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Qualitative molecular orbital studies on a model binuclear Au(I) compound with two bidentate ligands and a metal-metal bond,
[Auy(S,PH,);], show that the Au--Au bonding interaction may be accounted for through s + p, + d,2 mixing, as for other d'°
metal complexes; the same orbitals are able to form additional bonds along the Au-Au axis, leading to extension of the molecule
into a chain or to Au(II) compounds via oxidative-addition reactions. The metal-ligand bonds, however, have no significant
contribution from the metal d orbitals. Two different distortions that destroy the planarity of the chelate rings are analyzed: A
D, ring puckering providing an increase in the SPS angles adds stability to the molecule, the driving force for this distortion being
the minimization of the sulfur—sulfur lone pair repulsions. If the S donor atoms are replaced by isoelectronic CH, groups, a flapping
of the PH, groups (C,; distortion) is preferred. The study of the electronic structure of a dimer [Au,(S,PH,),], allows an easy
understanding of the band structure diagrams calculated for the polymer [Au,(S,PH,),],. Both in the dimer and in the polymer
the staggered conformation is seen to be more stable than the eclipsed one. Some ways to stabilize an eclipsed chain are suggested

on the basis of its band structure.

The inorganic and organometallic chemistry of gold cannot yet
match in its richness the almost mythical role of the element in
the history of human culture. Nevertheless, over the last decade
many new compounds involving gold atoms in various oxidation
states, bound by diverse ligands, have been synthesized. The
chemistry of these compounds is summarized in monographs and
review papers.!™ Also, some research on the bonding of certain
gold compounds has been reported.>3

Several bicyclic Au(I) compounds of structure 1 have been
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synthesized with Z=Pand X =Y =S§;%9X =8, Y = CH,;!!
X =Y =CH;*B orRyZ=R,)N, X =Y =87 A similar
compound with X = PR, and Y = S, but forming six-membered
rings, is also known,!* as well as related Cu(I) and Ag(I) com-
pounds.'!s Several structural features appear in these molecules:
the chelate rings are often puckered and some of them form
chains. 1!
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Table 1. Structural Data for Binuclear Gold(I) Compounds

angle
chelate XAuY between
ring  Au-Au angle, XAuY
compd size dist, A  deg gps, deg  ref
[Au,(S,P(OC,H,),),1x S 3.04 174 38.0 10
[AuS(CH,),PEt,], 6 3.104 1735 29.5 14
[AuS,NC(C,H,),]1, 5 2.76 180.0 50.0 9
[Au(CH,),P(E1),], 5 3.023 179.0 0 12
[Au(CH,),PSPH, ], 5 3.04 11
[Au(CH,),PMe,], 5 3.005 177 13a
Ba[Au,SnS,] 5 298 170.9, 13c
178.6
[Ph,P]{Au(WS,)], 5 167.2 13d

In this paper we study those bicyclic gold(I). compounds with
structure 1 and their ability to form polymers. This work is part
of a continuing effort of our group to provide conceptual models
for bridging monomer, oligomer, and polymer extended structures.
The Au(I) complexes are a good example of the continuity of
molecular and extended bonding.

Some structural information on the binuclear complexes of type
1is collected in Table I. Several structural features merit our
attention: (a) Each gold atom is surrounded by two donor atoms
in a linear way. (b) Both gold atoms are weakly bonded with a
typical bond distance of 3.0 A, except for the dithiocarbamate,
which shows a quite shorter bond (2.76 A). (c) The chelate rings
are not planar, two types of ring puckering being observed: one
in which all the metal and donor atoms lie in a plane but the
bridging Z atom is significantly displaced out of the plane, observed
only for the carbene derivative, and another one in which the two
MXY fragments are rotated with respect to each other. (d) Some
compounds form chains,>!! the successive units usually being in
a rotated conformation as in other known Au(I) dimers or chains
in which the repeat unit is a linear ML, group.'®

We will start looking at a simple model of a binuclear compound
(structure 1, with R = H), assuming a planar bicyclic system,
and study later the ring distortions. The ability of the binuclear
compound to dimerize will provide us with a stepwise description
of the bonding in the linear chains.

