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The binuclear gold phosphorus ylide complexes [Au'»(CH,PH,CH,),] (1), [Au",X,(CH,PH,CH,),]
(X = CI (2a), Br (2b), I (2¢)), [Au™,X4(CH,PH,CH,),] (X = Cl (3a), Br (3b)), and [Au'Au™"X,-
(CH,PH,CH,),] (X = ClI (4a), Br (4b)) were explored using density functional theory and ab initio methods.
The use of methods, basis sets, and substituent effects confirmed our calculations. The analyses on their
electronic structures reveal that two- and four-electron oxidation from 1 to 2—4 mainly occurs at the
gold centers, resulting in their different coordination geometry features and metal—metal interactions as
well as spectroscopic properties. Bond-order and frequency calculations provided the evidence for the
weak Au—Au bonding interaction in 1, 3, and 4 and an approximate Au—Au single bond in 2. Unrestricted
MP2 calculations showed that the triplet excited-state structures of 1, 2a, and 3a are minimum points on
the potential energy surface. Upon excitation, the Au—Au distances of 1 and 3a shorten while that of 2a
increases. This is closely correlated with the promotion of electrons into the bonding or antibonding

orbitals of the gold centers.

Introduction

Gold is a very special element and has some unique and even
extreme chemical properties.'™ It displays different oxidation
states, oxidation potentials, coordination numbers, and coordina-
tion geometries.'™ The molecular chemistry of gold is domi-
nated by the complexes of the I and III oxidation states."> The
former are generally found to be two-coordinate with a linear
geometry of two donor atoms. In this kind of complex, two or
more closed-shell Au' cations, having distances slightly above
that in gold metal, often form aggregates,® and the Au—Au
bonding energies are comparable to that of a strong hydrogen
bond,*® despite the fact that both atoms carry charges of the
same sign and have no valence electrons to make covalent
bonds. However, the Au—Au single bond appears in bi- or
polynuclear Au™ complexes because of the d°—d’ interactions.
It was proved that these complexes exhibit a square-planar
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tetracoordination geometry.g’” Au', Au™, and the rare Au"
cations are strong acceptors for nucleophiles. Their extreme
Lewis acid behavior is perhaps most obvious from the spec-
tacular finding that these cations can even bind the rare gas
xenon in their first coordination sphere.?*®* This has hitherto
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not been observed for any other metal. These discoveries showed
that the (multi)cations of gold, the most electronegative of the
metals, are also the most powerful acceptors.'™

A large number of complexes involving gold atoms in various
oxidation states, bound by diverse ligands, have been synthe-
sized and structurally characterized."*'* Special attention has
been focused on the binuclear gold phosphorus ylides.'*'® The
oxidation of the binuclear Au' ylide [Aua(CH,PR>CH»),] (R =
alkyl, aryl) with X, (X = CI, Br) occurs stepwise to give Au"
and Au™ products. The structures of these complexes have been
confirmed for a variety of alkyl substituents and halogens. Upon
oxidation of gold from I to II to III, the Au—Au distance changes
from 3.0 to 2.6 to 3.1 A.'>'® An interesting aspect of the
chemistry of binuclear Au'"" tetrahalide species is their two-
electron reduction, which can lead to Au" products or mixed-
valence Au/Au"™ species, depending on the reducing agent.'®>'
Additionally, the isomerization of the isoelectronic Au"/Au"
and Au/Au™ complexes has been found through an intramo-
lecular dis- or comproportionation process.'®'? Despite their
interesting structural and chemical properties, few theoretical
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studies have been attempted on the series of ylide complexes
of gold in the I, II, and III oxidation states.*>

At present, quantum chemistry methods are advanced and
efficient enough to explore the electronic properties of transition-
metal complexes.>* ¢ It is possible to perform systematic
theoretical studies on the electronic structures and spectroscopic
properties of metal complexes. To understand the similarities
and differences in the chemical properties of binuclear gold
complexes with different oxidation states, we theoretically
investigated the ground and excited states of [Aus-
(CH,PH,CH,),] (1), [Au",X,(CH,PH,CH>),] (X = Cl (2a), Br
(2b), T (2¢)), [Au™,X4(CH,PH,CH,),] (X = CI (3a), Br (3b))
and [Au'Au™X,(CH,PH,CH,),] (X = Cl (4a), Br (4b)).
Spectroscopic properties, including vibrational and electronic
spectra, are presented in the work.

Computational Details and Theory

In the calculations, we used an H atom to represent the R (R =
Me, Et, Ph) group bonding to the real ligand (CH,PR,CH,). This
kind of simplification has been successfully applied in previous
works.>°22¢ Here, we also performed the substituent-effect calcula-
tions on [Au'>,(CH,PR,CH,),] (R = H (1), Me (1-Me), Ph (1-Ph))
to test the simplification.

We employed the second-order Mgller—Plesset perturbation
(MP2)*” and density functional theory (XaVWN)?® methods to
optimize the structures of 1—4 in the ground states. It has been
well-established that the transition energies calculated by the time-
dependent density functional theory (TD-DFT) method are com-
parable in accuracy to those calculated by the higher-level
configuration interaction methods.* On the basis of the ground-
state structures of 1—4, the TD-DFT method was used to predict
the absorption spectra. Considering the influence of solvent
molecules on the electronic spectroscopy of complexes, as indicated
in the previous works,>*? we employed the polarized continuum
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model (PCM) in the self-consistent reaction field (SCRF)>° method
to account for the solvent effect of acetonitrile. Optimizations on
1, 2a, 3a, and 4a in the triplet excited states were performed at the
unrestricted MP2 (UMP2) level. Two lower energy triplet excited
states were probed for 1, and only the lowest energy triplet excited
state was studied for 2a and 3a; however, many attempts made to
study the triplet excited states of 4a are not successful. Herein, C;
symmetry was adopted to settle the conformations of 1 and 2 and
C, symmetry for 3 and 4.

