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Abstract A theoretical investigation at the density
functional theory level (B3LYP) has been conducted to
elucidate the impact of ligand basicity on the binding
interactions between ethylene and copper(I) ions in
[Cu(y*C,H,)]" and a series of [Cu(L)(7*-CoH,)]" com-
plexes, where L. = substituted 1,10-phenanthroline ligands.
Molecular orbital analysis shows that binding in [Cu(i*
C,H™ primarily involves interaction between the filled
ethylene n-bonding orbital and the empty Cu(4s) and
Cu(4p) orbitals, with less interaction observed between the
low energy Cu(3d) orbitals and the empty ethylene
n*-orbital. The presence of electron-donating ligands in the
[Cu(L)(;12-C2H4)]+ complexes destabilizes the predomi-
nantly Cu(3d)-character filled frontier orbital of the
[Cu(L)]" fragment, promoting better overlap with the
vacant ethylene n*-orbital and increasing Cu — ethylene
n-backbonding. Moreover, the energy of the filled [Cu(L)] "
frontier orbital and mixing with the ethylene n*-orbital
increase with increasing pK, of the 1,10-phenanthroline
ligand. Natural bond orbital analysis reveals an increase in
Cu — ethylene electron donation with addition of ligands
to [Cu(172—C2H4)]+ and an increase in backbonding with
increasing ligand pK, in the [CU(L)(I’]Z—CQH4)]+ complexes.
Energy decomposition analysis (ALMO-EDA) calculations
show that, while Cu — ethylene charge transfer (CT)
increases with more basic ligands, ethylene — Cu CT and
non-CT frozen density and polarization effects become less
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favorable, yielding little change in copper(I)-ethylene
binding energy with ligand pK,. ALMO-EDA calculations
on related [Cu(L)(NCCH3)]" complexes and calculated free
energy changes for the displacement of acetonitrile by
ethylene reveal a direct correlation between increasing
ligand pK, and the favorability of ethylene binding, con-
sistent with experimental observations.

Keywords Density functional theory - Copper -
Ethylene - Organometallic

1 Introduction

The binding of alkenes to copper(I) ions is an important
step in a wide variety of chemical systems. In nature, the
reversible formation of a copper(I)-ethylene adduct in the
ETR 1 plant protein is a critical step in the regulation of
plant growth and development [1, 2]. Synthetic processes
like alkene cyclopropanation [3] and aziridination [4] are
also proposed to involve the formation of labile copper(I)-
alkene adducts as either resting or pre-equilibrium states in
the catalytic cycles. Because the copper—alkene bonding in
these complexes is generally weak and the formation of
such adducts reversible, materials containing copper(I) ions
are also receiving attention for use in applications that can
take advantage of this reversible binding. For example,
copper(I) compounds may be useful as adsorbents for the
selective separation of alkenes from crude organic feed-
stocks [5] or as molecular sensors for detecting the pres-
ence of alkenes or other small molecules [6]. In these types
of systems, the strength of the copper(I)-alkene bond may
play an important role the reactivity observed, and the
potential ability to tune the strength of the copper—alkene
bond could be particularly useful in the rational design of
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synthetic materials. Thus, understanding the different fac-
tors that impact the nature and strength of copper(I)-alkene
bonds is an important goal.

Computational methods have been widely used to pro-
vide insight into the fundamental nature of copper(I)-
alkene bonding [3, 4, 7-11], particularly between the
simple alkene ethylene and the bare copper(I) cation in
[Cu(172—C2H4)]+ (1) [7-10]. Studies employing population
analysis and energy decomposition analysis methods have
shown that copper(I)-ethylene bonding in 1 consists of
both covalent and electrostatic components [7-10], with
each component providing an important contribution to the
bonding stabilization. The covalent interactions are typi-
cally described using the Dewar—Chatt—-Duncanson model
[12] in which the two main contributions are o-donation
from the filled m-orbital of ethylene into empty frontier
orbitals on the copper, and n-donation from filled copper
d-orbitals into the empty m*-orbital of ethylene. These
theoretical studies have further concluded that ethylene —
copper(l) o-donation is the dominant covalent interaction
in 1, providing roughly 60% of the charge transfer (CT)
while copper(I) — ethylene n-backbonding provides the
remaining contribution [7-10].

While these investigations have yielded important
insight into the bonding in 1, copper(I)—ethylene adducts
are generally stabilized by the presence of a Lewis basic
ancillary ligand (L) on the copper center in synthetic sys-
tems, or by amino acid residues like histidine or cysteine in
nature. A number of synthetic [Cu(L)(112-C2H4)]”+ (n=0,
1) complexes have been isolated or characterized using a
wide variety of supporting ligands [13], with some exam-
ples including thioethers [14], tertiary amines [15], 1,10-
phenanthrolines [16, 17], bipyridines [16], tris(pyrazolyl)
borates [18-20], f-diketiminates [21], and iminophosph-
anamides [22]. In these synthetic complexes, variation in
ligand donor strength is commonly purported to have an
important effect, particularly on the degree of Cu —
ethylene w-backbonding and, in some instances, the overall
stability of the complexes themselves [13-22]. This
ancillary ligand impact on the ability of copper(I) to
interact with a secondary ligand has also been reported for
other [Cu(L)(X)]"* complexes, such as those having a
bidentate oxygen donor ligand [23] or CO [24, 25] as the
secondary ligand “X”.

Despite such reports, the full impact of ligand basicity
on copper(I)—-ethylene bonding is still not completely
understood. Some studies have investigated the impact of
ligand basicity on bonding in copper(I)-alkene and cop-
per(I)-alkyne complexes [26-28]; however, variations in
important factors including alkene identity, ligand dentic-
ity, ligand charge and ligand steric bulk complicate a direct
evaluation of ligand electronic effects in significantly
different [Cu(L)(172—alkene)]”+ systems. Moreover, while
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copper(I) — ethylene n-backbonding has been shown to
play an important role in these systems, the impact of
ligand basicity on additional bonding components includ-
ing ethylene — Cu(I) o-donation and non-CT effects has
not been fully explored. Thus, a more comprehensive
examination of copper(I)-ethylene bonding and the direct
influence of ligand basicity on the different components of
the interaction is warranted.

