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Preface

Catalytic reactions are of interest anc well studied
both in the pure and applied chemistries. Catalysts are
classified into following groups; (1) metals, (2) metal oxides,
(3) acids and bases, (4) transition metal complexes, and (5)
others. The catalyses by transition metal complexes are gener-
ally homogeneous with few exceptions and have been investigated
actively during the last decade. Others are heterogeneous in
most cases and have been studied for several decades.

“hen we consider why and how catalysts accelerate reactions,
we should know how catalysts interact with reagents and how
the reagents become favorable for the reaction by the inter-
actions. In order to elucidate the above issues, we must
investigate electronic structures of intermediates in which
catalysts interact with reagents. While recent spectrometers
such as nuclear magnetic resonance and elactron spin resonance
supply us information on electronic structures of intermedi~tes,
the studies with these instruments are sometimes difficult
because of the low concentrations and/or the short-lives of
intermediates. On the other hand, theoretical works supply
us information on the above issues. Futhermore, theoretical
works are also necessary in order to anticipate the abilities
of catalysts and to design catalysts for our requisite re-
actions. Thus, catalytic chemistry requires theoretical

works. Nevertheless, only a few of these works have been
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reported. Theoretical works on solid catalyses are difficult
due to many unsolved problems in theoretical studies of
surface state of solid. Therefore, at the start, we had
better perform theoretical works on homogeneous catalyses.

In this field, transition metal complexes are of special
interest, since they catalyze various organic reactions and
also form sometimes stable organo-metal complexes which are
considered as models of intermediates in catalyses.

There are three theoretical methods in the chemistry of
transition metal complexes; (1) the molecular orbital (MO)
method, (2) the valence bond (VB) method, and (3) the crystal
field theory. The VB method has been used only in a few
studies on transition metal complexes and it is not feasible
for moderately large molecules even with recent high-speed
computers. While the crystal field theory is useful for
studying electronic structure of the central metal atom, this
method can not give us information on electronic structures
of ligands. On the other hand, the MO method is a useful
means for studying both electronic structures of the central
metal ions and ligands, and its application to large molecules
is moderately easy. Thus, the MO method is the best theore-
tical means for the studies on catalyses by transition metal
complexes, since catalytic systems contain generally many
atoms, and since the reactants coordinating to the metal as

ligand should be investigated. Unfortunately, however, the

(i)



MO studies have not been so popular in the chemistry of
transition metal cbmplexes as in organic chemistry.

The main theme of this thesis is a theoretical study of
electronic structures of transition metal complexes and their
behaviors in catalytic reactions. This thesis is devided into
two parts. In part I, the author carries out semi-empirical
SCF-MO studies on some transition metal complexes in order
to look into the usefullness of this MO method in the chemi-
stry of transition metals and also to investigate electronic
structures of organo-transition metal complexes which are
often considered as the models of intermediates in catalyses.
In part II,.he performs theoretical works on some homogeneous
catalyses by the usé of the semi-empirical SCF-MO method;
specifically he studies the oxidation of olefin catalyzed by
Hg (II) and Pd(II) complexes, and the hydrogen-deuterium

exchange reaction of ethylene catalyzed by trans-PtHX(PRj),.
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ParT 1

SEMr-emPIRICAL SCF-MO STuDIES
oN
TRaNSITION METAL COMPLEXES



Chapter 1. Introduction

The MO method is widely applied in the field of organic
chemistry. It is also applied in the field of the chemistry
of transition metals, while its application is less popular
than that in organic chemsitry. Since the first attempt of

the semi-empirical MO method on transition metal complexes was

1)

carried out by Wolfsberg and Helmholz, various MO methods

have been applied to transition metal complexes; the extended

Wolfsberg-Helmholz MO method (the self-consistent charge (SCC)

2)

MO method,”’ the self-consistent charge and configuration

3)

(SCCC) MO method, and others4)), the zero-differential over-

lap (ZDO) approximated SCF-MO method (the complete neglect of

3) the intermediate

)

differential overlap (CNDO) MO method,
neglect of differential overlap (INDO) MO method,s and the
ASMO SCF method including overlap integrals7)), the SCF-Xq

)

scattered wave model (SCF-Xa=-SW) method,8 the discrete

9) 10)

variational (DV) method, and the ab initio MO method.
Electron repulsions are not considered explicitly in the
Wolfsberg-Helmholz and the extended Wolfsberg-Helmholz MO
methods, while they are considered explicitly in the other

MO methods. The ab initio MO method is the best. However,

it is difficult to apply this method to catalytic systems even

with a recent high-speed computers, because catalytic systems

include generally too many atoms for this method. The SCF-



Xa~-SW and DV methods require moderate amount of computer time
for large molecules. However, their applications to transi-
tion metal complexes are few and far between, relative

to those of semi-empirical SCF~MO methods. Thus, the ZDO
approximated SCF-MO methods are most suitable for studies of
catalytic systems including transition metal complexes.

In part I, the author carries out MO calculations on
transition metal complexes by the use of the CNDO-type approxi=-
mated semi-empirical SCF-MO method or the INDO-type one.

In chapter 2 of this part I, the introductory CNDO-type
MO calculations are presented on some transition metal comp-
plexes such as Mn04-, Cr042_, de42—, and desz_ (X=F, C1,
and Br).

In chapter 3, semi-empirical UHF-MO calculations are
carried out on iron group halides and some other similar
halides. The MO method used in this thesis was found to give
reasonable results on Werner type transition metal complexes,
as described in chapters 2 and 3. Hereafter from chapter 4
to chapter 6, the semi-empirical SCF-MO calculations are
carried out on organo-transition metal complexes.

In chapter 4, electronic structures of ferrocene and
cobalticenium ion are investigated, in which transition ener-
gies, orbital energies, and charge distributions are discussed.

In chapter 5, electronic structures of Ag(I)-olefin

complexes are investigated. Main interest is directed to the



coordination bonding characters of olefins.

In chapter 6, MO studies are carried out on Pt(0) and
Pt(II) complexes with ethylene and acetylene. A discussion
is presented on the difference in coordination bonding charac-
ters of ethylene and acetylene between Pt(0) and Pt(II)
complexes.

In chapter 7, the resultant conclusions in this part I

are presented.
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Chapter 2. Preliminary Survey of MO Calculations on

Transition Metal Complexes

§ 1., Introduction

Since the molecular orbital (MO) calculations of MnO,

and Cr042_ were presented by Wolfsberg and Helmholz,l)

MO methods have been used in the MO calculations of transition

various

metal complexes, as described in chapter 1. However, none of
them was perfectly satisfactory, because an effective mothod
for some compounds can not always give reasonable results in
other cases.

In order to re-examine the usefulness of the CNDO type
MO calculations of transition metal complexes except
for the estimation of the intra-atomic triplet transition,
£he author calculated the electronic structures of MnO, ,
2- 2

4 ! de4 ~ and deez_ (X=halogen) , since the CNDO type

approximation avoids the difficulties of preserving rotation

CrO

invariance and of estimating one-center exchange repulsion
integrals in the INDO type one. The calculated results of
the electron density, the strength of the Pd-X bond, and

the electronic spectra of these complexes are presented in

this chapter.

§ 2. MO methoed

The author starts from Roothaan’s familiar closed-shell



2)

SCF equation”’ and separate the Hartree-Fock matrix element,

Frs' into the‘one-electron part, Hrs' and the two-electron

part;
lFrs - esrsi = 0 (1)
| occ
Frs‘= . + t? . ptu[(rsltu)-o.S(rtIau)l

where r, s, t, and u denote atomic orbitals (AQ’s) and Py 18
density matrix element between the AO0. t and AO. u. Then, the
following approximations are introduced into eq.(1): (I) The

zero~differential overlap (ZDO) apprOximatidh3) is introduced;

S.s T drs (2)

(rs|tu) = 8 g8 tn (Tx | tt) (3)
(IIi The diagonal element of the one-electron part, Hrr' is
approximated as follows;4)

H, =U_ + BﬁA (B|rr) (4)

U .,==I =(_-1)(rrjrr) - & N_(rr|ss) (5)

g r ssr s

(Blrr) = = B N (rr|ss) (6)

p 5

where Nr and Ir represent the number of elegtrons on the A0. r
in the neutral atom A, and the valence staté-ionization
potential of the AO. r, respectively, ZA indicates the
summation on the A atom. (III) The off-diagonal element of
one-electron part, H_.. (r#5), is apporximated according to

Wolfsberg and Helmholz:l)



Hrs = -~;— K srs ( Ir - IS) 7 (7)

where the parameter K is taken equal to 1.1.

(IV) The one-center Coulomb repulsion integral (rrlrr) and the
two~center Coulomb repulsion integral (rr|ss) are estimated by
the Pariser’s approximations) and the Ohono’s appr0ximation6)
respectively.

In order to calculate S g Clenmenti’s AO7) and Burns'’ AOB)
were used for ligands and metals respectively. The same
orbital exponents were used for s- and p-orbitals. The values
obtained by Jaffé et al.? were used for the Ir and (rrirr)
of ligand atoms. The values used for the metals are listed
in Table 1.

The bond population or the atomic¢ orbital bohd popu-
lation can not be used as the bond index in the MO method

including the ZPO approximation. The bond order can not be

useful for the bond index because of its rotation variable

character. Thug, the author use the quantity, E as the

AB'
bond index, which is defined as the energy contribution of

3;.18)

the AB bornid to the total energy. This quantity is repre-

sented as follows under approximations used here;

- A _B A _B 2
E,p =2 % P_H__~0.5:"1°p (rr |ss)
AB r s rs rs r s rs
A _B
+ i g 3. Nr) (PSS NS) (rr|ss) (8)



Table 1 The ionization potential (Ir} and one

Coulomb repulsion integral (Jrr)

-center

Ir Jrrlz)

3d ~20.28:£? 14.03 ¢
Cr 4s -14.73 6.80
4p ~10.31 5.80
3d =a1,.44 +0) 14.70
Ma 4s «15,35 7.09
4p -10.62 5.95
4a - g.54 1) 13.87
Pd 5s - 7.60 7.46
5p - 3.84 6.22




§ 3. Results and Discussion

4 v

4
y § 13"‘15) ’ o 2_
with previous one, MO’s of MnO4 and CrO4 were calcu-

MnO, and CroO For the purpose of comparing our results

lated. The net charge on the Mn atom in MnO4 was found to
be 1.28 from the metal K-X ray spectra.lB_b) However, negative
net charge on the Mn atom was obtained. This may be due to

the too large electron density of the 4s and 4p orbitals of

14)

the Mn atom compared with the results of Oleari et al. and

Hillier et al.™>) (Mno,”; 4s, 0.81 and 4p, 0.78: Cr042_;

4s, 0.8l and 4p, 0.78 in our results).

The highest occupied (HO) MO and the lowest unoccupied (LU)
MO are considered to be represented by ty L3y 340 and els).
respectively. Calculated results with respect to HOMO and

LUMO are compared with previous ones in Fig. 1. The results

14)

of Oleari et al. seem to be quite reasonable. However, the

13-b)

MO0 calculations by Brown et al. gave a positive orbital

4 L]
the representations of HOMO and LUMO are not

energy for the HOMO of Cro Also, in the case of Hillier's

calcualtion,ls)

t1 and e, respectively, and the HOMO of CroO - has a positive

4
orbital energy. In contrast to these results, our results

are reasonable regarding the orbital energies and the orbital
symmetries.,
The calculated transition energies are given in Table 2.

our results agree well with the experimental results.

2=

and de6

pax, 2"

4 . The author then calculated the MO’s
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: . - 2=
Transtion energies of MnO4 » CrOy4

Table 2
and Pdc162'
(a) Mn04"
Bxperimentals’t P Calculated
5k 3 1., 17-a) l.
L79 oV T1 or Ty 1.44 oV Ty
1 1 5
2.38 T2 2.45 T2+‘E
1
3,65 T2
1 i 4
B3is
44 lT1 4,27 Tl
4.13 3
T2 4,47 'I‘2
() Cr042;
Experimentalsl7"c) Calculated
) & 1
3.0
2.00 oV Tl 3.36 oV Tl
L
. 3,78 Tl
32586 T . 1,
> 518 'I'2
4.65 T2 6.47 sz
5.20 6.70 Ly
1
(c) Pdc162'
. 22)
Experimentals Calculated
2.27 1
ev 3,28 ev Tlg
J:
4.13
3.64 1T29
5.94 Tlu
5.17 1
6.45 '17‘21.1

5 !



of de42_ and de62‘ in order to examine the wvalidity of

this MO method for different types of complexes. The net
charge of the Pd atom decreases with a decrease in the electro-
negativity of halogen, as is shown in Table 3. This tendency

agrees with the results obtained by means of photoelectron

19)

spectroscopy. However, the author obtained a negative net

charge on the Pd atom due to the large electron density of

5s- and 5p-orbitals. As is shown in Table 3, the absolute

; : .o
value of Epg-c1 1S larger than that of Epg-pr 1D de4 ’

2~ 2=
and PdX6 » and the absolute value of Epg-x of PAX." are
p 1

larger than that of de4 - These results agree with experi-
mental results.zo)

Though the order of the bond strength agrees with the
experimental results, it is failed to obtain reasonable

transition energies of de42“. The calculated transition

energies seem too small for PdC142_ (0.019 eV) and PdBr42‘
(0.028 eV). Futhermore, neither is the d-d transition which
is to be expected as the first transition.ZI) For PdC162—,
the calculation gives almost reasonable results, as is shown
in Table 2.

As has been described above, the CNDO type MO method gives
reasonable transition energies of Mn04_, ér042_ and PdClsz-,
although successful results can not be obtained in de42-.
Also, this MO method gives us reasonable trends of electron

density and bond strength for de42* and deszﬂ.

L2



£T

2=

¢y o
Table 3 Electron Densities and ELa-x of PdX, and PdXg
Electron densities Net Charge Obsd.
a) b)
en Pd - Epg-x  Fpa-x Vpa-x
] -
4d 5sp Calcd. Expt. (eV) (mdyn/A) (cm l)
Pdc142‘ 8.075 2.259 -0.333 0.42 -15.882 1.355 310
PdBr42— 8.049  2.343 -0.3%92 0,23 -14.688 187
Pd_Fsz- 7.137 2.219 0.644 -19.124
Pac162' 7.177  3.043 ~0.220 0.72 -16.300 1.90 317
derGZ' 7.157  3.203 ~0.360 -14.920 1.58 198

a) The force constant of Pd-X

stretching vibration (Ref. 20).

b) The frequency of stretghing vibration of Pd-X (ref. 20).
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Chapter 3. Iron Group Fluorides and Some Other Transition

Metal Halides

§ 1. Introduction

19F NMR studies on open-shell iron group fluorides have

revealed the existence of hyperfine interaction between the

fluorine nuclei and the magnetic electrons.l‘T) Also similar

hyperfine interactions have been observed in ESR studies on

2, 8-14)

those complexes. These hyperfine interactions have

been explained in terms of the spin fractions on the F

2-15)

ligand. It has been accepted that unpaired electrons

have been brought into s and p orbitals of ligand by the metal-

. : . 2, 16
fluorine covalency (the spin delocarization (SD) mechanism) ™’ )

except CrFGB- and VF64— in which spin fractions on the 2s
orbital of the F~ ligand are considered to be resulted from
the mixing of the excited states (the spin_polarization (SP)
mechanism).3' 10)
Some theoretical works have been carried out on the

electronic structures of these complexes.ls_zo} However, only

19,20,23) yave been presented on UHF-MO

a few of reports
calculations of these complexes, while an UHF-MO method is
suitable for calculating spin fractions. Also, UHF-MO calcu-
lations have never been reported oﬁ NiClG4h, MnCleé_ and MnCl42—
so far as we know. '

In the present work, the- semi-empirical UHF-MO calculations

16



are carried out on open-shell iron group fluorides and.some
other complexe.s. The discussion is présented on the spin
transfer mechansim, liéand effect on spin transfers, and the
metal-halogen bonding natures.

§ 2. MO method, Parametrization, and Geometries of Complexes

MO method. A semi-empirical UHF-MO method is used,in

which CNDO or INDO type approximations are included. The

approximations used here are the same as our previous ones for

the CNDO type MO methodZS)

and as .the Konishi’s ones for the
INDO type MO methodzs)respectively. Only the one-electron part

t

of Fock matrix elements, Hrt in the INDO type MO method
4

are reiterated here;
A A
B .=s~I ~N -~y .~ Z N (y . .~0.5g .} = I "N
rr r r re tir tHxt B#A s

Hrs= -0.5 K srs§1r+xs) (2)

rt g¥rg (1

where AO. r is on the A atom and i means the summation on the

A atom. B in the CNDO type MO method is obtained from eq(l)
7)

by neglecting k_, . For Wolfsberg-Helmh0122 parameter K,

t
values of 1.0 and 0.80 are used in AO pair including d-orbital

and in that including only s and p orbitals, respectively.
Parametrization. Elements of the first transition

series have dn-zs2

configurations in their ground states except
the Cr  atom which contains dss configuration, where n
represents the number of valence electrons. However, a" and

n-i N : .
d s configurations etc. also should be considered valence

L7



state configurations. Thus, the arbitrariness exists in the
]
choice of the valence state. The effects of valence state is

investigated in MO calculations on NiF64_. As described in

thie folleowing section, the authors use the dn-zsz valence

s:nte and d-function for d- configuration in standard MO
calculations.
For metal atoms, ionization potentials are calculated by

8) Values of one-center Coulomb

using data of Di Sipio et al.
repulsion integrals are also taken from the same.work.zsl While
“hese quantities are considered to depend on the electronic

ccnfiguraéions of the atom, the same values are used for three

dirferent configurations since the data of Di Sipio et al. are

evaluated frem various electronic configurations including

cf

hege three ones. For ligand atoms, values of ionization

potentials and one-center Coulomb repulsion integrals are taken

29
) Values of one-center exchange repulsion

0)

£rom Hinze’s work.

intecrals are adopted from Di Sipio’s Work3 for metal atoms

1)

: . 3 i
and from Hinze's work for ligand atoms.

In INDO type MO calculations, values of one-center

Zoulemd repulsion integrals, and are evaluated from

30)

Yas Yap’
so as to hold rotational invariance.
32)

Sletor-Condon parameters
are
33

Dovble-g type functions of Richardson et al.
ts2d only for d-orbitals and single Slater type orbitals
are used for s and p orbitals.

Bond Index. The contributigns of the AB bond to the

18



34, 35)

total energy, EAB' is used as the bgpd index. This

guantity is represented as follows undér both CNDO and INDO

tvpe approximations used here;

™ :—.EA

i B - oy 2 g2
Rt R R L2 Prefet {(Prt ).+(Prt ﬁ Vel

£

A B, _ B \
L % § Fprr Nr}(Ptt Nt)Yrt (37

v = u B L] . & P ] -
thare Prt Prt +Prt . The first term on the right hand sid:
represents approximately the contribution of the covalent
bonding interaction and the second one does approximately that
oi electrostatic one. In order to investigate the metal~

bz logen bbnéing nature, the first term are divided into each

L0 pair terms, such_as.EAB(s}’ EAB(pJ, and EAB(d)’

‘ = ph - @, 2 8. :
Fan(s) 5 L 2 Praflyg {(Prs ) +(Prg )} o (4)
E - A ;B(p) _ ) 8, 2)

AB (p) 5 E [ 220 . {(Prt )+ ") 4y ] (5)

whare EB(p) means the summation on the p-orbitals of the B
atom. tEAB(d) is also similarly defined. These guantities,
EAB(S) and EAB(p) etc., represent the contribution of the s~
crbital of the B atom and that of p-orbitals of the B atom

to the A-B bonding interaction etc., respectively. The second
cre in eq(3) is not divided into each AO pair terms, since it

approximately represents the electrostatic interaction and

the division described above. is meaningless,

ne=-
6

rigid octahedral for simplicity, while they are slightly

Geometries, Structures of MX are assumed as the

19



3, 4, 6) 2~ snd Muci. ® uve

4 4
symmetries, respectively.

Structures of CuCl
36) 12)

distorted.

considered to obey Dan and Ts

Their coordinate systems are shown in Fig. 1.

§ 3. Results and Discussion

Effects of Valence State. Three MO calculations'are

] ! . =] . 8 2
carried out on N1F64 by using three valence state, d s,

dgs and dlo, in order to investigate the effects of valence

is the most convenient for this purpose, since
6, 7)

state. NiF64"

this compound has been well investigated experimentally

16, 17, 21, 23) p.cults are given in

and theo;etically.
Table 1.

In calculations I ~ III, an electron density on the 3d-
orbital of the nickel atom agrees well with that obtained by
.the ab initio MO calculation, while electron densities on the
4s and 4p orbitals are remarkably larger than those of the
ab initio MO calculation.23) Generally speaking, an ab initic
MO method gives an reasonable electron densities. In trans-
ition metal complexes, however, electron densities on 4s and
4p orbitals are extremely affected by the orbital expandings.
Thus, the authors do not carry out parametrizations for
electron densities on 4s and 4p orbitals.

On spin fractions of the 2s-orbital of the F ligand, fs,
the calculation III gives reasonable result, while the spin

fraction on the 2po-orbital of the F_ ligand, fP ; is too
: o

small relative to the experimental value.7) On the other

20
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- S

(a) MX

(b) CucCl 2-

4

Fig. 1. Coordinate systems of Mxﬁﬁ‘, CuClézh, and MnCl42“

M=V (II), Cr(III), Mn(II), Fe(III), and Ni(II); X=F , Cl~,

and Br‘.
21
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Table 'l Effects of valence state configurations in CNDO type MO

Before a single annihilation

calculations® of NiF .~ .
Calculation T III IV Moskowitz® obsd.C
Valence State das2 dgs d10 das2
d-function® a® &  ar "
Electron 3d 8.100 8.094 8.074 8.201 8.023
ds 0.266 0.292 0.428 = 0.256 0.071
density
4p 0.518 0.576 0.843 0.502 0.060
Spin £ 0.22 % 0.32 0.40 0.72 0.438 0.538
fraction . fp& 1.50 & 1.36 1.00 2.78 6.32 3.78
a b Rref. 23. € Ref. 7.

d d-orbital exponents and coefficients for da—configuration etc.



hand, in the calculation I, fpCF is larger than that of the
calculation III, while fs is too small. Thus, any one of
three parametrizations I,V III gives at least an unreasonable
result.

When the 6832 valence state and a d-function for dl0
configuration are adopted, values of fs and fpc increase and
become more agreeable with experimental values. (See the
calculétion IV in Table 1.) Since a d-function for d10
configuration results in large overlap integrals relative to
that for da configuration, the larger fesonance integrals
between d-orbitals of the nickel atom and s- and p-orbitals of
the fluorine atom brings about larger values of fs and fpc.
It seems unreasonable at first glance that a d-functiog for
vdlo configuration is used in spite of the dasz valence state.
However, d-functions are considered as a parameter in this
work since orbital exponents and coefficients of double-z d-
function are used in calculating overlap integrals which is
necessary in the empirical Wolfsberg~Helmholz approximation.
Thus, a d-function for 4" configuration and dn”252 valence

state are used in the standard MO calculatipns.

Electron Densities. Table 2 gives electron distri-

butions which are calculated by the INDO type MO method,
in which the dn_zs2 valence state and a d-function for a"
configuration are used.

4=

In NiFg~ , the INDO type MO method gives similar electron

23
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densities on 3d, 4s and 4p orbitals of the Ni atom, while

those obtained by the former method is slightly less than

' : 4 N .
those by the latter one. (Compare the results on NiF. ik g

' Table 2 with those of the calculation IV in Table 1.) The
inclusion of one-center exchange repulsion integrals scarcely
affect electron density. |

In FeF63— and CrF63~, the pet charges on the central

38)

metal ion have been obtained experimentally. Qur results

fairly agree with experimental wvalues, as shown in Table 2.

