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1. Introduction 

Systematic studies in the field of  stereoselectiviW of coordination compounds began 
rather late but have rapidly found a wide interest and several reviews have already ap- 
peared 1-7). It is noteworthy that the problem of stereoselectivity in coordination com- 
pounds is very often related to the well-known stereochemical specificity of biological 
systems. Beyond the multiple functions that metal ions may assume in a metal enzyroe, 
for example enhancement of  reactiviW through polarization or as a relay in electron 
transfers, they may also carry a stereochemical function. In a coordination sphere of  
definite geometry they can bring together the reacting molecules and increase not 
only the probability of  the reaction but also orient them in a definite direction. 

Unfortunately, the structure and the exact function of the metal ion is only 
known for a small number of  metallo-enzymes. We may mention here as an example 
the carboxypeptidase - a zinc-enzyme which stereospecifically splits the terminal 
arninoacid from a peptide only in the case of  the L-form. 

The complexity of  natural systems may be the reason why attempts were often 
made to reach a better understanding of  these systems by the investigation of models. 
In doing this we should not overlook the fact that such models reflect only partial 
aspects in a very imperfect manner. With model systems, it has not been possible 
until now to obtain the extremely high catalytic effects and the high specificity of 
the corresponding systems. This indicates that the proposed models cannot simulate 
all the factors which determine the reactivity of  natural systems. The molecular size 
of the latter may produce a net change in dielectric properties around the active 
site s), which may be responsible for the stabilization of certain uncommon oxyda- 
tion states of metal ions 9). On the other hand, the metal ion is often found in a 
considerably distorted coordination sphere lo). Therefore the results obtained by the 
investigation of a model may only answer those questions which are already included 
in the model. 

In this context, the stereoselectivity seems to be an important element in the 
choice of a model. Its investigation will furnish broader information when it includes 
this element. 

Another reason for model studies may be the desire to obtain catalytic and 
stereochemical effect in technical processes which are similar to those observed in 
natural systems. 

One can define diastereoselectivity as the formation of diastereoisomers in a 
non-statistical ratio in any chemical transformation (formation of transition states 
included). Such a definition concerns equilibrium as well as nonreversible reactions. 
An asymmetric synthesis in a restricted sense can be considered as a reaction leading 
to a product containing at least one new stable dissymmetric center with a definite 
chirality. Such a reaction may take place in the coordination sphere of  a metal ion. 
First of  all the following question has to be answ. ered: which are the structural prop- 
erties in the architecture of  the coordination sphere that lead to the following 
phenomenona: 

a) high optical yield of a reaction going on in the coordination sphere and 
b) a predictable chirality of the product? 
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In such an approach, kinetic and thermodynamic aspects and the position of  the 
asymmetric element in the complex are of  minor importance. So far the number of  
examples which show the properties mentioned above is very small. The optical 
yield in most examples of  asymmetric synthesis in the coordination sphere of  a 
metal is more or less an empirical result. 

For an asymmetric reaction, two steps may be distinguished; they are schemati- 
caily represented in Fig. 1 

reagent 

o G O 
M at r i  x Substrate MS-  complex 

In the first step, stereochemical information contained in a matrix-complex is 
transferred to the substrate by the formation of a matrix-substrate complex in such 
a way that the substrate in the second step will be able to differentiate the direction 
of attack of  a reagent. In the reaction chain the MS-complex may appear as an inter- 
mediate or a transition state. The transition from the MS-complex to the product m a y  
proceed in a reversible or in a nonreversible reaction. Therefore the product ratio of  
an asymmetric synthesis is not necessarily controlled by kinetic parameters, although 
this may often be the case. 

In discussing the appearence of diastereoselectivity in natural systems, the rule 
of  three-point contact is frequently used 11). This rule implies that a prochiral sub- 
strate becomes a chiral one, when it is fixed on three nonidentical points on the 
enzyme system. On the other hand, the well.known lock-key model is mainly based 
on a specific spacial arrangement and does not take into account specific types of  
bonding to the matrix 12). For a discussion of diastereoselectivity in reactions with 
metal complexes, it seems more appropriate to use such a lock-key model. 

Two distinct tendencies can be recognized in the literature dealing with diastereo- 
selective reactions on metal complexes. On one side, stability differences are deter- 
mined on the base of equilibrium data or product ratios. Inert cobalt(III)-complexes 
play a large part in this investigation. The procedures and the methods used in these 
investigations correspond to those already known in coordination chemistry. The 
aim of  these studies is a better understanding of stereochemical interactions in the 
coordination sphere of  metal complexes. The nature oftigand molecules is not modi- 
fied in the systems studied. These reactions correspond to the first step of the scheme 
shown in Fig. 1. 

On the other hand, we have the studies of  reactions corresponding to the second 
step during which the chemical nature of  a ligand molecule is modified. In such reac- 
tions a chiral complex is used as asymmetric agent. The problems arising in these in- 
vestigations are mechanistic ones and are much more difficult to solve than those of 
equilibrium systems.'The methods used are essentially those of  o~rganic analysis and 
synthesis. 

3 
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It is quite clear that knowledge obtained from the study o f  equilibrium states 
may be applied to mechanistic problems only in a very restricted sense. Nevertheless 
it is surprising that the choice o f  chiral auxiliary reagents for synthesis seems seldom 
to be influenced by considerations o f  structural coordination chemistry. It must be 
mentioned that such reactions are of ten  carried out in a medium not familiar to the 
coordination chemist. 

The aim of  following presentation is to discuss - in the case o f  known examples 
- the factors which may lead to a structure model which should be able to transmit 
chiral information in a reaction chain. 
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2. The Search for a Stereochemical Model 

2.1. The Architecture of Coordination Compounds 

The stereochemistry of a coordination compound is determined by 

- the coordination number of the central metal atom 
- the geometric arrangement of the ligand atoms 
- the nature of ligand molecules 

These factors include parameters such as bonding angles, bond length, etc. Iso- 
mers are compounds with identical composition but with a different stereochemical 
arrangement. We distinguish essentially between geometrical and optical isomers. The 
latter may be considered as a special case of the former. They are characterized by 
the presence of elements of definite chirality. In chelate compounds, four types of 
chiral elements may be distinguished: 

- absolute configuration of a coordination entity with chiral arrangement of the 
chelate rings, 

- conformation of a single chelate ring, 
- asymmetric ligand atoms, 
- optically active ligand molecules. 

Diastereoisomedsm is observed when two or more chiral elements appear in the 
same system. Isolation and characterization of  enantiomers or diastereoisomers de- 
pend on the structural stability of the chiral element. Therefore the conformation of 
a chelate ring must generally be considered as labile. The structural stability of  the 
configuration around the metal center and the stability of an asymmetric coordina- 
tion atom depends on the nature of the central metal atom. In most cases an optically 
active ligand molecule can be considered as configurationally stable. The presence of 
a stable chiral element can induce definite chirality in another element which, taken 
separately, would be labile. 

The most striking feature in diastereoisomerism of metal complexes is the very 
rapidly growing number of isomers, by introducing different elements of  chirality 
in the basic framework of  a coordination compound. The complex formation with 

1 , 8 - d i a m i n o - 4 - m e t h y l - 3 , 7 - d i a z a o c t a n e  (5-Metrien) for example - a ligand with a 
single asymmetric center - leads not only to four geometric isomers. Three of  these 
show a structure containing all four types of chiral elements mentioned, so that the 
system offers 28 possibilities of  isomers. 

One should not only classify different types of diastereoisomers according to the 
combination of chiral elements, but also different types of diastereoselectivity. Usu- 
ally such a distinction is not made, which might often lead to some confusion. The 
formation of [M(asp) 2 ] -  (M = Ni 2+, Cu 2+) shows no or only little selectivity con- 
sidering a difference in stability between the optically active forms [M(R-asp) 2 ] -  
or [M(S-asp)2 ] -  and the meso-form [M(R-aspXS-asp)] -13). On the other hand we 
may assume that each aspartic acid molecule coordinates in a stereospecific manner 
in labile as well as in inert complexes t4). The asymmetric carbon atom allows the 
coordination of aspartic acid as a tridentate ligand only in a way producing def- 
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inite chirality of the coordination unity. Diastereoselectivity of a single ligand mole- 
cule has not yet been reviewed in an extensive manner. As this question is of great 
importance for the construction of  a matrix-like model of  definite structure, the 
following compilation will be limited to this field. Although investigations of mixed 
ligand complexes axe quite numerous, and the number is increasing rapidly, the ex- 
perimental material is still insufficient to draw general conclusions. Even though 
some examples of  conformational analysis are known and predictions of selectivity 
can be made is), the orientation of a secondary ligand in a chiral mixed ligand com- 
plex is still based on empirical data. 

2.2. Stereoselective Coordination of a Single Ligand Molecule 

2.2.1. Bidentate Ligands 

The most thoroughly investigated bidentate ligands are certainly the 1,2-diamines. 
It was recognized quite early that the chelate rings of these ligands could not adopt 
a planar structure 16' 17). The more stable gauche conformation may present X or 
helicity so that substituents fixed on the carbon chain can adopt two non-equivalent 
positions. If the absolute configuration of  such a ligand is determined, as for example 
in R(-)propylenediamine, one of the two conformations becomes more stable. On 

t [ ~3 
8 

la lb 

the base of conformational analysis the energy difference between la and lb  ranges 
between 0 to 3 keal/mole is). This energy difference may be the main reason for the 
difference of the formation constants of metal complexes with racemic and meso- 
2,3-diaminobutane and their derivatives (Table 1). 

In the racemic ligand both methyl groups are placed in an equatorial position 
2a. For the meso-compound this would be possible only in the unstable envelope 
conformation with the methyl groups in an eclipsed position 2c. Such an envelope 
conformation was found for two Corn-complexes with substituted tetramines 22' 23). 
Recently Giintert and coworkers described the first examples of nickel(II)-tetramine 
complexes with a terminal chelate ring in envelope conformation 24). In the gauche 
conformation one methyl group necessarily adopts an axial position 2b. The assump- 
tion of an envelope conformation of the central diamine chelate ring of meso-DABTA 
could explain the large stability differences in alcalin-earth complexes, given in 
Table 1 for comparison, with respect to rac-DABTA. Whereag rac-DABTA can react 
as a hexadentate ligand in a similar way to EDTA, meso.DABTA would then be only 
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Table 1. Formation constants of some metal complexes with RS-diaminobutane (meso-DAB) 
and RR/SS-diaminobutane (rat-DAB) and the corresponding tetraaeetic acids (DABTA) 

Meso-DAB 1 ) Rac-DAB 1 ) Meso_DABTA 2) Rac.DABTA 2) 

logK 1 logK 2 logK 1 logK 2 log/( logK 

7.04 5.70 7.11 6.48 
10.72 9.34 11.39 9.82 

Ni 2+ 
Cu 2+ 
M 2+ 

Sr 2 + 
Ba 2+ 

H + pK 1 
PK2 
PK3 
PK4 

6.92 6.91 
9.97 10.00 

8.85 11.44 
9.67 12.34 
7.65 10.20 
6.53 8.52 

11.25 11.74 
6.27 6.12 
2.53 3.54 
1.80 2.41 

1) Fromlg) at 25~ 0,5 M KNO 3. 
2) From2O, 21)at 200; 0,1 M KC1. 

2a 2b 2c 

pentadentate, one carboxylate group should point away from the coordination 
center. 

There are practically no quantitative measurements concerning the equilibrium 
l a ~ l b .  Dwyer and coworkers studied the correlation between chelate ring con- 
formation and complex configuration in a series of  ethylenediaminepropylenediamin- 
cobalt(Ill) complexes. From the results, they conclude that the methyl group of  
propylenediamine is always in an equatorial position 2s' 26). 

NMR-measurements show that the diamine chelate ring of 1,2-(S)-diamino- 
propionic acid has ?t-conformation in its planar Ptn-complex 27). The free carboxylate 
group takes an equatorial position 3. For the nickel(II)-complex of the same ligand, 
Reilley and coworkers postulate, on the base of  NMR-data, a change of configura- 
tion as a function of the pH-value of the solution 2s). At high pH-values, the carboxyl- 

/ 

. . 

z T "Coo- z 0" "~0 

3 4 
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H'" I ~.'~ �9 " H . . . .N~~H3  

5a 5b 

ate group takes an axial position 4. Only in this position with the diamine ring in 
f-conformation can (S)-1,2-diaminopropionic acid act as a tridentate ligand. The 
same authors describe also a certain number of nickel(II)-complexes with N-sub- 
stituted diamines 29). These measurements indicate about 80% of 5a in the conforma- 
tional equilibrium. 

For complexes with bidentate 1,2-diamines only one type of chelate ring con- 
formation could be ascertained. The six-membered chelate rings of 1,3-diamines may 
exist in a chair 6a, skew boat 6b or boat 6c conformation. The least stable of  the 
three types is 6c and was not taken into account so far. When the chelate ring carries 

6a 6b 6c 

no substituent, the chair conformation would be the most favorable. Conformational 
analysis predicts some flattening of  the chelate ring due to the interaction of the axial 
hydrogen atoms of the or-carbon atoms with the ligands in the polar coordination 
site of the metal center 30). This was confirmed by X-ray analysis for some complexes 
in the solid state 3t' 32). Information concerning the same phenomenon in solution is 
rather scarce. Appleton and Hall aa) carried out NMR-measurements for the first 
time with platinum and p~flladium complexes. In PtIX-complexes they found a chair 
conformation not only for the meso- but also for the rac-2,4-diaminopentane. 
Contrary to this, the racemic ligand which, in a chair conformation, has one methyl 
group in an axial position, adopts a skew boat conformation in the ptlV-complex. 
This shows dearly the influence of the interaction between the axial substituent and 
the apical ligand in the octahedral Pt IV-cOmpOund. In a similar manner the confor- 
mational change in [Pt(1-CHs-tn)(NH3)2 ]2+, as a function of temperature and in a 
solvent with high nucleophflic properties, e.g. (CH3)2SO, may be explained on the 
base of  a pseudo-coordination of the solvent in the fifth and sixth coordination 
position of the square planar ptIt-complex. 

The first quantitative indications on conformational equilibria are given by 
Sameski and Reilley 34) on the base of contact-shift measurements with nickel(II)- 
complexes. The results are summarized in Table 2. 

In comparison to 1,2-diamines the five-membered chelate rings of  amino-acids are 
much less puckered. Whereas dihedral angles of diamine chelate rings lie between 



Diastereoisomerism and Diastereoselectivity in Metal Complexes 

Table 2. Conformational equilibria of nickel(II) complexes with some 1,3-diamines 

I R 3 
R R, I I 

R2 

[Ni(meso-l,3-(CH3)2tn)] 2+ 
R I = R  2 = - C H 3 ; R  3 = R  4 = - H  

[Ni(rac-l,3-(CH)3)2tn)l 2+ 
R 1 = R 4 = -CH3;R 2 = R 3 = -H  

[Ni(l-CH3-tn)l 2+ 
RI = -CH3; R 2 = R 3 -- R 4 -- -H 
[Ni(tn)] 2+ 
R 1 =R 2 = R  3=R 4 = - H  

100% 

88% 

54% 

91% 

0% 0% 

46% 

4% 8% 

9% 

45 ~ and 50 ~ , structural analysis o f  amino-acid complexes in solid state shows dihedral 
angles varying from 0 ~ to 30 ~ Conformational analysis shows only small inter- 
actions between the substituent at the or-carbon atom and the ligand in the apical 
position o f  the complex. Therefore no substantial stability difference should exist 
between different conformations with the a-substituent in a pseudo-equatorial or 
pseudo-axial position Is). Examples o f  amino acid complexes with substituents in 
axial positions are the solid cis-[Cu(L-ileu)2 ]36), and cis-[Cu(D-ala)2 ]37). It must 
nevertheless be mentioned that in solids the requirement for lattice packing may 
determine the molecular conformation. Results obtained from solids can only be 
valid in a restricted sense for the situation in solution. 

Wellmann and coworkers give some interesting features for aminoacid complexes 
in solution 3s). They conclude from the quasi-enantiomeric shape o f  the CD-spectra 
o f  the Cu2+-complexes with L-histidine and L-I-CH3-histidine that the equilibrium 
state o f  the system 7a~----7b is strongly in favor o f  7a in the case of  bidentate amino- 

7a 7b 

acids with voluminous groups R, for example L-I-CH3-histidine or L-phenylalanine. 
L.histidine or L-3-CHa-histidine on the other hand can act as tridentate ligands; the 
carboxylate group is then forced into an axial position and the complex must adopt 
the structure corresponding to 7b. The case is somewhat similar to that o f  the Ni 2+- 
complex of  L-diaminopropionic acid mentioned earlier. When aspartic or glutamic 
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acid react as bidentate ligands, for example in ptU-complexes, NMR-measurements 
show the noncoordinated rest of the ligand in equatorial position 27). For the N- 
methyl group in planar [Ptl1(sar)Cl2 ] -  a pseudo-axial position was proposed 27), 
whereas it was found to be in an equatorial one in the octahedral [Co(en)2(sar)] 2+a9). 

Only little is known about the structure of  six-membered chelate rings in com- 
plexes with ~-aminoacids. The most probable is a distorted boat conformation with 
the more voluminous substituent neighboring the amino group in an equatorial ar- 
rangement. 

2.2.2. Tridentate Ligands 

For tridentate ligands we may distinguish two structurally different types: linear A 
and branched B ones. In linear ligands A one of the ligand atoms is necessarily a 

( A )  ( a )  

member of the chain. This ligand atom becomes a new center of  chirality for unsym- 
metrical molecules and for complexes with a nonplanar structure of  the chelate 
rings. Linear ligands may be coordinated in a peripheric as well as in a facial manner. 
For branched ligands B only a facial coordination is possible. This is an important 
restriction for the determination of the geometry of the ligand sphere of a coordi- 
nation compound. When the point of  chain branching is at the same time a center of  
chirality - which will be the case in most examples - the coordination of  such 
ligands will be stereospecific. Such a property will therefore limit the number of  
isomers for bis- and mixed-ligand complexes. Some of the most important optically 
active tridentate ligands are given below: 

A: linear ligands: 

>---CH 2 -H21<I-CH -COO e ~OOC-CH-NH -CH -NH~ 
I i 

~OH CIH3 Rt R2 

8 9 

B: branched ligands: 

H3N-CH-COOH 
I 

(CH2)n-COO ~ 

11 

10 

~OOC-CH2-| 
I 
R 

I0 

n = 1,2 
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/_~CH2-~ H-CO0~ 

N~,/NH HNRIR2 

12 

a) R 1 = R 2 = - H  
b) R 1 = - H ;  R2 = -CH3 
c) R 1 - H ; R  2 = - C H 2 - ( ( ) )  
d} RI R2 = -CH3 ~ _ J  

CH2"CH'COO~ I I ~H2"CH24~ H42000 = 

H3N NH2 H3N| NH2 
o 

13 14 

The diastereospecificity of branched tridentate ligands has been confirmed for 
all examples studied so far. For the system [Co(L-hist)2 ]+ L. J. Zompa 4~ found 
only three of the five theoretically possible isomers. Freeman and Liu 41) obtained 
the same result for the CotII-complexes with the optically active diaminopropionic 
acid 13. The racemic compound on the other hand gave the five isomers expected. 
The optically active complexes show the absolute configuration corresponding to 
the structure of the ligand. The corresponding diastereoisomers with the opposite 
absolute configuration do not exist by reason of the extremely high tension of the 
asymmetric carbon atom. The structure of one of these isomers has been established 
by X-ray diffraction analysis 42), the attribution of the others is then made by com- 
parison of spectral and chiroptical properties. The complexes of 2,4-diaminobutyric 
acid 14 show the same properties 43). Introduction of a six-membered chelate ring 
has only little influence on chiroptical properties. Therefore a boat conformation of 
the six-membered chelate ring is not very probable, although NMR-data may be 
interpreted on the base of an equilibrium between a chair and a boat conformation. 
Legg and Cook showed the stereospecific coordination of a single molecule of aspar- 
tic acid 44). From the six isomers theoretically possible, only three, 15a, 15b and 
15c, were found. 

In this case too, the absolute configuration of the isomers correspond to those 

o: ~: -o or 

0 

15a 15b 15c 
s.cis z1 (C2)-u2-cis A (C2)-ul-cis 

11 
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expected from the R-configuration of the asymmetric carbon atom of the ligand. 
Information for linear tridentate ligands is rather rare. Such information is very 

often of indirect nature, in a way that stereoselectivity in the formation of bis- or 
mixed-ligand complexes may be indicating a stereoseleetive coordination of the 
single ligand. Ritsma found that in bis-complexes of  Ni 2+ and Co 2+ with a-N-hydro- 
xybenzylamine 8 the racemic (M-LL/M-DD) complexes are more stable than the 
meso-complex (M-DL) 12). Although stereoselectivity is sometimes inversed and the 
meso-compounds more stable as the racemic ones, the stability differences are of  
comparable magnitude, as those found for the bis-complexes of the histidine deriva- 
tives 12a-c.  AAG-values between 0,5-1 kcal/mole were found by Angelici and co- 
workers for mixed ligand complexes of Cu~+-L-valinemonoacetate with several D- 
and L-amino acids. The stability constants were higher for the L-amino acids. 

We may ~assume that these results are due to a preferential orientation of  both 
ligands. It is not known if this orientation is already present in each ligand - different 
or identical in nature - or if it is a result of  the interaction between both ligands. It 
is shown by the studies of  complexes of dipeptides that both factors may be more 
or less responsible for diastereoselectivity in bis- or mixed ligand complexes. 

The absolute configuration of [Co(glygly)]- is known 4s). The complex has C2- 
symmetry and the antipodes 16a and 16b have been separated by chromatography 
on starch 46) . In the coordination octahedron the tridentate dipeptide ligand takes a 

o 0 

/ C  ~ N / C H 2 ~  / cH2 " ~ N / C ~  

\ I \ o,- H2N ~ C o  | 0 - -  2 

/ 
N~CH 2 

CH 2 ' /  x d  
n ! 
0 o 

(+) ICo(glyglY)l- ( - )  ICo(glygly)l- 
16a 16b 

helicoidal structure 47), in such a way that two enantiomeric conformations are pos- 
sible. In complexes with dipeptides from optically active amino acids, these two con- 
formations become diastereoisomers as shown by 1 7a and 1 7b. The complex forma- 
tion seems to be selective for [Co(dipep)2 ]--complexes (dipep = L-ala-gly, gly-L-leu, 
and L.ala-L-ala), only the form corresponding to ( - )  [Co(glygly)2 ] could be found 
found46, 48). The position of the asymmetric center, be it at the O- or at the N-ter- 

12 
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H- 

~C~c~~ c~ 

R 1 

17a 17b 

minal aminoacid, seems to be of no importance for the stereoselectivity of  the com- 
plex. An analogous selectivity is presumed for the different geometrical isomers of 
bis-complexes with glycyl-L-histidin 49). On the base of chiroptical properties, 
Miehailidis and Martin assume a ligand conformation of  definite chirality for the 
corresponding complexes with L-hist-gly, gly-L-ala and L-ala-gly s~ In contrast to 
these results the chiroptical properties of  mixed amine-dipeptide complexes, con- 
taining only one dipeptide molecule, for example [Co(dien)(dipep)] + and 
[Co(NHa)a(dipep)] + (dipep = glygly, L-ala-gly, L-ala-L-ala and gly-L-ala), may be 
explained on the base of a sole vicinal effect s l). Dipeptides from two optically active 
amino acids of the same absolute configuration (e.g. S-configuration as in the exam. 
pies 1 7a and 1 7b) one substituent is always in a pseudo-axial and the other in a 
pseudo-equatorial position independently of the chirality of the conformation of the 
ligand. Therefore equilibrium constants of the formation of labile complexes with 
dipeptides from amino acids with opposed configuration should be higher than those 
for the corresponding diastereoisomers. This is confirmed by data given in Table 3 
with the exception of leucyl-phenylalanine. The number of data is of course too 
small to allow general conclusions. Further investigations in this field seem useful 
not only concerning structural properties of inert Cobalt(III)-complexes but also 
equilibrium data of labile complexes with metal ions of biologieal interest as Cu 2+, 
Zn 2+, Mn 2+ and others. 

Table 3. Stability constants of metal-complexes with some diastereoisomerie dipeptides 

(AA)I (AA)2 Co2+ Ni 2+ Cu 2+ Zn 2+ Ref. 
(H2N-) (HOOC-) logK 1 logK 2 logK 1 logK 2 logK 1 logK 2 logK 1 logK 2 

L-ala L-ala 2,63 1) 
L-ala D-ala 2,83 1) 
L-leu L-tyr 2,42 4,48 3,23 5,99 2,98 5,66 1) 
D-leu L-tyr 2,81 5,07 3,73 6,66 3,39 6,24 1) 

L-leu L-phen 2,85 3,82 2) 
L-leu D-phen 1,7 3,1 2) 

1 

l) Li, N. C., Miller, G. W., Soiony, N., and Gillis, B. T.: J. Amer. Chem. Soc. 82 3737 (1960). 
2) Karczinsky, F., and Kupriszewski, G.: Roez. Chem. 41 1019 (1967). 
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2.2.3. Tetradentate kigands 

With tetradentate ligands we can distinguish four basic structural types: 

�9 . T  _ _ t _  
C D E F 

Whereas for ligands of type C and F there are three, alternatively two, possible topo- 
graphies in octahedral complexes, only one possible topography exists for ligands 
of type D and E. Nevertheless geometrical isomers may exist for octahedral complexes 
with ligands of  type D when the nature of  the two terminal groups fixed on the 
branching point is nonidentical. Geometrical isomers of  type E need at least one 
terminal group to be different from the two others. The stability of  the isomers of 
all these types of ligands is determined by the size and the conformation of the 
chelate rings, the position of substituents and the nature of  the ligand atoms as well 
as the metal center. 

2.2.3. I.  Linear Ligands. Most of  the investigations were accomplished with linear 
tetramine ligands, among which triethylenetetramine (2,2,2-tet) and its substituted 
derivatives are well known s2). By coordination of  such ligands to a metal ion, the 
two secondary nitrogen atoms become two new centers of  chirality. Five geometrical 
arrangements are then possible 18a-e .  Except for the meso.trans isomer 18e,  all 

H"~N ~ ~  "H H"N / X'~#'~ H H/N ~ / N ' ~  

A-cis.~(RR ) A - cis-B(RS ) A.cis-~(RR ) 

18a 18b 18c 

H 

N ' ~ ~  K H "~-M "~ 

trans (SS) trans (RS) 
18d 18e 

the forms could be obtained as inert cobalt(III)-complexes with the unsubstituted 
te "s a) ligand (2,2,2- t) . According to studies of  Sargeson and Searle s4) the three cis- 

isomers are more stable than the trans compounds. The conformation of  chelate 
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rings lying in the equatorial plane is given by the configuration of the secondary ni- 
trogen atoms. A chelate ring joining an equatorial and a polar coordination site seems 
sufficiently flexible to make hand 5 conformation possible, independently of the 
configuration of the nitrogen atoms s3, ss). The observation that the cis-~ isomer 
with (3S, 8S)-(CH3)2-2,2,2-tet always shows A-configuration s6, s7) indicates that a 
f-conformation of the two terminal chelate rings (equatorial positions of the methyl 
groups, see Table 4) favors a A-configuration of this isomer. 

At the present time about a dozen optically active derivatives with the basic 
framework of 2,2,2-tet are known. All of them react highly stereospecifically in such 
a way as to place the substituents mostly in an equatorial position. From these re- 
suits Saburi and Yoshikawa conclude 22) that.a suitable choice of substituents will 
allow fixing of the conformation of the chelate rings and the absolute configuration 
of a given geometric isomer. They further predict that it should be possible, in a 
similar way, to obtain isomers which for the unsubstituted tetramines either cannot 
be synthesized or only with great difficulties. 

Finally Brubaker and Euler conclude from a conformational analysis that the 
stability difference between A.cis-[J and A-cis-/3-oxalato-N,N'-bis(2-picolyl)1,2-(S)- 
diaminopropanecobalt(III) (A-cis-~-[Co(pnpic)C204 ]+) must be at least 3 kcal/mole sS). 

Table 4 gives the different structural elements of the synthesized isomers of 
CoIII-complexes with optically active tetramines of the type 2,2,2-tet known so far. 
Only a small number of optically active tetramines of the type of 2,3,2-tet 19 and 
3,2,3-tet 20 forming complexes with six-membered chelate rings are known. Despite 
the great preference for a trans-topography of these ligands, cis-~-complexes can be 
obtained under certain conditions. The simplest way to obtain compounds with such 
a structure is to synthesize mixed ligand complexes with a bidentate secondary 
ligand. Harrington and coworkers 67) describe ColH-complexes of 4,8-diaza-2,10- 
undecanediamine, a ligand with a basic structure of type 19 and substituents in the 
two terminal chelate rings. The authors studied the optically active (racemic) as 
well as the meso-ligand. Both diastereomeric ligands react in a stereospecific way. 
Only the three compounds 21a, 21b, and 21c were obtained. 

N N N N---~ 

19 20 

CH3 (~1 N , 

trons-l Co( (SS)-Me2-2,3,2-tet )Cl2 ] + 
21o 
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CH 3 

ct ] "/ 

N CH3 ~1 N 

�9 + 

A-cts-#-lCo((SS)-Me2-2,3,2-tet)Cl 2] 
21b 

C! 

:;co-- 

CI H 
+ 

trans-lCO((RS)-Me2-2,3,2-tet)Cl 2] 
21c 

Once more, we observe that the equatorial position of the substituents is the 
structurally determining factor. We may further conclude from these examples that 
it will be easier for a six-membered chelate ring to adopt a skewboat conformation 
than for a five-membered chelate ring to adopt an envelope conformation. On the 
other hand, it has been shown by the examples mentioned earlier 24) (the square 
planar nickel(II)-complexes with (2 R, 7 S, 10R)-2,10-diamino-5,5,7-trimethyl-4,8- 
diazaundecane and the corresponding (2R, 7R, 10R)-diastereoisomer), that the 
preference for the different conformations of five and six-membered chelate rings 
depends on the number and the position of the substituents. The great similarity of 
NMR-, ORD- and CD- spectra lead to the conclusion that the two diastereomeric 
complexes are chromophores of identical chirality concerning the framework of the 
ligand molecule. This earl only be realized in the structures 22a and 22b.  In these 

I I ~ - " C H 3  CH3 

N:. . N "  CH., \ N 

N~H~~N/ "CH 3 N ~ N / % C H 3  

22a 22b 

compounds the six-membered ring prefers - contrary to what was observed in 21a - 
in both cases the more stable chair conformation, whereas one of the two five-mem- 
bered rings shows the unstable envelope conformation. The structure of 22a has been 
confirmed by X-ray diffraction analysis 68). Diastereoisomerism of the complexes 
22a and 23b  is given by the interchange of Cs and C7 relative to the different con- 
formations of the terminal chelate rings. 

It is well known that for complexes with the 2,2,2-tet-type ligands an envelope 
conformation is not found s 3), unless imposed by the position of sub stituents 22' 23) 
(see Table 4). Nevertheless such a conformation is very often found in macrocyclic 
complexes with ligands of the type "tetraazacyclotetradecanes ''69). 

An example of a ligand containing a single substituent in the six-membered ring 
has been described by DeHayes and coworkers 7~ . With (5 S)-Me-2,3,2-tet they could 
isolate two Col]I-complexes for which they proposed the structure 23a and 23b. 

18 
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The proposition 23a  is surprising. Beside the skew-boat conformation of  the central 
chelate ring determined by the RRa)-conformation of the secondary nitrogen atoms, 
the substituent is placed in a axial position. An equatorial position could be obtained 

Cl-t. 
Ct ~ a  Cl H 

trans.RR.[Co((5S)Me.2,3,2-tet)Cl21 § trans.RS-[Co((5S)Me-2,3,2-tet)Cl21 § 
23a 23b 

Ct H 

23c 

for this substituent conserving the relative conformations of  the three chelate rings by 
an inversion of both secondary nitrogen atoms giving the SS a) configuration as shown 
by 23c.  

The same authors describe also (6R)-Me-3,2,3-tet, the only opticaUy active ligand 
known so far with the basic structure 2070, 71). This ligand too reacts stereospecifi- 
caUy. Beside the cisqsomer with A-cis-{3.structure, the trans-SS-[Co(6R)-Me-3,2,3- 

tet)C12 ]+ is the only one of the six possible trans isomers which has been found. 
This result corresponds to the conformatiorial analysis which predicts 24 as the most 
stable one. As already mentioned, it is possible to fix the absolute configuration of a 
given isomer by a suitable choice of substituents. A selection between different geo- 
metrical isomers - e.g. on the base of  chelate ring size - seems to be less easy. It 

~ C o ~  ~ 

trans-SS-[ Co( ( 6 R )-Me-3,2,3.tet )Cl2 | + 
24 

would therefore be difficult - especially for labile compounds - to determine in 
advance the geometry and the chirality of  such a system on the base of  substituents 
only. However, such a determination can be realized by choosing an adequate combi- 
nation of coordinating atoms. Two other sequences of donor atoms in liner tetra- 

a) The designation R and S of the secondary N-atoms is chosen for the unsubstituted ligand 
molecule and is not changed after the introduction of substituents. 
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dentate ligands have been studied: ONNO in ethylenediaminediacetic acid (EDDA), 
and its derivatives and the compounds of the type of dithiadiamines (NSSN). 

