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a b s t r a c t

The low-temperature chemistry and photochemistry of (h6-Aniline)Cr(CO)3 was investigated by matrix
isolation techniques in frozen CH4 or N2. The spectroscopic properties of the matrix changed both during
the deposition process and also following annealing of the matrix to 40 K. These changes are explained
by the elimination of lattice defects in the crystalline medium which forces haptotropic changes to
(h6-Aniline)Cr(CO)3 producing (h2-N-Aniline)Cr(CO)3 and (h3-N-Aniline)Cr(CO)3 as identified by IR
spectroscopy. These assignments are supported by DFT calculations which also provide estimates of the
energetics of the haptotropic shift processes. The reduced hapticity species exhibit different photo-
chemical properties compared to (h6-Aniline)Cr(CO)3. They undergo complete decarbonylation following
irradiation at 436 nm.

� 2010 Elsevier B.V. All rights reserved.
1. Introduction

The high quantum yields of photo-induced CO-loss from metal
carbonyl compounds has resulted in their status as prototypal
systems for many time resolved and low temperature photo-
chemical techniques [1]. For instance the photo-induced CO-loss
from Cr(CO)6 has been the subject of numerous experimental
studies from the early days of flash photolysis [1e10] and matrix
isolation [11e13], to modern ultrafast non-resonant techniques
[14]. These studies are now supported by sophisticated excited
state calculations which explain the excited state dynamics
preceding CO-loss [15,16]. Frequently photo-induced CO-loss
involves nuclear motion along a highly accelerating potential
energy surface producing product fragments on the timescale of
molecular vibrations (< 100 fs) and with non-statistical energy
distributions [14,17e23]. However not all photo-induced CO-loss
occurs on the sub-ps timescale [24]. Our recent work on (h6-
Benzene)Cr(CO)3 showed that CO-loss occurs on a timescale three
orders of magnitude slower than from the homolyptic Cr(CO)6
complex [25]. Indeed it is possible that the behaviour observed for
homolyptic complexes may not be typical of the less symmetric
heterolyptic systems.
þ353 1 7005503.

All rights reserved.
We have also reported a significant difference between the
photochemical behaviour of (h6‑Benzene)Cr(CO)3 in room
temperature solution when compared to low temperature frozen
gas matrixes [26]. In room temperature n-heptane solution,
photolysis at 400 nm depleted the nCO bands of (h6-Benzene)Cr
(CO)3 and produced nCO bands of an excited state species
[(h6-Benzene)Cr(CO)3]* which ejects CO over 150 ps to produce
(h6-Benzene)Cr(CO)2. In contrast, irradiation of (h6-Benzene)Cr
(CO)3 at 405 nm in a methane matrix at 12 K resulted in the
bleaching of its nCO bands but with no significant product band
formation (apart from uncoordinated CO). Failure to observe (h6-
Benzene)Cr(CO)2 formation at 12 K was explained by proposing the
existence of a small thermal barrier to CO-loss from the [(h6-
Benzene)Cr(CO)3]* excited state species which could not be sur-
mounted at 12 K following 405 nm irradiation [25]. However no
explanation was available for the lack of photoproduct nCO bands
despite the substantial depletion of (h6-Benzene)Cr(CO)3 in these
experiments [26].

Recently the photochemistry of a series of (h6-Arene)Cr(CO)3
and (h5-Cp)Mn(CO)3 (Cp¼ cyclopentadienyl) complexes containing
tethered donor atoms (e.g. sulphur or nitrogen) on the cyclic ligand
have been investigated by Heilweil, Burkey and co-workers [27,28].
This work demonstrated the potential for using such systems as
photochromic devices where the coordination mode of the ligand
could be altered following photoejection of a CO ligand, with
concomitant changes to the absorption characteristics of both the
UV/vis. and IR spectra. In addition, quantum chemical calculations
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Fig. 2. The IR spectral changes observed during the deposition of (h6-Aniline)Cr(CO)3
in a CH4 matrix. Spectra were obtained during deposition at 60, 120, 180 and
240 minutes. The spectral were normalized at 1894 cm‑1. Arrows represent the change
in relative absorbance of features showing the increased formation of haptotropic shift
species as the deposition progresses.
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by Weitz et al. on (h6-Benzene)Cr(CO)3 located a reduced hapticity
species (h1-C-Benzene)Cr(CO)3 at a minimum on the singlet
hypersurface. This introduces the possibility that such reduced
hapticity species may play a part in the photochemistry of
(h-Benzene)Cr(CO)3 at low temperatures under appropriate
conditions [29].

