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Abstract

Analysis of the evolution of the binding energy to a late first-row transition metal catioshdws that the third ligand is
significantly less strongly bound than the two first. The present study suggests that a new type of cluster-assisted reacti
could be induced by the metal center when it is tri-coordinated. €@mplexes have been chosen as models for the quantum
chemical calculations (density functional and post-Hartree—Fock ab initio). First, an emphasis is made on the analysis of t
evolution of the binding energy as the coordination nunmbearies from 1 to 4 in Cti(H,0O), and Cu (CO),. The evolution
of the electronic repulsion between thiedonating orbitals of the ligands and the 3d orbitals is discussed in details. Second,
we consider the successive substitution reactions of COJyllgand from Cu (CO), (n = 1-4). Our calculations suggest
that rather than the simple substitution reaction of CO by RBRR = H, alkyl), formation of an acid or ester could occur
in the coordination sphere of the metal. Whereas kinetics is likely to be unfavorable in the casg sfi€lucondensation
reaction of RORand CO could be observed with late first-row transition metal cations suchtas Fe
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction studies of the interaction of a ligand L with a series
of transition metal cations M help to appreciate the
Gas phase study of transition metal ions has beenrelative extent of the electrostatic and charge transfer
shown to provide valuable informations to better un- involved in the M"—L bond. Binding energies and
derstand the interaction of a transition metal atom entropies have also been measured for the successive
with its environment[1,2]. The synergism between attachment of several ligands to'M6], offering an
experiment and quantum chemistry has been essentialunderstanding of the competition between direct co-
for the development of this fiel{3—8]. Systematic ordination to the metal and formation of the second
coordination sphere. In this context, the analysis of
_ the evolution of the M—L bonding as a function of
- Corresponding author. Tel: 33-1-69-15-74-63; the coordination of the metal center was also impor-
fax: +33-1-69-15-30-53.
E-mail address: philippe.maitre@Icp.u-psud.fr (P. litee). tant to evaluate the relative extent of the ligand-ligand
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repulsion and more subtle electronic factors. Among ied in this case since energy barriers are expected to
these factors, polarization of the transition metal be quite high in energy for a closed-shel®dCut
cation has been shown to be esserjgil ion. A theoretical investigation of the potential energy
This work is part of an ongoing study of mecha- surfaces associated to the reaction of methanoic acid
nistic and thermochemical aspects of the gas phase(HCOOH) formation from HO+ CO assisted by Fe
reactivity of Fé" complexes. For example, successive is under study. It should be noted that the trends in the
substitution reactions of CO ligands fromRE€O0), thermodynamics of the reactions in the case of Fe
complexes by watd], methano[10] and dimethyl- parallel those of Ch presented here, suggesting that
ether[11] have been studied. This work may provide Cu' is a good representative of late first-row transi-
interesting informations on the thermochemistry of tion metal cations.
heteroleptic complexes which have been less studied
than the homoleptic ones. The study of the successive
displacements of CO ligands from H&€O), reveals 2. Quantum chemical methods
that the behavior of mono- and di-coordinated com-
plexes, F&(CO), and F&(CO), is very different Both density functional theory (DFT) and post-
from the one of tri-coordinated and up complexes. For Hartree—Fock ab initio approaches have been used. In
instance, the complete substitution of the CO ligands conjunction with the DFT approach, two basis sets,
of Fe"(CO)— by L = H,0, CHsOH and CHOCH; denoted as Basis1 and Basis2, have been employed. In
is observed, whereas one CO remains always unsubsti-Basis1, Cu is described by an [8s6p4d1f] contraction
tuted when the reactant ion is FE€O); or Fe" (CO). of the (14s11p6d3f) primitive set of Wachtes2]
This behavior could owe its origin to a change of supplemented by two diffuse p functions, a diffuse d
the relative strength of CO and oxygen-donor ligand function @ = 0.1491) and a contraction of three f
with Fe™ as a function of the substitution reactions. functions[13]. Ligands are described by a polarized
Reactivity could also be invoked and one might think double-zeta basis s¢t4], the exponent of the po-
that the remaining CO ligand has been activated lead- larized functions beingp(H) = 1.0, ag(C) = 0.75,
ing to the formation of an acid or ester molecule in «q(O) = 0.85. In Basis2, the ligand basis set con-
the coordination sphere of the transition metal. We sists of the standard 6-311G, complemented by a
believe that such reactivity in tri- or tetra-coordinated set of diffuse sp functions, two d polarization sets
complexes could find its origin in the significant drop for heavy atoms, and two p polarization functions
of the binding energy to Fe after the addition of for H [15]. The Cu set is a [9s6p4d2f] contraction
the second ligand. This could be generalized to all of the (15s11p6d2f) primitive set. That is, from Ba-
the late first-row transition metal cations: the binding sisl, a diffuse so{ = 0.0123) and two f polarization
energy of the third and fourth ligands being relatively (« = 2.88 and 0.72) are added.
small, a condensation reaction like the formation of  Basis2 has also been used at the post-Hartree—Fock
acid from CO and ROH (R= H, CHg) could be- ab initio levels, as well as larger basis sets consist-
come favorable, since the loss in binding energy to ing of augmented correlation consistent basis sets
the metal cation would be balanced by the intrinsic (aug-cc-pVDZ, aug-cc-pVTZ, and aug-cc-pVQZ,
exothermicity of the reaction assisted by the metal hereafter denoted as AVDZ, AVTZ and AVQZ, re-

center. spectively) for the ligandgL6], and an atomic natural
This paper aims at evaluating the two possible in- contraction proposed by Bauschlictj&B] for Cu.
terpretations. Heteroleptic complexes of 'Cwhere Hybrid density functional B3LYP[17] has been

the ligands are CO and J@, have been chosen as used in conjunction with Basis1 to characterize the ge-
prototype complexes of late first-row transition metal ometries of the complexes, and the corresponding har-
cations. Only thermodynamic aspects have been stud-monic vibrational frequencies were used throughout
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this work. Basis2, larger basis including diffuse func-

tions on the ligands, has been used to derive the ener-

getics at the B3LYP level, which has been shown to be
well adapted to describing transition metal complexes

