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The nature of the bonding in ethylene and #?-P, complexes, M(C,;H,)," and M(#?-P,),", of
group 11 metal cations (M = Cu, Ag, Au) has been explored by density functional calculations.
On the basis of the evaluation of symmetry orbitals, the contributions from the interactions
of ligand orbitals with metal ns, np, and (n—1)d orbitals have been investigated. The analysis
shows that the metal—ligand bonds in the organometallics and phosphorus complexes fit to
a unified scheme, whereas traditional concepts such as the isolobality principle would hardly
predict such a bonding analogy between C,H, and P, complexes. Bond energies increasing
in the order Ag < Cu < Au have been predicted. The stronger metal—ligand bonds in the
gold(l) compounds compared to those in the silver(l) compounds can be elucidated by the
relativistic stabilization of the orbital interactions, particularly of those involving 6s and 5d
orbitals. The stronger metal—ligand bonds in Cu(y?-P,)," compared to those in the
experimentally known Ag(n?-P4)," can be attributed partly to the strong back-donation from
metal 3d orbitals to vacant ligand orbitals. This result stands in sharp contrast to the common
belief that first-row transition metals form weaker bonds to ligands than do their second-
row analogues because of a comparably small overlap between ligand orbitals and metal 3d
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orbitals.

Introduction

Ag(n%-Pg4)2", the first homoleptic metal-phosphorus
cation, was recently synthesized by one of us.! The
synthesis succeeded due to the presence of weakly
coordinating counterions,? a concept that enables the
development of new catalytic systems and the design
of fascinating species.® Understanding the bonding in
these novel compounds is a major challenge. An analysis
of electron density* in Ag(n?-P4).™ and in the ethylene
complex Ag(CxH4)* suggests fundamentally different
interactions in the two species.> Traditional concepts
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such as the isolobality principle would also hardly
predict a similar bonding in the two silver species.b In
contrast, we recently gained a unified view of the
bonding situation in the two complexes and showed that
the interactions in organometallics and phosphorus
complexes are essentially identical.” This conclusion was
based on an analysis®® of the energy contributions from
symmetry orbitals to the orbital interactions. Our study’
is a new chapter in the success story of orbital symmetry
in chemistry, which was pioneered by Woodward and
Hoffmann’s work.1® High molecular symmetry is also
useful in the understanding of phosphorus analogues
of ferrocene. Frenking and co-workers!! recently com-
pared the bonding in ferrocene and decaphosphafer-
rocene. An experimental highlight is the synthesis of
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Figure 1. Selected symmetry orbitals in monoethylene
complexes (C,, symmetry) and diethylene complexes (Dzn

symmetry). ¢ donation from the ethylene HOMO into
vacant ns and np orbitals.

Ti(y>Ps)22~ by Urnezius et al.,’213 a sandwich with
“inorganic bread”.

The objective of this study is to gain a better under-
standing of the bonding in metal complexes, focusing
on the importance of the metal ns, np, and (n—1)d
orbitals in metal—ligand interactions. In particular, we
aim to explore how relativistic effects influence the
periodic trends in orbital interactions. Both ethylene
and phosphorus species of coinage-metal cations have
been investigated because of a historical and current
interest in these compounds.'*

The bonding in organometallics of group 11 cations
has fascinated chemists longer than two decades. Ziegler
and Rauk?® reported a pioneering study of the ethylene
complexes. Hertwig et al.’® presented a more recent
piece of work and looked into the contributions from
relativistic effects. However, these former studies con-
sidered only the M(C,H4)*t complexes, which are Cy,-
symmetric. As the C,, point group does not contain a
symmetry center, the contributions from metal s, p, and
d orbital interactions to the bond energy are not
accessible. Therefore, insight was limited to the impor-
tance of ¢ and & interactions. Figure 1 demonstrates
this consideration in the case of ¢ donation from the
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ethylene HOMO into vacant ns and np orbitals of the
metal. The energy contributions from these two interac-
tions in the Cy,-symmetric Ag(C,H,4)™' structure cannot
be resolved, because both interactions belong to a;
orbital symmetry. In contrast, the analysis of the Dyy-
symmetric structure of Ag(C2H,),™ assigns the metal s
orbital to a;g and the metal p, orbital to by,. Hence, the
energy contributions of each orbital type become acces-
sible.

