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Abstract

The photochemistry of chromium amino carbene complexes have been studied using IR and UV–vis spectroscopy in matrices
at 12 K and using UV–vis spectroscopy following laser flash photolysis in solution at room temperature (r.t.). The complexes
studied can be divided into two classes. The Class 1 complexes are (CO)5Cr[C(NMe2)Me], (CO)5Cr[C(NBz2)Me],
(CO)5Cr[C(NMe2)Ph] which are known to have a low or no photo-reactivity with imines to form b-lactams. Class 2 complexes
are (CO)5Cr[C(NMe2)H], (CO)5Cr[C(NBz2)H], (CO)5Cr[C(NH2)Me] and these complexes are known to undergo efficient
photochemical reactions with imines to form b-lactams. The proposed active intermediate in the reaction to form b-lactams is a
metal ketene complex. For both classes of complexes no ketene complex was observed upon irradiation in either the cryogenic
matrix or the solution studies. The only photochemical process which was observed in all experiments was CO loss and the major
product for all complexes was assigned to be cis-(CO)4Cr[(N(R2)R%]. This species behaved differently for the two classes of
complexes. In the matrix isolation experiments on Class 2 complexes this species reacted with N2, ethene or CO present in the
matrix cage, whereas for Class 1 complexes it did not. In the flash photolysis studies on Class 1 complexes the rate of reaction
of this transient species with CO showed only a moderate dependence on the nature of the solvent. The rate of reaction for the
same process measured for the transient species formed from Class 2 complexes showed a significantly greater dependence on the
solvent. We propose that for Class 1 complexes the vacant site formed by photo-dissociation of a cis-CO ligand is blocked,
whereas for the Class 2 complexes it is not. Therefore, in the latter case the site is open to reaction with active species in the
cryogenic matrices and the solvent acts as a ‘token’ ligand in the solution studies. The difference in the reactivity of
cis-(CO)4Cr[C(NR2)R%] for the two classes of complex may aid the explanation of the differences in their synthetic photochem-
istry. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Chromium carbene complexes undergo a wide vari-
ety of thermal and photochemical reactions and have
proven to be extremely useful synthons in organic
chemistry [1]. For example, they are involved in a range
of cyclisation reactions, and in the formation of a-
amino acids and esters [1–3]. One well-studied reaction
of these complexes is the formation of b-lactams devel-
oped by Hegedus and co-workers [4]. This involves the
photo-induced reaction of chromium carbenes with
imines. The mechanism postulated for this reaction

involves a chromium-ketene transient formed by the
insertion of a cis carbon monoxide ligand into the
Cr�Carbene bond upon promotion of the complex into
the metal-to-ligand-charge-transfer (MLCT) excited
state (Scheme 1) [1c]. The presence of the chromium-
ketene was inferred from studying the reaction condi-
tions under which the carbenes resulted in the best yield
of photo-product [5]. Moreover, studies comparing the
photo-products of the carbenes and the thermal prod-
ucts of the analogous organic ketene with alkenes,
dienes and imines showed that products were formed
with a similar stereochemistry [6,7].

Previous spectroscopic studies have been carried out
on carbene complexes in order to elucidate their pri-
mary photochemical steps. The work carried out on
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tungsten carbenes ((CO)5W[C(R)R%]) has shown that
these complexes have three low lying empty orbitals
with symmetry labels 2b1, 2a1 and 3a1, respectively [8].
Transitions to each of these orbitals results in ab-
sorbances in the near UV–vis region. These are as-
signed as a MLCT band, a lower energy ligand field
(LF) band and a high energy LF band. Irradiation into
the high energy LF band of (CO)5W[C(OMe)Ph] results
in the dissociation of a cis CO ligand [9]. Irradiation
into the low energy LF band would be expected to
induce loss of the carbene or the trans CO ligand [10].
The main transformation that occurs upon MLCT
excitation is the isomerisation from the anti to the syn
isomer (Eq. (1)) [10–12].

(1)

Previous work carried out by our group on the
matrix photochemistry of chromium and tungsten
alkoxy carbenes of the type (CO)5M[C(OMe)Me] (M=
Cr, W) showed that there was no evidence for the
formation of a ketene transient in cryogenic matrices
held at 12 K [13]. However, the absence of a ketene
transient could arise in a matrix at 12 K because there
is a thermal barrier to its formation. The study showed
that the tungsten carbene which does not form a b-lac-
tam when irradiated in the presence of an imine was
less active to both CO and carbene photo-induced
dissociation in the matrices. Furthermore, it was shown
that CO loss occurred from the chromium carbene at
all irradiation wavelengths. At the time, using the as-
sumption that CO loss only occurs upon population of

a LF excited state, it was proposed that it is not
possible to solely populate the MLCT state. It was
suggested that the MLCT state may not be involved in
the formation of b-lactam. However, calculations on
related metal carbonyl systems have shown that CO
loss can occur upon initial population of a low lying
MLCT state [14,15]. The main disadvantage in working
with complexes of the type (CO)5Cr[C(OR)R%] is that
they display anti-syn photo-isomerisation. This isomeri-
sation results in a transient species in the flash photoly-
sis and matrix isolation experiments that complicates
the results. In order to simplify the experiment, the
work outlined in this paper is on amino carbenes as
their symmetry precludes this anti-syn isomerisation.
These types of carbenes have been generally overlooked
with respect to low temperature and transient spectro-
scopic studies with no matrix isolation studies and only
one flash photolysis paper on (CO)5Cr[Im] (shown be-
low) having appeared previously [16].

