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The photolysis of diphenylchloromethane in the presence of ferrocene has been examined by using 
picosecond absorption spectroscopy. Within 35 ps following photolysis, ferricenium and the diphenylmethyl 
radical are observed. These species in turn decay with the same rate. The electrochemical data on these 
intermediates support the assignment of the decay process to the oxidation of the diphenylmethyl radical 
by ferricenium yielding ground-state ferrocene and the diphenylmethyl cation, chloride anion ion pair. 

Introduction 
The dynamics of ion pairs in nonaqueous solutions has 

been the subject of several recent experimental studies.' 
Ion pairs are frequently invoked as reaction intermediates? 
and an understanding of the solvent dynamics associated 
with ion-pair formation and separation is essential for the 
development of a complete picture of organic reaction 
mechanisms. In order to examine the solvent reorgani- 
zation associated with the dissociation of a leaving group 
characteristic of nucleophilic displacement reactions, Le., 
C1-, we decided to examine the dynamics and solvent de- 
pendence on the photolysis of diphenylchloromethane. 

It was anticipated that  photolysis would result in the 
formation of the corresponding contact ion pair.3 The 
ensuing solvation could then be monitored by examining 
the time dependence on the shape of the absorption 
spectrum of the diphenylmethyl cation. However, pho- 
tolysis in even polar solvents (acetonitrile, Me2SO) resulted 
in the formation of a radical pair; no evidence for the 
formation of ions was detected? 

In order to bypass this problem and generate C1- as the 
leaving group in this system, we examined the photo- 
chemistry of diphenylchloromethane in the presence of 
ferrocene. Ferrocene, as well as other metallocenes, are 
well-known for their ability to photoreduce chlorinated 
 compound^.^ Photolysis of ferrocene in neat carbon 
tetrachloride (excitation of the FeCp, - RX charge- 
transfer complex) results in the formation of ferricenium, 
C1-, and the CCl,. r a d i ~ a l . ~ "  In the presence of di- 
phenylchloromethane, a similar reaction would be ex- 
pected. 

Experimental Section 
The picosecond (ps) absorption spectrometer has previously 

been described in detail6 Briefly, a Quantel YG-400 is used to 
generate 30-ps pulses at 1.06 and 355 nm. The 355-nm light is 
used for excitation. Transient absorption spectra are recorded 
by using a picosecond continuum generated by focusing the 
fundamental into a solution of carbon tetrachloride and chloroform 
(500-800 nm). The continuum light is dispersed by a Jarrel Ash 
(JY-200) monochrometer and imaged onto a vidicon array (PAR 
1215-1216-1254) detection system. Transient absorption spectra 
were recorded at 35,310, and 860 ps and 1.3, 2.1,4.5,9.3, and 19.0 
ns by using fiber optics. This technique ensures that the overlap 
between the excitation and probe beams remains fied as the time 
delay is changed. 

Di- 
phenylchloromethane was purified by vacuum distillation and 
stored under argon. Spectrograde acetonitrile (Aldrich), spec- 
trograde cyclohexane (Kodak), and dimethyl sulfoxide (Mal- 
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Ferrocene (Aldrich) was recrystallized from ethanol. 

Fellow. 