Molecular Geometries and Bond Energies

In this section, we report the calculated structures
and energies of the ML,™ complexes (M = Cu, Ag, Au;
L = P4, CoH4). Table 1 shows theoretically predicted
molecular structures of M(P4)," and M(C,H,),™ calcu-
lated using gradient-corrected density functional theory
(DFT) at the BLYP level”18 and very large basis sets
within the nonrelativistic (NR) and relativistic (R)
approaches,® as implemented in the Amsterdam Den-
sity Functional program package (ADF).2° Figure 2
displays the NR and R structures of the gold complexes.
Structures calculated at the B3PW91 level using a
relativistic effective core potential?! are also presented
in Table 1 for comparison. Since the Do,- and Doyg-
symmetric isomers are found to have the same energy,
we will focus in the discussion on the D,y isomers.?2 The
computed structures of Ag(P4)." are in good agreement
with experimental structures;’ the consideration of
exact exchange improves the calculated bond distances
between the metal-bound phosphorus atoms.

The calculations show that the Au—P bonds (NR: 2.74
A, R: 2,50 A) contract strongly due to relativity and
become shorter than the Ag—P bonds (NR: 2.66 A, R:
2.57 A). Relativistic metal—ligand bond contractions are
well documented and arise from the reduction of kinetic
energy.?® As a secondary effect, we observe that the P—P
bond between the metal-bound phosphorus atoms is
elongated due to relativity; for instance, the P1—-P2
distance in the gold complexes is predicted to increase
from 2.37 A (NR) to 2.45 A (R). The same tendency of
the interatomic distances holds for the ethylene com-
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Table 1. Calculated Bond Distances (in A) in P, and M(P.)," (D2n) with M = Cu, Ag, Au
Py Cu Ag Au
level of theory P—-P M-P1 P1-P2 P1-P3 P3-P4 M-P1 P1-P2 P1-P3 P3-P4 M—-P1 P1-P2 P1-P3 P3—-P4

BLYP/IV'NR 2217 2371  2.382 2.207 2249 2657  2.365 2.204 2250  2.743  2.367 2.204 2.251
BLYP/IV'R 2218 2349  2.387 2.208 2250  2.567  2.390 2.206 2.250 2503  2.446 2.210 2.253
B3PWO1/XXL 2.197 2.361 2.342 2.181 2223 2569  2.343 2.179 2224 2492  2.399 2.182 2.227
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Figure 2. Structures of Au(P4);" and Au(C,H,)>" (D2n
symmetry) predicted by nonrelativistic (NR) and relativistic
(R) density functional calculations at the BLYP level.

Table 2. Calculated Bond Distances (in A) in C,H,
and M(C;Hy),t (D2n) with M = Cu, Ag, Au

C2H4 Cu Ag Au
level of theory C-C M-C C-C M-C C-C M-C C-C

BLYP/IV'NR 1.319 2.154 1.350 2.447 1.342 2532 1.343
BLYP/IV'R 1.319 2.130 1.351 2.362 1.347 2.284 1.361
B3PWO1/XXL 1.327 2.130 1.356 2.351 1.354 2.270 1.368

Table 3. Calculated Stabilization Energies, M* + 2
P, — M(P4)2t (M = Cu, Ag, Au, in kcal/mol)

level of theory Cu Ag Au

BLYP/IV' NR —110.7 —68.7 —63.8
BLYP/IV'R —119.8 —85.4 —135.4
B3PW91/XXL —105.2 —77.2 —123.5

plexes. This is shown in Table 2. The metal—C bonds
are shortened and the C—C bond in each ethylene ligand
is elongated, compared to the nonrelativistic bond
lengths.

