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The results of SCF-Xa-SW calculations on the model chelated-O, complex Pt(PH3),(0;) and its ethylene analogue
Pt(PH,),(C,H,) are used to discuss the bonding, structure, and reactivity of dioxygen and ethylene complexes. Pt-O, and
Pt~C,H, covalent bonding is mainly due to mixing of metal 5d,2 2 and 5d,2 orbitals with ligand bonding orbitals of both
o and = type. “Back-bonding” in Pt(PH;),(0;) amounts to essentially complete ionic transfer of two electrons from the
Pt 5d,, to the in-plarie O, 7* orbital, with little covalent overlap between the two. However, such overlap is appreciable
in Pt(PH;),(C,H,), the electrons remaining chiefly in the d,, orbital. Pt(PH,),(O,) is thus best formulated as a d® system
(Pt"-0,%), and Pt(PH,),(C,H.,) as a d'* system (Pt*~C,H,). By extrapolation, the chelated-O, complexes of “d®” metals
are best thought of as d® systems (Co''-0,%", etc.). The calculations agree well with electronic and x-ray photoelectron
spectra. The influence of ligands trans to O, or C,;H, is used to explain why C,H, is sometimes coordinated in, and sometimes
perpendicular to, the molecular plane in complexes and why O, is sometimes monodentate and sometimes chelated. The
energy-level diagram for Pt(PH,),(O,) is that of a nucleophile, the HOMO being strongly localized on O, as the out-of-plane
m* orbital and the two LUMO's being mainly Pt 5d,, and O, o*, respectively. The mechanisms of SO, addition to chelated-O,
complexes to form coordinated sulfate and the homogeneous catalysis of PPh, oxidation by Pt(PPhs); are discussed in these
terms. Some Pt 5d — P 3d = back-bonding is observed in the calculated electronic structures, as a replacement of 3s by
3d character in the phosphorus bonding functions. The implications of this result for the general question of metal-phosphorus

bonding are discussed.

Introduction

The critical role played by transition metals in both bio-
chemical and industrial processes involving molecular oxygen
makes the chemistry of metal-dioxygen complexes especially
important. Among the three coordination modes known for
dioxygen—monodentate (1), bridging (2), and chelating

oO—
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3
(3)—the first has particular significance because it almost
certainly occurs (with M = Fe) in oxygenated heme proteins. '
However, the great majority of known dioxygen complexes
contain chelated O,; a recent review® lists 43 x-ray structures
of type 3 vs. 16 of types 1 and 2 combined.

Chelated-O, complexes fall naturally into two main groups:
those of early transition metals in high oxidation states (e.g.,
[MoOF,(0,)]*) and those of group 8 metals in lower oxi-
dation states (e.g., Ir(PPh;),(CO)(C)(0,)). After several
years of discussion, it now seems clear that both groups are
best formulated as peroxo complexes, i.e., as containing 0>
covalently bound to.metals in oxidation states =2+.%°
Consistently, the range of OO distances in reliable structures
is 1.40-1.52 A (average 1.45 (2) A),>® bracketing the value
for peroxide ion, 1.49 A. Though pleasing in its simplicity,
this picture clearly does not describe the M-O; bonding in
enough detail to resolve many important issues. For example,
despite the similar structures of the early transition metal and
group 8 complexes, the O, unit behaves formally as an
electrophile in the former and as a nucleophile in the latter,”*

In order to provide a more sophisticated basis for discussing
the chemistry of chelated-O, complexes in terms of electronic
structure, I am carrying out SCF-Xa~-SW calculations® on
representative molecules. To exemplify group 8 complexes,

Pt(PPh;),(0,) '%is an obvious choice. Its structure is simple
and accurately known by x-ray crystallo%raphy.” It par-
ticipates in many well-defined reactions,”'? sometimes as a
homogeneous catalyst,’* which one might hope to explain.
Moreover, it has an exact ethylene analogue, also structurally
characterized,'* allowing a close comparison of the bonding
of these two important 7 ligands. Pt(PPh;),(C,H,) is in-
teresting in its own right as the classic example of a d'°
ethylene complex. This paper presents a comparison of
calculations for the model compounds Pt(PH,),L, L = O,,
C,H,. A very preliminary account of the results for Pt(P-
H,),(0,) has appeared.'*

Experimental and Computational Section

Synthesis and Electronic Spectra. Pt[P(C.H;);],(0,) was prepared
by a published procedure.'® Electronic spectra for degassed methanol
solutions under nitrogen were recorded from 700 to 210 nm using
a Cary 14 instrument.

