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Summary. Quantum chemical calculations based on density functional theory
have been performed on Cr(CO)s, (n8-C¢Hg)Cr(CO); and (5-C¢Hg)Cr(CO),(CS)
at the local and nonlocal level of theory using different functionals. Good agree-
ment is obtained with experiment for both optimized geometries and metal-ligand
binding energies. In particular, a comparison of metal-arene bond energies cal-
culated for the (#°-C¢Hg)Cr(CO); and (5-C¢Hg)Cr(CO),(CS) complexes corre-
lates well with kinetic data demonstrating that substitution of one CO group by CS
leads to an important labilizing effect of this bond, which may be primarily
attributed to a larger n-backbonding charge transfer to the CS ligand as compared
with CO.

Key words: Density functional theory — Metal-ligand bond energies — Chromium
— Arene complexes — Chalcocarbonyls

1 Introduction

The structure and reactivity of (arene)Cr(CO); systems have been the subject of
intensive investigation in organometallic chemistry [1~4]. It is indeed well known
that these complexes are readily prepared by ligand displacement from Cr(CO),Ls
precursors or via arene exchange from labile (arene)Cr(CO); complexes, with, e.g.,
arene = naphthalene [5]. The investigation of arene labilization in such com-
pounds has proven to be a point of considerable interest, as evidenced by numerous
experimental studies which have been carried out in the last ten years [6—10].
Indeed, arene displacement may be used as a convenient procedure to obtain novel
chromium organometallic systems with catalytic properties or to synthesize
(poly)functional arene derivatives such as chiral, nonracemic, cyclohexadienes
[11].

It is therefore of interest to perform theoretical investigations of the ther-
mochemical properties of these systems so as to provide reliable values of key
parameters such as metal—arene binding energies. Such studies would indeed allow
to predict which substituents on the Cr(CO); tripod favor arene displacement and,
consequently, lead to reaction products obtained under mild conditions. As far as
carbonyl systems are concerned, Ziegler et al. have recently shown that density
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functional theory (DFT) is able to lead to good results for the calculation of bond
energies of Cr(CQ)s, Mo(CO)s and W(CO)s [12]. It was therefore interesting to
use DFT so as to calculate the structural and thermochemical properties of
compounds such as (arene) Cr(CO),L (L = CO, CS) derivatives. We report here
the results of such a study, by concentrating on key structural parameters and on
the metal-arene bond energy. For test purposes, we also report similar results
obtained for Cr(CO)s.

2 Computational details

The linear combination of Gaussian-type orbitals-density functional (LCGTO-
DF) method [13,14] and its corresponding deMon package [15] have been
used. Preliminary geometry optimizations employed the Vosko-Wilk—Nusair
(VWN) local spin density exchange-correlation potential [16]. In a second stage,
nonlocal gradient correction terms were added to the VWN potential, and
the geometries were recomputed. We have used two different nonlocal (NL)
corrections to the exchange and correlation functionals. In calculations labeled BP,
the gradient-corrected functional of Becke [17] was used for exchange and
that of Perdew [18] for correlation. In calculations labeled PP, both nonlocal
gradient-corrected exchange and correlation functionals suggested by Perdew
and Wang have been included [19,20]. An “all electron” basis set of
double-zeta quality augmented by two polarization functions for chromium and of
double-zeta plus polarization quality for the other heavy atoms have been
employed [217. For the hydrogens, no polarization function has been considered.
The contraction pattern of these basis sets is: Cr (63321/5211/41), C (631/31/1),
O (631/31/1), S (6321/521/1), H (41). The electron density and exchange-
correlation potential were fitted using the following auxiliary bases: Cr (5,55,5),
C (4,3;4,3), O (4,3;:4,3), S (5,4;5,4), H (4,2,4,2). Our convergence criterion on the
total energy for the SCF part of the computations was 10~® Hartree. For
geometry optimizations, the Broyden-Fletcher—Golfarb~Shanno algorithm
has 3been chosen with a requested accuracy on the norm of the gradient of
107° au.

The Cr(CO)¢ compound has been considered to have the O, point group
symmetry, For (7%-C4Hg)Cr(CO); , Ci, symmetry has been used, as suggested
by both neutron diffraction and X-ray crystallographic studies [22,23], where
as (n8-CsHg)Cr(CO),(CS) has been optimized under the constraint of C,
symmetry.

