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Abstract

The ground state and 'B, excited state of Cu(C,H,)" and of CuX(C,H,) (X =F,
Cl) have been investigated by the Hartree-Fock-Slater (HFS) method. The main
metal-ligand interactions in the ground state are ethene 7 — Cu 4s donation and
Cu 3d, — ethene 7* backdonation, which have comparable contributions to the
metal-ligand bond strength. The excitation of CuX(C,H,) does not involve an
alkene 7 — metal charge transfer (LMCT), but instead is metal 34 — alkene 7*
charge transfer (MLCT) in character. The implications for the photochemistry of
olefin—copper(I) complexes are discussed.

Introduction

The bonding between an olefin and a transition metal is usually described in a
qualitative fashion in terms of the Dewar-Chatt—Duncanson model [1], in which
there are two synergic alkene—metal bonding interactions: ligand-to-metal o-dona-
tion (Fig. 1a) and metal-to-ligand #-backdonation (Fig. 1b). For the particular case
of a copper(I)-olefin complex, the metal orbitals most involved in the bonding will
be the Cu 4s o-acceptor and the 3d, 7-donor orbitals. No general agreement exists
on the relative importance of the o-bonding and =-backbonding interactions.
Restricted Hartree-Fock (RHF, [2]) calculations on Cu(C,H,)* by Kelber (3],
Bogel [4] and Merchan [5] all indicated a negligible contribution of backbonding.
On the other hand, Ziegler and Rauk [6] concluded from Hartree—Fock-Slater
(HFS, [7]) calculations on Cu(C,H,)" that z-backbonding forms an important
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Fig. 1. Schematic representation of the ethene «-» Cu 45 bonding (a) and Cu 3dJ_ > cthene #*
backbonding (b) interactions.

contribution to the total interaction energy, and the infrared spectrum of
CuCKC,H,) has been interpreted as indicating significant backboading [8]. Kochi
et al. [9] inferred from "C and 'H NMR data that the relative contributions of
bonding and backbonding depend on the olefin involved. Thus, for complexes of the
type CuOTf(polyolefin), (OTf = CF,SO; = triflate; polyolefin = 1.3-cvclooctadi-
ene, 1,3,5,7-cyclooctatetraene, norbornadiene or 1,5.9-cvclododecatriene) a down-
field shift (deshielding) was found for the sp® carbons and the olefinic protons.
indicating predominant o-donation. Complexes of CuOTF with monoolefins (¢.g.
norbornene, cyclooctene) exhibited the reverse trend. which was taken as evidence
for predominant #-backdonation.

Apart from differences in the theoretical procedures employed, the choice of a
mode] system is expected to be important here. The relative amounts of bonding
and backbonding depend critically on the relative energies of the orbitals of metal
and ligand. The use of Cu™ as a model for copper(I) salts results in an artficial
stabilization of all copper levels, which favors o-bonding but opposes #-backbond-
ing. We have attempted to resolve the controversy by carrying out calculations on
Cu(C,H,)" and on two more realistic model systems, viz. CuF(C.Hy) and
CuCl(C,H,). The HFS method was employed, but the copper basis set was of a
slightly better quality than that used by Ziegler and Rauk [6].

Both bonding and backbonding influence the reactivity of a coordinated alkene
molecule in the ground state as well as in the excited state. The use of copper(I) salts
as catalysts for photochemical reactions of olefins is well-documented [10], but the
precise role of the copper 1on in these reactions has not been unequivocally
established. Even the nature of the UV absorptions of the various copper(ly-alkene
complexes at around 250 nm remains uncertain. Various explanations involving
ligand-to-metal charge-transfer (LMCT) or metal-to-ligand charge-transfer (MLCT)
as well as intra-ligand (IL) transitions have been put forward [10}: in addition, a
mainly metal-centered 3d — 45 transition (MM) would alse be possible. These
possibilities are summarized in Fig. 2. The previous ab-initio RHF studies [3-5] all
agree on the level sequence Cu 3d < ethene 7 < Cu 4s < ethene #*, which suggesis
that the lowest excited state is ', (7 — 4s), corresponding to a LMCT, However,
the frequent breakdown of Koopman’s theorem for organometallic complexes
makes this conclusion somewhat premature [11]. Moreover. the presence of a
counterion will have a large effect on the level ordering and may well change the
nature of the lowest excited state.

In this work, we present a case for the Cu 34 — alkene »* MLCT as the
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Fig. 2. Schematic representation of the four possible excitations in copper—alkene complexes: (a) LMCT,
ligand-to-metal charge-transfer; (b) MLCT, metal-to-ligand charge-transfer; (c) MM, metal-to-metal
excitation; (d) IL, intra-ligand excitation.

lowest-energy excitation in copper(I)-alkene complexes, and discuss the implica-
tions of the proposal for the photochemistry of such complexes.