We performed calculations using Hay and Wadt™® effective core
potentials (ECPs) for Au, I, Br, Cl, and P. The LANL2DZ basis
sets associated with the ECPs were employed. The 6-311G* basis
sets were used for the C atom. In order to better describe the
molecular properties, an additional function was implemented for
Au (o = 0.18, 1.19), I (04 = 0.266), Br (g = 0.389), Cl (aq =
0.514), and P (o = 0.34).>7-? Therefore, two types of basis sets,
with one and two Au f functions, respectively, were used in the
calculations. All the calculations were carried out by using the
Gaussian03 program package.?®

Results and Discussion

1. Ground-State Properties. a. Effects of Methods,
Basis Sets, and Substituents. To test the effects of methods,
basis sets, and substituents on the molecular structures, the
complexes [Au’,(CH,PR,CH,),] (R = H (1), Me (1-Me), Ph
(1-Ph)), in the ground states were optimized using MP2 and
XoVWN methods with the 1f and 2f basis sets. In the work,
the 1f and 2f basis sets refer to one and two f-type polarization
functions augmented for the Au atom, respectively.

In S-Table 1 (Supporting Information), the comparison
between 1f and 2f basis sets at the MP2 level indicates that the
introduction of the polarization functions increases the Au—Au
aurophilic attraction. The Au—Au distance calculated at the
MP2-2f level is ca. 0.03—0.04 A shorter than that at the MP2-
1f level for 1, 1-Me, and 1-Ph. For the methods MP2-2f and
XaVWN-2f, the latter favors shorter Au—Au distances. With
respect to the displacement of the R (R = Me, Et, Ph) group
with the H atom, the calculated Au—Au distances at the MP2-
1f level are 2.993, 2.989, and 2.963 A for 1, 1-Me, and 1-Ph,
respectively, close to the experimental values of 3.023 A for
1-Et'** and of 2.977 A for 1-Ph.'*® Although some differences
between the calculations at the MP2-2f and XatVWN-2f levels
and experimental results were found, the substituent approxima-
tion is acceptable in the paper. Therefore, the results as shown
in the S-Table 1 confirm the rationality of methods, basis sets,
and substituent simplifications used in the paper.

b. Geometry Structures. In this work, the geometries of
eight gold complexes with different oxidation states, 1, 2a—c,
3a,b, and 4a,b, in the ground states were optimized at the MP2-
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X =Cl (3a) and Br (3b)

X = Cl (4a) and Br (4b)

Figure 1. Structures of [Au'»y(CH,PH,CH,),] (1), [Au",X,(CH,-
PH,CH,),] (X = CI (2a), Br (2b), I (2¢)), [Au",X,(CH,PH,-
CH,),] (X = CI (3a), Br (3b)), and [Au'Au"X,(CH,PH,CH,),]
(X = Cl (4a), Br (4b)).

1f, MP2-2f, and XatVWN-2f theory levels. Their structures are
presented in Figure 1 with the depicted coordination orientation.
Selected results from the geometry optimizations are sum-
marized in Table 1, along with X-ray crystallographic data.'>'®
According to Table 1, similarities and differences are found
between the calculated and experimental values. For 1, the
calculated Au(D)—Au(l) distance is 2.952 A at the MP2-2f level,
close to the experimental value 2.977 A for 1-Ph.'*® The 3.008
A C-+-C bite distance, being slightly more than the Au—Au
distance, and the 90.8° C—Au—Au angle, being slightly greater
than a right angle, indicate that the two Au(I) atoms tend to
approach each other. As shown in Table 1, the other geometry
parameters agree with the corresponding experimental values.
The largest difference is ca. 0.03 A for C—P in distances and
ca. 2° for C—P—C in angles. Each Au(I) atom exhibits linear
two-coordinated geometry with a 178.5° C—Au—C angle.

It is not difficult to see that, with the change in the Cl, Br,
and I ligands, the corresponding geometry parameters of 2a—c¢
vary regularly (Table 1). The optimized Au—Au distances at
the MP2-2f level are 2.585, 2.616, and 2.673 A, respectively;
the Au—X bond lengths of 2.402, 2.538, and 2.711 A correspond
to experimental values of 2.359, 2.516, and 2.693 A, respec-
tively.'® The calculated bond lengths of Au—C and C—P fall
within the range of typical values.'®'>'® With respect to those
of 1, the oxidation results in a large change of geometry
parameters for 2a—c. For example, the Au—Au distance shrinks
by ca. 0.37 A on going from 1 to 2a, the C-+-C distance
decreases by only 0.15 A, the C—P—C angle is reduced by ca.
8°, and the Au—C bonds are lengthened slightly (Table 1).

As seen in Table 1, the calculated geometry parameters of
3a,b in all three theory levels are close to those found
experimentally.'”" For 3a, the Au—Au distances fall within
the range of 2.99—3.08 A and the Au—Cl bond lengths range
from 2.29 to 2.33 A, in accordance with experimental values
of 3.06 and 2.36 A, respectively. The optimized results show
that two Au atoms and two bridging phosphorus ylide ligands
form an eight-membered-ring skeleton and two halide ions bond
to each Au atom. Each Au atom exhibits square-planar tetra-
coordination with two trans halogen atoms and two trans carbon
atoms from the phosphorus ylide ligands (Figure 1). Although
C, symmetry is assumed at the beginning of the optimization,
their steady-state geometries have quasi-Cp, symmetry. The
structures of 3a,b resemble those of trans-[Pt;X4(PH,CH,PH>);]
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Table 1. Optimized Geometry Parameters of 1—4 for the Ground States, together with the Experimental Values from X-ray Diffraction”

