can be appreciated from the IRMPD
at 1600 (red-shifted #12 plus #11, predicted to be very broad spectrum of the exclusively OO-boundCacet) complexes
and intense) and 1300 crh(blue-shifted #8). Thus, the DFT  in Figure 3.
spectra support our conclusion above based on the experimental The predicted @R spectrum shown in Figure 7 gives a not
data alone, that the IRMPD spectrum indicates the presence ofunreasonable fit to the experimental spectrum, although the
both types of ligands. To the extent that the relative heights of rather broad features of the latter make it hard to draw strong
the IRMPD peaks can be used to compare the relative amountsconclusions. A mixture of isomers is certainly also possible.
of the two types of ligand, it appears that R-bound and O-bound The peaks attributable to R-bound ligands appear relatively weak
ligands are present in amounts that are not extremely dissimilar.in this case (compared, for instance, to the Co case). If we make
This is nicely in accord with the computational thermochemistry, the uncertain assumption that the IRMPD peak heights cor-
which predicts that ring binding and oxygen binding are not respond to relative abundances, we can say that it is likely that
very different in energy for the Cosystem. at least some OO isomer is present to account for the apparent

In principle, the presence of ring-bound ligands could mean excess of O-bound ligands. The presence of R-bound ligands
that the complexes each have one ring-bound and one O-boundeems somewhat surprising in view of the calculated thermo-
ligand, that OO and RR complexes are present together, or thatchemistry (Table 1), which predicts the OR and RR structures
all three isomers exist in the ion population. Figure 6 compares to be disfavored by substantial amounts of 33 and 67 kJ/mol,
the observed spectrum to the DFT predicted spectrum for arespectively. However, as presented above, the experimental
homogeneous population of OR complexes, and the overall evidence for the presence of some fraction of ligands in the
agreement is quite good. There is a one-to-one correspondenc&®-bound configuration seems strong. It seems quite possible

Wavenumber (cm™)
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Figure 7. Observed spectrum for Féacet) and calculated spectra
for the OO, OR, and RR isomeric possibilities.

TABLE 3: Calculated and Observed CG=0 Stretch
Frequencies for the Mode with Highest Intensity of Each

Type

V(oboun(b V(ounboun() v(expt)
(e]6) OR rearr RR OR boudd unb
Ni 1626 1632 1643 1753 1750 1620 -
Co 1634 1647 1625 1754 1750 1620 1720
Fe 1567 1567 1645 1750 1739 1570 1710

Dunbar et al.

of the C=0 stretch with the intense ring-deformation modes
also around 15501600 cnr™.

We have no well developed explanation of why both
experiment and computation show the=O stretch of the F&
bound carbonyl group to be red shifted to a markedly greater
degree compared with the similar situation for the other metal
ions. As a speculation, it may be important that iethe unique
metal ion complex in this set for which the doubly occupied
highest-lying d orbitals have,gor dz-,2 character (taking the
axis of quantization to be the metabxygen line). Quartet Fe
has a valence configurations?, denoting the fact that it has
two d electrons outside the half-filled® shell. These two
electrons are accommodated in thgahd dz-,2 orbitals which
minimize repulsion with the oxygen lone-pair electrons. On the
other hand, C6, which is ddg3, and Nit, which is d,5ds,*
have their highest electrons in doubly occupied d orbitals of
dz2, ok, or d,;shape, which have stronger repulsive interactions
with the oxygen lone-pair orbitals. It is possible that*Fe
accordingly has the strongest electronic interaction with the
carbonyl group, giving the largest red shift of the=O stretch.

Multiple Dissociation Channels. When polyatomic mol-
ecules are excited to internal energies that are well above their
dissociation thresholds, as in the IRMPD process, they are often
observed to dissociate via multiple pathways, potentially having
significantly different energies and accessing different parts of
the potential energy surfag&:5® The spectral responses in the
different channels are observed to show slight differences, which
are qualitatively discussed below. Despite these small discrep-
ancies, it should be noted that the total fragment yield reflects
the actual IRMPD spectrum of the parent ion and that this has
been used in the spectral analyses of the previous sections.