Bonding in the Planar Bicyclic Au, System

The model system we choose to examine first is Au,(S,PH,),,
with a geometry idealized from the observed structures. The
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Figure 1. Orbital interaction diagram for Au,** with two S,PH," ligands,
forming a planar bicyclic system. No d orbitals are included.

details of the geometry and the extended Hiickel calculations used
throughout this paper are given in the Appendix. The dimer may
be thought of as being formed from a Au,?* stick and two bi-
dentate S,PH,™ ligands, as in 2.
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The Au,?* grouping may be built from the atoms. At first sight
one might think that no metal-metal bonding and only repulsion
may occur between two d!° ions such as Cu, Ag, or Au(I). But,
in fact, substantial s and p mixing into the d block gives some such
bonding. This has been analyzed previously!” and is responsible
for the general tendency of Cu, Ag, and Au(]I) ions to cluster. In
the particular case of Au,?* at a separation of 3.04 A, the Au-Au
overlap population is small and positive, 0.0435.

While d, s, and p hybridization on gold is important for Au~-Au
bonding, the discussion of the bonding of this Au,?* unit with other
ligands is facilitated by choosing a simpler model. In it, the Au
atoms bear only s and p orbitals. We will later restore the Au
d orbitals. Thus, the orbitals of the Au,?* fragments presented
in Figure 1, labeled in the D,, point group, are all empty. 1la,
and b, are the bonding and antibonding combinations of 6s, and
higher in energy are 2a, (o,) and the w-bonding (b,,, b;,) and
w-antibonding (b, bs,) orbitals formed from gold 6p.

Each S,PH," ligand has three lone pairs on each sulfur atom,
shown in localized form in 3. With two sulfurs per ligand, one
comes to six high-lying orbitals per ligand, illustrated at the right
of Figure 1. Very weak interaction between the S,PH,™ ligands
then generates the 12 potential donor orbitals of the two ligands.
We are set to remove the inner box separating Au,”* and
(S,PH,),* fragments in 2.
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2079.
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Two sets of donor orbitals of o type (3a,b) span the identical
representations A, + By, + By, + By, These orbitals find a
symmetry match in the Au, side of the diagram, and for each of
these symmetry species, a typical three-orbital interaction pattern
appears, producing a bonding, a nonbonding, and an antibonding
MO. We will focus on the bonding and nonbonding levels of a,
symmetry. The o lone pairs of the sulfur atoms rehybridize giving
place to the reoriented lone pair 4a and the S—Au bond 4b; the

same type of rehybridization is operative for the remaining ¢
orbitals (byg, by, bs,) and therefore the la,, 1by,, 1bs, and 1by,
orbitals are just the sulfur s-donor orbitals, while 2a,, 2b,,, 2b,,
and 2by, are sulfur lone pair orbitals.

Of the four sulfur = lone pair orbitals of the ligands, only two
are allowed by symmetry to interact with the Au, orbitals. This
= interaction is very weak but can be detected by the increased
energy of the 2b,, and 2by, MO’s relative to the corresponding
gold stick orbitals.

The levels in Figure 1 can now be characterized. The lowest
four are Au-S o-bonding orbitals. Above these are eight orbitals
that are predominantly S lone pairs, four ¢ and four ». Then a
gap is reached, between the filled and unfilled levels of a neutral
Au(S,PH;),. Above the gap we find the 3a,,, Au~Au bonding
but really hybridized away from the other Au. And above it 2b,,
and 2bs,, Au-Au 7 and 7*.

What happens if we now reintroduce the d orbitals of the gold
atoms? Not much as far as the metal-ligand interactions are
concerned: the d block appears in the region between 1b,, and
2a,, around —15 eV, and most of the MO’s discussed above in-
corporate some d character, but the previous description of the
metal-ligand bonding is still valid. Effectively, the gold-gold bond
cannot be explained without d orbitals, and consequently all the
results reported, except the diagram in Figure 1, were obtained
with the inclusion of the d orbitals.

