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ABSTRACT

Cr{CO)s(phen) generated as an intermediate of photochemical carbonyl substitution
in Cr{CO)g with 1,10-phenanthroline (phen) has been investigated by laser flash
photolysis with infrared detection. The Cr(CQ)5 motety was found to have a square-
pyramidal stracture by analyzing with the Cotton-Kraihanzel force field. Simalation,
based on the correlation of CO-stretching force constants with the bond indices
calcolated by ZINDO-MO, revealed that phen coordinated unusually in a monodentate
fashion and the interaction between Cr and another nitrogen was antibonding.

INTRODUCTION

Ultraviolet irradiation of a solution of Cr{(CQO)g in the presence of bidentate ligand
(bid) gives Cr(CQ)4(bid) as a final product. The reaction proceeds through the following
steps.[2‘6]

oo
h + i
Cr(CO)G—(;;—-- Cr(CO)s—:?;—?—-—- OHCO)s(bid) — - GHCON(bic)
(2) —solvent co
solvent
Cr{CO)g{solvent)

Even with a ligand as well-suited to bidentate bonding as phen, Step (3) did not concert
with Step (4); Cr{(CO)s{phen) could be observed on visible absorption spectra in
microsecond to miilisecond time scales.[t] Though significant interactions between Cr
and the “non-coordinating nitrogen” were suggested from the facts that the transient had
an absorption maximum at a longer wavelength as compared with Cr{CO)5{pyridine} and
the acceleration of rate appeared both in Step (3) and (4), detaited information about the
structure of the intermediate could not be obtained from the transient visible specira[4.6]
We wish to report here the results obtained by ime-resolved infrared spectroscopy.
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Fig. 1(top). Typical reaction traces by laser flash photolysis of inchloroethylene
solutions of Cr{CO)g (4.0 mM) and phen (15.0 mM) under argon. A trace at 1980 ¢!
was obtained for a 2.0 mM solution of Cr{CO)g. Points indicated by arrows were picked
up for making time-resolved infrared spectra. Reproduced with permission from ref. 8.

Fig. 2(bottom}. (a) Time-resclved infrared specira just after the laser pulse, at 130 us,
and at 370 us. Spectral changes with ime are indicated by arrows. Bleaching at arownd
1980 cm! due to the photelysis of Cr(CO)g is not shown. (b) Simulation spectrum for
Cr(CO)s(phen) assuming a square-pyramidal structure of Cr(CO)5 moiety. Reproduced
with permission from ref. 8.
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RESULTS AND DISCUSSION

Trichloroethylene was used as a solvent for ime-resolved infrared spectroscopy,
since it is transparent in the region of CO-stretching and the UV-VIS spectral
observations obtained in benzene!4] could be reproduced. Solutions of Cr(CQ)g (4.0
mM) and pher (15.0 mM) were deaerated by bubbling argon for 20 min and then
subjected to photolysis using tire third harmonic of Nd-YAG laser (355 nmn).I7.8]
Typical reaction traces are shown in Fig. 1. At 1980 cm™! where the starting Cr(CO)g
has an absorption for CO-stretching, a swift bleaching takes place and continues
throughout the time range, indicating the consumption of Cr(CQ)g. An absorption at
1960 em~! which appeared just after the laser pulse decayed with a pseudo-first order rate
constant 4.98x103 s'!, which is in good agreement with that for the increase of
absorption at 1940 eml (4.81x10% s1). Points comesponding to 0, 130, and 370 us
after the laser pulse, indicated by arrows in Fig. I, were collected with varying
wavenumber to compose differential infrared specira (Fig. 2a). As an isosbestic point can
be seen at 1955 cm!, the species just after the laser pulse clearly changes to the next
one. These were consistent with the results in benzene observed at UV-VIS region [4]
Namely, the spectral change in Fig. 2a coincides with the conversion of
Cr(CO)s(irichloroethylene) to Cr(CO)s(phen), which shows three peaks at 2070, 1940,
and 1900 cir! with weak, strong, and medium intensities, respectively, characteristic of
a square-pyramidal stucture of M{CO)5 fragment.

Under the approximation of Cotton-Kraihanzel force field (CKFF), force constanls
calenlated from the application of the Timney's empirical equation to an assumed square-
pyrainidal structure of Cr{CO)5 moiety were optimized to give a simulation spectrum
shown in Fig. 2b, where axial-equatorial bond angles = 90.4°, a dipole derivative ratio
#ax'iieq = 1. and the force constants (Nm-1) kpx = 1478, keq = 1580, kax eq = 38,
keq,eq = 33, Ktrans = 6219-11] The observed bands at 2070, 1940, and 1900 cm™! were
assigned to the A1) (2070 cm1), E (1939 cnr'l), and A 12 (1898 cm!) fundamentals,
respectively. The frequency for the B fundamental which is infrared inactive was
calculated as 1975 cm!.