Of the many amino carbenes that have been utilised
in photochemical reactions there is a wide variation in
their chemical reactivity. Even a very modest alteration
in the structure of the carbene ligand can result in a
significant reduction in the yield of b-lactam formed.
For example, (CO)5Cr[C(NMe2)H] reacts with imine to
form b-lactam in good yield; a 30–56% yield of the cis
and trans isomers of the b-lactam were formed when
this complex was irradiated in acetonitrile solution in
the presence of the N-methylimine of benzaldehyde for
20 h [17]. However, (CO)5Cr[C(NMe2)Me] does not
produce b-lactam upon irradiation [18]. Hafner et al.
undertook a detailed mechanistic study using 53Cr-
NMR in order to gain an insight into the relative
reactivity of a large range of chromium carbene com-
plexes [18]. This study incorporated both alkoxy and
amino carbenes and no general relationship between
the chemical shift of the 53Cr-NMR signal and carbene
reactivity was observed. However, it would appear that
there is a correlation between the linewidth of the
53Cr-NMR signal and carbene activity.

In this paper we have studied the matrix isolation
and flash photolysis spectroscopy of six amino carbe-
nes. We have divided the complexes into two types (1)
Class 1 complexes (CO)5Cr[C(NMe2)Me], (CO)5Cr-
[C(NBz2)Me], (CO)5Cr[C(NMe2)Ph] have no or low
activity towards the formation of b-lactam. (2) Class 2
complexes are (CO)5Cr[C(NMe2)H], (CO)5Cr[C(NBz2)-
H], (CO)5Cr[C(NH2)Me] which have a medium to high
activity towards b-lactam formation [18].

Scheme 1. Proposed mechanism for the formation of a chromium–
ketene transient from promotion into the MLCT excited state of
(CO)5Cr[C(X)R].
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Scheme 2. Proposed assignment for species formed upon irradiation
of Class 1 carbenes in cryogenic matrices.

Table 1
n(CO) bands recorded in the IR spectra of (CO)5Cr[C(NR2)R%] upon
irradiation in an argon matrix and after irradiation with light at
l\320 nm

n(CO) of cis-(CO)4-n(CO) in argonComplex
Cr[C(NR2)R%] in(cm−1)
argon (cm−1)

2029, 1940, 1925, 1890(CO)5Cr[C(NMe2)Me] 2060, 1980, 1935
2060, 1976, 1941(CO)5Cr[C(NBz2)Me] 2029, 1945, 1924, 1892

2021 a, 1921, 18832062, 1980, 1945(CO)5Cr[C(NMe2)Ph]
2030, 1940, 1925, 1883(CO)5Cr[C(NMe2)H] 2064, 1980, 1944
2037, 2029(sh) a, 1902(CO)5Cr[C(NBz2)H] 2064, 1979, 1940

2065, 1980, 1953,(CO)5Cr[C(NH2)Me] 2037, 2028(sh) a, 1900
1940

a Band obscured by starting material.

l\320 nm these complexes exhibit high photo-sensitiv-
ity to CO loss with greater than 50% depletion of the
starting material as measured by the decrease in inten-
sity of the high energy n(CO) band after 10 min irradi-
ation. It is possible that the CO can be lost from a cis
or trans site on the chromium. Literature values show
that cis-(CO)4Cr[C(X)Y] exhibits four n(CO) bands of
high intensity, whereas the trans isomer exhibits only
one band of high intensity and the other three are small
or may not be detected [9,19]. The species observed is
assigned as cis-(CO)4Cr[C(NR2)R%] which is consistent
with published assignments (Table 1) [10,19].

An IR spectrum of (CO)5Cr[C(NMe2)Me] of the
carbonyl stretching region is given in Fig. 1a along with
the spectrum recorded after the matrix had being irradi-
ated with l\320 nm for 30 min (Fig. 1(b)). No evi-
dence for the formation of the ketene complex was
observed. When the samples were irradiated in nitrogen

2. Results

2.1. Matrix isolation

Summaries of the assignments given to the major
products observed in the experiments on Classes 1 and
2 complexes in low temperature matrices are given in
Schemes 2 and 3, respectively.