One synthetic system that provides an excellent oppor-
tunity to more clearly elucidate the electronic impact of
ancillary ligand basicity on the various components of cop-
per(I)—ethylene bonding is the series of [Cu(L)(112-C2H4)]+
complexes originally reported by Munakata and coworkers
[16, 17], where L = 1,10-phenanthroline (phen) and its
derivatives (Fig. 1). The ligands in this set of compounds
possess similar steric properties yet have gradually varying
basicities resulting from the phenanthroline substituents,
thereby allowing for clearer elucidation of the impact
of ligand electron-donating ability on the copper(I)—ethylene
interaction. Indeed, a ligand electronic effect was
originally proposed by Munakata to explain the linear cor-
relation observed between ligand pK, and the formation
constant of [Cu(L)(;yz-C2H4)]+ from free ethylene and
[Cu(L)(NCCHj;), ]t [16]. Given the widespread synthetic
use of this ligand system and an experimentally demon-
strated correlation between ligand basicity and ethylene
binding, this system is ideal for a more comprehensive
exploration of ligand electronic effects.

Presented herein are the results of a computational
(DFT) investigation exploring the impact of ligand basicity
on the various components of copper(I)—ethylene bonding
in [Cu(L)(;12-C2H4)]+ complexes having a series of
substituted 1,10-phenanthroline (phen) ligands. Bonding is
first discussed in terms of a molecular orbital description
obtained using the fragment molecular orbital overlap
method of Gorelsky and coworkers [29, 30] as

Cl CHj
NN NN TN/ N\
< N/QQ < N/QQ < N/C@

Cl-phen phen Me-phen
pKa = 4.07 pKa =4.93 pKa = 5.27
H3C CHj HsC CHj
<\/ Q o > 4 o
\ H3C \ CH3
=N N / —N N /
Me,-phen Me,-phen
pKa = 5.95 pKa =6.31

Fig. 1 Ligands used in the calculations for [Cu(L)(112—C2H4)]+
complexes (pK, given for LH' [16, 24])
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implemented in AOMix. Next, the natural population and
natural bond orbital (NBO) analysis method of Weinhold
and coworkers [31] is employed to quantify the impact of
ligand basicity on the traditional Dewar—Chatt—Duncanson
components of copper(I)-ethylene bonding, including
both Cu(l) — ethylene n-backbonding and ethylene —
Cu(I) o-donation. Finally, the absolutely localized molec-
ular orbital-energy decomposition analysis (ALMO-EDA)
method of Khaliullin and coworkers [32, 33] is used to
quantify the impact of ligand basicity on the various con-
tributions to copper(I)-ethylene binding energies. These
results provide important insight into the fundamental
nature of copper(I)—ethylene bonding, and the role ligand
basicity may play in copper—alkene bonding in both syn-
thetic and biological systems.

2 Computational details

All DFT calculations were performed as spin-restricted
calculations using the hybrid B3LYP functional [34-36]
and tight SCF convergence criteria. Geometry optimiza-
tions, analytical frequency calculations, and single-point
energy calculations were performed with the Gaussian
03W [37] suite of programs (Revision E.01). Geometry
optimizations for all reported structures were performed in
the gas phase without symmetry constraints using tight
convergence criteria, with the Stuttgart/Dresden (SDD)
effective core potential and basis set [38] used for copper
and the 6-31G(d,p) basis set [39, 40] used for C, H, N, and
ClI atoms. All optimized structures were verified as ener-
getic minima by the absence of imaginary frequencies in
subsequent vibrational frequency calculations. Similar
computational methodologies have been used successfully
to model both the geometries and the binding energies of
small molecules to other N-donor ligated copper(I) com-
plexes [3, 4, 11, 25, 26, 41, 42]. Single-point energy cal-
culations for the natural population and NBO analyses [31]
were performed on optimized geometries using the SDD
effective core potential and basis set for copper and the
6-311G(2d,p) basis set [43] for C, H, N, and CI atoms.
Compositions of molecular orbitals and the overlap popu-
lations between molecular fragments were calculated using
the AOMix program (Rev. 6.51) [29, 30] with the SDD
basis set and effective core potential for copper and the
6-311G(2d,p) basis set for all other atoms. Absolutely
localized molecular orbital-energy decomposition analysis
(ALMO-EDA) calculations were performed on the opti-
mized structures using the method of Khaliullin and
coworkers [32, 33] as implemented in Q-Chem (version
3.2) at the B3LYP level of theory using the Stuttgart-Bonn
SRSC [38] effective core potential and basis set for copper
and the 6-311G(2d,p) basis set for C, H, N, and Cl atoms.

The default Q-Chem standard quadrature grid size (SG-1)
was modified to a finer grid size of (70,302) to minimize
DFT grid superposition errors. Single-point energy calcu-
lations for the determination of reaction free energy
changes were performed on optimized geometries in
Gaussian 03W using the SDD effective core potential and
basis set for copper and the 6-311+G(2d,p) basis set [43]
for C, H, N, and Cl atoms. Single-point solvation energies
were computed using the CPCM solvation model [44] as
implemented in Gaussian 03W with methanol as the sol-
vent and using the 6-311+G(2d,p) basis set [43] for C, H,
N, and CI atoms and the SDD basis set for Cu. All single-
point electronic energies were corrected to Gibbs free
energies at 298.15 K and 1 atm using the unscaled fre-
quencies obtained from the original frequency calculations
with the SDD/6-31G(d,p) basis set combination. Reported
vibrational frequencies have been scaled by 0.961 [45].
The effects of non-coordinating C1O4~ counterions present
in the experimental systems were not explored in this
investigation [16, 17].