The calculated coordination energies (reaction ener-
gies of M™ + 2 L — ML,") are given in Tables 3 and 4.
Comparison of DFT-calculated energies with experi-
mental values available for ethylene complexes shows
good agreement, as discussed earlier.>716 Relativistic

Table 4. Calculated Stabilization Energies, M* + 2
CoHs — M(C3Hy)2™ (M = Cu, Ag, Au, in kcal/mol)

level of theory Cu Ag Au

BLYP/IV' NR —95.7 —59.9 —55.7
BLYP/IV' R —103.3 —73.0 —114.4
B3PW91/XXL —96.4 —-71.0 —112.1

effects stabilize the metal—ligand bonds concomitantly
with the metal-P and metal—C bond contraction.??
While the silver cations with P4 ligands were denoted
“superweak complexes”,>24 we predict relativistic coor-
dination energies AE of —120, —85, and —135 kcal/mol
with M = Cu, Ag, and Au, respectively (Table 3). Hence,
the copper and gold congeners are significantly more
stable than the experimentally known Ag(P,)," cation
and should be interesting targets for synthesis. The
bonds to the ethylene ligands are weaker than those to
the phosphorus ligands by 16, 12, and 21 kcal/mol with
M = Cu, Ag, and Au, respectively, but show the same
trend in stability within the group 11 triad (Table 4).

Importance of Metal (n—1)d, ns, and np Orbitals

We now analyze the nature of the metal—ligand bond
in the ML,* complexes by partitioning the interaction
energy AEin between M* and (L), into three contribu-
tions: repulsion between metal and ligands due to the
Pauli principle AEpayi, electrostatics AEgst, and stabiliz-
ing orbital interactions AEq, (AEint = AEeist + AEpauii
+ AEom). In particular, we will use the high symmetry
(D2n) of the ML, species to reveal the energy contribu-
tions from the involvement of metal (n—21)d, ns, and np
orbitals. The strength of the analysis, which was
pioneered by Morokuma and by Ziegler and Rauk,® is
that chemical intuition is readily translated to a pro-
found description of the chemical bond.

To explore the interplay between relativistic effects
and geometric changes, we have investigated the gold-
(1) complexes in two steps (Table 5). First, relativistic
effects are switched on, but the nonrelativistic geometry
is maintained. This corresponds to the R/NR entries
in Table 5. Second, the changes in the energy contribu-
tions upon geometrical relaxation are considered (entry
R in Table 5). The calculations indicate that relativistic
corrections to the contributions from Pauli repulsion
(AEpaui) and electrostatics (AEgst) predicted using the
nonrelativistic geometries of Au(P4),™ are nearly equal,
whereas the orbital interactions show a strong stabiliza-
tion. Structural changes then lead to a large increase
of electrostatics and a noticeable increase of the stabiliz-
ing orbital interactions. The concomitant increase of
Pauli repulsion, however, results in a small net stabi-
lization of the metal—P4 bonds due to geometric relax-
ation by only 10 kcal/mol. Hence, the results presented

(24) Loss of translational and rotational entropy of the formally
trimolecular reaction corrects the free energies by approximately 15
kcal/mol at 298 K. For instance, the entropical change AS of the
reaction Ag* + 2 P, — Ag(P4)." is calculated to be AS = —50.9 cal/mol
K.
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Table 5. Energy Decomposition of the M—P, Bonds in M(P,).* (D2n) at the BLYP/IV' Level (energies in

kcal/mol?)
Cu Ag Au

contribution NR R NR R NR R R//INR

AEgr 8.0 8.5 6.6 8.4 6.8 13.1 6.7
AEpauii 147.7 158.4 110.1 145.8 114.7 246.1 106.0
AEeist —134.4  —1449 —94.7 —125.3 -97.1 —213.1 —99.2
AEor —-132.1 —141.9 —90.7 —114.3 —88.5 —181.5 —137.4
AEorb(T3) aug (S, dyr—y2, dz2) —56.7 —-61.9  —43.9 -56.8 —46.5  —100.2 —90.2
b1y (P2) —20.7 -215 -155 -176  —13.7 —22.1 -17.0