4~ 2-
In NiF6 4

4s and 4p orbitals of the central metal ions are remarkably
23, 39)

and CuCl , calculated electron densities on the
larger than the results of ab initio MO ¢alculations,
on which our opinion‘'is presented in the previous paragraph.
In thege complexes, our smaller net charges on the central
metal ion are'due to the larger electron densities on 4s and
4p orbitals, relative to those of ab initio MO calculations.

In Nix64_ and Mnx64" (X=F, Cl or Br), positive net
charge on the cental metal ion and the negative net charge
on the ligand decrease in the order F > Cl > Br. This result
is reasonable since the electronegativitigs of halogen decrease
in this order. While electron densities on the s and P
orbitals of the halogen scarcely depend on the kinds of

halogens, those on the Py orbital decrease in the order F

> Cl > Br. From this result, it is expected that the contri-

25



bution of halogen’s pg—orbital to metal-halogen bond increases

in the order F < Cl < Br.

In MnCl42_, the net charges on the Mn and Cl atoms are

smaller than those of MnC164“. This result suggests that
electrons are donated from ligands to the metal ion more

strongly in MnCl ol than those in MnC164-. More precise

4
inspection of the electron densities reveals the strong

electron donation in MnCl42— is resulted from the formation
of strong m-bond between the Mn and ClL atoms;. that is,

electron densities on 39“-orbitals of the Cl~ ligand are

considerably smaller than those of MnC164_, while that on

the 3pU-orbital in MnC142_

Metal-Halogen Bonding Nature. In order to investigate

is larger than that in MnCl.

the metal-halogen bonding nature, Eux (M=metal atom, X=halogen
t - i i i i r

atom.) is divided into EMX(s)' EMX(p) EM(d)x and EM[s+p)X.
Results are given in Table 3.

The absolute values of E are remarkably large

M(s+p) X
and do not depend so largely on the kinds of central metals,
which suggests the 4s and 4p orbitals participate to the
metal-halogen covalent bond to the almost same degree in all
complexes. The absolute values of EM(d)ﬁ depend largely on
the kinds of the metal atoms and increases 'in the order Ni(II)

< Mn(II) ~ Fe(III) < Cr(III) ~ V(II), which suggests the

contribution of 3d-orbitals to the metal-halogen bond increases

26



Table 3 Metal-halogen bonding natures™

(a) Effect of metal atom on metal-halogen covalent bond

Metal atom  Ni(II) Fe(III) Mn(II)? Cr(IrI) V(II)

By (a) x ~0.882_, ~1.903 -1.383 -4.909 -4.445

EM(S+p]X -7.042 -7.451 -6.405 -7.622 ~7:229.

(B) Effect of halogen atom on metal-halogen covalent bond

Mnk64— Nix64-
Halogen atom F2 Cl Br F Cl
EMX(S) -5.770ev -3.349 -2,925 -5.844,, -3.779
~d -3. -4, -2. -4.117
.EMX(p) 2.018 3.793 4,012 -2.079 4.1

a -
The INDO type MO method, in which the " 232 valence state
and the d-function for dn—configuration are used. These

b

o
data are results after a single annihilation . Mn-F=2.095 A,

which js obtained from-KMnF3.3 While MO calculation is

also carried out for Mn-F=2.31 i, its result is not given

in this table, since 2.31 ﬁ is  the Mn-F distance in NaF lattice,
and since its value seems too large relative to the M-F

distance in the other complexes.

27



in this order. This increasing order agrees with the
decreasing tendency of numbers of electrons hold in -the mole-
cule; the increasing numbers of electrons results in the more
electrons in anti-bonding MO’s, eg* and tzg*, since these
anti-bonding orbitals are occupied as shown in Fig. 2.

of Mnx_ " and NiF64— are also given

Eyux (s) MX (p) 6

in Table 3. The absolute value of EMX(S] decreases in the

order F > C1 > Br and that of EMK(p) increases in the order

and E

F < Cl < Br. These results suggest that the contribution of
halogen’s‘s—orbital to metal-halogen bond decreases in the
order F > Cl1l > Br and that the contribution of halogen's'
p-orbital increases in the:order F < Cl < Br. This bonding
natures 'agree with that expected from electronegativities of
haIOgens; as the electronegativity decreases, the s-character
of the bond decreases and the p-character increases.

Spin-Fractions on the Ligands. Results are given in

2, 4, 7, 11)

Table 4 and 5, compared with experimental values

19, 20, 44)

and previously calculated ones In Table 4, the

mark "aa" represents the results after a single annihilation

proposed by Amos—Sneyder.4l)

While the CNDO type MO method
is inferior to the INDO type one as described below, results
calculated by the former are also given in Table 4 for
comparison.

INDO type MO caluculations gives smaller values of fgr
and fp ---fp than the CNDO type MO calculations do, in all

o) m
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SO DEOO00Z000;

= &= _ -
Ni X MnXs  FeFs  CrFe , VF&

]

The eg* MO includes the s- and pc—orbitals of the ligand,

and the tzg* MO does the pw-orbitals.

20,00, 10
Qv

MnCl,* bag @

2..
CUC':,
The t2* MO includes powcrbitals
of ligangs and the e* MO does s- The blg* MO includes s-
and po—orbitals. and pﬁ~orbitals of ligands.

' Fig. 2. Schematic representations of MO’s mainly contributed

from metal’s d-orbitals.
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Table 4 Spin fractions on the F ligand

4..
(A) NiF6

£

i o i ) N T o e = Ee

‘Method s (8) fpgfpr (%) M-r distance (A)
Gurs ~zNpo-a® 0.10 0.80

mpo-a*? 0.49 1.80 2,00~

mpo-dt%-aa  0.50 1.79
clack®  cNDO/II-B 0.02 0.33 } L

CNDO/II-G 0.15 1.39 o
mrown®  MCZDO = 0.46 2.006
chad. 1R 0.538  3.78 2.024

ESR® 0.490  4.51 1.994
(2) wnr 2"

Method fs (%) pgwfp-ﬁ- (%) M7 digtence (?‘4.'1
Ouzs CNDO-a° 0.35  1.32

INDO-a> 0.11  0.74 2.0959

INpO-a’ 0.71  1.29

INDO-a 0.38  1.05 ;

5 % I

INDO-d’ -aa 0.40  1.09 } T
Clack®  cNDO/II-B 0.12  1.17 B

CNDO/1I-G 0.34  2.25 } i
Brownc MCZDO - 1.98 2,023
obsd. NMRY 0.52-  0.18 2,008

rsR® 0.47  0.80 2.009

ESR® 0.41  1.30 2.31
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Table 4 (Comtinued)
3
(C) Fer,
e -F : 1 F i si=% 0-)__
Mathod fs (%) fpo zgn (3) M-F distance (&)
onre tino-a® 0.22  2.49
npo-d®-aa 0.25 2,747 1.994
INDO-a° 0.94 3.76-
Clack®  cNpO/TI-B 0.15 '7.97 }
_ 1.694
CNDO/II~G 0.44 7.38
Brown® MCZDO - 5.14 1,.910
obad. ESR® 0.763 3.3 \ 1.994
(D) CrFés-
Method fa {8} fpg“fpﬂ_,(%) M=-F distance
ours cnpo-at 0.0 ~0.70
Inpo-ad’ -0.15 ~1.49
6 legjs
INDO=G" -0.19 ~1.79
Npo-d®oza,  -0.11 ~1.49.
Clack®  CNDO/II-B  -0.003  ~0.415
1.93
CNDO/II~G -0.01 -0.74
Brown® MCZDO = -4.74 1.933
cbsd. Nunt -0.021  <4.90 1.923
ESR® -0.031. ~4.75. 1.994
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Table 4 (Continued)

4_
() VF,
9
Method fs (2. -ﬁpc-fp“(%) M-F distance (A)
ours CNDO-d° 0.0 ~0.92
INDO-d°  =0.17 ~0.88 1.994%
INDO-d°-aa -0.10 ~0.78
Clack®  CNDO/II-B 0.0 ~0.2002
CNDO/II-G 0.0 -0.30 } 1.994
obsd. ESRT -0.072  -2.8 1.994
ESR® ~0.019  ~4.15 © 1.994

8The dn-zs2 valence state is used in all MO calculations.

8

d~ etc. represents that the d-function for da-configuration

is used. "aa" means the results after a single annihilation,

Pref. 20. "B and "G" represent that the Burns’ orbital

exponent and the Guterman’s one are used respectively.

Cref. 19. dReﬁ. 7. ©Ref. " ﬁw. H. Bauer, Acta Cryst., 11,
588 (1958). JRef. 4. ires. 2. jsince NMR and ESR give so
different results on £ ~f  each others, two bond lengths of

pU ﬂ.
Mn-F are examined.

32



Table 5 Spin fractions on the €1~ ligand®

£ (%) £ -£ (%)
Compounds a Py Pq
calc. obsd. calc. obsd.
Nic164" 0.33 0.58° 2.10 7.3P
Mnc164' 0.37 0,4 © 1.50 3.9°
Mnc142“ 0.25 - 2.11¢  _
c:uc142" 0.27 0.61° 5.09  11.9°
a \ i i ' n-2 2
INDO type MO calculations, in which the 4 s” valence state

and the d-function for a" configuration are used. Data are
after a single annihilation, In CuCl42—; the d~function for
dlo configuration is used. bRef. 40. CRef. 13. dThis
-value is one of before annihilation, since our coordinate

system can not give spin fractions on Po. and Pr orbitals after

annihilation,
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complexes. In Table 4, it is also noted that the INDO type
MO method in which the dn_zs2 valence state and the d-function
for 4 configuration (the standard parametrization) are used

gives the most reasonable results.

As shown in Pig. 2, NiF54_, MnF64—, and FeF63“ contain

6 2 3
*Ya *% and t, *
29 g 2g

fluorine covalency results in positive spin fractions on 2s

t eg*2 configurations, respectively. Metal-

and 2p, orbitals of the F ligand in NiF64— and does positive

ones in 2s, ch, and ZpTF orbitals in MnF64- and FeFSB_. In

these complexes, both CNDO and INDO type MO methods can give
H
reasonable results on spin fractions, as shown in Table 4.

Our results are more agreeable with experiments than the

19, 20)

previously calculated ones. Single annihilations hardly

affect values of £ and £ ~f
=1 PC}' P‘n‘ .

In CrF 3= and VF64_ which contain t2g*3 configurations as

6
shown in Fig. 2, metal-fluorine covalency brings positive spin
fractions into only two Zpﬂ'orbitals of the F ligand. The
spin fraction is also observed on the 2s orbital of the F
;igand in these complexes, which is accepted to be due to the

4, 10) The CNDO type MO method fails to

spin polarization.
give spin fraction on the 2s orbital of the F ligand; that is,
the CNDO type MO method can not give spin fraction due to the
SP mechanism. The INDO type MO method can give the spin

fraction on the 2s orbital of the F 1ligand. 1In CrF63-, the
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value of £ is too large and the absolute one of £_ ~f is
s Po Pu

too small relative to experimental values. The single
anihilation, which gives almost complete eigenfunction of §
(See Table 7.), brings about remarkably large changes in

values of f_ and f ~-f . While the value of £_ is reduced
S Pc Pm s

by this treatment, its value after annihilation is still too

large. 1In VF64-, the value of f_ after amnihilation agrees well

with experimental value, while the wvalue of fpd—fPTT is too

small relative to experimental value. While our results can
not always agree with experiments, these are better than the
results obtained by the previous CNDO/II MO method.zo)
Results for chloro complexes are given in Table 5, which
are calculated by using the INDO type MO method. Calculated
values of £q fairly agrees with experimental values except for
42_. Values of fpc-—fpTr in chloro complexes are larger
than those in fluoro complexes, which is reproduced by our

CuCl

calculations, while calculated values are considerably smaller
than the experimental values, as shown in Table 5.

As described above, the CNDO type MO method can not give
a spin fraction due to the SP mechanism, while the INDO type
MO method can give it; that is, the CNDO type one is inferior
to the INDO type one. It is worthwhile to compare these two
methods in more detail. In Table 6, MO energies and MO coef-

ficients are given. 1In NiF64—, the CNDO type MO method gives
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Table 6 Comparison between the CNDO type and INDO type MO

methods
(a) NiF64—
. T
MO  Method? e(eV)b Bagan. voaton
& 7.848 0.783 dxz-O.Bll[(lz)—(22)+(52)—(6x)]
CNDO
g 7.848 0.783 , -0.311 "
*
2t g o 7.621 0.916 " -0.201 “
INDO
B 8.818 0.952 " -0.153 n
' o 6.876 0.5[(lz)~(2z)~-(5x)+(6x)]
CNDO o
B 6.876
t1g o 4.619 ' "
INDO
B 4.658 "
(B) Cuc142'
MO Methodd E{eV) Eigen vector
@ -7.432  0.953d_+0.151[(1ly) - (2y)+(3x) - (4x) ]
CNDO 4
B =7.432 0.953 " +0.151 : "
*
Pag & ~8.488 0,959 " +0.141 "
INDO
B -8.108 0.949 " +0.157 "
& -3.390 0.5[ (1y) ~(2y) +(3x) - (4x) ]
CNDO
B -3.390 "
q2g o ~4,229 "
INDO
B -4.194 "
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Table 6 (continued)

aThe das2 valence state and the é-function for dlo—configu—
ration are used. bThase positive MO energies would be due
to the neglect of effects of cation and/or crystal lattice.19
The extra potential, such as crystal lattice, do not give so

13 c(lz) etc. means the

great effect on spin fractions.
P, orbital of the ligand 1. (See Fig.l.) dThe dlos valence

state and the d-function for the dlo—configuration are used.
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quite the same MO energies and almost the same MO coefficients
between o-spin and g-spin MO'’s, while the INDO type MO method

gives considerably different MO energies and MO coefficients.

o
4

the CNDO type MO method fails to give polarization effects on

'Also, similar results on CuCl are given in Table 6. Thus,

MO energies and coefficients.42) These results reveal that
the CNDO type MO meéthod is inferior to the INDO one even in

NiF 4-, in which the former method can give reasonable results

6

on fs and fp as well as the latter one.
o

Spin Transfer Mechansim. Spin fractions are divided

into two components accordingly to the method of Nakatsuji
et a1.43); the components through the SD.-mechanism and the
other one through the SP mechansim. Results are given in

Table 7, together with expectation values of 32 before and
after a single annihilation,

In &ll complexes, unpaired electrons are localized in
the d-orbital of the central metal ion, which supports the
treatment of the ligand field theory on these complexes.

Spin fractions on the ligands are mainly contributed by
64_ and FeF63_.

however, that thé SP mechanism considerably brings negative

the SD mechansim in Nix64“, MnX It is noted,

6 .
CrF63- and VF64“, the SD mechanism brings about positive spin

spin fractions on Dy orbitals of the ligand in MnX In

fractions on two 2p, orbitals of the F ligand and the SP

38



Table 7 Spin appearing mechanism®

Complex Metal ion Ligandion g b
Bdtzg 3deg° = 4 s Pg Pqg ba aa
SD 000% 93ﬂ12% 0-0% 050% 0&51%‘1-78 0-0
Nir T % 2,000 2.000
' SP Q.O 0.0 0.11 0.0 =-0.01 0.01 ‘0.0
4_ SD 0.0 92.45 000 000 0.35 2-16 0-0 :
NiCls . 2.000 2.000

SP 0.0 0.0 0.28 0.09 -0.02 ~0.05 -0.01

FeF 3~ SD 96.98 85.86 0.0 0.0 1.00 3.71 0.75
6 8.750 8.750

SP 000 0.0 0014 0002 -0-04 0.03 _0u01

c SD 99.34 94.53 0.01 0.0 0.46 1.37 0.16

® sp, 0.0 0.0 0.61 0.18 -0.06 -0.12 .0.0 °©-750 8.750

SD 98.77 92.16 0.03 0.0 0.47 2,09 0.30

4-
MaCle" sp 0.0 0.01 1.42 0.52 -0.10--0.37 -0.02 %;75% 8.750

4- SD 98.81 92.24 0.04 0.01 0.39 2.20 0.29
MnBr 8.752 8.750
SP 0.02 0.02 1.77 0.66 -0.09 -0.50 ~0.02
3. SD 95.76 -0.04 0.0 0.0 0.0 0.01 1.04
CrF 3.753 3.750
SP 0.03 1.34 0.30 0.14 -0.11 -0.46 0.0
SD 97.42 0.01 0.0 0.0 0.0 0.0 0.64 3 559 3 959
SP 0.0 0.49 0.21 0.11 -0.10 -0.15 0.0

q SD 91.43 96.59 0.02 2.54 0.52 1.90° |
8.752 8.750

4 Sp 0.12 0.02 1.26 0.74 =0.27 =-0.23°
dxz-y2 d22 4s 4p ' 3s 3p0 3p“
SD 79.00 30.0 4 0.0, 0.0 . 0.27 .4.98. 0.0
| 3
- ¥ ¢ ¥ $ ¥ % 4.750 0.750
4 SP 0.0 0.04 -0.21 -0.11 0.0 0.10 -0.01

a , ®
The INDO type MO calculation, in which the 4" 252 valence state
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Footnote of Table 7. (Continued)

and the d-function for dn-configuration are used. These data
are spin fraction'per an orbital after annihilation,

-b"aa” and "ba" mean after and before a single annihilation;:
respectively. “Mn-F=2.31 i. dIn MnCldzﬁ, tig and eg should
be replaced by t, and e, respectively. °These values are
spin fraction on a: p-orbital. In our coordinate system,
spin fractions on p-orbital after annihilétioncan not be

divided into those on Py and pﬁ orbitals. ?In CuCl,” , the

other 3d-orbitals and 4p orbital do not have spin fractions.
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mechanism induces negative spin fractions on 2s and 2p, orbitals
of the F ligand. In Mncl42- and CuC142;, spin fractions on
the ligand are mainly due to the SD mechanism, while in MnC142-
the SP mechanism considerably contributes to f_ and fp.

The SP mechanism also induces spin fractions on 4s and
4p orbitals of the central metallion in all complexes.

Futhermore, in CrF g and VF64_, its mechanism also induces

6
positive spin fractions on Bde orbitals.

Spin transfer through thegSP mecﬁanism increases F < Cl
< Br in Mnxsq- and Nix64- as shown in Table 7. It is interest-
ing that this increasing order agrees with the decreasing
one of spectrochemical series.
'In conclusion, the INDO type MO method used here can
give fairly agreeable results an spin fractions with experiments.

This method is expected to be used in studies on electronic

structures of open-shell transition metal complexes.
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Chapter 4. Ferrocene and Cobalticenium Ion

§ 1. Introduction
The electronic structure of ferrocene, Fe(CSHS)z’ has been of

interest both theoretically and experimentally since its discovery

g Recently, the new experimental data such as de-

tailed analysis of optical absorption spectral-4) and photo-

5-8)

in 1951.

were reported. On the other hand, the

previous semi-empirical 9)  and ab initio MO ‘calculations 10)  ana

11y 12)

electron spectra
the SCF Xq,SW calculations are situated on the stage of
progress. The level ordering for the molecular orbitals of

ferrocene is still obscure because Koopmans' theorem breaks down

in this case 103

and the optical absorption spectra are not also
explained satisfactorily by theoretical works.

In this paper, two kinds of the semi-empirical MO method are
applied to calculate the electronic structures of the iso-electro-
nic metallocene, ferrocene and cobalticenium ion. First, the
parametrization of the two methods, one of which is a CNDO type
method named Method I and the other of which is a INDO type method
named Method II, is set up. Then the calculated results of

transition energies, orbital energies and charge distributions are

discussed as compared with the experimental facts.

§ 2. Method of .Calculation

The two kinds of the semi-empirical SCF MO methods, Method I
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and Method II, are adopted in this calculation. Method I (

complete neglect of differential overlap ) type one already used

13)

in several transition-metal complexes - Method II is an

INDO ( intermediate neglect of differential overlap ) type
cne.l4) The two methods are employed for the closed shell-mole-
cules and only Method II is used for the open shell-molecule,
ferricenium ion which is the ionized species of ferrocene, by
means of the unrestricted Hartree-Fock ( UHF ) approximatién.ls)
Only the outline of integral evaluations in the both methods
is demonstrated here. The off-diagonal core integral, Hrs ( r

+ s ), is evaluated by the Wolfsberg-Hermholz approximation,ls)

H =-KS (I +1I_) (r+s)

where K is a parameter, Srs is the overlap integral between AO r
and AO s, and I. is the valence-state ionization potential of AO r.

Overlap integrals are calculated with the single Slater-type

17)

orbitals by Clementi and Raimondi and especially with the

double~z functions for metal 34 orbitals.ls)

Overlap integ-
rals for the metal-carbon bond in ferrocene are shown in Table 1
as the function of the d electron number. The integral values
in dB configuration change to be small toward right with about 20
% reduction corresponding to the orbital contraction.ls)
The one-center Coulomb repulsion integrals are obtained by

the Pariser's approximation-lg) In Method II, the charge of
the metal atoms are taken to be both heutral and single positive

( abbreviated N and P respectively ) as cited in Table 2. The
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Table 1 Overlap integrals for the metal-carbon bond in ferrocene.

configuration d8 d7 d6
&4 S5 535 535
Ty 1.80 2.00 2.20
3d4(Fe) - 2s(€) 0.31577 0.1190 0.0899
3d,(Fe) = 2pg(C) 0.1532 0.1315 0.1097
3d,(Fe) - 2pg;(C) 0.1140 0.0852 0.0637

]

two-center Coulomb repulsion integrals are evaluated according to

48) The one-center exchange integrals for

21)

the Ohno's formula.
Method II are derived from the data of the atomic spectra.
Thus the choice of the parameters in the present paper
remains to be done about the value of K, the configuration of the
d electron and, only in Method II, the charge of the metal atoms.
The bond lengths were taken to be Fe - C = 2.03 i, Co-C =

-] -] o 22)
2.10 A, C-C=1.43 4, and C - H = 1.09 A .

The cyclo-
pentadienyl ( cp ) ring was assumed to be planar. The symmetry

of ferrocene and cobalticenium ion was set to be D5d except for
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Table 2 One-center Coulomb repulsion integrals for the metal

atoms.
Fe Co
3d 4s 4p 3d 4s 4p
Method 12" 15.37 7.38 6.10 16.04 7.67  6.25
N> 11.77  6.90 4.17 12.32  7.05  4.30
Method II i
P 15.94 8.19 5.72 16.50 8.46 5.84

a

L. Di Sipio, E. Tondello, F. De Michelis, and L. Oleari,
Chem. Phys. Letters,ll, 287 (1971).

N and P are the abbreviation of neutral and positive res-
pectively where the Pariser's approximation is applied
correspond to the charge of the atoms. Values are calc-
lated from the formula by Anno and Sakai ( T. Anno and Y.
Sakai, Theoret. chim. Acta(Berl.), 18, 208 (1970)).
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the section discussing the symmetry of ferrocene.

§ 3. Results and Discussion
The choice of the parameter is first done to fit the calculat-
ed transition energies of ferrocene to the experimental results.
Then the calculated quantities with the best parameter are dise~
cussed.

Transition energies of ferrocene. Recently the detailed analy-

sis of the ferrocene ultravidlet and visible spectra made so re-
markable progress that a large number of absorption bands were
able to be assigned.l*4) Therefore, the electron transition
seems to be utilized as an indication of ‘the reliability of theo-
retical methods.

