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Abstract: Energy-resolved collision-induced dissociation of metal carbonyl anions M(CO),~ (M = V, Cr, Mn, and Co)
is used to determine sequential metal-carbonyl bond energies. The derived thermochemistry can be used in conjunction
with literature measurements of neutral chromium carbonyl electron affinities to provide (CO),Cr~CO bond strengths,
which are compared to previous experimental determinations. Literature observations of ligand exchange reactions
are used to derive other metal-ligand bond strengths. Analysis of the present data and previous values for the iron
and nickel carbonyl anions shows that most metal—carbonyl ligand bond strengths are ca. 40 kcal /mol, whichis apparently
the intrinsic metal-carbonyl bond strength in anions. Several of the values for D[M-—2CO] are significantly lower
than average; these bond strengths correlate with the energy needed to promote the metal anion into a state suitable
for bonding. The electronic promotion is apparently complete after the addition of two carbonyl ligands. Comparisons
of isoelectronic species confirm the general order of metal-carbonyl bond strengths, anion = neutral = cation.

Introduction

The sequence of bond dissociation energies involved in the
hypothetical stepwise decomposition of a molecule into its
constituent parts can provide important insights into the interplay
of electronicstructure and thermochemistry. However, complete
sets of accurate sequential bond energies are known for only the
simplest (one and two carbon) organic compounds!-2 and for only
a handful of inorganicspecies such as homoleptic hydrides, halides,
and metal oxides.! Consequently, our intuition about bond energy
trends in polyatomic molecules is largely guided by the more
easily determined and more commonly known average bond
strengths. For coordinatively saturated transition metal carbonyl
complexes, the average M—CO bond strengths have been known
for some time from calorimetric measurements, and numerous
accounts of the periodic trends in these properties have appeared >-
However, measurements of individual bond strengths in metal
carbonylsindicate that they often vary greatly from theaverage,5-12
calling into question the significance of the average values. For
example, from the well-known gas-phase heats of formation of
Fe(CO)s, Fe, and CO, the average Fe—CO bond strength is
determined to be 28 kcal/mol. Incontrast, the first Fe—CO bond
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strength, D[(CO),Fe—CO], is 41 kcal/mol,¢ and the last, D[Fe~
CO], is only 10 kcal/mol,!%13 quite different values from the
average.

We recently described measurements of collision-induced
dissociation (CID) threshold energies for Fe(CO),-and Ni(CO),~
ions using a flowing afterglow-triple quadrupole apparatus and
the use of the data in deriving sequential M—CO bond strengths
for these anions and the corresponding neutrals.!? In this study,
we present our measurements of the bond strengths in V(CO),~,
Cr(CO),~, Mn(CO)s~, and Co(CO),” (n = 3). Along with the
previous data for iron and nickel, these data provide a relatively
complete and precise set of M—~CO bond strengths for the first
transition series metal carbonyl anions. Comparisons with
currently available measurements and theoretical predictions of
the sequential and average bond strengths in the anionic metal
carbonyls are also made, and the trends in the data are examined.

A brief survey of experimental methods used to determine
metal—carbonyl bond strengths was given in a previous paper,!2
along with a discussion of the available information from
experiment and theory for the iron and nickel carbonyls.
Remarkably little thermochemical information is available for
the carbonyl anions of V, Cr, Mn,and Co. D[{CO)s;V-—CO] has
been calculated to be 40.3 kcal /mol by density functional theory.!4
For the Cr(CO), ions, a relatively complete set of appearance
energies from electron impact on Cr(CO)¢ has been measured.!’
D[CO)(Cr—CO] = 44.7 £ 3.5 kcal/mol has been determined
through measurement of the threshold for CID inan ion cyclotron
resonance (ICR) mass spectrometer.!® Although photodissoci-
ation cross sections for some metal carbonyl anions have been
obtained, the observed onsets are considered to correspond to
absorption profiles rather than thermodynamic thresholds for
dissociation!” and therefore do not yield reliable M~CO bond
strengths. Thus, with the exception of the chromium carbonyls,
there are no previous experimental measurements for the metal—-
carbonyl bond strengths given in this paper.
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Experimental Section

All experiments were performed with a flowing afterglow—triple
quadrupole apparatus described previously.!® The operating conditions
in the 7.3 cm i.d. X 100 cm flow tube were P = 0.40 Torr, flow(He) =
190 STP cm?/s, and 7 = 298 K. The reactant metal carbonyl anions
were formed by dissociative ionization of V(CO)s, Cr(CO)s, Mn3(CO) 1o,
or Co2(CO)s using an electron impact (EI) source or a DC discharge
source.)? Pure He buffer gas is used with the EI source and a ca. 5:1
He:Ar mixture with the DC discharge source. Ions are thermalized by
ca. 10° collisions with the bath gas. For the metals discussed in this
paper, it was possible to form sufficient amounts of M(CO), ions with
n = 4 to measure thresholds for loss of one or two carbonyl ligands. For
M(CO)5 ions, it was possible to form sufficient quantities of ions to
measure thresholds only for loss of one carbonyl ligand; insufficient
quantities of M(CO);~ and M(CO)~ions were generated to perform any
CID threshold measurements.

Tons in the flow tube are gently extracted through a 1-mm orifice into
a region of differential pumping and then focused into an EXTREL
triple quadrupole mass analyzer. The desired reactant ion is selected
with the first quadrupole and injected into the rf-only, gas-tight central
quadrupole (Q2) with an axial kinetic energy determined by the Q2 rod
offset voltage. Argon is maintained in Q2 at a pressure of <0.04 mTorr.
Use of Ar as the CID target gas for metal carbonyl anions has been tested
previously.!? Fragment ions resulting from single or multiple ligand loss
upon collision with Ar are efficiently contained in Q2 and extracted by
a low-voltage exit lens into the third quadrupole, which is maintained at
a constant attractive voltage (5-10 V) with respect to the variable Q2
rod voltage. Ion detection is carried out with a conversion dynode and
an electron multiplier operating in pulse-counting mode.

Detailed accounts of the data collection procedures and analysis method
for CID threshold energy measurements have been provided recently.12:1?
Briefly, the axial kinetic energy of the mass-selected reactantion is scanned
while monitoring the intensity of the CID fragment ion formed in Q2
under single-collision conditions. The center-of-mass (CM) collision
energy Ecum for the system is given by Ecm = Ens[m/(M + m)], where
E\sp is the nominal lab energy and M and m represent the masses of the
reactant ion and neutral target, respectively. The energy axis origin is
verified by retarding potential analysis, and the reactant ion kinetic energy
distribution is found to have a near-Gaussian shape with a full width at
half-maximum (fwhm) of 0.5-2 ¢V (lab). An uncertainty of £0.15 eV
in the lab frame energy scale is included in the uncertainty of the derived
thresholds.

The neutral target gas pressure in Q2 (<0.04 mTorr) is low enough
to ensure predominantly single-collision conditions. Under these con-
ditions, less than ca. 4% of ions react. Absolute cross sections (ap) are
calculated by use of ap, = I,/ INI, where Iyand I are the measured intensities
for the product and reactant ion beams, respectively, NV is the number
density of the neutral target, and / is the effective path length for reaction
(24 £ 4 cm).12

Phase incoherence between the quadrupoles of the triple quadrupole
mass analyzer causes oscillations in the apparent intensity of the reactant
ion, but not the CID product ions, as the Q2 poleoffset voltage is scanned. 2
For this reason, the intensity of the reactant ion beam is estimated to be
equal to the maximum transmitted intensity in the region of the thresholds
for dissociation. The absolute cross sections may also be in error because
of different collection or detection efficiencies for the reactant and product
ions. These two factorslead toinaccuracies in the absolute cross sections,
which have an estimated uncertainty of a factor of 2. Relative cross
sections should be more reliable (ca. £50%).

Reagents were obtained from commercial sources: V(CO)s, Cr(CO)g,
and Co2(CO)s (all 98%) from Alfa, and Mny(CO)yo from Pressure
Chemical.

CID Threshold Measurement and Analysis. In our previous study of
the energy-resolved CID of iron and nickel carbonyl anions, it was assumed
that the measured dissociation thresholds were equivalent to the bond
dissociation energies at the ambient temperature of 298 K. A more
complete analysis of the reaction thresholds would include the internal
energy of the reactants and would account for the possibility of “kinetic
shifts” in the apparent thresholds, which occur if some ions with sufficient
energy to dissociate have such long lifetimes that they fail to decompose
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within the experimental time window.?! These factors can be significant,
particularly for the larger metal carbonyls studied in this work. In the
following analyses, thedata are first fit in the manner previously described,
where internal energy effects and kinetic shifts are neglected. The more
complete analysis is then carried out to derive the final thermochemistry.

In the simplest form of the CID threshold analysis, the activation
energy for the dissociation is derived from the ion appearance curve by
means of a fitting procedure based on the assumed model function given
by eq 1a,1219:22-24 where I(E) is the intensity of the product ion signal
at center-of-mass collision energy E, Et is the desired threshold energy,
Ip is a scaling factor, and 7 is an adjustable parameter. Optimization is

I(E) = L,[(E- Ey)"/E] (1a)

carried out by an iterative procedure in which », Iy, and Et are varied
$0 as to minimize the deviations between the calculated trial function and
the experimental appearance curve in the steeply rising portion of the
threshold region. The region very near and below the threshold is not
usually fit because of tailing in the data that is attributed to translational
excitation of the ions in the first quadrupole or to internal excitation due
to collisions outside the interaction region. This limitation on the fitting
range significantly contributes to the relative uncertainty of the derived
thresholds.