bag (dxz) —21.2 —23.2 -9.9 —13.6 —8.9 —23.4 —-10.0

bau (Px) —17.0 -17.7 —-11.0 -13.1 -9.7 —17.4 —-10.3

bau (py) —6.5 -6.9 —4.0 —4.9 -35 —6.6 -34

bag (dyz) —-5.6 —-5.9 -3.6 -45 -3.4 -6.4 -3.7

b1g (dxy) -3.0 -3.2 -1.9 -25 -1.8 —-3.8 -1.9

aw (-) -15 -15 -1.1 -1.3 -1.0 -1.6 -0.9

AEint = AEpauii + AEeist + AEor —118.7 —128.3 —-75.3 —93.8 —70.6 —148.5 —130.5
AE = AEgy + AEint —-110.7 —119.8 —68.7 —85.4 —63.8 —135.4 —123.8

aBold: Contributions of the irreducible representations T’ to the stabilizing orbital-interaction energy AEw: T, metal orbitals involved
(in parentheses), and energy AEqm (I) in kcal/mol. The R//NR entry refers to relativistic calculations using nonrelativistic structures.
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Figure 3. Interactions of symmetry orbitals in M(P4),"
and M(C,Hy),*. The bg, contribution (red) is essentially

absent in the ethylene complex.

in Table 5 warrant a conclusive comparison of the
orbital interactions at the nonrelativistic and relativistic

levels.

The decomposition of the orbital interactions into
symmetry orbitals is of particular interest, because the
contributions involving the metal (n—1)d, ns, and np
orbitals to the orbital interaction energy become acces-
sible. Table 5 presents the results of the analysis of
M(P4)2" (M = Cu, Ag, Au). The most important sym-
metry orbital interactions are displayed in Figure 3, and
their energy contributions are plotted in Figure 4. We
focus in the discussion first on the tetrahedro-phospho-
rus complexes of gold(l) represented by triangles in
Figure 4. The empty symbols in Figure 4 correspond to
nonrelativistic calculations, and the filled symbols cor-
respond to relativistic calculations. The relativistic
calculations show that o donation from P4 into the metal
6s orbital (aig, gray)?® causes only half of the stabilizing
orbital interactions in the gold(l) complexes, followed

(25) Note that the (n—1)d,> and (n—1)d,>-,2 orbitals also have a4
orbital symmetry. These orbitals are occupied and a respective
symmetry-adapted linear combination of ligand orbitals is not avail-

able.
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Figure 4. Contributions from symmetry orbitals to the
stabilizing orbital interactions (in kcal/mol) in M(P4),"
(triangles) and M(C,H,)," (balls). Full symbols correspond
to relativistic calculations (R); empty symbols correspond
to nonrelativistic calculations (NR).

by an unexpectedly large amount of 5d1%-closed-shell 7
back-donation into o*(P—P) orbitals (byg, green), by o
donation from P4 into the metal 6p; orbital (b, blue),
and by s donation from from P, into the metal 6py
orbital (bs,, red).

The results given in Figure 4 reveal a relativistic
increase of the interactions within each orbital sym-
metry, but to a different extent. Electron back-donation
from the metal 5dy, orbital (bag, green) shows the largest
relative energy gain due to relativistic effects (62%),
followed by donation into the vacant metal 6s orbital
(ai1g, gray, 54%) and by donation into the vacant metal
6p orbitals (bs,, red, 44% and by, blue, 38%). To
elucidate this finding, we have calculated the frontier-
orbital energies of the metal cations (Figure 5). Today
it is known?3 that the speed of electrons in the 1s and
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Table 6. Overlap Integrals between Ligand and Metal Orbitals in M(P4)>"

Cu Ag Au
T overlap NR R NR R NR R R/INR
aig HOMO—1|nsO 0.414 0.418 0.366 0.389 0.350 0.413 0.348
b1y [HOMO|np, 0.378 0.375 0.374 0.388 0.387 0.433 0.419
bzg [LUMO-+1|(n—1)dy, [ 0.109 0.111 0.107 0.120 0.112 0.156 0.115
bau (HOMO—9|npy0] 0.485 0.489 0.407 0.427 0.395 0.432 0.345
erey O Ag* Au* sensitivity of & interactions to the molecular structure
NR R NR R NR R may be rationalized by the fact that x interactions
T = = = = s = byandby require shorter interatomic distances than do ¢ interac-
BT 4 4 P 6 tions.26
10 A comparison of the bond-energy contributions in the
i = — Au(CyH4),™ complex and its 2-P4 counterpart indicates
1 = _ 5 6 arg a striking similarity. An exception is the missing
A4+ 4 4 = contribution from ethylene orbitals into the metal npy
Prai 6s orbital (bsy, red). A bz, linear combination of occupied
+ ethylene orbitals is not available (Figure 3), resulting
-18 T in a very small bz, component (red circles in Figure 4).

