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The matrix isolation technique has been combined with infrared spectroscopy and theoretical calculations to
characterize the products of the photochemical and thermal reactions of cyclopentadiene, cyclopentene,
cyclopentane, and cyclopropane with CrCl2O2. While initial twin jet deposition of the reagents led to no
visible changes in the recorded spectra, product bands were observed following irradiation with light of λ >
300 nm. The irradiation was shown to lead to oxygen atom transfer to the five-membered rings, forming
complexes between cyclic alcohol derivatives and CrCl2O. For the cyclopentadiene and cyclopentene systems,
complexes between cyclic ketone derivatives and CrCl2O were also observed. For cyclopropane, a ring-
opening oxidation reaction followed by fragmentation was obserVed for the first time, forming the
H2CdOsCrCl2O complex and C2H4. In the room temperature thermal (merged jet) reactions between CrCl2O2

and cyclopentadiene, cyclopent-3-enone was observed. At the higher temperatures, 150 and 200 °C, 1,3-
cyclopentanedione was also observed as well. No product bands were detected in the merged jet experiments
for the other three systems. These conclusions were supported by isotopic labeling (2H) and by B3LYP/6-
311G++(d,2p) density functional calculations.

Introduction

High-valent transition metal oxo compounds, including
CrCl2O2, are very strong oxidizing agents and are known to
oxidize a wide range of organic substrates. These metal oxo
compounds are able to transfer an oxygen atom to certain olefins
and hydrocarbons.1–11 Most of these studies were limited to
product studies, and there was no identification of the initial
intermediates in these experiments. However, extensive theoreti-
cal calculations have explored such systems, and conclusions
have been made as to the existence of multiple intermediates
in model systems involving high-valent transition metal oxo
compounds.8,9,12–14

The matrix isolation technique was developed to facilitate
the isolation and spectroscopic characterization of reactive
intermediates15–17 and may provide access to the study of initial
intermediates in the above reactions. Past studies have used
matrix isolation to study reactions of cyclopentadiene, cyclo-
pentane, and cyclopropane. Margrave and co-workers codepos-
ited iron atoms and cyclopentadiene in which cyclopentadie-
nyliron hydride was produced.18 Later, Samet and co-workers
studied the hydrogen-bonded complexes of cyclopentadiene with
strong bases (ammonia, trimethylamine, and dimethylether).19

More recently, Miyazaki and Yamada studied the photochem-
istry of cyclopentadiene.20 They observed that the super high-
pressureHgarc irradiationofcyclopentadiene led tobicyclo[2.1.0]-
pent-2-ene, and at shorter wavelengths, with a low-pressure Hg
arc lamp, further reactions of bicyclo[2.1.0]pent-2-ene were
found to produce allylacetylene and vinylallene. Finally, Truscott
and Ault studied 1:1 complexes of hydrohalides with cyclo-
propane.21 They observed a slight shift of the hydrogen halide
stretching frequency from the parent position indicating a weakly
bound complex.

Past studies in this laboratory have examined the matrix-
isolated products of the thermal and photochemical reactions
of CrCl2O2, OVCl3, and OVF3 with organic and inorganic
substrates.10,22–34 Two recent studies in this laboratory35,36

examined the reactions of CrCl2O2 with benzene and cyclic C6

compounds with a lesser degree of unsaturation in the ring
(cyclohexane and cyclohexene). In the first system, light of λ
> 590 nm led to reaction and oxygen atom transfer, forming a
complex between 2,4-cyclohexadienone and CrCl2O. In the
second series of reactions, irradiation led to reaction and oxygen
atom transfer, forming complexes between cyclic alcohols and
CrCl2O. This was one of the first observations of C-H bond
activation and oxygen atom insertion into a C-H bond from
CrCl2O2. In addition, the reaction of cyclohexene with CrCl2O2

also led to the formation of cyclohexanone complexed to
CrCl2O. In other recent studies in this laboratory with CrCl2O2

and substituted benzenes, a similar product distribution was
observed.37–39 The present study examines the photochemical
reactions of CrCl2O2 with cyclic C3 and C5 compounds to further
explore the nature of the oxidation reaction and the effects of
increasing ring strain on the product distribution.

Experimental Section

All of the experiments in this study were carried out on a
conventional matrix isolation apparatus that has been de-
scribed.40 Chromyl chloride, CrCl2O2 (Acros), was introduced
into the vacuum system as the vapor above the room temperature
liquid, after purification by freeze-pump-thaw cycles at 77
K. Cyclopentadiene was prepared by cracking the dimer41

(dicyclopentadiene, Aldrich, 95%). The resulting cyclopenta-
diene monomer, cyclopentene (Aldrich), cyclopentene-d8 (98.7%
D, CDN Isotopes), and cyclopentane (Aldrich) were introduced
in a similar manner into a separate vacuum manifold and were
purified by repeated freeze-pump-thaw cycles at 77 K.
Cyclopropane (Aldrich) and cyclopropane-d6 (99.1% D, CDN* To whom correspondence should be addressed.
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Isotopes) were introduced from lecture bottles into the vacuum
system and were purified by freeze-pump-thaw cycles at 77
K. Argon (Wright Brothers) was used as the matrix gas without
further purification.

Matrix samples were deposited in both the twin jet and
merged jet modes. In the former, the two gas samples were
deposited from separate nozzles onto the 14 K window, allowing
for only a brief mixing time prior to matrix deposition. Several
of these matrices were subsequently warmed to 33-35 K to
permit limited diffusion and then recooled to 14 K and additional
spectra recorded. In addition, all of these matrices were irradiated
for 1.0 h or more hours with the H2O/Pyrex-filtered output of
a 200-W medium-pressure Hg arc lamp, after which additional
spectra were recorded.

