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The oxidative addition of  some substrates containing carbon-heteroatom bonds t o  some tungsten 
and platinum complexes is analysed from a frontier orbital point of  view. For the tungsten 
complexes the main attention is focused on [WCI,( PR,),] and for the platinum complexes on 
[Pt( PR,),]. The tungsten complex is able to cleave carbon-heteroatom bonds giving two fragments 
of the substrate which add to the tungsten complex, whereas with the platinum complex the 
carbon-heteroatom bond adds to the metal. It is suggested that the first step in the reaction of  the 
d4 tungsten complex with the substrates is a nucleophilic attack of  the heteroatom in the substrate 
at the tungsten atom, an end-on interaction, followed by a side-on co-ordination. The oxidative 
addition is proposed to take place by  electron transfer from a tungsten d orbital to the antibonding 
carbon-heteroatom orbital leading to cleavage of  this bond. In the case of  the platinum complex 
the first part of  the reaction is also suggested to be an end-on interaction of the heteroatom in 
the substrate at the platinum atom followed by side-on co-ordination leading to the product. 

The transfer of an oxygen atom to and from a transition-metal 
centre [equations ( 1 )  and (2)] is a fundamental and a 

DO + M a D  + MO (1) 

MO + A-M + A 0  (2) 

widespread reaction; the oxygen donor system (DO) donates 
an oxygen atom to the transition-metal complex (M) which can 
transfer the oxygen atom either back to D, equation (l) ,  or to a 
new acceptor A, equation (2). A variety of oxygen donors are 
available, ranging from systems with a very labile oxygen as e.g. 
iodosylbenzene to systems with a strong bound oxygen such as 
carbon dioxide. Reactions (1) and (2) are not only restricted to 
oxygen systems as molecules having carbon-nitrogen and 
carbon-sulphur bonds also undergo reactions in which the 
carbon-heteroatom bond is cleaved. The transition-metal 
systems which are involved in these reactions can be simple ions, 
organometallic complexes, clusters, and even surfaces.' 

The reactions outlined in equations (1) and (2) could be the 
transition metal-catalysed oxidation of an organic compound, a 
field which has been in intensive development during the last 
decade. A lot of attention has been devoted to the mechanism of 
these transition metal-catalysed oxidations ' a , d , e , 2  and one of the 
most intriguing and often invoked involves four-membered 
metallacyclo-oxetanes, ( 1 ) , ' a * e 7 2 a A , m , 3  as crucial intermediates. 
However, only a small number of such metallacyclo-oxetanes, 

I, -. 
0-C' 
I I  

LnM-C\ v- 
( 1 )  

(l), have been prepared and ~haracterized.~ The first step in the 
formation of (1) is often suggested to be co-ordination of an 
alkene to the metal centre followed by the addition of the alkene 
across an 0x0-metal bond.2a 

and (3),"/ Recently two transition-metal complexes, (2) 

Nun-S.I. unit employvd: eV z 1.60 x J. 

0 

Fe 
II 

( 2 )  ( 3 )  

containing both an 0x0-metal bond and an alkene co-ordinated 
to the metal centre have been characterized. Both (2) and (3) 
might be examples of complexes by which an addition of the co- 
ordinated alkene to the 0x0-metal bond could lead to the 
metallacyclo-oxetane, (l), and hence the formation of e.g. an 
epoxide. 

A complex with carbon monoxide as ligand instead of the 
alkene in (2) has also been reported.6 However, both alkene 
complexes, (2) and (3), and the one containing carbon 
monoxide, (5), as ligand do not rearrange to epoxides, carbon 
dioxide, or other products of ligand o x i d a t i ~ n . ~ ~ ? ~ . ~  However, 
in the case of the tungsten complex [WCl,(PMePh,),] (4) 
the reverse reaction takes place: epoxides, carbon dioxide, as 
well as other compounds containing carbon-heteroatomic 
bonds undergo oxidative addition to (4) as outlined in 
Scheme 1.6 

The deoxygenation of epoxides [Scheme 1, equation (3)] 
has also been observed for some other Group 6 and 4 
transition-metal c ~ m p l e x e s . ~ ~ * * , ~  However, the reaction of (4) 
with epoxides is the first example in which both the oxygen 
and alkene remain bound to the metal centre. The other 
reactions outlined in Scheme 1 take place in a similar way 
with the two substrate fragments bound to the metal centre in 
the product. 

If the transition metal is changed to a more electron-rich 
metal a different reaction course takes place. Atomic iron and 
ethylene oxide react in a matrix at low temperature to give 
an iron cyclo-oxetane which undergoes a photochemical 
rearrangement to the oxoiron-.n-ethylene complex, (3),4f and 
[Pt(PPh3),], (8) reacts with tetracyanoethylene oxide to give a 
platinum cyclo-oxetane, (9) [Scheme 2, equation ( 7 ) ] ,  and with 
carbonyl sulphide to give a platinum q2-COS complex, (10) 
[Scheme 2, equation (8)].""-" The same behaviour is also 
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Scheme 1. L = PMePh,. (i) Etylene oxide; (ii) CO,; (iii) COS; ( iv )  
Me CN=C=NCMe 

(10) 
Scheme 2. (i) Tetracyanoethylene oxide; ( i i )  COS 

observed when CO, reacts with [Ni(PPh,),] and CS, reacts 
with [ML,] (M = Pd or Pt).2c 

The deoxygenation of epoxides leading to the alkene and the 
oxometal complex has been suggested to take place uia a 
metallacyclo-oxetane, (l).1n,2n It appears from the text and the 
reactions in Schemes 1 and 2 that some transition-metal 
complexes are able to cleave carbon-heteroatomic bonds, while 
others add to such bonds. 