2.1.1. Matrix isolation studies using IR spectroscopy

2.1.1.1. Complexes of Class 1, (CO)5Cr[C(NMe2)Me],
(CO)5Cr[C(NBz2)Me], (CO)5Cr[C(NMe2)Ph]. The
n(CO) bands in the IR spectra of these complexes
recorded upon deposition in argon matrices are given in
Table 1. The IR spectra were recorded in the range
4000–400 cm−1 in all cases. Upon irradiation with

Scheme 3. Proposed assignment for species formed upon irradiation of Class 2 carbenes in cryogenic matrices.
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matrices CO loss occurred. The position of the high
frequency n(CO) band of the CO loss species was
essentially unchanged in wavenumber from the value
observed for the respective complex irradiated in the
argon matrix (Table 2). The spectra obtained were
complicated by secondary photo-products when the
complexes were irradiated in nitrogen matrices. These
features will not be discussed in this paper. Irradiation
of the matrices at l\320 nm produced one n(N2) band
in the IR difference spectra of the three complexes; the
band came at 2169 cm−1 for (CO)5Cr[C(NMe2)Me], at
2173 cm−1 for (CO)5Cr[C(NBz2)Me] (Fig. 2(a)), and at
2176 cm−1 for (CO)5Cr[C(NMe2)Ph]. Formation of the
n(N2) band was not concomitant with the formation of
the high energy n(CO) band which is assigned as arising
from cis-(CO)4Cr[C(NR2)R%]. Prolonged irradiation of
(CO)5Cr[C(NMe2)Me] for 3 h at l\400 nm in a
nitrogen matrix confirmed that the n(N2) band at 2169
cm−1 corresponds to a set of n(CO) bands at 1905
(intense), and 1860 cm−1 which, with reference to

Fig. 2. IR difference spectra showing the n(N2) and high frequency
n(CO) bands of (a) (CO)5Cr[C(NBz2)Me] irradiated for 30 min with
l\320 nm in a nitrogen matrix and; (b) (CO)5Cr[C(NBz2)H] irradi-
ated for 3 h with l\320 nm in a nitrogen matrix. A difference
spectrum is produced by subtracting the spectrum recorded upon
deposition from that recorded after irradiation.

literature values, are assigned to the trans-
(CO)4(N2)Cr[C(NMe2)Me] isomer [19]. It is likely that a
trans CO loss isomer also occurs upon irradiation of
the complexes in the argon matrix experiments but is
not observed in the IR spectrum as its bands overlap
with those of the cis isomer. These experiments suggest
that cis-(CO)4Cr[C(NMe2)Me] does not react with ni-
trogen in the matrix. This proposal was further tested
in a series of experiments in which the complex was
irradiated in an argon matrix that was doped with 2%
ethene. For all three complexes studied, the product
bands formed were identical to those observed in the
100% argon matrix. Therefore the cis-
(CO)4Cr[C(NR2)R%] does not react with ethene in the
matrix (Table 3). An IR difference spectrum recorded
after irradiation of (CO)5Cr[C(NMe2)Ph] in (a) a 100%
argon and; (b) a 2% ethene–argon matrix is shown in
Fig. 3.

2.1.1.2. Complexes of Class 2, (CO)5Cr[C(NMe2)H],
(CO)5Cr[C(NH2)Me], (CO)5Cr[C(NBz2)H]. The n(CO)
bands recorded in the IR spectra of these complexes
upon deposition in argon matrices are given in Table 1.
Upon irradiation in argon matrices these complexes
proved to be significantly less photosensitive than the
Class 1 complexes. A depletion of greater than 40% of
the starting material as measured by the decrease in the
intensity of the high energy n(CO) band was recorded
in all cases after 3 h irradiation at l\320 nm. Again
CO loss was the only photochemical process observed
and the major product was the cis isomer. A further
study on (CO)5Cr[C(NMe2)H] showed that photo-in-
duced CO loss could be detected when this sample was
irradiated for 1 h in an argon matrix at l\375 nm.
Irradiation of these complexes in nitrogen matrices

Fig. 1. IR spectra showing the carbonyl stretching region of
(CO)5Cr[C(NMe2)Me] (a) upon deposition in an argon matrix (b)
after 30 min irradiation with l\320 nm.

Table 2
The major n(CO) and n(N2) bands observed in the IR spectra of
(CO)5Cr[C(NR2)R%] after irradiation with light at l\320 nm in a
nitrogen matrix

n(CO) in nitrogenComplex n(N2) in nitrogen
(cm−1) (cm−1)

2028, 2025(sh), 1938,(CO)4Cr[C(NMe2)Me] 2169
1923, 1888

(CO)4Cr[C(NBz2)Me] 2028, 2024(sh), 1940, 2173
1921, 1889

(CO)4Cr[C(NMe2)Ph] 2020, 1939, 1917, 1878 2176
2025, 1940, 1927, 1899 2217, 2176(CO)4Cr[C(NMe2)H]
2025 a, 1931, 1898(CO)4Cr[C(NBz2)H] 2221, 2176

(CO)4Cr[C(NH2)Me] 2033, 2026(sh) a, 1917, 2215, 2186
1892

a Band obscured by starting material.