Convoluted into the fit are the reactant ion kinetic energy distribution
approximated by a Gaussian function with a 2-eV (lab) fwhm, and a
Doppler broadening function developed by Chantry to account for the
random thermal motion of the neutral target.2> The fits of the steeply
rising portion of the data are insensitive to the assigned width of the ion
beam energy distribution, and this does not contribute significantly to the
final uncertainty (typically <0.03 eV). Bond strengths derived in this
manner are assumed to correspond to 298 K reactants and products. In
order to convert Et to a bond dissociation enthalpy term for use in deriving
heats of formation, an expansion work factor AnRT is added, where An
is the change in the number of molecules for the reaction (at 298 K, RT
= 0.6 kcal/mol).

Kinetic Shifts and Internal Energy. A more complete model of the
reaction threshold including reactant internal energy and kinetic shifts
has been derived recently!! and is given in eq 1b,where i denotes vibrational

I(E) = 1,y gPo(EE,)E + E—E)'/El  (1b)

states having energy E; and population g; (Lg; = 1), and Pp is the
probability that metastable ions formed at particular values of E and E;
willin fact dissociate within the time 7, the average time between excitation
in the second quadrupole and mass analysis in the third quadrupole (ca.
30 us). This probability can be determined by performing RRKM
calculations?! of the decay rate as a function of reactant internal
energy.252% These calculations require several assumptions concerning
the reaction. In the present calculations, the well-known vibrational
frequencies of Cr(CO)s, Fe(CO)s,! and Ni(CO)43! are used as models
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Table I. Optimized Fitting Parameters for the CID Reaction M(CO),~ — M(CO),” + (x - »)CO

reaction M x y Ey@ (eV) Et? (eV) ne Omax
2a v 6 5 1.47£0.16 1.32£0.15 1.77 £ 0.07 19
2b v 6 4 2.75£0.15 1.74 £ 0.15 9.3
3a v 5 4 1.31 £ 0.09 1.29 £ 0.11 1.66 £ 0.11 14
3b v 5 3 3.31+£0.13 1.66 £ 0.10 4.1
4a v 4 3 1.59 £ 0.10 1.53£0.12 1.77 £ 0.14 9.5
4b v 4 2 3.55+0.09 1.76 £ 0.12 2.9
5 v 3 2 1.55£0.16 1.53£0.19 1.72 £ 0.17 6.4
6a Cr 5 4 1.88 £0.11 1.70 £ 0.15 1.56 £0.11 19
6b Cr 5 3 3.72+£0.16 1.59 £ 0.19 44
7a Cr 4 3 1.84 £ 0.14 1.70 £ 0.17 1.70 £ 0.20 12
7b Cr 4 2 3.85+0.14 1.45 £0.22 34
8 Cr 3 2 1.94 £0.12 1.88%+0.17 1.70 £ 0.17 6.1
9a Mn 5 4 2.00 £ 0.09 1.70 £ 0.17 1.70 £ 0.19 16
9b Mn 5 3 3.76 £0.13 1.84 £ 0.10 1.9
10a Mn 4 3 1.86 £0.14 1.76 £ 0.13 1.79 £ 0.11 8.8
10b Mn 4 2 3.12£0.13 1.63 £0.07 5.9
11 Mn 3 2 1.18 £ 0.08 1.21 £ 0.09 1.79 £ 0.10 15
12a Co 4 3 1.74 £ 0.13 1.70 £ 0.16 1.73 £ 0.12 12
12b Co 4 2 1.5
13 Co 3 2 1.66 £ 0.15 1.63£0.17 1.75 £ 0.14 8.3

% Derived using eq la. ® Derived using eq 1b.

for the frequencies in the hexa-, penta-, and tetracarbonyl anions. For
the tricarbonyl anions, two of the MCO bending frequencies, two of the
CMC bending frequencies, one of the M—CO stretching frequencies, and
one of the CO stretching frequencies are removed from the set for Ni-
(CO)4. The RRKM results are not very sensitive to the details of these
frequency assignments.!! One of the M—CO stretch frequencies is taken
to be the reaction coordinate.

A more critical decision involves the assignment of frequencies for the
dissociation transition state. Most of the frequencies should be nearly
the same as those of the reactant ion. However, two of the MCO bending
modes in the reactant eventually become CO rotations in the separated
products, and two of the CMC bending modes become translational degrees
of freedom. Itislikely that some or all of these frequencies are considerably
lower in the transition state than in the excited parent ion. Lower
frequencies in the transition state lead to a higher density of states and
thus a higher decomposition rate. For the present work, it is assumed
that the four frequencies identified above are reduced by a factor of 2
in the transition state compared to those in the reactantion. The relative
loosening of the transition state adopted hereis similar to past assumptions
used in RRKM calculations for the dissociation of neutral metal
carbonyls837:6% and chromium carbonyl cations,!! although Dearden e.
al.?? assumed a somewhat tighter transition state for dissociation of
manganese carbonyl cations. The resulting uncertainty in the threshold
analysis is estimated by calculating the onsets assuming that the four
frequencies are not lowered at all, or that they are all lowered by a factor
of 4. Although this covers the range of values that we feel are most
reasonable, it is conceivable that the transition-state frequencies are in
fact lower by more than a factor of 4, which would result in the reported
bond strengths being too low. Dearden et a/. used a similar range in the
transition-state parameters to derive error limits in their calculations.??
The uncertainty is included with the imprecision of the energy scale and
the standard deviation of the thresholds to derive the final error limits
for the bond strengths obtained using eq 1b. Forthelarger metal carbonyls
examined in this study, the uncertainty due to the unknown RRKM
parameters is as important as the imprecision in the measured thresholds,
but for smaller systems, the RRKM uncertainty is relatively minor. A
minimum uncertainty of %3 kcal/mol is given to all final bond strengths.

The rotational energy content of the reactant is assumed to be conserved
on average during the collision with the target gas. Rotational energy
of an activated complex is generally not available to drive the dissociation
reaction, but rather must be approximately conserved in order to conserve
angular momentum. Thus, no corrections to the derived thresholds are
made for rotational energy effects.

Since internal energy is explicitly taken into account in this method
of threshold determination, bond strengths derived in this manner
correspond to O K reactants and products. Adjustments to 298 K values!

(35) Threshold shifts due to these and other effects are detailed in the
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2212, J. Am. Chem. Soc. 1988, 110, 2097-2101.

can be made using the heat capacities of CO and the metal carbonyls,
along with the vibrational energy content of the metal carbonyls calculated
using the estimated vibrational frequencies.

Results

Energy-resolved collision-induced dissociation is, in principle,
well suited for determining sequential M—CO bond energies in
metal carbonyl ions. A large variety of different metal carbonyl
anions can be made by (usually dissociative) electron capture by
stable, volatile metal carbonyl precursors. The simple elemental
compositions of mononuclear metal carbonyl anions make
selection of the desired reactant ion unambiguous, and all ions
of this type examined to date undergo low-energy (<50 eV, lab)
CID exclusively by loss of one or more CO ligands. Thereactions
examined in this work are examined in Table I. Losses of one
and two carbonyl ligands are always the dominant processes
observed in the energy range covered, ca. 0-8 eV, although small
amounts of further CO loss are observed at sufficiently high
energies. In this section we first present the appearance curves
for CID of the chromium carbonyl anions to illustrate the
measurements. The analysis of the CID thresholds is discussed,
and metal-carbonyl bond strengths are then derived from these
results.

The main products observed from CID of Cr(CO),” withargon
correspond to loss of one or two carbonyl ligands, reactions 6-8.
The appearance curves for reactions 6, 7, and 8 are shown in
Figures 1, 2, and 3, respectively. CID threshold plots for V(CO),"

CrCO),™ + CO (6a)
CrCO)s™ —-[:

CrCO);~ + 2CO (6b)

Cr(CO);™ + CO (7a)
CHCO) —-[:

Cr(CO),™ + 2CO (7o)
CHCO); —e Cr(CO); + CO (8a)

(n=6,5, 4,and 3), Mn(CO), (n = 5, 4, and 3), and Co(CO),~
(n = 4 and 3) are similar in appearance and are available as
supplemental material.

The respective maximum cross sections for reactions 2-13 in
the 0-8 eV energy range are included in Table I. The maximum
total cross sections for all of the reactions examined in this work
arein the range 6-28 A2, For comparison, maximum total cross
sections for the corresponding Fe(CO), and Ni(CO)," ions are
4-17 A2,12 and total cross sections for CID of Fe(CO),* (n =
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Figure 1. Appearance curves for products from CID of Cr(CO)s™ as a
function of kinetic energy. The solid lines are model appearance curves
calculated using eq 1a and convoluted as discussed in the text, and the
dashed lines are unconvoluted fits. The eq la parameters are n = 1.56,
Etr = 1.88 eV for Cr(CO)4 and n = 1.59, Er = 3.72 eV for Cr(CO)5~.
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Figure 2. Appearance curves for products from CID of Cr(CO)4~as a
function of kinetic energy. The solid lines are model appearance curves
calculated using eq 1a and convoluted as discussed in the text, and the
dashed lines are unconvoluted fits. The eq 1a parameters are n = 1.70,
Et = 1.84 ¢V for Cr(CO);~ and n = 1.45, E1 = 3.85 ¢V for Cr(CO)7~.