[18]. Nevertheless, whereas the geometries and har-

monic vibrational frequencigd 9] are very accurate,
the energetics derived at this level still need further
calibration. Post-Hartree—Fock ab initio calculations
using the B3LYP/Basisl optimized geometries have
been performed. Only the valence electrons are cor-
related at this level. For small clusters, the restricted
coupled cluster of singles and doub[@8)] including
a perturbational treatment of connected trip|2§],
RCCSD(T), has been used. In the case of (@0O),
complexes, relativistic corrections were evaluated by
computing expectation values of the mass-velocity and
1-electron Darwin integrals using the Cowan-Griffin
approach as implemented in MOLPH@R]. Larger
clusters were only treated at the MP2 level.

B3LYP calculations were performed using Gaus-
sian 98[23] and MOLPRO[22] was used for the
post-Hartree—Fock MP2 and RCCSD(T) ones.

3. Homoleptic complexes
3.1. Cut(H20), (n = 1-4) clusters
Hydrated clusters of Cu@#D),™ have been stud-

ied experimentallyj24,25] and theoreticallyj26—29]
Magnera et al[24], and later on, Armentrout’s group
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Cu*(H,0) C,, Cu*(H,0), C,
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Fig. 1. Optimized structures of CgH,0), Cu"(H20),,

Cut(H20)3 and Cu (H20)4 complexes. Only the essential geo-
metrical parameters are given (distances in angstroms and angles
in degrees). The CH20), C, minimum is a slightly distorted

Dyq structure. Similarly, Cti(H,0)3 and Cu (H20)4 minima de-

rived from a slight distortion from the and S given structures,
respectively (see text).

fits to the second ligand, thus offering an interpretation
for the second water molecule being more strongly
bound than the first one. Then, about two-third of
the binding energy between the second and the third
ligand was found to be due to ligand-ligand repul-
sion and one-third to an increase of the metal-ligand
repulsion resulting from a loss of sd hybridization.
B3LYP/Basisl optimized geometries of the Cu
(H20), clusters are given iifrig. 1 As discussed by
Feller et al.[29], the nature of the stationary point
may vary with the level of electronic correlation treat-

[25], reported gas phase incremental binding energies ment. For instance, they found that the nature of the

for n = 1-4 clusters using collision induced dissocia-
tion (CID) techniques. The second binding energy was
found to be stronger than the first by 4 kcal/mol, while
the third and fourth water molecules were found to be
significantly less strongly bound than the two first. In
the first theoretical investigation of the Cu@),™
clusters, Rosi and Bauschlichg@6] provided an in-
terpretation for the evolution of the binding energy as
a function of the cluster size. They found a significant
polarization of Cdr, due to an sd hybridization, asso-
ciated to the addition of the first water. It was shown
that this polarization paid by the first ligand, also bene-

Cut(H20), (Dyg) stationary point is a minimum at
the Hartree—Fock level, while this structure is charac-
terized by a doubly degenerate imaginary frequency
of i150cnT! at the MP2 level, the corresponding
normal mode being a combination of O—Cu-O bend-
ing and water twisting modes leading to a @lobal
minimum at the MP2 level29]. Interestingly, it
seems that the topology of the potential energy sur-
face of Cu(H,0); is similar at the MP2 and B3LYP
levels. Indeed, Cti(H20), (D2g) was also found to
present a doubly degenerate imaginary frequency of
i36cm ! at the B3LYP level. As already found by
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Feller et al., the energetic stabilization associated to Cu™(H,0)1—, is consistent with the evolution of the

the Doy — C» distortion is very small (only 4 10~°
a.u. at the B3LYP level). Similarly, the Phighly
symmetric structure for Ci(H,0)3 and the $ one
for Cu™(H,0)4 were found to present a very small
imaginary frequency (doubly degenerate i64¢dm
for Cut(H.0)3 and i36 cnt! for Cut(H.0)4). As
shown by Feller et al., the absolute minimum for

binding energy. As expected, since electronic corre-
lation is known to reinforce the N-ligand bonding,
our B3LYP bond lengths are smaller by 0.01 A, than
the ones determined at the Hartree—Fock IE2@]. In

the case of Cti(H,0); and Cu"(H20),, comparison
can also be made with the RCCSD(T)/aug-cc-pVQZ
and RCCSD(T)/aug-cc-pVTZ optimized geometries,

these two clusters correspond to a structure where respectively[29]. It is interesting to note that our
one and two water molecules, respectively are in the B3LYP/Basis1 Cu—O bond lengths (1.93 and 1.91A)

second coordination shell of Gu Nevertheless, we

are here only interested in structures with direct co-

ordination of the water molecules to €un order to

are in excellent agreement with the one of Feller et al.
[29]. This comparison shows that for water containing
clusters, the B3LYP/Basisl geometries are reliable

modelize the common trend observed experimentally and that geometry reoptimization at higher level would

for the reactions of Fe(CQJ with water, methanol
and dimethylether. Following the imaginary mode of

the highly symmetric structures, secondary minima

not significantly improve the description of these
complexes.
Binding energies are reported iable 1 Our cal-

where all the water molecules are in the first solvation culated values are given along with the experimental

shell of Cut have been located at the B3LYP level for
Cut(H,0)3 and Cu (H,0)s. They both present a,C

[25] and calculated valug28,29] It should be noted
that, for a purpose of comparison, values given from

symmetry and are very similar to the one proposed by [29] correspond to the highest theoretical level for the
Feller et al. As also found by these authors, they are structure where all the water molecules lie in the first

only slightly lower in energy than the corresponding
highly symmetric structures. Thus, in order to keep
the large ab initio calculations tractable, highly sym-
metric structure for Cti(H20), (D2g), Cu™(H20)3
(D3) and Cur(H20),4 (S4) were used for the large ab
initio calculations since they only present a very small
imaginary frequency (doubly degenerate i64 crfor
Cut(H,0)3 and i36 cnt! for Cut (Ho0)a).