K.O. Doyle et al. / Journal of Organometallic Chemistry 617–618 (2001) 269–279 273

resulted in the formation of two n(N2) bands in the IR
spectra recorded (Table 2), one close in wavenumber to
the n(N2) band observed upon the irradiation of Class
1 complexes in nitrogen matrices, and one at a higher
wavenumber. In the experiment carried out on
(CO)5Cr[C(NMe2)H] it was observed that upon pro-
longed irradiation the n(N2) band at 2217 cm−1 de-
creased in intensity concurrently with the n(CO) bands
assigned to cis-(CO)4Cr[C(NMe2)H]. This suggests that
in contrast to the behaviour of cis-
(CO)4Cr[C(NMe2)Me] in a nitrogen matrix that a N2

molecule is occupying the vacant site formed upon CO
photo-dissociation. An IR difference spectrum of
(CO)5Cr[C(NBz2)H] recorded upon irradiation in a ni-
trogen matrix is shown in Fig. 2(b). This shows that in
contrast to Class 1 complexes, irradiation of Class 2
carbenes with l\320 nm yields two nitrogen adducts.
The ability of alkenes to interact with the metal centre
following photo-dissociation of a CO ligand was inves-
tigated using an argon matrix doped with 2% ethene. In
addition to the species formed in a pure argon matrix a
further species was formed, indicated by the presence of
a n(CO) band at 2018 cm−1 for (CO)5Cr[C(NBz2)H]
and (CO)5Cr[C(NMe2)H], and at 2024 cm−1 for

Fig. 4. IR difference spectra showing the high frequency n(CO) bands
of (CO)5Cr[C(NH2)Me] after irradiation with l\320 nm (a) for 1 h
in an argon matrix and (b) for 1 h in a 2% ethene–argon matrix.

(CO)5Cr[C(NH2)Me] (Table 3). An IR difference spec-
trum recorded after irradiation of (CO)5Cr[C(NBz2)H]
in (a) a 100% argon and; (b) a 2% ethene–argon matrix
is shown in Fig. 4. This indicates that the ethene is able
to coordinate to the metal centre for Class 2 complexes
but not for Class 1.

The IR spectra of both Class 1 and Class 2 com-
plexes recorded upon irradiation at l\320 nm in Ar
matrices doped with 1–2% CO exhibit a band at 1984
cm−1 which is assigned as the n(CO) of Cr(CO)6,
indicating that the carbene ligand was dissociated. No
bands were observed in the IR spectra that could be
assigned to the carbene fragment. However, these
bands will be of very low intensity compared to the
n(CO) band of Cr(CO)6. Moreover, it may be that the
carbene fragment is destroyed as matrix isolation stud-
ies on organic alkoxy alkyl carbenes have shown that
they undergo photo-decomposition at the irradiation
wavelengths used here [20]. Also we observed no bands
in the IR spectra which could be assigned to a ketene
compound. This would be the product of an organic
carbene reacting with CO in the matrix. The n(CCO)
band of a ketene comes at 2100–2200 cm−1 so it may
be masked by the very intense n(CO) band of the CO.

2.1.2. Matrix isolation using UV–6is spectroscopy
As flash photolysis utilises UV–vis spectroscopy to

detect the transient species, the experiments outlined
here were carried out to ensure that the same species
was being studied in the cryogenic matrices and in the
r.t. solution experiments. Moreover, we wanted to in-
vestigate whether it was possible to form photo-induced
CO loss species in CO matrices. It is very difficult to
study metal carbonyl complexes using IR spectroscopy
in a CO matrix, as there is an extremely intense band at
2140 cm−1 due to the n(CO) of uncoordinated CO.
Therefore UV–vis spectroscopy is a more convenient
technique to use in these experiments.

Table 3
High energy n(CO) bands observed in the IR spectra of
(CO)5Cr[C(NR2)R%] after irradiation at l\320 nm in a 2% ethene–ar-
gon matrix doped and in an argon matrix

High energy n(CO) High energy n(CO)Complex
bands upon irradiation bands upon
in 2% ethene–Ar irradiation in Ar

(cm−1)(cm−1)

2028(CO)5Cr[C(NMe2)Me] 2029
2028(CO)5Cr[C(NBz2)Me] 2029

(CO)5Cr[C(NMe2)Ph] 2020 2021
20302029, 2018(CO)5Cr[C(NMe2)H]

2029, 2018(CO)5Cr[C(NBz2)H] 2037, 2029(sh)
(CO)5Cr[C(NH2)Me] 2037, 2024 2037, 2028(sh)

Fig. 3. IR difference spectra showing the high frequency n(CO) bands
of (CO)5Cr[C(NMe2)Ph] after irradiation at l\320 nm (a) for 45
min in an argon matrix and (b) for 1 h in a 2% ethene–argon matrix.
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2.1.2.1. Complexes of Class 1, (CO)5Cr[C(NMe2)Me],
(CO)5Cr[C(NBz2)Me], (CO)5Cr[C(NMe2)Ph]. The spec-
tral features of UV–vis spectra are generally broad and
give little structural data. Therefore the assignment of
the UV–vis spectra recorded upon irradiation of the
complexes in matrices to CO loss species is taken from
the observations made in the experiments with IR
detection recorded under similar conditions. However,
the changes in UV–vis spectra recorded between the
carbene and the product formed upon irradiation are
similar to those of the stable CO loss carbene complex
(CO)4(CH3CN)W[C(OMe)Ph] and its parent complex
(CO)5W[C(OMe)Ph][9]. The UV–vis spectra recorded
upon irradiation of these complexes with l\320 nm in
CO matrices were very similar to those recorded when
the complexes were irradiated in argon matrices. More-
over, for each carbene the spectrum recorded in the
matrix was very similar to the transient UV–vis spec-
trum recorded in the room temperature flash photolysis
experiments. These permit the results obtained in the
low-temperature matrices to be correlated with those
obtained in room temperature solution studies. Fig. 5
shows the UV–vis spectrum for (CO)5Cr[C(NMe2)Me]
recorded upon deposition and irradiation with l\320
nm in (a) an argon matrix and (b) a CO matrix. The

