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FOREWORD 

The A D V A N C E S IN CHEMISTRY SERIES was founded in 1949 by the Amer
ican Chemical Society as an outlet for symposia and collections of data in 
special areas of topical interest that could not be accommodated in the 
Society's journals. It provides a medium for symposia that would other
wise be fragmented because their papers would be distributed among 
several journals or not published at all. 

Papers are reviewed critically according to ACS editorial standards 
and receive the careful attention and processing characteristic of ACS 
publications. Volumes in the A D V A N C E S IN CHEMISTRY SERIES maintain 
the integrity of the symposia on which they are based; however, verbatim 
reproductions of previously published papers are not accepted. Papers 
may include reports of research as well as reviews, because symposia may 
embrace both types of presentation. 
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PREFACE 

NUMEROUS CLASSES OF ORGANIC REAGENTS undergo useful and, quite 
often, novel chemistry when irradiated in the presence of a metal-
containing coordination compound or particulate semiconductor. 
Unlike thermal catalytic processes, which occur with all reactants, inter
mediates, and products residing in their electronic ground states, this 
photocatalysis of organic reactions occurs by pathways that, at some 
point, involve the participation of an electronic excited state. Not 
surprisingly, then, considerable effort has been expended to elucidate the 
roles played by excited states and other photogenerated species in the 
overall reaction sequence. Apart from its fundamental value, such 
mechanistic information provides guidance to those interested in the 
practical uses of photosensitive metal—organic systems. Promising appli
cations of these systems ranging from the photocuring of coatings to the 
remediation of polluted waters are under active investigation. 

The purpose of the symposium upon which this book is based was to 
bring together scientists with diverse backgrounds and interests for a 
comprehensive discussion of the conceptual and practical advances that 
have occurred in the burgeoning area of photosensitive metal—organic 
systems. Of the 23 symposium presentations, 21 are included in this 
volume. Each author was asked to provide sufficient review and tutorial 
material to afford the reader a sound introduction. In addition, each 
chapter describes research results and, where appropriate, indicates 
promising future directions. Given the interdisciplinary scope of the 
material covered, and the treatment of both basic and applied topics, we 
feel that this volume will prove to be of value to a broad spectrum of 
scientists. 

We are grateful to the Division of Inorganic Chemistry of the Ameri
can Chemical Society for their sponsorship of the symposium and to the 
Petroleum Research Fund, administered by the American Chemical 
Society; Ciba-Geigy; the 3M Company; and Loctite Corporation for their 
generous financial support of the symposium speakers. 

CHARLES KUTAL 
University of Georgia 
Athens, GA 30602 

NICK SERPONE 
Concordia University 
Montreal, Quebec 
Canada H3G 1M8 

May 1993 
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1 

Photosensitive Metal—Organic Systems 

An Overview 

Charles Kutal 

Department of Chemistry, University of Georgia, Athens, GA 30602 

Organic molecules undergo a rich assortment of transformations 
when irradiated in the presence of a metal-containing coordina
tion compound or particulate semiconductor. This chapter pro
vides an overview of the mechanistic principles needed to under
stand the chemistry occurring in these photosensitive metal
-organic systems. The important concept of photocatalysis is 
defined, and processes that satisfy this definition are divided into 
two operationally distinct categories: photogenerated catalysis 
and catalyzed photolysis. Photocatalysis proceeds via mechanisms 
that, at some point, involve an electronic excited state, and there
fore a brief description is provided of the various excited states 
that arise in coordination compounds and semiconductors. 
Finally, some specific examples of photogenerated catalysis and 
catalyzed photolysis are presented.

I V I E T A L - C A T A L Y Z E D R E A C T I O N S of organic substrates have figured 
prominently in the development of modern chemical science and technol
ogy. This type of transformation can be represented generically by equa
tion 1: 

where Ο and Ρ denote the organic reactant and product, respectively, and 

Ρ (1) 

0065-2393/93/0238-0001$07.50/0 
© 1993 American Chemical Society 
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2 PHOTOSENSITIVE M E T A L - O R G A N I C SYSTEMS 

M is the metal-containing catalyst or catalyst precursor. Examples of com
mercially important metal-catalyzed processes include the polymerization 
of ethylene and propylene, the metathesis of olefins, the hydrocyanation of 
butadiene to adiponitrile, the hydroformylation of olefins to alcohols, and 
the syntheses of acetic acid and acetic anhydride (i). Typically, such 
processes occur via a succession of steps, at least one of which involves an 
interaction between M and Ο that lowers the activation enthalpy and 
thereby accelerates the reaction rate. 

Reactions that conform to equation 1 are thermally activated and, 
quite often, require elevated temperatures to generate the active catalyst 
from an inactive precursor. Regardless of the exact sequence of steps 
leading from reactants to products, all species (e.g., M , O, and reactive 
intermediates) participating in the catalyzed transformation reside in their 
electronic ground states. An alternative strategy for activating the system, 
described by equation 2, involves irradiation with ultraviolet or visible 
light. 

This photoactivation process generates electronic excited states whose 
physical properties (e.g., energy and geometry) and, most importantly, 
chemical properties (e.g., ease of bond making and breaking, redox poten
tial, and acid—base character) can differ substantially from those of the 
ground state. In a very real sense, light adds another dimension to cata
lytic behavior by introducing new reaction pathways that, at some point, 
include an excited-state species. Irradiation of a system frequently yields 
the same set of products formed in the corresponding thermal reaction, 
but the product distribution may differ because of a change in chemoselec-
tivity. Moreover, because light rather than heat activates the system, ther
mally sensitive products can be isolated by irradiating at low temperatures. 
Photoactivation also provides a possible route to highly energetic (con-
trathermodynamic) products that cannot be formed via a ground-state pro
cess. 

Table I contains a sampling of photosensitive metal-organic systems 
discussed later in this chapter. The diverse assortment of organic sub
strates, metal-containing compounds, and reaction classes attests to the 
generality of equation 2. Detailed mechanistic studies of such systems 
over the past 10-15 years have yielded important insights concerning the 
various interactions that can occur between M , O, and light. Beside being 
of fundamental interest, such knowledge facilitates the rational design of 
practical devices and processes that incorporate this chemistry as an essen
tial component. Promising applications of equation 2 have been reported 

(2) 
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4 PHOTOSENSITIVE M E T A L - O R G A N I C SYSTEMS 

in such diverse fields as chemical synthesis, catalysis, imaging and coating 
technologies, biology and medicine, photochemical energy storage, and 
materials design. 

This chapter provides an overview of the mechanistic principles that 
govern the behavior of photosensitive metal-organic systems. In the fol
lowing section we define the important concept of photocatalysis and 
describe several possible pathways by which it can occur. Next, we con
sider the chemical consequences of populating the various electronic 
excited states of metal-containing compounds. Finally, we employ the 
preceding information as a guide in discussing the chemistry of a few 
exemplary systems. 

Definition and Classification of Photocatalysis 

Reactions that proceed according to equation 2 require both light and the 
presence of a catalyst. Given the generality {see Table I) and complexity 
(i.e., the tripartite interactions of M , O, and light) of this process, it is 
perhaps not surprising that a variety of labels have been coined to describe 
it. This often confusing and still contentious situation has been discussed 
by several authors (2-9). Rather than restating the pros and cons of vari
ous viewpoints, we shall adopt what appears to be the consensus opinion 
concerning terminology in this area. For sake of completeness, however, 
alternate labels still in use will be mentioned as appropriate. 

Kisch (8) suggested that the generic term photocatalysis be applied to 
equation 2. Specifically, photocatalysis is defined as the "acceleration of a 
photoreaction by the presence of a catalyst." Furthermore, "the catalyst 
may accelerate the photoreaction by interaction with the substrate in its 
ground or excited state and/or with a primary photoproduct, depending 
upon the mechanism of the photoreaction." For the systems treated in this 
volume, the catalyst or catalyst precursor will be a metal-containing 
species such as a mononuclear or dinuclear coordination compound, 
polynuclear cluster, or colloidal (<1000-Â radius) or macroparticulate 
(>1000-Â radius) semiconductor. 

Salomon (2) proposed that reactions satisfying the rather broad 
definition of photocatalysis be divided into two operationally distinct 
classes. The first, termed photogenerated catalysis (also photoinitiated or 
photoinduced catalytic reactions), involves the light-induced generation of 
a ground-state catalyst, C, from M (eq 3) and/or Ο (eq 4). In one or more 
subsequent reactions, C catalyzes the conversion of organic substrate to 
product (eq 5). 
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1. K U T A L Photosensitive Metal-Organic Systems: An Overview 5 

M 

Μ + Ο 

C + Ο 

c 
c 
C + Ρ 

(3) 

(4) 

(5) 

Salomon (2) and Chanon and Chanon (9) enumerated several generalized 
mechanisms by which photogenerated catalysis can occur. Scheme 1, for 
example, involves the direct photochemical conversion of M to the active 
catalyst, and Scheme 2 requires the participation of both M and Ο in 
catalyst formation. Schemes 3 and 4, which feature the transformation of 
a catalyst-substrate complex, O O , to a catalyst-product complex, O P , 
differ in the mode of regenerating C. 

Scheme 1. Scheme 2. 

M 

hv 

r 
oo 

O P ' 

Scheme 3. Scheme 4. 
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6 PHOTOSENSITIVE M E T A L - O R G A N I C SYSTEMS 

Closely related to photogenerated catalysis is the process of photoini
tiation (10), which involves the photochemical production of an initiator, 
I, from M and/or Ο (replace C by I in eqs 3 and 4). Unlike catalyst C, 
which is continuously regenerated (eq 5), I is consumed while initiating a 
chain reaction (eq 6). 

I + Ο —> Pi A P 2 A etc. (6) 

In either case, however, the reactive species (C or I) produced by the 
action of a single photon can cause the conversion of several substrate 
molecules to product. This multiplicative response constitutes chemical 
amplification (11) of the initial photochemical act and affords a means of 
designing systems that exhibit high photosensitivity. Thus the observed 
quantum efficiency, <&ob, will be the product of the true quantum efficiency 
of the photochemical step (eq 3 or 4) and the turnover number (i.e., 
number of catalytic events) or the average chain length. Values of Φ ο 5 

greater than unity are clearly diagnostic of photogenerated catalysis or 
photoinitiation. Other characteristics of these processes are an induction 
period, during which the active species is produced, and the continuation 
of thermal chemistry after irradiation has ceased. 

The other major class of reactions satisfying the definition of photo-
catalysis has been labeled catalyzed photolysis (also catalyzed photochemis
try) (2). This type of process begins with the absorption of light by M , O, 
or a pre-formed M - O complex (eqs 7-9; an asterisk denotes an electronic 
excited state). 

M - ^ » M*A> Ρ + M (7) 
Ο ±1> Ο* Α Ρ + M (8) 

M -h Ο £ ± M - O ( M - O ) * —» Ρ + M (9) 

Transformation of organic substrate to final product occurs during the 
course of the subsequent photochemical event. Even though the overall 
process may be catalytic with respect to M , at least one photon is required 
per product molecule formed and, consequently, Φ ο 5 never exceeds unity. 
Moreover, neither an induction period nor a postirradiation reaction is 
observed. 

Catalyzed photolysis can occur by a variety of mechanisms (2, 9) 
because, depending upon the system, any one (or more) of three species 
may absorb the incident radiation (eqs 7-9) and then yield a reactive 
excited state or primary photoproduct. Scheme 5 illustrates the process, 
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1. K U T A L Photosensitive Metal—Organic Systems: An Overview 7 

commonly termed photosensitization (12, 13), in which the interaction 
between electronically excited M and ground-state substrate activates the 
latter and regenerates M . Alternatively, in Scheme 6 the reaction of M * 
produces a ground-state species, C \ which assists the transformation of 
substrate to product and then reverts to M . C has been called a pho-
toassistor (also pseudocatalyst), and the overall mechanism has been 
termed photoassistance (also stoichiometric photogenerated catalysis) (4). 

Scheme 8. 
Scheme 9. 

Scheme 7 describes the case in which M catalyzes the reaction of an 
electronically excited organic substrate via formation of an exciplex 
(excited complex), M-O*. Another possibility, shown in Scheme 8, 
involves a metal-catalyzed reaction of a primary photoproduct, R. Finally, 
Scheme 9 illustrates a transformation that results from irradiation of a 
ground-state M - O complex. Typically, complex formation shifts the 
absorption spectrum of the system to longer wavelengths, and may intro
duce a sterically or electronically favorable path to the product that is 
inaccessible to the uncoordinated substrate. 
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8 PHOTOSENSITIVE M E T A L - O R G A N I C SYSTEMS 

Excited-State Properties of Coordination Compounds and 
Semiconductors 
As discussed, photocatalysis occurs by pathways that, at some point, 
involve the participation of an electronic excited state produced by the 
absorption of light. Consequently, it will be useful to review the proper
ties of the various excited states that can arise in metal-organic systems. 
Coordination compounds and semiconductors serve as the principal light-
absorbing species in the vast majority of cases studied to date, so we shall 
focus on their excited states. 

Coordination Compounds. Each electronic state in a coordina
tion compound can be conveniently classified in terms of its dominant 
molecular orbital configuration. Transitions between states are then 
labeled according to the orbitals that undergo a change in electron occu
pancy. This simple formalism can be illustrated with the aid of the quali
tative orbital energy diagram in Figure 1, which shows the molecular orbi-

Metal Molecular Ligand 
Orbitals Orbitals Orbitals 

Figure 1. Qualitative energy level diagram of the molecular orbitals and 
electronic transitions in an octahedral coordination compound Transition 
types are ®, intraligand; φ, ligand field; Q), ligand-to-metal charge 
transfer (LMCT); and @, metal-to-ligand charge transfer (MLCT). For 
clarity, all orbitals of a given type are represented by a single energy level 
Orbitals designated as dw may be bonding (as shown here), nonbonding, or 
antibonding depending upon the particular metal-ligand combination. 
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1. K U T A L Photosensitive Metal—Organic Systems: An Overview 9 

tals that arise from combining the valence orbitals of a transition metal 
with the appropriate symmetry-adapted orbitals of six ligands located at 
the vertices of an octahedron. Under the assumption of weak 
metal-ligand covalency, the molecular orbitals a L , πΏ and *rL* are local
ized predominantly on the ligands, whereas υπ, da*, sa*, and pa* are 
mainly metal in character (when part of an orbital label, an asterisk 
denotes antibonding character; the letters d, s, and ρ identify the specific 
metal orbital involved). The various electronic transitions and resulting 
excited states that can occur in coordination compounds will now be con
sidered. More detailed treatments of this topic can be found in several of 
the references (14-18). 

Intraligand excited states arise from electronic transitions between 
orbitals localized primarily on a coordinated ligand ( ® in Figure 1). Typ
ically, the metal causes a relatively minor (<1000 cm" 1) perturbation in 
the transition energy and this characteristic simplifies the task of spectral 
assignment. It appears reasonable to expect intraligand states to undergo 
ligand-centered reactions, but the influence of the metal on such processes 
can be appreciable and can result in photochemistry different from that of 
the free ligand. Accordingly, no useful generalizations concerning reac
tivity can be made. 

Ligand-field excited states result from transitions between valence d 
orbitals formally localized on the metal. For example, the d*r —> da* tran
sition (φ in Figure 1) involves the promotion of an electron from a d 
orbital that undergoes a π-bonding interaction with the ligands to a higher 
lying d orbital that is strongly σ-antibonding with respect to the 
metal-ligand bonds. This angular redistribution of electron density does 
not alter the oxidation state of the metal, but it weakens the metal—ligand 
bonding in the complex and thereby enhances the likelihood of ligand loss. 
Various rearrangement processes such as geometrical isomerization and 
racemization also may occur. 

Charge-transfer excited states arise from the radial redistribution of 
electron density between the components (metal and ligands) of a coordi
nation compound or between the compound and the surrounding medium. 
Thus the TT l da* transition ( ® in Figure 1) results in the transfer of an 
electron from a ligand-centered orbital to a metal d orbital and generates 
a ligand-to-metal charge-transfer (LMCT) excited state. Electron flow in 
the opposite direction, as occurs in the da* —• wL* transition (@ in Fig
ure 1), produces a metal-to-ligand charge-transfer (MLCT) excited state. 
A transition that causes the transfer of electron density from one coordi
nated ligand to another affords a ligand-to-ligand charge-transfer (LLCT) 
excited state (Figure 2) (18). A transition that results in the movement of 
electron density from the coordination compound to the surrounding sol
vent produces a charge-transfer-to-solvent (CTTS) excited state, and elec
tron transfer to an ion-paired partner yields an ion-pair charge-transfer 
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10 PHOTOSENSITIVE M E T A L - O R G A N I C SYSTEMS 

(IPCT) excited state (4). A l l of these transitions occur with a change in 
the oxidation state or charge of the species involved (metal, ligands, sol
vent, or counterion). Consequently, charge-transfer excited states are 
prone to oxidation-reduction reactions and, in some cases, to accompany
ing ligand dissociation (i.e., charge transfer may create a substitutionally 
labile metal center). Moreover, changes in the electronic distribution 
about a coordinated ligand can enhance its reactivity toward external 
reagents. 

LUMO 

HOMO 

ligand 1 ligand 2 

Figure 2. Orbital representation of a ligand-to-Ugand charge-transfer 
(LLCT) transition in a coordination compound HOMO and LUMO 
denote the highest occupied and lowest unoccupied molecular orbitals, 
respectively, and IL identifies an intraligand transition. 

Sigma-&w excited states arise in complexes containing a filled metal—Ε 
σ-bonding orbital (E denotes an element) and an empty, ligand-based anti-
bonding orbital of w origin (denoted ax). In the example depicted in Fig
ure 3, the excitation of an electron from a metal-P σ orbital to an a x orbi
tal situated on a phenyl ring affords a σ-a^ state. Although the net effect 
of the excitation process could be viewed as a kind of metal-to-ligand 
charge transfer, the σ-a^. label is more explicit in identifying the key orbi-

Figure 3. Pictorial representation of the σ-απ transition in 
metal—arylphosphine complexes. 

Pu
bl

is
he

d 
on

 M
ay

 5
, 1

99
3 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
ba

-1
99

3-
02

38
.c

h0
01



1. K U T A L Photosensitive Metal—Organic Systems: An Overview 11 

tal components involved. This type of excited state has been observed in 
arylphosphine complexes of d 1 0 metals (18) and in complexes containing a 
Re-Ge, Re-Sn, or Rh-S i bond and a ^-acceptor ligand such as 1,10-
phenanthroline (19, 20). Little is presently known about the photochemis
try of σ—&χ excited states, although it seems reasonable to expect labiliza-
tion of the metal-E bond resulting from loss of an electron from the 
corresponding σ orbital (19). 

Metal-metal bonded excited states occur in multinuclear (containing 
two or more metal atoms) coordination compounds containing at least 
one direct metal-metal bond. These states arise from electronic transi
tions between orbitals delocalized over the metal framework. For the sim
plest case of a dinuclear complex, exemplified by M n 2 ( C O ) 1 0 in Figure 4 
(22), mutual overlap of the d22 orbital on each metal yields a stable σ-
bonding orbital, σ ζ, occupied by two electrons, and a higher-energy empty 
σ-antibonding orbital, σ ζ*. This model predicts that the identical halves of 
the complex are held together by a single metal-metal bond. The σ ζ —• 
σ ζ* transition effectively destroys this bond and thereby facilitates the for
mation of separated Mn(CO) 5 fragments. A less pronounced bond-
weakening effect should result from the υπ -* σ ζ* transition. 

Ε 

(OQgMn" (OC)sMn—Mn(CO)s "Mn(CO)fi 

σ ζ ! . 

Figure 4. Simplified representation of the metal-metal bonding in 
Mn2(CO)10. (Reproduced from reference 21. Copyright 1975 American 
Chemical Society.) 

Thus far the discussion of excited-state behavior has emphasized the 
intramolecular reactions of coordination compounds. Sufficiently long-
lived excited states also can undergo a variety of intermolecular processes 
such as protonation, exciplex formation, energy transfer, and 
oxidation-reduction. Occurrence of intermolecular photoredox chemistry 
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12 PHOTOSENSITIVE M E T A L - O R G A N I C SYSTEMS 

reflects the fact that the photoexcitation of an electron from an occupied 
molecular orbital to a higher lying empty orbital creates an excited state 
that is both a stronger reductant and a stronger oxidant than the ground 
state by an amount that corresponds to the excitation energy ΔΕ (neglect
ing structural reorganization effects) (12,17). As depicted in Figure 5, the 
presence of an electron in the upper orbital facilitates oxidation of the 
coordination compound, and the vacancy in the lower orbital provides a 
ready pathway for reduction. This photoenhancement of the driving force 
for intermolecular electron transfer is a general phenomenon that occurs 
for all types of electronic excited states. 

^—*. e* (oxidation) 

ΔΕ - J ï ïL 

^ — e" (reduction) 

_1L ' ' 
ground state excited state 

Figure 5. Alteration of the redox properties of a coordination compound 
upon photoexcitation. Tlie excited state undergoes oxidation (loss of the 
electron from the higher lying orbital) and reduction (addition of an elec
tron to the partially filled lower orbital) more readily than the ground state. 

Semiconductors. Coordination compounds containing a small 
number (e.g., 20-30) of metal atoms are discrete molecular units whose 
ground-state and excited-state properties can be understood within the 
conceptual framework of molecular orbital theory. As the number of 
interacting metal atoms in a cluster. increases, however, the properties 
approach those of a bulk solid, and an alternative bonding model, termed 
band theory (22), becomes more appropriate. To illustrate this model, 
consider a linear chain of Ν lithium atoms, each contributing a 2s orbital 
to the bonding of the assembly. As depicted in Figure 6, these Ν atomic 
orbitals combine to form Ν molecular orbitals that extend over the entire 
structure. The Ν = 2 system yields bonding and antibonding orbitals; for 
Ν = 3, a third orbital having nonbonding character is added. Energy 
differences between the molecular orbitals decrease as Ν increases until, at 
large Ν values, the collection of orbitals essentially forms a continuous 
energy band. Each lithium atom contributes one valence electron, and 
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1. K U T A L Photosensitive Metal—Organic Systems: An Overview 13 

each orbital can accommodate two electrons with spins paired; therefore 
only one-half of this band will be occupied. More generally, a partially 
occupied band is a characteristic feature of the bonding in metallic lattices 
(Figure 7a). Electrons lying near the top of the filled portion of this band 
require little energy to be promoted to nearby vacant orbitals. Such elec
trons are mobile and move relatively freely through the solid, and this pro
perty accounts for the high electrical conductivity of metals. 

Most antibonding 

I 2 3 4 5 6 7 8 9 10 11 12 - 20 ··· °» 
Ν 

Figure 6. Molecular orbitals fanned upon combining the 2s atomic orbitals 
of Ν lithium atoms arranged in a linear array As Ν approaches oo, the 
orbitals are so closely spaced energetically that they form a continuous 
band (Reproduced with pennission from reference 22. Copyright 1990 W. 
H. Freeman and Company.) 

Semiconductors are materials that contain a fully occupied valence 
band separated from an empty conduction band by an energy gap (Figure 
7b). In T i 0 2 , for example, this gap is greater than 3 eV, so that at ordi
nary temperatures few electrons are thermally excited to the conduction 
band. Consequently, the electrical conductivity of semiconductors falls 
well below that of metals. Illuminating the semiconductor with light of 
energy equal to or greater than the band gap increases conductivity 
because of the promotion of electrons to the conduction band and the 
creation of positive holes (h + ) in the valence band. More importantly for 
our purposes, this separation of charge can be exploited to effect useful 
chemistry. Figure 8 illustrates this possibility for an irradiated semicon
ductor particle. Migration of the hole to the surface generates an oxidiz
ing site whose redox potential is defined by the energy of the valence 
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14 PHOTOSENSITIVE M E T A L - O R G A N I C SYSTEMS 

band, whereas the promoted electron constitutes a reducing equivalent at 
the potential of the conduction band (this situation is similar to that dep
icted in Figure 5). Scavenging of h + by an appropriate electron donor D 
and/or of e~ by an electron acceptor A prevents unproductive e~—h+ 

recombination and, in so doing, effects redox chemistry in the surrounding 
medium. A recent monograph (23) contains detailed discussions of the 
various physical and chemical processes that can occur at the surface of an 
illuminated semiconductor. 

(a) metal (b) semiconductor 

Figure 7. Distinguishing features of the band structure of (a) a metal and 
(b) a semiconductor. Darkened areas are occupied by electrons. 

Figure 8. Simplified depiction of the photochemistry occurring at an 
illuminated semiconductor particle. Photoexcitation of an electron from 
the valence band (VB) to the conduction band (CB) can result in redaction 
of electron acceptor A or oxidation of electron donor D. 
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1. K U T A L Photosensitive Metal—Organic Systems: An Overview 15 

Examples of Photogenerated Catalysis and Photoinitiation 

Photochemical generation of a ground-state catalyst (eq 3 or 4) or initia
tor (eq 6) from a thermally robust coordination compound can occur by a 
number of different routes. A very common pathway involves the pho-
toinduced loss of one or more ligands to produce a coordinatively unsa
turated metal center that serves as a template for binding the organic sub
strate and other potential reagents (e.g., H 2 , 0 2 , and C O ^ present in the 
system. Further reaction of these bound species then occurs within the 
coordination sphere of the metal to yield the final product(s). 

Mononuclear metal carbonyls such as Cr(CO) 6 and Fe(CO) 5 typify 
this behavior (24). Upon population of a ligand-field excited state, these 
compounds undergo highly efficient dissociation of CO to generate coordi
natively unsaturated catalysts for a variety of reactions including geometric 
isomerization, double-bond migration, hydrogénation, hydrosilation, 
hydroformylation, and cycloaddition. For example, irradiation of Fe(CO) 5 

in the presence of linear pentenes induces double-bond migration and 
cis—trans isomerization to yield a mixture of isomeric olefin products close 
to the thermodynamic ratio (25-27). The characteristics of this transfor
mation are clearly diagnostic of photogenerated catalysis: occurrence of 
an induction period, quantum yields of substrate conversion above unity, 
and continuation of reaction after the cessation of photolysis. Scheme 10 
presents a catalytic cycle that can accommodate this behavior (this cycle 
corresponds to the generic mechanism in Scheme 2). Successive photo
chemical loss of two CO ligands from the Fe(CO) 5 precursor produces the 
active thermal catalyst, Fe(CO)3(pentene), which then undergoes a 
sequence of well-precedented organometallic reactions to form product. 
Comparable chemistry occurs when Fe(CO) 5 is replaced by Fe 3 (CO) 1 2 or 
R u 3 ( C O ) 1 2 (28), a result suggesting that photodeclusterification of these 
trinuclear species produces catalytically active mononuclear fragments that 
follow a pathway similar to that outlined in Scheme 10. 

Photoinduced ligand loss from a ligand-field excited state also pro
vides a convenient route to thermal initiators. Visible-light irradiation of 
FeCp(f/6-arene)+ complexes (Cp is »?5-C5H5) has been shown (29, 30) to 
produce an initiator for the cationic polymerization of epoxides. The pro
posed mechanism (51), summarized in Scheme 11, involves photolabiliza-
tion of the arene group to yield the ring-slipped intermediate, I, which 
then undergoes substitution of the ry4-arene by epoxide to form 
FeCp(epoxide)3

+. Subsequent thermal activation of FeCp(epoxide)3

+ 

causes ring opening of a coordinated epoxide to produce II, the active ini
tiator for polymerization. 
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PHOTOSENSITIVE M E T A L - O R G A N I C SYSTEMS 

Fe(CO)5 + 

hv -CO 

Fe(CO) 4 

hv • CO 

Fe(CO)3 

7 " 
Fe(CO) 3 

Fe(CO) 3 

Fe(CO)3 

Scheme 10. 

I n v » „Fe - Fe+: 
Fe+X" / / \ π / / V 

R 

Fe+X" * 

Fe+X- Fe+X- —ι 

(h H\ t 
* +1—R 

R 

polymerization 

R 

Π 
X- = PF6';CF3S03";SbF6-

Scheme 11. 
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1. K U T A L Photosensitive Metal—Organic Systems: An Overview 17 

Scheme 12 depicts a novel example of photoinitiated anionic poly
merization that occurs upon irradiating rra^-Cr(NH 3 ) 2 (NCS) 4 " (the 
anion of Reinecke's salt, abbreviated R"") dissolved in a-cyanoacrylate 
(32). The primary photochemical step is release of NCS" from a ligand-
field excited state of R". Initiation of polymerization results from the 
addition of NCS" to the carbon-carbon double bond of the acrylate 
monomer, which contains electron-withdrawing substituents to stabilize 
the negative charge. 

Ν 
H C 

1 1 XT 

C=C Ν I l H C 
J l L * N C S - H C ° 2 C 2 H 5 > NCS-Ç-Ç- m o n o m e r , polymer 

H CO2C2H5 

Scheme 12. 

Photolysis of dinuclear metal carbonyl complexes such as M n 2 ( C O ) 1 0 

and Re 2 (CO) 1 0 occurs via two competing pathways (33, 34). The first is 
loss of a CO ligand without disruption of the metal-metal bond (eq 10a) 
and yields a coordinatively unsaturated metal center that, in principle, can 
function as a catalyst by pathways available to mononuclear carbonyls, as 
already discussed. The other primary process, homolytic cleavage of the 
metal-metal bond (eq 10b), originates from a σ ζ -σ ζ * or dw—az* excited 
state (Figure 4) and produces two 17-electron metal-centered radicals. 

Mn 2 (CO) 9 + CO (10a) 
M n 2 ( C O ) 1 0 U L < ^ 

^TMn(CO)5 2Mn(CO) 5Cl + 2 e CCl 3 (10b) 

These reactive species either recombine or, in the presence of a halo-
genated compound such as CC1 4, undergo atom abstraction to form 
carbon-centered radicals that can initiate vinyl polymerization. Other ini
tiation strategies based upon the photohomolysis of metal—metal bonds 
have been described (10). 

Generation of a thermally active catalyst or initiator also can result 
from photoinduced electron-transfer reactions. Trisoxalato complexes of 
cobalt(III) and iron(III), for example, undergo efficient intramolecular 
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18 PHOTOSENSITIVE M E T A L - O R G A N I C SYSTEMS 

redox chemistry from L M C T excited states to yield the corresponding 
divalent metal complex and an oxalate radical anion (eq 11). 

F e ( C 2 0 4 ) 3

3 " ^ Fe(C20 4 ) 2

2 - + "0>θΓ (or C 0 2 ~ + C 0 2 ) (11) 

The oxalate radical anion species, or its e C0 2 ~" radical anion daughter, can 
function as an initiator for radical polymerization (35, 36). Redox decom
position of acidopentaam(m)inecobalt(III) complexes produces divalent 
cobalt, multiequivalents of a Lewis base, and a radical (eq 12) (37, 38). 

C o ( N H 3 ) 5 B r 2 + C o 2 + + 5 N H 3 + Br* (12) 

Any one or combination of these species could catalyze or initiate useful 
chemistry in a suitably designed system. Thus C o 2 + catalyzes the oxidative 
decolorization of the red dye alizarin S by hydrogen peroxide in aqueous 
solution (39), and photoreleased base initiates cross-linking in thin films 
of an epoxide-containing photoresist (40—42). 

Irradiation of the square-planar complex PdCl2(r?4-NBD) (see struc
ture) in the presence of quadricyclene, Q, causes valence isomerization of 
this highly strained molecule to norbornadiene, NBD, with quantum yields 
that can exceed 10 2 (eq 13) (43, 44). 

Q NBD 

This behavior results from an intermolecular redox process in which Q 
reductively quenches a M L C T excited state of the palladium complex. As 
summarized in Scheme 13, the resulting quadricyclene radical cation rear
ranges to the more stable isomer, N B D * + , which then oxidizes another Q 
molecule to restart the cycle. 
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1. K U T A L Photosensitive Metal—Organic Systems: An Overview 19 

PdCl^-NBD) + Q 

hv 
decomp. —— PdCyNBD)-

NBD 

Q 

Scheme 13. 

Examples of Catalyzed Photolysis 

Absorption of light by M (eq 7) produces an electronically excited species 
that, if sufficiently long-lived, can photosensitize an organic substrate via 
energy-transfer or electron-transfer pathways (Scheme 5) (12, 13). The 
isomerization of as- and ftmy-piperylene (eq 14), for example, can be 
photosensitized with high quantum efficiency by Cu(diphos)BH4 (diphos is 
l,2-bis(diphenylphosphino)ethane) and Cu(prophos)BH4 (prophos is 1,3-
bis(diphenylphosphino)propane) (45). 

Sensitization is accompanied by quenching of the emissive 3(σ—a^) excited 
state in each copper compound (the left superscript designates spin multi
plicity), and the identical kinetics of the two bimolecular processes suggest 
that both originate from this state. As illustrated in Scheme 14, energy 
transfer from 3(e~aw) to the lowest 3(π-π*) state of the diene has been 
assigned as the mechanism of sensitization. 

(14) 

cis-pip trans -pip 

trans -pip 3 
cis -pip 

Cu(prophos)BH 4 

hv 

cis -pip 3Cu(prophos)BH4* 

Sclxeme 14. 
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20 PHOTOSENSITIVE M E T A L - O R G A N I C SYSTEMS 

The other common sensitization mechanism involves electron 
transfer between photoexcited M and ground-state substrate. In the exam
ple outlined in Scheme 15 (46, 47), visible-light irradiation of the pho-
tosensitizer Ru(bipy) 3

2 + (bipy is 2,2'-bipyridine) populates a M L C T 
excited state, which then undergoes reductive quenching by l-benzyl-1,4-
dihydronicotinamide, B N A H . One of the primary photoproducts, 
B N A H # + , loses a proton to yield the BNA* radical. Oxidation of the 
other photoproduct, Ru(bipy) 3

+ , by an olefin such as dimethyl fumarate 
or dimethyl maleate regenerates the photosensitizer with concomitant pro
duction of the olefin radical anion, which protonates to form a radical. 
Reduction of this radical by B N A e , followed by protonation, affords the 
fully reduced product. Overall, this complicated sequence of events 
corresponds to the Ru(bipy)3

2+-photosensitized two-electron reduction of 
an olefin by B N A H . 

Ru(bipy)3 
2+ 

X ^ BNAH 

p - B N A H * 

Ru(bipy)3

2+ Ru(bipy)3

+ 

-HT 
CONH 2 

Ν 
€ H 2 P h (ΒΝΑ') 

(BNA) 2 

Scheme 15. 

Scheme 16 depicts the proposed mechanism for the oxidation of 
methanol to formaldehyde and hydrogen peroxide in the presence of 0 2 , 
light, and a tetraphenylporphyrin(oxomethoxy)molybdenum(V) complex 
(48). Irradiation into the intraligand Soret absorption band of the com
plex causes homolytic cleavage of the M o - O C H 3 bond. In subsequent 
thermal reactions, the methoxy radical affords formaldehyde, and the 
reduced metalloporphyrin undergoes oxidation by 0 2 to produce H 2 0 2 

and the original complex. The entire cycle can be repeated upon absorp
tion of another photon, and this repetition accounts for the production of 
up to 56 mol of H 2 0 2 per mol of complex. The active (reduced) form of 
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1. K U T A L Photosensitive Metal—Organic Systems: An Overview 21 

the complex must be regenerated in each cycle; thus Scheme 16 constitutes 
an example of photoassistance (cf. Scheme 6). 

+ "OCH 3 CH 2 0 

Scheme 16. 

Catalyzed photolysis occurs via equation 8 only in relatively few cases 
because in most metal-organic systems examined to date, competitive 
absorption by M or an M - O complex effectively precludes direct photoex
citation of the uncomplexed organic substrate. An exception is the C u 2 + -
catalyzed photooxidation of α,β-unsaturated ketones to dimeric lactones 
(eq 15; Ar is phenyl,/?-tolyl, or /?-bromophenyl) (49). 

Ar H H Ar 
A r x , H hv Ç = Ç Ç = Ç 

*C=C^ * ^ ^ » I l I I (15) C H 3 ^ W w"C -Ar CuS0 4 /0 2 c C 
Ο o 7 / W A / V % 

The key role played by the metal ion in this transformation is underscored 
by the observation that irradiating the ketone in the absence of C u 2 + 

leads to completely different chemistry, that of cis-trans isomerization 
about the carbon-carbon double bond. The lack of new spectral features 
upon mixing C u 2 + and the ketone argues against ground-state complex 
formation between these components; in fact, absorption by added C u 2 + 

acts as an inner filter that retards the photooxidation reaction. Collec
tively, these observations support a mechanism in which the metal ion and 
0 2 interact with an excited state (e.g., Scheme 7) or a primary photopro-
duct (e.g., Scheme 8) of the organic substrate. 
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22 PHOTOSENSITIVE M E T A L - O R G A N I C SYSTEMS 

Transformations that result from the irradiation of a pre-formed 
M - O complex (eq 9) are quite common (5). This complex is a distinct 
chemical species whose excited-state characteristics differ from those of its 
progenitors. Figure 9 dramatically illustrates this point for the 1:1 com
plex formed between CuCl and NBD (50, 57). The intense, long-
wavelength absorption band that appears upon mixing the components 
arises from a transition to a low-energy Cu-to-NBD charge-transfer excited 
state. Irradiation at wavelengths that selectively populate this M L C T state 
predisposes the coordinated diene to rearrange to Q (Scheme 17). Q 
exhibits little affinity for CuCl, so the photoactive complex can be regen
erated and the cycle repeated. 

Concluding Remarks 

Classifying the transformations that occur in photosensitive metal—organic 
systems as either photogenerated catalysis or catalyzed photolysis conveys 
useful information about the mechanisms involved. These two classes can 
be distinguished on the basis of experimental information such as reaction 
quantum yields, observation of an induction period or post-irradiation 
chemistry, luminescence quenching kinetics, and the detection of reaction 
intermediates. In some cases, however, insufficient or ambiguous data 
preclude a confident assignment of mechanism. Kisch (8) noted that this 
problem arises frequently in heterogeneous systems, where turnover 
number is defined as the moles of product formed per mole of active sites 
on the illuminated catalyst surface. The latter quantity often is unknown 
or only roughly estimated; therefore, a distinction between photogenerated 
catalysis and catalyzed photolysis becomes difficult if the observed quan
tum efficiency is below unity. A case in point is the oxidatively induced 
valence isomerization of quadricyclene to norbornadiene that occurs in the 
presence of an illuminated CdS semiconductor powder (52). Because the 
number of active surface sites was not determined, the low quantum effi
ciency for product formation (~10~2) does not, by itself, rule out the 
operation of a photogenerated catalytic cycle involving Q * + and N B D e + 

(refer to Scheme 13). Consequently, in this and other systems where 
mechanistic uncertainties exist, it is appropriate to apply the general label 
photocatalysis to the transformation in question. 

Irradiation of an organic substrate in the presence of a transition 
metal compound or semiconductor has proven to be a convenient, mild, 
and often highly selective route to a wide variety of products. In this over
view I have attempted to construct a mechanistic framework within which 
such transformations can be understood. Succeeding chapters in this 
volume will explore more fully the scope of this interesting chemistry and 
its potential applications. 
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τ 1 Γ 

Wavelength, nm 

Figure 9. Spectral manifestation of complex formation between CuCl and 
NBD in ethanoL (Reproduced pom reference 50. Copyright 1977 Amen-
can Chemical Society.) 

Scheme 17. 
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Reactive Intermediates in the 
Carbonylation of Metal-Alkyl Bonds 

Time-Resolved Infrared Spectral Techniques 

Peter C. Ford, David W. Ryba, and Simon T. Belt 

Department of Chemistry, University of California, Santa Barbara, CA 
93106 

In this chapter, we describe flash photolysis experiments using 
time-resolved infrared (TRIR) detection techniques to probe the 
reactivities of key intermediates proposed for the mechanisms of 
the thermal "migratory insertion" of CO into a metal-alkyl bond. 
The intermediates studied were generated by the photodissociation 
of CO from the metal complexes CpFe(CO)L(COCH3) (Cp is 

η5-C5H5, L is CO or phosphine) and Mn(CO)5(COCH3). Kinetic 
and spectroscopic evidence points to the formation of a solvated 
species in each case, which undergoes migration of the acyl 
methyl group to the metal center, competitive with trapping by 
addition of a ligand. In cyclohexane, the CpFe intermediate 
CpFe(CO)(sol)(COCH3) (sol is solvent) undergoes methyl migra
tion at a rate (k1 = 5.6 x 1Ο4 M-1 s-1) several orders of magni
tude faster than does the remarkably slow manganese analog (k1 

= 6.0 M-1 s-1). Comparisons are also made to the reactivity of 
the unsaturated intermediate Mn(CO)4(sol)(CH3) formed by CO 
photodissociation from Mn(CO)5(CH3). 

-A T H O R O U G H UNDERSTANDING OF T H E MECHANISMS of the 
photoreactions of organometallic compounds requires far more than the 
measurements of quantum yields and the determinations of photoproduct 

0065-2393/93/0238-0027$06.00/0 
© 1993 American Chemical Society 
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28 PHOTOSENSITIVE M E T A L - O R G A N I C SYSTEMS 

identities and distributions. Most photochemical products are the result 
of a sequence of photophysical and photochemical events. For example, 
photoexcitation into some initial excited state (ES) is often followed by 
vibrational relaxation, internal conversion, or intersystem crossing to lower 
energy excited state(s) from which the actual chemical events leading to 
products are initiated. Reactive deactivation of such an ES may lead 
directly to the eventual photoproducts; commonly, however, the first 
chemical species formed from the reaction of the ES is itself a high-
energy, reactive species, which undergoes further rapid thermal reactions 
to give the eventual photoproducts. Such species are generally formed 
only in (very) low concentrations under continuous photolysis. Thus 
direct evidence for their presence often requires flash photolysis tech
niques for which a broad range of time regimes down to femtoseconds 
have become accessible. 

Flash photolysis studies of organometallic species in this laboratory 
were stimulated in part by our interest in fundamental photoreaction 
mechanisms. However, a second consideration was the opportunity to 
interrogate the quantitative reactivities of organometallic intermediates 
often proposed in homogeneous catalytic schemes for the activation of 
various organic and other small-molecule substrates (e.g., refs. 1-4). 
Thus, flash photolysis techniques allow one to generate nonequilibrium 
concentrations of organometallic intermediates from stable precursors that 
can be interrogated kinetically and spectroscopically. This reaction is 
illustrated qualitatively by Figure 1. Such intermediates may be coordina-
tively unsaturated products from ligand dissociation or reductive elimina
tion, oxidized or reduced complexes resulting from ES electron transfer, 
radical products of homolytic bond cleavage, or high-energy isomers. 

With organometallic compounds a major problem is that the 
UV—visible spectra of reactants and products generally are poorly defined 
and often provide little information addressing structural properties of key 
transient species. In this context, studies in this laboratory followed the 
pioneering work by other researchers (5-12) in developing methodologies 
to employ probe and detection systems with the flash photolysis excitation 
designed to obtain time-resolved infrared (TRIR) spectra. Under favor
able circumstances the TRIR spectral characterizations of reactive inter
mediates are aided by comparison with results from low-temperature 
matrix experiments, in which normally highly reactive transient species 
may be trapped indefinitely and studied by using a full range of spectro
scopic methods (13). In this chapter are described several flash photolysis 
studies of the photodecarbonylation of metal-acetyl complexes studied by 
both IR and UV—visible spectroscopic techniques. Also reviewed briefly 
is the apparatus used to obtain TRIR spectral data for the reactive 
organometallic intermediates. 
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2. FORD ET AL. Carbonylation of Metal-Alkyl Bonds 29 

it 

A 
Λ 

hv 

Figure 1. Qualitative illustration of the formation of a high-energy reactive 
intermediate I by the flash photolysis of a stable precursor A. 

The carbonylation of metal-alkyl bonds is a key step in homogene
ously catalyzed activation of carbon monoxide in processes such as alkene 
hydroformylations, alcohol carbonylations, carboxylic acid homologations, 
and reductive polymerization of CO (14). One fundamental organometal
lic reaction commonly proposed in schemes for such catalytic cycles is the 
"migratory insertion" of CO into a metal-alkyl bond (i5), e.g., 

R 
t 

L J M - C O + V 

V 
I 

L n M - C , 
R 

(1) 
Ο 

Migratory insertion mechanisms have been extensively investigated for the 
model compounds Mn(CO) 5 (CH 3 ) and CpFe(CO)L(CH 3) (Cp is f? 5 -C 5 H 5 , 
L is CO or phosphine) (16-24). These studies have concluded that the 
rate-limiting initial step involves a methyl migration to CO, that is, equa
tion 2, rather than CO insertion into the metal-alkyl bond, and have 
noted that donor solvents have marked effects on the reaction dynamics 
(21, 22). 
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R 
I 

L n M - C O L n M - C % 

R 
+LL 

L' 
i 

L J M - C 
Ο 

R 
(2) 

Ο 

( I ) 

However, evidence regarding the nature and kinetic behavior of the key 
intermediate I has remained indirect. 

The reverse process, namely the decarbonylation of metal-acetyls, 
can often be effected photochemically (24), the likely mechanism being 
CO photodissociation to give the intermediate I, which undergoes subse
quent methyl migration to the metal center. The carbon monoxide lost is 
a terminally bound CO rather than the carbonyl from the acetyl ligand 
(25). This chapter will present an overview of ongoing studies using a 
photochemical strategy to probe the reactivities of intermediates such as I 
in the decarbonylations of CpFe(CO) 2(COCH 3) (see eq 3) and Mn(CO) 5-
(COCH 3 ) (see eq 4). 

+ CO (^) 

These experiments provide both spectroscopic and kinetic parameters 
relevant to the identity and reactivity of key intermediates in the thermal 
migratory insertion mechanisms of the respective metal-alkyl complex. 
Also described are investigations of the reactivities of the "unsaturated" 
intermediate formed by photolysis of the analogous methyl complex 
Mn(CO) 5 (CH 3 ) . 
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2. FORD ET AJL Carbonylation of Metal-Alkyl Bonds 31 

The TRIR Spectroscopy Method: Flash Photolysis 
ofRu3(CO)n 

The TRIR flash photolysis apparatus, illustrated in Figure 2, was 
described in detail in reference 12. Key features of this system are the use 
of a Laser Analytics lead salt diode IR laser as the probe source and a 
SBRC photovoltaic Hg-Cd-Te fast rise-time detector. These features 
allow the manual tuning of the observation frequency with high resolution 
over a wide range, which depends on the diode lasers installed in the 
cryogenically cooled laser head. (In the current configuration this range is 
1550 to 2200 cm""1.) The excitation source is a Lambda Physik XeCl 
excimer laser (308 nm) or excimer laser—dye laser combination. With this 
apparatus, an IR spectrum for a transient with lifetime as short as 100 ns 
can be recorded. Sample solutions prepared under the desired gas 
mixtures were passed through the photolysis cells using a simple flow 

Figure 2. Diagram of TRIR apparatus. (Reproduced from reference 12. 
Copyright 1989 American Chemical Society.) 
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32 PHOTOSENSITIVE M E T A L - O R G A N I C SYSTEMS 

apparatus that allowed for multiple-pulse data collection and averaging 
experiments. The photolysis cell consisted of a modified McCarthy IR cell 
with CaF 2 windows and a Teflon spacer (0.5 or 1.0 mm). Stainless steel 
cannula were silver-soldered to the brass cell body for transfer of solutions 
into and from the reservoirs of the flow apparatus. 

These techniques were employed (12) to investigate the TRIR spec
tra and reaction dynamics of the coordinatively unsaturated triruthenium 
cluster R u 3 ( C O ) n , the type of intermediate proposed for photoassisted 
hydrogénation of alkenes by metal carbonyl clusters (4). A key observa
tion (12) in this case is that short-wavelength photoexcitation of 
R u 3 ( C O ) 1 2 in isooctane solution leads to formation of a species with the 
same IR spectrum (Figure 3) as that seen in studies carried out in low-
temperature hydrocarbon glasses (26). The first spectrum in Figure 3 was 
recorded 200 ns after the flash. In ambient-temperature solution this 
reactive intermediate is trapped competitively by CO or by a donor ligand 
such as tetrahydrofuran (THF) at rates approaching diffusion limits (1.3 χ 
10 1 0 M " 1 s""1) in the isooctane medium (12). These rates are somewhat 
surprising given the observation that certain mononuclear coordinatively 
unsaturated species such as Cr(CO) 5 form much stronger adducts with 

"1 1 1 1 1 1 1 1 1 —ι— 
2065 2055 2045 2035 2025 

c m " 1 

Figure 3. IR difference spectrum (2-cm~1 resolution) of the transients 
formed by 308-nm flash photolysis of Ru3(CO)12 in isooctane solution at 
ambient temperature 200 ns after flash. Subsequent curves are recorded at 
regular intervals of 2.0 μ*. (Reproduced from reference 12. Copyright 
1989 AmeHcan Chemical Society.) 
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2. FORD ET AL. Carbonylation of Metal-Alky I Bonds 33 

hydrocarbon solvents, hence are considerably less reactive (27—33). The 
adduct Ru 3 (CO) 1 1 »THF itself is quite labile and reacts with CO by an 
apparent dissociative mechanism to re-form the starting cluster. These 
observations are summarized in Scheme I. 

[Ru 3 (CO) 1 2 ]* , 

a 

hv 

CO k ^ e . l x H ^ M - V 1 

+THF 

-THF 
k r = 2x l0 6 s"1 

+C0 
r k c o =2.4x l0 9 M 4 s" 1 

Solvent = isooctane 
Ru 3 (CO) 1 2 

Scheme I. Reactions of the coordinatively unsaturated cluster Ru3(CO)n. 

Pentacarbonyl(methyl) manganese 

Flash photolysis studies of Mn(CO) 5 (CH 3 ) were initiated with the goal of 
providing a model for the pertinent spectroscopic and kinetic data 
relevant to unsaturated Mn(I) acyl intermediates (discussed later). Laser 
flash photolysis (λ ί Γ = 308 nm) of Mn(CO) 5 (CH 3 ) in cyclohexane or 
isooctane solution resulted in a 100-μ8 TRIR spectrum in which the 
depletion of starting material is evident with the negative absorbance 
changes (Aabs) corresponding to the uco modes at 2014 and 1991 c m - 1 

(v is frequency) and the formation of a transient species (J) is evidenced 
by new absorptions at vQQ 1986, 1974, and 1940 cm" 1 (34). These TRIR 
properties and a transient A m a x at 410 nm in the UV—visible spectrum are 
close to those attributed to cw-Mn(CO) 4 (CH 3 )-CH 4 formed by CO 
photodissociation from Mn(CO) 5 (CH 3 ) in a methane matrix (eq 5) (35). 

CHo CH •3 
''// ' v \ ° ho, - < 

°C, . . . S o l 

c y. 
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34 PHOTOSENSITIVE M E T A L - O R G A N I C SYSTEMS 

We did not observe transients resulting from either trans-CO labilization 
or homolytic metal-alkyl bond cleavage, although prolonged irradiation 
does lead to the appearance of visible and IR absorbances indicating the 
production of Mn 2 (CO) 1 Q . 

Under argon, the decay of J follows second-order kinetics, but under 
CO, both the rates of decay of J and the re-formation of Mn(CO) 5 (CH 3 ) 
(eq 6) are accelerated and follow pseudo-first-order kinetics (Figure 4). 

J I 1 1 I 

0 400 800 1200 1600 

Time, μ$ 

Figure 4. Kinetic traces showing the decay of c\s-Mn(CO)4(CH3)sol (sol is 
cyclohexane) at 1976 cm'1 and the re-formation of Mn(CO)s(CH3) at 
2014 cm"1 following laser flash photolysis of Mn(CO)5(CH3) in 
cyclohexane under 0.1 aim CO. IR changes are shown in transmittance 
mode. (Reproduced fi'om reference 34. Copyright 1990 American Chemi
cal Society.) 
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2. FORD ET AL. Carbonylation of Metal-AVkyl Bonds 35 

The second-order rate constant for the reaction with CO (2.1 ± 0.1 χ ΙΟ 6 

M " 1 s"1) showed excellent agreement between the IR and UV—visible 
detection methods and lies in the same range as that found for other 
weakly bound solvento-carbonylmetal intermediates, such as Cr(CO) 5sol 
(sol is solvent), measured by flash photolysis techniques (27). In THF 
solution, the reaction of J with CO (as studied by UV-visible detection), 
is 4 orders of magnitude slower (k2 = 1.4 χ 102 M _ 1 s"1), consistent with 
the increased donor strength of THF. Preliminary flash photolysis studies 
with the analogous metal-alkyl complexes Mn(CO) 5 (CF 3 ) and 
Re(CO) 5 (CH 3 ) in cyclohexane demonstrated that the back reaction of the 
respective intermediates Mn(CO) 4(CF 3)sol and Re(CO) 4(CH 3)sol (sol is 
cyclohexane) with CO displayed second-order rate constants (k2 = 1.4 χ 
107 and 1.3 χ 106 M"" 1 s"1, respectively, at 298 K) (36), similar to that 
observed for J in cyclohexane. 

Pentacarbonyl(acetyl) manganese 

Laser flash photolysis (À i r = 308 nm) of the acyl complex 
Mn(CO) 5 (CH 3 CO) in cyclohexane causes CO photodissociation to give a 
transient X that displays the TRIR difference absorption spectrum at 100 
/zs displayed in Figure 5 (36). The spectrum of the new transient species 

.080- Cyclohexane Solution under Argon 
λ}„ 308 nm, 100 μβ delay 

3 .000· 

.080· 

1980 
cm"1 

I960 1940 
Spectrum agrees with matrix study 
concluding labilization of C M CO 

Figure 5. TRIR difference spectrum (100 ps) resulting from the 308-nm 
flash photolysis of Mn(CO)5(CH3CO) in cyclohexane solution. 
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is quite close to that seen for the product of CO photodissociation from 
Mn(CO) 5 (CH 3 CO) in a methane matrix (25). In ambient cyclohexane, X 
decays by rearrangement to the alkyl complex competitive with trapping by 
CO to regenerate the starting complex (eq 7), the rates of both processes 
being solvent-dependent. 

C L J CHQ 
C H 3 

Μη χ : ^ Μη ( / ) 

C C 
Ο Ο 

Kinetics studies (36) using UV-visible detection have shown the decay to 
follow the rate law 

= *obs[X] = ( * i + *2[CO])pq 

and have determined values for kx and k2 in cyclohexane as 6.0 s"1 and 5.6 
χ 103 M " 1 s"1, respectively, and in THF solution 7 χ 10"~2 s"1 and 3 χ 
102 M " 1 s"1, respectively. The remarkable feature of these results is the 
relative unreactivity of X in cyclohexane. For example, the back reaction 
of X with CO (eq 7) is nearly 3 orders of magnitude slower than that for J 
(eq 6) described for cyclohexane solutions. In contrast the values of k2 in 
THF solution for X and J are comparable. 

Structures U, C, S, and Β can be proposed for the intermediate X 
(terminally bound COs are not shown). 

V * * °*C/C H 3 \ ^ 
^ M n Μη ' M n Μη 

Β 

Of these the unsaturated intermediate U seems the least likely, given the 
known tendency of coordinatively unsaturated metal carbonyls to bind 
alkane solvents with stabilities ~10 kcal/mol (57). On the other hand, the 
chelated intermediate C, with an »j2-carbonyl of the acetyl group, has been 
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predicted by theoretical calculations (38, 39) to be the most stable struc
ture for Mn(CO) 4 (CH 3 CO) in the absence of solvent interactions. An 
alternative bidentate acetyl structure would be Β with an agostic interac
tion between a methyl C - H and the metal. This alternative is especially 
attractive as a likely precursor for methyl migration to the metal. How
ever, preliminary TRIR experiments (40) show the terminal uCQ frequen
cies to differ for X in cyclohexane (1951 cm""1) from those for X in THF 
(1931 cm""1), and one can conclude that the structure of this intermediate 
is different in the two solvents. The simplest explanation of these differ
ences is that X has the solvated structure S, the variation of i/CQ being 
attributable in part to the different donor strengths of cyclohexane and 
THF (40). Alternatively, in THF X may be present as the solvated species 
S, while in cyclohexane it may be present in either the C or Β bidentate 
acetyl configuration. Such a possibility may explain the relative passivity 
of X in its reactions with CO in cyclohexane. These questions are the 
focus of ongoing investigations of the photodecarbonylation reactions of 
Mn(CO) 5 (CH 3 CO) and related manganese acyls. 

Photodecarbonylation of CpFe(CO)2(COCH3) 

Laser flash photolysis (308 nm) of CpFe(CO) 2(COCH 3) in cyclohexane 
(10" 3 mol/L) under Ar was shown (41) to lead to the rapid and permanent 
depletion of the parent compound as monitored by TRIR detection of the 
terminal CO stretching bands at 2021 and 1965 cm" 1 and the acetyl vCQ at 
1669 cm""1. Within 100 a new species was observed to grow in; 
maximum absorbance changes of this new species appeared at 2012 and 
1959 cm" 1 , indicative of the formation of the final product, 
CpFe(CO) 2 CH 3 (Figure 6a). On a shorter time scale (1 /zs), the TRIR 
difference spectrum showed only the transient metal carbonyl absorbance 
at 1949 cm" 1 (Figure 6b) and none of the absorptions attributable to the 
final product. The position of the 1949-cm"1 band is in close agreement 
with that found for the purported intermediate CpFe(CO)(COCH 3) (i/CQ 

= 1948 cm" 1) produced by photolysis of CpFe(CO) 2(COCH 3) in a 
methane matrix at 12 Κ (42, 43). 

At 1949 cm" 1 the decay of this transient (M) followed first-order 
kinetics (kQbs = 5.7 χ 104 s"1) identical to those for formation of 
CpFe(CO) 2 CH 3 as measured at either 2010 or 1958 cm" 1 (41). The rate 
of decay proved to be independent of CO pressure ( P c o ) , in agreement 
with the behavior of overall quantum yields for the photodecarbonylation 
(Φ = 0.64 ± 0.02 mol/einstein, independent of PCQ to 1 atm and of 
solvent). These results imply that M is not measurably trapped by added 
CO in competition with methyl migration to the metal center under these 
conditions. 
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Figure 6. Part a: Transient difference spectrum of CpFe(CO)2(COCH3) in 
cyclohexane taken 100 /is after a 308-nm laser pulse. Part b: Transient 
difference spectrum of CpFe(CO)2(COCH3) in cyclohexane taken 1 ps 
after a 308-nm laser pulse. 
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In contrast, when photolyses of CpFe(CO) 2(COCH 3) were carried 
out in the presence of added PPh 3 , the phosphine complex 
CpFe(CO)PPh 3(COCH 3) (i/CQ = 1924 cm" 1) was also formed as one 
product of the photoreaction, in agreement with a previous, qualitative, 
report (44). The decay of M was accelerated under these conditions, and a 
plot of kQb& versus [PPh3] proved to be linear (slope = 2.4 χ 106 L/mol*s) 
with a nonzero intercept (5.6 χ 104 s"1) in agreement with the first-order 
rate constant determined under a CO atmosphere. These observations 
can be summarized in terms of the reactions displayed in Scheme II. 

„Fe 
o c - y 

CH3 

h ν 

- CO 

+C0 

0 c y \ 
CH3 

• Fe 

CH3 

M 

+ L 

~Fe 

L ι 
CH 3 

Scheme II. Reactions of transient(s) formed by the laser flash photolysis of 
CpFe(CO)2(COCH3). 

Photolysis of CpFe(CO) 2(COCH 3) leads to CO photodissociation 
and the formation of an intermediate, M , that undergoes first-order 
methyl migration to give CpFe(CO) 2(CH 3) in competition with second-
order trapping by PPh 3 or (in principle) by CO. The failure to observe 
kinetic effects of CO on kQb& implies that kCQ would have an upper limit 
of ~6 χ 105 M " 1 s - 1 given a CO concentration of ~0.01 M in 
such solutions. 
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Laser flash photolysis of CpFe(CO) 2(COCH 3) in Λ-heptane or isooc-
tane under Ar or CO resulted in the formation of transient species whose 
TRIR spectra and rates of reaction are close to those found for cyclohex
ane solution. However, in THF, the single uQQ for M was observed at 
1921 cm" 1 , and the first-order decay was somewhat slower (kt = 1.3 χ 104 

s"1). Once again, the decay of this intermediate was accompanied by the 
formation of CpFe(CO) 2 CH 3 , as shown by uCQ maxima at 2010 and 1952 
cm" 1. When C H 3 C N was used as solvent, the intermediate that was 
formed has a broad vQQ mode centered at 1926 cm" 1 and a lifetime longer 
than 1 ms. A difference Fourier transform IR spectrum recorded several 
minutes after irradiation revealed that the intermediate had indeed 
isomerized to CpFe(CO) 2(CH 3), as observed in all other solvents. 

In none of these solvents were we able to observe for the intermedi
ate M the acyl i/CQ mode, which occurs at 1669 cm" 1 in the IR spectrum 
of CpFe(CO) 2(COCH 3). Two possible explanations come to mind: a 
shift of this band in M to frequencies below the 1550-cm"1 limit of the 
current instrumentation, or a decrease in extinction coefficient for this 
weak band to a value in M too low to be detected in the present experi
ment. The latter appears to be a likely explanation given that the intensi
ties of the acyl bands in the monocarbonyl complexes CpFe(CO)(PPh3)-
(COCH 3 ) and CpFe(CO)(Xe)(COCH 3) are much smaller than in the 
dicarbonyl analog. The TRIR experiment was unable to detect the 
expected acyl carbonyl frequency of M in ambient temperature solution 
over the range 1680-1550 cm" 1 despite clear observation of the terminal 
vco mode. Therefore, preliminary experiments were carried out (45) to 
examine the IR spectra of intermediates in the analogous flash photolysis 
of CpFe(CO) 2(COCH 3) in liquid Xe (193 K). A weak acyl band at 1582 
cm" 1 was detected using FTIR methods (the terminal carbonyl uCQ was 
detected at 1938 cm" 1). Spectral and rate data obtained in different sol
vents are summarized in Table I. 

Again four possibilities analogous to the structures U, C, S, and Β 
described for the manganese complexes can be proposed for the nature of 
the intermediate M . Clearly, the data in Table I point to the nearly ident
ical spectral and kinetic properties of this intermediate in the three alkane 
solvents. The effect on the kinetics of using THF as solvent is to decrease 
kt by only a factor of ~4, although the effect of using C H 3 C N is consider
ably more dramatic, as might be expected if M were to have the solvento 
complex structure analogous to S. Notably, solvent has a significant effect 
on the frequency of the lone terminal vQQ of M (Table I). For S, the fre
quency of the metal carbonyl uQQ band would be expected to shift to 
lower values as the donor strength of the solvent is increased, a prediction 
certainly consistent with the observation that upon changing the solvent 
from hydrocarbons to THF, the position of the vCQ mode for M shifted 26 
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Table I. IR Spectral Data for the Starting Material and for Transients Formed, 
Quantum Yields for Product Formation, and Rate Constants for the Decay 

of Transients from the Photolysis of C p F e i C O ^ C O C H ^ in Various Solvents 

Solvent 
nco (parent) 

(cm'1) 
r\co (transient) 

(cm'1) ψ313 k / (s-1) 
Cyclohexane 2018,1963,1669 1949 0.64 ± 0.02 5.7 χ 104 

Isooctane 2018,1962,1670 1949 0.64 ± 0.02 4.0 χ 104 

Hexane 2020,1965,1670 1949 0.64 ± 0.02 4.0 χ 104 

THF 2015,1955,1658 1921 0.62 ± 0.04 1.3 χ 104 

C H 3 C N 2018,1958,1650 1926 0.62 χ 0.04 <1.0 
Xe (1)* 2025, 2019,1965,1673 1938,1582 
a Quantum yield for continuous wave photolysis at 313 nm. Experimental 
uncertainties are calculated for five or more duplicate runs. 
^First-order rate constant for disappearance of the intermediate M at ambient 
temperature. Experimental uncertainties are estimated conservatively at <±10% 
based upon five or more duplicate runs. 

cm" 1 to lower frequency (from 1949 to 1923 cm" 1). Shifts from the 
alkane solution values were also seen for C H 3 C N solution and even in 
liquid xenon solution (45). 

Thus, if a single structure is appropriate to describe M , a solvated 
species such as S with the t^-acyl configuration is more consistent with the 
observations. One of the chelated configurations similar to C or Β may 
certainly be present in hydrocarbon solutions, and S is the dominant 
species in more strongly donating solvents; however, the observation that 
M has a significantly lower frequency (^ c o ) in liquid xenon than in hydro
carbons (Table I) may argue for the presence of an S-type configuration 
even in this medium. 

Concluding Remarks 
In summary, the ongoing laser flash photolysis experiments described here 
have allowed the detection and characterization of the reaction kinetics of 
the short-lived (<100 μ8 in hydrocarbon solutions at ambient temper
ature) transient species relevant to the mechanism of the migratory inser
tion reaction. Comparisons of reaction rates and of the TRIR spectra for 
these reactive intermediates clearly point to the formation of a solvent 
coordinated species analogous to S when the solvent is a relatively good 
donor such as THF or acetonitrile. Greater ambiguity exists for those 
experiments carried out in more weakly donating alkane solvents in which 
the occupation of the empty coordination site by the oxygen of the acyl 
group to give an rç2-earbonyl functionality (e.g., C) may be competitive 
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42 PHOTOSENSITIVE M E T A L - O R G A N I C SYSTEMS 

with alkane coordination. The flash photolysis dynamics of other car-
bonylmanganese and CpFe acyl complexes are being scrutinized with the 
goal of providing additional insight into these matters. 
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Photochemical Reactions 
of Organometallic Molecules on Surfaces 

CO Substitution Chemistry of Surface-Confined 
Derivatives of (η5-C5H5)Mn(CO)3 

Doris Kang, Eric W. Wollman, and Mark S. Wrighton* 

Department of Chemistry, Massachusetts Institute of Technology, 
Cambridge, MA 02139 

Derivatives of (η5-C5H5)Mn(CO)3 attached to SiO2, Si or Au 
surfaces undergo photoreactions that allow the surface to be 
tailored in a rational manner. Photosubstitution of functionalized 
phosphines for CO occurs on all substrates, although the scope of 
the reaction is more limited for the surface-confined species than 
for the analogous complexes in solution. Flat surfaces modified 
with the derivatives of (η5-C5H5)Mn(CO)3 can be patterned pho
tochemically, because no thermal CO substitution occur. 

THE P H O T O C H E M I S T R Y O F M E T A L C A R B O N Y L S on surfaces is of 
potentially practical and fundamental importance. Possible applications 
include microelectronic device fabrication and photoimaging. Recent 
relevant studies include the formation of Fe thin films on GaAs (I) and Si 
(2) by U V photolysis of adsorbed Fe(CO) 5 and the assembly of a reversi
ble photoimaging system based on poly[(vbpy)Re(CO)3]2 (vbpy is 4-
methyl-4'-vinyl-2,2'-bipyridine) (5). These systems exploit photoinduced 
CO loss from Fe(CO) 5 and metal-metal bond cleavage in the photoex-
cited Re dimer. 

*Corresponding author 

0065-2393/93/0238-0045$06.50/0 
© 1993 American Chemical Society 
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Fundamental studies of surface-confined metal carbonyls may lead to 
new photoreactions or the elucidation of reaction mechanisms. Pho-
toprocesses of metal carbonyls on solid substrates have been investigated 
in many systems (1—23). Although the chemical and physical characteris
tics of the surface may influence the reactivity of the adsorbed species, the 
primary photochemical events of surface-confined metal carbonyls are 
often identical to those of the analogous solution complexes. 

For a variety of mononuclear metal carbonyls in solution, CO loss 
occurs as the primary photoprocess to generate a coordinatively unsa
turated intermediate that can be trapped by another 2e~ donor L (24—26): 

M(CO) r t M ( C O ) _ x A M C C O ^ L (1) 

This substitution process has been observed for several surface-supported 
metal carbonyls and provides a means of functionalizing a surface with L. 
Importantly, many highly photosensitive metal carbonyls are quite ther
mally inert (24). 

This chapter describes the photochemistry of derivatives of (η5· 
C 5 H 5 )Mn(CO) 3 covalently bound to high-surface-area S i 0 2 , single-crystal 
Si, and Au. Photosubstitution of functionalized phosphines for CO is 
observed on all modified surfaces. Photochemical patterning of flat sub
strates can be achieved because the (rç 5-C 5H 5)Mn(CO) 3 derivatives are 
inert toward thermal CO substitution. 

Experimental Section 

Procedures describing general spectroscopic and photochemical methods; han
dling of reagents; preparation of manganese compounds; and modification of 
high-surface-area S i 0 2 , single-crystal Si, and A u thin films were published in 
detail elsewhere (27). 

11-Diphenylphosphinoundecylferrocene. Triethylsilane (1.8 mL, 11 
mmol) was added to a solution of 11-bromoundecanoylferrocene (28) (2.2 g, 5.0 
mmol) dissolved in 4 mL of trifluoroacetic acid (Aldrich) under Ar. The mixture 
was stirred for 48 h and then diluted with water. The organic product was 
extracted with E t 2 0 , washed with aqueous N a H C 0 3 , and dried over MgS0 4 . The 
residue obtained upon removal of solvent was chromatographed on silica gel with 
hexane to give pure 11-bromoundecylferrocene in 62% yield. 1 H N M R (250 
MHz, CDC1 3): δ 4.09 (s, 5H), 4.05 (m, 4H), 3.39 (t, 2H), 2.30 (t, 2H), 1.85 (m, 
2H), and 1.17-1.52 (m, 16H) ppm. (NMR results are reported as chemical shifts 
(δ) in parts per million downfield from tetramethylsilane. Abbreviations used are 
s, singlet; m, multiplet; and t, triplet.) 
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L iPPh 2 was generated by addition of one equivalent of n-BuLi to a solution 
of PPh 2 H (Aldrich, 0.4 g, 2.4 mmol) in 17 mL of dry tetrahydrofuran (THF) 
under Ar at -78 °C. 11-Bromoundecylferrocene (1.0 g, 2.4 mmol) dissolved in 4 
mL of dry THF was added to the solution, which was then allowed to warm to 
room temperature. After 1.5 h of additional stirring, 10 mL of aqueous saturated 
NH 4C1 was added to the reaction mixture. The organic layer was collected and 
dried over MgS0 4 . The crude material obtained upon solvent evaporation was 
chromatographed on silica gel with 9:1 hexane-CH 2 Cl 2 to give pure 11-diphenyl-
phosphinoundecylferrocene as a red-orange oil in 60% yield. *H N M R (300 
MHz, CDC13): δ 7.29-7.48 (m, 10H), 4.09 (s, 5H), 4.05 (m, 4H), 2.32 (t, 2H), 2.05 
(t, 2H), and 1.17-1.52 (m, 18H) ppm. 

Preparation of Modified Au Electrodes. Au electrodes were made 
from 2000 Â of Au (99.999%) evaporated onto 100-mm Si wafers with a 100-Â 
adhesion layer of Cr. The Au-coated wafers were cut into pieces approximately 
0.5 χ 1.0 cm. The pieces were rinsed with hexane and then fiinctionalized by 
immersing in a 1 mM solution of HS(CH 2 ) 1 1 (r? 5 -C 5 H 4 )Mn(CO) 3 in hexane over
night. The modified Au was rinsed with hexane upon removal from solution. 

Electrochemical Methods. Electrochemical measurements were carried 
out with a Pine Instruments model RDE-4 bipotentiostat. Voltammetric traces 
were recorded with a Kipp and Zonen model B D 91 XY recorder. Linear sweep 
cyclic voltammetry was performed in CH 3 CN-0.1 M [n-Bu 4N]PF 6 at 298 Κ under 
Ar. Pt gauze was the counterelectrode, and oxidized Ag wire was the quasi-
reference. 

Studies of Derivatives of (η -C5H5)Mn(CO)3 in Solution 

(CH 3 ) 3 Si(f ?

5 -C 5 H 4 )Mn(CO) 3 and HS(CH 2 ) n ( f ?

5 -C 5 H 4 )Mn(CO) 3 exhibit 
electronic absorption spectra similar to those reported for (η5-
C 5 H 5 )Mn(CO) 3 and ( r 7

5 -C 5 H 4 CH 3 )Mn(CO) 3 (Table I). The 330-nm 
bands are assigned to Mn —> (rç 5-C 5H 4R) charge-transfer (CT) transitions, 
which obscure ligand-field (LF) transitions also present in the same energy 
region (24). The 330-nm absorption is reported to have some Mn - * 
COTT* CT character as well (24). 

The complexes (r? 5-C 5H 4R)Mn(CO) 3 (where R = ( C H 3 ) 3 S i - or 
- ( C H 2 ) 1 1 S H ) undergo efficient photoinduced CO substitution at 298 Κ 
upon near-UV irradiation in the presence of excess free phosphine L in 
alkane solution under Ar. Figures 1 A , 2, and 3A show IR difference spec
tra recorded during irradiations of these molecules in solutions containing 
L = PPh2(w-octyl), PPh 2 (CH 2 ) n Fc , or PPh 2Fc (Fc is ferrocenyl). 

Upon irradiation of the tricarbonyl complexes, initially only 
American Chemical 

Sflciâty Library 
1155 16th SLUW. 

Washington» 0 £ 20Q36 
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50 P H O T O S E N S I T I V E M E T A L - O R G A N I C S Y S T E M S 

O J O -

0 . 0 5 

0 . 0 0 

• 0 . 0 5 

- 0 . 1 0 

φ υ 
g - 0.15 
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0 . 0 5 

0 . 0 0 

- 0 . 0 5 

- 0 . 1 0 

- 0 . 1 5 

A R 

- ι j 1 j 1 , r 

Mn(C0)3 L . -CO Mn(C0) 2L L . -CO Mn(C0ÏL 2 

2029,1947 cm-' 1938, 1877 cm" 1 1837cm"' 

L = PP^U-oc ty l ) ; R — S K C H ^ 

Β 

Mn(C0) 2L ' Mn(C0)L 2 

L • P P h 2 U - o c t y l Î 

2 2 0 0 2 1 0 0 2 0 0 0 1 9 0 0 

W o v e n u m b e r ( c m " ' ) 

1 8 0 0 

Figure 1. Part A: IR difference spectra accompanying photoreactions of (CH3)^Si-
(rp-C5H4)Mn(CO)3 at 2029 and 1947 cm'1, with L = PPh2(n-octyl) in n-hexane 
at 25 °C to give (CH3)^Si(n5-C5H^)Mn(CO)^ (absorptions at 1938 and 1877 
cm-1) and (CH3)3Si(rf-C5H4)Mn(CO)L2 (absorption at 1837 cm'1). Part B: IR 
difference spectra accompanying photoreaction of (CH3)3Sifa5-C5H4)Mn(CO)2 at 
1938 and 1877 cm'1, with L = PPh2(n-octyl) in n-hexane at 25 °C to give 
(CH3)£i(n5-C5H4)Mn(CO)L2 (absorption at 1837 cm-1). 
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3. K A N G ET A L Reactions of Organometallic Molecules on Surfaces 51 

M n ( C O ) 3

L r C O 

0 . 0 3 

2 - 0 . 0 6 
c 
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-Q 

< 

2022, 1942 cm" 1 

L=PPh 2 (CH 2 )„Fc; R = HSCCHg},, 

M n ( C 0 ) 2 L L , " C ° Mn<C0)L2 
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Figure 2. IR difference spectrum accompanying photoreaction of 
HS(CH2)n(n5-C5H4)Mn(CO)3 at 2022 and 1942 cm"1, with L = 
PPh2(CH2)nFc in methylcyclohexane (MCH) at 25 °C to give 
HSfCH^jjtf-CsH^MntCO)^ (absorptions at 1932 and 1873 cm'1) 
and HSfCHJjjtf-CsH^MntCO)^ (absorption at 1830 cm-1 ). 

monosubstituted products, (f? 5-C 5H 4R)Mn(CO) 2L, form. These result 
from CO loss from (r; 5 -C 5 H 4 R)Mn(CO) 3 : 

( t ?