Methods

The geometries assumed for all calculations are listed in Table 1; they are based
on literature data for CuF, CuCl [12] and various copper(I)-alkene complexes [13].
The HFS series of programs have been described by Baerends et al. [7]. In all
calculations the cores of the non-hydrogen atoms were kept frozen (up to 1s for C
and F, 2p for Cl and 3p for Cu). The valence basis was of the double-{ type, except
for the copper 3d basis which was of triple-{ quality. Exponents of the (Slater-type)
basis functions are given in Table 1. Similar calculations on Cu(C,H,),* and

(Continued on p. 402)

Table 1

Basis sets and geometries

Slater exponents

Cu 1s 24.45° C 1s 5.40 ¢ H 1s 0.76,1.28
2s 8.35¢ 2s 1.24,1.98 Cl 1s 14.55 ¢
2p 11.711° 2p 0.96,2.20 2s 5.60 @

s 6.60 ° F 1s 8.33¢ 2p 6.65°

3p 4537 2s 1.92, 3.22 3s 1.75, 2.90

3d 1.28, 3.10, 6.90 2p 1.48, 3.52 3p 1.30, 2.45
or 21.65,5.10

45 1.00, 1.90

4p 1.00, 1.90

Geometrical details

Cu-F 1.743 A
Cu—Cl 215 A In the calculations on Cu(C,H,)* and CuX(C,H,), the ethene

o molecule is assumed to lie in the xy-plane with the carbon atoms on
CuA(C=0) 197 A the y axis and the copper atom on the positive z-axis. In Dy,

=€ 1.345 A Cu(C,H,),*, the ethene molecules are assumed to be parallel to the
C-H 1.04 A xy-plane with the carbon atoms in the yz-plane. In Dj;, Cu(C,H,),™"
«<HCC 120° all ethene carbons are assumed to lie in the xy-plane.

9 Inner-shell orbitals were kept frozen; these exponents were only used to ensure core-valence ortho-
gonality. ® Double-{ set used for the calculations on Cu(C,H,)," and Cu(C,H,),™.
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Fig. 3. HFS one-electron levels for the formation of Cu(C,H ;) ",/CuF(C,H ) from C,H, and Cu " /CuF.
In all copper species, the five highest occupied orbitals {e.g.. 18. 2= and 3o in CuF} are predominantly
Cu 34 in character.

Cu(C,H,), " were carried out with a basis having only two Cu 3d Slaters: therefore,
the one-electron levels for these species are not directly comparable to those of
Cu(C,H,)*. The overall bonding picture is, however, quite similar for the three
ions.

Restricted HFS calculations were carried out on the 'A, ground states, whereas
the unrestricted HFS formalism was used for the 'B, singlet excited states [14].
Table 2 shows the orbital compositions for Cu(C,H,)*; population analvses for all

Table 4

Electronic parts of the CuX-C,H, interaction energies (kcal /moi) ¢

Symmetry Cu(C,Hy)" CuF(C.H,) CuCl(C-Hy)
a, (donation) 320 17.8 17.6
d, 1.6 0.6 0.7
b, 2.9 24 2.0
b, (backdonation) 15.8 23.6 20.9

“ These data do not include exchange repulsion (“steric™) terms, so they should not be interpreted as
total CuX-C,H, bond energies.
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complexes are collected in Table 3. Figure 3 illustrates the formation of Cu(C,H,)™"
and CuF(C,H,) from ethene and Cu™ or CuF fragments. Interaction and excitation
energies were calculated by Ziegler’s transition-state method [15]; the energy com-
positions are given in Table 4.

The bonding in Cu(C,H,)*

The formation of Cu(C,H,)* from Cu* and C,H, fragments is illustrated in
Fig. 3. All copper levels are raised, and orbitals on the ethene fragment lowered,
because of their interaction with the electrostatic field of the other fragment. This
effect is reinforced by a massive charge-transfer (0.44 e) from ethene to Cu™*. Most
of this transfer comes from the ethene 7 — Cu 4s donation, which amounts to
nearly 0.5 e. The interaction with the higher-lying Cu 4p, orbital is less important
(= 0.08 e); the backdonation of Cu 3d, into the ethene m*-orbital is also rather
small (= 0.10 e). The deformation density (Fig. 4a) clearly shows the dominance of
the ethane 7 — Cu 45 o-bonding interaction.

In complexes with two or three ethene molecules, the bonding picture is rather
similar. Again, the most important interaction is the = — 4s donation, which results
in a large overall charge transfer. A clear saturation effect is seen on going from
Cu(C,H,)" via Cu(C,H,)," to Cu(C,H,);"; the copper ion becomes a poorer
acceptor as it accumulates more and more 4s electron density. Backdonation
remains small, amounting to = 0.1 e per d-orbital involved (d,, for n =2; d,, and
d,:_,2 for n=3).