Au—Au Au—C C—P C---C Au—X C—Au—C X—Au—X C—Au—Au C—pP—-C

1 MP2-1f* 2.993 2.122 1.792 3.019 179.3 90.4 114.8
MP2-2f © 2.952 2.104 1.790 3.008 178.5 90.8 114.3
XoVWN-2f # 2.948 2.047 1.769 2.997 178.6 90.7 115.8
exptl (Ph) 2.977 2.088 1.763 179.0 89.7 113.0

2a MP2-1f 2.645 2.134 1.780 2.878 2.407 173.7 93.1 107.9
MP2-2f 2.585 2.117 1.778 2.857 2.402 172.6 93.7 106.9
XaVWN-2f 2.576 2.064 1.758 2.850 2.362 172.3 93.8 108.3
exptl (Et) 2.597 1.942 1.879 2.359

2b MP2-1f 2.674 2.137 1.781 2.884 2.545 174.4 92.8 108.2
MP2-2f 2.616 2.121 1.779 2.863 2.538 173.3 93.4 107.2
XaVWN-2f 2.603 2.066 1.758 2.857 2.505 172.9 93.5 108.7
exptl (Ph) 2.614 2.092 1.777 2.516 173.3 92.7 106.7

2¢ MP2-1f 2.723 2.140 1.782 2.895 2.717 175.4 92.3 108.6
MP2-2f 2.673 2.126 1.780 2.877 2.711 174.5 92.8 107.8
XaVWN-2f 2.645 2.068 1.759 2.868 2.679 173.8 93.1 109.2
exptl 2.650 2.693

3a MP2-1f 3.050 2.145 1.798 3.017 2.334 179.1 169.9 89.6 114.0
MP2-2f 2.996 2.131 1.797 3.006 2.325 179.7 169.1 90.1 113.5
XaVWN 3.076 2.074 1.776 2.996 2.292 177.8 172.3 88.9 114.9
exptl (Ph) 3.060 2.360

3b MP2-1f 3.046 2.151 1.798 3.020 2.481 179.3 164.6 89.7 114.2
MP2-2f 2.989 2.138 1.797 3.007 2471 179.5 163.6 90.2 113.6
XaVWN-2f 3.078 2.077 1.776 3.008 2.440 178.1 167.4 89.1 115.7
exptl (Ph) 3.075 2.135 1.810 2.426 178.6 164.3 90.1

4a MP2-1f 2.963 2.145/2.119 1.798/1.788 3.005 2.340 178.2/180.0 178.4 90.9/90.0 1139
MP2-2f 2913 2.130/2.100 1.797/1.787 2.993 2.330 177.1/179.6 178.9 91.4/90.2 113.2
XaVWN-2f 2.921 2.075/2.048 1.775/1.766 2.976 2.301 179.2/177.7 177.2 90.4/91.1 114.4

4b MP2-1f 2.951 2.151/2.119 1.799/1.789 3.009 2.482 177.9/179.7 177.5 91.1/89.8 114.0
MP2-2f 2.900 2.139/2.100 1.798/1.787 2.998 2471 176.8/179.8 178.0 91.6/90.1 113.5
XaVWN-2f 2912 2.077/2.048 1.775/1.766 2.976 2.447 178.4/178.4 176.7 90.8/90.8 114.4
exptl (Ph) 3.061 2.150/2.090 1.795 2.467 178.0 170.2 114.0

“ Distances are given in A and angles in deg. MP2-1f and MP2-2f refer to the MP2 method with the basis sets of Au (o = 0.2) and Au (o = 0.2,

of = 1.19). ” Experimental results from refs 15-18.

(X =CN7, Cl, Br), a series of binuclear platinum(II) complexes
with d®—d® electronic structures found in previous studies.?*?

It is found in Table 1 that the optimized geometry parameters
of 4a,b are somewhat different from experimental values.'8?
The calculated Au—Au distances at 2.90—2.96 A deviate from
the experimental values of ca. 3.06 A.'®* Qur calculated results
reveal that the ligand geometries about the Au centers are in
accordance with those expected for their respective d electron
counts. For 4a at the MP2-2f level, the Au(I) center exhibits
linear two-coordinated geometry with a 177.1° C—Au—C angle,
while the Au(IIl) center is approximately square-planar, as
reflected by the 179.6° C—Au—C and 178.9° C1—Au—Cl angles.

Optimizations on the gold complexes 1, 2a—c, 3a,b, and 4a,b
indicate that the agreement between the calculated results and
experimental values is very good in most cases, with both types
of methods. As stated in the literature,>’ this excellent agreement
should be attributed to a cancellation of errors. On one hand,
MP2 tends to overestimate the aurophilic interaction, but this
effect is counterbalanced by the incompleteness of the basis
sets (as evidenced by the large effect of adding a second f
function on Au). On the other hand, XaVWN does not properly
account for dispersion forces, but the systematic overbinding
associated with the LDA approximation produces appropriate
Au—Au distances.

c¢. Electronic Structures. With two- and four-electron oxida-
tion, 2—4 have geometry features different from those in 1 as
mentioned above. For example, the Au—Au separations of 1,
3, and 4 range from 2.90 to 3.05 A, much longer than those of
2: the Au centers exhibit linear two-coordinated and/or distorted
-square-planar geometries. These are elucidated by the electronic
structures of complexes. We give detailed information from the
MP2-2f calculations in S-Tables 2—9 (Supporting Information),
some of which are briefly illustrated in Figure 2. For the

coordinated orientation of the complexes, the z axis goes through
the two Au atoms and the Au,Cy unit lies in the xz plane, as
shown in Figure 1.