These results have prompted us to investigate the behaviour of
(h6-Aniline)Cr(CO)3 in low temperature matrixes, principally CH4.
The long-held assumption that the structure of an organometallic
complex is unaffected by the matrix isolation technique appears
not to hold for these systems. We report evidence that changes to
the spectroscopic and photochemical properties of the isolated
material can occur during the deposition process and also upon
annealing the matrix. These changes are the result of alterations to
the coordination mode of the aniline ligand with respect to the Cr
(CO)3 unit. DFT methods were used to identify reduced hapticity
species and to estimate the thermal barriers to their formation from
(h6-Aniline)Cr(CO)3 in the gas phase. These calculations suggest
that the formation of the reduced hapticity species requires the
surmounting of a considerable energy barrier far in excess of that
available in the matrix isolation experiments. We propose that the
reduction in defect concentrations during matrix annealing domi-
nates the Gibbs free energy change of the process forcing the
haptotropic shift process of the isolated material. Thus the forma-
tion of a rigid lattice surrounding (h-Aniline)Cr(CO)3, constrains the
molecule to adopt a structure not easily accessible in the fluid
phase. This can facilitate the study of unusual coordination isomers
of some organometallic complexes which can then be examined
using photochemical techniques.
2. Results

2.1. Low temperature matrix isolation

The spectroscopic changes which occur during the deposition of
(h6-Aniline)Cr(CO)3 in a CH4matrix were initially monitored by UV/
vis. spectroscopy and are presented in Fig. 1 (these spectra are
normalized to exhibit the same absorbance at 312 nm to facilitate
band-shape comparisons). During the course of the deposition, the
absorption feature at 312 nm broadens and extends further into the
visible region. The deposition was also monitored using IR spec-
troscopy which, for technical reasons, involved separate experi-
ments. The spectral changes are presented in Fig. 2 and were
normalized at 1894 cm‑1. These show an increasing absorbance at
approximately 1960 cm‑1 along with a broad feature centred at
1870 cm‑1. More pronounced changes occur when the matrix
Fig. 1. The normalized (at 312 nm) UV/vis. spectra obtained during the deposition of
(h6-Aniline)Cr(CO)3 in a CH4 matrix at 20 K. The spectra were measured following (a)
15 and (b) 170 minutes deposition from a sample held at 325 K. For clarity an offset of
þ0.01 AU has been applied to spectrum (b), the absorption broadens as the deposition
progresses.
temperature was allowed to increase to 30, 35 and finally to 40 K
(matrix annealing) as presented in Fig. 3(a). The changes are
explained by the production of haptotropic shift species, either
(h2-N-Aniline)Cr(CO)3 or (h3-N-Aniline)Cr(CO)3. This conclusion is
supported by the results of quantum chemical calculations outlined
below. Thus it would appear that the species responsible for the
bands at 1961, 1881, and 1864 cm‑1 are also responsible for the
broadening of the UV/vis. absorption band. Similar spectroscopic
changes occurred upon annealing a N2 matrix containing (h6-
Aniline)Cr(CO)3 (Fig. 3(b)). SolidN2 (m.p. 63 K) has a hexagonal close
packed structurewith a phase transition to a cubic structure at 35 K.

The IR changes observed following irradiation of a CH4 matrix
containing (h6-Aniline)Cr(CO)3 is presented in Fig. 4. Spectrum (a)
in this figure is a difference spectrum obtained by subtracting the
spectrum of the pre-irradiated non-annealed matrix from the
spectrum of the matrix following irradiation with lexc.> 320 nm.
The depletion of (h6-Aniline)Cr(CO)3 is confirmed by the negative
Fig. 3. The IR spectral changes observed upon annealing a CH4 matrix containing (h6-
Aniline)Cr(CO)3; spectral were obtained at 20, 30, 35 and 40 K showing the growth of
bands at 1964, 1961, 1881, and 1864 cm‑1. Other features were observed as shoulders on
the low energy side of the 1864 cm‑1 band.



Fig. 4. (a) The spectral changes observed following broad-band irradiation (>320 nm)
of a non-annealed CH4 matrix (difference spectrum) containing (h6-Aniline)Cr(CO)3
showing depletion of the parent bands (negative) and production of uncoordinated CO
(3135 cm�1) and bands for (h6-Aniline)Cr(CO)2(CH4) (1907 and 1846 cm�1) and weak
features at 2013, 1921, and 1918 cm�1. (b) shows the spectral changes observed
following monochromatic irradiation (436 nm) of an annealed CH4 matrix containing
(h-Aniline)Cr(CO)3 species showing preferential depletion of the reduced hapticity
species, formation of uncoordinated CO and a weak feature at 2013 cm�1.