In this paper we throw some light on the mechanism of these 
reactions, the electronic structure of the complexes, and why 
especially (4), involving a d4 metal, cleaves carbon-heteroatomic 
bonds, whereas with complex (8), involving a d" metal, the 
reaction stops at the cyclic complex. For these purposes we will 
use extended-Huckel calculations l o  in combination with the 
fragment orbital formalism.' ' 

Approach of CX, to a Metal Centre.-Several theoretical 
investigations of the co-ordination of CX, (X = 0 or S) to a 
transition-metal centre have been performed: it can co- 
ordinate in three different ways, end-on (ll), via C (12), and 
side-on (13), respectively, of which the latter is the most 
frequently observed. It has been argued that a CX, molecule can 
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Figure 1. The frontier orbitals of carbon dioxide, carbonyl sulphide, and 
ethylene oxide 

start to approach an electronically unsaturated transition-metal 
centre end-on followed by interconversion to side-on co- 
ordination.' 2 b  

Results and Discussion 
The tungsten complex (4) reacts with a variety of different 
substrates (Scheme 1) and we have chosen to investigate its 
reaction with ethylene oxide and carbon dioxide and for the 
platinum complex (8), its reaction with ethylene oxide and 
carbonyl sulphide. Although these substrates are seemingly very 
different some similarities appear when the reactions are 
analysed from a frontier orbital point of view. The frontier 
orbitals of carbon dioxide, carbonyl sulphide, and ethylene 
oxide are shown in Figure 1. 

The frontier orbitals of carbon dioxide are shown to the left 
in Figure 1; extended-Huckel calculation gives the n, orbitals 
as the highest-occupied-molecular orbital (h.o.m.0.) with 
the o(C-0) orbital below. The lowest-unoccupied-molecular 
orbitals (1.u.m.o.s) of carbon dioxide are the n*(C-O) of p, and 
pz character, and several eV above the 1.u.m.o. is o*(C-0). The 
frontier orbitals of carbonyl sulphide are shown in the middle of 
Figure 1 and are similar to those of carbon dioxide. For ethylene 
oxide the frontier orbitals are shown to the right in Figure 1. 
The h.o.m.0. of ethylene oxide is a combination of px and pz 
orbitals at the two carbons mixed in with a small part ofp, at 
oxygen showing C-C as well as C-0 bonding. The second 
h.o.m.0. is ofp, character at the oxygen. The 1.u.m.o. of ethylene 
oxide is the antibonding counterpart to the h.o.m.0. Several 
eV above the 1.u.m.o. is located an orbital which is mainly 
antibonding between the oxygen and the two carbons. It 
appears from the h.o.m.0. and 1.u.m.o. of ethylene oxide that the 
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Figure 2. The frontier orbitals of zrans-[WCl,L,] (to the left) and 
[PtL,] (to the right) 

part of the orbital located at the carbons is the distorted 7c and 
7c* orbital of ethylene. 

Let us continue with the transition-metal complexes involved 
in the reactions. In the tungsten complex (4) the two chlorine 
ligands are placed trans, whereas in the products (2) and ( 5 F  
(7) a cis geometry of the chlorine ligands is found. Complex (4) is 
a 16-electron system, but co-ordination saturated, indicating 
that the first step in the reaction probably is a loss of a 
phosphine ligand leading to the more reactive five-co-ordinated 
14-electron species (14) [equation (9)]. This statement is 

C I  

L-w-L 
I , IYL 

L' I 
-L 

+ L  
- 
c-- (9) 

CI C I  

(4 )  (14) 

supported by experimental results.' First a steric factor of the 
phosphine ligands can be observed, the overall reaction rate 
increasing with bulkier phosphine groups. Secondly, the 
reaction rate decreases when phosphines are added to the 
solution, indicating that the equilibrium (9) is shifted to the left. 
The five-co-ordinated intermediate is assumed to be the reactive 
species. The frontier orbitals of trans-[WCl,L,] are shown to 
the left in Figure 2. 

The h.o.m.0. of (14) comprises the degenerate d orbitals of 

mainly dxy and dyz character, the 1.u.m.o. is d,,, and the 
remaining two d orbitals, d , ~ - ~ 2  and d , ~ ,  are found at higher 
energies. With the small h.o.m.0.-1.u.m.o. gap for (14) a high- 
spin state is also possible for the complex which the present 
calculations do not take into account, and the ordering of the 
orbitals is also very dependent on geometry changes.14 

The frontier orbitals of ethylene oxide and carbon dioxide 
show some similarities, among the h.o.m.0.s are orbitals mainly 
located at the oxygen and the 1.u.m.o. of both systems is mainly 
located at the carbons. 

Because (14) is a 14-electron complex nucleophilic co- 
ordination of carbon dioxide and ethylene oxide, respectively is 
favoured.' 2 b  The initial rendezvous between the tungsten atom 
and carbon dioxide or ethylene oxide is an attack of the oxygen 
at the tungsten atom. Orbital reasons for this co-ordination are 
shown below for the interaction of ethylene oxide with complex 
(14). 

