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ABSTRACT: The dynamics of CO ligand scrambling in Fe(CO)s has been investigated by linear infrared spectroscopy in supercriti-
cal xenon solution. The activation barrier for the Berry pseudorotation in Fe(CO)s was determined experimentally as E, = 2.5(+0.4)
kcal mol™! by quantitative analysis of the temperature-dependent spectral line-shape. This compares well with the range of E, / (kcal
mol™!) = 2.0 to 2.3 calculated by various DFT methods, and a value of 1.6(20.3) previously obtained from 2D-IR measurements by
Harris et al. (Science, 2008, 319, 1820). The involvement of Fe(CO)s---Xe interactions in the ligand scrambling process was tested
computationally at the BP§6-D3/AE2 level and found to be negligible.

INTRODUCTION

Since the synthesis of Fe(CO)s in 1891, there has been a great deal of interest in its chemistry, structure, bonding and, in particular,
the dynamics of the scrambling of the ligands. Fe(CO)5 has a Di,-symmetric structure in the gas phase (cf. Figure 1).2
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Figure 1. Ball-and-stick model of the Dan-symmetric structure of Fe(CO)s; Fe, lilac; C, grey; O, red.

In 1958, Cotton et al.? observed that the '*C NMR spectra showed only one line at all available temperatures. Later work* confirmed
and extended this down to —170°C. Thus, the exchange among the CO groups must be very fast. In rather subtle NMR experiments,
Sheline and Mahnke’ estimated that at room temperature, CO scrambling occurs at a rate of about 1.1x10'? s™! and with an activation
energy of ~1.13 kcal mol ™.

It is usually assumed that the mechanism involves the Berry pseudorotation® (Figure 2). Attempts to resolve the structure have been
carried out in the solid state at low temperature, and resulted in some disagreement,”® which is, however, of little relevance to under-
standing the behavior in solution. That it was possible to freeze the scrambling was shown by Turner and colleagues® using a combi-
nation of polarized photolysis and IR spectroscopy in a CO matrix at 20 K.
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Figure 2. Geometries relevant for the Berry pseudorotation model of Fe(CO)s and for the DFT calculations in this paper.



A large number of DFT calculations on Fe(CO)s (and other metal carbonyls) have been carried out. Most of them were
concerned with structure, and particularly with the difference between the axial and equatorial Fe—C and C—O bond lengths, as well
as the dissociation energy of the ligand de-coordination reaction, Fe(CO)s — Fe(CO)4 + CO, and the vibrational frequencies. Several
authors have considered the energy difference between the D3h-symmetric ground state and the top of the barrier in the Berry mech-
anism (Cay). Schaefer and colleagues'” calculated the barrier height using various basis sets and obtained 2.25 kcal mol ™! (DZ B3LYP),
2.28 kcal mol™! (DZP BP86), 2.33 kcal mol™! (DZP B3LYP) with the stated methods. In an important paper, Harris and co-workers'!
estimate the barrier height to be 2.13 kcal mol™! (BP86 with the basis sets 6-31+g(d) for C and O, and LANL2DZ for Fe). More
recently, Couzijn et al.'? obtained 2.0 kcal mol™" at the B3PWO91 / SDD(d) level of theory. The relevance of this data will be outlined
shortly. We have calculated the barrier height at BP86, PBE and PBEQ levels of theory, to give values between 2.0 and 2.3 kcal mol !;
see the SI for details of the calculations. Thus, the calculation of barrier height is remarkably independent of the DFT method. How-
ever, obtaining good experimental data for the barrier height and the kinetics of the Berry pseudorotation is a much more challenging
problem.

The study of dynamics requires experiments to be conducted over a broad range of temperatures, and with very small
barriers in particular, one needs to be able to extend this to very low ones. While there is no doubt that the structure of Fe(CO)s in the
gas phase has D3, symmetry, the complex can undergo considerable distortion in various solvents. Elegant experiments by Rose-
Petruck and colleagues'® using IR spectroscopy probed the temperature-dependence of the spectrum in the region of the v(CO)
stretches. With the support of DFT calculations, they were able to show that, particularly in benzene and increasingly fluorinated
derivatives, the structure of Fe(CO)s distorts to C»,- or Csy-symmetric geometries. The authors also supply thermodynamic parameters
connecting the D3h structure with the various distorted structures as shown in eq. 1.