It might be noted here that 1°?Au Méssbauer measurements
support the primary involvement of Au 6s and 6p orbitals in
bonding with the sulfurs in one of these binuclear complexes.!3¢

To anticipate the subsequent discussion we might think about
stacking or polymerization of these dimers and the donor and
acceptor characteristics of the binuclear unit that might enhance
such stacking. First of all let us specify the polymerization process
schematically as §, with no implication made of the rotational
conformation of each unit relative to its neighbor. The connectivity
is o type, as it is in the platinocyanides, 6. So we must look for
donor and acceptor orbitals of ¢ symmetry in the monomer. The
idea behind this is the usual one of maximizing two-electron-
bonding interactions between monomer units, indicated sche-
matically in 7. In the platinocyanides the donor orbital is the z?
and the acceptor a z + M(CN #*) combination. What are likely
to be the corresponding orbitals in the Au polymers of type 57
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We see in Figure 1 a relatively low-lying 3a,, quite localized
on gold. This is likely to have substantial acceptor power. The
donor capability will be found in the two predominantly z2 com-
binations not shown in the figure but schematically of type 8. The

-
§ 7

s,p mixing will make b;, take on outward-reaching lone pair
character. In addition to these, one of the orbitals we think of
as S lone pair, the b,,, will have a substantial admixture of Au,
by, the ¢* 6s combination. We will return to these orbitals later.

If the sulfur donor atoms are replaced by isoelectronic CH,
groups, the resulting interaction diagram is essentially the same.
The four ¢ interactions of the CH," lone pairs with the s and p,
of the gold stick appear again although their relative order is not
the same. Some minor differences are as follows: (a) The four
w-type lone pairs in the sulfur donors (a,, by, by, and b, in Figure
1) are now the C-H bonds and, consequently, appear at lower
energy, below the d block. (b) The gold , orbitals (b,, and by,
empty orbitals) are less destabilized because of their weaker
interaction with C-H bonds rather than S lone pairs. (c) The
P-C ¢ orbitals appear at higher energy than the P-S ones due
to electronegativity reasons, overlapping in the energy scale with
the d block. (d) The lower set of ¢-donor orbitals is now involved
in C-H bonds and appear at lower energies. Thus, it is clear that
our previous interaction diagram (Figure 1) can be used to study
the bonding in both dithiophosphinato and dicarbenephosphinato
complexes.

The Au(I) compounds easily undergo oxidative-addition re-
actions, producing shorter gold—gold bonds (~2.6 A)>1819 while
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F.; Van der Kelen, G. P. Chem. Ber., 1977, 110, 2758-2764.
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adding a ligand to each gold atom, asin 9. The orbital accounting
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for this oxidative addition is simple and may be seen in Figure
2. The two ligands produce a; and b, combinations, which
interact well with a higher occupied 2b,, and the LUMO 3a,
orbital of the unoxidized binuclear complex. The Au~Au bond
order is increased by electron transfer out of 2b,, and into 3a,
fragment orbitals. Interestingly, the HOMO-LUMO gap appears
to be reduced on oxidative addition.

Ring Puckering

Two types of ring deformations are found in the binuclear gold
complexes. They are sketched in 10. The one that retains C,,
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symmetry may be described simply as an out-of-plane displacement
of both PH, groups. In our simulation of this conformation, all
bond distances are kept constant and the parameter to be varied
is the angle «, which measures the elevation (or depression) of
the P atom; the AuSP angle depends on « and is the only other
relevant parameter that is not fixed.

For the second kind of distortion, D, in 10, the parameter to
be varied is the relative rotation angle of the two AuS, groups
around the Au, bond, 8; again, all the bond distances are kept
fixed through the puckering process, but the nonbonded S-S
distance, as well as the SPS bond angle, increases with 3.

The Walsh diagrams for both distortions are shown in Figure
3 where the symmetry labels corresponding to the undistorted
molecule have been included in parentheses. For the C,; distortion,
the salient feature of the Walsh diagram is the decrease in energy
of the by and a, orbitals, indicating the onset of the ¢ interaction
between the high-lying b,, and b;; empty orbitals of the gold stick
and the ligands’ formerly = lone pairs b, and a, (Figure 1). At
the same time, however, the o interactions of by, and b;, orbitals
decrease (these levels are too low to be seen in Figure 3), and as
a result there is no significant variation in total energy for a
reasonable degree of distortion.