Overall, as found by other authors, the evolution
of the Cu-O distance, larger in €(H,0)3— than in

solvation shell of Cti. As can be seen in this table, the

main features of the evolution of the binding energy

are correctly reproduced at all levels of theory, except
at the B3LYP in the smallest basis set (Basis1) where
BDEs are overestimated. Part of it may be attributed
to the basis set superposition error (BSSE) which has
been estimated to range from 2.4 to 2.6 kcal/mol at this
level using the counterpoise method. Extending the
basis set to Basis2, which includes diffuse functions
on the ligands, significantly reduces the BSSE, which

Table 1
Summary of 0K values for §(H20),_1Cut—H,0]

B3LYP/Basisl  B3LYP/Basis2  MP2/Basis2 ~ MP2 AvxX £ V/T/Q)  Exp.[25] [29  [28]°
Cut—OH, 45.9 40.7 38.0 36.2/38.3/38.7 35.8-39.4 41.0 38.8
(H20)Cu"—OH, 45.0 40.2 40.2 38.0/40.2/40.7 39.0-42.2 45.7 39.4
(H20),Cut—-0H, 15.4 12.2 11.7 13.1/12.0 11.8-15.4 14.8 154
(H20)3Cut—OH, 11.8 9.1 10.1 10.6/9.8 12.0-14.0 9.2 13.3

All values are in kcal/mol.

2D, values. Forn = 1, 2. RCCSD(T) method with estimated complete basis set.nFer3, 4: MP2 method (with all the ligands

directly bound to Cu).
bMCPF method.
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ranges from 0.8 to 1.1kcal/mol, and brings the two
first B3LYP/Basis2 binding energies in better agree-
ment with the experimental values. The experimen-
tally observed slight increase of the binding energy
from the first to the second ligand is not reproduced at
the B3LYP level. This behavior might be attributed to
the fact that B3LYP systematically overestimates the
first binding energy to a transition metal catif80].
Nevertheless, in comparison with the experiments and
with other calculations, the trends in the evolution
of the binding energy are correctly reproduced at the
B3LYP/Basis2 level, in particular the drop in the bind-
ing energy associated to the attachment of the third
ligand.

Binding energies at the MP2 level using the
B3LYP/Basis1 optimized geometries are also reported
in Table 1 Compared to B3LYP, MP2 provides a bet-
ter description of the two first complexes, the second
binding energy being predicted larger than the first as
found experimentally. Nevertheless, the main weak-
ness of B3LYP, i.e., underestimation of the fourth
BDE, is also found at the MP2 level.

3.2. Cut(CO), (n = 1-4) clusters

The successive binding energies of Cu(GO)
complexes have been determined experimentally for
n = 1-4[31] but only the two first complexes have
been studied theoretically32]. As for the water
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Cu*(CO) C.,, Cu*(CO), D,
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Fig. 2. Complexes of CWCO), Cu(CO), Cu"(CO); and
Cut(CO),. Distances are given in angstroms and angles in degrees.

and 107.3 kcal/mol for water and carbonyl clusters,
respectively.

B3LYP/Basisl optimized geometries of the
Cut(CO), clusters are given irFig. 2 Compared
to the optimized geometries obtained at the MCPF
level including relativistic effect§32], the Cu—CO
distance is significantly shorter (0.04A) in the case
of Cut(CO), but the Ctr—CO distance in the sec-
ond cluster is only 0.01A shorter than the one of
Bauschlicher. The larger discrepancy for the first
cluster might be related to the fact that the first BDE
is systematically overestimated at the B3LYP level

clusters, an increase of the binding energy has been[30]. As for the water clusters, one observes a signif-

observed from the first to the second ligand (35.6
and 41.1kcal/mol, respectively), the third and the
fourth BDE (17.9 and 12.7 kcal/mol, respectively)
being significantly smaller than the two first ones

icant lengthening of the metal-ligand distance with
the addition of the third and fourth ligands.

The calculated binding energies of QCO),
clusters are reported ihable 2 As compared to the

[31]. Contrary to the case of the water clusters where experimental results, the B3LYP approach provides
Rosi and Bauschlicher showed that the bonding is the same trends as in the case of the water clusters.
essentially electrostati¢28], the bonding of CO  Thatis, using the small basis set (B3LYP/Basisl), one
to a transition metal is known to involve a double overestimates the binding energies, and especially
charge transfer. Interestingly, whereas the bonding the first one (se@able 2. Using the larger basis set

in these two systems are very different, the evolu- (B3LYP/Basis2), B3LYP provides a good approach
tion of the binding energy with respect to the size for the description of the successive binding energies.
of the cluster is very similar. Moreover, the sum of As can be seen ifTable 2 the MP2 approach does
the four binding energies derived by Armentrout and not provide an interesting alternative since it system-
co-workers[31] is also of the same order: 104.8 atically overestimates the third and fourth binding
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Table 2
Summary of 0K values for §(CO),—Cut—CO]

B3LYP/Basisl  B3LYP/Basis2 MP2/Basis2 MP2 AvxZ £ V/T/Q)  RCCSD(T} [31] [32]
Cut-CO 40.7 371 335 32.7/35.9/36.2 28.4/31.4/31.8 33.9-37.3 321
(CO)Cur-CO 40.8 36.5 38.3 38.4/40.2/40.5 33.2/3848  40.4-41.8 325
(COxpCut—CO 205 16.6 225 21.4/22.4 1818/3 16.9-18.9
(CO)Cut-CO 15.7 13.4 19.1 19.1/19.2 1512/2 12.0-13.4