Some of the experiments were conducted in the merged jet
mode,42 in which the two deposition lines were joined with an
UltraTorr tee at a distance from the cryogenic surface, and the
flowing gas samples were permitted to mix and react during
passage through the merged region. This region was ap-
proximately 50 cm in length and could be heated to temperatures
as high as 200 °C. In both twin and merged jet, matrices were
deposited at the rate of 2 mmol/h from each sample manifold
onto the cold window. Final spectra were recorded on a Perkin-
Elmer Spectrum One Fourier transform infrared spectrometer
at 1 cm-1 resolution.

Theoretical calculations were carried out on likely intermedi-
ates in this study, using Gaussian 03 and 03W suite of
programs.43 Density functional calculations using the hybrid
B3LYP functional were used to locate energy minima, determine
structures, and calculate vibrational spectra. Final calculations
with full geometry optimization employed the 6-311G ++(d,
2p) basis set, after initial calculations with smaller basis sets
were run to approximately locate energy minima. Thermody-
namic functions for the reactants and potential intermediates
were also calculated.

Results

Prior to any codeposition experiments, blank experiments
were run on each of the reagents used in this study. In each
case, the blanks were in good agreement with literature
spectra18,44–47 and with blanks run previously in this laboratory.
Each blank experiment was then irradiated by the H2O/Pyrex-
filtered output of a 200-W Hg arc lamp for 1.0 h, and no changes
were noted, other than in the Ar/CrCl2O2 blank, where the
growth of very weak bands due to photochemical reaction with
impurity H2O was seen.24 Weak bands due to HCl impurity were
noted in all of the CrCl2O2 blank experiments.

CrCl2O2 + Cyclopentadiene. In an initial twin jet experi-
ment, a sample of Ar/CrCl2O2 ) 500 was codeposited with a
sample of Ar/cyclopentadiene ) 400. After 23.0 h of deposition,
no new bands were detected. This sample was annealed to 32

K and another spectrum was recorded, and no new features were
observed in the resulting spectrum. The matrix was then
irradiated for 1.0 h with the filtered (λ > 300 nm) output of a
medium-pressure Hg arc lamp. This produced many new product
bands, as listed in Tables 1 and S1. The most intense bands
were seen at 3552, 1687, 1602, 1352, 1005, 950, 919, 821, 783,
541, and 449 cm-1. Most of the observed product bands were
split into doublets or multiplets. Figure 1 shows representative
regions of this spectrum.

Numerous additional experiments were conducted, using twin
jet deposition to deposit the two reagents into solid argon
matrices at different concentrations. The concentrations ranged
from Ar/CrCl2O2 ) 300 to Ar/CrCl2O2 ) 600 and Ar/
cyclopentadiene ) 300 to Ar/cyclopentadiene ) 500. The same
products bands were observed throughout, with relative intensi-
ties (i.e., relative to all other bands in the set) that appeared to
be consistent. Band intensities were also consistent with the
concentrations employed over all of the experiments. The
product bands that grew in during irradiation reached a
maximum in 1.5 h of irradiation.

A series of merged jet experiments was conducted with
samples of Ar/CrCl2O2 ) 500 and Ar/cyclopentadiene ) 500,
using a 53 cm merged or reaction region. The temperature
of the merged region was varied for the experiments: room
temperature, 100, 150, and 200 °C. At the lower temperatures,
many new bands were observed. The most intense product
band was seen at 1759 cm-1, while somewhat intense bands
were seen at 2864, 1402, 1263, 1165, 1131, 1048, and 769
cm-1. At the higher temperatures, additional new bands were
seen while the bands observed in the previous experiments
at the lower temperatures, were reduced. All of the merged
jet product bands are listed in Table S2, while Table 2 lists
key bands. Figure 2 shows a representative region of this
spectrum with the merged region held at room temperature.

CrCl2O2 + Cyclopentene. In an initial twin jet experiment,
a sample of Ar/CrCl2O2 ) 400 was codeposited with a sample
of Ar/cyclopentene ) 400. After 23.0 h of deposition, no new
bands were detected. This sample was annealed to 32 K, and
another spectrum was recorded, and no new features were
observed in the resulting spectrum. The matrix was then
irradiated for 1.5 h with the filtered (λ > 300 nm) output of a
medium-pressure Hg arc lamp. This produced many new product
bands, as listed in Supporting Information Table S3. The more
intense bands were seen at 3554, 1678, 1390, 1194, 1026, 1007,
916, 858, 825, 787, 778, and 447 cm-1. Most of the observed
product bands were split into doublets or multiplets. Figure 3
shows representative regions of this spectrum.

Numerous additional experiments were conducted, using twin
jet deposition at concentrations ranging from Ar/CrCl2O2 ) 400
to Ar/CrCl2O2 ) 600 and Ar/cyclopentene ) 300 to Ar/
cyclopentene ) 500. The same products bands were observed

TABLE 1: Key Product Bandsa Arising from the Irradiation of Matrices Containing CrCl2O2 and Cyclopentadiene Compared
to the Calculatedb Bands of CrCl2O-cyclopent-2-enone, CrCl2O-cyclopent-3-enone, and CrCl2O-cyclopenta-1,3-dienol

CrCl2O2 + cyclopentadiene
(exptl freqc)

CrCl2O-cyclopent-2-enone
(calcd freq)

CrCl2O-cyclopent-3-enone
(calcd freq)

CrCl2O-cyclopenta-1,3-dienol
(calcd freq) assignment

449 506 454 456 CrsCl st., CrCl2O
1005 1130 1102 1103 CrdO st., CrCl2O
1564 1532 CdC st. (dienol)
1602 1628 CdO st. (2-enone)
1687 1671 CdO st. (3-enone)
3552 3577 O-H st. (dienol)

a For complete set of product bands, see Supporting Information Table S1. b Calculated at the B3LYP/6-311G++(d,2p) level of theory.
c Band positions in cm-1.
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throughout, with relative intensities (i.e., relative to all other
bands in the set) that appeared to be consistent. Band intensities
were also consistent with the concentrations employed over all
of the experiments. The product bands that grew in during
irradiation reached a maximum in 1.5 h of irradiation.