3 Results and discussion

3.1 Calculated structures of copper(I)—ethylene
complexes

The relevant geometric parameters for the geometry opti-
mized structures of the [Cu(112-C2H4)]+ cation (1) and
[Cu(L)(112-C2H4)]Jr complexes [where L = Cl-phen (2),
phen (3), Me-phen (4), Me,-phen (5), and Me,-phen (6)]
are listed in Table 1. To facilitate a more thorough
assessment of ligand effects on copper(I)—ethylene bond-
ing, the structure of 1 was first explored. An examination of
the calculated structure of 1 reveals a C=C bond length of
1.378 A and Cu—C bonds of 2.107 A. Previous computa-
tional studies of 1 by Frenking and coworkers [9] at both
the MP2 level of theory (C=C, 1.378 ;\; Cu-C, 2.095 10\)
and the DFT level of theory [10] (BP86) (C=C, 1.390 A
Cu-C, 2.032 A), as well as Hertwig et al. [8] at the DFT
level of theory (B3LYP) (C=C, 1.370 A; Cu-C, 2.098 A)
yielded similar geometries. Notably, the optimized C=C
distance of 1.378 A in 1 is ~0.048 A longer than that for
free ethylene (C=Ceue, 1.330 A;' (C=C, 1.3369(16) A
[461).

The geometry optimized structure of the representative
complex [Cu(phen)(172—C2H4)]+ (3) is shown in Fig. 2, and
the geometric parameters in Table 1 can be compared with
the experimental X-ray structural data for [Cu(phen)
(;72-C2H4)]C104 (7) [17]. Consistent with the experimental

' Calculated at the RB3LYP/6-31 g(d,p) level of theory.
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Table 1 Selected geometric
parameters for of [Cu(L)(nz- 1 2 3 4 S 6 7
+

C,Hy)]" complexes 1-7 (all C=C 13778 1.3798 13801  1.3803 13810 13812 1.361(22)

bond lengths in A, angles in

deg) Cu-N  NA  2.043,2.040 2041  2.041,2.036 2031 2044  2.002(8), 2.004(9)
Cu-C 2109  2050,2.050 2050 2.050,2.050 2.045 2031  1.998(13), 2.022(12)
C-Cu-C  39.189 39.336 39357 39.386 39.468 39503  39.6(6)

Structural data for 7 from N-Cu-N NA  83.046 83.278  83.199 82974  83.134  85.6(3)

Ref. [16]

structure, the computed geometry of 3 contains the ethyl-
ene molecule coordinated in an n*-fashion in the plane of
the 1,10-phenanthroline ligand. The calculated Cu-N
(2.041 A), Cu-C (2.050 A), and C=C (1.380 A) bond
lengths in 3 are in reasonable agreement with those in 7
(Cu-N, 2.002(8) A, 2.004(9) A; Cu-C, 1.998(13) A,
2.022(12) A; C=C, 1.361(22) A). Moreover, the calculated
ve—c for the coordinated ethylene molecule in 3 is
1,527 cm_l, in excellent agreement with the experimental
value of 1,525 cm™! measured for 7 [16, 45].

The predicted structural impact of adding an auxiliary
ligand to the bare copper(I) center in 1 can be seen by
comparing the optimized geometries of 1 and 3. The cal-
culated C=C bond length in 3 is similar to that in the
unligated 1 (1.380 vs. 1.378 A), despite the coordination of
the electron-donating 1,10-phenanthroline ligand in 3. A
similar comparison of the structures of 2-6 (Table 1)
reveals that increasing ligand pK, from 4.07 in complex 2
to 6.31 in complex 6 results in a small but consistent
increase in the calculated ethylene C=C bond length
(~0.0014 A) across the series. Thus, for the pK, range in
this series of copper(I) complexes, ligand basicity is pre-
dicted to directly impact the length of the ethylene C=C
bond, but to a degree that would not likely be observable
using typical experimental structural characterization
techniques like X-ray crystallography. This is consistent
with X-ray crystallographic data showing that even more
strongly donating ligands like N,N,N',N'-tetramethy-
lethylenediamine [15], anionic f-diketiminates [21], and
anionic iminophosphanamides [22] yield copper(I)—ethyl-
ene adducts having C=C bond lengths (1.36(1), 1.365(3),

Fig. 2 Optimized geometry of [Cu(phen)(>-C,H,)]"
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and 1.362(6) /OX, respectively) that are similar to that in 7
(1.361(22) A). Thus, as previously noted [5, 13], while
ancillary ligand basicity is often proposed to impact the
n-backbonding ability of the copper ion, the impact on the
C=C bond length is small.

Because the length of the C=C bond is sometimes used
as a measure of a metal’s n-backbonding ability in metal—
alkene complexes, structural data from synthetic com-
plexes have been used to suggest that the copper(I) ion,
even when coordinated by strongly electron-donating
ligands, has a limited ability to n-backbond [5, 13]. Indeed,
while the C=C bond is lengthened for copper(I)-ethylene
adducts, it is somewhat shorter than those observed for
ethylene complexes of other d'® metals that are generally
considered to be more effective at n-backbonding. Exam-
ples of these include Pt(PPhs),(1*-CoH,) (1.43 A) [47, 48]
and Ni(PPh;),(n>-C,H,) (1.391 A) [49]; however, it is
worth noting that, even in these complexes, the ethylene
C=C bond is only lengthened by ~0.1 and 0.06 A,
respectively. Because C=C bond lengthening is dependent
not only on population of the ethylene m*-orbital through
backbonding from the metal center but also on the deple-
tion of electron density in the ethylene m-bonding orbital
through o¢-donation to empty metal orbitals [5, 13], a
comprehensive analysis of the C=C bond lengths in
[Cu(L)(7*-CoH)I™" complexes and its dependence on
ligand basicity including the combined effect of all binding
interactions is discussed below.