2-4) with Xe are in the 13-35-A2range. The CID cross sections
listed in Table I indicate that loss of two carbonyl ligands is a
factor of 2-8 less efficient than loss of one carbonyl ligand for
all systems where multiple ligand dissociation cross sections were
determined. Similar effectsare also generally evidentin the CID
results for Fe(CO),~, Ni(CO),,!? and Fe(CO),*.1® Equal or
greater falloffs are apparent in the electron impact AE mea-
surements for the iron and nickel carbonyl anions.3?

CID Threshold and Bond Strength Determinations. The
optimized fitting parameters using both eq 1aand eq 1bare listed
in Table I, and a sample of the corresponding fits using eq 1a are
shown in Figures 1-3. Fits using eq 1b are always essentially
identical in appearance. The error limits listed are standard
deviations for the parameters optimized for the individual data
sets. Optimized fits for the reactions studied have average values
of nranging from 1.45 to 1.84, and the n value for any given data
set is typically 0.01 lower when using eq 1b than when using eq
la. Similar parameters were obtained for CID of the iron and
nickel carbonyls.!? This is consistent with the usual CID
mechanism33 wherein collision of the ion with the neutral target
results in efficient conversion of kinetic energy intointernal energy
in the anion. If sufficient energy is deposited, then dissociation
occurs. Since theenergydeposition should be relatively insensitive
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Figure 3. Appearance curve for CID of Cr(CO);~ to form Cr(CO); as
a function of kinetic energy. The solid line is a model appearance curve
calculated using eq 1a and convoluted as discussed in the text, and the
dashed line is the unconvoluted fit. The eq 1a parameters are # = 1.70,
Er=194¢V.

Table II. Metal-Carbonyl Bond Strengths (298 K)

bond strength (kcal/mol)

bond lit. this work
(CO)sV—CO 40.34 308 £3.5
(CO)V—-CO 31.1£3.0
(CO);V—-CO 404 £ 5.8
(C0O),V-—CO 358 £ 4.4
(CO)4Cr—CO 2125, 44.7 £ 3.5¢ 40.6 £ 3.5
(CO);Cr-CO 556 39.7+3.9
(CO).Lr—CO 356 439+39
(CO)Cr-CO 350
Cr-CO 20%
(CO)Mn—CO 40.6 £+ 3.9
(CO)sMn—CO 41.1£30
(C0O):Mn—CO 28.4+3.0
(CO);3;Co—CO 39.7£3.7
(CO),Co—CO 38.1+£39

@ Reference 14. © Reference 15. ° Reference 16.

to the exact nature of the carbonyl complex, it is not surprising
that the appearance curves display similar functional forms.

The average vibrational energy of the metal carbonyls varies
from 4.3 kcal/mol for the tricarbonyl anions to 7.3 kcal/mol for
V(CO)s~. This internal energy lowers the observed dissociation
thresholds. The magnitude of the kinetic shift rises rapidly with
increasing threshold energy and with increasing size of the reactant
ion.>* The calculated kinetic shifts raise the observed thresholds
by amounts ranging from 3.7 to 10.7 kcal/mol for the largest
system, V(CO)¢~. Thus, theinternal energy effectsand thekinetic
shifts both increase with molecular size, but they work in opposite
directions. Overall, the inclusion of internal energy and RRKM
effects changes the calculated thresholds by amounts ranging
from +1.2 to —3.4 kcal/mol after correcting the values derived
with eq 1b to 298 K. The bond energies derived from these
thresholds are given in Table II.

In our previous work on the iron and nickel carbonyl anions,
it was assumed that the reaction products are formed at the same
temperature as the reactants.!? This is essentially the same as
assuming that the kinetic shift exactly cancels the internal energy
effect.?® For the smaller metal carbonyls studied previously, this
approximation gives the same results as the present analysis to
within 2 kcal/mol. Therefore, we do not reanalyze the iron and
nickel data with the more complete model.

Finally, the analysis assumes that the dissociations occur at
the statistical rate. This has been found to be true for neutral
metal carbonyls if spin multiplicity is conserved in the reac-
tion.583637 In the Discussion section we identify those systems
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in which dissociation is likely to be accompanied by a spin
multiplicity change between the products and reactants and
estimate the effect that spin conservation may have on the derived
thermochemistry.

Multiple CO Loss. Threshold measurements for the loss of
one carbonyl ligand give the most reliable results because of the
larger cross sections and because competing reactions that might
affect the measured thresholds are minimized. Appearancecurves
for loss of more than two ligands are generally characterized by
a low signal-to-noise ratio and a slow rise from base line, making
threshold analysis difficult. Furthermore, measured thresholds
for loss of more than two ligands may be affected by competing
electron detachment,'28 as discussed below. However, the
thresholds for loss of two ligands can be used as a check on the
derived thermochemical information. Ideally, internal energy
effects and lifetime effects should be included in this analysis.
Although the internal energy effects can be handled in the same
manner as for loss of one ligand, correctly accounting for the
energy disposal in multiple dissociations is problematic.?® If the
metal carbonyl ions examined in these experiments have sufficient
energy to lose two ligands, then the first ligand loss will be rapid
compared to the instrumental time scale. Therefore, the kinetic
shift for loss of two carbonyl ligands from M(CO),~ should be
similar to that for loss of one carbonyl ligand from M(CO), ;.
Unfortunately, the first carbonyl ligand lost can carry away an
unknown but possibly large amount of energy, leaving an unknown
amount of excess internal energy to fuel the second ligand loss.
Therefore, the results from analysis of the double ligand loss
channels using eq 1b are not of sufficient reliability to be included
in the derived thermochemistry, although the errors should not
betoolarge. Thus, inthe following section the thresholds for loss
of two ligands are determined using eq 1a and are used only as
a check on the derived bond strengths.

In five out of the eight cases where loss of two ligands was
studied, the thresholds derived are in very good agreement with
the sums of the thresholds for single ligand loss. For example,
the threshold for reaction 2b, 2.75 = 0.15 eV, is quite close to
the sum of the thresholds for reactions 2a and 3a, 2.78 £ 0.18
eV. The appearance curve for reaction 12b is consistent with the
sum of the two single CO loss thresholds, reactions 12a and 13,
but the data cannot be analyzed with sufficient precision to be
useful. A notable deviation from additivity is the threshold for
reaction 3b, 3.31 & 0.13 eV, which is higher by 0.41 £ 0.18 eV
than the sum of the thresholds for reactions 3a and 4a, 2.90 +
0.13 eV. Similarly, the threshold for reaction 4b, 3.55 + 0.09
eV, is higher by 0.41 & 0.21 eV than the sum of the thresholds
for reactionsd4aand 5,3.14 £0.19eV. Theseresults suggest that
the measured threshold for reaction 4a is too low by ca. 0.4 V.
In order to accommodate this discrepancy, the value for
D[(CO);V-—CO)] derived above using eq 1b is raised by 0.2 eV,
and the uncertainty is increased to 0.25 eV.

Discussion

In this section we first consider three possible sources of
experimental error: electron detachment upon collisional acti-
vation of the reactant metal carbonyl ion, diabatic dissociation
to form excited-state products, and kinetic shifts in the observed
reaction onsets. We then compare the bond energies derived in
this work to previous determinations in the literature and use the
recently measured electron affinities for Cr(CO), fragments to
derive neutral Cr(CO), bond strengths. The homologous and
periodic trends in metal carbonyl anion bond strengths are
described, and comparisons are made with isoelectronic®® neutral
and cationic metal carbonyls. Finally, thermochemistry for other
metal-ligand bonds are inferred from the present results.

(38) Wysocki, V. H.; Kenttimaa, H. I.; Cooks, R. G. J. Phys. Chem. 1988,
92, 6465-6469.

(39) In this work, “isoelectronic” denotes “having the same number of
valence electrons and ligands, but not necessarily the same electronic state”.
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Table II.  Literature Thermochemistry

species AHr (kcal/mol)4 EA (eV)
co -26.42
V(CO)s —204 £ 7 20.53 £ 0.015; 2.4*
\' 123.2 £ 26 0.53 £ 0.0l
Cr(CO)s -217.1 £0.5¢
Cr(CO)s 1539 £2.14 >2.3¢
Cr(CO)4 ~1.9
Cr(CO); 1.349 + 0.006*
Cr(CO), <0.96/
Cr 95.0 £ 1.0 0.675 £ 0.004*
Mn(CO)s -170.4 £ 2.6 243 +021m
Mn 67.7 £ 1.0 <0
Fe(CO)4 -104.5 £ 2.8/ 24£0.3"
Fe 99.0 + 0.2° 0.151 £ 0.003!
Co(CO), —134.1 £2.9° >2.35¢
Co 102.0 + 1.0 0.66 £ 0.01'
Ni(CO); 945+ 1.1/ 1.077 £ 0.013°
Ni 102.7 £ 0.7 1.157 £ 0.01¢¢
H,S —49+0.2
S 66.2 £0.1

% Data from ref 1 unless otherwise noted. Heats of formation are in
the gasphaseat 298 K. ® Reference 31. ¢ Reference 3. 4 Calculated using
DH[(CO)sCr-CO] = 36.8 = 2 kcal/mol from ref 6. ¢ Reference 71.
f Derived inref 12. £ Reference 41. * Estimated; see text. ! Reference 42.
J Lineberger, W. C. Reported at the NSF Workshop on Gas Phase Ion
Chemistry, Boulder, CO, 1985. ¥ Reference 65. ! Reference 66. ™ Ref-
erence 70. " Reference 61. ° Reference 58.