I 

I -w----- - --u -p I 

(15) (18) 

(17) (20) 

Two of the occupied m.0.s of ethylene oxide, (15) and (16), 
have the right symmetry to interact with the 1.u.m.o.s of (14), 
(18), and (19), respectively. The 1.u.m.o. of ethylene oxide, (17), is 
also set up for interaction with the h.o.m.0. of (14). Similar 
arguments can also be used for carbon dioxide as well as the 
other substrates. Let us start with an approach of ethylene oxide 
as outlined in (21). Moving ethylene oxide towards the tungsten 

C I  

(21) 

complex (14) to an oxygen-tungsten distance of 2.5 8, as shown 
in (21) leads to several electronic changes in both systems: the 
W-P'R, overlap population is reduced from 0.58 in (14) to 0.51 
in (21) and an W-0 overlap population is formed c0.21 in (21)]. 
In the epoxide the C-C overlap population increases from 0.70 
in the free ethylene oxide to 0.76 in (21), while the C-0 overlap 
population decreases from 0.52 to 0.49. The changes in overlap 
populations indicate that the approach of the oxygen in 
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ethylene oxide towards the tungsten atom as outlined in (21) 
leads to formation of an 0-W bond, while the W-P’R,(=L’) 
bond is weakened. In ethylene oxide the C-C bond is changed 
towards the C-C bond in ethylene, while the C-0 bonds are 
beginning to be broken. Besides the interactions shown in ( 1 5 e  
(20), the unoccupied m.0. located at +6.83 eV is lowered in 
energy by the interaction (we will return to this interaction 
later). The approach of ethylene oxide as outlined in (21) can 
thus lead to the formation of an oxotungsten complex (22) and 
an alkene in which the stereochemistry of the epoxide is 
maintained (cis-epoxides give cis-alkenes and trans-epoxides 
give trans-alkenes). 

C I  

(21) 

o=w 
L‘ ‘Cl 

L 

(23) 

atom as outlined in (26) could lead to a tungsten cyclo-oxetane; 
but it appears from the frontier orbitals of ethylene oxide that 
these are not directly set up for an interaction with tungsten, and 
furthermore the total energy of such an approach is several eV 

C l  ’ Cl 

( 2 6 )  (2  7 )  
C I  

I /L I 

o=w‘-L 
L‘ I 

CI 

(22) 

less favourable compared with the approach shown in (21). The 
same results are found for approach of one of the carbons in 
ethylene oxide to tungsten as outlined in (27). 

An approach of carbon dioxide in a similar way as ethylene 
oxide as depicted in (28) leads to a similar qualitative picture of 
the reaction. 

o=c=o 
C I  

o=w 

CI 

I 
L‘ I 

L 

Calculation of the overlap populations between tungsten and 
the ligands reveals that the ligand placed trans to oxygen in (22) 
is most weakly bound (L’). For that reason we assume that it is 
this ligand which undergoes ligand substitution with the alkene. 
The frontier orbitals of the intermediate (23) are shown below: 

( 2 4 )  ( 2 5 )  

(24) is the h.o.m.o., and is set up for interaction with the x* 
orbital of the alkene; the 1.u.m.o. is d,., and is not involved in 
interaction, whereas the second l.u.m.o., (25), located 0.6 eV 
above the 1.u.m.o. can interact with the x orbital of the alkene. 
The frontier orbitals of (23) are thus set up for interaction with 
the alkene leading to the product of the reaction, (2). 

The deoxygenation step, (21), by which the alkene is formed 
with maintained stereochemistry is in accordance with the 
experimental results for these deoxygenation reactions.8c 

Approach of the C-0 bond in ethylene oxide to the tungsten 

C I  

(28) 

The reactions of the different substrates with the tungsten 
complex shown in Scheme 1 lead to a binding of both fragments 
of the substrate to the tungsten atom. We have just described 
a reaction path where the first step was an abstraction of the 
oxygen atom from the substrate followed by an addition of 
the remaining part of the substrate to the metal. In the follow- 
ing we will show how the reaction can take place by a mech- 
anism where both fragments become bound to tungsten in one 
step. To simplify the reaction path we will as a starting point 
assume that it is the cis form of [WCl,L,] which is the reactive 
species, but the reaction is also possible with the trans form (see 
later). The cis form could e.g. be formed by a double Berry 
pseudorotation. ’ 4. ’ ’ 

Let us start with the oxidative addition of ethylene oxide to 
complex (4); we will analyse the reaction by extending the end- 
on approach in (21) to a reaction path where ethylene oxide 
starts out with an end-on followed by a side-on approach.12’ 
We are aware of the fact that the quantitative results obtained 
by extended-Huckel calculations cannot be sufficiently trusted 
in studies where the formation and cleavage of several bonds are 
simultaneously involved. However, as our intention is to give a 
qualitative description of the reactions, extended-Hiickel calcu- 
lations should be able to provide us with useful trends. The 
reaction co-ordinates needed in the end-on to side-on reaction 
are shown in (29). 