All values are in kcal/mol.
aThe values in italics correspond to RCCSD(T) energies determined using the triple contribution calculated without diffuse functions.

energies by about 4 and 6 kcal/mol, respectively. A been evaluated adding the energetics contribution of
similar observation had been made by Ricca and the triples without diffuse functions to the RCCSD
Bauschlicher in the case of F6€CO),—s clusters, the  energy determined with diffuse functions. The second
fifth binding energy being too larg&0]. binding energy was predicted to be 34.5 kcal/mol using
In the following sections, we are interested in the the largest basis set (s&éable 2. This value is larger
heteroleptic complexes of Cufor which there is no than the first BDE in agreement with the experimental
experimental data. Nevertheless, one can expect thatvalues. RCCSD(T) energies could not be determined
the performances of a given approach would be the in the largest basis set (AVQZ) for the third and fourth
same as in the homoleptic €(H,0), and Cd (CO), complexes. Using the AVTZ on the ligands, and esti-
complexes. Since we are especially interested in the mating the contribution of the triple excitations in the
chemistry of tri-coordinated and up complexes, it VTZ basis, binding energies of 18.3 and 14.2 kcal/mol
seems that the B3LYP approach is more adequatehave been determined for the third and fourth bind-
since in the case of CYCO), complexes, MP2 sig-  ing energies, respectively (sdable 2. It has been
nificantly overestimates the binding energies of the shown that within the neglected effects, the differen-
third and fourth ligands to the metal cation. Consid- tial core—valence correlation energy and the relativis-
ering the poor performances of MP2 for describing tic effects have a non-negligible contribution to the
the energetics of the addition of the third and fourth binding energie§34]. Relativistic effects have been
ligands, RCCSD(T) calculations have been performed estimated at the Hartree—Fock levels using the AVDZ
using the large ANO bases. on the ligands. The corresponding contribution to the
The corresponding binding energies are reported in four successive binding energies amounts to 3, 3, 0.4
Table 2 In the case of Cti(CO), RCCSD(T) binding and 0.5 kcal/mol. This strong relativistic contribution
energy increases with the size of the basis set, andfor the two first binding energy is a typical signature of
the calculation in the largest basis set leads to a BDE the donation from the carbonyl to the metal 4s orbital.
value of 31.8 kcal/mol. Considering the convergence The smaller contribution to the third and fourth bind-
of the binding energy with the basis set, an estimation ing energies is not surprising since the donation of the
of the complete basis set (CBS) value can be reachedmetal 4s decreases as the binding energy after the ad-
using the two-point extrapolation formulae proposed dition of the third ligand. Similarly, the core—valence
by Martin [33] and givesD. = 33.4 kcal/mol, leading contribution is expected to be larger for the first two
to a 0K BDE value of 32.0kcal/mol. For the largest binding energies than for the third and fourth. Unfor-
calculations, we were unable to directly determine tunately, the size of the systems prevents for the deter-
the effect of the triples excitations. Therefore, since mination of core—valence correlation. Core—valence
the diffuse functions are not expected to play a role contribution have been calculated in the case of neutral
in the correlation energy of the valence electrons, FeCO complex and a similar increase was assumed
RCCSD(T) binding energies in italics ifable 2have for the (CO)Fe—CO bonfB4]. This correlation energy
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increases the Fe—CO binding energy by 2.3 kcal/mol. Table 3
As a conclusion. these estimated values for the con- Binding energies (kcal/mol) evaluated at the B3LYP/Basis2 level

tribution of the differential core—valence correlation BDE
energy and the relativistic effects would bring the (coycur-co 36.5
first and second binding energies in good agreement EHz(;z)Cllﬁ-CO ig-g
. . . CO)Cut—CO .
with e>§per|ment, bu'F the third and fou_rth BDE would (H,0)(CO)CU—CO 148
range in the upper limits of the experimental values. (4,0),cut-co 16.9
(H20)Cu*~H0 40.2

(CO)Cut-H,0 43.3

; (H20)Cut—H,0 12.2

4. Teteroleptlc complexes of (H,0)(CO)CU —H,0 174
Cu™(CO)n(H20)m, 1<n<3, 1<m=3, n+m=<4 (CORCuUr—H,0 21.6

The geometries of the C{CO),(H20), het-
eroleptic complexes are given kig. 3. All the struc- Similarly, the binding energy of water to C(CO)
tures correspond to a minimum. Binding energies of (43.3kcal/mol) is larger than the one to Qi,0)
CO and HO at the B3LYP/Basis2 level of theory (40.2kcal/mol). As expected, one can also observe a

in these complexes are reportedTiable 3 Binding shortening of the metal-ligand distances in heterolep-
energies in homoleptic complexes are also given for tic as compared to homoleptic complexes. Such an
comparison. enhancement of the binding energies in di-coordinated

The di-coordinated CUCO)(H,O) complex gas phase species has already been obsglathen
presents a & symmetry. As can be seenTable 3 the the transition metal cation is simultaneously bound
binding energy is enhanced in this heteroleptic com- to a w-acceptor such asHand a (weakly)r-donor
plex as compared to the homoleptic ones. That is, the such as HO. Such a thermodynamic effect is known
CO binding to Cu'(H20) (39.7 kcal/mol) is greater  in saturated organometallic species and referred to as
than the binding energy to G{CO) (36.5 kcal/mol). “trans influence” or “static trans influence”.