Table 1
The calculated Mulliken charges on the chromium atom of the various singlet
complexes in this study along with selected bond lengths in Å.

Complex Mulliken
Charge on
Cr (C)

CreC1 CreC2 C4eN CreCOa CrCeOa

Distance in Å

(h6-Aniline)
Cr(CO)3

�0.160 2.44608 2.35048 3.52736 1.82746 1.18986

(h3-N-Aniline)
Cr(CO)3

0.063 2.38934 2.49818 2.16682 1.81527 1.19408

(h2-N-Aniline)
Cr(CO)3

0.045 2.23566 2.78097 2.20071 1.81700 1.19365

(h1-C1-Aniline)
Cr(CO)3TSb

�0.013 2.32834 2.55740c 2.90835 1.81287 1.19282

a An average of the three bond lengths.
b The transition state between the h6 and h2-N species.
c Average of two bond lengths.
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peaks at 1898 and 1971 cm‑1. Photoproduct bands are evident at
1846 and 1907 cm‑1 assigned to (h6-Aniline)Cr(CO)2(CH4) as
observed previously [26]. In addition, a broad asymmetric feature
in the region where uncoordinated CO absorbs (circa 2135 cm‑1)
confirms the photo-induced decarbonylation of (h-Aniline)Cr(CO)3.
The shape of this band suggests that the CO is produced in a variety
of environments. Some may interact with the metal fragment or
other CO molecules. Carbon monoxide dimers have been observed
in argon matrixes (2140.1 cm�1) at higher energy compared to
monomeric CO (2138.5 cm�1) [30]. Two Voigt functions are suffi-
cient to model this feature; with centers at 2138 and 2148 cm�1

[31]. The ratio of the areas of the Voigt (amplitude Gaussian/Lor-
entian) functions remained constant at 1.23:1 throughout the
irradiation suggesting that both features are produced in a coordi-
nated process. In addition to these bands further very weak
features are also evident at 1818, 1921, and 2013 cm‑1. Unfortu-
nately because these features are weak it was not possible to
determine if they arise from a single or multiple product species.
Subsequent monochromatic irradiation of an annealed matrix as
described below, suggest that at least two species are implicated in
producing these bands.

Fig. 4(b) presents a series of spectra obtained following irradi-
ation of an annealed matrix (matrix temperature brought to 35 K
and then returned to 20 K) using 436 nm light. It is important to
note that 436 nm is approaching the lower limit of the absorption
profile of (h-Aniline)Cr(CO)3 complexes (Fig. 1). However calcula-
tions, described below, indicate that the reduced hapticity species
(h3-Aniline)Cr(CO)3 or (h2-Aniline)Cr(CO)3 have higher extinctions
at 436 nm than does (h6-Aniline)Cr(CO)3. It is clear from these
spectra that the spectral features of reduced hapticity species
(1962, 1880, and 1860 cm‑1) suffer a greater depletion under these
irradiation conditions than do the features of (h6-Aniline)Cr(CO)3
(1971, 1897, and 1894 cm‑1). Thus the reduced hapticity species are
preferentially excited. Apart from uncoordinated CO the only
product band observed in these experiments occurs as a very weak
feature at 2013 cm�1. There is no evidence for bands at 1921 or
1818 cm�1 which suggests that the three bands observed in Fig. 4
(a) (1818, 1921, and 2013 cm‑1) are the result of at least two metal
carbonyl photoproducts. The feature in the uncoordinated CO
region is asymmetric and consists of two partially resolved bands
similar to that observed in Fig. 4(a).

In an attempt to trap possible metal carbonyl intermediates the
photolysis experiment was repeated using N2 as the isolating
matrix. There are many examples where coordinatively unsatu-
rated intermediates react with the “active”matrix gases N2 to form
MeN2 complexes following photolysis. These can then be detected
by their nNN bands [32]. The deposition of this matrix was moni-
tored by both UV/vis. and IR spectroscopy and the temperature was
maintained at 20 K. The bands of (h-Aniline)Cr(CO)3 species were
observed at 1864, (sh), 1877 (sh), 1898, 1967, and 1972 cm‑1.
Exhaustive irradiation (> 10 hours 250 W Ar/Hg lamp) of this
matrix at 405 nm resulted in almost complete depletion (> 90%) of
the nCO bands of the (h-Aniline)Cr(CO)3 without the formation of
MeCO or MeN2 fragments. This degree of depletion of the nCO
bands when a metal carbonyl complex is irradiated in low
temperature matrixes is very unusual particularly at such a low
irradiation energy. Typically, the UV/vis. absorption of the CO-loss
species occur at lower energies compared to their parent species
[33,34], and irradiation at a specific wavelength is expected to
result in the build up to steady-state concentrations of both parent
complex and photoproduct(s).