fact that a CO loss transient can be detected in a 100%
CO matrix indicates that the chromium has a low
affinity for recombining with the CO, and suggests that
the vacant site may be blocked. A band was also
recorded in the UV–vis spectra of the complexes upon
irradiation at l\320 nm in a CO matrix which is
assigned to Cr(CO)6.

2.1.2.2. Complexes of Class 2, (CO)5Cr[C(NMe2)H],
(CO)5Cr[C(NH2)Me], (CO)5Cr[C(NBz2)H]. The species
observed upon irradiation of these complexes at l\
320 nm in argon matrices exhibited a UV–vis spectrum
in which the intense band at ca. 360 nm was shifted
only slightly upwards in wavelength and the lower
energy band was of low intensity. Irradiation of these
complexes in CO matrices did not produce the same
species that was recorded upon irradiation in the argon
matrices. The complex either formed Cr(CO)6 or
showed little photo-sensitivity. These observations
would suggest that there is facile recombination of the
transient with the CO ligand for these complexes. The
UV–vis spectrum of (CO)5Cr[C(NMe2)H] recorded
upon deposition and irradiation in (a) argon and; (b)
CO matrices is shown in Fig. 6.

Fig. 6. (a) UV–vis spectra of (CO)5Cr[C(NMe2)H] in an argon matrix
(i) upon deposition (ii) after 3.5 h irradiation with l\320 nm. (b)
UV–vis spectra of (CO)5Cr[C(NMe2)H] in a CO matrix (i) upon
deposition (ii) after 1 h irradiation with l\320 nm (iii) after 3.5 h
irradiation with l\320 nm.

Fig. 5. (a) UV–vis spectra of (CO)5Cr[C(NMe2)Me] in an argon
matrix (i) upon deposition (ii) after 30 min irradiation with l\320
nm. (b) UV–vis spectra of (CO)5Cr[C(NMe2)Me] in a CO matrix (i)
upon deposition (ii) after 30 min irradiation with l\320 nm.
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Table 4
Influence of solvent on observed rate constants for the reaction of the
transient species generated by flash photolysis (lexc=355 nm) of
(CO)5Cr[C(NMe2)Me] [2×10−4 mol dm−3] with carbon monoxide
under one atmosphere of carbon monoxide and under one atmo-
sphere of argon

First order rate constant Observed rate constantSolvent
(under one atm CO) a (under one atm Ar) b

(s−1)(s−1)

4.5×104Cyclohexane 330
921.8×104Toluene
50Acetone 4.6×103

4.4×103THF
Methanol 12.51.5×103

a Rate constants are accurate to910%.
b Rate constants are accurate to920%. kobserved=k2ol where o=

extinction coefficient of the transient and l= length of the flash
photolysis cell.

species was produced. The rate constant for the decay
of this transient was quenched upon the addition of CO
to the solvent (Table 4). The rate of decay of the
transient was moderately solvent dependent and had a
lower dependence than has previously been observed
with (CO)5Cr(S) (S=solvent). The pseudo-first order
rate constant for the reaction of (CO)5Cr(S) with CO
under one atmosphere of CO is 2.8×104 s−1 in cyclo-
hexane and 5.3×107 s−1 in C7F14 [21,22]. The low
dependence of the rate of decay of the transient on the
nature of the solvent was even more marked for the
transients formed upon irradiation of (CO)5Cr-
[C(NBz2)Me] and (CO)5Cr[C(NMe2)Ph] (Table 5). A
second order rate constant for the reaction of
(CO)4Cr[C(NMe2)Me] with CO in cyclohexane was de-
termined from the graph shown in Fig. 7 to be (5.59
2.2)×106 dm3 mol−1 s−1. This compares well with the
second order rate constant for the reaction of
(CO)5Cr(cyclohexane) with CO in cyclohexane solution
which has previously been determined to be 3.6×106

dm3 mol−1 s−1 (CO pressure 1.3 bar) [23].
An absorbance difference spectrum for the transient

formed upon photo-induced CO loss from (CO)5Cr-
[C(NMe2)Me] taken at different time delays in cyclo-
hexane solvent under an atmosphere of CO is given in

2.2. UV–6is flash photolysis

2.2.1. Complexes of Class 1, (CO)5Cr[C(NMe2)Me],
(CO)5Cr[C(NBz2)Me], (CO)5Cr[C(NMe2)Ph]

Upon irradiation of (CO)5Cr[C(NMe2)Me] in solu-
tion with a laser excitation of 355 nm a single transient