Fe(CO)s + solvent — Fe(CO)s---(solvent) (eq. 1)
(D3h) (CZV/ C4v)

In pentafluorobenzene, for instance, the parameters AH = —3.59(x0.68) kcal mol™!, AS = —8.43(£1.83) cal K™! mol™!' and AG =
—1.08 kcal mol™! can be used to describe the equilibrium between the two structures at room temperature. According to this data, it
can be concluded that the equilibrium lies well to the right (10.6% Dsp, 89.4% Cs,) and that the v(CO) IR spectrum is dominated by
the distorted structure. However, as the temperature is raised, and assuming AH remains roughly constant, a negative entropy change
will cause a shift of the equilibrium to the left. If the interaction between Fe(CO)s and cyclohexane is presumed to be weak, it is not
surprising that the experimental evidence for a complex is weak, and the authors conclude that at room temperature, Fe(CO)s is
“nearly undisturbed D3,” in cyclohexane.'> With the negative entropy changes being involved, there will be an even lesser distortion
of the structure at higher temperatures. However, since this paper is concerned with the dynamic behavior of Fe(CO)s, more infor-
mation is needed about both structures and spectra in a variety of solvents. The following describes new experimental and computa-
tional evidence for the barrier in this prototypical fluxional molecule.

RESULTS AND DISCUSSION

Figure 3 shows the v(CO) region of the IR spectrum of Fe(CO)s in 2-methylpentane at —140°C. The bands labelled 1 and 2 are
assigned to the v(CO) vibrations that transform as the a,’” and e’ irreducible representations of Ds,-symmetric Fe(*2CO)s, respectively;
those labelled 3, 4, 5, 6 arise from Fe('*CO)('2CO), (see the SI for a full force constant analysis) due to naturally occurring '*CQ.'*!3
The two fundamental @’ v(CO) vibrations are not active in the IR under D3, symmetry, but become active if the symmetry is reduced
slightly to Cay; the bands labelled 7 and 8 are assigned to these @’ vibrations. If the distortion is considerable, the degeneracy of the
e’ vibrations is removed.
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Figure 3. IR spectrum in the v(CO) region of Fe(CO)s in 2-methylcyclohexane at —140°C.
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Figure 4. IR spectrum in the v(CO) region of Fe(CO)s in 2-methylcyclohexane at 20°C.

As the temperature is raised, bands 7 and 8 disappear because the concentration of the distorted structure decreases (see Figure 4).
It should also be noted that the bands 5 and 6 appear to have coalesced at this temperature — a fact which will be discussed at a later
stage. However, caution must be exercised in using even saturated hydrocarbons as supposedly inert solvents. What solvents could
be used? Figure 5 shows the spectra of Fe(CO)s in liquid krypton, and at two different concentrations in liquid xenon.

absorbance i

———

absorbance g

2100

2050

4 [requency

2000

cm’

(a)

(b)

1950

Figure 5. IR spectra of Fe(CO)s in liquid krypton in the v(CO) region at —138°C (a), and in liquid xenon at —107°C (b) at the concentrations
c(bl) and ¢(b2), c(bl) / c(b2) = 40.

It is clear that even at this low temperature there is no evidence for bands 7 and 8. Assuming that AS is negative (see later),
concentrations of Fe(CO)s---Kr and Fe(CO)s- - - Xe will be zero at room temperatures and above. It will be shown later, that an accurate
force field is required for the investigation of the dynamics of Fe(CO)s. The assignment of the energy-factored force constants of
Fe(CO)s is straight forward, and follows that of Bor.!> The details of the calculation are given in the SI. Since the experiments
described in this paper were performed in liquid xenon, we provide the force constants in this medium in Table 1.

Table 1. C-O IR frequencies (cm™) and energy-factored force constants (N M) for Fe(CO)s in liquid Xe

Frequencies

Isomer Band no. Symmetry v/cm'!

Fe('?CO)s 1 a" 2023.9
2 e 1999.6




ax-Fe('*CO)('2CO)4 | 3 ai 1988.5
6 ai 2106.1

eq-Fe(3CO)('2CO) | 4 ai 1963.2
5 ai 2109.4

Force constants

kax 1698.1

keq 1655.2

kax,ax 434

keq.eq 399

kax,eq 28.0

For technical and safety reasons, it is easier to study Fe(CO)s at higher temperatures in liquid Xe rather than liquid Kr. In examining
the dynamical behavior of Fe(CO)s in liquid Xe, it is worth probing the possible interaction of Fe(CO)5 with Xe, particularly as the
molecule distorts in the process of the Berry pseudorotation. As first step toward modeling the bulk liquid, we have investigated the
interaction between Fe(CO)s and a single Xe atom. The result of the DFT calculation (see SI for details) is displayed in Figure 6 and
shows how the interaction energy depends on the distance between Xe and Fe(CO)s and that the interaction is essentially caused by
attractive van der Waals-type dispersion interactions. Furthermore, in agreement with the observation made by IR spectroscopy, the
optimizcgd geometries indicate no effective distortion of Fe(CO)s (at least not until Xe---Fe(CO)sdistances are very small and below
ca. 3.5 A).
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Figure 6. Energy profile for Fe(CO)s---Xe as a function of the Fe(CO)s---Xe distance (all other parameters optimized) calculated at the
levels BP86/AE2 (o) (a purely repulsive potential) and BP86-D3/AE2 (e).