Quite different are the results for the D, distortion. Here, the
orbitals that experience an important decrease in energy are the
sulfur ¢ pairs (see 2b,; and 2b,, in the Walsh diagram, Figure
3b). Let us recall that these lone pair MO’s are metal-ligand
nonbonding, but sulfur—sulfur antibonding 11. Hence, as the two
sulfur atoms on the same ligand are separated by the distortion,
the antibonding character of the orbitals in 11 decreases and so
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does their total energy, as seen in Figure 3. The same consid-
erations apply for the lower sulfur o lone pair MO’s, 2b,, and 2a,,
As a result, the preferred distortion is D, with a minimum at 8
= 17.5°, quite close to the experimental value, 8 = 19°; the S-S
distance for this angle is 3.33 A while the experimental distance
is 3.42 A. As suggested by the topology of the orbitals in 11, their
small contributions from the metal d orbitals, and essentially
sulfur-sulfur antibonding character, (a) the Au-Au overlap
population varies very little with the distortion (Figure 5) and the
corresponding bond length is expected to be almost insensitive to
the degree of puckering (see Table I) and (b) the driving force
for this distortion is the repulsive sulfur—sulfur interaction, as
previously proposed,'® which decreases from the planar situation
(overlap population —0.090) to the optimal geometry (overlap
population —0.047).

When the donor sulfur atoms are substituted by CH, groups,
the behavior toward distortion is somewhat different: the protons
bonded to the carbon atoms take electron density off what in sulfur
were lone pairs. In consequence, the carbon—carbon repulsion in
the planar conformation is much smaller than in the case of sulfur.
The total energy curve for the D, motion (Figure 4 bottom) shows
that only a very small stabilization is gained in this case. On the
other hand, the C,;, puckering leads to a minimum at a = 15°
corresponding to a chair conformation with AuCP angle of 110°,
in the range of the experimentally observed values of 108-114°.12
This stabilization can be explained as the preference for a stag-
gered rather than an eclipsed conformation in the ethane-like
AuCH,-PH,R, as shown in a Newman projection along the C-P
bond in 12, the calculated dihedral angle 7 being 56°.
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Electronic Structure of the Dimer [Au,(S,PH,),];

Before discussion of the electronic structure of the polymer
based on band calculations, it is worthwhile to take a look at the
dimer in order to understand how two units of 1 can bond together.
The study of the dimer will also allow us to show how the electronic
structure of a dimer provides sufficient information to make
qualitative predictions of the band structure of the related polymer;
in particular, we will be able to say which orbitals are going to
produce wide bands, what is the composition of each band at the
center and edges of the Brillouin zone, and whether a particular
band will present a positive or a negative slope.

As we have seen in the preceding section, the ring puckering
may change the order of the molecular orbitals but the essential
features of the interaction diagram for the planar molecules
(Figure 1) are retained. Hence, for the sake of simplicity, all the
calculations on the dimer and polymer have been carried out by
using the planar geometry. Two conformations will be considered
for the dimer: eclipsed 13 and staggered 14.

Jiang, Alvarez, and Hoffmann
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The molecular orbitals of the dimer would be expected to be,
to a first approximation, the in-phase and out-of-phase combi-
nations of the equivalent orbitals of both monomers. The sym-
metry labels of such combinations in the eclipsed dimer are shown
in Table II where the superscripts i and 0 mean in-phase and
out-of-phase combinations, respectively, and will be of some use
later on.

It was hinted at in the Introduction that one should look for
donor-acceptor interactions. The group-theoretical considerations
of Table II show that the LUMO’s 3a, (see Figure 1) of both
monomers produces combinations of the same symmetry as those
of one of the highest occupied orbitals, 2b,,, 8; the same applies
for the antibonding combination of the z? orbitals in the monomers.
With focus on the metal axis, the interactions of these orbitals
are sketched in 15, where no bond is formed; however, mixing of

blu

15

both a, orbitals. of the dimer, 16, increases the intermolecular
bonding character of the occupied orbital while decreasing the
intermolecular bonding character of the empty one, and the result
is some intermolecular gold—gold overlap population (0.019,
compared to 0.025 for the intramolecular bond). This is the same
kind of interaction that is operative in the intramolecular Au-Au
bond and the one that applies for the bonding in most formally
d'® metal complexes.'”

Table IT also allows us to deduce the splitting of the monomer
MO’s on formation of an eclipsed dimer. For example, the second
column of the table tells that the b,; orbitals of both monomers
form a by, bonding and a b,, antibonding combination (17).
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By examining Table II and the nodal character of the orbitals,
one can roughly estimate the relative magnitude of the splitting
corresponding to each column in Table II. The higher occupied
MO’s of the monomer (byg, byy, a,, byg, by,) have comparable
population and nodal character at the sulfur atoms, and thus
differences in the splitting will be mainly determined by the
gold—gold interactions. For d orbitals we can expect the order
¢ > m > 6. On the other hand, the b, and by, splittings will be
very small since the mixing of gold p character is very small. The
resulting qualitiative sequence for the splitting of these levels in
the dimer is thus by, a; (6) > by, by, (1) > a,, by (8) > by, by,
(o), which is indeed found in the calculated result for the dimer
(Figure 6).