The binding energies reported in this work are calculated using the following
formula:

4E = Emolecule - ZEfragment’

where Eecure 15 the total energy of the complex at the optimized geometry, and
Efragment is the total energy of the relaxed fragment. The basis set superposition
error (BSSE) has been corrected using the Boys—Bernardi technique [24]. In view
of the computational effort required, no calculation of the zero-point energy (ZPE)
correction has been made. In any case, Ehlers and Frenking have recently shown
that, for transition metal carbonyls, ZPE and thermal corrections at 298 K com-
pensate to within 1 kcal/mol [25].



Density functional calculations of the structures and bond energies 159
3 Results and discussion

In recent years, sophisticated ab initio methods such as modified coupled-pair
functional (MCPF), coupled-cluster methods (CCSD, CCSD(T)), local (LDA) and
nonlocal (NLDA) density functional approximation theory have been applied to
Cr(CO)s in order to determine its electronic structure, bond energies and vibra-
tional spectrum [12,25-30]. This compound was therefore an ideal test case to
calibrate our calculations.

The LCGTO-DF results of our full geometry optimizations of Cr(CO)s (1),
Cr(CO)s (2) (Scheme 1) and CO are presented in Table 1. As expected, it is seen that
the local spin density approximation underestimates the metal to ligand bond
length in 1, the difference between the calculated and experimental value reported
by both Jost et al. [31] and Rees et al. [32] being 0.046 A. This is in agreement with
previous studies carried out using other density functional versions [28, 29, 33-36].
The introduction of nonlocal corrections leads to a significant improvement of the
Cr—C distance, the difference with the experimental value decreasing to 0.009 A
(BP case) and 0.015 A (PP case). A very similar result has been obtained by Ziegler
et al. on Cr(CO)s using nonlocal density functional theory with a metal to carbon
bond equal to 1.909 A [34]. These results are slightly better than those provided by
the MCPF (1.940 A) CCSD (1.949 A) and CCSD(T) (1.939 A) methods [27].

The C-O bond in the Cr(CO)s complex exhibits the same trend when going
from local to nonlocal calculations, i.e. it undergoes a lengthening. However, in
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both cases this parameter is overestimated as compared to the experimental value
(1.140 A): 1.154 A (VWN), 1.162 A (BP). The same calculations performed on free
carbonyl lead to the following values: 1.140 A (VWN) and 1.148 A (BP). It is
1mmed1ately seen that coordination leads to an increase of the CO distance of
0.014 A in both cases, reflecting the weakening of the C-O bond due to © back-
donation to the carbonyls.

The full geometry optimization of 2 has been carried out under the constraint of
C,4, symmetry in agreement with previous calculations [37, 38]. We thus obtained
a (C,,CrC,, angle equal to 91.0° for the two nonlocal calculations, this value being
1.5° less than that found by Barnes et al. at the SCF level of theory [27], and 2° less
than the experimental result reported for matrix isolated Cr(CO)s [39]. On the
other hand, Frenking et al. have optimized the structure of the Cr(CO); fragment
at both the SCF and MP2 levels of theory [25]. From their results, they conclude
that the {C,,CrC,, angle is larger than 90° at the SCF level of theory in agreement
with the work of Barnes et al. and smaller than 90° at the MP2 level. This is at
variance with our result where the more sophisticated NLDA calculations lead to
an angle larger than 90°, whereas the LDA result shows this angle to be smaller
than 90°. It is generally accepted that the local density approximation gives results
of nearly MP2 quality [40]. A closer look at the distances shows that the equatorial
bonds for Cr—C and C-O are very close to the values found in Cr(CO)g at the same
level of approximation. On the other hand, the removal of one of the axial” CO’s is
reflected in 2 by the shortening of the Cr—C,, bond length (1.830 A, BP) and the
increase of the C-O distance (1.170 A, BP). This result, which is due to be
well-known trans effect in organometalhc chemistry, parallels the findings of
Barnes et al., who conclude to a similar Cr—C,, bond distance shortening when
going from 1 to 2.