A series of merged jet experiments was conducted with
samples of Ar/CrCl2O2 ) 500 and Ar/cyclopentene ) 500. With
the merged region held at room temperature, the resulting
spectrum was identical to that observed in the twin jet
experiments before irradiation, with no new product bands. In
subsequent experiments, with the merged region heated to 100,
150, and 200 °C, no product bands were observed.

CrCl2O2 + Cyclopentene-d8. Multiple twin jet experiments
were conducted in which samples of Ar/CrCl2O2 were
codeposited with samples of Ar/cyclopentene-d8. After 22.0 h
of deposition, the matrix was irradiated for 1.0 h. This
irradiation produced many new bands, with the more intense
bands at 2629, 1675, 1331, 1102, 1007, 978, 931, 822, 719,
and 444 cm-1. Most of the observed product bands were split
into doublets or multiplets. Figure S1 shows representative
regions of this spectrum.

CrCl2O2 + Cyclopentane. In an initial twin jet experiment,
a sample of Ar/CrCl2O2 ) 500 was codeposited with a sample
of Ar/cyclopentane ) 500. After 23.0 h of deposition, no new
bands were detected. The matrix was then irradiated for 1.0 h
with the filtered (λ > 300 nm) output of a medium-pressure
Hg arc lamp. This produced many new product bands, as listed
in Table S4. The more intense bands were seen at 3573, 1439,
1338, 1189, 1171, 1050, 1006, 946, 933, 723, and 447 cm-1.
Most of the observed product bands were split into doublets or
multiplets. Figure 4 shows representative regions of this
spectrum.

Numerous additional twin jet experiments were conducted
at concentrations ranging from Ar/CrCl2O2 ) 400 to Ar/CrCl2O2

) 900 and Ar/cyclopentane ) 300 to Ar/cyclopentane ) 900.
The same products bands were observed throughout, with
relative intensities (i.e., relative to all other bands in the set)
that appeared to be consistent. Band intensities were also
consistent with the concentrations employed over all of the
experiments. The product bands that grew in during irradiation
reached a maximum in 1.0 h of irradiation.

A series of merged jet experiments was conducted with
samples of Ar/CrCl2O2 ) 500 and Ar/cyclopentane ) 500. With
the merged region held at room temperature, the resulting
spectrum was identical to that observed in the twin jet
experiments with no new product bands. In subsequent experi-
ments, with the merged region heated to 100 and 150 °C, again
no new product bands were observed.

CrCl2O2 + Cyclopropane. In an initial twin jet experiment,
a sample of Ar/CrCl2O2 ) 500 was codeposited with a sample
of Ar/cyclopropane ) 450. After 23.0 h of deposition, no new
bands were detected. The matrix was then irradiated for 1.0 h
with the filtered (λ > 300 nm) output of a medium-pressure
Hg arc lamp. This produced new product bands at 1673, 1490,
1480, 1440, 1249, 1009, 967, 948, and 459 cm-1 and are listed
in Table 3. Most of the observed product bands were split into
doublets or multiplets. Figure 5 shows representative regions
of this spectrum.

Figure 1. Infrared spectra of a matrix formed by the twin jet deposition of a sample of Ar/CrCl2O2 ) 500 with a sample of Ar/cyclopentadiene
) 400. The lower trace is before irradiation, while the upper trace is after 1.0 h of irradiation with light of λ > 300 nm. The upper spectra is of
the O-H stretch region.

TABLE 2: Product Bandsa in the Merged Jet Codeposition
of CrCl2O2 with Cyclopentadiene Assigned to
Cyclopent-3-enoneb

product band position cyclopent-3-enone (literature exptl freqc)

627 623
769 766
772 772
954 957

1131 1135
1165 1167
1263 1266
1402 1410
1612 1617
1759 1765
1776 1774

a Frequencies in cm-1. b see Supporting Information Table S2 for
complete set of product bands. c Vapor phase, see ref 49.
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Numerous additional experiments were conducted, using twin
jets to deposit the two reagents into solid argon matrices at
different concentrations. The concentrations ranged from Ar/
CrCl2O2 ) 400 to Ar/CrCl2O2 ) 900 and Ar/cyclopropane )
350 to Ar/cyclopropane ) 900. The same products bands were
observed throughout, with relative intensities (i.e., relative to
all other bands in the set) that appeared to be consistent. Band
intensities were also consistent with the concentrations employed
over all of the experiments. The product bands that grew in
during irradiation reached a maximum in 1.5 h of irradiation.

A series of merged jet experiments was conducted with
samples of Ar/CrCl2O2 ) 500 and Ar/cyclopropane ) 450. With
the merged region held at room temperature, no product bands
were observed. In subsequent experiments, with the merged
region heated to 100, 150, and 200 °C, no product bands were
noted.