As seen from the tables and figures in the Supporting
Information, 1 possesses the greatest Au contribution in the
frontier molecular orbitals such as the HOMO of o*(s,d>—,2)
and the LUMO of z(p,). As stated in a number of literature
reports,®>’?32° 1 has a quasi-bimetallic d'°—d'® electronic
structure. However, because of the relativistic effects of the
heavy metal (the relativistic radial contraction and energetic
stabilization of the 6s and 6p shells and the relativistic radial
expansion and energetic destabilization of the 5d shell),?' some
electrons transfer from the closed-shell 5d'C orbital to the
original empty 6s and 6p orbitals, forming an Au
5d°736s%816p°! electronic configuration. Such a destruction of
the Au closed-shell structure is one of the predominant driving
forces to cause aurophilic attraction. That is, aurophilicity has
a dispersion nature.* The diffuse function (0. = 0.2) maximizes
the Au™ static polarizability and hence approximates the
dispersion interaction. Thus, the calculated 2.993 A Au—Au
distance of 1 at the MP2-1f level agrees well with the
experimental value of 2.977 A, due to the use of the diffuse
function. In addition, the compact function (o« = 1.19) is an
appropriate polarization function for describing the primary
covalent bonds to the gold. Indeed, the Au—C covalent bond
length is improved at the MP2-2f level and is closer to the
experimental value than that at the MP2-1f level when the
compact function is introduced. Pyykko and co-workers have
attributed the aurophilic attraction to correlation effects, strength-
ened by relativistic effects.®” We have predicted the Au—Au
bond order of 1 to be 0.018 in the NBO calculations. This

(31) Pyykko, P. Chem. Rev. 1988, 88, 563-594.
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Figure 2. Energy-level diagrams of frontier molecular orbitals of 1—4a.

confirms the weak aurophilic attraction. It should be emphasized
that the LUMO and LUMO++1 of 1 have s(p,) and o(sp,)
characters, respectively. These are similar to the orbital ar-
rangements of [Auy(SCC(CN),S),]*~ (5a) and [Aux(SC(S)S),1*~
(5b)°f but different from those of [Au,(PH,CH,PH,),]*" (6)
with a LUMO of o(sp,) and LUMO+1 of 7(p,) character.>*
Apparently, this is related to the bonding nature between the
metal and ligand atoms: namely, covalent C/S—Au bonds exist
in 1 and 5 and a dative P—~Au bond occurs in 6. According to
previous studies,?** 5 and 6 feature the lowest energy excited
states of *[0*(d2—2)7t(p,)] and *[6*(d2—2)o(p,)], respectively.
Therefore, we conjecture that 1 should have the lowest energy
3o*(de- 2)7t(py)] excited state, just like that of 5.

In the process of the reaction of 1 and halide to form 2, the
bonding interactions between the d,2—2(Au) and p,(X) orbitals
remove a majority of electrons from the filled 0*(d,2—2) orbitals
of 1. So 2 displays the HOMO of o(d,—x2)+0o(Au-X) and
LUMO of o*(d;z-2)+0*(Au-X) as shown in S-Tables 3—5
(Supporting Information). Consequently, the Au—Au distances
are greatly shortened in 2 relative to that in 1. Indeed, the
Au—Au bond orders of 2a—c were calculated to be 0.768, 0.721,
and 0.654, respectively, far exceeding the 0.018 value for 1. In
the three complexes, the different o-donating abilities of CI,
Br, and I result in different Au—Au distances. The calculated
results show that the trend in the Au—Au distances follows the
sequence Cl < Br < I, conforming to the Au—Au bond order
calculations. Similar cases were found in the complexes
[AuX5(SCC(CN)S), 1> and [PLX,(P,0sH,)a]*™ (X =1, Br,
Cl).IOc,BZ

In 1995, Mealli and co-workers™ investigated some qualita-
tive models of the weak M—M interactions between two stable
square-planar units or between the LsM and L,M units. They
found that the amount of mixing of metal p, and s orbital
characters in the critical filled MOs is of fundamental importance
for the M—M interaction. That is, the stronger the o donor
capabilities of the ligands, the smaller the residual s orbital
contribution and the weaker the M—M interaction will be. This
conclusion supports our present calculations. In the series of

(32) (a) Woollins, J. D.; Kelly, P. F. Coord. Chem. Rev. 1985, 65, 115—
140. (b) Clark, R. J. H.; Kurmoo, M.; Dawes, H. M.; Hursthouse, M. B.
Inorg. Chem. 1986, 25, 409-412. (c) Alexander, K. A.; Bryan, S. A
Fronczek, F. R.; Fultz, W. C.; Rheingold, A. L.; Roundhill, D. M.; Stein,
P.; Watkins, S. F. Inorg. Chem. 1985, 24, 2803-2808.

(33) Mealli, C.; Pichierri, F.; Randaccio, L.; Zangrando, E.; Krumm,
M.; Holtenrich, D.; Lippert, B. Inorg. Chem. 1995, 34, 3418-3424.

complexes 2a—c, the o donor capabilities increase on going
from Cl, to Br to I, which reduce Au s orbital mixing into the
HOMOs on going from 6.6% to 6.0% to 4.8%. Thus, the
Au—Au interactions are weakened along the complexes 2a—c,
reflected by the calculated Au—Au bond orders of 0.768, 0.721,
and 0.654 and Au—Au distances of 2.585, 2.616, and 2.673 A,
respectively.