As tor the whole structure of the wansient including phen, we can expect three types

of structure, namely, capped octahedron, pentagonal bipyramid, and octabedral wedge, as
shown above, which were proposed as structures in transition states for the associative



164

substitution reaction in octahedral coordination compounds [12:33] We tried to make
stmulation spectra for these structures by estimating force constants from the bond
indices (Wiberg)[14] calculated with ZINDO/S-MO.[15]

Fig. 3. Correlation of CKFF force
constants with the bond indices for
seven chromium carbonyls (thirteen
types of carbonyl), Cr{CO)g,
Cr(CO)s(pyridine), Cr{CO)4(phen),
Cr(CO)sl", Cr(CO)sBr-, Cr{COy5CH,
and Cr{(CQ)5(PPh3). The force
constants for Ce{CO)s(pyridine) and
Cr{C)4(phen) were obtained in this
work and the others were in ref. © and
16. The bond indices were calculated
for structures optimized with using the
standard MM?2 parameters augmented in

19 20 2.1 CAChe work system.[15]
Bond indices {Wiberg)
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As canr be seen in Fig. 3, there is a good correlation between the CKFF force
constanis and the bond indices, indeed, the correlation coefficient = 0.977. Optlimization
for structures of capped octahedron, pentagonal bipyramid, and octahedral wedge was made
in the same way as in Fig. 3 and then ZINDO/S calculation for these gave the bond
indices, which in turn gave force constants for the diagonal components of /' matnix.
The interaction force constants were estimated by Timney's empirical equation and 1s
interpolation.[!?)  Assuming a dipole derivative ratio = 1 and a half-width of band = 15
em !, we obtained simulation spectra shown in Fig. 4. If we assume a pentagonal
bipyramid for Cr{CO)s(phen), phen cannot occupy two comers of pentagon because of
congestion in the plane. The pentagonal bipyramid shown above, in which phen
occupies one corner of pentagon and one of the tops of bipyramid, gave the simuiation
spectrum which consisted of five bands, being excinded as the structure for the
intermediate. For the octahedral wedge structure, force constants for axial and equatornal
carbonyls were determined as 1273 and 1490 Nm-! | indicating weak CO bonds resulted
from ® donatior of phen. Boib the symmmetnic vibration which consisted mainly of an
axial carbony! stretching (1756 cm}) and the antisymmetric vibrations of equatorial
carbonyls (1873 e} appeared at exiremely low wavenumbers, These cannot satisly the
experimental spectrum.  In the capped octabedron, the force constants lor equatorial
carbonyls close 1 a "cap” nitrogen (1538 Nm'!) differed slightly with those for the
others (1559 Nm!). Therefore, the B fundamental, which shounld be infrared inactive,
appeared at 1955 cm! as a weak band. Unfortunately, this fundamental may hide behind
the bleaching in the experimental spectra. On the whole, the simulation spectrum for
the capped octahedron is a good reproduction of the experimental one. The ZINDO:S
calculation for this peometry rationalized the observed acceleration in Step (3) and (4) and
the transient spectrum at visible region®:6] as foliows.
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Fig. 4. Sumulation spectra for capped octahedron, pentagonal bipyramid, and octahedral
wedge geometry.



Lone-pair orbitals on the "cap” nitrogen
which appeared in HOMO-1 and HOMO-2
interact with MO on the central metal in an
antibonding fashion as shown in Fig. 5.
Thus, the "cap” nitrogen makes the
imermediate unstable to accelerate Step (4).
The antibording interactions arc expected to
be more effective with increasing the size of
the central metal. Indeed, the ordering of
rates for second carbonyl extrusion was
reported as Mo>W>Cr [4:6) which clearly
differs from that of dissociative reactivity of
CO from M(CO)g or M(CO)5(L), Mo=Cr
>W [17.18} The acceleration at Step (3) can
be cxplained by the idea that the mixing of

Fig. 5. Top and side view for  two lone-pair orbitals of phen forms wo

HOMO-1 and HOMO-2 calculated  new orbitals which locate energetically at a

with ZINDO/S for the capped  higher and lower Jevels compared with the

octahedron. originals, and the higher one coordinates to
metal to release the exira energy.

According to ZIND(Q!S MO, visible bands of both Cr{CO)5(py) (405 nm) and
Cr{CO)siphen) (440 mn) were assigned to CTTL. The wavelength shift in the latter 1s
simply due to the fact that LUMO (phen) locates at a lower level than LUMO (py) does.
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