Initial Parameters. Calculations were made on the conformations
of C,, symmetry shown below (the molecular plane is xy). Bond
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parameters used were Pt—O = 2,006 A, Pt-P = 2.233 A, 0-O = 1.505
A, and P-Pt-P = 101.23° for Pt(PH,)0,), Pt-C = 2,11 A, Pt-P
=227 A, C-C =143 A, C-H = 1.08 A, P-Pt-P = 111.6°, and
H-C-H = 116° for Pt(PH,),(C;H,), and P-H = 1.415 A and H-P-H
= 93.45° for both molecules. These were derived from the known
structures of Pt(PPh;),(0,),"! Pt(PPh,),(C,H,),'* PH,,'¢ and (for
the C-H distance and H-C—-H angle) (CH,),0.!7 A value a/2 =
28° for the CC—CH, dihedral angle in Pt(PH1),(C,H,) was obtained
from a least-squares plot of «/2 vs. C—C distance for eight alkene
complexes for which this angle has been measured. Coordinates in
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Table I. Atomic- and Outer-Sphere Radii (bohrs)
Used for Pt(PH,),L
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Table II. Distribution of Pt and O, or C, Spherical-Harmonic
Basis Functions among Representations of €,

L= O2 L= C2H4
Region Radius Region Radius
Pt 2.500 Pt 2.530
(0] 1.816 C 1.751
P 2.334 P 2.331
H 1.448 Hpa 1.439
Outer 7.073 HC“ 1.282
Outer 7.247

¢ Hp and HC are the hydrogen atoms attached to phos-
phorus and carbon, respectively.

atomic units to the nearest 0.000 01 bohr were obtained from these
bond parameters using the relations 1 bohr = 0.529 17 and 0.529177
A for the O, and C,H, complexes, respectively.

Schwarz’s ayr values'® were used for the atomic exchange pa-
rameters, except for hydrogen, where 0.777 25 was used.'® For the
extramolecular and intersphere regions, a weighted average of the
atomic a’s was employed, the weights being the number of valence
electrons in the neutral atoms. The outer-sphere center positions were
computed using the same sort of average of the atomic positions.
Overlapging sphere radii were obtained by my nonempirical pro-
cedure;™ they are given in Table 1.

SCF Calculations. The initial molecular potentials were constructed
by superposition of neutral-atom SCF-Xa results. Full C,, symmetry
was used to factor the secular matrix. Spherical harmonics through
I=4,2,1, and 0 were used in the extramolecular, Pt and P, O and
C, and H regions, respectively, to expand the wave functions. Core
energy levels were never frozen; in each iteration they were calculated
explicitly using only the surrounding-atomic-sphere potential. Details
of the SCF process are exemplified by the C,H, complex: using a
9:1, 3:1, and 2:1 average of the initial and final potentials for a given
iteration to start the next for iterations 1-7, 8-12, and 13-24, re-
spectively, convergence to £0.000 05 hartree or better was attained
for all levels. Each iteration required 1.3 min of CDC 6400 computer
time. :

Excited and Ionized States. The SCF ground-state potentials were
used to search for excited-state levels up to —0.005 hartree. The same
potentials were then used as the starting point for calculating electronic
transitions and ionization energies using the transition-state proce-
dure.®® These calculations were done in spin-restricted form only,
so that the values obtained are predictions of the weighted average
of singlet and triplet components.

Results

The electronic spectrum of Pt(PPh;),(0,) in methanol shows
one quite distinct shoulder at about 335 nm before onset of
strong unresolved absorption that continues upward in intensity
to the observational limit of 210 nm. This shoulder was
established as a peak maximizing at 29.8 % 10°> cm™ (e 1100)
using a Du Pont 310 curve resolver.

Table II shows the spherical-harmonic basis functions on
Pt and the O, or C, unit which contribute to each repre-
sentation of C,, in the chosen coordinate system. The im-
portant points to note are that (1) in-plane “forward-donation”,
from ligand bonding orbitals to the metal, will occur in a;
levels, (2) in-plane “back-donation” into ligand antibonding
orbitals will occur in b, levels, and (3) although C,, like O,,
nominally has out-of-plane = and #* functions, both in C,H,
and Pt(PH;),(C,H,) these are tied up in C-H bonding.

The calculated one-electron valence energy levels and charge
distribution for both complexes are given in Table ITI. In-
spection of these and wave function contour maps allows one
to separate the most important levels for Pt-O, and Pt—-C,H,
bonding—those correlating most closely with Pt 5d and ligand
2p-type g, 7, and 7* orbitals—from the rest. These levels are
compared in Figure 1 with those of the free ligands, calculated
in the same way and with the same coordinate system as the
complexes. The orbitals labeled “¢” and “x” for C,H, are
2a, and 1by,, respectively. For comparison, the free-Pt-atom
5d orbital energy is —0.2403 hartree. Omitted from the di-

Representation Pt functions 0, or C, functions?®
a, CR JU R d_,,“_y2 o, m
b, Pys Qyy ‘7*’”"’.=
bl pz9 X2 Trl*
ay yz L