CI 

It 
L 

(2 9) 

The tilting of ethylene oxide is formed by moving the oxygen 
atom towards the phosphine ligand and at the same time the 

http://dx.doi.org/10.1039/DT9890002099


J .  CHEM.  soc DALTON TRANS. 1989 2103 

O*(co)-i 
-5 t 

A 

> 2 -6 

L -7  

-8 

h 
CT 

C 
W 

-9 

-10 

-1 1 

-12 

4 .0  3 . 5  3 . 0  2.5 

r ( C - W ) / A  

Figure 3. Energy correlation diagram for the reaction of ethylene oxide 
with [WCI,L,] 

C-C part approaches the tungsten atom. The variables in (29) 
are: r(C-W) the distance from the tungsten atom to the centre of 
the C-C bond in ethylene oxide, 0 the turning over of ethylene 
oxide from the end-on to the side-on mode, r(C-0) the distance 
from the oxygen atom to the centre of the C-C bond in ethylene 
oxide, and rL the bond length from tungsten to the axial 
phosphine ligand. In an attempt to reduce the calculations we 
have reduced the four basis co-ordinates to two main co- 
ordinates Xand Y.  where Xis the distance between the centre of 
the C-C bond and the tungsten atom, r(C-W) coupled to the 
tilting angle, 0 [de/dr(C-W)], and Yis the ligand dissociation co- 
ordinate rL coupled to r(C-0) [dr(C-O)/dr, = 0.25 &0.30 A]. 
With the starting co-ordinates as X, Y z 6.0, 2.55 a reaction 
path has been calculated which ends in (2) and a phosphine 
ligand. 

Using fragment molecular orbital analysis it is possible to 
decompose the reaction path into orbital interactions between 
the tungsten complex and ethylene oxide. There are a lot of 
mixings and crossings of the molecular orbitals during the 
reaction so we will focus attention only on the main inter- 
actions. At the beginning of the reaction course where the end- 
on co-ordination of ethylene oxide at the tungsten complex is 
dominant, the main interactions are between the h.o.m.0. and 
second h.o.m.0. of ethylene oxide and the empty d,, and d,z-,,z 
orbitals at tungsten, respectively. When ethylene oxide ap- 
proaches tungsten and begins to tilt the interaction pattern 
changes. It is now mainly acceptor orbitals at ethylene oxide 
and donor orbitals at tungsten which are involved in the 
interaction. 

Figure 3 shows a correlation diagram for the reaction path, 
constructed for different geometries along the reaction path but 
with a slightly changed structure of the starting tungsten 
complex as the bonding angles between the equatorial ligands 
are 120". To the left the orbitals are classified as symmetric ( S )  or 
antisymmetric (A) with respect to the mirror plane (xz). 

Because of the slight change in initial structure of cis- 

[WCI,L,] the ordering of the d orbitals in Figure 3 differs from 
those shown in Figure 2. The most conspicuous difference is the 
large stabilization of the m.0. which originates from o*(C-0) in 
ethylene oxide. Along the reaction path o*(C-0), symmetric 
with respect to the xy plane, mixes with tungsten d,Z - y ~ ,  also 
symmetric with respect to the same plane and at about X ,  
Y = 3.50, 4.65 an avoided crossing between this unoccupied 
orbital and the h.o.m.0. of the system, the tungsten d,, takes 
place. This avoided crossing leads to a decrease in population of 
the d,, orbital from 1.97 to 0.54 e. The accepting orbitals in this 
electron flow are p x  orbitals located at the carbons and the 
oxygen of ethylene oxide. Their population increases by 0.54 e 
for each carbon and 0.38 e for the oxygen. The overlap 
population of the C-C bond in ethylene oxide increase at the 
same time from 0.78 to 1.14, whereas it decreases for the C-0 
bond from 0.30 to -0.10, indicating that the C-C bond is 
strengthened and that C-0 bond is weakened. The oxidative 
addition has now occurred as two electrons have been trans- 
ferred from the metal to ethylene oxide. In the product the 
original o*(C-0) orbital is mainly a combination of the n(C-C) 
and tungsten d X z - , , z ,  (30). The two electrons transferred from 

(30) 

the metal to ethylene oxide cause first cleavage of the C-0 
bonds and then co-ordination of the alkene to the tungsten 
atom. After the cleavage of the C-0 bonds the non-bound 
alkene can either leave the scenario or it can continue the 
reaction path to become co-ordinated to the tungsten atom. 
Here we will force the alkene towards the tungsten atom. 

Two other avoided crossings are observed in Figure 3, one 
between an orbital of ethylene oxide which in the product is the 
n*(C-C) orbital and tungsten d,,, the other between two 
tungsten orbitals dry and d,.. The latter avoided crossing is 
important, as two electrons are transferred from d,, to the dxy 
orbital, making the dxy orbital available for back donation to 
the n*(C-C) orbital in the ethylene part of ethylene oxide, and 
the dzy orbital available for interaction with an occupied orbital 
at the oxygen. 

The end-on to side-on approach can also be extended to the 
reaction of carbon dioxide with the tungsten complex shown in 
equation (11). In this reaction there are also at least four 

CI 
,L I /' 

L 

O==c-w-c1 (11) 

L' II 
0 

independent geometrical deformations, which means four basis 
internal co-ordinates for the reaction. The variables are the 
distance between the tungsten atom and the carbon dioxide, 
r(W-C), which is decreased, and the turning over of the carbon 
dioxide from the end-on to a side-on mode, 0(C02). Further- 
more, the carbon-oxygen bond, r(C-0), in carbon dioxide has 
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to be increased (to break the bond) and the axial phosphine 
ligand has to dissociate, rL. The four reaction co-ordinates are 
shown in (31) (Mco is the middle of the carbon-oxygen bond). 

f l  

o=c ~ O - / - ( W - C ) - W -  C I  

L ' I?, r (C-0 )  

NL 
L 

(31) 

The variables are also here reduced to two X and Y where 
dX =de/dr(C-W) = 7"/-0.25 8, and dY = dr(C-O)/drL = 
0.20 8,/0.25 8,. With the starting co-ordinates X ,  Y = 2.50,4.00 
a reaction path for equation (11) can then be calculated. The 
interaction trends between carbon dioxide and the tungsten 
complex are the same as those found for ethylene oxide and the 
tungsten complex. Let us here try to discuss the reaction path 
more in terms of orbital interactions. Along the reaction path an 
interacting system is formed where both carbon and oxygen in 
carbon dioxide interact with the metal as shown in (32). 