A further experiment was conducted using a CH4 matrix doped
with CO to a level of 10% (v/v). Again irradiation at 405 nm resulted
in depletion of the bands of (h6-Aniline)Cr(CO)3 however no MeCO
intermediates were detected. However reducing the irradiation
wavelength to 334 nm produced IR features consistent with the
formation of (h6-Aniline)Cr(CO)2(CH4). Thus following irradiation
at 334 nm a single CO is ejected from (h6-Aniline)Cr(CO)3 and this
process occurs from a higher energy excited state than that popu-
lated by 405 nm irradiation. These experiments confirm that some
photochemical route to the destruction of (h6-Aniline)Cr(CO)3
exists following irradiation at 405 nm but that this process does not
produce a detectable metal carbonyl products under steady-state
irradiation at low temperature.

2.2. Computational studies

Molecular mechanics calculations provided a starting structure
of (h6-Aniline)Cr(CO)3 for a subsequent structural optimisation to
tight convergence limits. The DFT calculations were performed at
the B3LYP/LANL2DZp level, a reasonable compromise between
accuracy and computational cost [25,26,35]. The LANL2DZ double z
basis set was augmented with an f-function on the chromium atom
(LANL2DZp) [36]. Selected structural parameters of the optimized
structure obtained from these calculations are presented in Table 1.
Calculation of the force constants and resulting vibrational
frequencies confirmed that the optimized structure was located at
a minimum on the potential energy hypersurface. The calculated
nCO band positions were multiplied by a correction factor of 1.018,
derived by equating the calculated vibrational frequencies of the
nCO bands with those observed for (h6-Aniline)Cr(CO)3 in a CH4



Table 2
The observed and calculated IR spectroscopic parameters for the complexes in this
study.

Compound nCO

(h6-Aniline)Cr(CO)3 Singlet 1894 1897 1971 Observed
(h2-N-Aniline)Cr(CO)3 Singlet 1867 1876 1958 Calculated
(h3-N-Aniline)Cr(CO)3 Singlet 1864 1875 1957 Calculated
(h2-N-Aniline)Cr(CO)3 Triplet 1990 2018 2078 Calculated
(h6-Aniline)Cr(CO)3 Triplet 1862 1899 1965 Calculated
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matrix at 20 K (Table 2). This correction factor is similar to those
used in other studies on related complexes [25,35,37]. The excited
state energy of the 20 lowest energy spin allowed transitions was
obtained from Time-Dependent DFT (TDDFT) calculations. These
data are presented in Table 3.

A relaxed potential energy scan was undertaken to investigate
other possible coordination modes for the aniline ligand. In these
calculations the distance between the chromium and the nitrogen
atom was reduced from 3.5273 Å (the calculated CreN distance in
the optimized structure of (h6-Aniline)Cr(CO)3) to 2.0273 Å in steps
of 0.1 Å. At each step all other structural parameters were
Table 3
Vertical excitation energies obtained from TDDFT calculations for the lowest energy
spin allowed transitions of (h6-Aniline)Cr(CO)3, (h2-N-Anline)Cr(CO)3 and 3(h4-N-
Aniline)Cr(CO)3, only transitions with an oscillator (osc.) strength (in parenthesis)
greater than 0.0001 are presented. The data are presented to demonstrate how the
allowed absorptions for (h2-N-Anline)Cr(CO)3 and 3(h4-N-Aniline)Cr(CO)3 extend
towards the red end of the visible spectrum.

(h6‑Aniline)Cr(CO)3 (h2-N-Anline)Cr(CO)3 3(h4-N-Aniline)Cr(CO)3

singlet Singlet triplet

nm (osc. strength) nm (osc. strength) nm (osc. strength)
2218.23 (0.0007)
864.46 (0.0010)
796.18 (0.0008)

729.98 (0.0008)
695.85 (0.0053)
638.24 (0.0088)

601.38 (0.0002)
531.38 (0.0020)

495.72 (0.0022)
467.69 (0.0093) 466.17 (0.0017)

440.07 (0.0009)
434.34 (0.0260)

430.64 (0.0008)
407.56 (0.0021)
401.36 (0.0002)

396.13 (0.0003) 398.78 (0.0004)
388.99 (0.0018)
370.50 (0.0018) 374.22 (0.0066)
367.23 (0.0042) 367.71 (0.0021)

365.91 (0.0018)
365.89 (0.0040)