5 -C 5 H 4 R)Mn(CO), (rç 5-C 5H 4R)Mn(CO) 2L + CO (2) 
·* L 

Further irradiation of (^ 5 -C 5 H 4 R)Mn(CO) 2 L, where L is PPh2(n-octyl) or 
PPh 2 (CH 2 ) 1 1 Fc, leads to the formation of disubstituted products, (η5· 
C 5 H 4 R)Mn(CO)L2, formed from substitution of L for CO: 

(r ?

5 -C 5 H 4 R)Mn(CO)2L ^ ( r 7

5 -C 5 H 4 R)Mn(CO)L 2 + CO (3) 

No IR spectral features indicating the formation of (rç 5-C 5H 4R)-
Mn(CO)L 2 , where L is PPh 2Fc, were observed. The formation of 
(CH 3 ) 3 Si(r? 5 -C 5 H 4 )Mn(CO)L 2 upon irradiation of pure (CH3)3Si(??5-
C 5 H 4 )Mn(CO) 2 L in an alkane solution containing L was also observed 
(Figure IB). 
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52 PHOTOSENSITIVE M E T A L - O R G A N I C SYSTEMS 

The initial quantum yields at 366 nm for the processes in equations 2 
and 3 are 0.63 ± 0.06 and 0.25 ± 0.03, respectively, for R = ( C H 3 ) 3 S i -
and L = PPh2(n-oetyl). For L = PPh 2 (CH 2 ) 1 1 Fc good quantum yields are 
difficult to obtain because of adsorption of the ferrocenyl center at 366 
nm. The lower efficiency of the second substitution may result from possi
ble photoinduced phosphine extrusion, (equation 4), which would be com
petitive with CO loss. 

Cp 'Mn(CO) 2 L 
hv 

—L 

L ' Cp'Mn(CO) 2 Cp 'Mn(CO) 2 L' (4) 

where Cp' is ( Œ y 3 S i ( i i 5 - C 5 H 4 ) , L is PPh2(n-octyl), and L ' is THF. 
Cp'Mn(CO) 2 L irradiated in T H F yields Cp'Mn(CO) 2(THF), and (η5-
C 5 H 5 )Mn(CO) 2 PPh 3 irradiated in alkane solution containing CO forms 

0 . 0 0 

1 .00 

c 
σ 

< 

( M e ^ K ^ M n i C O ^ P f F c , , ^ Λ ) β 7 3 

(Me)3Si(i7

5>C5H4)Mn(CO)2(P(Fc)(C6H5)2) Λ Iti 

ϊ \ 
I 2024 If 

1 1 1 1 

A 

1943 

1 1 J . . . . ' 

0 . 0 0 

- 0 . 2 0 

CSi02]-Si(Me)2(i7

s-C5H4)Mn(CO)3+ P(Fc)(C6H5)2 

CSiOgl-SKMe^i^-CgH^MniCOÎgiPiFcXCgHg^î 
MCH, nujol 

2 1 0 0 2 0 4 0 1 9 4 0 

W a v e n u m b e r ( c m " ' ) 

I 8 6 0 1 7 8 0 

Figure 3. Part A: IR spectrum accompanying photoreaction of 
(CH3)3Si(n5-C5H4)Mn(CO)3 at 2024 and 1943 cm'1, with L = PPhfc in 
pentane-benzene at 25 °C to give (CH^^ifrf-CfH^MnfCO)^ (absorp
tion at 1934 and 1873 cm'1). Part B: IR spectrum accompanying pho
toreaction of [Si02J-(CH3)£ifa5-C5HJMn(CO)3 with L = PPhfc in 
MCH-Nujol to give lSiO$-(CH$£i($-C5H£Mn(CO)£ (absorptions at 
1922 and 1870 cm'1). 
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3. K A N G ET AL. Reactions of Organometallic Molecules on Surfaces 53 

(f? 5-C 5H 5)Mn(CO) 3. Interestingly, however, irradiation of (η5-
C 5 H 4 CH 3 )Mn(CO) 2 PPh 3 in the presence of CO fails to yield the tricar-
bonyl (29). 

These results show that the CO photosubstitution chemistry of the 
complexes (i? 5 -C 5 H 4 R)Mn(CO) 3 (R is ( C H 3 ) 3 S i - or H S ( C H 2 ) 1 1 - is 
analogous to that observed upon irradiation of (rç 5-C 5H 5)Mn(CO) 3 in the 
presence of phosphines (24-26). 

Photochemistry of Modified Surfaces 

Modified surfaces studied were 

. [Si0 2 ]-OSi(CH 3 ) 2 (r? 5 -C 5 H 4 )Mn(CO) 3 

. high-surface-area S i 0 2 treated with CH 3 OSi(CH 3 ) 2 (f? 5 -C 5 H 4 )Mn(CO) 3 

• [Si]-OSi(rç 5-C 5H 4)Mn(CO) 3, single crystal Si (n- or p-type, 100 face) 
treated with Cl 3 Si(r/ 5 -C 5 H 4 )Mn(CO) 3 

• [Au]-S(CH 2). 1(f? 5-C 5H 4)Mn(CO) 3 , Au-coated Si wafers treated with 
H S ( C H 2 ) n ( ^ - C 5 H 4 ) M n ( C O ) 3 

Preparation of these functionalized surfaces follows chemistry previously 
used in the modification of oxide and A u surfaces with organometallic 
reagents (Scheme I). In the modification of the oxide surfaces, the 
molecules with -S i (CH 3 ) 2 (OCH 3 ) and - S i C l 3 functionalities can react 
with surface —SiOH groups to covalently bind the metal carbonyl to the 
surface (30-32). The formation of monolayers on Au by adsorption of 
organometallic species with long-chain alkylthiol linkages was demon
strated previously (33—35), and the species formed from the chemisorption 

Scheme I. Modification of a Au surface with a thiol and a Si surface with 
a trichlorosilane. 
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54 PHOTOSENSITIVE M E T A L - O R G A N I C SYSTEMS 

of a thiol RSH onto Au is believed to be a thiolate (RS~Au(I)) (55). 
Coverages from the silane and thiol reagents are typically in the range of 
one monolayer. 

[Si0 2 ]-OSi(CH 3 ) 2 (f7 5 -C 5 H 4 )Mn(CO) 3 suspended in a mineral oil 
(Nujol) mull can be easily characterized by transmission Fourier transform 
infrared (FTIR) spectroscopy (Figure 4A). Although the IR band posi
tions of the surface-confined species agree fairly well with those of the 
related solution species, the bands of the surface-confined species are 
much broader and slightly red-shifted. Coverage of the metal carbonyl was 
established by elemental analysis for C and Mn and is approximately 4 χ 
Ι Ο - 1 1 mol/cm2. 

Irradiation of [Si0 2 ] -OSi(CH 3 ) 2 ( r ?

5 -C 5 H 4 )Mn(CO) 3 (at 2023 and 
1938 cm" 1) in a Nujol mull containing excess L = PPh2(/i-octyl) yields the 
monosubstituted product [Si0 2 ]-OSi(CH 3 ) 2 (ry 5 -C 5 H 4 )Mn(CO) 2 L (absorp
tions at 1931 and 1861 cm - 1 ) . Figure 4B shows the IR difference spec
trum accompanying the irradiation. The band at 2023 c m - 1 is associated 
with [Si0 2 ]-OSi(CH 3 ) 2 (f? 5 -C 5 H 4 )Mn(CO) 3 , and the band at 1946 cm" 1 

results from the disappearance of the 1938-cm -1 band of [SiOJ— 
OSi(CH 3) 2(?? 5-C 5H 4)Mn(CO) 3 and the growth of the lower energy band of 
[Si0 2 ]-OSi(CH 3 ) 2 (?? 5 -C 5 H 4 )Mn(CO) 2 L. The actual position of the lower 
energy IR band of the photosubstitution product is ~1931 c m - 1 and was 
obtained from an absorption spectrum recorded after nearly all of [ S i O J -
OSi(CH 3 ) 2 (f? 5 -C 5 H 4 )Mn(CO) 3 was converted to [Si0 2]-OSi(CH 3) 2(ry 5-
C 5 H 4 )Mn(CO) 2 L. The band at 1861 cm""1 is assigned to [SiOJ-OSi-
(CH 3 ) 2 (r? 5 -C 5 H 4 )Mn(CO) 2 L. Similar photochemistry occurs with L is 
PPh 2Fc (Figure 3B). 

[Si]-OSi(t? 5-C 5H 4)Mn(CO) 3 can also be characterized by transmis
sion FTIR spectroscopy. Irradiation of [Si]-OSi(r; 5-C 5H 4)Mn(CO) 3 (at 
2025 and 1939 cm - 1 ) in air results solely in the decomposition of the 
metal carbonyl (Figure 5A). Coverage of the metal carbonyl can be deter
mined from the magnitude of the negative peaks of the IR difference spec
trum corresponding to complete decomposition of the surface-bound 
species. If the extinction coefficients of the solution species and of the 
corresponding Si-confined complexes are assumed to be the same, cover
ages on the order of one monolayer are obtained. As has previously been 
shown (36), Cl 3 SiR reagents yield about one monolayer of the functional 
group R attached to a S i -S iO x surface. 

Irradiation of [Si]-OSi(r? 5-C 5H 4)Mn(CO) 3 (at 2025 and 1939 cm - 1 ) 
in neat PPh2(n-octyl) results in the loss of the tricarbonyl and formation 
of [Si]-OSi(rç 5-C 5H 4)Mn(CO) 2L (absorptions at 1939 and 1867 cm" 1) 
(Figure 5B). This substitution product is generated in about 75% yield. 
Irradiations performed in dry alkane or ether solutions containing the 
phosphine in concentrations of ~0.1 M yielded only photodecomposition 
of the metal carbonyl. These results are identical for either n- or p-type 
Si-confined species. 

Pu
bl

is
he

d 
on

 M
ay

 5
, 1

99
3 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
ba

-1
99

3-
02

38
.c

h0
03



3. K A N G ΕΓΓ AL. Reactions of Organometallic Molecules on Surfaces 55 

CSi02]-0-Si(CH3)2-(î75-C5M4)Mn(CO)3 

I I i I I I I l I 
2 2 0 0 2 1 0 0 2 0 0 0 1 9 0 0 1 8 0 0 

W a v e n u m b e r ( c m " 1 ) 

Figure 4. Part A: IR spectrum of [Si02]-OSi(CH3)2(n5-C5H/f)Mn(CO)3 

(absorptions at 2023 and 1938 cm"1) in a Nujol mull at 25 °C. Part B: IR 
spectral changes accompanying photoreaction of [SiOJ—OSifCH^^^-C^^)-
Mn(CO)3 with L = PPh2(n-octyl) at 25 °C to give [SiOJ-OSiiCHJfo5-
C^^MnfCO)^. Bands at 2023 and 1861 cm'1 are assigned to [SiOJ-OSi-
(CH3)2(n5-C5H4)Mn(CO)3 and [Si02]-OSi(CH3)2(v5-C5H)Mn(CO)2L, 
respectively. The band at 1946 cm'1 is a result of the disappearance of starting 
material and the formation of [Si02]—OSi(CH3)2(^-C5H4)Mn(CO)2L. 
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2200 2100 2000 1900 1800 
W a v e n u m b e r ( c m " 1 ) 

Figure 5. Part A: IR difference spectrum accompanying photodecomposi-
Hon of [Si]-OSi(rr5'C5H4)Mn(CO)3 (absorptions at 2025 and 1939 cm"1) 
upon irradiation in air at 25 °C. Part B: IR difference spectrum accom
panying photoreaction of [Si]-OSi(n5-C5H4)Mn(CO)3 at 25 °C in the 
presence of L = PPh2(n-octyl) to give [SiJ-OSif^-C^MnfCO)^ 
(absorptions at 1939 and 1867 cm'1). 
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The thiol-modified Au thin film (-100 À) on Si-[Au]-S(CH 2 ) n (f7 5 -
C 5 H 4 )Mn(CO) 3 has the transmission IR spectrum shown in Figure 6A. In 
contrast to the Si-confined species, successful CO photosubstitution in 
[Au]-S(CH 2 ) 1 1 (?? 5 -C 5 H 4 )Mn(CO) 3 can be effected with lower concentra
tions of phosphine. Irradiation of [Au]-S(CH 2) 1 1(r7 5-C 5H 4)Mn(CO) 3 (at 
2015 and 1925 cm - 1 ) in 0.05-0.1 M L = PPh2(w-oetyl) in dry hexane 
under Ar results in loss of tricarbonyl and formation of [Au]—S-
(CH 2 ) 1 1 ( r / 5 -C 5 H 4 )Mn(CO) 2 L (absorptions at 1922 and 1852 cm - 1 ) . The 
difference spectrum for this process is shown in Figure 6B. Similar results 
are obtained upon irradiation of [Au]-S(CH 2 ) 1 1 (f? 5 -C 5 H 4 )Mn(CO) 3 in a 
solution containing 0.05 M PPh 2 (CH 2 ) 1 1 Fc in hexane under Ar (Figure 7). 

These results show that these derivatives of (rç 5-C 5H 5)Mn(CO) 3 

bound to Si or Au surfaces are photosensitive with respect to CO loss. 
Coordination of a functionalized phosphine to the metal center can occur 
following photoejection of CO. Photodissociation of the surface-confined 
metal carbonyl apparently is competitive with quenching by energy 
transfer to the metal substrate (37-41). 

Comparison of Photochemistry of Solution and Surface-
Confined Species 

In contrast to the solution species, very high phosphine concentrations 
(3.3 M for neat PPh2-n-octyl) are required for efficient CO photosubstitu
tion in [Si]-OSi(?7 5-C 5H 4)Mn(CO) 3. For metal carbonyls in solution, 
entering ligand concentrations of <0.01 M are often adequate to effi
ciently trap coordinatively unsaturated intermediates formed by CO loss 
from the parent molecule. For example, near-UV irradiation of (η5-
C 5 H 5 )Mn(CO) 3 in hexane containing 0.01 M PPh2(n-octyl) gives efficient 
formation of substitution products. 

One possibility is that silanol groups present on the SiOx surface 
compete with the phosphine for reaction with the Mn center. The forma
tion of a derivative of dicarbonyl(cyclopentadienyl)manganese coordinated 
to a phosphinol group was observed upon irradiation of the tricarbonyl 
derivative intercalated into a-Zr(HP0 4 ) 2 · H 2 0 (42). Likewise, irradiation 
of W(CO) 6 adsorbed on porous Vycor glass yields a W(CO) 5 L complex, 
where L is chemisorbed water or a surface silanol group (14). Although 
successful photosubstitution of phosphine for CO in [Au]-S(CH 2) 1 1(?? 5-
C 5 H 4 )Mn(CO) 3 at lower phosphine concentrations would support this 
contention, no IR bands that could be assigned to [Si]-OSi(??5-
C 5 H 4 )Mn(CO) 2 (ROH) could be observed. 

Another difference between the photochemistry of the surface-
confined complexes and that of the solution species is that no disubsti-
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Figure ά Part A: Initial IR spectrum (1) of [Au]-S(CII^n(r\5-
C5H4)Mn(CO)3 (absorptions at 2015 and 1925 cm'1) at 25 °C in air and 
final IR spectrum (2) after photoreaction with L = PPh2(n~octyl) to give 
[AuJ-SfC^jjfrf'CsH^MnfCO)^ (absorptions at 1922 and 1852 
cm'1). Part B: Difference IR spectrum of 1 and 2. 
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I ι I ι I ι I ι id 
2 2 0 0 2 1 0 0 2 0 0 0 1 9 0 0 1 8 0 0 

Wavenumber (cm"') 

Figure 7. Initial IR spectrum (1) of [Au]-S(CH2)n(^-C5H4)Mn(CO)3 

(absorptions at 2025 and 1925 cm"1) at 25 °C in air and final IR spectrum 
(2) after photoreaction with L = PPh2(CH2)11Fc to give 
[AuJ-SfCH^jj^-C^MnfCO)^ (absorptions at 1920 and 1850 
cm'1). 

tuted species are formed on the surface. Prolonged irradiation only leads 
to decomposition of the monosubstituted product. Because the Mn center 
in the S i 0 2 and Si-confined species is close to the surface, formation of 
the bisphosphine adduct could be sterically disfavored. For the Au-
confined complex, close packing of the metal carbonyl head groups and of 
the hydrocarbon chains could render the formation of the disubstitution 
product sterically unfavorable. The fact that no substitution product 
forms upon irradiation of [Au]-S(CH 2 ) 1 1 (r ; 5 -C 5 H 4 )Mn(CO) 3 in the pres
ence of PPh 2Fc indicates that steric crowding near the metal center may 
be greater for the molecule in the adsorbed monolayer than for free (η -
C 5 H 5 )Mn(CO) 3 in solution, where substitution of PPh 2Fc occurs readily. 

If close packing does exist, the metal carbonyl head group of 
[Au]-S(CH 2 ) 1 1 (f7 5 -C 5 H 4 )Mn(CO) 2 L could behave in the monolayer as it 
would in a solid matrix. (rç 5-C 5H 5)Mn(CO) 2PPh 3 irradiated in methylcy-
clohexane, 3-methylpentane, or 2-methyl-THF matrices at 110 Κ fails to 
undergo ligand loss (CO or PPh 3), as no IR spectral changes can be 
observed. In contrast, irradiation of (CH 3) 3Si(?? 5-C 5H 4)Mn(CO) 3 in a 
methylcyclohexane matrix induces CO loss to give the 16e~~ species 

Pu
bl

is
he

d 
on

 M
ay

 5
, 1

99
3 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
ba

-1
99

3-
02

38
.c

h0
03



60 PHOTOSENSITIVE M E T A L - O R G A N I C SYSTEMS 

(CH 3) 3Si(?7 5-C 5H 4)Mn(CO) 2, analogous to results for related complexes 
(»? 5-C 5Me 5)Mn(CO) 3 and (rç 5-C 5Cl 5)Mn(CO) 3 (43, 44). These low-
temperature matrix experiments suggest that dissociative CO loss from the 
monosubstituted species is less efficient for the molecule in a rigid matrix 
than in a fluid solution. The manganese carbonyl centers of [Au] 
-S(CH 2 ) 1 1 ( r / 5 -C 5 H 4 )Mn(CO) 2 L may behave as such centers do in a rigid 
matrix. 

Thus, the CO photosubstitution chemistry of the surface-confined 
species is considerably more limited than that observed for the 
corresponding species in solution. Only monosubstitution photoproducts 
are formed from the surface-confined tricarbonyl, whereas disubstitution 
products form readily in solution once the monosubstitution species is 
formed. In addition, the formation of monosubstitution products is more 
difficult on a surface than in solution. The difficulty is manifested by the 
need for high entering ligand concentrations and the inability to achieve 
significant chemical yields of the surface-confined monosubstitution pro
duct with very bulky ligands, for example, PPh 2Fc. 

Photochemical Patterning of Flat Substrates 

Photopatterning of the Si and A u surfaces at relatively low resolution is 
readily accomplished by immersing —16- χ 32-mm pieces of Si derivatized 
with Cl 3Si(?y 5-C 5H 4)Mn(CO) 3 and Au derivatized with ^ ( C H ^ f y 5 -
C 5 H 4 )Mn(CO) 3 in the appropriate phosphine solutions and irradiating 
only a portion of the surface. By IR the dicarbonyl phosphine forms only 
on the irradiated portion, and the tricarbonyl remains on the nonirradi-
ated portion. 

These results demonstrate that the properties of a surface probably 
can be photochemically tailored in a spatially selective manner by substitu
tion of suitable 2e~ donor ligands having unique functional groups. For 
example, irradiation of [Au]-S(CH 2 ) 1 1 (^ -C 5 H 4 )Mn(CO) 3 in the presence 
of L = PPh 2 (CH 2 ) 1 1 Fc introduces the redox active ferrocenyl group intact 
onto the surface of Au by formation of the substitution product 
[Au]-S(CH 2 ) n ( f ; 5 -C 5 H 4 )Mn(CO) 2 L. A cyclic voltammogram of the irra
diated electrode shows the presence of redox active centers (Figure 8B). 
The waves at Ε y of +0.36 and +0.66 versus a Ag quasi-reference are 
assigned to the surface-confined ferrocene and substituted Mn centers, 
respectively. This assignment was made after comparison with the cyclic 
voltammograms of A u electrodes modified with HS(CH 2 ) 1 1 (?; 5 -C 5 H 4 )-
Mn(CO) 2 L (L = P P h 2 ( C H 2 ) n F c or PPh2(n-octyl), Figure 9) synthesized 
independently in solution. The tricarbonyl is electrochemically silent at 
potentials negative of +1.3 V where it is irreversibly oxidized. Examina
tion of electrodes by specular reflectance FTIR spectroscopy and electro
chemistry shows that photoconversion of two-thirds of a monolayer of the 
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I I 1 I I I 

0 . 0 0 . 2 0 . 4 0 . 6 0 . 8 

P o t e n t i a l , V v s . A g w i r e 

Figure 8. Part A: Cyclic voltammetry (CH3CN-0J M [n-Bu4N]PF& 200 
mV/s) of a Au electrode derivatized with HS(CH2)n(v5-C5H4)Mn(CO)3 

and treated first with 0.05 M PPh2(CH2)jjFc in hexane under Ar in the 
dark and then 20% benzyl bromide in EtOH in the dark Part B: Cyclic 
voltammetry of a Au electrode derivatized with HS(CH2)11(ri5-
Cgl^Mn(CO)3, irradiated in 0.05 M PPh2(CH2)nFc in hexane under Ar, 
and then treated with 20% benzyl bromide in EtOH in the dark. 

tricarbonyl yields one-third to one-half of a monolayer of substitution pro
duct. Thus, the substitution product forms in only 50—75% yield. 

Photopatterning of the electrodes can be accomplished, because no 
[Au]-S(CH 2 ) n ( r7 5 -C 5 H 4 )Mn(CO) 2 PPh 2 (CH 2 ) n Fc forms on nonirradiated 
portions of the electrode treated with the phosphine, as determined by 
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P o t e n t i a l , V vs. Ag wire 

Figure 9. Part A: Cyclic voltammetry (CH3CN-0.1 M [n-Bu4N]PF& 200 
mV/s) of a Au electrode denvatized in a 0.5 mM solution of 
HS(CH2)n(^'C5H4)Mn(CO)^3Ph2(CH2)nFc in hexane under Ar over
night. Part B: Cyclic voltammetry (CH3CN-0.1 M [n-BuJSf]PF& 300 
mV/s) of a Au electrode derivatized in a 1 mM solution ofHS(CH2)nfa5-
C5Hj)Mn(CO)J?Ph2(n-octyl) in hexane under Ar overnight. 

Pu
bl

is
he

d 
on

 M
ay

 5
, 1

99
3 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
ba

-1
99

3-
02

38
.c

h0
03



3. K A N G E T A L · Reactions of Organometallic Molecules on Surfaces 63 

cyclic voltammetry. Residual P P h 2 ( C H 2 ) n F c remaining on surfaces 
treated in the dark can be removed by treatment with 20% benzyl bromide 
in E tOH at 25 °C for 20 min. A cyclic voltammogram of a modified A u 
electrode [Au]-S(CH 2 ) n (?? 5 -C 5 H 4 )Mn(CO) 3 treated in the dark with 
PPh 2 (CH 2 ) 1 1 Fc and then benzyl bromide is shown in Figure 8A. 

Because the surface-confined derivatives of (rç 5-C 5H 5)Mn(CO) 3 are, 
like the parent molecule in solution, photosensitive with respect to CO 
loss but thermally inert toward CO substitution, photochemical patterning 
of flat surfaces modified with these complexes can be achieved by selec
tively irradiating portions of the surface exposed to the incoming ligand. 
Through this process, the properties of the entering ligand can be intro
duced onto the surface. In the case presented here, we show that redox 
centers can be introduced onto Au. 

Conclusions 

The results of our research show that monolayers of derivatives of (η5-
C 5 H 5 )Mn(CO) 3 confined to A u or Si can undergo photosubstitution of 
phosphine for CO. This process allows the introduction of unique func
tional groups present in the phosphine onto the surface. 

Photosubstitution of bulky ligands for CO is limited to a single sub
stitution, whereas multiple substitutions occur for the molecules in solu
tion. Steric constraints created by the oxide surface or the monolayer may 
be responsible for the limited uptake of the entering ligand. 

The fact that we find excited-state CO loss from the molecules con
fined to Au is consistent with reported results showing the dissociative 
loss of CO from metal carbonyls to be exceedingly fast and therefore com
petitive with the expected fast quenching processes associated with the 
metallic substrate (37-41). Fe(CO) 5 on Ag (110) dissociated upon irradi
ation at 337 nm with approximately the same yield as on A 1 2 0 3 (19). The 
rate constant for quenching by energy transfer to the surface was 
estimated to be ~10* 2 s"1. The lower limit placed on the rate of photo-
dissociation of Fe(CO) 5 was - 3 χ 10 1 2 s"1. 

Because Si surfaces modified with Cl 3Si(»; 5-C 5H 4)Mn(CO) 3 and A u 
surfaces modified with HS(CH 2 ) 1 1 (^ 5 -C 5 H 4 )Mn(CO) 3 are inert toward 
thermal CO substitution, they can be patterned with respect to their pho-
toproducts with PPh2(n-octyl) or P P h ^ C H ^ F c . Substitution of PPh 2-
(CH 2 ) 1 1 Fc yields redox active ferrocene on the surface. This method com
plements other reported procedures used to pattern flat surfaces by selec
tive irradiation of adsorbed monolayers (45, 46) and should be useful in 
tailoring microfabricated structures. 
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Photocatalytic Behavior of Tungsten, 
Iron, and Ruthenium Carbonyls 
on Porous Glass 

Shu-Ping Xu and Harry D. Gafney 

Department of Chemistry and Biochemistry, Queens College, City 
University of New York, Flushing, NY 11367 

Although the primary photoprocess of metal carbonyls physisorbed 
onto porous Vycor glass is similar to that in fluid solution, the 
secondary chemistry is quite different. UV photolysis of adsorbed 
W(CO)6 leads to CH4 evolution, but photolysis of Ru3(CO)12 

yields a surface-grafted oxidative-addition product, (μ-Η)Ru3-
(CO)10(μ-OSi). The catalytic activity of these hybrid systems was 
examined with respect to methane evolution and olefin isomeriza
tion. Isotope labeling experiments showed that UV photolysis of 
W(CO)6 leads to W03, and WO3 photocatalyzes the conversion of 
13CO2 to 13CH4. Spectroscopic data point to a reactive site com
posed of the metal oxide and Lewis acid site in the glass matrix. 
The addition of 1-pentene to (μ-H)Ru3(CO)10(μ-OSi) disrupts the 
multicentered bonds, and photolysis of the adduct leads to cis
-and trans-2-pentene. The trans-cis ratio increases during photo
lysis but is significantly smaller than the thermodynamic ratio. 
Deuterating the oxidative addition product yields deuterated ole
fins, and the product distribution, 90% as 2-D-2- and 3-D-2-
pentenes and 10% 1-D-1-pentene, suggests an excited state similar 
to a pi-allyl complex. 

L HE EXCITED STATE differs from the ground state in energy, electron 
distribution, and nuclear configuration. It is not surprising then that its 
chemistry can be quite different. Certainly with classical transition metal 
complexes and metal carbonyls, studies of their spectroscopy, photophy-
sics, and photochemistry over the past 30 years have elucidated a chemis-

0065-2393/93/0238-0067S06.00/0 
© 1993 American Chemical Society 
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try of the different excited states as well as the intramolecular processes 
that partition the energy among these states. Nevertheless, it remains a 
chemistry of high-energy, short-lived intermediates, and developing the 
means to control their reactivity or promote a specific chemistry is a signi
ficant experimental objective. This objective is readily apparent in the 
catalytic activity of photoactivated metal carbonyls. Although the specific 
nature of the catalytic intermediate remains controversial, it is generally 
agreed that light generates a coordinatively unsaturated intermediate, and 
this species, or a species derived from it, promotes the conversion of the 
organic substrate. 

One approach being examined is to bind or adsorb the precursor 
onto a support (1), that is, to assemble a hybrid catalyst (2). A support 
provides a unique microenvironment, in which the photochemistry of the 
precursor and its subsequent catalytic activity reflect the chemical nature 
and dimensionality of the support surface. Most inorganic oxide supports, 
including porous glasses, possess hydroxylated surfaces on which the sur
face functionality, typically a hydroxyl group, is capable of acting as a 
scavenging nucleophile. Coordination to a surface functionality stabilizes 
the primary photoproduct, influences its surface mobility, and changes its 
optical absorption characteristics. The morphology of the surface, that is, 
its topology or fractal dimensionality, can also influence reactivity (J). In 
zeolites, in which cage dimensions approach molecular dimensions, encap
sulation of a reagent influences its molecular dynamics (4). Amorphous 
substrates, such as porous glasses, do not possess the crystalline regularity 
of zeolites. In fact, porous glasses derived from the base-catalyzed poly
merization of alkylorthosilicates (xerogels) frequently exhibit two realms 
of porosity. A microporosity on the order of tens of angstroms exists 
within the silicate clusters, and a mesoporosity that can range from tens or 
hundreds of angstroms to micrometers exists between the clusters (5). 
Nevertheless, the morphology of these amorphous materials restricts 
adsorbate mobility and, at least in one case, curtails the fragmentation of a 
photoactivated cluster (6). As a result, the intermediates generated on a 
support do not necessarily possess a direct analog among those generated 
in homogeneous solution and need not exhibit an equivalent photoac
tivated catalytic chemistry. 

Our interest in photoactivated hybrid catalysis stems from studies of 
the photochemistry of metal carbonyls adsorbed onto Coming's code 7930 
porous Vycor glass ( P V G ) (7). In many cases, the intermediates gen
erated on this support and their subsequent chemistry differ from that in 
fluid solution. These changes arise from the participation of the glass in 
the secondary thermal and photochemical reactions of the adsorbates, but 
the choice of P V G as a reaction medium does not stem from a specific 
advantage with respect to catalysis. Rather, P V G and porous glasses in 
general offer a unique combination of rigidity, transparency, and porosity. 

Pu
bl

is
he

d 
on

 M
ay

 5
, 1

99
3 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
ba

-1
99

3-
02

38
.c

h0
04



4. Xu & G A F N E Y Behavior of W, Fe, & Ru Carbonyls on Porous Glass 69 

Transparency offers spectroscopic access, and in turn, an amenability to 
fast reaction techniques. Porosity offers chemical access; access not only 
in the sense of intercepting a short-lived intermediate, but also in the syn
thetic sense of utilizing the chemical nature, rigidity, and morphology of 
the porous matrix to modify adsorbate chemistry. Certainly in our case, 
the underlying strategy is to take advantage of the microstructure and 
microenvironment of the support to impose some control on a photoac
tivated reaction system. In this chapter, we summarize the properties of 
P V G and the photocatalytic activity of W(CO) 6 , Fe(CO) 5, and R u 3 ( C O ) 1 2 

physisorbed onto this glass. 

Porous Vycor Glass (PVG) 

P V G (8-11) is a 96% S i 0 2 , 3% B 2 0 3 , and 1% N a 2 0 and A l 2 O s glass (9). 
When the borosilicate melt is cooled below its phase-transition tempera
ture, the silica phase separates from the boron oxide-alkali oxide phase, 
and acid leaching of the oxide phase yields a random, three-dimensional 
network of interconnected pores throughout the glass. Pore size and sur
face area are determined by the extent of phase separation in the melt and 
acid leaching. Pore sizes ranging from 20 to 2500 Â are currently avail
able, but larger pore sizes reduce optical transparency. The glass used in 
our experiments has an average pore diameter of 100 ± 10 A and a sur
face area of 183 ± 15 m2/g (12). 

Scanning electron microscope (SEM) analyses of calcined (650 °C) 
samples reveal a nodular surface composed of silicate nodules with inter
vening crevices that contain the openings into the interior pore structure 
(12). The intervening spaces, which in total correspond to a void volume 
of ~35%, range from 40 to 100 Â (12). This substrate is clearly amor
phous, and although the term "amorphous" appears to have a negative 
connotation with respect to organizing a reaction system, it is a length-
dependent term; its significance depends on the dimensions of the events 
under consideration. Small-angle X-ray scattering (SAXS) and small-
angle neutron scattering (SANS) yield a correlation length, that is, a 
length of uniform density, of 242 ± 8 À (13, 14). Although it does not 
possess the geometric regularity of a zeolite, with respect to the dimen
sions of an adsorbate and the distance over which its chemistry occurs, this 
amorphous glass is a relatively uniform substrate. 

With any heterogeneous medium, the active region is the surface. 
Diffuse reflectance Fourier transform (DRIFT) infrared spectra of the cal
cined glass reveal a surface composed of free 3744-cm"1 and associated 
3655-cm"1 silanol groups (7, 11). The number of silanol groups depends 
on the sample's thermal history, but studies of a variety of hydroxylated 
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silicas yield silanol numbers of 4-7 per 100 Â 2 with the highest density 
within the pores (15, 16). Trace amounts of chemisorbed water are also 
present in calcined (650 °C) samples (17). P V G is often likened to silica 
gel, but the two materials are not chemically equivalent. In addition to 
the silanol groups, which function as weak Br^nsted acids, P V G also 
possesses B 2 0 3 Lewis acid sites. As a result of its method of manufacture, 
these sites are dispersed on surfaces throughout the glass matrix. X-ray 
photoelectron spectroscopic (XPS) analyses indicate that the amount of Β 
present in the first 50 À of the samples used in our experiments is 2.6 ± 
0.1% (12). 

Impregnation is accomplished by conventional solution adsorption or 
vapor deposition techniques (17, 18). Regardless of initial loading, how
ever, neither technique yields a uniform distribution of the organometallic 
compound throughout the pore volume. Impregnation of the bulk is lim
ited by the narrow, tortuous passes connecting the pores, and typical expo
sure times of <24 h result in impregnation of the outermost volumes of 
glass. Nevertheless, within these volumes, optical spectra confirm a uni
form distribution of the complexes (17,18). 

Photocatalyzed Methanation of C02 

W(CO) 6 physisorbs on P V G without disruption of its primary coordina
tion sphere. In contrast to its photochemistry in fluid solution, 300- or 
254-nm photolyses of the adsorbed complex lead to CO loss followed by 
C H 4 evolution (17). Similar results occur in the thermal activation of 
W(CO) 6 physisorbed onto silica gel (19, 20). As noted, P V G is similar to 
silica gel, but two fundamental differences exist in the observed chemistry. 

First, in the thermally activated system, methane is attributed to the 
hydrogénation of the coordinated CO (19, 20). However, stoichiometric 
measurements and 1 3C-labeling experiments confirm that the carbon 
source in the photochemical system is not coordinated CO (17). In this 
case, photolysis of the precursor leads to CO loss, but when the adsorbed 
complex achieves an average molecularity of W(CO) 4 , C H 4 evolution 
accompanies metal oxidation. C H 4 is the sole hydrocarbon evolved, and 
the amount evolved falls within known impurity levels; therefore, C H 4 is 
attributed to the hydrogénation of a carbonaceous impurity thought to be 
a Cj oxide within the glass matrix (17). 

Second, the photoactivated system becomes catalytic, whereas ther
mal activation yields a stoichiometric reaction. Although photoinduced 
C H 4 evolution initially occurs with concurrent oxidation of the tungsten, 
photoactivation of the resultant oxide continues C H 4 evolution (17), 
whereas thermally activated C H 4 evolution is limited to a stoichiometric 
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4. Xu & G A F N E Y Behavior of W, Fe, & Ru Carbonyls on Porous Glass 71 

reaction (19, 20). With less than monolayer coverage and 254-nm excita
tion, the glass, rather than the metal carbonyl or resultant metal oxide, is 
the dominant absorbing species. However, C H 4 evolution does not occur 
in the absence of the metal. UV—visible spectra indicate that the resul
tant oxide is W 0 3 , and on the basis of the amount of W present, the pho
toactivated oxide exhibits turnover numbers ranging from ~5:1 to 12:1 in 
the W ( C O ) 6 - P V G systems examined (17). 

These results raised two questions that are the focus of the current 
experiments. If the carbon source is a Ct oxide, is this hybrid system capa
ble of photocatalyzing the hydrogénation of an external carbon source, 
specifically C 0 2 ? Also, does the glass matrix provide specific site(s) that 
promote, in concert with the metal oxide, the hydrogénation of a Cx 

oxide? 
When a sample of P V G containing 1(Γ 6 mol of W(CO)6(ads)/g (ads 

denotes an adsorbed species) is exposed to 25 torr (3332 Pa) o f 1 C 0 2 (2 
χ 1CT4 mol), the gas rapidly equilibrates between the adsorbed and gas 
phases. However, a 254-nm photolysis does not result in immediate 
l 3 C H 4 evolution. Instead, 1 2 C H 4 initially accompanies 1 2 C O evolution, 
but as the photolysis proceeds, the rate of 1 2 C H 4 evolution declines and is 
replaced by 1 3 C H 4 and 1 3 C O evolution. The 1986-cm"1 band of the hexa-
carbonyl disappears during 1 2 C H 4 evolution, and when 1 3 C H 4 evolution 
occurs, the electronic spectrum of the adsorbate consists of a strong U V 
absorbance (50% transmission (7) at 232 nm) with a weak shoulder at 330 
nm. As noted, the spectrum of the adsorbate is essentially equivalent to 
the spectrum of P V G impregnated with W 0 3 (17), and repeating the 
experiments with W03-impregnated samples (Table I) yields similar 
results. A 254-nm photolysis of a P V G sample containing 2 χ 10~6 mol 
of W0 3 /g under 25 torr (3332 Pa) of 1 3 C 0 2 leads to 1 2 C H 4 and 1 2 C O evo
lution followed by 1 3 C H 4 and 1 3 C O evolution. 

These results implicate W 0 3 , or a species derived from it, as the pho-
tocatalytic reagent. At low loadings (<15% by weight) on A 1 2 0 3 , W 0 3 

exists as the tetrahedral ion W 0 4

2 ~ (21). W 0 3 is less dispersed on S i 0 2 , 
and at monolayer coverage exists as a mixture of bulk W 0 3 and a 
tetrahedral species bound to S i 0 2 through W - O - S i bonds (22-24), the 
latter being suggested by a corresponding reduction in the intensity of the 
S i O - H proton resonance (24). Although the W 0 3 loadings in our experi
ments correspond to surface coverages (<0.4%) that are well below mono
layer coverage, the spectral data suggest that both species are present in 
P V G . When W 0 3 is adsorbed onto P V G , a corresponding decline occurs 
in the 3744-cm"1 SiOH band, whereas the UV-visible spectrum of the 
impregnated sample corresponds to that of the agglomerated metal oxide. 
However, bulk W 0 3 is the dominant light-adsorbing species present dur
ing the photocatalyzed evolution of 1 3 C H 4 . 
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Whether present as an individual molecular entity or an aggregate, 
formation of the metal oxide, in itself, does not account for methane for
mation. The immediate appearance of 1 2 C H 4 in all experiments with both 
W(CO) 6 and W 0 3 , regardless of the initial 1 3 C 0 2 pressure, implies that 
the carbonaceous impurity is more easily hydrogenated than 1 3 C 0 2 . Com
parisons of individual reaction rates of hybrid systems are tenuous, but in 
all experiments (Table I), the rate of 1 3 C H 4 is smaller than the rate of 
1 2 C H 4 evolution. This result suggests that an equally important parameter 
is the nature of the site on the glass itself. 

Regardless of whether the reaction is initiated with W(CO). or W 0 3 , 
the first events are the conversion of the C 1 oxide impurity to 1 ^ C H 4 . As 
the impurity sites are depleted, 1 3 C 0 2 begins to adsorb onto the vacated 
sites, and continued photolysis of W 0 3 leads to 1 3 C H 4 evolution. In fact, 
if the impurity sites are depleted prior to exposure to 1 3 C 0 2 , photolysis 
leads to immediate 1 3 C H 4 evolution. For example, sample 2 (Table I) was 
photolyzed until the rate of 1 2 C H 4 evolution was below that detectable by 
gas chromatography. At that point, the sample was evacuated [pressure Ρ 
<1(Π 5 torr (133.3 χ 1(Π5 Pa)], charged with 25 torr (3332 Pa) of 1 3 C 0 2 , 
and photolyzed. Periodic gas chromatographic—mass spectrometric 
(GC—MS) analyses of the surrounding gas phase confirmed immediate 
1 3 C H 4 formation. 

Photolyses on partially deuterated P V G indicate that the hydrogen 
source is either the silanol group or chemisorbed water (27). In these 
experiments, calcined powdered or plate samples of the glass were refluxed 
in neat D 2 0 (>99%) for 8-12 h. After drying under vacuum at room 
temperature, the reduced intensities of the 3744- and 3655-cm""1 S i O - H 
bands and corresponding growth of the 2760- and 2641-cm"1 S i O - D 
bands indicated that 33-50% of the S i - O H groups were converted to 
S i -OD. A 310- or 254-nm photolysis of W(CO) 6 adsorbed onto deu
terated P V G results in the evolution of C H 4 , C H 3 D , and small amounts of 
C H 2 D 2 . The amount of deuterated products increases with the extent of 
deuteration, but never exceeds 25% of the total amount of C H 4 evolved. 
This finding might be taken as prima facie evidence that the glass acts as 
the hydrogen source, but water is tenaciously held on P V G . Thermal gra
vimetric analyses show a slow evolution of water from samples calcined at 
650 °C for 48 h. A weak high-frequency shoulder on the 2760-cm"1 band 
indicates the presence of small amounts of D 2 0 in these samples (17). 
Rapid exchange between the hydroxyl moieties is expected, so the data 
designate only the silanol group and chemisorbed water as the hydrogen 
source. 

We suspect that water is both the hydrogen source and ultimately the 
source of the reducing equivalents. However, methane evolution exhibits 
a complex dependence on the amount of adsorbed water. Extensive dehy
dration of a sample containing 2.2 χ 10~6 mol of WQ 3 /g under vacuum [P 
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<6 χ 1(T5 torr (799.8 χ 1(Γ 5 Pa)] at 650 °C (Table I, sample 6) reduces 
the rate of 1 3 C H 4 evolution by an order of magnitude during subsequent 
photolysis under 25 torr (3332 mPa) of 1 3 C O r On the other hand, 
increasing the water content by exposing a sample containing 2.6 χ 10" 6 

mol of W0 3 /g to water vapor (Table I, sample 5) also decreases the rate 
of 1 3 C H 4 evolution relative to an unexposed sample. Consistent with it 
acting as the source of the reducing equivalents, 0 2 is detected as a reac
tion product, although further experiments are needed to establish the 
stoichiometry of the reaction. In excess, however, water may reduce the 
amount of 3 C 0 2 adsorbed onto the glass or compete with 1 3 C 0 2 for 
adsorption onto the active site. 

Exposing P V G samples containing W 0 3 to C 0 2 does not result in IR 
bands indicative of an interaction between the surface oxide and C 0 2 . 
Consistent with a W 0 3 surface coverage of <0.4%, the spectral changes 
are dominated by those observed when unimpregnated P V G is exposed to 
C 0 2 . The intense, sharp, SiOH band at 3744 cm" 1 is replaced by a series 
of bands at 3730, 3632, and 3599 cm" 1 and bands indicative of physisorbed 
C 0 2 at 2360, 2236, and 671 cm" 1 . However, a series of weak bands also 
appear in the 1700—1200-cm-1 region and have been assigned to car
bonate and bicarbonate (25, 26). The intensities of these bands are 
independent of the pressure of C 0 2 and do not disappear on evacuation, 
whereas the bands indicative of physisorbed C 0 2 and the 3730-, 3632-, and 
3599-cm"1 silanol bands disappear immediately. This behavior suggests a 
limited number of adsorption sites, and on adsorption onto these sites, 
C 0 2 is converted to species similar to carbonate and bicarbonate. On 
irradiation, the bands in the 3730-3599- and 1700-1200-cm -1 regions 
disappear concurrent with C H 4 evolution. 

Of the bands that appear in the 1700-1200-cm"1 region, however, 
only the weak band at 1655 cm" 1 agrees with the bands observed when 
C 0 2 is adsorbed onto S i 0 2 . The other bands, which appear at 1704, 1516, 
1467, and 1293 cm" 1 , are similar to bands that appear when C 0 2 is 
adsorbed onto A 1 2 0 3 (21). In addition to SiOH Brçtasted acid sites, P V G 
also possesses electron-deficient Lewis acid sites in the form of surface 
B 2 0 3 sites. The amount of Β present in the glass, 2.6 ± 0.1% in the first 
50 Â (12), is consistent with a limited number of active sites, and the spec
trum C 0 2 adsorbed onto these sites would be more analogous to that 
adsorbed onto A 1 2 0 3 than that adsorbed onto S i0 2 . Furthermore, 
adsorption onto a Lewis acid site would be expected to increase the sus
ceptibility of C 0 2 to reduction, and recent experiments show that tying up 
the Lewis acid sites through a reaction with N H 3 (27) reduces the rate of 
C H 4 evolution substantially. 

Further experiments are in progress, but the data gathered to date 
clearly show that this hybrid system photocatalyzes the conversion of C 0 2 
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4. Xu & G A F N E Y Behavior of W, Fe, <fc Ru Carbonyls on Porous Glass 75 

to C H 4 . The data point to an active site composed of either a surface-
bound tetrahedral tungsten oxide or agglomerated W 0 3 and a B 2 0 3 Lewis 
acid site. 

Photocatalyzed Isomerization of 1-Pentene 
Fe(CO)5. Fe(CO) 5 physisorbs onto P V G without disruption of its 

primary coordination sphere. IR and electronic spectra of the adsorbed 
complex are essentially equivalent to fluid solution spectra. U V photolysis 
leads to CO loss, and the tetracarbonyl rapidly reacts with the silanol 
groups or chemisorbed water to form the oxidative addition products 
H-Fe (CO) 4 -OSi and H-Fe(CO) 4 OH (18). Photolysis of Fe(CO) 5 under 
a 1-pentene atmosphere, however, leads to quantitative formation of 
Fe(CO) 4(l-C 5H 1 0)(ads), which is then photochemically converted to the 
shorter-lived Fe(CO) 3(l-C 5H 1 0)(ads) and HFe(CO) 4(l-C 5H 9)(ads) (28). 
The latter species are thought to be crucial intermediates in the catalyzed 
reaction in homogeneous solution (29, 30), and the quantum yield of iso
merization obtained with the hybrid system, 152 ± 23 mol/einstein, sug
gests a similar reaction sequence (31). Light generates the active species, 
which then thermally catalyzes alkene isomerization. However, the 
trans—cis product ratio differs from the thermodynamic ratio, 4.82, and 
varies with irradiation time. The ratio increases from 1.6 ± 0.2 after 10 
min of photolysis to 3.7 ± 0.2 after 60 min. Similar results have been 
obtained with Fe(CO) 5 adsorbed onto the outer surfaces of small-pore 
zeolites, in the supercages of large-pore zeolites (32), and with phosphine 
derivatives anchored to a styrene microporous resin (33). In each of these 
hybrid systems, the trans—cis product ratio varies with irradiation time and 
differs from the thermodynamic ratio, 4.82. 

Ru 3 (CO) 1 2 * Ruthenium complexes, in general, catalyze a number 
of transformations, and thermal activation of Ru 3 (CO) 1 2 on high-surface-
area supports yields catalysts of enhanced activity and selectivity. 
R u 3 ( C O ) 1 2 physisorbs onto P V G without a change in its molecular 
integrity (6). In contrast to the substitution and fragmentation reactions 
that occur in fluid solution and on functionalized silica gel (34, 35), how
ever, U V photolysis of Ru 3 (CO) 1 2 physisorbed onto P V G yields the 
surface-grafted, oxidative-addition product ^-H)Ru 3(CO) 1 0(/z-OSi) (6) 
(see structure on page 76). Oxygen binds the complex to the glass surface 
and acts as a three-electron donor, whereas hydrogen binds through a 
two-electron, three-centered bond. Although stable for weeks in vacuo, 
the grafted complex remains highly reactive. 
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R u ( C O ) 4 

(CO) 3Ru -Ru(CO) 3 

I 

ίΤΤΠΠΤΪΤΤ 
(M-H)Ru 3(CO) 1 0Ou-OSi) 

Exposing (^-H)Ru 3 (CO) 1 0 (/i-OSi) to 400 torr (53.32 kPa) of 1-
pentene results in an immediate reaction. A decline in its characteristic 
330-nm absorption is accompanied by a broad, nondescript increase in 
absorbance in the 300-450-nm region with a weak shoulder at ~310 nm. 
(^-H)Ru 3(CO) 1 0(/*-OSi) exhibits a weak band at 2109 cm" 1 , relatively 
intense bands at 2078 and 2068 cm" 1 , and a broad band at 2035 cm" 1 with 
shoulders at 2017 and 1999 cm" 1 . On exposure to 1-pentene (Figure 1), 
the bands at 2109 and 2078 cm" 1 decline, the 2068-cm"1 band declines 
slightly and shifts to 2066 cm" 1 , and the 2035-cm"1 band shifts to 2028 
cm" 1 . Concurrent with these changes, new bands appear at 2102 and 1830 
cm" 1 . 

Evacuating the cell to a pressure of 4 χ 10~4 torr (53.32 mPa) rev
erses the spectral changes and regenerates the IR spectrum of the oxida
tive addition product. Although regenerating the starting material 
requires hours, the increase in absorbance at 330 nm indicates >90% 
recovery of (#-H)Ru 3 (CO) 1 0 (^-OSi) , and G C analysis of the effluent from 
the reactor confirms that the reaction with 1-pentene does not result in 
CO loss. The ability to quantitatively cycle the system and recover 
Ru 3(CO) 1 2(ads) in >90% yield when ( M - H ) R U 3 ( C O ) 1 0 ( ^ - O S I ) is exposed 
to CO (1 atm) strongly suggests that the metal trimer remains intact dur
ing the reaction sequence. As expected, addition of 1-pentene disrupts the 
multicentered bonds binding the trimer to the glass surface. 

Three reaction products are possible: disruption of an R u - O bond 
(I), an R u - H bond (II), or both (III). Basset and co-workers (36) pro
posed a structure analogous to I in Os 3(CO) 1 2Si0 2-catalyzed olefin 
hydrogénation. Although IR spectra recorded in our experiments do not 
exhibit a distinct absorption in the 1960—2060-cm"1 region that could be 
assigned to a terminal R u - H vibration (37), we tentatively assign the pro
duct to III. This assignment is based solely on the stability of the (μ-
H)Ru 3(CO) 1 0(^-OSi)-olefin product. The adduct persists for hours at 
room temperature, and the observed stability seems more consistent with 
a species in which the Ru atoms are formally 18-electron species. Conse-
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4. Xu & G A F N E Y Behavior of W, Fe, & Ru Carbonyls on Porous Glass 11 

Wavenumber (cm 1 ) 

Figure 1. Diffuse reflectance FnR spectra of (a) (prH)Ru3(CO)10(prOSi) 
and (b) (prH)Ru3(CO)10(prOSi) under 400 ton (5332 kPa) of 1-pentene. 

quently, the bands at 2109, 2078, 2066, 2028, and 2102 cm" 1 are assigned 
to III. Although shifted, the band at 1830 cm" 1 is assigned to 1-pentene 
adsorbed on the glass, because 1-pentene adsorbed onto calcined P V G 
exhibits a relatively intense band at 1850 cm" 1 (28), and the 1830-cm"1 

band disappears under vacuum more rapidly than those assigned to III. 
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Electronic and DRIFT spectra recorded during U V photolysis of III 
under 400 torr (53.32 kPa) of 1-pentene show relatively little change. A 
slight decline in the 2102-cm"1 band, characteristic of III, is accompanied 
by a corresponding increase in the 2078-cm - 1 band characteristic of (μ-
H)Ru 3 (CO) 1 0 ^-OSi) . Nevertheless, periodic CG analyses of the sur
rounding vapor phase indicate the conversion of 1-pentene to cis- and 
iraw.s-2-pentene. 

The trans—cis ratio is initially 1.5 ± 0.1, and increases to a relatively 
constant value of 2.0 ± 0.1 as the photolysis proceeds (Figure 2). The 
ratio is smaller than the thermodynamic ratio, 4.82, and smaller than that 
obtained with Fe(CO)5(ads), where the ratio increases from 1.6 ± 0.2 to 
3.7 ± 0.2 during photolysis (28). 

CO evolution does not occur during photolysis, and introducing H 2 

into the reactor neither increases the rate of isomerization nor results in 
hydrogénation of the olefin. However, generating 0*-D)Ru 3 (CO) 1 0 ^-
OSi) by photolysis of R u 3 ( C O ) 1 2 adsorbed onto deuterated P V G (6) and 
using the deuterated analog yields deuterated olefins. Of the total deu
terium incorporated, G C - M S indicates that ~90% is present in the 2-

c 
ο 
"55 
φ 
> 
c 
ο 
ο 

600 

Τ (min) 

Figure 2. Distribution of cis-2-pentene (Ώ) and tmm-2-pentene (+) dur
ing 300-nm photolysis of fa-H)Ru3(CO)10(^OSi) under 400 torr (53.32 
kPa) of 1-pentene (m). 
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Ru(CO)4 

D / \ Ç 5H 1 0 

(CO)3Ru Ru(CO)3 

Ο 

(CO)4Ru 
D 

(CO)3Ru Ru(CO)3 

A J 

rnTrrm ΓπτΡπτη 
I V 

Scheme I. 

(CO)4Ru 
D 
\ / \ ΐ^ 2 Η 5 

(CO)3Ru Ru(CO)3 

Λ Η 

Ru(CO)4 

' / Η ^ \ 2 -D -2 -C 5 H 1 0 

( C O ) 3 R u — R u ( C O ) 3 + g . D ^ . ^ H 
10 

/777 S i 777T 
I V 

7777 8 1 7 7 7 

Scheme II. 

pentenes, and the remainder is present principally as 1-D-l-pentene with 
trace amounts of l-D-2-pentene. 

Of the 2-pentenes formed, 2-D-2- and 3-D-2-pentenes are the dom
inant products, and the relative peak heights yield a 2-D-2-pentene:3-D-
2-pentene ratio of 4.8 ± 0.1:1. 

U V photolysis of 1-pentene physisorbed onto P V G does not result in 
olefin isomerization. The metal complex is essential to the conversion, 
but in this case, the reaction appears to be a photoassisted catalytic pro
cess in which excitation of III generates an excited state that promotes 1-
pentene isomerization. 

The formation of 2-D-2- and 3-D-2-pentenes suggests that the excited 
state may be similar to a pi-allyl complex, as is shown in Scheme I. In this 
configuration, the carbons in the 2- and 3-positions are susceptible to deu
terium substitution. The displaced olefin hydrogen can be transferred to 
the metal complex to regenerate the surface grafted cluster, which then 
reacts with 1-pentene to re-form III (Scheme II). 

Further experiments are necessary to determine the distribution of 
deuterium in the cis- and iram^-pentenes. Nevertheless, the trans-cis 
ratio observed, 2.0 ± 0.1, is considerably smaller than the thermodynamic 
ratio, 4.82. One possible explanation, of course, is that the topology of 
the glass surface to which the complex is bound biases the isomer ratio. 
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However, if this were the sole determinant of the trans—cis ratio, we 
would expect a ratio similar to that obtained in the photocatalyzed isomer
ization of 1-pentene by Fe(CO) 5 on P V G , that is, 3.7 ± 0.2. In this case, 
the photochemical reaction generates a thermally activated ground-state 
catalyst, whereas in the R u - P V G system, photoactivation generates an 
excited state that promotes olefin isomerization. Consequently, the 
smaller ratio found with this system may reflect not only the topology of 
the support, but also the specific catalytic species present on the glass sur
face. 
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5 

Metal—Organic Photochemistry 
in the Millisecond-to-Picosecond Time 
Domain 

Formation and Dissociation of Cu—C Bonds 

G. Ferraudi 

Radiation Laboratory, University of Notre Dame, Notre Dame, IN 46556 

Time-resolved techniques have been successfully applied to 
mechanistic studies of photosensitive metal—organic systems. 
New techniques have increasingly been used recently. Some of 
them have shown improvement in time resolution (i.e., from 
microsecond to femtosecond), and others represent the incorpora
tion of various spectroscopies to the detection of reaction inter
mediates. Some applications of these new techniques are 
reviewed, and some of their intrinsic limitations are highlighted. 
Examples related to the formation and dissociation of 
carbon-copper bonds in the picosecond-to-millisecond time 
domain illustrate the application of flash photolysis to mechanis
tic studies. 

Flash Photochemical Techniques 

Flash photolysis has been widely used for the investigation of transient 
species (Le., reaction intermediates and excited states) in the photochemis
try of coordination compounds. Although considerable progress has been 
made since the introduction of the technique for the detection of elec
tronic excited states of organic molecules, the basic idea behind these 
techniques remains the same (1—4). The method can be illustrated by 
considering a general photochemical reaction: 

0065-2393/93/0238-0083$07.00/0 
© 1993 American Chemical Society 
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Α | > Τ Λ products (1) 

where a short-lived intermediate, T, is generated with a quantum yield, Φ, 
by flash irradiation of a photolyte, A . Assume that a mathematical func
tion, / a b(0» of the time, i , gives the intensity of the flash absorbed by the 
sample at any instant of the irradiation. If the photogeneration of Τ in 
equation 1 is fast enough to follow the absorption of light, and the decay 
with a rate constant, k> is somehow a slower process, the integrated rate 
law for the concentration of Τ, [T], takes the form of equation 2: 

[T] = C exp -kt + exp -kt jIab(t) expkt at (2) 

where C is an integration constant. Because the second term in equation 
2 couples the dependence on time of the absorbed light, /ab(0> t o ^ e 

decay of T, mathematical deconvolution must be used in order to learn 
about the spectroscopic properties or the reaction kinetics of such an 
intermediate. The need for cumbersome calculations can be circumvented 
if the sample is irradiated with a short and intense flash that is, for practi
cal purposes, extinguished at t = r f l a s h (i.e., before the factor exp kt has 
undergone any significant change from unity). In these experimental con
ditions, equation 3 expresses the concentration of intermediate at any 
time, t > r f l a s h , longer than the brief flash irradiation. 

[Τ] = φηΗν exp -kt t > (3) 

where nhv is the number of photons per unit volume absorbed from the 
flash. The product, <f>nht/, gives the concentration of Τ left in solution by 
the flash irradiation, and the exponential term can be associated with the 
integrated rate law of a first-order reaction. Any chemical or physical pro
perty proportional to the concentration can be used to detect Τ and inves
tigate the kinetics of the chemical reaction. A flash fall time, r f l a s h , must 
be, therefore, shorter than the transient Τ lifetime, 1/k, for its unob
structed observation in flash photolysis. In this regard, r f l a s h < 0.1/fc can 
be considered as a good experimental criterion (5). The direct conclusion 
from these arguments has fueled chemists' interest in the generation of 
flashes with very short rise times and fall times (i.e., with orders of fem
toseconds) and correspondingly large powers (i.e., in the gigawatt range). 

Equally important to the flash photolysis experiment is the procedure 
followed for the inspection of Τ as it undergoes chemical reactions. The 
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optical arrangements in Figure 1 are commonly used for the measurement 
of transient spectra and reaction kinetics in a nanosecond-to-second time 
domain. Probing light from a lamp with a constant intensity, a Xe or 
quartz-halogen lamp, is used for experiments with microsecond-to-second 
time resolutions, and a Xe lamp, pulsed several orders of magnitude above 
the steady-state running conditions, is used for the nanosecond-to-
microsecond time domain. Different electric wirings (divider circuitry) are 
required for the photomultiplier in order to get a response for the detec
tion system that is compatible with the time domain of the chemical 
transformation (6-8). In some flash photolysis experiments in which a 
transient spectrum must be measured over a wide range of wavelengths 
with larger spectral than temporal resolution, a gated optical multichannel 
analyzer, O M A , may prove to be a more suitable detector than the pho
tomultiplier (9). 

Detection of optical transient events from a picosecond to several 
nanoseconds requires a different type of optical train; one of several in 
literature reports is shown in Figure 2 (10—13). Such optical arrange
ments are designed on the idea of delaying a pulse of white light for a 
well-established period with respect to a laser flash used for the irradia
tion of the photolyte (pump-probe method). For example, a flash with 
first harmonic light from a mode-locked N d : Y A G laser, λ = 1062 nm, is 
delayed with respect to another flash with light of a higher harmonic, λ = 
531, 354, or 266 nm, when the probe light is made to travel a compara
tively longer distance. When the delayed pulse is focused on a cell with 
some appropriate material, for example, a mixture of D 2 0 and H 2 0 or 
CS 2 , Raman scatter or dielectric breakdown results in the generation of an 
intense, picosecond-lived, flash of white light, λ > 420 nm. Differences 
between the absorptions of the white light by a solution irradiated by the 
actinic (pump) pulse and unirradiated blanks are calculated into a dif
ferential spectrum that may signal the presence of transient species at an 
instant equal to the delay between laser pulses. 

The mechanism of the reactions undergone by such species can be 
investigated by means of spectra measured with delays spanning several 
picoseconds to nanoseconds. A variety of flash photolysis apparatuses 
with picosecond time resolutions can be constructed by incorporating 
other optical elements for the delay of one pulse with respect to the other 
and by using detectors of various types. 

Although the most popular flash photolysis apparatuses are based on 
the UV-visible emission or absorption of natural light as probes of chem
ical transformations, polarized light has been applied to the determination 
of circular dichroism (CD) (14, 15) and magnetic circular dichroism 
(MCD) (9) spectra of excited states and transient species. Other flash 
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. . DM Delay 

YAG Laser 
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YAG Laser 
— . - . y^ 

>J.......... 
λ 2 

Ο se 
I oc 

Ρ 

Spectrograph 

OMA 

λ2 
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Figure 2 Typical optical arrangements for flash photolysis with picosecond 
time resolution. A puke from the mode-locked YAG laser (top figure) 
composed of the fundamental, Xp and a higher harmonic, λ2, are optically 
separated in a high-power resistant dielectric mirror, DM. A prism, P, and 
a high-power resistant minor, M, are combined in an optical delay line. A 
cell with a dielectnc medium, D20, is telescopically focused in the sample 
cell of the photolyte, SC. A delay line (bottom figure) can be constructed 
by using fiber optics, optical cable (OC) delay, of various lengths to carry 
the probing flash of white light. 

photochemical techniques less widely used but extremely powerful for the 
study of reaction mechanisms make use of flash-induced changes of the 
electric conductance (16, 17), or dielectric constant (18). Time-resolved 
photoacoustic microcalorimetry (19—23) and time-resolved resonance 
Raman spectra, T R R R or T R 3 (24), have already proven to be extremely 
useful for the respective reaction heat measurement and structural charac
terization of transient species. 
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Pkosecond-through-MUlisecond Formation and Dissociation 
of Cu-C Bonds 

Some of the technical points considered in the previous section will be 
illustrated next in a few examples connected to the dynamics of formation 
and dissociation of C u - C bonds. 

The mechanism for the oxidation of carbon-centered radicals by 
copper complexes, investigated by Jenkins and Kochi (25) with steady-
state methods, concerns the oxidation of the radicals to the formation of 
metastable alkyl-copper intermediates. Such species were later detected 
in flash photolysis by following a rather common procedure in which one 
compound, the flash-irradiated photolyte, is used for the generation of one 
reactant (i.e., the radical) (26). The other reactant in the solution of the 
photolyte (i.e., the copper complex) does not absorb light from the flash 
and functions as a radical scavenger in these reactions. A number of 
Co(III)-carboxylato (27, 28) and alkyl-Co(III) complexes (29) have been 
used as sources of carbon-centered radicals in photochemical reactions. 

In the experimental observations shown in Figure 3, ultraviolet irra
diations of C o ( N H 3 ) 5 O C O C H 3

2 + were used for the generation of C H 3 -
radicals with Cu 2 +(aq) as a radical scavenger (26). The inset to Figure 3 
shows a trace with time-resolved optical changes related to the formation 
and decay of C u C H 3

2 + according to the mechanism in equations 4—8: 

Figure 3. Transient spectra (AOD is the optical density change) observed 
in reactions of methyl radicals and Cu2+(aq) ions. The spectrum was 
recorded 500 ms after the flash irradiation, = 240 nm, of 2 χ 10~4 M 
Co(NH3)5OCOCH3

2+ and 0.1 M Cu2+(aq) in 10~2 M HC104 (26). The 
inset shows time-resolved optical changes at X^ 370 nm; Τ w transmit-

0.2 

350 400 
Wavelength , nm 

450 

tance. 
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5. F E R R A U D I Millisecond-to-Pkosecond Time Domain 89 

Co(NH 3 ) 5 OCOCH 3

2 + *M Ht, Co 2 + + 5NH 4

+ + C 0 2 + CH 3 - (4) 
Φ 

CH 3 - + CH 3 - —». QHe (5) 

Co(NH 3 ) 5 OCOCH 3

2 + + CH 3 -
C o 2 + + 4NH4+ + CH 3 CQ 2 H + CH4 + NH 3 * + (6) 

CH 3 - + Cu2+(aq) —» 

C u C H 3

2 + ^ 

C u C H 3

2 + 

Cu+(aq) + CH 3 OH + H+ 
(7) 

(8) 

The spectroscopic detection of C u C H 3

2 + was successful in flash photolysis 
because two experimental conditions were fulfilled. Optical absorptions of 
Co(NH 3 ) 5 OCOCH 3

2 + and Cu2+(aq) were too weak to hinder the obser
vation of the optical transient over a wide range of wavelengths, and the 
instrument's response was suitable to the span of time covered by the 
C u C H 3

2 + reactions. These conditions are not repeated in the formation 
and decomposition of C u C H 3

+ with a similar time resolution. The 
C u C H 3

+ species can be prepared by using Cu+(aq) as a scavenger of 
CHj* radicals from the Co(NH 3 ) 5 OCOCH 3

2 + photolysis: 

CH 3 - + Cu+(aq) —• C u C H 3

+ (9) 

or in flash irradiations of CuOCOCH 3

+ at wavelengths of the charge-
transfer absorption band (26). In the photodecarboxylation of 
CuOCOCH 3

+ , equations 5 and 10—16 summarize the events leading to 
the formation and decay of CuCH 3

+ . 

CuOCOCH 3

+ 

CuOCOCH 3

+ 

[Cu+, OCOCH3] 

[Cu+, OCOCH3] 

[Cu+, CH3«] 

C u C H 3

+ 

CH 3 -+ CuOCOCH 3

+ —> 

hv 

Φ 
hv 

C u + + 

[Cu+, CH3-] + C 0 2 (10) 

[Cu+, OCOCH3] (11) 

CuOCOCH 3

+ (12) 

C u C H 3

+ + C 0 2 (13) 

C u C H 3

+ (14) 

C u 2 + + C H 4 (15) 

CH 3 OH + C H 3 C 0 2 H 

and/or (16) 

CH 3 OCOCH 3 
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Flash photochemical results in Figure 4 show the spectrum of the 
C u C H 3

+ measured before decomposition of the alkyl-copper complex 
into methane and Cu(II) aqua ions (eq 15). Time-resolved measurements 
(inset to Figure 4) reveal that such a decomposition process takes place in 
a microsecond-to-millisecond time domain. Reactions of products trapped 

60 

100 

0 .2 

500/ittc 

1 

A
O

D
 

0.1 7 
1 

2 

1 1 
350 4 0 0 450 

Wavelength, nm 

Figure 4. Absorptions (AOD is the optical density change) of transients 
generated in (1) flash photolysis of CuOCOCH3 (Le., [CuJ = 10~3 Mf 

[CH3C02] = 5.0 χ 10~3 M, and [CHfOfl] = 5.0 χ 10r3 M) and (2) 
Co(NH3)5OCOCH3

2+ in the presence of Cu+(aq) (26). The inset shows a 
typical trace recorded in under the conditions indicated for curve 1 with 
λ = 240 nm; Τ is transmittance. 

in the solvent cage (i.e., species shown inside square brackets in equations 
10-14) lead to the formation of C u C H 3

+ (eqs 13 and 14) in times too 
short for flash photolysis with nanosecond or microsecond time resolu
tions. In the photohomolysis of alkylcobalamines, for example, recombi
nation and diffusion out of the solvent cage occur over several hundred 
picoseconds (30). When Cu 2 +(aq) is coordinated to polyacrylate the 
resulting complex undergoes a photodecarboxylation (eqs 17-21) similar 
to that just described for C u O C O C H 3

+ (31). 
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C C h C u + 1 

1 (CT)CO,Cu + 

. - C H - C H 2 - h y 
•••^± -

1 
• • • C H - C H 2 -

( C T ) C 0 2 C u + C 0 2 - C u + 

• • • C H - C H 2 - . . . _ j 
/ • • C H - C H 2 -

C C M C u + 

I 
• •CH-CH- , -

\ 

C 0 2 C u + 

I 
• C H - C H 2 -

C u + 

• • C H - C H 2 -

Cu+ ' Cu+ 

- C H - C H 2 - ... ... - C H - C H 2 -

(17) 

(18) 

(19) 

(20) 

(21) 

Investigation of the processes shown in equations 17-21 by flash 
photolysis reveals that the spectrum of the alkyl-copper product, 
• • • C H ( C u ) + - C H 2 — , is generated within the 15-ps flash (Figure 5) (32). 
These experiments indicate that decarboxylation (eq 20) and recombina
tion processes (eqs 19 and 21) are faster than expected (i.e., with lifetimes 
r < 15 ps) by comparison to the decarboxylation of the C H 3 C 0 2 * radical, 
r ~ 300 ps. The nature of the primary copper product dictates what 
events will lead to products. When Cu(TIM) , where TIM is the macro-
cycle 2,3,9,10-(CH3)4-[14]l,3,8,10-tetraene-N4 in Figure 5, is coordinated 
to the polyacrylate, the spectral changes recorded after the 15-ps irradia
tion corresponded to the formation of the primary products Cu(TIM) + 

and —(C(Cu n i (TIM) 2 + )— (Figure 5) (32). Therefore, excess Cu(II) 
complex reacted with carbon-centered radicals within the flash, (eqs 
22-24). 

C 0 2 C u " ( T I M ) + 

- C H - C H 2 - · · 

(CT)CO^Cu(TIM) + 

I 
• • • C H - C H v 

Cu^TIM)* 

- C H - C H o -

~co2 

(CT)C0 2 Cu(TIM) + " 

• • • C H - C H v 

Cu^TIM)* 

- C H - C H - , -

-Cu'(TIM)-

Cu(TIM) 2 + 

I 

(22) 

(23) 

(24) 
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760 720 680 640 600 560 520 

λ ( n m ) 

Figure 5. Spectra recorded 15 ps after the 266-nm irradiations of (a) 10~3 

M Cu(nM)2+ and (b) 10~3 M Cu2+(aq); each of them in 6.0 χ 10r3 M 
of a 2.0 χ l(fi average-formula-weight polyacrylate. 

Spectral transformations followed from the nanosecond to the 
microsecond (Figure 6) are in accord with the decomposition of the 
alkyl-copper intermediate into Cu(TIM) + (eq 25). 

Cu(TIM)2+ 
I 

- C H - C H 2 - H 2 Q 

C^CTIM)* 

- C H - C H 2 - aq (25) 

In flash photolysis experiments in which laser pulses with 10- to 10-ns 
widths are used for the irradiations and optical absorption for the detec
tion of transient species, the average power of the flash is usually between 
one and several tens of megawatts for UV—visible light. Although power
ful flashes can generate larger concentrations of reaction intermediates, it 
must be carefully considered what those experimental conditions mean in 
terms of the reaction mechanism. If a reaction intermediate or excited 
state undergoes transformation, for example, via two competitive parallel 
reactions of a first and a second order, the low concentrations of transient 
species generated with flash lamps in a long optical path cell (i.e., longer 
than 10 cm) can be conveniently used for the observation of a first-order 
kinetics (i.e., under conditions where the rate of the second-order reaction 
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.05 

o I 1 * - 1 X 1 1 L~ 

300 400 500 600 700 800 
λ (nm) 

Figure 6. Transient spectra recorded in flash irradiations of 10~3 M 
Cu(TIM)2+ in 6.0 χ 10~~3 Mpolyacrylate solutions from reference 32. The 
inset shows 650-nm time-resolved optical density changes following the 
conversion of a alkyl-copper into Cu(TIM)*. Other conditions are as in 
Figure 5. 

is very small). The observed decay kinetics will be more likely second-
order under the conditions of laser flash photolysis, which must provide 
large concentrations of intermediates for the detection of optical changes 
with optical paths less than or equal to 1 cm. Comparisons of these pho
tochemical observations with results of continuous photolyses with small 
light intensities may lead to quandaries about the reaction mechanism. 
There is also a limit to the power per unit volume that is convenient to 
deliver to the solution; if the power is too high, species photogenerated 
within the flash may absorb some of the excess light and undergo various 
phototransformations. A n example of this photobehavior is found in the 
generation of solvated electrons by secondary photolysis of the 
alkyl-copper intermediates in polyacrylates, (eqs 17 and 26) (31). 

C u + 

r I 
- C H - C H 2 -

hu 

C u 2 + 

I 
- C H - C H 2 - aq (26) 
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In these regards, some flash photochemical (biphotonic) techniques 
allow one to generate an excited state or reaction intermediate with one 
laser pulse and irradiate again such species with a second laser pulse con
veniently delayed with respect to the first. Some of these experiments are 
carried out with two lasers that are fired one after another with a fixed 
delay (i.e., one that can be adjusted to a convenient value between 
nanoseconds and milliseconds) (Figure 7) (33, 34). For example, the pho
tochemical properties of Cu(TIM) + in polyacrylate and in methanolic 

Μ Ρ 

C H B B ) I?-H){Z> 

···/·-* 

Figure 7. Diagram of an apparatus (bottom figure) for sequential, two-
color, double-puke flash photolysis experiments. Two synchronously fired 
lasers generate pulses of light with wavelengths Xj and X2. Beam splitters, 
B, direct a fraction of the light to photodiodes, D, and through the cylindri
cal lenses, CL, to the cell holder, CH. Optical changes induced by irradia
tion of the photolyte are probed with polychromatic light from a source, S, 
collimating optics, T, monochromator, M, and photomultiplier, P. A trace 
(top figure) shows the response of the phototube to changes of the probing 
light intensity when a transient species is photogenerated in a 640-nm flash 
irradiation. Superimposed on the trace are the respective photodiode sig
nals; a 640-nm pulse (used for the photogeneration of a transient) and a 
490-nm pulse (used for the photolysis of the transient). (Reproduced from 
references 33-35. Copyright 1984, 1987, 1988 American Chemical 
Society.) 
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5. F E R R A U D I Millisecond-to-Picosecond Time Domain 95 

solutions were investigated (32) by such a double-pulse-two-color experi
ment (Figure 8). The first laser pulse of 308 nm prepared Cu(TIM) + 

according to equations 22-25, and this species remains stable for several 
milliseconds. No photoreactions of the Cu(TIM) + complex were detected 
in methanol (Figure 8b). Only in polyacrylate are photochemical reac
tions observed when such a Cu(I) complex is irradiated with a second 
760-nm laser pulse (Figure 8a). The optical transformations, a prompt 
bleach followed by a growth and a much slower decay of the near-IR 
(NIR) optical density to its original value, can be related to a photoreduc-
tion of the Cu(TIM)+-carboxylate complex and to the slower formation 
and disappearance of a alkyl-copper species: 

J H ^ C O a - ^ C I T M ) ! ^ {HCCnl(V)} —> 

J H C - C ^ C n M ) ! —» products (27) 

The biphotonic technique has also been applied to the study of pho
toreactions initiated when a complex in a long-lived excited state, photo-

0 . 0 3 0 

0 . 0 1 8 

0 . 0 0 6 
(a) 

Ο 
Ο 
CO 

- 0 . 0 0 6 

_j ι 

0 . 0 0 4 -

Λ / ν \t~*J*+*\*> 
- 0 . 0 0 4 

- 0 . 0 1 2 

- 0 . 0 2 0 1 « 1 L 1 1 1 

0 16.5 33 .0 49 .5 6 6 . 0 82.5 99.0 

T i m e (/ tsec ) 

Figure 8. Transient optical changes generated by a 760-nm flash irradia
tion ofCu(TIM)* in (a) 6.0 χ lCr3 M polyacrylate aqueous solutions and 
(b) methanolic solutions. In these solutions, the Cu(I) complex was gen
erated by the 308-nm flash irradiation of Cu(TIM)2+. (Reproduced from 
reference 31 Copyright 1990American Chemical Society.) 
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generated with one laser pulse, is reexcited with a second laser pulse of 
another wavelength (35, 36). In Figure 9, ClRe(CO)3(4-phenylpyridine)2 

is promoted to the metal-to-ligand charge-transfer (MLCT) state by irradi
ation with a 308-nm pulse (36). When light of a longer wavelength laser 
pulse is absorbed by such an excited state, the induced quenching of the 
emission and bleach of the excited-state spectrum can be correlated with 
photodecomposition of the complex. A number of complexes, unreactive 
in the lowest lying excited states, can be made photoreactive in biphotonic 
excitations. The resulting excited-state photoprocesses can be time-
resolved for the determination of the spectra or the study of the reaction 
mechanism by using the technique based on two synchronously fired 
lasers. 