Cu*(CO)(H20) Cyy Cu*(CO),(H0) Cypy Cu*(CO)(H20), C,

2.02
192 186 1.13
1.93

\_/ 1.13
128.4°
Cu*(C0O)5(H,0) C4 Cu*(CO),(H,0), C,

1.98

Cu-C 1.97
O-Cu-C 102.8°

) 87.6

2.15

Cu-C1.93
Cu-C1.97 C-Cu-C123.2°
O-Cu-C 103.9°

Fig. 3. Complexes of CW(CO),(H20),,, n +m = 1-4. Distances are given in angstroms and angles in degrees.
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The structure of the two heteroleptic tri-coordinated be associated to a reinforcement of thetGio CO
complexes derive from in-plane deformation from backdonation.
an ideal trigonal structure. C§CO),(H20) adopts As can be seen imable 3 our B3LYP/Basis2
a T-shaped structure, but the distortion from the results indicate that the binding energy of,®
ideal trigonal structure is small since since the to Cu"(H,0)(CO) (17.4kcal/mol) and CyCO)
(CO)-Cu"—(CO) angle is equal 1284 The distor- (21.6 kcal/mol) is much stronger than the one to
tion is larger in the case of the Y-shaped structure of Cu™(H,0), (12.2kcal/mol). On the contrary, bind-
Cut(CO)(H0),, with an OCuO angle of 91%41t is ing energy of CO to Cth(CO), (16.6 kcal/mol) is
interesting to compare these structures to the ideal trig- not strongly affected by the replacement of one
onal structures optimized with the imposing L=Gw_ (14.8 kcal/mol) or two (16.9 kcal/mol) CO byJ@.
angles at 12Q In the case of Ct(CO)(H20), the
potential energy surface is essentially flat and the sta-
bilization energy associated to the distortion from the 5. Analysis of the evolution of the binding
ideal structure is only 0.25 kcal/mol. The correspond- energy with the cluster size
ing stabilization energy in the case of QCO)(H,0),
is larger (1.9kcal/mol) and, interestingly, it is as- Bauschlicher and co-workerf26,28] gave evi-
sociated to a substantial shortening (0.033A) of dences strongly suggesting that thetG®H, bond-
the Cu—CO distance. Preference for T-shaped vs. ing scheme in the Ci(H,0), (n = 1-4) clusters is
Y-shaped structure of tri-coordinated complexes can dominated by electrostatic, eventhough water tdCu
be rationalized by considering the interaction of the charge transfers occur. In particular, whereas the elec-
d-block metal orbitals with themw-ligand orbitals tronic correlation is essential to describe the bonding
[35,36]. In particular, the shortening of the €aCO to a transition metal cation, they showed that at the
bond in Cu(CO)(H0), can be analyzed as a rein- Hartree—Fock level, which is well suited to describe
forcement of the backdonation. Indeed, closing the the MT—ligand electrostatic interactions, the essen-
(OHg)-Cut—(OHy) angle destabilizes a 3g- orbital, tial features of the evolution of the binding energy
and the destabilization is maximized for an angle close with respect to the cluster size are well reproduced.
to 90° where the two water lone pairs maximize their ~ On the contrary, in the case of the carbonyl clusters,
overlap with the 3¢+ orbital. This has the effect to  the binding energy is significantly underestimated
reduce the energy gap between the in-plage+ and at the Hartree—Fock level using the same basis set

the symmetry adapted doubly occupieg-3dorbital, (aug-cc-pVTZ on the ligands): 10.1, 14.0, 3.7 and
and thus to reinforce the in-plane backdonation. 0.3 kcal/mol, as compared to 35.6, 41.1, 17.9 and
In the case of tetra-coordinated complexes( 3), 12.7 kcal/mol experimentally25]. Despite these ev-

one can also notice that the optimal structure of idences for a very different bonding scheme between
Cut(CO)(Hx0)3 is strongly distorted from the ideal Cut—OH, and Cu—CO, it is interesting to note that
tetrahedral with a (CO)-Cu-(OH,) angle of 127.4. the binding energy in the carbonyl and water clusters
As in the case of Cti(CO)(H,O),, comparison with evolves the same way and that the sum for exper-
an ideal tetrahedral structure where all the param- imentally derived binding energies are comparable
eters were optimized, except the L-Gi angles (107.3kcal/mol for Cti(CO),; and 104.8 kcal/mol
which were constrained to 10947reveals that the  for Cu™(H,0)4). That is, the average binding energy
distortion from the ideal structure is associated to a of Cu™CO in Cu"(CO); amounts to 26.8 kcal/mol
stabilization energy of 5.3 kcal/mol and a shortening while it is only slightly weaker (26.2 kcal/mol) in the
of the Cuf—CO distance of 0.056 A. As in the case case of water.

of Cut(CO)(H.0), discussed above, the distortion The origin of the fluctuation of the binding energy
from the ideal structure in CYCO)(H,0)s seems to of a ligand as the cluster size increases has been
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discussed6,32], but with a special emphasis on the
first two binding energies. The first studies on the
di-coordinated species pointed out that the origin of
the increase of the binding energy from the first to the
second ligand was essentially due to a polarization
of the metal. With the formation of the first bond to
Cut(d!9) along thez-axis, calculations show that a
4s/3d§ hybridization occurs. That is, the doubly oc-
cupied 3¢ orbital evolves as a 4s-3deading to a
reduction of the electron density along theaxis and

to a simultaneous increase in the perpendicular plane.
This hybridization allows for a closer approach of the
ligand to the metallic center ¥ and thus an increase
of the electrostatic interaction and a simultaneous
reduction of thes ligand—metal (3@) repulsion. The
second effect of the hybridization is to polarize the 4s
orbital along thez-axis (4s+ 3d22). This polarization

of this empty orbital benefits to the ligand to metal
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trigonal geometry (B,) for the tri-coordinated Ct
complex. The symmetry of the metal orbitals afe a
for the 4s and a4+ € + €’ for the 3d. Since the sym-
metry of the three donating orbitals of the ligands are
& + €, three 3d orbitals (a+ €) are destabilized as
the result of the metal-ligand repulsion. Since the
& o-orbital of the ligands interacts with both the 4s
and the 3d(a)) orbital, a s¢ hybridization occurs, re-
ducing the repulsion with the 3(53’1) orbital through

a polarization along the-axis perpendicular to the
molecular plane. Another-repulsion occurs through
the interaction of the’aype orbitals. That is, the two
degenerate and doubly occupied3d. and 3d, are
destabilized by the two’eas-orbital of the ligands.