Considering the quality of the structural results obtained with the nonlocal
approximation, the investigation of the first CO binding energy has been per-
formed at this level of theory (BP only). Table2 presents the total energies
calculated for Cr(CO)g and its fragments. Our calculated binding energy 4E is
equal to 44.6 kcal/mol. In a previous DFT study, Ziegler et al. found a significantly
lower value (35.1 kcal/mol). However, their calculation differs from the present one
on the following points: they calculated AE at the experimental geometry and using
a different functional for correlation [12]. On the other hand, Delley et al. obtained
36 kcal/mol for the first dissociation energy of Cr(CO)s using the same nonlocal
exchange term but a correlation functional derived from that of Lee~Yang—Parr
(LYP) [41]. As pointed out by Ziegler [42], the NL correction for exchange tends
to lengthen bond distances, whereas the NL correction for correlation shows the
opposite trend. The largest effect is due to the NL correction for exchange. As
a consequence, the inclusion of the Becke correction alone should lead to too long
bond distances and therefore to too low bond energies. This exemplified by the
1.942 A value found by Delley et al. for the Cr—C distance. Further support for our
results is provided by two independent studies carried out at the CCSD(T) level of
theory by Barnes et al. [27] and Frenking et al. [25], which lead to dissociation
energies very close to our value. Barnes et al. indeed reported a value of
42.7 kcal/mol calculated using a small basis set, whereas Frenking et al. found
45.8 kcal/mol using the effective core potentials (ECP) method. In addition, Ziegler
et al. have recently redetermined the first dissociation energy of Cr(CO)s
using nonlocal corrections and obtained 46.2 kcal/mol [30]. Therefore, these
results obtained using both high-level ab initio methods and DFT give further
support to the reliability of our calculations. Our final binding energy corrected for
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Table 2. Binding energies® for Cr(CO)g, Cr(CO);CS, (#°~CH)Cr(CO);
and (15-C¢Hg)Cr(CO),CS calculated at the nonlocal level of theory

(BP)

L=CO L=CS
Cr{CO)sL — 1724.70366 — 2047.63464
Licee —113.31739 —436.22160
Lin complex — 113.31699 — 436.22156
L + Cr(CO)s;non — 113.32049 — 43622583
BSSE 350.10°% 427103

2.2 keal/mol 2.7 keal/mol
Cr(CO)spree — 1611.31520 —1611.31520
Cr{COsin comptex —1611.31418 —1611.31326
Cr(CO)s + COypost — 161131763 — 1611.31561
BSEE 3451075 235.10°°%

2.2 keal/mol 1.5 kcal/mol
Epinding (L) 7107.10% 9784.10°%

44.6 kcal/mol 61.4 kcal/mol
Epinging- BSSE 6412.107% 9122.10"*%

40.2 kcal/mol 57.2 keal/mol
Exp 37 kcal/mol
(n%-CeHg)Cr(CO),L — 161690369 — 1939.84066
CsHeiree — 232.26285 — 23226285
CsHein complex — 232.26090 — 232.26066
CeHg + Cr(CO); Lypos — 23226253 —232.26291
BSSE 163.107% 2251073

1.0 kcal/mol 1.4 kcal/mol
Cr(CO),L;,.. — 1384.54119 — 1707.48858
Cr(CO),Liy comprex — 1384.54066 —~ 1707.48734
Cr(CO),L + CsHggnont — 1384.55084 — 1707.49382
BSSE 1018.10~% 648.107 %

6.4 kcal/mol 4.1 kcal/mol
Epinding 1°~CsHe) 9965.107% 8923.1073

62.5 kcal/mol 56.0 kcal/mol
Epinding—BSSE 8784.107% 8050.10%

55.1 kcal/mol 50.5 kcal/mol
Exp 53 kecal/mol

® Energies are in Hartress, unless specified

BSSE is 40.2 kcal/mol, this value being 3.1 kcal/mol larger than that found by
Barnes et al. using CCSD(T) (37.1 kcal/mol) and 3.2 kcal/mol larger than the
experimental value (37 kcal/mol at 298 K [43,44]). Our BSSE corrections for the
two fragments are relatively small (2.2 kcal/mol for each) which suggests that the
orbital basis sets used are adequate for such calculations.

It is also seen in Tables 1 and 2 and that the CS ligand is much more strongly
bonded than CO to the chromium atom in the Cr(CO)s system: the Cr—C(S) bond
distance in Cr{(CO);CS is smaller by 0.031 A than the Cr—C(O) distance in
Cr(CO)g, whereas the corresponding bond energies are 57.2 and 40.2 kcal/mol,
respectively. This feature, which may be attributed to a better n-backbonding
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capability of CS as compared to CO, is also observed in the (5-CsHg)Cr(CO),(CX)
compounds (see below).