Table I. Rate of Decay of the Diphenylmethyl Radical 
solvent E 10-%obsd, s-l 

~~~ 

cyclohexane 2 1.15 
ethanol 25 1.25 
acetonitrile 37 1.94 
dimeth ylsulphoxide 57 3.56 

linckrodt) were stored over 4A molecular sieves for at least 48 
h prior to use. Ethanol (U. S. Industrial Chemicals Co.) was used 
without purification. Samples were degassed by nitrogen purging. 

Results 
In order to detect the existence of a ground-state com- 

plex between diphenylchloromethane and ferrocene, we 
examined the ground-state UV-vis absorption spectrum 
of ferrocene in the presence of varying amounts of di- 
phenylchloromethane. The data indicate an increase in 
absorption in the region between 300 and 400 nm similar 
to that observed in the presence of chloroform and carbon 
tetrachloride: supporting the formation of a ground-state 
complex between the two species. 

Photolysis of the ground-state diphenylchloromethane 
(0.1 M)-ferrocene (0.02 M) complex in cyclohexane a t  355 
nm results in formation of the ferricenium cation (Arnm = 
617 nm") and the diphenylmethyl radical (A, = 530 nm7) 
within 35 ps (Figure 1). Between 35 ps and 20 ns following 
photolysis, we observed a decay in the intensity of the 
absorption spectra of both species. Both ferricenium and 
the diphenylmethyl radical decay with the same rate. 
Photolysis in acetonitrile, Me,SO, and ethanol results in 
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Figure 1. Transient absorption spectra for the photolysis of 0.02 
M ferrocene-0.1 M diphenylmethylchloromethane in cyclohexane: 
A, top, 310 ps following excitation; B, 2.1 ns following excitation; 
C, 4.5 ns following excitation; D, bottom, 9.3 ns following exci- 
tation. 
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Figure 2. Rate plot for the decay of the diphenylmethyl radical. 
Solvents: dimethyl sulfoxide (Me2SO), acetonitrile, and cyclo- 
hexane. 

similar behavior but different decay rates (Table I and 
Figure 2). 

Discussion 
The current mechanism for the photoreduction of 

chlorocompounds by metallocenes involves the excitation 
of a ground-state donor-acceptor complex. Excitation 
results in electron transfer from ferrocene to the chloro 
compound, resulting in the formation of ferricenium, C1- 
and the resulting hydrocarbon radicalah Our experiments 
with diphenylchloromethane support this general scheme. 
However, the time resolution of our experiment allows us 
to examine this reaction in much greater detail. Excitation 
of the charge-transfer band results in the transfer of an 
electron from ferrocene to diphenylchloromethane. In 
order to ascertain if carbon-chlorine bond cleavage is 
concomitant with the transfer of the electron, the relative 
intensity of the absorption spectrum of ferricenium and 
the diphenylmethyl radical between 30 and 150 ps fol- 
lowing photolysis were examined. If the species I has a 

- 

& 
I 

fiiite lifetime (>50 ps), we would expect to see a faster rise 
in the concentration of ferricenium with a slower increase 
in the concentration of radical. However, for all solvents 
examined, the maximum absorption intensity for both 
ferricenium and diphenylmethyl radical is observed im- 
mediately following photolysis. The absorption intensities 
observed are consistent with the conclusion that ferrice- 

nium is formed concomitant with the appearance of the 
radical;' thus the lifetime of this species must be less than 
20 ps due to rapid carbon-chlorine bond cleavage. 

Once dissociated, we see no change in the line shape of 
the diphenylmethyl radical between 35 and 300 ps fol- 
lowing photolysis. As a result, we are unable to examine 
the dynamics of the ensuing radical, ion solvation that is 
occurring as the chloride ion diffuses into solution.8 
However, between 300 ps and 20 ns following photolysis, 
we observe simultaneous decays of the diphenylmethyl 
radical and ferricenium. 

As the diphenylmethyl radical and ferricenium decay 
with the same kinetics, only three possible mechanisms can 
explain the observed data. First, there could be a bimo- 
lecular reaction occurring between the two species to form 
the cyclopentadienyl addition product. A second possi- 
bility involves the oxidation of chloride ion by ferricenium, 
resulting in a formation of ferrocene, and fast recombi- 
nation of the diphenylmethyl and chlorine radicals. A 
third possibility is that the diphenylmethyl radical is being 
oxidized to the diphenylmethyl cation by ferricenium. If 
the latter occurs, we will form the desired ion pair between 
the diphenylmethyl cation and chloride ion, allowing for 
the examination of the ion-pair recombination dynamics. 

Radical addition to cyclopentadienyl rings has previously 
been observed for the photolysis of ferrocene in carbon 
tetra~hloride.~ However, in our sample, no net chemistry 
is observed.1° Furthermore, we would expect the resulting 
addition product to have a visible absorption spectrum; 