When ColII.EDDA.complexes are synthesized under conditions favoring equi- 
librium state, the cis-et-compound is essentially obtained 72). C/s-l~-complexes can 
also be obtained,most favorably as mixed ligand complexes with a bidentate ligand, 
e.g. carbonate, oxalate or 1,2-diamines 7a-Ts). But in all cases known, it is the cis- 
a-isomer which is formed in a greater amount. Reilley and co-workers conclude 
from the simplicity of the NMR-contact shift spectra of [Ni(EDDA)(H20)2 ] that 
the compound is present in only one isomeric form, and assume that this is the cis- 
a-forra 28). 

Of great interest in this and related aminopolycarboxylate-complexes is the 
possibility of differentiating the two hydrogert atoms situated at the a-carbon of 
glycinate rests 76). Exchange reactions of these atoms are stereoseleetive and signifi- 

�9 cantly faster for the hydrogen atoms in the "out.of plane" - position (HA) than for 
those in the "in plane" - position (liB). 

Replacement of these hydrogen atoi~.~by methyl groups introducing two asym- 
metric centers on the other hand produces o ~ y  small stereoselectivi~y concerning 
the absolute configuration of the complex. 

o 

HA'-- H B 

0 

25 
O 

H-- CH 0 

o 

endo-A-SNSN(X)cis-~[eo((SS)-EDDP)en] + 

0 

0 

0 

exo.A-RNRN-(8 )-cis-a[Co((SS)-EDDP)enl + 

26a 26b 

[Co((S,S)-EDDP)(en)] + , a complex with the optically active ethylenediamine-di-2- 
propionic acid, gives nearly equal amounts of A-cis-ot26a and ,l-cis-a 26b 77). A small 
quantity of A -cis-(J was also obtained. When in the same complex, ethylenediamine 
is replaced by optically active R-propylenediamine the A -cis-a-compound is formed 
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in a considerably greater amount with respect to the A-cis-a. The same result is ob- 
tained (more ,t -cis-a than A-cis-a) when the reaction is performed with R,R-EDDP 
instead of S,S-EDDP. This observation shows clearly that in this case the diastereo- 
selectivity is due to the presence of the optically active bidentate diarnine and not to 
the two asymmetric centers in the amino acid groups of the tetradentate ligand. This 
is another example where diastereoseleetivity of a multidentate optically active ligand 
becomes important only by the introduction of a second optically active ligand into 
the coordination entity (cf. p. 12). It seems therefore that the introduction of sub- 
stituents in the terminal chelate rings of  mono- or diamino-polycarboxylates is not 

�9 sufficient to determine the absolute configuration of  a 1 : 1-complex. 
A higher selectivity could be expected from a ligand with the EDDA-framework 

and a substituent in the central chelate ring. If this substituent takes an equatorial 
position it will determine the conformation of the central chelate ring and hence the 
configuration of  both secondary nitrogen atoms in the cis-a isomer (S,S for ~, con- 
formation). Only one absolute configuration of the complex should be realized. Un- 
fortunately, ligands of this type are not known so far, but the assumption becomes 
probable by the examples known for the analogous tetradentate dithiadiamines. 
Compounds with the basic structure of 1,8-diamino-3,6-dithiaoctane 2 7 forming 
complexes with three five-membered chelate rings are found exclusively as the c/s- 
a-isomer in their complexes 78-8t). Introduction of six-membered chelate rings leads 
to the other geometrical isomers too. When the six-membered ring lies in the center, 
as is the case for the compound 28, cis-~ and trans-isomers are obtained; with the 
ligand 29 the isolated compounds have c/s-a or cis-B-structure 78). Optically active 

_ _ _ ~  R1 

R 3 R 2 

a) R I = R  2 = - H  (EEE) 

b) R1 = -CH3; R2 = -H (EPE) 
c) R 1 = - H ; R  2 =-CH 3 (PEP) 

28 (ETE) 29 (TET) 

27 

derivatives of the ligand with basic structure 27 have been prepared. 27b shows an 
asymmetric center in the S-S- and 27c in the two terminal S-N-chelate rings. We may 
assume that a S-N-chelate ring is considerably more puckered than the N-O-chelate 
rings in EDDA-complexes. Despite this the stereoselectivity of optically active 2 7c 
is rather small as was the case with EDDP. Bosnich and Philipp 82) found for the 
Corn-complexes of (S,S)- 2 7c an equilibrium mixture containing 
exo.A-cis-a-[Co((S,S)-(27c))X2 ]+ and the diastereomeric 
endo.~.cis-a-[Co((S,S).27c))X 2 ]+, (X =- CI-,  SCN-, NO~). The A/a :ratio was about 
2:1 (of. structures 26a and 26b). Optically active 27b on the other hand reacts in a 
stereospecific manner. Only the A-cis-a-isomer is formed with (5R)-27b at), contain- 
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ing the methyl group of  the central chelate ring in an equatorial position. It is there- 
fore not surprising that this ligand, fixing at the same time the topography as well 
as the absolute configuration of  its complexes was proposed as a model for investiga- 
tions of  the stereoselective formation of mixed ligand complexes a3), but these investi- 
gations have not yet been accomplished. 

2.2.3.2. Branched Ligands. Branched ligands are those with a basic structure D and 
E. For ligands of type D the nonterminal ligand atom becomes a center of chirality 
by the introduction of the ramification. The point of ramification is itself a center 
of chirality when the groups attached to this point are different in their nature. 
Geometrical and optical isomers are then possible. Different degrees of stereoselectiv- 
ity can be expected in the formation of these isomers. In a similar way as with the 
corresponding tridentate ligands, e.g. aspartic acid, the three ligand atoms neighboring 
the branching point can only arrange in a facial manner. The absolute configuration 
of this arrangement is determined by the chirality of  the ligand. Isomerism is still 
possible by the orientation of the remaining branch of the ligand. Fig. 2 gives the 
four possibilities which may be expected for such a ligand in its racemic form. These 

Fig. 2. Possibilities of isomeric complexes with tetradentate branched ligands (racemic) 

possibilities will be doubled when one admits for each geometric form both left- 
and right-handed chirality of the asymmetric coordination atom regardless of the 
configuration of the branching point. In most cases this should lead to very high 
distortions in the geometry of the ligand, so that four theoretically possible diastereo- 
isomeric forms should be very unstable. 

The appearance of geometric and optical isomers with ligands of type E depends 
on some additional conditions. Both types of isomers may appear if 
a) terminal coordination atoms are different in nature 
b) the chelate rings are different in size 
c) the chelate rings carry different substituents. 

Diastereoseleetivity is possible only in case c). Examples of the cases a) and b) 
are known and a definite selectivity concerning the possible geometrical isomers 
seems to exist as well for ligands with different terminal coordination atoms as for 
compounds with chelate rings of different size s4' ss). Uehara and coworkers describe 
a certain number of  optically active derivatives of  nitrilotriacetic acid and its Co III- 
complexes 86). Koine and coworkers could obtain a restricted number of  the possible 
isomers of  mixed CollI-amino acid/L- or D-alaminate-N,N-diacetic acid complexes 87). 
The configurational chirality of  these compounds has not beendetermined. 

Information concerning the stereoselectivity with ligands of  type D is also very 
limited. The stability measurements of  mixed ligand complexes of N-(2-pyridyl)-L- 
aspartic acid and different amino acids with Cu 2+ and Ni 2+ show quite a high stereo- 
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selectivity, but they allow no conclusions as to the exact geometry of the tetradentate 
ligand in the complex aa). Further studies with this type of ligands seem therefore 
necessary. 

Z2.3.3. Macrocyclic Ligands. In a similar way as for linear tetramines, complexes 
with macrocyclic ligands of the type 30 and 31 offer certain interesting stereochem- 
ical aspects. A considerable number of  isomers is possible by the presence of the four 

HN NH 

%> \, /  

h--TL~R1 
R2 

a) R 1 .= -CH3; R 2 = -H 
b) RI = R2 = -CH 3 

T T-" 

HN "~NH 

R I ~ V ~  R2 
R 2 

R1 = R 2 = -CH 3 

30 31 

asymmetric nitrogen and the two asymmetric carbon atoms 89). In a square planar 
arrangement, each of  these complexes gives twenty diastereoisomers. Of these, six, 
teen exist as pairs of  enantiomers and four show meso-configuration, giving a total 
of thirty-six isomers.The number of different topographies is, on the other hand, 
limited. Whereas open-chained tetramines can be obtained quite easily in the three 
mentioned topographies, the complexes of the macrocyclic ligands contain these 
latter most often in a square planar (trans) arrangement. A folded structure; possible 
only in one topography, can be obtained 0nly for certain isomers by the reaction 
with a bidentate ligand. 

H3 c CH3 , FH3 
" ~ " ~ c ,  "~ ~ ' ~ -  cH 3 

.N /NH Ni ~ ..,N /NH 

HN/ ~N J ~----'~N/Ni~N) 

H3C - - ~ ~ C H  3 H3C ~ ~  -'-CH3 
H3C CH 3 

32 33 
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The very simple method for the synthesis of 32 and 33 by N. F. Curtis using 
[Ni(en)3 ](C104) 2 as starting materiai 9~ made the compounds 30b and 31 readily 
accessible by reduction. These compounds have therefore aroused great interest 
during the last years. By NMR-measurements it was shown that 32 exists as a meso- 
and a racemic form due to the presence of the two asymmetric nitrogen atoms ~ 
The structure of the racemic compound and its confignrational stability in acidic 
solution could be ascertained by partial separation of the optical antipodes 92). 
Sledziewska studied the configurational stability of the asymmetric nitrogen atoms 93) 
and showed that the exchange of hydrogen atoms is 600 resp. 800 times faster in 32 
resp. 33 than the loss of optical activity by inversion of the two nitrogen centers 94). 
Wermeille and co-workers describe the stereoselective hydrogenation of optically 
active 329s). The configuration of asymmetric carbon atoms is quantitatively deter- 
mined by the configuration of the nitrogen atoms in the starting material, when the 
reaction is performed in acidic solution. By the application of this principle on 
meso-30b and rat-31 it was possible to synthesize a certain number of new isomers96)i 
It was further possible to make a proposal for absolute configuration of all optically 
active isomers so far known by comparing CD.-spectra with those of compounds 
with known absolute configuration 97' 9s) 

For the examples of diamagnetic square planar nickel(II)-complexes with macro- 
cyclic tetramines, one observes that the position of the substituents is obviously of  
greater importance in determining the structure of the compound than the confor- 
mational effects of the chelate rings. This is surprising when one assumes that the 
interactions between substituents in axial position and ligands in the fifth or sixth 
coordination site are small in square planar complexes, as was found for platinum(II). 
complexes (see p. 8). Nevertheless, the only example so far known with a methyl 
substituent in pseudoaxial position shows that such compounds may be obtained if 
several unfavorable conformational effects can be thus eliminated 98). One may imag- 
ine such macrocyclic ligands being used as matrix compounds for stereoselective 
binding of secondary ligands, but such investigations have not yet been undertaken. 

2.2.4. Penta- and Hexadentate Ligands 

Except the propylenediaminetriacetic acid, recently described by Maricondi and 
Maricondi 99), no optically active ligands are known which react only as pentadentate 
ones. More frequent are ligands of the three structural types F, G, and H. According 
to the nature of the central metal atom and the reaction conditions these compounds 
may react as penta- or hexadentate ligands. 
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2.24.1. LinearLigands. For only a very small number of  ligands with structure H 
diastereoselective reactions are known. Theoretically four geometric arrangements 
oe, a',/~ and 3' are possible (Fig. 3). None of these four possible geometries shows an 

Fig. 3. Possible isomers of complexes with linear hexadentate ligands 

improper rotation axis and all may therefore exist as enantiomers. By removing the 
terminal groups we may associate them to the corresponding isomers of complexes 
with linear tetradentate ligands: ~, and a' to cis-a, fl to cis-fl and 3' to trans. Considering 
the diastereoseleetivity of these ligands we may expect a similar behavior for com- 
pounds substituted in the non-terminal chelate rings. This is confirmed by the few 
examples so far known. Dwyer and co-workers have prepared a series of complexes 
with ligands of  the type 341~176176 Whereas 34a and 34b give only a green complex 

~ O H  HO 

CH=N( CH2)nS( CH~),ns( cH2)nN=CH~ 
34 

a) n= m = 2 (EEE(sal)2) 
b) n = 2 m = 3 (ETE(sal)2) 
c) n=3m=2 

with cobalt(III), a green or a brown complex is obtained with 34c depending on the 
reaction conditions. The a-configuration is generally attributed to the green complexes 
For the brown compound a ~'-structure seems more probable on the basis of CD-data 
data ~~ than the a-structure first proposed 1~ 4-methyl-1,8-bis(salicylideneamino)- 
3,6-dithiaoctane [EPE(sal)2 ] and 1,8-dimethyl-1,8-bis(salicylideneamino).3,6-dithia- 
octane [PEP(sal)2 ], two optically active ligands obtained from 27b and 27c give 

C~'H3 N " 

S~ I,..~01 0 IN'~CH3 

~ 

c~b 

35 36a 36b 
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complexes with a-topography and react in a diastereoselective way. For the ligand 
obtained from R(+)-EPE at least 85% of the more stable 35 is obtained, but it is 
likely that the selectivity is higher, the corresponding tetradentate ligand giving only 
one of the two diastereoisomers sl). Complexes with (S,S)-PEP-(sal)2 give an equi- 
librium mixture of  the two diastereomeric forms 36a and 36b. 72% are found as the 
somewhat more stable exo-form 36a 1~ The situation is therefore quite similar with 
respect to (S,S)-PEP. The CoUI-complex of this tetradentate ligand is a mixture con- 
raining 65% of the more stable exo-form. It seems therefore that the addition of two 
supplementary chelate rings is of  little importance for the diastereoselectivity of these 
ligands. The geometric selectivity on the other hand seems more pronounced with 
hexadentate ligands. 
2.2.4.2. Branched Ligands. In most cases of ligands of type F or G, the situation is 
quite simple. In general, ligands of these types react in a very selective way. The ear- 
liest known compounds were derivatives of propylenediamine and diaminocyclo. 
hexane. Dwyer and Garvan demonstrated the stereospecific coordination of 1,2- 

0 

3c~~-~o o 
H 0 

37a 37b 38 

propylene diaminetetraacetic acid by forming the cobalt(III)-complexes of the race- 
mic mixture of the ligand and by separating the optically active forms 1~ For the 
(R)-PDTA-complex these authors presume an energy difference of at least 3 kcal/mole 
between 37a and 37b l~ This energy difference is due to the interaction between 
the axial methyl group and the chelate ring in the polar position. Blackmer and co- 
workers described the only case so far known of a PDTA-complex with an axial 
methyl group 1~ They showed that the completely reversible photomutarotation 
of [Rh((-)-PDTA)]- - a reaction previously observed by Dwyer and Garvan l~ - 
may only be explained by the transformation of 37a in 37b. 

The configurational inversion of a complex with the corresponding derivative of 
diaminocyclohexane would lead to additional steric interactions. The diastereoiso- 
meric complex of 38 with the enantiomeric configuration can therefore be excluded. 
The difference in configurational rigidity between PDTA- and CyDTA-complexes is 
further illustrated by the acetate group scrambling 1~ Whereas this reaction is not 
observed for [Ni(CyDTA)] 2- , [Ni(EDTA)] 2- reacts with N.inversion as well as by 

-A-isomerisation. With [Ni(PDTA)] 2- the acetate group scrambling takes place only 
by N-inversion. In this reaction, the methyl group of the PDTA-ligand appears in a 
more or less pronounced axial position at the transition state. 

The high stereoselectivity for the ligands mentioned above was observed with 
inert CoIll-complexes. This observation leads to the assumption that the correspond- 
ing labile complexes exist practically in one stereochemical form only l~ los-1 lo) 
This stereoselectivity in labile complexes was used in different investigations, e.g. 
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the polarimetric titration of several cations 11 l), the stereoselective coordination of 
monodentate ligands in mixed-ligand complexes ~ ~ 2, 113), the polarimetric measure- 
ment of complex formation between diaminopolyearboxylates and alcaline 
ionst t 4, 11 s) the study of kinetic and mechanism of ligand exchange 116-11 a) and 
electron transfer reactions ~ t9) 

Certain ligands with the same framework as EDTA but with only one type of 
ligand atoms are also known lz~ lzl). Gollogly and Hawkins have calculated an energy 

N ~  ~ v N 

39a 39b 39c 

difference of 8-10 kcal/mole between the two diastereoisomers 39a and 39b of 
N,N,N',N'-tetrakis-(2-aminoethyl)-1,2-diaminopropane (mepenten) 122' ta). This 
energy difference is very large. The optically active ligand gives therefore, like PDTA, 
complex compounds with only one generic configuration. These complexes have 
been obtained both by using the optically active ligand with known configurationl2~ 
and by the separation of the mixture of the enantiomeric complexes 39a and 39c 
obtained by the reaction with the racemic ligand 121). The absolute configuration has 
been proposed on the basis of chiroptical properties and confirmed by X-ray diffrac- 
tion analysis. 

Despite the results obtained by Emmenegger t23) showing that one chelate ring 
placed in the equatorial plane of the complex may be opened quite easily in a reac- 
tion with a monodentate ligand, it seems that the strain of this chelate ring is smaller 
in complexes of penten compared to EDTA. Contrary to the result with 
[Ni(PDTA)] 2- , it was not possible to coordinate 1-phenylethylamine in a stereoselective 
way with [Ni((R)-mepenten)] 2+ 113, 124) 

As already mentioned for linear tetradentate ligands, a stereoselective coordina- 
tion may be expected for branched hexadentate ligands which carry a substituent in 
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the central chelate ring. This selectivity is more or less pronounced when the substit- 
uents are placed in the external rings. In this way, geometrical selectivity is observed 
for the Corn-complex of the ethylenediamine-N,N'-diacetic-N,N~-di-2.propionic acid; 
only the isomers with the substituted chelate rings in the polar positions are found. 
On the other hand, both possible diastereoisomers 40a and 40b of this geometrical 
form seem to exist at equilibrium 12s). An analogous selectivity between geometrical 
forms was observed for complexes with ethylenediamine-N,N'-diacetic-N,N'-diprop- 
ionic acid. In the stable form 41 the two six-membered rings are found in the equa- 
torial plane 126). Ligands with basic structure G giving chelate rings of different size 
behave in a similar way as 41 concerning the geometric selectivity. Furthermore 
these ligands react also in a diastereoselective manner due to the given chirality of 
the branching points. As seen for the corresponding tri- and tetradentate ligands, the 
configurational arrangement of the three ligand groups coming out from the branch- 
ing point is determined by the configuration of the latter. Ethylenediamine-N,N- 
disuccinic acid (EDDS) contains two units of aspartic acid and was obtained from 
optically active aspartic acid with known configuration 127). The absolute configura- 

0 0 

o~O [Co((SS)-EDDS)I- 

42 

tion of the complex is determined 42 if one assumes an equatorial position of the 
two six.membered chelate rings. The proposition of structure 42 was shown to be 
correct by X-ray diffraction analysis 12s). Complexes of such ligands present two 
asymmetric nitrogen atoms as supplementary elements of determined chirality. 
Their absolute configuration is fixed by the neighboring carbon atoms when the li- 
gand acts as a hexadentate one. The asymmetric nitrogen atoms produce a consider- 
able vicinal effect in the CD-spectra 127). The higher tendency of EDDS to act as a 
hexadentate ligand which was also found for labile complexes is illustrated by crystal 
field 127) and NMR-data 129), and is attributed to the presence of the two six-mem- 
bered chelate rings 13~ 

Another known ligand with the basic structure G is the ethylenediamine-N,N'- 
bis.[ot.(2.hydroxy phenyl-acetic acid)] (H4EDDHA) 43. The interest of this ligand 
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lies in the fact that it is so far the only known example existing as meso as well as 
racemic compound. Ryskiewich and Boka obtained a brown and a violet FeULchelate 
by chromatographic separation 131). The characterization of these two compounds 
becomes possible by separating the optical antipodes of the brown racemic sub- 
stance 132). From the antipodes the optically active ligands could be isolated. All 
attempts to separate the violet chelate were unsuccessful. This example shows that 
the separation of  a racemic ligand reacting in a stereospecific way can be achieved 
not only by the separation of its inert complexes al' 1on, 133) but also of  labile ones. 

For the racemic ligand, the two geometric arrangements 44a and 44b are possible. 
In the complex with meso4igand on the other hand, the two phenolic groups are 

0. 

~ 

/ 

3.,,I 

44a 44b 
[FeIII_(R,R).EDDHA] - 

44c 
[FeIII.(R,S).EDDHA)I- 

fixed in non-equivalent positions, only one geometric form 44c therefore being pos- 
sible. On the basis of  the results obtained for EDDS-complexes, one may assume that 
the racemic ligand would prefer the arrangement 41b showing both six-membered 
chelate rings in the equatorial position. A semi-quantitative indication as to the 
stability difference between the two forms 44a and 44b can be obtained by compar- 
ing the overall formation constants of the FeIII-complexes with the meso- (log KML = 
33,8) and the racemic ligand (log KML = 35,0) 132). This difference corresponds to a 
A G-value of 1,65 kcal/mole. Taking this value as the energy necessary to place one 
six-membered chelate ring in a polar position (as is the case in the meso-complex) and 
considering that in 44a both six-membered rings are found in this unfavorable posi- 
tion, we may conclude that the contribution of  44a in the equilibrium 44a~44b is 

o 0 

45a 45b 
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less than 0,5 per cent. It may be interesting to note that the difference in the average 
crystal field stabilization between [Co(EDTA)]- and [Co(EDDS)]- is of the same 
magnitude 127). 

An intermediate position between the EDTA and the EDDS-type ligands is 
occupied by (S)-ethylenediamine-N,N-diacetic-N'-monosuccinic acid (EDDAMS), a 
ligand described by Legg and Neal134). The ligand reacts in a diastereoseleetive way 
due to the presence of the aspartic acid unit, but allows the formation of two geomet- 
tic isomers 45a and 45b. The difference between these two isomers lies in the posi- 
tion of the six-membered ring. Only 45b, with the six-membered ring in the equato- 
rial plane is obtained. This result confirms that considerable strain must exist in an 
equatorial arrangement of three five-membered tings and that this strain can be elimi. 
nated by introduction of one six-membered chelate ring. 
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3. Conc lus ions  and  O u t l o o k  

Studies of  the stereochemical features in the reactions of  metal ions with optically 
active ligands have aroused great interest dr/ring the last years but are still far from 
being complete. A systematic discussion is not yet possible. Despite this, the known 
examples furnish sufficient indications as to the stereochemical requirements of  
ligands with a definite geometry in the coordination entity. The parameters which 
have to be considered in this context are: 
a) the nature of  the ligand atoms 
b) the number and size of  chelate rings 
c) the way the chelate rings are connected 
d) the type and position of  substituents 
e) the nature of the metal atom. 

The parameters a), b) and c) determine the topography of the complex. One may 
consider a complex formed by a multidentate ligand as a combination of several 
sub-units comprizing three donor atoms and two condensed chelate rings. A complex 
with a hexadentate ligand of type EDTA, for example, gives six possible combinations 
of such sub-units. Such a tridentate unity offers two structural possibilities as shown 
in Fig. 4. Different chemical characteristics of  the currently employed ligands are 

I i 

peripheric facial 

Fig. 4. Possible arrangement of a linear tridentate sub-unit of a multidentate ligand 

known to favor either a peripheric or a facial arrangement. The following may be 
mentioned. 
1. Peripheric: 

- oxygen as central ligand atom 
- six-membered chelate rings 
- a central nitrogen atom with sp 2-hybridization 
- peptide groups 

2. Facial: 
- branched ligands 
- two five-membered chelate rings with terminal carboxylate groups 
- sulfur or phosphorous as central ligand atoms. 

3. Borderline case: 
- ligands of diethylenetriamine-type. 

These characteristics take into account only steric factors of  the basic framework 
of a ligand and may therefore give only a first approach to the geometry of the most 
stable form of an octahedral complex. 
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The parameter d) - nature and position of substituents of a ligand - may some- 
times modify the basic geometry or the topography of the complex, but it is the 
determining factor for a definite chirality. It may determine the configuration of the 
complex, the conformation of chelate rings as well as the absolute configuration of 
asymmetric ligand atoms. 

The influence of the nature of the metal ion on the stereochemistry of  its envi- 
ronment in octahedral complexes is not well known. Most of  the studies have been 
performed with compounds of cobalt(Ill). It would be useful to get more informa- 
tion about the influence of crystal field parameters, charge and ionic radii on the 
stereochemistry of metal complexes. 

The limited number of Optically active ligands has certainly been a real obstacle 
for a systematic study of diastereoselectivity in metal complexes. Usually these ligands 
are synthesized, starting with readily accessible natural substances or with compounds 
which can easily be separated into antipodes. The synthesis is then performed in such a 
way that the absolute configuration of the asymmetric center remains unchanged. 

One would expect that the isolation of  optically active ligands by separation of  
their corresponding complexes would find wider application in the future. Ligand 
exchange chromatography, which applies stereoselective formation of  binary com- 
plexes on the absorbent, may be a good example of such a procedure. In this way 
one may hope that a certain number of ligands will soon be available, able to form 
complexes with predictable and unique topography and chirality. 
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I ntroduct ion 

Increasing interest 2) in the photochemistry of transition metal containing molecules 
prompts this survey of the important developments in understanding the chemical 
transformations resulting from electronic excitation of such molecules. Intense and 
continuous efforts a) have been applied to elucidation of the electronic structure of 
transition metal complexes, and it thus seems appropriate to subject the emerging 
theories to a test of their applicability to the chemical properties of the excited 
states accessible by absorption of light of optical energies. More importantly, atten- 
tion is drawn to this area of  chemistry by the nature of the chemical reactions pos- 
sible and their potential application in energy conversion, synthesis, catalysis, photo- 
chromism, photography and other imaging systems, and optical devices in general. 
The specific aim of this article is to acquaint the reader with the results of the last 
few years which tend to lay the foundation for new principles or those results which 
are sufficiently interesting and misunderstood that they deserve further effort. No 
attempt will be made to discuss separately the electronic structures of coordination 
compounds except in very general and simple terms. Nor is this article any attempt 
to review every photoreaction of coordination compounds. Finally, excited state 
processes such as energy transfer, luminescence, etc., will not be discussed in sepa- 
rate sections but will be referred to as they pertain to reactions. 

The photochemistry of transition metal complexes of various d n electronic con- 
figurations will be discussed. Six-coordinate complexes of the d 3 and low-spin d 6 
configuration and four-coordinate low-spin d s complexes have received most atten- 
tion as these are the configurations which are most thermally substitution inert 4) 
and undergo a large degree of labflization upon population of their lowest ligand 
field (LF) excited states, s) Highly covalent organometallic complexes, including 
metal carbonyls, provide numerous examples of photoreactions where the metal can 
be viewed as having d 4 , d s , d 6, d 7 , d a , and d 9 electronic configurations. In addi- 
tion to LF excited states several different types of charge-transfer (CT) excited states 
and intraligand (IL) excited states are accessible at optical energies for transition 
metal compounds. It will be demonstrated that reasonable sense can be drawn from 
a correlation of the available excited states and the observed chemistry, but the over- 
all organization of this paper rests in the reaction types: substitution, redox, intra- 
ligand, and metal-metal bond cleavage. 
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I. Photosubstitution Chemistry 

Ligand substitution remains the most well-studied of the photoreactions of coordina- 
tion compounds. Virtually every thermally inert (and some labile) type of complex 
has received some study. These include complexes of 4, 5, 6, 7, and 8 coordination 
having both unusual and regular geometries and among these we find examples of 
nearly every d n electronic configuration. Prior to outlining the questions of mecha- 
nistic significance some of the possible uses of ligand photosubstitution will be briefly 
mentioned. First, ligand substitution can be used to synthesize new metal complexes. 
To do this photochemically may yield new complexes inherently inaccessible by 
thermal substitution because of the stereochemistry, lack of any thermal activity, or 
because of  competing thermal reactions involving other portions of the complex. 
Specific examples of these will be discussed in the sections below. Photosubstitution 
chemistry has been shown to be an important aspect of photoinitiated transition 
metal catalysis. 6) Indeed, all three of the general steps of catalytic cycle, (1)-(3),  
can potentially be photoaccelerated and (1) and (3) are both types of photosubsti- 
tution. In these and other cases the mechanism for simple ligand substitution may 

zx or hv 
Substrate + Metal Complex > [Substrate - Metal] (I) 

[Substrate - Metal] A or hv.~ [Transformed Substrate - Metal] (2) 

A or hv 
[Transformed Substrate - Metal] ~ Transformed Substrate + Metal Complex 

(3) 
involve a truly coordinatively unsaturated intermediate capable of being intercepted 
by nucleophiles which leads to simple substitution or the intermediate may be sus- 
ceptible to oxidative addition by a substrate also present in the medium. In cases 
where coordinative unsaturation can be generated the nature and stereochemical 
position of the ligand dissociated becomes the point of concern and this infor- 
mation significantly adds to our understanding of the structure and chemistry of 
the incipient coordinatively unsaturated intermediate. Such intermediates are omni- 
present in homogenous catalysis. Since photosubstitution reactions may involve large 
changes in optical spectra such chemistry represents a large reservoir of potential 
photochromic systems. Large spectral changes can be expected to result from ligand 
substitutions which substantially change the average LF strength or from the loss 
or incorporation of a ligand involved in CT absorptions. The release of particular 
ligands may have other physical consequences which may have use in light sensitive 
devices. Such physical changes include variation in pH and in the number of charged 
species. Finally, in fundamental terms, photosubstitution reactions serve, to some 
extent, as a chemical test for our theories concerning the metal-ligand bonding and 
the nature of the excited states of the complex. 

Most intense activity mechanistically has focussed on the correlation of the ex- 
cited state achieved and the chemistry observed. More precisely, the question is what 
is the reactive excited state? Secondly, how does ligand substitution occur subse- 
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quent to electronic excitation? This second question has been asked much less often 
than the first, but each is of crucial importance in understanding the chemistry. 

Answering the question concerning the reactive state depends on knowing the 
excited states which are available and such information comes together from the 
theories of electronic structure and experimental measurements such as absorption 
spectra and electron spectroscopy. Even though this work is extensive and probably 
definitive, the question of which state(s) lead to reaction is very difficult to answer 
and even now only a few systems are well studied enough that no reasonable doubt 
remains as to the identification of  the reactive state(s). Some attempts to make pre- 
dictions concerning the course of photosubstitution reactives have been made. The 
various predictive theories will be put into experimental perspective below, but some 
historical development may be useful here. The first predictions involved Cr(III) 
complexes where empirical observations led to "Adamson's rules" which enabled 
prediction of the leaving group in a series of substituted Cr(III)-amine complexes. 7) 
Several years later, Zink a) elaborately rationalized the "rules" in terms of  mole- 
cular orbital (MO) and LF theory. In certain key cases Zink's model and the "rules" 
are at variance and it appears that the MO approach can place the correct predic- 
tions of the "rules" on a firm foundation and can lend useful and practical comments 
where the "rules" fail. At about the same time as Zink's work appeared, Wrighton, 
Gray, and Hammond s) published a paper outlining a model for the substitutional 
reactivity of LF excited states in d 3, low-spin d 6, and low-spin d s complexes. This 
model is, by comparison to Zink's, qualitative but still based on LF and MO argu- 
ments. Zink has subsequently extended 9) his model to certain lowspin d 6 systems 
and has fully detailed the Cr(III) story. Even more recently, R6sch, Messmer, and 
Johnson 1~ have pointed out that their calculations using the self-consistent field-X 
alpha (SCF-Xa) scattered wave method will account for certain features of the 
photosubstitution behavior of coordination compounds. 

Return now to the questions surrounding the actual sequence of events leading 
to substitution following population of the reactive state. As in thermal substitution 
mechanisms it is appropriate to determine whether a dissociative or an associative 
mechanism obtains. Certainly, this point is the one most often clarified, but other 
aspects also deserve some scrutiny. These include the possibility of acid-base equilibria 
in the excited state, isomerization of potentially ambidentate ligands, the extent to 
which the extruded ligand is electronically or vibrationaUy excited, the degree of 
molecular distortion upon population of the reactive state and the possibility of  
competing chemical processes which may be influenced by the environment or by 
structural modifications of  the molecule. 

A. Photosubstitution of Cr(lll) Complexes 

Complexes of Cr(IIl) have received more detailed study than those of  any other 
metal. Generally, these d 3 complexes are rather substitutionally inert at 25 ~ but 
do undergo very efficient photosubstitution upon population of the low lying LF 
excited states. It is interesting to point out now that specific results from Cr(III) 
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photochemistry are not likely to be very useful generally as few other d a mono- 
nuclear complexes are thermally stable enough to be of interest to photochemists 
except perhaps mechanistically. Nonetheless, Cr(III) complexes will serve nicely to 
introduce the important theories and some interesting experimental results and tech- 
niques applicable to other cases. We begin first with a discussion of the nature of the 
reactive state(s) and then a discussion of the mechanism of ligand substitution from 
this state. 

1. The Substitutional ly Reactive State of Cr(lll) Complexes 

The electronic structural theory for simple, six-coordinate Cr(llI) complexes is well 
foundedJ 1) For the O h case the ground state electronic configuration is t23g giving 
rise to the 4A2g ground state. The inertness of the ground state may be associated 
with this half-fdled t2g level. Excited states at low energy are of two fundamentally 
different types. The first type arises from spin-pairing as indicated in Scheme 1 and 
does not involve changes in 10Dq. These one-electron transitions correspond to weak, 
spin-forbidden absorptions found in all Cr(III) complexes near 13 kK since they are 

eg--I /w,~ 13 kK ~------ eg 
10 Dq 10 Dq 

t2g+~+ +~+t2g 
Scheme i 

essentially independent of LF strength. The 2Eg, 2Tlg, and 2 T2g states are the ex- 
cited states arising from the t2~ configuration. The second type of LF excited states 
are those derived from the t2~e] one-electron configuration. The one-electron tran- 
sition in this case, Scheme 2, does involve 10Dq and hence the energetic position of 

hv__s 

Scheme 2 

t2g 

the 4Tlg and 4 T2g (and the corresponding doublet states) states depends significantly 
on the ligands bound to Cr(III). 