Since the photon absorption rate can be much faster than the
dissociation rate, one could picture a situation where the laser
pulse instantaneously creates a particular internal energy
distribution, which subsequently evolves on the excited-state
potential energy surface and finds its way to one or more
dissociative exit channels. Lifshitz was a leader in studying the

a Assignment of the experimental position for metal-bound O is rather Success of statistical approaches to predicting the resulting
speculative, since this spectral region is overlapped by other vibrational fragmentation processé%®’ For electronic excitation, fast,

modes. See text. “rearr” denotes thé (slcet)(toluene)(CO) rearranged

nonstatistical dissociation processes seems to be possible as well

structure. ¥(expt)(bound)” denotes the approximate position of the a5 slow, statistical behavior (for example with peptfdé€3,

feature near 1600 cmithat is assigned to the=€0 stretching vibration
of a metal-coordinated carbonyl oxygen:(éxpt)(unb)” denotes the
position of the peak assigned as the=@ stretching vibration of the
unbound oxygen on a ring-coordinated acetophenone ligand.

but with vibrational excitation as in IRMPD experiments,
efficient energy randomization followed by statistically governed
dissociation seems likely to predominate. The observed branch-
ing ratio then depends on the shape of the potential energy

that in this case a fraction of the ligands are kinetically trapped Surface and on the internal energy distribution, which is sensitive
in an R-binding geometry which is strongly disfavored ther- to the spectral features of the molecule and to the fluence,

modynamically.

A notable and interesting feature of thetFease is the shift
to the red of the feature around 1600 chor equivalently the
absence of dissociation at frequencies higher than 1616,cm

wavelength, and bandwidth of the laser pulse. Studies where
the multiple photon excitation process is modeled have shown
that oddly shaped internal energy distributions may be gener-
ated3” and hence, it is very difficult to predict a priori the

in marked contrast to the other metal ion cases (Figure 3). Thisbranching ratio at a given wavelengtfluence-bandwidth

contrast indicates a distinctive character of the O-bousdDC
stretching vibration in the Fecase, which is confirmed by the
computational results. This=€0 stretch is calculated in the
vicinity of 1620 cnt? for the other metal ions (see Table 3)
but is shifted to 1570 cmi in the Fe case. Accordingly, we
consider the strong dissociation seen around +8@10 cnT?!

in the Cr, Co", and Nit cases as additional support for its
assignment to the €0 stretching mode of O-bound ligands.
In the Fe case, the predicted position of O-boungQG around
1570 cnt! (Table 3) corresponds well to the maximum of the

combination. In fact, fixed-wavelength IRMPD studies utilize
this behavior to study branching ratios of activated reactions as
a function of laser power and irradiation tinf@s®? Similarly,
the relative yields into different dissociation channels may vary
depending on the wavelength®leading to qualitative differ-
ences between the IRMPD spectra recorded on different
fragment mass channels.

Other, perhaps more straightforward effects that can occur
and complicate the picture are as follows: (1) Vibrational
anharmonicities can cause peaks to be shifted and broadened,

observed dissociation in this region, although this assignmentthe effects being more prominent in higher energy channels,
is not very precise because of the extensive overlap and mixingand can also atrtificially enhance intensities of closely grouped
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Figure 8. Action spectra for all individual dissociation channels of the thregadet) complexes studied. (The vertical scale is consistent among
the set of plots for any given metal ion.)