Electron Detachment. A potential difficulty in the analysis of
CID thresholds with negative ions is the possibility that electron
detachment might compete effectively with dissociation. This
could cause a competitive shift®* in the derived CID thresholds
by suppressing the cross sections for CO loss. This possibility
has been discussed previously for the case of iron and nickel
carbonyl anions.!> Wysocki et al. have previously noted that
CID of Cr(CO)s™ and Fe(CO), results in lower yields for loss
of more than two CO ligands compared to CID of the corre-
sponding cations.’® This suggests that significant electron
detachment can occur at energies near the threshold for loss of
three carbonyl ligands from these ions, but generally does not
affect the cross sections (and therefore the threshold determi-
nations) for the first one or two carbonyl losses. Collisional
activation experiments under multiple-collision conditions in an
FTICR apparatus with various metal carbonyl anions, including
M(CO)s- (M =V, Cr,and Mn) and M(CO),~ (M = Fe and Co),
also suggest that electron detachment does not compete with
dissociation until enough energy is deposited in the metal carbonyl
to dissociate multiple ligands.*!

The one probable exception to this behavior is the loss of two
carbonyls from Fe(CQ),~ to form Fe-, a reaction that has an
unusually low cross section.!? Fe hasa low electron affinity (EA)
of only 0.15 eV, so loss of an electron from Fe competes more
effectively than that for species with higher electron affinities.*2
Eveninthiscase, the measured reaction threshold is not apparently
affected by competition from electron detachment.!? The CID
reactions discussed in this paper involve the formation of fragment
ions with at least two carbonyl ligands. The thermochemical
data in Table III and ref 12 suggest that none of the M(CO),~
(n2 2) ions formed as products in this work have very low electron
binding energies. We therefore believe that the dissociation
thresholds measured in this work are unaffected by electron
detachment.

Dissociation Barriers. The usefulness of a measured M—CO
dissociation threshold depends on whether it corresponds to the
true thermochemical bond energy or to a dissociation barrier,
i.e., whether the dissociation has a reverse activation energy. The

(40) Lifshitz, C.; Long, F. A. J. Chem. Phys, 1964, 41, 2468-2471.

(41) Sallans, L.; Lane, K. R.; Squires, R. R.; Freiser, B. S. J. Am. Chem.
Soc. 1988, 107, 43794385,

(42; Hotop, H.; Lineberger, W. C. J. Phys. Chem. Ref. Data 1988, 14,
731-750.
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high spin

M(CO0);-, + CO

energy

low spin

M(co);
I'y-co
Figure 4. Potentialenergysurfaceillustrating possibleinteraction between
an attractive (low-spin) surface and a primarily repulsive (high-spin)
surface with an ion-induced dipole attraction at large radii.

two plausible causes for a barrier to dissociation are geometric
reorganization and changes in electron configuration between
ground-state reactants and products. The discussion below of
the preferred structures of the metal carbonyl fragments examined
in this work suggests that the geometric reorganization accom-
panying loss of a carbonyl ligand is relatively minor. Since the
bending potentials in metal carbonyl complexes are generally
quite flat,**4’ any structural rearrangements accompanying CO
dissociation are unlikely tolead toa substantial barrier. Moreover,
for ion dissociations, the relatively long-range ion-induced dipole
attraction can dominate repulsive interactions along the disso-
ciation pathway.*¢

Since orbital occupation is not conserved in these systems, the
only component of the change in electron configuration that might
lead to a barrier is the spin multiplicity. For example, the ground-
state reactants and products could have different spin multi-
plicities, as shown in Figure 4. An “excess” dissociation barrier
could occur if the crossing between the potential energy surfaces
for the two spin states was higher in energy than the ground-state
products. There are several examples where this is known not
to be the case. Although the spin-forbidden addition of CO to
triplet Fe(CQO), is nearly 3 orders of magnitude slower than the
allowed addition of CO to Fe(CO),and Fe(CO),,*’ the activation
energy for the reverse reaction is apparently <2.5 kcal/mol,%’
and Daniel et al. calculate that the singlet—triplet crossing is
“allowed with a very low barrier™® when spin—orbit coupling is
included. Addition of CO to Mn(CO)4 (which is presumed to
have a triplet ground state)*° to form singlet Mn(CO);s™ is a
factor of 69 less efficient than the apparently spin-allowed reaction
of CO with Fe(CO);~.# This is consistent with either a small
barrier of ca. 2.5 kcal/mol or (more likely) a kinetic bottleneck
due to the spin change.> The measured rates of 1*CO/12CO
exchange by Mn(CO),* (n = 1-5) ions in an FTICR indicate
that each exchange proceeds efficiently.?? Kinetic energy release
measurements for metastable dissociations of these ions alsoshow
that there is no excess energy barrier for CO loss for n = 26,

(43) Elian, M.; Hoffmann, R. Inorg. Chem. 1975, 14, 1058-1076.

(44) Koga, N.; Jin, S. Q.; Morokuma, K. J. Am. Chem. Soc. 1988, 110,
3417-3425 and references therein.

(45) Vibrational frequencies for C-M—C bending modes in Cr(CO)g and
Ni(CO), (n = 2—4) are below 100 cm™; see ref 30 and Carsky, P.; Dedieu,
A. Chem. Phys. 1986, 103, 265-275. Other metal carbonyls have similarly
lowvibrationalfrequencies, which may also be assigned tosuch bending modes.

(46) Talrose, V. L.; Vinogradov, P. S,; Larin, I. K. In Gas Phase Ion
Chemistry, Vol. 1, Bowers, M. T., Ed.; Academic Press: New York, 1979.

(47) Seder, T. A.; Oudekirk, A. J.; Weitz, E. J. Chem. Phys. 1986, 85,
1977. Weitz, E. J. Phys. Chem. 1987, 91, 3945-3953.

(48) Daniel, C.; Bénard, M.; Dedieu, A.; Wiest, R.; Veillard, A. J. Phys.
Chem. 1984, 88, 4805-4811.

(49) McDonald,R. N.; Schmidt, M. A. Int. J. Mass Spectrom. Ion Processes
1992, 117, 171-184.

(50) McDonald, R. N.; Jones, M. T.; Chowdhury, A. K. Organometallics
1992, 11, 392-401.

J. Am. Chem. Soc., Vol. 115, No. 25, 1993 12065

even though these dissociations almost certainly involve at least
two changes in spin multiplicity.?® Thus, carbonyl addition
reactions can occur with Mn(CO),* ions without a barrier despite
changes in multiplicity.

Rapid addition of CO to a metal carbonyl anion indicates that
there is nosignificant barrier to addition and therefore no barrier
in excess of the endothermicity to ligand loss. McDonald et al.
have observed that CO adds rapidly to V(CO), s-,! Cr(CQ);3,47,%!
Mn(CO);~,* and Fe(CQ),,;~ -2 in a flowing afterglow apparatus.
This indicates that there are no barriers to dissociation in excess
of the endothermicity for V(CO)s ¢, Cr(CO)4,5~, Mn(CO),~, and
Fe(CO); 4. Inthepresentexperiments, the reaction of Co(CQO)s~
with 1*CO was monitored in Q2 at low collisional energies (~0.02
eV CM). Exchange and addition of 13CO were observed with a
collision energy dependence characteristic of barrierless reactions,
indicating that there is no significant barrier to addition of CO
to Co(CO);-and nosignificant excess barrier for loss of CO from
Co(CO)4. The flowing afterglow results of McDonald et al. for
Cr(CO)4 and Fe(CO);- were also confirmed in this way. These
results directly indicate that at least six out of the twelve CO
dissociation reactions studied in this work do not have excess
energy barriers. The evidence obtained in this work and in the
earlier studies of other metal carbonyl systems strongly suggests
that CO dissociations from metal carbonyl ions are not signif-
icantly influenced by reverse activation energies.

Metal Carbonyl Spin States and Geometries. In this section,
we discuss the available information concerning the electronic
and geometric structures of first-row-metal carbonyl anions.
Bauschlicher and co-workers have given a detailed discussion of
the electronic structures of neutral transition metal mono- and
dicarbonyls based on ab initio calculations.’*** Extended Hickel
calculations provide predictions of the geometries and spin
multiplicities of larger M(CO), (n = 3, 4, and 5) species.**3556
These results and the available experimental data on the anions
or isoelectronic species are the major sources of information for
the present discussion.

The ground states of the first-row atomic metal anions from
V-to Ni- are all s2d*2.42 Addition of one CO to M- results in
arepulsive interaction between the electrons in the filled 4s orbital
of M- and the a-donor orbital of CO, which can be relieved by
promoting the 4s electrons to a hybrid of the 4s and 4pe orbitals
that has less overlap with the CO ¢ orbital. Ifa second carbonyl
ligand is added, the sp hybridization will not reduce repulsion
with both ¢ donors, and hybridization of the 4s and 3do orbitals
is usually favored. The 3do orbital is much smaller than the 4s
and 4p orbitals and therefore has a less repulsive interaction with
the COligands. This rehybridization should result in a reduction
in spin multiplicity for metal anions that have five to eight d
electrons (Cr—Co-), since one orbital is left vacant (five rather
than six orbitals are energetically accessible). Thus, there is an
energetic trade-off between occupying the high-energy 4s orbital
and maintaining high spin. The loss of exchange energy
accompanying the reduction of spin multiplicity will be greatest
for species with the highest spin. Further addition of CO ligands
should continue to raise the energy of the 4s orbital and reduce
its occupation until it is essentially unoccupied by the metal
electrons and a “d" configuration*® is achieved. Further CO
saturation may also reduce the spin multiplicity; the 17-electron
species Ni(CO);~, Fe(CO)4~, and Cr(CO)s have doublet ground
states, while the 18-electron species Co(CQ)4~, Mn(CO)s-, and
V(CO)¢ are singlets.