3.2 Molecular orbital analysis

Molecular orbital (MO) compositions for 1-6 were deter-
mined using the AOMix program [29, 30], and an analysis
of these compositions in terms of the interaction of discrete
molecular fragments was subsequently completed using the
AOMix-CDA program [29, 30]. In this study, the molecular
fragments of interest in 2—6 are the [Cu(L)]* cations and
the ethylene molecule (for 1, the fragments are the bare
copper(I) cation and the ethylene molecule). First exam-
ining 1, Fig. 3 shows selected molecular orbitals along
with the “parent” fragment orbitals from the copper(I) ion
and the ethylene molecule (Table 2). To discuss the
bonding within the traditional Dewar—Chatt—Duncanson
model, we first examine the interaction of the filled orbitals
on the coper(I) center and empty n*-orbital on the ethylene
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molecule in terms of traditional Cu — ethylene backb-
onding. The filled Cu(3d) orbitals are low in energy
(—15.7 V) compared to the vacant 7*-LUFO (lowest
unoccupied fragment orbital, where the term fragment
orbital is used to distinguish orbitals on individual frag-
ments from those of the complex) of the ethylene molecule
(—0.2 eV). Interaction of these orbitals yields two primary
molecular orbitals in 1: the HOMO-4 [4% ethylene
m*-LUFO; 94% Cu(3d)] and the LUMO + 1 [71% ethyl-
ene n*-LUFO; 4% Cu(3d); 26% Cu(4p)]. The small
contribution of the ethylene 7*-LUFO to the HOMO-4 and
the similarly low contribution of the Cu(3d) orbitals to
the LUMO + 1 are consistent with a low degree of
Cu — ethylene backbonding in 1 [51, 52].

Energy (eV)

-10 4

-12 4

14 4

-16 -

Cu(l) [Cu(C,HYT* C.H,

fragment orbitals orbitals fragment orbitals

Fig. 3 Molecular orbital interaction diagram for [Cu(nz—C2H4)]+
(only selected orbitals are shown for clarity)

Table 2 Energy (eV) and composition (%) of [Cu(L)]" HOFO for
complexes 1-6

1 2 3 4 5 6
Energy —-1572 -10.14 —-10.03 —-994 —-9.77 -9.61
% Cu(3d) 100 67 66 66 65 64
% N NA 21 21 21 21 22

Similarly, the interactions between the filled n-HOFO
(highest occupied fragment orbital) of the ethylene mole-
cule and the vacant orbitals on the copper(I) center can be
analyzed in terms of ethylene - Cu o¢-donation. The
vacant Cu(4s) and Cu(4p) acceptor orbitals lie at —11.1 and
—6.0 eV, respectively, compared to the energy of the filled
ethylene n-HOFO at —7.3 eV. Three primary molecular
orbitals in 1 are formed from the interaction of these orbitals
in what can be interpreted as traditional ethylene — Cu
donation: the HOMO-5 [55% ethylene n-HOFO; 29%
Cu(3d); 9% Cu(4s)], the HOMO [20% ethylene 7-HOFO;
65% Cu(3d); 12% Cu(4s)], and the LUMO [11% ethylene
n-HOFO; 75% Cu(4s); 12% Cu(4p)].

Molecular orbital descriptions were similarly obtained
for [Cu(L)(nz-CzHA;)]+ complexes 2—6. The major inter-
fragment orbital interactions are also consistent with the
traditional Dewar—Chatt—-Duncanson model of bonding,
and selected orbital interactions for the representative
complex 3 are shown in Fig. 4. The Cu — ethylene
backbonding is primarily observed in the interaction of the
filled [Cu(phen)]* HOFO (66% Cu(3d); 21% N) with the
m*-LUFO of the ethylene molecule yielding the HOMO-1
(86% [Cu(phen)]+ HOFO; 11% ethylene n*-LUFO) and
the LUMO + 3 (8% [Cu(phen)]” HOFO; 70% ethylene

{ LUFO

LUFO+7
70% Cu(s)
22% Cu(p)

34 LUFO+6
79% Cu(p)

1%

Energy (eV)
..

7 71% Cu(s)
21% Culp)

i @
HOFO

| 66% Cu(d) 50%
HOFQ-3,-5 209

91% Cul(d)
98% Cu(d)
43 4

[Cu(phen)]
fragment orbitals

HOFO

[Cu(phen)(C,H)I* C.H,
orbitals fragment orbitals

Fig. 4 Molecular orbital interaction diagram for [Cu(phen)(nz—
C,H,)]" (only selected orbitals are shown for clarity)
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n*-LUFO; 14% [Cu(phen)]t LUFO + 6) of 3. The ethyl-
ene — Cu donation is also evidenced primarily by the
interaction of the filled ethylene 7-HOFO and the vacant
[Cu(phen)]ﬂL LUFO [71% Cu(4s); 21% Cu(4p)] to form
the HOMO-3 (19% ethylene n-HOFO; 6% [Cu(phen)]+
LUFO) and HOMO-9 (35% ethylene =n-HOFO; 4%
[Cu(phen)]" LUFO) of 3.

Comparing the interactions in 3 and 1, the energy of
filled HOFO of the [Cu(phen)]" fragment (—10.0 eV) in 3
is significantly higher than the pure Cu(3d) orbitals of 1
(—15.7 eV). Thus, as suggested previously [21, 22, 26-28],
contributions from the Lewis basic N-donor ligand effec-
tively destabilize the filled Cu(3d) orbitals, resulting in
greater interaction with the empty ethylene n*-orbital in 3
(86% [Cu(phen)]™; 11% ethylene 7*-LUFO) when com-
pared to 1 (94% Cu(3d); 4% ethylene n*-LUFO). This is
consistent with an overall increase in Cu — ethylene
backbonding in the presence of the electron-donating 1,10-
phenanthroline ligand. Moreover, the energy of the HOFO
of the [Cu(L)]" fragments steadily increases from 2 to 6 by
~0.5 eV with increasing ligand basicity (Table 2). This
increase in energy of the donor HOFO is accompanied by
an increase in mixing between this orbital and the empty
*-LUFO of the ethylene fragment (Table 3). Thus, in this
series of complexes, ligand basicity directly impacts both
the energy of the [Cu(L)]" donor orbital and the amount of
Cu — ethylene backbonding observed [50, 51].