@ 7, refers to a bonding combination with the nodal plane
perpendicular to the molecular plane; o) *, to an antibond-
ing combination with the nodal plane in the molecular plane,
etc. See text for coordinate system.
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Figure 1. Important Pt-O, and Pt-C,H, bonding orbitals of the
complexes, compared with corresponding levels of O, and C,H,. The
complex levels are labeled according to the Pt 5d or ligand level with
which they most closely correlate.

agram are the following: (1) the very low-energy O, 2s-type
¢ and ¢* orbitals—1a, and 1b, in the complex; (2) C,;H, C-H
bonding orbitals—1a,, 2b,, 1b;, and 2a, in the complex; (3)
PH, P-H bonding orbitals?®—2a,, 2b,, 1b;, 5a,, 1a,, and 4b,
in Pt(PH,),(0,) and 2a,, 1b,, 4a,, 2b;, la,, and 3b, in
Pt(PH,),(C,H,); (4) mainly Pt-P bonding orbitals, correlating
with the PH; “lone pairs”?*—3b, and 6a, for Pt(PH,),(0,),
4b2 and 5al for Pt(PH3)2(C2H4)

Wave function contour maps-are shown in Figure 2 and also
in Figures 3 and 4 (supplementary material) for the most
important Pt—O, and Pt—C,H, bonding orbitals and in Figure
5 for the main “back-bonding” orbitals. The total valence
charge densities are depicted in Figure 6; in Figure 7 are shown
the first unoccupied orbital of Pt(PH;),(0,) and what the
charge density would look like if it were occupied.

Table IV summarizes all-electron properties for the two
molecules. The atomic charges were estimated by simply
normalizing the total number of valence electrons within all
the atomic spheres to the total number for the molecule. This
amounts to partitioning the intersphere and extramolecular
charge among the atoms using weights equal to the number
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Table IIL.  Valence Energy Levels (hartrees)® and Charge Distribution? for Pt(PH,),L

L = 02 L=C2H4

b b

% Major Pt Major O, d Major Pt Major C,
Level Energy Pt 20 2P 6H  basisfns® basis fns® Level FEnergy Pt 2C 2P 6 Hp 4H  Dasis fns®  basis fns®
7b,  —0.0322 1 86 9 3 o*
6b, —-0.0788 41 33 22 4 d,, m*
3,9 -02068 7 93 0 0 m* sb,® 01594 38 14 37 8 2 d..,p, m*
5b, —-0.2394 10 58 27 6 m* 8a, ~0.1604 37 40 16 6 0 de,2,p, m
8a, -0.2417 55 15 21 9 do_np,  m Ta, -0.2108 80 4 13 4 0 d,25s
Ta, —-0.2466 81 7 10 3 d,,s 3b, -0.2417 92 1 2 3 2 d,
3b, -0.2617 68 27 2 3 d,, my 3a, -0.2503 88 2 3 4 3 d,
2a, -0.3047 85 5 4 6 d, 6a, -0.2539 56 37 3 2 2 doy,dz oo,m
6a, -0.3376 41 25 25 9 5a, -0.3282 45 3 38 13 0
2b, -03617 20 54 11 15 d, m 2a, ~0.3328 2 40 2 3 52
4b,  —0.3680 0 0 47 53 4b, -0.3376 42 2 36 20 1
la, -0.3733 5 0 46 50 3b, —-0.3488 .15 1 42 42 1
5a, -0.3754 2 10 42 46 la, -0.3500 4 2 44 49 2
1b, —-0.3800 12 9 38 41 2b, -0.3510 2 0 46 52 0
4a, -0.3982 27 55 13 5 dyas m,o  4a, -0.3516 5 2 44 47 1 .
3b, -—-04008 56 12 25 7 3a, -0.3996 14 61 1 1 23 doa2d,: o,m
3a, -0.4255 23 73 2 1 do 24,2 o,m b, —0.4361 3 52 0 0 45
2b, —0.6122 2 0 66 31 b, -0.5468 2 57 0 0 41
2a, —0.6152 2 0 66 31 1b, -0.5843 2 0 66 32 0
1b, -0.7435 397 0 0 2a, —0.5863 2 0 66 32 0
la, -0.9588 5 95 0 0 la, —0.6986 4 77 0 0 18

¢ All levels up to —0.005 hartree except for diffuse Rydberg-state orbitals. These occur for Pt(PH 2,(0,) at —0.0593 (4b,), —0.0502
(9a,), and —0.0096 hartree (10a,) and for Pt(PH,),(C,H,) at —0.0595 (4b,), —0.0469 (9a,),~0.0172 (6b,), and ~0.0136 hartree (10a,). Only
5-14% of their charge is located within the atomic spheres. b Relative amounts of charge within the platinum, two oxygen, etc. spheres.
They are the closest analogue of “atomic populations” from an LCAO calculation; there is no analogue of LCAO “overlap populations”.
More than 71% of the charge is within the atomic spheres for all levels tabulated except 7b, (24%). € Spherical-harmonic basis functions
contributing more than 10% of the Pt, O,, or C, charge for the important Pt—0, and Pt—C,H, levels are listed in order of decreasing im-
portance. See Table II for explanation of symbols. ¢ The highest occupied levels.