(51) McDonald, R. N. Manuscript in preparation.

. 7(852) McDonald, R. N.; Bianchina, E. J. Organometallics 1990, 10, 1274-

(5.3) Bauschlicher, C. W.; Bagus, P. S.; Nelin, C. J.; Roos, B. O. J. Chem.
Phys. 1986, 85, 354-364.

330(54) Barnes, L. A.; Bauschlicher, C. W. J. Chem. Phys. 1989, 91, 314

(55) Burdett, J. K. J. Chem. Soc., Faraday Trans 2 1974, 70, 1599-1613.

Burdett, J. K. Inorg. Chem. 1975, 14, 375-382.
(56) Pensak, D. A.; McKinney, R. J. Inorg. Chem. 1979, 18, 3407-3413.
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Ni(CO),~. Ni(CO); is a 17-electron doublet with a trigonal
planar D3, geometry,’” while Ni- is an s?d° doublet.*> Photo-
electron spectroscopy (PES) measurements suggest that Ni(CO)-
and Ni(CO);- are also doublets.”® Theoretical calculations
confirm the assignment for Ni(CO)~ and indicate that the open-
shell electron is in an sp-hybridized orbital.’® Therefore, there
are no spin changes in the Ni(CO),~ system.

Co(CO),~. Co(CO)s is a tetrahedral*’ 18-electron singlet,
while Co- is an s2d8 triplet.*> MO calculations on the relative
energetics of M(CO); systems suggest that the ground state of
Co(CO);™ is a d'0 singlet of planar (Ds;) or near-planar (Cj,)
geometry.*355 Co(CO)~ could be an (sp)2d? triplet or hybrid-
ization of the 4s electrons with the 3de orbital could result in a
singlet configuration for Co(CO)- that is analogous to the singlet
ground state of Ni(CO).%® According to the model described
above, Co(CO), should be a singlet with sd hybridization. Thus,
the change from singlet to triplet multiplicity most likely occurs
between Co~ and Co(CO),™ and therefore should not affect the
reaction thresholds measured in this study.

Fe(CO),~. Fe(CO)4 is a 17-electron doublet with a near-
tetrahedral (Cs,) structure,’” and Fe- is an s2d’ quartet.2 MO
calculations suggest that Fe(CO);~ is a d° doublet with a Cy,
geometry.5S Earlier PES data for Fe(CO)- suggested that this
species is a doublet.s! However, higher resolution PES data
recently obtained by Leopold and co-workers suggest that the
ground state of Fe(CO)-is in facta (3d=)*(3d8)%(4s3da)*(4spo)!
quartet.!* As discussed above, it is most likely that the one spin
change (doublet—quartet) occurs upon addition of the second CO
to Fe~. Results reported previously for CID of Fe(CO), (n =
1—4) showed that the sum of the derived Fe(CO), (n < 4) bond
energies was somewhat less than, but within error of, the known
total bond energy, D[Fe—4CO].!2 Thus, it appears that even
though one of the Fe—COQ dissociation reactionsinvolves a change
in spin, this does not lead to a significant excess energy barrier.

Mn(CO),~. Mn(CO)s-isan 18-electronsinglet with a trigonal
bipyramidal D3, geometry.5> Mn- is not bound;*? since Mn s an
s2d° sextet, [Mn + e-] can have quintet multiplicity. Thus, there
are at least two spin changes involved in the Mn(CO)," series.
MO calculations suggest that the lowest energy structure for
Mn(CO)4 is a Dy singlet.*>*6 However, slow rates for addition
of ligands to Mn(CO), suggest that this 16-electron species is
a triplet, -5 like the isoelectronic Fe(CO)4.5* Mn(CO);should
bea Cy, triplet,#3-55 like the isoelectronic Fe(CQO);.3664 Mn(CO);~
is likely to have a triplet ground state, with eight metal electrons
in the five available orbitals, as detailed above. Thus, there is
probably one spin change (singlet to triplet) in the Mn(CO),~
dissociation reactions studied in this work, occurring in the first
COdissociation from Mn(CO)s~. Itis possible that the observed
threshold for reaction 9a is too high because slow dissociation
arising from the necessity for a singlet-triplet surface crossing
causes the kinetic shift to be larger than that calculated above.
Since addition of CO to Mn(CO),~ is a factor of 69 less efficient
than the apparently spin-allowed reaction of CO with Fe(CO);~,*
the appearance curve for reaction 9a was refit assuming the

(57) Breeze, P. A.; Burdett, J. K.; Turner, J. J. Inorg. Chem. 1981, 20,
3369-3378.

(58) Stevens, A. E.; Feigerle, C. S.; Lineberger, W. C. J. Am. Chem. Soc.
1982, 104, 5026-5031.

(59) Blomberg, M.; Brandemark, U.; Johansson, J.; Siegbahn, P.; Wen-
nerberg, J. J. Chem. Phys. 1988, 88,4324-4333. Bauschlicher, C. W.; Barnes,
L. A; Langhoff, S. R. Chem. Phys. Lett. 1988, 151, 391-396.

(60) Weltner, W.; Van Zee, R. J. In The Challenge of d and f Electrons;
Salahub, D. R., Zerner, M. C., Eds.; ACS Symposium Series 394; American
Chemical Society: Washington, DC, 1989. Bach, S. B. H.; Taylor, C. A;
Van Zee, R. J; Vala, M. T.; Weltner, W. J. Am. Chem. Soc. 1986, 108,
7104-7105.

(61) Engelking, P. C.; Lineberger, W. C. J. Am. Chem. Soc. 1979, 101,
5569-5573.

(62) Frenz, F. A.; Ibers, J. A. Inorg. Chem. 1972, 11, 1109-1116.

(63) Barton, T. J.; Grinter, R.; Thompson, A. J.; Davies, B.; Poliakoff, M.
J. Chem. Soc., Chem. Commun. 1977, 841-842.

(64) Poliakoff, M. J. Chem. Soc., Dalton Trans. 1974, 210-212.
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dissociation rate is a factor of 70 lower than the RRKM
calculations would otherwise indicate. The derived threshold of
1.60 eV is lower than the value derived assuming statistical
dissociation by 0.19 eV. Since it is possible that either threshold
is correct, an intermediate value of 1.70 £ 0.17 eV is assigned
for this dissociation threshold.

Cr(CO),~. Cr(CO)s isa17-electrondoublet witha Cy, (square
pyramidal) geometry,*5>-57 whereas Cr-is an s’d’ sextet.*2 There
are therefore two spin changes to consider as the CO ligands are
removed from Cr(CO)s~. Calculations suggest that Cr(CO),"is
a doublet#355:56 with either a C;*¢ or a Dy5 structure.
Photoelectron spectra of Cr(CO);™ % and Cr(CO),™ % suggest
that these species are (sps)'d® doublets. Therefore, it is likely
thattherearenospin changes involved in the dissociation reactions
studied in this work, and the changes from doublet to sextet spin
needed to produce the s2d5 Cr- ground state occur as the last two
CO ligands are removed. The energetic cost of the changes in
spin should cause the two Cr—CO bond strengths in Cr(CO),~ to
be unusually weak (vide infra).

V(CO),~. V(CO);s isanoctahedrals’ 18-electron singlet, while
V- is an s2d* quintet.#2 Thus, there are again at least two spin
changes as the six CO ligands are removed from V(CO)s~. MO
calculations suggest that the ground state of V(CO)s~is a d® C,
singlet, as is the isoelectronic Cr(CQ);.435556 Buckner and co-
workersS’ suggest that V(CO)s™ is a 16-electron triplet on the
basis of the observation of low reactivity with certain two-electron-
donor ligands other than CO, although observation of rapid
addition of CO to V(CO)s~at higher pressures leads to the opposite
conclusion.’! In the present work we assume that V(CO)s is a
ground-state singlet. It is also unclear whether V(CQO)4 is a
singlet or a triplet.** V(CO);- is a Cj, singlet,>5 like the
isoelectronic Cr(C0)3.%5 V(CO),should be a quintet, in contrast
to the more general behavior of M(CO),~ having lower spin than
M-and M(CO)-. Thisisdue to the 3d shell in V- being less than
half full, as mentioned above. Thus, the two spin multiplicity
changes in the V(CO)," system apparently occur between n = 3
and n = 2. Itis conceivable, but unlikely, that the ground-state
multiplicity changes to triplet upon addition of one or two CO
ligands to V(CO);~ before singlet spin pairing is again achieved
in V(CO)s~. In any case, it is likely that some of the V(CO),”
CID reactions studied involve changes in spin. The measured
bond strengths are not unusually high, so there is no indication
of any excess energy barriers accompanying these changes in
spin. CO adds rapidly to neutral V(CO), (n = 3-5), indicating
that V(CO), (n = 3—6) all have doublet spin or that spin is not
well conserved in that system.® In the absence of any evidence
for spin effects on dissociation (or addition) rates in the vanadium
system, the kinetic shifts are not recalculated.