3.3 Natural bond brbital (NBO) analysis

To further quantify the impact of ligand basicity on the
magnitude of the Cu — ethylene n-backbonding and
ethylene — Cu o-donation in complexes 1-6, the natural
population and NBO analysis method of Weinhold and
coworkers [31] was used. Because NBOs describe the
molecular wavefunction in terms of orbitals that are
localized on a single atom or shared by a pair of atoms
[31], NBOs are useful for visualizing copper(I)—ethylene
bonding in terms of the Dewar—Chatt—-Duncanson model.

Table 3 Composition of primary bonding molecular orbital resulting
from the interaction of the filled [Cu(L)]" HOFO and the empty
ethylene(n*) LUFO in complexes 1-6

The relative amounts of ethylene — Cu and Cu — ethyl-
ene electron donation in each complex can be compared by
examining the electron occupancy of the ethylene n-NBO
and ethylene 7*-NBO, respectively. Similar methodologies
have been used successfully to study other metal-alkene
adducts [52-55]. Table 4 contains selected data from the
NBO calculations, with the orbital labels being derived
from the major molecular orbital components of each
particular NBO [31].

First examining the unligated cation 1, the two principal
donor — acceptor NBO interactions observed are the eth-
ylene(n) — Cu(4s) and the Cu(3d) — ethylene(n*) inter-
actions. The calculated occupancies of the ethylene 7- and
m*-orbitals are 1.779 and 0.085 electrons, respectively,
indicating that 0.221 electrons are donated from the
ethylene n-bonding orbital to the copper center (72%)
while 0.085 electrons are delocalized from the copper to
the ethylene m*-orbital (28%). The overall result of these
two interactions is the net donation of 0.136 electrons from
the coordinated ethylene to the copper(I) ion, yielding an
ethylene molecule that is less electron rich than free
ethylene. A natural atomic charge of 0.85 on the copper ion
also indicates a net transfer of electron density to the
copper center and consistent with previous reports that
ethylene — Cu o-donation of electron density is the
dominant interaction in 1 [8—10]. Moreover, the combined
donation of electron density to the ethylene n*-orbital and
depletion of electron density from the ethylene n-orbital is
consistent with the calculated lengthening of the C=C bond
by ~0.048 A relative to free ethylene.

A similar analysis of complexes 2—6 reveals the impact
of an electron-donating 1,10-phenanthroline ligand on the
copper(I) center. Two dominant donor — acceptor NBO
interactions observed in these complexes are again the
ethylene(n) — Cu(4s) and the Cu(3d) — ethylene(n*)
interactions. Additionally, the ethylene(n) — Cu(4p) inter-
action is also predicted to play an important role in 2—6
(Fig. 5). The average electron occupancy of the ethylene
m*-orbital in 2-6 is 0.225 electrons. This is larger than the
occupancy of this orbital in 1 (0.085 electrons), indicating
an increase in Cu — ethylene m-backbonding upon ligand
coordination to the bare copper ion. However, the average
occupancy of the ethylene m-orbital in 2—6 is 1.813 elec-

1 2 3 4 5 6 trons, compared to 1.779 electrons in 1, consistent with a
% [Cu(L)]* HOFO 9428 86.58 8640 8624 8591 85.70 fegrezsi;ngthylenfh_l’ Cu dgna}zﬁn (1;1 th,este Cof.lplexes'
n Ed n - ndaing inter 10N n
% C,H, LUFO 414 1067 1076 1085 11.08 11.10 ced, the LU = ethylene n-backbonding nteraction now
dominates the electron donation in 2-6 (~55%) while
Table 4 Electron occupancies 1 3 4 5 6
of selected natural bond orbitals
(NBOs) for complexes 1-6 C,Hy(m) 1.77893 1.81416 1.81485 1.81495 1.81455 1.81578
C,H(1%) 0.08536 0.21931 0.22180 0.22416 0.22996 0.23383
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Donor NBO

Acceptor NBO

Cu(3d)

CU(_49)

Fig. 5 Selected donor—acceptor NBO interactions in [Cu(phen)
(1*-CoHy)]

ethylene — Cu donation plays a lesser role (~45%). This
shift is similar to the effect reported for other copper(I)—
alkene and alkyne complexes [26, 28]. Thus, the electron-
donating 1,10-phenanthroline ligand increases the ability of
the copper(I) center to donate electron density into the
coordinated ethylene while decreasing the amount of
ethylene — Cu donation. This yields an ethylene molecule
that is more electron rich than free ethylene. Also, since
population of the n*-orbital and depopulation of the
n-bonding orbital both lead to lengthening of the ethylene
C=C bond, the decrease in the depopulation of the ethylene
n-orbital with ligand coordination would contribute to the
relatively low degree of bond lengthening in 2—-6 compared
to 1, even though population of the ethylene m*-orbital
increases in 2—6.

A similar analysis reveals the impact of systematically
increasing ligand electron donor ability within the series
2-6. As ligand basicity increases, the occupancy of the
ethylene m*-orbital steadily increases from 0.219 to 0.234
electrons (Fig. 6). This slight but constant trend is consis-
tent with an increase in the magnitude of Cu(3d) —
ethylene(n*) backbonding and the MO analysis of these
complexes. These results also support previous experi-
mental and computational observations that increasing
ligand basicity can enhance the ability of a copper(I) center
to backbond with a coordinated alkene [5, 13, 26, 28].
These data are also in agreement with the predicted
ethylene C=C bond lengths in 2—6 as well, with increasing

0.235 1

0.230 1

0.225 1

0.220 o

NBO Occupancy (electrons)

0,21 5 L) L] T L) 1
4.0 4.5 5.0 5.5 6.0 6.5

Ligand pKza

Fig. 6 Electron occupancy of ethylene 7*-NBO versus ligand pK, for
complexes 2—6

m*-orbital occupancy leading to a longer C=C bond.
Moreover, as seen in Table 4, the calculated electron
occupancies of the ethylene m-orbital in 2-6 are approxi-
mately constant (~1.814 to 1.815 electrons). Thus,
increasing ligand basicity is predicted to have a smaller
effect on the magnitude of ethylene(r) — Cu o-donation.

