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A Density Functional Study of the Rotational Computational Details

Barrier of Tricarbonyl( *-norbornadiene)iron. Calculations were carried out at the BPS6/AEL level of DFT, i.e.

Effect of the Torsional Angle on the Carbonyl with the gradient corrections for exchange and correlation from Becke

Stretching Spectra and Perdew? respectively, Wachters’ (14s11p6d)/[8s7p4d] all-electron
basis for Fé! augmented with two additional 4p functidhsand a
diffuse d function'? and standard 6-31G* basi®on the ligands. This

Michael Buhl and Walter Thiel* is the same level as used in the studies of transition metal carBonyls
and carbonyl hydridég(in the latter, polarization functions have also

Organisch-Chemisches Institut, UniveisiEiirich, been employed for the hydrogens attached to the metal).
Winterthurerstrasse 190, CH-8057ri#ih, Switzerland Geometries have been fully optimized@ symmetry, and frequen-

cies have been computed from analytical second derivatives. A rotamer
. of 1 has been partially optimized i@, symmetry (see below). Unless
Receied December 19, 1996  noted otherwise, energies are reported at the BPS6/AZPE level,
i.e. including the BP86/AE1 zero point correction. All computations
employed the Gaussian 94 packa$and spherical d functions were

Introduction used throughout.

The time scale of infrared spectroscopy is so fast that dynamic

processes usually escape detection. One notable exception ig&esults and Discussion

the yariaple-temperature IR spectrum of tricarbomymorbc_)r- As a first test of the theoretical methods employed, we have
nadiene)iron):1™* At low temperature, threg(CO) stretching computed the IR frequencies and the rotational barrier of Fe-
signals are found, as expected for a stalicsymmetrical  (CO)(n*-butadiene)2). Unlike in the case of, there are no

structure. As the temperature increases, two of these bandsunusual features in the variable-temperature IR spectrugy of
collapse or coalesce into a single one, reminiscent of the well- and the pattern of threg(CO) bands expected for a stati;
known phenomenon in dynamic NMR spectroscopy. Assuming structure is found at room temperatdreOn the NMR time

a very rapid site exchange which renders the three CO groupsscale, however? is fluxional>1® The two carbonyld(13C)
vibrationally equivalent (affording pseudds, symmetry), a signals corresponding to the stafigstructure are only observed
barrier of ca. 1.5 kcal/mol has been deduced by line-shapebelow ca.—60 °C where they coalesce into a single resoncance.
analysis?3 An enthalpy of activation of 9.#0.5) kcal/mol has been

A possible mechanism for this site exchange is a turnstile deducedf for the scrambling process.

rotation of the Fe(CQ)unit relative to the norbornadiene moiety, =~ The BP86/AE1 optimized geometries & and of the
with a very rapid “hopping” from one well to the other on the transition state for rotatior2(TS), are displayed in Figure 1.
potential energy surface (PES). Alternatively, it has been  In 2(TS), the Fe(COj moiety is rotated by approximately 80
suggested that the broadening and apparent coalescence of th&ith respect t®. Cssymmetric2(TS)is a true transition state
two IR bands could be explained by thermal motions of the With one imaginary frequency (78cm™) rather than an
carbonyls in one potential well: The amplitude of torsion of ~ intermediate. The computed barrier for rotation, 9.4 kcal/mol,
the Fe(CO) unit within this well would increase with the 1Sin excellent accord with the_ experlmenta_ll estimates. L_|keW|se,
temperature which would account for the observed effects the BP86/AE1y(CO) stretching frequencies @fagree nicely
provided that the CO stretching frequencies would change with thg experimental data (see Figure 1). In partlcular, the
steeply over the range of motion in the single well. It has Separatiom\v of the two lower modes (aand &), which would

therefore been suggested to perform “ab initio calculations of become degenerate upon rapid exchange, is well reproduced,
the vibrations ofl as a function of torsional anglé”. calcd 10 vs exptl 11 cri. It thus appears that the theoretical

| X th dern tools of density functional th level employed is sufficient for this type of compounds and
h recent years, the modern too's ot density tunctional IN€Ory 54 10 following results for the title compouridshould be
(DFT) have evolved to a poifwvhich now allows the theoretical reliable
investigation of this problem. In particular, it has been shown The optimized geometries df and the transition structure
that the vibrational spectra of transition metal carbonyls and 1

. . (TS) are shown in Figure 2, together with the computed
carbonyl hydrides are well reproduced at gradient-corrected DFT CO) stretching f : Going frahio 1(TS ;
levels/-8with an accuracy of typically 1840 cnt!. Moreover, (CO) stretching frequencies. Going frdio 1(TS)requires a

L . . . . rotation of the Fe(CQ)unit of only ca. 30, compared with ca.
the deviations from experiment are quite systematic for various 60° in the case of. The rotation should therefore be more
types of vibrations, e.g. for CO stretching frequencies, so that ¢;jie in 1 than in2. The calculated rotational barrier faris
relative trends, such as those suggested,fshould be predicted

reliably. We now present theoretical results pertinent to the ~7) 3,045 v Thiel, WJ. Chem. Phys1995 102 8474
dynamics ofl. Special attention is called to the dependence (8) Jonas, V.; Thiel, WJ. Chem. Phys1996 105, 3636.
of the computed/(CO) stretching frequencies on the torsional  (9) Becke, A. D.Phys. Re. A 1988 38, 3098.