Both the excited states arising from the t2~ configuration 12' 13) and quartets 7) 
from 2 1 t2ge ~ were invoked as possible reactive states. Definitive experimental evidence 
is now available which shows that the low lying doublet states are unreactive with 
respect to photosubstitution in Cr(CN)6.3-14) Reaction (4) occurs with 0.08 and 
0.09 quantum efficiency upon 305 nm and 370 nm photolysis, respectively)s) The 
approximate energetic positions of the low lying LF states of Cr(CN)~- are shown 
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Cr(CN)63_ hv ~ Cr(CN)s(OH2)2-  + CN-  (4) 
pH = 6.8 

25 ~ H20  

in Fig. 1.14) As expected for the strong LF strength ligand, C N - ,  the states arising 
f r o m  2 1 t2geg are  much higher energetically than the t23 excited states and chemical 
spectroscopic techniques developed by organic photochemists can be applied. A 

30 

~ 20 

10 

a ' -  . . . .  ] 4 Tl~ft2g)2(eg)l 

b . . . . .  
4 T2g(t2e)2 (eg)l 

c ~ 2T2g(t2g)3 

2 Tt g(t2g)3 
2~(t2g)3 

4A2sft2s)3 
Cr(CN) 3- 

Fig. 1. Ligand field energy level diagram for Cr(CN) 3-  from Ref. 14) 

series of  triplet sensitizers o f  variable donor energy were used to a t tempt  to sensitize 
reaction (1). Besides energetics, the spin states of  the transfer partners are important.  
The spin-conservation rule 16) for electronic energy transfer states that the total spin 
angular momentum,  Stot, must be conserved in the transfer. Denoting the total spin 
angular momentum of the donor molecule (sensitizer) as SD and that o f  the acceptor 
molecule [Cr(CN)~- ] as SA, Stot has components  S o + S A ,  SO +SA --1 ,So + S A - 2 ,  
S o  + SA- -3  . . . . .  S o - S A .  For an interaction to be spin-allowed it is required that 
the Stot (before) and Stot(after) have least one component  in common.  Applying this 
to the case at hand we know that all o f  the donors are triplets so SD(before) = 1 and 
are deactivated to singlets upon electronic energy transfer so SD(after) = 0. The ac- 
ceptor,  Cr(CN) 3- , is a quartet so SA(before) = 3[2 and can be excited to a doublet  
or a quartet,  SA(after) = 1/2 or 3/2, respectively. These interactions are written out 
separately in Eqs. (5) and (6) for doublet  and quartet  production,  respectively. Each 
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3 (Donor)  + 4 [C~(Cr)6a- ] > 1 (Donor)  + 2 [Cr(CN)~ - ] 

S D = I  S A = 3 / 2  S D = 0  S A = l / 2  

(5) 

Stot - 5/2 (before) Sto t = 1/2 (after) 
Components;5/2,3/2, 1/2 Components; 1/2 

(3 Donor)  + '* [Cr(CN)6 3- ] ~ ~ (Donor) + 4 [Cr(CN)6 3 -  ] 

So = 1 SA=3/2 SD=O SA=3/2 

(6) 

Stot = 5/2 (before) 
Components; 5/2, 3/2, 1/2 

Stot = 3/2 (after) 
Components; 3/2 

has one compenent in common; thus, both doublet excited state or quartet excited 
state production is spin-allowed using the triplet donors. It was found that sensitizers 

4 2 1 capable of exothermic transfer to T2g(t2se~) do sensitize reaction (4). However, 
Ru(2,2'-bipyridine)~ § which has too low a triplet energy to populate 4T~(t2ge~),2 t 

2 3 ._~ 4 3 of Cr(CN)~-, but no sensitization sensitizes the Eg(t2g ) A2g(t2g ) luminescence 
of the aquation was found. Thus, if one accepts that the high energy sensitizers actu- 
ally produce the 4T~g(t2~e~) excited state (there is no direct evidence for this) then 

2 1 the reactive states are concluded to be those arising from the t2geg for Cr(CN)6 a - .  
The experiments do show that the spin-pairing doublet states at low energy are not 
reactive for this case. 14) 

Another line of experimental evidence points to substitutional reactivity only 
for the t2~e~ excited states of Cr(CN)~-. The 2E~(t2~) -~ 4.42~(t2~) emission of 
Cr(CN)6 a -  can be totally quenched while the substitution reaction is unaffect-. 
edtT). This experiment points to differing origins for the luminescence and the 
substitution, consistent with 4T2g(t2~e ~) reactivity inferred from the Ru(2,2'-bipyr- 
idine)~ + sensitization study outlined above. 

These techniques of sensitization and quenching are not likely to be applicable to 
many other Cr(III) complexes. At least, the results will not be as definitive. The rea- 
soning here rests with the electronic nature of the Cr(III) complexes where the LF 
strength is substantially smaller than that provided by the six CN- 's. In many cases 
the 4T 2 (t22 e 1) and the doublet states from the t23 configuration are close enough g g g 

4 2 1 energetically to allow thermal population of the T2g(t2ge~) state from, say, the 
2Eg(t23) state. Such a complication clouds the interpretation of sensitization and 
quenching studies. At the present time, though, there is no direct evidence that 
doublet states yield substitution and it is tempting to regard the results for Cr(CN)6 a-  
as general. 

Adamson's rules do not apply to O h systems, but both Zink's model 8) and that 
proposed by Wrighton, Gray, and Hammond s) do. In both of these MO-LF models 
their proponents attempt to determine the bonding consequences upon one-electron 
transitions resulting from the absorption of light. Wrighton, Gray, and Ham- 
mond pointed out s) that quartet (t23) ~ doublet (t2g 3) transitions result in little or 

3 no change in bonding, and thus the doublet states of t2g should not be substantially 
more reactive (or stable) than the ground state. The t2g orbitals are of 7r symmetry 
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and Zink does assign 9) some changes in n bonding upon spin pairing for some one- 
electron changes in tetragonal complexes but makes no definitive remarks for the 
O h case. It can be inferred, however, from his discussion that some reactivity could 
be expected from the doublet states. Both of the models rightly predict enhanced 

2 1 substitutional reactivity for o-donor or n-acceptor ligands with the t2# a ~ t2ge~ type 
excitation. The eg orbitals are strongly a-antibonding and thus population of them 
will yield weakened metal-ligand bonding in a 0 sense. At the same time depopula- 
tion of t2g by one electron either does not affect the bonding (o-donor ligands) or 
weakens n-bonding (n-acceptor ligands). For n-donor ligands, the t2g level is weakly 
lr-antibonding. Thus, for n-donor ligands the changes in bonding are compensating 
effects: weakened o-bonding and strengthened n-bonding. Results for low-spin d 6 
complexes (vide infra) support the notion that the chemical consequence of  weak- 
ening in the o-framework is greater than the strengthening in the n-framework, but 
this is not to say that the changes in n-bonding are inconsequential as will be shown 
below for non-O n complexes. At least, the theories do provide a reasonable rationale 
for the substitution reactivity of the 4T2g(t22e~) state. 

Complexes of Cr(III) of Cav and D4h symmetry have received a great deal of 
attention recently and some fairly important results have emerged. Data like that 
shown in Table I led Adamson to propose his empirical rules: 7) (1) labilization oc- 

Table 1. Early photoaquation data for non-O h Cr(III) complexes 1) 

Complex Ligand Aquated ~ 2) 

Cr(NH3) 5 OH 3+ NH3 ~0.15-0.20 
Cr(NH3)s(NCS) 2+ NCS- ~0.13-0.18 
Cr(NH3)sC12+ NH3 ~0.35-0.39 
t - Cr(NH3)2(NCS)4 NCS- ~0.29-0.32 
Cr(OH2)sNCS 2+ NCS- 2.1-6.0 x 10 -s  

1) Ref.7). 
2) Yields are for irradiation into lowest LF quartet -->quartet absorptions. 

curs along the axis of the octahedron having the smallest average ligand field and (2) 
if the labilized axis contains two different ligands, the one of greater ligand field 
strength is preferentially aquated. 

It was not until 1971 when Pyke and Linck published 18) their study of 
trans-Cr(en)z F~ that any serious experimental exception to the rules could be made. 
The photochemistry of the ~D4n trans'Cr(en)2 F~ is indicated in reaction (7). The 
F-Cr-F axis is clearly the axis of  lowest LF strength and yet F -  substitution does 

trans_Cr(en)2F + q~=0.46 
520 nm 

H + 
H.. F ",  -NH21 
IZfi . . l 

H / ~'H ~ _J 

(7) 
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not exclusively obtain. Pyke and Linck reasoned that the lowest excited state features 
population of d x 2_ y 2 ccording to the one-electron level scheme expected in D4~, 
Scheme 3. The d 2 2 orbital has e-antibonding character for the ligands on the x- and 

X --y 
y.axes and should give the result indicated in reaction (7) based on the "o-bonding 

- -  d z 2  

- -  dx2_y2 

Scheme 3 

approach". Actually, however, the lowest excited state cannot be viewed as a one- 
electron population of dx2_y2 and indeed LF calculations show that the lowest ex- 
cited state is no less than 66% dz2 in character s). Thus, the o-bonding approach does 
not account for the result indicated in reaction (7). Wrighton, Gray, and Hammond s) 
first successfully rationalized the cleavage of the Cr-N bond by pointing out that in 
a one-electron sense the excited state is not substantially different than in Oh, i.e. 
though the symmetry is only D4h the splitting of dx2_y2 and dz2 is fairly small as 
reflected in the LF calculations showing approximately 66/34 dz2 [dx2_y2 character 
in the lowest excited state. Thus, both the Cr-F and the Cr-N bond would be labilized 
in a e-sense. However, depopulation of  the dxz, dyz, dxr set increases the 1r-bonding 
for the Cr-F bond, since F is a n-donor. No such compensating effect obtains 
for the Cr-N bond upon depopulation of the ~r-d orbitals, since the amine is only a 
o-donor. These effects are summarized in Scheme 4 and it was concluded that the 
Cr-N bond will be labilized more so than the Cr-F bond compared to theground 
state. From this example we learn that changes in n-bonding can play a key role in 

[trans.Cr(en)2F2l + 520 nm .ltrans.Cr(en)2F21 + 

(~r-d) 3 ~ (,~-d)2(o*) 1 

rr-strengthened 
Cr-N ~ a-weakened 

Scheme 4 

the stereochemistry of photosubstitution. Wrighton, Gray, and Hammond empha- 
sized the fact that their predictions reflect the relative substitution rate constants of 
the excited state in question compared to the ground state with the assuml~tion that 
the mechanism for substitution in each state is principally dissociative in nature, s) 
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By way of contrast, Zink's model s, 9) is not based on the assumption of a dissocia- 
tive type mechanism. 

We can explain the empirical rules proposed by Adamson 7) using the language 
and models outlined above. One example will be illustrated. Consider Cr(NH3)s C12+ 
which undergoes the reactions (8) and (9) with the indicated quantum yields. 19) The 
selective loss of NHa to yield principally the cis-Cr(NHa)4(OH2)CI 2+ product is 
consistent with none of the models unless the NH3 which is lost comes from a posi- 
tion trans to the CI- in Cr(NHa)sC12§ The photolysis of  cis- and trans- 

Cr(NH3)sCI2+ hv, LF region ~ cis.Cr(NH3)4(OH2)CI2 + + NH3 (8) 
e~ = 0.35-0.4 

by, LF region . . . . . . . . . . . .  3+ 
Cr(NH3)sCI2+ ,I~ = o.007-0.0~t'rl'r~rl3)s[Uta2) + C1- (9) 

Cr(NHa) 415NH3C12+ in the LF region reveals that greater than 75% of  the NH3 
lost does come from the position trans to the CI- .20) Adamson's rules 7) are thus 
obeyed, but the facts are best interpreted using MO and LF arguments. For 
Cr(NH3)sCI 2+ the population of the dz 2 orbital is the essential result of  absorption 
of light corresponding to the lowest LF excited state. Thus, the HaN-Cr-C1 axis is 
labilized in a o-sense, but only the Cr-C1 bond is strengthened in a n-sense by depop- 
ulation of the n-d orbitals. The Cr-NH3 bond, then, is most labilized consistent with 
the experiments mentioned above. Again the role of  n-bonding is key to the stereo- 
chemical course of  the photosubstitution. 

Thus far, consideration has only been given the reactivity of  the lowest LF state 
arising from a 7r-d ~ o* type excitation. In a complex such as Cr(NHa)sCI 2+ the 
direct population of a higher LF state may result in the population of the O*y(dx 2_y2) 
orbital rather than the az*(dz2) orbital. In such a case loss of  an equatorial NHa would 
be expected if such a process can compete with internal conversion to the lowest LF 
state which would populate the oz (dz2). However in a series of Cr(NHa) 5 X n+ com- 
plexes the reaction and quantum yields are independent of which one-electron exci- 
tation is achieved. 2~) This result implicates fast internal conversion and provides 
little information concerning the reactivity of the upper LF states. 

One other type of reactive excited state merits discussion here. Photolysis in the 
region of ligand -~ Cr CT absorption often leads to a substantial quantum yield for 
net substitution of the ligand involved in the CT. Some substantiating data are found 
in Table 2 for two compounds. 2 l) Current thought focusses on consideration of the 
CT state as a sort of LF excited state of Cr(II) which is very thermally labile. 2~ For 
a species such as Cr(NH3) s C12+ which yields fairly high quantum yields for net C1- 
substitution there is also evidence that the NH a groups are labilized in the CI ~ Cr 
CT excited state. Such a result is not particularly surprising, but since the LF states 
also yield high quantum yields for NH 3 substitution, the extent of NH 3 substitutional 
reactivity of  the CT state is not clear. In this regard one crucial measurement which 
is lacking is the CT ~ LF internal conversion efficiency. The data do, however, 
justify the statement that the CT state is reactive with respect to net substitution 
without final reduction of Cr(III) to Cr(II). 
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Table 2. Net photoaquation in L ---r Cr(III)CT absorption I ) 

Complex Irrdn Type of t~ 
h, nm reaction 

Cr(NH3)sCi 2+ 250 NHaaquat. 0.35 
C1- aquation 0.23 

Cr(NH3)sBr 2+ 250 NH 3 aquat. 0.20 
Br- aquat. 0.26 

1) ReL21). 

2. The Mechanism of Photosubstitution in Cr(l l l )  Complexes 

Discussion of  the mechanism o f  photosubsti tution in Cr(III) complexes has largely 
concerned the possibility of  a seven-coordinate intermediate. Such an associative 
type mechanism is not proven by any means, but there is some circumstantial data 
to support  it and some data that tends to rule out a purely dissociative mechanism 
involving the photoinduced formation of  a discrete five-coordinate intermediate 
capable of  being competitively scavenged by nucleophiles in the medium. 

The first piece of  pertinent information is that  for several Cr(NHa)sX 2+ com- 
plexes the stereochemistry of  the product is cis-Cr(NHa)4XY 2+ where Y is the 
entering group. Some of  the complexes investigated and their photosubsti tution 
products are given in Table 3 )  9, 22-28) I f  we take these results at face value it is 
clear that Y does not occupy the binding site occupied by  the leaving NH3 group. 

Table 3. Stereochemistry of photoaquation in Cr(IlI) complexes 

Complex Product q~ Ref. 

Cr(NH 3)s C12 + 
Cr(NH3)sBr 2+ 
Cr(NH3)s (CF3COO) 2 + 
Cr(NH3) 5 (NCS) 2+ 
trans-Cr(en)2C1 ~ 
trans-Cr(NH3)4Cl~ 
trans-Cr(cyclam)Cl~ 
trans-Cr(2, 3, 2 tet)Cl~ 

cis-Cr(NH3)4 (OH2) C12 + 0.36 19) 
cis-Cr(NHa)4(OH2 )Br 2+ 0.35 22) 
cis-Cr(NH3)4(OH2)(CF3CO0) 2+ 0.36 23) 
cis-Cr(NH3)4(OH2)(NCS) 2+ 0.42 24, 25) 
cis-Cr(ert)2(OH2)Cl2+(> 70%) 0.31 26) 
cis-Cr(NH3)4(OH2)C12+ 0.37 27) 
trans-Cr(cyclam)(OH2)Cl 2+ ~ 4 x 10 -4  28) 
cis-Cr(2, 3, 2 t~t)(OH2)C12+ 0,06 28) 

Rather, the data are consistent with the statement that Y occupies a position cis 
to the ligand which was trans to the leaving group in the original complex. This 
result seemingly cannot be accomodated by the generation of  a 5-coordinate inter- 
mediate as it would yield trans-Cr(NH3)XY 2+ if the intermediate is a rigid C4v 
square-pyramid or a mixture of  cis- and trans-Cr(NH3)4XY 2+ if the intermediate is 
a D3h trigonal-bipyramid. Likewise, the photoinertness of  trans-Cr(cyclam)Cl~ 
compared to trans-Cr(en)z CI~ tends to rule out a photodissociation of  CI-  as the 
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mechanism for El- substitution. The stereochemically constraining cyclam ligand 
presumably prevents the Cr(IIl) complex from adopting a conformation capable of  
developing binding interactions with the entering group. One other experimental 
result lends credence to a mechanism which is not truly dissociative. The substitu- 
tion quantum y~eld for several Cr(III) complexes has been shown to depend on the 
medium. 29) While medium effects on Cr(III) excited states may simply change their 
lifetime, one could interpret the medium effects as those expected when an associa- 
tive mechanism for substitution obtains. A definitive investigation of entering group 
effects has not been reported as virtually every report of Cr(IIl) photosubstitution 
is really a photoaquation reaction. 

One mechanistic point to be emphasized is that in numerous cases there is a 
real difference between the stereochemical course of the photosubstitution and the 
thermal substitution. In the cases where this fact does pertain we thus have evidence 
against conversion of electronically excited states to the intermediate or transition 
state involved in the ground state reaction. This aspect of the mechanism leads to 
the notion that the energy difference between the excited state and the ground state 
primary product (or intermediate) becomes smaller as the excited state distorts to- 
ward the structure of  the ground state product. This sort of  Hammond postulate for 
excited to ground state conversions has value in that as the excited state structurally 
and energetically approaches the ground state product, then nonradiative decay 
to that product will be fast since the electronic relaxation becomes vertical and in- 
volves a small energy gap. By applying such a postulate to Cr(III) complexes one 
rationalizes that a different, perhaps more reactive and energetic intermediate, can 
be photogenerated than that involved in thermally activated substitution. This line 
of  reasoning suggests that the nature of  the excited state distortion and the energetic 
proximity to a ground state intermediate or product will be key considerations i n  
prediction of  the course of  the reaction. 

B. Photosubstitution in Low-Spin d e Complexes 

In contrast to the work on the d a Cr(III) system investigation of d 6 complexes will 
be generally uset'ul as there are many metal complexes of this electronic configura- 
tion. To illustrate, some complexes of  the metals or ions included in Table 4 having 

Table 4. Central metal of low-spin d 6 complexes which undergo photosubstitution 

Group VB Group VIB Group VIIB Group VIII 

V(-I) Cr(0) Mn(1) Fe(II) Co(Ill) 
Nb(-l) Mo(0) Ru(I1) Rh(llI) 
Ta(-l) W(0) Re(I) Os(lI) It(Ill) Pt(IV) 

low-spin d 6 configurations have been the object of somephotosubstitution study. In 
this section we begin first by a consideration of LF states for low-spin d 6 followed by a 
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discussion of  the Group VIII d 6 complexes and finally Group VB, VIB, and VIIB will 
be discussed together. The reason for grouping Group VIII systems as a unit is that these 
complexes involve higher oxidation states, II, III, and IV, and the systems most well- 
studied are aqueous systems. Group VB, VIB, and VIIB d 6 complexes with low 
valent metals, - I ,  0, and I are largely organometallic systems. The organometallic 
systems have been generally studied in nonaqueous media. 

1. LF States o f  Low-Sp in  d 6 Complexes  

Like the d a Cr(III) systems much spectroscopic work has been carried out on six- 
coordinate low.spin d 6 complexes, and it can now be said that the essential features 
of  the LF spectra are understood, a' 30-42) However, unlike the Cr(III) systems, the 
low-spin d 6 systems are not  well understood with respect to their luminescense 
phenomena. This is due, in part at least, to the diversity of  luminescent complexes 

Table 5. Spin allowed ligand field electronic absorption bands for O h low-spin d 6 
complexes 

Complex 1-4 lg --" 1Tlg(e), kK 1-4 lg ~ 1T2g(e ) kK Ref. 

Co(OH2)~ + 16.5 24.7 30) 
Co(NH3)63+ 21.2(56) 29.5 (46) 31) 
Co(en) 3+ 21.5 (88) 29.6 (78) 31) 
Co(CN)~- 32.4 (200) 39.0 (140) 31) 

Rh(OH2) 3+ 25.5 (47) 32.8 (55) 32) 

Rh(NH3) 3+ 32.8 (I 34) 39.2 (I01) 33) 

Rh(en) 3+ 33.2 (210) 39.6 (190) 31) 

Rh(CN)~- 44.4 (555) sh - 34) 

Ir(NHa)6 a+ 39.8 (92) 46.8 (160) as) 
Ir(CN) 3-  > 52.0 - 34) 

PtCL 2-  28.3 (490) - 36) 
PtF 2-  31.5 36.4 37) 

Fe(CN) 4 -  31.0 (~ 300) 37.0 sh 38) 

Ru(OH2) 2+ 18.9 (21) 25.6 (31) 39) 
Ru(en) 2 + 27.0(40) 33.2(91 ) 40) 

Mn(CO)~ ~38.0 (~lS00) -- 41) 

Re(CO)~ ~39.0 (N2000) 47.1 (4600) 4t) 
Cr(CO)6 ~30.0 (~2000) 38.85 (3500) 41) 
Mo(CO) 6 -31.0 (~2200) 37.20 (7900) 4t) 
W(CO) 6 ~31.0 (~2400) 37.10 (7400) 41) 
V(CO)g -24.0 (~1000) ~31.1 (3300) 41) 
Nb(CO)~ ~24.0 (NI000) -- 42) 
Ta(CO)~ -24.0 (N1000) -- 42) 
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and lowest excited states involved. Along with their thermal stability, it is just this 
diversity, though, that will make the low-spin d 6 systems the most well studied, un- 
derstood, interesting, and perhaps, useful inorganic photochemical systems. 

The ground state 1Alg of  low-spin d 6 , O h systems has the t26 electronic config- 
uration and the fully filled t2g level endows these complexes with special thermal 
stability. The lowest LF excited states achieved by a one-electron transition are all 
of  the s t t2g ek electronic configuration and give rise to the 3 Tl~r ' 3 T2g ' l Ttg, and 
1 T2g states. Generally, these states are the only ones considered; little importance 
has been given the s T2g(t24e2) state which crosses below the 3 T1 g as the LF 
strength is diminished The two-electron transition, 1.41 (t26) ~ S-T2g(tR~e2 ) is not 

" g g - 5 - -  4 2  likely to have a high absorption probability, but the population o f  the T2~(t2ge~) 
may occur by the intersystem crossing sequence indicated in Scheme 5 where the 
distortion indicated retains O h symmetry.  Generally, even the spin-forbidden 
IAlg(t2~) -~ 3Tlg, 3T2g(t2~e~) transitions are not observed except for the heavy 
metal third row systems. The absorption bands most widely reported are the 
spin-allowed 1A lu(t2~) --" 1T1~, l T2~(t2Se~) bands. These band positions are collect- 
ed in Table 5 for-a number of-Oh, lo-w-spind 6 systems. 3~ The energetic sepa- 
ration of  the ~ s ~ Tlg(t2ge~) and T2g(t2Sge~) states is seen to be fairly independent o f  
the particular central metal as predicted from the Tanabe-Sugano diagram for the 
d 6 electronic configuration. As usual, though, the value o f  10Dq depends on both 
ligand and metal. One final note about the data in Table 5 concerns the band inten- 
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sities. The more covalent metal carbonyls generally have the highest molar absorp- 
tivities and these are seen to be as much as several thousand 1 mo l - l  cm-1 .  Speaking 
within the framework of  the models s' 8, 9) for excited state substitutional reactivity, 

5 1 the t2geg configuration should yield excited states having weaker o-bonding than 
the t26 ground state due to population of the (ego*) orbital, and either a weakened, 
unaffected, or strengthened n-bonding compared to the ground state depending on 
whether the six-equivalent ligands are n-acceptor, o-donor, or n-donor, respectively. 

The non-Oh low-spin d 6 complexes are very important with respect to discus- 
sion of photosubstitution, and electronically they are reasonably well understood. In 
fact, it was with C4v, low-spin d 6 complexes that the spectrochemical series of li- 
gands was first formulated. 43) Thus far the complexes of C4v, D4h, and C2v sym- 
metry that have been of  most interest are those where the X in MLsX, trans-ML4X2, 
or cis-ML4X2 is of  lower LF strength than L. For the series O~ ~ C4v -~D4h the lowest LF 
singlet states change as indicated in Scheme 6. 44) The one-electron configurations 
are given for each state and these can be used to assess the changes in bonding from 
state to state. Despite its C2v symmetry, the cis-ML4X2 case can be treated in LF 
terms in a way that leads to clear cut predictions concerning changes in bonding due 
to the one-electron transitions. We treat the cis-ML4X2 case as trans-ML2Y4 where 
the LF strength of L is greater than Y and the LF strength of Y is equal to the aver- 
age LF strength of L and X. 4s) Thus, in cis-ML4X2 there are two equivalent L-M-X 
axes and the problem becomes one of D4h symmetry. The one-electron ordering in 
ML s X and cis-ML4X 2 are given in Scheme 7. In the same way that this cis.ML4X 2 
can be treated as a pseudo D4h problem we can treatfac-ML3X 3 as a pseudo O h 
system as shown in Scheme 8. As all axes in fac-ML 3 X 3 complexes are equivalent 
as they are in actual O h complexes, these complexes may provide the best tests of 
theories predicting relative labilities of  the ligands L and X. In any case the photo- 
substitution behavior of complexes below Oh symmetry provide stereochemical in- 
formation which may be correlated with the one-electron diagrams given above. 
Some organmetallic complexes represent unique electronic situations and will be 
briefly discussed when dealing with their photosubstitution behavior (vida infra). 

2. Photosubstitution in d 6 Group V l l l  Complexes 

Of the Group VIII systems which have been studied Co(Ill) complexes are the best 
understood photochemically and electronically. Generally, Co(III) - cyanide and 
Co(Ill) - ammine complexes have been most well-studied and the former are the most 
photosensitive ;46) but the latter have recently been examined. 47) With respect to pho- 
tosubstitution though the quantum yields for reaction are very small (< 10 -2 )  upon 
population of the LF excited states. The Oh Co(CN) 3- complex undergoes reaction 
(10) with a quantum yield of ~0.3 at either 254 or 313 nm, i.e., direct population 
of either the 1 Tlg or the 1 T2g state yields substitution with the same quantum ef- 

Co(CN)63-hv > Co(CN)s(OH2)2- + C N -  (10) 

ficiency. 4a) Biacetyl triplet sensitized aquation of Co(CN)63- implicates 3 Tlg(t2ge~)S l 
as a precursor to the aquation indicated in reaction (10). 49) Such considera- 
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tion does seem appropriate, but if we examine the Tanabe-Sugano diagram for Ot~ d 6 
systems, and using the band positions given in Table 5, we find that B ~ 450 cm -1 
and if the 0 - 0  emission band s~ for Co(CN)~- falls at ~17,000 cm - l  this yields an 
E/B value of ~37. At this value of E/B in the Scheme 5 we are still well within the 
region where the aTlg is the lowest excited state. However, the lowest portion of 
the emission band is ~10,000 cm -1 and at this value for E one is close to the 3Tlg 
-~ S T2g crossover and it appears reasonable, on energetic grounds, to invoke such a 
crossover at least in aqueous solution at room temperature. The s 4 2 T2g( t 2g e e) features 
two electrons in the o* e s orbitals and should, therefore, be very substitution labile. 

s T2g state should clearly be the lowest excited state in the system. The absence of 
emission and the lack of photosensitivity seem to point to a different situation in 
comparison to Co(CN)63- . The lack of  efficient LF photosubstitution generally found 
in Co(III) - arnmines also contrasts to the situation with the Rh(III) - ammines 
(vide infra). Like Co(Ill) - cyanides, the Rh(III)-ammines represent a situation 
where the LF strength is large and the triplet, not the quintet, is likely the lowest 
spectroscopic state. 

In all of  the low-spin d 6 systems the one-electron LF transitions must populate 
either the dze or the dx2_y2 orbital and there is compelling data for the non-On 
systems to associate some stereochemical significance to the one-electron configura- 
tion of the lowest excited states. First, consider the C4v Co(CN)s X 3- systems which 
are included in Table 6. 48, 49, 51-54) In many cases X < < CN- in LF strength, and 

Scheme 6 is applicable, ss) The photosubstitution generally involves X, i.e., the 
ligand on the z-axis which is labilized by population of the d22(al )0" orbital. Thus, 
the chemistry and one-electron orbital configurations seem consistent. Wavelength 
dependent photosubstitution reactions have been reported so) for Co(CN)s(OH) 3- 
and Co(CN) s (OH2) 2-  where it was found that increasing yields for CN- substitution 
obtain upon increasing the energy of the excitation light. This increase in CN- sub- 
stitution was ascribed to population of the dx2_y2(b 1 )o*y orbital at the higher 
energy wavelengths. The larger yields for CN- substitution in the hydroxo as compared 
to the aquo complex are rationalized by the fact that OH- can more fully exploit 
n-bonding upon depopulation of the n-d orbitals and, hence, there is a compensa- 
tion of the lability of  the Co-O bond induced by population of  dz 2. For OH2, 
though, which is principally a o-donor there is no such compensating effect and 
labilization of the Co-OH2 bond is greater than of the Co-OH bond. The slower 
rates for O H -  substitution in the excited LaE(eab2a] ) states inferred from these 
arguments allow CN- substitution rates to be more competitive. The models s' a, 9) 
predict axial-CN- release and at low temperature trans-Co(CN)4(OH)]- is the 
principal product, sO 

Not only the Co(CN)sX 3- , but also trans-Co(CN)4 (S03) (Y)  n -  (Y = OH2, 
O H - ,  SO 2- )  complexes, seem to give photoreactivity patterns consistent with the 
fact that the dz2 orbital is populated in the lowest LF state. 54) The ph0toreaction 
of trans-Co(CN)g(SOa)(OH2)3- is particularly noteworthy in that SO~- undergoes 
efficient photosubstitution, while it is inert to substitution thermally, sT) In fact, 
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Table 6. Photoaquation of cyanocobaltate(IIl) complexes 

Complex lrrdn h, nm Product q~ Ref. 

Co(CN)63- 254 Co(CN)sOH 2- 0.31 48) 

313 Co(CN)5OH ~- 0.31 48) 

365 Co(CN) 5OHm- 0.31 48) 

Co(CN)sC13- 370 Co(CN)5 OH 2- ~0.06 s 1,48) 

Co(CN)5 Br 3- 370 Co(CN)5OH 2-  -0.17 Sl, 48) 

Co(CN)5I 3- 380 Co(CN)5OH 2-  0.17 52) 
500 Co(CN) s OH 2-  0.17 S 2) 
550 Co(CN)5 OH22- ~0.16 S 1,48) 

Co(CN)sOH 2-  313 Co(CN)4(OH2) 2 0.003 53) 
366 Co(CN)4(OH2) 2 0.001 53) 

Co(CN)sOH 3- 313 Co(CN)4(OH) 3 -  0.06 53) 

366 Co(CN)4(OH) 3-  0.047 s3) 
405 Co(CN)4(OH) 3- 0.024 53) 
436 Co(CN)4(OH) 3-  0.022 53) 

Co(CN)5 (SCN) 3- 436 Co(CN)5 (OH2) 2-  0.18 49) 

Co(CN)sN 3- 436 Co(CN)5(OH2) 2-  0.22 49) 

t-Co(CN)4(SO3)~- 313 t-Co(CN)4(SO3)(OH) 4 -  0.36 54) 
366 t-Co(CN)4(SO3)(OH) 4-  0.57 54) 

436 t-Co(CN)4(SO3)(OH) 4 -  0.57 54) 

t-Co(CN)4(SO3)(OH2) 3- 254 Co(CN)4(OH2) 2 0.15 54) 
313 Co(CN)4(OH2)2 0.11 s4) 
366 Co(CN)4(OH2)2- 0.14 54) 

t-Co(CN)4(SOa)(OH) 4-  254 Co(CN)4(OH) 3 -  0.13 54) 

313 C'o~CN)4(Oa)23- 0.09 s4) 
366 Co(CN)4(OH)23- 0.19 54) 

SO 2-  generally has a large trans effect associated with it and this complex is no 
exception in that the OH 2 group is very thermally labile. The lability in the lowest 
excited state of SOn 2-  is ascribed to its role as a ~r-aeceptor being labilized both by 
depopulation of the dxz, dyz(e ) (n-d) orbitals and by population of the dz2 (a l)o*z 
orbital. The loss of  SO~- from trans-Co(CN)4(SO a)(OH 2)a-  and CN- from 
Co(CN)s(OH2) 2-  seem to represent the only two known examples of Co(III)-cya- 
nide photochemistry where a difference obtains in relative ground state rates and 
relative excited state rates for ligand substitution. 