532 nm 
337 nm 337 nm I ι ι I 

0 100 200 300 0 100 200 300 

Time (ns) Time (ns) 

Figure 9. Traces for the time-resolved 560-nm absorption (top left) and 
550-nm emission (bottom left) from the MLCT state generated with 337-
nm flash irradiations of îac-ClRe(CO)3(4-phenylpyridine)2. The absorption 
of a 532-nm pulse of laser light by the MLCT state (traces in the right side) 
causes a rapid bleach of the absorption (top) and emission quenching (bot
tom); both processes are associated with a photodecomposition of the Re 
complex. (Reproduced from reference 36. Copyright 1992 American 
Chemical Society.) 
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5. F E R R A U D I Millisecond-to-Picosecond Time Domain 97 

A considerable number of reactions between carbon-centered radicals 
and coordination complexes have small rate constants; they must be inves
tigated over an interval longer than several hundred microseconds. When 
these reactions are part of the photochemical mechanism, logical correla
tions between the results of flash and continuous photolysis can be esta
blished only if experimental observations are made over such an extended 
time range. The photochemistry of the Cu-olefin complexes provides 
interesting examples (37). The 254-nm irradiation of the ethylene com
plex, Cu(H 2 C=CH2) + , in methanolic solutions saturated with ethylene 
catalyzes the formation of hexane and formaldehyde (eq 28 and Figure 10) 
(38). 

WAVELENGTH f nm 

Figure 10. Spectral changes determined at 180-s intervals in 254-nm con
tinuous photolysis of an argon-saturated methanolic solution of 
CufCflj)*. (Reproduced with permission from reference 38. Copyright 
1985.) 

3 H 2 C = C H 2 + C H 3 O H C 6 H 1 4 + C H 2 0 (28) 

Because the polymerization of ethylene (eq 28) involves the oxidation 
of the solvent, C H 3 O H , several intermediates, detected in flash photoly:^. 
can be assigned to radical-like species. Spectra recorded at various 
instants of the reaction (Figure 11) suggest that they are species with 
alkyl-copper bonds. Moreover, the kinetics of the processes associated 
with the appearance and disappearance of the spectral features, investi
gated as a function of the concentration of ethylene and various inter
mediates concentrations, suggests the mechanism embodied in equations 
29—38; it involves the primary photogeneration of an alkyl-copper diradi-
cal as an initiator of the polymerization. 
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0.02I 1 

300 4 0 0 500 
λ, nm 

Figure 11. Transient difference spectra recorded at three different instants 
following the flash irradiation of Cu(C£l^* in ethylene-saturated 
methanol (Reproduced with permission from reference 38. Copyright 
1985.) 

( X m a x = 320nm) 
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(CH 2) 3CH 2 

Cu 

Cu 

( X m a x * SOOnm) 

(CH 2) gCH 
Cu 

(32) 

(33) 

[(CH 2 ) 5 CH 2 ]+ + CH3OH 

Cu 

C u 2 + + C H 2 O H 

2 C H 2 O H 

2 C H 2 O H 

Cu+ + C H 2 = C H 2 

H+ Cu2+ + C 6 H 1 4 + C H 2 O H (34) 

Cu+ + C H 2 0 + H + (35) 

( C H 2 O H ) 2 (36) 

CH3OH + C H 2 0 (37) 

C u ( C H 2 = C H 2 ) + (38) 

The criteria followed for the assignment of the intermediates in equa
tions 29—38 is based on previous knowledge of the chemical and spectro
scopic properties of related species. Metal-alkyl diradicals have been pro
posed as intermediates in the photoisomerization of olefins coordinated to 
carbonyl complexes (39). The rapid reaction of such species with excess 
ethylene (eq 31) is in accordance with expectations for the addition of 
carbon-centered radicals to an olefinic double bond. The product of such 
an addition in equation 31, À m a x = 320 nm, has a spectrum and a lifetime 
similar to those of the Cu n -a lkyl intermediates in reactions between radi
cals and Cu(I) complexes. Equilibration between this diradical and the 
cuprocyclopentane, Â m a x = 500 nm, in equation 32, was proposed to be a 
process parallel to the generation of a solvent-scavengeable species shown 
in equation 31, À m a x = 360 nm, on the basis of the kinetics of the spectral 
transformations and on the known chemical properties of metallocyclo-
pentanes. 

The decay of the 360-nm optical density with an 80-ms lifetime is 
slightly slower than expected for the reaction of carbon-centered radicals 
with methanol and leads to the regeneration of the C ^ C H ^ Œ L ^ ) 4 " spec
trum. This experimental observation, indicative of the catalytic recycling 
of Cu(I), was associated with the known diffusion-controlled reaction of 
solvent radicals with Cu(II) ions (eq 35). The catalyzed polymerization 
can be successful, according to the mechanism in equations 29-38, if the 
diradical species can be trapped by excess monomer with a rate much fas
ter than the rate of back-electron-transfer reactions. The opposite condi-
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tions may lead to products other than those from polymerization or to no 
products at all. One example is the cis-trans photoisomerization of the 
cw,cw-cyclooctadiene (c,c-COD) in a Cu(I) complex (Figure 12) (40, 41). 
Flash photolysis experiments (Figure 13) reveal transient spectra 
corresponding to two kinetically significant species (eqs 39-41) whose life
times are too long for those involved in an intramolecular valence isomer-
izations (42). The spectral features of those species are those expected for 
a cuprodiradical, A m a x = 280 nm, and a copper-olefin complex, A m a x = 
320 nm. 

The lifetime of the cuprodiradical, À m a x = 280 nm, is too short for 
any appreciable reaction with solvent methanol or trace concentrations of 
the free c,c-COD ligand; the only reaction path is, therefore, isomerization 
into species, XmsK = 320 nm, that eventually form the terminal products. 
A n application of flash photolysis with microsecond to millisecond irradia
tion has been, in this final example, to distinguish between a 
norbornadiene-quadricyclane valence isomerization type mechanism (40) 
and one based on the photogeneration of long-lived cuprodiradicals. 

Limitations of Flash Photolysis to the Study of Photosensitive 
Metal—Organic Systems 

The limited number of examples presented here hardly covers a minimal 
fraction of current applications of flash photolysis methods to the investi-
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2 5 0 3 0 0 350 4 0 0 

WAVELENGTH,nm 

Cu (c i s f c i s -C0D)£ 

Cu (eis f c i s -C0DHcis t t rans-C0D)* 

cis,cis - COD cis.trans— COD 

Figure 11 Spectral changes, determined at 180-s intervals in 254-nm con
tinuous photolysis of Cu(c,c-COD)2* in argon-saturated methanol, were 
associated with a photoisomenzation process shown on the bottom of the 
figure β8). The inset shows changes in the 290-nm optical density as a 
function of the irradiation time for various concentrations of the copper 
complex: 10 χ 10~2 M (a), 5.0 χ 10~3 M (b), and 10~3 M (c). 

gation of reaction mechanisms in photosensitive metal-organic systems. 
They illustrate, however, the strong and weak points of the technique. A 
major problem, probably the weakest point of flash photolysis, is the 
correlation of transient optical spectra to chemical species (i.e., to charac
terize the reaction intermediates) when their detection is done by follow
ing changes in the absorption of UV-visible natural (versus polarized) 
light from picoseconds to seconds. In this task, there is always the need 
for additional experimental information from other techniques; often, the 
time researchers must use judicious chemical intuition educated by com
parisons with chemically related systems. 

In this last regard, it is sometimes possible to prepare and investigate 
a reaction intermediate of photochemical reactions by other techniques 

Pu
bl

is
he

d 
on

 M
ay

 5
, 1

99
3 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
ba

-1
99

3-
02

38
.c

h0
05



102 P H O T O S E N S I T I V E M E T A L - O R G A N I C S Y S T E M S 

Figure 13. Transient difference spectra of the two intermediates detected in 
flash irradiations of Cu(c,c-COD)2+ in Ar-saturated methanol (Repro
duced with permission from reference 38. Copyright 1985.) 

(Le., pulse radiolysis or stop-flow). For example, a number of early pulse 
radiolytic studies of reactions of carbon-centered radicals with copper 
complexes provided substantial spectroscopic information for the charac
terization of alkyl-copper complexes (26, 43, 44). Rates of reaction and 
spectra measured with these other techniques must be similar to data col
lected by flash photolysis to conclude that the same species has been gen
erated by different routes. The type of reactions (e.g., redox and acid-
base) that reaction intermediates undergo with purposely introduced 
organic or inorganic molecules (i.e., scavengers) can also provide informa
tion about the nature of the transient species (45, 46). Such reactions are 
particularly important when they lead to products that are already well-
characterized and easy to detect. Indeed, a number of chemical methods 
can then be used for the measurement of the extinction coefficients and 
the formation of quantum yields of the intermediates (47). 

Room-temperature electron spin resonance (ESR) spectra of tran
sient species (i.e, metal—ligand radicals or coordination complexes with 
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5. F E R R A U D I Millisecond'to-Picosecond Time Domain 103 

metals in unstable oxidation states) can be collected with solutions sub
jected to continuous or flash irradiations. The experimental information 
collected by ESR spectroscopy may help to characterize the species whose 
optical absorption spectrum is recorded by flash photolysis if an unequivo
cal link is established between these two sets of measurements. The same 
can be said about T R R R flash photochemical experiments. 

Another promising flash photochemical technique for the characteri
zation of reaction intermediates, not yet fully developed, is based on the 
time-resolved changes of the solution's IR spectrum (48, 49). However, 
some technical difficulties, such as weak sources of polychromatic IR radi
ation, low sensitivity of the detectors, and intense background absorptions 
of IR light, limit the extent of its application to the structural characteri
zation of an intermediate. Sometimes, structural characterization can be 
more expeditiously achieved by taking ESR, IR, and the Raman spectra of 
products trapped when photolytes are irradiated in glassy solutions or 
matrices at low temperatures, for example, as was done with some Cr car-
bonyl complexes (50). 

If structural characterization of intermediates constitutes the 
technique's major problem, its most appealing aspect is related to the 
kinetic investigation of reaction mechanisms. Studies based on the meas
urement of the products' quantum yields in steady-state photolyses are still 
necessary, but the flash photochemical observations provide a clear view of 
the intricacies of the photochemical processes leading to such products. 
The measurement of rate constants for fast reactions in simple photo
chemical systems, for example, electron-transfer quenching of excited 
states, has demonstrated once more the value of flash photolysis when it is 
applied to problems in the area of inorganic physical chemistry. 
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Photosensitized Reduction of Alkyl and 
Aryl Halides Using Ru(II) Diimine 
Complexes 

Inner- and Outer-Sphere Approaches 

William F. Wacholtz1, John R. Shaw, Staci A. Fischer, Melissa R. Arnold, 
Roy A. Auerbach, and Russell H. Schmehl* 

Department of Chemistry, Tulane University, New Orleans, LA 70118 

General schemes are presented for reduction of alkyl and aryl 
halides using Ru(II) diimine complexes as both inner-sphere and 
outer-sphere reductants and photosensitizers. The efficiency of 
outer-sphere reduction by a series of trisdiimineruthenium(II) 
complexes as a function of the one-electron reduction potential 
and charge of the complex is examined. The observed quantum 
yields for substrate reduction are analyzed in terms of the efficien
cies for population of the reactive excited state, quenching, charge 
separation, and substrate reduction. Photoinduced inner-sphere 
reduction of halopyridines coordinated to Ru(II) sensitizers is also 
discussed. In these systems the excited complex undergoes either 
reductive quenching or ligand loss (of pyridine). The predominant 
photoreaction path can be controlled by regulating the tempera
ture of the system. 

I V I A N Y TRANSITION M E T A L COMPLEXES having metal-to-ligand 
charge-transfer (MLCT) excited states have been extensively used as sensi
tizers in energy- and electron-transfer reactions (1-18). In particular, 
1Current address: Department of Chemistry, University of Wisconsin at Osh 
Kosh, Osh Kosh, WI 54901 
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108 PHOTOSENSITIVE M E T A L - O R G A N I C SYSTEMS 

M(II) (M is Ru or Os) diimine complexes have been widely applied (2—6, 
10, 12-14, 16, 19—23). The complexes have excited states ranging in 
energy from 1.6 to 2.2 eV and excited-state lifetimes between 20 ns and 2 
/*s, and they are relatively stable upon one-electron oxidation and reduc
tion (1, 11, 24-28). These characteristics make this class of complexes 
well suited as sensitizers in reaction schemes involving photoinduced elec
tron transfer. 

In devising catalytic schemes for reduction of substrates using sensi
tizers having M L C T excited states (7), the complex can be used either as 
an electron mediator (outer-sphere reductant) or it can be involved 
directly in substrate reduction via coordination of the substrate (inner-
sphere reductant). This chapter discusses the use of Ru(II) diimine com
plex sensitizers as both inner- and outer-sphere reductants of alkyl and 
aryl halides (19-23, 29, 30). Factors defining the efficiencies of each type 
of process are discussed in terms of the development of homogeneous 
photocatalytic reduction processes. 

MLCT Complexes as Sensitizers and Mediators in Substrate 
Reduction 

Mechanistic Considerations. A simple mechanism for pho
tosensitized substrate reduction via an outer-sphere process is shown in 
Scheme I. In the scheme, a Ru(II) complex sensitizer is reduced by a 
reversible electron donor (for example, iST,iV,iV',i\r'-tetramethylphen-
ylenediamine, TMPD) following excitation of the complex. The reduced 
complex, [Ru] + , can then either react with the T M P D + to regenerate 
starting materials (with rate constant or reduce the substrate S (& r e d). 

Scheme I. 
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6. W A C H O L T Z E T A L . Photosensitized Reduction ofAlkyl & Aryl Halides 109 

In the presence of an external source of electrons (e.g., an electrode), the 
T M P D + can be reduced, and the scheme will be catalytic in [Ru] 2 + and 
TMPD, otherwise T M P D + will accumulate. Such a scheme requires only 
a reversible electron donor, a sensitizer, and the substrate. 

The dynamics of each of the reactions involved in substrate reduction 
depend on the free energies of the reactions. The free energy of the pho
toinduced electron transfer ( £ p e t ) is determined by the excited-state 
energy of the sensitizer (E Q O ) , the one-electron potentials of the sensitizer 
(^Ru(2+/+)) a n c i electron donor (£TMPD(+/0)) a n d lhe work required to 
bring the two reactants together in solution (wR u( 2+)/ΤΜ?Ό) (31> 32): 

Epet = Eoo ~ £TMPD(+/0) + £Ru(2+/+) + w R u ( 2 + ) / T M P D (1) 

The substrate reduction ( £ r e d ) and back-electron-transfer (E^) free ener
gies are defined by the one-electron reduction potentials of the species 
involved in the reaction and the work terms for formation of the reduced 
sensitizer—substrate complexes (eqs 2 and 3). 

The overall free energy of substrate reduction can be evaluated if these 
ground-state potentials are known; the principal factor limiting the range 
of substrates capable of being reduced is the reduction potential of the 
sensitizer complex. For Ru(II) trisdiimine complexes, one-electron reduc
tion potentials are between —0.8 and —1.6 V versus the sodium saturated 
calomel electrode (SSCE) (26), and thus only a small number of alkyl and 
aryl halides can be reduced by this approach (17-23, 29, 32). 

The overall efficiency of substrate reduction can be experimentally 
evaluated in terms of the efficiency of each of the steps shown in Scheme 
I: formation of the reactive excited state, excited-state quenching by the 
donor, and substrate reduction. An additional important step not 
represented in Scheme I is separation of the products from the geminate 
ion pair formed in the photoreaction (k ): 

Εred = £ S/S r e d ~ £Ru(2+/+) + ^Ru(+)/S 

Eb = £TMPD(+/0) - £RU(2+/+) + WRu(+)/TMPD(+) 

(2) 

(3) 

[Ru] |2+ ± ^ [Ru] 2 + * ^ {[Ru] 2 + * TMPD} (4a) 

(4b) 

{[Ru] +, TMPD+} ^ > [Ru] + + TMPD+ (4c) 

TMPD (4d) 
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110 P H O T O S E N S I T I V E M E T A L - O R G A N I C S Y S T E M S 

The reactive M L C T state of Ru(II) diimine complexes has triplet 
spin multiplicity (24-28), and the efficiency of forming this state is the 
intersystem crossing efficiency, ηΪ8€. Figure 1 shows a state diagram typical 
of Ru(II) diimine sensitizers; in addition to the 3 M L C T state, many com
plexes have metal-centered ( 3 MC) excited states that are close in energy to 
the 3 M L C T state. For Ru(II) diimine complexes, ??isc can be estimated 
from limiting quantum yields for S 2O g

2"" reduction in aqueous acid (30, 
33). In the limit in which each excited complex reacts with S 20 8

2"", 2 mol 
of oxidized sensitizer is produced (the intermediate S 0 4 ~ radical is a 
powerful oxidant). Provided only the triplet excited state reacts with 
S 2 0 8

2 " , the limiting quantum yield is a direct measure of the intersystem 
crossing efficiency (2rç i s c). This efficiency has been shown to be close to 
unity for several Ru(II) complexes (26, 30 33-35). 

ι 

M C 

GS 

Figure I. General state diagram for [(diimine)3Ru(II)]2+ complexes. 
Rate constant abbreviations are isc, intersystem crossing; ic, internal 
conversion; and nr, nonradiative—radiative. GS is ground state. 

The quenching efficiency, η , is a function of the relative values of knr 

(representing the sum of the radiative and nonradiative decay rates of the 
excited state), k , and the concentration of quencher (TMPD in Scheme I) 
(24, 25, 31): 

= fcq[TMPD] 
*q km + & q[TMPD] k } 

In practice, the efficiency of quenching can usually be made to be nearly 
unity by selecting a quencher having favorable thermodynamics for 
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6. W A C H O L T Z E T A L . Photosensitized Reduction of Alkyl & Aryl Halides 111 

quenching the sensitizer ( £ p e t > 0) and adjusting the concentration of 
quencher (vide infra) (14). 

The efficiency of charge separation, η^, of the initial photoproducts 
from the geminate ion pair (eq 6) depends on a variety of factors, includ
ing the charges of the ions, the spin multiplicity of the radical ions 
formed, the free energy of the geminate recombination, and the solvent 
(36-45). 

fcsep 

- J (6) 
*-sep » ^gem 

High charge-separation yields are frequently observed when the geminate 
recombination free energy is much greater than the reorganizational 
energy associated with the process (vide infra). The effect of back-
electron-transfer free energies on charge-separation efficiencies has been 
elegantly demonstrated by several techniques, including laser flash photo
lysis and time-resolved photoacoustic calorimetry (46—48). 

The reaction steps in equations 4 and 5 define the efficiency for pro
ducing a strong reducing agent in solution. The remaining factor in deter
mining the overall quantum yield of substrate reduction is competition 
between substrate reduction and back electron transfer of the reduced 
complex with the oxidized donor created in the photoreaction (TMPD + ) : 

= kred[S] 
kTed[S] + * b [ T M P D + ] * } 

In many systems the back-electron-transfer reaction occurs at rates 
approaching the diffusion limit (12,14, 31, 41, 42), and substrate reduction 
must be relatively facile to compete, even though the concentration of the 
oxidized donor produced by excited-state quenching is typically much 
smaller than the steady-state substrate concentration (16—18). In princi
ple, equation 7 should include a term for reduction of impurities in solu
tion; impurity reduction becomes more important as the reducing agent 
produced ([Ru] +) becomes more potent. 

The overall photoreduction quantum yield for a one-electron sub
strate reduction is given in equation 8: 

*red = $abs *?isc *?q *?cs *?red ( 8 ) 

where is the absolute yield reflecting the fraction of incident light 
absorbed by the sample. The *?isc, r ? q , terms of equation 8 are associ-
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ated with generation of a strong reducing agent in solution, and the ?? r e d 

term is associated with the fate of the photoproduced reducing agent. The 
limiting yield for Scheme I is unity; however, if reduction of the substrate 
results in formation of radical intermediates or products that are them
selves reductants, observed quantum yields can be much higher than unity 
(1, 7, 8, 15). 

Electron-Transfer Dynamics. Scheme I includes three outer-
sphere electron-transfer reactions: excited-state quenching (&q), back reac
tion (k^), and substrate reduction (fcred). The latter two reactions are in 
competition (eq 7), and high quantum yields for product formation are 
possible only when & r e d[S] >> £ b [TMPD + ] . Each of these reactions 
involves association of the reduced complex with the reactant followed by 
electron transfer (eqs 9 and 10). 

[Ru]+ + S ^z± {[Ru]+, S} Kassoc (9) 

{{Ru]+,S} —» {[Ru] 2 + , S"} ket (10) 

The rate constant for the reaction, kQhs (either kred or k^), is given by 

ητ— = ητ— + r * (H) 
*obs *diff **assoc*et 

where km is the rate constant for the diffusion-limited reaction (31, 32). 
The association equilibrium constant, Kassoc, can be approximated by using 
the Fuoss equation: 

Aassoc - 3 0 0 0 exp RT 
(12) 

where σ is the sum of the radii of the reactants and w(a) is the work 
required to bring the reactants together (32% R is the gas constant, Γ is 
absolute temperature, and Ν is Avogadro's number. When one of the 
reactants is uncharged w(a) is zero; thus for association of [Ru] + (radius r 
« 7 Â) and an alkyl halide of radius 5 Â, Kassoc « 5 M"" 1 . The association 
equilibrium constant and km will be smaller when both reactants have 
like charges, and some measure of control over the photoreduction quan
tum yield results by considering charge in choosing the sensitizer, 
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6. W A C H O L T Z E T A L . Photosensitized Reduction of Alkyl & Aryl Halides 113 

quencher, and substrate (vide infra). The electron-transfer rate constant, 
kQi (eq 11), can be evaluated by using classical electron-transfer theory 
(2—5, 31, 32). Equation 13 gives the classical expression 

where k0 is the nuclear frequency factor, Λ is the reorganizational energy 
required to bring the reactants to the crossing point of the reaction coor
dinate (in volts), and AG is the free energy of the process (in volts). The 
electron transfer will be activationless when Λ = AG; Figure 2 illustrates 
the free energy dependence of kei given by equation 13. The so-called 
Marcus inverted region occurs when AG is greater than Λ and the rate 
constant becomes smaller than the activationless rate constant. Several 
excellent discussions of electron-transfer theories (31, 32, 49, 50) include 
evaluation of electron-transfer rate constants for bimolecular reactions in 
solution. Inverted region behavior is not commonly observed for bimolec
ular reactions because few reactions exist for which ^ a s s o c £ e t < k&il w ^ e n 

λ << -AG and the observed rate constant equals the diffusion limited 
value (km) (1,14). 

For the competing reactions of the photoreduction (kb and kred, eq 
7), the parameters describing each of the electron transfers are not 
related; the only common factor is the reduction potential of the Ru(II) 
complex, £ R U / 2 + / + V which is required for determination of AG for both 
reactions. Thermal reduction of the substrate by the quencher (TMPD) is 

fco exp ( A - A G ) 

4XRT 
(13) 

λ = àG 

0 

Δ G , 

Figure 2. Free energy dependence of electron-transfer rate constants as 
described by eq 13. Activationless electron transfer occurs at the point 
where λ = AG. 
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endoergic (JE^O/-) < £TMPD(+/0))>
 a n d therefore the free energy for sub

strate reduction by [Ru]+ is necessarily less exoergic than that of back 
electron transfer. Thus, if the nuclear frequency factors and reorganiza-
tional energies for back electron transfer and substrate reduction are simi
lar, kb will necessarily be greater than or equal to & r e d . The photoreduc-
tion should be most efficient when kb < < fcred; hence, reactants should be 
chosen for which the reorganizational barrier for back electron transfer is 
very large (Xb > > A r e d ) or the frequency factor for back electron transfer 
is much smaller than that for substrate reduction. 

Photoreduction of Vicinal Dibromides 

To examine the effect of variations in the ground-state reduction potential 
of the sensitizer on the overall quantum yield of a photoreduction reac
tion, the reduction of l,2-dibromo-l,2-diphenylethane (DBDPE) and α,β-
dibromoethylbenzene (DBEB) were studied by using a series of Ru(II) 
diimine complex sensitizers (see ligand structures on page 115) and TMPD 
as the electron-donating quencher. The net photoreaction involves reduc
tion of the dibromoalkane (OlBr^ to the olefin (Ol, eq 14) and is thus a 
two-electron process (19-23, 30): 

2TMPD + 01Br 2 2TMPD+ + 2Br~ + Ol (14) 
hv 

Quantum yields ( Φ τ + ) were measured for formation of T M P D + , a deep 
blue radical ion that accumulates during the photolysis. Figure 3 shows 
spectrophotometric changes observed upon photolysis of [(dmb) 3Ru] 2 + 

(dmb is 4,4'-dimethyl-2,2'-bipyridine), DBDPE (0.005 M), and TMPD 
(0.05 M) in C H 3 C N . Quantum yields for TMPD+ formation at low 
conversions were measured for each of the complexes under these condi
tions and are listed in Table I. The limiting quantum yield for T M P D + 

formation (as the concentration of substrate was increased) was deter
mined for two of the complexes to be 1.0 ± 0.05; thus, formation of 
T M P D + results from excited-state electron transfer alone and not from 
oxidation of TMPD by intermediate species produced in the dehalogena-
tion of the vicinal dihalide. Table I also lists photophysical properties, 
one-electron reduction potentials of the complexes in C H 3 C N , and rate 
constants for back electron transfer, kb. 

In evaluating the photoreaction it is assumed that the intersystem 
crossing efficiency is unity for each of the complexes; this fact has been 
established only for [(bpy) 3Ru] 2 + and [(dmb) 3Ru] 2 + (30, 33-35). 
Approximate values of the excited-state energies of the complexes, EQQ, 
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6. WACHOLTZ ET AL. Photosensitized Reduction of Alkyl & Aryl Halides 115 

R R' 

bpy R=R*=H 

d m b R = R ' = C H 3 

d e c b R ^ R ' ^ C O j E t 

d c a b R = R ' = C O N ( E t ) 2 

phen all H 

t m p h e n 3 ,4 ,7 ,8 - tetramethyi 

5—CI—phen 5—chloro 

bpym 

CH2CH2 C H 2 C H 2 

b - b 

are obtained from emission spectral fitting techniques (27, 51). Values for 
the complexes of Table I range from 1.8 to 2.1 eV. Given the excited-state 
energies, one-electron reduction potentials of the complexes, £RU(2+/+)> 
and £TMPD(+/0) = 0.15 V versus SSCE (52), the quenching process is 
found to be exoergic (E > 0) for all the complexes of the series (eq 1). 
Luminescence quenching rate constants, not reported in Table I, are 
greater than 10^ M " 1 s"1 in each case; for solutions containing 0.05 M 
TMPD observed quenching efficiencies (rçq) were greater than 0.95 for all 
the complexes. 

The efficiency of charge separation from the geminate pair formed in 
the excited-state electron transfer (eqs 4 and 6) was determined by flash 
photolysis (30, 33). The measured charge-separation efficiency, rç^1*» 
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116 P H O T O S E N S I T I V E M E T A L - O R G A N I C S Y S T E M S 

400 450 500 550 600 

W a v e l e n g t h , nm 

650 700 

Figure 3. Absorption spectral changes observed at different times during 
photolysis of [(dmb)3Ru]2Jt (2 χ 1(T5 M), TMPD (0.05 M), and DBDPE 
(0.005 M) in deaerated CHflN. 

includes the efficiency for populating the reactive ( 3 MLCT) excited state, 
?7isc, and the fraction of excited states quenched, η : 

*?es — Vise tfq 
ŝep "J" ĝem 

(15) 

In measurements made for the complexes of this series, rçisc is assumed to 
be unity and is fixed to be between 0.3 and 0.6 by using appropriate 
TMPD concentrations. Thus, charge-separation yields determined by flash 
photolysis are simply the ratio of ions formed in solution immediately 
after the flash to the number of quenched excited states formed (*7iscf?q)-
The excited-state concentration and solvent-separated ion concentration 
were determined from the transient absorbance at 360 nm and the molar 
absorptivities of the Ru(II) ground state, 3 M L C T state (53) and the radical 
ions (determined by spectroelectrochemistry). Values of obtained by 
this approach were 0.66 for [(bpy) 3Ru] 2 + and 0.72 for [(dmb) 3Ru] 2 +; 
these values represent upper limiting values for the yield of reducing ions 
in solution per photon absorbed. 

Given that the observed yield of charge-separated ions can be deter
mined experimentally, the overall quantum yield for the photoreduction, 
corrected for losses due to inefficiencies in producing solvent-separated 
ions, is simply the efficiency for the reduction step, rçred: 

Φι 
*?red = 

red kred[S] 

^abslcs krei[S] + fcb[TMPD+] 
(16) 
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118 PHOTOSENSITIVE M E T A L - O R G A N I C SYSTEMS 

Evaluation of i? r e d requires knowledge of the rate constants for back elec
tron transfer and substrate reduction and the concentrations of T M P D + 

and substrate in solution. In any steady-state photolysis the concentra
tions of both T M P D + and substrate will change during the photolysis, and 
the maximum overall quantum yield will be observed at the beginning of 
the photolysis. The back-electron-transfer rate constant can be measured 
directly via flash photolysis. Figure 4 shows a transient difference spec
trum observed following 532-nm laser flash photolysis (Nd:YAG) of a 
solution of [(dmb) 5Ru] 2 + (1(Γ 4 M) and TMPD (0.05 M) in C H 3 C N . The 
spectra of T M P D * and [(dmb)3Ru]+ can be obtained independently by 
spectroelectrochemistry, so the transient spectrum can be calculated (solid 
line of Figure 4). Decays of the absorbance change at wavelengths where 
the transient ions absorb follow equal concentration second-order kinetics, 
and the rate constants can be determined as long as the change in the 
molar absorptivity of the solution, Ae9 is known at the wavelength used for 
kinetic analysis (Table I). Although only five of the complexes were exam
ined in detail, kb is greater than 10 1 0 M " 

450 500 550 

Wavelength, nm 
650 

Figure 4. Transient difference spectrum obtained 1 ps after pulsed laser 
(532 nm, Nd:YAG, <10 mJ/pube) photolysis of [(dtnb)3Ru]2+ and TMPD 
(0.05 M) in deaerated CH3CN. The solid line represents the difference 
spectrum calculated from the spectra of [(dmb)3Ru]2+, [(dtnbj^u]*, and 
TMPD+ (Ae = eTMPD(+) + e^ + j - eRu(2+)). (e is the molar absorptivity 
of each species.) 

These results suggest that values for η^, rçq, and kb do not vary signi
ficantly for the series of complexes examined, yet initial quantum yields for 
formation of TMPD+ vary by more than a factor of 100 (Table I) for 
reduction of each of the vicinal dihalides studied. The explanation for this 
variation is that although back electron transfer is diffusion-limited for 
each of the sensitizers studied, the rate constant for substrate reduction 
depends on the free energy of the reaction. Equation 16 may be restated 
as follows: 
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6. W A C H O L T Z E T A L . Photosensitized Reduction of Alkyl & Aryl Halides 119 

In 
Vred 

- 1 

In 

= In 
'Â: b [TMPD + ] , 

= In 
kTed[S] 

= In 
' A : b [ T M P D + ] , 

= In 
k0[S] 

(A - Ered)2 

4XRT 

(17a) 

(17b) 

By assuming that r? i sc = f?q = 1 and that rj^ = 0.75 for all the complexes 
of the series, values of r? r e d can be approximated. Figure 5 shows ln ( l / i ; r e d 

- 1) for reduction of DBEB versus £RU(2+/+) for the series of complexes. 
The solid line represents a fit to the data using equation 17b with λ = 0.6 
V and £ s ( 0 / _ ) = -1.1 V (vs. SSCE). The logarithmic term on the right 
side of equation 17b represents a minimum in the parabolic plot (when λ 
= £red)-

- 1 . 6 - 1 . 4 - 1 . 2 - 1 . 0 

E R U C 2 + / + ) . V VS. SSCE 
Figure 5. Variation of ln(lfared — 1) with mediator reduction potential, 
^Ru(2+/+)> for DBEB reduction in CH^CN. Fits to the data using eq 17b 
are shown for 0.4 V ( ), 0.6 V (—), and 0.8 V (-* - ·). BS(0H = 
-1.1 Vt and ln(kb[TMPD+]'[kJS]) = 0.3. 

The preceding example illustrates some of the difficulties in develop
ing efficient photocatalytic schemes for outer-sphere reduction of sub
strates. Even though high yields of charge-separated ions are formed in 
the photoreaction, yields for substrate reduction are limited by the fact 
that back electron transfer competes very effectively with substrate reduc
tion, even when substrate concentrations are at least a factor of 100 larger 
than concentrations of T M P D + formed at early photolysis times. The fit 
of the data to equation 17 indicates that the reorganizational barrier for 
vicinal dihalide reduction is modest (0.6—0.8 V). Even so, the relatively 
small free energies associated with substrate reduction result in low reduc
tion yields for all but the most strongly reducing complexes. 
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120 P H O T O S E N S I T I V E M E T A L - O R G A N I C S Y S T E M S 

One approach to improving photoreduction yields in the systems dis
cussed is to retard the back-electron-transfer reaction. This retardation 
can be accomplished by choosing an electron-donating quencher that has 
either a larger barrier for back electron transfer or a lower diffusion-
limited rate (i.e., kdm is smaller). When the positive charge on one or 
both of the ions of the geminate pair (Ru+ and T M P D + ) is increased by 
synthetic modification, the magnitude of ^ a s s o c and kdm are decreased 
(larger work term for association of the ions). This approach was tested 
by preparing a series of Ru complexes having identical spectroscopic and 
redox properties but differing in the overall charge of the complex (54). 
By using the bridging ligand b-b (see structures on page 115), the dinu-
clear and tetranuclear complexes {[(dmb)2Ru](b--b)}4+ and {[(dmb)2-
Ru(b-b)] 3 }Ru 8 + were prepared and used in the scheme for photoreduc
tion of DBDPE with TMPD as electron donor. Table II shows rate con
stants for quenching of the M L C T luminescence of each of the complexes 
by TMPD in C H 3 C N , charge-separation efficiencies, and back-electron-
transfer rate constants in the absence and presence of added electrolyte. 
In each case the quenching reaction is unaffected by the increased charge 
and size of the sensitizer complex. Charge-separation efficiencies meas
ured for [(dmb)2Ru(b-b)]2+ and {[(dmb)2Ru](b-b)}4 + are nearly the 
same; this result is not surprising because η is high even for the mononu
clear complexes. Back-electron-transfer rate constants measured in the 
absence of added electrolyte decrease by a factor of 10 as the charge on 
the reduced metal complex increases from +1 to +7. 

Figure 6 shows absorbance changes associated with T M P D + forma
tion when absorbance-matched solutions of [(dmb) 2Ru(b-b)] 2 +, 
{[(dmb) 2Ru](b-b)} 4 +, and {[(dmb) 2Ru(b-b)] 3}Ru 8 + are irradiated (λ ί Γ 

> 400 nm) in the presence of TMPD (0.05 M) and DBDPE (0.0017 M). 
Initial quantum yields under these conditions are 0.25, 0.54, and 0.57 for 
the three complexes [(dmb) 2Ru(b-b)] 2 +, {[(dmb)2Ru](b-b)}4 +, and 
{[(dmb) 2Ru(b-b)] 3}Ru 8 +, respectively. 

The quantum yield results can be rationalized by restating equation 8 
as follows: 

J _ = _ J _ + fcb[TMPD+] ( i g ) 

^red ^abs *?cs ^abs Vcs^ red ] 

When kb becomes sufficiently small, the observed quantum yield equals 
the charge-separation efficiency (the limiting quantum yield for the pro
cess). Increasing the charge of the reducing complex from +1 to +3 in 
this system causes the back-electron-transfer rate constant to decrease by a 
factor of 2.9, while the quantum yield for substrate reduction increases by 
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a 
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c 
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Ώ <z 

0 10 20 3 
Τ i m e , s 

30 40 

Figure 6. Absorbance changes observed at 612 nm upon photolysis of solu
tions containing TMPD (0.05 M), DBDPE (0.0017 M)t and one of the fol
lowing sensitizers: [(dmb)2Ru(b-b)]2+ (oh {[(dmb)2Ru](b-b)}4+ (A), 
or {[(dmb)2Ru(b-b)]3}Rus+ (Π). The absorbance of the sensitizers was 
matched at 1.0 optical density units (ODU). 

a factor of 2.2. This result suggests that most of the decrease in kb is 
reflected in Φ ^ . However, the further increase in charge of the reducing 
complex to +7 has little effect on the observed quantum yield, even 
though kh decreases significantly relative to the +3 complex (factor of 
3.2). Given that = 0.75 for the complexes, the difference between the 
dimer and tetramer is small because the measured quantum yield is near-
ing the limit of the charge-separation yield. The results thus show that 
exploiting charge effects to decrease kb can have significant effects on the 
observed quantum yield as long as the yield is significantly below the limit
ing value. This feature may be particularly useful for cases in which only 
low substrate concentrations are possible because of solubility considera
tions. 

MLCT Complexes as Sensitizers and Inner-Sphere 
Reductants 

A significant problem with outer-sphere substrate reduction is that back 
electron transfer can compete very effectively with substrate reduction, 
and, in general, high substrate concentrations are required to obtain rea
sonable reduction quantum yields. An alternate approach is to devise sys
tems in which the substrate is bound to the sensitizer or electron mediator 
so that substrate reduction becomes unimolecular. An example of such a 
scheme, which employs a M L C T complex mediator and a halopyridine 
substrate coordinated to the metal center (29), is shown in Scheme II. 
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6. W A C H O L T Z E T A L . Photosensitized Reduction of Alkyl & Aryl Halides 123 

TMPD 

l R u ( P y X î a V 

hv 

TMPD ν / I R u i P y X ) , l 2 t • [ Ru(PyX) ( S H H a t t pyX 

f * * [ R u ( P y X ) 2 l f — M R u C P y X H P y H H * t s» 
SH 

TMPD * * Ï R u < P y X î 2 ] 2 t 

Scheme II. 

The excited complex, [RuiPyX^ 2 - 1 "*, has an additional decay pathway: 
substitution of the coordinated halopyridine (shown as a solvation reac
tion). Quenching by TMPD leads to formation of T M P D + and 
[Ru(PyX)2]+; in this case, however, back electron transfer competes with 
unimolecular C - X bond cleavage to yield a coordinated pyridyl radical. 
The radical formed will be very reactive and, in most organic solvents, 
hydrogen-atom abstraction from solvent will predominate (55-57). Such a 
scheme is considerably more complicated and very likely more limited in 
scope than outer-sphere reduction. 

The additional excited-state decay path of Scheme II, ligand substitu
tion, has been studied in detail for Ru(II) diimine complexes (34, 58-63). 
Evidence obtained for a wide range of complexes indicates that substitu
tion results upon population of a metal-centered (MC) excited state that is 
produced by thermally activated internal conversion from the M L C T state, 
as shown in Figure 1 (12, 24—28). The implication for the scheme is that 
partitioning between photoreduction and substitution can be controlled by 
regulating population of the M C state (18, 35). This regulation is most 
easily accomplished by careful control of the temperature of the photolysis 
solution. Ideally a temperature is selected to allow both substitution and 
electron transfer to occur so that both reductive dehalogenation and 
replacement of product (PyH) with new substrate (PyX) can occur (via 
photosubstitution). 

Such a scheme can be effective only if intramolecular reductive 
dehalogenation is rapid relative to the bimolecular back-electron-transfer 
reaction, kb. One means of qualitatively assessing the rate of dehalogena
tion following reduction of the complex is cyclic voltammetry. Figure 7 
shows reductive cyclic voltammograms obtained for three Ru(II) com-
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124 P H O T O S E N S I T I V E M E T A L - O R G A N I C S Y S T E M S 

plexes having coordinated halopyridines: [(dmb^RupBrPy)^ 2 , 
[(decb)2Ru(3BrPy)2]2+ (decb is 4,4'-diethylcarboxy-2,2'-bipyridine), and 
[(dmb)2Ru(3ClPy)J2+. Reduction of [ (dmb^Ru^BrPy^ 2 * at 200 mV/s 
is completely irreversible, and the shape of the wave indicates the reduc
tive process may be catalytic. Exhaustive electrolysis of solutions of 
[(dmb^RupBrPy)^ 2 4- at -1.5 V versus the SSCE in C H 3 C N yields 
[(dmb)2Ru(Py)2]2+ as the principal product. If, however, the spectator 
ligands of the complex have ττ* levels significantly lower in energy than the 
halopyridine π* levels, one-electron reduction of the complex will not 
result in facile dehalogenation. 

Figure 7. Reductive cyclic voltammograms of [(dmb)2Ru(3BrPy)2] , 
[(decb)2Ru(3BrPy)2]2+, and [(a>nb)2Ru(3ClPy)2]2+ in CHfiN at 298 K. 
The supporting electrolyte was tetrabutylammonium perchlorate (TBAP); 
the sweep rate was 200 mV/s; the reference was the SSCE. 

The cyclic voltammograms of [(decb)2Ru(3BrPy)2]2+ and [(dmb)2-
Ru(3ClPy)J 2 + illustrate this effect. In [(decb^RupBrPy)^2"*", the first 
two one-electron reductions are localized on the decb ligands, and both 
are reversible on the cyclic voltammetry time scale. The third reduction, 
at —1.8 V versus the SSCE, is irreversible and results in dehalogenation. 
Cyclic voltammograms of [(dmb)2Ru(3ClPy)2]2+ in C H 3 C N result in two 
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6. WACHOLTZ ET AL. Photosensitized Reduction of Alkyl & Aryl Halides 125 

quasi-reversible waves, a result suggesting that dehalogenation competes 
with reoxidation of the complex at the electrode. This result demonstrates 
that intramolecular reduction of a substrate is subject to thermodynamic 
constraints that are similar to those of outer-sphere substrate reduction. 

A suitable temperature for photolysis, in which both substitution and 
electron transfer will occur, can be determined by examining the tempera
ture dependence of the luminescence intensity and/or lifetime of the 
M L C T excited state. Figure 8 shows the temperature dependence of the 
luminescence lifetime of [(dmb) 2Ru(3BrI^) 2] 2 + in 4:1 ethanol:methanol. 
The decrease in the luminescence lifetime with increasing temperature can 
be attributed to thermally activated population of the M C excited state. 
The efficiency for internal conversion to the M C state can be approxi
mated by eq 19 (24-27) 

= 1 -
T135 

(19) 

where r 1 3 5 is the lifetime of the complex in solution at the low-
temperature limit (where ηϊο = 0) and r T is the lifetime at a given tem
perature. The temperature at which 50% of the M L C T state decay results 
in population of a M C state is approximately 165 Κ for [(dmb)2-
Ru^BrPy)^2"**. Ligand loss from the M C state is dependent upon a 
variety of factors including solvent and temperature, and it is possible that 
efficient substitutional photochemistry may be achieved only at tempera
tures at which η. is much higher than 0.5. 

3000 

tn 
2000-

1000 

225 
Temperature , Κ 

Figure 8. Temperature dependence of the luminescence lifetime of 
[(dmb)2Ru (3BrPy)2]2+ in 4:1 ethanol:methanol 
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Spectral changes observed upon photolysis of 4:1 ethanol:methanol 
solutions containing [(dmb) 2Ru(3BrPy) 2] 2 + and TMPD (0.05 M) at two 
different temperatures are shown in Figure 9. Room-temperature photo
lysis results in formation of [(dmb) 2Ru(3BrPy)(ROH)] 2 + based on the 
observed change of the M L C T maximum and the absorption spectrum of 
the monoalcohol complex prepared independently. At 150 Κ formation of 
T M P D + is observed, and only a slight change in the M L C T maximum of 
the complex occurs. This slight change is consistent with reductive 
dehalogenation followed by formation of the Py complex (Scheme II). 
Photolysis of solutions containing only TMPD at 150 Κ does not result in 
T M P D + formation. 

0.90 

ω 0.70 
ο 
c 
Ό 
-ο 0.50 
Ο 
0 ) 

$ 0.30 

0.10 
- 0 . 1 0 - ι ι ι ι I ι ι ι ι I ι ι ι ι I ι ι ι ι I ι » ι » I 

1.40 - ι 

- 0 . 1 0 | ι ι ι ι I ι ι ι ι I ι • ι ι | ι ι ι ι I » ι ι • I ι 1 ι 
375 425 475 525 575 625 675 

W a v e l e n g t h 

Figure 9. Spectral changes observed upon photolysis of mixtures of 
[(anb)2Ru(3BrPy)2]2+ and TMPD (0.05 M) in 4:1 ethanol:methanol 
at 150 Κ and 298 K. Spectra were taken at 30-s intervals. 

These observations for [(dmb)2Ru(3BrPy)2]2+ establish that both 
unimolecular reductive dehalogenation and photosubstitution can occur 
for a given complex. The efficiency of intramolecular dehalogenation 
(substrate reduction) is subject to thermodynamic constraints that are 
similar to those observed for outer-sphere substrate reduction; for Ru(II) 
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6. W A C H O L T Z E T A L . Photosensitized Reduction ofAlkyl & Aryl Halides 127 

diimine complexes, the first reduction of the complex must be partially 
localized on the substrate ligand. Partitioning of substitutional photo
chemistry and photoredox chemistry can be controlled by manipulation of 
the temperature. 

Conclusion 

Overall, use of Ru(II) diimine complexes as homogeneous photosensitiz
es for either inner-sphere or outer-sphere reduction of organic substrates 
appears to be limited to organic compounds that can be relatively easily 
reduced. The inner-sphere approach may be more useful in this regard 
because coordination can serve to lower the reduction potential of the 
substrate. In Schemes I and II, outer-sphere reduction of 3-bromopyridine 
is not possible using any of the trisdiimine complexes, yet the inner-sphere 
process occurs readily upon reduction of the halopyridine complex. We 
are presently working on the development of other systems in which the 
metal complex serves to coordinate the substrate and serve as the sensi
tizer for the photoinduced electron-transfer process. 
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Photochemistry and Redox Catalysis 
Using Rhenium and Molybdenum 
Complexes 

Andrew W. Maverick, Qin Yao, Abdul K. Mohammed, and Leslie J. 
Henderson, Jr. 

Department of Chemistry, Louisiana State University, Baton Rouge, LA 
70803-1804 

Halide complexes of Mo(III), Re(IV), and Re(V) and complexes 
of Mo(V), Re(V), and Re(VI) containing one oxo ligand 
luminesce in the near-infrared region in room-temperature solu
tions. Many of them are photooxidized by electron acceptors; with 
ReCl62- and several of the Mo(III) complexes, this is the first step 
in overall photoinitiated two- or three-electron transfers. ReCl62-
catalyzes the oxidation and electrooxidation of Cl- to Cl2 and 
organic oxidations such as the conversion of toluene to benzal
dehyde in aqueous HCl solution. The rhenium(V) complex 
ReCl6- appears to be an important intermediate in the catalytic 
reactions. The fluorescences of the oxo-d1 complexes Mo vOX 4L-
(X is Cl or Br and L is H2O or CH3CN) and ReVIOCl5- are 
surprisingly long-lived (lifetimes to ~100 ns in solution at room 
temperature), and these species are photoredox-active as well. 

E A R L Y TRANSITION M E T A L COMPLEXES are stable in oxidation 
states with the photophysically attractive d 3 electronic configuration, as 
well as in a number of adjacent oxidation states. Our goal has been to 
carry out an initial one-electron photooxidation reaction (eq 1; A is an 
electron acceptor) of a d 3 starting complex M followed by a second oxida
tion (eq 2, 3, or 4). 

0065-2393/93/0238-0131$06.00/0 
© 1993 American Chemical Society 
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M + A M + + A " 

M 2 + + A " 

M 2 + + M 

(1) 

(2) 

(3) 

(4) 

M + + A 

2M+ 

M + + A M 2 + + A " 

Previous transition metal photoredox experiments have concentrated on 
systems such as Ru(II) and Cr(III) polypyridine complexes. These often 
undergo efficient excited-state redox reactions (I), but they are largely lim
ited to overall one-electron processes. The electron-transfer products, for 
example, Ru(bpy) 3

3 + (bpy is 2,2'-bipyridine), Cr(phen) 3

2 + (phen is 1,10-
phenanthroline), reduced acceptors, and oxidized donors, react only very 
slowly with organic and inorganic substrates. 

The value of multielectron systems in redox catalysis has been 
demonstrated elegantly for several Ru and Os complexes with labile coor
dination sites, which allow for multiple coupled proton and electron 
transfers. One such species, [(bpy) 2(H 20)Ru] 2(^-0) 4 + , catalyzes the oxi
dation of C P to C l 2 (2, 3) and H 2 0 to 0 2 (4). In our work, we wished to 
combine photochemical and multielectron redox capabilities in the same 
complex. Early transition metal species appeared to offer the best oppor
tunity for this combination. 

The approaches we pursued for photochemical two-electron oxida
tions are outlined in equations 1—4. We have demonstrated that 
V(phen) 3

2 + is photooxidized to [V n i (phen)2] 2 (^-0) 2 + (5), which is oxi
dized spontaneously to VwO(phen)^+ in basic solution (d). This scheme 
utilizes reactions 1 and 2, and requires that a single photon be capable of 
driving an overall two-electron process. A second scheme, represented by 
the combination of reactions 1 and 3, is illustrated by the disproportiona-
tion of M o w ( N C S ) 6

2 ~ following initial photooxidation of Mo m (NCS) 6

3 ~" 
(7). More recently, we also observed (8) disproportionation following 
photooxidation of the l,4,7-trimethyl-l,4,7-triazacyclononane complexes 
(Me3[9]aneN3)MoX3 ([9]ane is 1,4,7-triazacyclononane and X is Br or I). 
Finally, our interest in the photoredox reactions of R e C l 6

2 " was stimu
lated in part by the possibility that a photogenerated Re(V) complex 
might itself be photoactive (see eq 4). These latter schemes, in which 
reaction 1 is followed by reactions 3 and 4, both entail the absorption of 
two photons to effect a single net two-electron transfer. 

Three groups of experiments are discussed in this chapter. First, our 
work using R e C l 6

2 ~ and its photoinitiated three-electron oxidation is 
reviewed. Exploration of the mechanism of this photooxidation led 
directly to the second topic, the discoveiy that R e C l 6

2 ~ has the surprising 
ability to catalyze the oxidation of GT to C l 2 . We conclude with a discus
sion of the solution photophysics and photochemistry of metal—oxo com
plexes with the d 1 and d 2 configurations. 
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7. M A V E R I C K E T A L . Redox Catalysis with Rh & Mo Complexes 133 

Closely related to the last of these three topics, and also to our own 
interest in the photochemistry of metal—oxo complexes, is the early work 
of Rillema and Brubaker (9, 10). They showed that the chloro-alkoxo 
species M v C l 5 ( O R ) ~ (M is Mo or W) thermally or photochemically elim
inate the appropriate alkyl halides: 

M v C l 5 ( O R ) - Δ θ Γ / ϊ > RCl(g) + M v O C l 4 " (5) 

This work is an excellent example of a photosensitive metal—organic sys
tem. The reaction also produces the oxo complexes M v O C l 4 " , some of 
whose photoredox properties are reported herein. 

Experimental Section 

Materials and Procedures. Reagents and solvents were of the highest 
grade commercially available and were used as received. Samples for photochemi
cal measurements were prepared by using dry-box, Schlenk, or high-vacuum tech
niques. General photochemical, spectroscopic, and electrochemical methods were 
reported previously (II). 

The ReCl 6~"^~ potential in 1 M HC1 was estimated from cyclic voltammetry 
(half-wave potential Ey2 at 20 V/s in order to minimize competing reactions of 
ReCl 6~). Our estimate of the potential for the second oxidation of R e C l 6

2 ~ (to 
make ReCl 6 ) in aqueous HC1 was derived from the work of Heath et al. in 
CH 2 C1 2 (12). 

We used a chemical method to estimate the C e I V - C e m potential in 1 M 
HC1 because the original value of 1.28 V versus the normal hydrogen electrode 
(NHE) (13) (based on electrochemical measurements), which is still quoted in 
reference works (14), was long ago called into question (15). (First, the original 
measurements were made at a Pt electrode, which is corroded at highly positive 
potentials in HCl(aq); C e I V - C e n i electron-transfer reactions, on the other hand, 
are often quite slow. Second, solutions of C e I V in HCl(aq) are unstable with 
respect to C l 2 evolution (16, 17). The 1.28-V value is likely to be associated with 
one or both of these competing reactions rather than the desired C e I V - C e m cou
ple.) We estimated the value by using the known C1 2-C1" potential and the 
equilibrium constant for the reaction C e I V + Cl~ τ± Ce 1 1 1 + V2Cl2(g). The 
equilibrium constant was measured spectrophotometrically, by mixing solutions of 
C e I V and C e m separately with 1 M HC1 under 1 atm (101.3 kPa) of C l 2 and show
ing that both mixtures yielded the same final [Ce I V] to [Ce i n] ratio (18). 

Electrocatalysis and Spectroelectrochemistry. Our best results for 
electrocatalysis with R e C l 6

2 ~ were obtained at a freshly polished electrode sur
face. This approach contrasts with the systems of Meyer and co-workers (2, 3), 
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which produce C l 2 and 0 2 most efficiently at highly oxidized glassy carbon elec
trodes (19). 

Our spectroelectrochemical experiments utilized (Bu 4 N) 2 ReCl 6 in C H 3 C N , 
in a sealed all-quartz cell (1-mm optical path length) fitted with a gold minigrid 
OTTLE (optically transparent thin-layer electrode) and Ag wire pseudoreference 
electrode; ferrocene was used as the reference redox couple. Electrolysis times 
with this apparatus were ~2 min. The reaction was studied in C H 3 C N 
(ReCl 6" / 2"~: Et/ 0.77 V vs. Fc + /Fc (II); Fc is ferrocene) because the gold mini-
grid electrode is easily corroded under oxidizing conditions in aqueous H Q . 

Photochemistry ofReCl^ 

We were originally interested in this area because an oxorhenium(V) com
plex, if it could be generated photochemically from R e C l 6

2 " , might itself 
be photoactive. For example, dioxorhenium(V) complexes such as 
Re0 2 (py ) 4

+ (py is pyridine) are diamagnetic, with the ((xy)^ ground 
state (see Scheme I): 

χΖ-y2 

xz9yz (e) 
xy(b^ 

Scheme I. Energy diagram for metal—oxo 
and trans-ώαχο complexes. 

The lowest-lying 3E ((xy)\xz9 yz)1) excited states of these complexes are 
long-lived (20-22). In contrast to the octahedral ReCl 6 ~ ion, R e O C l 5

2 " 
is diamagnetic (23). Thus, it is likely to be electronically similar to 
Re0 2 (py) 4

+ . The present rhenium system therefore presents an unusual 
example of two adjacent oxidation states that are both potentially pho
toactive. A scheme taking advantage of this reactivity is illustrated in 
equations 6-8. 

R e C l 6

2 ~ + A A R e C l 6 - + A " (6) 

R e C l 6 " + H 2 0 —> R e v O C l 5

2 ~ + 2 H + + CV (1) 

R e v O C l 5

2 ~ + A A R e ^ O Q T + A"" (8) 
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7. M A V E R I C K E T A L . Redox Catalysis with Rh & Mo Complexes 135 

Thus, ReCl 6

2"~ is a possible starting material for a two-electron sequence 
in which both steps are photochemical, that is, in which reaction 1 is fol
lowed by reaction 4. This sequence is similar to the one we observed for 
Mo(NCS)6

3~ (7) and (Me 3[9]aneN 3)MoX3 (8) (photoredox followed by 
disproportionation, or reactions 1 and 3) in that two photons must be 
absorbed for each net two-electron reaction. Both of these are potentially 
more versatile than the sequence we discovered for V(phen) 3

2 + (reactions 
1 and 2), which requires that the entire two-electron transfer be driven by 
a single photon. Because two steps in the "two-photon" schemes can be 
endothermic, the doubly oxidized products can be more powerful oxidants 
than those formed in the "one-photon" mechanism. 

Acceptors such as 2,3,5,6-tetrachloro- (chloranil) and 2,3-dichloro-
5,6-dicyano-l,4-benzoquinone (DDQ) photooxidize R e C l 6

2 ~ reversibly. 
Tetranitromethane, on the other hand, functions as an irreversible oxidant. 
Irradiation of ReCl6

2~~ in the presence of C(N02)4 yields Re0 4 ~ as the 
final product, along with reduction products from ( ^ ( Ν Ο ^ (II). This 
reaction represents an unusual example of a photoinitiated three-electron 
oxidation. 

We have not yet determined the mechanism of the photooxidation of 
R e C l 6

2 ~ to R e 0 4 " using C(NO£4. In order to study possible rhenium-
containing intermediates in the absence of the strongly absorbing 
C(NO^)3~, we treated R e C l 6

2 ~ with the powerfully oxidizing cerium(IV) 
in aqueous HC1 solution. However, this experiment is made more compli
cated by the fact that C e ^ oxidizes chloride ion: 

Ce I V(aq) + Cr(aq) .—> Ce n l(aq) + }ci2(g) (9) 

This reaction occurs slowly under ordinary conditions (16, 17), but we 
found that it is in fact catalyzed by ReCl6

2~. (For example, a mixture that 
initially contains a 100-fold excess of Ce I V , after evolution of chlorine is 
complete, still shows essentially quantitative recovery of ReCl 6

2~.) In 
separate experiments without cerium(IV) (24), R e C l 6

2 ~ also catalyzes the 
electrochemical oxidation of C P to C L at a glassy-carbon electrode. 

Mechanism ofReCl6 -Catalyzed Cl2 Evolution 

These catalytic experiments are important because they indicate that an 
oxidized rhenium complex is a rapid oxidant. We first proposed the fol
lowing mechanism for C l 2 generation: 
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R e I V C l 6

2 " —> R e v C l 6 - + e~ (10) 

R e v C l 6 " + H 2 0 —* R e v O C l 5

2 - + 2H+ + C P (11) 

R e v O C l 5

2 - —» R e ^ O C l s " + e" (12) 

R e ^ O C l s " + CI" —» [Cl 5Re(OCl) 2-] (13a) 
H * C l > R e I V C l 6

2 " + HOC1 (13b) 

HOC1 + H + + C P — • C l 2 + H 2 0 (14) 

This mechanism incorporates previously reported oxorhenium(V) and 
oxorhenium(VI) complexes. It is similar to the one proposed by Meyer 
and co-workers (3) for [(bpy)2(H20)Ru]2(/z-0)4 +-catalyzed C l 2 evolution. 
The latter mechanism also involved two one-electron oxidations followed 
by direct attack of C P to form an intermediate containing coordinated 
hypochlorite (OCP) (see eqs 13a and 13b). The final step, the reaction of 
hypochlorous acid with HCl(aq) to form C l 2 , is rapid. 

To test this mechanism, we prepared K^RGYoCI^ (23) and 
K R e V I O C l 5 (25) separately. We found that solutions of K^ReOC^ in 
concentrated HC1 are stable indefinitely (in agreement with the results of 
Casey and Murmann (26)); even in 1 M HC1, the ion persists for a short 
period of time. The d 1 complex KReOCl 5 , on the other hand, is highly 
moisture-sensitive, reacting rapidly with aqueous HC1 of any concentration 
to produce R e v O C l 5

2 " " and chlorine gas (27). None of the solutions 
prepared from K 5 R e O C l 5 or K R e O C l 5 showed measurable catalytic 
activity for C l 2 formation. Thus, neither of these species is likely to be a 
part of the catalytic mechanism. 

We next studied the direct oxidation of R e C l 6

2 " by spectroelectro-
chemistry in C H 3 C N . The yellow-orange R e v product in this case showed 
an absorption spectrum (Figure 1) very different from that of R e v O C l 5

2 ~ 
(26); we assign the new bands to the non-oxo complex R e v C l 6 ~ . 
(Although previous reports on the synthesis of R e v C l 6 ~ (28, 29) did not 
discuss its spectral properties, the bands are similar to those of the 
isoelectronic OsF 6 (30).) The addition of small amounts of water to these 
solutions has little effect on the electrolysis. Even when the electrolyzed 
solutions are added to HCl(aq), no hydrolysis to R e v O C l 5

2 ~ occurs; 
instead, the spectral features of R e v C l 6 ~ persist for several seconds, to be 
replaced by those of R e C l 6

2 " . In contrast to the results obtained with 
oxorhenium complexes, the electrooxidized complex does show catalytic 
activity in 1 M HC1. Therefore, the singly oxidized species R e v C l 6 ~ is 
likely to be an active member of the catalytic cycle. 
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R e C l 6

2 7 R e C l 6 -

0-010 I Mi ι ι [ ι ι ι ι ι ι ι ι ι [ ι ι ι ι ι ι [ Μ [ ι ι ι ι ι ι M I [ I I M 

0.005 

Xi 

< 
0.010 

0.005 

400 500 600 700 800 900 1000 1100 1200 

λ/nm 

Figure 1. Portions of electronic absorption spectra recorded (a) before and 
(b) after one-electron electrooxidation (1.35 V vs. Fc+/Fc; gold minigrid 
OTTLE) of (Bu4N)2[ReCl6J (5 mM) in CHfiN. 

Oxo complexes appear not to be involved in the catalysis, and hence the 
rhenium-centered redox reactions may all be outer-sphere. Two possible 
mechanisms, based on formation of R e v C l 6 ~ and R e V I C l 6 as the active 
oxidants for C P , are outlined in Scheme II. Following initial one-electron 
oxidation (eq 15), R e C l 6 " may react with C P to form R e C l 6

2 ~ and a C l 2 " 
radical anion (eq 16). Then, C l 2 ~ could either disproportionate (eq 17) 
(31) or be oxidized directly (eq 18) either by the external oxidant or at the 
electrode, to produce C l 2 . An alternative route (reactions 19 and 20) 
involves further oxidation of ReCl 6 ~ to ReCl 6 , which could react with C P 
to produce R e C l 6

2 ~ and C l 2 . Our results, however, indicate that the one-
electron route of reactions 15-18 is the more reasonable. 
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R e C l 6

2 " —» R e C l 6 - H- e" (15) 

R e C l 6 " + 2Cr —» R e C l 6

2 " + Cl 2 "" (16) 

2C12- —» C l 2 + 2C1" (17) 

C l 2 - —» Q 2 + e" (18) 

R e C l 6 " —» ReCl 6 + e" (19) 

ReCl 6 + 2Cr —> R e C l 6

2 " + C l 2 (20) 

Scheme IL Possible mechanisms for ReCl6

2~-catalyzed 
oxidation of CT to Cl2. 

Electrode potentials for the C e I V / m and R e C l ^ - couples in 1 M 
H Q are ~1.46 and 1.70 V vs. NHE, respectively (see Experimental Sec
tion); estimates are available for the C l 2 ~ to C P ratio (~2.2 V) (32, 33) 
and R e C l 6

0 / ~ (>2.5 V) (12). Generation of C l 2 " (reaction 16) is consider
ably more favorable than oxidation of ReCl 6 ~ by C e I V (reaction 19); reac
tion 15 might be expected to be faster as well. Also supporting the 
mechanism of reactions 15-18 are our cyclic voltammograms for R e C l 6

2 ~ 
in aqueous H O . These show the most chemically reversible behavior (the 
ratio of cathodic to anodic peak current is closest to 1) at high scan rates 
and low [CP]. The less reversible nature of the process at low scan rates 
and high [CP] is consistent with a model involving scavenging of electro-
generated ReCl 6 ~ by C P (eq 16). 

Surprisingly, we also observed weak luminescence ( A m a x = 1500 nm; 
lifetime about 100 ns) in the C H 3 C N solutions containing electrogen-
erated ReCl 6 " . This discovery suggests that even simple non-oxo d 2 com
plexes may be useful for photochemical reactions. In particular, because 
ReCl 6 ~ is a powerful oxidant even in its ground state, we expect it to be a 
still more reactive species in its luminescent excited state. 

Catalytic Oxidation of Other Substrates 

Oxidation of C P to C l 2 in the chlor-alkali process is perhaps the best 
example of a catalyzed oxidation carried out in aqueous chloride-
containing solutions. This oxidation was traditionally carried out at gra
phite electrodes, which are slowly consumed under the operating condi
tions of high potential and current. However, the so-called dimensionally 
stable anode (DSA), which contains R u 0 2 as the active catalyst, has 
become increasingly popular (34). 
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7. M A V E R I C K E T A L . Redox Catalysis with Rh & Mo Complexes 139 

Both because of the success of the DSA in chlorine production and 
because of forecasts that the demand for C l 2 is expected to decrease over 
the next few decades (55), we were interested in using our system to oxi
dize substrates other than chloride ion. We therefore prepared a standard 
catalytic mixture containing Ce(IV) in 0.1 M HC1, with and without 
K^ReCl^ (The smaller acid concentration was chosen so as to decrease 
the uncatalyzed reaction rate and make catalytic effects easier to discern.) 
We then added a variety of organic compounds to these mixtures. 

Nearly all compounds tested, including CH 2 C1 2 and C H 3 C N (which 
are ordinarily considered to be resistant to oxidation), decolorized the 
C e ^ test solution at least slowly, even in the absence of R e C l 6

2 " . How
ever, with several substrates, oxidation was markedly accelerated when 
R e C l 6

2 ~ was added. Toluene, for example, was oxidized —60 times faster 
in the presence of ReCl 6

2~" (8 χ 10~4 M); under similar conditions, 
isopropyl alcohol was oxidized about 5 times faster when ReCl 6

2~* was 
added. The oxidation products in these reactions (primarily benzaldehyde 
from toluene, with smaller amounts of benzoic acid also detected; 
exclusively acetone from isopropyl alcohol) were the same whether or not 
ReCl 6

2~" was added. 
More detailed mechanistic studies of these systems, for example, via 

stopped-flow methods, may help to determine whether specific complexes 
among the species in our proposed Cl2-evolution mechanism function as 
rapid oxidants in the oxidation of organic substrates as well. However, 
clearly, the simple complex R e C l 6

2 ~ participates in several unusual types 
of redox reactions. (Experiments with benzyl alcohol as the substrate give 
little rate enhancement with Re; however, this molecule is oxidized pri
marily to benzoic acid, and very little benzaldehyde is formed. This 
chemoselectivity, and that for oxidation of toluene to benzaldehyde men
tioned previously, may also provide useful mechanistic information.) 

Photophysics and Photochemistry of Oxo Complexes 

The general features of the electronic structure of metal-oxo complexes 
were discussed extensively in the 1960s, based on absorption spectra of the 
'Vanadyl" (Vw02+) and "molybdenyl" ( M o v 0 3 + ) ions (36-38). Interest 
in these species has been rekindled in recent years by the discovery that 
closely related frans-dioxometal complexes with the d 2 configuration (such 
as Re0 2 (py ) 4

+ and Re0 2 (CN) 4

3 " ) phosphoresce in solution and undergo 
efficient excited-state redox reactions (20—22). A n electronic absorption 
and emission study of "molybdenyl" (d*) complexes in the solid state (39) 
has also contributed to this new area of inorganic photochemistry. 

The d 1 and d 2 species are both found with one oxo ligand, as M O L 4 
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or M O L 5 ; the d 2 species are also found as trans-MO^. A l l of these 
complexes can be treated with the qualitative energy diagram of Scheme I. 
The lowest-energy absorption band in both cases is assigned to the b2 —> e 
(xy -* xz, yz) transition. (The orbital designations used here are those for 
C 4 v symmetry.) In the d 1 complexes there is only one such transition, and 
luminescence from the lowest-energy excited state is always fluorescence 
(2E -+ 2B£. The d 2 configuration, on the other hand, leads to singlet and 
triplet excited states. In this case, the two lowest-energy bands are 1A1 —• 
3E and, at higher energy, 1A1 -» XE; phosphorescence is observed from 3E 
(20-22). 

Oxo-d Systems 

Among the most promising d 2 systems reported so far is Re0 2 (py) 4

+ , 
whose phosphorescence occurs with a maximum at 640 nm and a lifetime 
of 10 /*s in C H 3 C N at room temperature. This complex can be photooxi-
dized to the powerful oxidant Re0 2 (py ) 4

2 + , which is in turn capable of 
attacking organic substrates, apparently by Η-atom abstraction (22). More 
recent experiments have dealt with nitridorhenium(V) complexes, whose 
electronic spectral features are similar to those of the R e 0 2

+ species (40). 
We have now also observed luminescence and photoredox reactions 

for the monooxo complex Re v OCl 4 (CH 3 CN)"~ in acetonitrile solution. 
(The absorption spectrum of this ion, shown in Figure 2, is similar to that 
reported for R e v O C l 4 ( H 2 0 ) ~ in concentrated HCl(aq) (26).) We assign 
the two lowest-energy absorption bands to transitions from 1A1 to 3E and 
XE. (The fact that the intensities of the two bands are similar is probably 
the result of substantial mixing via spin-orbit coupling.) The maxima in 
the luminescence (~1300 nm) and absorption spectra (1175 nm) suggest 
an excited-state energy of approximately 8000 cm""1; the lifetime of the 
emitting state is about 100 ns. 

Cyclic voltammetiy performed on R e v O C l 4 ( C H 3 C N ) ~ reveals a 
quasi-reversible oxidation wave, with half-wave potential Ey2 ~1.0 V vs. 
Ag—AgCl. Accordingly, we have also carried out photochemical electron-
transfer experiments with the complex. Irradiation (λ >650 nm) in the 
presence of DDQ (2,3-dichloro-5,6-dicyano-l,4-benzoquinone) leads to 
formation of the radical anion DDQ~; this ion then disappears with 
second-order kinetics. These observations are consistent with reversible 
one-electron transfer: 

R e O C l 4 ( C H 3 C N ) " + DDQ A ReOCl 4 (CH 3 CN) + D D Q " (21) 

ReOCl 4 (CH 3 CN) H- DDCT ReOCl 4 (CH 3 CN)~ + DDQ (22) 
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ReOCl4(CH3CN)- in CBUCN 
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Figure 2 Electronic absorption (—) and luminescence (M) spectra for 
(Bu^sf)[RevOCl4(CH3CN)J in CH3CN at room temperature. The emis
sion spectrum was recorded by using a 5 χ 10~2 M solution, with 436-nm 
excitation and emission bandpass of ~30 nm. 

Kinetic analysis indicates a value of 3 χ 109 M - 1 s"1 for kb. We are now 
exploring the reactivity of the photogenerated Re(VI) complex in this sys
tem and the suitability of other Re(V) oxo complexes for photoredox reac
tions. 

Oxo~d Systems 

As part of our study of the photochemical properties of octahedral 
Mo(III) complexes, we attempted to prepare HB(Me 2 pz) 3 Mo I I I Br 3 ~ 
( M e ^ z H = 3,5-dimethylpyrazole), for comparison with the previously 
reported H B ( M e 2 p z ) 3 M o I I I a 3 ~ (41). Reaction of HB(Me 2 pz) 3 Mo(CO) 3 ~ 
with concentrated HBr(aq) yields M o O B r 4 ( H 2 0 ) " instead of the desired 
complex; however, solutions prepared from this Mo(V) product are 
luminescent! 

Electronic absorption and emission spectra of M o v O B r 4 ( C H 3 C N ) ~ , 
obtained by dissolving (Bu 4 N)[MoOBr 4 (H 2 0)] in C H 3 C N , are illustrated 
in Figure 3. Absorption (36—38) and solid-state luminescence (39) studies 
of these oxo-d1 species have established that the lowest-energy absorption 
and emission bands are associated with the 2B2 «-• 2E transition. However, 
these species have not previously been reported to fluoresce in solution at 
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Figure 3. Electronic absorption (—) and corrected fluorescence (M) spec
tra for (BuJSi)[MovOBr4(CH3CN)] in CH3CN at room temperature. The 
emission spectrum was recorded by using a 1 χ l€r3 M solution, with 436-
nm excitation and emission bandpass of ~15 nm. 

room temperature. (The fluorescence quantum yields for M o v O C l 4 -
(CH 3 CN)~ and M o v O B r 4 ( C H 3 C N ) - are -4.4 χ 1(Γ 4 and 1.4 χ ΙΟ" 4 

mol/einstein, respectively.) 
The photophysical properties of several Mo(V) and Re(VI) oxo com

plexes are presented in Table I. The most important features of these 
complexes are as follows. First, the longer-lived excited states are well 
suited to bimolecular reactions; in separate experiments, we showed that 
both MoOCl 4 (CH 3 CN)~ and MoOBr 4 (CH 3 CN)~ undergo photooxidation 
in the presence of acceptors such as tetracyanoethylene (42). Second, the 
aqua complexes M o O X 4 ( H 2 0 ) ~ are also fluorescent in CH 2 C1 2 . These 
are among the very few known aqua complexes that luminesce in room-
temperature solution. Third, we were surprised to find relatively intense 
fluorescence with these species, since Winkler (39) found that M o O C l 4 ~ 
(in which the axial ligand trans to the oxo group is absent) did not 
fluoresce measurably in solution. We repeated Winkler's work, and we 
found that the fluorescence of MoOCl 4 ~ in CH 2 C1 2 solution, although 
present, is indeed much weaker than that of the solvated species 
MoOCl 4 (L)~. Fourth, and again unexpectedly, complexes with chelating 
ligands such as Me3[9]aneN3 (see Table I) are also poorer emitters than 
MoOCl 4 (L)~. And finally, other d 1 oxo complexes, such as those of 
Re(VI) (data for ReOCl 5 ~ are included in Table I and Figure 4) and 
W(V) (43), also fluoresce. These results make it likely that a large 
number of other d 1 species will prove to be effective photoredox agents. 
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ReOCl 5 ~ 

300 400 500 600 700 800 900 1000 1100 1200 1300 

λ/nm 

Figure 4. Electronic absorption (—) and fluorescence (m) spectra for 
KRenOCl5 in HOAc-Ac20 at room temperature (300—830 nm, 5 χ 10Γ4 

M; 830—1000 nm, 4 χ 10~3 M, expanded x50). The emission spectrum 
was recorded with a 0.023 M solution, 436-nm excitation, and emission 
bandpass of ~30 nm. 