361.55 (0.0037)
357.86 (0.0003)
352.48 (0.0137) 348.50 (0.0029) 352.03 (0.0006)

346.57 (0.0027) 344.63 (0.0014)
338.29 (0.0013) 333.58 (0.1126)
327.55 (0.0014) 323.67 (0.0291)

319.54 (0.0093)
316.25 (0.0106) 315.19 (0.0096)
311.19 (0.0015)
305.87 (0.0008)
295.14 (0.1263)
280.27 (0.0006) 282.70 (0.0132)
275.03 (0.0030) 278.56 (0.0019)
272.84 (0.0023) 274.02 (0.0101)
267.77 (0.0170)

263.46 (0.0016)
258.09 (0.0003)
256.66 (0.0001)
optimized. An exo-cyclic coordinated species ((h3-N-Aniline)Cr
(CO)3) was located in these calculations (Fig. 5(a)). Selected struc-
tural parameters and Mulliken charges on the chromium atom are
presented in Table 1 and these indicated a reduction in electron
density on the chromium atom in the reduced hapticity complexes.
It should be noted that the transformation from (h6-Aniline)Cr
(CO)3 to (h3-N-Aniline)Cr(CO)3 also involved a rotation of the Cr
(CO)3 fragment relative to the aniline ligand as indicated in Fig. 6. A
synchronous transit-guided quasi-Newton method was used to
locate a transition state between the optimized structures of (h3-N-
Aniline)Cr(CO)3 and (h6-Aniline)Cr(CO)3. This transition state (TS)
species exhibited a structure close to that of a (h1-C1-Aniline)Cr
(CO)3 species, labelled (h1-C1-Aniline)Cr(CO)3TS in Table 1. Exam-
ination of the Hessian matrix indicated the presence of only one
negative eigenvalue (�149 cm‑1) which confirms that (h1-C1-
Aniline)Cr(CO)3TS is indeed a transition state on the potential
energy hypersurface.

An extensive reaction path mapping was undertaken using (h1-
C1-Aniline)Cr(CO)3TS as the starting structure and following the
single imaginary mode in both the forward and reverse directions.
This reaction path joined an (h6-Aniline)Cr(CO)3 species with (h2-
N-Aniline)Cr(CO)3. The (h2-N-Aniline)Cr(CO)3 species has a slightly
lower energy (6 kJ mol�1) than the (h3-N-Aniline)Cr(CO)3 species
described above. An estimate of the activation energy (79 kJ mol‑1)
for the (h6-Aniline)Cr(CO)3 to (h2-N-Aniline)Cr(CO)3 haptotropic
shift was obtained from these calculations. It should be noted that
the structure of the (h6-Aniline)Cr(CO)3 species derived from the
reaction pathmodelling was not the same as that obtained from the
structure optimisation calculations on (h6-Aniline)Cr(CO)3. The
optimized structure of (h6-Aniline)Cr(CO)3 has an eclipsed-N
conformation where the carbonyl group eclipses the arene carbon
bonded to the amine substituent (Fig. 7). The terminal structure
obtained from the reaction path modelling calculations has an
eclipsed-C conformation, where the carbonyl groups eclipse the
un-substituted arene carbons.

A relaxed potential energy scan on the (h6-Aniline)Cr(CO)3
species where the Cr(CO)3 fragment was rotated relative to the
aniline ligand provided an estimate of the rotational barrier to the
eclipsed-N to eclipsed-C conformation of approximately
12 kJ mol�1. This barrier while small, is significantly larger than that
calculated for (h6-Benzene)Cr(CO)3 (2e3 kJ mol‑1) [38]. However it
Fig. 5. The optimized structures of (a) (h3-N-Aniline)Cr(CO)3 and (b) 3(h4-N-Aniline)Cr
(CO)3. Bond lengths of the CreN and CreC1 atoms are provided.



Fig. 6. The rotation of the Cr(CO)3 fragment (represented by progressively darker three
pointed star) relative to the aniline ligand during the relaxed potential energy scan
involving altering the Cr to N distance from 3.5273 Å in (h6-Aniline)Cr(CO)3 to 2.0273 Å
in steps of 0.1 Å. The dashed curve represents the motion of the chromium atom
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is consistent with structural and spectroscopic studies on systems
containing electron donating substituents such as amine groups on
the arene ligand where the eclipsed-N configuration is favoured
[39e41].