Because of the further two-electron oxidation, o(Au—C) +
m(X) and 6(de2—2,dy) + 7(X) contribute to the HOMO and
LUMO of 3, respectively. These are similar to the LUMO
feature of 0(d2—2,dy) of trans-[Pt,X4(PH,CH,PH»),] (X = Cl,
Br).?*! The Au—Au bond orders in 3a,b are 0.034 and 0.029,
respectively, suggesting a weak metal—metal bonding interac-
tion. 4 and 2 are isoelectronic systems, except that the two
halogen atoms are bonding to one gold atom in the former and
two halogen atoms are bonding to two respective gold atoms
in the latter. As far as the total energies of these two types of
isomers are concerned, the type 4 complexes are more stable
than the type 2 complexes. For example, the total energies of
4a are 2.34 kcal/mol lower than those of 2a. Two different
chemical environments for Au atoms in 4 cause their electronic
structures to differ from those of 2; however, they very much
resemble the combined properties of 1 and 3. For example, the
HOMO of 4a is mainly contributed by 65.1% Aul and 12.2%
Au2, with the 0*[s,d2—2(Aul)—d,2(Au2)] characters, while the
LUMO mainly comes from d,2-,2(Au2) + 7(Cl). Like those of
1 and 3, no single electron exists in the Au valence orbitals of
4 and the Au—Au interaction belongs to the weak metal—metal
interaction, which is supported by the Au—Au bond order of
ca. 0.033.

2. Spectroscopic Properties. a. Vibrational Spectra. In
experimental studies, spectroscopic determination is one of the
most effective means to explore the electronic structures of
complexes. The binuclear gold ylide complexes [Au%-
(CH,PPh,CH,),] and [Au",X,(CH,PPh,CH>),] (X = Cl, Br, I)
have been studied by Raman spectroscopy.'®*¢ It was shown
that the Au—Au stretching vibration was determined at 64 cm ™"
in the Au' complex, shifting to the higher-wavenumber region
at 162, 132 and 103 cm™! for X = CI, Br and I, respectively,
in the Au™ halogen complexes. Together the Au-X vibrations
were found at 293, 220 and 165 cm™', respectively.

In this work, we performed frequency calculations for 1—4
at the MP2-1f, MP2-2f and XaaVWN-2f theory levels. The
calculated frequencies and corresponding experimental values'®**
are presented in S-Table 10 (Supporting Information). By
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Figure 3. Simulated absorption spectra of 1—4a in acetonitrile from
the TD-DFT/PCM calculations.

analysis of the displacement vectors of the vibrational modes
of 1, the bands at 74—80 cm ™! were attributed to the Au—Au
stretching vibration. These frequencies calculated at such three
theory levels are ca. 10 cm ™" higher than the experimental value
of 64 cm™! for [Au',(CH,PPh,CHb),]. 16de The dramatic increase
in the Au—Au stretching vibrations was found for the complexes
2. For calculations at the XoaoVWN-2f level, the 160, 123, and
99 cm™ ' frequencies were assigned as the Au—Au stretching
vibrations for 2a—c, respectively. These agree well with the
experimental values, as mentioned above. Good agreement for
the Au—X vibration between the calculated and experimental
results was also found. We note that the frequencies predicted
at the MP2-1f and MP2-2f levels are slightly lower than those
at the XaVWN-2f level. As the frequency comes from the
second-order derivative of the energy, its values are inevitably
affected by the energy of systems. Apparently, such frequency
calculations provide evidence that a weak Au—Au bonding
occurs in 1, whereas a strong Au—Au bonding close to a single
bond is formed in 2. Similarly, we also calculated the Au—Au
stretching vibrational frequencies for 3 and 4 as shown in
S-Table 10.

b. Electronic Spectra. TD-DFT based on linear-response
theory has recently become a reliable method for prediction of
excited-state energies.>>>® Here, the electronic transition ener-
gies of 1—4 were calculated using TD-DFT on the basis of
optimized ground-state structures. For the MP2 optimized
geometries, the TD-B3LYP method was employed, a good
density functional for binuclear metal complexes indicated in
our previous studies,?*® while the TD-Xo.VWN method was used
for the XaVWN-2f optimized ground-state structures. In
combination with the PCM solvent-effect model, we obtained
absorption spectra of such complexes in acetonitrile solution.

In S-Figures 1—3 (Supporting Information), we depict the
simulated absorption spectra of 1—4 at the MP2-1f, MP2-2f,
and XaaVWN-2f optimized structures. Apparently, the general
spectral patterns of the electronic spectra are well reproduced.
The similar theoretical spectra indicate that the geometries
slightly affect them. Therefore, in the following studies, we only
discuss the results from the MP2-2f ground-state structures. In
S-Tables 11—18 (Supporting Information), the transition ener-
gies (nm/eV) and oscillator strengths of absorptions are given.
We also provide detailed MOs information in S-Tables 19—26.

In Figure 3, we have simulated the absorption spectra of 1,
2a, 3a, and 4a in acetonitrile on the basis of TD-B3LYP/PCM
calculations. The theoretical spectrum of 1 contains two
absorption maxima at 251 nm (4.93 eV) and 212 nm (5.84 eV).
Our studies reveal these absorptions to be dominated by the
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Figure 4. Single-electron transitions with |CI coefficient| >0.1 in
the TD-DFT calculations for the 251 nm absorption of 1 in
acetonitrile.
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Figure 5. The single electron transitions with |CI coefficient| >0.1

in the TD-DFT calculations for the 212 nm absorption of 1 in
acetonitrile.

) 0.58627
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Figure 6. Single-electron transitions with |CI coefficient| >0.1 in
the TD-DFT calculations for the 299 nm absorption of 2a in
acetonitrile.

metal-centered (MC) transition. Among them, the absorption
at 251 nm is mainly contributed by the 21a, — 22a, (HOMO
— LUMO++1) configuration and has the largest oscillator
strength of 0.337 in the absorptions, as seen in S-Table 11. In
combination with S-Table 19, the absorption was attributed to
a 0%(s,d2—2) — o(sp;) transition. In the same way, we relate
the 212 nm absorption to a w*(dy;) — m(p,) transition. To
intuitively understand these electron-transition processes, we
depicted the related electron density diagrams in Figures 4 and
5. Apparently, these diagrams confirm such assignments. So
far, the 0*(d) — o(sp,) transition absorption has been found in
many binuclear gold(I) complexes in experiments. For example,
[Au’»(NRCHNR),] (R = 2,6-dimethylphenyl),'** [N(PPhs),]-
2[Au'(SC(S)S)s],'** and [Au'y(PCy>CH,PCy2)](ClO4),'** show
strong absorption bands at 255, 314, and 278 nm, respectively,
which have been attributed to the o*(d) — o(sp;) transitions.