Comparisons to Literature. Only for the chromium carbonyl
anions are any previous experimental data available for com-
parison to the present results (Table II). Thevalue D[(CO),Cr—
CO]J = 44.7 £ 3.5 kcal/mol derived from the threshold for CID
of Cr(CO)s- in an FTICR spectrometer!¢ is somewhat higher
than the bond strength obtained in the present work, 40.6 = 3.5
kcal/mol, although the discrepancy of 4.1 + 4.9 kcal /mol is within
the combined error limits. Cr(CO)s~hasone of the largest kinetic
shifts studied here because of its large size and high bond strength.
The FTICR experiments allow at least 10 ms for dissociation to
occur following collisional activation, 3 orders of magnitude more
than in the present experiments. It is therefore surprising that
the FTICR value is in fact higher than the present value.

The values for D[(CO);Cr—CO] and D[(CO),Cr—CO]
derived from electron impact appearance potential measure-

(65) Bengali, A. A.; Casey, S. M.; Cheng, C.; Dick, J. P.; Fenn, T. P;
Villalta, P. W.; Leopold, D. G. J. Am. Chem. Soc. 1992, 114, 5257-5268.

(66) Bengali, A ; Fenn, P, T.; Leopold, D. G. Private communication, 1992.
10 (?g%gvaixacg):den, S.L.; Pope, R. M.; Buckner, S. W. Organometallics 1991,

(68) Ishikawa, Y.; Hackett, P. A.; Rayner, D. M. J. Am. Chem. Soc. 1987,
109, 6644-6650.




Bond Strengths in First- Row-Metal Carbonyl Anions

Table IV. Periodic Trends in Metal-Carbonyl Bond Strengths
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metal n D(M-nCO) D(M-CO) D(M~—nCO) D(M-—CO) D(M-—2CO0)
v 6 165.1 £ 7.3 275+ 1.2 ~208 ~35 ~70
Cr 5 113.8 £ 2.3 228+0.5 >151£3 >30.2£0.6 227+7
Mn 5 103.0 £ 2.8 20.6 & 0.6 159.0 + 5.6 31.8%1.1 498
Fe 4 95.4 %238 239+ 0.7 147276 368+ 1.9 695
Co 4 128.0 + 3.1 320+0.8 >167.0 £ 3.1 >41.8 £0.8 >89+ 6
Ni 3 116.1 £ 1.3 387404 1143+ 1.3 38.1 £ 0.4 76 + 3

ments!*are 15 kcal/mol higher and 9 kcal/mol lower, respectively,
thanthe values obtained in the present work. These discrepancies
could be due to the appearance potential for Cr(CO);~ being too
high by 9-15 kcal/mol (0.4-0.6 V). The reproducibility of the
appearance potentials is stated to be 0.1-0.5 eV.

Only one prior theoretical calculation is available that gives
thermochemical data for the metal carbonyl anions discussed in
this paper. Ziegler et al. performed molecular orbital calculations
using density functional theory on several 18-electron metal
carbonylspecies, including V(CO)s~.14 Theyderived D[(CO)sV—
CO] = 40.3 kcal/mol, a value that exceeds the experimental
bond energy by 9.5 kcal/mol. In contrast, the calculated values
for the isoelectronic M(CO)¢ neutrals (M = Cr, Mo, and W) are
somewhat lower than the experimental values. Further density
functional calculations on metal carbonyl ions are needed in order
to evaluate the performance and reliability of this method.

Neutral Chromium Carbonyl Bond Strengths. In the previous
study of iron and nickel carbonyl anions, the measured bond
strengths could be combined with the known electron affinities
of the neutral metal carbonyis to derive neutral metal carbonyl
bond strengths using eq 15.!2 For the vanadium, manganese, and

D[M(CO),-mCO] = D[M(CO),-mCO] +
EA[M(CO),] - EA[M(CO),,,] (15)

cobalt carbonyls, the relevant electron affinities are not known.
However, some electronaffinity measurements have beenreported
recently for a few of the chromium carbonyl anions;!3:65 these
data are summarized in Table III. The data indicate that the
electron affinities increase with increasing number of attached
carbonyl ligands. As a result, the neutral metal carbonyl bond
strengths are consistently lower than those in the corresponding
anions. Electron affinities for Cr(CO), (n = 3-5) can be combined
with results from the present work to give D[(CO),Cr-CO] <
32 = 4 kcal/mol, D[(CO);Cr-CO] =~ 27 kcal/mol, and
D[(CO);Cr-2CO] < 59 % 5 kcal/mol. The derived limit for
D[(CO),Cr-CO] is consistent with the two previous values
reported in the literature: 25 £ 5 kcal/mol*’ (derived from
modeling the recombination kinetics of Cr(CO), with CO) and
33 kcal/mol (estimated from modeling the competition between
dissociation and collisional stabilization in photoexcited
Cr(CO);).2 The bond strength D[(CO);Cr—CO] = 27 kcal /mol
is distinctly lower than the value of 39 kcal/mol estimated by
Rayner et al.,® while the limit D[(CO);Cr-2CO] < 59 % 5 kcal/
mol obtained in this work is consistent with the value 60 = 10
kcal/mol derived from modeling the translational energy dis-
tribution of fragments of photodissociated Cr(CO)s.5° Electron
affinities for Cr(CO), and Cr(CO); can be used to derive
D[(C0O),Cr-CO] < 35 £ 4 kcal/mol; no literature values for this
bond strength are available for comparison. Additional mea-
surements of electron affinities for metal carbonyls are highly
desirable since they could be combined with the anion thermo-
chemistry reported here to establish a large number of currently
unknown bond energies for neutral metal carbonyls.

Periodic Trends. Equation 16 can be used with data in Table
IIT to compute the sum of the neutral metal-carbonyl bond
strengths. The sum of the anionic metal—carbonyl bond strengths
can then be computed with use of eq 15. Since Mn-is unbound,
EA(Mn) is taken to be 0. Unfortunately, a reliable value for

D[M-nCO] = AH;°(M) + nAH°(CO) -

AHP[M(CO),] - nRT (16)
EA[V(CO)q] is unavailable. However, EA[Mn(CO);s] = 2.43
£0.21eV,°EA[Fe(CO)4] =2.4£0.3eV, 51 and EA[Co(CO),]"
and EA[Cr(CO)s]4 are both 22.3 eV. Given the apparent
consistency in the electron affinities of the 17- and 18-electron
carbonyls, we estimate EA[V(CO)¢] =~ 2.4 eV for use in deriving
the bond strength sum. Both sets of numbers can then be divided
by the number of ligands n to give the average metal-carbonyl
bond strengths shown in Table IV, Similar quantities have been
derived for neutral metal carbonyls previously;** the values derived
here for chromium, iron, and nickel are somewhat different
because they are the average bond strengths in the 16-electron
species Cr(CO)s, Fe(CO),, and Ni(CO); rather than in the
saturated 18-electron carbonyls. This allows direct comparison
tothe 17-electron anionic metal carbonyls with the same number
of ligands.

The average bond strengths display a trend of weak bonds to
seven-electron metals (Mn and Cr-) to stronger bonds for ten-
electron metals (Ni and Co-), as shown in Figure 5. It has been
noted previously that the average neutral bond strengths correlate
with the “valence-state excitation energy”,’” i.e., the s2d*2 — dr
promotion energy of the metal atoms. This excitation enery was
chosen because the valence state of the metal in the saturated
metal carbonyl is considered to derive from the d” states.” This
issue will be discussed in more detail below.

Four values for D[M-—2CO] can be derived from the present
data and the bond strength sums for the metal carbonyl anions.
These values and previous results for iron and nickel are given
in the last column of Table IV, as well as in Figure 5. The lower
limits are probably not very far from the actual values, since the
limits on the electron affinities should be close to the true values.
A clear trend is evident from the extremely low value of D[Cr—
2CO] 2 27 £ 7 kcal/mol to the much higher value for cobalt,
D[C0o-2CO] 2 89 % 6 kcal/mol. Cr(s2d®) should have a very
stable electronicstructure with a half-filled d shell. The promotion
energy necessary to hybridize electrons out of the 4s orbital should
be large, thus leading to weak bonds. Co-should have relatively
strong bonds to the first two CO ligands since a 10-electron singlet
configuration is particularly stable, and thus the promotion energy
from the ground s2d8 state of Co~ to a state suitable for bonding
two carbonyl ligands should be relatively low. The manganese
and iron values are between these two. D[Ni—2COQ] is nearly
as large as D[Co—2CO], indicating that the extra electron in
Ni(CO),~is not forced into a particularly high-lying orbital. D[V-—
2CO] is significantly higher than D[Cr—2CO], indicating that
the seventh metal electron in Cr(CO),"is forced to occupy a very
high-lying orbital by the two carbonyl ligands.

Electronic promotion energies are typically unavailable for
the atomic metal anions, since few of them have stable elec-
tronically excited states.#? However, the promotion energies in
the isoelectronic neutral metal atoms can be used to indicate the
overall trends expected for the atomic anions. The D[M—2CO]

(69) Venkataraman, B.; Hou, H.; Zhang, Z.; Chen, S.; Bandukwalla, G.;
Vernon, M. J. Chem. Phys. 1990, 92, 5338-5362.

(70) Meckstroth, W. K.; Ridge, D. P. J. Am. Chem. Soc. 1988, 107,2281-
2285.