3.4 ALMO-energy decomposition analysis
(ALMO-EDA)

Energy decomposition analysis calculations were per-
formed for complexes 1-6 utilizing the absolutely localized
molecular orbital-energy decomposition analysis (ALMO-
EDA) approach of Khaliullin et al. [32] as implemented in
Q-Chem Version 3.2 [33]. This energy decomposition
analysis allows for the determination of the interaction
energies between two molecular fragments, which are the
ethylene molecule and the [CuL)]T fragments for 2-6
and the ethylene molecule and the copper(I) ion for 1. The
ALMO-EDA has been successfully used to describe
bonding interactions in other organometallic ethylene
complexes such as [PtCl3(C,H4)]™ and is therefore useful
for quantifying the binding interactions in 1-6 [32].

In the ALMO-EDA , the total binding energy (AEgND)
between the ethylene molecule and the [Cu(L)]" fragment
can be divided into several contributions according to
Eq. I:

AEginp = AErz + AEpor + AEct + AEGD (1)

The first term, AEgrz, is the SCF energy change for
bringing the separately distorted ethylene and [Cu(L)]*
fragments into the geometry of the complex without any
relaxation of fragment MOs [32]. As such, AEggz repre-
sents the sum of the Coulomb attraction and exchange—
correlation repulsion between the ethylene molecule and
the [Cu(L)]" fragment. The second term, AEpor, is a
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polarization energy term that quantifies the energy lower-
ing resulting from the intramolecular relaxation of the
ethylene and [Cu(L)]* fragments’ respective localized
MOs in the field of the other fragment. AEct is the
counterpoise corrected CT energy between the ethylene
and [Cu(L)]* fragments. The CT energy is further divided
into the ethylene — [Cu(L)]* component, the [Cu(L)]* —
ethylene component, and higher-order (HO) relaxation
effects [32]. Finally, AEgp is the energetic change asso-
ciated with distorting the isolated ethylene and [Cu(L)]"
fragments from their individual optimized geometry to
their geometry in the complex. The sum of these effects
allow for the quantification of the total binding interactions
between the ethylene molecule and each [Cu(L)]*
fragment.

Table 5 lists the results of the ALMO-EDA calculations
for complexes 1-6. For the unligated 1, the total calculated
copper(I)-ethylene binding energy is —207.4 kJ/mol. This
is comparable to the value obtained by Hertwig and
co-workers using the related Morokuma Bond Decompo-
sition analysis method (AEgyp = —216.7 kJ/mol) [8] and
compares to the experimentally reported value of the
[Cu]*—(C,H,) bond dissociation energy of 173.6 kJ/mol
[8]. The value of AEgrz is small and slightly repulsive
(+35.2 kJ/mol). The energetic penalty for geometric dis-
tortion is also small (+17.6 kJ/mol). Favorable polarization
effects between the copper(I) cation and the ethylene
molecule (AEpor = —111.7 kJ/mol) provide a major
contribution to the total binding energy. Of the CT terms,
the ethylene — Cu donation accounts for the majority of
the stabilization (—91.1 kJ/mol), while the Cu — ethylene
backdonation accounts for —44.1 kJ/mole, and the higher-
order CT for —13.3 kJ/mole. Thus, of the two main CT
terms, ethylene — Cu CT accounts for ~67% of the total
amount, and the Cu — ethylene CT accounts for ~33%.
These results are consistent with the findings of Hertwig
and co-workers [8] and with the NBO calculations in this
study for 1 which show that ethylene — copper donation is
the dominant CT term in [Cu(C,H,)]™.

As observed in the NBO calculations, the impact of
adding an electron-donating ligand to the copper center
is important. The average calculated binding energy
between ethylene and the [Cu(L)]* fragments in 2-6 is
—146.4 kJ/mol. These values are ~60 kJ/mol less favor-
able than that calculated for 1 (—207.5 kJ/mol), suggesting
a significantly weaker copper(I)—ethylene interaction in the
presence of the 1,10-phenanthroline ligands. This decrease
in binding energy is largely the result of non-CT effects;
AEggz is ~30 kJ/mole more repulsive in complexes 2—6
than in 1, accounting for approximately half of the decrease
in binding energy. Similarly, favorable polarization effects
(AEpoy) also decrease by ~ 35 kJ/mole in complexes 2—6
relative to 1. Thus, addition of an electron-donating ligand
results in the loss of ~65 kJ/mol of favorable non-CT
terms.

Consistent with the NBO results, the average amount of
Cu — ethylene CT stabilization for 2—6 (—98.5 kJ/mol) is
significantly larger than that for 1 (—44.1 kJ/mol), sup-
porting the premise that electron-donating ligands enhance
the ability of the copper(I) ion to backbond with the
ethylene molecule. Similarly, the average amount of
ethylene — Cu CT in 2-6 (—57.6 kJ/mol) is predicted to
be significantly less than that for 1 (—91.1 kJ/mol) Coor-
dination of an electron-donating 1,10-phenanthroline
ligand is therefore predicted to make the copper(I) center
both more able to donate electron density into the empty
m*-orbital of the ethylene molecule and less able to accept
electron density from the filled m-orbital of the ethylene.