The DFT results obtained for Cr(CO)s show that this method is able to lead to
accurate geometries and binding energies for organometallics. We can confidently
turn to the study of the (#°-C¢Hg)Cr(CO),L (L = CO (3), CS (4)) complexes
(Scheme 1), The optimized bond distances and angles for the two compounds are
reported in Table 1. As for Cr(CO)s, it is seen that for 3 all the M-ligand distances
are smaller than the experimental ones at the local level of approximation. This is
especially true for the M-ring bond, the difference being as large as 0.079 A. Clearly,
the calculation of this parameter needed to be improved in order to obtain accurate
binding energies. From the two NLDA calculations, it is seen in Table 1 that the
best agreement is achieved with Becke exchange-Perdew correlation functionals.
Several interesting features can be noted from the result of geometry optimization.
First, an alternance of short and long distances is clearly observed in the benzene
ring, which is in agreement with the experimental study of 3 performed by Rees and
Coppens using both X-ray and neutron diffraction at low temperature [22].
Secondly, the C-O distance is larger in 3 than in 1 by about 0.011 A, whereas the
Cr-C(O) bond length is shorter by about 0.060 A. This suggests that carbonyls are
more tightly bound in 3 than in 1 which is in agreement with the conclusion
deduced by Butler et al. from a study of the vibrational spectra and potential
constants of benzenetricarbonylchromium derivatives [45]. Finally, the hydrogen
atoms of the benzene ring are tilted towards chromium by an angle of about 2.0°, in
good agreement with the value found by Rees and Coppens (cf. Table 1).

The geometry optimization of compound 4 has been carried out at the LDA
and NLDA levels of theory. No X-ray nor neutron diffraction data are available to
elucidate the structure of this complex. However, we may compare our results with
those obtained on (CH;CO,)(7%-CsHs)Cr(CO),(CX) (X = O, S, Se) complexes for
which X-ray diffraction studies have been performed [46-49]. For both the LDA
and NLDA calculations, four inequivalent C—C distances are found in the benzene
ring, the shortest bond being located in the trans position with respect to the
chalcocarbonyl ligand. The position of the projection of chromium on the C4Hsg
ring and the center of mass of the six carbon atoms of the arene are not significantly
different. Thus, the variation in M-ring distances does not reflect a slippage of the
metal center, but presumably a distortion of the benzene ring. Actually, whereas the
four carbon atoms nearest to the CS ligand form almost a perfect plane, the
remaining two in the trans position are located out of this plane by about 0.02 A,
leading to a somewhat folded benzene ring. A similar observation has been made
on (CH3CO,)(n%-CsHs)Cr(CO),(CS), for which the eclipsed conformation of
the tripod is preferred [49]. The M—C distance for the atom in the trans position
with respect to CX is longer in (CH;CO,)(n®-C¢Hs)Cr(CO),(CS) than in
(CH3CO,) (n%-C¢H;s)Cr(CO);. From Table 1, one can also observe that the
hydrogen atoms are tilted towards chromium as in 3. In addition, it is seen that the
local approximation overestimates this angle with 1 respect to the NL case, which
was already the case in 3. The average M-ring distance in compound 4 gives a
first clue to the change in the M-rmg bond strength as compared with 3. Table 1
shows that the M-ring distance is longer by 0.026 A (NLDA) in 4 than in 3,
suggesting a weaker metal-ring bond. The expenmental results obtained
for (CH3CO,)(n%-C¢H;)Cr(CO,)(CS) and (CH3CO,)(n5-CsHs)Cr(CO); display
a similar trend, as going from the tricarbonyl to thiocarbonyl substituted complex
leads to a lengthening of 0.016 A of this bond distance, the respective bond
lengths being 1.714 A for the latter and 1.730 A for the former. The results of the
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vibrational study of Butler et al. on (#°-C¢Hg)Cr(CO),(CX)(X = O, S, Se) [45]
also corroborate our calculations. They obtained a continuous decrease of the
M-ring stretching force constant when going from X = O (1.19 mdyn. A=Y to
X = Se (0.897 mdyn. A-1,1.01 mdyn. A~ 1), For compound 4 they report 1.04 and
.12 mdyn. A1,