; : ; ; (10) Perdew, J. FPhys. Re. B 1986 33, 8822;1986 34, 7406.
angle. Further calibration of the methods employed is provided (11) Wachters, A. J. HJ. Chem. Phys1970 52, 1033,
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(2)_ (13) Hehre, W. J.; Radom, L.; Schleyer, P. v. R.; Pople, JAR.initio
Molecular Orbital Theory Wiley: New York, 1986.

(14) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.; Johnson,

(1) Turner, J. J.; Grevels, F.-W.; Howdle, S. M.; Jacke, J.; Haward, M. B. G.; Robb, M. A,; Cheeseman, J. R.; Keith, T.; Petersson, G. A.;
T.; Klotzbicher, W. E.J. Am. Chem. So0d.99], 113 8347. Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski,

(2) Grevels, F.-W.; Jacke, J.; Seevogel JKMol. Struct.1988 174, 107. V. G.; Ortiz, J. V.; Foresman, J. B.; Peng, C. Y.; Ayala, P. Y.; Chen,

(3) Grevels, F.-W.; Klotzbcher, W. E.; Kiger, C.; Seevogel, K.; Tsay, W.; Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.;
Y.-H. Angew. Chem., Int. Ed. Engl987, 26, 885. Martin, R. L.; Fox, D. J.; Binkley, J. S.; DeFrees, D. J.; Baker, J,;

(4) Turner, J. T.; Gordon, C. M.; Howdle, S. M. Phys. Chem1995 Stewart, J. J. P.; Head-Gordon, M.; Gonzales, C.; Pople, J. A. Gaussian
99, 17532. 94, Pittsburgh, PA, 1995.

(5) Strauss, H. LJ. Am. Chem. S0d.992 114, 905. (15) Review: Faller, J. WAdv. Organomet. Chenil977, 16, 211.

(6) See e.g.: Ziegler, TCan. J. Chem1995 73, 743. (16) Kruczynski, L.; Takats, Jnorg. Chem.1976 15, 3140.

S0020-1669(96)01497-8 CCC: $14.00 © 1997 American Chemical Society



Notes Inorganic Chemistry, Vol. 36, No. 13, 1992923

v(CO) calc. 1985 1995 2044 1981 1983 2032

WCO) expt. 1980 1991 2056

Figure 1. BP86/AEL1 optimized geometries of Fe(G@)-butadiene)2, and the transition state for Fe(G@ptation,2(TS). The calculated(CO)
stretching frequencies are included, together with the experimental numbers from ref 3 (isooctz@k, 20

v(CO) calc.

1971 1982 2026 1971 1981 2028

wCO) expt. 1962 1976 2038

Figure 2. BP86/AEL optimized geometries of Fe(G@)-norbornadiene), and the transition state for Fe(GOptation,1(TS). The calculated
v(CO) stretching frequencies are included, together with the experimental low-temperature data from ref 1 (liquid-KA&eC).

indeed only 0.5 kcal/mol (0.6 kcal/mol without zero point In addition to the stationary points and 1(TS) in Figure 2,
correction), i.e. somewhat smaller than the experimental esti- this was also tested for an intermediate form with the Fe¢CO)
mated= around ca. 1.5 kcal/mol. Compared2pthe PES for group rotated by 15 For this purpose, the torsional angle
rotation of the Fe(CQ)group is extremely flat, which is also  beetween one FeCO and one methylene HEH bond” was
reflected in the very small values of the torsional frequency for fixed to this value, and all other geometrical parameters were
1, 34 cnT?, and the corresponding imaginary frequency fer optimized without any symmetry constraints. At the BP86/AE1
(TS), 35 cm™™. Consequently, very rapid rotation and, thus, level, such a partially optimized structure is 0.3 kcal/mol above
CO site exchange might be expected for all but very low the minimum. The corresponding CO stretching frequencies
temperatures. (1971, 1982, and 2027 cr#) are computed in between and
Computed and experimentglCO) stretching frequencies of  essentially identical to those @fand1(TS). Therefore, these
1 are in good accord (Figure 2). As in the case2pfthe results provide no evidence for a change of the CO stretching
differenceAv between the two lowest CO stretching modes is modes upon intrawell torsional motion.
well reproduced theoretically (calcd 11, exptl 14 @
Interestingly, the corresponding frequencied (iS) are virtu-
ally identical to those ofl, affording practically the same
predictedAv (10 cnt%; cf. Figure 2). In contrast, for the
butadiene derivativ@ these two modes are predicted to shift
closer together in the transition state, with a separation of only

Conclusion

The DFT results presented indicate that the CO site exchange
in Fe(COX(n*-norbornadiene)1) and Fe(COXn*-butadiene)

(17) Viewed along a line passing through the methylene carbon and the

2 cnrtin 2(TS); cf. Figure 1.
Apparently, Av of 1 is quite insensitive to the relative
conformation of the Fe(CQ@)and the norbornadiene moieties.

iron atom, one FeCO and one HEH bond are perfectly eclipsed in
1(TS), while the smallest corresponding dihedral angle is c&.i30
1
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(2) proceeds via a turnstile rotation of the Fe(G@jd diene frequencies with this torsional motion, is not supported: The
moieties. The rotational barrier for the former is 1 order of computedv(CO) frequencies are virtually independent of the
magnitude smaller than for the latter at the BP86/AEZPE torsion, i.e. the relative conformation, of the Fe(@@nd
level, consistent with the experimental data. From the very norbornadiene units.

small barrier forl, between 0.5 (computed) and ca. 1.5 kcal/
mol (experiment), a very rapid rotation and CO site exchange
would be expected, thereby giving rise to the coalescence of
two v(CO) bands observed in the variable-temperature IR
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