The calculated transition energies by the two methods where

the configurationinteractions are further considered among limited
number of singly excited configurations are presented’in Tables 3-
5 together with the experimental results. The electron absorp=
tion number by Armstrong et al. %) is cited in the tables.
The absorptions are grouped in four: singlet-triplet d-d transi=~
tions, I-ITI; singlet-singlet d-d transitions, Iva-v; singlet-sing-
let symmetry-forbidden transitions, VI‘XI; singlet~singlet sym-
metry-allowed charge~transfer transitions, XII and XIII.

The 3d functions of the first transition-metal atoms are

scarecely affected by the electrons occupying the outer shells, is

e., the functions change according to the d electron number not to
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[4]

Table 4 Singlet-singlet transition energies? (in eV) of ferrocene by Method II

Obsd.b a’ a’ a8 a8 asd
State P,X=0.9 P,K=1.0 P,K=0.8 P,K=0.9 N,K=0.9
v, 2.70 gy 2,98  3.09  3.46  3.67  3.33
g
(alg‘*elg)
IV, 2.98 1E94 2.19 3.09 3.56 3.91 3.42
(e2g+e1g)
v 3.82 'E1q 2.19  3.11  3.56  3.71  3.42
(329"‘619)
a,,3.88  4.46  3.90  4.49  3.95
VI 4.67 cT
g, 3.94  4.51  3.96  4.60  4.02
VII+VIII 5.02 gerade a,; 4.83  5.49 4.91  6.40  5.15
1 1 1 j
X 5.23 ‘Ajq or 1B, Bjg 5.87 6.32 5.40 6.35 5.17
X+XI 5.82 gerade 1E2g 5.05 5.72 5.77 5.61 5.13
.31 1 1 1, 5.57  6.11  5.13  5.71  5.54
XII  (0.69) P2u °F "Ei1g A2u(0.65) (0.79) (0.15) (0.19) (0.43)
1, 6.03 6.62 6.09 6.72 6.25
6.58 1 2u(0,64) (0.56) (1.18) (1.22) (0.38)
XITI : Ay, or lEp .
(0.04) u u 7.52 7.64 6.96 7.19 5.31

1w
¥lu(0.09) (0.08) (0.001) (0.0G7) (0.02)

a See footnote a of Table 3.
b See footnote b of Table 3.



Table 5 Singlet-triplet transition energiesa (in eV) of

ferrocene by the method II.

Obsd.b a’ a7 a8 FL as
State P,K=0.9 P,K=1.0 P,K=0.8 P,K=0.9 N,K=0.9

1 2.35 3p 1.23  2.31  2.97  3.07  2.76

g
11 2.59° g 1.23  2.31  2.99  3.32  2.76
111 2.78% g 2.37  2.49 2,99  3.17  2.84

a BSee footnote a of Table 3.

b Ref. 1.

c Sohn et al. estimated by means of the ligané—field parameters
resultant from the analysis of the spin-allowed d-d bands.
See ref. 1.
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the charge of atoms. 18} Therefore, the 3d function repre-

sented by d® means the expanded orbital of the neutral atom and a
implies that the function can be regarded as both the orbital in

&

3d6452 configuration of the neutral atom and the orbital in 3d
or 3d%4s ) configuration of the doubly ( or singly ) charged atom,

In Method I, the parameter K is first taken to be 1.1 as is
in re£, 13, The influence of d number on the calculated tran-
sition energies is largest for the absorptions IV -V ( Table 3 ).
The calculated results with the d7 configuration become close to
the observed values for the absorptions Iv,-V, but too large for
the others. Then, the dependence on the Coulomb repulsion
integrals of the 3d orbital is tested. The reduction of 2 eV
( or 4 eV ) from the one-center Coulomb repulsion integrals of the
only 3d orbitals influences merely for the absorptions XII and
XIII less than for the absorptions IV,-V. The variation of K
affects all of the core-resonance integrals, H.q, not only between
the metal and the ligand orbitals but also among the ligand
orbitals, Therefore, 0.9 is taken as K with the a8 configu-
ration. All kinds of the calculated transition energies became
considerably close to the observed data.

In Method II, the two sets of one-center Coulomb repulsion
integrals are adopted for the metal atoms ( Table 2 ). The set
N, that is derived from the spectroscopic data of the neutral atom
with the Pariser's approximation’lg) gives slightly small values

especially for the allowed CT transitions, XITI and XIII ( Table 4 ).
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The set P, based on the singly positive atom, resembles the set in
Method I and seems to be better for further use in the present
case. A number of the combinations of the two parameter, K and
the d electron number, with the set P was tested to fit to the
experiment. The combination of 1.0 and d7 was found to be best
for both singlet-singlet ( Table 4 ) and singlet-triplet ( Table 5
) transitions.

The two sets of the parameters are found as the best in each
method., However, the assignments of transitions are different:
for example, the first allowed CT band, XII, and the symmetry-for-
bidden bands, VII-IX. It is difficult to distinguish the dif-
ference between the two parameter sets, because the two methods are

8 in Method I

not based on the same integral parameters. Both d
and 4’7 in Method II exceed dG configuration of the free atom or
positive ion in the ground state. Therefore, the size of the
iron 3d orbitals in ferrocene seems to be expanded from that in
free regardless of charge. The fact that the Fe-C bond length
of ferrocene, 2.03 a, is longer than that of Fe(CO)g, 1.84 a 23)
may support the present situation.

Orbital energies of ferrocene. The highest occupied molecular

orbital has been discussed for a long time as to be whether e2g ©Or

ag untill Coutiére et al. 10)

revealed that Koopmans' theorem
breaks down in ferrocene. Now the photoelectron spectrum and
the electronic configuration of the ionized molecule obtained on

the basis of ESR measurements can not be used to decide immediately
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the sequence of the molecular orbitals because of the different
extent of the electron rearrangement which occurs upon ionization,
depending on the nature of the orbital involved in the ionization
process.

Orbital energies of ferrocene by the two methods are given in
Table 6 together with the ab initio H-F results.lo) In the
three methods the highest occupied orbital is neither g nor ajq4s
but is €y, or €197 which is essentially the cyclopentadienyl Tt
orbital. Whereas the SCF X, SW method brings a4 as the high-
est.lz)

Ionization potentials of ferrocene calculated by Method II
are compared with those obtained by both the other method and the
photoelectron spectra in Table 7. Ioﬁization potentials are
given as the energy difference in total energies between the neut-
ral molecule and the ionized radical. The agreement of values
between calculation and experiment is not so good but the assign-
ment of the first and second ionizations coincide except for the
SCF xu SW method where the sequence is reversed-lz) Of cause
Method II and the ab initio H-F method imply that the ground state
of ferricenium ion is ZEzg as shown on the basis of ESR measure-
ment .24)

The differences between the ionization potentials mentioned
above and those derived from Koopmans'theorem ( cited in paren-

theses in the table ) give the extent of the electronic rearrange-

ment occuring upon ionization. The amounts of the electronic
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Table 6 Orbital energies (in eV) of ferrocene and Cobalticenium

ion
+
Fe (cp) 2 Co(cp) 5

Method I Method II ab initio Method I Method II

a8,k=0.9 4a7,p,k=1.0 H-Fa a%,k=0.9 a%,p,k=1.0
e1u -10.61 -9.53 -11.67 -15.33 -14.21
elq -9.91 -11.68 -11.89 -15.49 -17.62
€2g -10.43 -11.59 ~14.42 -16.72 -18.17
a)q -10.14 ~12.39 -16.57 ~18.11 -19.26
ern -11.98 -13.91 ~15.92 -16.96 -18.86
2y, -14.70 -14.40 -16.03  -19.93 -19.10
e2g -12.28 -14.60 ~16.16 -19.05 -19.85
a Ref. 10.
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Table 7 Comparison of the ionization potentials? (in eV) of

ferrocene calculated by the various methods with

those measured by photoelectron spectroscopy

State - ab initio H-FP  SCF X,¢ Obsd.
a’,p,k=1.0
*Erg 8.83(11.59) 8.3(14.4) 8.5 6.86
yq 9.25(12.39) 10.1(16.6) 7.9 7.23
%84 11.24(11.68) 11.2(11.9) 9.7 8.72
2E1 4 9.17( 9.53) 11.1(11.7) 9.3 9.38
<. 13.77(13.91) — (15.9) 11.6 —
. T 14.16(14.40) 15.5(16.0) 11.7 o

a The values calculated by the MO methods were obtained from

differences in total energies as well as ffom Koopmans'

theorem ( given in parentheses ).

b Ref. 10.
c Ref, 12.
d Ref, 5.
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rearrangement are pretty large for both 2E2g and zAlg states,
where an electron is removed from the orbitals consisting mainly
of the metal 3d orbitals, and are small for the other state where
the unpaired electrén distributs almost over the ligand.

Charge distribution of ferrocene. Electron density of ferro-

cene calculated by the present two methods given in Table 8 shows
that the formal charge of iron atom is obtained to be positive but
very close to zero different from the ab initio H-F result.where
the iron atom has +1.23 as formal charge. The three methods
have not so large discrepancy in electron density on the metal

3d orbital;,,but the electron densities on the 4s and 4p orbitals
by the present two methods are larger than that by the ab initio
H-F method. Method II gives almost consistency of the d elec-
tron configuration between the assumption made at selecting
orbital functions and the calculated result.

Symmetry of ferrocene. The egeilibrium conformation of ferro-

cene has been proved to have both eclipsed ( Dspy ) configuration in
vapor phase by the electron diffraction study 25)  and staggered

22) Calculation of

configuration ( Dsg ) in the solid state.
ferrocene with Dgy symmetry was also performed by Method II with
the same bond lengths as in Dgy configuration. Orbital energies,
molecular orbital coefficients and transition energies are virtually
identical between the two conformations. Comparison of total

energy with a point charge approximation in core-core repulsion

concludes that the DSd conformer is more stable than the D5h con-
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Table 8 Charge density of ferrocene and cobalticenium ion

Fe (cp) 7 Cofcp),*
Method I Method II ab initio Method I Method IT

a®,k=0.9 a’,p,k=1.0 H-F2 a?,k=0.9 a8,p,k=1.0
M 7.78 7.87 6.77 8.71 8.86
3d 6.52 7.10 6.51 7.37 8.08
4s,4p 1.26 0.77 0.25 1.34 0.78
3dyz,3dy, 0.41 0.64 0.43 0.74 1.08
3dyyr3dx2.,2 1.88 1.93 1.86 1.96 1.98
3,2 © 1.94 1.95 1.93 1.96 1.97
4s 0.37 0.39 0.00 0.39 0.38
4Py, 4Dy 0.32 0.10 0.12 0.35 0.11
4p, 0.25 0.18 0.01 0.26 0.19
o 4.08 4.02 4,31 4.03 3.96
2s 1.01 1.17 Y.13 1.03 1.18
2Pys2py av.  0.98 0.89 1.07 0.99 0.90
2p, 1.11 1.08 1.06 1.01 0.98
H 0.94 0.99 0.81 0.90 0.96

a Ref. 10.
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former by about 1.6 k cal/mol. Therefore, a small rotation bar-
rier seems to permit almost free rotation along the five-fold axis
in the liquid state.

Cobalticenium ion. As an isoelectronic metallocene of ferrocene,

cobalticenium ion, Co(cp)2+, can be used to discuss further the
details of the electronic structure of metallocene. A couple
of electron transitions for Co(cp)2+ are correlated to absorption
number labeled for Fe(cp)2 in Table 9. For Co(cp)2+, singlet-
singlet d-d transitions, IV -V, became slightly larger and the al-
lowed CT transition, XII, has considerably smaller value than for
Fe(cp) 2. Therefore, the intermediate transitions, should be
assigned as VI-XI, can not be identified.

The parameter sets of the present two methods for Co(cp)2+
were first taken as d9 ( kK=0.9 ) for Method I and dB ({ P,K=1.0 )
for Method II. The number of d electron in these sets are
larger by one than those for Fe(cp), corresponding to d electron
increase in free atom. Calculated results satisfy the tendency
of transition energy shift mentioned above.

When Co(cp)2+ was given attention to be an isoelectronic
metallocene of ferrocene, we might chose the same d electron num-
ber as for ferrocene, Such d electron numbers in each method,
however, seem to require larger K value than 1.1, which gives still
smaller values for transitions IV,-V, than the experimental values.

The present calculation suggests that the size of the cobalt

34 orbitals in Co(cp)2' is also expanded from that in free.
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Table 9 Transition en'ergiesa (in eV) of fobalticenium ion

Obsd.b Method I Method II
State a%,k=0.9 a8,k=1.1 a%,p,k=1.0 a7,p,k=1.1
g
III  2.70 lg — — 2.23 1.68
W,  3.00 B 2.74 2.46 2.97 2.45
Ivp  3.27 1By 3.07 2.76 2.97 2.45
v 4,13 lEyq 3.05 2.76 3.42 2.94
1
ALy 6.50 7.07 1.81 1.59
1
Epy 5.28 5.89 1.92 1.70
1
Ayg 6.64 T30 3.65 2.98
a4 4,20 4.27 6.29 6.75
By 4.26 4.32 4.00 3.38
| 1y
XII 4.71 P24, 5.20 5.84 5.23 5.03
(0.5) ‘®lu™®1g (2.35) (2.36)
1814 6.55 7.98 6.62 6.75

(0.001) (0.001)

a See footnote a of Table 3.

b Ref. 1.
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The sequences of molecular orbitals for Co(cp)2+ are almost

same as for Fe(cp), ( Table 6 ). However the values of

molecular orbitals were lowered throughout about 5 eV from the cor-

responding orbitals for Fe(cp); because of the positive charge of

the whole molecule.

Electron densities on the metal orbitals in Co(cp)2+ increased
almost unit value from those in Fe{cp)2 ( Table 8 ). Increase
of electron density on the 3dy, and 3dy, orbitals and decrease of
that on the 2p, orbitals of cyclopentadienyl rings indicate that
charge transfer from ligand to metal atom takes place favorablly in
Co(cp)2+. The consistency of the d electron configuration bet-

ween assumption and result is also realized for Method IT.
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Chpater 5., Silver(I)-Olefin Complexes.

§ 1. Introduction

Many transition metal complexes catalyze certain
reactions,l) such as isomerization, dimerization, polymerization,
oxidatioﬁ, hydrogenation of olefins and acetyienes; A gumber
of organo-transition-metal complexes have been synthesized
and investigated using various method,21 because these
complexes were interesting as models of the intermediates of
such reac?ions.

The Ag™-olefin com.plex31 ig one of the well known organo-
transition-metal complexes, and its thermodynamic and
_sPéctroscopic studies have been carried out; heretofore

4~7)

equilibrium constants of the formation, heat of formation,

4, 6, 7) 8, 9)

infrared, Ramang) and nuclear magnetic resonance

9-12) have been measured.

(NMR) spectra
Since Dewar proposed the two-way donor acceptor bond in
the silver- and platinum-olefin complexes; some theoretical
studies have been carried out on thg'natu£e of coordination
bond in such complexes; the perturbation method has been
applied for the estimation of the stability of Ag+-olefin
complexes®’ 1417} ;n4 molecular pfbitals M0) of Ag'-ethylene
have been obtained by the extended Hiuckel and ab initio MO

18, 19)

methods. However there seems to have been no reports

of systematic MO calculations on a series of Ag+—olEfin
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complexes, and theoretical interpretations of the experimen-
tal results, such as the infrared, Raman, and NMR etc., are
rather scarce. Thus, the author will calculate the MO’s of
six Ag(I)-olefin complexes by the semi-empirical SCF-MO method,
and present some discussions on the experimental results from

the obtained MO’s in this chapter.

§ 2. MO Calculation and Geometry

The SCF MO's are obtained by the CNDO type MO method,

which has been applied to the MO calculations of Mnog, Crozz,
de;? and ﬁdxgz (X=halogen) in a previous work, 20!

All valence orbitals including 4d-atomic orbitals of the

silver atom are considered explicitly. The zero-differential

21)

overlap approximation is introduced into the Roothaan’s

22)

SCF equation for the closed shell molecules. Then the

diagonal one-electron term Hrr in the Fock matrix element is
*
evaluated according to the formula of Yonezawa et-al.23).l

The off-diagonal one-electron term Hr (r$s) is calculated

24)

s
by the Wolfsberg~Hermholz approximation.

H _=-k S *2
r

rg (Ir + IS) ‘ (1)

]

*1 While the one-center exchange repulsion integrals are
included in the formula of Yonezawa et al., the author
neglects them in this calculation. For Fock-matrix elements,

see chapter 2 in the part I.
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where the parameter k is taken as 0.55. The one-center Coulomb

repulsion integrals of ligand atoms are obtained by the
25)

and those of the silver atom are
26)

Pariser’s approximation

The two-center Coulomb repul-
27)

taken from Di Sipio’s report.
sion integrals are computed according to the Chno’s formula.
The single Slater type orbitals are used for all s~ and p-
orbitals, and the double-z form orbital is used only for the
4d-orbital of the silver atom. The values of the orbital

exponents, () ionization potentials, I_, and one-center Cou-

s
lomb repulsion integrals, (rr|rr) are given in Table 1.

The core-repulsion energy, Enucl’ is approximated by;23)
A _B 2
E =3I L ™ ¥ N_N_(rr|ss) (2)
nucl A>B r s r'’s

As the measure of the bond strength, the two atomic part of

22)

the total energy, E B’ proposed by Pople et al. is used,

A
and this quantity is expressed by eq.(3), using the approxi-

mations described above.
_ A _B _ 2 ) ) %2
Bap= I I (2.0 P__H_-0.5 P__“(rr|ss)+(®__-N) (P N) (rr|ss) (3)

AB s rs rs S

The distance between the silver atom and the center

of the double bond of the olefin is fixed at 2.39 i *3

28)-

according to the work of Mathews et al. The olefin moieties

in these complexes are supposed to.be nonplanar in analogy

30)

with Ze}se's salt, in which’fqur;hyd:ogen_atoms are_pushed

*2 For notations in these formulas, see Ref. 23 and chapter 2

in the part I of this thesis.
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Table 1 Orbital exponent(cr),valence state ionization

popential(Ir) and one-center Coulomb repulsion integral (rr|rr)

Atom AO z. c . I, (ev) (rr]rr) (eV)
H 1s 1.00003%) 13.60°3) 12,8537
c 2s 1.5679 21.07 12.10
2p 1.5679 11.27 10.93
32) 32)
5.9830°2) 0.5535
Ag 4a g.172% 13.87%%
2.6130  0.6701
5s 2.1900 7.07 7.46
- 5p 2,1900 3.30 6,22

—

*The 4d atomic orbital (AO) is represented by Basch et 21. 3%

as the linear
combination of one 3d and two 44 Slater type orbitals (STO's). In this work,
the contribution of 3d STO is neglected and the 44 AO is represented as the
linear combination of two 44 STO’s. Thus, strictly speaking, this 44 AO is
not normalized. However, the contribution of the 3d STO is negligible small;

e€.g., less than 0.2 % in the case of the overlap integral between the Ag and C

atoms.



R™ ~ R" = H or CH, Ag(I) -ethylene complex [B]

Fig. 1. Coordinate systems of Ag(I)-olefin complexes.

*3 In Ag(I)-cyclooctatetraene, the averaged Ag-olefinic carbon
L o
bond and C=C double bond lengths are estimated to be 2,49 A

28) From these values, the distance

o
and 1.37 A, respectively.
between the silver atom and the center of the C=C double
o
bond is evaluated to be 2.39 A, assuming that the C=C double

bond is petpendicular to its coordination bond.
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away from the platinum ion, Howeyer in this work, the
assumption is made that the olefin moiety is planar and its
bond lengths are the same as those of an uncomplexed olefinzg)
due to the lack of information on the accurate configurations
of these complexes, For the purpose of comparison, one.
nonplanar etlylene complex model has been calculated and its
stability examined. Hereafter, the planar and the nonplanar
ethylene complexes are named [A] and [B], respectively. These

coordinate systems are shown in Fig.l.

§ 3. Results and Discussions

Heat of Formation; The heat of formation has been calculated

from the difference between the total enérgy of the Ag+folefin
complex and the sum of total energies of the silver(I) ion

and of the olefin. The relative values of the heat of formation
to that of the Ag+—ethy1ene complex [A] are shown in Table 2,
together with the values of EAg-C(olefinic) and EAg-C(allylic)'
The calculated heat of formations increase with the increasing
number of methyl groups, which is good agreement with the
axperimental trend*4. On the other hand, the absolute values
f EAg—C(olefinic) decrease with the increasing number of
\ethyl groups. This suggests that the heat of formation

'‘an not only be decided by the inteiaction between the silver
tom and the olefinic carbon atom but also by the interaction

etween the silver atom and another parts of olefin; which
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Table 2 Heat of formations and EAg~C of Ag+-olefin complexes

Olefin Heat of formation E %3 -
S *1 . *9 Ag-C(olefinic) EAg—C(allylic)
Calculated Experimental

Ethylene (a) 0.00 (eV) 0.00 (kcal/mol) -4.57 (eV) ' =

[B] 0.04 -4,64 -
Propylene 0.30 0.029 -4,55 -1.10 (ev)
trans—2-Butene 0.55 1.814 -4.44 -1.05
cis—-2~Butene 0.57 1,950 -4,45 -1.04
2-Methyl-2-butene 0.80 - -4.41 . -1.06
Z.QfDimethyl—z-butene 1.00 - -4,32 -1.06

%1 The relative value to the calculated heat.of formation of the ethylene complex [A].

*2 The relative value to the experimental heat of formation of AgBF4:C2H4 (Ref., 4).

)En the olefin. i

{

*3 The average value of two EAg—C(olefinic

*4 The average value of all EAg—C(allylic) in the olefin.



is supported by the bonding interaction between the allylic
carbon atom and the silver atom, as shown in Table 2.
The calculated values of the heat of formation and the

absolute value of EAg in the ethylene complex [B] are

-C
larger than those in the complex [A]. That is, the nonplanar
model seems more likely for the structure of ethylene in

the complex.

Electron Distribution; The electron populations on silver atoms

are shown in Table 3, together with w-electron densities,Pn,

of uncomplexed olefins and quantities of transfered electron,

AQ,from olefins. The silver(I) ion is considered to contain
.10 . . - ;
d configuration. The calculated results agree well with

this configuration, while, compared with Basch’s results

0.13 0.
(@994 . 07 19)

in Ag+—ethyleneh

the 5s- and 5p-orbital
electron populations obtained in this work seem to be too
large. The 5s- and S5p-orbital electron populations and AQ

increase with the increasing number of methyl groups, whereas

*4‘ The calculated heat of formations are compared not with
the experimental values determined by the gas-chromatograpy
technique7) but with the ones estimated from the measurements
of the dissociation pressures of these complexes,4' 6)
because the value determined by the gas-chromatograpy should

include the solvation energy of the olefin by the solvent

in column packing of gas-chromatograph.
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Table 3 Electron populations on silver atoms, quantities of the transfered
*
electron (AQ) and m-electron densities of olefinic carbon atoms in

uncemplexed olefin (P")

Electron population on Ag
4Q P

44 5s 5p - n
Ethylene (A] 9.985 0.187 0.110 0.282 1.000
(B] 9.985 0.189 0.111 0.285
Propylene 9.985 0.195 0.122 0.303  0.929 " 1.113
trans—-2-Butene 9.985 0.202 0.130 0.317 1.035
cis-2-Butene 9.985 0.201 0.133 0.319 1.041
2-Methyl-2-butene 9.986 0.206 0.140 0.331 0.968 = 1.141

2,3-Dimethyl-2-butene 9.986 0.210 0.146 0.341 1.068

* The decrease in the electron population of olefin by the coordination to
the silver ion.
** The m-electron density of the olefinic carbon atom which contains more

methyl groups than the other.



the 4d-orbital electron population remains almost constant,
A methyl group is known to increase the m-electron density not

34) and this

only by -I effect but also by hyperconjugation
seems to results in the increase of AQ and the electron density
on the silver atom.