Table 5
Comparison of the influence of solvent on observed rate constants for the reaction of transient generated by flash photolysis from class one
complexes (CO)5Cr[C(NMe2)Me], (CO)5Cr[C(NBz2)Me] and (CO)5Cr[C(NMe2)Ph] [2×10−4 mol dm−3] with carbon monoxide under one
atmosphere of carbon monoxide

(CO)5Cr[C(NMe2)Me] first order rate (CO)5Cr[C(NMe2)Ph] first order rate(CO)5Cr[C(NBz2)Me] first order rate
constant (s−1)constant (s−1)constant (s−1) a

1.0×105 7.7×105C7F14 1.0×104

5.1×103 3.6×105Cyclohexane 4.5×104

3.8×104Ethanol 1.4×1031.8×103

a Rate constants are accurate to910%.

Fig. 7. Plot of the pseudo-first-order rate constants for the reaction of (CO)4Cr[C(NMe2)Me] with CO versus the concentration of added CO
measured at 460 nm in cyclohexane. The slope of the curve gives the second order rate constant for the reaction.
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Fig. 8(b). The similarity of this absorbance difference
spectrum to that recorded upon irradiation of the same
complex in an argon matrix (Fig. 8(a)) confirms that
the photo-product is the same in both media. The lmax

of the visible band of the transient species is insensitive
to solvent polarity occuring at approximately 450 nm in
all solvents studied. This is in contrast to the lmax of the
visible band of transient species such as (CO)5CrS or
(CO)4SCr[Im] (S=solvent) which is significantly af-
fected by the nature of the solvent [23–25,16].

2.2.2. Complexes of Class 2 (CO)5Cr[C(NMe2)H],
(CO)5Cr[C(NH2)Me], (CO)5Cr[C(NBz2)H]

Pulse photolysis of these complexes with lexc=355
nm produced a single transient with a lmax in the 400
nm range in nearly all solvents studied. Added CO
quenched the lifetime of the transient. However, the
rate constants for the reactions of these transients with
CO were significantly more dependent on the nature of
the solvent than those of Class 1. A summary of the
rate constants for the reaction of the transients with CO
in a range of solvents is given in Table 6. The intensity
of the absorbance band in the range 380–500 nm for
the transient species formed from all Class 2 complexes
showed a dependence on solvent being smaller in less
polar solvents. For example, the absorbance difference
spectra of the transient (CO)4Cr[C(NMe2)H] recorded
an intensity for this band at lmax of 0.02 A, (when the
transient was measured under 0.2 atm CO/0.8 atm Ar,
at 440 nm) and of 0.12 A, in ethanol (under one atm Ar,
at 420 nm). This corresponds well with the results from
the matrix experiments on these complexes. In non-po-
lar argon matrices the intensity of the low energy band
in the UV–vis spectra of the photo-induced species was
low. Also the position of the high-energy band was
little shifted from the starting material and so will be
masked in the flash photolysis experiment which is
based on absorbance differences. The absorbance dif-
ference spectra of the transient formed from the methyl
analogue showed a much smaller solvent dependency.
The low energy band had an intensity at lmax of 0.1 A,
in cyclohexane (under one atm CO, at 460 nm) and of
0.15 A, in ethanol (under one atm CO, at 460 nm).

For (CO)5Cr[C(NMe2)H] and (CO)5Cr[C(NH2)Me],
a small second transient species with an absorbance at
approximately 620 nm was observed when the com-
plexes were irradiated in cyclohexane.

3. Discussion

The transient species detected upon irradiation of all
the amino carbenes studied in both cryogenic matrices
and in room temperature solution are assigned to CO
loss species. Moreover, the matrix isolation study on

the synthetically active complex (CO)5Cr[C(NMe2)H]
shows that photo-induced CO loss occurs even when
the sample is irradiated into the low energy side of the
MLCT band (l\375 nm). Absorbances of unassigned
transient species were observed with a lmax at approxi-
mately 620 nm upon irradiation of (CO)5Cr-
[C(NMe2)H] and (CO)5Cr[C(NH2)Me] in cyclohexane
at 355 nm in the flash photolysis experiment. Detailed
analysis of these transients was hindered by their low
intensity but we suggest that they may arise from the
unsolvated species (CO)4Cr[C(NR2)R%] by analogy with
the study on (CO)5Cr[Im] [16]. These transients were
not present when the experiment was repeated on the
two complexes dissolved in the more coordinating sol-
vents. Previous work by Hegedus and co-workers has
shown that (CO)5Cr[C(NMe2)H] only forms b-lactam
when the complex is reacted with an imine in the
coordinating solvent acetontrile [17]. Therefore, it is
likely that these transients are not involved in the
synthetic photochemistry of these complexes. We ob-
served no transient that we can assign to a ketene
species in the matrix or flash experiments and this
indicates that this species is not a primary photochemi-
cal product. The n(CCO) bands of free or very weakly