Summary 

We began our work with an exploration of the properties of d 3 complexes, 
using V(II) at first, followed by Mo(III) and Re(IV). We developed pho-
toinitiated two- and three-electron-transfer processes based on several of 
these starting complexes. Two important new developments are reported 
here. First, R e C l ^ - is an unusual example of a simple complex, without 
specially designed ligands, that shows high catalytic activity for oxidation 
of C P and organic substrates. Second, oxo-d1 complexes, as well as oxo 
and non-oxo d 2 species, closely connected with these photochemical and 
redox processes are themselves photoactive. Work now in progress 
includes combining the catalytic and photoredox properties of these com
plexes into photochemically driven catalytic cycles, and further exploration 
of excited-state electron- and atom-transfer reactions of the d 1 and d 2 oxo 
complexes. 
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Photoredox Chemistry of d4 Bimetallic 
Systems 

Colleen M. Partigianoni, Claudia Turró, Carolyn Hsu, I-Jy Chang, and 
Daniel G. Nocera* 

Department of Chemistry, Michigan State University, East Lansing, MI 
48824 

Excited states of quadruply bonded metal—metal complexes exhi
bit a rich oxidation—reduction chemistry with organic substrates. 
Irradiation of the Mo2(II,II) diarylphosphate, Mo2[O2P-
(OC6H5)2]4, in the presence of dihalocarbons yields olefin and 
the one-electron oxidized mixed-valence complex, Mo2[O2P-
(OC6H5)2]4+. Photodehalogenation proceeds from the 1(δδ*) 
excited state; the primary photoevent involves the one-electron 
reduction of substrate. Discrete two-electron reduction of alkyl 
halides is observed when the photoreagent is W2Cl4(dppm)2 

(dppm is diphenylphosphinomethane). The ability of the photo
generated intermediates and products to assume a bioctahedral 
geometry is an important factor in determining the two-electron 
photochemistry of this complex. The photoreactivity of W2Cl4-
(dppm)2 provides an excited-state complement to the oxidative
-addition chemistry of Vaska's complex. 

B l N U C L E A R METAL COMPLEXES continue to assume a prominent 
role in the light-initiated activation of organic substrates. The capacity of 
a bimetallic core to coordinate organic molecules at multiple metal sites, 
which feature complementary redox function upon light excitation, pro
vides the opportunity to photochemically promote the multielectron 
activation of a variety of substrates. The most popular and successful 
approaches to the photochemical activation of organic substrates by binu-
clear complexes have been predicated on the chemistry of d 7 - d 7 and 
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(18···<ΐ8 complexes (d 7 binuclear complexes feature a formal single 
metal—metal bond in the ground state (I), which is indicated by a line; the 
d 8 binuclear complexes are predicted to a first approximation to have no 
metal-metal bond in the ground state, but spectroscopic studies show a 
weak interaction (2, 5) that is indicated by the dotted line). Oxidation of 
organic substrates by net atom abstraction is the prominent reaction path
way for both classes of bimetallic compounds (4, 5). 

Qualitatively, the primary photochemical event of d 7 and d 8 binuclear 
complexes produces similar reactive intermediates. For the d 7 complexes, 
irradiation of metal-localized σ —• σ* and π —• σ* transitions typically 
results in the cleavage of the metal-metal bond to produce a "dissociative 
diradical" pair (·Μ, Μ· , Figure la) (5-9). Conversely, excitation of the 
lowest energy da* -+ πσ transition of d 8---d 8 complexes (10-12) yields an 
"associative diradical" pair ( ·Μ-Μ· , Figure lb) wherein the electrons of 
this triplet-configured lowest-energy excited state are localized formally on 
the metal atoms (11—14). Thus the excited state of binuclear d 8 com
pounds may be described chemically as a diradical tethered by a 
metal—metal bond, as compared to the dissociated diradical formed upon 
d 7 - d 7 photoexcitation. 

Inasmuch as the d7—d7 and d 8 ~»d 8 systems produce singly occupied 
metal-centered orbitals upon excitation, their activation chemistry is simi-

(a) I I 
—Μ-—-Μ

ην 

RX 

—M-X X—M — 

(b) 

hv 

1 ' »* 

RX 

(c) 

hv 

RX 

Figure I. Photooxidation mechanisms for the reaction of an organic sub
strate (RX) with the photogenerated (a) "dissociative diradical" of d7 and 
(b) "associative diradical" of $ binuclear complexes. Part c: The possible 
reaction of RX with a photogenerated charge-separated state of a binuclear 
complex. 
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8. P A R T I G I A N O N I E T A L . Photoredox Chemistry of d4 Bimetallic Systems 149 

lar. Namely, the occurrence of a single electron at a coordination vacancy 
of an individual metal center provides a site for substrate activation by 
atom transfer (4, 5, 7,14—16). Yet closer inspection reveals distinct differ
ences between the d 7 and d 8 bimetallic systems. The electronic energy of 
d7—d7 excited states is nonradiatively dissipated by metal—metal bond 
cleavage to produce reactive primary photoproducts. The facility of the 
dissociative decay channel renders the d 7 - d 7 excited state too short-lived 
(17) to permit its direct participation in substrate activation. On the 
other hand, the photogenerated associative diradical of d 8~*d 8 complexes 
represents a discrete excited state that is long-lived and capable of direct 
bimolecular reaction with substrate (18). This diradical is attractive 
because the thermodynamic driving force for the oxidation—reduction 
chemistry of a molecule in an electronic excited state is greater than that 
from its corresponding ground state. For this reason, substrate activation 
processes of binuclear d 8 molecules in electronic excited states offer the 
opportunity to design light-to-chemical-energy conversion schemes (19). 

Owing to the diradical nature of the binuclear d 7 and d 8 intermedi
ates, multielectron phototransformations of organic reactants by these sys
tem are confined to coupling sequential one-electron reactions. Because 
the diradicals photogenerated from d 7 binuclear complexes can quickly 
recombine (20, 21) and are uncoupled, selective multielectron activation 
of substrates by these complexes is difficult to control. To this end, the d 8 

systems are attractive because the oxidation-reduction processes of the 
individual metals are confined to a single metal—metal core. The associa
tive diradical permits the individual metal centers of the bimetallic core to 
cooperatively interact such that atom abstraction reactions can be coupled 
to effect the selective multielectron transformation of substrates. For 
instance, the excited states of the d8***d8 dimers Pt 2 (P 2 0 5 H2) 4

4 "" (14, 
22-24), Ir2(2,5-diiso(yano-2,5-dimethylhexane)4

2+ (25), and [Ir(pyrazole)-
l,5-cyclooctadiene]2 (26) promote the two-electron photoreductions of a 
variety of organic and organometallic substrates. The primary photopro-
cess involves hydrogen or halogen abstraction by the 3 ^σ*ρσ) excited state 
to give a mixed valence d 7 - d 8 intermediate and the corresponding organic 
radical. Subsequent trapping of the radical by the d7—d8 intermediate 
effects the overall two-electron reduction of the substrate. This mechan
ism successfully explains the photocatalytic conversion of 2-propanol to 
acetone by P t 2 ( P 2 0 5 H 2 ) 4

4 " (14) and the dehydrogenation of selected 
hydrocarbon substrates by Ir2(2,5-diisocyano-2,5-dimethylhexane)4

2+ (25). 
In contrast to a diradical approach, we have become interested in 

exploring the chemistry of excited states in which a redox pair of electrons 
of a binuclear core are singlet coupled ( : M " - M + , Figure lc). New pho-
toreactivity of electronically excited binuclear cores of this type may be 
expected because the system is ideally suited to the multielectron activa-
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tion of substrates at a single metal center of the bimetallic core. Two-
electron reductions of substrate may be promoted at the : M ~ site, whereas 
substrates susceptible to two-electron oxidation may react at the M + site 
(27—29). A : M ~ — M + excited state may be generated from a symmetric 
binuclear complex when charge is transferred from one metal to the other 
upon excitation (Figure lc). To this end, the metal-to-metal charge-
transfer (MMCT) character of the lowest-energy excited states of quadru-
ply bonded metal-metal (M=M) dimers (30) suggested to us that these 
species were logical candidates as : M ~ - M + photoreagents. 

Electronic Structure of d Bimetallic Systems 

The d 4 electron count of the metals comprising the quadruply bonded 
bimetallic complexes (D4h symmetry) renders a c r V ^ 2 ground-state elec
tronic configuration with a £-HOMO (highest occupied molecular orbital) 
and a £*-LUMO (lowest unoccupied molecular orbital) formed from the 
interaction of the d orbitals of the individual metal centers. Transitions 
involving the promotion of electrons to and from the H O M O and L U M O 
levels such as 6 —• 5*, π —* £*, and δ —> π* are predicted to exhibit M M C T 
character (31). Experimental studies (30) have shown this to be the case 
for the spin and dipole-allowed S -* δ* ( 1 A 2 u «- * A l g ) transition. Winkler 
and co-workers (32) determined a dipole moment of 4.0 D for the δδ* 
excited state of Mo 2 Cl 4 (PMe 3 ) 4 (relative to the nonpolar ground state), 
which corresponds to a partial charge transfer of 0.4 electron between the 
metal centers. Consistent with this prediction is their observation that the 
temporal evolution of the emission spectra occurs on the time scale of the 
microscopic solvent relaxation time. This result shows that solvent is an 
important controlling factor in the dynamics of δδ* luminescence and is 
indicative of dielectric coupling between the solvent dipoles and the 
developing charge distribution of the M=M excited state. Within the con
text of this spectroscopic framework, we have undertaken a comprehensive 
study of the photochemistry of binuclear quadruply bonded metal-metal 
complexes. 

Metal—Organic Photochemistry of d Bimetallic Phosphates 

The photoactivation chemistry of organic reactants by Mo=Mo dialkyl and 
diaryl phosphates, M o ^ O ^ O R ) ^ (R = C 6 H 5 , C 2 H 5 , or C 4 H 9 ) , occurs 
from low-energy excitation of the binuclear core. This condition is in con
trast to previous reports of M = M photochemistry, which has been res
tricted exclusively to ultraviolet excitation (33). Most of our work has 
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8. P A R T I G I A N O N I E T A L . Photoredox Chemistry of d4 Bimetallic Systems 151 

focused on the diphenylphosphate complex Mo 2 [0 2 P(OC 6 H 5 )2] 4 , which 
displays weak luminescence (<£em ~5 χ 10"4) in nonaqueous solutions and 
a sufficiently long lifetime (r 0 = 68 ns) to permit excited-state reaction 
upon S δ* excitation (34, 35). For example, the two-electron conversion 
of 1,2-dichloroethane (DCE) to ethylene and the mixed-valence 
Mo2(II,III) complex is promoted by visible light according to the reaction 

2Mo 2 [0 2 P(OC 6 H 5 )2 ]4 + C1CH 2CH 2C1 

2 M o 2 [ 0 2 P ( O C 6 H 5 ) 2 ] 4 C l + C H 2 C H 2 (1) 

The production of 0.5 equivalents of ethylene in conjunction with the 
quantitative formation of the mixed-valence complex has lead us to pro
pose the photochemical reaction mechanism shown in Scheme I. A n 
estimated electronic origin EQ0 (Mo 2 [0 2 P(OC 6 H 5 )2] 4 *) = 2.3 eV and a 
measured half-wave potential Èy2 [Mo2(II,II)/Mo2(II,III)] = -0.1 V versus 
the saturated calomel electrode (SCE) reveals that the electronically 
excited M o 2 [ 0 2 P ( O C 6 H 5 ) 2 j 4 is sufficiently energetic to directly react with 
D C E to yield · Ο Η 2 Ο ί 2 α and M o ^ O ^ O C ^ ^ C l . Subsequent reac
tion of the radical with another equivalent of Mo2(II,II) starting complex 
directly yields the observed photoproducts. Alternatively, if the organic 
radical intermediate is scavenged by the mixed-valence complex within the 
solvent cage, then the fully oxidized Mo2(III,III) complex is produced. 
The energetics of the Mo2(II,II/II,III) and Mo2(II,III/III,III) couples are 
such that comproportionation of Mo2(III,III) and unreacted Mo2(II,II) 

C H 2 — C H 2 
+ 

Mo 'Wci 
Mo 'W 

Mc^Mo^CI 
+ 

C!CH2CH2-

C H 2 — C H 2 

+ 

CIMo^Mo^CI M o ' ^ ' C I 
Mo Mo 

CICH 2CH 2-,Mo , ,Mo I , ,CI 

CICH2CH2CI 

hv (λ > 530 nm) 

Mo^Mo11 

Scheme I. Proposed mechanism for the photochemical reduction of 1,2-
dichloroethane by Mo2[02P(OC6H5)2]4. 
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diphenylphosphate will yield the mixed-valence species. Thus, the 
stoichiometry of the photoreaction is independent of whether the radical 
reacts inside or outside the solvent cage of the primary photoproducts. 

The M o 2 [ 0 2 P ( O C 6 H 5 ) 2 ] 4 complex also reacts with dihalocarbons 
other than DCE. Table I shows the quantum yields for reaction of 
selected substrates as determined by monitoring the disappearance of the δ 
—• δ* transition of M o 2 [ 0 2 P ( O C 6 H 5 ) 2 ] 4 at 515 nm and the concomitant 
appearance of the δ —> δ* absorption band for M o 2 [ 0 2 P ( O C 6 H 5 )2 ] 4 C l at 
1492 nm. The reduction of alkyl halides by transition metal donors can 
occur by outer-sphere or inner-sphere electron-transfer pathways (36, 37), 
the inner-sphere pathway being especially important for transition metal 
reductants featuring open coordination sites (38—40). In view of the 
vacant axial coordination sites of the metal-metal core, an inner-sphere 
reaction pathway is likely to play a significant role in the photoreduction 
of alkyl halides by electronically excited Mo2(II,II) diphenylphosphate 
complex. Computer-generated space-filling models show that the 
metal-metal core is readily accessible to axially approaching substrates. 

Quantum yield data for the photoreduction of D C E by Mo 2 [0 2 P-
(OC6H5)^4 in a variety of solvents suggest that reaction is indeed con
fined to the axial coordination site of the metal-metal core. As shown in 
Table I, the quantum yield for photoreaction decreases dramatically with 
the increasing ability of solvent to ligate the metal core at the axial coordi
nation site. For tetrahydrofuran (THF), the crystal structure of Mo 2 [0 2 P-

Table I. Quantum-Yield Data for the Reaction 
of M o 2 [ 0 2 P ( O C 6 H 5 ) 2 ] 4 and Dichlorocarbon 

in Various Nonaqueous Solvents 

Dichlorocarbon Solvent φ ο 
Ρ 

1,2-Dichloroethane 0.031 
1,2-Dichloroethane THF* 0.014 
1,2-Dichloroethane C H 3 C N * 0.0012 
1,2-Dichlorocyclohexane C 6 H 6

C 0.040 
1,2-Dichloroethylene W <5 χ 10-' 
o-Dichlorobenzene W NR 

"Quantum yield for the reaction of Mo2[02P-
(OC 6H 5) 2] 4 with dichlorocarbon as determined by 
using a ferrioxalate actinometer. 
^Concentration of chlorocarbon is 9 M. 
Concentration of chlorocarbon is 7 M. 
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8. P A R T I G I A N O N I E T A L . Photoredox Chemistry of d4 Bimetallic Systems 153 

( O C 6 H 5 ) 2 ] 4 · 2THF shows the solvent to completely block the metal-
metal core from substrate. Not surprisingly, the photoreduction of D C E 
by M o 2 [ 0 2 P ( O C 6 H 5 ) 2 ] 4 in this solvent is severely impeded. 

Metal—Organic Photochemistry 
of M2Cl4(diphenylphosphinomethane)2 Systems 

Although the net photoreduction of dihalocarbons is promoted by 
Μο 2 [0 2 Ρ(00 6 Η 5 )2] 4 , two-electron reaction of the binuclear core is hin
dered by the fact that oxidation to Mo2(III,III) diphenylphosphate is a 
thermodynamically unfavorable process (Ey [Μο2(ΙΙΙ,ΙΙΙ/1Ι,ΠΙ)] = 1.00 V 
vs. SCE). A recurrent theme in M = M chemistry is that oxidation of the 
binuclear metal core is accompanied by rearrangement of the ligating 
sphere to confacial, 1 (41—47), or edge-sharing bioctahedral, 2 (48—52), 
geometries, which stabilize the binuclear metal core by ensuring an 
octahedral coordination geometry about the oxidized metal centers. With 
the "lantern" structure, 3, the rigid tetrakis ligation geometry of the 
bidentate phosphate ligands cannot accommodate such a bioctahpdpl 
rearrangeme^. For these reasons we turned our attention to M 2 X 4 ( P P ) 2 

complexes (Ρ Ρ is bridging phosphine and X is halide), 4, where the termi
nal halide ligands can rearrange to form an edge-sharing bioctahedral 
coordination (53—56) about photo-oxidized binuclear cores. 

1 2 3 4 

Transient Absorption Spectroscopy, The iipçortance of bioc
tahedral geometries in the photochemistry of M 2 X 4 ( P P ) 2 complexes is 
evident from their transient absorption spectroscopy. Figure 2 displays 
the time-resolved absorption spectrum of a deoxygenated C 6 H 6 solution of 
W 2Cl 4(dppm) 2 (dppm is diphenylphosphinomethane) collected 100 ns 
after a 532-nm excitation pulse of a N d : Y A G laser. The transient absorp
tion spectrum features prominent maxima at 390 and 470 nm and decays 
to ground state within 46 μβ. Although not identified, long-lived absorp-
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Figure 2 Part a: Transient difference spectrum of a deoxygenated benzene 
solution of W2Cl4(dppm)2 (2 χ 10~3 M) collected 100 ns after the excita
tion pulse of the second harmonic of a Nd.YAG laser. Part b: Electronic 
absorption spectrum of W£l6(PEt^^ (—) and W2Cl6(dppm)2 (- - -) in 
toluene and CH2Cl2, respectively, at room temperature. 

tion profiles of nonlumineseent transients of this type for M = M complexes 
have been suggested to arise from chemically distorted intermediates (57). 
Indeed, near-UV absorptions with additional prominent features in the 
450- to 500-nm spectral range are ubiquitous to the spectra of dimolybde-
num and ditungsten edge-sharing bioctahedral complexes. As shown by 
Figure 2, the transient absorption features are energetically comparable to 
those observed in the spectra of the edge-sharing bioctahedral species 
(W 2Cl 6(dppm) 2: XQ. = 387 and 486 nm (55); W 2Cl 6(pyridine) 4: 
Àabs,max = 3 7 9 a n d 4 8 * n m (58)> W2Cl6(PEt3>4: 3 8 0 a n d 4 7 0 nm)' 

' The spectral profiles of the W 2Cl 4(dppm) 2 transient and edge-sharing 
bioctahedral complexes exhibit common features despite the differences in 

Pu
bl

is
he

d 
on

 M
ay

 5
, 1

99
3 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
ba

-1
99

3-
02

38
.c

h0
08



8. P A R T I G I A N O N I E T A L . Photoredox Chemistry of d4 Bimetallic Systems 155 

d-electron counts for the two systems. Such similarities may be accounted 
for by the prediction of a small gap in the H O M O - L U M O manifold (49, 
59—63). Inasmuch as the lowest energy transitions would be predicted to 
lie in the near-IR region, higher energy visible absorptions for these sys
tems may have similar transitions that are not of H O M O ^ U M O paren
tage. Notwithstanding, the similarities between W 2 Q 4 ( P P ) 2 transients 
and edge-sharing bioctahedral complexes are striking and have led us to 
suggest that the chemically distorted intermediate responsible for the 
long-lived nonluminescent transient spectra of M 2 X 4 ( P P ) 2 species is an 
edge-sharing bioctahedron (eq 2). 

ι 1 
Ρ Ρ 

il I · * il ι- hv 
M M — — 

4 4 
I I 

A n edge-sharing ligand rearrangement provides cooperative stabiliza
tion of a charge-separated core by achieving an octahedral geometry about 
the oxidized metal center and by diminishing the donation of electron den
sity from the halides about the reduced metal center. Charge transfer 
within the homobimetallic core does not appear to be solely sufficient to 
promote rearrangement because the structurally distorted intermediate is 
not observed to form upon SS* excitation, but rather is observed only 
when the higher energy πί* or δπ* transitions are excited. These states 
not only possess charge-transfer character, but their population should 
also lead to a diminished metal-metal π-bonding interaction relative to 
that of the ground-state molecule. This feature is expected to enhance 
formation of a bioctahedral intermediate because interactions of the metal 
ûyz (or d^) orbitals with those of ligands in the equatorial plane of an 
edge-bridging bioctahedron occur at the expense of Μ—Μ π interactions. 

Excited-State Reactivity. The photochemistry of the W 2 C1 4 -
(dppm)2 binuclear complex is consistent with transient spectroscopic 
results. Although CH 3 I (Mel) solutions of W 2Cl 4(dppm) 2 are indefinitely 
stable at room temperature in the absence of light, excitation with fre
quencies energetically coincident with the metal-localized δπ* and πδ* 
transitions leads to the quantitative production of a single product. 
Chemical and spectroscopic analyses have shown that the product 
corresponds to the addition of Mel to the tungsten-tungsten bond to yield 
W 2Cl 4(dppm) 2(CH 3)(I) (62). Although the unequivocal determination of 

Ρ Ρ 

M M (2) 

Ρ Ρ 
. J 
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the coordination geometry about the tungsten—tungsten bond has been 
impeded by our inability to obtain single crystals for X-ray structural 
analysis, the electronic absorption spectrum of the photoproduct is similar 
to that of edge-sharing bioctahedral species, and * 3 C N M R spectroscopy 
indicates that the methyl group is more likely to be in a terminal rather 
than a bridging position. Terminal coordination of the methyl group is 
consistent with addition of the substrate to an open coordination site of a 
photogenerated edge-sharing bioctahedral intermediate. 

Simple addition of substrate to the binuclear core is not observed for 
photoactivation reactions involving free radical mechanisms. Photolysis of 
C H 3 C H 2 I (EtI) solutions of W 2Cl 4(dppm) 2 yields two products, one of 
which displays the spectral properties of independently prepared W 2C1 4-
(dppm)2I2. The parent ion cluster of this product appears at 1531 amu in 
the fast-atom bombardment mass spectrum (FABMS) of solids isolated 
from photolyzed solutions (Figure 3a). In addition the parent ion cluster 
of W 2Cl 5(dppm) 2I at 1441 amu is also observed in the FABMS of the 
photoproduct. This pentac^oro product is a signature of the free radical 
photoreactions of M ^ 1 4 ( P P) 2 complex^ We have accounted for the 
formation of M 2C1 5(P P ) 2 X and^jj^Cl^P P ) 2 X 2 products with a radical 
mechanism wherein the M 2C1 4(P P)2_çomplex photoreacts with substrate 
to produce a mixed-valence M 2C1 4(P P ) 2 X primary photoproduct (eq 3) 
that disproportionates by either chlorine (eq 4) or X atom (eq 5) transfer 
(35, 62). 

A similar disproportionation mechanism involving halogen atom 
transfer between mixed-valence intermediates for the photochemical reac
tion of diplatinum pyrophosphite with aryl halides has been proposed 
(64). By invoking the mechanism here, the observed photoproducts are 
accounted for as follows: 

W 2 Cl 4 (dppm)2 + EtI W 2 Cl 4 (dppm) 2 X + -Et (3) 

2W 2Cl4(dppm) 2X —» y[W 2 Cl 5 (dppm) 2 X + W 2Cl 3X(dppm) 2] (4) 

2W 2Cl 4(dppm) 2X —> y[W 2 Cl 5 (dppm) 2 X + W 2Cl 4(dppm) 2] (5) 

This reaction sequence is supported by the electrochemistry of 
W 2 Cl 4 (dppm) 2 in the presence of I", which permits the mixed-valence 
W 2Cl 4(dppm) 2I intermediate to be accessed independently of a photo
chemical reaction pathway. Cyclic voltammograms of toluene-Mel solu
tions of W 2Cl 4(dppm) 2 show the reversible one-electron W 2 Cl 4 (dppm) 2

+ / 0 

wave at +0.1 V versus a Ag wire quasi-reference electrode (Figure 4a). 
Upon the addition of I", the cathodic component of the one-electron oxi-
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1300 1350 1400 1450 1500 1550 

M / Z 

Figure 3 Fast-atom bombardment mass spectra ofphotolyzed ( X ^ > 436 
nm) solutions of (a) (dppm)2 and Mel and (b) (dppm)2 and EtI in 
CH2&2. Selected peak assignments are shown with [W] = W2(dppm)2. 
Each ion cluster is flanked by a solvent adduct peak that is indicated by an 
asterisk 

dation wave disappears, and scanning cathodically gives rise to a reversible 
wave at —0.82 V . This reduction process coincides with the one-electron 
reduction (shown by the dashed line in Figure 4b) of independently 
prepared W2Cl4(dppm)2I2. (Unfortunately, we have not been able to 
prepare and cleanly isolate W2Cl5(dppm)2I, and thus its cyclic voltammo-
gram is not available for comparison. However the potential for 
W 2Cl 6(dppm) 2 is only 0.13 V greater than that of W2Cl4(dppm)2I2, and 
thus the wave at -0.82 V may very well reflect the reduction of both 
W2Cl5(dppm)2I and W 2Cl 4(dppm) 2I 2). These data are consistent with the 
disproportionation mechanism shown in reactions 3 and 4. The efficient 
trapping of W 2 Cl 4 (dppm) 2

+ by I~ is in accordance with the absence of the 
cathodic component of the W 2 Cl 4 (dppm) 2

+ / 0 redox wave when I~ is 
present, and the disproportionation of the W2Cl4(dppm)2I is suggested by 
the appearance of the reduction wave of W 2Cl 4(dppm) 2I 2. 

The observations of simple photoaddition of Me l to terminal coordi-
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1 I I I 1 
-1.0 -0.5 0.0 

Potential / V vs. Ag QRE 

Figure 4. Cyclic voltammograms of toluene-Mel solutions containing (a) 
W2Cl4(dppm)2 (1 mM) and (b) W2Cl6(dppm)2 (1 mM) plus tetrahexylam-
monium (TEA) iodide (5 mM) (—) and independently prepared 
W2Cl4(dppm)2I2 (- - -). The supporting electrolyte is 0.1 M THAPF& 

nation sites of the ditungsten core, coupled with the absence of radical 
photoproducts including ethane, W 2Cl 5(dppm) 2I, and W 2Cl 4(dppm) 2I 2 

(see Figure 3b) suggest a photoreaction pathway in which substrate is 
activated at a distinct tungsten atom of the photoexcited bimetallic core. 
The formation of the edge-sharing bioctahedral intermediate appears to be 
central to the photoreactivity of W 2Cl 4(dppm) 2. This distortion enhances 
the charge-separated character of the photoexcited binuclear core and 
simultaneously provides two open coordination sites at the reduced metal 
center. In this regard, the photoreactivity of the W 2Cl 4(dppm) 2 system 
parallels the oxidative-addition chemistry of mononuclear d^ square-
planar metal complexes (65, 66). In both cases addition of substrate is 
promoted at a low-valent, coordinatively unsaturated M L 4 center to yield 
a saturated octahedral geometry about the active site. Additionally, 
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8. PARTIGIANONI ET AL. Photoredox Chemistry of d4 Bimetallic Systems 159 

activation of substrate by photoexcited quadruply bonded complexes and 
ground-state d 8 square-planar metal complexes exhibit parallel reactivity 
trends. 

The variation in photochemical reactivity of W 2Cl 4(dppm) 2 with Mel 
and EtI by simple addition and one-electron radical pathways, respectively, 
is also observed for the reaction of these substrates with Vaska's complex, 
#ms-IrCl(CO)(PR 3 ) 2 (67). A radical chain mechanism was proposed (67) 
for the oxidative-addition of EtI based on the attenuation of the rate in 
the presence of radical inhibitors. Conversely the rate is unaffected by 
radical inhibitors when M e l is the reactant. The solvent dependence and 
large negative activation entropy with Mel as the oxidative-addition sub
strate are consistent with a nucleophilic S N 2 mechanism that entails the 
addition of the electropositive H 3 C * + to the metal center followed by 
rapid addition of the displaced iodide. However, a mechanism involving a 
very short-lived radical cage cannot be ruled out. 

Similarly, this is the case for the photoreaction of Mel with 
W 2Cl 4(dppm) 2. The addition of Mel to the bimetallic core may proceed 
by sequential one-electron transfer within a solvent cage or via a concerted 
transition state. Our ability to open the temporal window of reactivity by 
photochemically promoting the addition of substrate to a bimetallic core 
should provide us with the opportunity to explore the most fundamental 
mechanistic issues of multielectron transformations of substrate by tran
sient laser methodologies. 

Conclusions 

The photochemistry of the d 7 - d 7 complexes with benzyl chloride 
(PhCH 2Cl), and d 8 - - d 8 and d 4=d 4 complexes with Mel is evocative of the 
primary photoprocesses of these bimetallic cores. Isolation of Mn(CO) 5 Cl 
from irradiated solutions of M n 2 ( C O ) 1 0 and PhCH 2 Cl (68) is in accor
dance with metal—metal-bond homolysis to produce a mononuclear frag
ment with a hole in a da orbital, which is rendered inactive upon abstrac
tion of an chloride atom from PhCH 2 Cl to produce a coordinatively 
saturated primary photoproduct. Consequently subsequent interaction of 
the metal center with the ben2vl radical is obviated. 

This is not the case for d8»*«d8 systems. The addition of substrate to 
the axial sites of the bimetallic core (69) is consistent with the diradical 
nature of d8«*-d8 electronic excited states. Initial abstraction of iodide 
with subsequent trapping of the incipient methyl radical by the neighbor
ing radical center establishes a cooperative redox function between the 
individual metals comprising the bimetallic core. Similar cooperative 
redox function is observed for the d 4=d 4 photoactivation chemistry. In the 
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M = M photochemistiy, although one metal may not be directly involved in 
activation of substrate, it plays an important role in providing the reducing 
equivalents to its neighboring active site upon photoexcitation. 

Charge transfer within the bimetallic core is a crucial primary step to 
the novel reactivity offered by d 4 binuclear complexes. Our current stu
dies are centered on further enhancing the M M C T character of M = M 
excited states by introducing chemical asymmetry in or about the bimetal
lic core. Certain ligands coordinate M = M cores with an asymmetric 
disposition. For instance, the introduction of a fluorine at the 6-position 
of the 2-hydroxypyridine prompts one metal center to be coordinated 
entirely by nitrogen atoms and the other metal center entirely by oxygen 
atoms (70). Alternatively, heterobimetallic Mo=W cores (71) present a 
straightforward means to further accentuate the charge-transfer character 
in metal-localized excited states. Studies are underway to elaborate the 
photochemistry of Mo=W complexes, and to assess the influence of the 
asymmetric core on photoreactivity with comparative studies of the 
appropriate M o 2 and W 2 complexes. 

Finally, we continue to explore the scope of chemical reactivity of 
M = M excited states. As inferred by Creutz and co-workers (72) from 
their work on the self-exchange kinetics of the CpM(CO) 3 ~-CpM(CO) 3 X 
(M = Mo or W; X = CI, Br, or I) systems, an electron pair situated on a 
coordinatively unsaturated metal center is well-suited to receive an X + 

atom (72). On this basis, the : M " ~ - M + character of M = M excited states 
provides the underpinning for the design of photochemical activation 
schemes based not only on oxidative-addition but X + transfer as well. 

The discrete multielectron photochemistry of d 4=d 4 compounds 
further expands upon the coupled electron transfer and X· atom transfer 
multielectron activation chemistry offered by the d 7 - d 7 and d 8*~d 8 com
plexes. In this sense bimetallic complexes assume a unique position as 
photosensitive metal—organic systems with their potential to offer a full 
complement of photoreactivity. With the continued discovery of new 
excited-state reaction pathways of bimetallic systems, it should soon be 
possible to tailor the diverse chemistry required for the activation of 
organic substrates to a specific family of bimetallic photoreagents. 
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Patterned Imaging of Palladium and 
Platinum Films 

Electron Transfers to and from Photogenerated 
Organometallic Radicals 

Clifford P. Kubiak, Gregory K. Broeker, Robert M. Granger, 
Frederick R. Lemke, and David A. Morgenstern 

Department of Chemistry, Brown Laboratories, Purdue University, 
West Lafayette, IN 47907 

Photogenerated [M(CNR)3]•+ radicals, formed by σ,σ* homolysis 
of the M-M bond of M2(CNR)6(PF6)2 (M = Pd or Pt; R = CH3 

or tert-C 4H 9), were found to be significantly stronger reductants 
and oxidants compared to their parent ground-state dimers. The 
kinetics of electron transfers to and from photogenerated 
[M(CNR)3]•+ radicals were examined by laser flash photolysis. 
Photogenerated [M(CNR)3]•+ radicals were found to be single
-electron reductants of various electron acceptors with electron
-transfer rate constants of up to 2 x 108 M-1 s-1. Photogenerated 
[M(CNMe)3]•+ radicals were also found to be single-electron oxi
dants of a homologous series of redox-tuned ferrocene electron 
donors. The electron-transfer rate constants, ke, exhibit 
Marcus—Agmon—Levine dependence on reduction potential E0 

(ferricinium—ferrocene), modulated by preequilibrium loss of one 
isocyanide ligand. The radical species [PdCNMe) 3 ]•+ may also 
be prepared in the gas phase where electron-transfer reactivity 
also has been observed. Patterned metal films were prepared by 
exploiting the enhanced redox properties of photogenerated 
[M(CNR)3]•+ radicals. 

X - / A S E R DIRECT W R H I N G of conducting metal features has received 
considerable attention as a means of defining and wiring a micrometer-

0065-2393/93/0238-0165$06.00/0 
© 1993 American Chemical Society 
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166 P H O T O S E N S I T I V E M E T A L - O R G A N I C S Y S T E M S 

scale circuit in a single step (1-4). We have employed the significantly 
enhanced oxidation-reduction properties of organometallic radicals that 
are formed by single-photon excitation of metal-metal ( M - M ) bonded 
binuclear species to optically image metal films. The photochemistry of 
metal-metal σ-bonds has been an area of considerable interest over the 
past several years (5). The σ,σ* or άπ,σ* excited states of M - M bonded 
species generally are dissociative with respect to the formation of reactive 
organometallic free radicals. We first reported the σ,σ* photochemistry of 
the d 9 ,d 9 hexakis(isocyanide) binuclear palladium and platinum complexes, 
M 2 ( C N R ) 6 ( P F 6 ) 2 (6), in 1985 (7). Photogenerated [ M ( C N R ) 3 ] e + (M = 
Pd or Pt) radicals are reactive toward ligand substitution and atom 
abstraction (7, 8). 

More recently, we studied the electron-transfer chemistry of photo
generated [ M ( C N R ) 3 ] e + (M = Pd or Pt) radicals (9,10). The reactivity of 
photogenerated [ M ( C N R ) 3 ] e + radicals toward electron transfers provides 
the basis for photochemical metal-film deposition. Photogenerated metal 
radicals are both potentially stronger oxidants and reductants compared to 
their parent ground-state M - M bonded complexes. The enhancement of 
oxidation—reduction reactivity is the predicted result of a nonbonded elec
tron of the radical that is more energetic than the corresponding Μ—Μ σ-
bonding electrons in the ground configuration; and a hole in the radical's 
electronic configuration that is deeper than the corresponding anti-
bonding holes in the ground configuration. An interaction diagram for a 
pair of [ M ( C N R ) 3 ] # + radicals, the resulting σ and σ* energy levels of 
[ M 2 ( C N R ) 6 ] 2 + , and the representative structure of [Pd 2 (CNMe) 6 ] 2 + are 
shown in Figure 1. 

The [ M ( C N R ) 3 ] e + (M = Pd or Pt) radical systems provide an unpre
cedented opportunity to study the energetics and dynamics of both the oxi
dative and reductive electron-transfer processes of an organometallic radi
cal (eq 1). 

c 
- Γ R 

Ν 
C 

m i C - M O 4^ FNiC—MCT) « FNiC—<JD (1) 

, 1 0 

The electron transfers are examined within the context of the 
Marcus—Agmon—Levine (11—18) theoretical framework for electron 
transfer in order to elucidate (1) the energetics of electron transfers, and 
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* \ electron stronger 
/ \ reductant , 

+ L / \ L + 

1=—M^ft —\—{ \—I— M—L 
hole stronger ^ 
oxidant 

2+ 

C N C H 3 

I 
CH 3 N=C—Pd - P d — C i N CH 3 

C C H 3

N 

KH3 

Figure 1. Interaction diagram for two d9 ML3'+ fragments and the struc
ture of[Pd2(CNMe)6l2+. 

(2) the relative importance of structural and solvent reorganizational bar
riers for electron transfers. Furthermore, the same highly energetic 
[Pd(CNMe) 3]* + radical ion that can be prepared by photochemical σ,σ* 
excitation in solution can be prepared in the gas phase where its electron 
transfers can be studied by Fourier transform mass spectrometry (FTMS) 
in the absence of solvent (19). Both the reductive and oxidative electron-
transfer reactivities can be exploited for the photochemical deposition of 
metal films. The properties of metal films that were prepared by direct 
chemical and electrochemical reduction of [M(CNR) 3 ] ' + radicals are dis
cussed. 
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Electron Transfers to and from [Pd(CNMe)3]+*: Kinetics 
and Mechanism 

Laser transient absorbance (TA) studies have provided many of the essen
tial kinetic and mechanistic details of the chemistry of photogenerated 
[ M ( C N R ) 3 ] , + radicals. Here we will consider both the reductive and oxi
dative electron-transfer behavior of the palladium system, [Pd(CNMe) 3 ] # + . 
Laser flash photolysis of Pd 2 (CNMe) 6 (PF 6 ) 2 produces an intense transient 
absorbance at A m a x = 405 nm in acetonitrile, a wavelength at which there 
is no interference from the parent dimer ( A m a x = 307 nm). The transient 
absorbance decays by second-order kinetics, corresponding to the recombi
nation of [Pd(CNMe) 3 ] e + radicals (eq 2). 

Me — ! 2 + Me 1 + 
Ν Me 1 M ' 
C C 
I y° ^ I 

MeNfC-Pd -Pd—ONMe « » 2 Uj>Pd—CsNMe (2) 
C M ^ Ç 
Ν Ν 
Me Me 

The transient absorbance instrumentation in use in our laboratories 
was described elsewhere (10, 20). A n unusual characteristic of 
pWCNMe)^* 4 " radicals is their intense molar absorptivity, e = 50,000 
M~* cm" 1 at 405 nm. The signature electronic transition of the radical 
has been assigned to an allowed d,p transition, which becomes accessible 
in a d 9 electronic configuration of a metal with a relatively small d,p 
energy gap. A similar assignment was reported by Caspar (21) for d 1 0 

Pd(0) diphosphine complexes. The recombination rate constant, fcr, was 
determined to be 1 χ 109 M"" 1 s"1, approaching the diffusion-controlled 
limit in acetonitrile (9). 

The first direct observation of electron transfer from a photogen
erated organometallic radical of the platinum group was reported in 1986 
(9). Flash photolysis of an acetonitrile solution of P d ^ C N M e ^ P F ^ in 
the presence of one of the electron acceptors, A [A = ΛζΛΓ'-propylene-
1,10-phenanthrolinium (PPQ 2 + ) , benzyl viologen ( B V 2 + ) , methyl viologen 
( M V ^ + ) , and 2,5-dichlorobenzoquinone (DCBQ)] leads to rapid electron 
transfer from [Pd(CNMe) 3 ] e + to the acceptor. The disappearance of 
[Pd(CNMe) 3 ] # + absorbance at 405 nm is observed together with the syn
chronous appearance of the reduced form of the acceptor ( P P Q e + , B V e + , 
M V * + , etc.) at a different wavelength. Electron-transfer rate constants 
from [Pd(CNMe) 3 ] e + radicals to the different electron acceptors, A , are 
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9. K U B I A K E T A L . Patterned Imaging of Palladium & Platinum Films 169 

Table I. Electron-Transfer Rate Constants 
for the Reduction of Electron Acceptors 

by Photogenerated [Pd(CNMe)3]#+ Radicals in CH 3CN 

Electron Acceptor (A) E° (A/A'~) vs. SCE ke (AT1 s'1) 

-0.13 2 x 108 

B2;0 -0.36 1 χ 108 

-0.45 3 χ 107 

y 
0 

-0.18 3 χ 107 

presented in Table I. These rate constants, ranging from 3 χ 10' to 2 χ 
108 M"" 1 s"1, show that electron transfers are rapid for electron acceptors 
as difficult to reduce as methyl viologen, E° ( M V 2 + / + ) = -0.45 versus the 
saturated calomel electrode (SCE). These results also indicate that photo
generated [Pd(CNMe) 3 ] e + radicals are sufficiently potent reagents for the 
reduction of other metal ions, including A g + and Au(CN)2"~ to metal 
films. Results from our laboratory show that this is indeed the case. Pal
ladium radicals can be used to mediate the photodeposition of both silver 
and gold. Well-established methods for depositing these metals already 
exist and do not involve sacrificial palladium, but very few methods exist 
for the direct photodeposition of the technologically important metals pal
ladium and platinum. Accordingly, we have focused our studies on the 
reductive couple, [ M ( C N R ) 3 ] + / 0 , of photogenerated [M(CNR) 3 ] ' + (M = 
Pd or Pt) radicals. 

Irradiation (λ = 313 nm) of Pd 2 (CNMe) 6 (PF 6 ) 2 in the presence of 
decamethylferrocene in acetonitrile leads to the disappearance of the 
dimer and the appearance of a new absorbance at 777 nm, corresponding 
to decamethylferricinium. Another new absorbance at 410 nm 
corresponds to [Pd iCNMe)^ (22, 23). The oligomeric Pd(0) species 
[Pd(CNR)2]M (R = isopropyl, C 6 H n , Ph, ^ - M e C ^ , or p-MeOC 6 H 4 ) 
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170 PHOTOSENSITIVE M E T A L - O R G A N I C SYSTEMS 

have been reported (22, 23) to be unstable in polar solvents, and indeed, 
within a few minutes the absorbance at 410 nm disappears and metallic 
palladium is deposited in the photolysis cell. Irradiation of an identical 
solution at 438 nm (within the decamethylferrocene absorption band) 
leads to no reaction. Refluxing the solution also has no effect. 

For our studies of the electron-transfer kinetics for the reductive cou
ple, [Pd(CNMe) 3 ] + / 0 , we chose to use a homologous series of electron-
donor ferrocenes. For a structurally similar, homologous series of elec
tron donors, D, of differing E° ( D + / 0 ) , the barrier to self-exchange (eq 3) 
can be considered to be comparable throughout the series, 

D + D + —> D + + D (3) 

and the rate constants that describe the formation and breakup of the 
activated complex, kd, k_& and k_d\ are also comparable (eq 4). 

Pd(CNMe) 3

e + + D À [Pd(CNMe) 3

e + , D] [Pd(CNMe) 3°, D + ] 

^ > Pd(CNMe) 3° + D+ (4) 

Under these conditions, the Marcus-Agmon-Levine (11—18) theory 
allows a quantitative description of the dependence of electron-transfer 
rate on driving force within the series. The kinetic scheme of equation 4 
has been discussed by several authors (24-26) and leads to the key defini
tions summarized as follows. The overall electron-transfer rate constant, 
ke, is given by equation 5 (27). 

^et ^ - d ' êt 

where ket and k_et are the unimolecular forward and reverse electron-
transfer rate constants, respectively, within the activated complex. For 
electron transfer between a singly charged ([Pd(CNMe)3]*"f) and neutral 
(ferrocene) species, no complications result from electrostatics, and thus 
from equations 6 and 7, the overall expression for the electron-transfer 
rate constant, equation 8, can be obtained. 
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9. K ï J B i A K E T A L . Patterned Imaging of Palladium & Platinum Films 171 

exp 
AG 
RT 

kct° exp -AG* 
RT 

1 + AG* AG 1 + 
k ° CXP 

K et 
RT + , , exp RT 

(6) 

( 7 ) 

(8) 

where AG is the free energy change associated with the electron transfer, 
AG* is the free energy of activation, R is the gas constant, and Γ is abso
lute temperature. Both Meyer and co-workers (24) and Balzani et al. (25) 
developed kinetic interpretations based upon these equations, and their 
results are essentially equivalent. Only one other consideration remains: 
the expression that relates AG* to AG. Several conflicting equations 
have appeared in the literature (28). They are distinguishable only in the 
region of very large driving force. We use the model in equation 9, origi
nally developed by Marcus (18). 

AG* = AG + ^ ψ - In 
In 2 

1 + exp AG In 2 
AG*(0) (9) 

If the reaction is adiabatic and the driving force is large, the electron 
transfer should be substantially faster than the breakup of the activated 
complex (kct > > k_d). The model then predicts that at large driving force 
(̂ et > > -̂et)> t h e o v e r a U electron-transfer rate, ke will saturate at ke = 
kd. The rate constant for formation of the activated complex, kd, is 
approximately equal to the diffusion-controlled rate constant. In acetoni
trile at 25 °C, the diffusion-controlled rate constant is calculated to be 1.9 
χ 10 1 0 M - 1 s"1 from the Stokes-Einstein equation. With this back
ground, we will now consider the kinetics of electron transfers between 
photogenerated [Pd(CNMe) 3]" + radicals and a homologous series of fer
rocene electron donors. 

The electron-transfer rate constants, determined by transient absor
bance kinetics, for the reduction of photogenerated [PdiCNMe)^" 1" radi
cals by a homologous series of ferrocenes are shown in Table II. The fer-
rocenes span nearly 1 V in their oxidation potentials (28, 29). The 
electron-transfer rate for Ι,Γ-dichloroferrocene, the ferrocene most stable 
to oxidation (half-wave potential Elfl = +0.77 V vs. SCE), was too slow to 
measure. Figure 2 presents the data as a plot of log(fce) vs. Ey2 

(ferrocene-ferricinium). A surprising result of these studies is that the 
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measured electron-transfer rate constants, &e, saturate 2 orders of magni
tude below the diffusion-controlled rate in acetonitrile. The theoretical 
framework of Marcus-Agmon-Levine allows two possible explanations 
for the observed saturation in rate. First, it may be that the electron-
transfer reaction is nonadiabatic. In this case, poor electronic coupling 
between the initial and final state make ket < k_d, and so, even with a 
large driving force, the activated complex is most likely to fall apart before 
the electron transfer occurs. A second explanation is that one of the 
reagents (most likely [Pd(CNMe) 3] # +) undergoes changes governed by a 
preequilibrium constant, Ρχ* (19). In this case, the overall observed rate 
constant for electron transfer, & e

o b s , will consist of the actual electron 
transfer, ke modulated by the preequilibrium constant, Pf. 

Table II. Electron-Transfer Rate Constants 
for the Oxidation of Electron Donors, D, by Photogenerated [Pd(CNMe) 3 ] e + 

and [Pd(CN-fe/t-Bu) 3] e + Radicals in C H 3 C N 

ke (AT1 s-1) 
E° (D/D'+) 

D vs. SCE Pd2(CNMe)6

2+ Pd2(CN-\-Bu)^ 

FeCp 2* -0.09 9 χ 107 1.5 χ 108 

FeCpCp* 0.13 6 χ 107 -
Fe(CpMe) 2 0.31 3 χ 107 2.5 χ 107 

FeCp(CpCH 2OH) 0.38 3 χ 106 9.0 χ 106 

FeCp 2 0.42 2 χ 106 6.4 χ 106 

FeCp(CpI) 0.54 5 χ 104 1.5 χ 104 

The electron-transfer kinetic data in Table II are well accommodated 
by the model represented by equations 8 and 9 . However, the value 
obtained for A G * ( 0 ) was only 1.3 kcal/mol. The Marcus-Agmon-Levine 
theory predicts that A G * ( 0 ) is the average of the two-component self-
exchange free energies (eq 1 0 ) . 

A G * ( 0 ) = \AG*(?ûU+/0) + Y A G * ( F C + / ° ) ( 1 0 ) 

where L is ligand and Fc is ferrocene. The self-exchange barrier for ferro
cene is 5 . 3 kcal/mol (29, 30). Therefore, even if the self-exchange barrier 
for [Pd(CNMe) 3 ] + / 0 were zero, it would be impossible to satisfy equation 
1 0 . Hence, we reject the nonadiabaticity hypothesis and turn instead to 
the possibility of a preequilibrium. 
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10 

9-

Fe(Cp*)2 FeCpCp* 

• Fe(CpMe)2 

3 
•Pd 2 (CNMe) 6

2 + 

•Pd 2(CN-t-Bu) 6

2 + 

24 . . . . . . • 
- .2 -.1 0 .1 .2 .3 .4 .5 .6 .7 

E1/2 (ferrocene/ferrocinium) 

Figure 2. Plot of logQaJ vs. E1/2 (ferrocene-ferricinium) for electron 
transfers between photogenerated radicah denved from photolysb of 
Pd2(CNMe)6(PF6)2 and [Pd2(CN-tert-Bu)6][PF6/2 and vanously substi
tuted ferrocene electron donors. 
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The kinetics of electron transfer between [Pd(CNMe) 3 ] # + and the 
various ferrocenes were reexamined in the presence of different concentra
tions of CNMe. The electron-transfer rate constants, & e

o b s , display an 
inverse linear dependence on CNMe. These results lead to the surprising 
conclusion that preequilibrium dissociation of methyl isocyanide is 
required before electron transfer (eqs 11 and 12). 

[Pd(CNMe) 3] + e [Pd(CNMe) 2] + # + CNMe (11) 

[Pd(CNMe) 2] +- + e" -£i» Pd(CNMe) 2 (12) 

The average dissociation constant for the various ferrocenes examined was 
i W C N M e = α 0 0 5 · 

Several of the most surprising aspects of the chemistry of photogen
erated [Pd(CNMe) 3]* + radicals in solution gain support from an examina
tion of their gas-phase chemistry. Gord and Freiser (11) prepared the 
ions [Pd(CNMe)J e + (n = 1, 2, or 3) in the gas phase by laser ionization 
of palladium metal followed by an ion-molecule reaction with CNMe. 
The chemistry of the differently substituted ions [Pd(CNMe) / J] e + (n = 1, 
2, or 3) may then be followed by Fourier transform mass spectrometry. A 
significant finding is that none of the four-coordinate, 17e~ species 
[Pd(CNMe) 4 ] e + is produced in the gas phase. The technique of swept 
double resonance was employed in the Fourier transform mass spectrome
ter (Nicolet FTMS-2000) to isolate each of the ions [Pd(CNMe) 3 ] e + , 
[Pd(CNMe)2] e +, and P d C N M e # + such that the dynamics of the reactions 
of each ion with electron-donor ferrocenes in the gas phase could be 
examined (11). The ions [Pd(CNMe) 3 ] e + , [ P d i C N M e ) ^ , and 
P d C N M e e + exhibited straightforward first-order exponential decay in the 
presence of ferrocenes. The relative order of reactivity toward electron 
transfer from ferrocenes in the gas phase to the palladium ions was as fol
lows: P d C N M e e + > [Pd(CNMe) 2 ] # + > [Pd(CNMe) 3 ] e + . 

It is difficult to make inferences about condensed-phase chemical 
reactivity from gas-phase results; however, several of the gas-phase obser
vations appear to be significant. The fact that no [Pd(CNMe) 4]* + was 
observed suggests that the 15e~ [Pd(CNMe) 3 ] e + radicals may be rather 
stable to association or associative substitution by a fourth ligand. The 
relative ordering of reactivity, which showed that the less substituted ions 
are more reactive, suggests that the ion electron affinities increase with 
decreasing substitution. In our condensed-phase studies, this increase may 
be reflected by increased driving force for the reduction of 
[PdiCNMe)^'* and formation of Pd(CNMe) 2 (eq 12) because of the spe
cial stability of linear M L 2 complexes of d 1 0 metals. 
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9. K U B I A K ET A L . Patterned Imaging of Palladium & Platinum Films 175 

We attempted to determine whether steric effects arising from more 
bulky isocyanide lieands influence the dissociation of an isocyanide ligand 
from [Pd(CNR)3] in solution. The electron-transfer rate constants for 
the reduction of photogenerated [Pd(CN-rm-Bu)3]*+ radicals by various 
ferrocenes are compared to the data for [Pd(CNMe) 3 ] e + radicals in Table 
II. Figure 2 compares the data as a plot of log(fce) vs. Ey2 (ferricinium-
ferrocene). In general, there is excellent agreement between the behavior 
of the two differently substituted palladium radicals. The values of log(&e) 
for [Pd(CN-rerr-Bu) 3] e + show a linear dependence on Ey2 (ferricinium-
ferrocene) for the moderate electron-donor ferrocenes, then saturate well 
below the expected diffusion-controlled limit at high driving force. The 
small differences between the electron-transfer rates for [Pd(CNMe) 3 ] # + 

and [Pd(CN-rm-Bu) 3] e + suggest that the bulkier tert-BuNC ligand is not 
sufficiently more readily dissociated to accelerate electron transfer. 

Photochemistry ofPt2(CNMe)6(BF4)2 

Several details of the photochemistry of Pt 2 (CNMe) 6 (BF 4 ) 2 are distinctly 
different from the related palladium complex. The net photochemistry of 
the complexes of the two metals, however, shows many parallels. Laser 
(Nd:YAG, 266 nm (4uQ), 1 ns) excitation of Pt 2 (CNMe) 6 (BF 4 ) 2 in aceto
nitrile results in a transient absorbance that is significantly weaker than 
that of the palladium complex. The spectroscopic differences between the 
palladium and platinum [M(CNMe) 3]* + transients may be understood in 
terms of the larger d,d energy splittings of third- versus second-row transi
tion metal ions. The intense phototransient observed for the 
[Pd(CNMe) 3 ] e + radical is assigned to a fully allowed d,p transition, a 
result of decreased d ^ ^ p orbital splittings relative to d , d ^ ^ splittings. 
In the [Pt(CNMe) 3 ] e + system, this transition is expected to occur at lower 
energy, perhaps in the near IR region and beyond the response of our 
photomultiplier, because of the increased d , d^ ,2 splittings for platinum. 
The observed transient absorbance of the radical [Pt(CNMe) 3 ] e + has ten
tatively been assigned to a d,d transition. 

Photogenerated [Pt(CNMe) 3 ] ' + radicals also appear to be better oxi
dants and reductants than the parent ground-state dimer. Reduction of 
[Pt(CNMe) 3]* + has been demonstrated by photolysis of a 0.1 mM acetoni
trile solution of decamethylferrocene and Pt 2 (CNMe) 6 (BF 4 ) 2 . The 
ground-state platinum dimer does not react thermally with FeCp 2* (Cp* is 
rç5-C5Me5). Upon irradiation, the disappearance of Pt 2 (CNMe) 6 (BF 4 ) 2 is 
accompanied by the appearance of a new absorption band in the 
UV—visible spectrum corresponding to decamethylferricinium, A m a x = 777 
nm (Figure 3). Oxidation of the [Pt(CNMe) 3 ] e + radical has been demon-
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Wavelength (nm) 

Figure 3. Changes in the electronic absorption spectrum of Pt2-
(CNMe)6(BF4)2 (1 χ 10~3 M) and FeCp* (1 χ 10r3 M) in acetoni
trile upon irradiation (X >290nm). 

strated in the presence of benzyl viologen ( B V 2 + ) . The parent ground-
state dimer shows no thermal reaction with B V 2 + . However, when the 
solution is photolyzed, oxidation of the [Pt(CNMe) 3 ] # + radicals is indi
cated by the appearance of the radical cation of benzyl viologen ( B V + ) at 
607 nm. 

Transient absorbance (TA) kinetic studies of photogenerated 
[Pt(CNMe) 3]* + radicals with ferrocenes has been hindered by very slug
gish electron-transfer kinetics. Reinking et al. (7) showed that the substi-
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tutional lability of the methyl isocyanide ligands of the palladium and pla
tinum dimers differ significantly. For the palladium dimer, it is not possi
ble to distinguish the axial and equatorial ligands in MeCN, acetone, or 
methylene chloride at 25 °C by lH NMR spectroscopy, a result indicating 
rapid exchange on the N M R time scale. However, the 25 °C X H N M R 
spectrum of Pt 2 (CNMe) 6 (BF 4 ) 2 , does show both axial and equatorial iso
cyanide methyl signals in the same solvents. The significantly slower 
ligand-exchange kinetics for Pt 2 (CNMe) 6 (BF 4 ) 2 may be manifested in the 
electron-transfer kinetics of [Pt(CNMe) 3 ] e + . If the mechanism of electron 
transfer from a ferrocene donor to a photogenerated [Pt(CNMe) 3 ] e + radi
cal requires preequilibrium dissociation of CNMe, similar to that of the 
palladium analog, then the electron-transfer kinetics for [Pt(CNMe) 3 ] e + 

will probably be retarded by a significantly lower dissociation constant. 

Photodeposition of Palladium and Platinum Films 
by Electron Transfer 

An important goal of our research has been to develop new means of 
preparing conducting materials at solid-solid interfaces with submicro-
meter-scale resolution. Possible applications include the fabrication of 
metal contact lines, metal mask repair, and localized fine-scale etching. 
"Laser writing" of fine metal lines is an area of growing technological 
importance and is finding application in the fabrication of integrated cir
cuits (2-4) and in packaging and interconnection of integrated circuits (5). 
Despite their cost, palladium and platinum are often the metals of choice 
for semiconductor metallization. In part, the reason for this choice is that 
these metals do not readily diffuse into the bulk of the semiconductor 
(31). In addition, platinum suicides (32) and palladium suicides (33) both 
form excellent ohmic contacts to silicon, and both have a close lattice 
match to Si (111) for good epitaxy (34, 35). PtSi can also be used to form 
Schottky barriers in polysilicon (36). Neither metal, by itself, is suitable 
for contacts to GaAs, because of the formation of a number of intermetal-
lic phases at the interface (37, 38). However, T i - P d - A u and T i - P t - A u 
alloys are effective for both ohmic and Schottky contacts (39, 40). 

Several advantages of M 2 ( C N R ) 6 ( P F 6 ) 2 (M = Pd or Pt) as a metal-
film precursor are apparent. The deposition can be achieved by using any 
of a number of available lasers below 360 nm, notably the third harmonic 
of the N d : Y A G laser at 355 nm. There are no known competing pho-
toreactions or side reactions. Substrate heating is minimized both by the 

Pu
bl

is
he

d 
on

 M
ay

 5
, 1

99
3 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
ba

-1
99

3-
02

38
.c

h0
09



178 P H O T O S E N S I T I V E M E T A L - O R G A N I C S Y S T E M S 

presence of the solvent and by the comparatively low powers required to 
effect the photolyses. Side reactions such as etching that are typically 
associated with gas-phase pyrolysis reactions are thus avoided (41). Most 
importantly, unreacted [Pd(CNMe) 3]* + recombines efficiently and rapidly 
(typically in less than 1 ms) to regenerate the parent dimer, thus avoiding 
diffusion of the reactive species out of the illuminated area and eliminat
ing loss of unreduced palladium. 

Metallization by laser lithography is now a well-developed field, and 
laser deposition schemes have already been developed for many metals 
(42) . However, given the vulnerability of III-V semiconductors to sample 
heating associated with pyrolytic deposition, no fully satisfactory method 
for direct optical writing of palladium and platinum can yet be said to 
exist. 

Laser deposition schemes for most metals depend on gas-phase pre
cursors. Although M O C V D (metal-organic chemical vapor deposition) 
methods for depositing unpatterned Pd and Pt films have been developed 
(43) , only one report (44) of gas-phase optical writing for platinum (a 
pyrolytic technique) has appeared, and none for palladium. A small 
number of solution-phase techniques, mostly pyrolytic, for optical writing 
with these metals are listed in reference 31. An additional pyrolytic 
method was recently reported by Partridge and Chen of IBM (45). 

Ion beams have also been used for direct writing of palladium and 
platinum; the deposition mechanism is, of course, pyrolytic (46). 

Montgomery and Mantei (47, 48), in collaboration with our research 
group, succeeded in laser-writing palladium lines onto transparent sub
strates from methanol-acetonitrile solutions of [Pd 2 (CNMe) 6 ] 2 + . Light 
projected through the back side of a transparent substrate generated 
[Pd(CNMe) 3]* + radicals in solution at the solution—substrate interface. 
The mechanism by which these radicals were reduced is unclear; the 
authors suggest the oxidation of methanol. A limitation of the system is 
that because the photochemical process occurs in bulk solution (yielding 
palladium colloid), the use of transparent substrates is mandatory. 
Clearly, this restriction is unacceptable on any practical scheme for metall
ization of semiconductors. 

A method exists to ensure that reduction of metal occurs only at the 
semiconductor surface and not in bulk solution. The semiconductor is 
biased to a potential that will reduce the photoproduct but not its parent 
compound. This photoelectrochemical technique was used by Micheels et 
al. (49) in the only reported example of direct optical writing of palladium 
onto Si. The p-type silicon wafer, immersed in an aqueous 
palladium-cyanide solution, was biased between —1.0 and -2.0 V vs. a Pt 
counter electrode and illuminated with a halogen lamp to yield patterned 
palladium films. 
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Photodeposition of Metal Films onto Semiconductor 
Substrates 

The enhanced redox properties of [Pd(CNMe) 3 ] e + radicals compared to 
Pd 2 (CNMe) 6 (PF 6 ) 2 provide the opportunity for producing spatially well-
resolved metallic films. The cyclic voltammogram of Pd 2 (CNMe) 6 (PF 6 ) 2 

at a glassy carbon electrode in acetonitrile exhibits two irreversible reduc
tions at Ε = -0.9 and -1.1V vs. SCE. The electrochemical properties of 
photogenerated [Pd(CNMe) 3]* + radicals can be conveniently monitored 
by transient photovoltammetry. Irradiation of the analyte-supporting 
electrolyte solution at the working electrode by a 1000-W Hg-Xe arc 
modulated at 13 Hz provided a convenient method to measure photo-
currents derived from the formation of organometallic radicals. A block 
diagram of the instrumentation used to measure photocurrents and for the 
photodeposition of metal films is shown in Figure 4. 

Figure 4. Block diagram for photovoltammetric instrumentation used in 
the photodeposition of palladium and pfatinum films on metallic and sem
iconducting electrode surfaces. 
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Chopped (13 Hz) U V irradiation of a glassy carbon electrode at -0.1 
V vs. SCE in an electrochemical cell containing Pd 2 (CNMe) 6 (PF 6 ) 2 (1 
mM) in 0.1 M NBu 4 PF 6 led to cathodic transient photocurrents of 0.5 mA 
and the deposition of palladium films on the electrode surface. Maximum 
photocurrents in the absence of Pd 2 (CNMe) 6 (PF 6 ) 2 were less than 2% of 
those in the presence of the dimer. Analysis by X-ray photoelectron spec
troscopy (XPS) of palladium films deposited onto glassy carbon indicated 
the presence of metallic palladium (3d5 / / 2, 335.8 eV and 3d 3 / 2 , 341.1 eV) of 
high purity (Figure 5). 

P d ° 

3 d 5 / 2 = 3 3 5 e V 
3 d 3/2 = 3 4 0 e V 

, , , , -, , 1 
353 0 3M9 9 3M6 7 343 & 340 4 337 3 334 I 331 0 

B i n d i n g E n e r g y (eV) 

Figure 5. X-ray photoelectron spectrum of palladium metal film on glassy 
carbon. 

Similar experiments with an n-Si (8.00-12.0 Ω-cm, (100)) working 
electrode at -0.5 V vs. SCE also resulted in palladium films. The palla
dium adhering to the electrode's surface is predominantly metallic (3d5^, 
334.7 eV and 3d 3 / 2 , 340.1 eV) (Figure 6). When the experiment is 
repeated in the absence of light, no palladium was detectable on the sur
face of Si by energy-dispersive X-ray (EDX) spectrometry. Thus, photo
generated palladium radicals, not the dimer, are responsible for the films. 
A key result is that the photodeposition of metal films can be achieved at 
potentials that are far less reducing than those required to reduce the 
parent ground-state dimers because of the significant enhancement of the 
redox characteristics of the radicals. 

Films containing platinum have been fabricated with Pt 2(CNMe) 6-
(BF 4 ) 2 . The cyclic voltammogram of the platinum dimer has two irrever-
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ι ι ι — ι — ι — ι — ι — ι — \ — ι — ι — ι — ι — ι — ι — ι — ι — ι — ι — ι — Γ 
352.0 349.8 347.6 345.4 343.2 341.0 338.8 336.6 334.4 332.2 330.0 

B i n d i n g E n e r g y ( eV ) 

Figure 6. X-ray photoelectron spectrum of palladium metal film on n-
silicon. 

sible reductions at —1.00 and -1.45 V vs. a AgCl -Ag electrode. Irradia
tion of a glassy carbon electrode at -0.1 V vs. SCE in the presence of 
Pt 2 (CNMe) 6 (BF 4 ) 2 in 0.1 M [NBu 4][BF 4]-MeCN afforded transient pho
tocurrents of 0.25 mA, greater than twice those in the absence of the plati
num dimer. Films containing platinum resulted. Analysis by XPS of the 
films deposited onto glassy carbon indicated the presence of platinum 
oxide (4f? /2, 73.4 eV and 4f 5 / 2, 76.6 eV). Figure 7 shows the XPS spec
trum indicating the presence of PtO in the films. The formation of the 
platinum oxide occurred from post-experiment exposure to air. 

Conclusion 

The photodeposition of palladium and platinum films by electron transfers 
to organometallic radicals derived from photolysis of M 2 (CNMe) 6 (PF 6 ) 2 

(M = Pd or Pt) affords the opportunity to achieve photolytic metallization 
at relatively long wavelengths and high quantum efficiencies. The method 
produces high quality films of useful metals with minimal sample heating 
and has the potential for good spatial resolution. As fundamental under
standing of the electron-transfer chemistry of photogenerated organome
tallic radicals continues to evolve, important new advances in optically 
patterned metal-film images can be expected to develop. 
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70 72 74 76 78 80 
Binding Energy (eV) 

Figure 7. X-ray photoelectron spectrum of platinum oxide on glassy 
carbon. 
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Photoinduced Electron-Transfer 
Reactions between Excited Transition 
Metal Complexes and Redox Sites 
in Enzymes 

Itamar Willner and Noa Lapidot 

Department of Organic Chemistry, The Hebrew University of Jerusalem, 
Jerusalem 91904, Israel 

Photogenerated reduced relays act as electron mediators in bioca
talyzed photosynthetic biotransformations. Photogenerated Ν,Ν'
-dimethyl-4,4'-bipyridinium radical cation acts as diffusional elec
tron carrier for the enzymes nitrate reductase and nitrite reduc
tase. In photochemical assemblies that include these biocatalysts, 
photosensitized reduction of nitrate to nitrite and of nitrite to 
ammonia proceeds with quantum yields of Φ = 0.08 and 0.06, 
respectively. In a photochemical system that includes the two 
biocatalysts, photoreduction of nitrate to ammonia proceeds with 
a quantum yield of Φ = 0.08. Electrical communication of pro
tein active sites with photoexcited species is also accomplished in 
organized redox assemblies. Immobilization of nitrate reductase 
in a functionalized bipyridinium acrylamide—acrylamide copoly
mer results in an organized assembly exhibiting electrical com
munication that leads to photosensitized reduction of nitrate to 
nitrite. Chemical modification of the enzyme glutathione reduc
tase by bipyridinium electron-relay components generates a func
tionalized protein that acts as an electron-transfer quencher of 
excited species and is electrically wired toward biocatalyzed reduc
tion of oxidized glutathione. 

DEVELOPMENT OF ARTIFICIAL PHOTOSYNTHETIC SYSTEMS has 
been the subject of extensive research in the past two decades (1—4). A 
basic configuration of an artificial photosynthetic system is shown in Fig-

0065-2393/93/0238-0185$07.50/0 
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ure 1 and includes a photosensitizer (S), an electron acceptor (A), and an 
electron donor (D). Excitation of the photosensitizer is followed by an 
electron-transfer (ET) quenching process resulting in the photoproducts 
S + and A"~. Oxidation of the electron donor by the oxidized photosensi
tizer recycles the light-harnessing compound, and the net conversion of 
light energy to redox potential stored in A ~ and D + is completed. Subse
quent utilization of the intermediate redox products in chemical transfor
mations generating fuel products or valuable chemicals is a major chal
lenge in this area. 

(Oxidized 
Product) 

(Reduced 
product) 

A ^ ^ P j 

Catalyst Π Catalyst I 

Figure 1. A general scheme of an artificial photosynthetic device. Key: S, 
photosensitizer; A, electron acceptor; D, electron donor; Rj and R2, reac-
tants (substrates) of the reduction and oxidation processes, respectively; and 
Ρ2 and P2, respective products of these processes. 

Catalysts are essential ingredients for coupling the redox products to 
subsequent chemical reactions. Heterogeneous and homogeneous 
catalysts have been widely applied in artificial photosynthetic systems 
(5—8). Enzymes constitute nature's catalytic biomaterial and have under
gone evolutionary optimization to yield very effective catalytic assemblies. 
Thus coupling of enzymes to artificial photosynthetic systems is an attrac
tive route to follow (9). 

Coupling of enzymes to artificial electron (or hole) carriers is essen
tial for developing biocatalyzed photosynthetic systems. It is, however, 
very difficult to predict whether a certain electron (or hole) carrier is 
capable of communicating with the biocatalyst active site by accepting or 
donating electrons. Theory defines the energy and geometric restrictions 
for ET between an electron donor-acceptor pair (10, 11). The rate con
stant for ET from a donor to acceptor unit, kET is given by the Marcus 
equation: 

(1) 
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1 0 . W I L L N E R & L A P I D O T Photoinduced Electron-Transfer Reactions 1 8 7 

where β is a constant characterizing the donor—acceptor pair, d is the dis
tance between the components, AG° is the free energy driving force for 
the reaction, R is the gas constant, Τ is absolute temperature, and λ is the 
reorganization energy associated with the process. Thus for effective ET 
from an electron carrier to the enzyme active site (or to a hole carrier 
from the active site), proper distances between the two redox sites must be 
maintained. As a result, the charge carrier must penetrate the protein 
backbone in order to facilitate electron transfer. Size, electrical proper
ties, and hydrophobicity of the charge carrier regulate its capability to 
penetrate the protein backbone. 

In the past few years we have developed a series of artificial pho
tosynthetic systems in which photogenerated charge relays are coupled to 
biocatalysts (9). We showed that the photogenerated 4,4'-bipyridinium 
radical cation, methyl viologen radical, M V , communicates with the 
enzymes lipoamide dehydrogenase, LipDH, or ferredoxin reductase, FDR, 
and effects the regeneration of N A D H and N A D P H cofactors, respectively 
(eqs 2 and 3). 

2MV+- + H + + N A D + J i ! ^ 2 M V 2 + + N A D H (2) 

2MV+- - h H + H- NADP+ F P R> 2 M V 2 + + N A D P H (3) 

The photogeneration of the NAD(P)H cofactors allows the utilization of 
numerous redox enzymes that are N A D (P)H-dependent and do not com
municate with M V + e as catalysts in the artificial systems. The photore-
generated cofactors have been coupled to various biotransformations such 
as reduction of ketones and keto acids, production of amino acids, and 
carboxylation of keto acids (12—14). A second method has involved the 
direct electron-transfer communication of photogenerated electron car
riers with the biocatalyst active site (i.e., excluding the natural cofactor of 
the enzyme from the system). By this method reduction of C 0 2 to for
mate proceeds in the presence of formate dehydrogenase, ForDH, and 
various photogenerated 4,4'-bipyridinium and 2,2'-bipyridinium radical 
cations, V + e (15): 

2V+- + H + + C 0 2

 F ° r P > 2 V 2 + + H C 0 2 " (4) 

In all of these systems, electron-transfer communication between the 
charge carrier and the biocatalyst active site proceeds by a diffusional 
mechanism whereby the electron carrier penetrates the protein backbone. 
In all of these systems, one-electron carriers, that is, bipyridinium radical 
cations, mediate multielectron reductive biotransformations. The conver-
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sion of the one-electron-transfer reagent to a multielectron pool occurs by 
discharge of electrons from the one-electron-transfer mediator to the 
enzyme active site. Typical pathways for electron discharge involve 
sequential one-electron-transfer reactions to iron—sulfur clusters acting as 
active sites or one-electron reduction of protein-associated cofactors, that 
is, flavins, followed by disproportionation of the one-electron reduced 
cofactor to a two-electron-relay system. 

Further development in this area might include organization of bio-
catalytic assemblies that can directly interact with excited species. This 
concept is schematically outlined in Figure 2. The biocatalyst is associated 
with a charge-carrier component R. Within this supramolecular confi
guration the mutual distances of electron carrier—active site are suffi-

Figure 2. A scheme of an organized biocatalytic assembly capable of 
interacting directly with light-excited species. Key: S, photosensitizer; and 
R, charge carrier. 

ciently short to allow effective ET rates (eq 1). As a result ET quenching 
of the excited species by the charge carrier followed by electron tunneling 
to the biocatalyst active site yield a route to communicate the shielded 
protein redox site with an external excited species. Such a predesigned 
organized biocatalytic assembly has several clear advantages over the diffu-
sional electrical communication route: 

1. Organization of the relay-active site in proper distances for effective 
ET abolishes the different effects controlling the permeabilities of 
charge carriers across proteins. Thus, a variety of charge carriers 
could electrically communicate with protein redox sites. 

2. From a practical point of view, an artificial photosynthetic device 
should exhibit high turnover numbers, and its ingredients should be 
recycled and stored. Macromolecular electron-relay assemblies pro
vide recyclable components. 
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10. W I L L N E R & L A P I D O T Photoinduced Electron-Transfer Reactions 189 

Organization of proteins in assemblies capable of interacting electri
cally with their environment is a subject of growing interest in the 
development of biosensors (16, 17). Chemical modification of proteins by 
charge carriers (18, 19) or association of proteins to redox polymers (20, 
21) leads to organized biocatalytic assemblies exhibiting electrical com
munication with electrode interfaces. These approaches can be further 
developed in relation to artificial photosynthetic devices, provided that the 
charge-conducting element (R) can initiate the photoinduced ET process 
by quenching the excited species. 

In this chapter we describe a photosystem for the stepwise reduction 
of nitrate (N03~") to ammonia (NH 3) using a multienzyme system that 
operates by a diffusional mechanism of the electron carrier (22). We also 
highlight organized electrically wired biocatalytic assemblies that directly 
interact with the excited species of the photosystem. 

Photosystem for Reduction of Nitrate to Ammonia 

Nitrate (as opposed to nitrogen) is the major source of the ammonia pro
duced photosynthetically in nature. Two enzymes are involved in this 
reduction process: nitrate reductase catalyzes the two-electron reduction 
of nitrate to nitrite (eq 5), and nitrite reductase catalyzes the six-electron 
reduction of nitrite to ammonia (eq 6). 

N 0 3 - + 2e~ + 2 H + —> N 0 2 " + H 2 0 (5) 

N 0 2 - + 6e~ + 8 H + —* NH 4 + + 2 H 2 0 (6) 

In nature both of the enzymes are NADPH-dependent. The two enzymes 
can accept electrons from the synthetic electron-carrier radical cation 
M V + \ We therefore attempted to develop an enzyme-based artificial 
photosynthetic system for the reduction of nitrate to ammonia operating 
at ambient temperature and pressure. This goal was achieved in three 
complementary steps. 

Step 1. The Reduction of Nitrate to Nitrite. The photosys
tem consists of tris(bipyridine)Ru(II), Ru(bpy) 3

2 + , as the photosensitizer, 
M V + e as the electron carrier, ethylenediaminetetraacetic acid (EDTA) as 
a sacrificial electron donor, and the enzyme nitrate reductase (EC 1.9.6.1 
from Escherichia coli or Aspergillus species). Upon illumination of the sys
tem (λ > 420 nm) in the presence of the substrate nitrate, nitrite is 
formed, as shown in Figure 3a. The quantum yield of nitrite production is 
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0 62.5 125 187 250 

time (min) 

Figure 3. Rates of product formation as a function of illumination time. 
In all systems [Ru(bpy)3

2+] = 7.4 χ 10~S M, [Na2EDTA] = 0.02 M. 
Curve a: NO f formation, pH 7.0, 0.1 M Tris buffer, 3.2 χ ICr4 M MV+\ 
9.9 χ 10~3 M NOf, and 0.2 unit of nitrate reductase. Curve b: NH4

+ 

fonnation, pH 8.0, 0.1 M Tris buffer, 4.2 χ 10~4 M MV+\ 0.01 M NOf, 
and 0.06 unit of nitrite reductase. 