CrCl2O2 + Cyclopropane-d6. Multiple twin jet experiments
were conducted in which samples of Ar/CrCl2O2 were code-
posited with samples of Ar/cyclopropane-d6. After 23.0 h of
deposition, the matrix was irradiated for 1.0 h. This irradiation

Figure 2. Infrared spectrum of a matrix formed by the merged jet deposition of a sample of Ar/CrCl2O2 ) 500 with a sample of Ar/cyclopentadiene
) 450. Bands marked with an asterisk are due to the resulting products. The merged region was held at room temperature.

Figure 3. Infrared spectra of a matrix formed by the twin jet deposition of a sample of Ar/CrCl2O2 ) 400 with a sample of Ar/cyclopentene )
400. The lower trace is before irradiation, while the upper trace is after 1.5 h of irradiation with light of λ > 300 nm. The upper spectra is of the
O-H stretch region.

Reactions of 3- and 5-Membered Cyclic Hydrocarbons J. Phys. Chem. A, Vol. 112, No. 24, 2008 5371



produced many new bands, at 2184, 2138, 1633, 1626, 1088,
1075, 1071, 1009, 968, 957, 734, and 456 cm-1. Most of the
observed product bands were split into doublets or multiplets.

Results of Calculations

The structures, energetics, and vibrational spectra of a number
of possible products of the four systems were calculated using
the B3LYP hybrid functional and basis sets as high as
6-311G++(d,2p). Since experimental evidence for oxygen atom
transfer was observed (see below), calculations focused on the
possible products of oxygen atom transfer, complexed to the
remaining metal fragment, CrCl2O, as well as the products of
HCl elimination from the initial cage pair. These include cyclic
ketones through O atom addition and cyclic alcohols through
O atom insertion. All the proposed complexes optimized to an
energy minima on their respective potential energy surfaces,
with all positive vibrational frequencies. Figure 6 shows the
energies of the calculated likely structures (products) relative
to CrCl2O2 + cyclopentadiene; the energies are also listed in
Table 4. Figure S2 of Supporting Information shows a repre-
sentation of these calculated structures (structures S2a-l).
Tables S5-S7, in the Supporting Information, list the energies
of the calculated likely structures (products) relative to CrCl2O2

+ cyclopentene, CrCl2O2 + cyclopentane, and CrCl2O2 +
cyclopropane, respectively. The Supporting Information also
shows graphic representations of all of these calculated structures
(structures S3a-g, S4a-c, and S5a-g) as well as a figure
showing the calculated energies relative to CrCl2O2 +
cyclopentene.

Discussion

For the four systems studied here, no distinct product bands
were observed upon initial twin jet deposition. Subsequent
irradiation with light of λ > 300 nm led to the formation of
strong product bands. These results are similar to recent systems
studied in this laboratory.35–39 Since most molecules do not
diffuse within the argon lattice at 14 K, a photochemical reaction
can only occur after twin jet deposition between reactants
trapped within the same matrix cage. Cage pairs are formed
from the statistical distribution of components of the system
during the matrix condensation process. At the low concentra-
tions employed in these studies, on the order of 1:1:1000, it is
very probable that the stoichiometry of the cage pairs is 1:1,
i.e., one molecule of CrCl2O2 and one substrate molecule (e.g.,
cyclopentadiene). In addition, the relative intensities of the
product bands remained constant as the concentration of the
initial reagents was varied, indicating that either one product is
formed, or if more than one is formed the products are always
formed in the same relative amounts.

Two different modes of photochemical reaction of CrCl2O2

with small molecules have been observed in recent matrix
studies. The first involves HCl elimination from the initial cage
pair and addition of the organic or inorganic fragment to the
chromium center (e.g., CrCl2O2 + NH3 f ClCr(O)2NH2 +
HCl). These two species could then form a weakly hydrogen-
bonded complex within the matrix.10,23,24,31,33 The second
involves oxygen atom transfer from CrCl2O2 to the reaction
partner, followed by complexation between the oxidized product
and the CrCl2O species.27,28 In twin jet experiments with all
four systems, the HCl elimination product can readily be

Figure 4. Infrared spectra of a matrix formed by the twin jet deposition of a sample of Ar/CrCl2O2 ) 400 with a sample of Ar/cyclopentane )
400. The lower trace is before irradiation, while the upper trace is after 1.0 h of irradiation with light of λ > 300 nm. The upper spectra is of the
O-H stretch region.

TABLE 3: Observeda and Calculatedb Frequencies Isotopic
Shifts for the CrCl2O-Formaldehyde Complexc

band position deuterium shift

exptl calcd exptl calcd assignment

459 447 -3 -2 CrsCl stretch, CrCl2O
1009 1120 0 2 CrdO stretch, CrCl2O
1249 1248 -281 -261 CH2 rock, CH2O
1490 1500 -402 -402 CH2 bend, CH2O
1673 1676 -47 -42 CdO stretch, CH2O

a Band positions in cm-1. b Calculated at the (B3LYP/
6-311G++(d,2p)) level. c Bands of C2H4 observed at 948, 967,
1440, and 1480 cm-1.
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eliminated by careful examination of the HCl stretching region.
No new bands were detected in this region in any experiment,
other than a very weak HCl absorption known to arise from
the photochemical reaction of CrCl2O2 with impurity H2O.
Further, the vibrational spectra calculated for HCl elimination
products were not consistent with the experimental spectra.
Thus, it is reasonable to conclude that the HCl elimination

reaction channel does not occur photochemically for any of these
systems. However, in the cyclopentadiene system there is
evidence of HCl elimination in the merged jet experiments (see
below).