C I  

1 
I 
I 
L 

(32) 

One of the geometrical changes needed when going from 
carbon dioxide and the tungsten complex to (5)  is cleavage of 
one of the carbon-oxygen bonds [C-0' in (32)] in carbon 
dioxide. This can be traced to a population of o*(C-0) of 
carbon dioxide, but also the interaction of the n* orbital of 
carbon dioxide with tungsten dxy as depicted in (33) and (34), 
respectively. 

(33 )  ( 3 4 )  

The o*(C-0) orbital in carbon dioxide undergoes significant 
stabilization by the interaction with the tungsten complex. The 
energy of this orbital is 22.4 eV in carbon dioxide (Figure l), but 
during the reaction course the energy decreases to - 13.0 eV. 
The o*(C-0) orbital also changes composition during the 
reaction from D,, to C2" as some p character is mixed in the 
atomic orbital on carbon, by which it becomes C-O2 bonding 
and C-0' antibonding. At X,  Y = 2.65, 3.35 the 1.u.m.o. of the 
system, which at this point is the o*(C-0) mixed with some d,,, 
(34), crosses the h.o.m.o., a combination of tungsten dxy and d,,, 
and the oxidative addition takes place. This h.o.m.0.-1.u.m.o. 
crossing causes a change in overlap population for C-0' in 
carbon dioxide from +0.47 to -0.30 indicating that this bond 
in carbon dioxide has been broken. The population of the d 
orbitals at tungsten changes too; the major difference is found 
for the dxy orbital for which the population changes from 1.92 to 

0.77 e and d,,, which donates 0.62 e to carbon dioxide in going 
from 1.93 to 1.31 e. When the o*(C-0) orbital of carbon dioxide 
becomes populated the overlap between tungsten and 0' in- 
creases; before the population of the o*(C-0) orbital the W-0' 
overlap was 0.37, becomes 0.57 afterwards. The fragment m.0. 
analysis at about X ,  Y z 2.65,3.35 indicates that a W-(q2-C02) 
complex, (32), does not exist over a wide range of X,  Y. 

The reaction mechanism outlined above for the addition of 
carbon dioxide to cis-[WCl,L,] accounts also for the addition 
to trans-[WCl,L,] as shown in Scheme 3. As the carbon dioxide 

CI C I  
,L I /' I ,/& 

L(i-L - O =c +o L( w- \' o=c=o + 

CI C l  

(35) 

C I  

136) 
Scheme 3. 

begins to tilt from an end-on to side-on co-ordination at 
tungsten the axial chlorine starts moving up towards the 
equatorial position pushing the phosphine ligand out as shown 
in (35) and (36) in Scheme 3. The present results for the reaction 
of carbon dioxide with [WC12L3] indicate thus that the first step 
is an oxygen abstraction from carbon dioxide followed by a 
ligand substitution (exchange) of one of the phosphine ligands 
with carbon oxide. 

The above analysis indicates that the oxidative addition of 
ethylene oxide and carbon dioxide to the tungsten complex can 
be formulated in the same way. The first part of the reaction is 
an approach of the heteroatom in the substrate towards the 
tungsten atom, the heteroatom acting as a nucleophile. There 
are now two possibilities, a direct oxygen abstraction from the 
substrate, or the incoming molecule tilts to a side-on mode and 
the electrophilic character of carbon becomes dominant. The 
tungsten atom acts in both types of the reactions as an electron 
donor and donates electron density into the antibonding 
carbon-oxygen bond leading to cleavage of this bond and 
addition of oxygen to the tungsten atom. The remaining part of 
the substrate may add to the metal later, or, by the end-on to 
side-on mode, in a concerted way along with the binding of the 
oxygen to the metal. 

Reactions of [PtL,].-Let us now turn to the oxidative 
addition of [PtL,] with ethylene oxide and carbonyl sulphide. 
We use carbonyl sulphide instead of carbon dioxide because the 
expected product of carbon dioxide addition is according to our 
knowledge unknown experimentally, whereas the carbonyl 
sulphide product [PtL,(COS)] has been identified, but is very 

The addition of epoxides to [PtL,] is possible if the 
epoxide is substituted with electron-withdrawing groups. In the 
reaction between tetracyanoethylene oxide and [PtL,] it has 
been possible to obtain the crystal structure of the product 
[PtL2{ C2(CN),0}].4".b This structure is planar according to 
the theory that four-co-ordinated 16-electron complexes are 
square ~ I a n a r . ~ ~ - ~ * '  Oxidative additions of [PtL,] are known 
to proceed via PtL3.16 Furthermore it is known that [PtL,] can 
dissociate another ligand before reaction (12). It is well known 
that the second ligand dissociation is very slow compared with 
the first one, so we will assume a [PtL,] structure for the 
reaction. The frontier orbitals of [PtL,] are shown to the right 
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Figure 4. Energy variation for the addition of ethylene oxide to [PtL,] 

+Lk2, - L  

in Figure 2 and show the expected three below two splitting as 
we have chosen a C,, geometry of [PtL,] formed from ligand 
dissociation of tetrahedral [PtL,]. 