= vacant orbital
— occupied orbital

Figure 5. Calculated frontier-orbital energies of the metal

cations (in eV). For frontier-orbital energies of the ligands,
see Supporting Information.

2s orbitals close to the nucleus reaches the magnitude
of the speed of light, leading to a contraction of these
orbitals. As a secondary effect, arising from the fact that
the outer s electrons have appreciable density near the
nucleus and are shielded more poorly by valence and
outer core d and f shells, the outer s orbitals such as 6s
contract as well and are thus stabilized. A tertiary effect
is the stronger shielding of the nuclear charge by the
electrons in contracted s orbitals. The 5d orbitals
experience a smaller nuclear charge than they would
in the absence of relativity. Hence, they expand and
their energy levels rise. 6p orbitals become slightly more
stable (Figure 5).

When evaluating relativistic effects on the stabilizing
orbital interactions, one has to consider whether the
respective orbitals are donor or acceptor orbitals. Figure
5 shows that the lowering of the 6s-orbital-energy level
of gold(l) is particularly strong, resulting in its greater
electron-acceptor ability and therefore in a large energy
increase of the interactions of this orbital (aig, gray,
Figures 3 and 4). It is interesting to note that the energy
level of the 5dy, donor orbital rises only slightly, but the
corresponding interaction shows the largest relative
increase due to relativistic effects. This remarkable
result points to the importance of the overlap between
metal and ligand orbitals (Table 6), in addition to the
energy levels of the orbitals. While all overlap integrals
listed in Table 6 increase due to relativity, the largest
relative change in the overlap integrals is indeed
observed for [n—1)dy,|LUMO-+100f b,y orbital sym-
metry. Note that the d orbitals expand, increasing their
overlap with the ligands.

In the case of the byg and bs, interactions, we observe
a considerable effect of a geometric change on the energy
(see entries R//NR and R in Table 5). This is evident
from a comparison of the relativistic calculations of the
energy contributions and overlap integrals using the
nonrelativistic and relativistic geometries of Au(Pg)2"
(R//INR and R entries in Table 5). Note that both byg
(green) and bg, (red) are « interactions (Figure 3). The

Analyzing the orbitals reveals that the donor orbitals
of (P4)2 (i.e., those involved in ayg, b1y, and bsy) mainly—
but not only—consist of p orbitals of the proximal
phosphorus atoms (P1, P2, P5, P6). They also contain p
orbitals of the distal phosphorus atoms (P3, P4, P7,
P8).27 In contrast, the by, acceptor orbital of (P4).
corresponds to the o* bonds between the proximal P
atoms. This effect leads to the interesting phenomenon
that the calculated atomic charges at the distal P atoms
in Au(P,4)2* are more positive than those at the proximal
p_28

Comparison of CulL,*, AgL,", and AuL,*

We now compare the bonding in the experimentally
known Ag(P4)." cation! to that in the copper and gold
analogues. The calculations reveal a nearly quantitative
match of the bond-energy contributions in the nonrela-
tivistic silver and gold complexes, indicating that the
differences between Ag(P4).™ and the heavier congener
can be attributed to relativity (Figure 4). Even in the
lighter copper and silver species, Cu(P4)," and Ag(P4).™,
the relativistic corrections to the bond energies are
found to be as large as 9 and 17 kcal/mol, respectively
(Table 3).