The optimized structures of both (h2-N-Aniline)Cr(CO)3 and (h3-
N-Aniline)Cr(CO)3 were used to locate a transition state ((h3-N-
Aniline)Cr(CO)3TS) between these two species again using the
synchronous transit guided quasi-Newton method. A transition
state was located in these calculations as verified by the single low-
energy negative eigenvalue (�50 cm�1) of the Hessian matrix. This
transition state lies approximately 7 kJ mol�1 above the (h2-N-
Aniline)Cr(CO)3 species. The barrier to the rotation of the Cr(CO)3
relative to the aniline ligand in (h2-N-Aniline)Cr(CO)3 was esti-
mated using a series of relaxed potential energy calculations in
which the Cr(CO)3 fragment was rotated relative to the aniline
ligand. The calculated barrier was similar to that obtained for the
(h6-Aniline)Cr(CO)3 complex (12 kJ mol‑1) and larger than the
energy barrier for the h2 to h3 haptropic shift.

The optimized structures of both (h6-Aniline)Cr(CO)3 and (h2-N-
Aniline)Cr(CO)3 singlet species were used as starting points for
optimisation on the triplet surface. The singlet (h6-Aniline)Cr(CO)3
species relaxes to a (h1-C-Aniline)Cr(CO)3 species while the (h2-N-
Aniline)Cr(CO)3 relaxed to a (h4-N-Aniline)Cr(CO)3 species (Fig. 5
(b)). To estimate the relative energies of the optimized structures
Fig. 7. (a) The eclipsed-N-conformation of the optimized (h6-Aniline)Cr(CO)3 struc-
ture. (b) the eclipsed-C-conformation obtained in a reaction path modelling calcula-
tions (IRC) joining (h2-N-Aniline)Cr(CO)3 with (h6-Aniline)Cr(CO)3.
on both the singlet and triplet surfaces relaxed potential energy
scans were performed on both of these surfaces in which the CreN
distance was reduced from that in (h6-Aniline)Cr(CO)3 to (h2-N-
Aniline)Cr(CO)3. Calculation of the energy difference between
singlet and triplet species is problematic and consequently we have
used the re-parameterized B3LYP* functional in which the exact
exchange parameter was set to 0.15 as suggested by Reiher [42,43].
The LANL2DZp basis set was used in these calculations.

The relative energies of the singlet and triplet species for various
CreN distances are presented in Fig. 8. These results suggest that
the energy difference between the singlet and triplet states is
smaller for the reduced hapticity species than for (h6‑Aniline)Cr
(CO)3. It is important to note that the singlet to triplet energy
difference for (h6‑Aniline)Cr(CO)3 in these calculations (approxi-
mately 300 kJ mol‑1) is similar to a 405 nm photon energy and that
those of the reduced hapticity species is considerably less than the
photon energy available at 405 nm.
3. Discussion

Previous investigations in our laboratory confirmed that (h6-
Arene)Cr(CO)3 complexes exhibit wavelength dependent photo-
chemistry in low temperature matrixes [26]. In the case of (h6-
Benzene)Cr(CO)3, long wavelength photolysis (450 nm) in a CH4
matrix at 12 K depleted the bands of (h6-Benzene)Cr(CO)3 but
failed to produce significant product bands apart from uncoordi-
nated CO and a band at 2060 cm‑1 which was tentatively assigned
to a triplet (h6-Benzene)Cr(CO)3 species. Decreasing the photolysis
wavelength to 334 nmwas necessary to produce a significant yield
of (h6-Benzene)Cr(CO)2. This is in contrast to the observation of an
efficient but slow CO loss following irradiation of (h6-Benzene)Cr
(CO)3 with 400 nm light at room temperature.

In the case of the (h-Aniline)Cr(CO)3 low-temperature matrix
studies reported here, the changes observed in the UV/vis. spec-
trum during the deposition process are explained by the generation
of reduced hapticity species, (h2-N-Aniline)Cr(CO)3 and (h3-N-
Aniline)Cr(CO)3. Clearly the calculated energy changes associated
with the formation of these species from (h6-Aniline)Cr(CO)3 is
very large compared to that available at 20 K and so it is proposed
that relaxation of the distorted CH4 crystalline matrix surrounding
(h6-Aniline)Cr(CO)3 contributes significantly to the overall Gibbs
free energy changewhich includes the haptotropic shift reaction. At
ambient pressures solid CH4 exists in two phases [44,45]. In phase I,
which is stable below 90 K and above 20.4 K, the CH4 molecules are
orientationally disordered, and the crystalline structure can be
described as a face centred cubic lattice with the carbon atom at
each lattice point and at the centre of a sphere defining the CH4
Fig. 8. The relative energies (kJ mol‑1) of the singlet and triplet species during the
CreN relaxed potential energy scan using the B3LYP*/LANL2DZp model chemistry. The
energy changes calculated in moving from (h6-Aniline)Cr(CO)3, (calculated CreN
distance 3.5273 Å) to (h3-Aniline)Cr(CO)3 (calculated CreN distance 2.1668 Å);A
represents the singlet and - the triplet surface.