If two ligands dissociate before the platinum complex reacts a 
rather simple reaction path can occur. The h.o.m.0. of [PtL2] 
with C2,  symmetry is a b2 orbital, (37), which is set up for 

L -m 
(37) 

interaction with the 1.u.m.o. of both ethylene oxide and carbonyl 
sulphide leading to the oxidative addition. 

Let us start with the oxidative addition of ethylene oxide, 
which we have used as a model for tetracyanoethylene oxide, to 
[PtL,]. From the frontier orbitals of ethylene oxide (Figure 1)  
and [PtL,] (Figure 2) it appears that several approaches are 
possible: one is a nucleophilic type of attack of platinum at the 
one or both  carbon^,^' but we have found that the steric 
repulsion between the substituents of the epoxide, especially 
when tetracyanoethylene oxide is considered, and the phos- 
phine ligand of the platinum complex is too large to favour this 
reaction path, although we cannot exclude that the reaction 
takes place in this way. Another possibility is an interaction of 
platinum with one of the carbon-oxygen bonds in ethylene 
oxide. A third approach, the end-on to side-on, is orbital 
energetically more favourable that the interaction of platinum 
with one of the carbon-xygen bonds in ethylene oxide. This 
approach takes place via an initial interaction between the 
1.u.m.o. of [PtL,] and the h.o.m.0. of ethylene oxide. An 
approach of ethylene oxide to [PtL,] leading to an oxo- 
platinum complex is from an energetic point of view a very 
unrealistic reaction as a lot of antibonding oxoplatinum 
character is found in such a complex,' but by changing the end- 
on to side-on approach slightly from that used in the reactions 
of the substrates with the tungsten complex it is possible to 
construct a reaction path which leads to the product. 

The parameters to be varied to obtain a platinum cyclo- 
oxetane from [PtL,f and ethylene oxide are shown in (38). We 

have calculated the change in energy for the different variables 
shown in (38) in an attempt to get a very qualitative picture 
about this reaction path. The one-dimensional energy variation 
is shown in Figure 4. It appears that the driving force in the 
reaction is the cleavage of the carbon-oxygen bond, r(C-0),  
whereas the end-on approach is rather repulsive because of 
electron-electron repulsion between the d electrons at platinum 
and the lone-pair electrons at  oxygen. The minimum in energy is 
obtained for a carbon-oxygen distance of about 2.45 8, which is 
in good agreement with the distance obtained from the 
structural data for [PtL,{C,(CN),O)] where it is 2.3 A.40 The 
most important orbital interaction in the oxidative-addition 
reaction between ethylene oxide and [PtL,] is the 1.u.m.o. of 
ethylene oxide interacting with the h.o.m.0. of [PtL,], (39). 

Let us turn the attention to the reaction of carbonyl sulphide 
with [PtL,]; here again we have chosen an end-on followed by a 
side-on co-ordination of the sulphur in carbonyl sulphide at 
platinum in [PtL,]. 

The approach of carbonyl sulphide to [PtL,] is shown in 
(40). This approach has been chosen in the zy  direction rather 

L 
L&, &L 

Pt 

.k$vs v -- 
0 
(40) 

than a more xz-oriented approach in an attempt to reduce the 
steric repulsion between the ligand and the incoming substrate. 
The four initial basis co-ordinates shown in (40) are rL the 
ligand dissociation, r ( C 0 S )  the distance from platinum to the 
middle of the carbon-sulphur bond, and 8, and 8, which are 
changes in angles in carbonyl sulphide. Two more parameters 
are needed because the two remaining phosphine ligands have 
to end up in the same plane as the approaching carbonyl 
sulphide. To reduce the calculation procedure we have also 
coupled the variables to two main co-ordinates X and Y: rL and 
the dihedral angle of the phosphine ligands are coupled to 
r (C0S)  to comprise the Xco-ordinate; the Y co-ordinate is then 
the two COS angles, 0, and €lo, and the bond angle of the two 
phosphine ligands. An investigation of the orbital changes along 
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P 

Figure 5. Contour plot of the orbital leading to co-ordination of the C-S 
bond to platinum plotted in the y z  plane. The contour levels of w are 
0.04,0.07,0.10,0.20, and 0.30 

Table. Parameters used in extended-Huckel calculations 

Orbital 
H 1s 
c 2s 

2P 
0 2s 

2P 
P 3s 

3P s 3s 
3P 

c13s 
3P 

W 6s 
6P 
6d 

Pt 6s 
6P 
6d 

ffii/eV 
- 13.6 
-21.4 
-11.4 
- 32.3 
- 14.8 
- 18.6 
- 14.0 
- 20.0 
- 13.3 
- 30.0 
- 15.0 
- 8.26 
-5.17 
- 10.37 
- 9.077 
- 5.475 
- 12.59 

il” 
1.3 
1.625 
1.625 
2.2750 
2.2750 
1.60 
1.60 
1.817 
1.817 
2.033 
2.033 
2.3410 
2.309 
4.982 (0.668 53) 
2.5540 
2.5350 
6.01 30 (0.633 07) 

“Coefficients and exponents in a double 6 expansion. = 2.0680 
(0.542 44). ‘ iz = 2.6960 (0.551 61). 

d,,, to the 72:* of carbonyl sulphide, whereas only a low donation 
from the carbon-sulphur bond to platinum is possible, because 
of the lack of available d-acceptor orbitals at platinum. The 72: 

back bonding weakens the C-S bond because of the donation 
of elections into the 7c* orbital, but not enough to break it. The 
overlap population of the carbon-sulphur bond decreases from 
1.24 to 1.17 upon 72: back bonding. 