The copper-phosphorus complex is predicted to be
much more stable than the parent silver cation (Table
5). The analysis of Cu(P.).* reveals that the b,y interac-
tions involving the 3dy, orbital of Cu™ are particularly
large, much larger than the corresponding interaction
in Ag(P4)2". This is a remarkable result. 3d orbitals are
the first orbitals of this type, and inner d orbitals to
which the 3d orbitals must be orthogonal are not
present. Hence, 3d orbitals penetrate deeply into the
core region. The smaller size of the 3d orbitals led to
the suggestion that first-row transition metals form
weaker bonds to ligands because of the smaller overlap
of ligand orbitals with the metal 3d orbitals compared
to that with the 4d orbitals of second-row transition
metals. This suggestion became a central hypothesis of
a textbook.?® Our analysis of highly symmetric com-

(26) For example, see: Deubel, D. V.; Frenking, G.; Senn, H. M.;
Sundermeyer, J. Chem. Commun. 2000, 2469.

(27) See Supporting Information for details.

(28) Calculated Hirshfeld charges (Hirshfeld, E. L. Theor. Chim.
Acta 1977, 44, 129): In Au(P4).", Au 0.20, proximal P 0.08, distal P
0.12. In Au(CzHy)2", Au 0.41, each C,H,4 0.29.
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plexes provides a critical assessment of the hypothesis
in the case of late metal complexes. We have calculated
the overlap integrals [(n—1)dy,|LUMO+1)Cbetween the
metal dy; orbital and the corresponding ligand orbitals
(b2g); the results are collected in Table 6. In contrast to
the textbook hypothesis, we demonstrate that these
overlap integrals in the copper and silver compounds
are essentially equal. This may be attributed partly to
the larger P—Cu—P angle (61°) in comparison with the
P—Ag—P angle (55°), arising from the fact that the Cu—
ligand distances are shorter than the Ag—ligand dis-
tances. A large P—metal—P angle likely favors the
overlap of the corresponding o*(P—P) orbitals with the
90° lobes of the metal dy, orbital. The orbital-energy
levels displayed in Figure 5 show that the 3d orbitals
of Cu™ are significantly higher in energy than the 4d
orbitals of Ag*. Because there are no nodes in the 3d
shell, the electron—electron repulsion in this shell of Cu*
becomes unusually strong and increases the orbital
energy compared to that of the 4d shell of Ag*™. There-
fore, copper(l) becomes a better back donor than silver-
(1), as reflected by the strength of the b,y interactions.
Note that earlier transition metals with a partial
occupation of 3d orbitals may form weaker bonds to
ligands than do their 4d congeners, because (vacant) 3d
orbitals, which are higher in energy than the 4d orbitals,
are weaker acceptor orbitals. However, these weaker
bonds are unlikely caused by smaller overlap integrals.

Preliminary calculations show that the periodic trends
can be extrapolated from Ag(CzHs)." and Au(CoHg4)2™
to the ethylene complexes of the transactinide cation
unununium(l) (Uuu, element 111) in an analogue
6d107s0 (1Sy) state. However, the large relativistic
stabilization of the 7s orbital of Uuu™ leads to a different
ground state. The ground state of Uuu™ is 6d87s? (3D,),
which is lower in energy than the 6d197s° (1S,) state by
4.73 eV (109.0 kcal/mol). This was shown by four-
component relativistic coupled cluster calculations of
Uuu™ ions.3 The structural and electronic properties
of superheavy element organometallics probably do not
fit the scheme derived here for the complexes of coinage-
metal cations. Extrapolating chemically relevant trends
such as orbital-energy levels may lead to a different
chemistry.

Conclusions

Density functional calculations have been carried out
to predict and rationalize the factors governing periodic
trends in the involvement of (n—1)d, ns, and np orbitals
in metal—ligand interactions. Organometallics and
tetrahedro phosphorus complexes, M(5%-P,)," and
M(C2Hy),*, of the coinage metals, M = Cu, Ag, and Au,
have been selected due to a historical and current
interest in these compounds. The Dy, point group of
these molecules allows for an analysis of symmetry
orbitals guided by chemical intuition.

The metal—ligand bonds in Au(n2-P4)," are stronger
than those in Ag(2-P4).*, which is attributed to rela-
tivistic effects. The bonding components of nonrelativ-
istic Au(2-P4)2" and Ag(2-P4)2" show an almost quan-
titative agreement. Relativistic effects increase the

(29) Gerloch, M.; Constable, E. C. Transition Metal Chemistry;
VCH: Weinheim, 1994.