Turning now to other non-Oh complexes where a correlation may exist between 
one-electron excited state configurations and the stereochemistry of  photosubsti- 
tution we can consider the Rh(III) and Ir(III) homologues of Co(III)-ammines and 
Co(liD-cyanides. Literature data for Rh(CN)s (X) 3- and Ir(CN)s (X) a-  is meager 
but do show, at least, that for X < < CN- in LF strength that X undergoes substitu- 
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tion upon excitation into the 1E(e3b~a~) state. The substantiating data are given in 
Table 7.34) The absorption maximum for the lowest 1,4 t ~ IE varies as expected 
from the spectrochemical series for X, and both the absorption data and photochem- 
istry parallel that for the Co(Ill) analogues. 

Table 7. Photoaquation of Rh(lll) and Ir(lll) cyanide complexes 1) 

Complex IA 1 -" 1E(kK) 2) Product3) 

Rh(CN)5 (XCCH3) 2 -  40.8 Rh(CN)s (OH2) 2 -  
Rh(CN)5 C13- 36.1 Rh(CN)s (OH2)2- 
Rh(CN)5 Br3- 34.8 Rh(CN)s (OH2)2- 
Rh(CN)sl 3 -  31.9 Rh(CN) 5(OH2) 2 -  
Ir(CN)s(NCCH3) 2 -  46.5 Ir(CN)5(OH2) 2 -  
Ir(CN )S (213 - 40.8 It (CN) 5 (OH2)2 - 
Ir(CN)5 Br 3-  38.9 It(CN) s (OH2)2 - 
Ir(CN)5I 3 -  36.4 Ir(CN)s (0H2)2-  

1) Ref.a4). 
2) pH = 6 aqueous solutions at 300 K. 
3) Photolysis at 254 nm in pH = 6 aqueous solution at 300 K. 

The Rh(III)- and Ir(III)-ammines undergo efficient photosubstitution in marked 
contrast to the Co(Ill) analogues as mentioned above. However, the efficient photosub- 
stitution found for the second and third row metal systems does appear to obey the es. 
sential rationalizations outlined in the models for LF substitutional reactivity. Two sets 
of complexes seem to behave quite nicely in this regard: C4v, Rh(NH3)s X 2+ s8) and 
D4h trans-M(en)2X~ (M = Ir, Rh; X = C1, Br, I). 59, 60) In both sets of complexes the 
lowest excited state is likely one which features population of the dz2(o*) orbital. 
Consistent with this fact, the photosubstitution chemistry can be viewed as resulting 
from loss of a ligand on the z-axis. For the Rh(III)-amines a dissociative mechanism 
is suggested for (21- photoaquation by the quantum yield data in Table 8.6~ The 

Table 8. Photoaquation quantum yields for several Rh(lll)-amines I ) 

Compound Irrdn 7,, nm ~b CI- Product 

Rh(NH3)5C12+ 358 0.13 • 0.01 

t-Rh(NH3)4CI~ 407 0.14 + 0.01 
358 0.17 

t-Rh(en)2Cl~ 407 0.057 • 0.002 

t-Rh(cyclam)Cl~ 407 0.011 • 0.001 

Rh(NH3)sOH23+ 

t-Rh(NH3)4(OH2)CI 2+ 

t-Rh(en) 2 (OH 2)CI 2 + 

t-Rh(eyclam)(OH2) Cl 2 + 

1) Ref.6o). 
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retention of stereochemistry upon C1- substitution and the small effect on reaction 
efficiency by the increased chelation supports a dissociative mechanism, and these 
data support the proposition that the photosubstitution mechanism is different 
compared to Cr(III) systems. Additional quantitative data for Rh(NHa)sX 2+ com- 
plexes are given in Table 9. saa) These data show that as X is varied from C1 to Br to 

Table 9. Photoaquation quantum yields for Rh(NH3)sX 2+ complexes at 25 ~ 1) 

X Irrdn h, nm q~ X -  q~NH 3 

CI 350 0.16 -+ 0.01 < 10 - 3  
Br 360 0.019 +- 0.001 0.18 -+ 0.02 
I 385 0.0l 0.82 -+ 0.08 

1) Ref.58a). 

the ligand undergoing substitution, X vs NH 3 [presumably axial since product is 
trans-Rh(NH3)4(OH 2)X 2+ ], changes from almost exclusively X for X = C1 to nearly 
all NH3 at X = I. The axis of  labilization is still the z-axis, but the decreasing X vs. 
NH3 labilization can be rationalized as due to increasing ~r-donor interaction going 
down the halide group. Interestingly, biacetyl triplet sensitization seems to give 
nearly the same reaction quantum yields saa) for the Rh(NHa)sX 2+ complexes which 
suggest reaction occurs via the lowest 3E LF state. 

Some photoaquation studies of  bis(2,2'-bipyridine), bis(1,1 0-phenanthroline) 
and tetrakis(pyridine) complexes of  Rh(III) and Ir(III) complexes have also been 
carried out, and quantum yield data are given in Table 10. 61) Except for the pyr- 
idine complexes, halide substitution is the only detectable photoreaction. The reac- 
tions likely occur from low lying LF states, but some information concerning ex- 
cited state reactivity can be realized here. First, in the cis-M(N4)X~ CN = nitrogen 
donor) the X-M-N axes are labilized by the lowest one-electron transitions, Scheme 
7. The X-M-N axis is also the axis of labilization in Rh(NH 3)5 X. The data in Table 
10 for the cis-M(N4)X~2 complexes show, somewhat convincingly, that I -  undergoes 
more efficient photosubstitution than either Br-  or CI- ,  which is the opposite trend 
to that in Rh(NHa)sX 2+ complexes. Another distinction is found in the trans- 
tetrakis(pyridine) complexes which undergo pyridine substitution with yields com- 
parable to halide substitution. This is in contrast to trans-M(en)2X~ complexes where 
only halide substitution is found. The lability of pyridine is curious as we do not 
expect pyridine to be a good rt-acceptor in these high oxidation state Rh(III) and 
Ir(III) complexes and consequently little enhanced lability of pyridine can be ex- 
pected by depopulation of 7r-d orbitals. A detailed assessment of these facts must 
await thermal rate studies for M-N vs M-X cleavage in each case. 

Studies of the photochemistry of Co(III)-amines have been recently 47' 62, 63) 
carried out and do show that the complexes are somewhat photosensitive with respect 
to ligand substitution in the LF region. Several important facts have emerged. First, 
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0 . . 

Table  10. P h o t o a q u a t i o n  o f  R h ( l l l )  and  l r ( I I l )  py r idy l ,  2,2 - b l p y n d y l ,  and  1 , 1 0 - p h e n a n t h r o h n e  

hal ide  c o m p l e x e s  1) 

C o m p l e x  ~b ( X - )  
4 3 6 n m  3 6 6 n m  3 5 0 n m  3 3 4 n m  3 1 3 n m  2 5 4 n m  

cis-Rh(bipy)2Cl ~ 0 . 0 3 2  0 .035  - - - 0 .013  
�9 . " 4 -  

cts-lr(blpy)2Cl:2 - - 0 . 0 2 7 - 0 . 0 4 8 6  - - 0 .02  

cis-Rh(bipy)2Br~ 0.035  0 .037  - - - 0 .021 
�9 + 

cis.Ir(blpy)2Br 2 - - 0 . 0 7 0 - 0 . 1 2 6  - - 0 . 0 3 2  

cis.Rh(bipy)2I ~ 0 . 1 1 2  0 .122  - - - 0 .13  

cis.Rh(phen)2C1 ~ . . . . .  0 . 0 0 9 6  

cis-lr(phen)2Cl ~ - - 0 . 0 2 0 - 0 . 0 3 6  - - 0 .014  

e i s -Rh(phen)2Br  ~ . . . . .  0 . 0 0 1 6  

cis-Rh(phen)21 ~ ~-- . . . .  0 . 052  

trans-Rh(py)4Cl~ 0 . 0 2 0  0 .023  - 0 .018  0 . 0 3 4  0 . 0 0 9 4  

trans-Rh(py)4Br~ - ~ 0 . 0 2 6  - - - 0 .016  

trans-Ir(py)4C1 ~ - - 0 . 0 1 - 0 . 0 1 8  - - 0 . 0062  

e(PY) 

trans-Rh(py)4C1 ~ 0 .023  0 .031  - 0 .028  0 .043  0 . 0 0 9 2  

trans-Rh(py)4Br ~ - ~ 0 . 0 1  - - - 0 .0085  

1) Ref .  61). 

photoreduction to Co(II) is generally negligible compared to ligand substitution in 
the LF region. Some data are given in Table 11. 47) Second, the iigand undergoing 
substitution generally agrees with the notions developed above concerning the one- 
electron population of the lowest excited state. Finally, note that the tetradentate 
cyclam ligand does yield a photosensitive complex compared to the bis-ethylene- 

Tab le  11. P h o t o s u b s t i t u t i o n  o f  Co( I I I ) - amines  u p o n  4 8 8 n m  p h o t o l y s i s  a t  25 ~ 1) 

C o m p l e x  pH C N H 3  x 104  ~ b X -  x 104 ~ C o ( l I )  x 104 

C o ( N H 3 )  3+ 2 3.2 • 0 .3  - < 0 . 0 3 5  

C o ( N H 3 ) s O H 2  a+ 2 1.8 • 0.1 - < 0 . 0 5 0  

C o ( N H 3 ) s F  2+ 2 19.6 • 1.5 5.5 • 0 .3  < 0 . 3 8  

Co(NH3)5C12+ 2 50 .7  -+ 1.3 17.1 ~ 1.2 1.2 

t . -Co(en)2Cl ~ 2 N o n e  10.7 • 0 .3  1.9 

t -Co(cyc l am)Cl~  2 N o n e  4.0 • 0.1 <0 .1  

c -Co(en)2Cl  ~ 2 ~ N o n e  24 - 

I )  Ref .47) .  
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diamine complex, in contrast to the Cr(III)systems. This further substantiates 
the notion of an inherently different mode of CI- substitution in the d 6 [Co(III), 
Rh(III)] and the Cr(III) amine systems. 

A number of  other low-spin d 6 complexes of the Group VIII metals have been 
subjected to photolysis and many have proven to be quite photosensitive. Among 
these are the OhFe(CN) 4 -  , Ru(CN) 4-  , and Pt(CL)~- which are interpretable 
in terms of LF excited state photosubstitution. 2b) Being O h no new stereochemical 
information is available here but some mechanistic insight may be possible. Next to 
Co(CN)6 a - ,  Fe(CN) 4 -  has received the most study of  these O h Group VIII low-spin 
d 6 systems. Interestingly, even nanosecond laser flash photolysis 64) did not reveal any 
discrete intermediates (either electronically excited states or coordinatively unsaturat- 
ed intermediates) in photoaquation. Such a result is consistent with the mechanism 
proposed for Co(CN)~- photoaquation which was described as a dissociative inter- 
change of  CN- for H20. 6s) The interchange mechanism was proposed on the basis 
of an inability to directly form Co(CN)s X n -  (X = N~', I - )  from photolysis of Co 
(CN)6a-in aqueous solutions of  X. By way of contrast, it appears that the loss of X 
in Co(CN) s X n -  complexes occurs by a dissociative type mechanism, but it is not 
known whether the reactivity of the photogenerated Co(CN) 2 -  is the same as 
Co(CN) 2- generated in the thermal reactions of Co(CN)s X 3- . Extremely short 
excited state lifetimes for these d 6 systems in aqueous solutions at 298 K are inferred 
from the lack of  luminescence and the flash photolysis results for Fe(CN)64-. The 
short lifetimes preclude capture of an excited state to fox~ a seven-coordinate inter. 
mediate as a mechanism for substitution. Thus, it is reasonable to invoke an essentially 
dissociative mechanism in most cases. One final point is worth making here. The 
photoaquation 2b) of Pt(C1) 2- reveals that the lability induced by population of 
o*(eg) is not compensenated by the depopulation of zr~(t2g). Otherwise the com- 
plex would be inert to irradiation in the LF region. 

Though LF states are generally responsible for ligand photosubstitution, CT states 
may also play some role in net photosubstitution pathways. A detailed study has been 
reported 66) for Ru(NHa)s (pyridine) 2+ and related complexes where a M ~ pyridine 
CT state is the lowest excited state in the molecule. Aside from the interesting fact 
that ligand substitution is accelerated upon photolysis into the M -~ pyridine CT 
transition, the Ru(NH3)s (pyridine) 2 +photosubstitution quantum efficiency was found 
to be dependent on the pH. Both cis and trans ammonia aquation is found, but unlike 
the pyridine photoaquation the ammonia photoaquation efficiency is not dependent 
on the pH. The most interesting mechanism to account for these results features a pH 
independent pathway via intersystem crossing from the CT state to a triplet LF state 
which gives Ru - N cleavage with small stereoselection since a nearly Oh system obtains. 
The increasing pyridine substitution yields with increasing pH are then rationalized 
by invoking protonation of a second CT excited state (probably triplet) which is also 
populated by intersystem crossing from the CT state achieved in absorption. Pheno- 
menologically, the Ru(NH3)s pyridine 2 -  is unique because the substitution efficiency 
is apparently strongly influenced by intermolecular effects. A detailed interpretation 
of the results must await the results with more systems, but the possibilities here with 
respect to reactions of coordinated ligands with molecules of ions in the medium merit 
serious consideration. 
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3. Photosubstitution in d 60rganometallic Complexes 

A large number ofd 6 organometallic complexes undergo ligand substitution, and this 
chemistry has been reviewed recently. 2 a, e, a) Spectroscopically, the emerging fact 
is that the electronic spectra of these highly covalent complexes can be interpreted 
within the LF framework. Systems which have been given the LF assignment for the 
lowest energy absorption include V(CO)~ ;41) M(CO)6 (M = Cr, Mo, W); M(CO)~ 
(M --" Mn, Re); 41) M(CO)sX (M = Mn, Re; X = C1, Br, I; or M = Cr, Mo, W; X = n-electron 
donor);67'6S)cis-M(CO)4X2 (M = Cr, Mo, W; X = amine). 69) These and a few other 
systems have recently received some detailed study, and the essential results will be 
outlined here. 

First, the Oh d 6 metal carbonyls undergo photosubstitution by a mechanism which 
is likely none other than simple dissociation of coordinated CO subsequent to the 
t~  ~ t ~  e~ transition. The resulting M(CO)s species, reaction (1i), is spectroscopi- 
cally detectable by a number of 

M(CO)6 hv ~ M(CO)s + CO (11) 

T a b l e  12 .  P h o t o s u b s t i t u t i o n  i n  d 6 M ( C O )  5 X c o m p l e x e s  1)  

M X 4 3 6  n m  3 6 6  n m  3 1 3  n m  

*x ~co ~x ~co *x *co 

M o  P i p e r i d i n e  - 0 . 0 4 8  - 0 . 1 3  - - 

M o  N H  3 0 . 5 8  - 0 . 7 4  - - - 

M o  n - P r N H  2 - 0 . 0 5 7  - 0 . 2 4  - - 

W N H 3  0 . 5 6  - 0 . 4 9  - - - 

W n - P r N H 2  0 . 7 3  0 . 0 1 6  0 . 6 0  0 . 0 5 7  - - 

W P i p e r i d i n e  0 . 4 9  0 . 0 0 6  0 . 4 5  0 . 0 3 4  - - 

R e  CI  - - ~ 0 . 0 0  0 . 2 0  ~ 0 . 0 0  0 . 7 6  

R e  Br  - - ~ 0 . 0 0  0 . 3 4  ~ 0 . 0 0  0 . 5 8  

R e  I - - ~ 0 . 0 0  0 . 1 0  ~ 0 . 0 0  0 . 6 7  

1)  R e f s . 6 8 b ,  70).  

techniques for M = Cr, Mo, W .  2 a )  More recently, there has been a report 42) of gener- 
ation of unstable intermediates via photolysis of M(CO)~- (M = V, Nb, Ta) in low 
temperature glassy media or in KBr pressed discs. No reports concerning the photo- 
chemistry of the Mn(CO)~ or Re(CO)~ have appeared. The dissociative loss of CO 
from the neutral d 6 hexacarbonyls is believed to occur with unit quantum efficiency 2a) 
but all that can be said is that the observed labilization is consistent with the change 
in one-electron configuration that occurs upon population of the low lying LF states. 

Detailed study of the photosubstitution in substituted d 6 metal carbonyls has 
been reported for M(CO)s(amine) 7~ (M = Cr, Mo, W) and M(CO)sX (M = Re, X = 
CI, Br, I). 68b) Some quantum yield data for these reactions are shown in Table 12 and 
some electronic spectra are given in Fig. 2. Despite the remarkable similarity in the 
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Fig. 2. Comparison of the electronic spectra of indicated complexes at 25 K in EtOH. The first 
absorption band has a molar absorptivity of 600, 500, and 750 lmol- l cm- I  in solution at 298 K 
for W(CO)sNH3, [W(CO)sBrl- , and Re(CO)sCI , respectively 
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electronic spectra of the M(CO)sX complexes, the photochemistry of the 
M(CO)s (amine) involves mainly photosubstitution of amine while Re(CO)s X photo- 
substitution involves CO. However, the following similarity does remain: photolysis 
into the lowest energy portion of the first absorption band leads to substantially 
lower CO substitution quantum yields than upon photolysis into the high energy side 
of the first major band maximum. These facts are seemingly rationalized by the same 
reasoning used in the Group VIII d 6 complexes. The lowest absorption system in 
these C4v systems likely involve a transition resulting in the population of the 
dz2 (az)o* orbital at the expense of the dxz, dyz (e)n-d orbitals. Thus, the OC-M-X 
axis is substantially labilized and in the case of X = amine; M = Mo, W this axis of 
labilization does obtain and the small CO substitution yield involves the substitution 
of the axial-CO. In the Re(CO)sX case the axial-CO is likely lost exclusively due to 
the compensating n-donor interaction of CI, Br, and I which can be more fully ex- 
ploited by depopulation of the n-d orbital. The more favorable n-donor situation in 
the excited state diminishes the effect on Re-X lability by the population of 
dz2 (al)o*. Consequently, the Re-CO bond is substantially more labilized especially 
since depopulation of the n-d level diminishes n-bonding for the Re-CO interaction. 
In both Re(CO)s X and M(CO)s (amine) higher energy photolysis leads to population 
of LF states which feature population of the dxzy2(b I )O*xy orbital which labilizes 
the equatorial CO's and leads to larger CO substitution quantum yields. In all of these 
C4v complexes the ligand photosubstitution most likely occurs by strictly a dissocia- 
tive mechanism to yield coordinatively unsaturated intermediates. For the Re(CO)s X, 
photolysis in the absence of added nucleophiles yields the dimeric species [Re(CO)4X]2, 
reaction (12), which likely form via coupling of two coordinatively unsaturated 
Re(CO)aX intermediates. 6sb) 

X 

Re(CO)s X hv / \ , (OC)4Re\ /Re(CO)4 + 2 CO (12) 

X 

The comparison of the photosubstitution of W(CO)4(1,10-phenanthroline) and 
c/s-W(CO)4(pyridine)2 is also very interesting. 71) The electronic spectra of these two 
species are very different. The lowest excited state in W(CO)4 (1,10-phenanthroline) 
is a W ~ 1,10.phenanthroline CT absorption while the lowest excited state in 
cis-W(CO)4(pyridine)2 is LF and is interpreted according to Scheme 7. The photo- 
substitution quantum yields are summarized in Table 13. 71) The chemistry of the 
W(CO)4(1,10-phenanthroline) involves CO substitution, but apparently the photo- 
chemistry does not originate in the lowest excited state. The quantum yield increases 
by two orders of magnitude upon increasing the excitation energy and the increase in 
quantum yields correlates with the position of the LF region. The loss of the 1,10- 
phenanthroline ligand is unlikely as it is a 4-electron donor and is seemingly incapable 
of being a 2-electron donor. However, photolysis of the cis-W(CO)4(pyridine)2 in the 
LF region leads very efficiently to loss of pyridine. Yields for CO release in the same 
region for the bis-pyridine complex are of the order of 10 -3. In the bis.pyridine 
complex the OC-W-N axes are labilized in the lowest excited state, and, as in 
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Table 13. Photosubsti tution in W(CO)4(5-4-1,10-phenanthroline) and cis-W(CO)4(pyridine)2 

Y Rxn. X(conc) t~436 ~405 ~366 ~313 

H A CH3CN (neat) 1.6x10 - 4  1.2xi0 - 3  9.2x10 - 3  2.2x10 - 2  
CH 3 A CH3CN (neat) 1.5x10 - 4  - - 2.0x10 - 2  
Br A . CH3CN (neat) 1.2x10 - 4  - - 2.4x10 - 2  
- B - 2.3x10 - 1  2.7x10 - l  2.3x10 - 1  - 

h v  
l~actions: A. W(CO)4(5-Y-l,10-phenanthroline)-~-" XW(CO)a(5-Y-l,lO-phenanthroline) + CO 

hv 
: B. cis-W(CO)4(pyridine) 2 1,10-phenanthroline "'~ W(CO)4(1,10-phenanthroline) + 2 pyridine. 

Ref.71). 

W(CO)s(pyridine) where the OC-W-N axis is also labilized in the lowest excited state, 
efficient pyridine photosubstitution obtains. 

The photochemistry of the isoelectronic series (r~ 6-benzene)Cr(CO)3, (r/s -cyclo- 
pentadienyl)MN(CO) 3, and (r/4-cyclobutadienyl)Fe(CO)3 all involve CO photosubsti- 
tution as their principal primary photoprocess. 2a) None of these are thought to under- 
go substitution of the 6-electron donor 1r-system with high quantum efficiency as 
previously suspected. The similarity in reactivity shows the value of isoelectronic 
relationships in these complexes, but no detailed treatment of the electronic structure 
of d 6 (arene)M(CO)a complexes has appeared. 

C. Photosubstitution in d 8 Complexes 

By comparison to the d 3 and low-spin d 6 systems, d 8 complexes have received con- 
Siderably less study by photochemists. The electronic structure of both 4- and 5-coor- 
dinate d a complexes has been an area of intense activity, 72) however, and the results 
are of use in the interpretation of the photochemistry. In the 4- and 5-coordinate d 8 
complexes the ordering of the occupied d-orbitals has been a point of controversy in 
several cases, but the nature of lowest unoccupied d-orbital is unequivocal. For ex- 
ample, in PtC12- and related complexes the dz 2, dxz, dyz, and dxy orbitals are all 
occupied and dx2_y2 is unoccupied and is strongly o-antibonding. Therefore, all LF 
transitions should lead to a destabilization of the Pt-C1 interaction with respect to 
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the o-bonding, s) The ordering of the occupied d-orbitals now seems well established 
for PtCI~- and is shown in Scheme 9. The photosubstitution of PtC142- has been 
studied in some detail 73) and reaction (13) occurs in aqueous solution upon photo- 

PtCI~--~L-~ PtCIa(OH2)- + C1- (13) 

lysis in the LF region. The reaction quantum yields are included in Table 14 and are 
seen to be essentially independent of  the LF state achieved, but upon 254 nm ex- 
citation, which presumably results in CT excitation, the quantum yield increases 
substantially. 

Table 14. Photosubstitution in d 8 complexes 

Complex Photoproduct ~(h,  nm) Ref. 

PtCl~- PtCla(OH2)- 0.17 (472); 0.19 (404); 0.20 73) 
(313); 0.90 (254) 

PtCI3(C2H4)- PtC13(OH2)- <10 - 4  (420); <10 - 4  (410); 74) 
0.008 (385); 0.066 (345); 
0.10 (305) 

cis-PtCI2(OH2)(C2H 4) ~ 0.15 (340); ~0.14 (305) 
Fe(CO)s Fe(CO) 4 + CO - 76) 
Ru(CO) 5 Ru2(CO)9 _ 77) 
Os(CO) 5 Os2(CO)9 _ 77) 
(r/S.CsHs)Rh(CO)2 (r/S.CsH5)2Rh2(CO)3 _ 78) 
Mn(CO)4NO Mn(CO)3NO + CO - 79) 
RCo(CO)4 RCo(CO)3PF 3 _ 80) 

The photochemistry of PtCla(C2H4) - has also been studied in some detail and 
some interesting observations have been made involving C2 H4 photosubstitution. 74) 
The C2H 4 substitution is remarkable because this is not a reaction which takes place 
thermally. Additionally, the  substitution of C2H 4 occurs with a strong wavelength 
dependence, Table 14. The increasing photosubstitution yield with increasing ex- 
citation energy was interpreted by Wrighton, Gray and Hammond 5) using an orbital 
scheme as shown in Scheme 10 below. Since all LF transitions result in the popula- 
tion of dx2_y~ the only rationale within the LF framework for variation in photo- 

- -  dx2_y2 

~l~ dxz,dy z 

- -~ - -dx2  

PtCI3(C2H4)- 

Scheme 10 
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substitution efficiency is to ascribe different labilities depending on the orbital depop- 
ulated. In particular, depopulation of  dxz or dyz (depending on the axis choice) 
diminishes the n-bonding between Pt and C2H4 at the same time that dx2_r2 popu- 
lation reduces the o-bonding. Such a transition was reasoned to fall higher in energy 
than the dxy -* dx2_y2 transition and hence C2H 4 substitution would more likely 
occur at the higher excitation energies. Subsequently, R6sch, Messmer, and Johnson 
carried out an SCF-Xa scattered wave calculation on PtCla(C2H4)- and concluded 
that the lowest absorptions are not LF, but in fact, are more appropriately identi- 
fied as CI -~ Pt CT absorptions. 1~ A higher energy Pt ~ C2H 4 absorption involving 
population of  an orbital antibonding with respect to Pt-C2H4 was calculated to fall 
near the observed onset of C2H4 photosubstitution. 

One mechanistic study 7s) worth describing here concerns the photoreac- 
tivity of [Pt(diethylenetriamine)Br] § Photolysis in the presence of NO2 accel- 
erates the substitution of Br- to yield [Pt(diethylenetriamine)N02 ]+. The reaction 
was shown to proceed v/a [Pt(diethylenetriamine)OH2 ]2+ which is rapidly anated by 
either Br- or NO~. The essential evidence rests in the fact that photolysis in basic 
solution yields only [Pt(diethylenetriamine)OH] + even in the presence of NO~. This 
result prompts the postulate that a dissociative interchange mechanism obtains as 
proposed for Co(CN) 3-.  6s) 

Most other work with d s complexes concerns 5-coordinate organometallic 
complexes. Some examples are given in Table 14. 73, 74, 76-8o) The electronic spec- 
trum of Fe(CO)s has been measured and the lowest absorption has been identified 
as LF dxy, dx2_y2 ~ dz2 according to the one-electron level scheme in Scheme 11.81) 
Such a transition should yield labilization principally along the z-axis due to the 

dz2 

Fe(CO) s 

Scheme 11 

directed a-antibonding character of dz2. Electronic excitation of Fe(CO)s does, of 
course, induce CO substitution and recently the Fe(CO)4 product from CO photo- 
dissociation has been observed and identified spectroscopically. 76) Other examples 
of CO substitution in d a metal carbonyls are given in Table 14. These examples 
seem rather straightforward except for Mn(CO)4NO where an entering group con- 
centration dependence has been observed for the CO substitution quantum yield. 79) 
In this interesting case the quantum yield for Mn(CO)a(PPha)NO formation increases 
with increasing PPh 3 concentration. The isomerization of NO from linear to bent 
(three-to one-electron donor) could be invoked as a primary photoprocess, with sub- 
stitution proceeding according to reactions (14)-(16).  
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(OC)4Mn-N= O hv  [(OC)4Mn-N ] 
\\, 

0 
"coordinatively unsaturated" 

(14) 

+ ] ~ [PPh3(OC)4Mn-N ] (15) PPh3 [(OC)4Mn-N\\o \\0 

[(PPha)(OC)4Mn-N ] ~ P P h 3 ( C O ) 3 M n - N  = O + CO (16 )  

D. Applications of Photosubstitution 

Light induced ligand substitutions have several chemical and physical applications. 
Chemically, photosubstitution reactions have provided a valuable synthetic route to 
substituted derivatives of thermally inert complexes. This fact is particularly true in 
the metal carbonyl area. 2a) Moreover, the photosubstituted products can be gener- 
ated at low enough temperatures to be isolable whereas if generated thermally at 
elevated temperatures the products may be unstable to the reaction conditions. One 
example here is photosubstitution of Fe(CO)s by pyridine to yield Fe(CO)2 (pyr- 
idine) a2) at 25 ~ whereas thermal reaction at higher temperatures yields dispropor- 
tionation of the Fe(CO)s .an) The stereochemistry of photosubstitution is also poten- 
tially different from the thermal reactivity and a typical example here is the loss of 
SO~- from trans-Co(CN)4(SOa)(OH2) 3- which is a reaction which does not occur 
thermally, s4) In a similar way C2H4 in PtCla(C2H4)- is substantially inert thermally, 
but can be substituted photoehemically. 74) Photoexcitation of (arene)Cr(CO)a leads 
to dissociative loss of CO while thermally the arene group is labilized, a4) 

Photodissociation of coordinated ligands has also lead to the synthesis of new 
complexes by oxidative addition to the coordinatively unsaturated intermediates as 
in reactions (17)-(19). as-aT) These types of reactions have been invoked in transi- 
tion metal complex photoassisted and photocatalyzed reactions. 

]'IV Fe(CO)s c/s-HFe(CO)4SiR3 + CO 
R3Si-H 

(17) 8s) 

Os(CO)3(PPh3)2 H-~ H20s(CO)2 (PPha)2 + CO (18) 86 ) 

S hv (n "C5 H5 )Rh(CO)2 ~ (n 5 -Cs Hs)Rh(CO)HSLR3 + CO (19) 87) 
r-,,. 3 o A - I  i. 

Simple photosubstitution processes in metal complexes may also lead to useful 
photochromic systems. The general concept may be a reduction in symmetry and a 
lowering of average LF strength, as in reaction (20), leading to changes in the position 
of the LF bands. Additionally, one can take advantage of substantial chaiages in the 
nature of CT transitions depending on the new complexes as in reaction (21). as' 89) 
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Fig. 3. Electronic absorption spectra of (a) Mn2(CO)10; (b) Mn2(CO)gPPh3, and (c) Mn2(CO) a-  
(PPh3)2 in EPA at 298 ( - - )  and 77 K (----). The sharp, intense peak (e ~ 2x104) is the ab.--,.a* 
absorption and the low energy absorption shoulder is the ~r-doa* (from Ref. 98)) 
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h i )  
M(CO)6~__ X- M(CO)s + CO (20) 88) 

colorless yellow 

h p  (21) 89) 
W(CO)6TCNE W(CO)sTCNE + CO 

4 -  ' 
? 

colorless blue 

In an area of  considerably less understanding, photosubstitution chemistry may 
play a key role in elucidating certain steps in heterogeneous catalysis. There now 
exist a number of reports where photodesorption and photoadsorption to catalytic 
surfaces occurs. 9~ 91) These may be viewed as complicated photosubstitution reac- 
tions and there are some reports that these reactions can measurably influence the 
rate of the catalytic transformation of substrates. 9~ 91) 
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II. Photodeclustarification of Metal-Metal Bonded Complexes 

The metal-metal bond is a very important structural unit in chemistry and has been 
well characterized for a large number of systems by X-ray crystallographic structure 
determinations. 92) Multiple metal-metal bonds exist and metal atoms can be bonded 
to more than one other metal. Further, the metal-metal bond need not involve the 
same two metals. The metal-metal bond tends to be found for low valent, heavy, 
early transition elements. Metal carbonyls are remarkable in that metal-metal bonding 
is very important for nearly every metal which forms complexes with CO. The 
strength of  metal-metal bonds is a matter of some debate in the literature with bond 
energies ranging from ~11 kcal/mole for the Co-Co single bond in C02(CO)893) to 
~375 kcal/mole 94) for the quadruple Re-Re bond in Re2CI~-. Despite what the 
finer details of electronic structure may be, all workers in this area seem to agree 
that there exist low lying excited electronic configurations in metal-metal bonded 
complexes which feature a change in the metal-metal interaction compared to the 
ground electronic configuration. 9s) This fact confronts us with a very exciting pros- 
pect: photolysis may result in clean metal-metal bond cleavage. Such a reaction has 

Table 15. Photodeclusterification of metal carbonyls 

Starting Complex(es) Medium Photoproduct(s) Ref. 

Mn2(CO)I 0 CC14 Mn(CO)sC 1 98, 99) 
Re2(CO)I 0 CC14 Rc(CO)sCI 98, 100) 
Mn2(CO)I 0 lsooctane/i2 Mn(CO)sl 98) 
Re2(CO)I 0 isooctane/i2 Re(CO)sI 98) 
Mn2(CO)I 0 + Re2(CO)10 Isooctane MnRe(CO)I 0 98, 101) 
Mn~(CO)9PPh 3 Isooctane Mn2(CO)I 0 + Mn2(CO)8(PPh3) 2 98) 
[(n - Cs Hs )Mo(CO)3 ] 2 CC14 (~ SC s H s)Mo(CO)3C1 10 2 ) 
[(•S.CsHs)WtCO)312 CC14 (n5-C5 Hs)W(CO)3CI 102) 
[(nS-CsHs)W(CO)312 Isooctane (nS42s Hs)W(CO)3-Mn(CO)s 102) 

Mn2(CO)Io 
[(nS-CsHs)Mo(CO)3]2 lsooctane (ns 42S Hs)Mo(CO)3-Mn(CO)s 1o2) 

+ 

Mn 2 (CO) 10 
(~S42S Hs)Mo(CO)3-Mn(CO) s Isooctane Mn2 (CO)10 +[(~S.CsHs)Mo(CO)312 103) 

Co2(CO)8 + ~ ~ 1o4) 

Co(CO) 3 

Os3(CO)I 2 1,5-Cyclo- (1,3-Cyclooctadiene)Os(CO) 3 lOS) 
octadiene 
(CH3)3Si H (CHa)aSiOs(CO)4H 106) 

Ru3(CO)I2 Benzene/CO Ru(CO)s 107) 
+ (CH3)sSi H [(CH3)3Si]2Ru(CO)4 106) 

Mn 2(CO) 10 Benzene (~S425Hs)Fe(CO)2_Mn(CO)s 108) 
4- 

[(~/S-CsHs)Fe(CO)212 
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some precedence thermally, 96) but in any case the reaction is not well studied. Cleav- 
age of the metal-metal bond by photolysis may be a successful route to extremely 
reactive intermediates of a radical nature and may have some analogy to photoin- 
duced hemolytic cleavage 97) in peroxides, disulfides, halogens, etc. 