The important question, however, is how the interaction could affect the C4-symmetric structure at the transition state of the Berry
mechanism and, therefore, the D3,-Cay barrier height. Table 2 shows the results of our DFT calculations.

Table 2. Energy barriers for pseudorotation “ in Fe(CO)s and Fe(CO)s-++Xe at the BP86-D3/AE2 level of theory

Energy Fe(CO)s Fe(CO)s--Xe
AE(OK)? 22 2.0
AH (298 K) © 1.6 1.4
AG (298 K)® 29 32

“Evaluated as difference between D3n-symmetric minimum and Cay-symmetric transition states for Fe(CO)s, and between the Cs-symmet-
ric minimum shown in Figure 6 and a Ca,-symmetric transition state (not shown) for Fe(CO)s--Xe; ” in units of kcal mol™".

It is clear that, within the limits of the calculations,'® the interaction between Fe(CO)s and Xe is very similar in both the D3 and
Cyy structures. Even though this calculation refers to the gas phase, and given the nature of the Xe-Fe(CO)s interaction, it is unlikely
that the supercritical fluid Xe environment will make a large difference to the parameters. Moreover, because the entropy change for
complex formation will be negative, the concentration of a Xe complex at room temperature and above will certainly be close to zero.

Obtaining good experimental data for the kinetics and barrier height for the Berry pseudorotation is challenging. The most
direct method is to use two-dimensional infrared spectroscopy (2D-IR), and this is considered here first.



Two-Dimensional Infrared Spectroscopy (2D-IR)

There is an excellent book on 2D-IR by Hamm and Zanni'’, and a summary by Thielges and colleagues.'® The application to metal
carbonyls has been outlined by Kubarych and colleagues,'® and a very recent review?’ summarizes the experiments on metal carbonyls
that have been carried out over the past few years. The literature reveals that there is often a problem relating to difficulties on how
to distinguish between the effects caused by chemical exchange and those caused by Intramolecular Vibrational Redistribution (IVR,
see ref. 20 for a review discussing this). There is also a fundamental problem in the method with which 2D-IR monitors the exchange.
2D-IR requires excited vibrational states and records transitions between levels at v = 1 in mode 1 to v = 1 in mode 2 - a point
emphasized by Harris.!! The Berry mechanism, however, assumes transfer between v = 0 states and this point will be elaborated at a
later stage.

Harris and colleagues carried out elegant 2D-IR experiments on Fe(CO)sin n-dodecane solution. Assuming the Berry mech-
anism to be operational, they obtained time constants of 8.0(x0.6) ps at 18 °C, 6.3(+0.8) ps at 50°C, and 4.6(£0.4) ps at 90 °C, which
translate into the rate constants 1.2x10''s™!, 1.6x10'!'s™" and 2.2x10" 57!, respectively. From an Arrhenius plot, the activation energy
was calculated to be 1.6(+0.3) kcal mol™!, which is reasonably close to the range of DFT values, 2.0 to 2.2 kcal mol™!, and including
Harris’s value of 2.13. The calculations of barrier height, however, ignore zero point energies. The calculated zero point energies of
Dsnand Cyy structures are 25.9 and 25.8 kcal mol ™!, respectively (BP86-D3/AE2 level, this work), meaning that the inclusion of zero
point energies would only reduce the barrier by approximately 0.1 kcal mol™!. In addition, Harris showed convincingly!! that the
vibrational transfer was not caused by IVR.

Although 2D-IR is the most direct way of measuring the dynamics of exchange, there is, in principle, another method that
probes the effect on band shapes in one-dimensional IR and Raman spectroscopy. This approach, analogous to the evaluation of peak
behavior in NMR, is considered next.