An experimentally well established effect shows up from the 
calculations on (9) and (10). The platinum-phosphorus bond 
trans to the oxygen (sulphur) has a slightly larger overlap 
population than the platinum-phosphorus bond trans to 
carbon indicating that the former should be slightly shorter 
than the latter in agreement with the trans effect observed for 
these types of compounds. 

At this point it might be appropriate to draw attention to the 
difference between the tungsten and platinum complexes. In the 
case of the tungsten complex the substrates start as nucleophiles 
in an 0-on (end-on) approach and good acceptor orbitals at the 
metal complex are required to afford a stabilization of the 
system. From Figure 2 it is obvious that both the 1.u.m.o. and 
second 1.u.m.o. of (14) and the 1.u.m.o. of [PtL,] are electron 
acceptors, but the 1.u.m.o. of [PtL,], an sp orbital, is located 3.6 
eV higher in energy than the 1.u.m.o. of (14). There are three 
unoccupied d orbitals in (14), whereas all the d orbitals in 
[PtL,] are occupied resulting in stabilization in the former case, 
but mainly a destabilizing two-orbital four-electron interaction 
in the latter case. These considerations might favour the initial 
nucleophilic approach of the substrates in the case of the 
tungsten complex. 

The main part of the reaction path takes place with a side-on 
mode of the substrates and the electrophilicity of the substrates 
is dominant. This part of the reaction needs good metal donor 
orbitals to proceed. Although the tungsten complex is electron 
poor compared with the platinum complex, it is a better donor 
than the latter as the h.o.m.0. energy of (14) is located higher in 
energy than in [PtL,]. The observed difference in the reaction 
course between the tungsten and platinum complexes and a 
molecule containing a carbon-heteroatom bond might then be 
traced to the occupancy and energies of the frontier orbitals of 
the two metal complexes. The tungsten complex, (14), is both a 
good donor as well as a good acceptor, whereas [PtL,] is a 
poorer donor and acceptor. 

such a reaction path for the platinum complex and carbonyl 
sulphide gives a simple picture of the interaction compared with 
those found in the [WCl,L,] case. The interaction leading to 
reaction is mainly between the n* of carbonyl sulphide and the 
d,,. orbital of platinum as shown in (41). 

(41 1 

A contour plot of the orbital leading to the q2 co-ordination 
of carbon and sulphur to platinum is shown in Figure 5. As 
platinum has no vacant d orbitals the main interaction between 
carbonyl sulphide and [PtL,] is the 7c back donation from the 

Appendix 
All calculations were performed using the extended-Huckel 
method.’ The orbital parameters along with the Hij  values are 
summarized in the Table. The bond lengths and angles were 
taken from refs. 4-6. Standard bond lengths and angles were 
used for the different substrates and PH, was used as a model 
for the phosphines in the metal complexes. 

Acknowledgements 
Thanks are expressed to Professor James M. Mayer, University 
of Washington for fruitful comments and experimental results 
prior to publication and to Professor Carlo Mealli for fruitful 
suggestions. 

References 
1 See, for example, (a) R. A. Sheldon and J. K. Kochi, ‘Metal-Catalyzed 

Oxidations of Organic Compounds,’ Academic Press, New York, 
1981; (6) R. Holm, Chem. Rev., 1987, 87, 1401; (c) W. J. Mijs and 
C. R. H. I. De Jonge (eds.), ‘Organic Synthesis by Oxidation with 
Metal Complexes,’ Plenum, New York, 1986; (d) B. Meunier, Bull. 
Soc. Chim. Fr., 1986, 578; (e) K. A. Jsrgensen, Chem. Rev., 1989,89, 
731. 