In the ethylene complex [B], the 5s- and 5p-orbital
electron populations and AQ are slightly laréer than those
of the complex [A]. These facts suggest that the nonplanality
increases the m-electron donation from ethylene to 5s- and 5p-

atomic orbitals of the silver atom.

Coordination of Olefin; The calculated bond orders of the

coordination bonds and the decrease in the m-bond orders of
olefins are shown in Table 4. Apparently bond orders of the
o-donor bond (dc-n, s=-m, and Py=T in Table 4) are much larger
than those of the w-acceptor bond (d _-7*, and P, %) in all
complexes. Also as shown in Table 4, the decrease -in the
m-bond order by the g-doner bond, (pr)c is much larger than
that by the w-acceptor bond, (AP“_*)1T . The largest contribution
to the coordination bond is noticed in the interaction between
the 5s—-atomic orbital of the silver atom and 7-MO of the oleffn,
and the next largest in that between the Sp;atomic orbital of
the silver atom and the w~MO of the olefin. These facts
indicate that the coordination bond is mainly contributed by
the og-donor bond in which the olefin donates its m-electron

to 5s- and S5p-atomic orbitals of the silver atoms.

The coordination bond orders of the complex [B] are slightly
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Table 4 The bond orders of the coordination bond in Ag+-01efin complexes and the

change of C=C m-bond order and Ec_H(olefinic)

Bond order of coordination bond

a) b) c) d)

m—-acceptor o-donor bond (APW)Q (APﬂ*)ﬂ &Pﬂ IEQ—HI
dﬁfw* pﬂfﬂ* dc—ﬂ sS= R,~T

Ethylene [a] 0.146 0.0001 0.088 0.748 0.522 -0.122 -0.003 -0.125 ~-0.19ev
[B]e) 0.148 0.001 0.090 0.751 0.526 -0.126 -0.003 -0.126 -0.19
Propylene 0.132 0.045 0,092 0.762 0.524 -0.133 -0.001 -0.134 -0.18
trans-2-Butene 0.124 0.033 0.094 0.774 0.530 -0.130 -0.007 -0.137 ~-0.18
cis-2-Butene 0.120 0.Q40 g.094 0.772 0.530 -0.130 -0.008 -0.138 -0.19
z—ﬁgtpg}—z-butene 0.110 0.055 0.096 0.780 0.530 -0.134 -0.008 -0.142 -0.12

2,3-Dimethyl~2-butene 0.102 0.064 0.096 0.786 0.534 =~0.133 =-0.009 -0.142 = —

a) The decrease in the m-bond order due to the m-electrons donation of the olefin to the

silver atom defined as follows;

oce occ
(ar ) = (2 E Cilpwqisz)CGNPlexed—{z E ci?pﬂcizpw)unCOmplexed » Where Ci’:‘p1T -8

the coefficient of the i orbital of the carbon atom 1 in MO i, and the C=C double

bond is formed by the-cgrbon atom i and 2.
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Table 4 (Continued}

b)The decrease in the w-bond order due to the d-electron acception of the olefin from

the silver atom defined as follows:

‘occ occ
(AP *] =(2 § C,, C.3 ) -{2 Lt C., C.a )
m* ; 1P 4 i'p_, complexed i 1'Ppa i pn*)uncomplexed
where C,, is the coefficient of the P.x Orbital of the carbon atom 1 in MO i.
T*

c) AP = (Apn’o + (AP'rr*)'rr

= { ( ) represents the E

d) EC—H EC-H uncomplexed’ Waere EC—H AB of 'tue

olgfinic C-H bond.

EC—H)complexed -

e) In the ethylene complex [B], m-bond order (Pﬁ) is defined as follows;

occ
E, ™ 2 L 'Cil

C.. where C.; is the coefficient of 2p_orbital of the carbon
i P, 1°p i'p y

¥ v’ ¥
atom 1 in MO i.



larger than those of the complex [A], resulting in the larger

absolute value of E in the complex [B]. Thus it is

Ag-C
apparent that the interaction of ethylene with the silver
atom in the comlex [B] is stronger than that in the complex [A].

The Electronic Structure of the Coordinated Olefin; The

coordination of an olefin to a transition metal results in a

shift of C=C double bond stretching vibration (vczc) to a lower

frequency from that in the uncomplexed olefin by 50-70 cm“l

35)

for silver (1)°) and about 150 em™} for platinum (II) a

shift of Ve=c (Avc=c) is proportional to the change in the C=C
n-bond order (AP"), as shown in Fig.2. This linear relationship

between Avc=c and AP" suggests that the shift to a lower

frequency of Vo=c is mainly due to a decrease in the strength
of the C=C m~bond. The calculation also shows that the absolute

values of B decrease in the silver complex by

C-H({olefinic)
ca.0.18 eV as shown in Table 4, which is in agreement with

the experimentally observed shift to a lower frequency of

the olefinic C-H bond stretching vibratioﬁ.e’

' The 136 NMR spectra of the cyclopentene and cyclohexene
in aqueous silver nitrate solution reveal that the olefinic
carbon resonances are shifted to higher fields, relative to
those of uncomplexed cycloalkenes-l3). The most important term
giving 13C resonance shielding constant (cp) is the term due
to the paramagnetic susceptibility. This term op is calculated*s
using the approximation formula proposed by.Pople.BG) The

obtained results are given in Table 5. The calculated
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Fig. 2. The relation between the decrease in calculated
T-bond order, ﬁP", and the decrease in obserbed frequen-
cy of C=C stretching vibration, AvC=Cfa)

a) These values are taken from Ag(ol_efin)z:BF4 in solid

(Ref. 9).

b) This wvalue is obtained from the measurement in solution

(Ref. 9).
c) This value is taken from the measurement for Ag+-ethylene

(Ref. 3-b), therefore the points 1 and 6 may deviate from

the line.
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olefinic carbon resonances are shifted to higher fields in
Ag*ﬁolefin complexes. These shifts to higher fields(A§) are

attributable to the increase in 6x*6 which is due to

the term - . PAYBYPAZBZr_aB shown in Table 5. Since

" the dacreasé in the m~pond order is reflected in the increase
in 6;, and since the decrease in the r-bond order is mainly
due to the m-electron donation from olefin as described before,
the m-electron donation seems to be the main factor of these
shifts to higher fields. On the other hand, the calculation

13

reveals the downfield shifts for the C resonances of the

1593'carbon’atoms in these Ag*-olefin_complexgs, and these
results agree with the experimental resultsl3). These downfield
shifts should be attributed not only one term but also two

or three terms as shown in Table 5.

¥*
Transition Energy:; It is expected that the m-m transition

*5 This calculation is carried out on the assumption that the

average transition energy AE is 8 eV in all olefins and

£

Ag ~olefin complexes.

*6 The increase in the olefinic 13, resonance is mainly contrib-

uted by the term of cQAB)xk; 2

) P
(Qms)xx 2PAyByPAsz+ PAsz AzBy,
For the notations in the above formula, see ref.36. The

values of A§ represents the change in 13C NMR chemical shift
T il -

—_— —

due to the change in the value of PAygy?ﬁsﬁz*' Since the

P,,p; is almost unchanged by the complex formation, A8 ig
mainly contributed by the change OE;PASBY?

80



13

Table 5 The changes in "°C NMR chemical shift by the complex

formation

(a) The unsaturated carbon atom

Olefin AS a) A8 H) AS c)

(AB) s
XX
Ethylene [A] +4.0 +12.0 +12.9
ppm ppm ppm
[B] +3.7 +12.0 +12.9
d) 1

Propylene Cc +1.5 +11:9 +13.6
c? +4.2 +12.0 +13.5
trans-2-Butene +5.8 +11.9 +13.6
cis-2-Butene +5.5 +11.9 +13.6
2-Methyl-2-butene® ¢t +5.4 +11.7 +13.4
c? +6.6 +11.6 +13.4
2,3-Dimethyl-2-butene +6.9 +11.2 +13.0

(b) The carbon atom of methyl group

Olefin Ad a) Main Contribution
Propylene -3.1 - (Qan) 5 (QAB)zz
trans~-2-Butene -2.1 (QAA)Yy (QAA)zz (QAB)zz
cis-2-Butene -2.2 (QAA)yy (Qap) 22
2-Methyl—2—butenee) c3 -0.1 (QAA)yy

ct -2.1 (QAAJYY

> -1.4 Bipe Bl
2,3-Dimethy-2-butene ~1.4 (QAA}yy (QAB)Zz

a) 4 = 6complex _Guncomplexed

b) The change in T5C NMR chemical shift due to

81
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Table 5 (Continued)

the I (Q,,)

B#A
¢) The change in lBC NMR chemical shift due to the change in

AB' xx°

Caxm,, ;ZPAyBYPAsz.
a) .5 4 e) 5 4
H /H HCL /CH3
i 1 .2 S
c *C\\ 6/"C HC\\\ 3
/
H3C5 53 H,C H
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energy should be changed and that the charge transfer band
should appear at the formation of the transition metal complex.
Unfortunately in the cases of the Ag+molefin complexes, the
electronic spectra have not been reported except the charge-

8 ¥ g E
r 37) The 7=m transition

transfer band of Ag+—cyc1ohexene.
energies of olefins and Ag+-olefin complexes are calculated
and shown in Table 6. While for ethylene and propylene the
w-n* transition energies are increased by the complex formation,
for the other olefins it is decreased by the complex formation
as in the case of Basch’s results on Agt-ethylene,:7 It is yet
unknown by an experiment whether the F-ﬂ* transition band shifts
to a lower frequency or to a higher one.

In Ag+-cyclohexene, the charge transfer band has been
observed at 5.51 ev,%: 37) which has been considered to have
the mixed character of the charge transfer from olefin to the
silver ion and the Rydberg transition in the olefin moiety.a)
The charge transfer band from n-MO of ethylene to the 5s-

orbital of the silver ion is calculated as 8.25 eV in

A§+—ethylene complex [A]. This result is reasonable, since

*7 The MO energy difference between T and n" MO's of the olefin

| is decreased by the Ag+—olefin complex formation, However
the decreasing.quantities are small in the cases of ethylene
and propylene, since their w-MO's have the considerably low
orbital energies compared with the other olefins. This may
be one reason of the higher energy shift of the w—w* transitiom

in Ag+*ethylene and propylene complexes.
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Table 6 m=m transition energies and energy differences

*
between T~ and T -MO's

Transition energy MO energy differencea)
Olefin '

Uncomplexed Complexed Uncomplexed complexed
Ethylene [A] 8.87 (ev) 9.19 gyv) 14.89 (eV) 14.88(eV)

(B] 9.19 13.99

Propylene 7.65 7.69 13,41 12.94
trans-2-Butene 6.78 6.62 12.35 11.65
cis-2-Butepe 7.15 7.09 12.71 12,15
2-Methyl~2-butene 6.60 6,43 12.10 11,38

*
a) MO energy difference between 7— and T -MO's
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m=MO energy of ethylene is lower than that of cyclohexene by
ca.l.5 eV. However more detail investigation of these
transition energies will be carried out in the near future,
since ﬂ*ﬂ* transition bands in ethylene and propylene are
increased by the complex formation, which is incompatible with
the Basch's result.

Although there are a few unsolved problems about the
transition energy, the calculated results in this work agree
with the experimental results, such as the heat of formation,
infrared, Raman and NMR spectra. Thus, it is expected that

this method ' can be satisfactorily applied in the MO calculations

of other interesting organometal complexes.
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Chapter 6. Pt(II)-ethylene, Pt(II)-~acetylene, Pt (Q)-ethylene,

and Pt(0)-acetylene Complexes

§ 1. Introduction
The organo-transition metal complexes are much attractive
from viewpoints of the metal-carbon bonding character and of

models for intermediates which exist in organic reaction

1-4) 5)

catalyzed by transition metals. Zeise’s salt™ is one

of the well-known and most investigated organo-transition

2o B~170 Besides Zeise’'s salt, its bromo

19, 20)

metal complex.

2, 12-14, 17, 18)

analogue, Pt(II)-acetylene, Pt(0)~-

17, 19, 21-23) 17, 19, 24)

and Pt (0)-acetylene complexes

olefin

8, 25-29) have been

are also known. Some theoretical studies
carried out on these complexes. However, a SCF-MO calculation
which includes explicitly electron repulsion integrals has

not been carried out on the Pt(II)=-acetylene, Pt(0)-ethylene
and Pt(0)-acetylene complexes, while the extended Huckel (EH)

MO (noniterative) calculations have been done on them.25’

20, 28, 29) From the EH MO calculations, it is proposed that
the 6s orbital of the Pt atom scarcely contributes to the
coordination bond of ethylene both in Pt(0) and Pt(II)
complexes.zs) However, CNDO type MO calculations reveal
that the 5s orbital of the Ag atom mainly contributes to the

coordination bond of olefin in Ag(olefin)+ complexes.30_a)
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Thus, it is necessary to re-investigate electronic structures
of Pt(II)~acetylene, Pt(0)-ethylene and Pt(0)=-acetylene
complexes. Also it is of interest to compare coordination
bonds of these complexes with each others.

In this work, parametrizations are inﬁestigated in a
CNDO type MO calculations on PtCl42_. By the use of thg
established parameters, CNDO type MO calculations are carried
out on PtX,(C,H,)", PtX, (C2H2)_ (X=Cl, Br), Pt(PH;),(C,H,)
and Pt(PH3)2(C2H2). Discussions are presented on the electro-
nic structures of these compounds, and also on the coordi-
nation bonding characters of ethylene and acetylene in these

complexes.

§ 2. MO Calculation and Geometries

MO Calculation A semi-empirical SCF-MO methoq with

CNDO type approximations is used in this work. While the
method is almost the same as the previous one,BD) some
parameters are improved: (1) In this method, resonance integrals
_are evaluated by the Wolfsberg-Helmholz equation.3l) The
value of its parameter K is differently adopted between AO
pair including d-orbitals and those including only s and p
orbitals: the notation Ky is used in the former case and the
notation K, in the latter one. While the value of K, is taken
as 0.80 similarly to that in the previous report’30'c) that

of K, is determined as 0.90 in this work, as described below.
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(2) While the Ohno's equatianz)'was used in our previous

works,3°)

the modified Ohno’s one which is newly presented
in this work is introduced for calculations of two-center
Coulomb repulsion integrals including 6s and 6p orbitals of
the Pt atom. The médification for the Ohno's equation is
carried out from a following reason; the one-center Coulomb

repulsion integrals Yrt is calculated by the following eqg(l)

in the Ohno’s equation;

Trt=0'5(Yrr+Ytt) (1)

This equation can be a good approximation when the AO.r and

33) Ih transition metals, however, this

AO.t are alike.
equation (1) can not be successfully applied to the calcu-
lations of one-center values of | and Ynd (n+l)p’ since
outer s and p orbitals are much different from valence shell
d-orbitals in expandings. As examples, Table 1 presents the
comparison between those values obtained by eq(l) and those
obtained from atomic spectra in Ni and Pd atoms; apparently,
eg(l) gives too large values of Ynd(n+l) s and Ynd(n+l)p 25
compared with the corresponding ones obtained from atomic
spectra. In order to improve this defect, a following modi-
fication is carried out, only when either-AO.r or AO.t is an

outer orbital;

i 2 2,1/2
Yrt~l4.3986/(d +th ) (2)

14.3986,/d=0.5 (Y (3)

rr+Ytt)-ar
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, where AO.r is assumed as an outer orbital and th is the
distance (R unit) between the centers of AO.r and AO. t.
The value of a. depends on the outer AO.r, which is so
determined that eq(2) and (3) reproduce the experimental
values of one-center Coulomb repulsion integrals, such as
wﬁd(n+l)s and Ynd(n+l)p' at th=0.0; for examples, values of
g and a4p of the Ni atom are taken as 2.25 and 3.29 eV,
respectively. (See Table 1l.) The original Ohno’s equation
is also used in the other A0 pairs, in which both AO’s are
outer orbitals or valence ones.

Figure 1 gives values of Y3 4s of the Ni atom obtained
by various methods. Theoretically calculated values (the
line A) seem too large. The line D is 6btained by multiplying
a correction factor to the theoretically calculated values
so as to coincide the theoretical one-center value of Y, 4o
with that obtained from atomic 'spectra. The line C obtained
by using the modified Ohno’s equation seems to be most agree-
able with the line D in all range of Ryg’ while the line B
obtained by the original Ohno’s equation is too large in the
range of small Rds. Thus, the modified Chno’s eguation gives
more reasonable value of Yagq 4s than the original one does.

In the case of the Pt atom, the experimental values of
YSd 68 and Y5g 6o can not be obtained unfortunately because

of the lack of atomic spectra. In the Pd atom, which forms

similar compounds to the Pt’s ones, agg should be taken as
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€6

a)

Table 1 Values of Ynd(n+l)s and Ynd(n*l)p of the Ni and Pd atoms
b) c) b,d) c)
Yas O'S(YQd+Yss) s Yap O.B(Ydd+ypp) ﬁdp
Ni 10.09 eV 12.34 =-2.25 8.27 11.56 -3.29
rd 9.14 oV 10.67 -1.53 .71 10.05 -2.34

a) n=3 for the Ni atom and n=4 for the P4d atom.
b) These values are obtained from Ref. 34.
c) Ads=yds-0.5(vdd+yss), Adp=vdp—0.5(ydd+ypp)

d) The avéraged value of various types of de
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1.53 eV and a as 2.34 eV. (See Table 1l.) By considering

Sp
these values of the Pd atom, the authors examine various

values of a,. within the following regions; 1.201.8 eV for a

68

and 2.2n2.8 eV for a From those examinations, a s=l'5 eV

6p. 6
and a6p=2.5 eV are chosen as the best values, which give

good results on electronic spectra ¢f tetrachloro platinate and
Zeise’s salt, as described in the following section.

For the Pt atom, the valence state ionization potentials,

37)

I are evaluated from atomic spectra. One-center Coulomb

r'
repulsion integrals, Ypp' 2Fe estimated by the use of eq(2)

in Ref. 30-c. For atoms of ligands, wvalues of Ir are taken

38) and those of - are evaluated from the

33)

from Hinze’s work

38)

same work by use of the Pariser’s approximation. A

double~-g type d—function39) is used for the 5d orbital of the

35, 40)

Pt atom and single Slater type orbitals are used for

all s and p orbitals. These data for the Pt atom are given

in Table 2.
15)

Geometries. Structures of Zeise’s salt and its

18)

bromo analogue are taken from XFray studies. Since the

accurate structures of Ptx3(C2H2)—' (X=C1, Br),.have not been
known, the bond length of the Pt-X bond is taken as equal to
the corresponding one of Ptxa(czﬂé)f and the distance between
the Pt atom and the center of the triple bond of acetylene is

24)

taken equal to that of Pt(PPhslz(PhCECPh). The bond

length of the C=C triple bond is taken as equal to that of
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Table 2 Ionization potential, Irr orbital expcnent, Cr'

and one-center Coulomb repulsion integral, Vi of the

platinum atom.

a) b) c) d)
cr e Ir Yrr
' 6.013 0.6331
5d 7 8.24 ev 12.42 v
2.696 0.5516
6s 2.554 9.00 7.17
6p 2.554 4,20 6.04

a) Ref.39.

b) The coefficients of the double-f form of the d-orbital
after re-normalization, because the 3d and 4d terms of
the platinum’s 54 orbital are neglected in this work.

¢) The calculated values from Ref.39.

d) The estimated values obtained by using eq(2) in Ref. 30-c.
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trans-PtClz(p-toluidine)[(t-Bu)CEC(t—Bu)].ZD) The ethylene

and acetylere moieties are considered to be distorted by the

2, 16, 21)

coordination. Nevertheless, the ethylene and

acetylene noie:ies are assumed not to be distorted because of
the short of the structural studies on these complexes. The

structures of Pt(0)-ethylene and Pt(0)-acetylene complexes

22, 24)

are taker. from the X-ray studies, while small dihedral

angle and the cis-bending of CH, and CH groups are neglected

2

and the PRy group is replaced by the PH, one for simplicity.

3
These coordinate systems are shown in Fig. 2.

§ 2. Results and Discussion

Parametrization. In order to investigate parametri-

zations, MO calculations are carried out on PtCl42-, since
its electronic spectra have been well studied.*lr 42)
In these calculations, various values of Kl' Aes and a6p are
examined. Only typical results are given in Table 3 and Table
4. (Of course, various sets of values of Kl’ P and aeP are
also examined besides three ones given in fable'3.)

As shown in Table 3, the parametrization A gives remaka-
bly large electron densities on 6s and 6p orbitals of the Pt
atom. Futhermore, this parametrization gives too small transi-
tion energies of intra-atomic 5d+6p transition, while these

are considered to hold remarkably high transition enexgies.4l)

97



86

Pt (II)-ethylene complex.
X= Cl or Br,

P=PH

Pt (0) —ethylene complex
3

Fig: 2. Coordinate flames of Pt(II)-ethylene and Pt(0)-ethylene

complexes

The acetylene complexes also have similar structures to the

above ones.



Thus, this parametrizaﬁion is abandoned.

By the use of the modified Ohno’s équation, the electron
densities on 6s and 6p orbitals are extensively reduced from
their values obtained by the parametrization A. (See parame-
trizations BAD in Table 3.) Electron distributions do not
depend $o'1argelf on the vaiues of Apg and aﬁp, while electron
densities on 6s and 6p orbitals slightly decrease with increas-
ing of values of a.  and 6o, It should be noted that the
use of the modified Ohno’s equation gives remarkably high
transition energies of intra-atomic 5d-+6p trﬁnsitions; thus,
the defect in the parametrization A is overcome by the intro-
duction of the mpdified Ohno’'s equation.

Results on electronic spectra are given-in Table 4. The
charge-transfer (C-T) bands (lEu and lAZu) are obtained at
higher transition energies in all calculations than the experi-
meﬁtal ones, and the smaller values of a,, and g5 give rela-
tively higher ones than the larger valués do. Thus, the small
values of ac and a6P are abandoned. However, too.large values
of agg and aGp result in too low transition energies (2.31 eV)
of 1Eg in the calculation D, while it is obtained at 3.76 eV
experimentally. The parametrization C seems to be the best
one. Electronic spectra obtained by this parametrization
agree well with experimental ones in transition energies and
assignments, while the calculated C-T bands have considerably

&
higher transition energies and the calculated d-d band Blg
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Table 3 Electron densities and intra-atomic 54+6p transition

energies of PtCl42_

b

Parametrization A B c D
a)

CP 0.0 eV 1.2 1.5 1.8
a6p 0.0 eV 2.2 205 2.8
5d 7.68 8.37 8.41 8.44

Electron
Pt 6s 1.28 0.69 0.65 0.61
densities .

6p 1.20 0.63 0.60 0.57
cl 7.46 7.58 7.59 7.59

5d+6p transition

energies
dxz, dyz + Pg. 0.4? eV 9.14 9.66 10.18
dz2 > P, 0.47 oV 7.58 8.29 8.94
dxy -+ P, 0.20 oV 11.34 10.52 10.98

a) Constants in eq(3). P) K;=0.90.