(71) Simdes, J. A. M.; Beauchamp, J. L. Chem. Rev. 1990, 90, 629-688.
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Figure 5. Periodic trends in metal-carbonyl bond strengths. The dashed
line represents the “intrinsic” metal—carbonyl bond strength for the anions
(see text).
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energy (see text).
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bond strengths are plotted in Figure 6 against the promotion
energy from the ground state of the metal atom to the lowest sd*!
state and to the lowest state with the 4s orbital unoccupied (d”
or pd*1).”2 Although there is a reasonable correlation between
the M—2CO bond strength and both promotion energies, the
correlation to the sd™! state is somewhat better. The slopes of
the best fit to the two promotion energies are —1.2 = 0.2 (sd*!
state) and —0.9 % 0.2 (d” or pd*! state). The expected slope
would be -1 if the promotion energy were directly subtracted
from the bond energy, in reasonable agreement with both of the
derived values. However, the zero promotion energy intercepts
of the fits are 79 kcal/mol for the sd*! state and 139 kcal/mol
for the s°(dp)”state. The former value corresponds to anaverage
M-—CO bond strength of 40 kcal/mol, which can be taken as an
“intrinsic” bond strength (i.e., the bond strength that would be
expected if no promotion is needed). The latter number
corresponds toan unrealistically high average M-—CO bond energy
of 70 kcal/mol. The good correlation with the sd*! state can be
interpreted as indicating that the electrons are partially but not
completely removed from the metal 4s orbital after bonding by
two carbonyl ligands.53.73

The trend outlined above has been foreshadowed in the
literature. A noticeablylower efficiency for formation of Cr(CO)-
from Cr(CO)s~ by CID in an FTICR was previously observed
and attributed to the high lability of CrCO-caused by the stability
of the s2d° Cr~ configuration.#! A correlation between carbonyl
stretching frequencies in MCO and the s2d*2 ~ sd*! promotion
energy has beendiscussed by Weltnerand co-workers.® A similar
correlation exists between the bond strengths in the homonuclear

(72) Moore, C. E. NSRDS-NBS 35 Vol, II, 1971. Sugar, J.; Corliss, C.
J. Phys. Chem. Ref. Data 1985, 14, Suppl. 2. Inall cases the energies chosen
are for the lowest J level of a given electronic state.

(73) A more detailed discussion of the orbital occupations in FeCO- and
FeCO is given in ref 13.
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metal dimers Mn>~Ni; and the atomic s2d*2 — sd*! promotion
energy,’’#”> although the uncertainties in some of the data
obscures this relationship to some degree.

Given the rather large promotion energies that must be
counterbalanced by the addition of the first one or two carbonyl
ligands to certain metals, it is not entirely clear whether all metal
monocarbonyl anions and neutrals can exist as stable species.
This is most questionable for M~CO systems involving seven-
and eight-electron metal centers. Mn(CO)- is observed in this
work as a reasonably abundant product from the CID of
Mn(CQ)4~. This demonstrates that Mn(CO)- is a bound species
(barring the highly unlikely formation of a stable electronically
excited state of Mn(CO)-). Cr(CO)- has also been observed as
a CID product.*! FeCO is weakly bound, as mentioned above.
However, Mn(CO) is probably only bound by van der Waals
forces.®0

A striking feature of the accumulated data in Table II is that
of the 15 individual bond strengths in M(CO),~ (n 2 3) listed,
12 are within their error limits of 40 kcal/mol (the average of
these values is 40.2 kcal/mol). This value is the same as the
“intrinsic” M~—CO bond strength derived from the intercept of
the fit in Figure 6 and supports the notion that a metal anion—
carbonyl bond should be about 40 kcal/mol if no promotion energy
is required. Bond strengths in M(CO)- and M(CO)," are often
smaller because of the promotion energy effects discussed above,
although D[Co—2CO] = 89 % 6 kcal/mol suggests that both
Co—CO bond strengths are around 40-50 kcal/mol as well.
Apparently, most of the energetic effects of electronic promotions
are complete after addition of the first two ligands. However,
three bonds in the larger metal carbonyls are noticeably weaker
than the rest, falling in the range 28-31 kcal/mol. D[(CO),V—
CO] for n= 4 and 5 may be somewhat low because there are too
few metal electrons available to back-bond effectively to more
than four carbonylligands. The origin of the exceptionally weak
M-CO bond in Mn(CQ);-, D[(CO);Mn—CO] = 28.4 % 3.0
kcal/mol, remains a puzzle.

It is now clear why the average M—CO bond strengths shown
in Figure 5 follow the same trend as the dicarbonyls. The strong
trend for the dicarbonyls is dampened by averaging in the bond
strengths for the larger carbonyls, which are in general nearly the
same. The similar shape of the average M~CO bond strength
plot indicates that the same general trend holds for the neutral
metal carbonyls as well. Even though the data for the neutral
carbonyls are incomplete, the known bond strengths for individual
iron and nickel carbonyls are consistent with the conclusion that
the first two M—CO bond strengths determine the overall trend
illustrated in Figure 5. For instance, D[Fe—CO] = 10.5 % 3.7
kcal/mol!>!? brings the average Fe—CO bond strength down
dramatically. It therefore appears that the sum of the first two
carbonyl bonds to seven-electron neutral or anionic metal centers
are weak, while the corresponding bonds to eleven-electron metal
centers are strong. The present results do not in general provide
a means to determine what proportions of the energetic costs of
the electronic promotion are paid upon addition of the first and
second carbonyl ligands.

Comparisons with Isoelectronic Species. A complete set of
thermochemical data for individual neutral M(CO), fragments
would provide additional useful information for understanding
metal-carbonyl bonding. Unfortunately, sequential M—CO bond
energies in neutral metal carbonyl complexes are exceedingly
difficult to measure directly because of the inherent difficulties
in forming highly unsaturated M(CO), fragments under con-
ditions where their physical properties can be examined. InTable
V, the bond energy measurements for first-row M(CQ),~ionsare
givenalong with the available literature data for the corresponding
isoelectronic neutral and cationic metal carbonyls. Allowing for

(74) Brewer, L.; Winn, J. S. Faraday Symp. Chem. Soc. 1980, 14, 126—
135.
(75) Morse, M. D. Chem. Rev. 1986, 86, 1049-1109.
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Table V. M-CO Bond Energies for Isoelectronic M(CO),, M(CO),, and M(CO),* Species, (kcal/mol)*

V(CO)s 30.8(3.5) Cr(CO)s  40.6(3.5)  Mn(CO)s
Cr(CO)s 36(5) Mn(CO)s Fe(CO)s
Mn(CO)¢* 32(5)° Fe(CO)s*  26.8(0.9)¢  Co(CO)s*
V(CO)s 31.1(3.0)  Cr(CO)«  39.7(39)  Mn(CO)+
Cr(CO)s 25(5)b Mn(CO), Fe(CO):
Mn(CO)s* 16(3)° Fe(CO)*  247(1.4)¢  Co(CO)s*
V(CO)s 404(58) Cr(CO);-  439(39)  Mn(CO)s
Cr(CO)4 30(6) Mn(CO); Fe(CO);
Mn(CO)s* 20(3)° Fe(CO)*  159(1.2)¢  Co(CO)s*
V(CO)s 358(d4)  Cr(CO)y Mn(CO)y
Cr(CO)s <36(3) Mn(CO), Fe(CO),
Mn(CO);* 31(6)¢ Fe(CO)*  36.1(1.8)¢  Co(CO).*

40.6(39)  Fe(CO)~  41.7(2.1)  Co(CO)  39.7(3.7)
41.5(2.0)°  Co(CO)s Ni(CO)4 21.5(0.4)¢
Ni(CO)¢* 17312  Cu(CO)¢*

41.13.0)  Fe(CO);  42.4(35)  Co(CO)s  38.1(3.9)
27.98.8)  Co(CO)s Ni(CO); 28.3(2.3)
Ni(CO)s*  22.6(09Y  Cu(CO)s*

28.43.0)  Fe(CO)r  357(3.5)  Co(CO)r

29.1(5.8)  Co(CO), Ni(CO), 47.1(5.8)
Ni(CO)*  404(2.1Y  Cu(CO)*
Fe(CO)-  33.7(3.5)  Co(CO)-

36.73.5)  Co(CO) Ni(CO) 40.5(5.8)
Ni(CO)* 42721y  Cu(CO)*

% Bond energies from this work or ref 12 unless otherwise noted. ? Reference 37. ¢ Reference 29. 4 Reference 10. ¢ Reference 6. / Khan, F. A.; Steele,
D. L.; Armentrout, P. B. J. Phys. Chem., submitted for publication. & Day, J. P.; Basolo, F.; Pearson, R. G. J. Am. Chem. Soc 1968, 90, 6927-6933.

the error limits on the measured bond strengths, the consistent
ordering D[(CO),M—CO] = D[(CO),M~-CO] = D[(CO),M*-
CO] holds in nearly every case. The origin of this trend is easily
understood in terms of the expected differences in = back-bonding
ability among isoconfigurational complexes with differing metal
nuclear charges. For metal carbonyl complexes in which all s —
d transitions have been made, the isoelectronic M(CO),/%/+
species should share a common electronic configuration. Since
the general ordering of d= orbital energies is E4,[M(CO),] >
E4,[M(CO),] > E4, [M(CO),*], then the degree of (dr — 7*)
back-bonding will be greatest for the anions and least for the
cations. Thisis, of course, the familiar argument commonly given
to explain the decreasing vco stretching frequencies observed for
theisoelectronic complexes V(CO)s > Cr(CO)s > Mn(CO)s+.7¢
That it also pertains to M~CO bond energies is a reflection of
the importance of dr — =* back-bonding in determining the
overall strength of the interaction,14:53.77.78

We can understand the failure of this simple trend with the
Fe(CO)-/Ni(CO)* pair in terms of the differing atomic ion
asymptotes to which the iron carbonyl anions and nickel carbonyi
cations dissociate. Although the ions have the same number of
valence electrons, an Fe~ ion has a d’s? configuration that must
undergo electronic hybridization in order to bind a CO ligand,
while d° Ni* need not undergo any electronic promotion to form
Ni(CO)* and therefore bonds to CO more strongly. This
promotion energy argument may also explain why the bond
strength in Ni(CO),* is similar to or slightly higher than the
bond strength in Fe(CO),~. Since the effects of electronic
promotions on the metal carbonyl bond strengths appear to be
absent in the larger metal carbonyl anions, the relative M—-CO
bond strength ordering (anion = neutral = cation) should prevail
for the M(CO),*/%- (n = 3) systems.