M.H. Alamiry et al. / Journal of Organometallic Chemistry 695 (2010) 1634e1640 1639
molecular volume. Below 20.4 K (phase II) the CH4 molecules
become partially orientated because of octupoleeoctupole inter-
actions. The conditions used in the matrix experiments described
here suggest that the isolating CH4 is in phase II during the depo-
sition process and that a phase transition to phase I occurs during
the annealing experiments. It is the Gibbs free energy changes
associated with this phase change and any associated lattice-defect
removal that drives the observed coordination changes.

The nature of the reduced hapticity species are based on IR
studies during the deposition process and in subsequent annealing
experiments. DFT calculations suggest that these two reduced
hapticity species exist as minima on the potential energy hyper-
surface. They have similar energies and are readily inter-converted
over a small energy barrier (6.68 kJ mol‑1, Table 4) and their pre-
dicted nCO band positions are close to the observed features
(calculated (h3-N-Aniline)Cr(CO)3 1864, 1875, 1957 cm�1; (h2-N-
Aniline)Cr(CO)3 1867, 1876, 1958 cm�1; observed 1860, 1880,
1962 cm�1). Notwithstanding the small energy barrier between
these two reduced hapticity species, the barrier is far in excess of
the available thermal energy in the matrix experiments based
simply on statistical thermodynamic considerations. The spectral
changes presented in Figs. 1 and 2 confirm that while the reduced
hapticity species are produced during deposition in a low
temperature matrix, raising the temperature of the matrix to 40 K
increased their yield and they remained after the matrix was again
cooled to 20 K. This suggests that they are not produced by heating
the solid (h6-Aniline)Cr(CO)3 as required for the deposition process.
The reduced hapticity species absorb further towards the visible
region (Fig. 1).

TDDFT calculations on the reduced hapticity species, (h2-N-
Aniline)Cr(CO)3 and (h3-N-Aniline)Cr(CO)3, indicate that they
absorb at longer wavelength than (h6-Aniline)Cr(CO)3. This means
that 405 nm irradiation will preferentially excite the reduced
hapticity species over (h6-Aniline)Cr(CO)3. The relative energy of
the singlet and triplet species derived from relaxed potential
energy scans at the B3LYP*/LANL2DZ level (Fig. 8) show that
photolysis of (h6-Aniline)Cr(CO)3 with 405 nm radiation could not
populate 3(h6-Aniline)Cr(CO)3 efficiently. However excitation of the
reduced hapticity species (h2-N-Aniline)Cr(CO)3 and (h3-N-Aniline)
Cr(CO)3 at 405 nm could generate the appropriate triplet species
via intersystem crossing from the initially produced singlet excited
state.

The single electron vertical excitation energies for 3(h4-N-
Aniline)Cr(CO)3 were calculated using TDDFT methods. These
results (Table 3) indicate that it absorbs across the visible and into
the near infrared region of the spectrum. Thus exhaustive irradia-
tions, such as those employed in this study, may result in complete
decarbonylation of the triplet metal carbonyl complexes while the
triplet character of the resulting metallic fragments inhibits back
reaction with photogenerated CO or reaction with active matrix
molecules such as N2. Similar “spin blocking” behaviour was
observed in the photochemistry of (h5-C4H4Se)Cr(CO)3 reported
Table 4
Relative energies of the complexes in this study. The scale factor derived from the
infrared studies (1.018) was applied to the zero point energy correction.

Complex Energy difference kJ mol‑1 (with respect to
complex indicated by column number)

1 2 3 4

1. (h6-Aniline)Cr(CO)3
2. (h3-N-Aniline)Cr(CO)3 57.2
3. (h2-N-Aniline)Cr(CO)3 51.4 �5.8
4. (h1-C1-Aniline)Cr(CO)3TS 79.1 21.9 27.7
5. (h3-N-Aniline)Cr(CO)3TS 58.1 0.9 6.7 �21.0
previously [46]. It is not possible to determine from these studies if
the photo-induced decarbonylation is a concerted process. It is
more likely to be a sequential one involving multiple photon
absorptions simply on the grounds of the likely MeCO bond
strength compared to the available photon energy.