As to the geometry of the tripod, it is seen that the (O)C-Cr-C(X) angles are
very close to 90°. The NL.DA calculations lead to a (O)C—Cr—C(S) angle smaller by
1.5° than the (O)C-Cr—C(O) one, and smaller by 1° than the (O)C-Cr—C(O) angle
in complex 3. In the case of the (CH;CO,)(n%-CsHs)Cr(CO),(CX) complexes,
these differences exhibit the same trend, being larger than 2° (5.2°,2.3°). If we
compare the M—CO distances between 3 and 4, a small increase of 0.006 A is
noticed. On the other hand, the M—C(S) dlstance is significantly shorter than the
M-C(O) one in the two complexes (1.805 A vs. 1.851 A 4, 1.845 A 3). This suggests
that the CS ligand is more tightly bound than the carbonyls and also that it
weakens the M—C(O) bond in 4. To confirm this particular feature due to the CO
substitution by CS, we have carried our an additional calculation on the
Cr(CO)s(CS) compound using the BP functional (Table 1). The M—C(S) and the
CS bonds are then found to be equal to 1.874 and 1.566 A, respectively. It is thus
seen that we have for this complex a larger M—C(S) distance and a smaller CS one
as compared to 4 (BP), +0.069 A and —0.020A respectively. As previously
observed in the case of Cr(CO)s and (#°-C4Hg)Cr(CO)s, M—C(X) bonds are
stronger in the arene complexes, while the CX bonds are weaker. The stretching
force constants reported by Butler et al. confirm this conclusion [45], the values
being k(M-CS) = 3.26 mdyn A~ in 4, 245 mdyn A"t in Cr(CO)5(CS) and
k(M—C) = 240 mdyn A~ ' in 3, 2.10 mdyn. A~ % in 1.

The geometry optimizations on 3 and 4 enabled us to derive a qualitative
picture of the relative strength of the bond between benzene and the chromium
atom. We shall now discuss this point from a quantitative point of view. Examina-
tion of the results obtained for the geometry optimization of 1, 3 and 4, and for the
first dissociation energy of CO in 1, prompted us to calculate the bond energy
between benzene and the Cr(CO),CX tripod at the BP level of theory. Table 2
presents the total energies, the BSSE corrections for the various fragments, as well
as the binding energies determined for compounds 3 and 4. The benzene molecule
has been optimized under the constraint of D, symmetry. The Cr(CO),L frag-
ments have been constrained to the symmetry point group of complexes 3 and 4, i.e.
G, for Cr(CO); and C; for Cr(CO),(CS). Additional calculations performed by
releasing these constraints did not lead to lower energy minima. The M-ring
binding energy determined for 3 is 55.1 kcal/mol without ZPE correction, This
value is very close to that determined by Hoff et al. (53 kcal/mol) [50]; this
“experimental” result being only an upper limit due to the use of an estimate for the
enthalpy of formation of the Cr(CO); fragment. However, the actual value should
be close to this energy as suggested by the good agreement with our calculations.
For the thiocarbonyl substituted complex, the M-ring binding energy is
50.5 kcal/mol, a value smaller by 4.6 kcal/mol than the one found for 3. The
inclusion of BSSE corrections in both calculations leads to a decrease of the
binding energy difference of 1.9 kcal/mol, which shows the influence of such
corrections. It appears that in 4 the benzene ring is less tightly bonded than in 3 as
could be expected from the results of geometry optimization, which is in total
agreement with the kinetic data of Butler and Ismail [10]. The weaker M-ring bond
in-the thiosubstituted complex has to be attributed to the better n-backbonding
capability of CS as compared to CO. This feature should be reflected by the charges
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borne by the ligand atoms. For both complexes, the formal oxidation number
of chromium is 0. According to a Mulliken population analysis performed
using the BP results, the chromium atom bears a pos1t1ve charge of + 0.2751in 4,
while in compound 3 the positive charge on chromium is equal to + 0.122, which
confirms the results of our preliminary analysis. Surprisingly, the global charge on
the arene does not vary in the same proportion when going from 3 and 4( + 0.078
and 3 and + 0.100 in 4). The main difference between the two complexes is
observed for the significant negative charge borne by the CS ligand ( — 0.297) as
compared to the one of the carbonyls (—0.066 in 3 and — 0.039 in 4). The
comparison of the atomic charges in these two systems leads to the conclusion that
the withdrawing effect of the CS ligand is responsible for the larger positive charge
on metal in 4.

As a conclusion, the present theoretical results show that undoubtedly CO
substitution by CS in (78-C¢Hg)Cr(CO),(CX) systems leads to a significant labiliz-
ation effect of the metal-arene bond, as previously noted by Butler et al. [10]. This
statement, which is mainly based on an accurate DFT calculation of the M-ring
bond energies in these systems, is confirmed by an examination of the results of
both geometry optimization and electron population analysis. The present work
shows therefore that DFT calculations are able to provide valuable quantitative
results on organometallic systems.
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