The second reaction pathway involves O atom transfer to the
substrate and leads to the formation of CrCl2O, complexed to
an oxidized product. CrCl2O has been observed by several

Figure 5. Infrared spectra of a matrix formed by the twin jet deposition of a sample of Ar/CrCl2O2 ) 500 with a sample of Ar/cyclopropane )
450. The lower trace is before irradiation, while the upper trace is after 1.0 h of irradiation with light of λ > 300 nm.

Figure 6. Relative energies of the uncomplexed and complexed products as compared to CrCl2O2 and cyclopentadiene.
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research groups5,28,48 and has characteristic absorptions near
1014 and 450 cm-1. The exact positions of the absorptions vary
slightly from system to system, due to complexation to the
oxidized product. In the present study, product bands were
observed near 1014 and 450 cm-1 for every system and are
very reasonably assigned to CrCl2O. Moreover, these two bands
did not shift in experiments with deuterated isotopomers,
indicating that the species responsible for these two bands very
likely does not contain H (or D). Thus, the spectral evidence
strongly supports formation of CrCl2O through oxygen atom
transfer from CrCl2O2 to all three of the 5-membered rings and
the 3-membered ring in a reaction analogous to the previously
studied CrCl2O2/benzene system.

CrCl2O2 + Cyclopentadiene. A significant number of
product bands were observed in the photochemical reaction of
CrCl2O2 with cyclopentadiene, as listed in Tables 1 and S1.
CrCl2O was observed with absorptions at 1005 and 449 cm-1.
The two double bonds in the ring increase the number of
possible oxidation products. All of the species considered as
candidates for the experimental spectrum are listed in Table 4.
The CrCl2O-cyclopentadiene oxide complex was computed to
be one of the highest energy complexes under consideration,
as shown in Figure 6 and Table 4. A number of the more intense
bands in the calculated spectrum did not match well to the
observed spectra. For example, a band with intensity of 216
km/mol was calculated to come at 1095 cm-1. No product bands
were observed near this position. Thus, the CrCl2O-
cyclopentadiene oxide complex can be ruled out as an observed
product in this study.

Two ketene isomers, formed through a ring-opening reaction,
were considered as possible products. Ketenes are generally
characterized by an intense absorption near 2100 cm-1, although
this is likely to shift to lower energy upon complexation. In
this study, the uncomplexed ketenes, penta-1,3-dien-1-one and
penta-1,4-dien-1-one, had calculated CdOdO absorptions of
2134 and 2138 cm-1, respectively. Upon complexation with
CrCl2O, the absorption was calculated to shift to 2093 cm-1

for the η1 and 1778 cm-1 for the η2 (CdO) penta-1,3-dien-1-
one complexes and 2105 cm-1 for the η1 and 1855 cm-1 for
the η2 (CdO) penta-1,4-dien-1-one complexes. The calculated
infrared spectra for all four structures were compared to the
experimental spectrum and the match was quite poor; thus these
structures can be ruled out.

A single, sharp band was observed at 3552 cm-1 as shown
in Figure 1 and listed in Table 1. This clearly can be assigned
to an O-H stretch and indicates the formation of cyclopenta-
dienol. There are three possible isomers, differentiated by
location of the OH group on the ring relative to the two

carbon-carbon double bonds. Each of these would be com-
plexed to CrCl2O through an oxygen atom. All three complexes
were calculated at the B3LYP/6-311G++(d,2p) level and were
found to be of comparable stability, as shown in Table 4. All
three complexes were calculated to have an intense O-H stretch
between 3570 and 3630 cm-1 (initial calculated values scaled
by a factor of 0.97). Together, these observations provide strong
support for the formation of a CrCl2O-cyclopentadienol
complex, through the insertion of an oxygen atom from CrCl2O2

into a C-H bond of cyclopentadiene. The single, relatively
sharp, band observed in the experimental spectrum indicates
that only one isomer is being formed. While the CrCl2O-
cyclopenta-1,3-dienol complex is the isomer with a calculated
O-H stretch (3570 cm-1) closest to the observed O-H stretch
at 3552 cm-1, inherent uncertainties in these calculations
preclude definitive distinction between the three isomeric
complexes.

Another possible product is the CrCl2O-cyclopentenone
complex, arising from the oxidation of one of the carbon-carbon
double bonds to a ketone. Computationally, the CrCl2O-
cyclopentenone complexes were found to be the most stable of
all of the complexes. Furthermore, a cyclic ketone complex has
been observed in the previous oxidation reactions of CrCl2O2

with 6-membered rings. Two CrCl2O-cyclopentenone complex
isomers are possible in the present study, CrCl2O-cyclopent-
2-enone and CrCl2O-cyclopent-3-enone; these were calculated
to have strong CdO absorptions at 1628 and 1671 cm-1,
respectively. Experimentally, a strong band was observed at
1602 cm-1 and a weaker multiplet was observed at 1687 cm-1.
This agreement strongly supports the formation of both
CrCl2O-cyclopentenoneisomericcomplexesintheseexperiments.

The final isomer of C5H6O under consideration was 2H-pyran,
a cyclic ether formed by oxygen atom insertion into a C-C
bond and ring expansion and then complexed to CrCl2O. The
possibility that this species also formed cannot be eliminated,
since most of the calculated band positions for this complex
and the cyclic alcohol complex were relatively close together.
Further, the reaction to form this complex is energetically
favorable. However, there is no definitive evidence supporting
the formation of this isomer, while there is such evidence for
the cyclic ketones and alcohols.