One-dimensional infrared spectroscopy

Spectral line shapes are a question of timescale. In order to show the effect that temperature has on spectral line shape, it is most
convenient to consider the effect on NMR first. If two spin = Y2 nuclei (e.g. 'H) are uncoupled and give rise to bands with a separation
of 6vHz and a Lorentzian half-width (1/2W) in the absence of exchange equal to 1/nT», then, employing the usual Bloch equations,
the NMR spectrum is easily calculated as a function of the exchange rate. For the moment, just consider the extremes of “slow” (i.e.
k — 0) and “fast” exchange (k — 0): In slow exchange, the spectrum shows two Lorentzian bands, which are each centred at the
original peak positions but with half-width (1/2W) increased by k/m according to 1/2W/Hz = 1/nT, + k/n. However, in fast exchange,
the spectrum shows only a single peak with 1/2W given by 1/2W / Hz =~ 1/nT> + (n/2k)(8v)%. If T, = 0.5 s and 8v = 20 Hz, then the
linewidth can be estimated by 1/2W ~ 0.64 + 630/k for the fast exchange. Thus, with values for k in the range 10% s™! to 10*s™", there
is one band with a width of 1/2W ~ 1.2 Hz to 0.7 Hz, which shows, and this is well known, that in this regime the single coalesced
band narrows on increasing k.

For IR and Raman spectroscopies, the following can be stated: Suppose there are two bands, 10 cm ™' apart, and each of half-
width (1/2W) 1.0 cm™!. Assuming (for the moment) that the Bloch equations apply, one can estimate from the above relationships the
magnitude of k to produce coalescence. If k = 10'°s™!, then the “slow” regime applies and the spectrum shows two bands, each
broadened by 0.1 cm™. If k = 10"3 s7!, the “fast” regime applies, and there is only a single Lorentzian profile of a width 1/2W = 1.5
cm!. In order to observe dynamic effects in IR and Raman spectra, a very fast exchange rate is required (on the NMR timescale,
coalescence typically occurs at k= 10*s7!, for IR bands though, each would be broadened by a mere 10~ cm™ — an effect completely
unobservable with current experimental apparatus).

An important point, however, which has been emphasized in several publications (see ref. 20, and literature cited therein),
is that, as the rate increases, there is increasing intensity at the mid-point between two absorption bands, greater than that due to
change of width in overlapping Lorentzian profiles. Indeed, in the early days of NMR spectroscopy, before the advent of dynamic
NMR computer programs, this extra intensity build-up was used to estimate exchange rates.?!

The coalescence effect in vibrational spectra is well-illustrated in experiments by Kim and Hochstrasser,?> who investigated
the equilibrium between free CH;CN (C-N stretch 2254 cm™!) and H-bonded CH;CN (2263 cm ™) in methanol solution. These exper-
iments are also significant because the authors compare the FTIR data with data from 2D-IR experiments; the kinetic results are
similar. The first evidence for this type of behavior in metal carbonyls was obtained by Grevels and co-workers?*?* during studies of
the v(CO) absorption bands in the IR spectra of iron(tricarbonyl)diene complexes, Fe(CO)s(diene), see Figure 7.
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Figure 7. Fe(CO)s(diene) complexes showing rapid CO ligand scrambling; diene refers to butadiene (BUT), norbornadiene (NBD), and
cyclooctadiene (COD).



Based on 'C NMR data,? the barrier to turnstile rotation in Fe(CO);(BUT) was determined to be 8 kcal mol™!, which results in an
exchange rate much too slow to have any effect on the vibrational spectrum. However, Fe(CO)3(NBD) and Fe(CO)3(COD) behave
like Fe(CO)sin that the *C NMR spectra show only a single peak for the three carbonyl ligands at all accessible temperatures. Figure
8a displays the change?® of the IR spectrum of Fe(CO)3(COD) in 2-methylpentane in the v(CO) region.
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Figure 8. The v(CO) bands of the variable-temperature spectra of Fe(CO)3(COD) in 2-methylpentane solution between 133 K and 293 K;
observed (a); simulated (b) assuming rapid CO site exchange (reprinted with permission from reference 26, copyright American Chemical
Society).

The two low-frequency bands, assigned to the symmetry species a’ and a’’ of the Cspoint group, merge as the temperature is raised.
Grevels reasoned that if the CO groups rotate very fast, then the complex adopts, effectively, C3, symmetry and the a’ and a’’ vibra-
tions become e¢’. However, before extracting kinetic data from coalescing IR spectra, there are several problems to be resolved that
are concerned with Bloch equations, line shapes, and the relationship between vibrations and torsional energy levels.

The Bloch equations

Considerable doubt, particularly by Strauss,?”?$2 has been cast on the use of the Bloch method for vibrational spectra. Grevels was
well aware of this question in his first publications,*?* but assumed that one could obtain reasonable values for rate constants and
barrier height. This point has been much discussed and the details were summarized by us elsewhere.?® The general conclusion is that
the method is applicable, but one must be cautious when trying to extract accurate data. In fact, two educational publications3%-3!
show advanced students how to obtain kinetic data from the coalescing v(CO) bands of Fe(CO);(COD).