Table IV, Total Energies and Charge Table V. Ionization Energies (eV)
Distribution for Pt(PH,),L* Molecule  Level Caled IE® Cor IEP  Exptl IE®
L=0, L=GH, Pt(PH,),(0,)  3a, 8.74

Total energy —18166.5345 —18095.2677 Sb, " 9.14

Virial ratio ~27/ VP 1.000 06 1.000 05 8a, 9.22

Intersphere potential energy -0.1786 -0.1777 Ta, 9.60

Total charge in various regions 3b, 10.10
Pt 77.05 77.30 2a, 11.47
OorC 7.76 5.69 Pt 4f 92.5 77.5 73.2+0.1
P 14.31 14.31 P2p 132.3 1328 132.0=z0.1
Hp 1.01 1.01 O1ls 529.0 529.6 531.2+:0.1
H 0.93
In(t:ersphere 2.21 2.22 Pt(PH,),(C,H,) §t24f 12(1)3 lgf’si 1;%; f 8;
Extramolecular 0.53 0.68 p : : RN

Estimated atomic charges® Cls 283.0 2832  283.3x0.2
Pt 0.25+ 0.07— @ Calculated using the transition-state procedure"b and the re-
OorC 0.21- 0.00 lation 1 hartree = 27.2116 eV. ® Corrected for relativistic effects
P 0.36+ 0.33+ (see text). Both the corrected and experimental Pt 4f values are
Hyp 0.09- 0.05- for the 4f,,, component. Both P 2p values are weighted averages
He 0.01- of the 2p,,2 and 2ps,2 components. € Average of two and three

independent determinations for the O, and C,H, complexes, re-
spectively, by ESCA.?**7 Estimated errors are the largest de-
viation of the measured values from the average.

@ Energies in hartrees; charges in electrons, b T = kinetic
energy; V = potential energy. ¢ See text for method of esti-

mation,
of valence electrons within each atomic sphere. This is clearly molecules. There have been several independent experimental
a very approximate technique; I consider only the relative determinations for the core levels?*%” but none for the valence
values for the two molecules, not the absolute numbers, likely levels. Calculated core energies corrected for relativistic effects
to be consistently reliable. However, for iron—sulfur complexes, are also given. For the Pt 4f;), level, the corrections are the
comparison of numbers obtained by this scheme and a more explicit difference between nonrelativistic*® and relativistic®
accurate partitioning method under development (based on Pt atom SCF-Xa values (both for o = 1); for the other levels,
atomic-sphere-surface charges®') show agreement within the perturbation theor; corrections of Herman and Skillman
0.01-0.31 electron for all atoms.?? Also, the sum total of for the free-atom levels<® (again for @ = 1) were used. Clearly’
experimental data indicates a charge of about 0.3+ for both types of correction can only be approximately right for
phosphorus in most 3phosphine complexes, usually greater than the molecular levels.
that of the metal,?® consistent with the values in Table IV. . .

Tonization energies for both molecules appear in Table V. Discussion :
Calculated values (which include the effects of orbital Pt-0, and Pt-C,H, Bonding. Because Pt(PPh;),(0,) is
relaxation®) are given for the lowest six valence levels of normally!? prepared from the d'° complex Pt(PPh,); and

Pt(PH,),(0,) and for core levels accessible by ESCA for both neutral O, and is being compared with Pt(PPh;),(C,H,), it
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Pt (PH3)2 (0g)
3g;

12 345

\ Pt (PHy), (Ca Ha)

Figure 2. Contour maps of the wave functions for the most important
Pt-0, and Pt—C,H, bonding orbitals. These and all subsequent maps
are in the xy (molecular) plane; interior contours close to the atomic
centers are always omitted for clarity. The contour values are 0, £1,
+2, £3, &4, %5 for 0, £0.05, £0.075, £0.10, £0.125, £0.160, re-
spectively.

is useful to discuss the results in the language of the De-
war—Chatt model, which views the bonding as a combination
of “forward-donation” from O-O or C-C bonding orbitals to
the metal and “back-donation” from the metal into w*-an-
tibonding orbitals of the neutral ligand.