100



2~

Table 4 Electronic spectra of PtCl4

T0T

obsd. a) Parametrization B Parametrization C Parametrization D
e sg P) g sg ) £ sg 2 £
, € nax E E SE
. 1 c) . i 1 1
- L] L] - 7 '] [ B [ ] ”
2.62 16.3 "By, 1.75 0.0 "By, 1.99 0,0 : 1q 2,27 0.0 Bl g
1 1 1
3.16 52.6 A, 3.08 0.0 A, 3,20 0.0 A, 3.29 0.0 By
1 1 1 _ 1
.76 62,4 E 3,80 0. .51 0,0 E_ 3.31 0.0 E
3 g 0.0 Eg 3,51 . g 5 g
3.95 0.0 1E 4,04 0.0 E 4,07 0.0 E
g g L9
4.66 400 Do 5.20 0.0 1A2 4,88 0.0 1A2 4,63 0,0 A,
degenerate ' " d 3 1 g 1 g
5.76 0.0 Ay +'B,  5.50 0.0 By 5.28 0.0 B,y
1
5.81 0.0 B,
1 1 1 1 1
5.38 8500 TE_+'A, 5,95 0.248 "B 5.73 0,284 “E, 5.55 0,280 E_
A 1 1 1
6.14 0.0 Ay 5.88 0.0 A,  5.66 0.0 By
6.23 0.0 lEg
6.60 0.0 1B 6.34 0.0 'B 6.12 0.0  1m
a L3 2u L . 2u ¢ ¥ 211
5.72 10900  TE 7.21 0.236 g 6.97 0.258 1E 6.67 0.246 E
u 1 u u
a)Ref. 41. b) in eV unit. c) 'Ref. 42,



has considerably smaller transition energy than corresponding

41, 42)

experimental one does. values of a,_ and 36p used in

the parametrization C look reasonable from considering values

of ass and asp of the Pd atom.

When the value of Kl is taken as 1.0, the C-T bands

have too high transition energies; the first C-T band is
obtained at 6.06 eV and the second one at 7.28 eV, where

1.5 and 2.5 eV are used for dcq and a On the other hand,

6p

in the case of K1=0.80, assignments of d-d bands can not agree

with experimental ones. Thus, the value of Kl is taken as
0.90 and the following parametrizations are adopted; a65=l.5
l=0.90 (the parametrization C).

These parametrizations are also examined in Zeise’s salt.

ev, a6P=2.5 eV and K

The MO calculation in which K1=l.0 and the original Ohno’s
equation are used gives too large electron densities on outer
orbitals; (1.17 e on 63 and 1.85 e on 6p orbitals) and too
small transition energies of intra-atomic 5d+6p transitions
(about 0.3%0.9 eV). The use of the modified Ohno’s equation
improves these defects also in this case; intra-atomic 3d-6p
transitions are obtained at ca.l0 eV and see Table 6 for
electron densities.

Thus, by using the parametrization C, we carry out MO
caluculations on Pt(II)-ethylene, Pt(II)-acetylene, Pt(0)-

ethylene and Pt(0)-acetylene complexes, as described in the

following sections.
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Electronic spectra of Zeise’s salt. The parame-

trization C gives good result on transition energies, which

is shown in Table 5. The transition at 3.72 eV is assigned

as the d-d band. Transitions at 4.26, 4.67 and 5.16 eV are
assigned as the C-T bands from Cl  ligand to the d-orbital o;
the Pt atom. Moore assigned the weak transitions at 2.71 and
2.96 eV as the spin-forbidden ones from his EH(y) MO calcu-
lation.S} Our calculation gives the spin-allowed d-d bands.
‘s, (@,,+d,2_2) at 2.39 eV and 'B) (4, 6.2 2) at 3.46 eV,
which hold very small oscillator strengths fs=l><.'l.l)-4 and fs=
4x10-4, respectively. These results suggest that the observed
weak absorptions at 2.71 eV and 2.96 eV can not be necessarily
assigned to the spin-forbidden transitions on the basis of
their small absorption coefficients. Thus, there would also

remains a possibility that these absorptions are spin-allowed

d-d transitions.

Electron densities of Pt-ethylene and Pt-acetylene

complexes. Results on electron densities are given in

Table 6, together with quantities of 4Q, AE, and ‘P, which are
defined in the footnote of the table. In Pt(II) complexes,

the electron density of the C atom is decreased from the value
of the free ethylene by ca. 0.01 € and that of the free
acetylene by ca. 0.1 e. In Pt(0)-ethylene and Pt(0Q)-acetylene

complexes, they are increased by ca. 0.05 e and ca. 0.02 e,
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rable 5 Calculated transition energies of Zeise'’s salt

Parametrization C obsd.a)
5E £ 5E £
-4 1

2.39 ,  1x10 B,

3.46 ax10”4 132
1

3.71 0.023 A, 0% -

4.37 0.024 132 4.26 0.01

4.50 0.089 132 4.67 0.019
1

4.94 0.082 A
1 5. 16 0.066

4.95 0.025 A

a) Ref. 10.
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b) c)

Table 6 Electron densities, AQa), QPW and Pﬂ* of ft(II)
and Pt(0) complexes with ethylene and acetylene

(A) Ethylene complexes.

Compounds PtCl3(CEH4) PtBr3{C2H4) Pt(PHB)z(C2H4)

54  8.490 8.530 9,341

Electron
Pt 6s 0.618 0.646 0.579

density
- 6p 0.588 0.586 0.559
c 4.125 4.125 4.181
a0 @ 0.287 0.295 ~0.039
APﬁb) -0.166 -0.171 ~0.379

c)

Py -0.033 -0.034 -0.230

(B) Acetylene complexes.

Pt(PH3)2(C2H2)

Compounds Ptc13(02H2)' PtBrB(csz)"

54  8.495 8.541 9.362
Electron

Pt 6s 0.610 0.635 0.574
Gensdty 6p 0.603 0.590 0.571
c 4.028 4.024 4.125
ag 0.289 0.302 0.004
ap_ P! ~0.155 ~0.160 -0.343
By ¥ ~0.036 ~0.036 ~0.206

a) The quantity of transfered electrons from ethylene or
acetylene to PtX3- of Pt(PH;), part. b) AP _=(P_ of free

ethylene)-(PTr of complexed ethylene). APTT of acetylene

105



Table 6 (Continued)

ethylene)- (P, of complexed ethylene). P of acetylene
complexes is defined as the same as that of ethylene ones,
while only one wm-bond (Y-axis) is considered because the
other m-bond scarcely interacts with the Pt atom. c¢) The
quantity of P , is defined as the partial bond order in which
m*-type interactions of ethylene or acetylene are only

considered.
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respectively. Values of AQ are ca. 0.3 e in Pt(II) complexes,
while they are nearly equal zero in Pt(0) complexes. These
different behaviours in the electron transfer between Pt(II)
and Pt(0) complexes are due to the different character of

the coordination bonds of ethylene and acetylene between these
complexes; the o-donor bond contributes mainly to the coordi-
nation bonds of ethylene and acetylene in Pt(II) complexes,
while the m-acceptor bond contributes largely to the coordi-
nation bonds in Pt(0) complexes, as described below.

The absolute value of AP of PtBr,(C,H,) is larger than
that of Ptc13(c2H4)', suggesting the C=C double bond of PtBr,-
(C2H4)- is weakgr than that of PtC13(02ﬂ4)—. This result
.agrees with the experimental one that the ethylene part in
PtBr,(C,H,)  has a lower stretching vibration of the C=C

12-14) Since the

double bond than that in PtCl,(C,H,)  does.
absolute wvalue of Pﬂ* is remarkably small in Pt(II) complexes,
the decrease in the t-bond order of ethylene part is not due

to the increase in its w*-antibonding character but to the
decrease in its w-bonding nature.

The values of APﬁ in Pt(0) complexes are larger than those
in Pt(II) complexes by ca. 0.17M0.2 e, suggesting that the C=C
double and C=C triple bonds in Pt (0) complexes are weaker than
those in Pt(II) complexes. The difference in &P coincides

well with the difference between the value of P % of Pt(II)

complexes and that of Pt(0) complexes. From this result,
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roughly speaking, the stronger m-acceptor bond results in the

larger increase in p*-nature and the weaker C=C and C=C bonds
of Pt(0) complexes than those in Pt(II) complexes.

Interaction between Pt and C atoms. In this section,

the quantity of EAB is used as the bond index, which means the

energy contribution of the AB bond to the total energy of the

molecule 437 44) and is written down as follows under approxi-
mations used in this MO methodBO);
- (1 (2) (3)
Exp EAB_ + Epg ' t* Epp (4)
(1) A B :
E =2 I LT P H (5)
AB r ¢+ rt rt
(2) _ A _B 2 .
r €
(3) _ A B .. _ _
Eap T L I (N=Prp) (Ne=Pi) Yee (7

A negative value of E,p represents the bonding interdction
between A and B atoms, and a larger absolute value reveals

a strong interaction.

In order to investigate the bonding character, Ehéll

(2) : . (1)
and EAB are divided into each AO pair term, Erv Bs and

EAr 85(2) etc., where Ar represents the AO. r on the A atom.
EAé3) is not divided into each AO pair terms, because this
term represents approximately an electrostatic energy and its
meaning is lost by the division into each AO pairs.

The absolute value of E,. . decreases in the following

order; Pt(0) complexes > Pt(II) complexes, and acetylene
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complexes > ethylene complexes. This result shows acetylene
coordinates to the Pt atom more strongly than ethylene does

and that the coordination bonds of ethylene and acetylene in
Pt(0) complexes are stronger than those in Pt (II) complexes.

As shown in Table 7, E is contributed largely by

Pt~C

E__, and Ep i in Pt(II) complexes, where the former subscript,
)
such as s and p,, means the A0 of the Pt atom and the latter

one the AO: of the C atom. The contributions of E, . and

dr-m7

Epﬂ-w* are small. These results suggest that the. coordination
bonds of ethylene and acetylene is mainly contributed by the
g-donor bond in Pt(II) complexes, through which ethylene and
acetylene donate their m-electrons to the 5d, 6s and 6p orbitals
of the Pt atom. This bonding nature agrees with the proposals

46) 7 on the

by Behnke et al.,45) Braterman and Cooper et al.
coordination bond of olefin in Pt(II) complexes.

In Pt(0) complexes, the absolute values of P“* and Edw—n*
are much larger than those of Pt(II) complexes, while Edu-n
in Pt(0) complexes is smaller than that of Pt(II) complexes.
These results suggest that the p—-acceptor bond contributes
largely to the coordination bond in Pt(0) complexes, relative
to that of Pt(II) complexes. The do-m interaction seems to
be reduced by the formal d10 configuration of the Pt(0) atom,
while this interaction is considerably large in Pt(II) comp-
lexes due to the formal d8 configuration of the Pt(II) ion.

The large absolute values of Es—w and Ep i reveal that the
(o)
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Table 7 Coordination bonding character of Pt(II) and Pt(0) complexes with

ethylene and acetylene

Gatipenis PCL, (CH,) PtBr3(02H4)_ Pt(PH,) , (C,H,) PtCl3(C2H2?_ PtBr, (C,H)) ™ PE(PH,) , (CH,)

Eyg-m -0.557 _, -0.530 _, -0.240 . -0.585 _, -0.579 o, =0.257 o
Egqp-m# -0.545 ~0.546 ~-1.844 ~0.627 -0.624 -1.844
E___ -1.368 -1.394 ~1.853 ~1.427 ~1.880 ~1.861
E, _q -1.067 -1.127 ~1.239 ~1.074 ~1.880 ~1.861
o
Eg_go -0.673 -0.663 ~0.876 -1.078 -1.069 ~1.225
E, _s ” -1.015 -1.035 ~1.184 -1.468 -1.490 -1.549
U . b
E -6.547 . ~6.591 ~8.380 -8.039 ~-7.698 -9.502

Pt-C




g=donor bond contributes remarkably to the coordination bond
in the Pt(0) complexes.

In both Pt(II) and Pt(0) complexes, the absolute values
of E._¢ and Epc_s are remarkably large, suggesting that the
large o-bonding interaction exists between the 2s orbital
of the C atom and the 6s and 6p orbitals of the Pt atom.
Thus, the hybridization of the C atom of ethylene approaches
from sp2 to 593 and that of acetylene does froﬁ sp to spz, not
only due to the o-donor and m-acceptor bond but alsc due to
these s-s and P,"S interactions. This result also suggests
that the cis-bending of the CH2 group of ethylene and CH
group of acetylene are brought about by the ¢-donor bond,
m-acceptor bond and these s-s and qus interactions.

The relative contribution of valence orbitals of the Pt
atom should not be discussed by use of the bond order but by

use of E since the bond order is not appropriate for

Ar Bs'
the bond index due to its rotational variable character. As
shown in Table 7, it is noted that the 6s orbital contributes
to the coordination bond as much as the 6p orbital does, and
that the contribution of the 5d orbital is one-half or one-
third of those of the 6s and 6p orbitals. Our results do
not agree with the proposal of Nelson et al.zs) that the
hybridization of the Pt atom is dp2 or dzp2 in these complexes.
In conclusion, 6s and 6p—orbitals of the Pt atom greatly

contribute to the coordination bonds of ethylene and  acetylene,
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while the 54 orbital also considerably contributes in Pt (II)
complexes. The r-acceptor bond (dﬂhw?) much contributes in
Pt(0) complexes, while its contribution in the Pt(II) complexes
is about one-third of that in the Pt(0) complexes. This
stronger g-acceptor bond in Pt(0) complexes results in' the
larger electron density on the C atom, the smaller value of

AQ, the weaker C=C and C=C bonds and the larger value of EPt-C,
relative to those of Pt(II) complexes. It should be noted

that strong s-s and p,~s interactions exist between Pt and C

atoms besides the g-donor and r-acceptor bonds.
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chapter 7. Summary

In part I, various modifications to the CNDO-type and
INDO-type SCF-MO methods are presented, and electronic struc-
tures of transition metal complexes are investigated by the
use of these methods.

In chapter 2, preliminary MO calculations are performed
on Mn04_, Cro42“, de42', and desz' (X=F, Cl, and Br) by
the use of the CNDO-type MO method. Calculated electronic
spectra of Mnodu, Cr042—, and FdClSZ- agree fairly well with
experimental ones in transition energies and their assignments.
Although calculated electron densities on central metal atoms
are too large as compared with experimental results in MnO, ,
PdClqz-, and PdClGZ-, MO calculations give qualitatively
reasonable results: The electron density on the Pd atom dec-
reases in the following order; PdBr42- > PdCl42— > PdClGZ-,
which agrees with experimental order. 1In this thesis, the

quantity, E B’ which is defined as an energy contribution of

A
a AB bond to a total energy, is used as a bond index. While
this quantity has been reported to be a useful bond index in
organic compounds, this has not been used in transition metal
compounds. This usefulness is cénfirmed in this chapter;
that is, the following orders are obtained for the absolute
value of Ejg_yi PdC152" > pdc142” and Pdc162" > pdsrez",

which are in good agreemenf'with the order of stretching
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vibration frequency of the Pd-Cl b&nd and that of force
constant of the Pd-X bond, respectively.

In chapter 3, the CNDO-type and INDO-type UHF-MO method
are used in the investigation of electronic structures of
open~-shell iron group fluorides and other similar transition
metal halides. Calculated electron densities on central metal
atoms and spin distributions are in good agreement with experi-
mental cnes. Spin fractioﬂs on the ligand are divided into
two parts; one due to the spin delocalization, and the other
due to the spin polarization. In almost all complexes, spin
appearing on the ligand is mainly attributed to the forner,
while in CrFG3— and VF64ﬂ spin fractions on 2s and 2p, orbitals
of the ligand are due to the spin polarization, and in MnC164-
and MnBr64‘, spin fractions on s and Py orbitals of the X
ligand are contributed to some extent by the spin polarization.
Unpaired electrons are highly localized on the d orbitals of
the central metal atom, which supports the application of the
crystal field theory to these complexes.

As described in chapters 2 and 3, the MO method gave
reasonable results on Werner éype transition metal complexes.
In the following chapters 4 ~ 6, elgctronic structures of
organo-transition metal complexes are studied by the use of
the MO methods used in chapters 2 and 3.

In chapter 4, the CNDO-type MO calculations are carried

out on ferrocene and cobalticenium ion which have iso-electro-
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nic structures with each others and are well-known organo-
metallic compounds. In ferrocene, both CNDO—tyée and IﬁDO—
type MO calculations give almost the same electron density on
the 3d orbital of the Fe atom as that obtained from ab initio
MO calculation, while electron densities on 4s and 4p orbitals
of the Fe atom obtained in this work are considerably larger
than those calculated by the ab initio MO method. In cobal-
ticenium ion, calculated electron distribution is similar to
that of ferrocenfe. In ferrocene and cobalticenium ion, elec-
tronic spectra calculated by both methods agree fairly well
with experimental ones, with few exceptions.

In chapter 5, the well-known Ag(I)-olefin complexes are
investigated by the CNDO-type MO method. Calculated value of
-AH increases with the increasing number of methyl groups,
which agrees with experimental results. The linear relation
exists between the decrease in the calculated w-bond order
of complexed olefin from that of uncomplexed one and the
decrease in the stretching vibration frequency of the C=C
double bond of the former from that of the latter, as shown
in Fig. 2 in chpater 5. The coordination bonds of olefins
are mainly contributed by the o-donor bond, through which
olefins mainly donates its m-electrons to 5s and 5p orbitals
of the Ag atom. The contribution of 44 orbitals to olefin’s
cocordination is small relative to those of 5s and 5p orbitals;

especially the do-7 interaction is weak, while the dgy-n*
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l3C NMR chemical shift

inteiaction is considerably strong.
of tle unsaturated carbon atom is decreased by the complex
formition of olefin with the Ag(I) ion, which is interpreted
in texms of the donation of olefin’s m-electrons to the Ag(I)
ion.

In chapter 6, theoretical studies are carried out on
Pt(0) and Pt(II) complexes with ethylene and acetylene.
Whil¢ the MO method used in this chapter is essentially the
same as the CNDO~-type one used in chapters 2 v 5, the modified
Ohno's quation is used to calculate Coulomb repulsion integrals
between outer orbitals (6s and 6p orbitals) of the Pt atom and
valeice orbitals. The MO method with the modified Ohno's
equation gives good results on electronic spectra of PtCl42'
and PCl,(C,H,) . From studies in this chapter, the g-donor
bond mainly contributes to the coordination bonds of ethylene
and acetylene in Pt(II) complexes, and the g-acceptor bond also
considerably contributes. 1In Pt(0) complexes, the y-acceptor
bond contributes to the coordinations of ethylene and acetylene
more extensively than that in Pt(II) complexes, and the g-donor
bond also contributes considerably, while the contribution of
the do-m interaction is remarkably small.

As described in chapters 2, 4, and 6, the MO methods used
in this thesis can give good results on electronic spectra

with few exceptions. In CrF63- and FeF. "~ , electron densities

on the central metal atom agree well with experimental ones,
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2

while they are too large in some cases such as Mn04*, PdCl4 ;

4~
6 -
successfully on coordination bonding characters of olefins and

and Pd4Cl In chapters 5 and 6, studies are carried out
acetylene. Thus, the presented semi-empirical SCF-MO method
is valid means for studying electronic structures of transi-
tion metal complexes, and it is expected that the MO method
can give us useful information for studying catalytic re-

actions of transition metal complexes,

121



PART 1

THEORETICAL INVESTIGATIONS
ON
CataLYTIC REAcTIONS OF TRANSITION METAL COMPLEXES
WITH
Semr-eMpPIRICAL SCF-MO mMETHOD



Chapter 1. Introduction

There have been reported only a few of theoretical
studies on catalytic reactions. The first attempt was carried

out by Begley and Pennella,l)

in which Begley et al. investi-
gated olefin polimerization by titanium-aluminium alkyl with
the extended Huckel (w) MO method. Similar studies on Ziegler-

3)

2
Natta catalyst have also been reported. ' It shoud be

e attempted to interpret

noted that Mango and Schachtsneider
the catalytic activity of some transition metal complexes in
olefin methathesis by using Woodward~Hoffman rule. Recently
the chemisorption was also theoretically investigated,3-8)
which is a very important issue in solid-phase catalysis.

As described above, theoretical studies on catalysis made
a start only lately. We are far from the goal in these theo-
retical studies; one object is, of course, to elucidate the
origin of the catalytic ability or the driving force of catalysis
and the other one is to anticipate the catalytic ability
(activity and selectivity) of catalysts. At the present stage,
we should carry out as many theoretical studies on various
catalytic reactions as possible.

In this part, theoretical studies are carried out on
some reaction systems including transition metal complexes
as catalyst, by means of the semi-empirical SCF-MO method
used in part I.

In chapter 2 in this part, the.oxyme:curation and the
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Wacker reaction are investigated. These reactions include the
attack of nucleophiles to the olefin coordinating to the PA(II)
or Hg(II) ion as the important step. MO studies are carried
out on electronic structures of Hg(II)~- and PA(II)-olefin
complexes and on nucleophilic attack of OH to the olefin
coordinating to the PA(II) or Hg(II) ion. Main interest is
directed to the reaction mechanism. Also the Markovnikoff rule
in the Wacker reaction and the oxymercuration is explained by
the use of the MO method.

In chapter 3, MO studies are carried out on the electro-
nic structures of trans-PtHX(PH3)2 (X=F, Cl, Br, I, or CN )
which acts as catalysts in hydrogenation, isomerization, and
hydrogen-dguterium exchange reactions etc. of olefins. The
ethylene insertion into the Pt~H bond is investigated by the
use of the MO method. This insertion reaction is considered
as the key step in hydrogenation, isomerization, and hydrogen-
deuterium exchange reactions etc. of olefins. A discussion is
presented on the reaction mechanism and ligand effect in the
insertion reaction. Also, it is tried to anticipate the
ligand effect on catalytic activity of trans-PtHX(PR3), in
the hydrogen~deuterium exchange reaction of ethylene.

In chapter 4, the resultant conclusion of this part

are presented.
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Chapter 2. The oxymercuration and the Wacker reaction

§ 1. Introduction

A number of reactions of nucleophilic attack on olefins

~3) Complex

coordinated to a metal ion are well known,
formation reduces the electron density between the carbon atoms
o¥ double bond, rendering the double bond more susceptible

co nucleophilic attack. This must be the first requisite for
the catalytic ability of transition metal ions' in nucleophilic
reactions. ' It is, therefore, interesting from the viewpoint

of catalytic chemistry to investigate the electronic structures
of olefins coordinated to transition-metal ions. There have,

423) of such transition-metal

though , been few MO studies
olefin complexes supposed to be intermediates in catalytic

reactions.

The Wacker reactionl_3) and the oxymercurations' 7 are
*ncwn as nucleophilic reactions to a coordinated olefin; in
them PA(II)- and Hg(II)-olefin complexes are considered to

be reaction intermediates. MO calculations were carried out
on PA(II)- and Hg(II)-olefin complexes in order to investigate
the electronic structures of the coordinated olefins. A
&iscussion is presented on the catalytic activities of PA(II)
and Hg(II). Also by the use of the MO method, the author
studied whether the cis-addition occurs in the oxymercuraiton,

or whether the trans-addition does, and whether or not the
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cis-addition of OH in the Wacker reaction is a reasonable
mechanism; these issues have never been discussed theoreti-
cally. Since some works using the Iterative Extended Huckel

MO methoda’ 9)

have been done to investigate the catalytic
reactions, it is also the author’s object to examine the
possibility of applying the more accurate semi-empirical SCF-

MO method to studies in the field of catalytic chemistry.

§ 2. MO Calculations and Geometries of Complexes

MO Calculations. All valence orbitals, including

5d-atomic orbitals of the Hg atom, were considered explicitly.

The modified CNDO-type approximations were used; the Hartree-

10}

Fock matrix elements have been given in elesewhere. The

resonance integrals, Hrs (r#s) , were calculated according

to the Wolfsberg-Helmholz approximation;ll)

- 12)
H = k Srs(Ir+I5) (1)

In order to determine the value of k, the MO’'s of ethylene,
propylene, methane, carbon monoxide, and formaldehyde were
calculated using various values of k. That is, as to the

MO energies of ethylene and ionization potentials of these

compounds, the best-fitting value of k was 0.40.13) Hereafter,

the value of k will be taken as 0.40 for all s and p orbitals.
For the A0 pair including the d-orbital, the value of k
was determined to be equal to 0.50, thus the calculated

first and second d-d transitions of PdCl42— coincide with the
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Table 1 The first and second d-d transition energies of Pd 142-

k 0.55 0.50 obsd.