Merged jet experiments were also carried out, to provide the
reagents with more time to react before deposition onto the cold
window. Since the experiments produced more bands than could
be assigned to one product, it indicates that a mixture of products
is forming. The major product at the lower temperatures (room
temperature and 100 °C) can be identified by comparison to
the literature gas phase spectrum of cyclopent-3-enone.49 A

TABLE 4: Calculated (B3LYP/6-311G++(d,2p)) Relative Energiesa of Possible Products (Uncomplexed and Complexed) from
the CrCl2O2 and Cyclopentadiene Reaction

uncomplexed products relative energies (kcal/mol) complexed products relative energies (kcal/mol)

CrCl2O + cyclopentadiene oxide 30.3 CrCl2O-penta-1,4-dien-1-one, η2 (CO) 15.0
CrCl2O + cyclopenta-2,4-dienol 18.5 CrClO2-cyclopentadienyl + HCl 11.8
CrCl2O + penta-1,4-dien-1-one 14.4 CrCl2O-cyclopentadiene oxide 7.5
CrCl2O + 2H-pyran 17.0 CrCl2O-penta-1,3-dien-1-one, η2 (CO) 7.3
CrCl2O + cyclopenta-1,3-dienol 9.8 CrCl2O-penta-1,4-dien-1-one, η1 (end on) 5.3
CrCl2O + penta-1,3-dien-1-one 9.5 CrCl2O-penta-1,3-dien-1-one, η1 (end on) -1.8
CrCl2O + cyclopenta-1,4-dienol 9.1 CrCl2O-2H-pyran -3.7
CrCl2O + cyclopent-3-enone -1.5 CrCl2O-cyclopenta-2,4-dienol -7.9
CrCl2O + cyclopent-2-enone -6.0 CrCl2O-cyclopenta-1,3-dienol -10.5

CrCl2O-cyclopenta-1,4-dienol -11.9
CrCl2O-cyclopent-3-enone -27.1
CrCl2O-cyclopent-2-enone -34.0

a Energies relative to the reactants, CrCl2O2 + cyclopentadiene.
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number of the more intense bands, including the very intense
1759 cm-1 band, matched very well the gas phase spectrum of
this species given anticipated gas-to-matrix shifts and are so
assigned as shown in Table 2. The identity of the absorber(s)
responsible for the remaining quite weak bands could not be
readily determined. At higher merged jet temperatures (150 and
200 °C), the bands due to cyclopent-3-enone were observed with
reduced intensity. In addition, a number of bands appeared at
these higher temperatures. These can be assigned, on the basis
of comparison to calculated values, to the doubly oxidized
parent, 1,3-cyclopentanedione. Whether both O atoms arise from
a single CrCl2O2 molecule, or from reaction of cyclopent-3-
enone with a second molecule of CrCl2O2 cannot be distin-
guished under the experimental conditions employed here. The
products observed in these experiments represent one of the
few examples of a thermal gas phase reaction of CrCl2O2 in
which O atoms are transferred to an organic substrate. It should
be noted that other products of this reaction are CrCl2O and
perhaps CrCl2, formed by direct O atom transfer(s) from
CrCl2O2 to cyclopentadiene. These would not be volatile species,
and would very probably condense on the walls of the deposition
line prior to reaching the cold window.

CrCl2O2 + Cyclopentene. Cyclopentene oxide was com-
puted to be the highest energy isomer of C5H8O under
consideration, as shown in Table S5 of Supporting Information.
Also, all attempts to optimize the structure of CrCl2O-
cyclopentene oxide complex from different starting structures
led to dissociation into parent CrCl2O2 and cyclopentene. Thus,
the CrCl2O-cyclopentene oxide complex can be ruled out as a
product in this study.

A strong product band was observed at 3568 cm-1 as shown
in Figure 3, with a clear deuterium counterpart at 2629 cm-1.
This clearly may be assigned to an O-H stretch, indicating the
formation of an isomer of cyclopentenol. There are three
possible isomers, differentiated by location of the OH group
on the ring relative to the carbon-carbon double bond. Each
of these would be complexed to CrCl2O through the O atom.
All three complexes were calculated at the B3LYP/6-
311G++(d,2p) level and were found to be of comparable
stability, as shown in Table S5 of Supporting Information. Not
surprisingly, all three were calculated to have an intense O-H
stretch between 3590 and 3630 cm-1. Together, these observa-
tions provide strong support for the formation of the
CrCl2O-cyclopentenol complex, through insertion of an oxygen
atom from CrCl2O2 into a C-H bond of cyclopentene. At the
same time, the calculated and experimental spectra do not permit
the determination of which isomer (1-, 2-, or 3-cyclopentenol)
was formed. In fact, given the breadth and band shape of the
3568 cm-1 absorption, more than one of these isomers may have
been formed.

A second possible product is the CrCl2O-cyclopentanone
complex, arising from the oxidation of the carbon-carbon
double bond to a ketone. Computationally, CrCl2O-cyclopen-
tanone was found to be the most stable out of all of the
complexes by 17 kcal/mol. Cyclic ketone complexes were
observed in many of the recent studies with CrCl2O2 and cyclic
organic substrates. In the present study, the CrCl2O-
cyclopentanone complex was calculated to have a CdO stretch
at 1662 cm-1 with a deuterium shift of -7 cm-1. In the present
study, a weak-medium band was observed at 1678 cm-1 which
shifted -3 cm-1 upon deuteration. The cyclopentenol products
(above) are also calculated to absorb in this region (the CdC
stretch). However, this mode was calculated to have a -35 cm-1

shift, much larger than the observed shift. The position and

deuterium shift together support assignment to the CrCl2O-
cyclopentanone complex in these experiments. The relative
amounts of the alcohol and ketone that formed are hard to
estimate directly from band intensities. Nonetheless, it is not
surprising that the bands of the alcohol were more intense since
alcohol formation can occur at any of the 5 ring carbons while
ketone formation can only occur at the carbon-carbon double
bond. Kinetic barriers may also affect the relative amounts of
the two products.