The basic features of the bonding are clear from Figure 1.
In the O, complex, thé lower three orbitals are mainly ligand
o and m, with, however, 20-30% metal character. Next come
four largely Pt 5d orbitals. The two highest occupied levels,
mainly O, 7*, have very little Pt character. There are two
rather high-energy unoccupied orbitals, the first mainly Pt 5d,,
and the second O, o*. -

The same general picture holds for the C,H, complex—
except that there are no out-of-plane 7 and #* orbitals—until
one reaches the uppermost levels. Instead of a filled, essentially
m* b, orbital at lower energy and an empty, mainly d,, b,
orbital at higher energy, there is a single filled level, mainly
d,,, but with significant =* character. To understand lLow this
comes about, consider the two molecules as being formed from
a Pt(PH;), fragment and either O, or C,H,. Since dy, is the
metal orbital which points most directly at the PH; llgands,
the fragment will have a single high-lying filled orbital, mainly
d,,. The important point is that the O, #* orbital is much
lower in energy than this fragment donor orbital, while the
C,H, =* orbital is higher in energy. The necessary qualitative
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[ Pt {PH,), (05)

0 ' P1(PH,),(C,Ha)

M— 5
\ 5b,

Q)

Figure 5. Contour maps of the wave functions for the main Pt-0,
and Pt—-C,H, back-bonding orbitals, with the same contour values
as Figure 2.

result is that the lower energy, filled orbital of the interaction
will be mainly 7* in the O, case and mainly d,, in the C,H,
case. The mostly =* orbital in the C,H, case, destabilized by
the interaction, is not even found as a localized orbital at
negative energy. Thus for O, we have an approximately d®
peroxide complex—four of the five mainly d orbitals filled and
both mainly #* orbitals filled—while for C,H, we have an
approximately d'° complex—all five mainly d orbitals filled.

Inspection of wave function contour maps reveals more
details. Pt-O, and Pt—-C,H, covalent interaction is mainly
“forward-donation”, involving mixing of d,=_,> and d,> with both
a- and w-bonding orbitals. As found {;r Zeise’s anion,
[PtCl;(C,H,)]", by the SCF-Xa—SW method,® there are
three main metal-ligand covalent bonding orbitals for both
Pt(PH;),(0,) and Pt(PH,),(C;H,), all of a; symmetry. The
striking feature of the most important of these, 3a, (see Figure
2), is that the ligand contribution is much more from the ¢
than the = orbital. The importance of g-orbital participation
has been overlooked in past qualltatlve treatments of the
bonding in O, and C,H, complexes.”! The o and # functions
contribute about equally to the second important bonding
orbital depicted in Figure 3, but in the third (Figure 4) the
« function is dominant.

Figure 5 shows the highest filled in-plane levels, the main
“back-bonding” orbitals. For the O, complex there is almost
no metal contribution; the orbital is mainly localized on O,.
For the C,H, complex the orbital is mainly Pt 5d,,, but there
is appreciable overlap with the ligand =* function. Thus we
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Pt(PH41,(0,)
Total Charge Density

Pt (PH3l, (C5Hg)
Total Charge Density

Figure 6. Contour maps of the total valence charge densities of the
two complexes. The contour values are 1, 2, 3, 4, 5, 6 for 0.014, 0.028,
0.042, 0.070, 0.140, 0.210, respectively.

have the interesting result that, in bonding to Pt, O, acquires
much more w*-orbital density than does C,H,—but the
back-bonding is more covalent for C,H,. The simplest way
to describe the formation of the Pt—O, bond is as an initial
two-electron charge transfer from Pt to O,, followed by strong
covalent mixing of peroxide ¢- and w-bonding orbitals with
mainly 5d orbitals of Pt(PH;),**. The two filled Q> 7*
orbitals remain essentially localized on the ligand.

This result for Pt—O, interaction should be viewed in a wider
context. General discussions of metal-to-ligand back-bonding
have not sufficiently emphasized the fact that there can be
a buildup of electrons in ligand #* orbitals purely by inductive
charge transfer from metal to ligand, without covalent overlap
with metal d= orbitals. Common experimental criteria for
back-bonding, such as lowered CO stretching frequencies for
carbonyls and increased C—C distances for ethylene complexes,
merely reflect increased population of ligand =* orbitals, which
will result from either ionic or covalent back-bonding. In fact,
as Chatt and co-workers showed in an interesting recent
paper,” the sum total of available data on 7-acid complexes
clearly indicates that bonds to CO, NO, N,, etc. are usually
quite polar in the direction M**-L% (although covalent dr—r*
interaction is also usually present). There are probably other
ligands besides O,—e.g., C;(CN),~for which, at least in some
situations, the ionic component of the back-bond is over-
whelmingly dominant.

Figure 6 shows the total valence charge density for the two
molecules in the molecular plane. There is probably no simpler

Joe G. Norman, Jr.

Pt (PH3),(0,)
Unoccupied 6b,

Pt (PHy), (C2)
Total Density + 6b,

<A\

5432

=

Figure 7. Contour maps of the first unoccupied orbital of Pt(PH;),(0,)
and the total charge density including this orbital. The contour values
are the same as Figures 2 and 6, respectively.

illustration that the O, complex is essentially d® whereas the
C,H, complex is essentially d'°. In the O, case the Pt atom
would be essentially spherical—i.e., closed shell—except for
missing density in the d, -orbital region; in the C,H, case it
is nearly spherical. Moreover, in Figure 7 we see the mainly
d,, LUMO of the O, complex and what the charge density
would be if it were occupied. The Pt region looks remarkably
like that in the ethylene complex.