Φ = 0.08. The initial rate of N 0 3 ~ reduction corresponds to 0.7 
μπΐοΐ/min, and reduction of nitrate proceeds until ca. 60% of the substrate 
is consumed. 

Step 2. The Reduction of Nitrite to Ammonia, In this sys
tem, the enzyme nitrate reductase is replaced by nitrite reductase (EC 
1.6.6.4 isolated from spinach leaves), and the other components of the 
photosystem are the same as in Step 1. Illumination of the system in the 
presence of the substrate nitrite leads to its reduction to ammonia, as 
shown in Figure 3b. The quantum yield of this process is Φ = 0.06, and 
the rate of ammonia production levels off when ca. 28% of the nitrite has 
been converted to ammonia. The leveling off in ammonia production is 
attributed to denaturation of the biocatalyst under long-term illumination 
conditions. 

Control experiments reveal that all the components of the two sys
tems are required for the reduction of N0 3~" and N 0 2 ~ , separately. 
Furthermore, no reduction of either substrates takes place in the dark. 
When the biocatalysts are excluded from either of the two photosystems, 
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10. W I L L N E R & L A P I D O T Photoinduced Electron-Transfer Reactions 191 

M V + e is accumulated. Addition of nitrate reductase to the system that 
includes N 0 3 ~ and the photogenerated M V + * or addition of nitrite reduc
tase to the system that contains N 0 2 ~ and the photogenerated M V + i 

results in the reduction of N 0 3 ~ and N0 2"~ to nitrite and ammonia, 
respectively. 

Step 3. The Reduction of Nitrate to Ammonia. The pho
tosystem is composed of tris(bipyridine)Ru(II), Ru(bpy) 3

2 + , as photosen
sitizer, E D T A as an electron donor, and M V + e as the electron acceptor. 
The enzymes nitrate reductase, NitraR, and nitrite reductase, NitriR, are 
both included as biocatalysts for the sequential reduction of N 0 3 ~ to 
N H 3 . Illumination of this system results in the reduction of N 0 3 ~ to 
N H 3 . The progress of N H 3 formation as well as the intermediate genera
tion of N 0 2 ~ at time intervals of illumination are provided in Figure 4. 
Figure 4 shows that only after the concentration of N02~~ reaches ca. 2.5 
mM does the second reduction process become effective and lead to a 
higher rate of N H 3 evolution. The quantum yield for the overall reduc
tion of nitrate to ammonia is Φ = 0.08 in the integrated system, which is 
higher than the quantum yield of this product in the previously described 

illumination time, min 

Figure 4. N02~ and NH4

+ concentrations in the combined system, as a 
function of illumination time. Conditions: pH 8.0, 0.1 M Tris buffer, 7.4 χ 
10~5 M Ru(bpy)/+, 0.02 M Na2EDTA, 4.2 χ 10~4 M MV+', 0.01 M 
N03~, 1.0 unit of nitrate reductase, and 0.35 unit of nitrite reductase. 
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photosystem (Φ = 0.06). This higher yield is due to the application of a 
higher unit content of the enzyme nitrite reductase in the integrated sys
tem (details are provided in the corresponding figure captions). 

From the control experiments and the photoproducts, we suggest that 
the photochemically derived reduction of nitrate to ammonia proceeds 
through the catalytic cycles outlined in Figure 5. The artificial electron 
carrier M V + # is recycled by photochemical means. It serves as an electron 
carrier for the two enzymes that catalyze the sequential reduction 
processes. The decomposition products of sacrificial electron donors, that 
is, EDTA, are often powerful reducing agents and might participate in 
electron-discharge processes to the redox enzymes. However, E D T A can 
be substituted in the systems by other sacrificial electron donors such as 
triethanolamine or 1,4-dithiothreitol. Furthermore, the rates of N 0 2 ~ and 
N H 4

+ formation in the systems that apply the various electron donors fol
low the rates of M V + e photogeneration in the different systems. Thus, we 
conclude that the sacrificial electron donors are active only in photoregen-
eration of M V + # , as it is the sole electron-transfer mediator for the bioca-
talyzed transformations. 

The enzymes as well as the synthetic components comprising these 
systems show a considerable stability under illumination, as is evident 
from the turnover numbers given in Table I. Nevertheless, to further 
improve the stabilities of these biocatalytic assemblies and to provide a 
continuously operating system, organization of the components in immo
bilized polymer matrices is essential. This aspect will be discussed in the 
forthcoming sections. 

hv N H 4

+ 

oxidative 
products Ru(bpyV 

N 0 2 

EDTA Ru(bpy>3 

N O / 

a - nitrate reductase 
b - nitrite reductase 

Figure 5. Biocatalyzed photosynthetic reduction of nitrate to ammonia 
mediated by the artificial electron carrier, MV*% acting in a diffusive 
mechanism. 
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10. W I L L N E R & L A P I D O T Photoinduced Electron-Transfer Reactions 193 

Table I. Turnover Numbers for Components Involved 
in Photosensitized Reduction of N 0 3 and N 0 2 to Ammonia 

Nitrate Nitrite 
Step Ru(bpy)3

2+ MV*' Reductase0 Reductase0 

N 0 3 ~ reduction* 80 18.5 6.2 χ 104 

N 0 2 ~ reduction0 38.5 7 2.4 χ 104 

N 0 2 ~ reduction 
to N H 3 

(combined system)** 32 6 9 χ 104 2.1 χ 104 

N O T E : Turnover numbers are defined as moles of product formed divided by 
moles of component. 
^Molecular weight of NitraR and NitriR is estimated as 200,000. 
b609o conversion of N 0 3 ~ to N 0 2 ~ . 
c28.5% conversion of N 0 2 " to N H 4

+ . 
^3.8% conversion of N 0 3 ~ to N H 4

+ . 

Photoreduction of Nitrate in a Redox Polymer-Biocatalyst 
Immobilized Assembly 

A major problem in using enzymes in artificial photosynthetic systems is 
the high cost of the enzymes. It is therefore advantageous to immobilize 
the enzymes as well as other components of the photosystem in an organ
ized recyclable assembly. Also, immobilization of enzymes in polymers is 
often accompanied by stabilization of the biocatalyst. Thus, immobiliza
tion of biocatalysts in functionalized polymers capable of interacting 
through electron transfer with the biocatalyst active site is an attractive 
route to develop further biocatalyzed artificial photosynthetic devices. 

Yet, development of such systems is limited by theoretical and practi
cal considerations. In a nonorganized assembly in which the artificial elec
tron carrier penetrates the protein backbone by diffusion, close proximity 
to the active site is feasible. In contrast, in an organized rigid assembly, it 
is essential to consider the mutual positions of the electron carrier and 
biocatalyst. For effective electron-transfer rates between a polymer-bound 
electron carrier and the active site of an immobilized enzyme, the two 
components are restricted to be within a distance of ca. 20 À (eq 1). 
Thus, we developed a redox polymer that contains sterically flexible redox 
groups that can mediate the electron transfer from a photosensitizer to 
the active site of the enzyme. The polymer is based on a cross-linked 
acrylamide backbone with pendant bipyridinium groups. The synthesis of 
this functionalized redox copolymer is outlined in Scheme I. Possibly, the 
flexible anchored bipyridinium components could lead to an adequate con-
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figurational assembly for intercomponent electron transfer within the pro
tein backbone. 

The enzyme nitrate reductase (EC 1.9.6.1 from Aspergillus species) is 
trapped inside the copolymer of acrylamide and N-methyl-AT-(3-acryl-
amidopropyl)-4,4'-bipyridinium (l). iV-Methyl-iV'-(3-aminopropyl)-4,4'-
bipyridinium is prepared as outlined in Scheme II. Polymerization of 1 
and acrylamide is initiated by adding 3-(dimethylamino)propionitrile (50% 
in water) and K ^ O g (1% in water) under anaerobic conditions. The 
resulting copolymer gel, exhibiting structure 2, P V 2 + , is ground and 
washed thoroughly with cold buffer solution to exclude any free bipyridi
nium component. The immobilized enzyme retains 55% of its native 
activity. The ratio of 1: acrylamide in the copolymer is estimated as 1:35. 

The photosystem is constructed by adding Ru(bpy) 3

2 + as a sensitizer 
and E D T A as an electron donor to an aqueous solution (pH 7.4) that 
includes the ground copolymer 2, P V 2 + , with the entrapped enzyme and 
N 0 3 ~ as the substrate (23). Illumination (λ > 420 nm) of the immobil
ized system results in the reduction of N 0 3 ~ to N 0 2 ~ , as displayed in Fig
ure 6 (curve a). Control experiments show that all components are essen
tial for the photoreduction of nitrate to nitrite in this photosystem. 
Furthermore, during illumination the polymer becomes blue, a result 
revealing the generation of polymer-bound bipyridinium radical cation. 
The blue color persists on the polymer pieces, and no coloration of the 
aqueous phase is detectable. These results imply that the polymer-bound 
bipyridinium radical cation mediates the electron transfer to the immobil
ized enzyme within the copolymer assembly. 

Alternatively, the reduction of N 0 3 " to N 0 2 ~ could be performed by 
replacing the photoactive components by a chemical reducing agent such 
as dithionite. Dithionite does not effect the direct reduction of nitrate. 
However, addition of dithionite to an aqueous solution that includes 
N 0 3 " and the enzyme nitrate reductase immobilized in the redox copoly
mer results in the reduction of N03"~ to N02~". 

The rate of N 0 2 ~ formation by the chemical reductant is shown in 
Figure 6 (curve b) and is very similar to the rate of N 0 2 ~ formation in the 
photochemical system. On the basis of the experiments described for the 
reduction of N 0 3 ~ to N 0 2 " in the homogeneous system using M V + e as 
electron carrier, we suggest the catalytic cycle presented in Figure 7 as the 
mechanistic route for the reduction of nitrate in the polymer assembly. 
The excited photosensitizer, *Ru(bpy) 3

2 +, is quenched by the bipyridinium 
components anchored to the polymer backbone via an ET process. The 
resulting polymer-bound bipyridinium radical cation units mediate ET to 
the enzyme active site where the reduction of N 0 3 ~ proceeds. Thus, the 
polymer-bound electron carrier units are sufficiently flexible to maintain 
the proper orientation and distances in respect to the active site, allowing 
effective ET within the rigid polymer assembly. Furthermore, as men-
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Ο Η 
II I 

ί - B u t — Ο — G - ^ - C H 2 — C H 2 - C H 2 - 4 
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CH 3I 

Ο Η 

^ B u t • ^ - - l ^ < : H 2 - < H 2 - < : H 2 — + ^ jh—Α ^ N + - C H 3 

HC1 

N + - C H 3 H 3 N + - C H 2 - C H 2 - C H 2 — + N 

3CT 

Scheme II. Synthetic steps in the preparation of N-methyl-W-(3-
aminopropyly 4,4'-bipyridinium. Ήιβ amine end of the alkylating reagent 
is protected by a tert-butoxycarbonyl group. 
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0 50 100 

Time, min 

Figure 6. Rate of NOf reduction in the assembly composed of nitrate 
reductase (0.023 unit, based on native enzyme) immobilized in the acrylam
ide-1 copolymer. In all experiments, [NOf] - 4.4 χ 10~3 M in 2.3 mL 
of Tris buffer, pH 7.44. Curve a: Through illumination in the presence of 
Ru(bpy)/+ (5.5 χ 10~5 M) and Na2EDTA (4.4 χ 10~3 M). Curve b: 
Dark reduction in the presence of 9.4 χ 10~3 M sodium dithionite. 

Figure 7. Photoinduced reduction of NOf to NOf in an organized 
assembly composed of NitraR immobilized in the redox copolymer 2. Elec
tron transfer from the excited photosensitizer to the active site of the 
enzyme is mediated by the polymer-anchored bipyridinium groups. 

tioned, the rate of N 0 2 ~ formation in the system that includes the redox 
polymer-immobilized enzyme is similar in the photosystem and the dark 
assembly including dithionite as reducing agent. These results suggest that 
the rate of N 0 3 " reduction in the polymer assembly is limited by the ET 
process from the polymer to the protein and is independent in respect to 
the source generating the polymer-bound bipyridinium radical cations. 

Insight into the rates of ET from the redox polymer to the protein 
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could be achieved by laser flash photolysis experiments. Pulse illumina
tion (λ = 532 nm, Nd:Yag laser) of a photosystem consisting of 
Ru(bpy) 3

2 + and the redox polymer (without immobilized enzyme) results 
in the ET products: 

*Ru(bpy) 3

2 + + P - V 2 + —> Ru(bpy) 3

3 + + P - V + ' (7) 

These products then recombine by the thermodynamically favored back-
ET process: 

Ru(bpy)3

3+ + P-V+- ±±> Ru(bpy) 3

2 + + P - V 2 + (8) 

The formation of ET products and their recombination can be followed by 
the transient absorbance at À = 602 nm (characteristic of polymer-bound 
bipyridinium radical cation) and the transient absorbance bleaching at Λ = 
450 nm (characteristic of Ru(bpy) 3

2 + disappearance) (Figure 8a). Excita
tion of the system results in the intermediate redox products that com
pletely decay to the original reactants. From the decay transients, the 
back-ET reaction rate constant is calculated to be kh = (10 ± 4) χ 106 

M " 1 s"1. 
Next, a system that includes the photosensitizer, the redox polymer, 

and the immobilized enzyme, nitrate reductase, is analyzed. Flash illumi
nation of this system generates again the reduced bipyridinium groups on 
the polymer (detected by the buildup of the absorbance at λ = 602 nm), 
accompanied by the decrease in the ground-state concentration of the 
photosensitizer (bleaching at λ = 450 nm) (Figure 8b). However, in the 
presence of the immobilized enzyme, the intermediate reduced polymer 
generated by the photoinduced ET process can decay by two possible 
paths. One is the back-ET reaction with the oxidized photosensitizer (eq 
8). The second path involves the ET from the polymer-anchored bipyridi
nium radical cation to the enzyme active site: 

V + - P - E o x ^ > V 2 + - P - E r e d (9) 

where E Q X and E r e d are the oxidized and reduced forms of the enzyme 
active site, respectively. This second path would result in a faster decay of 
the photogenerated bipyridinium radical cation as a result of the two 
decay processes, and only partial recovery of the absorbance at λ = 450 
nm. (The recovery of the absorbance at 450 nm is due to the back reac-
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Figure 8. Events following puke illumination (X = 532 nm, Nd:Yag laser) 
of an organized photosynthetic assembly: absorbance at 602 nm, charac
teristic of polymer-bound bipyridinium radical cation; and absorbance 
bleaching at 450 nm, characteristic of Ru(bpy)3

2+ disappearance. Part a: 
A system consisting of the redox copolymer and Ru(bpy)3

2+ only. Part b: 
A system consisting of NitraR immobilized in the redox copolymer and 
Ru(bpy)2+. 
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tion, eq 8, as in the first experiment). Figure 8b shows the decay transient 
of the polymer-bound bipyridinium radical cation and the transient 
recovery of the bleached species, Ru(bpy) 3

2 + , as a result of back ET. The 
photogenerated polymer-bound bipyridinium radical cation decays faster 
than in the absence of the enzyme. On the other hand, the recovery of the 
bleached species, Ru(bpy) 3

2 + , is not complete in the presence of the 
enzyme, and a steady-state concentration of Ru(bpy) 3

3 + is accumulated. 
This steady-state concentration of the oxidized product corresponds to the 
fraction of bipyridinium radical cation that reacted with the enzyme active 
site. (The back ET from the reduced active site to the oxidized photosen
sitizer is substantially slower on the experimental time scale). We thus 
estimate that ca. 15% of the flash-generated polymer-anchored bipyridi
nium radical cations transfer their electrons to the biocatalyst active site. 

The decay curve of the polymer-bound bipyridinium radical cation in 
the presence of the enzyme can be analyzed in terms of two rate constants 
kb and fcET (eqs 8 and 9, respectively). Because the value of kb is known 
from the system without the enzyme, and the concentration of V + # - P that 
recombines through back ET (eq 8) can be estimated from the transient 
recovery of Ru(bpy) 3

2 + in the presence of the enzyme (Figure 8b), the 
value of kET can be estimated. The derived value of the rate constant for 
ET from the polymer-anchored groups to the enzyme active site is km = 
(9 ± 3) χ l ( r M - 1 s"1. This value is in accordance with electron-transfer 
rate constants measured by Gray, Sutin and co-workers (24) in blue 
copper proteins and by Durham et al. (25) and McLendon et al. (26) in 
cytochromes. 

Electrically Wired Enzymes by Chemical Modification 
of Proteins with Redox Relay Components: Direct 
Communication between Proteins and Excited Species 

To assess the generality of using a redox polymer for electrical communi
cation between an excited species and a redox site in proteins, other redox 
enzymes were incorporated in the electrically active copolymer 2. One of 
these enzymes is glutathione reductase, GR. This redox enzyme is ubiqui
tous in nature, and its role includes the reduction of the S-S bond of oxi
dized glutathione, GSSG, to the reduced, GSH, using N A D P H as a cofac-
tor: 

GSSG + N A D P H + H + -̂ V 2GSH + NADP+ (10) 
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10. W I L L N E R & L A P I D O T Photoinduced Electron-Transfer Reactions 201 

The enzyme G R can directly communicate with the iy;AT-dimethyl-4,4'-
bipyridinium radical cation, methyl viologen, M V + \ by a diffusional 
mechanism, and the natural cofactor can be substituted by this artificial 
electron mediator. Immobilization of the enzyme G R in the redox violo
gen copolymer (2) does not lead, however, to an active biocatalytic assem
bly for the photoreduction of GSSG, although the immobilized enzyme 
maintains its native activity. Thus, electrical communication between an 
enzyme active site and an excited species by means of a redox copolymer 
matrix is not of general applicability. With nitrate reductase, effective 
communication is established, but the enzyme GR lacks this property. A 
similar difference in the ability of the two enzymes to communicate with a 
redox polymer is a general feature of these enzymes. When a water-
soluble polymer of poly(ethyleneimine) which has been modified by 
attaching 4,4'-bipyridinium groups to it is used as the mediating redox 
polymer, the enzyme NitraR accepts electrons from it (and reduces N 0 3 ~ 
to N0 2 ~) , whereas no communication is established with GR. 

This different behavior of the two enzymes, NitraR and GR, might 
originate from the different positions of the active sites in the various pro
teins in respect to their environment, where the electron-mediating com
ponent resides. When the active site is close to the protein exterior peri
phery, as is the case with nitrate reductase, the resulting distances of the 
redox polymer and the active site allow effective ET. On the other hand, 
with bulky proteins that shield the active site, that is, GR, the mutual dis
tances of the active-site ET mediator are too large and prohibit ET 
interactions. Thus, in order to electrically wire such bulky enzymes with 
their environment, the insulating shell of the protein must be transformed 
into a charge-conducting assembly. For this purpose, chemical modifica
tion of the protein backbone by ET mediators could generate an organized 
assembly where "hopping" of electrons across the electron-relay units 
results in the charge-conduction mechanism (Figure 9). 

e 

Active site 

Figure 9. A scheme of electrically wired enzyme. The protein backbone is 
chemically modified by ET mediators, R. 
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We followed this approach in electrical wiring of glutathione reduc
tase, G R (27). The enzyme GR (E.C 1.6.4.2 from baker's yeast, Sigmatype 
III) is modified by anchoring JV,iV'-bis(3-propanoic acid)-4,4'-bipyridinium, 
P A V (3), to the protein backbone. The chemical modification process is 

outlined in Scheme III. It involves the primary preparation of the active 
ester of 3 with ΛΓ-hydroxysulfonatosuccinimide sodium salt, using 1-ethyl-
3-[3-(dimethylamino)propyl]carbodiimide (EDC) as coupling agent, fol
lowed by derivatization of protein lysine residues by the active ester of 

Various loading degrees of P A V on the protein are prepared by vary
ing the concentration of P A V in the reaction medium. The modified 
enzyme maintains 72% of the activity of the native enzyme. Interestingly, 
the PAV-modified enzyme, in contrast to the native biocatalyst, does not 
recognize the cofactor N A D P H , although it is an active protein for the 
reduction of GSSG, as will be discussed later. Thus, PAV-modified glu
tathione reductase can be considered as a novel biocatalyst for the reduc
tion of GSSG. 

The PAV-modified glutathione reductase is introduced into a pho
tosystem that includes 6.8 χ 10~5 M Ru(bpy) 3

2 + as a photosensitizer; 0.01 

P A V . 

" 0 2 C C H 2 C H 2 - + N 

S0 3"Na + 

Enzyme-Lys-NH-C-CH 2 CH 2 - + N 

Scheme HI. Chemical modification of lysine residues of an enzyme by 
N?N'-Ms-(3-propanoic acid)-4,4'-bipyridinium (3). 
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10. W I L L N E R & L A P I D O T Photoinduced Electron-Transfer Reactions 203 

M E D T A as an electron donor; and the substrate, 0.01 M GSSG. Illumi
nation of this system, λ > 420 nm, results in the reduction of GSSG to 
GSH. The rate of GSSG reduction is shown in Figure 10 using bioca-
talysts of varying loading degrees of the P A V component. The higher the 
loading of the protein by P A V units, the faster is the reduction process of 
GSSG. Control experiments show that the biotransformation does not 
occur in the dark, nor does it proceed in the absence of any of the com
ponents of which the photosystem consists. The primary step in the pho
tosensitized reduction of GSSG involves the ET-quenching of the excited 
photosensitizer by protein-anchored P A V units: 

*Ru(bpy)3

2+ + PAV+-enzyme Ru(bpy)3

3+ + PVA e-enzyme (11) 

The quenching rate constant is determined by measuring the lifetime of 
the excited Ru(bpy) 3

2 + at different PAV-modified GR concentrations. 
The evaluated quenching rate constant corresponds to k^ = 5.6 χ 109 M " 1 

s - 1 , a value indicating that the modified enzyme effectively quenches the 
photosensitizer. Thus, photoreduction of GSSG in this photosystem 
proceeds by electrical communication of the enzyme active site and the 
excited species, as schematically outlined in Figure 11. The excited pho-

1.2 

1 
.S 
ω 
o Β. 0-8 

r 
τ * 

Ο 

0.4 
χ 

8 0.2 

π 1 1 π π 1 1 r 
A a 

• c 

ο 
ο , $ ,χ , Χ χ d 

ο b 

100 200 300 
time, min 

400 

Figure 10. Rate of GSH evolution (normalized per milligram of protein) 
under illumination (X > 420 nm) in a photochemical system consisting 
of 6.8 χ 10r5 M Ru(bpy)3

2+, 0.01 M EDTA, 0.01 M GSSG in 3 mL of 
0.1 M phosphate buffer, pH 7.5. The loading degrees of PAV on the 
enzytne (mole per mole) in the various systems are (a) 3.9, (b) 1.8, (c) 
1.4, and (d) 0.5. 
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Oxidation 
Products > 

EDTA 

GSH 
GSSG 

Figure 11. Photoinduced reduction of GSSG. Fixe biocatalyst is GR modi
fied by the ET mediating component, PAV (3). The PAV groups quench 
the excited species and mediate ET to the active site of the enzyme. 

tosensitizer is oxidatively quenched by protein-bound P A V groups and 
generates reduced P A V and the oxidized photosensitizer. The oxidized 
photosensitizer oxidizes E D T A and recycles the light-harnessing com
pound. The reduced P A V groups mediate ET to the enzyme active site, 
where the reduction of GSSG to GSH takes place. 

The loading degree of P A V on the enzyme has a marked influence on 
the overall reaction rate, as described earlier. The protein anchored P A V 
components participate in two steps of the ET process: (1) They act as 
ET quenchers of the excited species (eq 11), and (2) they provide the 
"molecular wire" and mediate ET to the active site of the enzyme. Both 
of these steps can, in principle, be rate-determining steps, and strongly 
depend on the P A V concentration. However, because the quenching rate 
constant (£ q) of excited Ru(bpy) 3

2 + by protein-anchored P A V is known, 
the fraction of Ru(bpy) 3

2 + fluorescence quenched by protein-bound P A V 
can be estimated at the various loading degrees. 

Figure 12 correlates the fraction of excited species being quenched by 
proteins of different loading degrees with the overall observed reduction 
rate of GSSG by the respective enzymes. We realize that a linear relation
ship is obtained, a result implying that the rate-limiting step in the pho-
toreduction of GSSG involves the ET quenching of the excited photosen
sitizer by PAV-anchored groups. Thus, the effectiveness of the electrical 
wiring of the biocatalyst active site is independent of the density of electri
cal wiring components on the protein backbone, within the range of load
ing degrees studied. Thus, low density of wiring units is sufficient to yield 
effective electrical communication with the protein active site. This con
clusion was previously predicted by Heller (18). 

The conclusion that the photoreduction of GSSG is controlled by the 
electron-transfer quenching process suggests that improvement of this 
reaction will accelerate the reduction rate. Yet, the number of bipyridi-
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ι 1 1 Γ 

0 3 6 9 12 15 
% of fluorescence quenched by PAV- GR 

Figure 12. The observed rate of GSSG reduction versus the calculated 
fraction of excited species quenched by the protein-bound bipyridinium 
groups at the various loading degrees of PAV on the enzyme. 

nium groups that can be chemically bound to the protein is limited by the 
number of available lysine residues. (Only lysine residues exposed to the 
exterior surrounding of the enzyme are relevant in this context, as the 
proximity of quencher to photosensitizer is essential for the ET-quenching 
process). Therefore, further improvement of the photosystem for reduc
tion of GSSG by chemical manipulation of the protein is limited. Immo
bilization of PAV-modified GR in the redox copolymer composed of 
acrylamide-1 provides, however, a path to circumvent these difficulties. 
The redox copolymer, 2, includes a high density of bipyridinium groups 
and is anticipated to contribute to an efficient electron-transfer quenching 
process of the excited species, whereas the PAV-anchored groups would 
function only in electrical wiring of the active site to its environment. 

We have immobilized (27) PAV-modified GR in the redox copolymer 
composed of acrylamide and 1. Immobilization is performed similarly to 
that described for nitrate reductase. The immobilized PAV—GR bioca-
talyst is introduced into a photosystem that includes the photosensitizer 
Ru(bpy) 3

2 + , the electron donor EDTA, and the substrate GSSG. Illumi
nation of the photosystem results in the effective formation of GSH. Fig
ure 13 compares the rate of photosensitized reduction of GSSG in the 
photosystem that includes P A V - G R in the redox copolymer to the most 
effective homogeneous photosystem that includes only the wired bioca-
talysts P A V - G R (Figure 10a). The photoreduction of GSSG is ca. 25-
fold faster in the photosystem that includes the polymer-immobilized 
enzyme. 
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time,min 

Figure 13. Rate ofGSH evolution (normalized per milligram of protein) in 
the photosystem described in Figure 10 (a) in the system described in graph 
10a; and (b) in a photosystem composed of 1.66 g of the redox polymer 
that contains the immobilized relay-modified glutathione reductase. 

The acceleration in the reduction rate of GSSG in the presence of 
the redox copolymer is attributed to optimization of the reaction steps in 
the organized assembly (Figure 14). The redox polymer provides a highly 
loaded matrix of bipyridinium relay components for effective ET quench
ing of the excited species. The reduced polymer-bound bipyridinium com
ponents mediate ET to protein-anchored P A V units. The protein-
anchored P A V reduced components act as the electrical wire to the 
enzyme active site, where GSSG is reduced. In addition to the accelera
tion of GSSG photoreduction in the system composed of P A V - G R 
immobilized in copolymer 2, substantial stabilization of the biocatalyst is 
revealed. In the homogeneous system including PAV—GR, the evolution 
of GSH ceases after ca. 3 h, whereas the immobilized P A V - G R is active 
for prolonged illumination times and no degradation is detectable. 

Conclusions and Perspectives 

Proteins, that is, enzymes, can be coupled to excited species and can estab
lish ET communication. Two different approaches to maintain electrical 
interactions between the enzyme active site and its environment were 
designed and involved immobilization in redox copolymers and chemical 
modification of the protein backbone by redox-relay components. Organi
zation of the enzyme in the redox copolymer forms an organized matrix 
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Figure 14. Photoinduced reduction of GSSG in an organized assembly 
composed of PAV-modified GR immobilized in the redox copolytner. The 
excited photosensitizer is quenched by the polymer-anchored bipyridinium 
groups. They mediate ET to the protein-bound PAV, and the protein-
bound PAV mediates ET to the enzyme active site. 

that mediates the ET process from the excited state to the biocatalyst 
active site. Chemical modification of the enzyme by electron-relay com
ponents generates a new biocatalyst capable of interacting with excited 
species. Such an electrically wired assembly allows vectorial ET from an 
external excited center to the biocatalyst active site across the protein 
backbone. Application of these approaches to other enzymes is antici
pated to generate new semiartificial biocatalysts for solar-light-induced 
transformations. Imagination in the development of routes to electrically 
wired proteins can generate new catalytic biomaterials for artificial pho-
tosynthetic devices. 

Yet, the subject of electrical communication between the protein 
active site and its environment is of broader interest. Numerous applica
tions of electrically wired proteins in various disciplines can be envisaged. 
Immobilization of electrically wired enzymes onto electrodes provides the 
basis for an amperometric response to the biocatalytic transformation 
occurring at the active site. Thus, the development of biosensor devices 
based on these concepts seems obvious, that is, a biosensor for nitrate (a 
common pollutant). Furthermore, the design of electrical communication 
between proteins and electrodes could provide a means to convert solar 
light energy into electrical energy. Such a device, which is schematically 
outlined in Figure 15, uses the photosynthetic reaction center as the 
light-harnessing component and a quinone compound, Q, as the electrical 
wiring component for the generation of a photocurrent (or photovoltage). 

Another important perspective of electrically wired enzymes involves 
their application as novel biocatalysts in biotechnological transformations. 
Numerous redox enzymes require the participation of NAD(P)H cofactors 
(28, 29). The need to regenerate and recycle these cofactors is a major 
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208 PHOTOSENSITIVE M E T A L - O R G A N I C SYSTEMS 

Figure 15. Proposed scheme for a photovoltaic device using the photosyn-
thetic reaction center as the light-harnessing compound, and a quinone 
compound that mediates ET to the electrode. 

limitation in using such enzymes for biotechnological processes. Electri
cally wired enzymes could provide new catalytic biomaterials that exclude 
cofactor requirements (30). Direct interaction between the reducing agent 
and the electrical wiring element could initiate the electron flow to the 
active site and effect the biotransformation. Evidently, achieving progress 
in various disciplines by using electrically wired protein is a challenge for 
future research. 
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Luminescence Probes of DNA-Binding 
Interactions Involving Copper 
Complexes 

David R. McMillin, Brian P. Hudson, Fang Liu, Jenny Sou, 
Daniel J. Berger, and Kelley A. Meadows 

Department of Chemistry, Purdue University, West Lafayette, 
IN 47907-1393 

Several chemical and spectroscopic probes of DNA and RNA 
structure are discussed, but the focus is on a class of complexes 
that allow the possibility of expanding the coordination number of 
the metal center while it is in the lowest energy excited state. 
Adduct formation with DNA can result in a dramatic increase in 
the luminescence intensity from such systems due to inhibition of 
a potent solvent-induced quenching mechanism. For example, the 
charge-transfer emission from Cu(bcp)2+, where bcp denotes 2,9-
dimethyl-4,7-diphenyl-1,10-phenanthroline, in aqueous methanol is 
dramatically enhanced when excess DNA is present in solution. 
Viscometric titrations suggest that partial intercalation of the 
complex may occur, but other types of interactions cannot be 
excluded. In contrast, Cu(dmp)2+, where dmp denotes 2,9-
dimethyl-1,10-phenanthroline, is nonemissive in the presence of 
DNA because a solvent-accessible adduct is formed, possibly 
within one of the grooves of the DNA. Results of studies involv
ing a cationic copper porphyrin are also reported. Although the 
free complex is nonemissive in aqueous solution, it emits in the 
presence of DNA as long as guanine—cytosine base pairs are 
present. 

SMALL M O L E C U L E S C A N B E USED TO P R O B E and modify macro-
molecular and microheterogeneous systems. In this regard electronic 
excited states of the molecular probe can be useful. Site-specific chemistry 
is a possibility if the probe binds tightly and preferentially to particular 

0065-2393/93/0238-0211S06.50/0 
φ 1993 American Chemical Society 
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212 PHOTOSENSITIVE M E T A L - O R G A N I C SYSTEMS 

types of sites and electronic excitation of the probe triggers a chemical 
reaction. Alternatively, study of the energetics and photophysics can pro
vide information about the polarity and the rigidity at the binding site. 
Two macromolecules of interest in the present context are the polynucleo
tides D N A and RNA. 

Overview of Polynucleotides 

A polynucleotide is a linear polymer consisting of an alternating arrange
ment of phosphate and D-ribose (2'-deoxy-D-ribose in DNA) moieties. 
The information content is coded into the system via a sequence of purine 
and pyrimidine bases that are attached to the Γ carbon of each sugar (Fig
ure 1). The bases themselves are essentially planar, conjugated systems 
containing numerous heteroatoms that, in some cases, provide for substan
tial net dipole moments. The bases are capable of hydrogen bonding to 
each other and, as shown in Figure 1, are pairwise complementary in this 
regard. 

ο j 

, , Base Pairs 

Figure 1. Structural components of DNA. Left: backbone polymer of 
phosphate and 2''-deoxyribose; purine and pyrimidine bases attach at C-Γ. 
In RNA the C-2' atom has an OH ci s to the C-3' OH Right: comple
mentary base pairs of DNA and hydrogen-bonding patterns. Arrows indi
cate where the C-Γ carbon of the sugar attaches. 
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R N A is typically a single-stranded molecule with a globular structure 
that is conditioned by a network of such hydrogen bonds. As illustrated 
schematically in Figure 2, a double-stranded motif can occur when an 
appropriate portion of the R N A sequence loops back on itself, and this 
commonly happens in naturally occurring molecules of R N A Noncom-
plementary oligonucleotides such as poly(dA) tend to form helical struc
tures with the bases stacked one upon the other. (poly(dA) denotes the 
polymer depicted in Figure 1 with adenine bonded to each 2'-deoxy-D-
ribose unit. polyA is the corresponding polymer containing D-ribose.) 
The charge densities associated with individual atomic centers of the bases 
apparently help induce the helical twist (i). 

Figure Ζ A hairpin hop of RNA. U denotes uracil, which is identical to 
thymine except there is a hydrogen in place of the methyl at C-5. The 
dashed lines denote hydrogen bonds. 

In D N A two complementary strands are hydrogen-bonded together to 
form a double helix. The most prevalent form of DNA, called B-form 
DNA, can be described in crude terms as a twisted ladderlike structure. 
Complementary base pairs that are hydrogen-bonded together form the 
rungs, and the sides of the ladder are defined by the alternating polymer 
of phosphate and deoxyribose (2, 3). The base pairs stack one upon the 
other, more or less perpendicular to the long axis of the double helix, with 
an average vertical separation of about 3.5 Â, essentially the van der 
Waals thickness of an aromatic molecule. 

Because the bonds to the sugars are not centrally located in the 
bases, two different type of grooves or indentations run along the DNA. 
One side of the base pairs forms the floor of what is known as the minor 
groove, which amounts to a narrow valley or invagination that winds 
around the D N A molecule. The depth of this groove is about 7.5 Â, and 
the width is about 5.7 À The floor of the major groove is defined by the 
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opposite side of the base pairs and is more voluminous with a width of 
11.7 Â and a depth of 8.5 Â When B-form D N A is viewed from a side, 
the grooves alternate up and down the helix axis, as can be seen in Figure 
3. Regular aspects of the structure are that the phosphate-to-phosphate 
distance is shorter across the minor groove than the major groove and 
that certain atoms are found only in one groove or the other. For exam
ple, the 3 Ή of the ribose lies in the major groove, while the C-Γ and C-4' 
hydrogens fall in the minor groove. In B-form D N A the deoxyribose 
moiety exists in the C-2'-endo conformation in which the ring atoms form 
an envelope-shaped structure with the C-2' carbon out of plane on the 
same side as C-5' and the appended base. 

Figure 3. A segment of double-helical DNA in the ordinary Β 
conformation. 

Figure 4 is a stereoview of the local structure defined by two succes
sive base pairs in B-form DNA. The view is down the axis of the helix, 
and this axis actually passes through the cytidine moiety at the point desig
nated by a circle. The base pair depicted on top is a thymine-adenine 
(Τ·Α) pair in which the filled lines designate the sigma-bonding frame
work. In the guanine-cytosine (G*C) base pair underneath, unfilled lines 
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I L M C M I L L I N ET ^ DNA-Binding Interactions Involving Cu Complexes 215 

Figure 4. Stereoview of the local structure defined by two successive base 
pairs in B-form DNA. 

represent the sigma bonds. The thin lines connecting bases represent 
hydrogen-bonding interactions. This drawing gives some idea of the way 
in which the ribose and the phosphate groups restrict access to the base 
pairs on the minor groove side, which falls on the bottom of the drawing. 
However, the width of the minor groove is actually considerably smaller 
than this view indicates because the shortest phosphate-to-phosphate dis
tance between chains is not along a horizontal but along a diagonal direc
tion, as can be appreciated from Figure 3. This happens because the next 
phosphate groups are displaced horizontally as well as vertically as the 
chains extend on account of the natural twist of the helix. (The twist 
angle roughly corresponds to the angle through which the hydrogen bonds 
have rotated in Figure 4.) By comparison with the minor groove, the 
major groove is a much wider channel and provides easier access to the 
base pairs. However, the magnitude of the coulombic potential generated 
by the phosphate groups is greater on average in the minor groove. 

Because of a steric interaction between the C-2' oxygen and a phos
phate oxygen (2), the ribose group in R N A cannot adopt the same confor
mation. Hence in double-stranded RNA, or in a D N A - R N A hybrid, the 
sugar adopts the C-3' endo-conformation that produces the Α-form double 
helix. It can be viewed as a ladder that has been wound around a guide 
rod, rather than simply twisted (4). In the Α-form structure the planes of 
the base pairs make an angle of about 70° with the helix axis, and the C-
l ' - C - l ' side of the base pair is quite close to the surface (2). In contrast, 
the major groove is deeply recessed and characterized by a rather narrow 
access. Both Α-form and B-form D N A represent right-handed double hel
ices, but there is a left-handed form as well, and it is known as Z-form 
DNA. It is not very common, but segments of cellular D N A could con
ceivably conform to this structure. 

Indeed, naturally occurring D N A undoubtedly has a compacted, 
much less regular structure than the idealized structures just described (5). 
Bends, hairpin loops, cruciforms, and coils are structural motifs that can 
occur. Local structures within the D N A as well as specific sequences may 
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be important in recognition and packaging phenomena. In principle, 
probes can be used to identify such features. 

DNA-Binding Interactions 

Binding interactions are important in D N A regulation and other processes 
in which recognition is important. D N A is a polyanion, so coulombic 
forces are clearly relevant. Indeed, they are responsible for a sheath of 
counterions that tends to surround the double helix. Hydrophobic cations 
may be drawn to the minor groove where the coulombic potential is 
stronger. Hydrogen-bonding interactions, for example, with atoms in the 
floor of the grooves, can also be important in binding, and of course stack
ing interactions may be important when the substrate includes a planar 
aromatic functionality. 

The focus here will be on metal-containing binding agents. In princi
ple, these include complex proteins with zinc fingers (6) or copper fists (7) 
in which multiple interactions occur, but the scope will be narrowed to 
small-molecule systems in which fewer specific interactions are involved. 
Popular systems include tethered reagents wherein the active agent is 
linked to a functionality specifically designed to interact with D N A A 
classic system that probably should be placed in this class is the naturally 
occurring antibiotic bleomycin, which has a bithiazole group as an append
age that somehow interacts with D N A (8). Bleomycin is a glycopeptide 
that can bind several metals, but the iron-containing form is probably the 
physiologically relevant form that cleaves D N A by a redox mechanism 
involving attack at a deoxyribose. Although the cobalt derivative of 
bleomycin is inactive in the dark, it has activity when photolyzed. 

Another example of a tethered system is the totally synthetic system 
methidiumpropylethylenediaminetetraacetic acid (MPE)*Fe(II) (structure 
1). The methidium ring system is capable of intercalating between virtu
ally any set of adjacent base pairs in D N A When the methidium is 
bound, the iron complex on the other end of the reagent is poised next to 
D N A and can engage in Fenton-like chemistry that ultimately fragments a 
deoxyribose group (9). More specific cleavage patterns can be obtained by 
attaching an appropriate metal complex to an oligonucleotide that is 
prone to bind to a specific sequence of nucleic acid (10,11). 

Numerous types of untethered reagents are also known. To be useful 
as probes, these systems must have the inherent ability to bind to D N A as 
well as to effect some chemical or physical change that gives information 
about the binding interaction. One example is the uranyl ion U 0 2

2 + . 
Coulombic interactions dictate that this ion will have an affinity for the 
polyanion D N A and the reactive excited state of the uranyl ion can 
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abstract hydrogen atoms from a variety of substrates, including alcohols. 
Not surprisingly, when the uranyl ion is irradiated in the presence of 
DNA, cleavage occurs (12). The mechanism probably involves hydrogen-
atom abstraction from the deoxyribose, analogous in some way to the ther
mal chemistry seen with MPE-Fe(II). 

Other interesting examples can be found in the studies of Barton and 
co-workers (13—16) who have investigated a great number of phenanthro-
line complexes of d 6 metal ions. The Ru(II) systems often exhibit 
luminescence that provides a useful handle on the DNA-binding interac
tions (13). Multiple modes of binding may exist, but partial intercalation 
of a phenanthroline ligand appears to play a role in the binding of many 
systems. A mixed-ligand system that was developed is virtually non-
luminescent in aqueous media but emits in the presence of D N A (14). 

Equally interesting are the Rh(III) analogs that also bind to D N A 
and are capable of photoinduced cleavage reactions (75). The excited 
states involved have not been clearly identified as yet and will no doubt be 
the subject of future investigations. A study (16) of a mixed-ligand M(III) 
complex in conjunction with tritium-labeled oligonucleotide suggests that 
the complex binds in the major groove, as the 3 Ή is abstracted by one of 
the ligands bound to the metal. 

Our group's interests have centered on bis(phenanthroline)copper(I) 
complexes. In contrast to the d 6 systems, the d 1 0 copper(I) complexes 
have a pseudotetrahedral coordination geometry and a +1 charge. Hence 
the geometric requirements and the balance that is struck between hydro
phobic interactions and coulombic interactions is liable to be quite dif
ferent than in the ruthenium(II) and rhodium(III) systems. The interest in 
the reactions between D N A and copper phenanthrolines goes back to 
1979 when Sigman et al. (17) reported that the 1,10-phenanthroline 
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(phen) ligand and copper(II) in combination with a thiol reagent are capa
ble of depolymerizing poly(dA-dT)*poly(dA-dT). (The term poly(dA-dT) 
denotes the polymer in Figure 1 with alternating adenine and thymine 
bases. The analogous polymer with alternating guanine and cytosine bases 
is termed poly(dG-dC), and, for example, poly(dA-dT)*poly(dA-dT) 
denotes the hydrogen-bonded duplex.) Since then, this group and others 
(18-20) have shown that copper phenanthrolines represent a class of arti
ficial nucleases that can be used to probe D N A and D N A complexes. 
Hydrogen peroxide is an important intermediate in the cleavage reaction, 
and a minimal reaction sequence is presented in Scheme I. 

Cu(phen) 2

2 + + Red —> Cu(phen) 2

+ + Ox (1) 

2Cu(phen) 2

+ + 0 2 + 2H+ —» 2Cu(phen) 2

2 + + H 2 0 2 (2) 

Cu(phen) 2

+ + D N A + ± Cu(phen) 2

+ | D N A (3) 

Cu(phen)2+ | D N A + H 2 0 2 — • 

oligonucleotides + Cu(phen) 2

2 + + O H " (4) 

Scheme I. 

Red and Ox denote the reduced and oxidized forms, respectively, of a sac
rificial reagent such as a thiol, and Cu(phen) 2

+ |DNA denotes a bound 
form of the copper complex. The role of binding is evident from the effi
ciency of nucleolytic cleavage, kinetic results (21), as well as spectral data 
(22). On the basis of a product analysis, Sigman concluded that cleavage 
occurs via oxidation of the ribose moiety and that it is initiated by 
hydrogen-atom abstraction from the C-Γ or C-4' carbons. Both of these 
hydrogen atoms are found in the minor groove, which is therefore con
sidered to be the locus of binding (20). 

Consistent with this reasoning, strong cutting sites in one strand 
correlate with strong cutting sites on the opposite strand that are offset in 
the 3' direction (18). Sigman and co-workers (21) also found that the 
cleavage chemistry is not very sensitive to substitution at the C-5 position 
of the phenanthroline ligand, and they inferred that the copper complex 
undergoes some type of groove binding rather than intercalation. How
ever, another group has carried out cleavage studies on oligonucleotides 
containing unmatched strands that result in bulges where intercalative 
binding is supposed to be favored (23). Cleavage occurs preferentially 
near the bulges, hence they concluded that an intercalative binding 
interaction may be involved. Recently, Ri l l and co-workers (22) reported 
viscometric data that is also consistent with intercalative binding. 

No single type of experiment is likely to establish the type of binding 
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that occurs. For example, cleavage studies can reveal information only 
about productive modes of binding, but more than one mode of binding 
may occur. Furthermore, if the reactive intermediate (a cupryl species 
involving the C u ( O H ) 2 + moiety?) has a finite lifetime, it need not react 
as rapidly as it forms nor bind in the same fashion as the Cu(phen) 2

+ pre
cursor. A collaborative approach involving many different types of experi
ments should, however, ultimately provide a sound basis for understanding 
these systems. 

Luminescence Methods and Copper Phenanthrolines 

When methyls or larger substituents are introduced into the 2- and 9-
positions of the 1,10-phenanthroline ligand (structure 2) the reduction 
potential of the copper complex is dramatically increased, and it is no 
longer an efficient catalyst for D N A cleavage (24). Accordingly, we have 
used these systems to study DNA-binding phenomena without interference 
from DNA-cutting reactions. The same substituents also make it possible 
to observe photoluminescence from the copper complexes because, in the 
absence of sufficiently bulky substituents, the lowest energy excited state is 
subject to a severe flattening distortion that effectively quenches the emis
sion even in a low-temperature glass (25). 

R R* 

phen H H 

dmp Me H 

dip H Ph 
bcp Me Ph 

However, the excited state is subject to another potent quenching 
mechanism in solution whenever Lewis bases are present. Thus, the 
excited-state lifetime of Cu(dmp) 2

+, where dmp denotes 2,9-dimethyl-
1,10-phenanthroline, is about 100 ns in CH 2 C1 2 at room temperature, but 
the lifetime is only 2 ns in C H 3 C N (26). Donor moieties quench the 
excited state via nucleophilic attack at the metal center, which can for
mally be classified as copper(II) in the excited state. (Because there are 
no d—d excited states in this d 1 0 system, the lowest energy excited state is 
a metal-to-ligand charge-transfer state.) 
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An adduct with an expanded coordination number has never been 
spectroscopically detected, but systematic exploration of steric effects (27, 
28) and measurements of activation volumes support the proposed 
quenching mechanism (29). In addition, recent studies (30) involving a 
series of Lewis bases reveal that the activation enthalpies for quenching 
are uniformly negative and are consistent with reversible adduct forma
tion. The excited-state adducts that form are rare examples of exciplexes 
involving coordination compounds. Exciplex formation is quite common 
with excited states of organic molecules, but the ligands in the primary 
coordination sphere of transition metal ions usually screen the d orbitals 
from substrates in solution. Because reasonable orbital overlap is nor
mally necessary for effective adduct formation, the phenomenon is most 
likely to be observed with coordinatively unsaturated excited states such as 
the one that occurs in the copper systems. As will be discussed, the possi
bility of exciplex formation means that the complex can be used as a 
luminescence probe that is extremely sensitive to the local environment. 

A good deal of physical data shows that Cu(dmp) 2

+ binds to D N A in 
solution. Thus, in the presence of D N A the charge-transfer absorption 
band of the copper complex shifts a few nanometers to the red, and there 
is evidence of hypochromism as well (31, 32). Equilibrium dialysis experi
ments (33) suggest that binding occurs, and studies involving ethidium 
bromide (24) reveal that the dmp complex binds competitively. Whatever 
the mode of interaction, the uptake of Cu(dmp) 2

+ has little influence on 
the rigidity or average length of double-stranded D N A in solution because 
the viscosity of the solution is hardly affected by the addition of the 
copper complex (33). Moreover, the emission that can be detected from 
Cu(dmp) 2

+ in aqueous media is extremely weak with or without D N A 
present (32). This weak emission suggests that the bound form of the 
complex is fully accessible to solvent and therefore efficiently quenched by 
solvent-induced exciplex formation. 

The Cu(bcp) 2

+ system, where bcp denotes 2,9-dimethyl-4,7-diphenyl-
1,10-phenanthroline, presents new problems because it is much less solu
ble in water, even when the chloride salt is employed. Accordingly, the 
spectroscopic studies were carried out in 33% methanol. As with the dmp 
complex, a bathochromic shift and hypochromism are evident in the 
charge-transfer absorption spectrum in the presence of DNA; however, 
two phases of binding are clearly observed (32). At low DNA-P:Cu ratios 
(where DNA-P denotes the number of phosphate, i.e., nucleotide, residues 
in solution and Cu denotes the amount of copper complex in solution) 
some type of aggregation—particulate formation occurs. However, at 
DNA-P :Cu ratios greater than about 10, the copper complex appears to 
be fully dispersed and dissolved, at least at the lower ionic strengths. The 
difference in character of the D N A in solution at different DNA-P :Cu 
ratios can be appreciated from the circular dichroic (CD) spectra 
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3 

- 3 1 1 1 r 
2 1 0 24Θ 2 8 6 3 2 4 3 6 2 4 0 0 

W a v e l e n g t h ( n m ) 

Figure 5. UV circular dichroism spectrum of salmon testis DNA with 
DNA-P: Cu = 0 (—, smooth trace); DNA-P:Cu - 2 (—, noisy trace); and 
DNA-P:Cu = 50 (- - -). The copper complex is Cu(bcp)2

+, and the sol
vent is 1:3 by volume MeOH—pH 7.8 aqueous buffer at 20 °C. No correc
tions for scattering artifacts have been implemented 

presented in Figure 5. For purposes of this discussion the focus will be on 
the high DNA-P :Cu ratios in which the copper complex is assumed to be 
monomeric. 

The most striking property of these solutions is that they are 
luminescent (31, 32). The charge-transfer emissions that are observed 
from a series of D N A solutions are depicted in Figure 6. The excitation 
spectra are consistent with emission from Cu(bcp) 2

+ molecules bound to 
DNA, and the emission lifetime is about 65 ns. Although the emission 
intensity does not vary greatly with the type of D N A used, it is more 
intense with poly(dA-dT)-poly(dA-dT) than with poly(dG-dC)*poly(dG-
dC). On average, there is about a 10-fold enhancement of the emission 
intensity in the presence of DNA, and this enhancement implies that 
solvent-induced exciplex quenching is sharply curtailed. This curtailment 
suggests that the conformational flexibility of the complex is highly res
tricted within the D N A adduct and that the binding involves more than 
simple surface contact mediated by hydrophobic interactions or coulombic 
interactions. A more deeply embedded adduct is required. Emission 
polarization data are in accord with this view because they show that the 
rotational freedom of the complex is also highly restricted, more like that 
of the macromolecule in solution (31). 

One mode of binding that would be consistent with rigid adduct for
mation involves partial intercalation of the complex. In the solid state, a 
related system, the iST-methyl-3,5,6,8-tetramethyl-l,10-phenanthrolinium 
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ι 1 ι ι 
6 0 0 6 5 0 7 0 0 750 8 0 0 

Wavelength Cnm) 

Figure 6. Corrected emission spectra from Cu(bcp)2

+ in 1:3 by volume 
MeOH-pH 7.8 aqueous buffer at a DNA-P:Cu ratio of 20. Curves: A, 
poly(dG-dC)-poly(dG-dC); B, salmon testis DNA; Q poly(dA-dT)*poly(dA-
dT); and D, yeast tRNA. The copper concentration was 8.7 μΜ, and the 
temperature was 20 °C. (Reproduced from reference 32. Copyright 1990 
American Chemical Society.) 

cation, is known to intercalate (34). By analogy, one might expect the 
copper complex to dock in the major groove with some portion of the 
backside of one of the bcp ligands resting between adjacent base pairs 
within the double helix. The extent of penetration is uncertain but will 
ultimately be limited by the steric influence of the bcp ligand opposite the 
copper. Other systems are thought to bind similarly; for example, Barton 
and co-workers (35) proposed that, in related ruthenium systems, the 
introduction of phenyl substituents in the 4 and 7 positions of the 
phenanthroline ligands promotes intercalative binding. Thus, Ru(dip) 3

2 + , 
where dip denotes 4,7-diphenyl-l,10-phenanthroline, appears to intercalate 
more strongly than Ru(phen) 3

2 + . Sigman (18) studied the DNA-cutting 
ability of Cu(dip) 2

+ and found that, in contrast to Cu(phen) 2

+, the 
cleavage pattern is much more even, that is, there appears to be less 
sequence specificity. This finding, too, is consistent with intercalative 
binding that can be a sequence-neutral process. 

To explore this idea further, we made the viscometric measurements 
reported in Figure 7. These data show that the addition of small amounts 
of Cu(bcp) 2

+ enhances the specific viscosity of the D N A in solution. 
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1.50 ι — 1 

0.00 0.04 Ο.ΟΘ 0.12 0.16 0.20 

(Cu]/[DNA-P) 

Figure 7. Specific viscosity ratios obtained with salmon testis DNA and 
varying amounts of Cu(bcp)2

+ or Cu(dmp)2*. The ratio is the specific 
viscosity due to DNA with complex compared to that observed in the 
absence of complex The temperature was 23 °Q and the solvent was 1:3 
by volume MeOH—pH 7.8 aqueous buffer. 

(The falloff that occurs at higher copper concentrations in the figure is 
attributed to an aggregation phenomenon; vide supra.) The viscosity 
increase is consistent with elongation of the helices in solution, which is a 
necessary consequence of intercalative binding. In contrast, Cu(dmp) 2

+ 

has virtually no effect on the specific viscosity due to the D N A in solution. 
Physical studies also were carried out with R N A The first experi

ments involved addition of the copper reagents to a solution containing 
transfer R N A (tRNA) that was isolated from yeast (32). As with DNA, 
the presence of R N A did not enhance the emission from Cu(dmp) 2

+, but 
emission enhancement did occur with Cu(bcp) 2

+. At first this result 
seems surprising because tRNA has a globular structure built out of one 
strand. However, similar types of binding may be possible because the 
structure contains stems of double-stranded structures due to the sequence 
looping back on itself. We also measured the effect of Cu(bcp) 2

+ on the 
specific viscosity of the synthetic, double-stranded R N A poly C-poly I, but 
we found virtually no enhancement. (The symbol I denotes inosine, which 
is guanine without the amino substituent.) Indeed, the specific viscosity 
was somewhat decreased in the presence of Cu(bcp) 2

+. 
In summary, the luminescence results obtained with Cu(dmp) 2

+ are 
consistent with the binding model developed by Sigman for Cu(phen) 2

+. 
In particular, the bound form of Cu(dmp) 2

+ is solvent-accessible in keep-
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ing with the postulated groove binding. On the other hand, in view of the 
viscosity enhancements observed by Ri l l and co-workers (22), a number of 
questions concerning the mode of binding remain to be answered. Does 
the steric influence of the methyl substituents cause the dmp complex to 
bind differently than the phen complex? Is the viscosity increase that is 
associated with the phen complex due to intercalation, or does some other 
phenomenon account for the requisite elongation or rigidification of the 
double helix? For Cu(bcp) 2

+, the luminescence and viscometry data indi
cate that the complex, like Cu(dip) 2

+ , intercalates into DNA, although 
charge-transfer emission can also be detected in solutions of double-
stranded R N A that do not show a viscosity increase. Because of the 
extension of each ligand, the steric influence of the methyl substituents on 
the opposite ligand of Cu(bcp) 2

+ may be minimal; however, the steric 
requirements of the phenyl substituents themselves need to be considered 
more carefully. The problem is that the phenyl substituents are con
strained to be out of the plane of the phenanthroline moiety due to steric 
interactions between the ortho hydrogen atoms of the phenyls and the 5-
and 6-hydrogens of the phenanthroline core (36). Systematic studies of a 
copper complex of a phenanthroline ligand with a single phenyl substi
tuent are currently underway. Because the complex of this ligand is chiral, 
we can also investigate whether selective binding of a particular enantio-
mer occurs. 

Porphyrins and DNA 

Porphyrins are important reagents for photodynamic therapy (37), in 
which the function apparently is sensitization of the cytotoxic agent singlet 
oxygen. One of the potential targets of singlet oxygen is cellular DNA; 
hence, there has been considerable interest in the interactions between 
D N A and porphyrins. The cationic metalloporphyrin TMpyP4 or 
5,10,15,20-tetrakis(A^-methylpyridinium-4-yl)porphyrin, which is shown as 
structure 3 with R as iV-methylpyridinium-4-yl, and complexes thereof 
have been of particular interest since Fiel et al. (38) presented evidence 
that they can intercalate into DNA. The cationic nature of this porphyrin 
obviously favors combination with DNA, but the charge also simplifies the 
aqueous chemistry by minimizing self-association in solution. Several dif
ferent techniques have been used to investigate this system, including cir
cular dichroism (CD), visible spectroscopy, viscometry, and N M R spec
troscopy (39, 40). Some of the relevant findings will be briefly summar
ized. 

A variety of metalloporphyrins bind axial ligands; others do not, and 
this feature affects D N A binding. For example, the Co(III), Mn(III), and 
Zn(II) derivatives of TMpyP4 have axial ligands, and as a consequence 
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11. M C M I L L I N ET A L . DNA-Binding Interactions Involving Cu Complexes 225 

R 

3 

they are relegated to bind on the surface of DNA, possibly within one of 
the grooves. On the other hand, the free ligand and the Pd(II), Au(III), 
Ni(II), and Cu(II) derivatives typically do not have axial ligands, and they 
are capable of intercalating into D N A However, intercalative binding 
requires guanine and cytosine bases, and there is evidence that the free 
ligand TMpyP4 intercalates exclusively within a 5'CpG3' sequence [that is, 
where guanine follows cytosine along the chain (Figure 1)] (41). For an 
intercalator such sharply defined sequence specificity is extremely unusual. 

Photophysics of Metalloporphyrins 

The electronic structure and luminescence properties of metalloporphy
rins, especially copper porphyrins, are of particular interest for this discus
sion. The electronic states associated with the ligand are fairly well under
stood but are complicated by the fact that the highest energy occupied 
orbital and the second highest energy occupied orbital have similar ener
gies (42). As a consequence, the two lowest energy intraligand excited 
electronic configurations interact, and there are two spin-allowed π—π* 
transitions with quite different intensities. The Soret band occurs at 
around 420 nm with an extinction coefficient of > 100,000 M - 1 cm" 1 , 
while the Q band is a considerably weaker, vibronically structured transi
tion that occurs in the neighborhood of 550 nm. In solution a free por
phyrin typically exhibits w—π* fluorescence from the lower energy singlet 
state; however, in most metalloporphyrins containing a transition metal, 
intersystem crossing to the corresponding 3 Τ Γ - ? Γ * state occurs preferen
tially. In favorable cases this state exhibits room-temperature phosphores
cence, but it deactivates by decaying into lower-energy d-d states or 
charge-transfer excited states when they are available. 

Copper porphyrins, are a special case, for example, Cu(TPP) (TPP 
denotes 5,10,15,20-tetraphenylporphyrin, where R is Ph in structure 3). 
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The copper center has an unpaired electron, and thus the spin-allowed 
transitions correspond to doublet states. These, in turn, relax to the 2T 
and 4 Γ states that arise from the lowest energy 3π—π* state by virtue of 
coupling with the unpaired electron of the copper center. In benzene, 
Cu(TPP) exhibits thermally equilibrated emission from the 2 , 4 Γ excited 
states with a lifetime of 29 ns (43). Kim et al. (44) reported that the emis
sion is quenched when strong donors such as pyridine are incorporated 
into the solution by virtue of formation of a five-coordinate form of the 
complex. On the basis of iterative extended Hiickel calculations, they con
cluded that the emission from the 2T and 4T excited states was quenched 
by a lower energy charge-transfer excited state of the five-coordinate 
adduct. The possibility of expanding the coordination number suggests 
that exciplex interactions could be important in the excited-state relaxa
tion. Accordingly, we have begun to investigate the luminescence proper
ties of Cu(TMpyP4) in solution and in the presence of D N A Preliminary 
results are described in the following section. 

Luminescence Studies of Cu(TMpyP4) in the Presence 
of DNA 

Although Cu(TMpyP4) itself exhibits no detectable emission in aqueous 
solution, a broad, unstructured emission can be observed in the presence 
of D N A (Figure 8). In a corrected emission spectrum the maximum 
occurs at about 800 nm, and the emission can be assigned to the 2T and 4T 
excited states by analogy with the Cu(TPP) system. As indicated in Figure 
8, the emission depends on the DNA-P:Cu ratio, but the focus will be on 
solutions with a high DNA-P:Cu ratio in which the emission has reached 
a maximum value. Because the emission intensity increases with the guan
ine and cytosine content, we assign the emission to the intercalated form 
of the complex. Other spectral data, including electronic absorption and 
CD results as well as viscometry studies, are in full accord with this 
interpretation. 

A model that successfully accounts for the luminescence results can 
be presented with the help of Figure 9. Two different forms of 
Cu(TMpyP4) are represented across the diagram. On the right the por
phyrin complex is depicted as a four-coordinate complex, the most stable 
form of the complex in aqueous solution. Opposite this is the higher 
energy five-coordinate form with a water bound at one of the axial posi
tions. The diagrams also present the energies of the 2T and 4 Γ excited 
states, which are expected to be about the same regardless of the coordi
nation number. The more interesting state is the d-d excited state associ
ated with the ûp. —» u^_Y2 transition. As is well known from studies of the 
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Wavelength (nm) 

Figure 8. Uncorrected emission spectra of Cu(TMpyP4) at DNA-P:Cu 
ratios of 50:1. Curves: A} poly(dA-dT)*poly(dA-dT); Bf salmon testis 
DNA; and Q poly(dG-dC)-poly(dG-dC). The conditions are μ - 0.2 M 
NaCl, pH 7.8, and Τ = 25 °C. Inset: emission intensity versus the DNA-
P:Cu ratio for salmon testis DNA. 

pentaammine effect (45), this state is expected to drop to lower energy in 
the five-coordinate form, and we propose that it falls below the 2,4T mani
fold. This condition would result in the quenching of the emission 
because the d-d excited states of copper(II) systems are extremely short
lived. In essence the idea is that the emission from free Cu(TMpyP4) is 
quenched in aqueous solution because of solvent-induced exciplex forma
tion. In this case the exciplex is short-lived because it readily deactivates 
via a d—d state. On the other hand, emission from the 2 ' 4 Γ states can be 
observed when the complex is intercalated into D N A because the axial 
positions of the complex are protected from solvent attack. 

Summary and Conclusions 

D N A is a complex macromolecule capable of forming many different types 
of local structures. Transcription and regulation of D N A molecules 
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d-d 

Figure 9. State diagram for four-coordinate versus five-coordinate 
Cu(TMpyP4). S denotes a solvent molecule. 

depend on recognition phenomena that may involve multiple types of 
binding interactions. Coulombic forces, hydrogen-bonding interactions, 
and hydrophobic and steric effects are all factors that come into play. 
There are so many possibilities that understanding the binding of even 
simple ligands in solution requires information from many different exper
iments. We have illustrated a luminescence method that can be applied 
when binding to D N A interferes with a potent solvent-induced quenching 
process involving exciplex formation. This type of complex formation with 
nucleophilic solvents requires effective orbital overlap, and this overlap is 
possible in general when the excited state is coordinatively unsaturated. 

The copper phenanthrolines, Cu(dmp) 2

+ and Cu(bcp) 2

+, have been 
investigated as analogs of the artificial nucleases, Cu(phen) 2

+ and 
Cu(dip) 2

+ , respectively. Although Cu(dmp) 2

+ binds to DNA, no signifi
cant induction of luminescence occurs, and we conclude that some type of 
solvent-accessible adduct is formed that may involve groove binding. On 
the other hand, when Cu(bcp) 2

+ is combined with an excess of D N A or 
R N A , a significant charge-transfer luminescence signal can be observed. 
The results are consistent with intercalative binding, but other types of 
deeply buried binding may also explain the results. A l l that is required is 
that the binding be secure enough to preclude the structural reorganiza
tion that is necessary for nucleophilic attack at the metal center. 

The results with Cu(bcp) 2

+ reveal how profound an influence the 
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11. M C M I L L I N ET A L DNΑ-Binding Interactions Involving Cu Complexes 229 

introduction of hydrophobic substituents can have on the DNA-binding 
interaction. The methyl substituents attached at the 2- and 9-positions 
should be inconsequential in this regard, but the possibility of a steric 
influence on the DNA-binding interaction cannot be totally dismissed. 
This caveat aside, our results strongly suggest that intercalative binding 
does not occur with Cu(dmp) 2

+. By inference it is unlikely to be signifi
cant for Cu(phen) 2

+ either. As the nuclease chemistry of new derivatives 
of Cu(phen) 2

+ unfolds and as new types of systems are probed by 
Cu(phen) 2

+ and the like, luminescence studies of appropriate analogs can 
be an important aid in the effort to understand the complexities of the 
interactions, especially the fundamental binding interactions. 

Finally, we presented new results pertaining to a copper porphyrin, 
Cu(TMpyP4). In aqueous solution the intraligand phosphorescence of the 
complex is completely quenched because attack by solvent at an axial posi
tion induces deactivation via a low-lying d—d state. However, the emission 
can be observed from certain types of D N A adducts. Because the emis
sion intensity correlates with the G C content of the DNA, the emissive 
form is assigned to be the intercalated complex, which is incapable of 
accepting axial ligands. 
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Molecular Models for Semiconductor 
Particles 

Luminescence Studies of Several Inorganic Anionic 
Clusters 
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Regensburg D-8400 Regensburg, West Germany 
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In the transition region from a bulk semiconductor to a molecular 
cluster, the optical and photocatalytic properties of a semiconduc
tor drastically change as the size of the crystallite is decreased. 
Several inorganic cluster molecules with a well-defined particle 
size and structure, (that is, Zn4(SPh)102-, Cd4(SPh)102-, 
Cd10S4(SPh)164-, and Zn4O(OAc)6) were synthesized and com
pared to the analogous mononuclear complexes Zn(SPh)42- and 
Cd(SPh)42-. These clusters showed structured absorption spectra 
and a red-shift of their absorption edges with increasing crystallite 
size. The observed extinction coefficients suggest that the absorp
tion bands can be best ascribed to ligand-to-metal charge-transfer 
(LMCT) transitions, which can be thought of as molecular cluster 
analogs of valence-to-conduction band transitions in bulk ZnS 
and CdS. Luminescence lifetimes and Stokes shifts provide 
further information about the nature of the optical transitions. 

± H E UTILITY OF SEMICONDUCTOR SUSPENSIONS as photocatalysts 
for the oxidative degradation of a wide range of organic compounds (i, 2) 

•Corresponding author 

0065-2393/93/0238-0233$06.00/0 
© 1993 American Chemical Society 

Pu
bl

is
he

d 
on

 M
ay

 5
, 1

99
3 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
ba

-1
99

3-
02

38
.c

h0
12
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derives from the collective versus molecular properties of the semiconduc
tor cluster. Thus, band-gap excitation of the semiconductor cluster pro
motes an electron from the valence band to the conduction band and 
thereby generates an electron-hole pair that can be trapped by interfacial 
electron transfer. This species can then react with adsorbed species or 
exchange with lattice oxides to form other oxy radicals. Adsorbed oxygen 
acts as an effective electron trap, thus forming surface-bound superoxide. 
Many organic molecules or water can function as effective single-electron 
donors to trap a photogenerated hole. Subsequent reactions occurring 
between these redox-activated species or between these radical ions and 
other traps present in solution initiate oxygenation and oxidative cleavage, 
which ultimately lead to degradation and, in some cases, to complete 
mineralization. 

The thermodynamics of these conversions is governed by the ener
getic positions of the valence and conduction bands. In both metal oxide 
and metal chalcogenide bulk semiconductor particles, the band positions 
are dependent on the medium; both bands shift 59 mV per pH unit in 
aqueous solutions. In nonaqueous suspension, for example in acetonitrile, 
the band-gap positions can be specified on a standard electrochemical 
scale. For titanium dioxide, for example, the valence band edge lies at 
about +2.4 V versus the saturated calomel electrode (SCE), and that for 
the conduction band lies at about -0.8 V . The potential for the conduc
tion band is almost isoenergetic with the reduction potential of oxygen 
and thus permits facile electron trapping, but the valence band edge is 
highly oxidizing and thus permits single-electron oxidation of virtually any 
organic compound that bears either a lone pair or any conjugation. 

The band gap of a given semiconductor is also dependent on particle 
size. The electronic properties of a given semiconductor cluster depend 
on the periodic arrangement of many atoms or molecules in a crystal lat
tice, and hence the shrinking diameter of a given semiconductor crystallite 
causes a gradual shift from a cluster exhibiting bulk semiconductor pro
perties to one exhibiting well-spaced, discrete orbital levels. This 
phenomenon, referred to in the literature (3—8) as size quantization, is 
accompanied by pronounced effects on both the optical characteristics and 
photocatalytic efficiency of the particles. As the cluster size becomes 
smaller and smaller, the band gap widens, with a dramatic blue shift from 
the absorption onset observed for the bulk particle. 

A number of techniques have been employed to generate size-
quantized clusters in stable environments. The in situ preparation of 
small clusters has been accomplished by the following techniques: 

• ion exchange into spatially defined cavities such as polymers (9-12), 
vesicles (13,14), and zeolites (15—18) 
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12. T U R K E T A L . Molecular Models for Semiconductor Particles 235 

• surface modification by chemisorption or physisorption of capping 
reagents (19-25) 

• biosynthesis (26) 
• layer formation within Langmuir-Blodgett films (27) 
• separation of size-disperse mixtures by size exclusion chromatography 

(28-31) 

The in situ preparation methods are typically induced by ion exchange of 
the semiconductor cation into a defined cavity with cation-exchange ability 
(32, 33). Surface techniques can then be used to characterize both the 
phase of the crystallite (34) and the photocatalytic activity of the resulting 
included material (32). 

By employing an ion-dilution technique, ultrasmall particles are 
formed by a method analogous to formation of an inverted micelle within 
a microemulsion (12). In this approach, the cation-to-ionomer cluster 
ratio is controlled by diluting the exchange solution with an inert ion, for 
example, C a 2 + . The absorption onset for the resulting particles can be 
tuned over a range of more than 3 eV. Analogous spectral shifts are 
observed when layers of size-quantized particles, with dimensions smaller 
than 50 Â, are prepared by exposure of Langmuir-Blodgett films of cad
mium arachidate to H 2 S to yield semiconductor clusters of cadmium sul
fide particles held within a lattice of layered arachidate anions (27). As in 
the clusters generated by ion-dilution of perfluorinated ionomer mem
branes (Nation) (22), the onset of absorption of this layer is significantly 
blue-shifted from that of the bulk semiconductor. 

Despite the utility of these techniques in forming small particle sizes, 
all nonetheless give a relatively broad particle size distribution, which 
complicates the quantitative correlation of the physical properties of the 
observed semiconductor cluster with particle size. This problem can be 
overcome if the synthesis of a monodisperse cluster incorporating the 
atomic subunits of semiconductor particles is undertaken. These synthetic 
clusters provide models for conventional semiconductors but possess a 
well-defined size and shape (35-39). We describe in this chapter our 
characterization of the optical and electrochemical properties of three cad
mium benzenethiolate clusters (Turk, T.; Resch, U. ; Fox, M . Α.; Vogler, 
A , unpublished results) and two zinc benzenethiolate clusters (Turk, T.; 
Resch, U. ; Fox, Μ. Α.; Vogler, Α., unpublished results) studied as a func
tion of cluster size. We are particularly interested in characterizing the 
gradual transition from molecular to semiconductor properties, as had 
been attempted in our previous effort to characterize the photocatalytic 
activity and spectroscopy of heteropolyoxyanions in comparison with metal 
oxide clusters and powders (40). Thus, we undertook a search for parallel 
photocatalytic activity and optical similarities between these clusters and 
bulk semiconductor particles. 
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The available crystal structures (37) of these metal chalcogenide clus
ters imply that they are reasonable molecular models for CdS and ZnS in 
that the coordination environments of both the metal and the sulfur 
atoms, as well the bond distances and angles, are similar to those observed 
in the bulk semiconductor. We seek in this study to determine whether 
the organic capped clusters may bear similar analogy to quantized inor
ganic clusters. This chapter compares the spectroscopic properties of 
more detailed studies of each of these families, which are as yet unpub
lished. 

Spectroscopy 

The absorption spectra of Cd(SPh) 4

2 _ , Cd 4(SPh) 1 0

2~, Cd 1 0 S 4 (SPh) 1 6

4 ~, 
Zn(SPh) 4

2~, and Zn 4(SPh) 1 0

2"" show characteristic absorption bands in 
the ultraviolet region (Turk, T.; Resch, U. ; Fox, Μ. Α.; Vogler, Α., 
unpublished results). In the cadmium complex containing only one Cd 
atom, only a single symmetrical absorption band at 282 nm can be 
observed, whereas two overlapping bands are present for both the tetranu-
clear and decanuclear complexes, respectively, at 249 and 275 nm and at 
about 250 and 280 nm. This additional band presumably derives from the 
existence of two types of thiolate ligands at bridging and terminal posi
tions. The absorption of benzenethiolate itself (λ = 303 nm, e (molar 
absorptivity) = 13,600 M - 1 cm" 1) appears at a position well-resolved from 
these bands. As has been shown for many oxyanions and carbanions, 
coordination at the negatively charged site with a metal or alkyl group typ
ically induces a pronounced blue shift on the observable absorption band 
(41). The red shift observed for the decanuclear cluster similarly parallels 
that expected as a ligand-to-metal charge-transfer (LMCT), whereby metal 
association in the higher molecular weight complex causes a lowering of 
the metal-centered antibonding orbital. The assignment of this transition 
as a L M C T transition is also parallel to that expected for the semiconduc
tor CMS, in which the valence band is largely composed of filled sulfide 3p 
valence orbitals, whereas the conduction band is principally composed of 
empty Cd 5s orbitals (39, 42). 

Similar considerations also apply to the zinc complexes. For exam
ple, for Zn(SPh) 4

2~, the absorption band at 273 nm is presumably an 
intraligand transition, because simple monometallic zinc complexes 
(bound to halide or hydroxide ligands) have been so characterized (39, 43), 
presumably because the zinc 4s orbital lies at too high an energy to be an 
accessible acceptor orbital for a L M C T transition. Although the energy of 
this level will come down somewhat in Zn 4 (SPh) 1 0

2 ", the transition 
observed is probably a composite of intraligand and L M C T transitions, as 
has been suggested for a tetranuclear zinc oxocluster Zn 4 0(OAc) 6 (39). 
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Emission Spectra and Singlet Lifetimes 

The multinuclear cadmium complexes exhibit luminescence spectra that 
are independent of excitation wavelength. As with the absorption spectra, 
the emission of the decanuclear complex ( A m a x = 545 nm) is broad and 
red-shifted from that of the tetranuclear complex ( A m a x = 500 nm). The 
substantial Stokes shifts from the absorption maxima just discussed indi
cate that appreciable geometric distortion occurred upon photoexcitation. 
Large Stokes shifts have also been previously reported for other tetranu
clear clusters of d 1 0 metals (59, 44—47). Solid samples of the C d 4 and 
C d 1 0 powders similarly display intense, broad emissions, with lifetimes of 
approximately 1 ms at 77 Κ being obtained by transient diffuse reflectance 
spectroscopy. Unlike the emission observed in solution, these emissions 
are not ordered with respect to cluster size as would be predicted for a 
metal-to-ligand charge-transfer (MLCT) transition and are instead 
assigned as spectroscopically forbidden intraligand transitions. The much 
shorter lifetimes associated with the red shift of the emission band and 
with increasing cluster size for this complex in solution at room tempera
ture allow differentiation of this emission (as an allowed M L C T band) 
from that observed in the solid state at low temperature. 