1 a) b)
A2g 2.62 eV 2.54 oV 2.62 oV 2.48 oV
1

Eq 3.40 3.44 2.80

a) Ref. 15, b) Ref. 16.

experimental results, as shown in Table 1.
The value of the ionization potentials, I and the

one-center Coulomb repulsion integrals, Yim of ligand atoms

were taken from Jaffé et al.}e) while those values of the

17)

Pd atom were taken from Di Sipio et al. Since those

values of the Hg atom were not given in the paper of Di Sipio

18)

et al., the values of I. were taken from Bach's paper and

those of Y, Were estimated as follows;

5 = 5 (2
rrr(G)semi--emp / Yrr(s)semi-—emp Yrr(G)nonemp / Yrr( )nonemp )

where (5) and Yrr(G) represent the one-center Coulomb

Yrr
repulsion integrals of a fifth-row element and a sixth-row
element, which belong to the same group in the periodic table,
respectively. The subscripts "semi-emp" and "nonemp” indicate
the semi-empirical value and the nonempirical value of Y ..
respectively. vy__ (N) (N=5 or 6) was calculated using

rr '/ nonemp
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Clementi’s Ao,lg)

paper.17) Then the Yrr(ﬁ) values used in this work were

and yv__(5) was taken from Di Sipio’s
g - P

semi-emp

obtained from the values of y__(6) by applying the

semi-emp
least-squares method and by imposing the restrictive con-

ditionl7) that the values of Yrr(ﬁ) varied linearly with

the atomic number. In order to calculated the overlap integrals,

19, 20)

a single Slater-type orbital "' was used for all s- and

1)

p-orbitals; the double~-f type form orbital2 was used only

for the d-orbitals of metal atoms. The values of the AOQ

exponents, §_, Ir and - of the Pd and Hg atoms are listed

¥
in Table 2.
: ' . 22-24)
The author uses the gquantity of E,p as the bond index,
‘which is defined as the contribution of the AB bond to the
total energy; it is written, by the use of approximations

used in this work, as follows;

Bypy ™ EAB(I) + EAB(E} e EAB(B) (3)12)
EAB(I)E 2 EA gB Prsflrs (4)12)
B,y (#'=-0.5 iA 25 p_ % (xzss) gy 133
Bin (3)_ f.A gn (P:rr—Nr} (P ~N.) (rx|ss) (6) 12

where I represents the summation on the A atom.

Geometries of PA(II)- and Hg(II)-olefin Complexes . Because

of the lack of knowledge of the accurate configurations of

these compounds, the configurations of the olefin moieties
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62T

Table 2.

Orbital exponents, Cr’ valence state ionization potentials, Ir'
and one-center Coulomb repulsion integrals, Yep! of Pd and Hg atoms.
At a) b)

om AQ cr C Ir Yrr
5.983 0.5264
R0 13.87 2
2.613 0.6373
pd
2.190 7.07 7.46
2.1%90 3.30 6.22
6.436 0.6667
15.66 3 13,53 ¥
3.032 0.5401
Hg
2.649 10.44 7.40
2.649 5.00 6«31

a) The double-z form AO’s are used only for d orbitals (Ref. 21).

b) Since the author neglects the contribution of 3d orbital in the case of the Pd

atom and those of 3d and 4d orbitals in the case of the Hg atom, the 4d orbital

of the Pd atom and the 5d orbitalof the Hg atom are re-normalized.

c) Ref.

17. d) Ref., 18.

e) The estimated values with eq. 2.



in these comblexés were assumed to be the same as those of
the corresponding free olefins.25)' The distances between the
metal atom and the center of the double bond were fixed as
z2.31 ﬁ for the Hg (II) complexes-4) The metal~olefin
coordination bond was assumed ﬁo intercept the double bond

perpendicularly at its center. The coordinate systems for

these complexes are given in Fig.l.

Models for the Oxymercuration and the Wacker Reaction. In

the oxymercuration, both cis- and trans-addition products

were formed from the strained olefins, such as norbornene

7, 26-29)

and bicyclo-[2,2,2]~oct~2-ene, although only a trans-

addition product was formed from nonstrained olefins. 6]

Therefore, it is meaningful to shed some light on the course

of the addition using a MO method. Since mercurinium ions

< ¥ 4
I H2 A
2 31A 2 347A
|| d X —¥ ]| g e Y
|42 K’ \ -}{2 X
X=F, Cl, or Br X=F, Cl, or Br
Pd-F-1.88 A @), pd-cl=2.23 A ©) Hg-F=1.84 A,P) mg-c1=2.29 A,
Pd-Br=2.35 A.3) Hg-Br=2.41 A.°)

Fig. 1. The coordinate systems of Pd(II) and Hg (II)-ethylene
complexes.
a) The estimated value. b) Ref. 25. (See CHBHgX for Hg-X

bond lengths.)
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have been postulated as intermediates in oxymercurations of

olefins,s’ 30)

the author assumed both cis- and trans-oxy-
mercurials were derived from a common mercurinium ion, and
calculated the MO’'s of the models for cis- and trans-addition
(See Fig. 2.). 1In order to investigate effects of ligands
and reactants, the author calculated MO's of reaction systems,
such as Hg(C2H4)2++OH", HgCl(C2H4)++OHb, HgCl(C3H6)++OH_,
HGCl (cis-2-C4Hg) "«OH™, and HyCl(trans-2-CyHg) *«OH™, in which
OH was assumed to approach olefin in the trans position of
Hg(II) (See Fig. 3.), since the trans-oxymercurials were formed
in general,

In the case of the Wacker reaction, an oxypalladate
intermediate has not been observed. However, its existence
has been postulated on the basis of kinetic studies,3l_35)
and the step of its formation from Pd(II)-olefin complex has
been considered to be the rate-determining step. The models
for these intermediates are shown in Fig. 3.

In order to investigate the selectivity in the Wacker

4) 6)

reaction3 and the oxymercuration ' the author carried out

MO calculations of models described in Fig. 4.

§ 3. Results and Discussion

PA(II)=- and Hg(II)=-ethylene Complexes. The electron

densities, the w=bond order, Pﬂ,37) the T*-bond order, Poxr

37)

the quantities of transfered eiectrons from ethylene to
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(A

2N

Fig. 2. The values of EABa) in the cis- and trans-addition in

Oxymercuration.
a) eV. unit. b) The relative position of OH to ethylene is the same as

L]
that of the cis-addition system. C-0=1.72 A and Hg-0 (cis-addition)=3 g3 a
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(A) Intermediate Models in Wacker Reaction

” ’*
H, 0 w80
92 A e,
C{n . 1. A r
231 X m
|| Pd X—Y “ Y
C2 /‘ ‘iIJd X
Hy £® 231 4
" del ﬂ\e Intermediate 4
/ Intermediate Mo (Il 3 Models(Z)-(B)
X
X
‘Model 2 3 4 5 6 7 8 i
r(d) 0.0 0.0 0.0 0.0 0.3 0.3 0.3
B1 0 15%.30° 30° 30° 30° 30° (B) Intermediate Model
e2 e . " 0 743° 13 15% in Oxymercuration
93 0° 0° 0° 0° 0° g* 7.5%
Zz
H 20z 72
=" 23um,
I X—>Y
C(?) /l
X
Ry
Fig. 3. Intermediate models of Wacker reaction and Oxymercuration.



: ~500 Ca T
Hp , H2\9%./
Cl 0
Al "(B)
-5565 '?'3 5 Ha
H s:a'\
0=-chl~2, B
5 ~ Cn8p
E—?/ >Hg—-Cl ?;\]T >9Hg—Cl
3 - 453

(C) (D)

Fig. 4. fThe values of E.p o and electron densities in

Wacker reaction and oxymercuration of propylene.

a; eV. unit. in parenthesis; electron density on atom.

For configurations A and B, see the model 4 in Fig. 3,

For configurations C and D, see the modei for oxymercuration

in Fig. 3.
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metal-ligand part, AQ, are shown in Table 3. The electron
densities on the Pd and Hg atoms increase with the decrease
in the electronegativity of the halogen atom, except in the
case of HgCl(C2H4)+ or HgBr(C2H4)+. The electron density on
the C atom is decreased by the coordination as follows; free
ethylene > coordinated ethylene to Pd(II) > coordianted
ethylene to Hg(II). It is notable that this decreasing order
agrees with the increasing reactivity for the nucleophile;
i.e., the nucleophilic attack of OH in the Wacker reaction

31-35)

slowly proceeds, ‘and that in the oxymercuration

3) while the reaction can not occur in the

proceeds very fast,
absence of Pd(II) and Hg(II).

The values of AQ in the Hg (II)-complexes are larger than
those in the PA(II)-complexes, while the values of P1T and Pw*
are smaller than those in the PA(II)-complexes. The coordi-
nation bond orders are shown in Table 4. The m~acceptor bond
orders, P g * +in the PA(II)-complexes are greater than those
in the Hg(II)-complexes; this agrees with the larger values
of Pw* in the Pd(II)—complexes relative to those values in
the Hg(II)-complexés. While in PdA(II)-complexes the contribu-
tions of the d-orbitals are remarkably large, their contribu~
tions are very small in the Hg(II)-complexes, in which the
6s and 6p orbitals of Hg(II) mainly contribute to the

coordination bond. The small contribution of the 54 atomic

135



9€T

Table 3. The Electronic Structures of Pd(IIL)- and Hg (II)-ethylene Complexes.

Electron

Density '

Compounds Metal Carbon Pﬂa) Pﬂ*b) AQC)
d sp

C,H, 4.133 1.000 0.0 0.0

PAF 4 (C,H,) 8.076 1.418 4.083 0.884 -0.009 0.240
PdC13(C2H4)_ 8.015 2.014 4,080 0.870 -0.012 0.252
PABr,(C,H,) " 7.975 2.164 4.078 0.864 -0.013 0.259
Hg(C2H4}2+ 9.983 0.751 3.974 0.654 =0.002 0.734
agF(c2H4)+ 9.931 1.010 4.050 0.806 =-0.003 0.429
HgCL (CH,) " 9.942 1.282 4.044 0.807 -0.003 0.426
HgBr(c2H4)+ 9.944 1.376 4.045 0.813 -0.003 0.414

a) m—bond order of C=C double bond.

b) See the footnote (37),

c) The quantity of transfered electron from olefin to metol,



Table 4. The coordination bond orders of PA(II)- and Hg(II)-

ethylene complexes.

T—-acceptor og-donor
Pag-n+ Pag-n Foon Ppg—ﬂ
PAF 4 (CoH,) ™ 0.131 0.235 0.256 0.282
Pdc13(c2H4)“ 0.144 0.267 0.232 0.310
PABr 4 (C,H,) ~ 0.147 0.273 0.229 0.319
2+
Hg (C,H,) 0.062 0.088 0.630 0.201
+
HgF (C,H,) 0.072 0.115 0.439 0.294
chl(c2H4)+ 0.060 0.110 0.327 0.259
HgBr (C,H,) < 0.074 0.104 0.370 0.344
a) Par-p* Tepresents the bond order matrix element between

d. orbital of the metal atom and T*-MO of ethylene, and the

others such as Py _. etc., represent similar bond order

matrix elements.
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orbitals of Hg(II) is considered to be due to the Sdlo

configuration of Hg(II) as well as Ag(I)-ethylene complex,lo—br39)

The Oxymercuration, The results are given in Fig.2. It

may be seen from a comparison of the total energy that the
cis~attack system is more stable than the trans-attack system.

The absolute value of E in the cis-attack system is

C=0
smaller than that in the trans-attack system, probably because
of the interaction of the 0 atom with the Hg atom in the cis-
attack system, while there is no interactién between the O

and Hg atom; in the trans-attack system. On the other hand,
the bonding.interaction between the O and Hg atoms contributes
to the larger stabilization of the cis-attack system,
suggesting that the mercurinium ion is stabilized by the
coordination of the nucleophile. Our results agree with the
mechanism proposed by Bach et al.zg): (a) if the concentration
of the nucleophile is sufficient, or if the solvent coordinates
to Hg(II) to interfere with the coordination of the nucleophile,
the trans-attack may occur, since the nuclecphile in the
trans-position interacts with the C atom of olefin more
strongly than that in the cis-position; and (b) the mercu-
rinium ion which is formed from a strained olefin, such as

norbornene, is relatively short~lived and is likely to react

with the intimate nucleophile coordinated to the mercurinium

ion nearest to the olefin, since there is a remarkable

bonding interaction bétween the C and O atoms, though this
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interaction is weak relative to that in the trans-attack
system. In this case, the cis-attack may occur preferably.
The calculated results of the models in Fig. 3 are given
in Table 5, together with the results on the interaction of
OH with free ethylene and on the interaction of OH with th:

0)

ethylene coordinated to the PACl.  anion.: The values of

3
41 . ; ; :
c-0 ) are negative in all cases, suggesting a bonding

interaction between the C atom of ethylene and the O atom

E

of OH . The absolute values of EC—O increase in the following
: - + 2+
order; free ethylene < PAC1,(C,H,) < HgCl(C,yH,) < Hg (C,H,) ™.
Those results suggest that the nucleophilic attack of OH on
ethylene is accelerated by PAd(II) and Hg(II), and that the

acceleration by Hg(II) is larger than that by Pd(II), which

agrees well with the catalytic behaviour of Hg(II)38) and

Pd(II).BS) Compared with the absolute values of Ec_él),
(2) (3) . g . (1)

E._o » and Eceo in C2H4+OH system, those of Ealo and

Ec_é3) are largely increased in PdClB(CzH4)-+OH— system, and
the values of Ec_él) and Ec_éz) are also increased in the Hg-
(C2H4)2++0H- and HgCl(C2H4)++OH_ systems. Since EAél) and
EAéz) indicate approximately the contribution of covalent
interaction to the total energy, the existence of Hg(II) and
PA(II) may cause an increase in the covalent bonding ability
of ethylene with OH . From the results that the electron

density on the C atom in ethylene complexes decreases in the

- . +
following order; free ethylene > de3(C2H4) > HgX(C2d4)
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Table 5. The nucleophilic attack of OH to olefin coordinating to Hg (II) .

Electron density b) p (1) E (2) (3)

Reaction systems E
Metal C(1) a) c(2) C-0 CcC-0 C-0 c-0 EHg-C(l) Eﬂg"‘C(Z)

C,H,+OH 3.914 4.290 -3.013 -1.961 ~0.479 -0.572

Hg(c254)2++on' 11.599 3.944 3,836 -5.427 -3.548 -1,672 -0.207 -2.540 -3.870
HgCl(c2H4)++0H“ 11.506 3.894 4.013 -4,936 -3.051 -1.277 -0.607 -3.157 -5,788
Pdc13(tzn4)'+on' c) 10.114 3.851 4.105 -3.832 -2.243 -0.617 -0.972 -2.206 -5,254

N i i e et e e . . . e . e e e T o W i 0 . . o S S o o S P T S S S o o o

HgClitrans-z-c4H8)++0H“ 11.586 3.807 3.910 -5.169 -2.935 -1.081 -1.153 -3.193 -5.319

HgCL (cis-2~C,Hg) T«oH™ 11.588 3.806 3.907 ~5.172 -2.931 -1.078 -1.163 -3.192 -5,310

a) See Fig. 3-b. b) The EA value of the bond C(1)-0 (eV unit.).

B
c¢) The relative position of the OH anion to ethylene is the same as that

in Hg(02H4)2++OH- system (See Fig. 3-h).



(3)

c-0 should be affected

> Hg(02H4)2+, the absolute values of E

to this order, since EC—AS) represents approximately the electro-
static energy and since the 0 atom has a negative charge.
(3)

However, the absolute values of E increase in the follow-

C-0

ing order: Hg(C2H4)2++OH— < C2H4+0H- < HgCl(C2H4)++OH—

< PdC13(C2H4)-+OH- ; this trend disagrees with the decreasing
trend of electron density on the ethylene carbon atom in Hg(II)-
and Pd(II)-ethylene complexes. This disagreement is a result
of the ?ifference in the polarization of the ethylene part
between the PA(II)- and Hg(II}-sysiems (see Table 5.). The
n-acceptor bond contributes to the coordination bond in the

Pd (II)-ethylene complex, while it scarcely contributes in

Hg (II)-ethylene complex. Therefore the electron transfer shown
in Scheme [I] is more feasible in PA(II)-complexes than in

Hg (II)~-complexes, which leads to a higher polarization, a
smaller electron density on the C(1l) atom, and a larger abso-
lute value of E (3) in the Pd(II)-complexes than in the

C-0
Hg (II) -complexes.

scheme [I]
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(In the Scaieme [I], M and L represent a metal and a ligand,
respectively, and "+" indicates the direction of electron
transfer.) Therefore, the trend of EC_O(B) is not the same
as that of the electron density of the C atom in the PdA(II)-
and Hg(II)-complexes. That is, the high catalytic activity

of Hg(II) is not due to the electrostatic energy, while it is

probably important in the longe lange interaction.

The absolute value of EC—O(3) in the HgCl(Z—C4H8)+ system
is remarkably large, probably because of the large positive
charge on the olefinic carbon atom of butene coordinated to

42) In these cases, the polarization is small.

Hg (II).
When the mercurinium ion has an anion ligand, the

absolute value of EC—O is smaller than that of the system

containing no anion ligand.

The absolute values of E._, for various reactants
increase in the following order (See Table 5 and Table 6.);
the C(B) atom of CHyCH=CH, < CpH, < trans-2-C,Hg < cis-2-C,Hg
< the C(g) atom of CH3CH=CH2 in HgCl(oléfin}++0H- system. The
rate constants for the oxymercuration have been reported to
increase in the following order;38) trans—Z—C4H8 < C,yH,
< cis~2-CyHg < CH,CH=CH,. The,oﬁtained results do not agree
with this order. However it has been shown by these MO

calculations that the reactivity of cis—z—C4H8 is higher than

that of trans—2-C4H8.
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The results given in Table 5 reveal the following aspect
of the structure of the intermediate in the oxymercuration;

(1) The electron density on the C(l) atom is larger than that

on the C(2) atom except in the case of Hg(C2H4}2++OH-. (2)
The absolute value of E i
Hg-C (1) 1s larger than that of EHg-C(Z)
These situations are shown in the following picture, which
agrees well with the situation usually assumed;7)
H
- 2
o grio®

Scheme [II]

and "----" represent the strong

In the above scheme,

interaction and the weak one respectively.

Wacker Reaction. The calculated results on 15

intermediate models are given in Table 6. From the 1 inter-

total 209 Baog

decrease gradually; this shows €he increases in the stability

mediate to the 5 intermediate, the values of E

of the intermediate models and in the strength of the C(1l)~

'~ 0 bond. These results suggest that this reaction model is
reasonable for the Wacker reaction. The electron densities
onthe Pd and C(l) atoms decrease :Ln the course of this, while

that of the C(2) atom increases. From the above results,
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Table 6, The electronic Structures of Intermediate.Modelsa}

in Wacker Reaction.

Intermediate 1 2 3 4 5
B) F -2581,5 =-2581.5 =2582.7 =-2583.0 =2593.7
Etotal Ccl -2234.5 ~2234,5 =2235.7 =~=2234.2 =2235.7

Br -2125.7 -2125.8 -2126.9 -2127.3 -2129.4

Electron

F 9.563  9.562  9.541 9,537  9.518
Density g 9.890  9.882 9.871  9.894  9.933
on Pd g 9.968 9.956 9.949 9,965 10.015
c(1) 4.084 4,085  4.027  3.890  3.358

F
Electron C(2) 4.084  4.086  4.147  4.325  4.403
Density c(l) 4.081 4.084 4,026  3.884 3.808

c1
on C C(2) 4.081  4.085  4.147  4.323  4.406
c(1) 4.077  4.079  4.022  3.883  3.808

Br
c(2) 4.077  4.085  4.146  4.323  4.400
py F 0.346  0.379 -0.245 =-5.321 =-16.083
Ec(y-o c1 0.327 0.378 -0.225 -5.212 =-11,217
Br 0.249 0.302 =-0.229 -5.266 -11,330
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(Table 6 . Continued)

Intermediate 1 2 3 ' 4 5

b)

. Bpg-c(y) | "3-935  -3.922  -3.536  -2.818  ~0.027
Epd~c(2) =-3.935 ~-3.960 -4.203 -5.251 -6.713
Epa-c(1) =-3.901 ~3.910 =-3.670 =3.055 ~1.935

el .

pa-c(2) =-3.901 ~3,876 ~3.979 -4.668 =6.377
Epg-c(1) -3.873 -3.860 ~3.549 -=3,097 ~2.007

Br .

Epga-c(2) ~-3.873 ~-3.894 ~3,971 -4.592 ~6,277
F -16.928 =-16.859 -15.492 ~15,246 ~13.653

: b)
Epg-o Cl  ~15.493 -15.451 -15.224 -13.848 -12.335
Br -15.266 ~-15.235 -14.978 -13.717 -10.324
F 0.888 0.888 0.878 0.730 0.527

c)

Py cl 0.878 0.878 0.873 0.727 0.513
Br 0.873 0.871 0.867  0.722 0.504

a) See Fig.3.
b) eV. unit

c¢) m-bond order of C=C double bqnd.
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ethylene can be said to be polarized by the approach of OH .
Proceeding from the 1 intermediate to the 5 intermediate, the
absolute values of EPd-C(l)’ EPd—O’ and P decrease, whereas
that of EPd-Ciz) increases; i.e., the bonds of C(1)-0 and
Pd-C(2) become stronger, although the bonds of Pd-C(l),

Pd-0, and C=C become weaker, relative to those of the 1 inter-
mediate. These results, pictured in Scheme [III], agree with

2)

the cis-type four-center reaction speculated by Henry3 and

Jira et al.33) (See Scheme [IV].)
H
H 0 H
2 2 H
q::::’ G- 0
1;/_;‘;=pd(n) ; i
C [ Pd
Hy Ha
Scheme [III] Scheme [1IV]

The results for the 6%8 intermediate models (Fig. 3) are
given in Table 7. The bending of C(l)H2 group opposite to P4 (II)
makes the total energy more negative, suggesting that the system
is more stabilized and that the C(l) atom changes from sp2 to
sp3. Also, this bendigg brings about decrgases in the
absolute values of Epg-c (1) and P_ and increases in the

absolute values of EC(l)—O and EPd-C(l), which reveal that

the reaction more proceeds from the 5 intermediate. However,
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Table 7 The cis-bending of CH, group of intermediate,a)

2
Pd012(02H4)(OH)‘ in Wacker reaction

Intermediate 5 6 7 8
Etotal -2235.7 eV -2235,7 eV -2238.6 eV -2235.2 oV
EC(l)-O -11.22 . =12.59 -13.68 -13.89
EPd-C(l} -1.94 -1.87 -1.83 -1.74
EPd-C(Z) -6.38 -6.43 -6.14 -6.87

- - - . = IOO
EPd—o 12.34 12.26 .11 92 1.2
Pw 0.513 0.491 0.475 0.443

a) See Fig. 3.
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the bending of the C(Z)H2 group destabilizes the system, while
the absolute values of Ec(1)-0 and EPd-C[2) are increased and
those of EPd-C(Z) and Pﬂ are decreased. Therefore, hardly
any cis-bending of the C(2)H2 group ocecurs. These results
are considered to be due to the polarization of ethylene, which
is expected to be enhanced by the n-acceptor bond with Pd(II),
as has been shown in Scheme [I]; the C(2) atom should have sp2
character to obtain the electron through the T-acceptor bond,
leading to no cis-bending of its protons.