however, no new transients were detected. These argu- 
ments would seem to rule out the possibility of a bimole- 
cular reaction between the two species. 

The reduction potential of the diphenylmethyl cation 
has been determined to be -0.4 to -0.5 V (vs. SCE).ll The 
reduction potential for the ferrocene/ferricenium couple 
has been measured to be +0.35 V (vs. SCE).12 Thus the 
electrochemical data supports the conclusion that ferri- 
cenium is capable of oxidizing the radical. The reduction 
potential of C1. is approximately +3.8 V (vs. SCE),I3 in- 
dicating that ferricenium cannot oxidize the C1- anion. On 
the basis of the above arguments, we conclude that the 
decay of ferricenium and the diphenylmethyl radical re- 
sults from radical oxidation by ferricenium. This conclu- 
sion is supported by other known examples of radical ox- 
idation by ferri~enium.'~ 

Examination of the rate of radical decay in the various 
solvents examined shows a correlation with solvent po- 
larity. For the solvents studied, the rate of radical oxi- 
dation increases with increasing dielectric constant. With 
respect to the aprotic solvents studied, the observed rate 
of oxidation is consistent with previous studies of ion-pair 
stability in these solvents.'v8 As the solvent polarity de- 
creases, the amount of contact ion-pair formation between 
ferricenium and the chloride anion should increase. Sig- 
nificant ion pairing between ferricenium and the chloride 
anion should reduce the strength of ferricenium as an 
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oxidant. Thus, the slowest rate of radical oxidation being 
observed in cyclohexane is consistent with the prepon- 
derance of contact ion pairs in this solvent. In ethanol, 
hydrogen bonding effects must be considered. We have 
previously found that ethanol is superior to acetonitrile 
in supporting solvent separated ion pairs,' and, on the basis 
of this observation, we would have expected to observe a 

faster rate of radical oxidation in ethanol. I t  is possible 
that the observed decrease in rate in changing the solvent 
from acetonitrile to ethanol is due to hydrogen bonding 
effects on the oxidation potential diphenylmethyl radical. 

Summary 
The mechanism for the reaction of ferrocene and di- 

phenylmethylchloride is given in Scheme I. Electron 
transfer from a ground-state complex results in rapid 
carbon-chlorine bond cleavage relative to electron transfer, 
forming ferricenium, C1-, and the diphenylmethyl radical. 
The radical is then oxidized by ferricenium forming fer- 
rocene and the diphenylmethyl cation, chloride anion ion 
pair. Work is currently underway to examine the ensuing 
ion-pair dynamics as well as other ion-pair-induced reac- 
tions using metallocenes as catalysts. 
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The EPR spectra of two binuclear cobalt carbonyl cluster radicals have been detected at 77 K in y- and 
UV-irradiated solid solutions of HCo(CO)., in Kr. Partial analyses of the powder spectra suggest assignments 
to a hydrogen-bridged dimer, HCO~(CO)~,  of CPv symmetry for one species and to a nonbridged anion, 
CO~(CO)~-,  of DSd or DZd symmetry for the other. 

Introduction 
A natural extension of our spectroscopic studies of 

mononuclear metal carbonyl radicals14 is the investigation 
of polynuclear species, i.e., metal carbonyl cluster radicals. 
With one notable e ~ c e p t i o n , ~  however, our attempts to 
incorporate such species into single-crystal hosts have been 
unsuccessful. We have therefore resorted to the exami- 
nation of irradiated polycrystalline samples in the hope 
of generating and characterizing paramagnetic metal 
carbonyl clusters. Research in this particular area is al- 
ready being pursued in several laboratories.6s Unfortu- 
nately, in many instances the spectral line widths of species 
detected in organic or metal carbonyl hosts are large and 
assignments are accordingly uncertain. In our experience, 
krypton is a superlative hostg for the examination of 
powder EPR spectra. It is totally inert, a surprisingly good 
solvent, and is stable toward ionizing radiation and exhibits 
narrow-line EPR spectra in many cases. Moreover, small 
molecules become mobile in krypton above 90 K, sug- 
gesting a method of generating cluster species. In the case 
of irradiated solutions of HCO(CO)~ in Kr this possibility 
has been realized: the initial free radical products of ir- 
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radiation disappear on annealing and are replaced by bi- 
nuclear cobalt carbonyl radicals. The EPR spectra and 
structure of these species are described in this article. 

Experimental Section 
Hydridocobalt tetracarbonyl, HCO(CO)~, was synthesized'O by 

the acidification of the complex formed from dicobalt octacarbonyl 
and dry pyridine. 13C-enriched HCo(CO), was produced from the 
complex which had been exchanged with 99% 13C-enriched CO, 
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