Similarly, the mononuclear zinc complex gives no detectable emis
sion, but the tetranuclear zinc complex shows weak luminescence at 360 
nm. The short lifetime of this emission (~35 ps) permits its assignment as 
an allowed M L C T transition. The excitation spectrum for this emission 
does not parallel its absorption spectrum, a result further supporting the 
previous assignment of the direct absorption as deriving at least in part 
from intraligand transitions. As with the cadmium clusters, a large Stokes 
shift (almost 10,000 cm"1) argues for appreciable geometrical excited-state 
distortion that, as was mentioned with respect to the cadmium clusters, is 
consistent with a L M C T transition deriving from population of metal anti-
bonding orbitals upon photoexcitation. 

Cluster Electrochemistry 

Both the oxidation and reduction peak potentials for the cadmium clusters 
are sensitive to cluster size. The oxidation peak potential shifts from 
+0.88 V vs. SCE in acetonitrile for the mononuclear cluster to +0.77 V 
for the tetranuclear cluster to +0.68 V in the decanuclear cluster. Simi
larly, a reduction wave is absent from the mononuclear complex (lying 
more negative than -2.8 V vs. the Ag-AgCl electrode), whereas the 
tetranuclear complex shows a well-defined wave at 2.47 V and the decanu
clear complex at -2.02 V. Zn(SPh) 4

2" displays a broad oxidation wave at 
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+0.05 V vs. Ag-AgCl , whereas Zn 4 (SPh) 1 0

2 " exhibits an oxidation peak 
potential at +0.79 V. Although both oxidative potentials are completely 
irreversible, their positions are seemingly strongly affected by cluster size 
in parallel to the effects observed in the cadmium clusters. Neither zinc 
cluster showed discernible reduction waves within the solvent window (at 
potentials less negative than —2.8 V vs. Ag—AgCl). 

Formation of Charge-Transfer Complexes 

A 1:1 mixture of the multinuclear cadmium complexes with methyl violo-
gen in acetonitrile results in the appearance of a new band at about 470 
nm for the C d 4 complex and at 440 nm for the C d 1 0 complex. This blue 
shift seems to be related to the increasing anionic charge density in the 
resulting charge-transfer complex, as has been observed for bands formed 
between methyl viologen and electron-rich naphthalene derivatives (48). 
With the monomolecular cadmium cluster, no evidence for a stable 
ground-state charge-transfer complex was available from absorption spec
troscopy, although the intense blue color of the reduced methyl viologen 
monocation radical was obvious upon mixing. Presumably the enhanced 
driving force for thermal electron transfer accounts for this observation. 

A broad charge-transfer absorption band is also formed upon mixing 
in a 1:1 molar ratio Zn 4 (SPh) 1 0

2 ~ and methyl viologen. The resulting 
band, centered at 445 nm, could be bleached by flash laser excitation in 
which the reduced methyl viologen radical, absorbing at 395 nm and 605 
nm (49), was obvious. 

Photosensitivity of the Clusters 

U V illumination of any of the cadmium clusters causes disappearance of 
the U V absorption bands as a new broad emission band at 355 and a 
shoulder at 440 nm appear. Neither the rate nor the spectral shape of this 
new emission band is sensitive to oxygen. The rate at which the bleaching 
occurred was, however, dependent on cluster size, and the degradation of 
the mononuclear cluster occurs about 5 times as fast as the tetranuclear 
cluster, which decomposed about twice as fast as the C d 1 0 cluster. Mass 
spectroscopic analysis shows a product distribution consistent with the for
mation of thianthrene, benzothiophene, and benzenethiol. Completely 
parallel reactivity is observed with the zinc clusters, with a strong bleach
ing of the absorption band occurring upon U V radiation, while an 
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intensely luminescent band appears with a maximum at 355 and shoulder 
at 440 nm. Cd(SPh)4

2*~ is roughly 10 times more photosensitive than the 
tetranuclear cluster. As with the zinc clusters, the rate of the photob-
leaching is independent of the presence of oxygen, and the same distribu
tion of photoproducts, as indicated by gas chromatography-mass spec
trometry, was obtained upon photolysis of these clusters as with band-gap 
irradiation of a CdS suspension in the presence of an acetonitrile solution 
of benzenethiol. 

Conclusions 

Increasing cluster size in the Znn and Cdn anionic clusters bearing ben
zenethiolate ligands causes shifts in their absorption spectra that reflect 
increasing L M C T character. Substantial Stokes shifts observed in the 
multinuclear clusters are consistent with appreciable excited-state 
geometrical distortion. Electrochemical oxidation and reduction peak 
potentials are also size-dependent, the oxidations and reductions becoming 
easier with increasing cluster size. Charge-transfer complexation of the 
multinuclear complexes with methyl viologen indicates enhanced redox 
activity. Photosensitivity of the complexes is also consistent with 
enhanced L M C T with a product mixture resulting from subsequent reac
tions of a surface-bound benzenethiyl radical. The optical, electrochemi
cal, and photochemical properties of these clusters thus represent reason
able transition models for the development of colligative properties in 
moving from very small molecules to the bulk semiconductor. 
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Polyoxometalates in Catalytic 
Photochemical Hydrocarbon 
Functionalization and 
Photomicrolithography 

Excited-State Lifetimes and Subsequent Thermal 
Processes Involving W10O324-

Craig L. Hill1, Mariusz Kozik2 ,3, Jay Winkler2,4, Yuqi Hou1, and 
Christina M . Prosser-McCartha1 

1Department of Chemistry, Emory University, Atlanta, GA 30322 
2Department of Chemistry, Brookhaven National Laboratory, Upton, NY 
11973 

The energetic and mechanistic features of catalytic photochemical 
oxidation of organic substrates by polyoxometalates and then the 
applications of this chemistry to catalytic alkane functionalization, 
microlithography, and catalytic dehalogenation are succinctly 
reviewed. Three sets of experiments that affect these areas are 
presented, and the future development of catalytic photoredox 
processes effected by polyoxometalates is discussed. The excited 
state of decatungstate, W10O324- (1)-, and the conventional 
ground-state radical, tert-BuO·, have similar reactivities and lead 
to similar products upon reaction with various organic substrates. 
The simultaneous photooxidation of cyclooctane and tetrahydro
furan leads to some cross-coupling product and a complex 
organic product distribution that is consistent to a large degree 
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with intermediate freely diffusing radicals. Laser flash photolysis 
measurements (355-nm frequency tripled Nd:YAG output of the 
heretofore unreported emission of 1 (λmax = 615 nm) establish 
that the lifetime of the excited s t a t e (1*) is 21 ± 3 ps at 25 °C in 
9:1 acetonitrile—water solution. 

JJ /ARLY TRANSITION METAL-OXYGEN ANION CLUSTERS (i), which 
we will refer to as polyoxometalates, form a large class of inorganic com
pounds with great molecular diversity and significant potential applica
tions in a range of areas. The sizes, shapes, charges, ground- and excited-
state redox potentials, solubilities in polar and nonpolar media, and other 
properties of polyoxometalates can be systematically varied to a consider
able extent. In this chapter we review a range of past and ongoing 
research involving the interactions of light and polyoxometalate deriva
tives, including systems for the catalytic functionalization of saturated 
hydrocarbons, 260-nm photomicrolithography, and catalytic dehalogena-
tion of environmentally undesirable chloro- and bromocarbons. Further
more, we present new data that address key issues regarding the photophy-
sical and photochemical properties of polyoxometalate-based photooxida-
tion processes and that affect all of these areas. 

The isopolyoxometalate complex decatungstate, W 1 0 O 3 2

4 ~ (1), whose 
structure in polyhedral and bond notation is given in Figure 1, is the prin
cipal focus of this work. The first two studies presented here further 
define the nature of the step involving attack of excited-state polyoxomet
alate, 1*, on various substrates and subsequent steps involving organic rad
icals, and the final studies, time-resolved laser flash photolysis measure
ments of 1, report the first emission from 1 and delimit the lifetime of the 
luminescent excited state. 

Figure 1 . Structure of decatungstate, W 1 0 O 3 2

4 ~ > X in polyhedral (left) a n d 
b o n d (right) n o t a t i o n . 
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Background 

245 

Catalytic Photochemical Oxidation of Organic Materials 
by Polyoxometalates: General Features. Many polyoxometalates 
composed primarily of V v , M o V I , W V I , or combinations of these ions that 
contain principally type I M 0 6 octahedra, photooxidize a wide range of 
organic substrates, OrgH 2 , with blue or U V light (eqs 1 and 2) (2-19). 

P o x + h v —> P o x * (1) 

P o x * + OrgH 2 —• Org + 2 H + + P r e d (2) 

where P Q X is the oxidized form of the polyoxometalate (all transition metal 
centers are usually in the d° electronic configuration); P r e d is the reduced 
form of the polyoxometalate; the * indicates the excited state; and OrgH 2 

is organic substrate such as alcohols, acids, ethers, amides, and hydrocar
bons. 

Type I octahedra are those whose central d° transition metal ions 
have only one terminal oxo group. The lowest unoccupied molecular orbi-
tals (LUMOs) of type I M 0 6 units are less Μ—Ο antibonding than the 
LUMOs of M 0 6 units with two or more terminal oxo groups. One conse
quence of this property is that whereas thermal or photochemical reduc
tion of polyoxometalates with the type I M 0 6 units tends to proceed 
readily and reversibly, reduction of polyoxometalates with the type II M 0 6 

units tends to proceed at higher potentials and irreversibly either chemi
cally or electrochemically (7). Reoxidation of the reduced polyoxomet
alates, P r e d , either by H 2 evolution or 0 2 reduction, leads to the net 
processes catalytic in polyoxometalate in equations 3 and 4, respectively. 

OrgH 2 + h v P - W ) > Org + H 2 (3) 

OrgH 2 + } θ 2 + hv P o a c ( c a t a , y s t )> Org + H 2 0 (4) 

Equation 3 is photosynthetic, converting substantial light into chemical 
energy, particularly when the organic substrates, OrgH 2 , are hydrocarbons. 
Equation 4 provides an entry into catalyzed 02-based organic oxidations 
that do not proceed by the usual autoxidation mechanisms dominated by 
radical chains. Substrate oxidation and polyoxometalate reduction (eq 2) 
can be separated from reduced polyoxometalate reoxidation by 0 2 ; there
fore, the substrate oxidation process in equation 4 does not involve attack 
by alkoxy and other oxy radicals but rather by the excited-state 
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polyoxometalate, and 0 2 serves only to reoxidize the reduced polyoxomet
alate. 

The absorption and photoredox action spectra of polyoxometalates 
(eqs 1 and 2) can be moved toward the visible regime or the terrestrial 
solar spectrum both by substitution of d° ions that absorb more in the 
visible region (e.g., substituted for W V I ) or by medium effects (7, 13). 
Electron donor—acceptor complexes between polyoxometalates and 
electron-rich organic substrates have been characterized in both the solid 
state and solution and can give rise to bathochromic or red shifts of 
several hundred nanometers in the absorption and photoredox action 
spectra (13). 

Catalytic Modification of Hydrocarbons, Before 1985 the 
only organic substrates photooxidized by polyoxometalates were alcohols 
and classes of compounds with fairly low potentials, but we believed that 
the excited states of some polyoxometalates should have adequate energies 
to overcome anticipated substantial kinetic barriers (overpotentials) asso
ciated with oxidizing more difficult and interesting types of materials, 
including alkanes and hydrocarbon polymers. The excited-state potential 
for the common Keggin polyoxotungstate, a -PW 1 2 O 4 0

3 ~ , should be ~+3.0 
V versus the normal hydrogen electrode (NHE) (the measured ground-
state potentials of ~+0.1 V in acetonitrile + light energy at 420 nm, the 
approximate location of the 0,0 transition, of ~+2.95 V). After our initial 
report (14) of alkane photooxidation by a - P W 1 2 O 4 0

3 ~ under anaerobic 
conditions and a subsequent detailed study of this system (15), Yamase 
and Usami (16) in Japan reported oxidation of alkenes under similar con
ditions. Although substantial chemistry is seen under aerobic conditions, 
generally these conditions are avoided for initial studies because conven
tional autoxidation chemistry (radical chain oxidation by O ^ initiated by 
radical intermediates generated by the polyoxometalate (eq 2) can obscure 
the inherent chemistry between the organic substrates and the excited 
polyoxometalates themselves. 

Although the photooxidation of readily oxidized or electron-rich 
classes of organic materials by polyoxometalates probably proceeds by ini
tial electron transfer, considerable evidence from the first studies indicated 
that the alkanes and alkenes are photooxidized by initial atom transfer (H 
abstraction). It appeared reasonable that organic radicals generated from 
hydrocarbon substrates in equation 2 might be susceptible to high-
efficiency trapping, oxidation, or even reduction, a condition rendering the 
overall hydrocarbon functionalization chemistry considerably broader in 
scope and potentially more useful. This condition proved to be the case. 
Systematic subsequent studies led to the development of polyoxomet-
alate-based systems that couple the initial photochemical generation of 
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radicals with rapid subsequent thermal processes. The more oxidizing 
polyoxotungstate systems such as the Keggin heteropolytungstates, 
X w + W 1 2 O 4 0 ( 8 ~ n ) " ' (where X n + is one of several main-group or transition 
metal ions situated in the central Td cavity of the molecule), effect alkane 
functionalization via radical generation and subsequent radical oxidation. 
Products derived from carbonium ions are observed: principally the most 
substituted or thermodynamic olefins, and in acetonitrile solvent, N-
alkylacetamides, for example, equations 5 and 6 (14,17). 

a-H 3 PW 1 2 O 4 0 -nH 2 O 

hv f .CH 3 CN, A T 

a-H 3 PW 1 2 O 4 0 ' nH 2 O 

+ H 2 (5) 

-100% selectivity 

NHCOCH3 + H 2 (6) 
hv, CH 3 CN, Ar 
reaction aided by PKO) _ 9 5 % selectivity 

Isobutane gives an exceptionally high ratio of ΛΓ-alkylacetamide to alkene 
product as only tertiary and primary C - H centers are present (only a ter
minal alkene, one with a C H 2 group, can be formed). With more reducing 
polyoxometalates such as 1, radical oxidation is not seen. In these cases, 
radical cage escape and subsequent radical-radical reactions are observed. 
These give rise preferentially to the least substituted or nonthermo-
dynamic olefins, which represent the kinetic products of radical—radical 
disproportionation (eq 7) (17). 

(n-Bu 4 N) 4 W 1 0 O 3 2 

+ H 2 (7) 
hv, CH3CN, A T 

~ 95% selectivity 

Attack on alkanes in halogenation and most conventional radical chain 
oxidation systems do not give rise to these interesting products as other 
radical-trapping processes interfere. 

Alkane photooxidation by 1 under conditions where substantial 
reduced polyoxometalate, P r e d , accumulates results in reduction of alkyl 
radical intermediates to carbanions (18). The carbanion intermediates are 
then rapidly trapped by electrophiles such as D + sources (e.g., D 2 0 ) or 
nitriles to generate deuterated alkane or alkyl methyl ketones, respectively. 
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The ketones arise from hydrolysis of imine intermediates (18). The 
mechanisms for these processes are summarized in Figure 2. The rate law, 
isotope effect, product distribution, and spectroscopic studies are 
presented in references 17-19. 

Pox + h v Ρ * r ox 

Pox* + RH 
alkane 

fast but r.d.s 

(PH - R| 

radical pair 

[PH · R| 

radical pair 

Pred + R-

R + EÎĴ L R N = C + ( C H 3 ) 
Ritter 1 π Π 
chemistry ^ N 2 U 

R N H C O ( C H 3 ) 
acetamide thermodynamic 

alkenes 

nonthermodynamic 
alkenes R C O ( C H 3 ) 

(methyl ketone) 

ji H 20 

R - °Η3°ί RC=NH(CH 3 ) 

catalyzed by R(0) 

Pred + 2H + - , » P o x + H 2 

(but Pt(0) not necessary) 

Figure 2. Principal pathways involved in the photochemical functionaliza
tion of alkanes by polyoxometalates based on rate law, isotope effect, inor
ganic and organic product distribution, and spectroscopic studies. 

Subsequent detailed studies (19) have shown that alteration of the 
ground- and excited-state redox potentials of 1 by protonation completely 
changes the chemistry from that characterized by radical—radical reactions 
and radical reduction to that characterized by radical oxidation and car-
bonium ions. Both the kinetics and the chemistry of the protonated form 
of 1 are completely separable from that of the unprotonated form. Equa
tion 8 gives a fairly complete steady-state rate law for photoreduction of 1 
(P) (production of P r e d ) ; the first term involves the protonated form of 1 
(solely applicable in the presence of >2.5 equiv of acid), and the second 
term involves the unprotonated form of 1 (solely applicable in the absence 
of acid). At intermediate values of pH both forms and both chemistries 
are applicable (19). 
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13. H I L L E T A L . Catalytic Hydrocarbon Functionalization 249 

+d[P r e d] 
at 

Hfep(4-*>-

[P4"]o 

^ / a T A: f c [RH] 

+ 
[ Ρ 4 Ί ο 

kqk[RH] 

- Η λΡ< 4-*)- 1 

[ Ρ 4 Ί ο 

Φθ/aTfcolRH] 
kq0[RH] + Aie 

(8) 

where Ρ is the decatungstate moiety; superscripts designate charge; 
+d[Pred]/d* is the rate of decatungstate reduction, including thermal 
reduction by alkyl radical intermediates; [P 4~] 0 is the initial concentration 
of W 1 0 O 3 2

4 - ; 7 a T is the the amount of light absorbed by all the decatung
state species; is the quantum yield for production of the photochemi-
cally active excited state; kk is the rate constant for reductive quenching of 
excited state; k^ is the rate constant for nonradiative decay of excited 
state; and k k is the total alkane-quenching rate constant. Here k = 0 for 
the nonprotonated species, and k = 1 or 2 for the reactive protonated 
species. Reference 19 gives a full discussion of the terms, derivation, and 
applicability of equation 8. 

Microlithographic Applications. Photochemical processes, like 
electrochemical processes, are far less common than thermal processes in 
industrial chemical synthesis, but photochemical processes are common in 
high technology. One area in which photochemistry currently has a siz
able commercial role is in the area of microlithography, the technology 
used to fabricate high-resolution circuit patterns on ultrahigh-purity sem
iconductor substrates such as Si (20-22). A general scheme for the litho
graphic process is shown in Figure 3. After selective irradiation, the irra
diated areas are worked up by baking, etching, and various development 
procedures to yield the circuit pattern. A negative tone image is shown as 
the ultimate product of this multifaceted development process in Figure 3. 

Three goals currently being sought with respect to microlithographic 
technology are (1) photoresist systems that will be photosensitive in the 
deep U V region (250—260-nm light), (2) chemical amplification systems 
for maximizing the differential solubility or reactivity between the irradi
ated and nonirradiated areas (photoresist systems that generate H + are 
the most common category here; such systems are under intense develop
ment) (21), and (3) pattern transfer or etching via gases or plasmas rather 
than liquids (20, 22). 

Various polyoxometalate derivatives are of interest in microlithogra
phy as they potentially fulfill all three desired goals. First, the maximum 
in the absorption and photoredox action spectra for many polyoxotung-
states is ~260 nm. Second, equation 2 can be used to photochemically 
generate acid, and considerable control over this process can be achieved. 
Third, solubilization of resist material achieved by photooxidation and/or 
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acid generation followed by baking could be followed by removal of 
tungsten as volatile W F 6 after treatment with H F gas. In general 
polyoxometalate-based photoresist materials should offer reasonable sensi
tivity, contrast, and resolution, but it is far too early to have ranges in 
these parameters or much knowledge about how readily they can be 
rationally and systematically altered. Work in this area is just beginning 
(23, 24). 

i r r ad i a t i on t h r o u g h p h o t o m a s k 
( s e l e c t i v e p h o t o c h e m i c a l e x p o s u r e ) 

a m 

111111 I p h o t o r e s i s t 

s u b s t r a t e ( e . g . S i ) 

t h i n f i l m 

i n c u b a t i o n / b a k e p e r i o d 

( c h e m i c a l a m p l i f i c a t i o n ) 

4 
D e v e l o p m e n t , f o l l o w e d 

b y p a t t e r n t r a n s f e r , 

e t c h i n g / s t r i p p i n g 

Figure 3. Scheme for the general steps in photochemical microlithography. 

Catalytic Photochemical Dehalogenation of Halocarbons. 
The use of halocarbons as solvents is becoming increasingly less viable in 
industrial processes as concern about the toxicity and carcinogenicity of 
this class of compounds grows (25-28). Some radicals effect C - X (X is 
bromine or chlorine) bond cleavage (29), for example, 

( C H 3 ) 2 C O H + R X — » (CH 3 ) 2 CO + R- + X " + H + (9) 

We reasoned that combining the catalytic and sustained generation of rad-
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13. H I L L E T A L . Catalytic Hydrocarbon Functionalization 251 

icals from less toxic substrates such as 2-propanol using polyoxometalate 
photocatalysis (eq 2 with the appropriate polyoxometalates including 1) 
with equation 9 would facilitate the catalytic dehalogenation of halocar
bons. This proved to be the case (27). One example, the photodechlori-
nation of CC1 4 by 2-propanol, is given in equation 10. 

3CC14 + 3 (CH 3 ) 2 CHOH + W 1 0 O 3 2

4 - + h ν —> 

CHC1 3 + C2C16 + 3 H + + 3 d " + 3(CH 3 ) 2 CO + H 2 W 1 0 O 3 2

4 - (10) 

Furthermore, superoxide, a species known to dehalogenate halocarbons 
(30) generated in the reoxidation of reduced polyoxometalates with 0 2 , 
also participates in catalytic homogeneous dehalogenation by polyoxomet
alates. A third mode of dehalogenation involves direct reaction of some 
reduced polyoxometalates with halocarbons themselves (27, 31). 

Experimental Section 

Materials and Methods. The different salts of 1, ( H - B U 4 N ) 4 W 1 0 O 3 2 

(32) and N a 4 W 1 0 O 3 2 » wH 2 0 (17), were prepared by literature methods. The 
acetonitrile solvent was reagent grade or Burdick and Jackson glass-distilled 
grade. The tetrahydrofuran (THF) was Burdick and Jackson glass-distilled grade 
and was run through a column of activity-grade-I neutral alumina just prior to 
use. The organic substrates were reagent grade from Wiley, Fluka, Aldrich, and 
Pfaltz and Bauer and had purities >99.9% by gas chromatography (GC) except 
for the di-te/f-butyl peroxide ( D T B P O ) , which had a purity of 98%. The gas 
chromatographic (GC), GC-mass spectrometry (GC-MS) and spectroscopic 
(NMR, IR, and UV-visible) data were collected as previously described (15, 17). 

Kinetic Studies (Table I). A l l the relative rates for both the reactions 
of the polyoxometalate excited state (1*) and the authentic localized ground-state 
radical, terf-BuO, were determined under competitive kinetic conditions because 
the reproducibility was the highest under these conditions. The reactions were 
monitored by the chromophore of reduced form of 1 ( A m a x = 630 nm, € (molar 
absorptivity) = 12,500 c m - 1 M " 1 in CH 3 CN) and the initial rate method (sub
strate conversions were <2% in all cases), and optically dense conditions were 
used throughout. A 1000-W Xe arc lamp coupled with a 290-nm interference 
filter and 1-cm path length quartz cuvette were used. 

In the reactions with 1*, the concentrations of the substrates and 
polyoxometalate were 1 M and 2.0 mM, respectively, unless noted otherwise. 
Error due to reoxidation of reduced polyoxometalate (either by H 2 evolution or 
0 2 reduction) under the conditions of measurement was assessed and found to be 
negligible. 
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Table I. Relative Rates of Oxidation of Five Organic Substrates by the 
fert-Butoxy Radical and the Excited State of (n-Bu 4 N) 4 W 1 0 O 3 2 (1*) 

Reacting Species Θ 0 
O H C O O H 

© 
1* 
tert-BuO* 

1.0 
1.0 

3.0 
6.8 

12 
2.8 

2.1 
1.3 

5.8 
3.5 

NOTES : For the reactions of 1*, stirred acetonitrile solutions of the substrates 
(1.0 M in each) and 1 (2.0 mM) under Ar at ~25 °C were irradiated by using a 
1000-W Xe arc lamp with a 290-nm interference filter. For reactions of tert-
BuO«, stirred acetonitrile solutions of the substrates (0.1 M in each) and the tert-
butoxy radical precursor, di-ierf-butyl peroxide, under Ar at ~25 °C were 
irradiated with the same lamp but with a 280-nm cutoff filter for 1.0 h. 
An "S" inside the structures of the products designates saturated ring systems; for 
both sets of reactions, the rate of oxidation of the cyclohexane is taken as 1.0. 
The absolute value for the rate (not rate constant) of reaction of 1* with 
cyclohexane is 2.0 χ 10~7 M s - 1 ; the absolute value for the rate of reaction of 
te/t-BuO with cyclohexane was not determined. Competitive kinetics and the 
initial rate method were used in all rate determinations. The products were 
identified and quantified in all reactions by G C and G C - M S . 

In the reactions with *e/f-BuO% cyclohexane (0.1 M), the second substrate 
(0.1 M), and the radical precursor (0.5 M di-terf-butyl peroxide), were irradiated 
in acetonitrile solution under argon for 1 h with a 1000-W Xe lamp but now 
using a 280-nm cutoff filter. This filter was chosen to provide an appropriate 
level of irradiance for this rate study. Although parity of substrate conversion 
relative to the reactions with 1* was desired, this proved to be difficult to achieve 
experimentally with terf-BuO; final conversions in these reactions ranged from 10 
to 60%. Rates were determined in the latter reactions by quantification of the 
organic products with time by gas chromatography (GC): 5% phenylmethylsili-
con capillary column, nitrogen carrier gas, temperature programming, and flame 
ionization detection (FID). Inasmuch as te/f-BuO- absorbs weakly at 320 nm, 
control reactions were conducted by using both light of λ >280 and >400 nm. 
The same relative rates were produced in both cases, consistent with a minimal 
contribution from reactions of excited-state terf-BuO*. A l l reactions were 
repeated four times, and the reproducibility was ±15%. 

Product Distribution Studies in Table II. To be able to quantify 
cross-coupling products, these reactions were run at varying but generally high 
concentrations of both cyclooctane and tetrahydrofuran substrates. The relative 
quantities of both these substrates and acetonitrile solvent are given in Table II 
(column 2). In a typical reaction, the concentration of 1 was 0.0026 M , the total 
solution volume was 10 mL, and 3 mg of powdered Pt(0) was suspended in the 
stirred solution during irradiation (550-W medium-pressure mercury lamp with 
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Pyrex 280-nm cutoff) under an argon atmosphere at ~57 °C. The products were 
identified and quantified by G C as described and by G C - M S . 

Picosecond Laser Flash Photolysis Studies. The laser flash photo
lysis apparatus was described previously (33). The picosecond time-resolved emis
sion spectra were recorded following excitation with a 30-ps pulse from the third 
harmonic (355 nm) of a flash-lamp-pumped, actively-passively mode-locked 
N d : Y A G laser. The repetition rate of the laser system was 1 Hz. Emitted light 
was dispersed by a spectrograph and directed to the entrance slit of a streak cam
era. The response of the streak camera was corrected for nonuniform response of 
the camera and for dark current. The data in Figures 4 and 5 were obtained by 
using a 2 mM solution of the sodium salt of 1 in 9:1 acetonitrile-water (v/v) after 
averaging of 1000 laser shots. Similar results were obtained by using the lithium 
salt of 1 in 9:1 acetonitrile-water and the sodium salt of 1 in 100% dry acetoni
trile. The signal-to-noise ratio on the sodium salt data was not as good as on the 
lithium salt data, however, as a consequence of solubility limitations of the com
plex in this medium. 

Results and Discussion 

Comparative Kinetics and Product Distribution Studies 
Involving the Excited State of 1 and the feri-Butoxy Radical, 
teri-BuO*. Although considerable evidence, as already discussed, is con
sistent with attack on alkane by the excited state of polyoxotungstates (eq 
2, where OrgH 2 is an alkane and Ρ ο χ is a polyoxotungstate) being H-atom 
abstraction, we seek to compare reactivities of such excited states (e.g., 1*) 
with those of conventional ground-state radicals. Table I gives the relative 
reactivities of the excited state of 1 (or 1*) and the localized ground-state 
terf-butoxy radical, rm-BuO, with representative organic substrates. 
Reaction conditions are given in the table footnote and in the Experimen
tal Section. The substrates are cyclohexane, cyclohexene (the correspond
ing cycloalkene with allylically activated C—Η bonds), eyclohexanol (the 
corresponding alcohol), cyclohexanecarboxylic acid, and cyclooctane. 

In Table I the relative rates for the reactions of both 1* and tert-
BuO- are reported relative to the parent hydrocarbon. The rates for the 
different radical-like species are not normalized with respect to each 
other. The rates for all the reactions of 1* are reported at low conver
sions (<2%) to minimize the obscuring effects of subsequent reactions. 
Although thé relative rates are not identical for the two types of reactive 
species, the trends in reactivities are similar, a result further indicating H -
atom abstraction character in the reactions of 1* with these substrates. 

The initial products of all reactions were also determined. Reaction 
of 1* with cyclohexane, cyclohexene, eyclohexanol, cyclohexanecarboxylic 
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0 50 100 150 
Time (ps) 

Figure 4. Plots as a function of time in picoseconds: emission intensity 
(combined intensity from 600 to 640 nm) (—); single exponential fit to the 
data from deconvolution (~ - -) (the lifetime inferred from the data is 21 ± 
3 ps); and instrument response function (35 ps) determined using Raman 
scattering from water at 405 nm (···). 

Figure 5. Three-dimensional plot of emission intensity as a function of 
time and wavelength. 
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acid, and cyclooctane gave cyclohexene, 3,3'-dicyclohexenyl, cyclohexanone, 
cyclohexane, and cyclooctene, respectively, all in ~90% selectivity. A l l 
these products are also consistent with initial radical H abstraction. 

The ability of 1 to catalyze the photochemical cross coupling of 
alkanes with other types of organic reactants was also examined in this 
investigation. The impetus for examining such reactions is twofold: they 
would provide further mechanistic information, and they might be applica
ble to cross-linking and solubilization reactions in irradiated photoresist 
materials. The products generated by the simultaneous photooxidation of 
two representative substrates, cyclooctane and the ether, tetrahydrofuran 
(THF), by 1, are given in Table II. Reaction conditions are given in the 
table footnote and in the Experimental Section. The reactions were car
ried out under pseudo-first-order conditions (substrates present in great 
excess), and thus low conversions (~1% for THF and ~2% for cyclooc-
tane) to minimize the effect of secondary reactions on the product distri
butions. A catalytic amount of the hydrogen-evolution catalyst, Pt(0) 
powder, was added to facilitate reoxidation of reduced 1 and thus increase 
turnovers. The presence of Pt(0) minimally perturbed the initial kinetic 
product distributions, its main effect being to increase the amount of the 
cyclooctyl methyl ketone relative to the other products. Dark control 
reactions with and without 1 and Pt(0) were conducted; none gave any 
organic oxidation products detectable by gas chromatography. 

Several points follow from the product distribution data in Table II. 
First, several dehydrogenation and coupling products are formed, and 
their relative quantities in the different reactions are consistent with their 
formation via dominant if not exclusive disproportionation and coupling 
of intermediate 2-tetrahydrofuranyl and cyclooctyl radicals. Second, 
cross-coupling products (isomers of 2-tetrahydrofuranylcyclooctane) are 
formed and in roughly statistical amounts, judged from the other products 
derived from the 2-tetrahydrofuranyl and cyclooctyl radicals. Third, the 
mechanism of generation by butyrolactone under these anaerobic condi
tions is not clear at the present time, but oxidation of 2-tetrahydrofuranyl 
radical to the corresponding resonance-stabilized carbonium ion and sub
sequent capture by the few equivalents of water present is most likely. 
Both tributylamine and 1-butanol are derived from the tetra-w-
alkylammonium counterions of 1. Fourth, the simultaneous presence of 
H 2 and Pt(0) has minimal effect on the product distributions (cf., reac
tions 1 and 2 in Table II). This minimal effect is surprising, as these 
reducing conditions were shown to be kinetically competent in other 
polyoxometalate systems examined earlier to alter the quantity of the 
largely carbanion-derived alkyl methyl ketone products (25, 34). 

A l l the rate and product studies presented here are consistent with 
the thermal reactions of intermediate caged or freely diffusing radicals 
rather than the photochemical generation of these species as the primary 
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factors behind the tremendous diversity of documented polyoxometalate-
catalyzed hydrocarbon functionalization processes. 

Lifetime of and Emission from 1*. Time-resolved measure
ments of 1 in the picosecond time domain were instigated for several rea
sons. Only recently have time-resolved laser flash photolysis studies of 
polyoxometalate systems of any kind been reported and none on the sys
tems with the potent photooxidation or extensive thermal redox capabili
ties such as 1 (13, 35, 36). Furthermore, recent work (13) has made it 
clear that the time domains for the photoredox events in polyoxotung-
states are very fast indeed, with substantial activity in the subnanosecond 
regime. Second, the conventional wisdom has been that redox-active 
polyoxotungstates are nonluminescent, and statements to this effect have 
repeatedly been made by other groups (7). We were not comfortable with 
such proclamations because weak orange emission from 1 had been noted 
by our group. The purity of the complexes and the presence of impurities 
in the solvent can have a significant effect on emission quantum yields of 
polyoxometalate excited states, although no substantive investigation 
addressing this subject has yet been published. Third, time-resolved laser 
flash photolysis data on redox-active polyoxometalates could, in principle, 
answer a number of questions regarding the photophysics and photochem
istry of these compounds. 

Irradiation of 1 ( A m a x = 322 nm) with a frequency-tripled N d : Y A G 
laser system (355-nm excitation) results in a pale orange emission with a 
large Stokes shift ( A m a x = 615 nm). Similar results are observed with the 
sodium or lithium salts of 1 in 9:1 acetonitrile-water (v/v) or in dry 
acetonitrile. Figure 4 plots the emission intensity for the sodium salt in 
dry acetonitrile as a function of time (as channel number; 1 ps per chan
nel) along with a single exponential fit to the data and the instrument 
response function. A lifetime for the emission of 21 ± 3 ps is extracted 
from the data. Figure 5 is a three-dimensional plot of emission from the 
sodium salt of 1 as a function of time and wavelength. 
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Photoredox Chemistry of Metal 
Complexes in Microheterogeneous 
Media 

Robin Cowdery-Corvan, Susan P. Spooner, George L. McLendon, and 
David G. Whitten* 

Department of Chemistry, University of Rochester, Rochester, NY 
14627-0216 

This chapter reports on the photoreactivity of metal-based reac
tants constrained in microheterogeneous media. First, the discus
sion focuses on the photoredox reactions of colloidal CdS with 
organic electron donors such as amino alcohols. By using the 
CdS particles as photoexcited acceptors, the characteristic pho
tooxidative cleavage of amino alcohols was observed, but with 
overall characteristics that are medium-dependent, for particles 
stabilized within Aerosol-OT (dioctyl sodium sulfosuccinate) 
reversed micelles, carboxymethylamylose polymer in water, and 
acetonitrile solutions. Second, the reactivity of some amphiphilic 
cobalt(III)-carboxylate complexes is discussed. These complexes, 
which contain a trans-stilbene chromophore and can be incor
porated as structural components in a variety of media including 
Langmuir—Blodgett assemblies, micelles, and reverse micelles, 
undergo intramolecular electron transfer followed by complex 
decomposition in overall reactions that are strongly medium
dependent. 

X . H E REACTIVITY OF M O L E C U L E S constrained or incorporated into 
interfaces is a topic of many current investigations. O f particular interest 
is photoinduced charge transfer across interfaces and the factors that con-

*Corresponding author 

0065-2393/93/0238-0261S06.00/0 
© 1993 American Chemical Society 
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trol, limit, or facilitate such processes. Interfacial electron-transfer 
processes might involve two species on opposite sides of an interface, 
reactions between an interfacial component molecule and a molecule in 
the contacting medium, or intramolecular charge transfer within a 
molecule that is either a component or embedded into an interface in 
which there is a steep gradient of charge. 

Another theme of interest is often referred to as supramolecular 
chemistry or the chemical properties and reactivities of species that by 
some assembling process exhibit behavior beyond the "conventional" 
molecular scale. Specifically, in this case questions are posed as to how 
"molecular" reactivity is modified at an interface. Among the possibilities 
are (1) selective aggregation, enhanced or limited by the organizing inter
face or medium topology; (2) selective exclusion or concentration of 
reagents, particularly by charged interfaces; and (3) modification of uni-
molecular reactivity either by rapid expulsion of geminate fragments or by 
enhanced "cage" lifetimes. 

In this chapter we will focus on two studies in our laboratory in 
which these two aspects of interfacial reactivity are combined, that is, a 
photoinduced charge-transfer process involving a specific role of the inter
face and the participation in this process of a species that may be regarded 
as a "supermolecule". In most of the examples, the medium is a 
microheterogeneous assembly formed by the self-organization of surfactant 
or amphiphile units either in solution or at the air-water interface. 

Confined Semiconductor Microcrystallites as Photooxidants 
for Fragmentable Amines 

Many studies (1-15) have shown that growth of semiconductor particles 
such as cadmium sulfide can be limited when carried out in the presence 
of potential hosts that have limited domains in which the microcrystallite 
particles can grow. These hosts include zeolites, reversed micelles, various 
soluble polymers, and a number of other microheterogeneous media. The 
characteristics of stabilized particles are very dependent on the specific 
host medium employed, but some studies (1,16,17) demonstrated that the 
atomic spacing in these particles for CdS is identical to that in bulk crys
talline CdS. In most cases, however, these particles absorb at higher than 
band-gap energies and emit at relatively long wavelengths. Many of the 
chemical and photophysical properties of these particles have been and 
are being explored from a number of perspectives, and one of the most 
interesting is an evaluation or comparison of their photochemical and 
photophysical behavior relative to that of more conventional molecular 
excited states. Previous studies (18-25) demonstrated that excited states 
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14. C O W D E R Y - C O R V A N E T A L . Microheterogeneous Media 263 

of the microcrystallites can be quenched by both ground-state donors and 
acceptors in what appeared to be fairly conventional excited-state single-
electron-transfer (SET) quenching processes, although the rates and effi
ciencies of these processes appear to be quite system-dependent. 

In this chapter we discuss particles stabilized by three relatively dif
ferent host media: Aerosol-OT (AOT, dioctyl sodium sulfosuccinate) 
reversed micelles with heptane as the continuous phase (Figure 1), 
amylose or carboxymethylamylose (CMA) polymers solubilized in water, 
and acetonitrile solutions. These three media have in common the pro
perty of solubilizing CdS to form reasonably stable subband-gap size parti
cles that absorb light at relatively short wavelengths and emit in the visible 
region (7, 19, 21, 26). 

The Aerosol-OT—heptane—water reversed-micelle medium has pro
ven to be an extremely versatile host for preparation of a variety of micro-
crystallite particles of CdS and other semiconductors (2, 7—10, 27—30). In 
this study, we have generally kept the Aerosol-OT concentration at 0.5 M 

Ο 

h e p t a n e 

Figure 1. Schematic representations of AOT (top) and an AOT-reversed 
micelle (bottom). 
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and varied the amount of water present; the reversed-micelle solution is 
thus characterized by the mole ratio of water to surfactant (ω). For the 
reversed micelle itself, as the value of ω increases in the range 1-30, the 
size of the reversed-micelle "water pool" increases, and the nature of the 
water contained within the reversed micelle changes substantially (31, 32). 
For the very small reversed micelles (ω = 1-10) virtually all of the water 
is "interfacial" and strongly associated with the charged head groups of 
the Aerosol-OT amphiphile. As ω increases, the water pool is composed 
of both interfacial and "bulk" water. 

We found that stable CdS particles could be obtained in the range ω 
= 1—30, but with ω >32, bulk CdS forms upon standing for more than a 
few hours, and stable particles cannot be formed in solutions with ω <1. 
Figure 2 shows absorption spectra and emission spectra of CdS particles 
stabilized in AOT-water-heptane reversed micelles for ω = 1, 5, and 10. 
A characteristic shift of both absorption and emission spectra to longer 
wavelengths is observed with increasing ω. Particle size correlates with 
absorption wavelength (1, 17, 33-36), and hence the particle diameters 
can be estimated from the absorption spectrum. 

Wavelength (nm) Wavelength (nm) 

Figure 2. Absorption and luminescence of CdS in AOT-water—heptane 
reversed micelles. 

Table I gives a comparison of the water pool size measured for 
"empty reversed micelles" (31, 32) with the particle diameters estimated 
from the absorption onset (37, 38). These data indicate that the particle 
size increases more slowly than the water pool diameter. The emission, 
which has been attributed to electron—hole recombination (3, 19, 26, 35, 
36, 39, 40), is red-shifted from the absorption and exhibits the same gen
eral trends as absorption with red shifts with increasing ω. The relatively 
large Stokes shift is a nearly constant 1.15 eV in the range ω = 1-10. 
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Table I. Correlation of Water Pool Size with Particle Size 

ω = Water Pool Particle 
[water]: [AOT] Diameter (A) Diameter (Â) 

1 10 14 
5 36 23 
10 48 27 
20 76 30 

Emission from the CdS particles is typically multiexponential; we 
have been able to fit the decay reasonably well to a triple exponential in 
which one component is in the subnanosecond range, the second is in the 
range 1-10 ns, and the third, 30-300 ns. In most cases the longest com
ponent is the major species in terms of numbers of quanta. The Aerosol-
OT reversed-micelle stabilized CdS particles are fairly stable over a period 
of weeks, but on prolonged storage in the dark, the particles undergo 
changes that are followed by a bathochromic shift in the absorption spec
trum; these changes are attributed to an "Ostwald ripening" or particle 
agglomeration (1, 40, 41). Upon irradiation of AOT-stabilized CdS parti
cles, a shift of the absorption spectrum to the blue is observed and is attri
buted to "photoanodic dissolution" (42). 

Amylose and carboxymethylamylose (CMA) are polymeric materials 
that can be used in CdS particle stabilization. Amylose is a starch consist
ing of a long chain of glucose residues; C M A is amylose that has been car-
boxylated at some of the hydroxyl positions. Both amylose and C M A in 
dimethyl sulfoxide (DMSO)-water 50:50 and in water, respectively, form 
helical structures into which linear rodlike amphiphiles can be incor
porated (43-48). The initial impetus for using C M A was to explore the 
possibility of forming linear strands of semiconductors with possible two-
dimensional confinement. Although C M A in water was found to support 
the formation of stable microcrystallite particles of CdS, transmission elec
tron micrographs (TEMs) of the particles revealed that they were spheri
cal and not cylindrical in nature. In fact the TEMs suggest that the poly
mer is simply coated to the particle surface in a fashion similar to that 
reported for hexametaphosphate and other polymeric stabilizers (1, 35). 
The indicated particle diameters are 35-50 A for 4 χ 10~4 M CdS in a 
1.0% CMA-water sample: similar particles are obtained in 50:50 
DMSO—water using 1.0% amylose as the stabilizing polymer. These parti
cle diameters measured by transmission electron microscopy are very simi
lar to those measured on the basis of absorption spectra (40-45 À), as 
shown in Figure 3. 

In the C M A in water, the particle size of CdS, as indicated by absorp
tion species, can be controlled effectively by changing the ratio of the 
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2.0 

200 300 400 500 600 410 605 800 

Wavelength (nm) Wavelength (nm) 

Figure 3. Absorption and luminescence of CdS in 1:1 DMSO: water CMA 
polymer medium. 

molecular semiconductor to polymer concentrations, lower ratios yielding 
smaller particles. Polymer concentrations higher than 5.0% are not solu
ble in water or DMSO-water mixtures, and therefore small particles 
(10-50 Â) are generated at very low molecular semiconductor concentra
tions (i.e., <4 χ 10~4 M). 

As with particles stabilized by other means, CMA-stabilized CdS 
exhibits visible luminescence that in turn exhibits multiexponential decay. 
In comparison with the Aerosol-OT reversed-micelle stabilized particles, 
the Stokes shifts decrease as the particles become larger. The lumines
cence lifetimes are similar to those observed for CdS particles entrapped 
in reversed micelles. CMA-stabilized CdS stored in the dark showed 
minimal changes in absorption spectra over periods of up to 5 days, but 
changes under irradiation similar to those observed with the AOT-
stabilized CdS were observed upon radiation. As with the AOT-stabilized 
particles, removal of the solvent by lyophilization followed by redispersion 
of the dried particles led to identical absorption and emission spectra, a 
result indicating that the particles remain dispersed during this process. 

CdS colloids can also be generated in acetonitrile or 2-propanol by 
using the method of "arrested precipitation". Stable solutions could be 
obtained at CdS concentrations of 4 χ 10" 4 M , which were argon-degassed 
at room temperature. Particle sizes in acetonitrile increase upon the addi
tion of water (Figure 4) (5, 19). Once again the emission observed in 
acetonitrile or 2-propanol solutions shows a substantial Stokes shift and 
exhibits multiexponential decay. The long component lifetime in 2-
propanol is somewhat shorter (<100 ns) than in the other two media. 

In some ways, then, the microcrystallite particles of CdS stabilized by 
the three media, as described, all possess low-lying luminescent excited 
states with energies and photophysical properties comparable to those of 
molecular excited states of commonly used "photosensitizers" in conven-
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1.0 

200 
Wavelength (nm) Wavelength (nm) 

Figure 4. Absorption and luminescence of CdS in acetonitrile-water. 

tional photoreactions such as triplet sensitization or single-electron-
transfer processes. The fact that these particle excited states can be 
quenched by both potential single-electron acceptors such as quinones or 
viologens, as well as by potential electron donors such as amines or thiols, 
suggests that these "supermolecules" may behave very similarly to molecu
lar excited states in their photophysical and photochemical processes (21, 
35, 39, 49, 50, 52). To this end, we investigated the photoreactivity of the 
microcrystallite particles in biomolecular photochemical reactions involv
ing fragmentable electron donors. 

The fragmentable electron donors we studied with the microcrystal-
lites behaving as excited electron acceptors are the amino alcohols shown 
as 1 and 2. 

OH OH 

Q-CH - CH HQ Q- l

W - C H a - h Q 

2 

These were previously shown (52—55) to undergo relatively clean excited 
electron-acceptor-mediated fragmentation upon irradiation of acceptors 
such as thioindigo, 9,10-dicyanoanthracene (DCA), and 2,6,9,10-tetra-
cyanoanthracene (TCA). These studies (52-55) showed that irradiation of 
these acceptors in the presence of 1 or 2 leads to efficient quenching of 
the acceptor excited singlet state and to clean fragmentation of the amine 
as shown in equation 1 for 1. 
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OH 

CH-CH 

Ν 
+ A + H2O 

υ 
CHO 

) • ο + AH2 (1) 

The mechanism proposed for this reaction in solvents of low to moderate 
polarity under conditions in which free ion formation is relatively unim
portant is given in Scheme I. Under these conditions, although the reac
tion occurs in very high chemical yield, the observed quantum efficiencies 
are relatively low because of the unfavorable competition between back 
electron transfer, and fragmentation, fcfrag. Values of fcfrag (eq 2) 
depend on solvent, the basicity of the acceptor radical anion A " , and the 
particular amine. 

free ions 

Scheme I. 

I I 

I \ 
Ν · + ο 

•Mrag 
AH* + 

C 

ό (2) 

For acceptors whose radical anions are relatively basic such as thioindigo, 
moderate quantum efficiencies (quantum yield Φ = 0.01-0.03) are 
observed, especially in relatively nonpolar solvents in which the ion radical 
pair should be a closely coupled unsolvated contact radical ion pair or 
exciplex. 

As the polarity increases, the quantum yield decreases, a property 
indicating that solvent-separated radical ion pairs are much less reactive; 
much lower quantum efficiencies are observed when acceptors whose con
jugate anion radicals are not very basic are employed. The rate constants 
for acceptor anion-radical-assisted fragmentation are in the range of 106 
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s - 1 . Back-reaction rate constants for relatively exothermic process are 
estimated to be M O 1 1 s"*1. Under conditions in which free ions are gen
erated either by cosensitization or by direct generation via nonphotochem-
ical means, fragmentation is observed. It is at present unclear exactly what 
the rate constant for unassisted fragmentation should be (eq 3); however, 
probably the unassisted process has a rate constant lower than 106 s"1. 

-9w?~ — ^ s - p f + • + ι (3) 

Irradiation of microparticulate CdS, prepared using all three methods 
of stabilization as described, in the presence of amines 1 or 2 results both 
in quenching of the CdS luminescence and in fragmentation of the amine, 
with no change in CdS absorption spectra upon amine addition, a result 
suggesting no change in particle size. However, immediate interpretation 
of photophysical and photochemical behavior observed on selective excita
tion of CdS in the presence of the amines is not so simple because in 
several cases (Figure 5) irradiation of CdS at low concentrations of amine 
leads to "antiquenching", as previously reported (56, 57). This anti-
quenching is attributed to initial binding of the amine to the microparticle 
surface, which results in removal of "trap sites" that could otherwise lead 
to nonradiative decay in competition with luminescence. The removal of 
trap sites actually leads to an enhancement and spectral blue shift in the 
overall luminescence and has been observed for several different combina
tions of amine and type of particle preparation (56). 

In most cases, further addition of amine ultimately results in quench
ing of the particle luminescence, as detailed in Figure 5. The quenching 
does not follow simple Stern-Volmer relationships and indicates that the 
particles have varied accessibilities to the quencher. In any case, as listed 
in Table II, the irradiation of the CdS particles in the presence of both 
amines leads to moderately efficient fragmentation but with quantum 
yields that differ substantially for the differently stabilized particles. The 
overall quantum yields measured reflect in another complicated way the 
local concentration of amine in the presence of the microcrystallite parti
cle, the balance between quenching and antiquenching activity of the 
amine, and the photoreactivity of the "quenched particle-amine" pho-
toproduct produced in the quenching act itself. 

As data in Table III indicate, the actual photofragmentation efficien
cies, a, seem to vary in a relatively straightforward way. (The photofrag
mentation efficiency, a, is defined as the quantum yield of amine fragmen
tation divided by the quantum yield of particle emission quenching, where 

Pu
bl

is
he

d 
on

 M
ay

 5
, 1

99
3 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
ba

-1
99

3-
02

38
.c

h0
14



270 P H O T O S E N S I T I V E M E T A L - O R G A N I C S Y S T E M S 

• Am ine (2) 

Amine (1) 

5.0x10-3 

A m i n e Concen t ra t i on (M) 

1.0x10-2 

Figure 5. Amine quenching of CdS emission in AOT (ω = 3) reversed 
micelles. The quantum yield of particle emission quenching 3>em = fl0 -
IJ/I^T I0 is the CdS emission intensity in the absence of quencher, and lq is 
the CdS emission intensity in the presence of quencher. 

Table II. Amine Photofragmentation Quantum Yields (Φ) 

CHjCN ΑΟΎ: ω = 10 
CMA, CMA, 

[Amine]Mtial (M) 1 2 1 2 2 

5.0 χ 10~3 0.27 0.25 0.06 0.09 0.16 
7.5 χ 10~3 0.32 0.30 0.09 0.12 0.46 
1.0 χ 10" 2 0.27 0.37 0.17 0.13 0.91 

Table III. Amine Photofragmentation Efficiencies (a) 

CHfN ΑΟΤ: ω = 10 
CMA, CMA, 

[Amine]Μω (M) 1 2 1 2 2 

5.0 χ Ι Ο - 3 >1.0 1.0 0.14 0.11 0.26 
7.5 χ ΙΟ" 3 >1.0 1.0 0.15 0.14 0.59 
1.0 χ 10~2 >1.0 1.0 0.33 0.15 1.0 
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the quantum yield of particle emission quenching Φ β ΐ η = (IQ — /q)//0; I0 is 
the CdS emission intensity in the absence of quencher, and J q is the CdS 
emission intensity in the presence of quencher.) For the acetonitrile-
stabilized particles, it appears that for both amines 1 and 2 the a is effec
tively unity. This result is perhaps not too surprising, but nonetheless 
noteworthy, because it contrasts greatly with the much lower a observed 
with "molecular" electron acceptors. The most likely reasons for this 
striking difference are either that k^ is relatively small as a result of elec
tron dispersal over the microparticle or that cage escape fcesc is relatively 
large in the rather polar and fluid acetonitrile medium or both. 

Because of the relatively low steady-state light intensity and conse
quent intermediate low concentrations, once free ion radicals are formed, 
their unimolecular reactions (eq 3) should dominate any bimolecular 
return electron transfer. Somewhat lower a values are observed with the 
CMA-stabilized particles, although again the quantum efficiencies here are 
much higher than those observed with molecular electron acceptors. The 
somewhat reduced quantum efficiencies may be consistent with a less 
polar or more hydrophobic surface region in the polymer-stabilized CdS 
that inhibits somewhat free ion formation compared to acetonitrile. 
Alternatively the increase of reaction quantum yield as amine concentra
tion is increased for CMA-stabilized CdS may also indicate that reaction 
of a second molecule of amine serving as a base can enhance fragmenta
tion near the particle surface in competition with otherwise limiting back 
electron transfer, k ^ . 

For the reversed-micelle-solubilized CdS, the a value is somewhat 
lower and also shows a small increase with increase in amine concentra
tion, even after the quenching is factored out. It is tempting to conclude 
that the lower a value observed for the two amines in the reversed micelle 
is simply due to the fact that even though the medium is a highly polar 
reversed-micelle water pool, the product "ion radicals" are generated in a 
highly restricted environment that inhibits a true cage escape to free ions 
and enhances back electron transfer relative to the high escape yields sug
gested for acetonitrile. 

In summary, the studies with the different stabilized CdS and frag
mentable amines show that CdS particles do behave as molecular excited 
states as far as electron-transfer reactions are concerned and that overall 
higher quantum efficiencies in mediating electron-transfer processes occur 
in all the cases studied, compared to corresponding reactions in which 
"molecular" excited singlet states having comparable lifetimes are 
quenched. These studies suggest that fruitful future investigations might 
involve a series of electron-transfer reactions involving either donors or 
acceptors whose corresponding ion radicals react with an independent 
"clock" such that a more precise estimate of the important photophysical 
parameters k*t and k can be better assessed. 
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Photoredox Reactions of Amphophilic Stilbenecarboxylate— 
Cobalt(III) Complexes in Microheterogeneous and 
Homogeneous Media 

A n important class of photosensitive metal—organic systems involves 
metal complexes in which photoinduced electron transfer induces a change 
in the metal oxidation level and consequently a dramatic alteration in the 
ability of the metal to bind ligands. A rather interesting example of this 
alteration in binding involves irans-stilbenecarboxylatopentaamineco-
balt(III) studied several years ago by Vogler and co-workers (58, 59). Irra
diation of this complex (3) results in redox decomposition as shown in 
equation 4. 

The initial photochemical step is believed to be an electron transfer from 
stilbene ligand to cobalt that labilizes the cobalt center and leads to 
release of ammonia and in a subsequent, much more complicated reaction, 
to further oxidation of the irans-stilbeneearboxylate radical to benzal-
dehyde (59). The subsequent steps are fairly complicated and show an 
increase of the quantum yield with increase in the concentration of 3 due 
to the metal-complex-mediated oxidation of the intermediate radical. 
Because of our interest in the photophysics and photochemistry of stilbene 
and related polyenes in microheterogeneous media, we prepared and stu
died the surfactant iraws-stilbenecarboxylate 4 and its cobalt complex 5. 
Both 4 and 5 are relatively good amphiphiles that can be incorporated 
into a number of different microheterogeneous environments, including 
Langmuir-Blodgett assemblies, micelles, and reversed micelles. 
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QÎ3(CH 2 )7—4 
COOH 

4 

CH 3(CH 2)7—4 Λ 
COO-Co(NH3)5 

2+ 

5 

In our studies of 4 and 5 as both photophysical and photochemical 
probes, we uncovered a number of interesting aspects of their excited-state 
behavior. First, in both homogeneous solution and microheterogeneous 
media, the parent amphiphile has a typical iro/u-stilbene absorption and a 
very strong fluorescence. The fluorescence is particularly strong in highly 
restricted environments such as Langmuir-Blodgett multilayers in which 
the chromophore is in a restricted semi-rigid environment that inhibits 
excited-state decay via the isomerization path. 

In all media in which it has been studied thus far, cobalt complex 5 
shows an almost identical absorption spectrum to that of 4 but virtually no 
fluorescence (Figure 6). Incorporation of 5 into fluid microheterogeneous 
media such as acetonitrile or acetonitrile-water solutions or into aqueous 
micelles (Triton X-100 (octoxynol) micelles or cetyltrimethylammonium 
chloride (CTAC) micelles) results in photoreactivity apparently similar to 
that previously observed by Vogler, albeit with results that are strongly 
medium-sensitive (59). In each case, irradiation results in the formation 
in octylbenzaldehyde apparently due to ligand-to-metal electron transfer 
induced by excitation of the stilbene chromophore. 

The efficiencies observed in acetonitrile or 9:1 acetonitrile-water are 
much lower than those reported by Vogler, and so a direct comparison of 
the reactivity has not yet been possible (59). However, reactivity in the 
two apparently homogeneous solutions is much lower than that observed 
when 5 is incorporated into either neutral (Triton X-100) or cationic 
(CTAC) micelles. Reactivity is 5 times greater in the Triton X-100 
micelles than in acetonitrile and more than 50 times greater than in the 
cationic (CTAC) micelles. In contrast, when 5 is incorporated into 
transferred Langmuir-Blodgett multilayers supported on glass or quartz, 
irradiation results in no fluorescence and no photochemical reaction what
soever. This finding suggests then that the photoreactivity of 5 is best 
accounted for by the diagram presented in Scheme II. 

The absorption spectrum is dominated by the intraligand transition 
and suggests that the first excited state populated is the stilbene localized 
excited singlet that is strongly fluorescent in compound 4. In cobalt com
plex 5, this excited state decays rapidly to a ligand-to-metal charge-transfer 
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0.7 

Wavelength (nm) 

1.8e+05 

0 1 ι ι ι H I 
350 400 450 500 550 

Wavelength (nm) 

Figure 6. Top: Absorption spectra of 4 (—) and 5 (- -) in acetonitrile 
solution. Bottom: Fluorescence intensity of 4 (—) and 5 (~ -) in multilayer 
assemblies. 

(LMCT) state that can subsequently decompose to give a neutral fragment 
containing the stilbenecarboxylate and the cationic cobalt species. In 
Langmuir-Blodgett assemblies, most likely relatively little cleavage of the 
carboxylate to cobalt bond occurs, and perhaps only decay via the L M C T 
state occurs in dry assemblies. Nonetheless, this decay is sufficient to 
completely deactivate the complex nonradiatively. 

In homogeneous solution and in aqueous micelles, the formation of 
octylbenzaldehyde suggests that the decay of the L M C T state to the radi
cal pair occurs and that subsequent reactivity occurs with varying effi
ciency. The enhanced reactivity in Triton X-100 micelles could be 
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ascribed to a "hydrophilic—hydrophobic sorting" of the products formed 
by decay of the L M C T state. This mechanism is certainly supported by 
the greatly enhanced reactivity observed in the cationic CTAC micelles in 
which the expulsion of the cationic cobalt fragment should be assisted 
near the cationic micellar surface. 

The cobalt complex 5 has turned out to be an extremely useful probe 
quencher in Langmuir-Blodgett assemblies. We investigated a number of 
Langmuir-Blodgett assemblies containing the surfactant stilbenes such as 
6—9, which show typical stilbene absorption spectra slightly blue-shifted 
from those of 4 and 5. In one study we examined the fluorescence-
quenching ability of 5 compared to simple cobalt complex with stilbene 6 
in assemblies, as shown in Figure 7. Not surprisingly, the fluorescence of 
6 is unquenchable by simple cobalt complexes such as 10 in which a hydro
phobic spacer of 18 carbons separates the chromophore from the cobalt 
center. Replacement of 10 by 5 as shown in the figure results in fairly 
effective quenching of the fluorescence from a bilayer of 6. We interpret 
this result as quenching of the majority of the fluorescence from the proxi
mal monolayer and effectively no quenching from the distal monolayer of 
the stilbene bilayer because virtually no energy transfer from stilbene to 
stilbene occurs as reported elsewhere (60). 

*l-Co™A5

2+ 

^ A - C o ^ A s 2 * (LMCT) 

JSÎA* C o A 5

2 + RP 

5A p-oetyibenzaldehyde 

Scheme II. 

6 

CH3(CH2)3 —4 A 
( C H 2 ) 5 C O O H 

7 

8 
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CH 3 (CH 2 ) 5 

(CH 2) 3COOH 

10 ^ 

I 
oo oo-oo oo 
oo oo oo-oo-oo 

ο 

ο 
ο 

Figure 7. Architecture of Langmuir-Blodgett assemblies containing cobalt 
complexes 5 and 10 as potential quenchers for a bilayer of stilbene 6. 
Compared to a slide containing two layers of 6, the addition of a layer of 5 
(top) results in a 45% reduction in the fluorescence intensity, but the addi
tion of a layer of 10 (bottom) results in little if any reduction in fluores
cence intensity. 
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Even more interesting results occur in mixtures of stilbenes 7—9 in 
the presence and absence of the stilbenecarboxylate and stilbene-
carboxylate-cobalt complexes 4 and 5. As detailed in Figure 8, mul
tilayers of the stilbene mixture give evidence for efficient energy migration, 
and not surprisingly the cobalt complex 5 is able to quench efficiently 
fluorescence from up to a five-layer assembly of the stilbene mixture. 
However, incorporation of 4 into the stilbene mixture results in a change 
of the fluorescence from that of the stilbene mixture aggregate to predom
inantly that of 4, a result indicating that the lower energy excited singlet of 
4 behaves effectively as an energy localizer. This behavior in fact inhibits 
migration of the excitation through the multilayer and inhibits somewhat 
the quenching of 6 in the multilayer, as indicated in the figure. We inter
pret our results to indicate that stilbene 6 behaves as both an energy- and 
electron-transfer quencher in these assemblies and thus can serve as an 

\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ o o o o -

\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 

— β Ο Ο -
ο -

— I S O 

- ο ο ™ -
• ο ο — 

ο ο ™ β Ο Ο 
ο - * κ ^ 

Figure 8. Molecular arrangement in multilayer assemblies containing 7, S, 
and 9 without surfactant 4 (top) and with 4 (bottom). Top: The addition 
of a layer of 5 as a quencher results in a reduction in the fluorescence 
intensity of 41% in a slide containing five layers of the 7-8-9 mixture, indi
cating substantial energy delocalization. Bottom: In contrast, only a 30% 
reduction in fluorescent intensity is observed when a layer ofSb added 
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important component in the construction of multilayer assemblies that can 
promote electron flow over relatively long (>150 Â) distances. We are 
currently extending these investigations. 
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Heterogeneous Photocatalyzed Oxidation 
of Phenol, Cresols, and Fluorophenols 
in TiO 2 Aqueous Suspensions 

Nick Serpone1, Rita Terzian1, Claudio Minero2, and Ezio Pelizzetti2 

1Laboratory of Pure and Applied Studies in Catalysis, Environment, and 
Materials, Department of Chemistry and Biochemistry, Concordia 
University, Montreal, Canada II3G 1M8 
2Dipartimento di Chimica Analitica, Università di Torino, 10125 Torino, 
Italy 

The photocatalyzed total oxidation of phenol (PhOH), cresols (2-, 
3-, and 4-MePhOH), and fluorinated phenols (2-, 3-, and 4-
FPhOH and 2,4- and 3,4-F2PhOH) to CO2 takes place in irradi
ated, air-equilibrated aqueous TiO2 (anatase) dispersions. Major 
hydroxylated intermediate substrates, produced along the temporal 
course of the oxidation process, were identified and confirmed in 
most cases by high-performance liquid chromatographic (HPLC) 
methods. The photooxidation of phenol, a model and the parent 
compound of the cresols and fluorophenols, was re-examined and 
is herein treated in some detail, as it provides useful apparent 
kinetic data uninfluenced by additional ring substituents. The oxi
dation was carried out at pH 3 (Η2SO4), in distilled water (pH 
~6.5), and at pH 7 (phosphate buffer). The evolution of CO2 

proceeds via hydroquinone and catechol intermediates; catechol 
was not detected at pH 7, and both intermediates were undetected 
in 0.01 M NaOH solutions. Apparent kinetics of disappearance 
of the initial aromatic substrate, formation and subsequent degra
dation of the intermediate products, as well as formation of CO2 

were obtained (computer-fitting) by using a simple phenomeno
logical model that implicates consecutive and parallel reactions. 
The analytical form of the rate of product evolution is reminiscent 
of a Langmuirian type rate expression that cannot delineate 
between the various operational mechanisms. 

0065-2393/93/0238-0281$
09.50/0 
© 1993 American Chemical Society 
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ToDAY'S H I G H L Y INDUSTRIALIZED E N V I R O N M E N T is charged with 
a multitude of potentially toxic agents. Contamination of water resources 
by a variety of organic substances is an increasingly common problem. 
The nine general classes of environmental contaminants include phenol 
and the cresols (2). Common uses of these phenolic substrates range from 
fumigants and insecticides to wood preservatives and disinfectants (2). 
Although the mono- and difluorinated phenols have yet to appear in 
wastewaters and their impact on the environment has yet to be assessed, 
their presence in ecosystems is not distant because of the biological and 
nonbiological degradation of pharmaceuticals, foodstuff preservatives, and 
high-quality polymers (3). 

In this chapter, we examine the temporal course of the oxidation of 
cresols and the mono- and difluorinated phenols, and re-examine the pho
tocatalyzed oxidation of phenol in air-equilibrated aqueous T i 0 2 suspen
sions under AMl-simulated sunlight irradiation (except for the cresols). 
(AMI stands for air-to-mass ratio of 1.) The emphasis is on process 
kinetics and plausible mechanistic routes that lead to the end product 
C 0 2 . This follows our earlier report (4) on the photodegradation of 
phenol in a thin-film T i 0 2 reactor operating in a continuous recirculation 
mode. 

Why Photooxidations ? 

The behavior and fate of aromatic and aliphatic hydrocarbons in the 
environment are of primordial importance in processes to detoxify waste
water and groundwater. The photochemical transformation of these 
environmental substances, whether or not mediated by suitable catalysts, is 
an attractive alternative nonbiological method to natural biodegradational 
phenomena (5). Inconveniences and detrimental factors in direct solar 
photolysis are the lack of sunlight absorption by these substrates, attenua
tion of the sunlight, and the relatively shallow penetration depth of sun
light in natural aquatic bodies (several contaminants are adsorbed on sedi
ments in lakes and rivers; e.g., polychlorinated biphenyls). Thus, a catalyst 
that can absorb solar photons and mediate the oxidation (mineralization) 
of the substrates, or at least their conversion to environmentally less 
harmful substances, is desirable. 

Detoxification processes designed to remove toxic wastewater consti
tuents must consider the use of other raw materials, newer processes, and 
newer technologies to minimize the amounts of pollutants in the waste 
effluents. At present, the various means of treating industrial wastewaters, 
which contain a mixture of pollutants, are a combination of ultrafiltration, 
extraction, phase transfer (air stripping, evaporation, and adsorption), 
incineration, and oxidation by ozone or hydrogen peroxide (<5). In the 
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15. S E R P O N E E T A L . Heterogeneous Photocatalyzed Oxidation 283 

latter oxidation methods, only partial contaminant destruction occurs. 
New methods that are being developed involve photochemical destruction 
of the contaminant(s) (7). The simultaneous coupling of light and an oxi
dant (0 3 , H 2 0 2 , and O ^ , often referred to as advanced oxidation 
processes (AOPs), has demonstrated (8) the complete transformation of 
organic carbon to C 0 2 , and hence, the central advantage of photooxidative 
approaches to water treatment. 

In earlier studies (9), we examined a variety of materials (metal 
oxides and others) under UV-visible irradiation to act as photocatalysts. 
Anatase titania, T i 0 2 , has so far met the criteria imposed on these materi
als (light absorption, photochemical and chemical stability, cost, and avai
lability). In each instance, total oxidation was demonstrated by following 
the temporal evolution of the products C 0 2 (and/or H X for halogenated 
organic compounds) along with the concomitant disappearance of the ori
ginal substrate. Systematic kinetic studies on Ti02-mediated photooxida-
tions on some organic substrates have been undertaken (4,10—14). 

Significance of Heterogeneous Photocatalysts 
in Photooxidations 

Catalysis, by definition, implicates a catalytic entity that participates and 
accelerates the chemical transformation of a substrate, itself remaining 
unaltered at the end of each catalytic cycle. Demonstration of a major 
excess of reactant conversion, defined by monolayer equivalents of the 
heterogeneous catalyst, without any measurable solid dissolution or other 
change has been suggested (15) as proof of a truly catalytic phenomenon. 
A n early review (15) that used this criterion noted a number of catalytic 
examples in the literature. 

A suitable definition of homogeneous and heterogeneous photoca-
talysis has been a matter of debate for some time. A n excellent account is 
given by Kisch (16). For a truly ideal heterogeneous photocatalyst used in 
a chemical transformation of reactants to products (27), 

1. The catalytic entity (here T i O ^ remains unaltered at process com
pletion. 

2. The reaction is exoergic and is accelerated only by the entity. 
3. Electrons and holes, generated on the photocatalyst, are needed by 

the process. 
4. As will be evident in this chapter, products are formed with high 

specificity and are different from those obtained in the homogeneous 
phase. 

The distinction between photosensitization and photocatalysis is noted in 
Figure 1 (27, 18). Photosensitization implicates a photosynthetic process 
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P H O T O S E N S I T I Z A T I O N 

Oxj + Redg < > Redj + Ox2 

AG0 > 0 

Semiconductor/Electrolyte 

P H O T O C A T A L Y S I S 

Oxj + Red2 · ^ > Red1 + Οχ £ 

AG0 < 0 

Semiconductor/Electrolyte 

Figure 1. Distinction between photosensitization and photocatalysts using 
semiconductor particulates. Abbreviations: CB, conduction band; VB 
valence band; Red, electron donor; and Ox, electron acceptor. 
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15. S E R P O N E E T A L . Heterogeneous Photocatalyzed Oxidation 285 

(conformational free energy AG° > 0) whereby light induces formation of 
two products in which photon energy is stored. In photocatalysis, no 
energy is stored; there is merely an acceleration of a slow event by a 
photon-assisted process (AG° < 0). 

Photocatalysis with irradiated semiconductor dispersions leads to 
highly effective, spatially controlled oxidations and reductions of organic 
and inorganic substrates, respectively. T i 0 2 particulates have proven 
excellent catalysts in the photooxidation of a variety of aromatic substrates 
such as phenol (4, 19-21), chlorinated phenols (4, 9a, 10, 22, 23), dioxins 
and polychlorinated biphenyls (PCBs) (24, 25), DDT (26), surfactants (11, 
27—33), saturated aliphatic hydrocarbons (34), and s-triazine (35); they 
have been used extensively in our laboratories and elsewhere (36—40). 
The success of Ti02-assisted photooxidative degradations of organic com
pounds is based on several factors: 

1. The process occurs under ambient conditions. 
2. The formation of photocyclized intermediate products, unlike direct 

photolysis techniques, is avoided. 
3. Oxidation of the substrates to C 0 2 is complete. 
4. The photocatalyst is inexpensive and has a high turnover. 
5. T i 0 2 can be supported on suitable reactor substrates (4, 41, 42). 
6. The process offers great potential as an industrial technology to 

detoxify wastewaters (8). 

Nature of the Reactive Species 

The present evidence supports the notion that the O H radical (·ΟΗ) is 
the major oxidizing species in the photooxidation of most of the organic 
compounds examined (38, 43—45). Such evidence stems from the observa
tion of highly hydroxylated intermediate products (4) that bear close 
resemblance to the products obtained by oxidation with Fenton's reagent 
(46). In the oxidation of phenol by photoactivated T i 0 2 in aqueous 
media, Okamoto and co-workers (79) identified hydroquinone (HQ) and 
catechol (CC) as the major components for 16% conversion, together with 
smaller quantities of pyrogallol (PG), 1,2,4-trihydroxybenzene (HHQ), and 
hydroxybenzoquinone (HBQ). 

Similar hydroxylated species (3-fluorocatechol, fluorohydroquinone, 
4-fluorocatechol, and 1,2,4-trihydroxybenzene) were identified in the pho
tooxidation of 3-fluorophenol (14). Added support for ·ΟΗ as the pri
mary oxidant in aqueous media originates with a recent kinetic deuterium 
isotope experiment (47) that showed that the rate-limiting step in the pho
tooxidation of 2-propanol on T i 0 2 is formation of active oxygen species 
through a reaction involving the solvent water. Electron paramagnetic 
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286 P H O T O S E N S I T I V E M E T A L - O R G A N I C S Y S T E M S 

resonance (EPR) studies also identified ·ΟΗ as the sole radical by spin-
trap methods in aqueous solutions (48, 49), and in gas-solid systems (50) 
of irradiated T i 0 2 , under ambient conditions. 

In principle, two oxidizing species are possible when a semiconductor 
particle is illuminated with photon energies greater or equal to its band-
gap energy, E^. For a metal chalcogenide semiconductor, the species are 
the photogenerated valence band holes, hyp-1", and the ·ΟΗ (discussed 
later). Recent studies (51-53) addressed the issue of direct hole versus 
O H radical oxidations. A thorough discussion of the views presented here 
is treated elsewhere (54). Briefly, no distinction exists between a photo-
generated trapped hole and an ·ΟΗ formed on the particle surface (52, 
53). 

Several routes lead to formation of ·ΟΗ on an illuminated semicon
ductor particle surface (44, 45, 55-58). The primary photochemical act, 
subsequent to near-UV light absorption by T i 0 2 particles (wavelengths 
<380 nm), is the generation of electron-hole pairs whose separation into 
conduction band electrons (eC B~) and valence band holes ( h y ^ ) is facili
tated by the electric-field gradient in the space-charge region (eq 1): 

T i 0 2 + hu(>Ehg) ti4 e ~ + h + (1) 

where J a refers to the rate of absorption of light at low photon flux (n = 
1) or at higher photon flux (n = 0.5). Subsequently, the charge carriers 
can recombine: 

e ' + h + ^ > T i 0 2 + heat (and/or hv) (2) 

where krec is the rate constant for electron-hole recombination. Compet
ing with reaction 2 is charge-carrier migration (17, 59) to the surface (Fig
ure 2); there the charge carriers are ultimately trapped by intrinsic subsur
face energy traps ( T i ^ - O ^ - T i ^ ) for the hole and by surface traps 
(-Ti™-) for the electrons (eqs 3 and 4) (60), 

^ I V - 0 2 ^ - T i I V ) s u b s i i r f e l c e + h v B + —> ( T i I V - 0 - - T i I V ) s u b s u r E l e e (3) 

(—Ti I V —) s u r face + e C B ~ > (—Ti 1 1 1—) s urface (4) 

and/or by extrinsic surface traps via interfacial electron transfer with 
adsorbed electron donors ( R e d ^ ^ and acceptors (Ox 1 ) a d s , respectively 
(eqs 5 and 6). 
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R e d 

v * 
-0.5 

0 

+ 1 

+2 

VB 

+3" 

i l l u m i n a t e d 

z o n e 

0 2 + e- —» 0 2 -

2H+ + 2e~ —> H 2 

4-OH-PhO- + e" -

4-CH 3-PhO e + e" 

4-OH-PhO" 

4-CH 3-PhO-

- 4-X-PhO' + e~ —> 4-X-PhO" 

" \ (X = F, CI, Br, I) 
0 2 + 4H+ + 4e" —» 2H20 

- MeO-naphthalene+* -f e~ —>- MeO-naphthalene 

"* naphthalene"4" + e~ —>· naphthalene 

toluene"*** + e 

benzene"1" + e 

toluene 

benzene 

\ 
OH' + e" OH-

pH3 

Figure 2. Top: Simple view of a Ti02 semiconductor particle under irradi
ation and the ensuing redox reactions. Bottom: Redox potential scale 
showing the potentials (vs. NHE) of the valence and conduction bands of 
anatase Ti02 and the redox potentials of some redox couples in homogene
ous phase. 
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h v B + + (Red2)ads —» (Ox 2 ) a d s (5) 

eoT + (Oxi) a d s —» (RedOads (6) 

The event embodied in equation 2 necessitates that Red 2 and Οχ χ be 
adsorbed prior to light excitation of the T i 0 2 photocatalyst. Adsorbed 
redox-active solvents can also act as electron donors and acceptors. For a 
hydrated and hydroxylated T i 0 2 anatase surface, hole trapping by interfa-
cial electron transfer yields surface-bound ·ΟΗ (48-50, 59-65). It is a 
major route of formation of ·ΟΗ (eqs 7a and 7b). 