A. Photodecludsterification of Metal Carbonyls 

Quite a number of  dinuclear, and three trinuclear, metal carbonyls have received 
some study with respect to photoinduced metal-metal bond cleavage. Some typical 
systems are given in Table 15. 98- lOB) First, consider Mn2 (C0)10 which is perhaps 
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Fig. 4. Electronic absorption spectrum o f  Rc2(CO)Io in EPA at 298 ( - - )  and 77 K (---). Band 
at ~308 nm is the Ob-~a* (e ~, 1.7x104) (from Ref. 98)) 
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the most well understood of these several systems. The electronic picture has been 
determined to be as in Scheme 12 with experimental evidence coming mainly from 
polarized electronic absorption spectra) ~ The spectra are shown in Fig. 3 and the 
low energy shoulder is ascribed to a ~r-d -+ a* transition while the intense near uv 
absorption maximum is associated with the o b -+ o* transition according to Scheme 
12.1~ The spectrum of Re2(CO)10, Fig. 4, is interpreted in a similar way. In the 
one-electron scheme, then, it is clear that electronic excitation will destabilize the 
M-M interaction in these dT-d 7 systems. 

Recently, some detailed and quantitative studies of the photochemistry of  these 
dT-d 7 metal carbonyls have been reported. 98) The chemistry obtained is consistent 
with efficient photoinduced, homolytic metal-metal bond cleavage. In fact, several 
lines of chemical evidence support such a pathway for the relaxation of the low 
lying electronically excited states of these complexes. First, photolysis of a mixture 
of Mn2(CO)lo and Re2(CO)I o leads to the heterodinuclear species, reaction (22). 
This product seemingly results from cross-coupling of a Mn(CO)s and a Re(CO)s 

Mn2(CO)~ 0 + Re2(CO)l o ~ MnRe(CO)lo (22) 

radical since the formation of MnRe(CO)lo requires the pho tolysis o f  both Mn 2( CO ) l o 
and Re2(CO)lo. Naturally, MnRe(CO)x 0 is only an initial photoproduct as it also 
absorbs light and undergoes Mn-Re cleavage to regenerate the homodinucl~ar species. 
The important point is that pure MnRe(CO)10 having the electronic spectrum given 
in Fig. 5 initially yields a 1:1 ratio of Mn2(CO)lo and Re2(CO)lo upon photolysis, 
reaction (23). This initial ratio of the products strongly supports the photogeneration 
of metal radicals which couple in an essentially statistical fashion. 

MnRe(CO)lo hv ~ Mn 2 (CO)lo + Re2(CO)I 0 
alkane 1 : 1 

(23) 

A second line of chemical evidence in support of homolytic cleavage of Mn-Mn, 
Re-Re, and Mn-Re bonded metal carbonyls comes from examination of the photo- 
products and the efficiency of their formation in the presence of halogen donors. 
Some convincing data are summarized in Table 16. 98, i lo) Generally, it appears that 
the reactions follow the stoichiometry indicated in reaction (24) and in many cases 
the quantum yields are very high. For the halogen donors Ph 3 CC1 and PhCH 2 C1 the 

(L)s.m (OC) m M_M,(CO) n (L)s.n h v .  
halogen 
donor 
X=halogen 

XM(CO)m(L)s. m + XM'(CO)n(L)s_ n (24) 

organic radical or its coupling product has been observed. Importantly, with CH3I as 
the halogen donor for Re2 (CO)xo only Re(CO)s I was found as the metal containing 
product. The reaction stoichiometry and quantum efficiency in (24) is consistent with 
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Fig. 5. Electronic absorption spectra of ReMn(CO)lo in EPA at 298 ( - - )  and 77 K ( u ) .  Band 
at ,~ 315 nm is the ob---,o* (e ~ 1.5x104) (from Ref. 9a)) 

photoinduced homolytic cleavage to yield d 7 M(CO)n Ls_n (M = Mn, Re) type inter- 
mediates.These d 7 intermediates would be expected to have some reactivity properties 
in common with the d 7 Co(CN)a-which does react readily with halogen donors by 
a free radical-like mechanism. 111) 

The only claim of direct evidence for the intermediates proposed above come from 
ESR measurements subsequent to photolysis of Mn 2 (CO)1o in tetrahydrofuran at 
room temperature, n2) A long-lived, ESR detectable, radical was found and proposed 
to be Mn(CO)s �9 THF. The intermediate disappears upon addition of 12 and the for- 
mation of Mn(CO)sI is observed. These data seem to be wholly consistent with the 
photochemistry outlined above, but the interpretation of the ESR signal as that due 
to an Mn(CO)5 moiety seems untenable because it is too long-lived. The Re(CO)s 
species proposed as an intermediate in the photolysis of Re2(CO)10 has recently been 
synthesized by atom/ligand co-condensation synthesis and infrared data in the matrix 
at low temperature support a square-pyramidal structure, ll3) An ESR signal was also 
observed from a species thought to be Mn(CO)s formed by subliming Mn2(CO)lo on 
to a cold tip. n4) The ESR detectable species is now believed to be .00Mn(CO)s .115) 

Photosubstitution also occurs in Mn 2 (CO)10116) but the reaction likely involves 
first the photogeneration of the mononuclear Mn(CO)s species. 9s) The evidence for 
this statement comes from the fact that Mn 2 (CO)8(PPh3) 2 is a primary photoproduct 
upon photolysis of Mn2 (CO)lo in the presence of PPh 3. The reaction could proceed 
as indicated in Scheme 13. The key here is that substitution occurs thermally and the 
final products are generated by coupling of the paramagnetic fragments. 
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Table 16. Photolysis of Mn and Re dinuclear carbonyls in the presence of halogen donors 

Starting Halogen Product Irrdn 
complex donor k, nm 

~dis 1) $ formn. 2) 

Mn 2 (CO)I03) CC14 Mn(CO)5CI 313 0.48 1.02 
366 0.41 0.72 

I2 Mn(CO)sI 366 0.44 0.79 
Ph 3CC! Mn (CO)5 Cl Near UV - - 

Ph~C �9 
PhCH 2 C1 Mn (CO)5 Cl Near UV - - 

Ph+CH2 -)-2 

MnRe(CO)Io 3 ) CCLI Re (CO)5C1 366 0.42 0.43 
+ 

Mn(CO)5CI 0.46 

12 Re(CO)5I 366 0.45 0.38 
+ 

Mn(CO) sI 0.37 

Re2(CO)103) CC!4 Re(CO)sCI 313 0.60 1.20 
12 Re(CO)5I 313 0.64 1.14 
Ph3CC1 Re(CO)sCI Near UV - - 

+ 

Ph3C. 
PhCH2CI Re(CO)sC1 Near UV - - 

+ 

PhC~-h 
CH3I Re(CO)5I Near UV - - 

Mn2(CO)gPPh33) CC14 Mn(CO)sCI 366 0.45 0.36 
Mn(CO)4PPh3CI 0.40 

Mn 2 (CO) 8- Chlorinated Mn(CO) 5 CI UV - - 
(1,10-phenan- Solvent C1Mn(CO) 3- 
throline) 4) (1,10-phenan- 

throline) 

1) Quantum yield for disappearance of starting complex, • 10%. 
2) Quantum yield for formation of product, • 10%. 
3) Ref.98). 
4) Ref.110). 

hv 
Mn2(CO)l o , ' 2 Mn(CO)s 

PPh~ 
~ > 2 Mn(CO)4PPh3 + 2 CO 

-PPh3 / 

Mn(CO) s + Mn(CO)4PPh 3 + C0 

1 
Mn2 (CO)9 PPh3 

Mn2 (CO)a (PPh3)2 

Scheme 13 
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Another set of metal-metal bonded complexes that have received some detailed 
studyZO2,117-119) are the d s-d 5 [(rTS-Cs Hs)M(CO)3 ]2 (M = Mo, W) complexes. Early 
work indicated that photolysis in the presence of PPha (and related ligands) could 
yield simple ligand substitution products, reaction (25). 117) This is to be contrasted 
with the observation of net disproportionation as indicated in reaction (26). 11s) And 

(r/s _CsHs)2Mo2(CO) 6 hv (r/s --CsHs)2Mo2(CO)sPPha 
PPh 3 

(25) 

[(r/S.CsHs)Mo(CO)3]2 hv [ (r/s'C s Hs)M~ (PPh3)~ ] + 
[(r/s-C s Hs)Mo(CO)~- ] 

(26) 

recently there has been a claim 119) that heterolytic cleavage of the Mo-Mo bond 
can result by an efficient decay path of the excited [(r/S-CsHs)Mo(CO)3]2 complex 
to generate the metal carbonyl anion, (r/S-CsHs)Mo(CO)~. To all of this qualitative 
photochemistry we must also add the fact that photolysis of a mixture of Mn2(CO)lo 
and [01 s -CsHs )M(CO)3 ]2 yields the heterodinuclear (OC)s Mn-M(CO)a(r/s -CsHs) 
complex, reaction (27). 1~ This photoreaction occurs only when both homodinu- 
clear starting materials absorb the incident irradiation. The chemical efficiency for 
reaction (27) is quite good, but the product is susceptible to back photoreaction 
(vide infra). 

M2(CO)Io + [07S-CsHs)M'(CO)3] hv , (OC)sM-M'(CO)3(~S-CsHs) (27) isooetane 

M = Mn, Re 
M'--- Mo, W 

Some quantitative photochemical data for the [07 s-Cs Hs)M(CO)3 ]2 species in 
the presence of halogen donors are given in Table 17.1~ The data in CC14 are par- 
ticulady useful in that the quantum efficiency for disappearance of the M-M bonded 
species is quite high and the yield of (r/S-CsHs)M(CO)aCI is essentially quantitative. 
Thus, it seems most reasonable that the primary photoprocess again involves homo- 
lytic cleavage of the M-M bond as indicated in reaction (28). The paramagnetic, mo- 

[(r/5_CsHs)M(CO)3]2 h v  2015 CsHs)M(CO)3 (28) 

nonuclear species thus generated can recouple with each other, couple with other 
metal radicals such as Mn(CO)s, react with halogen donors to yield mononuclear 
metal carbonyl chlorides, and presumably can undergo substitution by nucleophiles 
such as PPh a. Heterolytic cleavage, if it occurs at all, seemingly can only account for 
a minor fraction of the pr/mary excited state decay process. 

The photochemistry of the [(77 s -CsHs)M(CO)a]2 species is very similar to that 
associated with the dT-d 7 Mn and Re metal-metal bonded complexes. The electronic 
spectra of the dS-d 5 molecules are also remarkably similar to the flT~d 7 systems: a 
low energy, low intensity band in the visible and an intense, fairly sharp near UV 
band. The spectra for [(r/s -CsHs)M(CO)a]2 (M = Mo, W) are shown in Fig. 6. The 

73 



M. S. Wrighton 

Table 17. Irradiation of [(rlS-CsHs)M(CO)312 in the presence of halogen donors 1) 

M Halogen donor Pro duct(s) Irrdn, h nm ~ 2) 

Mo CC14 (n5-C5 Hs)Mo(CO)3CI 366 0.45 
405 0.42 
550 0.35 

P h a C C 1  (r/5-CsHs)Mo(CO)3C1 366 or 550 - 
+ 

Ph3C. 

(r/5 -CsH5)Mo(CO)3C1 
+ 

(PhCH2)2 

W CCI 4 (nS-CsHs)W(CO)3C1 366 0.21 
550 0.12 

Ph3CCI 366 or 550 

PhCH2C1 Near UV 

(-0 5 -CsHs)W(CO)3CI 
+ 

Ph3C- 

PhCH2C1 (r/5 -C5Hs)W(CO)3C! Near UV 
4- 

(PhCH2)2 

1) Ref.102). 
2) Dissapearance quantum yields for M-M species. 
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visible absorption band near 500 nm (e ~1700  JTmol-1 cm-1 )  is associated with a 
Ir-d -+ o* transition, and the near uv band near 370 nm (e ~17,000 s  lcm - l )  
is associated with the a b ~ o* transition according to Scheme 14. The modest decline 
in quantum yields with decreasing excitation energy, Table 17, for the 
[01 s -Cs Hs)M(CO)3] 2 complexes is consistent with the electronic assignments since 
the rr-d ~ o* transition should be less destructive with respect to the M-M bond than 
the o b ~ o* transition. 

Finally, some data are available 1~ for the d T - d  s heterodinuclear photoproducts 
in reaction (27), (OC)sM-M'(rl s-CsHs)(CO)3 (M = Mn, Re; M' = Mo, W). The elec- 
tronic spectra of  the four M-M' molecules are shown in Fig. 7. The spectra are seen 
to be related to the homodinuclear M-M and M'-M' spectra shown in Figs. 3 and 6, 
respectively. Despite the differences (ligands, metal, and dn-configuration) in M(CO)s 
and (rl s-CsHs)M'(CO) 3 the electronic spectra of  the M-M' complexes dictate some 
electronic similarity. In a simple molecular orbital scheme the similarity manifests 
itself by having the o-d orbital in the mononuclear species at nearly the same energy. 
The low energy absorption band in the M-M' species is, thus, 7r-d ~ a* and the near 
uv band is again o b ~ o* according to Scheme 15. 
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The photochemistry of the dT-d s M--M' molecules is also consistent with 
the above analogy and interpretation. First, pure samples of the M-M' complexes 
undergo initial conversion to the homodinuclear M-M and M'-M' species with high 
efficiency and in a ~ 1 : 1 ratio as expected for hemolytic cleavage. Second, irradiation 
of the M-M' complexes in CC14 yields only M(CO)s CI and (rl s-CsHs)M(CO)3C1 with 
the quantum yields indicated inTable 18. l~ 

The trinuclear M3(CO)I 2 (M = Fe, Ru, Os) complexes have received some atten- 
tion from experimentalists, but neither the electronic spectroscopy nor the photo- 
chemistry of these complexes have been investigated in detail. The recent report 1~ 
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of the near quantitative generation of Ru(CO)s by irradiation of Rua(CO)12under 
CO, reaction (29), represents the type of observations that have been made, and 

hi) 
Ru3(CO)12 CO ~ 3Ru(CO)s (29) 

demonstrates the fact that declusterification is photoaccelerated. This particular ex- 
ample is of some interest in that it represents a novel route to the Ru(CO)s. Other 
reactions, such as reaction (30) l~ also, show that photodeclusterification can be 
a route to mononuclear species. Reactions (29) and (30) likely proceed via photo- 

(OC) s M ~  (OC)sM 
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Table 18. Disappearance quantum yields for 
(OC)5M-M'(~-CsHs)(CO)3 in CC141) 

M M' 0366 nm 0436 nm 

Mn Mo 0.51 - 
Re Mo 0.56 - 
Mn W 0.35 0,056 
Re W 0.23 0.051 

t) Ref.lO3). 
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hv 
0s3(C0)12 (CH3)3Si.H ~ HOs(CO)4 Si(CH3)3 (30) 

induced cleavage of a metal-metal bond as indicated in reaction (31). The ultimate 
products could arise from subsequent thermal reactions of  the substrate with the 

% / :  I/ I/ 
\ /  \ /  ~ \1 .o.,~o~. 

--o~--o~-- .o~//I /i 
/\ /\ I\ 

(31) 

metal diradical. However, no mechanistic evidence is available to support the cleavage 
suggested in reaction (31), and such a postulate merits further investigation. 

B. Cleavage of the Quadruple Bond in Re2Cl8 2 -  

One intriguing system which is not a metal carbonyl that has been recently investigated 
is Re2C12- .12o) Usual electronic structural formulation of the ion features a quadruple 
Re-Re bond, 121) and the lowest electronically excited state results from the excitation 
of an electron from the fib level to the f* level. 122) Higher energy electronic transi- 
tions involve electrons involved in the a and the 7r Re-Re bonding) 22) Irradiation at 
366 nm of Re2CI~- proceeds according to reaction (32). 12~ The reaction does not 
occur upon irradiation into the low lying absorption at ~700 nm corresponding to 

Re2CI~_ 366nm ' 2 trans-ReC14(CHaCN)~ (32) 
CH3CN 
~.~10 -2  

the fb-'~f * transition. Thus, the reaction occurs from an upper electronically excited 
state and the fairly small quantum yields likely reflect a rapid rate of internal conver- 
sion to the lower, unreactive f b ~ i *  excited state. This reaction represents the only 
known photoinduced cleavage of a multiple metal-metal bond. Photodissociation of  
multiple bonds, however, is not taboo as 02 and CO2 are good examples. 97) The pros- 
pects in transition metal-metal bonded systems are quite good, and investigation of 
polynuclear halides should prove fruitful and compliment the efforts on the organo- 
metallic cluster compounds. 
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II I. Intraligand Photoreactions 

Cases where the groups directly attached to a transition metal undergo a chemical 
transformation as a consequence of excited state decay of the metal complex are 
surprisingly difficult to f'md in the literature. Intraligand photoreaetions, though, 
may well ultimately be one of  the most important contributions of inorganic photo- 
chemistry. Aside from the inherently new chemistry to emerge, the hope of running 
energetically up-hill chemical reactions may be realized by use of  intraligand 
photoreactions. The conversion of A to B by reactions (33)-(35) represents a metal 
complex photoassisted A to B conversion, and since the key step, reaction (34), is a 
photochemical one there is the possibility that B may be a unique chemical product 

A + Metal Complex " [Metal Complex-A] (33) 

hv 
[Metal Complex-A] > [Metal Complex-B] (34) 
[Metal Complex-B] ~ Metal Complex + B (35) 

and may be thermodynamically unstable with respect to A. 
Recently, a system has been reported 12a) which exemplifies the essential features 

of the homogeneous photoassistance technique indicated in reactions (33)-(35).  
The trans-*cis-4-styrylpyridine isomerization is up-hill energetically by ~ 2 kcal/mole, 123 
and, therefore, such an isomerization represents movement away from the thermody- 
namic ratio of these two isomers. Photolysis at 436 nm of CIRe(CO)a(trans-4-styryl- 
pyridine)2 was found to ultimately yield completely (sequentially?) CIRe(CO)3- 
(cis-4.styrylpyridine)2. Further, the coordinated cis-4-styrylpyridine could be exchang- 
ed thermally with excess trans-4-styrylpyridine in the medium, and the sequence of 
events in reactions (36)-(39) was proposed 12a) to account for the photoinduced iso- 

h p  
CIRe( CO )a ( trans)2 ~ CIRe( CO )3 ( trans) ( cis) (36) 

hv 
C1Re(CO)a(trans)(cis) , CIRe(CO)3 (cis)2 (37) 

A 
C1Re(CO)a(trans)(cis) + trans ~ C1Re(CO)a(trans)2 +cis (38) 

A 
CIRe(CO)3(cis)2 + trans ~ CIRe(CO)a(trans)(cis) + cis (39) 

merization of trans-4-styrylpyridine by the 436 nm irradiation of a catalytic quantity 
of the CIRe(CO)3(trans-4-styrylpyridine)2 complex. The trans-4-styrylpyridine itself 
has an absorption onset near 360 rim, and, therefore, does not absorb at 436 nm. The 
metal complex serves as a chromophore and the optical energy is dissipated into chemi- 
cal paths which lead to trans-*cis isomerization. For CIRe(CO)3(trans-4-styrylpyri- 
dine)2 and related complexes the lowest absorption system was found to be asso- 
ciated with a n--*-n* intraligand (styrylpyridine) transition. The influence of the Re on 
the styrylpyridine electronic absorption spectrum was found to be similar to that 
obtained by protonating the styrylpyridine. Examples of such spectro6copic data are 
shown in Fig. 8. The "perturbed" intraligand excited state being lowest in energy is 
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Fig. 8. Electronic absorption spectra of CIRe(CO)3(pyridine) 2 ( - -  - -  ), trans-4-styrylpyri- 
dine (--) ,  and CIRe(CO)3(trans-4-styrylpyridine)2 ( ) all at 1.92x10 - 5  M in CH2CI 2 
solution at 25 C in 1.00 cm pathlength cells (from Ref. 123)) 

somewhat unique although there are some examples of  1,10-phenanthroline complex- 
es of Rh(III) and complexes of Rh(IV) which have been shown to have lowest lt-~lr* 
states from emission experiments. ~24) The red-shifted intraligand absorption of the 
coordinated styrylpyridine allows the photochemical isomerizati0n to occur with 
lower energy light than otherwise possible. 

The fact that the intraligand 7r--~* transition is lowest in energy in C1Re(CO)a- 
(trans-4-styrylpyridine)2 also allows a direct assessment of the effect of the coordi- 
nation on the decay properties of the intraligand excited state. Data for both the 
photoisomerization by direct irradiation, Table 19, and the triplet sensitized iso- 
merization, Table 20, of C1Re(CO)3(trans-4-styrylpyridine)2 and trans-styrylpyridine 

Table 19. Direct irradiation of trans-styrylpyridines and XRe(CO)3(trans-styrylpyridine)2 1) 

Compound e~t-~c ~t--~c % cis at PSS -~ 2 
313nm 366nm 313nm 366nm 436nm 

trans.3-Styrylpyridine 0.482) 3) 904 ) 3) 3) 
trans.4-Styrylpyridine 0.385 ) 3) 886 ) 3) 3) 
C1Re(CO)a(trans-4-styrylpyridine)2 0.49 0,54 84 90 99 
BrRe(CO)a(trans-4-styryipyric~ne)2 0.64 0.51 99 98 >99 
CIRe(CO)a(trans-3-styrylpyridine)2 0.60 0.51 93 90 99 

1) CH2C12 solutions at 25~ light intensity ~10 -7  ein/min; O's are _+ 10%; Ref. 123). 
2) Literature value is 0.43, Ref. 125a), or 0.52, Rot'. 125b'e). 
3) No absorption at these wavelengths. 
4) Ref.125b,e). 

5) Literature value is 0.37, Ref. 125a), or 0.39 Ref. 125b,c). 
6) Ref.125a). 
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Table 20. Triplet sensitized isomerization of trans-styryipyridines and XRe(CO)3 
(trans-styrylpyridine)21) 

Compound Sensitizer e~t--, e % cis at PSS 

trans-4-Styrylpyridine Benzil 0.402 ) 99 
Michler's ketone - 67 
Ru(bipy) 2+ 0.4 • 0.053) 96.5 1.0% 3) 

ClRe(COI3(trans-4-styrylpyridine)2 Benzil 0.5 99 
Michler's ketone - 70 
Ru(bipy)~ + - 96 

trans- 3-Styrylpyridine Benzil 0.441 ) 99 

C1Re(CO)3(trans-3-styrylpyridine)2 Benzil 0.5 99 
Ru(bipy)] + ~0.4 93 

I) Ref.123) 

2) Assumed to be equal to benzophenone value, Ref. 125a). 
3) M. Wrighton and J. Markham, J. Phys. Chem., 77, 3042 (1973). 

.Table 21. Ultraviolet absorption maxima of styrylpyridine and complexes at 25 ~  

Compound Solvent Abs. max., nm (e) 

trans-3-Styrylpyridine CH2C12 308 (19,300/ 
H20/EtOH(9/1) 304 (~19,900) 
pH = 7.0 . 
H20/EtOH(9/1) 296 (~19,000) 
pH = 2.1 

trans-4-Styrylpyridine CH2CI 2 308 (27,900/ 
H20/EtOH(9/I) 306 (~28,000) 
pH ~ 7.0 
H20/EtOH(9/I) 338 ( -  28,000) 
pH = 2.1 

CIRe(CO)3(trans-3-styrylpyridine)2 CH2C12 297 (45,300) 

CIRe(CO)3(trans-4-styrylpyridine) 2 CH2CI 2 328 (50,300) 

BrRe(CO)3(trans-4-styrylpyridine)2 CH2CI 2 330 (53,200) 

CIRe(CO)3(pyridine) 2 CH2CI 2 262 (9000) 

1) ReLI23). 

reveal little difference between the free and the coordinated styrylpyridine, t2a) The 

only definitive difference in the decay properties seems to be that there is no fluores- 

cence from the CIRe(CO)a(trans-styrylpyridine)2 complexes while bo th  the free 
trans-styrylpyridines and their protonated forms do fluoresce in solution at room 
temperatureJ  251 This result may be a consequence of the fact that Re is a heavy 
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atom and induces intersystem crossing in the coordinated ligand at a rate as to pre. 
clude radiative decay from the state reached by direct absorption. 

In the XRe(CO)3(trans-styrylpyridine)2 complexes the presence of the two 
styrylpyridine ligands does not lead to any unusual interactions between the two 
organic ligands. The following facts support non-interacting styrylpyridines: (1) the 
molar extinction coefficients for the intraligand absorption in XRe(CO)3(trans-styryl- 
pyridine)2 are about twice those for the free protonated ligand, Table 21, and (2) 
the initial isomerization quantum yields for the coordinated ligands are about the 
same as those for the free ligand. 123) However, in other examples of apparent exam- 
ples of intraligand photochemistry involving transition metal photoassistance there 
seems to be some advantage in having two (or more) ligands bonded to the metal to 
facilitate reaction of the ligands with one another. An elegant example of the possible 
utility here is as in reactions (40) and (41). 126) The role of the metal may be to 
hold the ligand system in an orientation appropriate for eyelization. Recently, 

CH3 CH3 CH3 CH3 
H a C ' ~ - a ~ ~  H 3 C ~  

CH, \ ~ , /  \ hv._~_. HaC/[ \ u /  ~, 

R 2 " / ~ ' " C H 3  R ; ' " ~ C H 3  
Ra / ' R , k  -Ra / " R , /  

M = Zn(C1), Mg(Cl), Cd(Cl), Pd,Pt,Li 
R1 = R2= Ra=H 
R4 = CN 

(40) 

~ 3  CHa ~ CH3 CH3 CH3 CH3 

CH3 
Zn(CI) /) hvs n o ' ~  

._NF \N_f 

CH3 CH3 CH3 CH3 

(41) 
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254 nm 
Cu(I) triflate ~ + ~ 

30% 3% 

~ 254 nm _ ~ 
Cu(I) triflate 

(42) 

(43) 
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Cu(I) triflate has been used as an olefm cycloaddition photoassistance agent as in 
reactions (42) and (43). 127) Detailed stud~, of  reaction (43) shows that it is very likely 
that it is photoexcitation of a Cu(alkene)2 complex that results in the dimerization) 27) 
This provides a second good example of  the possible utility of  transition metal photo. 
assistance involving reactions between coordinated ligands. The nature of  the excited 
state leading to reactions (40)-(43)  is not known. 

Some very interesting results have emerged from the study of several styryl- 
pyridine complexes of Ru(II). 1 ~s) The complexes investigated include [Ru(2,2'- 
bipyridine)2 X2 ]2+ and [Ru(2,2'-bipyridine)2XCl] + (X = trans-4-styrylpyridine, cis- 
4-styrylpyridine). The low energy region of the optical spectra of  these complexes 
is dominated by Ru(II) --} ligand CT absorptions, but in the region near 300 nm ab- 
sorptions are observed which can be ascribed to intraligand ~r -+ ~r* styrylpyridine 
transitions. The results of  the photolysis of the four complexes are summarized in 
Table 22.12a) The only detectable photoreaction is styrylpyridine isomerization. The 

Table 22. Styrylpyridine photoisomerization in Ru(II)-styrylpyridine complexes 1) 

Complex 2) Irrdn. h, ~t ~ c ~c --, t % t @ PSS 

{Ru(2,2'-bipy)(t-4) 2 ]2+ 

[Ru(2,2'.bipy)(c-4) 212+ 

[Ru(2,2'-bipy)(t-4)Cl] + 
or 
[Ru(2,2'-bipy)(c-4)Cll + 

313 

366 
436 
570 
Michler's ketone 
sensitized 
(E T = 61 keel/mole) 

Zn etiopotphyrin I 
(E T = 41 keel/mole 

Etioporphyrin 
(E T = 40 kcal/mole) 

313 

436 

0.15 0.156 35 • 2.3 

0.05 0.15 88 + 0.3 
0.05 0.51 85 • 1.5 
- - 88 • 2.3 
0.03 0.04 65 • 2.1 

0.001 0.02 96 + 2.9 

- - 93 :t 1.0 

0.092 0.123 23.6 • 1.1 

0.035 0.665 98.6 + 0.9 

I) Ref.128). 

2) All results at 25 ~ in butyronitrile. 

data show that there is a strong wavelength dependence on the photoisomerization 
activity which is interpreted as intraligand excited state activity at 313 nm excitation 
and mainly Ru(II)-*ligand CT excited state reactivity at the lower excitation energies. 
The fact that the intraligand excited state shows different reactivity patterns than 
the CT states is consistent with the nature of the one electron transitions in each 
case. In the intraligand ~r -> n* transition respectable quantum yields for both trans~ 
cis and cis-+trans isomerization obtain as found in the free ligand. Upon irradiation 
into the Ru(II)-}styrylpyridine CT transition the resulting excited state could be 
viewed as a radical anion of styrylpyridine coordinated to Ru(III). The coordinated 
radical anion of.styrylpyridine apparently results in very effective cis-+trans isomer- 
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isation, but little trans-*cis isomerization as expected from arguments concerning the 
thermodynamic properties of cis- and trans-styrylpyridine. The studies of the Ru(II) 
complexes show that the CT excited states do have particular reactivity properties, 
but, also, the results show that intraligand excited state reactions can compete with 
internal conversion to lower excited states. Chemists may take advantage of both of 
these conclusions on the one hand to discover new chemistry associated with the CT 
transitions and on the other hand to tap intraligand photochemistry modified by 
coordination to a metal as in reactions (40) and (41). 

Styrylpyridine photochemistry has been important in one other system. The 
photoprocessesin the complexes W(CO)s X (X = pyridine, 2-styrylpyridine, and 
4-styrylpyridine) have been investigated. 129) Unlike the XRe(CO)a(trans-styryl- 
pyridine)2 and Ru(II)-styrylpyridine complexes having lowest IL and CT states, 
respectively, the W(CO)s X complexes have lowest LF excited states with only a small 
contribution from W -} pyridyl CT. The one-electron diagram for low-spin d 6 , C4v 
complexes shown in Scheme 7 is appropriate here. Both photosubstitution and photo- 
isomedzation reactions are found for the W(CO)s X complexes and some quantum 
yield data are found in Table 23 )  29) The data show that substitution efficiencies for 

Table 23. Quantum efficiencies for photoreactions of W(CO)s(X) complexes 1) 

Reactions 

A. W(CO)s(pyridine) hv--~W(CO)s(1-pentene) 

B. W(CO)s(pyridine) h~ cis.W(CO)4(pyridine)2 

C. W(CO) s (t-4-styrylpyridine) h~  W(CO)s (l-pentene) 

D. W(CO)s(t-4-styrylpyridine) h ~  W(CO)s(C.4.styrylpyridine ) 
�9 hv__, 

E. W(CO) 5 (t-2-styrylpyridine) W(CO)5 (c-2-styrylpyridine) 

F. W(CO)s(t-2-styrylpyridine) hV--~ W(CO)s(1-pentene) 

Reaction ~436 nm @366 am ~313 nm ~2S4 am 

A 2) 0.63 0.50 0.38 
B 3) 0.002 0.013 0-039 
C 2) 0.16 0.08 0.05 
D 0.49 0.34 0.26 
E 0 . 0 8  ( t  ~ c )  - - 

0 . 3 1  (c-, t) 
F 2) 0.16 0.07 0.13 

0.3' 4 
0.04 

0.21 

1) Ref.129). 
2) ~ measured at room temperature in the presence of 3.66M 1-pentene, isooctane solvent. 
3) r for formation of cis-W(CO)4(py)2 at room temperature in the presence of 0.25 M pyridine 

in isooetane. 

the styrylpyridine complexes are smaller than for the pyridine complex, but both the 
quantum yield for.isomerization and the substitution processes in the styrylpyridine 
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complexes have the same trends as a function of excitation wavelength as the pyridine 
photosubstitution quahtum yields. These data suggest than the LF states can decay 
to a state responsible for the cis-trans isomerization phenomena. The notion that the 
LF excitation energy can be dissipated into intraligand reaction pathways merits 
further investigation. Obviously, trans-*cis-styrylpyridine isomerization does take 
place upon excitation into the lowest absorption band (~max ~" 410 nm) in W(CO)s 
(trans-styrylpyridine) in contrast to the situation with the Ru(II).trans-styrylpyridine 
complexes. By way of contrast to W(CO)s (trans-4-styrylpyridine), initial data for 

cis-W(CO)4(trans-4-styrylpyridine)2 show that the lowest excited state has substan- 
tial contribution from W-~trans-styrylpyridine CT and shows extremely inefficient 
trans-~cis-4-styrylpyridine photoisomerization upon excitation into the lowest ab- 
sorption system. 130) 

Despite their relative insensitivity to light d 6 metaUocenes have received con- 
siderable attention with respect to intraligand photoreactions. Most studies seem to 
have begun with the notion that the metaUocenyl unit is analogous to an organic 
aromatic unit but with low energy LF and CT absorptions. Ferrocene and its deriva- 
tives have received the most study. In the absence of any good electron accepters 
ferrocene itself is essentially inert to irradiation in the optical region. The photo- 
chemical Fries, reaction (44), seems to be one of the first reactions of  this type .131) 

o O 

Fe Fe cyclohexane ~ 
(44) 

Reaction (45) is a more recent example of a photoinduced ligand reaction of 

C~Hs 0 0 

~ ~ I ~ C 6 H s  ~ C 6 H s  

hv Fe ~ Fe (45) 

a ferrocene. I n )  Both reaction (44) and (45) likely proceed via upper excited states 
involving principally IL transitions. Attempted photoreduction of  benzoylferrocene 
in isopropanol by analogy to benzophenone has failedJ an) In this case the forma- 
tion of an IL n ~ re* state either does not obtain or the lifetime is too short to allow 
intermolecular reactions with the solvent. Continued study of  these and related 
systems should focus on an attempt to understand the internal conversion processes 
in these molecules to determine what factors control whether an intraligand excited 
state can give efficient chemical decay. 