4. Concluding comments

These studies suggest that the low-energy photochemistry of
(h-Aniline)Cr(CO)3 originates from reduced hapticity species (h3-N-
Aniline)Cr(CO)3 and (h2-N-Aniline)Cr(CO)3 which are stabilized in
low temperature matrixes. Failure to observe intermediate decar-
bonylated species is explained by the formation of triplet state
species which are “spin blocked” to reaction with CO or N2.
Exhaustive steady state photolyses results in complete decarbon-
ylation of the (h-Aniline)Cr(CO)3 complex. The overall photo-
chemistry of (h6-Aniline)Cr(CO)3 is summarised in the Scheme 1.
Further work on the nature of the metallic species produced any
potential use of these species in catalytic systems or as small
molecule storage devices is currently under investigation.

5. Experimental

5.1. Synthesis of (h6-Aniline)Cr(CO)3

This compound was prepared using a slight modification of
a published procedure [47,48]. A nitrogen flushed solution of Cr
(CO)6 (0.4 g; 1.8 mmol) and aniline (2.4 g; 24.73 mmol) in dibuty-
lether (12 cm�3) and tetrahydrofuran (1 cm�3) was brought to its
reflux temperature under a nitrogen atmosphere for 24 hours. The
resulting yellow solution was filtered through Celite and the
solvent removed under reduced pressure. The crude yellow mate-
rial was purified by vacuum sublimation (nCO (cyclohexane) 1967,
1893, and 1888 cm�1; (CH2Cl2) 1960 and 1876 cm�1).

5.2. Matrix isolation

The Matrix isolation apparatus has been described in elsewhere
[49]. Briefly thematrix isolation apparatus consists of a closed cycle
helium refrigerator, sample window, shroud, deposition tube, gas
mixing chamber, gas inlet, backing pump, diffusion pump and
temperature control unit. Matrixes were deposited on a CaF2
window cooled to 20 K, with matching outer windows on the
vacuum shroud. A CS202 closed-cycle refrigerator was used to cool
Scheme 1. The range of photochemical reactions of (h6-Aniline)Cr(CO)3 in both room
temperature solution and low temperature matrixes
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the sample plate to 20 K, and its temperature was maintained using
a Lakeshore 330 autotuning temperature controller. Two stage
backing pumps and an oil diffusion pump fitted with a liquid
nitrogen trap reduces the shroud pressure to 8�10�4 Torr prior to
cooling, and achieves better than 10‑6 Torr when the sample
window reaches 20 K. Host gases (Cryo Service) are deposited from
the gas mixing chamber via a needle valve connected to two inlet
jets positioned either side of the sample tube. A ratio of sample to
host matrix in the region 1:2000 was achieved. Typically the rate of
gas deposition of 0.3-0.6 Torr/min. provides an appropriate sample-
host dilution. Both the sample and isolating gas were deposited
simultaneously. The (h6-Aniline)Cr(CO)3 complex was sublimed
from a right angled tubewhich was electrically heated to 50 �C. The
sample deposition was monitored using either UV/vis. or infrared
spectroscopy and was stopped when the absorbance of one of the
metal carbonyl nCO bands reached approximately 1 AU. A Per-
kineElmer Spectrum One FTIR spectrophotometer was used to
record IR spectra at 1 cm‑1 resolution from 16 interferograms. A
PerkineElmer EZ200 double beam scanning spectrophotometer
was used to record the UV/vis. spectrum. Matrixes were photolysed
using a 200 W Xe/Hg arc lamp in combination with a 10 cm water
filter to remove the IR component and appropriate interference
filters to select the desired Hg emission line.

5.3. Computational details

DFTmethodswere used in all calculations presented here. These
employed a three parameter hybrid functional (B3) [50], and the
LeeeYangeParr correlation functional (LYP) i.e. the B3LYP func-
tional. The LANL2DZ and LANL2DZp basis sets were used in the
calculations. All calculations were performed using the Gaussian 03
package [51], using HP dual Xeon processor workstations. It is
known that the B3LYP functional tends to underestimate the
energy of high spin states relative to low spin states [43,52].
Consequently, Reiher has proposed that a reduction in the exact
exchange parameter from 0.2 to 0.15 provides a more reliable
estimate of the energy difference between spin states in organo-
metallic systems and called this modified functional B3LYP*. For
estimates of the energy difference between the singlet and triplet
species, the B3LYP* functional was used. These model chemistries
represent a compromise between accuracy in measuring energy
differences between species with different multiplicities and the
computational cost in the large number of optimisation cycles to
map the singlet or especially the triplet surfaces. Initial geometries
were obtained frommolecular mechanics calculations and the final
geometries of species located at local energy minima were opti-
mized using tight convergence criteria. Zero point energy correc-
tions were applied to species at stationary points. A listing of
internal parameters is provided in the supporting information.
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