Then the change from the 1 intermediate to the 5 inter-
mediate were investigated in detail. The values of the

Fock-matrix elements, F__, are shown in Fig. 5-A, together

rr
with the sum of the values of the density matrix elements
between the dxz-yz orbital of the Pd atom and the s, p,  and
py orbitals of the 0 atom, and those between the dxy orbital
and the s, P+ and py orbitals of these atoms (Fig. 5-B).

There is a remarkable increase in the value of Fd a and a
Xy Xy

decrease in the value of Fdxz-yz a2 2 while there are little
changes in the other Frr' These remarkable changes are due to
the moving of OH in the xy plane and suggest the change in the
Pd-0 boénding character. As is shown in Fig. 5-B, the contri-
bution of the dxy orbital to the Pd-0 bond increases,

although that of dxz_Yz decerases in the reaction course.

In other words, OH attacks the C(1l) .atom, interacting with

9, 43)
the dx orbital, as has been proposed by Cossee et al.” '
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Markovnikoff Rule in These Reactions. We calculated

the MO's of the models for the nucleophilic attack on propylene;
the results are given in Fig.4 and Table 8. In both the
PA(II)- and Hg(II)~-systems, the attack on the C(l) atom gives
a lower total energy than the attack on the C(2) atom, which
reveals that the former attack is supperior to the latter
attack. Also, the absolute values of Ec(l)—o of models [A]
and [C] are greater than those of models [B] and [D]. It is
obvious from Table 8 that this difference is ‘a result of the
difference of Ec_éj), suggesting that this selectivity is
determined by the electrostatic energy. The carbon atom
attacked by OH is positively charged in both Pd(II)- and

Hg (II)~systems(see Tables 5 and 6 and Fig.4.), and the

propylene is polarized by the hyperconjugation of the methyl

group, as follows,

s+ &=
CH 3~ CH=CH 9
Scheme [V]

Therefore, the attack on the C(a) atom is superior to the
attack on the C(g) atom, since the fqrmer attack causes the
same polarization, while the latter attack causes an inverse
polarization.

As has been described above, the semi-empirical SCF-MO
method using the modified CNDO approximation gives fruitful
results; this encourages us to apply this method to studies

of the other catalytic reactions.
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Table 8

Nucleophilic attack of OH

anion to propylene

— + .
PACL, (OH) (C4H,) HgC1 (C4H,) * oH
state? A B c 5
Eroral -2426.6 , -2426.3_, -2353.0 _ -2352.6
Eo_q ~5.596 -4.756 -5.545 -4.528
(1) )
Boo «3. 6L -3.793 3, 063 2.923
B ~0.618 ~0.660 -1.175 ~1.185
g o) ~1.305 ~0.303 ~1.307 ~0.420
p 0.669 0.718 0.531 0.535

v

a) See Fig.

151



1)
2)

3)

4)

5)

6)

7)

8)

9)

10)

1l)

12)

13)

14)

15)

References and footnotes
F. R. Hartly, Chem. Rev., 69, 799 (1969).
J. Tsuji, Adv. Org. Chem., 6, 109 (1969).
E. W. Stern, "Transition Metals in Homogeneous Catalysis",
ed. by G. N. Schrauzer, Marcel Dekker Inc., New York (1971),
p. 93.
R. D, Bach and H. F. Henneike, J. Amer. Chem. Soc., 92,
5589 (1970).
H. F. Henneike, ibid., 94, 5945 (1972).
W. Kitching, Organometal. Chem. Rev., 3, 6L (1968).
T. G. Trayler, Accounts Chem. Res.,_z, 6l (1969).
J. W. Beg}ey and F. Pennella, J. Catal., 8, 203 (1967).
R. Cossee, P. Ros and J. H. Schachtschneider,"Proceedings
of Fourth International Congress on Catalisis," Moscow,
1968, p.207.
a) S. Sakaki and H. Kato, Bull. Chem. Soc. Japan, 46, 2227

(1973). sSee chapter 2 in part I.; b) S. Sakaki, Theor. chim.

Acta, 30, 159 (1973). See chapter 5 in part I.
M. Wolfsberg and L. Helmholz, J. Chem. Phys., 20, 837 (1952).

For notations in these equations, see chapter 2 and Ref.l1l0.

In the case of m-w* transition energy of ethylene, the best

value of k is 0.45.

A. J. MacCaffery, P. N. Schatz, and P. J. Stephens, J.

Amer. Chem. Soc., 90, 5730 (1968).

P. Day, A. F. Orchard, A. J. Thomson, and R. J. P. Williams,

J. Chem. Phys., 42, 1973 (1965).

152



16)

17)

18)

19)

20)

21)

22)

23)
24)

25)

26)

27)

28)

29)

J. Hinze and H. H. Jaffé, J. Amer. Chem. Soc., 84, 540
(1961); J. Phys. Chem., El, 1504 (1963). The value of
Ve is obtained by Pariser’s approximation using data of
these papers.

L. Di Sipio, E. Tondello, G. De Michelis, and L. Oleari,
Chem. Phys. Lett., 11, 287 (1971).

R. B. Bach, J. Amer. Chem. Soc., 91, 1771 (1969).

E. Clementi, D. L. Raimondi, and W. P. Reinhart, J. Chem.
‘Phys., iz, 1300 (1967).

E. Clementi and D. L. Raimondi, ibid., 38, 2686 (1963).
H. Basch and H. B. Gray, Theor. chim. Acta,.ij 367 (1966).
J. A. Pople, D. P. Santry, and G. A.—Segal, J. Chem. Phys.,
43, s129 (1965).

M. S. Gordon, J. Amer. Chem. Soc., 2&, 3122 (1969).

S. E. Ehrenson and S. Seltzer, Theor. chim. Acta, 20, 17
(1971).

"Tables of Interatomic Distances and Configuration in
Moleculaes and Ions," ed. by L. E. Sutton, The Chemical
Society, London, (1957).

T. G. Traylor and A. W. Baker, Tetrahedron Lett., 1959,
14.

T. G. Traylor, J. Amer. Chem. Séc., 86, 244 (1964).

T. T. Tidwell and T. G. Traylor, J. Org. Chem., 33, 2614

(1968) .
R. D. Bach and R. F. Richter, J. Amer. Chem. Soc., 94, 4747

153



30)

31)

32)

33)

34)

35)
36)

37)

38)

39)

4Q)

(1972).

G. A, Olah and P. R. Clifford, ibid., 93, 1261, 2320
(1971).

P. M. Henry, ibid., EE, 3246 (1964).

P. M. Henry, ibid., 88, 1595 (1966).

R. Jira, J. Sedlmeier, and J. Schmidt, Ann. Chem., 223,
99 (1966).

T. Dozono and T. Shiba, Bull. Japan Petrol. Inst., 5, 8
(1963) .'

P. M. Henry, J. Amer. Chem. Soc., 2&, 4437 (1972).

W. Hafner, R. Jira, J. Sedlmeier, and J. Schmidt, Chem.
Ber., 75, 1575 (1962).

Although in the complex the notations T~ and T*-MO’s of
olefin lose their physical meanings, the author use termi-
nologies in the local sense of olefin for simplicity.

These terms, P, and P_,, are defined as follows:

™
occC occ
P =2 z ClCZ ;P*‘_—'ch*l C*z
T n " Py TPy & m " Py TPy

where Cﬂzp and C_,1  represent the MO coefficients of
Y Y -

p.. orbitals on C(1l) atom in T=-MO and w*-MO, respectively.
J. Halpern and H. B. Tinker, J; Amer. Chem. Soc.,.gg,
6427 (1967).

H. Basch, J. Chem. Phys., EEJ 441 (1972).

Although OH is considered to attack to ethylene as shown

in Fig. 3, the trans-attack model is calculated in this

154



41)

42)

43)

case for comparison with the oxymercuration.

These E._, and EC-O(l) etc., represent the values of E

AB
EAB(l) etc., of the bond C(1)-0, respectively (in eV unit

and see Fig. 3.).

In Hg(II)-complexes, the unsaturated C atom of 2—C4H8 has

a smaller electron density than that of C H4; i.e., 3.993

2
in HgCl(cis-2-C4Hg) ", 3.995 in HgCl(trans-2-C4Hg)" and
4.048 in HgCL(C,H,)".

P. Cossee, Rev. Trav. Chim. Pays-Bas, 85, 1151 (1966).

158



Chapter 3. Platinum hydrides and their reaction with

ethylene.

§ 1, Introduction

The role of transition metal complexes in homogeneous
catalytic reactions is currently a topic of great interest in
both fields of pure and applied chemistries. In those cata-
lytic reactions, isomerization and hydrogenation of olefins

and acetylenes have been particularly studies, as reviewed

1, 2)

recently. It has been accepted in many catalytic isomeri-

zations and hydrogenations that the formation of the metal-

hydride (M-H) bond and its reaction with unsaturated compounds

2, 3)

are key steps in the overall reaction. Many transition

metal hydrides have been known and the several insertion
reactions of olefins into a M-H bond have been reported.4)
Stable hydride complexes of platinum(II), trans-PtHX-

3)

(PH (X=halogen etc.) were prepared by Chatt and Shaw.

3)2
Structural studies have been‘carried out on trans-PtHX(PEt3)2

7) and spectroscopic studies such as NMR and

5, 8-11)

(X=Cl and Br) 6
IR have been reported. However, a theoretical study
has been little done, while it is‘necesséry in order to
investigate the bonding character of the Pt (II)-H bond.

It is well-known that ethylene reacts with trans-PtHCl-

(PEt3)2 under a vigourous condition (95°/80 atm) to give an
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ethylplatinum(II) complex;>' +2)

tranS*PtHCl(PEt3)2 + C2H4 4 trans—Pt(Czﬂs)Cl(PEt3)2 (1)

Several works have been carried out on the insertion reaction
of ethylene in order to elucidate the reaction mechanism.lz_l?J
The suggestion has been accepted that both foward and reverse
reactions proceed via five-coordinate m-olefinic hydride

12-14, 16,.17)

complexes.

In this chapter, the author has carried out semi-empirical SCF-MO
calculations on hydride complexes of platinum(II), in order

to investigate their electronic structures, Studies have been
also done on the ethylene insertion reaction into the Pt (II)-

H bond. A discussion is presented on tﬁe electronic struc-
ture of the intermediate five-coordinate m-olefinic hydride
complex, PtHCl(PH3)2(CZH4). The ligand effects and the role
of the Pt(II) ion in the ethylene insertion reaction are also
discussed. It has been tried to anticipate the ligand effect
on the cAtalytic abilities of trans-PtHx(PR3)2 in the hydrogen-

deuterium (H~-D) exchange reaction of ethylene.

§ 2. MO calculations and Geometries of Complexes.

MO calculations. MO calculations were Performed by

the use of the CNDO type MO method. This method gave reason-
able results on tetrachloroplatinate, Zeise’s salt, Pt(0)-

18)

ethylene complex and Pt(0)-acetylene complex etc. Approxi-

mations used in this MO method are reported in detail else-
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18)

where. Here, several important features are described as
follows: (1) Fock-matrix elements are obtained by the CNDO

_ 5 19) ;
type approximations. (2) Resonance integrals are evaluated
by the Wolfsberg-Helmholz approximation,zo) where the parameter
"K" is taken as 0.90 for AO pairs including @ d-orbital and as
LN E)

One-center Coulomb repulsion integrals of the Pt atom are

0.80 for AO pairs including only s- and p-orbitals.

estimated by multyplying a correction factor to nonempirical

values calculated with single Slater type orbitals.lg)

(4)
- Two-center Coulomb repulsion integrals are evaluated by the
use of the modified Ohno's apprpximationls) for AO pairs
including only one outer 6s- or Gp-orbitél of the Pt atom
and by the use of the original Ohno’s approximationZI) for
the other AO pairs.

22, 23) ;¢ ysed as the bond index

The quantity of Exp
in this work, which is defined as the energy contribution of

the AB bond to the total energy. Under the approximations

used here, EAB is written down as follows;lg)
= (1) (2) (3)
Eap = Exp + Epp + EAB (2)
(1) _ A B
EAB = 2.0 £ I Prt Hrt (3)
r t
(2) _ A _B 2
Epp '= -0.5 2" I" P.% v, (4)
r t
(3) _ A B o = .
EAB = I i (Prr Nr)(Ptt Nt) Vet (g)

1 + E (2) and E (3) represent approximately a

b

(
AB AB AB
covalent bonding interaction and an electrostatic one,

where E
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respectively. The negative value of EAB means the bonding
interaction. The larger the absolute value of EAB is, the
greater the interaction between A and B atoms becomes.

Geometries of Complexes. Trans"PtHX(PRa)Z: The bond

lengths of the Pt-Cl and Pt-Br were taken from X-ray studiesﬁ'T)

and those of the other Pt-X bonds were estimated from the

covalent bond radii of X. The bond lengths of the Pt-P and

Pt-H were fixed as 2.268 A and 1.62 A °! for all complexes,
respectively. While the angle £PPtCl and £PPtBr were slightly
larger than 90° due to the steric effects of Cl and Br ligands,G'T)
ZPPtX was assumed to be 90° in all complexes, for the value of
this angle had not been known in the other complexes. The

PR, group (R=phenyl or alkyl group) was replaced by the PH,
group for simplicity, whose structure: was assumed to be the

a4 In spite of these simpli-

same as that of uncomplexed one.
fications, MO calculations on these models gave reasonable and
enough results to discuss the ligand effect of X, as described
in the following section.

Trans-PtX(CZHS)(PH3)2: Since an X-ray study had not

been carried out on this complex, the bond lengths of the Pt-C
and Pt-Cl were taken from the structure of [Pt(CH3)3C1]4,24)
and the Pt-C bond length was fixed in all complexes. The bond
lenghts of the other Pt-X were estimated in the same way as
those in trans—PtHx(PHB)z. The Pt-P bond length and the

structure of the PH, group were assumed to be, the same as

correspondings in trans—PtHx(PH3)2. In these complexes, the
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structure of ethyl group was taken from Ref., 24, while only
the B-hydrogen atom of the ethyl group was brought slightly

23) and B~-H-C=1.09 i) when

L
close to the Pt atom (B-H-Pt=2.22 A
the abstraction of the B-hydrogen atom was investigated.

Five-coordinate m-Olefinic Hydride Complexes and an

Insertion Reaction of Ethylene into the Pt(II)-H bond.

Two types of five-coordinate intermediate complexes were
investigated in the insertion reaction of ethylene into the
Pt(II)-H bond, which are shown in Fig. 1. 1In both structures,
the structure of ethylene part was assumed to be’ the same as
the uncomplexed one. The coordination bond of ethylene was
also assumed to intercept the double bond of ethylene perpen-
dicularly at its center and the coordination bond distance was

26)

-]
fixed as 2.0 A by reference to that of Zeise’s salt. The

structure A is expected from the substitution reaction of

trans-Pt(NO,)H(PEt,), with ethylene, which was reported by

2) The structure B has been proposed by

14)

Deening et al.l
Uguagliati et al. and also a similar intermediate complex
has been isolated by Clark et al. in the insertion reaction
of tetracyanoethylene with trans—Pt(CHB)(CN)(PEt3)2- 21)
Since the structure B was more stable than that of A,
as described below, the insertion reaction was considered to
proceed from the structure B(6=45°) and three reaction paths
were investigated as shown in Fig. 2. In the reaction path .C,

ethylene approaches the hydride ligand in parallel with the

Pt-H bond. Also in the reaction path D, ethylene appoaches
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18%

. (A) | (B)

Fig. 1. Five-coordinate T-olefinic hydride complexes.

P=PH Bond distances of the Pt-P, Pt-H and Pt-Cl, and the structure of

3’
the PH, group are the same as those in trans—PtHCl(PH3)2, respectively.



=~ P (E)

Fig. 2. Insertion reaction paths of ethylene into the Pt-H bond

P=PH3, The structure of PtX(PH3)2 part is the same as the
corresponding one of the intermediate complex B (Fig. l.).
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the hydride ligand. 1In this attack the angle § between the
coordination bond of ethylene and the z-axis increases, and
the other part is not changed except for the states IV and V.
In the reaction path E, the hydride ligand attacks ethylene,
where the angle § Eetween the Pt-H bond and the y-axis
increases and the other part does not change except for the
states IV and V. The states in which the CH2 group of ethylene
was pushed away opposite to the Pt atom (10°) were investigated
in both reaction paths D and E; only the C{l)H2 group Wwas

bending in the state IV and both C(_l)H2 and C(2)H2 groups were

bending in the state V.

§ 3. Results and Discussion

Electronic Structures of trans—PtHX(PH3)2. The results

are given in Table 1. The electron density on the Pt atom
increases with the decreasing of the electronegativity of

the X ligand; i.e., F < Cl < Br < I < CN. The H ligand has

a remarkably large negative charge, suggesting its hydride
character. The electron density on the H ligand decreases with
increasing electron density on the Pt atom and with decreasing
electron density on the halogen. This résult seems to be

similar to the alternative inductive effect;

§- S+ §=
X Pt H
Schemel[I]

However, this result can not be explained by hyperconjugation,
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79l

Table 1.

Electronic structures of trans—PtHX(PH3)2
Electron density B g (L1+(2) g (3) a)
Pt H X P Pt-H Pt-H Pt-H Pt-H
F 9.710 1.289 7.658 5.217 -13.8826v —12.783eV —1.099ev —
Ccl 9.846 1.255 7.583 5,222 ~13.627 -12,.877 -0.750 21830m—1
Br 9.863 1.246 7.584 5.223 -13.585 -12.890 -0.695 2178
I 9.900 1.245 - 7.541 5.221 -13.480 -12.850 -0.630 2156
CN 9.904 1.242 9.552b)5.23l -13.446 -12.833 ~-0.613 2041
a) Ref, 9. b) The electron density on the

CN group.



since the Pt-H bond is not contributed by hyperconjugation.

Because energy levels of Pt’s valence orbitals decrease as

27)

the X ligand goes from F  to CN , the electron transfer

increases in the order F < Cl < Br < I < CN and the electron
density on the H ligand decreases in the order F > Cl s Br
> I > CN.

The absolute value of Epp_y decreases in the order F

>Cl > Br > I > CN, suggesting that the strength of the Pt-H
bond decreases in this order. From frequencies of the stretch-

ing vibration, Vp g’ it is expected that the strength of the
Pt-H bond decreases in the order Cl > Br > I > CNrg' 11)

since v H gives a measure of the strength of the Pt-H bond.

Pt-
Thus, our result on the strength of the Pt-H bond agrees

qualitatively with the experimental ones. The value of E

(1) (2)
Pt-H Pt-H

Table 1, which suggests the covalent bonding character of

Pt-H

is mainly contributed by the E and E as shown in

the Pt-H bond.

Five-coordinate r-clefinic hydride complexes. The

various conformations of the structures A and B (See Fig. 1l.)

are investigated, as shown in Fig. 3 and Table 2. The increase
in § does not bring about the stabilization of the structure A,
but that of the structure B which is the most stable at §=45°.

In the structure B, the steric rapuision between PH3 and ethylene
decreases largely. However, it does not change in the

structure A, while the steric repulsion between Cl and ethylene

decreases. Therefore, the structure B is more favorable than
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6 ; , . 3

O 10 20 30 40 50 60
8(°)
Fig. 3. Total energies of five-coordinate w-olefinic hydride

complexes, PtHCl(PH3)2 (CoH,)

; the structure A, ; the structure B (See. Fig. 1l.)
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Table 2. Electronie structures of five-coordinate

m-olefinic hydrido complexes.

(a) Structure A.

State I IT IIT
5] 0° 15¢ 3p°
a) '
Eoy ~0.27 -0.29 -0.31
P_ b) 0.86 . 0.86 0.85
rq © 0.14 0.13 0.12
(b) Structure B.d)

State IT ITT v v VI
9 10° 20° 30° 45° .  g5go
a) _ _ - _

- 0.39 -0.44 -0.58 ~0.62 -0.63

= 0.84  0.82 0.8  0.79  0.78
. .

g © 0.17  0.21  0.24  0.28  0.29

EAB; eV unit. a) H= the hydridé ligand of trans—PtHX(PHa)z.

b) The n-bond order of ethylene part. <¢) The gquantity of

transferred electrons from ethylene to trans-PtHx(PH3)2 part.

d) The state I is the same as that in the structure A.
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the structure A for the intermediate five-coordinate complex.

The author hereafter considers the insertion reaction of

ethylene into the Pt(II)-H bond in the structure B,

An increase of g brings about the increase of the bonding
interaction between the Pt atom and ethylene both in the struc-
tures A and B; the absolute value of EPt-C(1)+EPt-C(2) in-
creases with increase of §, as shown in Table 2. 1In the struc-
ture A (0#0), the SdZZ and dez orbitals of the Pt atom are
bonding orbitals, while these are very weak bonding ones in the
square pyrémidal complex. Ethylene donates its electrons to
the Sdz2 orbital and accepts d-electrons from dez orbital into
its r*-MO, while it scarcely interacts with these d-orbitals in
the square pyramidal complex. Of course, ethylene donates its
n~electrons to 6pz orbital of the Pt atom both in the square
pyramidal and trigonal bibyramidal complexes. Thus, the inter-
action between the Pt atom and ethylene is larger in the trigo-
nal bipyramidal complex(A).than that in the square pyramidal
one, which results in the larger absolute value of Epe-c(1) ™
Epe—c(2) in the former than that in the latter. Decreases in
a m-bond order of ethylene, Pﬂ, and a guantity of transfered
electrons from ethylene, Aqg, suggest more increase of the
T-acceptor bond than that of the o-donor bond, as shown in
Table 2. In the structure B, the SdZZ and 5dxz orbitals of the
Pt atom also become bonding orbitals. The 54 , orbital can not
interact with ethylene, as shown in Fig. 1. Ethylene donates

its m-electrons to the 54,2 orbital of the Pt atom through the
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o=-donor bond, while it scarcely donates its w-electrons to
the SdZZ orbital in the sguare pyramidal complex. The formation
of this interaction brings about the increases in the Ag and

the E and the decrease in the P“.

pt-C (1) "Ept-c(2)
Insertion Reactdion of Ethylene. Results on the

reaction paths and those on the ligand effect in this reaction
are shown in Table 3 and Table 4, respectively.
In the reaction path C, the total energy increases

and E increase

slightly. Absolute values of E,_n+ E._ o pt-C(2)

as the reaction proceeds from the state I to III, while those

1 r
Pt-C (1) and E;, . decrease. (In this paper, H's of the

Pt-H and C-H represent the hydride coordinated to the Pt atom.)

of E

These results show the increase in the C-H interaction.
However, the increase in the absolute value of EC-C suggests
the increase in the strength of the C-C bond. This result
rules out the reaction path C, because the C=C double bond
must become a C-C single bond after an insertion reaction.
In the reaction path D, the total energy decreases as
the reaction proceeds from the state I to III. The absolute
values of EC—H and Ept-C(Z) increase in this reaction course,
while those of Ep._us Ec g and Epy_0(1) decrease. These
results reveal that the C-H and Pt-C(2) interactions become
stronger and that the Pt-H, Pt-C(l) and C-C interactions

become weaker. This situation agrees with that of the four-

28)

center type reaction;
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H

H2T*\\

Pt

Scheme [II]

Therefore, the reaction path D is reasonable for the ethylene
insertion reaction.

In the reaction path E, the total energy decreases as the
reaction proceeds from the state I to III. The bonding inter-
actions of the C-H and Pt-C(2) become stronger and those of
the C~C, Pt-C(l) and Pt-H become weaker similarly to those of
the reac&ion path D, as the reaction proceeds. The reaction
path E also seems reasonable.