Lorentzian shapes

So far, the discussion has assumed Lorentzian shapes for the absorption bands. Of course, IR bands almost always show a convo-
lution of Lorentz and Gauss functions. This can be accommodated by employing Voigt functions.

Frequency and half-widths of IR bands without exchange

The application of the Bloch equations assumes that the position and half-width of the bands in the absence of exchange do not
alter with change in conditions, i.e. as the temperature is raised. For NMR this is true but, as is well known, for IR and Raman spectra,
however, these can vary dramatically, depending on the solvent. Thus, it is necessary to include such considerations carefully in any
analysis.

Contribution from torsional energy levels

It was pointed out by Strauss® that, if the torsional barrier vibrational levels are populated, and if the anharmonic coupling between
these vibrations and the v(CO) stretching vibrations is significant, then the latter may be affected as the temperature is raised, without
any reference to exchange. This would make the Grevels approach invalid. Fortunately, for the iron tricarbonyl species, DFT calcu-
lations show that the v(CO) vibrations are hardly affected as the barrier is climbed.?® This point is raised here because it is important
to consider such effects in the case of Fe(CO)s, and this will be discussed later.



Interacting vibrations

For metal carbonyls, there is mixing of the C-O stretching vibrations, which greatly complicates the issue. In the paper by Grevels
et al.,” McClung showed the method of taking this into account, and the net result is shown in Figure 8b. The match between
experiment and theory (Figures 8a vs. 8b) is impressive. It is important, for comparison with Fe(CO)s, to see how this was done. The
starting point was to assume that in the absence of exchange, the v(CO) band positions shifted slightly with temperature in a manner
similar to the non-exchanging Fe(CO);(BUT). McClung’s spectrum simulation program was then used to fit the spectra at different
temperatures with changing values of the rate constant. The details of the iteration process are given in the SI. The rate varied from
1.5x10" s'at 133 K to 1.54x10'2s™' at 293 K. An Arrhenius plot gave a straight line with an activation energy of 1.1 kcal mol™'. The
McClung program generates non-exchanging Voigt profiles for the coalescing bands; see Table 3 in ref. 26. For example, the non-
exchanging half-widths, wg (Gaussian), wi, (Lorentzian), of the a>> band at ~1948 cm ™ are 6.8 cm™!, 0.9 cm™; and 1.2 cm™, 5.6 cm™
at 133 K and 293 K, respectively.

In several elegant experiments, Lear and co-workers*?33 have extended these experiments and essentially confirmed Grevels’s
conclusions. It is worth mentioning that two authors**3? have suggested a mistake in McClung’s method, but a careful analysis of the
mathematics shows that the supposed error is only due to an unconventional definition, and in fact, McClung’s method is essentially
the same as theirs.

The behavior of Fe(CO)s

What might one expect to observe for a rapid exchange in Fe(CO)s? Compared with the dienes, there is no obvious point group
symmetry to assign to a rapidly exchanging five-coordinate system. However it is straightforward to extend the (CO); McClung
method to a (CO)s exchanging system, and McClung has provided the appropriate modification of the method. We are greatly in-
debted to him. Figure 9 shows the expected pattern as the rate of the Berry mechanism increases.
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Figure 9. Simulated IR absorption spectra of Fe(CO)s in the region of the v(CO) stretching vibrations. The simulation is based on the model
of a Berry pseudorotation using the exchange rate constants kexch / s' = 0 (—), 3.17x10"" (—) 8.17x10'! (—), 3.17x10'2 (—). The absorption
band maxima 2024.57 cm™! and 2002.98 cm™! and widths, wr/ cm™'=2.58, 3.95, wg/ cm™! = 2.75, 3.08, apply throughout (L = Lorentzian;
G = Gaussian).

Not surprisingly, the predicted pattern shows coalescence to a single band and mimics NMR behavior. It is clear that there is build-
up of intensity between the peaks before there is clear moving-together of the peaks. The importance of this extra intensity feature
has been mentioned above.