The bonding in CuX(C,H,)

The bonding in the complexes of ethene with CuF and CuCl might be expected
to resemble that in Cu(C,H,)*. However, inspection of Table 3 and Fig. 3 reveals

Fig. 4. Density difference plots for (a) the formation of Cu(C,H,)* from Cu* and C,H,; (b) the
formation of CuF(C,H,) from CuF and C,H,; (c) 74, 4b, (MLCT) excitation of CuF(C,H,).
Contour lines have been drawn at 0, 0.001, 0.002, 0.005, 0.01, 0.02, 0.05, 0.1, 0.2 and 0.5 e/au3; dashed
contours represent regions of decreased electron density.
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some characteristic differences. Firstly, the charge on Cu” results in a large
stabilization of all copper levels, which is only partly removed on complexation with
ethene. Even in Cu(C,H, )", however, the metal 3d levels are located shightly above
the ethene w-orbital. In the CuX complexes, the artificial stabilization of the copper
levels i1s absent. and now the 34 levels are well above all filled ethene orbitals. In the
HFS method, excitation energies can be approximated by orbital energy differences
[16 *]. so the level orderings give a strong indication that the Cu 3d levels will be
important in photochemical processes (vide infra).

Another difference with the C'u”™ complex is found in the relative amounts of
7 — 4s donation and 3d_, — 7 * backdonation. Donation is decreased in the CuX
complexes. because of the smaller iitial charge on Cu. On the other hand.
backdonation is not so much “uphill” in this case, and is found to be almost twice
as large as i Cu(C,H,)". The energy decompositions in Table 4 show the same
trend. Whereas in Cu(C,H,)}" the contribution of the backdonation s minor
(= 30%). it actually constitutes more than half of the electronic interaction energy in
CuX(C,H,). Thus, one can really speak of synergic bonding-backbonding for the
CuX complexes, in accordance with various experimental observations on
copper(I)-alkene complexes [8,9]. This is also nicely illustrated by the deformation
density (Fig. 4b) for the formation of CuF(C,H,) from CuF and C,H, fragments.
The increase in electron density in the interfragment region and the depletion of
charge from the Cu 3d_ orbital are clearly shown. OQbviously, Cu(C.H,}" is not a
realistic model for a detailed analysis of copper--alkene bonding. Some counterion
has to be present, but its exact nature does not seem to be important in our
monomeric model systems, since the results for the CuF and CuCl complexes are
almost the same.

The nature of the lowest excited state

What 1s the nature of the lowest singlet excited state of copper(I)-olefin com-
plexes? The previous RHF calculations [3-5] would suggest a ', (7 - 45) LMCT
excited state. Since Koopman's theorem frequently breaks down for organotransi-
tion metal complexes, however, separate calculations on various excited states would
be needed for a definitive answer. HFS calculations generally show much smaller
reorganization effects, so that the ordering of HFS one-electron levels usually
provides a reliable indication of the lowest excited state [16 * .

In both Cu(C,H,)" and CuX(C,H,), the ethene 7-orbital ends up below the
copper 3d levels (Fig. 3) and for the latter complexes the difference in orbital
energies ( > 1 eV) virtually excludes the possibility of excitation from the z-orbital.
The copper 3d-orbitals are very close together, and the “‘excited” electron can come
from any one of them. In order to check whether reorganization effects may favor
excitation from the ethene w-orbital, we decided to carry out the excited-state
calculations with the electron removed from the highest «, orbital. This orbital is
predominantly Cu 34, in character, but it has the same symmetry as the ethene
m-orbital. If reorganization is important, it may change the nature of the half-empty
orbital from Cu 34, to ethene =. This effect is found to be munor for CuX(C,H,):

* Reference number with asterisk indicates a note in the list of references.
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according to the population analysis data in Table 3, the “excited” electron
definitely comes from a Cu 3d-orbital and the ethene wr-orbital contributes only 0.1
e.

Two virtual orbitals are candidates for receiving the “excited” electron: the a,
Cu 4s-orbital (with considerable antibonding admixture from the ethene w-orbital)
and the b, ethene =*-orbital (with some Cu 3d, and 4p, admixture). For
Cu(C,H,)™, the former is lower in energy, although the energy difference is fairly
small. For the CuX(C,H,) complexes, where the artificial stabilization of the Cu
levels due to the positive charge is absent, the order is reversed, and the 4s-orbital is
now more than 1 eV above the 7*. Thus, the lowest excited state of CuX(C,H,)
will have an electron in the ethene #*-orbital, and not in the metal-ligand
antibonding Cu 4s-orbital.