So far so good, but the overall overlap population between two
monomers is —0.201, indicative of a net repulsive interaction; a
look at the form of the 2b,, orbital, 11, a sulfur lone pair orbital
facing directly the second monomer, makes the filled orbital
interaction represented in 15 highly repulsive. It is therefore
obvious that a rotation leading to the staggered conformation
should relieve this repulsive interaction. The overlap population
becomes +0.018.

Let us follow through with the group-theoretical analysis for
the staggered dimer. The symmetry is D, and the perpendicular
conformation almost eliminates the mutual interaction between
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Table II. Eclipsed Dimer MO’s as Combinations of
Monomer MO’s

monomer b,g biu 2y
MO

big byg byg by ag

bonding byu® 3g° b,g° bt byl b0 byl ey
combin . . . .

antibonding b, bt agt  ay® byg® byt b° b y°
combin

Table III. Staggered Dimer MO’s as Combinations of the Orbitals
of Two Perpendicular Monomers and Their Relative Splittings

dimer MO
Au-Au anti-
bond bond- bond-
monomer MO type ing ing splitting
b,g byus Dsg Dou " e 0
1w g o a, b, lg
ay, bg 8 b, a, sm

ligands. Thus, gold—gold interactions between monomers are the
only factor determining the splitting of levels. We can again obtain
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the MO’s of the dimer in terms of the orbitals of two mutually
perpendicular monomers and qualitatively predict their relative
splittings, using the ¢ > 7 > § criterion for Au—Au interactions
(Table ITT). The level ordering predictions are confirmed by the
calculated sequence of levels of Figure 6. These levels will be the
soutee of the band structures of eclipsed and staggered infinite
polymers that we will calculate in the next section.

The staggered conformation for the dimer is calculated to be
more stable than the eclipsed one. Two reasons can be found for
this difference, although it is not possible to elucidate with our
calculations their relative importance, as previously pointed out
for-another d'° system:'”™® the sulfur-sulfur lone pair repulsion
between monomers and an incipient Au—Au 7 bond.

The argument based on S~S repulsion being obvious, let us focus
on the « interaction. As the gold p, orbitals are highly destabilized
because of the o interaction with the donor atoms, the only empty
gold = orbitals available are p, (2b,, and 2b;, in Figure 1). On
the other hand, the filled orbitals available for = bonding are 1b,,
and 1b,,, both perpendicular to the plane of the molecule. Hence,
no = interaction is allowed for the eclipsed dimer. If one of the
monomers is rotated, the 7 interactions become allowed and some
stabilization is gained, as a significant increase in the intermo-
lecular Au-Au overlap population indicates (from 0.019 in the
eclipsed from to 0.029 in the staggered one). As both 2b,, (r in
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Figure 6. Orbital splitting pattern for two monomers of [Au,(S,PH,),]
interacting in an eclipsed and a staggered way.

the monomer) and 2b; (7* in the monomer) are equally popu-
lated, no great variation in the intramolecular Au-Au bond
distance appears (compare Au—Au bond distance of 3.01 A in the
staggered chain'® with 3.04 A in a chain with a smaller rotation
angle!!). However, the intermolecular interaction populates only
its bonding 7 combinations, in agreement with the shorter in-
termolecular Au-Au distance (3.04 A) in the staggered chain'®
aAs cgmpared to that in a chain with a smaller rotation angle (3.22
).

We are now ready to examine some infinite extended structures.

Band Structure and Stability of [Au,(S,PH,),],

Various chain conformations are possible for the poiymer; the
three shown in 18 will be considered here for the model polymer,

G Ay A

I
u

[ | :

18

where the bulky OC;H, of the real polymer!? have been replaced
by hydrogen atoms and a planar ring conformation is again as-
sumed. From our results on the dimer we can anticipate that the
all eclipsed conformation 18a should be less stable than the
staggered one due to sulfur—sulfur lone pair repulsions, but we
want to look at the eclipsed case first because it is simpler to
analyze.