In addition to their 2D-IR work, Harris and colleagues'! also carefully examined the FTIR spectra of Fe(CO)sin n-dodecane as a
function of temperature, and concluded that, although there were hints of coalescence - including some evidence for build-up of inter-
peak intensity - it was not possible to distinguish satisfactorily between a broadening pair of Lorentzian profiles and the effect of
exchange based on McClung’s approach. Attempts to extract kinetic data were not really successful, with rate constants “on the order
of 0.1 ps ', compared with 0.12 ps™! to 0.22 ps™! from their 2D-IR measurements. The real problem is, that before there is convincing
evidence of coalescence with increasing temperature, Fe(CO)s decomposes. However, with the advantage of liquid Xe as a solvent,
and the resultant very high quality FTIR spectra, we believe there is weak but clear evidence for the build-up of intensity between the
peaks (Figure 10).
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Figure 10. The a2>’ (2025.5 cm™) and ¢’ (2003.7 cm™!) bands of a Fe(CO)s solution in supercritical xenon (14.67 mol dm™3) at 301.6 K
(2054 psi, a, ¢) and 386.1 K (6372 psi, b, d); left: simulated spectra below experimental spectra based on the best fit using two pseudo-Voigt
profiles. The thick black lines ( | ) indicate the extra intensity in the experimental spectra, greater than that predicted on the basis of simple
band overlap; right: experimental spectra (—) and simulated spectra (—) are shown without off-set. The areas under the experimental spectra
are normalized.

But can one obtain quantitative data? Figure 11 shows the IR spectra of Fe(CO)s in supercritical xenon as a function of temperature.
It was noticed that band maxima shift less and bands broaden less with increasing temperature, if the density of the supercritical fluid
is kept constant instead of the pressure of the fluid, see SI, Table S1.

Starting with the same assumptions as employed for COD, the IR spectra of Fe(CO)s were simulated which resulted in the data
shown in Table 3.
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Figure 11. 1975-2045 cm™! section of the temperature-dependent IR spectra of Fe(CO)5 in supercritical xenon in the temperature interval
302 K to 386 K recorded at an optical resolution of 0.5 cm™.

Figure 12 shows an Arrhenius plot derived from this data. Given the difficulties of the measurements, the data adheres within the
estimated margins of error to a pleasing straight line. The experimentally determined Arrhenius activation energy was found to be E,
= 2.5(20.4) kcal mol™'. This is in remarkable agreement with the calculated values from DFT theory ranging from 2.0 to 2.3 kcal
mol ™!, and is encouraging for the one-dimensional IR technique. The corresponding values of AH* / (kcal mol™') and AG* / (kcal
mol ') are 1.8(20.4) and 3.9(x1.6) (experiment) and 1.4 and 3.2 (theory, DFT, see Table 2). The activation energy obtained from the
2D-IR experiments'! was 1.6(x0.3) kcal mol ™. The differing experimental values could possibly arise from two factors: as mentioned
above, 2D-IR supplies kinetic data between excited vibrational states (i), and the solvent, n-dodecane in this case, might influence the
kinetics (ii). We have therefore been investigating the interaction between Fe(CO)s and various solvents, as an extension to the Rose-
Petruck work,'* and this will be published shortly. However there are further structural dynamics implications to consider.
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Figure 12. Arrhenius plot based on the data given in Table 3. The error bars relate to the uncertainty of kexch over the course of 3 to 4
repetitions of curve fitting at individual temperatures.

Table 3. Band parameters (v, wL, wg, w) “ and rate constants (kexcn) after curve fitting using the Berry model of pseudorotation
in the temperature-dependent IR spectra of Fe(CO)s at temperature (7) in supercritical xenon at constant density.°

% band position v, Lorentzian (wi) and Gaussian (wg) contributions to the full-width at half maximum of the Voigt profile (w / cm™), ® wy

T v(e) wL wG wy? v(a2) wL wG wb kexch

/K /cm! /cm! /cm! /cm! /cm! /cm! /(101 s7h
301.6(5) | 2003.56(1) | 3.91(22) | 2:55(12) | 477 2025.68(2) | 2.89(25) 2.09(8) 4.04 1.26(20)
309.7(5) | 2003.53(2) | 3.89(17) | 2:59(12) | 4.80 2025.58(2) | 2.88(18) 2.11(7) 4.04 1.45(18)
318.3(5) | 2003.48(2) | 3.88(15) | 2:64(11) | 4.84 2025.48(2) | 2.87(17) 2.13(8) 4.04 1.64(18)
326.8(5) | 2003.43(2) | 3.87(16) | 2:71(6) 4.91 2025.37(2) | 2.88(14) 2.13(10) | 4.06 1.84(17)
334.0(5) | 2003.38(2) | 3.86(15) | 2:78(6) 4.97 2025.26(3) | 2.91(12) 2.16(11) | 4.10 1.99(17)
3433(5) | 2003.32(2) | 3.82(10) | 2:36(4) 5.01 2025.15(2) | 2.92(6) 2.18(9) 4.12 2.19(14)
351.5(5) | 2003.26(2) | 3.85(10) | 2:90(6) 5.08 2025.043) | 2.93(6) 2.18(9) 4.13 2.37(14)
359.5(5) | 2003.20(2) | 3.82(5) 2.91(6) 5.13 2024.933) | 2.92(3) 2.18(7) 4.12 2.56(12)
368.0(5) | 2003.132) | 3.82(6) 3.03(7) 5.18 2024.81(3) | 2.95(5) 2.18(3) 4.15 2.74(11)
376.4(5) | 2003.04(2) | 3.78(8) 3.1709) 5.29 2024.68(3) | 2.94(7) 2.25(8) 4.18 2.93(12)
386.0(5) | 2002.97(2) | 3.79(8) 3.23(7) 5.36 2024.56(3) | 2.98(12) 2.21(4) 4.19 3.15(13)