( T i I V - 0 2 - - T i I V ) - O H T + h v B + z=± ( T i I V — 0 2 ~ - T i I V ) - * O H (7a) 

( T i I V - 0 2 - - T i I V ) - O H 2 + h V B

+ A ( T i I V — 0 2 ~ - Ή ι ν ) - · Ο Η + H + (7b) 

where fc7 refers to the rate constant for the oxidation of surface O H ~ 
and/or H 2 0 , and k__7 denotes the corresponding rate constant for the 
reverse reaction. In principle, O H radicals may also be formed from 
H 2 0 2 via the superoxide radical anion 0 2 (eqs 8 and 9) (19b), and by pho
tolysis of H 2 0 2 (eq 10). 

02(ads) + e~ 

H 2 0 2 + 0 2 ~ · 

H 2 0 2 + h v 

02"-(ads) 

•OH + O H " + 0 2 

2-OH 

(8) 

(9) 
(10) 

However, when irradiation is done with AMl-simulated sunlight (λ >340 
nm), reactions 9 and 10 are of little consequence because the quantity of 
H 2 0 2 formed is small (66). 

Some years ago, we reported (22a) that both 0 2 and H 2 0 are essen
tial species in the photomineralization of 4-chlorophenol in the presence 
of irradiated T i 0 2 ; no photodegradation occurs in the absence of either 
0 2 or H 2 0 , or both (22). 

Even trapped electrons and trapped holes can rapidly recombine on 
the particle surface. To obviate recombination, electrons are scavenged by 
preadsorbed (and photoadsorbed) molecular oxygen to give 02(ads) (eq 8) 
which can be further reduced to the peroxide dianion, 02

2~(ads) (eq 11). 

0 2 -(ads) + e —» ( 0 2

2 )surface (11) 
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15. S E R P O N E E T M „ Heterogeneous Photocatalyzed Oxidation 289 

Alternatively, surface peroxo species can be formed (67—70) either by 
hydroxyl radical (hole) pairing (eq 12), or by sequential two-hole capture 
by the same O H group (eq 7 followed by eq 14), or by dismutation of 0 2 

(eq 15). 

(H202)surface (12) 

(02

2-)surface + 2H+ (13) 

(0 ) s u r f e c e - » }o 2 (ads) (14) 

02(ads) + 0 2

2"(ads) (15) 

In acidic media (pH 3), 0 2 exists as the hydroperoxide radical, Η 0 2 · 
(pKa 4.88, ref. 71). Other plausible reactions that might occur on the 
T i 0 2 particle surface and that are solvent-related (i.e., water-related) are 
summarized in equations 16-19. 

2 Η 0 2 · —» H 2 0 2 + 0 2 (16) 

H 2 0 2 + e" —> -OH + OH"" (17) 

H 2 0 2 + h + —> 0 2 + 2H+ (18) 

0 2 ~- + Η 0 2 · —> 0 2 + H 0 2 - 2-+ H 2 0 2 (19) 

Many of these reactions have not been assessed under the photocatalytic 
conditions used in these photooxidations. They are inferred from radia
tion chemical studies in homogeneous phase. 

The energies of the valence and conduction bands (pH 3) on a redox 
scale (vs. the normal hydrogen electrode or NHE) for T i 0 2 anatase, as 
well as the homogeneous phase potentials of relevant redox couples (45, 
72, 73) are illustrated in Figure 2. A photogenerated valence band hole, 
redox potential £ r e d o x ~+2.9 V, can in principle oxidize OH~ to ·ΟΗ, 
and can oxidize various organic substrates to give the corresponding radi
cal cations and phenoxyl species. No inference is made here regarding the 
magnitude of the redox potentials of the couples in heterogeneous media. 
No doubt, physisorption or chemisorption of species to a heterogeneous 
surface will alter their redox potentials. For instance, the redox potential 
of the chemisorbed ·ΟΗ/ΟΗ~ couple on T i 0 2 recently (54) was estimated 
as ~+1.5 V; the equivalent redox potential for this ·ΟΗ/ΟΗ"~ couple in 
homogeneous aqueous media is ~+2.62 V (pH 3). Similar data for other 
species adsorbed on a heterogeneous surface are desirable. 

2(*OH) s u r f a c e 

( H 2 0 2 ) s u r f a c e 

( T i I V - 0 2 " - T i I V ) - O H + h v B + ~ H + 

202~-(ads) 
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Experimental Procedures 

Phenol (Carlo Erba, >95% pure), and high-performance liquid chromatographic 
(HPLC) grade methanol and o-phosphoric acid were used as received. Titanium 
dioxide was Degussa Ρ 25 (Brunauer-Emmett-Teller (BET) surface area, 55 
m2/g; particle size, 20-30 nm); it was used without prior treatment. Water was 
doubly distilled throughout. 

Irradiation of air-equilibrated aqueous solutions of phenolic samples (20 
mL, 20 ppm (mg/L), 212 μΜ) was carried out with AMl-simulated sunlight 
(CO.FO.MEGRA, Milan, Italy; 1500-W Xe lamp equipped with a 340-nm cutoff 
filter). The catalyst T i 0 2 loading was 2 g/L. The photodegradation process was 
examined at three pH values: pH 3 (adjusted with H 2 S 0 4 ) , natural pH of 6.5 
(unbuffered twice-distilled water), and pH 7 (0.01 M phosphate buffer). 

Analyses of reactants and intermediate products were carried out by H P L C 
methods on 3-mL aliquots collected at selected intervals from the irradiated T i 0 2 

solutions. The aliquots were centrifuged and filtered over Millipore GSTF filters 
(pore size 0.22 μηι) prior to analysis on a Perkin-Elmer Series 2 liquid chromato-
graph equipped with a U V detector; the detection wavelength was 280 nm, and 
the stationary phase was a Bondapak C18 reverse-phase column. The mobile 
phase consisted of a 40.0:59.9:0.1 mixture of methanol-water-o-phosphoric acid. 
The C 0 2 temporal evolution was monitored by gas chromatographic (GC) tech
niques on a HP-5890 gas chromatograph, and confirmed by the quantity of 
B a C 0 3 produced from bubbling the evolved gas into a Ba(OH) 2 solution. 

Details of the experimental procedures used in the photooxidation of cresols 
and fluorinated phenols were presented elsewhere (13, 14); they are similar to 
those given here with minor variations (e.g., for the cresols, the illumination was 
carried out using a 900-W Hg-Xe lamp at λ >320 nm). 

Results and Discussion 

Photooxidation of Phenol. The photooxidation of phenol in 
irradiated T i 0 2 suspensions was examined earlier (4, 20, 21) under a 
variety of conditions. In addition to hydroquinone and catechol, 1,2,4-
benzenetriol, pyrogallol, and 2-hydroxy-l,4-benzoquinone were identified, 
albeit in smaller quantities (19). Elsewhere, only catechol and benzo-
quinone were detected (20a). Herein, we report the identification of 
hydroquinone and catechol. These differences arise from variations in 
experimental conditions, the type, source, and any prior treatment of the 
T i 0 2 used. Okamoto and co-workers (19) used anatase pretreated by 
reduction in a stream of hydrogen at 520 °C for 6 h (surface area, 38 
m2/g). Augugliaro et al. (20a) employed T i 0 2 (BDH Inc., anatase; surface 
area, 10 nr/g). In our work, we use untreated T i 0 2 (Degussa P-25, largely 
anatase; surface area, 55 m2/g). The photocatalytic activity of T i 0 2 and 
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15. S E R P O N E E T A L . Heterogeneous Photocatalyzed Oxidation 291 

other semiconductor photocatalysts depends on the pretreatment to which 
they are subjected. 

Rutile T i 0 2 appears inactive in the degradation of phenol, and dif
ferent batches of anatase show different activities (20). The nature of the 
intermediates formed must depend on the nature of the catalyst and on 
the experimental conditions. The role of surface properties of T i 0 2 parti
cles, although an unknown parameter, is significant (54). The T i 0 2 Ρ 25 
(~80% anatase, -20% rutile) consists of 99.5% T i 0 2 , <0.3% A 1 2 0 3 , 
<0.3% HC1, <0.2% S i 0 2 , and <0.01% F e 2 0 3 . These impurities, segre
gated on the particle surface, could strongly influence the kinetics and the 
thermodynamics of interfacial electron transfer between the photocatalyst 
and the various substrates. 

Oxidation of phenol by the U V - H 2 0 2 advanced oxidation process 
(AOP) yields dihydroxy and trihydroxy intermediates and ultimately C 0 2 

(74) . By contrast, oxidation by U V - 0 3 yields nine intermediate products, 
the principal ones being formic acid, glyoxal, glyoxylic acid, and oxalic acid 
(75) . 

Irradiation of an air-equilibrated aqueous phenolic-Ti0 2 suspension 
with AMl-simulated sunlight leads to the disappearance of phenol. The 
temporal course of the process was examined at pH 3 (adjusted with 
H 2 S 0 4 ; Figure 3), in distilled water (pH ~6.5), and at pH 7 (phosphate 
buffer). At [phenol] = 212 μΜ, only hydroquinone (HQ; in distilled 
water and at pH 3 and 7) and catechol (CC; pH 3) were detected. Trace 

0 10 20 30 40 50 

Irradiation Time (min) 

Figure 3. Photodegradation of an air-equilibrated solution of phenol (212 
μΜ) in the presence of irradiated Ti02 (2 g/L) at pH 3 (H^SOj). The 
curves were obtained from the computer fit of the experimental data. Inset: 
evolution of C02. 
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quantities of CC (1-2 μΜ; Le., 0.1-0.2 ppm, the sensitivity limits of the 
analytical method employed) were found in distilled water. By contrast, 
neither H Q nor CC was detected in 0.01 M NaOH (pH -12) solutions. 
In all cases, disappearance of phenol follows reasonably good first-order 
kinetics for about two or three half-lives; formation of carbon dioxide is 
stoichiometric (eq 20). 

C 6 H 5 O H + 7 0 2 6 C 0 2 + 3 H 2 0 (20) 

Phenol Mineralization: pH 3 (H£OJ. Oxidation of phenol by 
irradiation in the presence of T i 0 2 (52% after 10 min; apparent rate of 
decomposition kdcc = 0.091 + 0.006 min" 1; half-life t = 7.6 min) yields 
H Q and CC with comparable chemical yields (11% and 9%, respectively), 
but at different times in the process (—3 min for CC and —15 min for 
HQ). The apparent rate of formation of H Q is fcf = 0.030 min" 1 , and its 
rate of mineralization is 0.21 m i n - 1 (Figure 3); curves represent first-order 
computer fits of the data. The corresponding apparent kinetics for CC are 
2kf = 0.060 min" 1 and kdec = 0.76 min" 1 . The total degradation of 
phenol and its intermediates H Q and CC occurred at about 30 min into 
the process. The evolution of C 0 2 is also shown in Figure 3 (inset); it is 
nearly quantitative after —3 h of irradiation. The apparent kinetic param
eters for both H Q and CC yield a reasonably good fit for up to 30 min; 
the rate of generation of C 0 2 is kCOl = 0.013 min" 1 . The error in the 
curve fitting and the reproducibility of the experimental data are about 
±10% (or better). 

Phenol Mineralization: Distilled Water (pH ~6.5). After 10 min 
of irradiation, 74% of phenol degraded (155 μΜ; kdec = 0.16 ± 0.02 
min" 1; t = 4.4 min), and 13% of HQ formed (27 μΜ; kt = 0.13 min" 1). 
By 20 min, there was no trace of phenol remaining in solution, and more 
than 95% of H Q had decomposed (& d e c = 0.18 + 0.03 min" 1; t = 3.9 
min). This quantity accounted for only 66% of the C 0 2 produced (-832 
μΜ). The quantity of CC detected was within the experimental "noise". 
After 30 min of irradiation, 10% (or —20 μΜ) of the initial phenol con
centration was converted to intermediate products and —90% to C 0 2 . 
The expected stoichiometric quantity (reaction 20; 1260 μΜ) of C 0 2 

evolved was reached after about 60 min, by which time all the intermedi
ate species had degraded. Curve-fitting the quantity of C 0 2 evolved gave 
an apparent rate constant kco = 0.050 ± 0.012 min" 1 . 
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Phenol Mineralization: pH 7 (Buffer). After 10 min of irradiation 
of the phenol-Ti0 2 suspension, 151 μΜ (72%) of phenol degraded (fcd e c 

= 0.13 ± 0.01 min" 1; t = 5.3 min), 20% of which (-42 μΜ) was con
verted to HQ; the apparent rate of formation of H Q was fcf = 0.13 min" 1 , 
and its apparent rate of decomposition was A: d e c = 0.16 min" 1 (t = 4.4 
min). No other aromatic intermediate was detected. We presume that 
the remaining 52% of phenol was converted to aliphatic carboxylates (dis
cussed later) and/or to carbon dioxide. 

Photooxidation of Cresols. Liquid chromatograms showed only 
two clearly detectable intermediates formed for each of the three cresols 
examined. Hydroxylation of p-cresol may yield two intermediates: 4-
methylresorcinol and 4-methylcatechol. By contrast, both o- and m-cresol 
can in principle yield four isomeric species. Common to both the p- and 
m-cresol is 4-methylcatechol (4-MCC), and the common intermediate in 
o- and m-cresol was identified as methylhydroquinone (MHQ) (Figure 4). 
Another intermediate seen in the reaction of p-cresol was described as 4-
methylresorcinol (13); understandably, this species did not form in the 
photooxidation of o-cresol because hydroxylation at position meta to the 
O H substituent is unlikely. Formation of 4-methylcatechol in the oxida
tion of the cresols was confirmed by diffuse reflectance spectra. 

None of the cresols examined degrade in the dark in the presence of 
T i 0 2 . Direct irradiation of aqueous solutions of the cresols with 
UV-visible light, but in the absence of T i 0 2 , leads to very small decreases 
in the concentration of the cresols: 3-5% after - 6 h of irradiation (see 
Figures 4A-4C). For 20 mg/L of the cresols, the rate constants are 6.3 χ 
10" 5 min" 1 (o-cresol), 18 χ 10" 5 min" 1 (m-cresol), and 9.9 χ 10" 5 min" 1 

(p-cresol), about 1-2 orders of magnitude smaller than the catalyzed 
processes (0.4-1.3 χ 10" 2 min" 1). 

The photocatalyzed oxidation of the three cresols in the presence of 
T i 0 2 is also illustrated in Figures 4A-4C. Both o- and /?-cresol (20 mg/L) 
degrade via first-order kinetics; m-cresol (also 20 mg/L) decomposes by 
zero-order kinetics under otherwise identical experimental conditions of 
light source and initial pH. The formation and subsequent degradation of 
the two intermediates are also shown. In each case, total disappearance of 
the original cresol and decomposition of the intermediate species occurs 
in less than 4 h of irradiation. Product analysis showed that the photoca
talyzed oxidation followed the expected stoichiometry (eq 21): 

CH3QH4OH + ¥-02 ^ » 7 C 0 2 + 4 H 2 0 
1 T I O 2 

(21) 
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Irradiation Time (min) 

« * f 
p-Cresol (1B6 μΗ) 
χ Dark with T i0 2 

• \ • no Ti0 2 ; hv 
• T i0 2 2 g/L. hv 

• \ • 4-Methylcatechol 
* Intermediate Β 

\ φ 

\ . • Β 

0 50 100 150 200 250 300 350 
Irradiation Time (min) 

Figure 4. Plots of normalized peak areas (or concentration) as a function 
of irradiation time showing the degradation of the three cresols (ca. 20 
mg/L) and formation and decomposition of two intermediates in the pho-
tomineralization process with irradiated Ti02 present (2 g/L) at pH 3. The 
behavior of the cresols under dark conditions but in the presence of the 
Ή02, and under direct photolysis (no Ti02 present) are also indicated 
The curves are computer fits to equations noted in the text. (Reproduced 
with permission from reference 13. Copyright 1991.) 
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Approximately 32.5 μπιοί of C 0 2 was expected for an initial cresol con
centration of 20 mg/L. Four hours of irradiation, when all the cresols and 
the aromatic intermediate species had decomposed, produced only 
-65-70% of C 0 2 ; 80-85% of C 0 2 evolved after about 7 h. Other, slow-
degrading intermediates (aliphatic) formed. Starvation of the suspension 
of needed oxygen was not precluded (22). 

Consequently, the effect of the oxygen concentration on the kinetics 
of decomposition was carried out on m-cresol under conditions in which 
the suspension was saturated with 0 2 . The decomposition of this cresol in 
air-equilibrated and in oxygen-saturated suspensions is compared in Figure 
5 A Apparent zero-order kinetics are also evident. The corresponding 

0.0 k 

m-Cresol (20 mg/L) 

• In air 
• In oxygen 

50 100 150 200 
Irradiation Time (min) 

250 

35 

« 28 
ο ε 

3 21 
OJ 

Ο 
C_ 

CL 

ru 
CD 

14 
m-Cresol (20 mg/L) 

Γ S* • In air 
ν « I n oxygen 

• • - » • - - * 

100 200 300 
Irradiation Time (min) 

400 

Figure 5. Top: Plots showing the photodegradation of 20 mg/L of m-
cresol in the presence of 2 g/L TiÔ2 in air-equilibrated and in oxygen-
saturated suspensions; initial pH 3. Bottom: Plots showing the 
corresponding temporal evolution of C02 from the photomineralization of 
20 mg/L of m-cresol in air-equilibrated and in oxygen-saturated suspensions 
of Ti02. (Reproduced with permission from reference 13. Copyright 
1991.) 
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parameters are, air versus 0 2 , respectively: & d e c , 4.0 χ 10" 3 and 12 χ 
10" 3 min" 1; initial rates, 0.74 and 2.2 μΜ/min; and i(app), 174 and 59 
min. In the presence of excess oxygen, decomposition of m-cresol occurs 
in less than 1.5 h. Comparison of the evolution of carbon dioxide from 
air-equilibrated and oxygen-saturated suspensions is made in Figure 5B. 
For the oxygen-saturated suspensions, about 60% of C 0 2 evolved after the 
cresol had decomposed. Near quantitative formation of C 0 2 is seen in 
-2.5 h; kCQ2 -9.5 χ 10" 3 min" 1 (air) and 32 χ 10" 3 min" 1 (O^. The 
slower evolution of products cannot be due solely to the lack of oxygen, 
but also to the intermediacy of relatively stable, slower degrading inter
mediates. 

Photooxidation of Fluorophenols. Monofluorophenols. 
Illumination of air-equilibrated aqueous suspensions containing 50 mg/L 
of T i 0 2 and 2.0 χ ΙΟ" 4 M of monofluorinated phenols with A M 1 -
simulated sunlight leads to rapid disappearance of the phenols in short 
time (-15-40 min; Figures 6 and 7). Both 2-fluorophenol (2-FPh) and 
4-fluorophenol (4-FPh) decompose via good (apparent) first-order kinetics 
that are nearly identical within experimental error: 0.104 ± 0.005 and 
0.106 ± 0.004 min" 1 , respectively (t = 6.7 min). Oxidation of 3-fluoro-
phenol (3-FPh) follows reasonably good first-order kinetics to yield an 
apparent & d e c = 0.074 ± 0.007 min" 1 (t = 9.4 min). No photooxidation 
occurs in the absence of T i 0 2 ; in the dark, but in the presence of T i 0 2 , no 
changes were noted in the concentrations of the three phenols examined. 

The decomposition of 2-fluorophenol; the formation of F~; and the 
formation of the ultimate product C 0 2 , which confirms the complete oxi
dation of the initial organic substrate, are depicted in Figure 7. The dot
ted line represents the expected stoichiometric quantity of carbon dioxide 
that in this case is achieved after —4 h of irradiation. Oxidation of 2-FPh 
occurs with nearly concomitant formation of fluoride, whether the quan
tity of T i 0 2 was 50 or 100 mg/L: kdec = 0.10 ± 0.01 and 0.17 ± 0.01 
min" 1 , and the apparent rate of formation of F" , & F , = 0.081 ± 0.002 and 
0.11 ± 0.02 min" \ respectively. The corresponding rate constant for the 
formation of C 0 2 is 0.016 ± 0.002 min" 1 (t = 42 min). Similar patterns 
were observed for the other two monofluorinated phenols. Formation of 
fluoride reaches a maximum at —70-80%, which corresponds to the frac
tional quantity of fluoride in solution. The remaining 20-30% is chem-
isorbed on the T i 0 2 particle surface. 

The formation and subsequent decomposition of the intermediate 
products, fluorohydroquinone (FHQ), 3-fluorocatechol (FCC), and 
catechol (CC) obtained from the decomposition of 2-fluorophenol, along 
with the formation of fluoride, are shown in Figure 6. After 25 min into 
the process, 2-FPh has degraded while both FCC and CC have formed and 
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Irradiation Time (min) 

Figure 6. Plots showing the photodecomposition of 2-fluorophenol and the 
nearly concomitant formation of fluoride as a function of irradiation time 
at constant concentration of Ti02 at 50 mg/L. The relative peak areas for 
three of the identified intermediates (fluorohydroquinone, fluorocatechol, 
and catechol) as a function of irradiation time are also indicated (Repro
duced from reference 14. Copyright 1991 American Chemical Society.) 

I rradiat ion Time (min) 

Figure 7. First-order plots showing the decomposition of 2-fluorophenol, 
the formation of the F~ anion (or HF) and formation of carbon dioxide 
(the product of total photomineralization) as a function of irradiation time. 
(Reproduced from reference 14. Copyright 1991 American Chemical 
Society.) 

decomposed; F H Q also reaches a maximum after —10 min and is totally 
decomposed after 30 min of irradiation. By this time, approximately 20% 
of the phenol has been converted to carbon dioxide. The other 80% con
sists of aliphatic intermediates that ultimately also degrade, but more 
slowly, to yield the final oxidation products. Formation of C 0 2 is faster 
for 3-FPh and 4-FPh (compare t = 42 vs. 25 min). 
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The apparent rate of decomposition of 4-fluorophenoI in a 100-mg/L 
T i 0 2 aqueous suspension is 0.16 ± 0.01 min""1. Two of the intermediates 
are hydroquinone (HQ) and 4-fluorocatechol. Curve-fitting the data for 
H Q gives & d e c = 0.16 min" 1 , identical with the value of 0.16 ± 0.01 min" 1 

obtained for the degradation of a pure sample of HQ under otherwise 
identical conditions. 

Figure 8 illustrates the effect of varying the concentration of the 
T i 0 2 on the observed rate constant for the disappearance of 4-
fluorophenol. The curve-fitted kQb& = ^ [TiOJ^ i? + [TiOJ), with A = 
A:o b s(lim) = 0.49 ± 0.05 min" 1 and Β = 1/K = 0.43 ± 0.17 g/L (K denotes 
the photoadsorption coefficient and is - 3 χ 108 M " 1 in terms of concen
tration of T i 0 2 particles). 

Difluowphenols. The decomposition of a difluorophenol (2,4-DFPh) 
in suspensions containing 100 mg/L of T i 0 2 is shown in Figure 9; the pro
cess follows good first-order kinetics (0.24 ± 0.01 min" 1) for several half-
lives. It is complete by 12 min. Under identical conditions of concentra
tion of catalyst, the decomposition of 2,4-DFPh and 3,4-DFPh are nearly 
identical. 

The formation of fluoride and C 0 2 in the photocatalyzed oxidation 
of 2,4-DFPh is also presented in Figure 9. Formation of F~ follows the 
degradation of the parent substrate 2,4-DFPh: & d e c = 0.24 ± 0.01 min" 1 

and kF = 0.14 ± 0.02 min" 1 . Similar to the observations noted earlier, 
[F"] in solution reaches a maximum value of —75% of the stoichiometric 
value. Formation of C 0 2 , which confirms the total destruction of 2,4-
DFPh, is nearly complete after 90 min of irradiation (&co2

 = 0-036 ± 
0.002 min" 1; t = 19 min). 

Identification of Intermediates. Liquid chromatographic techniques 
identified the intermediate products from the photodegradation of 2-FPh: 
fluorohydroquinone (FHQ), 3-fluorocatechol (3-FCC), and catechol. The 
4-fluoro analog gives 4-fluorocatechol (4-FCC) and hydroquinone, and 3-
fluorophenol yields fluorohydroquinone, 3-fluorocatechol, and 4-fluoro
catechol. For the difluorophenols, only one aromatic intermediate was 
identified: fluorohydroquinone. 

Apparent Kinetics. As will be evident later, the presence of T i 0 2 

particulates presents a formidable challenge in describing the kinetics in 
heterogeneous photocatalysis. The difficulty originates with the hetero
geneous surface, which interacts with solvent and substrates to various 
degrees of complexities. Some of these interactions have yet to be 
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4-f luorophenol 

Ofc . . . ι , . . ι-

Ο i 2 3 4 

[Ti0 2], g/L 

Figure 8. Dependence of on the concentration of the photocatalyst 
Ti02 for constant concentration (200 μΜ) of 4-fkiorophenol The inset 
shows the linear transform of the adsorptionlike isotherm. (Reproduced 
from reference 14. Copyright 1991 American Chemical Society.) 
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Figure 9. Plots showing the photodecomposition of 2,4-difluorophenol, the 
concomitant formation of fluoride, and formation of the final product C02 

in the photomineralization of the fluorophenoL The concentration of the 
photocatalyst was 100 mg/L. (Reproduced from reference 14. Copyright 
1991 American Chemical Society.) 

assessed in photooxidations. Complicating the picture is the effect pho
tons have on such surface properties as, for example, adsorp-
tion-desorption equilibria and the nature of the catalytic sites, among 
others. Process kinetics in heterogeneous photocatalysis must be con
sidered, for the moment, as apparent kinetics until such time as more 
details are understood from the semiconductor-solution interfacial 
dynamics. 
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The photoeatalytic process described in the following section for the 
oxidation of phenol, cresols and the fluorinated phenols, on the basis of 
the constraints just given, has been modeled in its most simplistic form by 
the phenomenological consecutive and parallel reactions in Scheme I: 

A 

B| Bj B 3 ·*·Β| 

Ci,t 0 1 > 2 e .C|j C 2 f i C24-C2J ^3,1 ^ 3 , 2 · Ο , ι C l > 2 . . C | j 

Scheme I. 

where A is the initial substrate, B. are intermediate products, and are 
subsequent intermediate species towards complete oxidation; kA represents 
ΣΑ:̂ . for / = 1, 2, ... η and η is the number of possible sites available on 
the aromatic ring for attack by the primary oxidizing species, the -OH rad
ical (discussed later); and kB denotes the macroscopic rate constant for 
consecutive and parallel reactions of the disappearance of the various 
stable B. intermediate products. When the initial organic substrate is a 
haloaromatic, we use kx to represent the observed rate constant of forma
tion of the halide, irrespective of its form ( X " or HX) and its source. The 
implicit assumption has also been made (11) that kM are nearly identical, 
irrespective of the position of attack of the ring by the -OH. The disap
pearance of the initial substrate, A , together with the formation and disap
pearance of Β can be described by (76): 

[A( 0] = [A] 0 exp(-fcAi) 

& Α [ Α ] 0 

kB - kA 

exp(-fcAr) - exp(-fc B0 

(22a) 

(22b) 
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15. S E R P O N E E T A L . Heterogeneous Photocatalyzed Oxidation 301 

where t is time. The formation of X ~ and C 0 2 follows in nearly all cases 
simple exponential growth kinetics: [product] = constant [1 - exp(-£ pr)]. 

Although the phenols examined here are only slightly adsorbed to the 
particle surface in the dark, the extent of photoadsorption is an inaccessi
ble parameter depending on adsorption-desorption rates and on whatever 
other process(es) that take place subsequent to adsorption. In describing 
a rate expression for the photooxidation process, the implicit assumption 
is often made that there is a constant fraction, however small, of the 
organic substrate on the catalyst's oxidative active surface sites, T i ^ j - O H 
(77). Following ·ΟΗ attack on the aromatic ring of the substrate S a d s , 
one or more intermediates ( I a d s and/or I g o l) that form subsequently or 
nearly simultaneously undergo dehalogenation and fragmentation to ali
phatic species, which ultimately also degrade to produce stoichiometric 
quantities of C 0 2 (eq 23). 

A Β C 

(site) + sAs a d s A [I a d s + I s o l] A . . . —>—>—> C 0 2 (23) 
Ν \ 

{Χ" } {Χ" } 

where ks denotes E(rate constants) in the formation of various intermedi
ate species and fcj represents a sum of rate constants in the fragmentation 
of these intermediates. 

Employing the methods used earlier (12,15), the rate of formation of 
product will be given by (78): 

ksKsNs[S] 
r a t e = 1 + oK s[S] ( 2 4 ) 

where Ks = kj(ka + ks) is the photoadsorption coefficient for the various 
substrates, Ns is the number of oxidative active sites, and a = (ks + k^/ky 
Expression 24 is reminiscent of a Langmuirian rate equation (79). 
Further modification of equation 24 is needed to take account of the for
mation of the reactive ·ΟΗ species described by reactions 7a and 7b. 

The quantum yield of ·ΟΗ formation is Φ Ο Η = Φ Ι / ^ τ (at low light 
fluxes η = 1), where r is the lifetime of the photogenerated h + [r = V(krec 

+ kj)]. If krec > k7 (80% then Φ Ο Η - $lJApk7/krpc, where βΑρ is the 
fraction of the irradiated surface and Ap is the particle surface area. As 
well, the rate of formation of products will depend on the lifetime of the 
bound ·ΟΗ species, r Q H . This dependence leads to: 
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ksKsNs[S] 

rate = 

Φ1Λ

η βΑ^ΊτΟΗ 

1 + aKs[S] + Κ„[Η2Ό] + K^l] + /^ionspons] 

* 1 + ^ o J 0 2 ] ™ 

Here, krec is the rate constant for electron-hole recombination events 
(radiative and nonradiative). The additional terms in the denominator 
indicate the influence of the solvent water, the intermediates, and the vari
ous anions and cations present in the system; through adsorption, any one 
or all of these can act as inhibitors by blocking some of the active surface 
sites on the photocatalyst (81). The adsorption isotherm expression for 
oxygen is included in equation 25 to consider the effect of molecular oxy
gen on the rate of product formation (13). 

Expression 25 has the same analytical form as the equations reported 
by Okamoto and co-workers (19) and more recently by Turchi and Ollis 
(77). Turchi and Ollis noted that, with minor variations, the expression 
for the rate of photooxidation of organic substrates on irradiated T i 0 2 

presents the same saturation-type kinetic behavior as portrayed by the 
Langmuir-Hinshelwood rate law (79), and this behavior occurs whether 
or not (1) reaction occurs while both reacting species are adsorbed, (2) a 
"free" radical species reacts with the adsorbed substrate, (3) a surface-
bound radical reacts with a free substrate in solution, and (4) the reaction 
takes place between the free reactants in solution. Assigning an opera
tional mechanism for reactions taking place in heterogeneous media to a 
Langmuir-type process, to an Eley-Rideal pathway, or to an equivalent 
type process is not possible on the basis of observed kinetics alone (82, 
83). For example, an equation analogous to the Langmuirian expression 
is obtained in homogeneous media for the reduction of cw-Ru(NH 3 ) 4 Cl 2

+ 

by Cr 2 + (aq) (84). Clearly, although the analytical expression obtained for 
the rate of photooxidation may be analogous to the Langmuir-Hinshel
wood relationship, nothing can be concluded about the operational 
mechanism in a heterogeneous photocatalysis experiment. Other experi
ments must be undertaken to unravel the complex events that take place. 
The events that occur on an illuminated semiconductor alone present a 
formidable challenge. 

Photooxidation Mechanisms. In aqueous acidic media (pH 3) 
0 2 protonates to form the hydroperoxide radical Η 0 2 · , which is subse-
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quently converted to H 2 0 2 (38, 43, 44b, 55-57). Absorption of U V light 
by hydrogen peroxide or its reaction with e" can break down H 2 0 2 to pro
duce ·ΟΗ (19, 45, 55, 56). However, the major source of ·ΟΗ is reactions 
7a-7b or their equivalent (43, 58). Direct oxidation of the organic sub
strates by the valence band holes of the photocatalyst is probably minor 
(77). Our studies are silent on the possible direct involvement of 0 2 

anion radicals (or Η 0 2 · ) in the photodegradation via either oxidation or 
reduction of the fluorinated phenols and organic compounds in general. 
However, 0 2 can oxidize aromatic compounds; for example, methylhydro-
quinone is oxidized by the superoxide radical anion with k ~1.7 χ 1 0 7 

M " 1 s"1 (85). 
Photocatalyzed oxidations of organic substrates are typically bimolec-

ular. Classically, heterogeneously photocatalyzed oxidations have been 
viewed as occurring via two principal routes: the Eley-Rideal (ER) and 
the Langmuir-Hinshelwood (LH) pathways. In the E R pathway, the reac
tion is viewed as occurring between a surface-adsorbed oxidant and the 
organic substrate in solution, but in the L H mechanism, reaction involves 
the two reactants adsorbed on the particle surface on which they can 
either compete for the same available sites or they are adsorbed on two 
different types of available sites. Appropriate rate expressions that deal 
with these two possibilities were presented elsewhere (4). The L H route 
predominates in several photooxidative conversions (82), but examples in 
which both the E R and L H pathways contribute to the overall reactions 
have been noted (83) (however, see the following paragraphs). 

Two sites can be identified on the surface of the T i 0 2 photocatalyst 
particles: lattice T i 1 1 1 sites and surface Ti I V —OH~ sites. Organic com
pounds adsorb on surface hydroxyls (86), but molecular 0 2 (and other 
electron acceptors) adsorbs on the Ti 1 1* sites (87), which it oxidizes to 
form the superoxide radical anion, 0 2 (60). 

Although ·ΟΗ radicals are formed at the T i I V - O H " surface sites, 
they may, in principle, diffuse away from the particle surface and react 
with a solution substrate (77). Under the conditions used for the pho
tooxidation of the phenols, the reaction—diffusion modulus for ·ΟΗ (77) 
suggests that the diffusion length for ·ΟΗ is about 200 À (88, 89). A 
recent spin-trap-EPR study at ambient temperature noted that O H radi
cals (and no other) are present on the particle surface, and that reaction 
between ·ΟΗ species and an organic substrate occurs at the surface (90). 
A thorough recent discussion on these issues is presented elsewhere (55). 
The photooxidation of phenols (and other organic compounds) by irradi
ated T i 0 2 occurs between two adsorbed substrates (·ΟΗ species and 
phenols) (52, 53). We consider this point next to describe the kinetics in 
greater detail. 

The intermediates that have been identified by HPLC methods, 
together with the present status of knowledge of events on semiconductor 
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particle surfaces, at least for T i 0 2 , permit the inference of a mechanistic 
pathway. Taking phenol as a model substrate in the present context, a 
tentative view of the more significant steps is illustrated in Scheme II. 
This scheme presents our views on the most plausible events in a typical 
photocatalyzed oxidation process. 

Scheme II. 
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Phenol is dissoeiatively ehemisorbed on a surface Ti , displacing an 
O H " surface group. Following irradiation, the photogenerated e~ and h + 

are subsequently trapped: the electron as a surface T r 1 1 (e~) and the hole 
as a subsurface lattice T i ^ - O - T i ^ entity (h J ) , and this in competition 
with e~-h + recombination. Adsorbed molecular 0 2 scavenges the 
surface-trapped electron to give 0 2 , which yields the Η 0 2 · radical in acid 
media. The h J species may now oxidize directly either the ehemisorbed 
phenoxide to give the phenoxyl radical (step a of Scheme II) (91) or the 
surface Ti -OH"" groups to give a ehemisorbed ·ΟΗ (step b), which in 
turn may produce the phenoxyl, the dihydroxycyclohexadienyl, and the 
semiquinone radicals, all of which have been observed for pentachloro-
and pentabromophenols (92). The available data suggest that this primary 
oxidation event occurs at the particle surface; unfortunately nothing is 
known about whether the subsequent steps are surface related or take 
place in solution. This notwithstanding, Scheme II also notes that hydra
tion of the phenoxyl radical to the same intermediate products [catechol, 
hydroquinone, benzoquinone, and others (29)] as those from ·ΟΗ radical 
oxidation of the Ti - 0 ~ - P h moiety, establishes that product analysis is 
silent as to the course of events in photooxidation. 

Continued oxidation of these intermediate products ultimately yields 
carbon dioxide. Of interest, O H radical (produced by irradiation of N 0 3 ~ 
ion in aqueous media) oxidation of phenol in homogeneous phase yields 
the intermediate products shown in equation 26, plus four others contain
ing N 0 2 and NO group substituents (95). For the cresols, no doubt the 
details will differ but the overall path will be similar. 

OH 

Scheme III summarizes in more detail the various presumed steps in 
the formation of the intermediate products in the photooxidation of 
phenol by ·ΟΗ (19, 94), irrespective of whether it occurs on the surface or 
in solution. At some point along the photooxidation path, the phenyl ring 
cleaves to form various aliphatic aldehydes and carboxylate species. By 
analogy with results obtained from the ozone oxidation of 4-chlorophenol 
(94) in neutral aqueous media, the nature of the species that may also 
form in the present context are noted in Scheme IV. 
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m u c o n d i a l d e h y d e m u c o n i c a c i d 

0 H » ^ X „ ^ h c o o h — * c o 2 

m a l e i c o x a l i c f o r m i c 

a c i d a c i d a c i d 

Scheme IV. 

The greater number of intermediate aromatic products identified for 
the fluorinated phenols also permits a description of the plausible path
ways for their ultimate photooxidation to carbon dioxide and fluoride (14). 
Schemes V and VI summarize the events by analogy with our recent pulse 
radiolytic study on pentahalophenols (92). 

The first step (a) in Scheme V yields a fluorodihydroxycyclohexa-
dienyl radical (92, 95) that, through loss of H 2 0 (step 1), forms a phenoxyl 
radical intermediate; this intermediate can interact with the Η 0 2 · radical 
(see Scheme II) to give back the original substrate A. Further attack by 
•OH on the phenoxyl radical species produces G and/or F. 

Loss of fluoride occurs in the formation of G to give benzoquinone 
for the monofluorinated phenols (observed for 4-fluorophenol). The 
expected products from intermediate F are fluorocatechol and fluorohy
droquinone, as seen for the monofluorophenols but not for the difluori
nated analogs. Loss of fluoride by the cyclohexadienyl radical (step 4) 
yields a fluorohydroxyphenoxyl radical that interacts further with ·ΟΗ to 
give Ε (step 5) and D (step 6), while reaction with Η 0 2 · gives C (step 7). 
Species Ε is not a possible intermediate for the monofluorophenols, but 
difluorophenols would produce hydroxybenzoquinone (not observed). For 
the monofluoro analogs, D gives trihydroxybenzene, observed for both 2-
FPh and 4-FPh. No fluorinated trihydroxybenzenes were identified (14); 
these species must be thermally unstable, as are the trihydroxybenzenes, 
which rapidly oxidize and fragment to aliphatic species. When C forms, 
the expected intermediate products are hydroquinone (4-FPh) and 
catechol (2-FPh). For the difluorinated phenols, both fluorohydroquinone 
and fluorocatechol are possible and have been identified (14). 
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S c h e m e VI. 

The pathway for 3-fluorophenol is described separately in Scheme VI, 
in which intermediates F and D are relevant. Reaction of this phenol with 
•OH gives the cyclohexadienyl radical that, through loss of water, gives the 
fluorophenoxyl species. Further ·ΟΗ attack yields F (3-FCC, 4-FCC, and 
FHQ) and subsequently another cyclohexadienyl radical; loss of fluoride 
and reaction with Η 0 2 · ultimately yields the trihydroxybenzene species D. 
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Conclusions 

The complete photocatalyzed oxidation of phenol, cresols, and fluorinated 
phenols in anatase T i 0 2 dispersions irradiated with AMl-simulated sun
light occurs with relatively good photochemical efficiencies, despite the 
low quantity of sunlight radiation absorbed (<3%) by the photocatalyst. 
Degradation of the initial phenol, at concentrations of ~20 mg/L normally 
found in polluted waters, is relatively rapid (20-30 min for phenol, ~4-5 
h for cresols, and ~20-30 min for the fluorophenols) depending on condi
tions, but stoichiometric evolution of carbon dioxide, which manifests total 
oxidation (mineralization), requires longer times (1-3 h for phenol, ~10 h 
for cresols, and ~1.5-4 h for fluorophenols). 

In spite of past and some recent reports that show interest only in 
the disappearance of the initial substrate in proposing heterogeneous pho-
tocatalytic processes (treated here) to detoxify wastewaters, it is the 
demonstrated formation of the ultimate oxidation product C 0 2 that is 
relevant. Practical applications of heterogeneous photocatalysis must also 
consider the potential of forming stable intermediate products that may be 
as or more toxic than the parent substrate. Any economic analysis must 
be based on C 0 2 evolution rates (thus the interest in the phenomenologi-
cal kinetic aspects of the present work) or to the formation of some 
stable, nontoxic product, for example, cyanuric acid in the photooxidation 
of atrazine (55). Heterogeneous photocatalysis is rapidly maturing toward 
commercial application to detoxify wastewaters containing phenolic sub
stances. 
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Homogeneous Metal-Catalyzed 
Photochemistry in Organic Synthesis 

Robert G. Salomon, Subrata Ghosh, and Swadesh Raychaudhuri 

Department of Chemistry, Case Western Reserve University, Cleveland, 
OH 44106 

The scope of synthetically useful transformations of organic sub
strates that may be achieved by homogeneous metal-catalyzed 
photochemical reactions is examined. Recent examples of alkane 
C-H bond activation, oxidation of alcohols, oxidative cleavage of 
C—C bonds, carbon-heteroatom bond activation, and additions 
to C=C bonds are presented with an emphasis on the role of the 
metal and, where applicable, with comparisons to the metal-free 
photochemistry of the same substrates. The compatibility of 
Cu(I)-catalyzed intramolecular 2π + 2π photocycloadditions with 
various functional groups and the utility of those groups for facili
tating useful transformations of the photoproducts is thoroughly 
surveyed. Besides applications to the total synthesis of natural 
products, effective new Cu(I)-catalyzed photochemical methods 
for construction of various carbon ring systems are reported. 

Metal-Catalyzed Photochemical Reaction Types 

A l l metal-catalyzed photochemical reactions may be divided into two 
categories: photogenerated catalysis or catalyzed photolysis. Photogen-
erated catalysis involves generation of a thermally active catalyst in a pho
tochemical reaction (Figure 1). Such reactions may exhibit an induction 
period during which the catalyst is being generated. They also may con
tinue after termination of the irradiation (i.e., postphotochemical reac
tion) and, therefore, may exhibit quantum yields Φ > 1 mol/einstein. Any 
of these characteristics is diagnostic for photogenerated catalysis, but their 

0065-2393/93/0238-0315$06.00/0 
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h v 

R e a c t i o n T i m e 

C h a r a c t e r i s t i c s : 
(a ) s u b s t r a t e t r a n s f o r m e d a f t e r p h o t o c h e m i c a l e v e n t 
(b ) t h e r m a l l y a c t i v e c a t a l y s t g e n e r a t e d 
( c ; i n d u c t i o n p e r i o d 
(c ) p o s t p h o t o c h e m i c a l r e a c t i o n 
d) c a t a l y s t m a y o r m a y n o t c o n t a i n a m e t a l 
e ) c o r r e s p o n d i n g t h e r m a l r e a c t i o n m a y e x i s t 

Figure 1. Photogenerated catalysis. Symboh: N, nominal catalyst; Q ther
mally active catalyst; S, substrate; and Pf product. 

absence does not exclude such a mechanism. The same catalyst can often 
be produced nonphotochemically; hence a corresponding thermal reaction 
may exist. The synthetically important advantages of photogeneration 
might include the convenience of preparing or storing the catalyst precur
sor or the thermally mild conditions under which highly unsaturated metal 
catalysts can be produced. 

In contrast, catalyzed photolysis involves transformation of the 
organic substrate during the photochemical event (Figure 2). Therefore, 
neither an induction period nor a postphotochemical reaction is possible 
and Φ < 1. Perhaps most importantly, catalyzed photochemical reactions 
are unique. No corresponding thermal reaction exists. This fact and the 
relevance of ground-state metal-substrate interactions for predicting the 
reaction course are synthetically important features of catalyzed photo
lyses. 

Irradiation of a metal catalyst-substrate complex leading directly to 
product is only one possible mechanism for a catalyzed photolysis. Other 
possibilities include generation of an intermediate excited-state complex 
that affords a photoproduct or an excited state of the substrate in a subse
quent step (Scheme 1). Photoexcitation of the substrate might also occur 
by a classical photosensitization mechanism involving the metal catalyst as 
photosensitizer. 
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M + S 

M S 
hv 

M S 

Μ + Ρ 

33 

> 
ο 
"Ο Ο 

no postphotochemical 
reaction: Φ < 1 

Reaction Time 

Characteristics: 
a) substrate transformed during photochemical event 
b) no induction period 
c) no postphotochemical reaction 
d) no corresponding thermal reaction 

Figure 2 Catalyzed photolysis. Symboh: Mf metal catalyst; S, substrate; 
and P} product. 

•Photosensitization: stoichiometric in photons 
hv 

M + S ζ 

M S -

M S * -

MS* 

hv 

or 

M S 

M S * 

- Ρ 

- S* + M 

M -

M * + S -

S* • 

M S 

or 
hv 

M * 

S* + M 

Ρ 

- S* + M 

•Photopolymerization: consumption of substrate catalytic in photons 

hv 
Ν 

I + S 

Pn + s 

I 

Pi 

Scheme 1. Photosensitization and photopolymerization. Symbols: M, 
metal catalyst; S, substrate; M5* excited state of MS complex; S* excited 
state of substrate; M* excited state of metal catalyst; P, product; N, nomi
nal catalyst; If polymerization initiator; and P t f polymer from η molecules 
ofmonomeric substrate. 
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One type of catalyzed photolysis, initiation of a photopolymerization, 
results in a consumption of substrate that is catalytic in photons (Scheme 
1). Nevertheless, the quantum yield of product, that is, polymer 
molecules, Φ < 1. Here a metal could be involved as a catalyst in the pho-
togeneration of an initiator I from its precursor Ν or the precursor Ν 
itself might be a metal complex. 

Recent Examples of Homogeneous Metal-Catalyzed 
Photochemical Reactions 

In a review published in 1983 (1), Salomon delineated the scope of syn
thetically useful transformations of organic substrates that may be 
achieved by homogeneous metal-catalyzed photochemical reactions. To 
update that review for this chapter, we chose examples from the recent 
work of several groups not represented at the symposium upon which this 
book is based. 

Rh-Catalyzed Terminal Carbonylation of Alkanes. Highly 
selective insertion of a carbonyl group into a terminal C—Η bond of n-
alkanes 1 (Scheme 2) occurs and affords aldehydes 2 upon irradiation with 
CO in the presence of (Me 3P) 2RhCl(CO) (2). The corresponding n-
alkenes 3 and acetaldehyde are also produced in a secondary, non-metal-
catalyzed, photofragmentation of 2. The insertion presumably involves 
photogeneration of a thermally active catalyst, 5, from the nominal 
catalyst, 4, by decarbonylation. Steric factors may account for the 
regioselectivity for insertion into a terminal C - H bond to produce a 
Rh(III)-alkyl, 6. Coordination of a carbonyl ligand and 1,2-alkyl shift in 
the resulting Rh(III) carbonyl 7 produces Rh(III) acyl 8 from which 9 is 
generated by reductive elimination. Ligand exchange then releases 
aldehyde 2 and regenerates the nominal catalyst. Because the nominal 
catalyst is regenerated in the catalytic cycle, the quantum yield for such a 
photogenerated catalytic reaction will be Φ < 1. 

Rh-Catalyzed Oxidation-Decarbonylation of Primary 
Alcohols. A recent example of homogeneous metal-catalyzed oxidation 
of an alcohol is especially interesting because it is accompanied by decar
bonylation of the resulting aldehyde. Thus, irradiation of ethanol in the 
presence of (iso-Pr 3P) 2RhH(CO) affords methane, carbon monoxide, and 
hydrogen (5). This transformation presumably involves photogeneration 
of a thermally active catalyst, 13, by decarbonylation of the nominal 
catalyst, 12 (Scheme 3). If this coordinatively unsaturated Rh(I) complex 
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H CO 
Ρ*. 1 .-ci V . 

*Rh τ ^ - 1 

H 2 C
r l 

I S 
R - C - C 

H 2 H2 6 

Η 
Ρ*. I ..CI 

— *Rh 
2 I C r 

R - C - C m 
H 2 H 2 ° 

H 

P*% I ,-CI 

S<l > P 

CI 
I 

Me3P—Rh-PMe3 

S « solvent 

H2C 

R - C - C g 
H 2 H 2 

5 k 
CO 

CI 
I 

+ Me3P—Rh-PMe3 

CO 

4 

CI 
I 

P-Rh-P 
R^ \ 

^CH2 Ο 

H 2 g 

Scheme 2 Rh-catalyzed terminal carbonylation of alkanes. 

I-UC—CH,OH — H,C-H + CO + H, 
3

 1 Q

 2 (APr 3P) 2RhH(CO) 3 ^ 2 

H 3 C - C H 2 O H H H 

co ( ^ r 3 P ) 2 R h H * ; R K ' H ^ Z = U P - ; R K ' H 

13 H 3 C - C H 2 0 1 4 H 3 C ^ 0 1 5 

(APr 3P) 2RhH(CO) S = solvent H T Κ* H, 
12 ν 1 »H 

H 3 C - H ^ \ Η p Η ρ ' 

RK ^.Rh ι 

18 §
 H^;° Τ 1 6 

Scheme 3. Rh-catalyzed oxidation—decarbonylation of primary alcohols. 
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oxidatively adds ethanol to give Rh(III) complex 14, then ^-hydride elimi
nation can produce 15. If reductive elimination of hydrogen produces 16, 
then decarbonylation could generate methane through intermediates 17 
and 18 in steps corresponding to the reverse of the terminal carbonylation 
just described (see Scheme 2). The harsh conditions required to effect 
thermal decarbonylation of metal carbonyls such as 12 limit the synthetic 
utility of the corresponding thermally induced decarbonylations. Further
more, the thermal reactions often require stoichiometric amounts of 
expensive organometallic reagents. If the catalytic cycle outlined in 
Scheme 3 is effective for primary alcohols in general, it would be a 
uniquely valuable reaction for organic synthesis. 

Metal-Catalyzed Photolytic Oxidative Cleavage of Vicinal 
Dio l s . The contrasting reactions that occur upon irradiation of glucose 
(19, Scheme 4) in the presence of FeCl 3 (4) or T i C l 4 (5) are interesting. 
Regioselective cleavage of the 1,2-C—C bond occurs upon irradiation in 
the presence of FeCl 3 . Acetylation of the photoproduct affords 20 
(Scheme 4). The catalytic cycle presumably involves photoinduced 
ligand-to-metal electron transfer in a Fe(III) complex, 21, that produces 22 
and Fe(II). Regeneration of Fe(III) by nonphotochemical reaction with 
oxygen completes the catalytic cycle. The proclivity of Fe(III) toward 
coordination of the hemiacetal hydroxyl at position 1 in 19 provides 
regioselectivity. In remarkable contrast, regioselective cleavage of the 
5,6-G-C bond occurs upon irradiation in the presence of T iC l 4 . Acetyla
tion of the photoproduct affords 24 (Scheme 5). The catalytic cycle 
presumably involves photoinduced ligand-to-metal electron transfer in a 
Ti(IV) complex, 25, that produces 26 and Ti(III). Regeneration of Ti(IV) 
by nonphotochemical reaction with oxygen completes the catalytic cycle. 
The proclivity of Ti(IV) toward coordination of the least sterically cong
ested terminal vicinal diol at positions 5 and 6 in the furanose form of 19 
provides regioselectivity. 

Ag-Promoted Addition of Phenacyl Chloride to Alkenes. 
The Ag-promoted photolytic addition of phenacyl chloride (27) to alkenes 
(6) is exemplified by the reaction with 2-methyl-2-butene (28) that pro
duces tetralone 29 (Scheme 6). The addition is presumably initiated by 
Ag-promoted photoactivation of the C - C l bond in 27. Markovnikov addi
tion of the resulting carbocation to the C=C bond in 28 would afford 31 
from which 29 would arise by electrophilic aromatic substitution. In the 
absence of Ag(I), an entirely different photoreaction occurs between 27 
and 28. A Paterno—Biichi 2π + 4π cycloaddition generates the oxetane 
32. 
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+ 0, 
1)hv 

HO OH 
19 

FeCI3 

2) ACaO 

OAc 

AcO OAc 
20 

\ ^ 0 η 1 S0 

. pFe(lll) 

HO Ο HO OH 
21 22 23 

Scheme 4. Fe-catafyzed oxidative cleavage of vicinal diols. 

MeOH I Ti(IV) 
6 

T i ( i ^ ? r i 2 

N 6 \ C H 2 -
OMe 

Ti(lll) 

hv 

^ C H 2 
1) MeOH 
2) AczO 

w 
OH 

26 

OMe 

Scheme 5. Ή-catalyzed oxidative cleavage of vicinal diols. 
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Cu-Promoted Photoactivation of C - O Bonds. Polymeriza
tion of tetrahydrofuran (33, Scheme 7) occurs upon irradiation in the 
presence of copper(I) trifluoromethanesulfonate (CuOTf). Presumably, 
catalyzed photolytic activation of a C - O bond initiates this photopolymer-
ization (7). Thus, ligand-to-metal electron transfer in an excited complex, 
35a, generates a cation radical, 35b (Scheme 7). The consequently 
enhanced nucleofugacity of oxygen in 35b favors alkylation of a second 
molecule of 33, leading to an oxonium intermediate 35c. Further trans-
alkylations of additional molecules of 33 delivers polytetrahydrofuran (34). 

A related mechanism could account for Cu(I)-catalyzed photodimeri-
zation of allyl alcohol (8). Thus, photoinduced ligand-to-metal electron 
transfer in an excited complex derived from 37 generates a cation radical 
38 (Scheme 8). The enhanced nucleofugacity of the O H group in 38 
favors alkylation of a second molecule of allyl alcohol (36), leading to an 
oxonium intermediate 39. Deprotonation then delivers diallyl ether (41). 

Synthetic Applications of Cu(I)-Catalyzed 2π + 2 π 
Photocycloadditions 

Diallyl ether (41) undergoes further reaction upon irradiation in the pres
ence of CuOTf. An intramolecular photocycloaddition generates 3-
oxabicyclo[3.2.0]heptane (43). Numerous observations support the key 
intermediacy of chelated Cu(I) complex 42. The corresponding w-butyl-
substituted diallyl ether (44) is transformed into ero-2-butyl-3-oxabicyclo-
[3.2.0]heptane (45) upon irradiation in the presence of CuOTf (9) 
(Scheme 9). The stereoselectivity of this reaction results from a prefer
ence for the equatorially substituted complex 44 over the more sterically 
congested complex 46 that is required to generate the endo-butylated 
stereoisomer 47 of 45. 

A strong preference for generating the bicyclo[3.2.0] ring system is 
evident in the Cu(I)-catalyzed photobicyclizations of various allyl dienyl 
ethers. Thus, generation of 49 rather than 51 (9) is understandable in 
terms of a preference for the bidentate complex 48 over the isomeric com
plex 50 (Scheme 10). Similarly the exclusive formation of 53 rather than 
55 (10) results from a preference for the bidentate complex 52 over the 
isomeric complex 54 (Scheme 11). 

The photobicyelization of diallyl ethers can be used to produce a 
variety of multieyclic carbon networks (9) such as 57 or 60 from 56 or 59, 
respectively (Scheme 12). The ether functionality in these photoproducts 
facilitates synthetically useful transformations such as the regioselective 
oxidations of the ethers 57 and 60 into butyrolactones 58 or 61, respec
tively (9). 
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(^~y + cu© 

33 
Ο 
ι 
Cu 

35a 

35b 
Cu(0) - J 

Cu©-«j 

Cu{0) 

Ο 

34 35c 
Scheme 7. Cu(I)-catalyzed photopolymerization of THF. 

A factor that limits the functionality that can be present in substrates 
for Cu(I)-catalyzed photobicyclizations is the ultraviolet absorption spec
trum of the functional group. For example, irradiation of di-2-
propenamides (diallyl amides) 62a or 62b fails to generate any bicycliza-
tion products 63a or 63b, but the corresponding carbamate 62c gives 63c 
in good yield (Scheme 13) (11). The Cu(I) complex 62c has an ultraviolet 
^max = 233.4 nm, and the dipropenylcarbamate ligand is nearly tran-
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36 
,0H 

©Cu-*-OH Cu(0) *5H 
CuOTf = " ^ A 

38 ). 
37 

jOH 

39 

r H + HOCu 
40 

0 + cu© 

hv 
CuOTf 

42 

41 

Ο 
43 

Scheme 8. Cu(I)-catalyzed photodimerization of allyl alcohol 

Scheme 9. Cu(I)-catalyzed photobicyclization of diallyl ethers. 

H 49(70%) 

Scheme 10. A preference for the bicyclo[3.2.0] ring system. 
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Scheme 11. Another example of a preference for the bicyclo[3.Z0] ring 
system. 

56 57 (94%) 58 (65%) 

59 60 (92%) 61 (78%) 

Scheme 12. Synthesis of multicyclic carbon networks by photobicyclization. 

62 63 

Amide R1 R2 R3 Reaction 
Time (h) 

Yield 
(%) eb 

a H H Me 24 oa 192 
b H H H 24 oa 231 
c H H OEt 24 74 15 
d H Me OEt 48 60 
e Me H OEt 22 76 

(a) Nearly quantitative recovery of starting Ν,Ν-diallylamide. 
(b) Molar extinction at 233.4 nm. 

Scheme 13. Cu(I)-catalyzedphotobicyclization ofN^-diaUylcarbamates. 
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sparent at that wavelength. In contrast, the di-2-propenamide (diallyl 
amide) ligands in 62a and 62b absorb strongly at that wavelength and 
thereby interfere with the requisite photoexcitation of the corresponding 
Cu(I) complexes. 

The Cu(I)-catalyzed photobicyclization of myrcene (64) again demon
strates the preference for formation of the bicyclo[3.2.0] ring system in 66 
rather than the [3.1.1] or [2.1.1] ring systems of 67 or 68 (Scheme 14) (10). 
Interestingly, triplet sensitized irradiation of 64 produces the bicyclo[2.1.1] 
product 68 exclusively, and direct irradiation delivers both 67 and 68. 
Only the Cu(I)-catalyzed photoreaction produces 66, presumably by pho
toexcitation of an intermediate bidentate complex 65. 

Cu(I)-catalyzed photobicyclization of 3-hydroxy-l,6-heptadiene favors 
generation of endo-2-hydroxy product 73 over the exo epimer 71 (Scheme 
15) (12). This stereoselectivity undoubtedly reflects a preference for the 
tridentate chelation in complex 72 over a bidentate complex, 70. Where 
steric factors do not favor tridentate chelation, as in 76, preferential gen
eration of an ero-2-hydroxy photobicyclization product 75 is favored over 
the endo epimer 77 (Scheme 16). For 4-hydroxy-l,6-heptadiene, a triden
tate chelate, 80, and a bidentate complex, 81, are similarly favorable, 
resulting in similar yields of endo- and exo-3-hydroxybicyclo[3.2.0]heptanes 
79 and 82 (Scheme 17) (8). 

Cu(I)-catalyzed photobicyclization is clearly useful for construction of 
multicyclic carbon networks that incorporate the bicyclo[3.2.0] ring system 
such as the panasinsene sesquiterpenes 87 and 88. These were assembled 
efficiently by photobicyclization of the cyclohexane 83 (Scheme 18) (13). 
Oxidation of the photoproduct 84 delivered tricyclic ketone 86. The syn
thetic utility of the photobicyclization route is underscored by the com
plete failure of attempts to generate 86 by an alternative non-metal-
catalyzed photochemical route, photocycloaddition of enone 85 with iso-
butylene. 

Bicyclo[3.2.0]heptanes containing structure 92 were proposed for 
dimethyl ether derivatives of the sesquiterpene phenol robustadials on the 
basis of N M R and mass spectral studies (14). We accomplished an effi
cient construction of this ring system by Cu(I)-catalyzed photobicyclization 
of diene 89 (Scheme 19) (15). After generation of the pyran ring in 91, 
formylation delivered three of the four possible diastereomers of 92. 
None of these corresponded to the natural products, so our synthesis 
disproved the proposed structure. Our subsequent synthetic studies 
demonstrated that the natural products incorporate the bicyclo[3.1.1]-
heptylpinane ring system 93 rather than a bicyclo[3.2.0]heptyl ring system 

The compatibility of Cu(I)-catalyzed photobicyclization with various 
functional groups raises the possibility of exploiting those groups to facili
tate conversions of the bicyclo[3.2.0]heptane moiety of photoproducts into 
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reaction - products (%) 
tyPe 66 67 68 69 

triplet sensitized3 75 
direct irradiated13 20 12 52 
CuOTf catalyzed0 20 0 0 35 
(a) β -acetonaphthone sensitizer, pyrex immersion well. 
(b) Vycor filter. 
(c) Quartz immersion well, 0.011 M CuOTf. 

Scheme 14. Cu(I)-catalyzed photobicyclization ofmyrcene (64). 

72 73 (77%) 

Scheme 15. Cu(I)-catalyzed photobicyclization of 
3-hydroxy-l, 6-heptadienes. 

other ring systems. For example, Cu(I)-catalyzed photobicyclization can 
be exploited for stereocontrolled construction of cyclobutanes. A syn
thesis of the terpene (±)-grandisol (98) was accomplished starting with the 
high-yielding conversion of diene 94 into bicyclo[3.2.0]heptane 95 (Scheme 
20) (17). Cleavage of the cyclopentane ring was accomplished by fragmen
tation of oxime 96. Reduction of the resulting acid 97 delivered 98. 

With the expectation that a strategically placed trimethylsilyl substi
tuent could facilitate cleavage of the furan ring in 3-oxabicyclo [3.2.0]-
heptanes, we attempted to generate 101 by Cu(I)-catalyzed photobicycliza
tion the silyl diallyl ether 99 (Scheme 21) (Salomon, R. G.; Raychaudhuri, 
S. R., unpublished data). Unexpectedly, irradiation of 99 in the presence 

Pu
bl

is
he

d 
on

 M
ay

 5
, 1

99
3 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
ba

-1
99

3-
02

38
.c

h0
16



328 PHOTOSENSITIVE M E T A L - O R G A N I C SYSTEMS 

CH 3 H CH 3 

76 77 (34%) 

Scheme 16. The exception that proves the rule: preferential generation of 
$xo-2-hydroxyl photobicyclization product. 

Scheme 17. Cu(I)- catalyzed photobicyclization of 
4-hydroxy- 2,6-heptadienes. 

85 86 88 

Scheme 18. Total synthesk of panasinsene sesquiterpenes. 
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MeO 

MeO 

Scheme 19. Total synthesis of putative (±)-robustadial sesquiterpene 
phenols. 

H3C 
OH 

/ / CH 

94 

H3C. χ*OH 

hv V — ^ 1)PCC 
l C H 3 CuOTf / V ^ - - * C H 3 2)H2NOH 

\ / CH3 

95 (95%) 

N-OH 

H3C COOH H3C / - O H 
1)PCI5 LiAIH4 A ~y V _ — ' UMIN4 V— ' 

' < h r < > r C H > 

V o n 3 V v^n3 

2)H30© 

N / CH3 

97 (±)-grandisoi (98) 

Scheme 20. Total synthesis of (±)-grandisol 

1) B r M g , ^ 

Me3Si 
2) NaH 

THF, HMPA 

1)hv 
èiMe3 CuOTf 

2) H20 
99 100 (58%) 

9 ! 9* 

Scheme 21. Synthesis of 2-alkylidene~l-hydroxymethylcycfobutanes. 
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of CuOTf delivered 2-cyclohexylidene-l-hydroxymethylcyclobutane (100) 
directly. Apparently the /3-silyl ether 101 formed initially undergoes β-
elimination to produce 102 under the photolysis reaction conditions. 
Hydrolysis of 102 during workup delivers 100. 

Photochemical energy stored as ring strain in the cyclobutyl portion 
of the photocycloaddition products provides the driving force for syntheti
cally valuable transformations of the bicyclo[3.2.0] ring system. Thus, 2σ 
+ 2σ cycloeliminations can be exploited to generate 2-cyclopenten-l-ones 
from bicyclo[3.2.0]heptyl ketones that are readily available from acyclic 
precursors by Cu (I)-catalyzed photobicyclization (12). For example, 
Cu(I)-catalyzed photobicyclization of the 3-hydroxy-l,6-heptadiene 103 
delivers bicyclo[3.2.0]heptanol 104 in excellent yield (Scheme 22). Pyro-
lysis of the derived ketone 105 provides cyclopentenone 106 in good 
overall yield. 

The relief of ring strain can also foster carbon skeletal rearrange
ments. For example, 7-hydroxynorbornanes are available by acid-catalyzed 
rearrangement of 2-hydroxybicyclo[3.2.0]heptane photoproducts (18). This 
protocol provides an efficient route to ero-l,2-polymethylene-7-hydroxy-
norbornanes 113 from allyl cycloalkanones 107 (Scheme 23). Photobicycl
ization of an epimeric mixture of intermediate dienes 108 delivers 
hydroxybicyclo[3.2.0]heptane epimers 109. Owing to a rapid equilibrium 
between the epimeric carbocations 111 and alkene 110, a single epimeric 
cation 112 is generated upon treatment of 109 with acid, and this treat
ment affords epimerically pure 113 stereoselectively. 

A different carbon skeletal rearrangement is accomplished by treat
ment of l-ethoxy-3-oxabicyclo[3.2.0]heptanes with acid. For example, 
Cu(I)-catalyzed photobicyclization of 2-ethoxy diallyl ether, 114, affords 
115. Acid treatment induces rearrangement with expansion of the cyclo-
butane ring, delivering cyclopentanone 117 in excellent yield (Scheme 24) 
(Ghosh, S.; Salomon, R. G., unpublished observations). The same stra
tegy can be exploited for the construction of bridged multicyclic cyclopen-
tanones. For example, 2-methoxy diallyl ether 119 affords 120 that rear
ranges with expansion of the cyclobutane ring delivering the bridged mul
ticyclic cyclopentanone 122 upon treatment with acid (Scheme 25) 
(Ghosh, S.; Salomon, R. G., unpublished observations). 

Conclusions 

That Cu(I)-catalyzed photobicyclizations should be valuable for organic 
synthesis was suggested by the facts that these reactions (1) are often clean 
and high yielding, (2) generate two C - C bonds, (3) generate energy-rich 
cyclobutane derivatives, and (4) are compatible with several functional 
groups. This review shows how the interplay of these factors provides a 
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HO HO 

h v 

/ V ^ CuOTf 

103 104(91%) 

Q Ο 

CrQ3 

H 2 S0 4 

580 °C 

105(92%) 106(78%) 

Scheme 22. Synthesis of 2-cyclopenten-l-ones. 

HO >> 

hv GTY 

107 

CuOTf 

Η Η 
108 (85-91 %) ^109 (51 -84%) 

H H H 
113(64-85%) 112 111 110 

Scheme 23. Synthesis of txQ-l,2-polymethylene-7'hydroxynorbornanes. 

i^J D U ^ ' l ^ j OEt CUOTT l ^ j OEt 

Eio 114(80%) 115(70%) 
2) NaH 

THF/ HMPA H O 

Η,Ο 

116 
O 

117(93%) 

Scheme 24. Synthesis of 3-hydroxymethylcyclopentanones. 
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121 122 (40%) 

Scheme 25. Synthesis of bridged multicyclic cyclopentanones. 

wide variety of synthetic applications. The pace of discovery of new 
metal-catalyzed photochemical reactions of organic molecules is strong. 
For these new reactions to be widely used in organic synthesis, it is 
imperative to determine their compatibility with the various functional 
groups present in synthetic targets or required to facilitate transformations 
of synthetic intermediates. 
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Photooxidation of Metal Carbynes 

Lisa McElwee-White, Kevin B. Kingsbury, and John D. Carter 

Department of Chemistry, Stanford University, Stanford, CA 94305 

Radical cations formed upon photooxidation of the metal carbyne 
complexes (n5-C5H5)L1L2M≡CR (M is Mo or W; L1 and L2 are 
CO or P(OMe)3; and R is alkyl or aryl) were found to be 
extremely reactive. Depending on the reaction conditions, either 
the radical cations exhibited the ligand-exchange and atom
-abstraction processes that are typical of metal radicals, or the car
byne ligands underwent a series of highly unusual rearrangements 
to yield organic products. When organic products were generated, 
they were formed with good stereochemical and regiochemical 
control. 

R E A C T I V E O R G A N I C FRAGMENTS C A N B E STABILIZED with transi
tion metals so that they can be used for synthesis under ordinary reaction 
conditions. One example is the extensive utilization of metal carbenes in 
organic synthesis (2). It is thus somewhat surprising that there are so few 
reported cases of generation of organic products from the closely related 
metal carbynes. Although the chemistry of metal carbynes has been 
explored (2), most of the reported reactions involve conversion into other 
carbyne complexes by exchange of ancillary ligands; interconversion of car
byne, carbene, and vinylidene complexes; or [2 + 2] cycloaddition with 
alkenes and alkynes followed by metathesis or polymerization. With the 
exception of polymers and metathesis products, organic species derived 
from the carbyne ligand are almost never generated. 

One method for inducing new modes of reactivity in metal complexes 
is one-electron (l-e~) oxidation. The differences in reaction rates between 
18-e~ complexes and their 17-e~ counterparts can be quite dramatic (3—5). 
Reaction manifolds that are not available to an 18-e~ complex can thus 
become accessible to its corresponding 17-e~ radical cation. This chapter 

0065-2393/93/0238-0335S06.00/0 
© 1993 American Chemical Society 
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provides some background on one-electron oxidation of organometallic 
species and then discusses our application of this strategy to the activation 
of metal carbyne complexes by photooxidation. Radical cations produced 
via photochemical electron transfer from the carbynes exhibit unpre
cedented reaction pathways, including rearrangement and loss of the car
byne ligand to yield organic products. 

Photooxidation of Organometallic Complexes 

To place the photooxidation of metal carbynes in perspective, a few exam
ples of photochemical electron transfer from other organometallic species 
will be discussed. Photoinduced electron transfer involving organometallic 
complexes is of considerable interest, as evidenced by a 1988 review (<5). 
When the excited-state complex serves as a reductant, the most common 
electron acceptors are the halogenated solvents CC1 4, CHC1 3 , and CH 2 C1 2 . 
Not only are the halocarbons readily reduced by excited-state organome
tallic compounds, but the electron-transfer step is irreversible because the 
reduced solvent undergoes a rapid fragmentation (7). Irreversible electron 
transfer is advantageous for obtaining chemical reactions by the oxidized 
species because back transfer, if possible in the system, can be the most 
rapid process available to the newly generated ion pair. 

In most cases, the excited states that give rise to electron transfer are 
of the metal-to-ligand charge transfer (MLCT) or charge-transfer-to-
solvent (CTTS) variety. As an example, electron transfer from the M L C T 
states of the hexakisarylisocyano complexes, M(CNPh) 6 (M is Mo or W), 
to CHC1 3 resulted in formation of the seven-coordinate products 
[M(CNPh) 6Cl]+[Cl]" by a net 2-e" oxidation process (8). Transfer via 
CTTS states is somewhat more common and is exemplified by the pho
tooxidation of (rç 5-C 5H 5) 2Fe in CC1 4 (9). Fragmentation of the reduced 
solvent in this system has been demonstrated by addition of nitroxide spin 
traps to the reaction mixtures, whereupon adducts of the resulting radical 
are observed along with the organometallic product (rç 5-C 5H 5) 2FeCl. 

The chemical reactions induced by photooxidation of metal com
plexes are generally dominated by the facile ligand-exchange and atom-
abstraction processes that are characteristic of metal radicals (3—5). 
Examples of the increased substitutional lability of 17-e" cationic com
plexes relative to their neutral 18-e~ counterparts are well documented for 
electrochemical and chemical oxidation (3-5, 10). This effect is also seen 
in cases of photoinduced electron transfer such as the irradiation of 
Ni(phen)(S2C2Ph2) in CHC1 3 (11). The resulting cationic species then 
undergoes rapid ligand exchange to give the symmetric complexes 
N i i S ^ P h ^ a n d t N i i p h e n ) ^ ^ . 

Halogen-atom abstraction is also a common result of irradiation of 
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metal complexes in CC1 4 or CHC1 3. In the photooxidation of M(CNPh) 6 

(M is Mo or W) just discussed, the M(CNPh) 6 radical cation is postulated 
to abstract a CI atom within the caged ion pair to yield the final product, 
[M(CNPh) 6 Cl] + CP (8). Similar atom-abstraction reactions are also 
observed for the photochemically generated radicals *Mn(CO) 5 and (η5-
C 5 H 5 )Fe(CO) 2 - (12, 13). 

Another consequence of photochemical electron transfer is the initia
tion of chain processes. The reduction of halogenated solvents produces 
radical species (7), so reactions that occur via radical chain propagation 
can result. A n example is the oxidative addition of CH 2 C1 2 to Pt[2-(2-
thienyl)pyridine]2 following CTTS excitation (14). The -CH 2C1 radicals 
from solvent fragmentation are carriers in a chain process for oxidative 
addition with an average chain length of about 40. 

Chains that propagate by redox reactions can also be initiated by 
photochemical electron transfer. One such case is the photosubstitution 
of PPh 3 for C H 3 C N in [(CH 3CN)Re(CO) 3phen] + (15). Electron transfer 
in this system is from PPh 3 to the complex, resulting in a 19-e~ species 
that undergoes rapid ligand exchange to form [(PPh 3)Re(CO) 3phen]°. 
This zero-valent intermediate then reduces the starting material to pro
pagate the chain, as evidenced by quantum yields of approximately 20. 

Reactions within the Ligands of Metal Radicals 

For the systems described, photoinitiated electron transfer triggers the 
characteristic chemical reactions of metal radicals. The ligand-exchange, 
halogen-abstraction, and chain processes that result are interprétable in 
terms of this model. The examples discussed share a common feature: 
The chemistry has occurred at the metal atom. 

