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The 18e/16e rule is well established in organometallic
chemistry. It predicts greater stability for complexes with closed-
shell configurations. Although even-electron intermediates dominate
a variety of transition metal reactions, the importance of odd-
electron (open-shell) species in catalysis has long been recognized.

The photochemical disproportionation of metatetal bound
carbonyl dimers was reported to involve odd-electron radical
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(CO) in 1:4 molar solutions of P(OMegpand CHCl,. The reaction

is initiated by a laser pulse at 400 nm, and transient intermediates
and photoproducts are observed on a picosecond time scale by thei
particular IR absorption%.In this manner, the mechanism of
photoinduced disproportionation of a transition metal dimer and

Figure 1. Transient difference spectra in the CO stretching region for
CpW,(CO) in a 1:4 molar solution of P(OMepand CHCI, after photolysis

gt 400 nm. Species associated with peaks in the spectra and the reaction
mechanisms are addressed in the inset.

complete decay of the radicaB) is observed. The chemistry in

the importance of odd-electron species are directly addressed forthese solutions is more complex, displaying additional decay

the first time. The experiments are accompanied by density
functional theory (DFT) calculations on the geometries, frequencies,
and energetics of relevant intermediates and photoproéi&agsire
1 shows transient difference spectra recorded after 400 nm
photolysis of CpW,(CO)s in a 1:4 molar solution of P(OMegpnd
CH,Cl, (“phosphite solution”). Two strong parent bleachAas ére
observed at 1909 and 1956 choriginating from the 2B and A,
carbonyl stretching modes @nti-Cp,W,(CO)s (Can symmetry),
the most stable isomer in nonpolar and weakly polar solufighs.
negligible contribution from the gauche isomer is seen by its very
weak bleach at 2012 crh Photolysis at 400 nm in neat GEl,
and in phosphite solution primarily results in formation of mono-
meric CpW(CO) radicals B) with transient absorptions at 1880
and 1995 cm! (transient difference spectra in neat £} solutions
were taken for comparison and are contained in the Supporting
Information). While evidence for a carbonyl-loss pathway was
found with shorter excitation wavelengths in matriéé%,no
transient absorption due to @p,(CO) is found in phosphite
solution. A carbonyl-loss species, which should have a low quantum
yield at 400 nm excitatioi! is expected to immediately coordinate
with a phosphite and not contribute to disproportionation in a single-
photon proces&t

In neat CHCI,, 17¢ radicals B) exhibit geminate recombina-

channels for 17e radicals. Four additional peaks can be seen,
centered at 1770, 1850, 1967, and 2064 tim Figure 1, that are
assigned to the anionic disproportionated product CpW{C@),
two peaks of the 19eintermediate CpW(CQP(OMe} (C), and
the cationic disproportionated product CpW(GR(OMe)* (E),
respectivelyt? Assignments are based on literature 8iétand DFT
calculations (see Table 1). Note that the 16pecies CpW(CQJ
is not observed on the time scale of the experiment (800 ps). To
the best of our knowledge, the formation of a 19etermediate
on a picosecond time scale is monitored here for the first time.
Neglecting the spectral trace at 20 ps, which shows effects of peak
broadening due to vibrational excitation after photolysis, isosbestic
points at 1865 and 1978 crhin Figure 1 indicate a correlation
between the radicaB) decay and 19eintermediate C) formation.
In agreement, exponential fits to kinetic data yield time constants
(r = k1) of 285+ 29 and 306+ 106 ps for the decay of radicals
and formation of 19eintermediates, respectivelyThe formation
of the 19e intermediate thus seems to be the dominant decay
pathway for CpW(CQyradicals on the hundreds of picoseconds
time scale.

