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An agostic interaction in W(CO)5(cyclo-C3H6) is investigat-
ed using a hybrid density functional theory (B3LYP) with ECPs
(LanL2DZ) on W and 6-311+G(2d,p) on C, O, and H atoms.
The structure with the minimum energy is confirmed on the basis
of the reproducibility of the characteristic frequency shifts in
the C–O stretching region observed by a time-resolved infrared
absorption spectroscopy on the coordination of cyclo-C3H6 to
‘‘naked’’ W(CO)5. The C–H bond is found to coordinate to the
W atom in �2-form with the bond enthalpy of 5.5 kcal mol�1.

Transition-metal center plays an important role in C–H bond
activation under the mild conditions1 and has been extensively
studied experimentally2,3 and theoretically.4–6 An agostic com-
plex is thought to be the precursor in the oxidative addition of
saturated hydrocarbon by coordinatively unsaturated transition-
metal complex. Theoretical approaches would be useful for
understanding of the agostic interaction because of the lability
of such an alkane complex.7

As the carbonyls of ‘‘naked’’ M(CO)5 (M = Cr, Mo, or W)
show the characteristic vibrational frequency shifts on the coor-
dination process of M(CO)5 + L, which are extremely sensitive
to the ligand L, the shifts are thought to be a good measure of the
interaction between transition-metal center and the ligand.8,9

Even when L was a noble gas, meaningful vibrational shifts
were observed10 and theoretically analyzed.11 Two theoretical
improvements of density functional theory (DFT) and effective
core potentials (ECP) have allowed to calculate not only the
structure but also the frequency and the bond enthalpy of transi-
tion-metal carbonyls12–16 comparable with experimental values.

In this paper, the geometries of W(CO)5, cyclo-C3H6, and
W(CO)5(cyclo-C3H6) optimized using DFT are reported and
the bond enthalpy of W–(cyclo-C3H6) is estimated. The ration-
ality of the structure with the lowest energy is confirmed on
the basis of the C–O vibrational analysis other than the energy.
The agostic interaction in W(CO)5(cyclo-C3H6) is discussed on
the calculation results.

Hybrid DFT (B3LYP) calculations were carried out on
W(CO)5, cyclo-C3H6, and W(CO)5(cyclo-C3H6) using Gaussian
03W program.17 Basis set composed of 6-311+G(2d,p) func-
tions on C, O, and H atoms and LANL2DZ function with
ECP on W atom (abbreviated to ‘‘BS-A’’ hereafter) was used
in combination with B3LYP calculation. The basis set was
chosen because it gave a reasonable structure and vibrational
frequency results for C–O stretching mode of coordinatively
unsaturated transition-metal carbonyl (M(CO)n; M = Cr, Mo,
and W, n ¼ 3{5)18 and W(CO)5L (L = NH3 and C2H4).

19 An
appropriate, generally accepted correction was made for the cal-
culated harmonic frequency (!cal) to estimate the theoretical
fundamental frequency (�corr) by multiplying !cal with a scaling

factor (� ¼ 0:9679).20

Figure 1 shows the �2-W(CO)5(cyclo-C3H6) complex struc-
ture, which has the lowest energy in the geometries optimized
at the B3LYP/BS-A level. Of course, the optical isomer of this
structure has the same energy and the C–O stretching frequen-
cies. The important geometrical parameters are shown in the
figure. On the cyclo-C3H6 coordination, W(CO)5 part alters
little its structure: r(W–Ceq) = 2.060–2.065 Å (2.063 Å in
‘‘naked’’ W(CO)5), r(W–Cax) = 1.973 Å (1.955 Å), r(Ceq–
Oeq) = 1.143–1.144 Å (1.143 Å), r(Cax–Oax) = 1.152 Å
(1.151 Å), =�(Ceq–W–Cax) = 89.19–90.24� (90.39�), and
=�(Ceq–W–Ceq) = 89.87–90.13� (90.00�). The plane of C3-ring
of cyclo-C3H6 slants to �h with about 65�, in which r(W–
C1) = 2.859 Å, r(W–C2) = 3.664 Å, and r(W–C3) = 4.209 Å.
The C1–H1 bond is slightly lengthened to 1.106 Å from
1.082 Å in cyclo-C3H6 molecule while that of C1–H2 is
shortened to 1.079 Å. The other C–H bonds in the complex are
identical to the C–H bonds in cyclo-C3H6 molecule. The
geometrical symbols used here are shown in Figure 1.