peaks?’ 63 (2) Since the dissociation rate depends nonlinearly to correspond to OR complexes (having one R-bound and one
on the internal energy, weak peaks may be suppressed in highe©-bound ligand). This disappearance might reflect sequential-
energy dissociation channels. (3) Higher energy channels maydissociation effects for the two-ligand loss process in the channel
be accessed via sequential steps, either rearrangements deading to bare metal ion. If the R-bound ligand leaves or
dissociations, whereby an initial photoproduct (with a different changes binding geometry as the ion absorbs more photons, a
IR spectrum) subsequently absorbs more photons (possiblysituation could arise where the complex no longer absorbs
within the same FELIX macropulse) and undergoes further photons at 1760 cnt and does not acquire sufficient energy to
dissociation. In this case the spectrum of the final product drive off the second ligand at this wavelength. Alternatively,
convolves the spectra of the parent and initial photopro#fuct. failure to pump the ion up to high internal energy could be due
In addition to these considerations, the presence of multiple to a progressive red shift of this narrow, isolated peak.
parent isomers can further complicate the situattdiowever, Do the Ligands Undergo Intracomplex Decarbonylation?
note that, if the barriers separating the isomers are lower thanUnlike the Cr* complexes investigated in our earlier studiés,
the dissociation thresholds, rearrangement may occur beforethe ion—molecule chemistry of the complexes of acetophenone
dissociation, in which case the observed yields into the different with Fe*, Co*, and Ni* is not necessarily limited to simple
exit channels may not actually be different for the different coordination of intact ligands. Up to this point, we have tacitly
isomers. assumed that all of the parent complexes under investigation
For all of the metal ion complexes studied here, multiple are normal coordination complexes of the metal ion with two
dissociation pathways were observed, including single and intact acetophenone ligands, as was shown to be the case in
double ligand detachment and decarbonylation and a combina-the earlier Ct study’ However, the later transition metal ions
tion of both. Since simple ligand elimination from a metal center are known to catalyze CO extrusion from carbonyl compounds,
is expected to proceed via a barrierless or “loose” transition as has been reported for instance in a number of cases of
state? one can reasonably expect the single ligand losses to bedecarbonylation of small ketones in iemolecule reactions with
the channels having the lowest energy barriers to dissociation.late transition metal ion¥ 4! Acetophenone has not been
Decarbonylation, yielding the #Macet)(toluene) product ion,  studied from this point of view to our knowledge, but the
is thermochemically lower in energy, but this rearrangement/ formation of substantial amounts of decarbonylated mono- and
dissociation is likely to have a significant barrier, so that its bis-complex ions in the ion-formation process in the present
effective threshold energy is likely to be higher. Double ligand experiments suggests that this is a facile fragmentation pathway
loss producing the bare metal ion is certainly the highest-energyfor acetophenone complexes of -€a", and Ni". The expected
channel. For all three bis-complexes studied here, qualitative decarbonylation product for acetophenone is toluene, and it will
differences between the IRMPD spectra in the different channelsbe assumed in the present discussion that ligands of composition
are observed, as can be seen in Figure 8. C7Hg are indeed toluene. Further consideration of this decar-
Although the details vary from metal to metal, a few general bonylation chemistry, and the spectroscopic confirmation of
trends can be observed. The spectra in the lowest-energy, singléoluene in decarbonylated complexes, will be presented in
ligand loss channels are consistently the richest, having moreanother publicatiod®
and narrower peaks than the spectra in the higher energy For the present purposes, the point is that attack on the
channels. The spectra in the higher energy channels only showacetophenone ligand by these metal ions resulting in CO
the strongest bands from the parent complexes, and these tenéxtrusion from acetophenone is a facile rearrangement process.
to be broadened and slightly redshifted with respect to the lower It is a serious possibility that some fraction of the parent

energy channels. complexes have undergone a decarbonylation reaction and have
Quite striking is the disappearance of the feature near 1760 become trapped in the “product-side” potential energy well as
cm™! in the high-energy channels of the Coand Fé& a ternary complex of the metal ion with CO, toluene, and an

complexes. These peaks were considered highly specific tointact acetophenone ligand. The computed thermochemistry
R-bound ligands and were considered in the discussion aboveindicates that such ternary complexes are significantly more
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] to the blue than is calculated for the unrearranged bis complexes
41 Co and does not fit at all well to the observed features in this region
A (Figure 9). Thus, we conclude that the putative “product side”
I ternary complexes described above were not formed as a
7] I significant part of the parent-ion populations in these experi-
Y U . R A Y | T VIO - ments.
] [ Spin State Considerations A notable finding in the study
M )Il lL of ring-bound bis complexes of aromatic ligands with" @ras
r 1T It T T T T that the spectra gave a clear and graphic confirmation of the
. switch from high-spin character of the mono complex to low-
Ni spin character of the bis compléxt may be interesting to
consider the possible similar exploitation of the present spectra
. for spin-state characterization. With Fand Cd, there are
possibilities that the strong ligand field of an RR-bound bis
complex might induce a spin conversion to a low-spin electronic
state (doublet for Feg singlet for Cd). However, the advantage
= - - - . A - - . of doing so is not as evident as in the™Grase. In the latter
case, going from the sextet to the doublet removes both of the
repulsive electrons in the,dand d, orbitals, placing them in
favorable, d— z* donating orbitals of ¢, and de—,2 shape. In
the Fée case, going from the quartet to the doublet moves only
one electron to a more favorable orbital, whereas in th& Co
case, going from the triplet state to the singlet state gives no
qualitative improvement in the electronic configuration at all.
Since there is at least some basis for suspecting a spin flip to