Another interesting feature of the charge density maps is
that the maximum density in the metal-ligand bonds lies
nearly along the lines of centers between the Pt and the in-
dividual O or C atoms rather than between Pt and the O-O
or C~C midpoint. This supports the view that O, and C,H,
occupy two coordination positions rather than one.

It is clear from Figure 6 that overall in-plane covalent
bonding of the two ligands to Pt is comparable in strength,
consistent with the fact that the Pt—O and Pt—C distances differ
by exactly the difference between the covalent radii of oxygen
and carbon. The total Pt—O, bond, however, appears stronger
than the Pt—C,H, bond, since it includes in addition the ionic
Pt**-0,” attraction. Consistently, Pt(PPh;),(C,;H,) dissociates
appreciably in benzene, while Pt{PPh;),(0O,) remains intact.!®

Finally, interaction of the out-of-plane O, v and =* orbitals
with the metal is not very important. The mainly =, orbital,
2b, has 20% Pt character (Table III), but inspection of contour
maps shows that Pt 5d,.—O, = overlap in the orbital is small,
and in any case its effect is largely canceled by corresponding
antibonding d,,— , interaction in the higher energy 3b, level.
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As for the 7| * orbital, it remains strongly localized on O, as
the HOMO, 3a,. .

Comparison with Experiment, The spectral band responsible
for the orange color of Pt(PPh,),(0,), the only one clearly
observed before phenyl group absorption®? obscures the
spectrum, maximizes at 29.8 X 10° cm™ (e 1100). The
calculations predict the lowest electronic transition of Pt(P-
H»),(0,) to be the allowed 3a, — 6b, excitation, corresponding
to O, m* — Pt 5d,, charge transfer, with an energy of 31.8
X 10° cm™. No other transitions are predicted below 39 %
10° cm™. Moreover, our failure to find localized excited levels
of Pt(PH,),(C,H,) below —0.005 hartree indicates that this
molecule should have no strong transitions below about 34 x
10° cm™. The spectrum of Pt(PPh3)2(C2H4) in C2H4-saturated
benzene,>* believed to be due to the undissociated complex,
shows its first maximum at 34.7 X 10° cm™.

The x-ray photoelectron spectra of Pt(PPh,),L, L = PPh;,,
C,H,, C,H,, 0O,, Cl,, have been interpreted to indicate a
significant positive charge on Pt in the O, complex, greater
than in the C,H, complex.?* This agrees with our formulation
of the bonding and with the roughly estimated atomic charges
in Table IV. Moreover, as shown in Table V, both the cal-
culated Pt 4f and P 2p ionization energies for the O, complex
are greater than for the C,H, complex, in agreement with
experiment. The calculated P 2p, O 1s, and C 1s energies are
all within 0.4% of experiment, even without correction for
relativistic effects. For the Pt 4f levels, however, such effects

. are clearly very important. This raises the question of how
much the calculated mainly Pt valence levels might be in error
due to this factor. Explicit comparison of the Pt atom 5d
orbital energy from relativistic and nonrelativistic SCF-Xa
calculations®* shows that the correction for even a purely 5d
molecular level would be a downshift of only about 0.02
hartree. This would affect neither the ordering of the levels
nor any of the conclusions about bonding.

Many of the features of electronic structure calculated here
for Pt(PH;),(O,) are probably applicable to most other
chelated-O, complexes, especially the six-coordinate complexes
of Co, Rh, and Ir. In a recent review,> Vaska drew on all
available data to argue convincingly for the generality of the
peroxo formulation. Bosnich et al. have shown* that the same
complexes originally made from Co' and O, are easily prepared
from Co' and O,*. Gray et al. pointed out® that the electronic
spectra of “Co'~0,” and Co™-COQ;?" complexes are virtually
identical. ‘

The six-coordinate complexes differ from Pt(PH,),(0,)
principally in having two less mainly metal electrons and two
additional z-axis ligands. Their energy-level diagrams should
therefore differ from the Pt case in having the mainly d,:
orbital (7a,) elevated in energy to become the lowest or second
lowest unoccupied orbital. One-electron electrolytic reduction
of Ir(Ph,PCH,CH,PPh,)(0,)* leads to dissociation of O,,
suggesting that the LUMO is strongly Pt—O, antibonding—i.e.,
as we find for Pt(PH;),(0;), mainly d,, rather than d,».%

In moving from the third-row metals Pt and Ir to the
first-row metal Co, one might expect a decrease in ligand field
splitting and covalency, possibly making the mainly d rather
than mainly =* orbitals the highest occupied ones and leading
to lower energy electronic transitions than in Pt(PH,),(0,).
Indeed, the first two bands for Co(2=phos),(0,)" lie at 21
X 10% and 26 X 10° cm™ and were assigned by Gray et al.
to d—d transitions.’