CrCl2O2 + Cyclopentane. Similar to the two previous
systems, a strong product band was observed at 3573 cm-1 as
shown in Figure 4. The upper region is characteristic of an O-H
stretch, particularly one in which the oxygen atom is coordinated
to the CrCl2O species. This is strong support for the formation
of cyclopentanol, through insertion of an oxygen atom from
CrCl2O2 into a C-H bond of cyclopentane. There are several
possible isomers of this complex, given the nonplanar structure
of cyclopentane and cyclopentanol. However, these are very
close in energy to one another and are very difficult to
distinguish spectroscopically. Given the band shape and the
several maxima within this band shape (see inset to Figure 4),
it is probable that several different isomers form in this reaction.
Many products bands were observed in addition to the 3573,
1006, and 447 cm-1 absorptions. When the intrinsic uncertainty
associated with a given vibrational band is taken into account
(standard deviation of approximately 3% for B3LYP/6-
311G++(d,2p)), most of the remaining product bands can be
assigned to the CrCl2O-cyclopentanol complex as done in Table
S4 of Supporting Information.

CrCl2O2 + Cyclopropane. A number of product bands were
observed in the photochemical reaction of CrCl2O2 with
cyclopropane, as listed in Table 3. CrCl2O was observed with
absorptions at 1009 and 459 cm-1. All of the species that are
likely candidates to contribute to the experimental spectrum are
listed in Table S7. After irradiation, there was no indication of
any new bands above 3000 cm-1. This strongly suggests that
species containing an O-H bond are not formed. Also, there is
no deuterium counterpart O-D stretch in the cyclopropane-d6

experiments. Consequently, two complexes can be quickly
removed from consideration: CrCl2O-2-propenol (open-chain
alcohol) and CrCl2O-cyclopropanol (ring alcohol).

Insertion of an O atom into a C-C bond can lead to either
oxetane, retaining a 4-membered ring structure, or methoxy-
ethene from a ring-opening reaction. The reactions to form the
CrCl2O-oxetane and CrCl2O-methoxyethene complexes were
both calculated to be exothermic, but many of the predicted
bands for both complexes were absent in the spectrum. Thus,
these species can be ruled out as well.

An intense band is observed at 1673 cm-1, in the region
characteristic of a CdO stretch of a carbonyl species. Two likely
oxidation products are acetone and propanal each complexed
to CrCl2O, formed through ring-opening reactions. As shown
in Table S7 of Supporting Information, the most energetically
favored product is the CrCl2O-acetone complex. It should be
noted that acetone and propanal complexes have similar
calculated CdO stretches (1692 and 1700 cm-1) and deuterium
shifts to the CdO stretch (-14 and -17 cm-1, respectively).
While the experimental band for the normal isotope (1673 cm-1)
fits reasonably well, the experimental deuterium shift is much
larger (-47 cm-1) than calculated for either complex. Further,
the absence of key predicted bands makes assignment to either
complex assignment unlikely. For example, three moderately
intense bands are predicted for the CrCl2O-acetone complex
in the region between 1420 and 1350 cm-1, while no bands
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were observed in this region of the spectrum. Thus, these two
complexes are eliminated from consideration.

An additional, novel possibility is oxygen atom transfer to
cyclopropane followed by ring opening and then fragmentation,
to form the H2CO-CrCl2O complex and ethene. For this
channel, the fit of the computed spectrum to the experimental
spectrum is excellent. As shown in Table 3, all of the computed
bands of the H2CO-CrCl2O complex were observed with
appropriate intensities within a few wavenumbers. For example,
the CdO stretch was calculated to come at 1676 cm-1 with a
deuterium shift of -42 cm-1, in very good agreement with the
experimental values of 1673 cm-1 and deuterium shift of -47
cm-1. Also, the second most intense band of H2CO comes at
1499 cm-1. This is shifted to 1490 cm-1 in the complex. The
experimental deuterium shift, -402 cm-1, is identical to that
calculated for the H2CO-CrCl2O complex, as shown in Table
3. In addition, product bands at 1440 and 948 cm-1 match very
well-known absorptions of ethene50 as do the counterpart bands
in the deuterated experiments. Bands were also seen at 1480
and 967 cm-1, likely arising from ethene molecules interacting
with an electron-rich environment (i.e., the H2CO-CrCl2O
complex), causing a shift to higher energy. Thus, the CrCl2O-
formaldehyde complex is identified, along with cage paired
ethene, as products in the photochemical reaction of CrCl2O2

with cyclopropane in argon matrices, marking the first observa-
tion of a ring-opening product in a photochemical reaction of
CrCl2O2.

Merged jet experiments were also carried out on the cyclo-
pentene, cyclopentane, and cyclopropane systems. In all three
systems, no reaction products were detected, with heating of
the reaction zone to as high as 150 °C. Calculations demonstrate
that the reactions to form the most favorable products in the
cyclopentene and cyclopropane systems (cyclopentanone and
acetone, respectively) are both exothermic. The fact that these
reactions did not occur in the merged jet experiments suggests
that the activation barriers to these reactions are sufficiently high
to prevent reaction, i.e., that the reaction is kinetically limited.
In contrast, the reaction to form the most stable product
(cyclopentanol) in the cyclopentane system is endothermic by
11 kcal/mol and is not likely to occur thermally at 150 °C.