(30) Eliav, E.; Kaldor, U.; Schwerdtfeger, P.; Hess, B. A.; Ishikawa,
Y. Phys. Rev. Lett. 1994, 73, 3203. 2469.
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relative contributions to the orbital-interaction energy
in the following order: electron donation (from ligands)
into metal np acceptor orbitals < donation into metal
ns acceptor orbitals < back-donation from (n—21)d orbit-
als. This result can be understood by considering (i) the
occupation of the metal orbitals, i.e., whether they are
involved in donation or back-donation, (ii) the change
in their energy due to relativity, e.g., 6s orbitals are
strongly stabilized and 5d orbitals are destabilized, and
(iti) the change in their size, e.g., the relativistic
expansion of 5d orbitals increases their overlap with
ligand orbitals. The relativistic stabilization of the ns
orbitals and the destabilization of the (n—1)d orbitals
continues to the group 11 transactinide cation unu-
nunium(l). However, this extrapolation of trends leads
to a ground state of Uuu™ that is different from 6d07s0,
implying an entirely different chemistry of the super-
heavy element cation.

The metal—ligand bonds in Cu(y2-P4)," are also
stronger than those in Ag(n?-P4)2". This result is partly
attributed to the increase in the interactions involving
3d orbitals. Following textbook suggestions, one would
have anticipated that the bond energies in 3d element
complexes are smaller than those in 4d element com-
plexes due to a smaller overlap between 3d and ligand
orbitals. In contrast, our guantum-chemical calculations
reveal similar overlap integrals in the case of 3d and
4d metals. A significant increase of the 3d orbital energy
level in Cu* (relative to that of 4d in Ag*) enhances
electron back-donation from the occupied 3d orbital of
copper(l) to the ligands. This higher energy level of 3d
orbitals relative to 4d is likely the reason for smaller
bond energies of earlier first-row transition metal
complexes, when 3d orbitals are vacant and become
weaker acceptor orbitals.

Our analysis demonstrates a similarity of ethylene
and white phosphorus as 7?2 ligands consistently through-
out the coinage-metal triad. The main differences are
an additional symmetry-adapted linear combination of
phosphorus orbitals interacting with the metal and the
involvement of the distal phosphorus atoms in electron
donation to the metal. In future studies, we intend to
analyze metal complexes with several organic and
inorganic ligands, aiming at a quantitative interpreta-
tion of isolobal analogy based on symmetry orbitals and
their energy contributions.

Computational Methods

General Procedure. Geometry optimizations and energy
calculations were performed at the gradient-corrected density
functional theory (DFT) level using Becke's exchange func-
tional'” and Lee, Yang, and Parr's® correlation functional
(BLYP) as implemented in the Amsterdam Density Functional
2000 program (ADF). Uncontracted Slater-type orbitals (STOs)
were used as basis functions.! The valence basis functions at
Cu, Ag, and Au have triple-¢ quality, augmented with a set of
p functions. The valence basis set at P has triple-¢ quality,
augmented with a set of d and f functions. The valence basis
set at the other atoms has triple-{ quality, augmented with a
set of d functions. The (1s)? core electrons of C, the (1s2s2p)*°
core electrons of P, the (1s2sp3spd)?® core electrons of Ag, and
the (1s2sp3spd4spd)?® core electrons of Au were treated within
the frozen-core approximation.3? This basis-set combination is

(31) Snijders, J. G.; Baerends, E. J.; Vernooijs, P. At. Data Nucl.
Tables 1982, 26, 483.
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denoted IV'. Geometry optimizations and energy calculations
were also carried out using Becke's DFT—Hartree—Fock hy-
brid method,*? which includes Perdew and Wang's correlation
functional®* (B3PW91) as implemented in Gaussian 98 (G98).3°
An energy-consistent scalar-relativistic small-core effective
core potential (ECP)%! with the corresponding basis set fully
decontracted and augmented with a set of f functions®® was
employed for the metals, while the basis sets 6-311+(3df) and
6-311+(2d,p) were used at phosphorus and at the other atoms,
respectively. This basis-set combination is denoted XXL. The
stationary points calculated at B3PW91/XXL were character-
ized by zero imaginary frequencies. Additional calculations at
various levels of theory using the ADF and G98 programs were
reported in the Supporting Information of ref 7.