600 800 1000 1200 1400 1600 1800 2000 low-spin RR bis complexes for Feit is worth thinking about
4 this case a little more closely. The energy cost of promoting
Wavenumber cm the bare atomic Feion from theF (d) state to theG (d’)
Figure 9. Computed spectra of MOe.racet)(toluene)(CO) complexes  state is 167 kJ/md¥ This is actually less than the energy cost
(red), compared with experimental IRMPD spectra (black). of promoting Cr* from the sextet to the doublet state (311 kJ/

) mol), so this is a reasonable promotion on energetic grounds.
stable than the unrearranged bis-acetophenone complexes fojg indicated in Table 1, the calculations actually show the low-
Co" and Fe (see Table 1) and that they are comparable in gpin doublet state of the E&RR complex to be not very different
energy for Nf. In addition, the Co complexes seem a iy energy from the quartet state. However, the OO complex,
particularly likely candidate for such a reaction, since they are yith 4 weaker ligand field, is calculated to favor the quartet
unique in showing the CO-loss produgtVg = 271) as an  ggate strongly, by 146 kd/mol, and the OR complex is also
IRMPD photofragment (see Figure 8), which could indicate cgjcylated to favor the quartet state strongly, by 82 kd/mol. The
(although it does not require) that the departing CO already cajcylated spectra of the quartet and doublet spin states of the
exists as an independent ligand in the complex prior t0 RR complex are almost indistinguishable, and it would not be
photoactivation. _ possible to assign the spin state for complexes with R-bound

Figure 9 shows the experimental IRMPD spectra for the |igands from the spectra, even given a higher-quality experi-
complexes studied here, along with the calculated spectra for mental spectrum than was available. However, since there seems
the ternary complexes described above, assuming O-boundte Jikelihood of much presence of RR complexes in the actual
acetophenone ligands as indicated by the DFT thermochemlstrypopmationl and since the OR and OO complexes strongly favor
(see Table 1). Any such complexes should have a clearhe quartet state on energy grounds, it seems likely that
spectroscopic signature, since the stretching vibration of the COggsentially all of the Fecomplexes observed here are quartets.
ligand would appear in the 2082200 cnt* region. This region We did not succeed in obtaining a converged singlet-state
was examined carefully for the Caomplex, as shown inthe 50 1ation of the Co(acet) complex. There seems no reason

top panel. Although this region was not scanned continuously, 14 expect such complexes to be energetically competitive with
a careful stepwise search was performed using FELIX in 3rd e rinjet states, and this effort was not pursued very far.
harmonic mode, taking 0.06m steps and averaging 50 mass

spectra at each point, so that even a small amount of photo-Conclusions
dissociation could be detected. None was observed, however,
as indicated by the broken line in the figure, and this virtually ~ IRMPD spectra of good quality were obtained for the™Co
eliminates the possibility of any free CO ligands existing in and Ni* bis-complexes, and these provide an interesting contrast.
the parent Cb complexes, especially since this mode is quite Co(acet}) has important fractions of both R- and O-bound
intense in the calculated spectrum. ligands. The observed spectrum is equally consistent with the
The 2006-2200 cnt! region was not explicitly searched for  OR structure or with a mixture of similar fractions of OO and
the Nit and Fé& systems, but we do not consider it likely that RR complexes, but it was thought most likely (based on the
these cases are different from the'@ase. For one thing (Table  thermochemistry) to be predominantly the OR structure. Rear-
1), these complexes have less enthalpic driving force toward rangement of the ligand through oxidative insertion of the metal
the ternary rearrangement products than for the” Case. ion into a C-C bond followed by closing up to toluene plus
Moreover, the O-bound acetophenone CO-stretching vibrationsCO is thermochemically highly favorable for €oHow-
are calculated to lie near 1640 ciin the predicted spectra of  ever, conversion of any significant part of the population to
the rearranged ternary complexes, which is significantly farther Co™(acet)(toluene)(CO) was ruled out spectroscopically based
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