Let us first obtain a rough estimate of the band structure on
the basis of information we already have for an eclipsed dimer
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Figure 7. Bandlike arrangement of the molecular orbitals of an eclipsed
dimer [Au,(S,PH,),]; (&) and tight-binding band calculation for the
polymer [Au,(S,PH,),], with an eclipsed conformation (b). Only the
higher occupied MO’s and bands are shown.

and compare this later with a tight-binding calculation. We then
represent the center of the Brillouin zone (k = 0) with the in-phase
combinations of the monomers’ MO’s (i superscript in Table II}
at the left side of Figure 7a and the edge of the Brillouin zone
(k = = /a) with the out-of-phase combinations of the same orbitals
(o superscript in Table II) at the right side of Figure 7a. By
linkage of each level at the left with the level at the right arising
from the same monomer MO, the qualitative band diagram is
generated. Finally, we classify the levels with respect to their
symmetry in the C,, point group.?® Two avoided crossings then
appear (for AA and SS levels), and the qualitative band diagram
is complete. In Figure 7b is presented the computed band structure
of the polymer, essentially the same as Figure 7a. Note how simply
the band structure is generated.

This chain compound is calculated to be an insulator, since the
lowest empty band (not shown in Figure 7) is around 4.5 eV above
the Fermi level. The large dispersion shown by the two highest
occupied bands (between —11.5 and —-12.5 eV in Figure 7b) gives
the band description of the previously found reason for the in-
stability of the eclipsed dimer: as the antibonding combinations
of the highest occupied orbitals of the monomer, k = 0, are
destabilized more than their bonding combinations (k = 0.5) are
stabilized, the net interaction is repulsive (the typical two or-
bitals—four electrons interactions in molecules). However, there
is still some hope that such an eclipsed chain could be synthesized.
Partial oxidation would remove electrons from the upper part of
the valence band that is composed: of antibonding combinations
of the 2b,; MO. As a result, the repulsive interaction should
become an attractive one, the resulting partially filled band giving
rise to metallic electrical conductivity.

An interesting possibility is more extensive oxidation to the
Au(ID) or even the Au(ITl) state. From the band structure of
Figure 7 we might expect half-filled SS and SA bands, and a

(20) This is the point group to which any combination of monomer orbitals
in the chain (i.e., any point in k space) belongs. The labels S and A
refer to symmetric and antisymmetric orbitals with respect to both
symmetry planes in the chain: the first letter corresponds to the plane
of the molecule (xz in 10) and the second one to the perpendicular plane
(yz in 10).
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Table IV. Energies and Overlap Populations for Three Isomers of
[Au,(S,PH,),1,

D,y D.,a Cn

(eclipsed) (staggered) (zigzag) monomer
av E'/unit 2.29 0.14 2.30 0
cell, eV
band gap, 4.25 5.77 4.25 6.29
eV
Au-Au intra- 0.025 0.024 0.025
overlap  molecular 0.025
populn inter- 0.019 0.030 0.025 '
molecular
S-S intra- —-0.090 -0.090 -0.076
overlap  molecular ~0.090
populn inter- -0.082 -0.001 -0.076 )
molecular

possible Peierls distortion in the former case, but still more in-
triguing is the choice between two isomeric structures of type 19.

cH D
o RENE

a b
19

A closer look at the composition of these two bands sketched in
20 is illustrative. Two features differentiate these orbitals from

20

their equivalents in a dimer: the lower parts of the bands arise
from different monomer’s orbitals than the higher part, due to
avoided crossings with lower bands of the same symmetries, and
in two cases the metal orbitals are rehybridized inward within the
cyclic dimer. The same principle used for a dimer in 16 applies
here: mixing with higher (unoccupied) bands tends to minimize
the intercell antibonding character of the highest SS and SA bands
in Figure 7.

For the Au(II) oxidation state the trend is clear: the electrons
removed upon oxidation were occupying orbitals strongly Au—Au
antibonding within the unit cell, strongly sulfur—sulfur antibonding,
and slightly Au—Au antibonding between nearest neighbors. The
intermolecular Au—Au bond should thus be strengthened and the
intermolecular sulfur—sulfur repulsion turned into a weakly at-
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Figure 8. Band structure of the zigzag form of the polymer [Au,-
(S:PH,); ),

tractive interaction, stabilizing the chain 19a.