At first glance, ultrafast formation of two ionic disproportionation
products is surprising. The accepted reaction mechanism originally
suggested by Tylérequired a 19eintermediate to collide with a

tion, leading to a decay of 5% within 50 ps, but show no further parent molecule in order to transfer an electron and form the
decay on longer time scales. In phosphite solution, however, corresponding cation and negatively charged parent molecule. The
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Table 1. Calculated and Observed Frequencies (cm~1) of
Relevant Species?

calculated observed
(A) anti-Cp,W»(CO)s 1915.1(0.2), 1924.4(0.8), 1909(s), 1956(s)
1967.7(1.09

gaucheCp,W,(CO)  1902.2(0.2), 1908.7(0.3), 2012(w)
1936.7(0.4), 1970.1(0.6),
2014.4(0.9
(B) CpW(CO} 1906.2(0.6), 1907.0(0.4), 1880(s), 1995(s)
17e) 1988.7(0.3)
(C) CpW(COxP(OMe}  1888.2(0.5), 1899.1(0.3), 1850(s), 1967(m)
(19e) 1975.3(0.8
(D) CpW(CO}~ 1782.9(0.7), 1783.8(0.7), 1770(w)
(18e) 1878.6(0.4)
(E) CpW(CO}P(OMe}™ 1989.9(0.4), 2013.3(0.2), 1995(w), 2064(w)
(18e) 2064.9(0.3)
CpW(CO}* 2016.2(0.2), 2018.3(0.5), not observed
(16€) 2081.1(0.2%

aCalculated frequencies are corrected by 0.9814 Basis setA.’
¢Basis setC;” relative intensities are given in parentheses; observed
frequencies are given for phosphite solutions. Intensities: weak, m=
medium, s= strong.

heterolysis of the latter would result in the formation of a negatively
charged CpW(CQ) species. While this reaction mechanism could
explain disproportionation on diffusion-limited time scales (nano-
seconds to milliseconds), allowing for encounters of 18ser-

electron-transfer reaction to the ion pairs. Similar time constants
were reported for solvent separation of ion-pairs in back-electron-
transfer reactions in solutiof.

Femtosecond IR spectroscopy in combination with DFT calcula-
tions has allowed the first real-time observation and characterization
of ultrafast 19e intermediate and disproportionated product forma-
tion upon the photolysis of a transition metal dimer. Ultrafast
disproportionation is found to be best described by in-cage electron
transfer between two odd-electron species, namely a CfaV-
(CO); radical and a 19e (or 18 + ¢0) CpW(CO)P(OMe)
intermediate. Photolysis studies of 8y,(CO) in various phos-
phines and phosphites currently underway in our laboratory indicate
the proposed reaction mechanism to be of fundamental importance
for understanding the role of odd-electron species and in-cage
electron transfer in the disproportionation of transition metal dimer
complexeg?
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mediates and parent dimers in low concentrated solutions, it seemssetup, spectra obtained in @El, solutions, and kinetic data. This

unlikely to be the reaction mechanism at work on a picosecond
time scale.

Formation time constants for the anion, CpW(gO|D), and
the cation, CpW(CQP(OMe)* (E), are very similar at 127 13
and 1344 28 ps!3 respectively, indicating that these two species
are generated in a single kinetic event. Why, however, is the
disproportionation reaction faster than the formation of CpW-
(COxP(OMe} (C), the alleged 19eintermediate in the dispro-
portionation reaction? A microscopic view of the reaction can
provide an answer to this question. Initially, homolysis of the dimer
yields two 17¢€ radicals B) that are enclosed together in a cage of
solvent molecules, as depicted by the brackets in the reaction
scheme in Figure 1. The solvent cage consists ob@Hand
P(OMe) molecules and allows for immediate solvation or reaction
of the 17€e radicals with these species. Reference data in neat CH
Cl, reveal that chlorine atom abstraction from the chlorinated
solvent, as observed in C£F does not occur. In contrast, 17e
radicals coordinate with phosphites on a time scale of ca. 300 ps.
The reaction is slightly exothermic, withH°(298 K)= —1.5 kcal/
mol, therefore favoring a 19eover 17e configurationt®

A 19e intermediate may be formed next to a 1 #adical within
the solvent cageQ, see Figure 1). The close proximity of the two
odd-electron species allows for almost immediate transfer of an
electron to stabilize both species in even-electron configurations.
At low concentrations of P(OMg)this electron-transfer reaction
limits the buildup of final ionic disproportionation produddsand
E on an ultrafast time scalé.An electron will be transferred

material is available free of charge via the Internet at http://pubs.acs.org.
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