In-Plane vs. Perpendicular Coordination for C,H, and O,.
The most striking difference in structure between the d®
complex [HCIg(C2H4)]— and the d*° COmpleX Pt(PPhg)z(CzH4)
is that the C—C bond lies perpendicular to the plane in the
former and lies in the plane in the latter, as shown by
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The calculations explain the in-plane coordination simply in
terms of the relative availability of the in-plane (d,,) and
out-of-plane (d,;) back-bonding orbitals of the fragment
Pt(PPh;),. As pointed out above, the d,, orbital will be high
in energy and “pushed” toward the C,H,, due to its strong
Pt-P antibonding character. Both factors favor its interaction
with the very high-energy #* orbital. There is no comparable
destabilizing or directionalizing effect on the d,, orbital. The
in-plane ethylene conformation is thus largely due to the very
different trans influence of the PPh, ligand on the d,, and d,,
orbitals.

In [PtCl;(C,H,)]", however, the potential in-plane back-
bonding orbital lies between the Cl ligands and thus is unlikely
to be very differently perturbed by them than the out-of-plane
orbital. The ethylene, with little basis on which to choose,
adopts the sterically more favorable perpendicular position.
Back-bonding is much weaker in the absence of the ligand
trans influence. These conclusions are confirmed by the C-C
distance of 1.375 g‘r) A% [only 0.038 A longer than in free
ethylene; cf. 1.43 A in Pt(PPh;)z(C;H“)], the easy rotation
of C,H, around L,Pt"-C,H, bonds,’” 1*C NMR experiments
which indicate the Pt"~C,H, bond to involve largely for-
ward-donation,”® and SCF-Xa-SW calculations on [Pt-
Cly(C,Hy)]"

For the O, complex, significant covalent back-bonding
appears absent, but the usual ligand field stabilization energy
arguments favoring planar over pseudotetrahedral coordination
for four-coordinate d® complexes apply. The planar structure
is also favored by the character of the “forward-donation”
orbitals of a; symmetry. Although interaction with the Pt
5d,2,» orbital should not greatly differ for in-plane and
perpendicular ligand orientations, overlap with the 5d,:
“donut” is clearly more effective in the plane. Figure 3 shows
that such overlap is indeed a significant component of the
bonding in Pt(PH,),(0,) (but, interestingly, not in Pt-
(PH;),(C,Hy)).

Monodentate vs. Chelating O,. Similar considerations apply
to the problem of why, independently of whether one considers
bound O, to be neutral, superoxo, or peroxo, monodentate
coordination is found in some situations and chelating in others.
There have been several discussions of this point based es-
sentially on Walsh diagrams generated at varying levels of
sophistication.?**? T have one simple, limited observation to
add: in the known structures of coordination number 6 or less,
the presence of monodentate or chelating O, is consistent with
the expected influence of ligands trans to the O,. One ligand
is found directly trans to monodentate O, and two ligands are
found roughly trans to the two oxygen atoms of chelated O,.
The Co™ complexes depicted in 4 and § provide an exam-

3—
CN /PR
eN RoP 0
NC-CI:o/—O\ ><lo/\g yl[i
N | o RoP | ‘
CN PR
4 5

ple.*** The main Co-O, bonding interaction in 4 is Co
3d,:~O, =*, while in § Co 3d,-O, or and Co 3d,,-O, 7*
should be considered.***! The point is that in both 4 and §
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the trans donor ligands point at, and thus elevate the energy
of, just those metal orbitals which interact with the relatively
high-energy O, =* orbital, thereby improving that interaction.
In 5 they fail to elevate the 3d,: orbital, thus favoring its
interaction with the relatively low-energy O, ow set. A striking
illustration of this trans influence is provided by the recentl
reported complexes Cr(TPP)(py)(0,)* and Mn(TPP)(0,)*
(TPP = tetraphenylporphyrin), which appear to have the basic
structures shown below—i.e., similar to 4 and 5 above, re-
spectively.

N

o Skt
py—Lr= .
o W e

N

Both appear to be d* systems (Cr'-QO,” and Mn'Y-O,%,
respectively), and both are prepared starting from M-
(TPP)(py)—but the Mn compound loses the pyridine ligand
in the process of attaining the chelated-O, structure. The x-ray
structure of another porphyrin complex having completely
analogous geometry to that proposed for the Mn system,
Ti(OEP)(0O,), has recently appeared.*’

Reactivity of Chelated-O, Complexes. Most discussions of
reactivity in terms of calculations focus on the HOMO and
LUMO of the molecule in question. For the O, complex, the
HOMO is well separated in energy from lower levels and
strongly localized on the O, unit as the perpendicular =*
orbital. There is a large energy gap between it and the mainly
Pt 5d,, LUMO. Such a diagram is characteristic of a nu-
cleophile; the molecule should act as a donor through the O,
unit. This is just what is observed: a survey of known reactions
of Pt(PPh;),(0,) leads to the conclusion that the reactivity
is greatest in cases where the O, moiety acts formally as a
nucleophile.” Of course, the mechanisms of these reactions
are generally unknown, so “formally” may be an important
word here. There is at least one known structure, however,
where the perpendicular =* orbital is “caught in the act” of
serving as a donor (6). As suggested in the structural paper,*

c
Rh(1)
o ™~
0(2)
0
/
PhsP——Rh(2)
\*
PPhs
6

Tph3

Pt

PPhy

n

/

0

R

such donation is the only reasonable explanation for the
molecular geometry. The angle O,0;Rh, = 102.5 (3)° is
indeed perfectly consistent with the expected electron dis-
tribution in the 7* orbital, slightly swept back from the O-O
region.