It is also useful to compare the effects of increasing
ligand basicity within the series of complexes 2-6. AEgg7
increases from 64.7 kJ/mol for 2 to 70.9 kJ/mol for 6,
consistent with a less attractive interaction between the
positively charged copper ion and the ethylene molecule as
ligand donor ability increases (Fig. 7). Similarly, favorable
polarization effects (AEpor) (Fig. 8) and ethylene — Cu
CT decrease over the same series. In contrast, favorable
Cu — ethylene CT is predicted to steadily increase as
ligand pK, increases (Fig. 9). These results are again in

Table 5 ALMO-EDA of

[Cu(L)(n*CoHy)]™ complexes 1 2 3 4 S 6

1-6 (energies in kJ/mol) Ligand pK, NA 4.07 493 5.7 5.95 6.31
AErgz, 35212 64.714 66.605 66.655 67.897 70.910
AEpor. —111.700 —71.665 —71.278 —71.233 —70.523 —70.265
AEcr (Cu > eth)  —44.099 —94.996 —96.316 —97.567  —100.724  —102.652
AEcr (eth - Cu)  —91.066 —57.965 —57.681 —57.636 —57.570 —57.219
AEcr (HO) —13.349 —9.053 —8.877 —8.663 —8.548 —8.290
AEgp ([Cu(L)]t)  0.000 3.409 4279 4321 4.298 4.684
AEgp (eth) 17.553 17.392 17.533 17.747 18.144 18.194
AEsmn —207.449  —148.165  —145735  —146377  —147.026  —144.639
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agreement with the NBO calculations. In summary, the
ALMO-EDA calculations predict that while favorable
Cu — ethylene CT stabilization increases with ligand
basicity, a simultaneous decrease in favorable ethylene —
Cu CT and a decrease in favorable non-CT contributions is
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Fig. 7 AEgrz versus ligand pK, for complexes 2—6
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Fig. 8 AEpor versus ligand pK, for complexes 2—-6
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Fig. 9 AEct (Cu — eth) versus ligand pK, for complexes 2—6

also observed. Thus, the overall calculated binding energies
are relatively similar for the different [Cu(L)(C,H]T
complexes (—144.6 to —148.2 kJ/mole) and while there are
strong correlations between ligand pK, and the individual
components of the copper—ethylene interaction, changes in
favorable and unfavorable effects largely cancel out.

3.5 Calculated free energies of binding

The experimentally observed linear relationship between
the formation constant of the [Cu(L)(r;z—C2H4)]Jr complexes
from [Cu(L)(NCCH3),]* and the pK, of the bidentate
1,10-phenanthroline ligands was originally attributed pri-
marily to the increased backbonding ability of the copper
center [16, 17]. However, despite predicting an increase in
Cu — ethylene CT with increasing ligand basicity, the
ALMO-EDA calculations predict no significant changes or
trends in overall copper(I)-ethylene binding energy with
changing ligand basicity due to simultaneous unfavorable
changes frozen density and polarization terms. To help
understand the reported experimentally observed linear
relationship between ligand basicity and the formation
constant of the [Cu(L)(112-C2H4)]+ complexes, the free
energy of formation of these complexes from [Cu(L)
(NCCHj;),]" precursors was examined. While the identity

AN

Fig. 10 Optimized geometry of [Cu(phen)(NCCH3)]™

Table 6 Calculated AG for displacement of acetonitrile by ethylene
in [Cu(L)(NCCH3)]" complexes (energy in kJ/mol)

Ligand AGgyy AGwreon
Cl—phen 34.86 —0.06
Phen 33.82 —0.90
Me—phen 32.78 —1.17
Me,—phen 30.85 —-1.92
Me,—phen 28.95 —1.73
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of the starting copper(I) species was not specifically iden-
tified in the original experimental studies [16, 17] and a
number of possible species could be proposed, we have
chosen to examine the putative monoacetonitrile adducts
[Cu(L)(NCCH3)]" [where L = Cl-phen (8), phen (9),
Me-phen (10), Me,-phen (11), and Mey-phen (12)] as a
potential starting complexes for comparing the impact of
ligand basicity in these ligand exchange reactions (Eq. 2).

A 36.0 4

34.0 4

32.0 4

(kJ mol™")

gas

AG

30.0 4

28.0 T T T
4.0 4.5 5.0 55 6.0 6.5

Ligand pKa

(kJ mol™")

MeOH

AG

'20 T L) L) T 1
4.0 4.5 50 55 6.0 6.5

Ligand pKa

Fig. 11 Calculated AG for the displacement of MeCN by ethylene
versus ligand pK, in the gas phase (a) and in methanol solvent (b)

[Cu(L)(NCCH;)]" + C,H, = [Cu(L)(CoHy)] " + CH3CN
(2)

Figure 10 shows the geometry optimized structure of
[Cu(phen)(NCCH3)]Jr (9) as a representative example of
these starting complexes. Single-point energy calculations
for all species were performed in the gas phase and, for
comparison, in methanol solvent utilizing the CPCM sol-
vation model [44]. The values for these calculated changes
in free energy are listed in Table 6. Figure 11a, b show plots
of the calculated free energy changes of the reaction versus
the pK, of the 1,10-phenanthroline ligands in the gas phase
and MeOH, respectively. As can be observed, increasing the
electron-donating strength of the supporting ligand gener-
ally results an increasingly favorable displacement of ace-
tonitrile by ethylene, both in the gas phase and in solvent.
This is consistent with the experimentally observed trend in
the binding constant for [Cu(L)(i*-CoH)1T complexes,
while the reaction becomes more favorable in the polar
medium.