The study of the direct irradiation and triplet sensitized isomerization of styryl- 
ferrocene, reaction (46), is noteworthy.l ~4) For either direct or benzophenone sen- 
sitized photoisomerization the photostationary state is exclusively the trans isomer. 
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However, while 313 and 366 nm direct irradiation yields a cis-*trans quantum yield 
of ~0.005, the benzophenone triplet sensitized and the low energy direct irradiation 
yield is only ~0.001. These results support the notion that two reactive excited states 
are involved: one associated with the styrylferrocene which leads to the more effi- 
cient isomerization and a ferrocene-type excited state at lower energy which has a 
smaller tendency to undergo cis-+trans isomerization. It is interesting to note that the 
100% trans photostationary state is likely very close to the amount expected at 
thermal equilibrium. Such a result would be consistent with an intramolecular CT 
transition to yield a radical-anion ferricinium complex as in reaction (47). The radical 
anion could yield cis-~trans isomerization just as in the Ru(II)-styrylpyridine com- 
plexes. The wavelength dependence of the isomerization of  the styrylferrocene is 
consistent with (47) in that upper excited states are required for the photooxidation 
of ferrocene to ferrieinium in CC14 )as)  

~ ~ - C 6 H s  hv ~ / ~ - d - C 6 H s  

Fc -- eFe (47) 

Aside from the Cu(I) photoassisted bimolecular alkene cycloaddition reactions 
such as (42) and (43) 127) there are a number of examples of apparent transition metal 
photoassisted reactions of olefms 2c) where the olef'm is bonded to the metal through 
the olefin It.system. Olefin reactions such as cis-trans isomerization, 2c' 136) 1,3-hy- 
drogen shifts, 2c' 1 aT) dimerization, hydrosflation; 1 ag) and hydrogenation 14o) have 
been studied to some extent. In the systems investigated thus far, the role of the 
light has been either to lead to olofin reaction promptly or to generate a very reac- 
tive intermediate leading to olefm reaction by a series of secondary thermal reac- 
tions. Detailed mechanistic information is generally unavailable as in many cases the 
thermal lability of the olefin complexes precludes detailed knowledge concerning 
the stoichiometry of the species actually undergoing photoexcitation. 

One of the cases where the role of the light is to produce reaction directly is 
reaction (48). 141) This reaction does lend itself to further detailed study to attempt 

/COOR (COOR 
(OC)4Fe~/~ h u.__.~.. (OC)4 Fe I 

ROOC-- COOR 
(48) 

to establish the nature of the intermediate responsible for the isomerization of the 
ligand. One proposal is that electronic excitation produces a CT state such that a 
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coordinated olet'm radical anion is generated which can decay to either the cis or 
trans olefin.2e) The production of a free olefin in an electronically excited state which 
can decay to either the cis or trans isomer is seemingly improbable but easily tested. 

The conversion of trans- to c/s-stilbene by irradiation of either W(CO)6 or 
Me(CO)6 is consistent with production of an excited metal carbonyl-stilbene complex 
whic h undergoes isomerization promptly. 1 a6, 137) The generation of the cis isomer 
represents movement away from the thermodynamic ratio of  cis- and trans-stilbene 
which is "100% trans. Thus, an electronically excited state must be important in the 
reaction sequence. Two proposals have been made: 137) (1) excitation of an M(CO)n 
(stflbene)6_n complex leads to a sigma bonded diradical intermediate as shown in 
reaction (49) or (2) electronic excitation may yield a perturbed IL excited state as 
for the styrylpyridine complexes discussed above. The sigma bonded olefin diradical 

/ C 6 H s  
C6Hs hu----E-.- ,(" 

(49) (OC)sM _ _  (0C)5 M 
/ C6Hs 

C6Hs 

intermediate has some appeal as it might be viewed as arising from the interaction of 
the olefin with electronically excited W(CO)s species having an electron in a strongly 
o* orbital, say dz 2 . The Co(CN)s 3- species in its ground electronic state has an elec- 
tron in the dz2 orbital, 142) and the Co(CN)s a- species reacts with acetylene, reaction 
(50), and other olefins. 143) This seems to be a reasonable analogy to the reaction of 

2 Co(CN)s a-  + HC-~H A .  

7 = \  / 
H Co(CN)sJ 

(50) 

electronically excited W(CO)s and an olefm. The proposal indicated in reaction (49) 
gains some credibility from the observation that 1,2.dideuterioethylene undergoes 
t rans~eis  isomerization upon irradiation of W(CO)6 in solutions of 1,2-dideuterio- 
ethylene.137) The ethylene intraligand excited state is seemingly too high energeti- 
cally to be of importance in this system. It should be pointed out that an intermediate 
similar to that in reaction (49) could also be invoked to explain the isomerization 
indicated in reaction (48). 

The M(CO)6 (M = Me, W) photoassisted interconversion of the linear pentenes, 
reaction (51), is an example of a situation where the role of the light, at least in part, 
is to generate a reactive intermediate which is responsible for the isomerization reac- 
tions. 137) The key photoreaction is dissociative loss of CO from W(CO)s(alkene), 
reaction (52), to yield a coordinatively unsaturated intermediate which can lead to 

/ ' /  \ \  (51) 
/=k__ /--%_ 
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W(CO)s(alkene) h v  W(CO)4(alkene) + CO (52) 

sustained alkene isomerization without irradiation by the sequence of reactions(53) 
through (57). The sustained pentene isomerization without light takes place 

(53) 

o w- t (54) 

(55) 

(56) 

+pentene 
(OC)4W (pentene) _ (OC),W (pentene)2 (57) 

-pentene 

due to the thermal lability of the W(CO)4(pentene)2. This situation is one appropri- 
ately termed photocatalysis since a catalyst has been photogenerated which can 
operate thermally without additional photolysis: the photons themselves can be used 
catalytically simply to initiate the catalysis. For the case at hand there is likely a 
component of the isomerization proceeding by the intermediate indicated in reaction 
(49), and this results in higher sustained rates of  isomerization under constant irradi- 
ation beyond the thermal rate in the dark. Also, it is to be noted that, in general, 
photoexeitation can accelerate thermal processes such as ligand exchange, and con- 
sequently, continuous irradiation can be used to accelerate thermal catalysis. 

Olefin isomerization has also been mediated by the photolysis of Fe(CO)s .144) 
Recently, a detailed study of  alkene isomerization by photolysis of  Fe(CO)s has 
shown that the reaction is truly photocatalytic. 14s) The very high quantum yields 
(>>  1.0), Table 24, and the fact that the pentenes are ultimately equilibrated to the 
thermodynamic ratio support the notion that the role of the light is to generate a 
thermally active catalyst. A mechanism similar to that in reactions (53)-(57) in- 
volving Fe(CO)3 as the repeating unit can be used to account for the results. 

The M(CO)6 (M = Cr, Mo, W) photocatalyzed hydrogenation 14~ and hydro- 
silation 139) of 1,3-dienes is another example where the role of  the light is to 
generate coordinative unsaturation. The reactions (58) and (59) can be carried out 
on a synthetic scale and represent very selective transformations. The facts that 
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Table 24. Fe(CO)s photocatalyzed isomerization of 
l-pentene to 2-pentene 1) 

l-Pentene, M t# (Isomerization) 

0.04 1.1 
0.10 1.5 
0.5 14.5 
2.0 68 
9.14 429 

1) Ref 145) 

~ _ ~  h v _ 
Cr(CO)6 

D2-I arm H H 
25 ~ D D 

+ DSi(CH3)s Cr(CO)6 H 

25 ~ H 
D Si(CH3)3 

(58) 

(59) 

(1) (arene)Cr(CO)a catalyzes both of these reactions in the dark at high tempe- 
ratures 146) and (2) that arene group exchange is a known 147) thermal process in 
(arene)Cr(CO)3 suggest that Cr(CO)3 is the repeating unit in reactions (58) and 
(59). The substitutionally labile (with respect to CHaCN substitution) 
(CHaCN)3Cr(CO)3 complex catalyzes reaction (58) at 40 ~ providing further 
support for the notion that Cr(CO)3 is the repeating unit in the photoreactions. 14s) 
Illumination of (benzene)Cr(CO)3 does not yield the photocatalyzed hydrogenation 
reaction rag) and this is likely due to the fact that photolysis of (benzene)Cr(CO)3 
yields photoinduced loss of CO, reaction (60), and not loss of  the arene group, ls~ 

(benzene)Cr(CO)3 hv , (benzene)Cr(CO)2 + CO (60) 

Several interesting examples of intraligand chemistry involving oxidation or 
reduction of "inorganic ligands" will be discussed in the Final section of this paper, 
but a discussion of the photochemistry of azide complexes involving the photo- 
generation of coordinated nitrenes is appropriate here. The irradiation of 
Ir(NHa)sN2a § proceeds according to reaction (61) in the presence of 0.1 M HC1.150 
The quantum efficiency of reaction (61) for irradiation in the range 250-400 nm 

Ir(NH3)sN~ + + 2 H + + C1- - - ~  Ir(NHa)sNH2CI 3+ + N2 (61) 

is essentially invariant at nearly 0.6. The products are certainly consistent with 
the primary photogeneration of Ir(NH3)sN 2+, and importantly, though LF ex- 
cited states are in the energetic range used for excitation, no simple ligand substi- 

89 



M. S. Wrighton 

tution chemistry was observed. The photogeneration of the nitrene intermediate, 
then, may occur from a low lying azide localized excited state which is below the 
LF excited states, but this reactive azide excited state does not give rise to an 
observable absorption band. 

The photochemistry 122) of Rh(NHa)sN~ + also seems to have a component 
of  a nitrene generation pathway as in reaction (61), but at higher excitation ener. 
gies CT states are populated which decay to give azido radicals and presumably 
Rh(NH3)s 2+ species. A comparison of quantum yields for the M(NH3)s N]+ (M = 
Co, Rh, Ir) complexes are given in Table 25. l s l - ts3)  The Co(NH3)sN~ + gives no 

Table 25. Efficiency of photoreactions of M(NH3)s N2+ 

Complex Irrdn. Sdeeomp Snitrene formn. Ref. 
h, nm 

Rh(NH3)s N2+ 250 0.31 • 0.01 0.18 • 0.01 
152) 

275 0.178 • 0.006 0.096 • 0.005 
300 0.104 • 0.004 0.053 -+ 0.002 
320 0.054 • 0.003 0.043 • 0.002 
350 0.035 • 0.002 0.034 • 0.002 

Ir(NH3)sN~ + 250 0.63 0.63 151) 

300 0.61 0.61 
350 0.83 0.83 
400 0.65 0.65 

Co(NH3)sN 2+ 254 ~0.5 None 
153) 

550 0.011 None 

nitrene formation ls3e) and apparently represents the extreme in CT photochemistry 
whereas Ir(NH3)s N~ + having the highest energy CT (N~ ~ M) absorption gives ex- 
ceedingly high yields for nitrene formation via an azide localized excited state. The 
Rh complex is clearly intermediate in behavior. Recently, Zink 154) has reported 
molecular orbital calculations that are consistent with the IL excited state reactivity 
proposal based on the experimental work. 1 s 1, 122) Zink makes the additional inter- 
esting suggestion that photolysis of Rh(NHa)s N~ + could lead to Rh(NH3)s N] + fol- 
lowed by rapid thermal aquation to yield Rh(NH3)sOH] +. The formation of 
Rh(NHa)s OH] + is observed and has been ascribed 12a c) to formation of Rh(NHa)2s + 

- - 2 +  - �9 �9 and N 3 followed by an oxidation of the Rh species and ultimate formation of the 
Rh(NH3)s OH23 +. Other examples where coordinated nitrenes seem to result from 
photolysis are shown in reactions (62) and (63). 152) 

(ns.es Hs)Mo(CO)(PPh3)2 (N3) h v  , 

(r/2 -C2 Hs )Mo(CO)2 (PPh 3) (NCO) + (r/5-Cs H s) Mo(CO) (PPh3)2 (NCO) (62) 

(nS.cs Hs)Mo(CO)(NO)(Pph3) h v  

(nS-CsHs)Mo(CO)2 (NCO)(PPh3) + (rtS-CsHs)Mo(CO)(NCO)(PPh3)2 (63) 
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IV. Redox Reactions and Charge-Transfer State Chemistry 

Primary photoreactions leading to net oxidation or reduction reactions of coordina- 
tion compounds are well known and are often the result of decay paths accessible 
only from CT states. A number of coordination compounds yield photoelectron pro- 
duction in solution, the Ru(2,2'-bipyridine) 2+ ion has been shown to be an electron 
donor from its electronically excited state, and photoreduction of several metal com- 
plexes has been studied in detail. Discussion of these three areas should reveal most 
of the important principles associated with photoredox and CT state chemistry. 

A. Ru(2,2'-bipyridine) 2+ 

Interest in Ru(2,2'-bipyridine)~ + has stemmed from the early observations ts6) that 
the ion luminesces in fluid solution at room temperature subsequent to electronic 
excitation. The number of coordination complexes that luminesce under conditions 
where photochemistry occurs is very small, but includes a few Cr(III) complexes which 
exhibit LF emission, 1 sT) XRe(CO)a(1,10-phenanthroline) (X = C1, Br, I) and related 
complexes which emit from a state which is Re -~ 1,10-phenanthroline in absorption,t ss) 
and Ir(2,2'-bipyridine)3 3+ and Ir(1,10-phenanthroline)] + from which emission is observ- 
ed. lsg) Study of Ru(2,2'-bipyridine)~ + has been particularly intense. The emission is as- 
sociated with an excited state which is Ru(II)~2,2'-bipyridine CT in absorption. The spin 
multiplicity of the emitting state is logically triplet, but spin-orbital coupling in Ru(II) 
is great enough as to preclude assignment of discrete spin-states. ~ 60) The temperature 
dependence of the emission lifetime of Ru(2,2-bipyridine)23 + has been studied in detail 
and interpreted in terms of a thermally equilibrated manifold of spin-orbit states which 
each can decay to the ground state with a different set of radiative and nonradiative 
decay constants.161) The energetic splitting of this manifold of states arises from 
the spin-orbital coupling perturbation. The energy level diagram for Ru(2,2'-bipyr- 
idine) g+ is shown in Scheme 16. Other Ru(II) complexes including Ru(4,4'-diphe- 
nyl-2,2'-bipyridine)~ + and cis-Ru(CN)2(2,2'-bipyridine)2 have been studied in the 

E 

d s 7r~* ~/ 
, A I+A 2+2E 

d s ~r* 

A2 

E 
At 

d 6 A t 

Ru(2,2'-bipyridine)~ + Energy Levels 161) 

Scheme 16 
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same way and fitted to the spin-orbital coupling model1161) Since the energetic spacings 
of the spin-orbit states are fairly small, it is not clear what importance the data will have 
for an understanding of the chemistry to be found; But, the complete understanding 
of these systems should contribute significantly to the molecular basis for decay pro- 
cesses. 

The fairly long solution lifetime of the charge-transfer excited state of Ru(2,2'- 
bipyridine)~ + has been exploited by using it as a "triplet" sensitizer for both organic 162) 
and inorganic reactions. 163) Interest in the photochemistry associated with the charge- 
transfer state was stimulated by the data shown in Table 26164) which led Gafney and 
Adamson to propose that Ru(2,2'-bipyridine)] + could be used as an excited state 
reducing agent. 164) The fact that the excited Ru(II) complex can serve as a reducing 
agent is now well established and several reactions have been studied. Substrates that 
have been reduced by the excited Ru(II) complexes are given in Table 27.164-168) It is 
interesting to note here that under certain circumstances reduction of Ru(2,2'-bipyr- 
idine)33+ yields electronically excited Ru(2,2'-bipyridine)~ + which undergoes its 
characteristic decay paths including luminescence. 169) 

2 + Table 26. Ru(bipy)3 excited state reduction of Co(NH3)sX 2+ l)  

Complex q~Co 2+ formn. 2) Ksv, 3) M -1 

Co(NH3) 3+ Small - 

Co(NH3)sF 2+ 0.003 0 

Co(NH3)sC12+ 0.063 100 

Co(NH3) s Br 2+ 0.104 225 

l) Ref 164). 

2) Determined for 1 x 10 -3  M complex. 
3) Stern-Volmer quenching constant. 

Table 27. Substrates reduced by electronically excited Ru(2,2'-bipyridine)~ + 

Substrate Ref. 

Fe(OH2)6 3+ 

Co(IIl)-ammines 

TI 3+ 
[1,1'-Dimethyl-4,4'-bipyridine] 2+ 

[ trans- l ,2-Bis(N-methyl-4-pyridyl)ethylene ]2 + 

Ru(NH3) 3+ 

Ru(NH3)5CI 2+ 

Co(C204) 3- 

165) 

166,164) 

167) 
16s) 

16s) 

165,166) 

166) 

168) 
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The principle established with the Ru(2,2'-bipyridine)] + complex is that quench- 
ing of  the excited state can occur by electron transfer when such a redox process is 
kineticaUy and energetically favorable. Other examples of this phenomenon are likely 
to follow. 

B. Photoelectron Production from Transition Metal Complexes 

Photoelectron production in solution has been verified or suspected from a number 
of metal complexes. A collection of metal ions that form complexes which likely 
yield photoelectrons upon irradiation includes Cr(II), Mo(IV), W(IV'), Fe(II), and 
Ru(ii).2 b) It is readily appreciated that a photoelectron producing species must have 
available an oxidation state one level above the starting level and one which is ener- 
getically accessible with light of optical energies. 

Among the several examples of photoelectron producing complexes, Fe(CN)6 a-  
has been studied in greatest detail. ~7~ 177) The quantum yield for photoelectron 
production is strongly wavelength dependent, Table 28,177) and shows definitively 

Table 28. Wavelength dependence 
for photoelectron production from 
Fe(CN)~-- 1) 

Irrdn. h, nm ~2) 

214 0.88 
228 0.89 
253.7 0.65 
265 0.52 
289 0.18 
303 0.14 
313 0.104 
365 <0.02 

1) Ref.177). 
2) Actually this is the quantum yield for N2 formation from N20 scavenging of the photoelectrons 
that escape primary geminate recombination. 

that the lowest excited states do not lead to substantial yields of  the photoelectrons. 
The lowest states are the LF 1,3 T and 3T, (cf. Table 5) and these apparently lead to _ ~ �9 
very efficient substitution. 64' 178) Redox reaction at high energy and substitution at 
low energy is not unusual, but for both of these to be efficient is rather unique. 

Full details subsequent to high energy electronic excitation of Fe(CN) 4 -  have 
not been elucidated, but some data do support the notion that a Fe(CN)64- ~ solvent 
CT (CTTS) excited state is responsible for the ejection of  the electron. Shirom and 
Stein 177) have postulated the reasonable mechanism indicated in Scheme 17. Despite 
the fact that there appears to be an absorption associated with the CT2~S transition 
there is no necessity to invoke direct population of the CTTS excited species as it 
could be populated by relaxation of the ITlu excited Fe(II)~CN- CT state. 
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Fe(CN) 4_ hv 
[Fe(CN)~-I* 1 

> (ITlu) 

J, 

IFe(CN) 4- l* 

(I T2#) 

[Fe(CN)~- l* 
(1 Tlg) 

Scheme 17 

-'- IFe(CN)~- l* -'-+ Fe(CN)6 3- + eaq 

(CTTS) 

Fe(CN)sOH 3- + CN- 

C. Primary Photoredox Reactions of Inorganic Systems 

Aside from the chemically clean redox reactions described above involving the elec- 
tronically excited Ru(2,2'-bipyridine)32+ and the dissociation of electrons from ex- 
cited species there are a large number of photoinduced redox reactions of metal 
complexes which involve more extensive reorganization of the coordination sphere. 
There are, in fact, only a small number of photochemically induced redox reactions 
which yield products differing only in oxidation state. Production of photoelectrons 
provides a good pathway for photooxidation, but few, if any, examples exist for 
photoinduced reduction not involving extensive changes in coordination sphere. Irra- 
diation of M(CN)83- (M = Mo, W) is observed 179- lao) to yield M(CN) 4- which is one 
apparent photoreduction not involving anything other than reduction in the photo- 
receptor. Obviously, the reduction must be accompanied by an oxidation as indicated 
in reaction (64) where the solvent H20 is oxidized. Since M(CN) 4- itself yields photo- 
electrons 2b) upon high energy excitation one could conceivably reduce and oxidize 
water by irradiation of a mixture of M(CN)s 3- and M(CN)84- as has been proposed lal) 
for certain transition metal aquo ions. 

4M(CN) 3 - + 2 H 2 0  hv 4M(CN) 4- + 4 H  § (64) 

A well studied example of a photoreduction which is accompanied by de- 
composition is the CT state photochemistry of Co(III)-ammine complexes. 2b) In 
recent years substantial effort 182' 183.2b) has been directed towards understanding 
the photoreductions like reaction (65). Reactions of this type almost certainly origi- 

Co(NHa)sBr2+ hv, Co(NH3)s2+ + "Br (65) 

nates from CT states of the X- -+ Co(III) CT type. The resulting excited state can be 
viewed in simplest terms as a Co(II) complex which is quite substitutionally labile. 
Actually, it is possible to use simple one-electron level diagrams like those used in 
discussing the M-M bonded complexes. Say, for Co(NHa)s Br 2+ the appropriate dia- 
gram is shown in Scheme 18. Now, the ob(pz ) ~ o* (dz2) one-electron transition is 
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(HaN)sCo2+~ ~ B r  
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Scheme 18 

the o-X- ~Co(III) CT transition and the diagram shows clearly that the o-bonding 
is strongly destabilized. Empirically, 2b) it appears that homolytic cleavage of the 
Co-Br bond obtains just as homolytic M-M bond cleavage obtains upon oh io*  ex- 
citations. 

For a long while it was believed that Co(III)-ammines have little LF excited state 
chemistry and Co(CN)sX 3- species have no CT excited state chemistry. Now several 
studies184, 185) show that Co(CN)sX 3- species do have chemistry associated with 
X-oCo(III)  CT excitations and usually Co(CN)s a- results. Despite the fact that Rh(II) 
is not a common oxidation state, Rh(III) complexes also undergo photoreduction 
principally by irradiation into ligand~Rh(III) CT absorption bands, t86) Thus it ap- 
pears that a fairly large number of nd 6 systems can be reduced to nd 7 systems, but 
the thermal chemistry foUowing photoreduction will vary depending on the particu- 
lar complex involved. 

Relatively recently 187) the first photoreduction of a Cr(III) complex was re- 
ported. The release of N3 radicals from Cr(NHa)sN~ § reaction (66) was interpreted 

Cr(NH3)sN~+ h v  Cr(NH3)]+ + N3 (66) 

as the essential result of irradiation into the Na~Cr(III ) CT absorption. Like 
Co(NH3) 2+, the Cr(NH3) 2+ is very substitution labile and decomposes to yield the 
Cra2ff ion and ammonia. The N3 radicals yield N2, and thus the observation of N2 
gas evolution from azide complexes cannot be regarded as evidence for a coordinated 
nitrene. Photoreduction of Co(NHa)sN 2+, Co(CN)s N~-, and Cr(NH3)s N~ + all likely 
occur by similar mechanisms and none of these species gives rise to a coordinated 
nitrene intermediate. 

A large number of other metal complexes have received long and detailed atten- 
tion, but activity in recent years has revealed few new principles appropriate for dis- 
cussion here and some systems have been treated in detail elsewhere .2) Included 
among these are oxalato complex photochemistry where oxidation of the oxalato 
ligands is coupled to the central metal reduction; Ag(I) photochemistry related to 
imaging systems; uranyl ion photochemical reactions coupled to organic oxidations; 
and aquo ion photoredox reactions. Two specific topics have recently emerged as 
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potentially important aspects of photoredox behavior in inorganic systems: (1) photo- 
induced reductive elimination, and (2) photochemistry in wet photoelectric cells. 
These two topics will be briefly discussed below. 

Oxidative addition, such as that exemplified by addition of H-SiR3 to photo- 
generated Fe(CO)4, reaction (17), is a very important, large thermal reaction class. 
Generally, it can be said that oxidative addition to low valent, coordinatively unsatu- 
rated metal complexes is common. Recently, Geoffroy, Hammond, and Gray laaa) 
have established that reductive elimination can be photoehemically induced. A typi- 
cal example is shown in reaction (67). Other small molecules can be reductively elimi- 

+ hv 
H2Ir(diphos) 2 ~ Ir(diphos)~ + H2 (67) 

nated from such It(III) complexes to yield the four-coordinate It(I) product. Impor- 
tantly, some photochemically induced reductive eliminations do not occur readily by 
heating. For example, the photoinduced reductive elimination could be obtained at 
77 ~ The mechanism of the reaction is not known, but the authors 188a) speculated 
that the Ir(III) complexes have lowest excited states substantially Ir(III)-,'phosphine 
CT in character tending to yield an "Ir(IV)" species from which reductive elimina- 
tion is very fast compared to the rate from the Ir(III) ground state. We note with 
interest the observation of loss of two methyl radicals by irradiation of 
(r/s -C s Hs )2 M(CH 3)2 (M = Ti, Zr, HI') l s ab), and the apparent photoinduced reductive 
elimination of H 2 from (r/s-CsHs)2wH2 lane, a). The generality of the reductive elim- 
ination, the mechanism, and the importance of this reaction in photocatalysis merits 
serious effort. 

Lastly, inorganic based photoredox processes on semiconductor electrodes has 
recently sparked considerable interest in that these can be coupled to important redox 
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Vycor Gloss 

Electrode 

(o) 

To Recorder 

[ ~  Pyrex Gloss 
. . . . .  I f  / /  

Electrode I Eleclrode 
Aqueous 
Electrolyte 

(b) 

Fig. 9. Photochemical cells used for the photoassisted electrolysis of H20.  In (a) the two elec- 
trode compartments are separated by a fine glass frit to prevent diffusion of the 1 N H2SO 4 on 
the Pt side and 1 M NaOH on the TiO 2 side. In (b) applied potentials of  > 0.2 V ate required to 
observe efficient photocurrents in the homogeneous electrolyte (from Ref. 189)) 
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chemistry. The sustained photoassisted electrolysis of  H20, reaction (68), has 
recently been demonstrated lag) by using an electrode system like that schemed in 

H20 hv r H 2 + 1/2 02 (68) 
[photoassistance agent] 

Fig. 9. Upon irradiation of the n-type semiconductor TiO2 with near UV light 
(>410 nm which corresponds to the band gap energy of TiO2 zgo)) O2 f rom the H20 
is evolved at TiO 2 and H2 is evolved at the Pt electrode which is not irradiated. The 
source of  the 02 was established by using t 80 labelled H20, and importantly, no 
weight loss in the TiO2 could be detected even when more moles of  02 were evolved 
than moles of TiO2 originally present. Though photoprocesses on semiconductors 
have been studied for some time in order to characterize the electronic properties of  
the semiconductor, 19t) it has not been until recently 189' 192-194) that attention has 
turned to energy conversion or chemical synthesis. Preliminary results on the TiO 2 
system 192) led the authors to propose that photogeneration of  the minority carrier 
(holes) at the TiO2 surface lead to the oxidation of H20 to evolve 02. The minority 
carriers in p-type semiconductors are electrons. Thus, photolysis at the band gap 
energy in p-type materials should lead to strongly reducing sites on the surface, and 
photoindueed H2 production at the photoreceptor could, in principle, be achieved. 
Until recently, the TiO2 photoelectrode was the only material which cou!d be used 
as a photoelectrode to sustain reaction (68), but SnO 2 single crystals have been 
found 19s) to operate in a similar way. Some additional significant work on photo- 
electrochemical cells has been recently reported 196). Prospects are bright for useful, 
photochemically driven redox processes sustained by the photolysis of  electrodes 
in wet electrochemical cells. 
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I. In t roduc t ion  

Reactions involving the olefinic bond constitute one of the most important and ex- 
tensively studied fields of organometallic chemistry 1). In contrast, the reactivity of 
the isoelectronic diazenes ( -N=N-)  towards transition metals has until recently been 
largely unexplored. Much of this current interest in the coordinating properties of 
diazenes 2) stems from the probable intermediacy of diazene complexes in biological 
nitrogen-fixation 3) as well as from the nonenzymatic conversion of coordinated 
dinitrogen into diazene derivatives 4). This article is mainly concerned with the inter- 
action of metal carbonyls with cyclic diazenes and diazo compounds, and with reac- 
tions of the coordinated N=N bond s). The closely related diazenato complexes have 
been recently reviewed 2d). 

H\ /H ~ R 
"" N----- N... N~N N--'~N ~===N ~ N  

H R 
Oiozenes Diazo Compounds 

-..0 01"  
N~--N 

( a )  

al 6 ~ , , %  bg 

o bt(n-) ~ O-'--'ON / ~ N ~ N ~  ag(n~ 

8 ~ 

o=o C6" ou 
( 3  

at(n*) ~ 0~..- n 2 ~ NO--_N~'~ bu(n-) 

8 
j o -  

C2v C2h 
(b) 

Fig. 1. Classical (a) and schematic MO-description (b) of the cis (C2v) and trans (C2h) diazene 
group. The symbols in the center of the figure axe used in the text. (See also Table 2.) 
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II. Electronic Structure of Ligands 

The basic electronic structure of diazenes has been thoroughly elucidated. In the 
classical formulation of the - N = N -  group the two electron lone pairs are assumed 
to occupy sp 2 hybridized atomic orbitals which are localized on the nitrogen atoms 
(e.g. Fig. 1 a for a cis-diazene). This model implies two energetically degenerated 
highest occupied orbitals and it has been assumed that the overlap integral between 
these sp 2 atomic orbitals may be neglected 6). However, it is generally accepted now 
that this integral is not neglectable and that interaction of the lone pairs yields a 
symmetric (n+) and antisymmetric (n_) combination v' s). A very high energetical 
separation of 7 eV has been calculated for trans-diazene (trans-diimine) by ab initio 
molecular orbital methods 9a' b) (Experimental value9C): 5.1 eV). Haselbach and Heil- 
bronner have measured the photoelectron spectra of a variety of diazenes and assign- 
ments are based on correlation with spectra of corresponding C=C and C=N-analognes 
as well as on MO-calculations 1~ From their results it follows that the energetical 
separation between these nonbonding orbitals is a function of the NNR bond angle, 
but in most diazenes the 1r(N=N) bonding orbital lies energetically between n+ and 
n_. The relevant orbitals of an N=N bond are schematically depicted in Fig. 1. Thus, 
in trans-diazenes (C2h symmetry) the highest occupied MO (HOMO) is the n+, com- 
bination, transforming as ag, while in cis.diazenes (C2v) the antisymmetric n_ com- 
bination (bl)  is higher than n+(al). To simplify the notation for these MO's, regard- 
less which symmetry is present, we have chosen to use n I as the designation for the 
energetically higher orbital and n2 for the lower one 11). In this designation the nl 
orbital lies always at higher energy whether the compound has cis- or trans-configu- 
ration. The splitting between nl and n2 is in the range of  3-3 .6  eV for 3- and 
5-membered cyclic diazenes l~ The 4-membered 1.2-diazetines exhibit a very small 
separation of ~ 1.5 eV and in this case the n 2 orbital lies above the 1r(N=N) level 1~ 
These experimental findings confirmed the predictions made by Gimarc 13) who 
found that, in addition to the "throughspace" interaction 14) present in trans-diazenes, 
a "throughbond" interaction of the n2 orbital with a lower lying N - N  o-orbital is 
possible for cis-diazenes; this interaction raises the energy of the n2 level and becomes 
maximal for NNR angles of ~90 ~ as present in the 4-membered 1,2-diazenes l~ 
Table 1 contains ionisation potentials and n 1 --> ~z* transition energies of some selected 
diazenes. In agreement with these results the lowest-energy band in the electronic 
spectrum of diazenes originates from an n I - +  ~f* transition. While there is a general 
agreement about this assignment, the higher absorption bands are not as securely 
assigned. In the case of trans-dimethyldiazene the band at 54 kK was first assigned 
to an n2 ~ ~z* transition 2~ However, later experiments showed that the vibrational 
structure of this band is washed out by nitrogen gas of high pressure (119 atm), and 
that there is a general shift of intensity to higher frequencies, as expected for an 
upper Rydberg state. Accordingly, this band was assigned to an nl ~ 3p Rydberg 
transition 21). 