In principle, 3d-4p hybridization could reduce the
destabilization of the 3d(gorbitals as the 3d-4s hy-
bridization reduces the destabilization of theé@g).
Nevertheless, population analysis shows that the 4p

charge transfer. Thence, assuming that the cost of theorbitals of first-row metal cations do not participate to

4s—3cf hybridization is essentially paid by the first
ligand, the binding of the second ligand, approaching
opposite to the first, is more favorable.

The large drop of the binding energy from the di- to

the bonding scheme. That is, while only two 3d elec-
trons are destabilized by metal-liganerepulsion in
the two first complexes, the addition of the third lig-
and destabilizes two extra pairs of 3d electrons. This

the tri-coordinated complexes has been discussed inincrease of the metal-ligang-repulsion contributes

less details. In their work on the €(H»0), (n = 1-4)
clusters[28], Bauschlicher et al. suggested that this
decrease in the binding energy was due for two-thirds
to ligand—ligand repulsion, the rest being the result
of the loss of the sdhybridization. This conclusions
were based in particular on model calculations where
the Cu" was replaced by a point charge. Interestingly,
the evolution of the binding energy to €us very
similar in the case of b and B, a large drop of the
binding energy being observed with the addition of
the third ligand. Considering the smaller size of H
than RO, it was interesting to evaluate the contri-
bution of the ligand-ligand repulsion. This had been
examined in the case of G(H>), (n = 1-4) clusters
[6]. Not surprisingly, the ligand—ligand repulsion was
shown to be negligible in these dihydrogen clusters. It
was rather suggested that the diminution of the bind-
ing energy essentially correlates to thenetal-ligand
repulsion increase. In order to analyze this repulsion
betweens electrons, one can consider an ideal planar

to the diminution of the metal-ligand binding energy.
The effect of the addition of the fourth ligand to the
metal cation can be simply understood assuming an
ideal tetrahedral geometry. In this symmetry point
group, the 4s orbital is;gand the 3d orbitals areiet,

that is no 4s-3d hybridization can occur. The three 3d
orbitals which are destabilized by tledonating or-
bitals of the ligands are ttype, and sd hybridization
cannot occur for symmetry reason. The symmetry of
the four donating orbitals of the ligands areato.
That is, three doubly occupied 3d orbitals are destabi-
lized by the ligands and no hybridization scheme can
reduce this metal-ligand-repulsion. Since no sd
hydridization occurs in the tetra-coordinated com-
plex, the average value of the binding energy in the
tetra-coordinated cluster is the binding energy that
could be expected without polarization of the metal
cation. In the cases of 5ICO and HO, the values de-
rived from experiments are 11.5, 26.8, 26.2 kcal/mol,
respectively.
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The m-type interactions, backdonation in the case
of H, and CO and (weak) donation in the case of
water, might also play a role. Nonetheless, if one
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tially due to the evolution of the metal-ligand binding
energy with respect to the coordination numlver
and in particular to the dramatic breakdown observed

expresses the successive binding energy as a perwhen going fromrn = 2 to 3 which is observed for

centage with respect to the average binding in the
tetra-coordinated cluster, one can notice that the vari-
ations in the cases of CyH,), (+34, +45, —23 and
—56%) and Cd(CO), (+32, +53, —33 and—53%)

are very similar for the twaomr-acceptor ligands i
and CO. This similarity between the twe-acceptor
ligands CO and bl has already been noticed].
The evolution of the binding energy in the case of
Cut(OHy), (+44, +58, —48 and —50%) slightly
differs from the two other systems, the first BDE
being 44% greater than the average val4&4 and
+32% in the case of Ct(Hz); and Cu (CO), re-
spectively) and the third BDE being48% smaller
than the average value-23% and—33% in the case

of Cut(Hy)3 and Cur(CO)s, respectively). The fact
that the drop in binding energy between the di- and
the tri-coordinated clusters is smaller in the case of
w-acceptor ligands than in the case of®could be
interpreted in terms of an alternative reduction of the
metal-ligand repulsion. As said above, the 3d-4p hy-

all the late first-row transition metal cations.

Using the Fourier transform ion cyclotron reso-
nance mass spectrometry (FT-ICR-MS) technique,
the following trends were observed: whenf€0),
complexes are allowed to react with & H2O,
CH30H and CHOCH; in an ICR cell, substitu-
tions of CO by L are observed. While in the case of
Fet(CO), (n = 1, 2) complexes the substitution is
complete, one CO remains unsubstituted when the
ion complexes are FCO) and F&(CO). One
could expect that the relative strength of CO and
oxygen-donor ligand with Fechanges as a function
of the substitution reaction, the CO becoming more
strongly bound to Fe than the oxygen-donor ligands
in the Fe"(CO)L, and F&(CO)Ls clusters. An al-
ternative interpretation would be that a condensation
reaction occurs between CO and an oxygen-donor
ligand in the coordination sphere of the metal cation.