Fig. 8. (a) Absorbance difference spectrum of (CO)5Cr[C(NMe2)Me]
after 30 min irradiation with l\320 nm in an argon matrix. (b)
Transient absorbance difference (DA) spectra recorded at different
time delays following flash photolysis at 355 nm of
(CO)5Cr[C(NMe2)Me] in a CO saturated cyclohexane solution. The
absorbance difference was measured point-by-point every 10 nm.
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Table 6
Comparison of the influence of solvent on observed rate constants for the reaction of transient generated by flash photolysis from class two
complexes (CO)5Cr[C(NMe2)H], (CO)5Cr[C(NBz2)H], and (CO)5Cr[C(NH2)Me] [2×10−4 mol dm−3] with carbon monoxide under one atmo-
sphere of carbon monoxide

(CO)5Cr[C(NBz2)H] first order rate(CO)5Cr[C(NMe2)H] first order rate (CO)5Cr[C(NH2)Me] first order rate
constant (s−1) a constant (s−1) a constant (s−1) a

3.0×104b bCyclohexane
5.0×103Toluene 2.5×1031.4×105

ca. 7ca. 6 ca. 6Ethanol

a Rate constants are accurate to910%.
b Signal too small to be analysed.

coordinated ketenes come in the range of 2100–2200
cm−1 and those of (h2-ketene) metal complexes in the
range 1600–1800 cm−1 [26]. The only new band ob-
served in these regions of the IR spectra of the com-
plexes studied here is assigned to uncoordinated CO
that has a n(CO) at 2140 cm−1. New bands were
observed in the IR spectra in the region 1950–2100
cm−1 that would be consistent with a h1-ketenyl com-
plex. However, upon taking all the n(CO) bands in the
spectra into consideration and by comparison with
literature data we assigned these bands as arising from
CO loss species [9,10,13,19]. As the only process de-
tected in all experiments is photo-induced CO loss, our
findings also suggest that this is the first step in the
synthetic photochemistry of the amino carbenes. How-
ever, we do appreciate that any detailed mechanism
would have to reconcile a CO dissociation mechanism
with the experimental observation that the reaction to
form b-lactam does take place when these chromium
amino carbenes are irradiated in the presence of an
imine under moderate pressures of CO (60 psi) [27].

The matrix experiments clearly show that the Class 1
complexes are more active with regards to photo-in-
duced CO loss. If CO loss is an important step in the
photochemistry of these complexes it is surprising that
they are inactive to the formation of b-lactam or form
it in low yield. However, our matrix studies indicate
that the vacant site formed upon CO loss in these
complexes is blocked. This is shown in the case of the
2% ethene–Ar matrix experiments in which the bands
observed in the IR spectrum are identical to those of
the analogous complex irradiated in an argon matrix.
This indicates that, upon CO loss from the parent
carbene, there are no matrix sites in which the ethene
interacts with the chromium centre. However, when the
same experiment was carried out on the Class 2 com-
plexes, upon irradiation new bands were observed in
the IR spectrum, suggesting in some sites ethene was
interacting with the chromium. Moreover, using UV–
vis spectroscopy it was shown that when complexes of
Class 1 were irradiated in a CO matrix the same
transient was formed in high efficiency as was formed

in an argon matrix. As ‘in cage’ recombination of CO
would be expected to be highly efficient in a CO matrix
this indicates that in these complexes this process is
hindered.

If the vacant site on a coordinatively unsaturated
organometallic transient species is blocked in solution
at r.t. the lifetime of the species would be expected to
show a very low solvent dependence. The blocked site
would prevent the solvent acting as a token ligand as is
well established for (CO)5M(solvent) (M=Cr, Mo, W)
and (arene)M(CO)2(solvent) (M=Cr, Mo) in time-re-
solved studies [28–30]. Measurements of the rate con-
stant for the reaction of transients cis-(CO)4Cr-
[C(NR2)R%] formed from Class 1 complexes with CO
showed that value of the rate constants were remark-
ably insensitive to the nature of the solvent. Similar
behaviour has been observed previously in time-re-
solved studies on the reaction of (CO)4MnC(O)CH3

with CO and in this study it was proposed that the
vacant site on the manganese was blocked [31]. Tran-
sient species formed from CO loss of Class 2 complexes
show the expected solvent dependence on the rate con-
stant for the reaction of this species with CO. The high
sensitivity of the intensity of the low energy band in the
absorbance difference spectra of cis-(CO)4Cr[C(NR2)-
R%] formed from Class 2 complexes is further evidence
that for these transient species a solvent molecule is
acting as a token ligand. The lack of sensitivity to
solvent in this regard for the transient species form
from the Class 1 complexes indicates that a solvent
molecule is not ligated to the chromium.