Further Considerations

The mechanism of the photochemical reaction leading to the
observed products is of interest as well. Recent visible/UV
spectroscopic studies from this laboratory51,52 have shown that
a number of σ and π electron donors form 1:1 molecular
complexes with OVCl3 and CrCl2O2, with charge transfer
transitions in the visible region. Excitation into these charge
transfer transitions has then been shown to lead to photochemical
reaction for a number of systems. Thus, the photochemical
mechanism arises from excitation of cage-paired partners,
whether these form a weakly bound molecular complex, which
was not detected, or simply two species held in close proximity
by the rigid argon matrix structure. The observation that CrCl2O2

alone in solid argon is not photochemically active (i.e., to form
CrCl2O + O) strongly suggests that a cage reactant pair is
required. This is also in agreement with the fact that the energy
of a photon in the 500-nm region, where onset of photochemical
reaction has been observed to occur, is significantly less than
the CrdO bond strength in CrCl2O2.

As noted above, the photochemical reaction of CrCl2O2 with
cyclopropane gave rise, for the first time, to a ring-opened
product. For all of the saturated cycloalkanes studied, the lowest
energy product retaining the ring structure is the cyclic alcohol

while the lowest energy “ring-opened” product is a ketone. In
each case, the ring-opened ketone was the overall lowest energy
product. However, this product was not observed for cyclohex-
ane and cyclopentane, while ring opening did occur for
cyclopropane. The reason may be that as the ring size decreases,
the difference in energy between the ring-opened product
(ketone) and the cyclic product (alcohol) was computed to
increase substantially, from -10 kcal/mol for C6H12O to -31
kcal/mol C3H6O. This energy difference apparently was suf-
ficient to drive the cyclopropane reaction to the ring-opened
product, and the exothermicity led to further fragmentation of
the ring-opened ketone into the H2CO-CrCl2O complex +
C2H4.

For unsaturated hydrocarbon rings, reaction with CrCl2O2

can lead to both O atom insertions into a C-H bond and O
atom addition to a CdC can occur, leading to a cyclic alcohol
or a cyclic ketone. In most cases, the ketone was calculated to
be lower in energy, the exception being benzene where phenol
was the lowest energy product. For many of these systems, both
the cyclic ketone and alcohol were observed, despite significant
energy differences between the two products. Since these
reactions are all photochemically activated by visible and UV
radiation, sufficient energy is available to access either channel
(as well as additional, less energetically favorable channels).
The distribution of products in these cases probably reflects the
different cage pairing geometries that are formed upon initial
matrix deposition prior to irradiation. If an oxygen of CrCl2O2

is aligned near a CdC, then excitation is likely to lead to the
cyclic ketone. If the oxygen is not aligned near a CdC, it must
be directed toward a CsH bond, and excitation is likely to lead
to the cyclic alcohol. While calculating initial cage pair
geometries explicitly including nearest neighbor argon atoms
is beyond the scope of this study, it would be an interesting
study for those groups who are equipped to carry out large scale
calculations, whether density functional theory or Monte Carlo.

As a final note, the role of the CrCl2O species in these
complexes is of interest. The complexation energies of CrCl2O
to the oxidized product were computed to be large, ranging from
-15 to -40 kcal/mol over the wide range of complexes that
have been studied. To some degree, these complexes may be
viewed as molecular species in their own right. The Cr · · ·O
distances in these complexes were typically calculated to be
between 1.95 and 2.00 Å, not unlike a typical CrsO single
bond distance. At the same time, the CdO bond lengths of the
ketone products are not significantly elongated (∼0.02 Å)
compared to the uncomplexed products. Thus, these photo-
oxidation experiments provide a novel route a to series of
interesting new molecules, in addition to shedding some light
on the mechanisms of photochemical oxidation reactions of
CrCl2O2.

Conclusions

Irradiation of matrices containing CrCl2O2 and cyclopenta-
diene, cyclopentene, and cyclopentane led to a transfer of an
oxygen atom and insertion into a C-H bond to form the
corresponding alcohol, complexed to the CrCl2O species. With
cyclopentadiene and cyclopentene, cyclic ketones were also
produced through the oxidation of a carbon-carbon double
bond. In contrast, photochemical reaction of CrCl2O2 with the
more highly ring-strained cyclopropane led to a ring-opening
reaction followed by fragmentation, forming the H2CO-CrCl2O
complex and cage-paired C2H4. In the merged jet experiments
of CrCl2O2 and cyclopentadiene, cyclopent-3-enone was ob-
served with the merged region held near room temperature.
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Above 150 °C, 1,3-cyclopentanedione was also observed. No
product bands were detected in the merged jet experiments of
the other three systems studied here. These conclusions were
supported by isotopic labeling (2H) and by B3LYP/6-
311G++(d,2p) density functional calculations.
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Supporting Information Available: Complete sets of
observed and calculated product bands for the cyclopentadiene,
cyclopentene and cyclopentane reactions with CrCl2O2 are given.
Figures of the structures of the considered products between
CrCl2O2 + cyclopentadiene are shown. For the CrCl2O2 +
cyclopentene system, figures of the considered products, a figure
of the calculated energies relative to the two reagents, a table
showing the calculated energies, and a representative spectrum
of the photochemical products of the reaction of CrCl2O2 with
cyclopentene-d8 in an argon matrix are presented. For the
CrCl2O2 + cyclopentane system, a figure of the considered
products and a table of the calculated energies relative to the
two reagents is shown. For the CrCl2O2 + cyclopropane system,
a figure showing each of the possible products considered here
and a table of the calculated energies of these products relative
to the two reagents is also shown. This material is available
free of charge via the Internet at http://pubs.acs.org.
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