2 See, for example, (a) K. B. Sharpless, A. Y. Teranishi, and J. E. 

http://dx.doi.org/10.1039/DT9890002099


J. CHEM. SOC. DALTON TRANS. 1989 2107 

Backvall, J. Am. C‘hem. Soc., 1977, 99, 3120; (b) J. P. Collman, J. I. 
Brauman, T. Kodadke, S. A. Raybock, and L. M. Papazin, ibid., 
1985, 107, 4343; (c) K. A. Jsrgensen and R. Hoffmann, ibid., 1986, 
108, 1867; ( d )  A. Sevin and T. C. Fontecave, ibid., p. 3266; (e) K. F. 
Purcell, Organomerallics, 1985, 4, 509; (f) M. G. Finn and K. B. 
Sharpless, in ‘Asymmetric Synthesis,’ ed. J. D. Morrison, Academic 
Press, New York, 1986, vol. 5, 247; ( g )  H. Mimoun, J.  Mol. Catal., 
1980,7, I ;  (h) K. A. Jsrgensen and R. Hoffmann, Acta Chem. Scand., 
Ser. B, 1986, 40, 411; ( i )  K. A. Jsrgensen, J. Am. Chem. Soc., 1987, 
109,698; 0) K. A. Jsrgensen, R. A. Wheeler, and R. Hoffmann, ibid., 
p. 3240; (k)  H. Mimoun, Angew. Chem., Int. Ed. Engl., 1982, 21, 734; 
(I) E. G. Samsel, K. Srinivisan, and J. K. Kochi, J.  Am. Chem. Soc., 
1985,107,7606; ( m )  A. K. Rappe and W. A. Goddard 111, ibid., 1982, 
104, 3287; (n) K. Srinisvasan, P. Michaud, and J. K. Kochi, ibid., 
1986, 108, 2309; (0) J. T. Groves and T. E. Nemo, ibid., 1983, 105, 
5786; (p) J. T. Groves and Y. Watanabe, ibid., 1986, 108, 507, 7836; 
( 4 )  J. R. Lindsay-Smith and P. R. Sleath, J. Chem. Soc., Perkin Trans. 
2, 1982, 1009; ( r )  G. Strukul and R. A. Michelin, J.  Am. Chem. Soc., 
1985, 107, 7563; (.F) R .  A. Van Santen and H. P. C. E. Knipers, Adv. 
Catal., 1987, 35, 265; ( t )  K. A. Jsrgensen and R. Hoffmann, 
submitted for publication. 

3 See, for example, J. P. Collman, J. I. Brauman, B. Meunier, S. A. 
Raybuck, and T. Kodadek, Proc. Natl. Acad. Sci. U.S.A, 1984, 81, 
3245; M. Giradet and B. Meunier, Tetrahedron Lett., 1987,2955; W. 
Mock and L. Bieniarz, Organometallics, 1985,11, 1917; J. T. Groves, 
G. E. Avaria-Neisser, K. M. Fish, M. Imachi, and R. J. Kuczkowski, 
J.  Am. Chem. Soc., 1986,108,3837; D. M. Walba, C. H. DePuy, J. J. 
Grabowski, and V. M. Bierbaum, Organometallics, 1984,3,498; S. G. 
Hentges and K. B. Sharpless, J. Am. Chem. SOC., 1980,1023,4263; M. 
Schriider and E. C. Constable, J.  Chem. Soc., Chem. Commun., 1982, 
734. 

4 (a) R. Schlodder, J. A. Ibers, M. Lenarda, and M. Graziani, J. Am. 
Chem. Soc., 1974, 96, 6893; (b) M. Lenarda, N. B. Pahor, M. 
Calligaris, M. Graziani, and L. Randaccio, J. Chem. SOC., Dalton 
Trans., 1978,279; (c) J. Ibers, Chem. Soc. Rev., 1982, 11,57; ( d )  T. R. 

Gaffney and J. A. Ibers, Znorg. Chem., 1982,21,2860 and refs. therein; 
(e) D. P. Klein, J. C. Hayes, and R. G. Bergman, J. Am. Chem. Soc., 
1988, 110, 3704; (f) Z. H. Kadafi, R. H. Hauge, W. E. Billups, and 
J. L. Margrave, ibid., 1987, 109,4775. 

5 F-U. Su, C. Cooper, S. J. Geib, A. L. Rheingold, and J. M. Mayer, J. 
Am. Chem. Soc., 1986,108,3545. 

6 J. C. Bryan, S. J. Geib, A. L. Rheingold, and J. M. Mayer, J. Am. 
Chem. Soc., 1987,109,2826. 

7 K. A. Jmgensen and P. Swanstrsm, Acta Chem. Scand., Ser. B, 1987, 
41, 153. 

8 (a)  J. K. Kochi, D. M. Singleton, and L. J. Andrews, Tetrahedron, 
1968, 24, 3503; (b) K. B. Sharpless, Chem. Commun., 1970, 1450; (c) 
K. B. Sharpless, M. A. Umbreit, M. T. Nieh, and T. C. Flood, J. Am. 
Chem. Soc., 1972,98,6538; ( d )  M. Berry, S. G. Davis, and M. L. H. 
Green, J. Chem. SOC., Chem. Commun., 1978,99. 

9 S. M. Kupchan and M. Maruyama, J. Org. Chem., 1971,36, 1187. 
10 R. Hoffmann and W. N. Lipscomb, J. Chem. Phys., 1962, 36, 2179, 

3489; 37,2878; R. Hoffmann, ibid., 1963,39, 1397. 
11 R. Hoffmann, H. Fujimoto, J. R. Swenson, and C-C. Wan, J. Am. 

Chem. Soc., 1973,95, 7644; H. Fujimoto and R. Hoffmann, J. Phys. 
Chem., 1974,78,1167. 

12 See, for example, (a) S. Sakaki, K. Kitaura, and K. Morokuma, Znorg. 
Chem., 1982, 21, 760  (6) C. Mealli, R. Hoffmann, and A. Stockis, 
ibid., 1984,23, 56. 

13 J. M. Mayer, personal communication. 
14 See, for example, P. Kubacek and R. Hoffmann, J. Am. Chem. Soc., 

15 See, for example, T. A. Albright, J. K. Burdett, and M-H. Whangbo, 

16 J. P. Birk, J. Halpern, and A. L. Pickard, J. Am. Chem. Soc., 1968,90, 

17 See, for example, J. M. Mayer, Comments Inorg. Chem., 1988, 125. 

1981,103,4320. 

‘Orbital Interactions in Chemistry,’ Wiley, New York, 1985. 

4491. 

Received 19th December 1988; Paper 8/04958K 

http://dx.doi.org/10.1039/DT9890002099