The only reaction which seems universal for all group 8
chelated-O, complexes, and also the one for which there is the
clearest indication of mechanism, is addition of SO, to give
coordinated sulfate, exemplified below for Pt(PPh,),(O,).

PhaP PhsP, 0O
’ \Pf/? + 80 —— ’ \Pr/O\S//
/ 0 VRN
Ph,P PhaP 0

From '30-labeling studies of the Ir(PPh;),(CO)(C1)(0,)-SO;
system, SO, insertion into one M—O bond has been proposed
as a likely first step for this reaction*

Joe G. Norman, Jr.

o* 0%
Ml + 802 — | m{ ot
0? o
The energy-level diagram for Pt(PH;),(0,) suggests how this

might occur in a concerted fashion

electron shift interacting orbitals

(black = filled, white = empty)

The LUMO of SO,, a p-type, mainly sulfur orbital perpen-
dicular to the plane, is perfectly set up to accept electrons from
the 7* HOMO of the complex. At the same time, the in-plane,
mainly sulfur HOMO of SO, can donate to the mainly Pt 5d,,
LUMO of the complex. This LUMO is, in fact, strongly
antibonding with respect to the Pt—O, bond (see Figure 7),
so that population of it should help rupture this bond.

Pt(PPhj), is a homogeneous catalyst for oxidation of Ph,P
to Ph;PO, and Pt(PPh;),(O;) has been established as the
important catalytic intermediate.'’> The mechanism supported
by kinetic studies for the critical step in this process is shown
below (PPh; represented by P for clarity).

PV Lo
| P
o -

P+
/

This step formally represents a transfer of four electrons into
the PtO, system; i.e., it converts Pt to Pt® and severs the
remaining O-O bond in O,%". Our calculated energy-level
diagram does indeed predict the likelihood of such processes,-
for there are exactly two well-defined unoccupied orbitals of
Pt(PH;),(0,) at negative energies, one mainly Pt 5d,,/O, m*
and the other essentially O, 6*. The combination of these two
orbitals, both belonging to the b, representation, favors just
the sort of symmetrical attraction of two PPh; ligands proposed
in the preceding bracketed transition state.

Pt—P Back-Bonding. There are no orbitals in either
complex to which the phosphorus contribution is mainly from
3d functions. However, as shown in Table VI, there is a
significant change in hybridization of the phosphorus bonding
functions upon complexation to Pt, amounting to replacement
of s by d character. This effect is greatest in the high-lying
8a, orbital, where the d component reaches 20-30% of the total
phosphorus contribution. The 8a; orbital contains much more
Pt than P character; to the extent that the P character is 3d,
it thus represents Pt(5d)—P(3d) back-bonding.

There has been much discussion of whether the shortening
of M-P bonds from the sum of covalent radii invariably
observed in phosphine complexes is due to = back-bonding or
merely reflects increased P 3s character in the M-P ¢
bond.”®>3? The present results suggest the unified view that
the bond shortening and related phenomena reflect some, but
not always the same, sort of change in phosphorus hybrid-
ization upon complexation to metals. For PH; bonding to Pt,
this change appears to be essentially replacement of s by d
character, with the bonding functions remaining mainly 3p.
This does not mean that the same type or magnitude of change
will occur for PR; ligands where R is more electronegative,
or more complex, than H. In particular, a rapid increase in
3s character of the complexed-PR; donor orbital as R is made
more electronegative has been demonstrated experimentally.®
We plan additional calculations on PR; complexes with varying
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Table V1. Spherical-Harmonic Character of Phosphorus-Sphere
Contribution to PH; Lone-Pair Orbital and Complex Pt-P

Bonding.Orbitals
Phosphorus-sphere
character?®
Molecule Orbital %s % p % d -
PH, 2a, 21 79 0
Pt(PH,),(0,) 3b, 3 89 8
6a, 8 85 7
8a, 13 64 23
Av 8 79 13
Pt(PH,),(C,H,) 4b, 5 85 10
Sa, 6 89 5
8a, 18 53 29
Av 10 76 15

@ For PH,, the 2a, orbital as a whole is 81% phosphorus and
19% hydrogen. See Table III for the extent of phosphorus
contribution to the orbitals listed above for the complexes.

R to help resolve these questions.
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