was approximated by 0.5346wL + (0.2166wL? + wg?)%5,3% ¢ estimated uncertainties are given in parentheses.

DFT calculations® of the Fe(CO);(diene) complexes (Fig. 7) show that, as the barrier is climbed, both low frequency @’ and a”’
bands hardly shift. This means that any extra intensity between peaks must be produced by the exchange. With Fe(CO)s the observa-
tions are different. Because of the changing symmetry from ground state (D3y) to transition state (Cay) via Cay structures, the spectra
are quite complex and change as the barrier is climbed. Calculations were therefore carried out for Fe(CO)s free of solvent-solute
interaction. The key-spectral parameters as a function of the energy change as the barrier is climbed resulting are shown in Table 4.3

The calculations resulted in a ground state showing the expected two IR-active bands (¢’ and a»’’) at 2008 cm™! and 2023 ¢cm,

respectively, with an intensity ratio 1910/ 1129, and two IR inactive bands (a’), which compare well with experimental values in Xe
(e’, 2000 cm™ and a,’’, 2024 cm™!). The calculations indicate that, as the barrier is climbed, and the symmetry changes from Djp,
through C», to the transition state of Ciy, a considerable number of new bands should appear, provided, the Kubo parameter remains
below 0 (k < 0). The relevance of the Kubo parameter is well-described in papers by Strauss and colleagues.?*?72

IRC Erel Frequencies, Symmetry species and Intensities ¢

Ground State 0.0 2008 ¢'/ 1910 2023 a2" /1129 | 2028 a1'/ 0 2098 ai'/ 0
0.35 0.03 2008 b2/ 978 2009 a1/ 927 2024 b1/ 1129 2028 a1/ 4 2098 a1/ 0
0.30 0.24 2007 b2/ 1016 2010 a1/ 854 2023 b1/ 1128 2028 a1/ 36 2098 a1/0
0.25 0.62 2006 b2/ 1047 2011 a1/ 761 2022 b1/ 1127 2028 a1/ 93 2098 a1/0




0.20 1.08 2006 b2/ 1071 2013 a1/ 659 2021 b1/ 1128 2027 a1/ 164 2097 a1/ 0
0.15 1.52 2007 b2/ 1090 2015 a1/ 550 2019 b1 /1127 2026 a1/247 2097 a1/ 0
0.10 1.91 2008 b2 /1104 2017 b1/ 1126 2017 a1/ 425 2025 a1/ 352 2096 a1 /0
0.05 2.15 2010 b2 /1114 2014 b1/ 1125 2019 a1 /253 2024 a1/ 512 2096 a1/ 0
Transition State 2.24 2012 e/ 1121 2020 b2/0 2023 a1/ 761 2096 a1/ 1

Table 4. CO stretching frequencies in Fe(CO)s, calculated at the BP86/AE1 level along the intrinsic reaction coordinate (IRC,
values for the coordinate given in amu'”? Bohr, relative energies in kcal mol™).

% harmonic vibrational frequencies (cm™!) in boldface, next in normal face the symmetry labels of vibrations (in the D3n, C2v and Cay point
groups for ground, intermediate and transition states, respectively) / IR intensities (km mol'); a color code applies to the various vibrational
modes to guide the eye. Note that depending on the point group symmetry, corresponding vibrations can have different symmetry labels.

The intensity of these bands will increase with the temperature. For instance, in the regions between ground and transition states,
there are bands calculated to lie roughly half way between the experimentally observed bands in the spectral region between ca. 2014
cm™! and 2017 cm™!. As the temperature is raised, these bands are predicted make an increasing, but still very small contribution to
the spectrum, and this could, in principle, add extra intensity between the main peaks, and hence make the kinetic interpretation
invalid. However there are two reasons for rejecting this model. In the first place, the Kubo parameters for the vibrational levels in
these carbonyls have values k£ > 0, which implies that the molecule is very rapidly switching among the torsional levels. The resulting
spectra are not the sum of contributing spectra but the intensity-weighted average of the spectra. For a discussion of this point see
ref. 20. Secondly, if this were a determining factor, the rate constants would be way out of line, and the activation energy would not
be sensible.