The existence of this trend suggests that it is possible to estimate
M-CO bond energies in neutral M(CO), fragments by inter-
polation between the more easily measured bond energies in the
corresponding isoelectronic M(CQ),~ and M(CO),* ions. Such
predictions give D[(CO)Co—COQ] = 38 + 4 kcal/mol, D[(CO),Co-
CO] = 32 = 11kcal/mol, D[(CO);Co—CO] = 30 % 12 kcal/mol,
D[(CO);Mn-CO] = 30 % 15 kcal /mol, D[(CO);Mn-CO] = 32
+ 9 kcal/mol, and D[(CO)sMn-CO] = 34 % 8 kcal/mol.
Unfortunately, the magnitude of the difference in M—CO bond
strengths between isoelectronic anions and cations can be as high
as 28 kcal /mol, and systems with such a large difference lead to
predictions of limited utility. Measurements of the electron
affinities for the cobalt and manganese carbonyls, when combined
with the anion bond strengths reported in this work, would provide
an interesting test of the above predictions.

(76) Caulton, K. G.; Fenske, R. F. Inorg. Chem. 1968, 7, 1273-1284.
Pierloot, K.; Verhulst, J.; Vanquickenborne, L. G. Inorg. Chem. 1989, 28,
3059-3063.

(77) Beach, N. A,; Gray, H. B. J. Am. Chem. Soc. 1968, 90, 5713-5721.

(78) Koutecky, J.; Pacchioni, G.; Fantucci, P. Chem. Phys. 1988, 99, 87—
101.

Related Metal-Ligand Bond Strengths. The relative ordering
of metal-ligand bond strengths can be determined from ligand
exchange reactions, since for gas-phase ligand substitution to be
efficient, the reaction must be exothermic or thermoneutral.” In
other words, D[(CO),.,M—-L = D[(CO),.,CO] if reaction 17
is efficient for room-temperature reactants. Lower limits on

(CO),M™ +L— (CO),, ML +mCO  (17)

metal-ligand bond strengths for various compounds containing
vanadium,®’ chromium,?%#! and manganese’%-#283 can be derived
in this manner. For example, the reaction of Mn(CO);~ with
H,S gives [(CO);MnS-+ CO + H;] as products,?® leading to the
remarkably high bond strength D[(CO);Mn—S] 2 99 % 3 kcal/
mol. VanOrden et al. reported that V(CO)s™ reacts with NO
with 16% efficiency in an FTICR to displace primarily two
carbonyl ligands, with a small amount of three ligands displaced
as well. Displacement of two ligands would require that
D[(CO);V—-NO] 2 71 % 7 kcal/mol, an extraordinarily high
value for a single metal-ligand bond energy, even for a potential
three-electron donor ligand. In the flowing afterglow, displace-
ment of only a single CO ligand by NO occurs, indicating that
D[(CO),V--NO] 2 31 =% 3 kcal/mol. This suggests that the
V(CO)s~ ions formed in the earlier FTICR experiments were
probably kinetically or internally excited or that the reaction
product distribution was complicated by CID. We also observe
that V(CO)4sNO- reacts with NO by a further single ligand
displacement to form V(CO);(NO),-, but no further displacement
of CO by NO is observed. This is consistent with NO acting as
a three-electron donor, forming a stronger bond to V- than CO
until an electron count of 18 is reached in V(CO);(NO);.
V(CO)¢ is unreactive with NO.

Gregor has observed ligand exchange reactions in an FTICR
instrument for several of the species studied in this work. These
experiments are of limited utility for deriving relative metal—
ligand bond strengths because the internal energy content of the
reactant ions was not well characterized and because absolute
reaction rates were not measured. The observed substitutions
for CO in Cr(CO);~suggest D[(CO),Cr—L] Z 44 % 4 kcal/mol
for L = NH3,% CH;CHO,?% and various amines,3 ketones,® and
alkenes.®¢ This is an unusual result in that metal-alkene bonds
are generally weaker than metal-carbonyl bonds.># D[(CO),-
Cr—1,3-butadiene] = 73 =% 4 kcal/mol?¢ and D[(CO)Cr—CS;]

(79) Reaction at 10% of the ion—neutral collision rate is taken to be efficient
for this discussion.

(80) McDonald, R. N.; Schell, P. L. Organometallics 1988, 7, 1820-1827.

(81) Pan, Y. H,; Ridge, D. P. J. Am. Chem. Soc. 1989, 11], 1150-1151.
Pan, Y. H.; Ridge, D. P. J. Am. Chem. Soc. 1992, 114, 2773-2783,

(82) Jones, M. T.; McDonald, R. N. Organometallics 1988,7,1221-1223,

(83) McDonald, R. N.; Chowdhury, A. K.; Jones, M. T. J. Am. Chem.
Soc. 1986, 108, 3105-3107.

(84) Gregor, L. K. Inorg. Chim. Acta 1987, 132, 3-5.

(85) Gregor, 1. K. Org. Mass Spectrom. 1989, 24, 529-534,

(86) Gregor, L. K. J. Organomet. Chem. 1987, 329, 201-208.
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2 84 =% 6 kcal/mol®’ can also be derived from this FTICR study.
The bond to CS; is high enough to suggest that the metal has in
fact insertedinto a C—S bond to form (CO)(CS)Cr—S. Similarly,
the reported®’ displacement of all four CO ligands in Mn(CO) 4
and all three CO ligands in Fe(CO);~ by CS, would require
D[Mn—CS;] 2 118 % 9 kcal/mol and D[Fe—CS,] 2 112 £ 8
kcal/mol.!2 Thus, insertion into a C-S bond by the metal is
probable for these unsaturated metalions as well. For comparison,
thereaction of Mn(CO),~ with CS; in the flowing afterglow results
in the displacement of only one CO ligand by CS,. The differing
behavior indicates that either the helium buffer gas in the flowing
afterglow experiments cools the nascent collision complex and
prevents further ligand loss or the ions in the FTICR experiment
had significant amounts of excess internal energy. Repetition of
these experiments with special care devoted to cooling the reactant
ions would be worthwhile in order to confirm the thermochemical
conclusions noted above.

Nibbering and co-workers®® have also performed ligand
exchange studies using an FTICR instrument for several of the
species examined in the present work. Theions were thermalized
prior to reaction, and approximate absolute reaction rate
coefficients were determined. Thus, these results can be reliably
used for determining thermochemistry. The observed ligand
exchange reactions indicate D[Cr—L] 2 27 %+ 7 kcal/mol and
D[(CO),Cr—L] 2 44 % 4 kcal /mol for L = methanol and water.
Structures involving metal insertion into O-H bonds were
proposed for the products of these reactions.

Summary. Energy-resolved collision-induced dissociation has
been used to determine the metal-carbonyl bond energies in
V(CO), (n = 3-6), Cr(CO), (n = 3-5), Mn(CO), (n = 3-9),

(87) Gregor, 1. K. Inorg. Chim. Acta 1990, 176, 19-22.

(88) van den Berg, K. J.; Ingemann, S.; Nibbering, N. M. M. Org. Mass
Spectrom. 1993, 28, 527-533.
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and Co(CO),~ (n = 3-4). These can be combined with earlier
measurements for Fe(CO),~ and Ni(CO),™ to obtain a nearly
complete set of metal carbonyl anion bond strengths. Almost all
of the M—CO bond strengths in M(CO),” (n 2 3) arein the range
3644 kcal/mol, which can be taken as the “intrinsic” bond
strengthin these systems. The dicarbonyl bond strengths D[M-—
2CO] show a distinct periodic dependence on the s2d*2 — sd~!
promotion energy, consistent with promotion from the atomic
ground states to a hybridized state suitable for bonding carbonyl
ligands. The measured bond strengths for Cr{CQ), ions are
combined with other data in the literature to derive bond strengths
for the neutral chromium carbonyls. Comparison of bond energies
inisoelectronic metal carbonyls indicates that for anionic, neutral,
and cationic species with the same electron count, the bond
strengths are in the order anion = neutral 2 cation, consistent
with known trends in the degree of dr — n* back-bonding.
Combining the present data with results from ligand exchange
reactions gives an extensive set of lower limits on other metal—
ligand bond strengths, although there are some questions as to
whether these results correspond to thermal reactions.
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