Molecular orbital theory not only predicted the interaction between the "lone 
pairs" but also showed that these are more or less delocalized over the neighbouring 

22, 2a) 2a) bonds . This effect is relatively small for nl in trans-dimethyldiazene but 
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Table 1. Vertical ionisation potentials and n I -" n* transition energies feV) of diazenesl) 

Iv(n1) lvOr) Iv(n2) nl -" ,~,3) 

trans-Diazene 2) 10.2 14.39 
trans-Dimethyldiazene 8.98 11.84 

trans-bis(isopropyi)-diazene 8.47 ~ 11.1 

cis-bis(isopropyl)diazene 8.24 11.18 

Pyridazine s) 9.31 10.6, 10.9 

cis-Azobenzene 7) 8.46 8.77 

Benzolelcinnoline 8) 9.1 10.2, 10.8 

2,3-Diazanorbornene 8.96 ' 11.53 

3,3,5,5-Tetramethyl-1- 
pyrazoline 8.63 10.91 

3,4-Diaza-exo-bicyclo 
[4.2.1.02"S Inon-3-ene 8.9 11.3 

3,3-Dimethyldiazirine 9.76 12.1 

'15.03 
12.3 3.514 ) 

11.5 3.454) 

11.9 3.254 ) 

11.3 3.36 ) 

- 2.82 

11.3 3.1 

11.91 3.63 

11.26 3.54 

10.4 

13.3 3.579 ) 

1) Collected in Ref. 12). 
2) Ref.9c). 
3) In n-hexane solution. 
4) In gas phase. 
S) Ref.1S). 
6) Ref. 16a). 
7) Ref.l 6b). 
8) Preliminary values of Refs, 17, 18). 
9) Ref.19). 

becomes larger in cis-dimethyldiazene and diazirine 22). Table 2 contains the bond 
characters o f  the frontier orbitals o f  these diazenes as obtained by CNDO/2 calcula- 
tions TM. These show that  in the case of  trans-dimethyldiazene the "lone-pairs" 
contribute about  80% to the HOMO (n t )  which is localized by about 20% on the 
C - N  bonds. This "lone pair character" of  the n 1 orbital is only 67% in cis-dimethyl- 
diazene and significantly drops to 32% in diazirine. In the latter case the symmetry  
allowed mixing of  the n 1 linear combination with a C-2p orbital is so large that this 
molecular orbital is to be viewed rather as a bonding o ( C - N )  than as a nitrogen lone 
pair orbital (Fig. 2b).  It may be further noted that the lone pair character of  the 
lower lying n 2 orbital is comparable with nt  in the case of  cis-dimethyldiazene, only 
half  (42%) of  the nl-value for trans-dimethyldiazene, but more than two times larger 
(78%) than nl in the case of  diazirine. In all diazenes calculated the LUMO (lr*(N=N)) 
is found to be localized almost completely on the N=N bond (96-100%).  Consider- 
ing these numbers the concept of  "lone pairs" largely looses its significance and it 
seems important  to remember these characteristic properties of  the frontier orbitals 
o f  the N=N bond when discussing its chemical reactivity. 

108 



Complexation and Activation of Diazenes and Diazo Compounds by Transition Metals 

In contrast  to diazenes, the electronic structure of  d iazocompounds  was not  so 
intensively studied. The HOMO of  diazomethane was calculated to be a b l ( n )  orbital  
corresponding to the non-bonding orbital  o f  a n-allyl system 22' 26-2s) (Fig. 2). This 

orbital  is responsible for the 1.3-dipolar reactivity o f  diazoalkanes. Typical  ionisation 
energies are 9.0, 7.88 and 8.33 eV for diazomethane,  2-diazopropane and diazo- 
cyclopentadiene,  respectively 28). 

Table 2. Composition of frontier molecular orbitals in diazenes 24) 

MO Bond Characters % 

N=N N-C C-H LP 1) 

trans-Dimethyldiazene ag(nl) 0 19 2 79 
au(rO 77 0 23 0 
bu(n 2) 0 5 54 42 

cis-Dimethyldiazene b 1 (n 1) 0 29 4 67 
b20r) 85 0 15 0 
al(n 2) 9 0 22 69 

Diazirine b t (n l)  0 68 0 32 
b2(Tr) 74 0 26 0 
al(n 2) 16 6 0 78 

1) LP = lone pair character. 

3 b 2 , ~ N = N )  

n 1 (-10.2 eV) 

DD 
. a"b N 2b 2 , "If ( N---N ) 

( c t )  ( b )  

Fig. 2. Schematic drawing of (a) frontier MO's of diazomethane 26'28), (b) HOMO of diazirine 22' 25) 
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I I I. Modes of  Coord inat ion  

From the fact that all diazenes discussed in Section II possess a HOMO(nl, - 8  to 
- 1 0  eV) which has more or less pronounced lone pair character, it follows that the 
diazene group should be a good o-donor forming easily complexes of type I, (Fig. 3). 

- N  : N-- --N -----N-- - - N = N  I - -N.~- -N- -  

1 / \ ". 
M M M % M / N ~ N - -  

! D _ 

\ / \ / \ / 
N : N  N - - N  N--N 

O 

\ I 
, / N = N  ,%. 

M M ~ 
"% N=N je 
/ \ 

\ / 
N=N 

/ \ 

~K,,N: N 7 / \ 

Fig. 3. Possible modes of coordination of the N=N bond to transition metals 

The formation of these complexes should be less favoured in cases where the n l 
orbital is strongly delocalized as, e.g. in diazirines. It is expected that the bonding 
interaction between n I and the metal decreases the nl/n2 interaction, and therefore 
the n2 level should be raised in energy. This effect may enable the N=N group to 
donate the second "lone pair" (n2) rather than two n-electrons to another metal 
resulting in formation of the bridged complexes of  type II. Depending on the geo- 
metry of complex II and the metal involved, metal-metal bond formation may occur 
to afford complexes V and VI where the diazene group acts as a four-or six.electron 
donor, respectively. Further possible modes of coordination are the doubly and triply 
bridged complexes VIII and IX and the duster compound VII. Finally, n-coordination 
may be preferred over o-coordination if the diazene is a poor o-donor and the metal 

�9 fragment a poor o-aeeeptor. 
According to the nature of the HOMO of diazoalkanes one expects the formation 

of complexes like X or XI by the formal way of a 1.3-dipolar cycloaddition with 

N I / m ~ N  N = N  >c= N = N': ~ N = N ' - - "  NI 
/ 

0 

X xZ x q--T x .~ 

Fig. 4. Possible coordination behaviour of diazo compounds 
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the metal  or an M - L  (e.g. L :CO)  bond. The four-membered metallocycles X should 
be unstable and eject, nitrogen. Side-on coordination o f  the N=N group (X/I)  analo- 
gous to metal-olefin complexes is probably more likely, o-donation via a nitrogen 
lone pair (XIII)  can be mentioned, although it would seem unlikely, due to the very 
low energy o f  the corresponding orbital2a).. 

IV. Complexes Derived from Diazenes 

1. Mononuclear o-Complexes 

Iron carbonyl complexes are easily prepared by the reaction of Fe2(CO)9 with a 
cyclic diazene. An excess of  the diazene prevents the more favoured formation of  
binuclear compounds 29' 3o). Trans-diazenes like trans-dimethyldiazene 3 t) or azo. 

f--, 
Fe2(CO)9 N : N  " N=N~Fe(CO) A Fe (CO) 5 (1) 

Table 3. Physical data of some o-complexes LFe(CO)4 (type I, Fig. 3) 

L ~(CO) 1) UV, kK (e) 1) IH.NMR 2) Ref. 

H 
/ - ] ~  2055, 1977, 1958, 1940 23.0 5.65, 5.45 30) l 

(1310) (5.3) 
HH 

2 ~-~" Me-O . ~ j N  M e O  C~C00 2059, 1983, 1965, 1946 (1790)20"8 5.43) 29) 

N-~_N H 2052, 1972, 1953, 1935 23.34) 0.6, 1.1 S) 3 H 3S) 
(1300) (0.9) 

Me"(N~)_N ~'Me 2055, 1976, 1953, I934 - 7.1, 7.55) 3S) 
 747) 

5 2054, 1982, 1955, 1935 22.36) 0.8, 0.287) 4t) 
H (1790) (0.44) 

6 2050, i970, 1951, 1934 - - 36) 

.~ 2040, 1950, 1933 - - 

0 ~ n  2042, 1970, 1943 25.Osh - 38) 

(1250) 6 ) 
29.0 (1780) 

1) In hexane solution. 
2) Toluene_da ' y-values of protons indicated in the formula, 

numbers in parantheses correspond to free ligands. 
3) Benzene.d6" 
4) In toluene, Ref. 36). 

5) In THF. 
6) Ref.36). 
7) CDCI3. 
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benzene 32) do not react according to (1) but yield binuclear complexes VI or bi- and 
trinuclear complexes containing the o-semidine skeleton, respectively. Use of the 
corresponding eis.diazenes in this reaction reveals that they are catalytically isomerized 
to the trans-isomers affording the same binuclear products 33). The same isomefisation 
occurs in the presence of CpMH2(M=Mo, W) s4). 

From the appearance of four well resolved v(CO) bands in the IR spectrum of 
the pyrazoline complex 2 (Table 3) it was initially proposed that the ligand adopts 
an equatorial position in the trigonal bipyramid 29). An X-ray structural investigation 
has revealed that the diazene occupies an apical position, however 39). The bonding 
parameters of the pyrazoline are not changed upon coordination in agreement with 
the formulation of a o-complex. The coordination geometry around the metal is 
nearly identical with the pyridine complex 8ss); the only difference is the shorter 
Fe.N bond (1.98 A) of 2 compared to that of 8 (2.04 A). It is interesting to note 
that both compounds have the same rotational orientation, namely, the N=N or N=C 
bonds are aligned along the Fe-CIO bond axis (Fig. 5). In contrast to the diazene 

Ph 

�9 �9 
1198, O c  2.o~ ~ "- / /  

"e6"Fe - 1.82 cl__O _~ y eo "Fe 1.80 

~ / 1 1 7 7  1.14 o C J I c  1.77 
oC// C 

III 1.15 III 1.14 
/ o o 

x 

X=COOCH3 

Fig. 5 

c'--__o 
1.14 

complexes, the analogous pyridine, 2-methylpyridine 4~ and pyrazole complexes 
show only three p(CO) bands (2A 1 + E) as expected for local Car-symmetry at the 
metal (Table 3). The fact that introduction of a methyl group in the a-position of 
complexed pyridine does not change the number of CO vibrations, as does introduc- 
tion of a nitrogen atom, indicates that the appearance of four bands is caused by an 
electronic effect of the N=N group and not by the unsymmetrical ligand skeleton 4~ 
Comparing the wavenumbers of the highest v(CO) vibration of diazene and aromatic 
amine complexes (1-6  and 7, 8) one recognizes that the latter have a higher electron 
density at the metal. This points to a somewhat stronger 1r-back-bonding in the dia- 
zene complexes due to the presence of an energetically low 7r~ orbital 42). Maximum 
overlap between this orbital and dxz or dyz will occur only if the N=N bond axis is 
aligned along the yz or xz plane (Fig. 5). This should give rise to a small energy 
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barrier of rotation around the Fe.N bond and, as a consequence thereof, to the 
existence of different conformers in solution. 

All investigated tetracarbonyliron complexes listed in Table 3 exhibit a low 
energy electronic absorption band assigned, on the basis of quantum chemical calcu- 
lations 43), to a predominantly charge-transfer transition from the Fe(CO)4 moiety 
into the antibonding zr*-level of the N=N bond (CTML). The presence of this ab- 
sorption band is another distinct difference between (cis-diazene)Fe(CO)4 compounds 
and amine complexes like I and 8. The dependence of the transition-energy on the 
nature of the N=N bond is in agreement with this formulation (compare I and 2). 
This band undergoes a reversible shift to higher energy upon cooling in different 
solvents to -60 ~ in the case of 2 the deep red colour changes to yellow 3~ 36). 
This effect and the temperature dependent 1 H-NMR spectrum of complex I (13C. 
NMR shows no temperature-effect) may be explained by assuming a conformational 
equilibrium for this type of complexes due to hindered rotation around the Fe-N 
bond36). 

Mononuclear o-complexes of group VIb carbonyls are conveniently prepared by 
ligand displacement reactions. 44-4s) As in the case of iron carbonyls the reaction 

M (CO) 5 L �9 

L = THF , MeCN 

(2) N = N  N = N ~ M ( C O )  5 �9 L 

M ( C O ) 4 ( n o r -  CTH 8) �9 

M =  Cr , M o , W  

N = N  ~ ( N = N )  2 M ( C O ) / ,  �9 n o r - C T H  B (3) 

(2) proceeds usually only with cis-diazenes. However, it has been reported that trans- 
bis(cyclohexyl)diazene affords the corresponding trans-complex by reaction with 
Cr(CO)s(THF) 4s). In contrast to iron carbonyls, the latter complex reacts also with 
cis-azobenzene to form cis-(Ph-N:N-Ph)-~Cr(CO)s 49). In addition to the complexes 
listed in Table 4, the bis(diazene)M(CO)4 complexes of 2.3-diazanorbomene (M -- 
Cr47, 4s), Mo47) and pyridazine (M = Cr) 4s) have been prepared from (norbomadiene 
Cr(CO)4 according to reaction (3); tris(pyridazine)tricarbonyl-ehromium was analo- 
gously obtained from (C7H8) Cr(CO)3 4s). Beck46) has reported the preparation of 
(pentamethylenediazirine)2 Me(CO)3 from (CTHs)Mo(CO)3 and the diazirine; the 
ligand is assumed to function as a two- and four-electron donor. The same diazirine 46) 
as well as diazanorbomene s~ react with (methyl-cyclopentadienyl) Mn(CO)2(THF ) 
or (cyclopentadienyl) Mn(CO)~(THF) to form the corresponding o-complexes. 

As in the case of (cis-diazene)Fe(CO)4 complexes the diazeno ligand disturbs 
the local symmetry (C4v) in L.M(CO)s and gives rise to four or five v(CO) bands 
instead of three. The low-energy absorption band of (benzo[c]cinnoline) M(CO)s 
(M=Cr, Me, W) was assigned to an n~lr* transition 5]~. However, in view of the assign- 
ments made for the spectra of LCr(CO) s compounds (L : amines, phosphines) s2) 
this transition may be rather of "d-d" or CTML character. 

The metal-nitrogen bond is easily cleaved by CO, PPh3, and PF 3 as demonstrated 
for the benzo[c]cinnoline complexes s 1). 
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Table 4. Physical data of (r-complexes LM(CO)5, (type I, Fig. 3) 

L M u(CO)em_ I I) UV, kK (e) I) IH-NMR2) Ref. 

H 44) ~ I N  Cr  2073, 1992, 1947, 1929 25.23) 4.84 
" (8400) 4.94 

H 
/ ~ ] ~  N~ 2071, 1987, 1945, 1939,  (yellow) 5.62 (6.16) 44) 
"-~HT~.N/N Cr 1919 5.46 (5.39) 

Ph 

S 
( ~ N N ~ :  Cr 2073,1991,1953,1941, 1921 (yellow) 44) 

H N-4~_N H Cr 2074, 1991, 1944, 1919 21.8 (4700) 3) 
24.3 (4300) 

~'~N-~ Cr - (yellow) 

( ~ N  W 2079, 1956, 1943, 1929  (yellow) 

Mo 2074, 1984, 1938, 18965h 19.0 

0.8 
1.2 

44) 

45) 

4e) 

s l )  

1) In n-hexane. 
2) In acetone-d 6, y-values of protons indicated in formula, numbers in parentheses correspond 

to free ligand. 
3) From Ref. 36). 

Herberhold et at s a) have prepared a number of arene Ct(CO)2(diazanorbornene) 
complexes according to Eq. (4). These complexes exhibit a linear relationship be- 

h'~ 
A r C r ( C O ) 3 *  N=N .I.HF ~ N=N~Cr(CO)2Ar �9 co  (4) 

Ar = Me6C6, p - M e 2 N C s H 4 M e  , m - Me3C6H3 , p - M e 2 C 6 H  4 , 

p_MeOC6H4Me ' p -  FC6H4Me , CGH6, p - (MeOOC)  C6H4Me , 

p -  (MeOOC)2C 6H 4 

tween the ~(CO) force constants and the Hammet-constants Zop. The bridgehead 
protons of the coordinated diazanorbornene give rise to two signals in the NMR 
spectrum. Upon heating these signals coalesce and it is assumed that the effect origi- 
nates from a fast 1.2-shift of the Cr.N bond between the two nitrogen atoms. The 
temperature of coalescence is lower for electron-rich arene ligands (52-77  ~ than 
for electron-poor ones (90-95 ~ AG* was determined as 17-20 kcal/mole 53) 
In this connection it is noted that the N-oxide of diazanorbornene exhibits only one 
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single signal for both bridgehead protons pointing to a symmetrical structure or a 
fast 1.2-shift of the N-O bond. However, 13C-NMR spectroscopy revealed the pres- 
ence of nonequivalent bridgehead carbon atoms and therefore firmly established the 
asymmetry of the N=N-O function 54). From this it follows that the assignment of 
symmetrical or unsymmetrical coordination of 2.3-diazanorbornene (and similar 
diazenes) in the corresponding metal complexes (N=N-M) on the basis of the 
1H-NMR spectrum alone might lead to erroneous results. 

To gain information as to the donor-acceptor properties of the diazeno ligand, 
a number of (Me6C6)Cr(CO)2L complexes (L = e.g. NH 3, pyridine, pyridazine, 
2.3-diazanorbomene, PPh3; v(CO): 1845, 1848, 1855, 1860, 1865 cm -1) were 
prepared. Comparison of the wavenumbers of the highest v(CO) vibration indicates 
the presence of back-bonding into the antibonding r 53). These results com- 
pletely agree with the conclusions obtained on the nature of the Fe-NN bond in the 
corresponding o-Fe(CO) 4 complexes (Table 3, vide supra). 

Vrieze et  aL s s) have prepared several platinum complexes according to reaction 
(5). It was shown that the v(N=N) vibration of the free ligand remains essentially 

R \  R \  N I ,  P t C l 2  L 
N=N... �9 [L  P t C I 2 ]  2 N =  "-. 

R R 

(5) 

R = Ph , Me ,  M e , C H  

L = C2Hz, , AsEt 3, P Et3 

unchanged upon coordination (IR and Raman spectra); in the case of azobenzene 
the corresponding values are 1442 and 1448 cm - l  for the free and complexed trans- 
diazene group (L = AsEt3), respectively. The UV spectra of these complexes are very 
similar to the corresponding piperidine compounds PtC12(piperidine)L indicating 
the presence of a "pure" o-M-N bond. 

2. Binuclear o-Complexes 

The first complexes containing two metal carbonyl groups coordinated to the un- 
substituted diazeno moiety were prepared by oxidation of complexed hydrazine 

L M N2H ~ H2021Cu2" t  L M-  N ( H ) = N ( H ) - M L  (6) 
]-HF 

M= Mn , L = Cp(CO) 2 

M = Cr , W , L =(CO) 5 

with H20 2/Cu 2+ or p-MeC6H4SO2Na by Sellmann e t  al. s6-s a). The IR spectra of 
the deuterated and lSN-substituted derivatives suggested that the tungsten and chro- 
mium complexes in solution probably exist as cis-diazene compounds 57' sa). An 
X-ray analysis has shown that[[Cr(CO)s ]2N2H2 " 2 THF contains trans-dhzene, 
however 59). The nitrogen and chromium atoms lie within the same plane and each 
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,co,scl. 
H 

/ 
J 

/ 

/ 
f 

H 
/ 1.25 

N ~ N  

Or(CO) 5 

N N O  = 122 ~ 

I0 

Fig. 6 

hydrogen of  the diazene ligand forms a hydrogen-bond to a THF-molecule which is 
located 0.5 A off  this plane (N- �9 �9 O = 2.98 A).The relevant bond distances are 1.25 
(N=N) and 2.08 .~ (Cr-N) .  From the rather short C r - N  bond a certain amount of  
7r-bonding was inferred 42' sg). 

The diimine protons absorb at very low field ( - 4  to - 6  T, Table 5) and are 
therefore easily exchanged by deuterium ions. In the presence o f  catalytic amounts 
o f  a strong base N2H 2 [Cr(CO)s ]2 irreversibly disproportionates to N 2 [Cr(CO)s ]2 
and N2H4[Cr(CO)s ]2 60) 

Bridged binuclear o-complexes containing the cis-diazene group fixed in a three- 
membered ring were prepared from diazirines by reaction with Fe2(CO)9 19) or 

Table 5. Physical data of binuclear a-complexes L. [M(CO)nL'] 2 (type II, Fig. 3) 

L M(CO)nL' v(CO), em -1 1) Colottr 2) IH-NMR3) Ref. 

g HN=NH CpMn(CO) 2 1880, 19154) blue -4.27 (NH) 56) 

I0 H N = N H  Or(CO) s 2055, 19505) violet --6.14 (NH) S7) 
1923 

I1 HN=NH W (CO) 5 _ violet --6.38 (NH) 58) 

12 I~le ~ Ve(CO)4 2083, 2045, 2014 violet 9.5 (Me) 6) 19) 
Me N 2005, 1985, 1961 

Me N 
13 ~>~ Cr (C0)5 - red 9.656 ) 36) 

Me 

I~ < ~ : ~  W(CO) s 2059, 1972, 1945, 1930 violet - 46) 

75 ~ ~ Fe(CO) 4 2082, 2045, 2015 violet 9.3, 8.86) 19,46) 
N 1998, 1985, 1973 (CH2) 

1) In n-hexane. 
2) in hydrocarbon solution. 
3) Y-Values, acetone-d 6. 
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M (CO) n / 
R N M= Fe, n = 4  

R / ~  M = Cr,W, n=5 
R=CH3,  

12 - 15  
Fig. 7 

M(CO)s(THF), M=Cr, W, a6, 46) (12-15). In contrast to the diimine complexes, 
compounds 12-15 show a more complicated v(CO) pattern due to steric interference 
of the two eis-M(CO)n groups. The deep-red to violet eolour of these complexes in 
solution seems to be a general property of the M *- N(R) = N(R) -* M moiety. 61) 

Table 6. Physical data of complexes LFe2(CO) 7 (type V, Fig. 3)1) 

L u(CO), em -1  2) Colour 2) 1H_NMR3 ) 

H 
/ ~ - ~  2057, 2004, 1984 red 5.32 (4.98) 4) 

16 
H 1969, 1802 

( " ~  S - ~  2062, 2009, 1996 green - 17 
N-N 1963 

18 ~ 2049, 2004, 1982 yellow-green - 
N=N 1963, 1972 
H 

,,':N,.~N 2047, 1995, 19735) red 0.62 (0.57) 
19 UI~J~ 1950, 1936sh, 1775 

H H 
/ 

~ 2040, 1989, 1968 blue-green 1.21 (1.0) 20 
H 1949, 1775 

1) From Ref. 62). 
2) In THF solution. 
3) In acetone-d6, r-values of protons indicated in formula. 
4) Values in parentheses correspond to free ligand. 
S) See also Ref. 41). 

Herberhold 62) and Alper 41) obtained another type of bridged complex (V, Fig. 
3) from the reaction of Fe2(CO)9 with cyclic diazenes (Table 6). On the basis of IR 
and 1H.NMR spectra a symmetrical L .  Fe2(CO)7 structure containing an Fe-Fe bond 
and a bridging diazene and CO group was assigned to these complexes. Except the com- 
plexes 19, 20, these compounds are easily decarbonylated to yield L. Fe2(CO) 6 com- 
plexes in which, in addition to the two lone pairs, the diazeno ligand also donates its 
n-electrons to the metals. In the case of pyridazine and phthalazine ligands (19, 20) the 
lr(N=N)-orbital is part of the aromatic ring system which would be destro~,ed if this 
orbital is used in bonding to a metal 62). 
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In addition to mono bridged complexes a number of  doubly bridged compounds 
( type VIII, Fig. 3) were prepared by reaction of  diazenes with (nor-CTHa)M(CO)4, 
M=Cr, Mo, W a6, 46-48). Similar complexes of  type IX containing three bridging 
diazeno ligands were obtained from the reaction of  Cr(CO) 6 with diazanorbornene 
or pyridazine in boiling dioxane 4a). 

Table 7. Physical data of doubly and triply bridged binucleax complexes (types VIII and IX, 
Fig. 3) 

Complex v(CO), cm -z  t) Colour . 1H-NMR2) Ref. 

21 

22 

23 

2~ 

M = M' = Mo 2043, 2010, 1948 red-brown 4.93) 47) 
H ..~t~?-H 1920, 1882 

_N=N,~ 48) (CO)4M +r M'(CO) 4 M = M' =Cr 2033, 1997, 19394) brown 4.7 
~'N=N"" 1913, 1898sh, 1877 

14 --~.,...~H 2035, 2005, 1940 black 4.873) 4"7) 
M=t~o,M'=Cr 1912, 1872 

46) N=N M Mo 2014, = 1967, ~v4~sj - - ,r %, 
(CO)4M ~'N = N pM(CO)4 M = Cr 1942, 1910 36) 

[ ~  M = W 2006, 1959, 19305) - _ 46) 

1890 

H H 1976,1926,1874,> 
(co)~cr c~<co) 4 1828 

( , ~ -  ~ 1897, 18444) f N =  H,,, 
.(C0)3C~ ~,NCF (C. O) 3 H 

N=N H,.~--~H 1893, 18116) 
M../  N-N 

black 0.86 48) 

dark-green 5.11 48) 

green-black 0.33 48) 

t) In chloroform. 
2) In aeetone-d 6, r-values of protons, indicated at the left. 
3) In CDCI 3. 
4) In benzene. 
5) In n-hexane. 
6) In THF. 

3. n-Complexes 

In 1971, Otsuka et  al. 63, 64), and Klein and Nixon 6s) simultaneously reported the  
formation o f  nickel zr-complexes of  azobenzene. The 7r-bonded structure ( type IV, 
Fig. 3) was assigned on the basis of  displacement reactions and spectroscopic evi- 
dence. Treatment of  ( r r -ph-N=N-Ph)Ni  (PRa)2, (R = Me, Bu, Ph), with aqueous 
ethanol or with dimethylglyoxime in THF resulted in the reduction of  the diazeno 
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ligand to hydrazobenzene 6s). Analogous 7r-complexes of Co, Me, Ti and V were 
recently reported 66-69) (see Table 8). 

The proposed structure was confirmed by X-ray analysis of L2Ni(PhN=NPh), 
L = MeaCNC, P(p-MeC6H4)3, by Ibers eta/. 70-7:). If the diazene is regarded as a 
single ligand, the Ni atom has its expected trigonal coordination. Comparison with the 

,,Ph /Ph 

,N 
/ j - N i x  o,0 1.~.71 ~ N i  " 1.37 

4 '  PR3 4~" "H" - -  pR 3 
Ph Ph 

R = p - M e C G H  4 

Fig. 8 

isoelectronic complex of trans-stilbene 7a) reveals that the phenyl groups are bent 
back further in the diazene complex, indicating better back-bonding. This is further 
strongly supported by the long N-N bond distance of 1.37 A compared to 1.24 A 
in free azobenzene 7a' 7,1). Accordingly, the v(N=N) vibration 7s) is lowered by almosl 
600 cm- 1 upon coordination while the corresponding shift of v(C=C) of ethylene 
on coordination to nickel 7~ is 378 cm -1 . The lr*-orbital in azobenzene should be al 
much lower energy than in trans-stilbene and one expects that more electron density 
is transferred to azobenzene via back-bonding. This effect should become stronger 
with increasing basicity of the coordinated phosphines accumulating negative charge 
on the diazeno ligand. Thus, introduction of more basic phosphines shifts the low- 
energy electronic adsorption band (n--~*?) in the direction of the spectrum of the 
dianion of azobenzene 71) (Table 8). 

Diazenes with carbonyl groups like bis(benzoyl)diazene prefer coordination at 
oxygen and nitrogen 76) affording metallocycles 25. However, (CO): Me(S: CNEtz): 
probably also forms a rr-complex. 6a) 

4. ohr-Complexes, Cluster Compounds 

The most stable, and probably therefore, first detected metal carbonyl complexes of 
diazenes are the binuclear compounds (cis-diazene) Fe2(CO)6 , reported by Bennett 77) 
in 1970. They are conveniently prepared by irradiating or heating Fe(CO)s in the 
presence of a cyclic diazene. The structure of several complexes has been confirmed 
by X-ray analysis and was reviewed recently 2b' c). In addition to the four lone-pair 
electrons, the diazene donates two ~r-electrons to the metal. Aeeordingly, the N=N 

�9 bond is lengthened from 1.24 to 1.38 A. If both nitrogen atoms are regarded as 
3.electron donors these complexes represent a further example of the type Fe2(CO)6 
(X) (Y) where X andY are groups like Br, I, NR2, PR2, AsR2, SR. Table 9' contains 
physical properties of some selected complexes. 
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M/Oy R or M / O y  R 

~ , N  ~ N  ~ N / N  
I I 
R R 

2 5  
R = e.g. : OMe , Ph , C(O)Ph 

Fig. 9 

X Y N N 

(CO)3Fe -- Fe (CO) 3 (CO)3F~ Fe (CO) 3 

Fig. 10 
W 

Table 9. Physical data of binucleat complexes L. Fe2(CO) 6 (type VI, Fig. 3) 

v(CO), cm -1 1) UV, kK (e �9 10 -3)  2) IH-NMR3) Ref. 

,~_ 2068, 2022, 1991 25.0 sh (1.8), 29.0 sh (2.4) 7.2 so, 77) 
27 1970, 1959 33.6 (30) (5.34) 

X X 
28 a _~N" 7.3-6.3 78) 

N- R= Ph (5.4) 

X=COOMe a =Me2CH 6.9-6.7 7S) 

Me Me (5.4-6) 
NC~N- 36) 
NC 9.03 

Me I~e ~ (8.24) 

2074,2033,1993 
1985,1971 

2073,2031,1992 
1983,1971 

2075,2031,2000 
1988,1974 

24.0 sh (1.7), 29.0 sh (3.5) 
34.0 (24) 

24.0 sh (1.7), 29.0 sh (3.0) 
33.7 (25.7) 

24.0 sh (1.73), 28.5 sh (2.8) 
33.5 (33) 

29 ~ 2069, 2030, 1989 22.0 sh (1.3), 29.0 sh (11) 
-~N C -  1985, 1972 31 (26.3), 34.5 (22.7) 

P h - ~ - ~  Ph 2065, 2025, 1985 
N-N I ~ 1970 

Me Me \ / 2070, 2024, 1989 23.5 sh (1.0), 29.2 sh (3.2) 4) 6.855) 
N--N 1972, 1962 35.1 

77) 

79) 

al) 

l) In n-hexane. 
2) In n-hexane, ReL 80). 
3) In benzene-d 6, T-values of protons indicated at the left, numbers in parentheses correspond to 

free ligands. 
4) Ref.36). 
S) In CDCI 3. 
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Reinvestigation a~ of  the reaction of  diazanorbomene with Fe(CO)s led to the 
isolation of  an interesting (cis-diazene) Fea(CO)9 cluster of  proposed structure 26. 
The same type of clusters may be prepared from Rua(CO)t2 and cyclic diazenes sl). 

~ "  ~ ._ .~ .  Fe(CO) 3 
(CO)3Fe ---" ~_- / 

Fe / 

(co)3 26 

Fig. 11 

IH, /'*H : 7.O'E (CTO 8) 
l c ,  4C : 66.6ppm (CDCI 3) 

5. Complexes Formed by Cleavage of the N=N Bond. 

When investigating the modes of  coordination of cyclic diazenes to iron carbonyls, 
it seemed interesting to use diazirines, the cyclic isomers of diazoalkanes as ligands. 19) 
From the known chemistry of these compounds it was expected that, in addition to 
complexes containing the intact diazirine ring, formation of dinitrogen, carbene or 
diazoalkane complexes might occur via cleavage of  the C-N bonds s2' 83). Surpris- 
ingly, not the C-N bond but the N=N bond is cleaved during reactions of diazirines 
with Fe 2 (C0)9 or Fe(CO)s/by in hydrocarbon solvents. If the reaction is conducted 
with Fe2(CO) 9 in THF, the bis-(N,N')-tetracarbonyliron complex 12 is obtained as 
the major product as well as minor amounts of the cluster 30 and the ketiminato 
complexes 31 and 32. 

I I 

:• 

Fez(co) 9 

O:R=CH 3 

I FeCO)41 

I R" \N ] 
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R N 

B N " (CO)3FeC \ Fe(CO)3 " " ~ - - N / I  \N-- /  " R~N/i\N=C=O 
",/F.(CO)4 ~ / R/-- ,,,~F~e/ --X R' R '/ ~ F I /  

(CO) 3 (CO) 3 (C O) 3 

12 30 31 32 
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IR spectroscopic analysis of  the reaction of 3.3-dimethyldiazirine with ennea 
carbonyldiiron in n-hexane indicated the initial formation of  a labile tetracarbonyl 
complex which is converted via 12 into predominantly 31 and 32. Solutions of  12 
decompose into 31 and 32; in the presence of  a different diazirine, R[ CN2, the 
mixed complexes of 31 (R 4= R') are obtained as additional products. The formation 
of the ketiminato complexes 31 requires the reaction of two diazirine molecules 
and loss of  two nitrogen atoms. These are not lost as gaseous nitrogen but as an iso- 
cyanate containing very insoluble material of unknown structure. Thus, 12 seems to 
be a key intermediate in these reactions. Opening of one C - N  bond, insertion of 
nitrogen into a Fe-CO bond, cleavage of  the N - N  bond and further rearrangement 
gives the stable, doubly bridged isocyanate complex 32; in the presence of excess 
diazirine the bis(ketiminato) complex 31 is formed, probably by a similar pathway. 