In order to evaluate the performance of B3LYP/
Basis2, we compared our results to the available

bridization is inefficient to reduce the destabilization experimental data concerning the reaction between
of the 3d(é) orbitals in an ideal planar trigonal com- neutrals. Experimentally, formation of methanoic
plex. Nevertheless, this destabilization of these two acid from HO + CO is known to be exothermic
degenerate 3d orbitals can benefit to the backdonationby —6.3 kcal/mol at 298 K[37]. An “experimental”

in the tri-coordinated complexes since it reduces the value of —4.4 kcal/mol for the reaction enthalpy at
energy difference with ther-acceptor orbitals and 0K was derived by using the calculated thermal con-
thus increases the backdonation. This “push-pull” tributions. The calculated reaction enthalpy at 0K at
mechanism has the effect of simultaneously reduc- the B3LYP/Basis2 level of theory was found to be
ing o-repulsion and increasing the backdonation in —7.5kcal/mol. Thence, one can notice that this level
tri-coordinatedmr-acceptor containing complexes. of calculation intrinsically slightly overestimates the
exothermicity of the formation of methanoic acid
from H,O + CO by about 3 kcal/mol.

Reaction enthalpies associated to the successive
substitution reactions of CO by water from ©CO),
clusters are reported imable 4 While the succes-

As mentioned in the introduction, experiments were sive substitutions of CO by water are exothermics
only performed in the case of Fecomplexes, and  from mono- and di-carbonyl complexes, the last
Cu' complexes have been chosen as models of latesubstitution of CO from the tri- and tetra-carbonyl
first-row transition metal cations. Indeed, we think complexes is endothermic. This would support the
that the trends observed experimentally are essen-first interpretation of the exchange reactions of CO

6. Competition between simple substitution and
cluster-assisted reactions
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Table 4

Reaction enthalpy at 0K (kcal/mol) evaluated at the B3LYP/Basis2
level, for the successive substitution reactions of CO b® Hrom
Cu™(CO),, n = 1-4

n Substitution reactions AH
1 Cu*(CO) + H,0 — Cu*(H20) + CO -3.6
2 Cuf(CO), + H,0O — Cu(CO)(H,0) + CO -6.8
Cut(CO)(H,0) + H20 — Cut(H20), + CO —-0.6
3 Cuf(CO) + H0 — Cut(CO)(H20) + CO -5.0
Cut(COY(H20) + H,0O — Cut(CO)(H:0),+ CO  —2.6
Cut(CO)(H:0); + H,0 — Cu*( H20)3 + CO +4.6
4 Cu"(CO) + H,0 — Cut(CO)3(H20) + CO -3.8
Cut(CO)(H20)+ HoO — Cut(COR(H20); + CO  —2.5
Cut(CO)(H20); + H0 — Cut(CO)(H0)3 + CO -0.7
Cu™(CO)(H:0)3 + H,0 — Cu*(H20); + CO +8.9

by oxygen-donor ligands starting from H&EO),

(n = 1-4) clusters. That is, oxygen-donor ligands
L = H>0, CH;OH and CHOCHs; are more strongly
bound than CO, except in the case of the f@0)L,
and F&(CO)Ls clusters, which would explain that
substitution reactions of CO by L do not occur
from these two clusters. This result could be inter-
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(Section 4. We showed that the distortion from the
ideal structures is accompanied by a shortening of the
Cut—CO distance which would be consistent with a
increase of the Cito CO backdonation, and thus to
an increase of the Cu-CO bond strength.
Alternatively, the lack of substitution reaction of CO
by L from the F& (CO)L, and Fe& (CO)L3 complexes
could owe its origin to an intracluster condensation
reaction between CO and an oxygen-donor ligand. In
order to test this hypothesis, thermodynamic of the
formation of methanoic acid from #0 4+ CO in the
coordination sphere of Cuhas been evaluated. The
different optimized structures for HCOOH-containing
copper complexes, all corresponding to minima, are
depicted inFig. 4. Reaction enthalpies corresponding
to the formation of HCOOH acid from CO and,8
in the coordination sphere of Clare given irTable 5
In order to facilitate the comparison, we considered
the same type of stoichiometry as with substitution re-
actions, i.e., with a HO molecule as neutral reactant
and a CO molecule as neutral product. The expected
trend in the condensation reaction enthalpies was

preted based on the discussion of the distortion of found. That is, formation of methanoic acid in the co-

the Cu~(CO)(H,0), and Cu (CO)(H,0)3 from the

ordination sphere of Cufrom H,O + Cut(CO); is

ideal trigonal and tetrahedral geometry, respectively very endothermic, and becomes more favorable from

Cu*(HCOOH) C,

Cu*(CO)(HCOOH) C,

Cu*(HCOOH), Cap,

Cu*(CO),(HCOOH) C,

C-Cu-C 128.1°

Cu-C 1.93 137.4°

O-Cu-C 115.9°

Cu*(CO)(H,O0)(HCOOH)Cs  Cu*(H,0),(HCOOH) C

Fig. 4. Structures for complexes of €(HCOOH)(CO),(H20),,, m +n = 0-2, and of Cti (HCOOH),. Distances are given in angstroms

and angles in degrees.
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Table 5
Reaction enthalpy at 0K (kcal/mol) evaluated at the B3LYP/Basis2 level for the formation of methanoic acid from CO and water
n Reactions AH
2 Cut(CO), + H20 — Cut(HCOOH) + CO 195
3 Cu"(CO); + H2,0 — Cu™(HCOOH)(CO)+ CO —-2.6
Cut(COX(H20) 4+ Hy0 — Cut(HCOOH)(H0) + CO 3.2
4 Cut(CO) + H20 — Cut(HCOOH)(CO} + CO -3.2
Cu(CO)(H20) + H,0 — Cut(HCOOH)(H,0)(CO) + CO -2.1
Cut (CO)(H20), + H20 — Cut(HCOOH)(H:0), + CO 7.5
Table 6
Successive reactions of €(CO),, n = 1-3 with methanol: enthalpy at 0K (kcal/mol) evaluated at the B3LYP/Basis2 level
n Reactants Substitution Condensation/substitution
lonic product AH lonic product AH
1 Cu™(CO) + CHzOH Cu™(CH3OH) -8.6 -
2 Cu"(CO), + CH3OH Cut(CO)(CH;OH) —-11.2 Cu (CH3zCOOH) -7.1
Cut(CO)(CH;OH) + CH3zOH Cu"(CH3zOH), -4.3 —
3 Cu"(CO); + CH3OH Cu™(CO),(CH3OH) -9.0 Cuf(CO)(CH;COOH) -28.1
Cut(CO),(CH3OH) + CH30H Cu"(CO)(CH;OH), -5.8 Cur(CH3OH)(CH;COOH) —22.7
Cu*(CO)(CH;OH), + CH3OH Cu"(CH3zOH)3 +3.2 -

For all reactions the neutral product is CO.