The Spectra of Isotopic Fe(CO)s

The exchange between ax-Fe('*CO)(1*)CO), and eg-Fe(**CO)(>CO), isotopomers will mimic the behaviour of their isotopolog,
Fe('2CO)s. In principle, it should therefore be possible to examine the v(CO) absorption bands of the isotopic molecules for similar
behaviour. Bands 5 and 6 in Figures 3 and 5 are assigned to the axial and equatorial isotopomers. Moreover, because they are closer
in frequency than the main v(CO) absorption bands of Fe('?CO)s, they should display this behaviour more obviously. Figure 4 shows
this phenomenon to occur in 2-methypentane, where the bands appear to be coalescing. Disappointingly, although there is some
evidence for band coalescence in Xe, it is not convincing, and it is certainly not sufficient to produce meaningful kinetic data.

EXPERIMENTAL

Spectroscopy

The variable-temperature experiments involving Fe(CO)s in xenon were carried out in the School of Chemistry of the University
of Nottingham. Spectra in 2-methylcyclohexane and krypton were recorded by Grevels & Klotzbiicher at the Max-Planck-Institut fiir
Bioanorganische Chemie. Fourier-transform infrared spectra were recorded at a resolution of 0.5 cm™ using custom-made miniature
high-pressure stainless steel (r.t. to 386 K) and annealed copper optical cells (162 K to 316 K), which were adapted from published
designs and equipped with CaF, windows of various thickness.3® For measurements at and above the critical point, a constant density
of xenon (14.7 mol dm™) was maintained in the spectroscopic cell. The high-pressure stainless steel gas handling manifold and the
optical cells connected to it were deoxygenated prior to loading samples and preparing solutions. After each temperature change and
before each spectral measurement, the optical cells were allowed to equilibrate for 20 min, after which the temperature in solution
was constant to within +0.2 K. No sample degradation was observed below ca. 383 K. Measurements at low temperature were per-
formed using an annealed Cu cell mounted on a cold finger cooled by a Displex He closed-cycle cryostat and protected by a high-
vacuum shroud equipped with CaF, windows. Solutions were prepared with Fe(CO)s concentrations in the order of 10~ mol dm™
and the v(CO) absorption band absorption maxima were kept below unity.

Computations

Geometries were optimized at the BP86 and BP86-D3 levels of DFT (the latter including Grimme's empirical dispersion correc-
tion), employing the following basis sets: AE1, an augmented (8s7p4d) Wachters' basis on Fe and 6-31G(d) basis on C and O; AE2:
the same Wachters' basis on Fe, the aug-cc-pVTZ-PP basis together with the Stuttgart-Kéln RSC-28-MDF relativistic effective core
potential on Xe, and 6-311+G(d,p) basis on C and O. Starting from the BP86/AEI transition state for Fe(CO)s, the intrinsic reaction
coordinate (IRC) was followed. Harmonic frequencies were computed analytically for the stationary points as well as for selected
points on the IRC, and are reported without scaling. Energies and frequencies for Fe(CO)s---Xe were corrected for basis-set superpo-
sition error (BSSE) using the Counterpoise method. The BP86-D3/AE2 frequencies were also used to calculate zero-point energies
and thermodynamic corrections to enthalpies and free energies at 298 K. The scan in Figure 6 was obtained by fixing the Fe---Xe
distance to selected values and relaxing all other parameters at the BP86-D3/AE2 level (including BSSE correction); the BP86/AE2
data were obtained by subtracting the -D3 correction from the BP86-D3/AE2 energies at each of the optimized points. These compu-
tations employed the Gaussian suite of programs.

See the SI for full details and references.

CONCLUSION

Based on temperature-dependent FTIR spectral measurements in supercritical xenon solution at a constant density, a reliable value
of 2.5(0.4) kcal mol™" has been obtained for the activation energy of the intramolecular interchange of CO ligands in Fe(CO)s



according to the Berry pseudorotation mechanism. This was enabled by a quantitative line shape analysis that accounts for the ex-
change rate-dependent changes in the absorption bands of the CO stretching vibrations. The fluxionality of Fe(CO)s was investigated
by DFT theory, which afforded an activation barrier for pseudorotation that is consistent with the experiment. A solvate-assisted
mechanism in the supercritical xenon fluid is unlikely, since any possible Xe-Fe coordination is of a weak van-der-Waals-type that
leads to an only marginally lower activation barrier.
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