The structures of  compounds 31 and 32 have been confirmed by X-ray analy- 
sis ss), those of  12 (Table 5) and 30 are based on spectroscopic data (Table 10). 

Table 10. Physical data of complexes derived from diazirines and iron eatbonyls 

Compound v(CO)(cm-l) 1) 1H-NMR 0-) 2) UV kK (log e) 1) 

12b 2082 m, 2045, 2015 s, 1998 9.3 m, 8.8 m 
1985, 1973 aUvs 

30a 2074 s, 2020 (sh), 2018 vs 9.03 s, 8.59 s 18.1 (3.2) 
1989 s, 1972 m, 1967 m 23.9 (sh) (3.58) 

31a 2062, 2020, 1985, 1967 aUvs 8.25 s 25.6 (sh) (3.52) 
1960 s 30.8 (3.82) 

31b 2060, 2020, 1985, 1970 allvs 7.75 m, 8.75 m 24.6 (3.54), 30.8 (3.82) 
1960 s 

32a 2208 s (uNCO); 2076, 2043 8.44 s 20.2 (3.28), 28 (3.85) 
2007, 1992 all vs 32.5 (3.86) 

32b 2210 s, O, NCO); 2076, 2043 7.9 m, 8.85 m 20.1 (3.23), 27.8 (3.88) 
2007, 1993 all vs 32.7 (3.84) 

1) In n-hexane. 
2) In benzene-d 6; all values from Ref. 19). 

Simultaneously with this work, Beck and coworkers have prepared also the 
complexes 12b, 31 b and 32b 46). 

The cleavage of the N=N double bond is new in the chemistry of diazirines. It 
may be compared with the azobenzene-o-semidine rearrangement; occurring in the 
reaction of iron earbonyls with azobenzene 2a), the reaction of bis(trifluoromethyl) 
diazene and trans-Cllr(CO)(PMePh2) 2 to yield the nitrene complexes 
(Ph2PMe)2Ir(CO)(C1)(NCF3) s6), and with the formation of  the ketimine complex 
CpMn(CO)2(HN = CMePh) from CpMn(CO)2(THF ) and 1-diazo-l-phenyl~ethane 87' 88). 
In contrast to the behaviour of  iron carbonyls, no cleavage of the N=N bond was 
observed in reactions with group VIb carbonyls 46' 19) 
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6. Summary 

The results obtained from cyclic diazenes and iron carbonyls serve as an example to 
discuss the modes of coordination of an isolated N=N bond 3~ 62, 46, z9). As pre- 
dicted from the electronic structure of these ligands, a-coordination via the n z orbital 
is usually favoured over 7r-coordination. Only if the metal is a very good 1r-donor 
(see Table 8) and the diazene a good lr-acceptor, like azobenzene, will stable 7r.com- 
plexes be favoured. Thus the first reaction step usually affords the o-N-tetracarbonyl 

, f  Fe (CO) 4 Fe (CO) 4 

( i "  I[F" ( EO}/l~l" ( i/1r 
\ 

Fe(COk 

- CO  i 

"hvlCO 

I I 

(co)3 
,,~Fe N~  Fe(CO) 3 . . . . .  //N -~N (- 

-'---~ ~co) 3 (c o)3"",.,. ~F,p/(C O) 3 
(C0)3 (C0)3 

s E1 y]] 

(C0)3 (C0)3 

~ .  I .=c=o = (c~'ff"~ 
(C0)3 (C0)3 

31 32 

F~. 13 

complexes of type I. These are very unstable in the case of diazirines, probably due 
to the relatively high ionisation potential (Table 1) and the very low lone pair 
character of  the n z (HOMO) orbital (Table 2). The second step gives the N,N'- 
bis(tetracarbonyliron) complexes II, which were isolated only from diazirines and are 
assumed to be intermediates in reactions of five. and six-membered diazenes. In this 
latter case they are easily decarbonylated to the complexes V and VI. This reaction 
path is very unfavourable in the case of diazirines as demonstrated by the absence 
of complexes of  type V and VI among the reaction products. The different stability 
and reactivity of compounds of type II is obviously a function of the ring size of the 
cyclic diazene involved. The distance of  the centers of charge of both nitrogen lone 
pairs should increase considerably in going from six- to three-membered rings; as- 
suming a planar Fe +- N--'-~N ~ Fe arrangement for these complexes, the corresponding 
Fe-Fe  distances should be 3.2, 3.5, 4.0 and 4.7 A for a six, five, four and three-mem- 
bared diazeno ligand, respectively. Thus, diazirines offer optimal steric conditions 
for the accomodation of  one Fe(CO)4 group at each nitrogen but  pose difficulties 
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for the decarbonylation reactions producing V and VI, which would require bond 
fonrtation between two widely separated metal carbonyl/goups. In this ease there- 
fore complexes of type I1 prefer a new reaction path involving cleavage of N=N and 
C-N bonds to yield the more stable doubly-bridged complexes 31 and 32. The driving 
force of all these reactions seems to be the formation of the most stable Fe=(CO)6 
complexes. 

From the fact that trans-diazenes do not form any of the complexes described, 
it may be concluded that the initial interaction of the N-N bond with the metal is 
largely determined by the symmetry of the HOMO (nl)89). Both trans and cis- 
diazenes possess similar ionisation potentials but only the latter have a HOMO of 
proper symmetry to overlap with the LUMO (dxy, clx~, cly~ or dx~_y2) of the react- 
ing iron carbonyl species. 

Group VIb metal carbonyls 44-46' sl) afford some additional types of complexes 
which are summarized in Fig. 14. 

M(CO) 6 

, t- 1 
M (CO)5(THF) 

CO 
N----N..., f ~CO ~.~ 
0 cI ~'CO -~-CO~ 

gl 

N-~N 
~/ ~ N= N.~_~? 

M M " - - - - - -  
(CO} 5 (CO) 5 CO 

I I  

M(CO)4(nor- CTH 8) M(CO)3(C7Hs) 

.('2~N ""N U~ N ~ 

0 c I CO - -  ~ 0 c C I CO 

0 \ A  O 

N~N MfCO)4(nor-C7H 

N : N  N=N 

(CO)4M M'(CO) 4 (CO) 3 (CO) 3 

N----El 

Fig. 14 

Here again the scheme applies only for cis-diazenes. However, as already men- 
tioned, trans-bis(cyclohexyl)diazene yields the corresponding (trans-diazene) Cr(CO)s 

"complex by reaction with Cr(CO)s THF 4s). Another interesting complex containing 
two different metals bound to one N=N group (VIII, M ~ M', M = Cr; M' = Mo) was 
prepared from bis(diazanorbornene)Cr(CO)4 and (nor-CTHs)Mo(CO)4 by Acker- 
mann and K o u  47) . 

Aromatic trans-diazenes easily form orthometallated complexes, sometimes 
accompanied by cleavage of the N=N bond to give the o-semidine containing prod- 
ucts. These reactions have been recently reviewed by Bruce and Goodall 2a). 
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V. Reactions of Diazenes Activated by Iron Carbonyls 

1. Reactions of Alkynes with (N--N)Fe2(CO) 6 

One of the major topics of organometallic chemistry is the activation of organic func- 
tions by coordination to a metal. The reactivity of the complexed diazene group was 
recognized when heating the (pyrazoline)Fez(CO) 6 complex 28a in the presence of 
excess diphenylaeetylene.S~ 9 l) Surprisingly, (tetraphenylcyclobutadiene)tricarbonyl- 
iron (33) is formed as the major product (70% yield) among decomposition products 
of the pyrazoline, small amounts of hexaphenylbenzene and known complexes of the 
alkyne. If the reaction is conducted photochemically at room temperature, three 
new complexes, 34c, 35c and 36i were obtained. The structure of 34c was resolved 
by X-ray analysis 9)). The formation of 34c may be viewed as an insertion of the 
alkyne into one Fe -N bond and n-coordination of the double bond formed to one 
iron atom. Cycloadduct 34c forms black crystals which decompose in solution into 

(c0)3 / R~ 
R ~ P h  R I ~ 7 ~ X  R1 X 

F l e ~ N ~ / f f ' ~ X .  ,, / i "  ~ /  + P h - C ' C - P h  150~ �9 �9 \ / 

I Ph CH3 
Fe "~ Fe(CO) 3 

(CO) 3 
28a 33 

R I = P h ,  X = COOCH 3 

Fig. 15 

oN 2 

H R 1 
(c 0) 3 Y 
'~'*" N /L~oo~  
I ~ . / /  ~ / / ~ ' N  COOr 28":R1 = phe 
I ~N ~ H  28b :R 1 = (CH3)i2 CH h 

Fe ~' H 
(c 0)3 

R2_C--C_R :z 

hv & o r hv 

1 COOCH 3 
" ~  COOCH 3 

(co) 3 / i  i 
2 ~Fe,.,. / ] / R  

R 2 (C0)3 

3~c 
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dJ COOCH3 h 
Ph, R3=Ph k 

R 1 R 2 

e * H 

f CH3 

COOCH 3 

,(CH3)2_ Ph,R3= Ph 
CH 

COOCH 3 
R 3 = Ph ' 

! COOCH 3 
R3=CH3 ~ 

R3--C =_.C -- R 3 

1 
(C 0)4 H N/  R1 

R 2 Fe / I  
~ "  " ~  /J -COOCH3 . 

" ' ~ . ~ T N  /?COOCH3 *" - 

R2 H 
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Fig.  16  

R 3 l 0 
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pink coloured complex 35c. The "double-addition" product 36i contains a second 
molecule of the alkyne and is the most stable complex in this series. However, heating 
36i in a vacuum to "150 ~ affords (tetraphenylcyclobutadiene)tricarbonyliron. This 
observation and the fact that 35c is converted into 36i by reaction with further 
diphenylacetylene suggest that these compounds are intermediates in the cyclodimer- 
isation of the alkyne. This was confirmed by IR analysis of the reaction of 28a and 
diphenylacetylene at 150 ~ The proposed structure of 36i was verified by X-ray 
analysis ss) (Fig. 20). Using other alkynes R C2R (R = H, CH3, COOCH3) in these 
reactions led to isolation of a number of further complexes of types 35 and 36. 

To investigate the influence of different diazeno ligands on these reactions, the 
diazanorbornene and benzo [c] cirmoline complexes 27 and 29 were also reacted 
with a variety of alkynes. The reactivity of 27 (Fig. 17) is similar to that of 28. The 

(C 0) 3 . 

F e . .  /1.H J\y -/% 
F~O- - - - / ' -~  

(COl H 

27 
R 2- C ----C--R 2 

hv" or & 

" b 

R 2 : H CH 3 

c d e f 

Ph COOCH 3 Ph Ph 
R3=ph R3=CH3 

l ~ R 3 0 

(co) 3 (c o)z. ~ (co) 2 

R2 (CO) 3 H H 

37a, b,c 38a, b,c,d 39 e,f 

Fig. t7 

structure proposed for metaUocycles 35 and 38 is based on the spectroscopic data 
of38a (R 2 = H). The bridgehead protons absorb at 6.17 and 5.33 z (benzene-d6) 
and the corresponding carbon atoms at 73.6 and 64.9 ppm (toluene-d6) 92). These 
values are similar to those of free diazanorbornene (5.3 r and 75.3 ppm) implying 
some double-bond character for the N-N bond. The very low chemical shift of the 
vinylic hydrogens (0.75 and 2.87 r) points to a certain amount of electron delocali- 
"sation within the five-membered metallocycle (Fig. 18); these compounds are there- 
fore formulated as diazaferroles, analogous to the previously reported diazamolyb- 
doles 93). 

In contrast to the pyrazoline and diazanorbornene-Fe2(CO)6 complexes (27, 28), 
the benzo[c]cinnoline compound 29 yields only the cycloadducts 40 and no diazafer- 
role or "double-addition" products (Fig. 19). 

Attempts to convert 40 into the latter complexes by heating have been unsuc- 
cessful. This characteristic difference in chemical reactivity may be rationalized by 

127 



A. Albini and H. Kisch 

~NN~ ! F >  ~ N / / %  - ~ u / N ~  
- ,,Foe/ 

(c0)4 (C0)4 (CO)z, 

Fig. 18 

(c 0)4 

2 

C 
III 
C I rT 

hv 
b 

o r A  

(C0)3 

" F," I (  
(co)~ 

39 40b, c,d 

R 2 : CH 3 ,  Ph , COOCH 3 

Fig. 19 

(c 0)3 

40d 

Ph (C0)3 ~ X  
- ,~e . ,~  

C ".----~---- Fe z 3~ c 
/ z.,~u (CO) 3 

Ph 

1.21 CO Ph 
C - -  7.,95 I C O  ~ / l ~  _ ~ , ~ >  

Ph " , ~ ! /  )C . 
u J 36i 

/ Ph 
Ph 

X = COOCH3 
Fig. 20 
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(c 0)3 

(COl 3 

XTV 

R\ ((:;0) 3 
C -  - - Fe i.,. 

(C0)3 X 
X = COOCH 3 

(co) 4 
/Fe 

R 

O•c co co n o 
"~-~(c 012 

/ R Fe ~.L R ~ I ~  Fe~-,. 

R / ~ ~ - N  R " - - ' - ~ C  o N - - ' - ~  ,< ) -  : 

\ 

Fig. 21 

R R 

R=Ph (CO)a 
"33 

the assumption that loss of the Fe2(CO)3 moiety (Fig. 20), which is required for the 
formation of the diazaferrole, is initiated by nucleophilic attack of CO, solvent, or 
another molecule of 40 on Fe z. The major structural difference between 34c and 
40d is the orientation of the lone pair at N 1 with respect to Fe 2. In 34c this orbital 
is directed opposite to Fe 2, whereas in 40d it effectively shields the Fe2(CO)3 group 
and thus prevents nucleophilic attack at the metal. The main features of the molec- 
ular structures of 34c, 40d and 36i are shown in Fig. 20 as' 9t). 

Fig. 21 summarizes the complexes obtained. The formation of cycloadducts 
XIV can be explained formally as insertion into the Fe-N bond. By analogy to the 
well known cyclo-oligomerisation reactions of acetylenes 94) in the presence of  tran- 
sition metals, it seems probable that the reaction occurs stepwise and is initiated by 
formation of a ~-complex of the alkyne. The necessary vacant coordination site may 
be formed by loss of CO or by opening of  one Fe-N bond. 

Complexes of type XIV are more stable in the case of diazanorboruene deriva- 
tives (37) than in the pyrazoline compounds where only one cycloadduct (34c) 
could be isolated. The characteristic property of XIV is the smooth transformation 
into the diazaferroles XV which can easily be monitored by l H-NMR spectroscopy. 
This suggests that the leaving iron carbonyl fragment is converted into a diamagnetic 
complex. 

Inhibition experiments with carbon monoxide reveal that the introduction of 
the second alkyne is initiated by loss of CO. The allcyne occupies the vacant coordi- 
nation site and finally yields the double-addition product XVI by forming two C-C 
bonds. This final step resembles the 1.3-dipolar cycloaddition of alkynes and 1.3- 
dipoles 9s). This mechanism is discussed in detail in Section V. 2. 
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The double-addition products of type XVI are surprisingly stable. Complex 36 i, e.g., 
can be crystallized from CH2 C12/MeOH in the presence of hydrochloric acid without 
substantial decomposition. The most striking property of 36i is the conversion into 
the cyclobutadiene complex 33 (R = Ph), which is more conveniently prepared from 
28a and PhC2Ph at 150 ~ As already mentioned, the reaction proceeds by a step- 
wise mechanism through complexes XIV-XVI. This reaction offers a new, facile 
preparation of 33. The cyelo-dimerisation of alkynes other than diphenylacetylene 
could not been substantiated, however. 

2. Photochemical Cycloadditions of Alkynes and 1.3-Dienes to Diazaferroles 

The ability of a transition metal to change symmetry and energy restrictions imposed 
on cycloaddition reactions is of great preparative and theoretical interest 97' 98). Con- 
trary to organic eyeloadditions, the reactions of coordinated ligands have not been 
as extensively studied 99- lO3). The observation that irradiation of the diazaferrole 
35g in the presence of diphenylacetylene (DPA) or 2.3-dimethylbutadiene yields 
the eyeloadducts 36h or 42, prompted a detailed investigation of the mechanism of 
these reactions; for comparison, simple substitution by PPh 3 (TPP) was also studied 1~ 

R 
N X 

"-~r,~ / 
(co)4 

35g 

hv" 

R= (CH 3)2CH, 
X= COOCH 3 

l pp% ~-C=-C-Ph C~H3 
R 

x F. ^ ) ~ ' L I  I ~ r ,  / "--at-c. 3 
(CO) 3PPh3 \ " ~  (CO)4 

o~, ~/~:~o 

~1 36h Ph m.,'~'h ~2 

Fig. 22 

Tlae reaction with DPA may be viewed as "l.3-dipolar" cycloaddition of the alkyne 
with the C=Fe=CO moiety of the intermediate formed by loss of one CO group. The 
DMB-reaction may be considered as Diels-Alder reaction of the cyclic C=C bond. 

Flash photolysis of 35g ((L)Fe(CO)4) yields a rather longlived transient (r = 
70 ms, rmax = 17.8 kK, degassed benzene) which was identified as the coordinatively 
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unsaturated spezies (L)Fe(CO)a by its reactions with CO or TPP to afford 35g or 41, 
respectively; k a (CO) = 2.1x l0 s, k2 (TPP) = 1.3x 106 1 .mol- i. s- 1. Flash irradia- 
tion of 35g in the presence of DPA or DMB shows again the same transient, from 
which a longer-lived species is produced showing a new absorption band at 15.5 kK. 
The rate constants could not be measured in these cases because of overlapping ab- 
sorption bands. Ligand concentration studies in degassed and CO-saturated solutions 
reveal that the relative quantum yields of product formation are more strongly depen- 
dent on these variables for the DPA and DMB-reaction than for TPP-substitution 
(Fig. 23 a). The most distinctive feature of the DMB-reaction is the strong depen- 
dence on the intensity of the exciting irradiation indicating two or more photo- 
chemical reaction steps. Further support for the assumption that these reactions 
proceed through the common intermediate (L)Fe(CO)3 stems from the qualitatively 
same dependence of TPP and DPA-reaction on the irradiation-wavelength (Fig. 23 b). 

The simplest scheme to account for the experimental results is the following 
(A refers to TPP or DPA): 

Iabs. 
(L)Fe(CO)4 ~ ((L)Fe(CO)4)* (1) 

{(L)Fe(CO)4}, kl , (L)Fe(CO) a + CO (2) 

((L)Fe(CO)4}* k-1 - - ~  (L)Fe(CO)4 (3) 

(L)Fe(CO)a + A k2--~ (L)Fe(CO)sA (4) 

(L)Fe(CO)a + CO k3 , (L)Fe(CO)4 (5) 

Applying the steady-state approximation for excited state {(L)Fe(CO)4}* and inter- 
mediate (L)Fe(CO)3, the rate of product formation is: 

d x _  d[(L)Fe(CO)aA)]_ klk2Iabs[A ] 
dt dt (kl+k_l) (k2[A] + ka[CO]) 

(6) 

In agreement with the ligand concentration studies, the following simplified cases 
are considered: 

(a) If k 2 [A] ~" k a [CO] Eq. (6) becomes 

dx k 1 
_ _  = _ _  �9 lab s 
dt kl + k_ 1 

and the quantum yield of product formation is given by 

(7) 

kl 
k l+k_l  

(8) 
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This case applies to TPP-substitution if [TPP]/> 3 [35g]. 

(b) I fk  2 [A] ,~k a [CO] Eq. (6) becomes 

and 

dx _ klk2[A]~bs 
dt (kl+k_l)ka[CO ] 

(9) 

Cb = Ca k2IAl (10) 
k3[COl 

The linear increase of ~b with increasing [A] [Eq. (10)] is observed in the DPA-reac- 
tion in CO-saturated solutions. With the values of Fig. 23 a and k 3 as obtained by 
flash-photolysis, it follows from equ. 10 that k2 (DPA) = 1.2x 1031 mol-  1 s-  1. 

Figure 24 summarizes the mechanisms of these reactions. The excited state 
{(L)Fe(CO)4)* more effectively loses CO upon irradiation in the high energy absorp- 
tion band as indicated by the ratio ofk l /k_  l which is I/9 or 1/20 at 28 or 20 kK, 
respectively [Eq. (8), Fig. 23 b] 105). This is in agreement with predominantly 
"d-d"-eharaeter of the high-energy transition and CTLM-character of the lower one, 
as indicated by SCFF-MO calculations 1~ The rate constant for recombination with 
CO (k 3 = 2.1 x 10Sl mol-  1 s-  t)  compares very well with that observed for Cr(CO)s + 
CO ~ Cr(CO)6 (k = 3 x 1061 m o l - i s - l ) t  o7). The coordinatively unsaturated inter- 
mediate (L)Fe(CO)3, common to all three reactions, seems to gain some stability by 
accepting electrons from the diazaferrole ring as illustrated by the valence bond 
structures in Fig. 24. This intermediate reacts thermally with TPP or DPA while the 
DMB-reaction proceeds only photochemically. If low-temperature irradiations are 
interrupted and the solutions warmed up to room temperature, end-products are only 
formed in the case of the TPP and DPA-reaetion, while no product (42) is obtained 
in the DMB-reaetion. Infrared analysis of these cold solutions clearly indicates com- 
plex formation of DPA and DMB with (L)Fe(CO)3 before undergoing C-C bond 
formation. The coordinated alkyne still has one of the degenerate ;r-orbitals available 
for intramolecular cycloaddition, while the coordinated diene uses its ~2-orbital for 
complexation and therefore cannot undergo the cycloaddition reaction by a thermal 
pathway ag). 

From these results it follows obviously that the "Diels-Alder" reaction does not 
proceed by direct attack of DMB on the cyclic C=C bond but in several distinct steps. 
This agrees with the formulation of a delocalized ground state for the diazaferroles 
resulting in a low double bond character. Complex 42 is rather unstable in solution 
decomposing with cleavage of N-C,  Fe-C,  and Fe-N bonds into the pyrazoline 
ligand, 1.2-bis(methoxycarbonyl)-4.5-dimethyl-l.4-cyclohexadiene and iron carbonyl 
fragments. This instability of 42, wherein electron delocalization within the five- 
membered metaUocycle is no longer possible, may be taken as chemical evidence for 
the significant contribution of this electronic effect to the stability of 1.2.3-diaza- 
ferroles. 
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This stepwise mechanism of the DPA and Divl"B-reaction agrees very well with the 
[r + ~2 ] cycloaddition of alkynes to tricarbonyl-(eycloheptatriene)-iron and related 
complexes99. Again, molecules without a degenerate pair of  highest occupied orbitals 
react by a different pathway. A step-wise Diels-Alder reaction of hexafluorobut-2-yne, 
followed by a regiospecific 1.3-hydrogen shilft, was performed by the following reac- 
tion sequencelOl. The mechanism of these reactions has not been explored in detail. 

R CF 3 R 

~ '  C . . . .  1 3 - shift "" R . ~ _ . ~  �9 /// hv CF 3 reflux CF R F3 

I / I / /ACF3 F3 ] I CFa 
Fe C F 3 Fe Fe 

(CO) 3 (CO) 3 (CO) 3 (CO) 3 

R = H , M e  
Fig. 26 

Vl.  Complexes Derived from Diazo Compounds 

1. Reactions in which Nitrogen is Retained 

In contrast to the well known catalytic decomposition of diazo compounds by 
transition metals 1~ reactions in which nitrogen is retained have been unknown 
until recently. Lappert and Poland l~176 reported an interesting 1.3-insertion of 
trimethyl-silyldiazomethane into M-H bonds of group VI b carbonyls affording the 

Cp M (CO) 3H N - N - C ( H ) R  -CO (CO)2 , ~ C p M ( N 2 C H 2 R  ) 

M =  Mo,  W;R = M e 3 5 i , H  

(1) 

hitherto unknown alkyldiazenato complexes [Eq. (1)]. The same type of reaction 
occurs also with diazomethane, as was shown by Herrmann I lo). There is some evi- 
dence that the reaction is initiated by displacement of CO through the diazoalkane 1 lo) 
The structure of these products is based mainly on the v(N=N) vibrations of the 
diazenato ligand~ o9, 11 o) which appear between 1590 and 1640 cm- 1. If the corre- 
sponding metal carbonyl anions are used in these reactions, the diazoalkane attacks 
an M = CO bond in the way similar to a "1.3-dipolar" cycloaddition 9s' 96) to give 
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the five-membered metallocycles 93). Both reactions nicely reflect the "l.3-dipolar" 
properties of the HOMO of diazo compounds (Fig. 2). A further example of this 
behaviour is the displacement of dinitrogen by (CF3)2CN2 to yield the iridacycles 
of proposed structure I H) 44. 

CI Ir (N2)(PPh3) 2 �9 (CF3)2CN2 

Fig. 28 

~N% 
q, CI (PPh3) 2 Ir ~ c . , N  

(CF3) 2 

The complexes 43, 44 are examples of the general types XI and X (Fig. 4). 
Otsuka, Nakamura et al. 112) prepared the first complexes containing "side-on'" 

coordinated diazo compounds by ligand displacement reactions [Eqs. (2-4)]. The 

"M(t-BuNC)2" + R2CN 2 ~ M(t-BuNC)2(R2CN2) (2) 

M(C2H4XPPh3) 2 + R2CN 2 ~ M(PPha)2(R2CN2) 

Ni(1.5-COD)2 + R2CN 2 ~ Ni(1.5-CODXR2CN2) 

(3) 

t4) 

M = Pd, Ni. R = Ph, CN; R 2 = 9-fluorenylidene 

proposed structure is supported by reactions of the 9-diazofluorene complex with 
oxygen and diethylmaleate affording free diazofluorene and the corresponding oxy, 
:gen and maleate complexes. Thermal decomposition of Ni(t-BuNC)2 (9.diazofluorene) 
at 100 ~ yields fluorenone azine, fluorenone, 9-cyanofluorene, and N-(t-Bu)-9- 
fluorenylacetamide112). The characteristic v(NNC) vibration of the free diazo com- 
pound is lowered by an average of 500 cm -1 upon coordination. This indicates strong 
"back-donation" into the antibonding 3b2 orbital which is localized predominantly 
on the N=N bond (Fig. 2). In agreement with the strong 7r-acceptor properties of the 
diazo ligand, the v(NC) frequencies of the isocyanides are shifted to higher wave. 
numbers in the corresponding complexes and compare very well with the values of 
azobenzene and maleic anhydride complexes (Table 12). From these results and the 
fact that the frontier orbitals of a diazo compound are very similar to ketenes and 
ketenimines 26), a "side-on" coordination of the diazo ligand was formulated (XVII) 
by analogy with the known structure of Ni(t-BuNC)2 (t-BuN=C=C(CN)2 )113) (45). 

Structures of type xvi i i  or x I x  as proposed for the diazodicyanomethane com- 
plex (Table 12) may also apply to the complexes of diphenyldiazomethane and 9- 
diazo-fluorene. The formation of the ketenimine complex (45) from the reaction of 
(CN)2CN 2 and Ni(t-BuNC)4 probably occurs via attack of the complexed dicyano- 
methylene carbene on the isocyanide ligand 113). The observation that these com- 
plexes 112, 11 s) catalyze the formation of ketenimines from isocyanides and diazo 
compounds, a reaction which does not proceed under same conditions without the 
transition metal, may be of preparative value t 13). 
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Table 12. Characteristic IR absorptions of diazo- and related complexes 

Complex dN=C) 1) v(CfN=N) 1) Ref. 

Ni (t-BuNC) 2 (R2CN 2) 2180 1509 112) 

Ni (PPh3) 2 (R2CN 2) - 1455 112) 

Pd (t-BuNC) 2 (R2CN 2) 2190 1547 112) 

2170 

Pd (PPh3) 2 (R2CN 2) - 1514 112) 

Ni (t-BuNC) 2 (N2C(CN) 2) 2200 1550 113) 

2180 

Ni (t-BuNC) 2 (Ph2CN 2) 2169 1488 112) 

2139 

Ni (PPh3) 2 (Ph2CN 2) - 1453 112) 

Ni (COD) (R2CN 2) - 1521 112) 

Ni (t-BuNC) 2 (Ph-N=N-Ph) 2168 - 64) 

2140 

Ni (t-BuNC) 2 (maleic anhydride) 2159 - 64) 

2118 

1) Measured in Nujol mull; the frequencies of free t-BuNC and diazo com- 
pounds are at 2130 and 2000-2150  cm -1 .  R 2 = 9-fluorenylidene. 

R rR R k R R R L ~3~, CN / \ /  
' - .  

L.. Ni N L..Ni "'" , N , /  L 
U / ~ N  / L / - I~Y/ "N~, \k 

R : P h ,  CN 

L : t -  BuNC ,PPh 3 

Fig. 29 

Complexes which probably contain a diazo ligand coordinated in an "end-on 'i 
fashion were obtained via ffisplacement reactions of Cp Mn(CO)2(THF) 114). Note 
that the organic by-product is not the expected tetra.(ethoxycarbonyl)ethylene but 
its hydrogenated derivative 47. 

Phenylmethyldiazomethane does not react analogously but yields the ketimine 
complex CpMn(CO)2(PhMeC=NH) via cleavage of the N=N bond (see VI. 2) 87). 
The nature of the Mn-N bond in 46 should be similar to that of the dinitrogen com- 
plex CpMnN2(CO)2 since the highest occupied o-orbital of a diazo compound (7a 1) 
and of dinitrogen closely resemble each other 26). 
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~_Mn(CO)z1.H F (IHF) ~ ,  (C0)2 m RCOOEt N2C (COOEr) Z 

R " R ,~6 

R = H, Me, * (EIOOC)2HC CH(CQOEt) 2 

~7 
rb. 30 

3(~g 7a 1 

v~. 3i 

[Rh (CO) 2 Cl]2 , 

Ph Cl Ph 

P h ~ ~ P h  

roc -% 
J x l  / C .... Rh.~CI- ] ----e J i R h  

Ph2CN2 L_Cl - -c / I  COin 
o c 

Ph Ph 
C p / P h  ~ Cp /Ph 

Ph \ ~ ' ~ R h - ~ p h  Ph- \ ~ R h ' ~ p h  \ . / ~  A 

Cp ~'%0 Cp 

so st 

Fr  32 

2. Formationof Carbene Complexes 

It is significant that the preparation of carbene complexes from neutral organic 
precursers has proved largely unsuccessful 11 s). However, recently the synthesis of 
several complexes was accomplished by using diazo compounds as carbene generating 
systems. Reaction of [Rh(CO)2 C112 with diphenyldiazomethane produces 116) the 
polymeric complex 48, which is converted into the compounds 49 or 50 by treat. 
ment with pyridine or NaCsH s respectively. The structures of 49-51 were estab- 
'lished by X-ray analysis 117). HermannS8) prepared a number of mononuclear carbene 
complexes by reaction of CpMn(CO)2(THF) with diphenyldiazomethane derivatives 
in the presence of copper powder (Fig. 33, 34). The carbene ligand of complexes 52 can 
be cleaved off by ammonium cerium (IV) nitrate or thermolysis to give benzophenone or 
tetraphenylethylene derivatives, respectively. It is interesting that the reaction with 
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- R  , , ~ R '  

l N 2 = C  Mn " 

/ I XTH F " ~ R "  CO CO 

R = H: CH 3 
R' = H,H,H,CI,H,Olde 
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Fig. 33 
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.Nz O, O'y'O Et 
I C - -  C - -OE t  ~ C \  

H g . ~ C _ C _ O E t  " 2Mn(CO)5Br  - (CO)4M~,c/Mn(CO) 4 

~z ~ OJ~OEt 

Fig. 35 
56 

benzoylphenyldiazomethane does not lead to complexes of diphenylketene but yields 
the corresponding ketocarbene complex 53. Thus, the Wolff-rearrangement of the 
diazoketone is stopped after its rate-determining step of nitrogen evolution. The 
rearrangement of the eomplexed ketocarbene can be effected by uv-irradiation af- 
fording the diphenylketene complexes ss) 54. 3-diazo-2-butanone reacts by an intra- 
molecular hydride transfer to give 56 while in the case of 3-diazoeamphor cleavage 
of the N=N bond yields the 3-iminoeamphor complex 55. In addition to the synthe- 
sis of carbene complexes it was also possible to prepare the bridged "ethoxycarbonyl- 
carbyne" complex 56 by reaction of MnBr(CO)s with Hg[C(N2)COOEt]2 in refluxing 
ether 118, 119) (Fig. 35). 
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VII. Conclusion 

It is evident from the results presented above that the c is- ( -N=N-)  bond has power- 
ful coordinating properties towards low valent transition metals. Due to the unique 
electronic structure of  the diazeno group, many different modes of interaction have 
been observed and it seems promising that this ability of the N=N function may be 
utilized in catalytic processes. Since diazene itself is a proposed intermediate in 
biological nitrogen-fixation, the observed modes of coordination are of  some rele- 
vance to this problem. The results obtained from the cycloaddition reactions are of  
general importance for the investigation of the factors determining photochemical 
or thermal reactions of coordinated ligands. The ability of iron carbonyls to activate 
the diazeno group towards attack by unsaturated molecules like alkynes, offers a 
convenient synthesis of  novel organic heterocycles. Together with the recently re- 
ported conversion of coordinated dinitrogen into diazeno and diazenato complexes 4), 
these reactions may be key steps in the incorporation of N 2 into organic compounds. 
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