Consideration of Relativistic Effects. Evaluating the
time-independent Dirac equation:®’

(cop + fmc® + V)y = Ey (1)

in 2 x 2-block-diagonal form, gives the relation between the
small component s and the large component y, of the Dirac
spinor y as the branching point of the first-order method (FO)3®
and the zeroth-order regular approximation (ZORA):*°

Ps = (2mc® + E — V) *copy, = A copy, 2)

Factoring out (2mc?)~t and expanding in first-order leads
to the FO approach:

A= (2mc2)‘1(1 +E- \2’)*l ~ (2mc2)‘1(1 _E- \2/) 3)
2mc 2mc

and to the Pauli equation:

(32) Baerends, E. J.; Ellis, D. E.; Ros, P. Chem. Phys. 1973, 2, 41.

(33) Becke, A. D. J. Chem. Phys. 1993, 98, 5648.

(34) Perdew, J. P.; Wang, Y. Phys. Rev. 1992, B45, 13244.

(35) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E;
Robb, M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A;;
Stratmann, R. E.; Burant, J. C.; Dapprich. S.; Milliam, J. M.; Daniels,
A. D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.;
Cossi, M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford,
S.; Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma,
K.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.;
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T. A,; Al-Laham, M. A.; Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.;
Challacombe, M.; Gill, P. M. W.; Johnson, B. G.; Chen, W.; Wong, M.
W.; Andres, J. L.; Head-Gordon, M.; Replogle, E. S.; Pople, J. A.
Gaussian 98; Gaussian Inc.: Pittsburgh, PA, 1998.
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with the Schrodinger Hamiltonian (p%2m + V) and the spin—
orbit, mass-velocity, and Darwin corrections. The latter two
terms are denoted scalar-relativistic corrections. The first-
order results can significantly be improved by a quasi-
relativistic approach (QR),%® where the energy corrections
consider relativistic changes in electron density. However, in
the case of the singular Coulomb potential, the expansion in
(E — V)/2mc? diverges near the nucleus.’® This can be
circumvented by using the zeroth-order regular approximation
(ZORA),*® which is obtained from eq 2 by factoring out (2mc?
— V)™t and expanding in zeroth order:

Ayoma = (2me? — V)’l(l + L)_l ~ (2me? — V) !
2m V
(5)

¢ —

In the present work, the scalar-relativistic ZORA method
was utilized and the results were compared to those from
nonrelativistic calculations. Spin—orbit effects were considered
by ZORA energy calculations of the gold(l) complexes using
the scalar-relativistic geometries, showing that these effects
are very small (<2 kcal/mol). Unless otherwise mentioned,
“relativistic effects” refer to the differences between the NR
and scalar-relativistic ZORA results calculated at the BLYP/
IV' level using the ADF program.

Bonding Analysis. The decomposition of the metal—ligand
bond energies was examined using an energy-decomposition
scheme.8949 The ML,* molecules were divided into the M* and
L, fragments. The stabilization energy AE is partitioned into
the two contributions strain energy, AEg,, and interaction
energy, AEin

AE = AEstr + AEint (6)

The strain energy AEg is the difference between the energy

of the isolated fragments in the geometry of ML, and their

energy in the equilibrium geometry of M* and L,. AEint

represents the energy of interaction between the fragments

in the complex geometry and can in turn be partitioned into
three components:

AEint = AEelst + AEPauli + AEorb (7)

AE.ist gives the electrostatic interaction energy between the
fragments, which is calculated with a frozen electron-density
distribution in the TS geometry of ML,". AEpaui is the
repulsive interaction energy between the fragments that is
caused by the fact that two electrons with the same spin cannot
occupy the same region in space. AEpaui is calculated by
enforcing the Kohn—Sham determinant which is the result of
the two superimposing M* and L, fragments to obey the Pauli
principle through antisymmetrization and renormalization.
Finally, the orbital-interaction term AE,, is calculated with
the Kohn—Sham orbitals relaxing to their optimal form. This
scheme may also be applied to transition states.** AE,m can
be partitioned into the contributions from the irreducible
representations TI'i.
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