With respect to 2a, the stimulated absorption spectrum is
dominated by two absorption maxima at 299 nm (4.15 eV) and
203 nm (6.10 eV), as shown in Figure 3. The 25a, — 25a,
(HOMO — LUMO) transition contributes to the lower energy
absorption at 299 nm with an oscillator strength of 0.582 as
seen in S-Table 12. The absorption corresponds to a
o(d2—2)+o(Au—Cl)—0o*(d,2—2)+0*(Au—Cl) transition, re-
flected by Figure 6 and S-Table 20.

It is seen from Figure 3 that the stimulated absorption
spectrum of 3a is relatively complicated, displaying four peaks
at 357, 319, 266, and 211 nm. The molecular orbitals and
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Figure 7. Simulated absorption spectra of 2a—c in acetonitrile from
TD-DFT/PCM calculations.

electronic transitions of 3a presented in S-Tables 15 and 23
indicate that the electron is mainly excited into the 29a (LUMO)
and 30a (LUMO+1) orbitals. The two orbitals have 6(d2-,2,d.y)
and 0*(de-,2,dyy) characters mixed with 7z(Cl) composition,
respectively. The 357 and 319 nm absorptions were attributed
to the 0(Au—C) — 0(d,2—2,dyy) and o(Au—C) — 6*(d,2—y2,dyy)
charge transfer transitions, respectively. The other two bands
mainly come from 72(Cl) — d(d2-,2,d,,) electronic transitions.

Because the two gold atoms in 4a have different chemical
environments, they exhibit peculiar electronic properties relative
to the isoelectronic 2a. As stated above, 4a has the combined
features of 1 and 3a in both geometry and electronic structures.
S-Table 25 shows that the HOMO (25a) has 65.5% Aul and
17.8% Au2 characters, forming a ¢* bond. The LUMO (26a)
is mainly contributed by d2-,» and d,, of Au2, and the
LUMO+1 (27a) is composed of the two gold atoms with o(sp;)
bonding. We can see from S-Table 17 that the lowest energy
417 nm (2.97 eV) absorption arising from the 25a — 26a
electronic configuration is the o*[s,d.2—2(Aul)—d2(Au2)] —
de-y2,d(Au2) transition, similar to that of 3a; however, the
25a — 27a excitation configuration gives rise to a 224 nm
absorption (oscillator strength of 0.180) with the
0*[s,d2—2(Aul)—d2(Au2)]—0o(sp;) characters, just like that in
1. In fact, the complex 4a with mixed-valence Au(I)/Au(III)
could correspond to heterobimetallic d'°—d® complexes such
as Au()—M(I) M = Pt, Pd, Ni)** and Au@)—MI) M = Ir,
Rh).?> In experiments on these complexes, the 6%(d.2) — o(sp.)
absorption bands were found to have larger molar absorption
coefficients, supporting our present study.

In Figure 7 we depict the simulated spectra of 2a—c. With
the variation from Cl, Br, I ligands, the two intense peaks shift
to longer wavelength. Similar cases have been observed for
many complexes such as [AuyXy(SCC(CN),S),]>~ and
[Pt2X2(P205H2)4]4_ (X =Cl, Br, ]) in experiments.]oc’32 For

(34) (a) Xia, B.-H.; Zhang, H.-X.; Che, C.-M.; Leung, K.-H.; Phillips,
D. L.; Zhu, N.; Zhou, Z.-Y. J. Am. Chem. Soc. 2003, 125, 10362—-10374.
(b) Stork, J. R.; Rios, D.; Pham, D.; Bicocca, V.; Olmstead, M. M.; Balch,
A. L. Inorg. Chem. 2005, 44, 3466-3472. (c) Crespo, O.; Laguna, A.;
Ferniandez, E. J.; Lopez-de-Luzuriaga, J. M.; Jones, P. G.; Teichert, M.;
Monge, M.; Pyykko, P.; Runeberg, N.; Schiitz, M.; Werner, H.-J. Inorg.
Chem. 2000, 39, 4786-4792. (d) Yip, H.-K.; Lin, H.-M.; Cheung, K.-K.;
Che, C.-M.; Wang, Y. Inorg. Chem. 1994, 33, 1644—1651.

(35) (a) Esswein, A. J.; Dempsey, J. L.; Nocera, D. G. Inorg. Chem.
2007, 46, 2362-2364. (b) Yip, H.-K.; Lin, H.-M.; Wang, Y.; Che, C.-M.
Inorg. Chem. 1993, 32, 3402-3407. (c) Striplin, D. R.; Crosby, G. A. J.
Phys. Chem. 1995, 99, 7977-7984.
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instance, the gold complexes [Au2X2(SCC(CN)25)2]27 X =,
Br, I) exhibit intense absorption bands at 550, 586, and 640
nm in acetonitrile solution, respectively.'® In our previous
theoretical studies on [Pt,Xo(P2OsH,)4]* .2 the two featured
absorptions observed in experiments are well reproduced by the
theoretical calculations. We attributed the lowest energy absorp-
tion to the admixture of o(d;) — o0*(d;2) and o(Pt—Cl) —
o*(Pt—Cl) transitions. The shifting trend of three platinum(III)
complexes was rationalized by the diagrams of the electronic
structures. Herein, a similar case occurs for 2a—c. For example,
the lower energy absorptions calculated at 299, 327, and 365
nm for 2a—c, respectively, all arise from the 25a,(HOMO) —
25a,(LUMO) configuration. Along the change from CI to Br to
I, the energy of the HOMO increases but the LUMO is
stabilized. This is clearly correlated with the partition of halide,
as seen in S-Tables 20—22. In addition, we give the simulated
spectra of 3a,b and 4a,b in S-Figures 4 and 5, respectively.
Detailed information on the electronic transitions is presented
in S-Tables 15—18 and 23—26. We also depict the electron
density diagrams of their featured transitions in S-Figures 6—9.