We arrive at the conclusion that the lowest excitations of copper(l)-alkene
complexes will be of the Cu 3d — alkene #* MLCT type. Increase in the number of
olefin ligands will result in an even stronger destabilization of the Cu 4s-level, so
that our conclusions will also be valid for CuX(olefin), complexes. However,
complexes with very high-lying = levels (e.g. complexes of conjugated olefins) might
have a m — 7* excitation as the lowest-energy transition.

In the UV spectra of copper(l)-alkene complexes, several transitions around 254
nm occur with small energy differences [17). Thus, the UV absorption of
CuOTf(norbornene) has tentatively been assigned to an MLCT at 236 and an
LMCT at 272 nm. The occurrence of several closely spaced transitions is readily
accounted for by consideration of Fig. 3, where the five Cu 34 levels are close
together. However, an LMCT (7 — 45) in this part of the UV spectrum is hard to
reconcile with our calculations.

Bonding in the excited state

A comparison of the gross fragment orbital populations for the ground state and
excited state of Cu(C,H,)" (Table 3) shows that half of the “excited” electron
comes from the ethene z-orbital, and the other half from the Cu 3d,. The electron
goes to a mixture of ethene 7* (60%) and Cu 4p, (35%). The results for CuX(C,H,)
are different. Here, the electron comes largely from Cu 3d,, with only small
contributions (ca. 10% each) from the Cu 4s, the ethene o-system, the fluorine atom
and the ethene 7-orbital; it still ends up in a mixture of ethene #* (50%) and Cu
4p_ (35%). The excitation results in a depletion of charge at Cu, which is partly
compensated for by a disappearance of the 3d, — n* backdonation. Nevertheless,
the overall process is clearly MLCT. Figure 4c shows the electron redistribution
accompanying the 7a; = 4b, excitation in CuF(C,H,). The increase in ethene 7*
and copper 3d,, density and the decrease of electron density in the Cu 3d, orbitals
are clearly visible, as is a reorganization at the fluorine atom. Again, the presence of
a counterion is seen to have a large influence, and its nature matters less, since the
results for the two CuX(C,H,) complexes (X = F, Cl) are virtually superimposable.

Relevance to photochemical processes

The copper(l)-alkene complexes involved in photochemical processes are always
much more complicated than the simple model systems studied here. Factors
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neglected include association, substitution on the olefin, and coordination of sotvent
molecules. Most studies have been carried out with chlorides (which often act as
bridging ligands, at least in the solid state [18]) or with the weakly coordinating
triflate anion. We nevertheless feet that the conclusions derived above can. with
some caution, be extrapolated to photochemically active copper(l)--alkene systems.

The processes most often encountered in the photochemistry of copper(I)--alkene
complexes are [10]: ¢is = rrans isomerization, dimerization [19 *§. and skeletal
rearrangement. Thus, upon irradiation of cyclohexene in the presence of CuOTH,
three rearrangement products and three dimers are formed. lrradiation of the
analogous norbornene complex gives two dimers in high vield. Dimerization ts also
observed in the copper(I)-catalyzed photocycloaddition of ally] alcobol to give
3-oxa-bicyclo[3.2.0]heptane via diallyl ether.

A variety of mechanisms have been invoked to explain the observed products; we
will not attempt here to discuss the relative ments of these proposals [20] but the
present calculations enable us to make some predictions about the first stage of the
reaction. As discussed above, the initial photoproduct is probably a Cu 34 — alkene
7* (MLCT) excited state. This leaves the copper atom with a hole in its d-shell. and
it seems reasonable to assume that it will try 1o relieve this electron deficiency by
forming a localized metal-carbon o-bond, thus producing a 1.3-biradical species:

Ferraudi et al. [21] have recently reported spectroscopic evidence for the initial
formation of such short-lived biradical species. Isomerization. dimerization and
rearrangement can all be explained starting with such a biradical intermediate; this
will be discussed more fully in a separate paper [22]. A final argument for the
proposed mechanism is the fact that silver(I)-alkene complexes do not show the
same or equally rich photochemistry (under exclusion of oxygen) as their copper(l}
counterparts [23]. Ligand-to-metal transfer would be just as likely (or unlikely)
there, but metal-to-ligand charge transfer would not be as easy for silver because the
Ag 4d orbitals are much lower in energy than their Cu 3d counterparts.

Conclusions

Neither the ground state nor the excited states of copper(l)-alkene complexes are
correctly modeled by Cu(C,H,)}". A reasonable description requires some countef-
ion, but its nature seems to be relatively unimportant. Backbonding in CuX-alkene
complexes is much larger than in Cu™ complexes and is by no means negligible. The
photoexcitation of CuX(C,H,) involves a metal-to-ligand 34 — #™ transition. and
this suggests a pathway for photochemical reactions of Cu'-alkene complexes
involving Cu''(4°) biradical species.
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