If both SA and SS were empty for a Au(III) chain, then the
intermolecular Au—Au bonding should be enhanced, producing
a fully singly bonded chain. The crossing of the SS band with
a nonbonding AA one prevents this from happening in our cal-
culations, and simultaneously changing the intra- and the inter-
molecular Au—-Au distances while keeping the ligands frozen, we
find the following equilibrium distances for the intra- and in-
termolecular bands respectively: Au(l), 3.0 and 3.1; Au(II), 2.9
and 3.2; Au(IIl), 2.8 and 3.3. The intermolecular sulfur-sulfur
overlap population is in the latter case clearly positive, suggesting
the possibility of forming a new sulfur-sulfur bond in a process
formally related to the tetrathionaphthalene oxidative addition?!
to a metal complex 21. Perhaps one should encourage aggregation
of this type by attempting to remove the axial halides of known
Au(II) compounds.

S +2e” s

| -__ -

S -2e S
21

The situation is similar for the C,; zigzag chain 18, since the
sulfur-sulfur repulsions remain the same; hence, its energy is very
close to that of the previously discussed eclipsed chain (see Table
IV for a comparison of the various polymers). The band structure
for the zigzag chain is shown in Figure 8. Now the plane per-
pendicular to the molecule is not a symmetry element, but a new
symmetry operation appears: a 2, screw axis. The second sym-
metry label for the bands refers to this screw axis. The different
symmetry introduces some minor changes in the band diagram,
but the general aspect of both diagrams (Figures 7b and 8) is the
same and the conclusions drawn for the eclipsed chain hold for
the zigzag polymer as well.

In the staggered chain the interactions between the highest
occupied MO’s are quenched, as discussed for the dimer. The
higher occupied bands show very little dispersion if any (Figure

(21) Teo, B.-K.; Snyder-Robinson, P. A. Inorg. Chem. 1981, 20, 4235-4239.
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Table V. Bond Distances (A) and Angles (deg) for
[(AuS,PH,),1, and [Au(CH,),PH,],

[(AuS,PH,), 1, [Au(CH,),PH, 1,
dist angle dist angle
Au-Au 3,04 HPH 100 Au-Au 3.02 HPH 100
Au-8 2.28 Au-C 210 HCH 99
S-P 2.00 C-P 1.79
P-H 1.40 P-H 1.40
S-S 342 C-H 1.10
Table VI. Extended Huckel Parameters
Hi' § $s ¢y C,
Au  6s -10.92 2.602
6p ~5.55 2.584
5d -15.07 6.163 2.794 0.6442 0.5356
Hi' §y Hii &
S 3 -20.0 1.817 C 2s 214 1.625
3p -13.3  1.817 2p -114 1.625
P 3 -18.6  1.60 H 1s -13.6 1.30

3p ~140 1.60

9). The electrical insulating character of the polymer is not
expected to be altered through partial oxidation. The small
dispersion in these bands was to be expected from the small
splitting found for the staggered dimer (Figure 6). As anticipated,
the energy per unit cell is smaller for the staggered chain than
for the other two conformations considered (Table IV), but it is
slightly larger than that of the monomer. This does not mean
that the polymer should be expected to be unstable, but rather
it is an artifact of the computational method used, which over-
estimates the two-orbital-four-electron interactions. Better in-
dicators of the stability are the Au—Au and S- -S intermolecular
overlap populations, both favoring the staggered conformation
(Table IV).
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Appendix
The average bond distances (A) and other parameters of
[Au,S,PR,),],1° and [Au(CH;),PR,],!2 are listed in Table V.

Our calculations used the extended Hiickel method,?' with
weighted H,,’ 22 The Coulomb integrals and wave functions are
specified’ in Table VI.

Registry No. [Auy(S,PH,); 5, 94645-16-6; [Auy(S,PH,),),, 94645-
18-8; Au(S,PH,),, 94645-19-9.

(22) Hoffmann, R. J. Chem. Phys. 1963, 39, 1397-1412.

(23) (a) Ammeter, J. H.; Birgi, H.-B.; Thibeault, J. C.; Hoffmann, R. J.
Am. Chem. Soc. 1978, 100, 3686-3692. (b) Hoffmann, R.; Hofmann,
P. J. Am. Chem. Soc. 1976, 98, 598-604.