As the some local minimum structures are expected, some
initial structures are systematically selected for the optimization.
By the geometrical optimization, two local minimum and two
transition structures were also obtained. Both structures with
local minimum energy have one C–C bond parallel to �h, in
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Figure 1. W(CO)5(cyclo-C3H6) complex structure with the
global minimum energy determined in this DFT calculation.
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which r(W–C) is ca. 3.1 Å and r(W-center of C–C bond) is ca.
3.0 Å. One has the �(C3-ring plane) parallel to the �v plane
(P1) and the other at 45� (P2). These locate at 0.66 kcal mol�1

and at 0.85 kcal mol�1 higher than the global minimum state in
the electronic energy, respectively.

The W(CO)5(cyclo-C3H6) complex has been observed in
reaction of cyclo-C3H6 with W(CO)5 by the time-resolved infra-
red absorption spectroscopy in the gas phase (Figures 2a and
2b).21 On cyclo-C3H6 coordination, it was observed that the
equatorial CO absorption band (1980 cm�1 in W(CO)5) shifted
to a low frequency side by ca. 10 cm�1 (1969 cm�1 in the
complex) while the axial CO absorption band (1942 cm�1 in
W(CO)5) did to a high frequency side only by a few cm�1

(1944 cm�1 in the complex). The calculation results suggest that,
on cyclo-C3H6 coordination, the band of the equatorial carbonyls
in W(CO)5 (�corr ¼ 1973 cm�1) separates into two bands at
1965 and 1962 cm�1) with a similar intensity while the axial
CO absorption band shifts to a high frequency side only by
2 cm�1. The low resolution of ca. 4 cm�1 of the CO laser used
for IR absorption spectroscopy is thought not to allow the obser-
vation of the expected small splitting of 3 cm�1 in the equatorial
CO modes. The similarities in the characteristic shifts in C–O
stretching frequency on the cyclo-C3H6 coordination between
the observed spectra and the theoretical C–O frequencies
confirm that the global minimum state has the optimized struc-
ture in C–H �2-form, though the absolute frequency value did
not completely coincide with each other. Both local minimum
complexes with a C–C bond parallel to �h (P1 and P2) are cal-
culated to have a equatorial C–O frequency of ca. 1960 cm�1

(�corr) and a axial C–O frequency of ca. 1936 cm�1 (�corr) as

shown in Figure 2c, which does not reproduce the characteristic
frequency shifts on the coordination, especially in C–Oax

frequency. Figure 2d shows the calculated C–O stretching
frequencies for one transition state in H–C–H bifurcate form
with an electronic energy higher than the ground state by ca.
2 kcal mol�1. Any bifurcate structure could not be optimized in
this tungsten complex at B3LYP/BS-A level calculation.

The bond dissociation enthalpy (BDE) at 298K is calculated
using the equation:

BDE ¼ �Ec þ�ZPEþ�Eth þ�ðPVÞ ð1Þ

where�Ec was the difference in the optimized energies between
the reactant and the product, �ZPE was the zero point energy
correction obtained from calculation of the vibrational frequen-
cies, �Eth was the difference associated with the translational,
rotational, and vibrational energies at 0 and 298K, and �ðPVÞ
was the molar work equal to �nRT . The BDE is calculated to
be 5.5 kcalmol�1, which is almost comparable to the experimen-
tal one (8:8� 2 kcalmol�1).21

The characteristic C–O stretching frequency shifts observed
on the cyclo-C3H6 is well similar to the shift on the coordination
of Xe.22,23 W(CO)5(Xe) has two C–O stretching frequencies
of 1973 cm�1 ( 1980 cm�1 in ‘‘naked’’ W(CO)5) and 1952
cm�1 ( 1942 cm�1 in ‘‘naked’’ W(CO)5) in the gas phase,23

suggesting that an alkane coordinates to W center as a simple
� donor of C–H bond in �2-form.
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Figure 2. Comparison of the infrared difference absorption
spectra (solid lines) of W(CO)5 (a) and W(CO)5(cyclo-C3H6)
(b) observed in the gas phase and the vibrational frequencies
(�cal) calculated for W(CO)5 (slant-line hatched rectangles in
(a)) and W(CO)5(cyclo-C3H6) (dot-hatched rectangles in (b)).
Horizontal-line hatched rectangles represent IR absorption
frequencies of a local minimum state in C–C �2-form (c) and
vertical-line hatched rectangles does those of a transition state
in H–C–H bifurcate-form (d). The height of each rectangle re-
flects a relative absorption intensity ratio for each compound.
The ordinate scale �OD indicates the difference optical density
between before and at �3-ms after XeCl laser photolysis
(� ¼ 308 nm) of W(CO)6 (�10mTorr) in the absence (a) and
in the presence of 0.69-Torr cyclo-C3H6 at a total pressure of
ca. 6.0 Torr with balance Ar.
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