H,O + Cut(CO)3 and HO + Cu™ (CO)4. Compared the enthalpies determined for the substitution reactions
to the simple substitution reaction$aple 4, these of CO by CH;OH from Cu(CO),_,,(CHzOH),, (n =
condensation reactions are less favorable since wel-3,m < n) and the one of the corresponding compet-
have seen above that the exothermicity oftH+ CO ing condensation reaction. The same trends as for wa-
is intrinsically overestimated by 3 kcal/mol. ter can be observed. When the substitution reactions
The same calculations with methanol instead of wa- are considered, the substitution of CO by methanol is
ter have been performed, but we restricted ourselvesless and less favorable when the number of methanol
to mono-, di- and tri-coordinated complexes. The in- mincreases fon = 2 and 3. Moreover, as in the case
tracluster reaction between CO and £H ligands of water, calculations suggest that substitution of CO
can conceivably lead to methyl formate HCOOS; bir by CHzOH from Cu*(CO);(CH3OH), would not oc-
ethanoic acid CBICOOH. We restricted to the latter, cur. Condensation reactions are more favorable in the
which is more exothermic than the latter (24 kcal/mol case of methanol than in the case of water, which is
vs. 12 kcal/mol). In the case of methanol, condensation expected since the former is intrinsically more favor-
reaction with CO leading to the formation of ethanoic able than the latter{24.1 kcal/mol vs—3.3 kcal/mol
acid is more exothermic than in the case of water since experimentally).
the corresponding reaction enthalpy at 0K can be es-
timated to be—24.1 kcal/mol from the experimental
value at 298 K37]. As for the formation of methanoic 7. Concluding remarks
acid from water and carbon monoxide, the exothermic-
ity of the formation of ethanoic acid is overestimated In order to cover homoleptic and heteroleptic*Cu
by 4.4 kcal/mol in the present case.Table § we give complexes of different sizes bearing various ligands,
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i.e., complexes of CO, $0, CH;OH, HCOOH with ternatively, if F& (CO)(H,0), and Fe& (CO)(HO)3
coordination numbera = 1-4, a suitable method are the terminal ions formed, the calculated binding
had to be found for quantum chemical calculations. energies of HO and CO to F& in these complexes
Among the different methods tested, B3LYP appeared show that the last CO should remain unsubstituted.
to be the most reliable one, providing the use of a Finally, we should point out that the present study
large enough basis set. These quantum chemical cal-on Cu" complexes only aims at suggesting the fa-
culations have allowed to predict trends relative to the vorable thermodynamic of intracluster condensation
thermochemistry of the successive ligand substitution reaction in F& complexes. However, a complete elu-
of CO by H,O of Cu" complexes. As the coordina- cidation of this question would require the knowledge
tion of Cu™ increases, beside the simple substitution of the corresponding activation barriers. Quantum
reaction, a condensation reaction of @®,>0 might chemical calculations are currently undertaken in the
compete. The reactivity is much more favorable in tri- case of iron complexes in order to characterize the
and tetra-coordinated complexes than in mono- and transition states.
di-coordinated species, and this can be simply inter- It has already been noticed that bisligated com-
preted from the known evolution of the binding energy plexes play a special role in the chemistry of *Cu
to Cu* as a function of coordination number. Luna et al., for instance, showed that the precursors of

The trends observed in the case of the modet Cu the fragmentation of Ctrurea[38], Cu™-formamide
complexes can be generalized to the other late transi-[39], and Cu -guanidine [40] are systematically
tion metal cations M of the first row. Indeed, for all  di-coordinated species. The particular stability of
these cations, it has been shown that due to a dramaticdi-coordinated complexes could also be the driving
increase of ther metal-ligand repulsion with the ad- force to intracluster bond-forming reactions in the
dition of the third ligand to N, the evolution of the  heteroleptic complexes in the present work.
binding energy to M as a function of the coordina- Interplay between FT-ICR-MS experiments and
tion number shows a significant decrease when going quantum chemical calculations have been shown to be
from the second to the third ligand. As a consequence, particularly helpful, especially for the characterization
Feller et al.[29] have shown that it is energetically of the structure of the ions. With this respect, our re-
preferable to form a hydrogen bond betweepOH  cent development of an experimental set-up featuring
and Cu(OH),™ rather than forming a tri-coordinated the coupling of our mobile FT-ICR ion trap (MICRA)
Cu(OH)3™ complex. In this paper, we show that with the Orsay free electron laser (CLIG}1], allow-
from a thermodynamic point of view, the direct co- ing for a direct structural characterization of ions in
ordination of ROH to Cti(CO),_,,(ROH),, (m < n) the gas phase through infrared spectroscopy is an in-
could be less favorable than the condensation reactionteresting perspective and the tri- and tetra-coordinated
leading to Cd'(RC(O)OH)(CO)_,,_1(ROH),,_1 for heteroleptic iron complexes are under study.
R = H or CHs. These results could be interesting to
rationalize the trends experimentally observed oh Fe
complexeg9-11]. successive substitutions of CO by
water molecules from PgCO),, for example, have
been observed except in the casenot= 3 and 4,
where the one CO remains unsubstituted. Thus, one
could think that the successive substitutions of CO
by water molecules from F¢CO) and F&(CO) References
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