3. Excited-State Properties. A theoretical understanding of
the excited-state properties of binuclear gold complexes with
different oxidation states serves as a foundation to develop their
potential applications such as luminescent materials and devices
and to design novel molecules. In this work, the UMP2 method
was used to optimize structures of 1 and its chloride derivatives
(2a, 3a, and 4a) in the triplet excited states. The frequency
calculations reveal that the lower energy excited-state structures
of 1, 2a, and 3a are true minima on the potential energy surface,
while that of 4a is a transition state with an imaginary frequency
of —107 cm™'. Many attempts made on 4a to look for the steady
triplet excited-state structure have been unsuccessful. In Table
2, the geometry parameters optimized at the UMP2-2f theory
level are given.

In the UMP?2 calculations on 1, two triplet excited states, *A,
and 3A,, were found. The former is lower in energy than the
latter. For the lower energy A, excited state, calculations show
that the Au—Au distance shrinks by ca. 0.34 A on going from
the ground state to the triplet excited state, the C+++C distance
decreases by ca. 0.11 A, and the Au—C bond lengths remain
constant (Tables 1 and 2). Because the shrinkage of Au—Au is
much more than that of C+++C, the bonding interaction between
the two Au atoms drives the Au—Au shrinkage. A similar case
was found for the A, excited state, in which the Au—Au
distance and C-++C bite distance are reduced relatively little,
by ca. 0.26 and 0.03 A, respectively. Analyses of their electronic
structures reveal that the 3Ag and 3A, excited states are produced
by the promotion of electrons from the 0*(d,2—,2) antibonding
orbital to the 7(py) and o(sp;) bonding orbitals, respectively.
Because their HOMOs have bonding characters, the Au—Au
distances are strongly shortened. We can understand these
processes by the electron density diagrams of their HOMOs
and LUMOs, presented in Figure 8. It is worth noting that the
Au—Au distances in the triplet excited states of 1 are very close
to those of 2a—c in the ground states. Figures 2 and 7 illustrate
that these Au—Au interactions have a bonding nature but have
different origins.

Over the last two decades, many attempts to predict the
metal—metal distance in the triplet excited state have been made
in experiments. For example, through Franck—Condon analy-
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Table 2. Optimized Geometry Parameters of 1, 2a, and 3a using the UMP2-2f Method for the Triplet Excited State®

excited state Au—Au Au—C C—P C---C Au—X C—Au—C X—Au—Au X—Au—X C—Au—Au C—pP—-C
1 A, 2.608 2.103 1.783 2.897 172.1 94.0 108.7
A, 2.690 2.106 1.792 2.980 172.1 94.0 112.5
2a A, 2.867 2.120 1.790 3.004 2473 174.7 74.6 89.0/94.6 114.0
3a °B 2.873 2.149 1.789 2.954 2.381 177.8 93.5 173.1 91.1 111.3
“ Distances in are given in A and angles in deg.
1CA,) 1(CA)) 2a 3a

LUMO

HOMO

Figure 8. Electron density diagrams of HOMO and LUMO for 1, 2a, and 3a from UMP?2 calculations.

sis,*® resonance Raman spectra,®’ microsecond-resolved
XAFS,*® and time-resolved X-ray diffraction,* the authors
summarized that the Pt—Pt distances of Y,[Pty(P,OsHj)4] (Y
= K", -BuN)", Ba®", (Et;N);sH*") in the *[o*(d2)o(p.)]
excited state contract ca. 0.21—0.29 A relative to that in the
ground state. A similar predication was made on homobinuclear
[Au'5(PCy,CH,PCy,),]*" '**° and heterobinuclear [Au'Pt"-
(CN)»(PCy,CH,PCy,),]**.*** These experimental studies sup-
port our present study on 1.

As discussed in Electronic Structures, the bonding nature
between the metal and ligand atoms plays a significant role in
determining the lowest energy excited-state origin of binuclear
gold(I) complexes. Namely, 1 and 5 with C/S—Au covalent
bonds feature the lowest energy 3[o*(@d 2 2)7(p,)] excited state,
while 6 with a P—~Au dative bond favors the *[0%(d.2— 2)o(p,)]
state. A spectroscopic experiment by Fackler et al. showed that
the complex [AuIZ(CHgPPhZCHz)z] exhibits phosphorescent
emission at 483 nm at room temperature in the solid state.'**
We attributed the emission to the 3[o*(d.- 2)7t(p,)] origin,
different from the assignment for the emission of 6.

Just like the case in 1, optimizations on 3a at the UMP2 level
show that the Au—Au distance shortens by ca. 0.12 A upon
excitation, the C -+« C distance decreases by ca. 0.05 A, and the
Au—C bonds lengthen ca. 0.02 A (Tables 1 and 2). Although
3a and 1 have similar structural variations upon excitation, their
excited-state origins differ greatly. As shown in Figure 8, the
triplet excited state of 3a has d(d2—,?) and 7%(d,.) characters

(36) (a) Fordyce, W. A.; Brummer, J. G.; Grosby, G. A. J. Am. Chem.
Soc. 1981, 103, 7061-7064. (b) Rice, S. F.; Gray, H. B. J. Am. Chem. Soc.
1983, 105, 4571-4575. (c) Brummer, J. G.; Crosby, G. A. Chem. Phys.
Lett. 1984, 112, 15-19.