Contribution from the Institut fiir Physikalische Chemie, Universitit Frankfurt, 6000 Frankfurt am Main, Federal Republic of Germany,
and Institut de chimie minérale et analytique, Universite de Lausanne, 1005 Lausanne, Switzerland

Associative Nature of Substitution Reactions of Manganese(II) in Aqueous Solution
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The forward and reverse rate constants for the complex formation of Mn** with terpy (2,2:6’,2"’-terpyridine) were studied as a
function of pressure up to 200 MPa with stopped-flow techniques. From an analysis of the metal ion concentration dependence
of the observed rate constant, the calculated volumes of activation are AV;* = -3.4 £ 0,7 and AV,* = -7.7 + 2.2 cm® mol™! at
288.1 K. The volume of activation for the reverse reaction was also obtained directly by studying the spontaneous aquation of
Mn(terpy)?* in the presence of a much better complexing metal ion. The corresponding value is AV,* = -10.1 % 0.4 cm® mol™!
at 298.1 K. In addition, the overall reaction volume was determined spectrophotometrically from the pressure dependence of the
equilibrium constant. These results underline the associative nature of substitution on Mn?* as concluded from the variable-pressure
water-exchange data. They further confirm that, in water, the earlier members of the second-row transition-metal series react

according to associative activation modes.

Introduction

High-pressure NMR techniques have been applied very suc-
cessfully in the elucidation of the intimate nature of solvent-ex-
change processes of solvated transition-metal ions.> A remarkable
finding is the gradual mechanistic changeover from I, to I, for
solvent-exchange reactions on divalent first-row transition-metal
ions along the series Mn?*, Fe?*, Co?*, and Ni** for methanol
and acetonitrile exchange®* and from V2* to Ni?* for water ex-
change.>® This contradicts the earlier generally accepted idea
that complex formation reactions on all octahedral divalent metal
ions proceed via Iy mechanisms. The dissociative character was
assigned on the basis of small changes in the substitution rates
for a number of ligands of the same charge.”'® Obviously, the
volume of activation is a more sensitive parameter, leading to a
better understanding of the nature of the substitution processes
and, therefore, of the chemistry of such metal ions.

Consequently, the question arises as to whether ligand sub-
stitution reactions, viz. complex formation and solvolysis processes,
also exhibit this mechanistic changeover along the first-row ele-
ments. Only a few pressure-dependence studies of such fast

(1) (a) Universitdt Frankfurt. (b) Universite de Lausanne.
(2) Merbach, A. E. Pure Appl. Chem. 1982, 54, 1479.
(3) Meyer, F. K.; Newman, K. E.; Merbach, A. E. Inorg. Chem. 1979, 18,
2142,
(4) Meyer, F. K Newman, K. E.; Merbach, A. E. J. Am. Chem. Soc. 1979,
101, 5588.
(5) Ducommun, Y.; Newman, K. E.; Merbach, A. E. Inorg. Chem. 1980,
19, 3696.
. (6) Ducommun, Y.; Zbinden, D.; Merbach, A. E. Helv. Chim. Acta 1982,
65, 1385.
(7) Eigen, M. Z. Elektrochem. 1960, 64, 115.
(8) Eigen, M. Pure Appl. Chem. 1963, 6, 97.
(9) Wilkins, R. G.; Eigen, M. Adv. Chem. Ser. 1965, No. 49.
(10) Wilkins, R. G. Acc. Chem. Res. 1970, 3, 408.

substitution reactions have been reported to date. The majority
concern complex formation reactions of Co?* and Ni?*,!'"1° for
which a good correlation with the volume of activation for the
solvent-exchange reaction was observed, confirming the I, char-
acter of the substitution processes on these ions. Only two
studies?®?! concern complex formation reactions of V2* and Mn?*
(with thiocyanate® and bipyridine,?! respectively), and here again,
the reported volumes of activation (-2.1 % 0.8 and —1.2 + 0.2 cm®
mol ™, respectively) parallel the solvent-exchange data, underlining
the I, nature of substitution processes on the early elements of
the series.

We have extended our earlier measurements®®?! and now report
volumes of activation as well as reaction-volume data for the
formation and aquation reactions of Mn(terpy)?* (terpy =
2,2:6/,2"-terpyridine) in aqueous solution.

Experimental Section

Mn(ClO,),6H,0, Co(ClO,),6H,0 and terpyridine were used as
supplied by Fluka (p.a.). Stock solutions were prepared volumetrically
at room temperature with doubly distilled water. The concentrations
were not corrected for volume changes with varying temperature or

(11) Caldin, E. F.; Grant, M. W.; Hasinoff, B. B. J. Chem. Soc., Faraday
Trans. 1 1972, 68, 2247.
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