In both reaction paths D and E, tﬁe bending of the CH,
group, in which the CH, group is pushed away opposite to the
Pt atom, brings about increases in the absolute values of
Eqy and EPt-C(Z)' and decreases in those of Bt g’ EPt—C(l)
and Ea_cr while it scarcely changes the total energy. (See
the states IV and V in Table 2.) These results suggest the
bending of the CH2 group is brought about in this reaction
course, which corresponds to that the C(l) and C(2) atoms
become sp3 character froﬁ their original spz character.

It is worthwhile to investigéte which of ethylene or
hydride anion transfers in the etﬁylene insertion reaction.

As shown in Table 3, the state II.in the reaction path E has

a lower total energy, a larger absolute value of E,_, and
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Table 3.

(a) Reaction path C.

Insertion reaction

of ethylene into PL(II)-E bond.

State I IT IIT
r (A) 0.0 0.3 0.6695
Benbal ~1945.6 ~-1945.5 -1945.0
- %) -0.62  -1.27  -1.86
B e ~12.59  ~12.23  -11.90
Bt -29.81 ~-29.89  ~30.27
Epi-c (1) -6.65 -5.04  -3.01
Eppmc (2) -6.75  -8,08  -8.66
(b) Reaction path D bl
State IT III v yd)
8 10° 30° 300 30°
B iea'y -1945.7 -1947.7 -1947.7 -1947.7
Eq_ g ~1.69  -7.83  -8.31  -8.37
B o ~11.82  -8.44  -8,49  -8.45
E_c ~29.61 ~27.67 ~-27.57 ~27.42
Boe-c(1) -6.24  -5.68  -5.81  -5.81
- S -7.25  -8.43  -8.49  ~8.74
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Table 3 (continued)

(¢} Reaction path E b)
State 11 1 177! v
5 10° 30° 300 300

B otad ~1946.1 =1947.7 -1947.6 -1947.6
E. 2

C-H -2.40  =7.39  -7.87  -7.92
EPt_Ha) -11.58  -9.04  -9.09  -8.94
B ~29.28 =-27.90 -27.79 -27.68
. Sg—_— -6.21  =5.76  -5.90  ~5.90
Ept“c(z; -7.14  =7.75  -7.81  -8.02
Etotal and EAB’ eV unit. a) H=the hydrido ligand

of trans—PtHX(PH3)2. b) The state I is the same

as that in the reaction path C. c) The C(l)H2 group
is pushed away from the Pt atom, while the other parts
are qnchanged as the state III. d) Both C(l)HE and
C(Q)H2 groups are pushed away from the Pt atom and the

other parts are unchanged.
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Table 4.

reaction of ethylene into Pt (II)-H.

Ligand effect of halogens in the insertion

Reaction path D, State III.
i €. Br I CN

Pt 9.98 10.12 10.15 10.18 10.20
Electron C(1) 4.09 4.09 4,09 4.09 4.09
density C(2) 4.27 4.25 4.24 4.24 4.23
H &) 0.99 0.96 0.95 0.95 0.94

a) - _ _
En g 7.78 =7.83 7.84 7.86 791

a) _ _ _ l
EPt—H 8.43 8.44 8.44 8.42 8.37
Eo_c -27.64 -27.67 ~-27.67 -27.68 -27.72
b) 1 1.14 1.13

PNCQZ} : 1.19 1,15 1.14 o !
AQ © 113 1.20 1.22 1.22 1.24
E,pi eV unit. a) H=the hydride ligand coordinating to the

Pt(II) ion. b) The m-electron density on the 2p orbital

of the C(2) atom. c) The quantity of transfered electron

from the system C,H, + H to PtX(PH3)2+ part.
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smaller absolute ones of EPt-H and E, . than that in the
reaction path D does; that is, the former state has a stronger
C-H bonding interaction, weaker Pt-H and C-C bonding inter-
actions than the latter one does. From these results, it is
expected that the H ligand transfers more easily than ethylene
does in the initia} stage of the reéction. The following
states III v V in the reaction path D has a larger absolute
value of E, . and smaller ones of Ept-n
in the reaction path E do, while reaction states in both

and EC-C than those

reaction paths have almost the same total energies. These
results suggest, at first glance, that ethylene transfers to
the H ligand more favorably than the latter does to the former
in the more advanced reaction states. In the reaction path E,
however, the Cl ligand should also transfer as shown in Scheme

[III] as the reaction more advances, since the final product

is the square planar trans-Pt(C,Hg)Cl(PH,),.

H.C
Hzc:-l-cn2 2 ]\\.CHZ
—_—Pt "'”i' E . cl— Pt—H
P P
The more advanced reaction The reaction path D.

state in the reaction path E-

Scheme [III]

The transfer of the Cl ligand in the reaction path E results

in almost the same intermediate state as that in the
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reaction path D, while the position of PH; is slightly differ-
ent. The state III n V in the reaction path D are reasonably
considered to be more advanced reaction states in the reaction
path E. Thus, our results suggest that the H ligand starts
first to attack ethylene and then the Cl ligand starts to
moves to the trans—-position of the H ligand. Of coﬁrse, this
problem should be studied in more detail experimentally and
theoretically.

In order to investigate the role of the Pt(II) ion in the
insertion reaction, a hypothetical state is studied, which is
obtained b} removing the PtCl(PH3)2+'part from the state III
in the reaction path D. This hyﬁothetical state is considered
to be a limiting state of the reaction system, CH, + LiH in
which the bond distance of Li-H is infinitely lengthened.

This hypothetical state has following characteristics: (1)
The electron density on the C(2) atom is remarkably large
(4.64 e), which is owing to the large electron density on its
pn orbital (1.84 e). (2) The highest occupied .(HO) MO has a
remarkably high orbital energy (-0.345 eV). (3) As shown in
Fig. 4, its HOMO has a non-bonding character, in which electrons
are locarized in the 2p1r orbital of the C(2) atom and the 1s
orbital of the H atom. Where the Pt part exists, this type
MO is obtained at about -10 eV and the 2p1T orbital of the
C(2) atom interacts with 5d22, 6s and sz orbitals of the

Pt atom in the reaction path D, as shown in Fig. 5. As the

consequence of these interactions, the electron density on the
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Fig. 4. AO coefficients of the HOMO of the

hypothetical state, C,H, + H .
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LLT

Reaction
Path D

Fig. 5. AO coefficients of an important MO in the interaction
between the C(2) atom and Pt atom.

The state V in the reaction path D.



2p, orbital of the C(2) atom, PHC(Z)’ is remarkably reduced in
PtHX(PH3)2(C2H4) relative to the hypothetical ‘state, as shown
in Table 4. Thus, it is the important role of the Pt atom to
accept the excess T-electrons on the C(2) atom and to stabilize
the HOMO of the hypothetical system. In other words, the

insertion reaction mechanism is represented as follows;

Pt-4~H

Scheme [IV]
Ligand effects on the insertion reaction are studied in the
state III of the reaction path D, as shown in Table 4. 1In all
reaction systems, the electron density oﬁ the C(2) atom and the

adbsolute value of E are larger than that on the C(l) atom

Pt-C(2)
and that of Ept-c(1)’ respectively. The negative values of E,. .
in all systems reveal the C-H bonding interaction. Its absolute
value increases in the order F < Cl < Br < I < CN, while the
absolute value of Ej,, . and E, . decrease in the same order. Also,
the values of AQ which is defined as quantity of transfered ele-
ctrons from CZH4+H- part to PtX(PH3)2+ part increases and the
value of PHC(Z) decreases in this order. -From these results,
it is expected that the reactivity of trans-PtHx(PH3)2 in the
insertion reaction increases in the same order. This increas-
ing order agrees with the increasiné one of trans-effect of
the X ligand, which is consistent with experimental results.zg)
The decreasing order of AQ as F > Cl1 > Br > I > CN is

the same order of the electron transfer from the H ligand
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to the Pt part in trans—PtHX(PH3)2- The result on AQ in the

former case would be also due to the same reason as that in

the latter one.zv)

Hydrogen-Deuterium Exchange Reaction. Trans-~PtHCl~
30)

1

The H-D exchange reaction is composed of two steps, i.e., the

(PEt3)2 catalyzes the H-D exchange reaction of ethylene.

ethylene insertion into the Pt (II)-H bond and the B-hydrogen
abstraction in the Pt(II)-ethyl complexes. The transition
state in the B—hyérogen abstraction is considered to be the
gsame as thdt in the ethylene insertion reaction. Therefore,
it is only necessary to investigate the_interaction between
the Pt atom and the B-hydrogen of the ethyl group in the

Pt (II) ~ethyl complexes. Results are given in Table 5.

| The absolute value of Eoi K increases in the order F

< Cl< Br < CN < I, as shown in Table 5. The B~hydrogen atom
is abstracted easily as follows; F < Cl < Br < CN < I. As
described previously, the ligand effect on reactivity in the
ethylene insertion increases in thg order F < Cl < Br < I

< CN. Therefore, the catalytic ability of trans-PtHX (PR;),
in the H-D exchange reaction increases F < Cl < Br < I, while
it is difficult to determine which of the iodo- or cyano-

complex is more active.
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Table 5. The interaction between Pt and B-H atoms

in trans—PtX(Csz)(PH3)2_

F C1 Br I CN
Electron Pt 9.98  9.96  9.98 10.01 10.03
density B-H 2! 0.82  0.82  0.82  0.82  0.82
E, . 3 ~0.60 -0.73 -0.75 -0.81 ~0.80

EAB: eV unit. a) H = B8-H atom of ethyl group.

180



1)

2)
3)
4)
5)
6)

7)
8)

-9)

10)
11)

12)
13)

14)
15)

16)

References and footnotesz.

R. E. Harmon, S. K. Gupta and D. J. Brown, Chem. Rev.,

73, 21 (1973).

F.. R. Hartley, ibid., 63, 799 (1969).

R. Cramer, J. Amer. Chem. Soc., 88, 2272, 3533 (1966).

H. D. Kaesz and R. B. Sajllant, Chem. Rev., 72, 231 (1972).
J. Chatt and B. L. Shaw, J. Chem. Soc., EEEE, 5075,

P. G. Owston, J. M. Partridge and J. M: Rowe, Acta Cryst.,
13, 246 (1960).

R. Eisenberg and J. A. Ibers, Inorg. Chem., 4, 773 (1965).
J. Powell and B, L., Shaw, J. Chem. Soc., 1965, 3879.

P. W. Atkins, J. C, Green and M. L. H. Green, J. Chem.
Soc. (A), 1968, 2275..

R. R. Dean and J. C. Green, ibid., 1968, 3047.

H. C. Clark and H. Kurosawa, J.‘Organometallic Chem., 36,
399 (1972).

J. Chatt, R. S. Coffey, A. Gough and D. T. Thompson,

J. Chem. Soc. (A), 1968, 190.

H. C. Clark and W. S. Tsang, J. Amer. Chem. Soc., 89,

529 (1967).

P. Uguagliati and W. H. Baddley, ibid., 90, 5446 (1968).
A. J. Deening, B. F. G, Johnson and J. Lewis, Chem. Comm.,
1970, 598.

H. C. Clark and H. Kurosawa, Inorg. Chem., 11, 1275 (1972).

181



17)

18)
19)

20)

21)

22)

23)

24)

25)

26)

27)

A. J. Deening, B. F. G. Johnson, and J. Lewis, J. Chem.
Soc¢. Dalton, iglér 1850,

See chapter 6 in part I.

S. Sakaki and H. Kato, Bull. Chem. Soc. Japan, 46, 2227
(1973). Also, see chapter 2 in part I.

H. Wolfsberg and L. Helmholz, J. Chem. Phys., 20, 837
(1952).

K. Ohno, Theoret. chim. Acta, 2, 219 (1964).

M. S. ‘Gordon, J. Amer. Chem. Soc., 91, 3122 (1969).

S. E. Ehrenson and S. Seltzer, Theoret. chim. Acta, 20,
17 (1971).

"Tables of Interatomic Distances and Configuration

in Moleciles and Ions!, ed. by L. E. Sutton, The chem.
Soc. (London), 1958.

B-H-Pt = 2.876 A in the equilibrium distance.

M. Black, R. H. B. Mais and P. G. Owston, Acta Cryst.,
B 25, 1753 (1960).

Under approximations used here, a diagonal Fock matrix

elemenE_is written as follows;

F_ = ~T + - -
rr Ir Yrr+(0'5 Prr Nr)Yrr+ sir(PSS Ns)Yrs

Going from F to CN , the values of P, Of the Pt atom
increase and those of Pos and Yrs decrease, where r and s
represent the valence orbitals of the Pt atom and those
of the X ligand, respectively. The increase in Prr raises
the value of Frr through the third term on the right hand

site. However, the decreases in Pos and T reduce the

182



Frr through.the_forth texrm, since the’Prr-*Nr is negative
in these cases. The change in the value of the third
term is less than that of the forth one which is mainly
due to the change in values of Yesr Thus, the values of
Frr decreases due to the forth term as follows; F > Cl
>Br > I > CN. This result is not owing to our approxi-
mations but to the fundamental nature of the X ligand;
the atom which has contracted valence orbitals raises the
energy of an electron of the other atom through the
electronic repulsion integrals, relative to the atom
whose orbitals expand largely. |

28) S. Sakaki, H. Kato, H. Kanai and K. Tarama, Bull. Chem.
Soc. Japan, 47, 377 (1974). Also, see chapter 2 in part II,.

29) R. Cramer and R. V. Lindsey, Jr., J. Amer. Chem. Soc.,
B8, 3534 (1966).

30) R. A. Schunn, Inorg. Chem., 9, 2567 (1970).

183



Chapter 4. Summary

In part II, the semi-empirical SCF-MO calculations are
carried out on catalytic systems including transition metal
complexes as catalysts.

In chapter 2, the oxymercuration and the Wacker reaction
are investigated. 1In both reactions, it is the key step that
a nucleophile attacks olefin coordinating to the Hg(II) or
PA(II) ion. MO calculations are carried out on this step,
which suggests that the nucleophilic attack of. the OH anion
to ethylene is accelerated by the presences of Hg(II) and
PA(II) ions and that the acceleration by the Hg(II) ion is
larger than that by the PA(II) ion. These results agree with
experimental ones. In the oxymercuration, it is of interest
which of the two, cis-attack or trans-attack occurs. From
MO calculations, following results are obtained; (1) the
nucleophile coordinates to the Hg(II) ion to stabilize the
mercurinium ion, and (2) the nucleophile in the trans-attack
interacts more strongly with ethylene in the mercurinium ion
than that in the cis-attack, while the interaction in the cis-
attack is also considerably large. Thus; the cis-attack
occurs when the mercurinium ion is relatively short-lived and
is stabilized by the coordination of nucleophile to the Hg (IT)
ion, since the mercurinium ion is likely to react with the

nearest nucleophile which coordinates to the Hg(II) ion, and
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since the nucleophile in the cis-attatk considerably interacts
with ethylene. 1In the other cases, the trans-attack occurs,
since the nucleophile in the trans-attack interacts more
strongly with ethylene than that in the cis-attack.

In the Wacker reaction, it has been proposed without any
direct evidence that the cis-attack of the OH anion occurs
via the four-center type reaction mechansim. This mechanism
is supported by the MO calculations in chapter 2.

In both the Wacker reaction and the oxymercuration, it
is shown‘by MO calculations that the nucleophilic attack of
the OH anion to propylene occurs at the a-carbon atom more
favorably than that at the f-carbon atoﬁ, which is explained
" in terms of the electrostatic interaction.

In chapter 3, platinum hydrides and their reactions with
ethylene are studied. 1In platinum hydrides, trans—PtHX(PH3)2,
the electron density on the H atom and the bond strength of
the Pt-H decrease in the following order F > Cl > Br > I
> CN. The ethylene insertion into the Pt-H bond is investi-
gated., MO calculations show the five-coordinate m-olefinic
hydride complex which is an intermediate.in this insertion has
a trigonal bipyramidal structure in which Cl1 and H ligands are
positioned trans to each others. This structure is more stable
than the square pyramidal structure and the trigonal bipyramidal
one A (See Fig. 1 in chpater 3) from following reasons; (1)

the smaller steric repulsion between ethylene and phosphine,
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and (2) the stronger coordination bond of ethylene in the com-
plex B, relative to those in the complex A and the square
pyramidal complex. An interesting issue is whether ethylene or
the hydride ligand transfers in the ethylene insertion. From
MO calculations, the hydride ligand approaches ethylene more
favorably than ethylene does, via the four-center type reaction
mechanism, In other wards, ethylene insertion into the Pt-H
bond is considered as the nucleophilic attack of the hydride
ligand to ethylene coordinating to the Pt atom. Thus, the ethy-
lene insértion is very similar to the nucleophilic attack of

the OH anion to ethylene in the Wacker reaction. In the inser-
tion reaction, the important role of the Pt atom is to accept

. excess electrons accumulated on the C atom of ethylene as shown
in Table 4 in chapter 3. MO calculations reveal that reacti-

vities of trans-PtHx(PH3) in the ethylene insertion increase

2
in the following order; F < ClL < Br < I < CN. They also indicate
that catalytic abilities of these complexes increase in the
order F < Cl < Br < I, in the hyd;ogen-deuterium exchange
reaction of ethylene.

As described above, the semi-empirical SCF-MO method is
valid means for studies on catalytic chemistry. This method
can be useful for confirming the reaction mechanism whose
direct evidence can not be obtained experimentally, and for
investigating the electronic. structure of the intermediate in

catalysis. Futhermore, the studies in this part suggest the

possibility of predicting catalytic activity and selectivity.
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General Conclusion

MO studies in the chemistry of transition metal complexes
are not so popular as those in organic chemistry. Also, in
catalytic chemistry, only a few of those works ﬁave been
reported, although MO studies are necessary in various cases
of these fields. In this thesis, the author has attempted
to carry out MO studies on electronic structures and catalytic
reactions of transition metal complexes by the use of the
semi-empirical SCF-MO method.

In part I of this thesis, MO studies have been carried
out successfully on transition metal complexes. Calculated
transition energies agree fairly well with experimental values

in Mn04—, Cr042-, PdClGZ_ (chapter 2 in part I), ferrocene,

cobalticenium ion (chapter 4 in part I), PtC.I_L‘1 » and PtCl,-
(C2H4)_ (chapter 6 in part I).

In CrF63— and FeFﬁa_, calculated electron densities on

the central metal atoms agree fairly well with experimental
values (chapter 3 in part I). While in some cases such as

= o -
Mno,”, Ccro,” , Pdcl,

large electron densities on the central metal atoms, the

and PdClﬁzn, MO calculations give too

qualitatively reasonable results are obtained; the electron
2=~ 2-
density on the Pd atom decreases in the order PdBr, > PACl,

> PdClsz—, which agrees with experimental order (chapter 2 in
part I). Also in Mx6n_ and trans—PtHX(PH3)2 (M=Ni (II),
Mn(II), and Cr(II1); X=F, Cl, Br, I, and CN), MO calculations

’
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give reasonable results on electron densities; that is, the
electron density on the central metal atom in Mx6n“ decreases in
the order F > Cl > Br, and that on the Pt atom in trans-Pt-
HX(PH3)2 decreases in the order F > ClL > Br > I > CN, which
seems reasonable by considering the electronegativity of

halogen (chapter 3 in part I and chapter 3 in part II).

The author has confirmed in chapter 2 in part I and
chapter 3 in part II that the gquantity, E,gr can be used as
the bond index in transition metal complexes. This quantity
is defined as the energy contribution.of the AB bond to the
total energy. Using this quantity, the reasonable results
on bond strength are obtained; for example, the PA~X bond
strength in de42_ and desz— decreases in the order Pd-Cl
> Pd-Br and Pd(IV)-X > PA(II)-X (chapter 2 in part I}, and the
Pt-H bond strength in trans—PtHx(PH3}2 decreases in the order
F >Cl>Br >I>CN (chapter 3 in part II). These results
qualitatively agree with experimental ones.

Coordination bonding characters have been studied success-
fully by the use of the MO method; in Ag(I)-olefin complexes
(chapter 5 in part I), the o-donor bond mainly contributes to
the coordination of olefin, in which m-electrons of olefin are
mainly donated to 5s and 5p orbitals of the Ag atom, while the
contribution of the m-acceptor bond is small. In PE(II) com-
plexes with ethylene and acetylene (chapter 6 in part I), the

o~-donor bond also makes the main contribution to the coordi-
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nations of ethylene and acetylene, while the T-acceptor bond
contributes to some extent. While the do-7 interaction is
very small in Ag(I)-olefin complexes, this interaction con-
siderably large in Pt(II) complexes. In Pt(0) complexes with
ethylene and acetylene (chapter 6 in part I), the contribution
of the m-acceptor bond is remarkable as well as the o-donor
bond, while the do-7m interaction is very small.

In part II, theoretical studies are carried out on the
catalytic reactions of transition metal complexes with the
MO method used in part I. 1In this part, a main discussion is
presented on the reaction mechanism: In the oxymercuration,
it is discussed which occurs more favorably, the cis-attack
or trans-one; the cis-attack occurs when the mercurinium ion
is relatively short-lived and is stabilized by the coordination
of nucleophile to the Hg(II) ion. In other cases, the trans-
attack occurs. In the Wacker reaction, MO calculations supply
us information to support the cis-type four-center reaction
mechansim proposed by Henry from his kinetic studies. 1In
the ethylene insertion into the Pt-H bond of trans-PtHX(PHj),,
which is not a catalytic reaction by itself but an important
elementary reaction in catalytic isémerization and hydro-
genation etc. of olefins, MO calculations reveal that the
intermediate five-coordinate m-olefinic hydride complex has
a trigonal bipyramidal structure in which C1 and H ligands

are positioned trans to each others. It is also suggested
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from MO calculations that the H ligand starts first to approach
ethylene, and that then the Cl ligand starts to move to the
trans—-position of the H ligand in this insertion; i.e.,
ethylene does not attack the H ligand.

Besides the reaction mechansim, effects of metal and
ligand on catalytic activities are also investigated: The
nucleophilic attack of OH to ethylene is accelerated by the
presences of the Pd(II} and Hg(II) ions and the acceleration
by the latter is larger than that by the former. These results
agree well with experimental results. In the insertion reaction
of ethylene into the Pt-H bond, MO calculations show that the
reactivity of traﬁs-PtHX(PH3)2 increases as follows; F < Cl
< Br < I < CN. 1In the hydrogen-deuterium exchange reaction of
ethylene, it is suggested from MO calculations that the cata-
lytic activity of trans-PtHX (PH;), increases in the order F
< Cl < Br < I.

In both the Wacker reaction and the oxymercuration of
propylene, the nucleophile attacks the a-carbon atom more
fayorably than that does the B-carbon atom. This experimental
result is reproduced by the MO calculations and is explained
in terms of the electrostatic interaction. Thus,Athe MO method
used in this thesis is useful in studying the selectivity.

As described above, the semi-empirical SCF-MO method
supply us various important information of electronic structures

of transition metal complexes; electron density, electronic
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spectra, and coordination bonding characters. Also, the MO
method is shown to be a useful means in catalytic chemistry of
transition metal complexes and it is effective in elucidating
following points of issues; (1] to investigate the electronic
structure of the intermediate complex in catalytic reaction
in which it is generally difficult to isolate intermediates
and also to investigate experimentally their electronic
structures, (2) to verify whether the reaction mechanism, in
which experimental evidence is hard to obtaip, is reason-
able or not, and (3) to anticipate the catalytic abilities
(activity and selectivity) of transition metal complexes.
Thus, the MO method should be applied to catalytic chemistry
in various cases. It should supply us with interesting and
meaningful information, and lead to the further development

of catalytic chemistry.
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