(37) (a) Leung, K. H.; Phillips, D. L.; Che, C.-M.; Miskowski, V. M. J.
Raman Spectrosc. 1999, 30, 987-993. (b) Che, C.-M.; Butler, L. G.; Gray,
H. B.; Crooks, R. M.; Woodrusff, W. H. J. Am. Chem. Soc. 1983, 105,
5492-5494.

(38) Thiel, D. J.; Livin§, P.; Stern, E. A.; Lewis, A. Nature 1993, 362,
40-43.

(39) Kim, C. D; Pillet, S.; Wu, G.; Fullagar, W. K.; Coppens, P. Acta
Crystallogr. 2002, A58, 133-137.

for the HOMO and LUMO, respectively. As the 6(d2-,2)
bonding interaction is relatively weaker than the o(sp;) and 7(p,)
bondings, the Au—Au contraction of 3a is less than that of 1.
Optimizations on 2a at the UMP2 level reveal that it has
different excited-state characteristics. The Au—Au distance
changes from 2.585 A in the ground state to 2.867 A in the
triplet excited state; the chloride atom deviates greatly from its
original position, reflected by the Cl—Au—Au angles of 74.6°
in the excited state and 180° in the ground state. Because the
electron is excited into the antibonding orbital of 2a, as shown
in Figure 8, the Au—Au distance lengthens greatly.

Such analyses on the excited-state electronic structures of 1,
2a, and 3a indicate that the geometrical change from the ground
state to the excited state is closely related to the HOMO with
metal—metal character: i.e. the orbital to which an electron has
been transferred. In fact, the nature of the depopulated orbital
is also important for the geometrical change. For instance, the
LUMOs of 1 in A, and A, excited states both have the
0%(d2-,2) characters while their HOMOs come from 7(p,) and
o(sp,) contributions, respectively. The geometrical changes from
the ground state to the A, and *A, excited states are mainly
contributed by the LUMO — HOMO configuration, correspond-
ing to the 0*(d2-,2) — m(p,) and 0*(d2—.2) — o(sp;) transition
properties, respectively. In general, the o(sp;) bonding interaction
should be stronger than the s7(p,) bonding interaction. In other
words, the larger Au—Au contraction should be found in the]Ag
— 3A, state—state transition. However, the UMP2 optimizations
show that the lAg — 3Ag state—state transition results in a larger
contraction than the lAg—>3Au transition does. To analyze the
wavefunctions of the A, and A, excited states, we found ca.
56.5% and 60.2% Au d_2—.2> contributions to the LUMOs (o*
antibonding), respectively. The smaller 0%(d2—,2) contribution
to the *A, excited state favors the shorter excited-state Au—Au
distance and thus leads to a larger Au—Au contraction on going
from the ground state to the excited state.
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Conclusions

The electronic structures and spectroscopic properties of 1—4
were investigated by the combined ab initio and density
functional theory methods. The effects of methods, basis sets
and substituents were considered to confirm our calculations.
Three remarkable points were emphasized as follows.

Electronic Structures. The HOMO and LUMO of 1 feature
the 0(s,d2—,2) and 7(p,) characters, respectively. The two- and
four-electron oxidations of 1 with halide form 2 and 3,
respectively. Consequently, the HOMO and LUMO of o(d2—,2)
and o0%(d;2—2) were found for 2 and o(Au—C) + m(X) and
0(de-2, dyy) + 7(X) for 3, respectively. When the two-electron
oxidation is limited to one gold center for 1, complex 4 with
two gold atoms in different chemical environments is produced.
Its electronic structures resemble the combined properties of 1
and 3. The electronic properties of 1—4 confirm their different
geometrical features that the Au centers are linear two-
coordinated and/or distorted square-planar.

Metal—Metal Interactions. The geometry optimizations,
bond order, and frequency calculations reveal that weak Au—Au
bonding was found in 1, 3 and 4, while an approximate Au—Au
single bond was found in 2. It is the oxidation of 1 with halide
that removes the electrons of the o*(d2—,2) orbital to result in
the occurrence of an Au—Au o single bond in 2. Due to the
different donor strengths of halogen atoms, the Au—Au distances
in 2a—c follow the sequence Cl < Br < I, conforming to the
bond-order and frequency calculations. Upon excitation, the
excited states of *[0%(d2—)7t(py)] and *[0*(d2—2)0(p,)] of 1
possess ca. 2.61 and 2.69 A Au—Au distances, respectively,
closer to the single bonding. Although the Au—Au interactions
present in the ground states of 2 and the excited states of 1 are
closer to the Au—Au o single bonding, they have different
origins.

Electronic Spectroscopy. The TD-DFT/PCM calculations
reveal that the intense absorptions of 1 are dominated by metal-
centered transitions such as 0*(s,d2—2) — o(sp;) and 7*(d,,)
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— n(p,). However, the intense lower energy peaks of 2 arise
from o(dz—»2) — 0%*(d;z—,2), similar to those found in
[AurX2(SCC(CN)LS), 17~ and [Pt,Xa(P,0sHy)4]*~ (X = CI, Br,
1).!°32 The electronic transitions of 3 are clearly related to
excitation into the d(ds-y2,dy,) and 0%*(d2-,2,dy,) orbitals. As
expected, 4 has the combined charge transfer features of 1 and
3. The results of 4 with mixed-valence Au(I)/Au(IIl) provide
the theoretical evidence for the spectroscopic assignments of
heterobimetallic Au(l)—M(IT) (M = Pt, Pd, Ni)** and Au(l)—M()
(M = Ir, Rh).»
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