ALMO-EDA calculations were similarly performed on
the [Cu(L)(NCCH3)]" complexes 8-12 to determine the
impact of ligand basicity on overall [Cu(L)]"—(NCCH,)
binding energy. As seen in Table 7, the total calculated
binding energy of the acetonitrile molecule to the [Cu(L)]™*
fragment decreases by 7.1 kJ/mol with increasing ligand
basicity across the series (Fig. 12). Because acetonitrile is
predominantly a o-donor ligand and a relatively poor
n-acid compared to ethylene, increasing ligand basicity only
provides ~2.1 kJ/mol of additional stabilization in terms
of [Cu(L)]" —» (NCCH;) CT, compared to 7.7 kJ/mole for
ethylene. Non-CT [Cu(L)]"=(NCCHs) interactions become
significantly less favorable, however, as ligand basicity
increases. AEgroz becomes less favorable by 6.7 kJ/mol
and AFEpop simultaneously becomes less favorable by
2.0 kJ/mol. Thus, the decrease in non-CT stabilization
outweighs the increase in favorable CT contributions,
yielding an overall decrease in the [Cu(L)]*—(NCCH;)

Table 7 ALMO-EDA of [Cu(L)(NCCH3)]* complexes 8-12 (energies in kJ/mol)

8 9 10 11 12

Ligand pK, 4.07 4.93 527 5.95 6.31

AErry —9.729 —6.213 —6.842 —6.123 —3.062
AEpor —88.781 —88.156 —87.903 —87.121 —86.751
AEcr (Cu — NCCH3) —29.565 —29.948 —30.278 —-31.106 —31.657
AEcr (NCCH; — Cu) —41.763 —41.388 —41.314 —41.172 —40.745
AEcr (HO) —5.747 —5.784 —5.862 —5.950 —6.005
AEgp ([Cu(L)]h) 6.619 5.425 6.999 7.357 6.319
AEgp (NCCH3) —0.206 —0.207 —0.205 —0.202 —0.200
AEginn —169.172 —166.271 —165.403 —164.318 —162.101
AAEgin (eth-NCCH;) 21.007 20.536 19.026 17.292 17.462
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Fig. 12 Binding energy of NCCHj3 to [Cu(L)]* versus ligand pK, for
complexes 8-12
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Fig. 13 Difference in binding energy of C,H, and NCCHj; to
[Cu(L)]" (AAEgnp) versus ligand pK,

binding energy. This in turn increases the favorability of
acetonitrile dissociation with more basic ligands. Com-
paring the differences in binding energies of ethylene
and acetonitrile to the [Cu(L)]" fragments [AAEgnp =
AEBIND(C2H4) — AEBIND(NCCHg)], a correlation is
observed with ligand pK,, consistent with the free energy
calculations (Table 7; Fig. 13). Thus, while increasing the
electron-donating ability of the 1,10-phenanthroline ligand
results in relatively small net change in the [Cu(L)]"™
—(C,H,) binding energy, there is a clear decrease in the
binding energy of the acetonitrile molecule with more
strongly donating ligands which could lead to a more
favorable displacement of acetonitrile with ethylene for
more strongly donating ligands.

4 Conclusion

DFT calculations have been used to determine the impact of
the presence of an ancillary ligand and the basicity of such a

ligand on the binding interactions between the copper(I) ion
and the ethylene molecule. While Cu — ethylene
n-backbonding and its dependence on an ancillary ligand is
often the main focus of the study of copper(I)-ethylene
adducts, these calculations demonstrate the complex nature
of these binding interactions and show how CT and non-CT
components are all directly affected by the presence of an
ancillary ligand and the basicity of that ligand.

Consistent with previous reports, both NBO and
ALMO-EDA calculations suggest that ethylene — copper
CT is the dominant CT in [Cu(C,H,)]" (~70%), with
Cu — ethylene CT playing the lesser role (~30%).
Molecular orbital analysis reveals that this is primarily the
result of a low degree of interaction between the low
energy Cu(3d) orbitals (—15.7eV) and the empty
m*-orbital of the ethylene molecule (—0.2 eV). Moreover,
ALMO-EDA calculations reveal that favorable polarization
effects and a small frozen density repulsion term provide a
substantial contribution to the overall binding energy
between the two fragments.

Addition of a 1,10-phenanthroline ligand to the copper
center has a dramatic effect on the nature of the binding
interactions. NBO and ALMO-EDA calculations both
suggest an increase in the magnitude of Cu — ethylene CT
upon coordination of the electron-donating ligands when
compared to the bare [Cu(C,H,)]" cation. Indeed, NBO and
ALMO-EDA calculations reveal that Cu — ethylene CT in
the [Cu(L)(C,H,)]" complexes contributes the majority of
CT stabilization, with ethylene — copper donation provid-
ing the lesser amount. Molecular orbital analysis suggests
that the increase in Cu — ethylene CT is a result of
the higher energy Cu(3d)-HOFO of the [Cu(L)]" fragment
(ca —10 eV), which interacts more with the empty n*-orbital
of the ethylene molecule. Moreover, as ligand basicity
increases, the energy of the Cu(3d)-HOFO steadily increases,
as does mixing with the empty ethylene *-orbital, consistent
with a direct increase in Cu — ethylene m-backbonding.
However, while CT stabilization is predicted to steadily
increase with increasing ligand basicity, polarization and
frozen density terms simultaneously become less favorable.
Thus, while all CT and non-CT components of the [Cu(L)]*
—(C,H,) binding energy are strongly correlated with the pK,
of the 1,10-phenanthroline ligands, the overall binding
energy changes little and displays no clear trend due to the
complex nature of the interactions.

Despite the predictions of little change in [Cu(L)]"
—(C,H,) binding energy, calculated free energy changes for
the displacement of acetonitrile by ethylene from the
putative [Cu(L)(CH,CN)H complexes show a good corre-
lation with ligand pK,, with ethylene binding becoming
more favorable with increasing ligand basicity. ALMO-
EDA calculations reveal that [Cu(L)]T—(NCCHj5) binding
energy decreases significantly with increasing ligand pK,
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due largely to less favorable polarization and a more
repulsive frozen density term. Thus, while [CuL)]F
—(C,H,) binding energy remains relatively constant, the
decrease in [Cu(L)]"™—(CH;CN) binding energy with
increasing ligand basicity can potentially help to explain the
experimentally observed preference for ethylene binding
with more strongly donating ligands in synthetic systems.
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