It is possible that the (amino)carbenes are more likely
to form coordinatively unsaturated transients with a
blocked vacant site than their alkoxy analogues because
of steric hindrance on the carbene moiety. One interest-
ing observation from the work carried out by Hafner et
al. is that for carbenes containing one heteroatom on
the carbene moiety the synthetic activity of the amino
carbenes was very sensitive to structural changes,
whereas, the (alkoxy) carbenes were much less sensitive
[18]. In general it has been observed that all chromium
carbenes containing a single alkoxy group on the car-
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bene moiety are active to b-lactam formation, except
those containing a good p acceptor ligand on the
carbene carbon [1c]. The results from the 53Cr-NMR
study also showed that steric factors were more signifi-
cant in the amino carbenes. For example, for the
(aryl)(dialkylamino) carbenes such as (CO)5Cr[C-
(NMe2)Ph] studied here, the aryl group is prevented
from lying in the plane with the carbene carbon. This is
not the case in the alkoxy analogue. Previous studies on
bulky carbenes (CO)5W[C(NC4H8)SiPh3] and (CO)5W-
[C(OEt)SiPh3] have shown that the greater amount of
steric hindrance in the carbene ligand of the amino
carbene can influence both their thermal and photo-
chemistry. While the amino carbene undergoes photo-
induced or thermal CO loss to form a stable complex in
which one of the phenyl groups on the silicon blocks
the vacant site, no analogous complex is formed from
the ethoxy analogue [11,32]. Thus the blocking of the
chromium centre may simply result as a release in steric
strain in the carbene moiety upon loss of a CO. How-
ever, electrostatic factors may also play some part in
the (alkyl)(amino)carbenes. It is well documented that
hydrogen atoms attached to the a carbon in the carbene
side chain are remarkably acidic so there may be some
electrostatic interaction between the electron rich metal
and the hydrogen on the a carbon upon CO dissocia-
tion [33].

Although a relationship between the vacant site being
blocked and low synthetic activity of the carbene com-
plex studied holds within the group of complexes stud-
ied here, we would like to point out that we are not
suggesting that this is a universal explanation for
chromium carbene synthetic photo-reactivity. Many
other factors such as the electron density on the metal
may be important. The electron rich chromium carbe-
nes that contain two heteroatoms are synthetically inac-
tive [18]. The flash photolysis study on one of these
(CO)5Cr(Im) shows evidence for the existence of unsol-
vated (CO)4Cr(Im) and suggests that the extremely low
propensity of this transient species to bind an incoming
solvent molecule is due to the chromium being very
electron rich [16]. Moreover, flash photolysis studies
only investigate the primary steps of a photochemical
reaction and a ketene transient may form further along
the reaction pathway. One finding which may be impor-
tant in relation to this proposal is that in a study by
Fischer, a ketene, Ph2CCO, was formed upon thermoly-
sis of (CO)5M[C(Ph)Ph] (M=Cr, W) [34]. Using iso-
topic labeling and kinetic studies it was shown that the
ketene was formed after the complex had lost a CO
ligand and that the reaction occurred intramolecularly
in the (CO)4M[C(Ph)Ph] transient. It is possible that a
similar photo-induced reaction is taking place in the
complexes studied here. Our study on these complexes
indicate that secondary photo-products do occur in the
matrix studies and such reactions may become impor-

tant when a sample is irradiated using a steady state
light source as is involved in the synthetic experiments.

4. Experimental

4.1. General methods and materials

The organometallic complexes were synthesised using
literature procedures [2,35,36]. The complexes were ma-
nipulated under nitrogen using standard Schlenk and
high vacuum techniques. The solvents were dried by
refluxing over sodium-benzophenone and distilled un-
der a nitrogen atmosphere. The gases used for the
matrix experiments are as follows; argon (99.999% pu-
rity) supplied by B.O.C, carbon monoxide (99.97%
purity) and ethene (99.5% purity) were supplied by
Aldrich. Nitrogen (99.9% purity) and methane (99.99%
purity) were supplied by Linde Gas. Chromium hexa-
carbonyl, trimethyloxonium tetrafluoroborate, methyl-
lithium, phenyllithium, naphthalene, chlorotrime-
thylsilane, dimethylformamide, dimethylacetamide,
dimethylbenzamide were obtained from Aldrich and
used without further purification. Dibenzylformamide
and dimethylacetamide were synthesised using an adap-
tation of the method outlined by Beckwith [37].

4.2. Spectroscopy

The IR spectra were recorded on a Nicolet Magna
550 FTIR spectrometer. The spectrometer was continu-
ously purged with CO2 free dry air. The spectra were
recorded as the average of 128 scans with 1 cm−1

resolution over the range 4000–400 cm−1. Irradiation
in the matrix experiments was carried out using a 1000
W Oriel xenon arc lamp (model 66023). Excess heat
was removed with a water filter and wavelengths were
selected with cut off filters. The UV–vis were recorded
on Unicam-500 UV–vis spectrometer. The matrix isola-
tion and time-resolved apparatus at Maynooth and
DCU, respectively has been described in detail else-
where [13,29]. Solutions of the samples for the UV–vis
monitored flash photolysis experiments were loaded
into a quartz cuvette (10 mm pathlength) fitted with a
Young’s high vacuum stockcock and degassing bulb.
The samples were degassed by three cycles of freeze–
pump thaw to 10−3 Torr, followed by a substantial
liquid pump to remove traces of water introduced in
the degassing procedure. The samples were back-filled
to 760 Torr with the appropriate gas. The absorbances
of the samples were typically 1.0 at 355 nm.
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