In order to convert photooxidized metal carbyne complexes into 
organic products derived from the carbyne ligand, reactions of the cation 
radical must take place within that ligand. Chemistry at an organic ligand 
occurs in metal radicals, although it is much less common than reactions 
at the metal atom. Most cases of ligand-centered radical reactivity occur 
in 19-e~ species or in cationic 17-e" complexes (16). For example, 
Arbuzov reaction of P(OMe) 3 occurs during the reaction of the 19-e~ 
species (rç 5-C 5H 5)(rç 6-C 6H 6)Fe with P(OMe) 3 (17). As a 17-e" example, 
the intermediate alkynyl complex (?y 5-C 5H 5)(dppe)Fe-C=CMe e + formed 
upon oxidation and deprotonation of (*r-C 5H 5)(dppe)Fe=C=CHMe + 

undergoes carbon-carbon coupling at Cp of the alkynyl ligand to yield a 
vinylidene dimer (18). (dppe is l,2-bis(diphenylphosphino)ethane.) A 
related process involves coupling at Cp to form [(j75-C5Hp[P(OMe)3]^-
Mo=CCH-f-Bu] 2 following l-e~ oxidation of the anionic vinylidene [(rç-
C 5H 5)[P(OMe) 3] 2Mo=C=CH-i-Bu]~ by ferrocinium ion (19). 
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Conjugated π ligands such as the cyclopentadienyl ring are particu
larly prone to radical processes. If the photochemical electron transfer 
from ferrocene to CC1 4 is carried out in the presence of ethanol, ring-
substituted products are obtained (20). These are believed to arise from 
addition of the *CC13 radical to the ring of the odd electron species (η5· 
C 5 H 5 ) 2 F e + followed by solvolysis of the - C C 1 3 group. In a related pro
cess, homolytic loss of the benzyl radical from (t?S-C5H5)Fe(CO)2(r?1-
C H 2 C 6 H 5 ) to give the 17-e" species (r? 5-C 5H 5)Fe(CO) 2 is followed by 
coordination of a third CO and recombination of the benzyl radical with 
the (fj 5-C 5H 5) ring to give an 18-e~ complex (21). Ring-ring radical cou
pling was also observed in the dimerization of several odd-electron 
species, including (rç 5 -C 5 H 5 )Rh(CO)(PPh 3 ) + (22), (rç 5-C 6H 7)Fe(CO) 3 

(23), and (^ 5 -0 5 Η 5 )Οο(^ 5 -0 7 Η 9 ) (16). 
The case of (*? 5-C 5H 5)Rh(CO)(PPh 3) + is particularly interesting. 

The PPh3-substituted complex undergoes the ligand-centered ring-
coupling process (22), but its analogs (rç 5-C 5H 5)Rh(CO)L + , where L is 
PMe 3 or P(OPh) 3, dimerize by formation of a metal-metal bond (24). 
This system is a rare example of closely related metal radical species exhi
biting different modes of reactivity, one at the metal and the other at a 
ligand. A case in which a single species shows reactivity at both sites is 
(CO) 5 W-C=N-CR 2 * (R is mesityl) (25). In the presence of Br 2 , it yields 
Br(CO) 4 WCNCR 2 in competition with dimerization through the ligands 
to give ( C O ) 5 W - C = N - C R 2 C R 2 - N = C - W ( C O ) 5 . 

Chemical Oxidation of Metal Carbynes 

Support for the idea that photooxidation of metal carbynes could produce 
organic products derived from the carbyne ligand is found in early reports 
by Fischer (26) on the treatment of the chromium carbyne complex 
Br(CO) 4Cr=CPh (I) with chemical oxidants. As shown in Scheme I, a 
variety of organic products could be obtained, depending on the oxidizing 
agent. C l 2 and B r 2 led to formation of the benzotrihalides, and oxidation 
in nucleophilic solvents such as water and methanol gave products in 
which the solvent had been incorporated. Coupling of the phenylcarbyne 
ligands to produce PhC=CPh was also observed when Ce(IV) served as 
oxidant. 

Different pathways were reported by Green (27) for the reactions of 
(f? 5-C 5H 5)[P(OMe) 3] 2Mo=CCH 2-i-Bu (II, Scheme II) with potential 1-e" 
oxidants. Treatment of II with ^ - F C ^ N J p F J afforded the vinylidene 
complex, (rj 5-C 5H 5)(N 2C 6H 4-4-F)[P(OMe) 3]Mo=C=CH-i-Bu, and reac
tion with CF 3 I yielded both the related vinylidene complex (η5-
C 5H 5)(I)[P(OMe) 3] 2Mo=C=CH-i-Bu (III), and the unusual chelate car-
bene, (^-C 5H 5)(I)[P(OMe 3)]Mo[=C(CH 2-i-Bu)P(0)(OMe) 2] (IV) (see 
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PhCX 3 

X = Cl, Br 

O 
Ph—C=C—Ph + ¥ 

P i r \ > H 

-78 °C 0 C 
X 2 

Et 2 0 
Ce(S0 4 ) 2 -4H 2 0 

Br(CO) 4 Cr^C—Ph 
I 

CH 3 OH 

-20 °C 

O 
ï 

P h ^ O C H s 
+ PhCH 2CH 2Ph 

(NH 4) 2[Ce(N0 3) 6] 

-15'C* 
CH3OH 

O 
ï 

P h / N O C H 3 

Scheme I. Treatment of chromium carbyne complex I with chemical oxi
dants. (Reproduced from reference 26.) 

...Mo=C 
(MeO)3P*"'y 

P(OMe)3 

II 

CF,I 

( M e O ) 3 P > ' ^ ° - C _ C \ γ I Η 
P(OMe)3 

Mo=C 
(MeO) 3 P*V\ \ 7V P(OMe)2 

m iv 
Scheme II. Reaction of II with CF3I. 
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Scheme II). The common first step in these reactions was postulated to 
be electron transfer to form the 17-e"* species, [(rç 5-C 5H 5)[P(OMe) 3] 2-
Mo=CCH 2 -*-Bu] + . 

Subsequent ligand exchange, proton abstraction, or both would then 
give the vinylidene products. The pathway for formation of chelate com
plex IV from II was suggested to involve * C H 3 abstraction from a coordi
nated phosphite of the 17-e"" species. Subsequent charge collapse and 
migration of the σ-bonded phosphonate group to the carbyne carbon 
would then afford carbene IV. These reactions differ from those in 
Scheme I in that no free organic products were reported. However, these 
processes did result in modification of the carbyne ligand, which was 
encouraging for the prospect of generating organic products through l-e~ 
oxidation of carbyne complexes. 

Photooxidation of Metal Carbynes: "Inorganic" Reactivity 

Photolysis of the carbyne complex (^ 5-C 5H 5)[P(OMe) 3] 2Mo=CPh (Va, 
Scheme III) in the presence of CHC1 3 and PMe 3 resulted in photooxida
tion of Va followed by ligand exchange and halogen-atom abstraction to 
give the net 2-e~ oxidation product [ (^ 5 -C 5 H 5 )Cl(PMe 3 ) 2 Mo=CPh) + Cr 
(Vila) (Scheme III) (28). Further work (29) demonstrated this to be a 
general reaction for the complexes ( ^ 5 - C 5 H 5 ) L 1 L 2 M = C R ) (Vb-Vf). 

The primary photoprocess was postulated to be irreversible single-
electron transfer to the halogenated solvent, yielding the radical cation 
V + along with the C P and «CHC13 resulting from reduction of the sol
vent. Rapid ligand exchange of the more strongly donating phosphines for 
the phosphites or carbonyls in V e + would then give the next intermediate, 
the 17-e~ complex VI e + . The final isolated product, VII, would arise via 
halogen abstraction from the solvent by the metal atom of VI. 

The steps in this mechanistic scheme are among the characteristic 
reactions of metal radicals. They are the rapid ligand-exchange and atom-
abstraction processes discussed in conjunction with formation of odd elec
tron organometallic species by photooxidation, chemical oxidation, or 
electrochemistry. For the photooxidation of Va-Vf in the presence of 
PMe 3 , ligand exchange is the most rapid process available in the system 
and the chemistry is dominated by reactions at the metal atom. In con
trast to the chemical oxidations of metal carbynes described in the previ
ous section, under these conditions, the carbyne ligand is unchanged in the 
products Vlla-VIIf, and no free organic products derived from that ligand 
are observed. 
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CHCI, VI • 

Va 
Vb 
Vc 
Vd 
Ve 
Vf 

a ^ . M = C R 
Me3P^V, 

3 PMe 3 

vn 

c r + -CHa 2 

Compound M 

Mo 
Mo 
W 
W 
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P(OMe), 
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P(OMe)~ 
P(OMe>3 

P(OMe), 
CO 

P(OMe), 
CO 
CO 
CO 

Scheme III. 

R 

Ph 
Ph 
Ph 
Ph 
Me 

Electronic Structure and Spectroscopy of Metal Carbynes 

As part of our efforts to understand the photooxidation of complexes 
Va—Vf, we carried out a UV—visible spectroscopic study of the various 
compounds (29). Figure 1 shows the UV-visible spectrum of (η5-
C 5 H 5 )[P(OMe) 3 ] 2 Mo=CPh (Va). The phenylcarbyne complexes Va-Vd 
give similar spectra with two main features: a strong band in the 
320—330-nm range (molar absorptivity e = 5 x 103—1 χ 104) and a much 
weaker absorption in the 480-500-nm range (€ = 50-200). These transi
tions were assigned by analogy to the spectra of X(CO) 2 L 2 W=CR [R is 
Ph or r-Bu; X is CI or Br; L 2 = tetramethylethylenediamine (tmeda), dipy-
ridine (py^, or l,2-bis(diphenylphosphino)ethane (dppe)] described by 
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1.50 
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-0- 10 

CH2C12 JTHF 
CHC1, 

THF 
/ cHCl j 

0.010 -

0.00S 

X50 

i 
Wavelength (nm) 

Figure 1. Absorption spectra of fa5-C5H5)[P(OMe)3]2Mo=CPh in solu
tion at room temperature. The solutions are 5 χ l€r5 M in CHCl3> 

CH2Cl2, or THF. (Reproduced from reference 29. Copyright 1991 Ameri
can Chemical Society.) 

Boearsly and co-workers (30, 31). The 320-nm peaks are taken to arise 
from intraligand transitions in the phenyl substituents of arylcarbyne 
ligands. The 490-nm absorption is assigned as d-π* and is identified with 
the band referred to as M L C T in discussions of other carbyne complexes 
(32, 33). For carbynes with alkyl substituents (Ve and Vf), the strong tran
sition at 320 nm is missing, and the d-ττ* transitions are blue-shifted. 

Studies of the wavelength dependence of the photooxidation reaction 
demonstrate that the lowest lying d-π* state is responsible for electron 
transfer to halogenated hydrocarbons. Careful examination of the solvent 
dependence of the spectra reveals that the position of the photoactive 
transition is unchanged in CHC1 3 , CH 2 C1 2 , and tetrahydrofuran (THF), 
allowing the intervention of direct CTTS states to be ruled out. 

Of the molecules that we have prepared, several with aryl substi
tuents are luminescent in solution at room temperature, and the tungsten 
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complexes exhibit reasonably long-lived excited states. For example, (rç-
C 5H 5)[P(OMe) 3](CO)W=CPh (Vd) has a lifetime of 140 ns in solution at 
room temperature (29). Bocarsly et al. (31) reported that luminescence 
of the emissive complexes X(CO) 2 L 2 W=CPh was quenched by a variety of 
organic compounds at rates dependent on the triplet energy of the 
quencher. Likewise, the emission of compounds Vb and Vd is quenched 
by organic compounds with low-lying triplet states, consistent with sub
stantial triplet character in the excited state. Excitation spectra showed 
that the emission from complexes Vb and Vd arises from the same low-
lying M L C T state that transfers the electron in the photooxidation pro
cess. In addition, these spectra demonstrated that the higher lying excited 
states are in part converted to the photoactive one. 

Extended Hiickel calculations on metal carbynes of the type (η5-
C 5 H 5 ) L 1 L 2 M o = C R (29, 34) suggest that the highest occupied molecular 
orbital (HOMO) of the complexes should be primarily metal d in charac
ter, and that the lowest unoccupied molecular orbital (LUMO) is com
posed of one of the metal-carbon π* orbitals. Figure 2 shows a partial 
molecular orbital diagram for the formation of the model compound (η5-
C 5 H 5 )[P(OH) 3 ] 2 Mo=CPh from the fragments ( Î ? 5 - C 5 H 5 ) [ P ( O H ) 3 ] 2 M O -
and C P h + . The H O M O of the complex is composed largely of Mo d^__yi 
and below it are the two metal—carbon π bonds. The L U M O and 
N L U M O (next lowest unoccupied molecular orbital) are the π* orbitals, 
with the one that is conjugated into the phenyl 7r-system lying lower in 
energy. 

Assignment of the H O M O as a nonbonding metal d orbital is con
sistent with structural information obtained by X-ray crystallography on 
Br(dmpe)2W=CPh and its 1-e" oxidized congener [Br(dmpe)2W=CPh]-
[PF6] (dmpe is l,2-bis(dimethylphosphino)ethane) (35). Oxidation results 
in only a slight shortening of the W=C and W - B r bonds (0.024 and 0.042 
Â), but the W—Ρ bonds are lengthened somewhat. Upon this evidence, 
the H O M O is assigned as a nonbonding orbital that is primarily metal d^ 
in character. Similar observations were made for Cl(dppe)2Mo=C(p-Tol)] 
and [Cl(dppe)2Mo=C(p-Tol)][PF6] (36). 

This picture of the electronic structure of (rç 5-C 5H 5)[P(OMe) 3] 2~ 
Mo=CPh is consistent with the assignment of the lowest energy feature of 
the UV—visible spectra of carbyne complexes Va-Vf as a ά—π* transition. 
Although the extended Hiickel calculations suggest the lowest energy exci
tations should show a significant amount of charge transfer to the carbyne 
ligand, all of these orbitals are highly delocalized, and there is still a rea
sonable contribution of Mo d atomic orbitals (AOs) to the virtual orbitals. 
The low-energy transitions would thus still have some residual d-d charac
ter. This result is consistent with the lack of solvent dependence and low 
extinction coefficients seen in the excitation to the lowest excited states. 
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.Mo 
(HO)3P*7 

(HO)3P 

.Mo=C 
(HO) 3 P*V 

(HO)3P# 

κ* (Mo-C) 

f s \ic*(Mo-C-Ph) 

bû 
' 10 • 

3 Ο 
•3 
U 

• ρ + Ph π 

d x 2 - y 2 
••-.•••-χ ι, ..y 

(Mo-C-Ph) 

π (Mo-C) 

Figure 2. Orbital mixing diagram for the formation of (η5-ϋ5Η5)-
[P(OH)3]2Mo=CFh from the fragments (η5-€5Η5)[Ρ(ΟΗ)3]2Μο~ and 
CPh+. (Reproduced from reference 29. Copyright 1991 American Chemi
cal Society.) 

Photooxidation of Metal Carbynes: "Organic" 
Rearrangements 

Although the formation of the 2-e~ oxidation products Vl la-VIIf upon 
photooxidation of the carbyne complexes Va-Vf in the presence of PMe 3 

(Scheme III) is a general reaction, in the absence of PMe 3 the reactivity is 
quite different. When ligand substitution is not possible, the predominant 
process is rearrangement of the carbyne ligand and formation of free 
organic products. Although the product types vary depending on the car
byne substituents, for each of the alkyl-substituted carbynes we prepared, 
photooxidation in CHC1 3 in the absence of PMe 3 yields organic products 
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derived from the original carbyne ligand. A few selected examples follow. 
Although photolysis of the cyclopropylcarbyne (rç 5-C 5H 5)[P(OMe) 3]-

(CO)W=C(c-C 3H 5) (Vf) in C H C l 3 - P M e 3 gives the chemistry summarized 
in Scheme III, photooxidation by CHC1 3 (no PMe 3) results in different 
reactivity (37). In the absence of phosphine, the inorganic product is tri
chloride complex VIII (Scheme IV), in which the carbyne ligand has been 
lost. The original cyclopropylcarbyne ligand has undergone rearrangement 
and carbonylation to produce cyclopentenone (Scheme IV). 

...w=c-<1 ocry Ν 
P(OMe)3 

Vf 

hv 
CHC13 

PMe 3 

M e 3 P P M e 3 

Ο 

(40%) 

V l l f 

cr 

P(OMe)3 

CI 

V I E (60%) 

Scheme TV. (Reproduced from reference 37.) 

Although mechanistic studies of this conversion are still in progress, 
the reaction must involve (at least formally) ring expansion, carbonylation, 
and hydrogen abstraction in the original carbyne ligand. Given that the 
ligand-centered reactions of metal radicals are generally simple processes 
such as dimerization through the ligand, the multistep reaction pathway 
necessary to produce cyclopentenone upon photooxidation of Vf is 
remarkable. 

Given that the formation of cyclopentenone goes through highly 
reactive metal radical species, rearrangement of complexes with substi
tuents on the cyclopropyl rings might be expected to be rather unselective. 
However, photooxidation of either dimethylcyclopropylcarbyne Vg or Vh 
results in formation of only iran.y-dimethylcyclopentenone (Scheme V). 
Photochemical equilibration of Vg and Vh is followed by rapid conversion 
of Vh to product, providing a means of obtaining only one stereochemistry 
in the substituted cyclopentenone. 
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hv 

0C*"7 
P(OMe)3 

Vh 

CHCI3 

hv 

trans only 

Scheme V. 

In complexes with a single substituent on the cyclopropyl ring, the 
reaction is regiospecific as well. Photooxidation of Vi also results in for
mation of only one cyclopentenone (eq 1). 

Formation of cyclopentenones from substituted cyclopropylcarbyne 
complexes appears to be general when aryl or alkyl substituents are placed 
on C-2 and/or C-3 of the cyclopropyl ring. However, the chemistry of 
these systems is complex. Scheme VI illustrates a change in reaction man
ifold for Vj, which contains an acyl substituent at C - l (38). Although the 
expected 3-substituted cyclopentenone is indeed formed, it is in low yield. 
In competition with the production of cyclopentenone, nucleophilic attack 
of C l ~ on the cyclopropyl ring results in formation of chelated σ-vinyl 
complex IX, which releases α,/9-unsaturated ketone upon further reaction. 

The ring opening—carbonylation sequence appears to be restricted to 
three-membered rings. The cyclobutyl compound Vj cleanly produces 
methylenecyclobutane upon photooxidation (eq 2) presumably via a 

(1) 

V i 
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17. M C E L W E E - W H I T E E T A L . Photooxidation of Metal Carbynes 347 

Scheme VI. 

mechanism that involves Η-shift to form a vinyl complex. Olefins also 
were obtained from complexes with acyclic substituents (eq 3). However, 
no matter what the original alkyl substituent on the carbyne complex, pho
tooxidation results in rearrangement of the ligand and release of an 
organic product. 

(2) o c r y V C H C 1 ™ \ / 

P(OMe)3

 5 

Vj 

0 C / CHC13 P(OMe)3

 5 

Vk 

This system provides an extremely rare example (Vf) of a metal radi
cal observed to undergo both the characteristic metal radical reactions 
(Scheme III) and organic reactions on a ligand (Scheme IV). By changing 
reaction conditions, the chemistry can be switched entirely from one reac-

American Gbemical 
Society Library 

1155 16th s u m . 
Washington. O.G. 200» 
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348 PHOTOSENSITIVE M E T A L - O R G A N I C SYSTEMS 

tion manifold to the other. These carbyne complexes thus provide a sys
tem for studying the types of chemical reactivity that can be induced by 
photochemical electron transfer from organometallic compounds. In addi
tion, the conversion of more elaborate carbyne ligands to organic products 
with regiochemical and stereochemical control makes this an interesting 
model system for exploration of the possible use of organometallic radicals 
in organic synthesis. 
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Photocatalysis Induced by Light-
Sensitive Coordination Compounds 

Horst Hennig, Lutz Weber, and Detlef Rehorek 

Department of Chemistry, University of Leipzig, Talstrasse 35, O-7010 
Leipzig, Germany 

Light-sensitive transition metal complexes and organometallic 
compounds are attractive precursors for light-induced catalytic 
processes because electronic excitation may lead to species that 
exhibit catalytic activity. Examples are coordinatively unsaturated 
species, complexes with changed formal oxidation numbers, free 
ligands, and ligand redox products. Photocatalytic reactions in 
organic synthesis based on the photogeneration of electron-rich 
metallofragments and photooxidations in the presence of metallo
porphyrins and metal acetylacetonates, respectively, are discussed. 
Electron-rich metallofragments produced by photochemical 
homolytic metal—ligand bond cleavage of mixed-ligand azido 
complexes catalyze cyclization reactions of acetylene and alkyne 
derivatives, whereas metalloporphyrins and metal acetylacetonates 
are discussed in terms of their photocatalytic reactivity in oxygena
tion reactions of olefins, particularly of terpenes such as α-pinene 
and others. 

1 H E PHOTOCHEMISTRY OF O R G A N O M E T A L L I C COMPOUNDS and 
Werner-type transition metal complexes has been the subject of several 
books and monographs published during the past few decades (1—6). One 
of the main reasons for the increasing interest in the photochemistry (and 
also photophysics) of these compounds is the broader diversity of reaction 
pathways induced by light as compared with organic compounds. Usually, 
in organic photochemistry the general features of the electronic excitation 
and the resulting photochemical reactions may be satisfactorily described 
on the basis of three electronic states to be involved: singlet ground state, 

0065-2393/93/0238-0351S07.50/0 
© 1993 American Chemical Society 
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352 PHOTOSENSITIVE M E T A L - O R G A N I C SYSTEMS 

first excited singlet state, and the corresponding triplet excited state 
formed by intersystem crossing. The excited states may lead to photoreac-
tions or undergo fast deactivation back to the singlet ground state. 

Transition metal complexes differ from organic compounds with 
respect to both the number and the spin multiplicity of accessible elec
tronically excited states that then undergo very fast relaxation to thermally 
equilibrated electronically excited (thexi) states. Thus, depending on the 
wavelength of irradiation, various electronic states that are excited eventu
ally result in the population of thexi states of different reactivity. In some 
favorable instances, this property allows tuning of photochemical reactivity 
and switching between various pathways, such as electron transfer, 
dissociation-substitution-rearrangement reactions, and ligand-centered 
reactivity. For example, the greater variety of available electronically 
excited states may be used for the photogeneration of coordinatively unsa
turated species, transition metal compounds with changed formal oxida
tion numbers, as well as free ligands and ligand redox products. Most of 
these species are highly reactive and therefore of practical importance with 
respect to catalytic processes induced by light. 

Thus, it is not surprising that photocatalysis based on light-sensitive 
transition metal complexes and organometallic compounds has attained 
considerable attention (7—10). Photoimaging processes (II), wastewater 
recycling and other environment-protecting processes (12), storage and 
conversion of solar energy (13), simulation and modeling of light-sensitive 
metalloenzymes (14), and organic synthesis (15-19) have attracted partic
ular consideration in the application of photocatalysis. 

This chapter focuses on some of our results obtained in homogene
ous photocatalysis and their implications for organic syntheses. Therefore, 
it is not intended to cover the subject of photocatalysis in organic syn
thesis altogether. A more general and very comprehensive review on this 
subject was written by Salomon (15), and we have also reviewed this field 
in photocatalysis very recently (20). 

Homogeneous Photocatalysis Induced by Transition Metal 
Complexes and Organometallic Compounds 

Recently, Serpone and Pelizzetti (10) edited an excellent collection of 
reviews illustrating the recent state of the art in photocatalysis. This col
lection provides a comprehensive survey on "what is meant by photoca
talysis", and it reflects the specific points of view of many authors. 

Figure 1 displays a scheme of the generally accepted main principles 
regarding the current discussions on homogeneous photocatalysis induced 
by light-sensitive transition metal compounds. Figure 1 also sums up our 
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18. H E N N I G ET AL. Light-Sensitive Coordination Compounds 353 

C M L n X l 

Figure L Simplified Jablonski diagram illustrating photoinduced catalytic 
(I) and photoassisted (II) conversions of a compound A into product B. 
(Reproduced with permission from reference 20. Copyright 1991.) 

earlier contributions to photocatalytic reactions (21—26); it is not the aim 
of this chapter to reflect on fundamental contributions offered by other 
authors (9, 10, 27-31). A critical survey is given in a review by Chanon 
and Chanon (18). 

Generally, it seems to be reasonable to distinguish between two limit
ing cases of reactions that are both light-induced and catalytic with respect 
to any transformations of a substrate A to a product Β and reacting by a 
pathway not accessible thermally: 

Case 1. The number of moles of product Β formed photocatalytically 
exceeds the number of moles of absorbed (or strictly speaking, catalyst-
generating) photons, and therefore, the overall product quantum yield is 
greater than the quantum yield of the primary photoreaction. That result 
implies, in terms of turnover numbers, that the overall product quantum 
yield may still be well below 1, even if the turnover number is >1. Quan
tum yield values of product formation considerably higher than unity may 
be achieved, and this result is of particular practical importance. 

Case 2. The number of moles of product Β produced photocatalyti
cally is equal to or less than the number of moles of absorbed (catalyst-
generating) photons. The product quantum yield is equal to or even lower 
than that of the primary photoreaction and cannot exceed unity. 

This scheme of classification appears to be advantageous for design
ing photocatalytic systems. In most cases it might be of interest to search 
for reactions with quantum yields higher than unity. However, the 
undoubtedly most important photocatalytic process, that is, the photosyn
thesis of green plants, is efficient enough despite the fact that its quantum 
yield is well below unity. 

Summarizing the current discussions, there appears to be a general 
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agreement that reactions of Case 1 should be defined as photoinduced 
catalytic reactions. However, Wrighton et al.'s (31) and our (21) proposal 
to define reactions of Case 2 as photoassisted reactions is not generally 
accepted because of different mechanistic points of view (18). 

Photoinduced catalytic reactions based on light-sensitive transition 
metal complexes and organometallic compounds are distinguished by the 
photochemical generation of a catalyst. Coordinatively unsaturated metal 
complexes as well as complex compounds with changed formal oxidation 
number (often associated with a change of kinetic lability or complex 
geometry) have been identified as photochemically generated catalysts. 
Free ligands and ligand redox products [for example, free radicals (32)] 
may also serve as catalysts in a subsequent dark reaction, resulting in a 
catalytic conversion of substrate A to product B. Most of these catalyti-
cally active species are well-known as catalysts in thermal homogeneous 
catalytic reactions. 

As illustrated in Figure 1, photons are required only to generate the 
catalyst. The catalytic conversion of A to Β proceeds as a dark reaction, 
and thus the overall quantum yield values of product formation may 
exceed unity. Quantum yield values considerably higher than unity are of 
particular interest for industrial applications when correlating the price of 
the photons necessary to make a photocatalytic reaction economically 
feasible. Moreover, both processes, the photochemical generation of a 
catalyst and the catalytic substrate conversion, may be carried out 
separately, as in the well-known example of the classic silver halide photo
graphic process. Therefore, this class of reactions is of great interest with 
respect to unconventional information-recording processes (11). 

Photoassisted reactions, the other limiting case of photocatalysis, 
involve catalytic interactions of short-lived intermediates generated under 
the influence of light. As possible candidates for those short-lived inter
mediates, both transition metal complexes in electronically excited states 
and short-lived coordinatively unsaturated species may be regarded. 
Short-lived coordinatively unsaturated species are preferably derived from 
organometallic compounds and metal carbonyls. Because of the short life
time of these species, a catalytic cycle of this kind requires continuous 
irradiation to be effective with respect to substrate conversion. 

To illustrate substantially these limiting cases of photocatalysis, we 
arbitrarily selected three examples of photoinduced catalytic and photoas
sisted reactions from our results in dealing with photocatalytic systems. 

Figure 2 displays the photoinduced catalytic dimerization of heterocy
clic aldehydes to the corresponding 1,2-enediols. Photogenerated cyanide 
ions catalyze this acyloin condensation (33). This photocatalytic system is 
of some practical consequence with respect to photoimaging processes, 
because we have shown that it also operates in polymer films. Hence, 
photocatalytically produced heterocyclic enediols may be used as strong 
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C M o < C N ) 8 : ] 4 - . ï = = = 

Figure 2. Photoinduced catalytic formation of 1,2-enediols from heterocy
clic aldehydes. Here, the catalyst (CN~) is generated by photosubstitution 
oflMofCNy4-. 

reductants in physical development processes or may function as indigo
like dyestuffs (34), which allows the designing of photoimaging processes. 

Figure 3 shows the photoassisted reduction of selected iron(III), 
cobalt(III), and copper(II) complexes in the presence of alkyl chromâtes, 
known as strong oxidants under thermal and usually under photochemical 
conditions, too. This rather surprising reaction proceeds via photochemi
cal formation of short-lived and strongly reducing chromium(V) inter
mediates. However, thermal side reactions between chromic acid esters 
and radicals formed in the course of the photoreaction lead to the termi
nation of the photoassisted cycle (35—37). 

Finally, Figure 4 illustrates the photooxidation of molybdenum(IV) 
to molybdenum(V) in the presence of alcohols and the concomitant for
mation of the corresponding aldehydes and ketones. This photoinduced 

H 2 0 

C o c m ) , Fe(H), C u Œ ) 

RO' + CoCE), Fed), CuCI) 

— ^ ^ ^ ^ ^ CrCH ) + RCHO 

Figure 3. Photoassisted catalytic reduction of selected transition metal 
complexes in the presence of alkyl chromâtes. 
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Ph 2 l + /CMoCCN ) 8 3 ^ ' ^ = ^ C M o ( C N ) 8 D 3 " / Ph 2 T Phi 

C M O C C N O Q D 3 " 

C H 2 0 + H + ^ \ I I ^ C H 3 O H 

3 
> 10 cycles 

Figure 4. Photoinduced catalytic oxidation of methanol in the presence of 
diphenyliodonium octacyanomolybdate (IV). 

catalytic cycle is based upon very efficient photoredox reactions due to 
second-sphere effects of ion pairs consisting of diphenyliodonium cations 
and cyanomolybdate(IV) anions (38, 39). 

The discussion of the advantages of using photocatalytic routes in 
organic synthesis will be the main aspect of the following section. Because 
details of this rapidly developing field of photocatalysis have already been 
reviewed (15, 18, 20), we will focus here on some of our own results 
obtained in photocatalytic cyclotrimerization reactions of acetylene and 
alkyne derivatives as well as oxygenation—oxidation reactions of olefins. 

Photocatalysis in Cyclization of Alkynes and 
Oxygenation-Oxidation Reactions of Olefins 

Coordinatively unsaturated species, particularly in low formal oxidation 
states, have attracted considerable attention because they are the actual 
catalysts in homogeneous complex catalysis. Therefore, the convenient 
way of light-induced generation of such catalytically reactive species has 
become increasingly attractive also for organic synthesis. Our attention 
has been directed toward the photogeneration of electron-rich metallo
fragments and their use in catalytic cyclotrimerization reactions of acet
ylene and alkyne derivatives. The other aim of our investigations concerns 
oxygenation and oxidation reactions of olefins initiated by photo-
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18. HENNIG ET AL. Light-Sensitive Coordination Compounds 357 

chemically produced coordinatively unsaturated species derived from suit
able metalloporphyrin derivatives and metal acetylacetonates, respectively. 

Cyclotrimerization of Acetylene Induced by Photochemi-
cally Generated Electron-Rich Metallofragments. Since the 
pioneering work of Reppe (40), the functionalization of acetylene and alk
yne derivatives, particularly by cyclization reactions, has captured consider
able interest among chemists. However, most of these cyclization reac
tions of acetylene and its derivatives are governed by strict limitations with 
respect to pressure and temperature because of the explosiveness of ace
tylene, as illustrated recently by Bonnemann (41). 

It is noteworthy, therefore, that Biagini et al. (42) reported on cyclo
trimerization reactions of acetylene in the presence of {[Co(pyr) 6] 2 +; 
BPh 4"} (pyr is pyridine) ion pairs which, upon photolysis, form low-valent 
and coordinatively unsaturated cobalt species acting as catalysts needed for 
the catalytic activation of acetylene. 

Moreover, Schulz and co-workers (43, 44) showed that photocatalytic 
cyclotrimerization of acetylene in the presence of organic nitriles yields 2-
substituted pyridine derivatives, using bis(olefin)cobalt(I)cyclopentadienyl 
derivatives as light-sensitive precursors for the generation of the catalyst. 

Trogler (45) indicated that electron-rich metallofragments may be 
photogenerated from light-sensitive mixed-ligand oxalato (ox) or dithioox-
alato (dto) complexes of platinum(II) of the type [Pt(ox/dto)(PR3)2] where 
P R 3 is a stabilizing phosphine ligand. The resulting platinum(O) complex 
fragments have proved to be very reactive with respect to various kinds of 
oxidative addition reactions and other reactions of olefins such as hydrogé
nation, hydrosilation, and deuterium exchange. 

In our studies, light-sensitive mixed-ligand azido complexes of 
nickel(II), palladium(II), and platinum(II) are employed. The motivation 
of dealing with these mixed-ligand complexes originates from the possibil
ity of combining photooxidizable ligands (here N 3 ~) with additional 
ligands that are able to stabilize central metal ions in low formal oxidation 
states. Examples of the stabilizing ligands are π-acceptor ligands like 
phosphines, diphosphines, and α-diimines. Upon irradiation of these 
mixed-ligand complexes, central ions like nickel(II), palladium(II), and 
platinum(II) were expected to be reduced photochemically to lower-valent 
species, which are coordinatively unsaturated but are stabilized in the 
presence of additional 7r-acceptor ligands. The general scheme of the pho
togeneration of such electron-rich metallofragments is depicted in equa
tion 1. 
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η 
Χ X : π-acceptor ligands of phosphine, diphosphine, and α-diimine type, 

such as triphenylphosphine, bis(diphenyl)phosphinoethane, and 
Ι,Γ-bipyridine. 

M n : N i 2 + , P d 2 + , or P t 2 + 

N 3 ~ : Besides azido mixed-ligand complexes, oxalato, dithiooxalato, and 
malonato complexes have also been prepared. 

A number of mixed-ligand azido complexes of nickel(II), 
palladium(II), and platinum(II) have been prepared with both phosphine 
and diphosphine ligands as well as with aliphatic and aromatic diimine 
ligands (45—49). A l l of these mixed-ligand complexes exhibit a very pho
tosensitive behavior. 

We will now summarize some general aspects of photochemical reac
tions of mixed-ligand azido metal(II) complexes. Surprisingly, photo-
decomposition reactions of mixed-ligand complexes of nickel(II), palla
dium^), and platinum(II) have attracted only little attention in the recent 
years. 

Reed and co-workers (50) demonstrated the intermediate formation 
of singlet nitrene by ultraviolet irradiation of [Ni(tet)(N3)2] (here tet 
designates a tetradentate ΛΓ-macroeyclic ligand), which is in accordance 
with previously reported mechanistic studies by Basolo and co-workers 
(51). 

Fehlhammer et al. (52) reported that irradiation of [Pd(N3)2(PPh3)2] 
results in the formation of the dinuclear species [Pd 2(N 3) 4(PPh 3)2] as a 
result of the photodissociation of phosphine ligands. 

Nelson and co-workers (53) demonstrated the photochemically 
induced reversible cis-trans isomerization of palladium(II) mixed-ligand 
azido complexes with various benzylphosphines as additional ligands. 

Beck and Schorpp (54, 55) pointed out that platinum(II) mixed-
ligand azido complexes are photosensitive and undergo photoredox reac
tions that, however, were not further characterized. 

Bartocci and Scandola (56) reported for the first time the photo
chemical formation of platinum(I) complexes and azidyl radicals upon 
irradiation into the N 3 —> Pt charge-transfer region of azido(diethylenetri-
amine)platinum(II) nitrate. 

Detailed investigations by Vogler and co-workers (57—60) indicated 
the formation of platinum(0) species together with azidyl radicals upon 
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18. H E N N I G ET AL. Light-Sensitive Coordination Compounds 359 

irradiation into the charge-transfer region of various mixed-ligand azido 
platinum complexes. 

Finally, Kamath and Srivastava (61) recently showed that mixed-
ligand complexes of palladium(II) and platinum(II) with azide and a-
diimines as ligands behave as very efficient photosensitizers with respect to 
the generation of singlet oxygen. 

Summarizing these results on the photochemistry of mixed-ligand 
azido complexes of nickel(II), palladium(II), and platinum(II), it appears 
that detailed mechanistic investigations of this photochemically highly 
attractive group of mixed-ligand complexes are very scarce. 

The following reaction pathways, which partially depend on the 
wavelength of irradiation, have to be considered when dealing with the 
photochemistry of these compounds: 

1. photosubstitution as well as photodissociation processes 
2. photoredox reactions leading to intermediate nitrene derivatives 

and/or azidyl radicals together with the production of reduced metal 
centers 

3. photochemically induced cis—trans isomerization 
4. photosensitization reactions leading to singlet oxygen 

Photochemistry of Platinum(II), Palladium(II), and 
Nickel(H) Mixed-Ligand Complexes. This section will focus on 
some mechanistic details of the photochemistry of these mixed-ligand 
azido complexes, particularly of palladium(II) and platinum(II) complexes. 
Additionally, preliminary results of photochemical reactions of the 
corresponding nickel(II) complexes will be discussed. Finally, some pho
tocatalytic reactions based on these light-sensitive mixed-ligand azido com
plexes will be described. 

Stationary photolysis of [ P ^ N ^ P P h ^ J at 280 nm under argon 
results in the appearance of a shoulder in the UV-visible spectrum at 430 
nm (Figure 5) and the disappearance of the platinum(II) complex with a 
quantum yield value of Φ = 0.8 in C H C 1 3 . Finally photolysis under these 
experimental conditions leads to the formation of [Pt^PPh^] and nitro
gen (46). Irradiation in the presence of oxygen yields the very efficient 
formation of the bis(triphenylphosphine)platinum(II) peroxo complex and 
concomitant generation of nitrogen. 

In C H C 1 3 , the same final product was observed when the stationary 
photolysis of [Pd(N 3) 2(PPh3)2] is carried out under oxygen or argon. In 
both cases there is a very efficient formation (# 3 1 5 = 0.6) of 
[PdCl 2(PPh3)2], apparently due to oxidative addition reactions of C H C 1 3 

to metal(O) species formed by charge-transfer excitation of the mixed-
ligand complex. The use of more concentrated solutions leads to the pho-
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0.5 

1.0 
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450 310 350 
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Figure 5. Spectral changes upon 280-nm photolysis of [Pt(N3)2(PPh3)2] in 
CHClj under argon and dioxygen. Spectra marked with an arrow represent 
absorption spectra prior to photolysis. Spectral changes are due to the for
mation of [Pt2(PPh3)j] and [Pt02(PPh3)2J. (Reproduced with permission 
from reference 20. Copyright 1991.) 

tochemical formation of [Pd 2(N 3) 4(PPh 3) 2], as already reported by Fehl-
hammer et al. (52). 

Flash photolysis of mixed-ligand complexes of palladium(II) and 
platinum(II) under argon in the microsecond time scale has revealed the 
intermediate formation of a solvent-stabilized metal(O) complex fragment. 

The same experiment carried out under oxygen shows that, with 
[Pt(N 3) 2(PPh 3)2], a short-lived intermediate has already reacted to a 
peroxo complex within the microsecond time scale. Because flash photo
lysis in the microsecond time scale has confirmed that primary products 
formed immediately after the photophysical deactivation have escaped 
detection, nanosecond-laser flash experiments were carried out to detect 
these short-lived intermediates. The difference spectra (Figure 6) exhibit 
maxima at 380 and 460 nm. The 460-nm transient disappears with a life
time of 35 to 210 μ&, depending on the solvent, following a first-order 
decay. The band at 460 nm is assigned to the thermally unstable inter
mediate, [PtN3(PPh3)2]. 

In attempting to stabilize this platinum(I) intermediate, low-
temperature UV-visible and IR spectroscopic investigations at 133 and 
183 Κ were conducted, and IR spectroscopic studies in a polyvinyl 
chloride) (PVC) matrix were performed at 10 K. However, the mixed-
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400 500 600 

Wavelength (nm) 

Figure 6. Difference spectra recorded 20 ns (top) and 1 ms (bottom) after 
laser flash excitation of [Pt(N3)2(PPh3)2] in CH2Cl2 at room temperature 
and excitation wavelength of 300 nm. (Reproduced with permission from 
reference 20. Copynght 1991.) 

ligand platinum(I) complex could not be stabilized under these conditions. 
Instead, the solvent-stabilized intermediate [Pt(PPh3)2(2-MeTHF)2] (THF 
is tetrahydrofuran) was observed for the first time by low-temperature 
UV—visible spectroscopy (47). 

Low-temperature and PVC-matrix IR spectroscopy point to signifi
cant changes of the asymmetric stretching band of coordinated azide, 
resulting from a photochemically induced cis-trans isomerization as a 
minor pathway of the predominant photoredox reaction of [Pt(N 3) 2-
(PPh^J . However, metal(I) mixed-ligand complexes like [PdN^PPh^J 
and azidyl radicals have been detected unambiguously by electron 
paramagnetic resonance (EPR) spin trapping (62). 

The main results of our research into photochemical reactions of 
mixed-ligand azido complexes of platinum(II) and palladium(II) can be 
summarized as follows. 
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Charge-transfer excitation of these complexes leads to a short-lived 
metal(I) complex fragment as a result of primary photoredox processes 
between the metal(II) center and the azide ligand. The primary oxidation 
product of the azide ligands are azidyl radicals that decompose quickly to 
yield molecular nitrogen: 

[M(N 3 ) 2 (PR 3 )2] £ ± [M(N 3 ) 2 (PR 3 )2]* (2) 

[M(N 3 ) 2 (PR 3 )2] —» [M(N 3)(PR 3) 2] + *N 3 (3) 

• N 3 —» 1.5N2 (4) 

The metal(I) intermediates decay thermally with first-order kinetics, 
forming coordinatively unsaturated electron-rich metallofragments: 

[M(N 3 )(PR 3 ) 2 ] —> [M(PR 3) 2] + - N 3 (5) 

The coordinatively unsaturated species can be stabilized by solvents (S) 
(e.g., S = THF or 2-MeTHF), but slowly dimerize in a dark reaction to 
form the well-known metal-metal bonded dinuclear complexes: 

[M(PR 3) 2] + 2S — • [M(PR 3 ) 2 S 2 ] (6) 

2[M(PR 3 ) 2 S 2 ] - » [M 2 (PR 3 ) 4 ] + 4S (7) 

Photochemically induced cis—trans isomerization (eq 8) is also observed 
and leads to the corresponding trans complexes, which photodecompose to 
the same final products as already discussed: 

cis-[M(N 3) 2(PR 3) 2] trans-[M(N3)2(PR3)2] —» . . . (8) 

Synproportionation reactions of metal(II) complexes with metal(O) 
intermediates leading to metal(I) species and disproportionation of 
metal(I) species to metal(0) and metal(II) complexes have been ruled out 
by detailed kinetic investigations. 

However, some unusual photoreactions were observed in addition to 
photoredox processes and light-induced cis—trans isomerization (unpub
lished results). Thus, photosubstitution of phosphine ligands occurs upon 
low-frequency excitation of [Pd(N3)2(PPh3)2] in the presence of p-nitroso-
dimethylaniline (p-NDMA) and other weak donor ligands: 
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18. HENNIG ET AL. Light-Sensitive Coordination Compounds 363 

[Pd(N 3) 2(PPh 3) 2] + />-NDMA ^ > 
[Pd(N 3) 2(PPh 3)(p-NDMA)] + PPh 3 (9) 

No photoredox reactions have been observed under these conditions, a 
finding that confirms earlier results by Fehlhammer et al. (52). 

Preliminary results of our investigations show that the photochemical 
behavior of mixed-ligand azido complexes of nickel(II) is quite different 
when compared with the corresponding palladium(II) and platinum(II) 
complexes. 

Photolysis of solutions of [ N ^ N ^ P R ^ J in hexane under argon 
leads to the efficient photodissociation of phosphine ligands, whereas in 
halocarbon solvents the formation of [ N i C l ^ P R ^ J is observed. Pro
longed irradiation in CC1 4 gives the corresponding nickel(III) complexes. 

The generation of azidyl radicals may be ruled out, as shown by EPR 
spin-trapping experiments (Hennig, H.; Stich, R.; Rehorek, D.; Kemp, T. 
J., unpublished results). Instead, the spin adduct of radicals showing 
either β-hydrogen or 3*P-hyperfine splitting is observed by using nitroso-
durene as a spin trap (Figure 7). 

Figure 7. EPR spectrum of the spin adduct of a ligand radical generated 
by photolysis (350-600 nm of [Ni(dppe)(N3)2] in the presence of nitroso-
durene as spin trap. The solvent was CH2Cl2-CH3CN (3:1); 14N-hyperfine 
splitting constant due to the interaction with nitrosodurene (a^) is 1.416 ± 
0.010 mTy and additional hyperfine coupling due to interactions of 2H or 
31Ρ nucleus ofdppe (aH or a?) is 0.805 ± 0.010 mT. 

However, EPR signals of a lower-valent nickel complex were not 
detected, and intermediate nitrene formation has yet to be observed. This 
rather surprising result seems to indicate a photoinduced electron transfer 
between the metal center and the phosphine ligand: 

[Ni (N 3 ) 2 (R 2 P-PR 2 ) ] rRP+ ι 
^ i ( N 3 ) 2 j , 

spin adduct (10) 
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where R 2 P - P R 2 is bis(diphenylphosphino)ethane. 
A decrease of the asymmetric stretching band of azide ligands was 

observed by IR spectroscopy together with an intermediate appearance of 
a new band at 2050 cm" 1 that was assigned to a labile intermediate (Hen-
nig, H. ; Knoll, H.; Stufkens, D.J., unpublished results). However, further 
investigations are needed to elucidate the rather complicated mechanism 
of the photodecomposition of nickel(II) mixed-ligand azido complexes. 

In summary, electron-rich metallofragments of platinum(O) and palla
dium^) may be obtained very conveniently from thermally stable and 
catalytically inactive precursor complexes. Irradiation of the correspond
ing nickel(II) mixed-ligand azido complexes also leads to the generation of 
catalytically active species with respect to cyclotrimerization reactions of 
acetylene, although their constitution has not yet been elucidated so far. 

Cyclotrimerization Reactions of Acetylene Induced by 
Photochemically Generated Electron-Rich Metallofragments. 
As mentioned previously, metal(II) mixed-ligand azido complexes provide 
good sources for the photogeneration of catalytically active species. We 
demonstrated their high reactivity and catalytic activity with respect to 
various reaction pathways. Thus, hydrosilation and hydrogénation reac
tions of olefins as well as oxidative addition of halocarbons were observed. 
Oxidative addition leads to metal(II) mixed-ligand halide complexes and 
short-lived halocarbon radicals as detected by EPR spin trapping (63, 64). 
However, cyclooligomerization reactions of acetylene and alkyne deriva
tives in the presence of photochemically generated electron-rich metal
lofragments are of much greater interest. In particular, photocatalytic 
cyclotrimerization reactions leading to benzene and pyridine derivatives, in 
which pyridine derivatives may be formed from organic nitriles or 
cyanates, appear to be an attractive alternative for the corresponding ther
mal reactions. 

Although thermal cyclotrimerization reactions of acetylene and its 
derivatives are of considerable importance, the reactions require high 
pressures and temperatures, and these requirements, in view of the explo-
siveness of acetylene, limit the industrial application of these homogene
ous catalytic reactions (41). Therefore, photocatalysis should be of advan
tage because only ambient temperature and low pressure are required for 
initiating the catalytic cycle; hence, the danger of explosion is reduced. 
The nickel(II) mixed-ligand azido complexes are efficient precursor com
plexes for the photocatalytic trimerization of acetylene to benzene using 
dimethyl sulfoxide (DMSO) as solvent and a slightly increased tempera
ture of 50 °C. Photocatalytic turnovers greater than 100 have been 
observed under these mild conditions (17). However, a decrease of the 
catalytic activity (2-MeTHF > THF > DMSO) with increasing donor 
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18. HENNIG ET AL. Light-Sensitive Coordination Compounds 365 

strength of the solvents was observed. Thus, in DMSO traces of benzene 
are formed at ambient temperature only by using [Ni(N3)2(dppp)] (dppp 
is bis(diphenylphosphino)propane), whereas all other complexes are inac
tive under these conditions. However, with 2-MeTHF and THF, catalytic 
turnovers of about 100 were observed at ambient temperature and normal 
pressure using nickel(II), palladium(II), and platinum(II) complexes as 
catalyst precursors. 

Gas chromatographic—mass spectrometric (GC—MS) analysis of the 
oligomerization products obtained photocatalytically showed, however, 
that side reactions occur at ambient temperatures when using THF or 2-
MeTHF as a solvent. Thus, isoalkanes and cyeloalkanes of chain lengths 
between 8 and 12 were detected as side products in addition to benzene as 
the major product. This result may be explained by assuming a reaction of 
T H F and 2-MeTHF as a hydrogen source. The role of THF as a source of 
hydrogen was recently demonstrated by Gstach and Kisch (65). However, 
the mechanistic details of the photocatalytic cyclotrimerization of ace
tylene and alkyne derivatives, as well as the influence of the solvent on the 
formation of side products, has still to be elucidated. 

Finally, preliminary results seem to confirm the photocatalytic syn
thesis of benzene derivatives by using appropriate alkyne derivatives. 
Furthermore, the photocatalytic synthesis of 2-substituted pyridine deriva
tives by reaction of acetylene in the presence of nitriles and organic 
cyanates also appears to be promising. 

Photocatalytic Oxygenation—Oxidation Reactions of Olefins 
Induced by Light-Sensitive Metal Acetylacetonates and 
Metalloporphyrins 

The selective oxygenation of hydrocarbons with molecular oxygen is an 
attractive goal for the application of transition metal catalysts and has cap
tured much attention over the past decades. Unlike thermal oxygenation 
reactions, however, the photocatalytic activation of metal complexes in 
oxygenation reactions has been studied with less intensity. In most cases, 
the mechanism of transition-metal-catalyzed oxygenation reactions 
involves the complexation of oxygen. This step is necessary to overcome 
the energy barrier in the spin-forbidden reaction of triplet oxygen with the 
singlet spin-state hydrocarbons. The ability of metal complexes to coordi
nate molecular oxygen is therefore an essential requirement to be met by 
oxygenation catalysts. 

The generation of low-valent coordinatively unsaturated metal 
species capable of complexing dioxygen by irradiation of transition metal 
complexes may provide a basis for a general concept of photocatalytic oxy-
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gen activation. In this section, we describe our recent results obtained by 
using transition metal acetylacetonates or porphyrinates in photocatalytic 
oxygenation reactions with molecular oxygen. 

Before beginning further discussions of the observed product selec-
tivities and reaction mechanisms involved we first summarize the various 
classes in transition-metal-catalyzed oxygenation mechanisms. For this 
purpose, we chose α-pinene (structure 1) as substrate for which the ther
mal oxygenation reactions have been thoroughly studied and which is 
known to give different products depending on the oxygenation mechan
ism. 

Class 1. A radical-chain oxygenation mechanism may be induced by 
abstraction of a hydrogen atom from the substrate and its diffusion from 
the reaction center. The alkyl radicals thus formed then react with dis
solved oxygen to give peroxyl radicals. The alkyl peroxyl radicals may also 
abstract hydrogen from the substrate and thus promote the autoxidation. 
As the result of this mechanism, an unselective product mixture is 
expected. 

Class 2. Abstraction of hydrogen from the substrate by the 
metal—oxygen species and fast recombination of a hydroxyl radical within 
an alkyl radical-metal complex cage, which is referred to as the oxygen-
rebound mechanism, leads to selective formation of hydroxylated products, 
for example, irans-verbenol (3), verbenone (4), and #ms-pin-3-en-2-ol (6) 
when α-pinene is the substrate. 

Class 3. With unsaturated hydrocarbons, direct oxygen-atom-transfer 
processes with high-valent oxometal species yield epoxides. 

As can be seen from Table I, generally a large variety of products is 
formed by photocatalytic oxygenation of α-pinene (1) in the presence of 
metal acetylacetonates (66). Apparently, more than one of the mechan
isms just described is involved in the overall reaction. The reaction of a-
pinene with tert-butyl hydroperoxide in the absence of metal complexes 
gives a product distribution characterized by relatively high yields of 

1 
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18. HENNIG ET al. Light-Sensitive Coordination Compounds 367 

Table I. Photocatalytic Oxygenation of α-Pinene 
with Transition Metal Acetylacetonato Complexes 

Product (mol%) 

Catalyst0 Turnover13 2 3 4 5 6 7 

TiO(acac)2 13 — 27 — — 10 63 
Ti(acac) 2Cl 2 26 — 36 — — 19 45 
VO(acac)2 0 
Cr(acac)3 

Cr(acac)3

c 

92 8 16 27 8 9 32 Cr(acac)3 

Cr(acac)3

c 158 — 12 47 — 14 27 
Cr(dbm)3 66 15 14 22 15 - 34 
Cr(bzac)3 106 16 15 30 8 9 22 
Mn(acac)2 73 — 20 22 — 12 46 
Mn(acac)3 66 7 26 18 10 5 34 
Fe(acac)2(py)2 53 24 25 10 12 - 29 
Fe(acac)3 20 32 - 8 16 44 
Co(acac)2 

Co(acac)2

c 

79 — 22 34 — 10 34 Co(acac)2 

Co(acac)2

c 231 - 25 29 — 10 36 
Co(acac)3 

Co(acac)3

c 

79 — 32 36 — — 32 Co(acac)3 

Co(acac)3

c 238 — 25 33 — 7 35 
Co(dbm)3 125 — 21 32 - 8 39 
Ni(acac)2 13 — 32 - 31 — 37 
Cu(acac)2 53 13 15 12 23 13 24 
Mo0 2(acac) 2 0 
Ru(acac)3 7 — 22 11 — — 44 
Rh(acac)3 40 13 20 19 - 13 35 
Pd(acac)2 0 
Hacac 0 
i -BuOOH e 46 16 18 16 16 9 23 

NOTE: 15 mL of α-pinene (0.01 mol) in 15 mL of dry toluene 
was irradiated in the presence of 0.005 mol of the acetylacetonato 
complex in a thermostatically controlled (40 °C) photoreactor 
with a 55-W tungsten halogen lamp. Over the reaction period of 
450 min, a stream (2 L/h) of dry air was bubbled through the 
solution. 
"Ligands are as follows: acac, acetylacetonate; dbm, 
dibenzoylmethanate; and bzac, benzoylacetonate. 
^Turnover numbers are moles of product formed per mole of 
catalyst. 
c1he reaction time was 24 h. 
d22 mol% of ira/ts-pinoearveol hydroperoxide was also formed. 
e19 mol% of of /ra/w-pinocarveol hydroperoxide and 6 mol% of 
myrtenol hydroperoxide were also formed. 
SOURCE: Data are taken from reference 69. 
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hydroperoxides 2 and 5 typical for radical-chain autoxidation reactions 
(67—69). The reaction in the presence of metal complexes leads to dif
ferent products, despite the fact that a radical mechanism is operating in 
most cases. Metal-catalyzed secondary reactions, for example, decomposi
tion of hydroperoxides, seem to account for the discrepancy. 

According to the product spectrum, the metals can be divided into 
three classes: 

1. No photocatalysis was observed for the acetylacetonates of vana
dium, molybdenum, and palladium. 

2. A broad spectrum of products including hydroperoxides is produced 
in the presence of Cr, Mn(III), Fe(III), Ru, and Rh catalysts. 

3. Ti, Co, Mn(II), and Ni complexes lead selectively to the thermo-
dynamically most-stable allylic oxidation products in addition to 
large amounts of epoxide 7. High yields of 7 were also observed for 
Fe(II) and Ru catalysts. 

The third group of photocatalysts is of particular interest because 
they catalyze the formation of products that can easily be converted to 
os-verbenol, which is known to be an attractant pheromone of the bark 
beetle (Ips typographies), one of the most destructive insect pests in the 
forests of central Europe. 

Considerably higher turnover numbers with respect to oxygenated 
derivatives of α-pinene and, in some cases, good selectivities were found 
for photocatalytic reactions in the presence of metalloporphyrins (17, 70) 
(Table II). 

Table II. Products Formed During the Photocatalytic Oxygenation 
of α-Pinene in the Presence of Metalloporphyrins 

Products (%) 
Catalyst Turnover" 3 4 6 7 Other 

Mn(tpp)Cl 250 14 — 86 — — 
Cr(tpp)OH-2H 20 1424 19 6 33 18 24 
Fe(tpp)Cl 480 16 30 25 29 — 
[Nb(tpp)] 20 3 524 12 3 48 30 7 
MoO(tpp)OCH 3 72 23 — 30 47 — 

N O T E : 0.1 moi of α-pinene and 10~5 mol of complex were 
dissolved in 15 mL of dry benzene and irradiated for 8 h with a 
500-W mercury lamp. 
"Turnover numbers are moles of product formed per mole of 
catalyst. 
SOURCE : Data are taken from references 17 and 71. 
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18. HENNIG ET AL. Light-Sensitive Coordination Compounds 369 

The results compiled in Table II deserve some comments. First, no 
photocatalysis was observed with [Co(tpp)Cl] (where tpp is tetraphenyl-
porphyrin; not listed in the table) as a catalyst precursor. Second, for the 
corresponding tungsten complex (also not listed), demetallation occurs, 
and typical products known from attack of singlet oxygen (here generated 
by sensitization by metal-free porphyrin) at α-pinene (67) were isolated. 
Finally, the high selectivity found for the corresponding manganese com
plex leading exclusively to allylic alcohols rra/w-verbenol and trans-pin-3-
en-2-ol (which may be converted very easily to the pheromone 3) may be 
explained by the mechanism illustrated by equations 11-15 (71). 

[Mn(TPP)Cl] [Mn n(TPP)] + CI ' (11) 

2[Mn n(TPP)] + 0 2 —> [ M n m ( T P P ) - 0 - 0 - M n m ( T P P ) ] (12) 

[ M n n i ( T P P ) - 0 - 0 - M n m ( T P P ) ] 

—> 2[0=Mn I V(TPP)] (13) 

R H + [0=Mn I V(TPP)] —> [R' HO—Mnm(TPP)] (14) 

[ R ' H O - M n m ( T P P ) ] — • R O H + [Mn n(TPP)] (15) 

Selective hydrogen abstraction from α-pinene (eq 15) to produce a 
manganese(III) complex together with a pinenyl radical appears to be the 
key step in this mechanism. Fast recombination of this radical with a 
hydroxyl radical bound to Mn(III) within the cage then yields the allylic 
alcohol and manganese(II), which may reenter the catalytic cycle. Slower 
rates of recombination and diffusional escape of the radical from the 
metalloporphyrin result in reactions with dissolved oxygen and, hence, 
product distribution similar to the free radical autoxidation process. 

Both free radical and in-cage oxygen-transfer mechanisms seem to be 
responsible for the formation of allylic oxidation products and pinene 
oxide (7) in the presence of iron porphyrins. Regardless of the kind of 
initial iron porphyrin, it is converted into the thermally inert μ-oxobis-
[(tetraphenylporphyrinato)iron(III)] upon photolysis in the presence of 
dioxygen. This complex undergoes photoinduced disproportionation to 
give iron(II) and oxoiron(IV) porphyrins upon visible-light irradiation 
(72-74): 

[Fe i n (tpp)-0-Fe m (tpp)] [0=Fe I V(tpp)] + [Fen(tpp)] (16) 

Unlike the well-characterized oxoiron(V) porphyrin complex, the 
oxoiron(IV) species was reported to induce only radical-chain autoxidation 
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reactions in the presence of hydrocarbons, leading to alcohols in the case 
of saturated hydrocarbons and to a mixture of allylic oxygenation products 
and epoxides in the case of alkenes by a mechanism similar to the one dis
cussed for manganese porphyrins (73-76) 

R H + [0=Fe I V(tpp)] —» [R* HO-Fe m ( tpp)] (17) 

[R-HO-Fe m ( tpp)] —> R O H + [Fem(tpp)] (18) 

However, in the photocatalytic oxygenation of strained alicyclic alk
enes, epoxides, allylic oxygenation products, or both have been found, 
depending on the structure of the alkene (77). In addition to in-cage reac
tions (17 and 18), direct oxygen transfer to the carbon—carbon double 
bond as well as diffusional escape of the radical R* and its possible reac
tion with dioxygen to form hydroperoxides should also be considered. 
Hydroperoxides may then act as a source of oxygen in a Fem(tpp)-
catalyzed thermal reaction (Scheme I). 

Sterically strained olefins gave higher yields of epoxides; for example, 
with cyclooctene derivatives only epoxides are formed. Turnover numbers 
up to 2400 were estimated. Similar reactions were observed for the pho
tocatalytic oxygenation of hydrocarbons with dioxygen using a manganese 
porphyrin catalyst (71). 

More recently, we showed the enantioselective photocatalytic oxyge
nation of α-pinene enantiomers using a 2,6-permethylated cyclodextrin-
linked iron porphyrin, 8 (78). 

Matsuda and co-workers (79, 80) reported the selective photocatalytic 
formation of epoxides of cyclohexene, 1-hexene, 2-hexene, and 2,3-di-
methyl-2-butene with dioxygen in the presence of molybdenum und 
niobium porphyrin catalysts. In contrast to these results, we obtained the 
corresponding allylic alcohols and ketones (together with the epoxides) as 
a result of a free radical chain process (70). Intermediate radicals as well 
as [0=M-0—O e(tpp)] species were identified by EPR and spin-trapping 
experiments (70, 81). 

Concluding Remarks 

Coordination compounds play an important role in the catalytic conver
sion of both organic and inorganic substrates. The activation of transition 
metal complexes by visible and ultraviolet light provides definite advan
tages when compared with the usual thermal activation. 

The very convenient photochemical generation of catalytically reac
tive species should be stressed in particular. Compared with thermal reac-
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tion pathways, photochemically generated catalysts can be identified very 
conveniently with respect to their constitution, which contributes to a 
better understanding of mechanistic details of catalytic reactions. Further
more, the excitation of different electronically excited states, depending on 
the wavelength of irradiation, provides a tuning between different reaction 
pathways. A further function of tuning by light is the ability to design 
photoinduced catalytic or photoassisted reactions, depending on the appli
cation of the photocatalysis. Photocatalytic reactions may be carried out 
under very mild conditions (temperature and pressure), which can be very 
advantageous when considering systems that are heat sensitive. Photoca
talysis accomplished at low temperatures often allows the isolation and 
identification of reactive intermediates and thus provides further insight 
into the mechanisms of various reaction pathways. 

However, fast back-electron-transfer processes and recombination 
reactions may considerably reduce the efficiency of photocatalytic reac
tions, and photochemical decomposition of the catalyst may lead to fast 
termination of photocatalytic cycles. Finally, spectral sensitization, which 
is essential with respect to using a broad range of photonic energy (for 
example, solar energy), has to be considered when practical aspects are 
concerned. These disadvantages should also be taken into consideration 
when dealing with photocatalysis. 
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Photoredox Reactivity of Copper 
Complexes and Photooxidation 
of Organic Substrates 

Ján Sýkora1, Eva Brandšteterová2, and Adriana Jabconová1 

1Department of Inorganic Chemistry and 2Department of Analytical 
Chemistry, Slovak Technical University, Radlinského 9, 81237, Bratislava, 
Czechoslovakia 

Following a brief overview of the thermal and photochemical pro
perties of copper complexes in condensed media, the possibilities 
for using copper coordination compounds for the photooxidation 
of organic substrates are discussed. As part of the classification 
of such photooxidation reaction types, the Cu(I)—Cu(II) pho
toredox cycle that we developed is treated in detail. The systems 
examined include mainly organic substrates containing hydroxyl 
groups, such as aliphatic alcohols and phenols, in the presence of 
copper complexes possessing ligands such as halide, nitrite, water, 
1,10-phenanthroline, and 2,2-bipyridine. An attempt is made to 
evaluate the relationship between the composition of the coordi
nation sphere of the copper complex and the types and yields of 
oxidized photoproducts formed. Possible reaction schemes are 
discussed, and the practical importance of the results is docu
mented.

JL H E PHOTOCHEMISTRY OF COORDINATION COMPOUNDS has been 
studied extensively in the past few years ( i - 5 ) , and progress has also been 
made in the field of copper photochemistry. The photochemistry of 
copper complexes has been reviewed (6), and their reactivity has been 
classified (7) in terms of their catalytic role (8) in phototransformations 
(9,10) or photooxidations (11) of organic substrates. 

0065-2393/93/0238-0377$06.50/0 
© 1993 American Chemical Society 
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378 PHOTOSENSITIVE M E T A L - O R G A N I C SYSTEMS 

The photosensitivity of copper, or more generally, metal complex 
organic systems, may lead to many interesting phototransformations of 
organic molecules, for example, isomerizations, substitutions, oxidations, 
and double-bond migrations. This chapter focuses only on one class of 
photoreactions, the photooxidations of organic substrates in the presence 
of copper complexes. Along with the characterization of the approach 
used, we present a brief overview of redox photoreactivity and classifica
tion of photooxidations only to the extent necessary for discussing the 
topic treated in more detail later. We do not intend to give a complete 
review of photooxidations in the presence of coordination compounds of 
copper. The emphasis is on the photooxidations of hydroxylic organic 
compounds within the Cu(I)-Cu(II) photocatalytic cycle performed in our 
laboratories. The structure of the chapter reflects the various stages of 
research done, its sequence, and background: thermal and photoredox 
reactivity and photooxidations, which are discussed in terms of their 
mechanistic principles and applications. 

Thermal and Photochemical Reactivity of Copper Complexes 

The research in our laboratory was based on the concept of mutual influ
ence of ligands (MIL) through the central atom (72). Within this 
approach a redox process is regarded as a consequence of interactions that 
depend on the ligand's bonding properties. The mutual influence of 
ligands of peculiar bonding properties (σ-donor, ττ-acceptor like acetone 
and a,7r-donor like Cl~) creates good conditions for a spontaneous 
intramolecular redox process, for example, reduction of Cu(II) to Cu(I) 
and oxidation of CI to radical C l \ These dark reactions, explained as a 
consequence of MIL, were accelerated by irradiation. On the other hand, 
on irradiation the thermally stable complexes underwent changes analo
gous to those observed as a consequence of MIL. Therefore, the nature of 
electron redistribution caused by the entrance of ligand-specific properties 
(e.g., σ-donor and π-acceptor) and that caused by photon absorption are 
expected to be the same or at least very similar. 

Classification of Photochemical Reactivity. The photochem
istry of copper complexes [Cu(I), Cu(II), and Cu(III)] has been classified 
(6, 7, 9, 10) according to the nature of the photoreactive excited state and 
product(s) formed. Coordination compounds of copper can participate in 
many types of redox reactions arising from the population of metal-to-
ligand charge-transfer (MLCT), ligand-to-metal charge-transfer (LMCT), 
charge-transfer-to-solvent (CTTS), intraligand (IL), interconfigurational 
metal-centered (ICMC), and ligand-to-ligand charge-transfer (LLCT) 
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19. SYKORA ET AL. Photoredox Reactivity of Cu Complexes 379 

excited states (13). When taking into consideration the changes of the 
oxidation state of the metal center, three principal types of Cu(II) photo
chemical reactivity are distinguished (7): Cu(II) to Cu(I) photoreduction, 
Cu(II) to Cu(III) photooxidation, and Cu(II) photoredox reaction [Cu(II) 
-* Cu(I) —*· Cu(II)] without irreversible photoreduction to Cu(I). 

The Cu(I) photochemistry was classified into at least four various 
classes (details are given in ref. 7). Those photoredox reactions that are 
interesting from the point of view of photooxidation will be discussed in 
more detail in the next section. 

Primary Photoprocesses. Our research was concentrated on 
copper photochemistry in various organic solvents. Chlorocopper(II) 
complexes in acetonitrile (ACN), a strong ττ-acceptor, represent an 
interesting photocatalytic system (14) working under visible light. Irradia
tion of the system in the region of the lowest spin-allowed charge-transfer 
(CT) excited state results in the photoreduction of Cu(II) metal center to 
Cu(I) (75) and C l e radical formation evidenced by pulsed-laser flash pho
tolysis (16, 17) and an electron spin resonance (ESR) spin-trapping tech
nique (18). 

In the presence of free C P ions, the radical C l # forms a transient that 
corresponds to the CT~ radical anion (e 3 6 6 = 14,400 ± 10% dm3/mol-cm, 
τ = 4.0 μα) (Figures 1 and 2). This spectrally detectable (Figure 1) tran
sient ( A m a x = 366 nm) has a first-order decay (Figure 2), and its lifetime is 
unaffected by oxygen. Moreover, the gas-liquid chromatographic (GLC) 
analyses of the solutions after prolonged continuous irradiation show that 
the amounts of acetonitrile chloro derivatives obtained are less than 1% of 
the amount of Cu(II) that is photoreduced (16). 

Possible scavenging processes were demonstrated experimentally 
(Figure 3). The - C l 2 * " is quenched onlv by Cu(I) (kx = 2.8 χ 108 

m o H d m V 1 ) and Cu(II) (k2 = 1.7 χ 10® m o P M m V 1 ) and definitely 
not by L i + , C P , 0 2 , or solvent. The CV radical is trapped by the N-tert-
butyl-a-phenylnitrone (PBN) spin-trap and the hyperfine constants (AN, 
.4C 135, -4C137, and AR) of PBN-C1 spin-adduct (Figure 4) prove (18) its 
identity (AN = 12.10, ^ Q 3 5 = 6.25,^4α37 = 5.15, and.4 H = 7.5 G). 

The experimentally observed photosensitivity of chlorocopper(II) 
complexes led to the idea of using this system for photooxidations of more 
reactive (20) organic substrates in A C N . 

CuCli:"* h v > CuCl^Ii + C1#(C12'-) (1) 
ACN(CI") 

[Cl 2*~ is a strong oxidizing agent (19) in A C N (standard oxidation poten
tial E° = 2.3 V); A C N is a solvent that is practically inert toward chlori-
nation.] 
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380 PHOTOSENSITIVE M E T A L - O R G A N I C SYSTEMS 

Figure 1. The absorption spectrum of the Cl2 ~ transient in an acetonitrile 
solution of [CuClJ*~; [Cu(II)] = 1.5 χ 10~3 mol/dm3 (Nd pulsed-laser 
intensity ca. 1 χ 1015 photons, pulse width 250 ns, and sample thickness 2 
mm). (Reproduced with permission pom reference 16. Copyright 1978, 
Royal Society of Chemistry.) 

Photooxidations of Organic Substrates in the Presence 
of Copper Complexes 

The term photochemical oxidation (photooxidation) in the presence of 
copper complexes is defined here as the photoformation of oxidized pro
duct O S ' from the original O S ( O S is organic substrate) molecule in the 
presence of CuL x (copper coordination compound) as represented by 
equation 2: 

O S ^ > O S ' (2) 
CuLx 

The presence of CuL^ is an essential condition for O S phototransfor
mation (the O S ' formation does not proceed without CuL^). The CuL^. is 
a copper complex with the central atom in any suitable oxidation state and 
any suitable ligand L (L is or is not O S ) . 
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19. SYKORA ET AL. Photoredox Reactivity of Cu Complexes 381 

τ 1 ' Γ 
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Figure 2. The Cl2~ transient decay curve monitored at 366 nm (Xirr = 
473 nm) in an acetonitrile solution of [CuCl4j2~~; [Cu(II)] = 2.5 χ 10~3 

mol/dm3 (Nd pulsed-laser intensity ca. 1 χ 1015 photons, pulse width 250 
ns, and sample thickness 2 mm). (Reproduced with permission from refer-
ence 16. Copyright 1978, Royal Society of Chemistry.) 

According to the suggested classification of photooxidations in the 
presence of copper complexes (II), two main classes can be distinguished 
(only representative examples of particular type of systems are given): 
photosensitized and photoassisted. 

Representative examples of photosensitized photooxidations are as 
follows. 

• dehydrogenation: photooxidation of alcohol to aldehyde sensitized by 
Cu(acac)2 (acac is acetylacetonate) and aryl ketones (21) under anaero
bic conditions or by [CuL(PPh 3 ) 2 ] + (PPh 3 is triphenylphosphine) (22) 
in the cyclic Co(III) complex photoreduction, where L is methyl-
substituted 2,2'-bipyridine (bpy) or 1,10-phenanthroline (phen) 

• oxidative addition: 1,2-shift of the cyclopropyl group as a consequence 
of the photooxidative addition of methanol (23) in the system contain
ing Cu(II), C 1 4 H g ( C N ) 2 , and methanol 

• ligand oxidation: "photosensitized" oxidation of the malonato, ace-
tato, and oxalato ligand to C 0 2 in the Cu(II) complex without (24) 
irreversible photoreduction to Cu(I) 

Representative examples of photoassisted photooxidations are as fol
lows. 
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382 PHOTOSENSITIVE M E T A L - O R G A N I C SYSTEMS 

0,5 1,0 1,5 
Cutlllx 103M 

0.2 OA 0.6 
Cu(l)x103M 

Figure 3. The Cl2 ~ reciprocal lifetime τ vs. [Cu(II)] at a constant ratio of 
[Cu(II)]:[Cl-] = 1:8 and [Cu(I)J at a constant [Cu(II)] of 1 χ 10~3 

mol/ώη'3. (CuCl was added to keep the ratio of [Cu(II)]:[Cl ] = 1:8.) 
(Reproduced with permission from reference 17. Copyright 1979.) 

dehydrogenation: anaerobic aldehyde formation (25) from aliphatic 
alcohols in the presence of cupric halogeno complexes (discussed later) 

oxidation: phenols are photooxygenated in the presence of dioxygen in 
solutions of CuL complexes, where L is C P , Br~, P , N03"~ (26), or L 
is bpy or phen (27) (discussed later) 

oxidative photodecarboxylation: C 0 2 elimination is observed (28) dur
ing photooxidation of 2-hydroxy acids to α-keto acids in the presence 
of Cu(II) 
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Figure 4. Experimental (top) and computer-simulated (bottom) ESR 
tra of the PBN-Cl spin adduct in acetonitrile (Bruker ER 200D). 
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384 PHOTOSENSITIVE M E T A L - O R G A N I C SYSTEMS 

Anaerobic Systems. The photooxidizing ability of our 
ehloroeopper(II) system in acetonitrile can be exemplified using alcohols 
as organic substrates (25). Alcohols were oxidized to corresponding 
aldehydes (25) with the quantum yield values (for product formation) of 
0.01—0.001 mol/einstein (under anaerobic conditions). The overall reac
tion pathway of the photooxidizing effect of copper complexes on the ali
phatic alcohols in acetonitrile has been suggested (25). With methanol or 
ethanol, methanal or ethanal is formed: 

2[CuCy 2~* + R - C H 2 O H R - C H O + 2[CuCl x _ 1 ] 2 ^ + 2HC1 (3) 

(R is H or CH 3 ) , whereas 2-propanol is converted into acetone: 

2[CuCy 2 -* + ( C H 3 ) 2 C H - O H 

(CH 3 ) 2 C=0 + 2[CuCl J,_ 1] 2-* + 2HC1 (4) 

The formation of aldehydes from 1-propanol or 1-butanol is followed by 
additional formation of their chloro derivatives: 

2[CuCy 2~* + R - C H O R ' - C H O + 2 [ α ι α , - ι 1 2 " * + HC1 (5) 

where R ' is C 2 H 4 C1 or C 3 H 6 C1. 
From the mechanistic point view, it was of interest to study the 

nature of chloro-radical secondary processes and their role in the overall 
mechanism of photooxidation reactions of various organic substrates as 
scavengers. These processes may proceed according to the Noyes 
geminate-pair-scavenging mechanism (29, 30) and were tested for such 
behavior very recently (31—33) in the systems containing organic substrate 
scavengers of different structure and chemical nature (aliphatic alcohol, 
ketone, and carbohydrate). 

The tested Noyes geminate-pair-scavenging mechanism in the system 
under study can be schematized as follows: 

Primary pair formation 

[CuCl 4] 2~ {[CuCl 3 ] 2 - -cr} (6) 

Primary recombination 

{ [ C u C l 3 ] 2 - - c n — • [CuCl 4 ] 2 " (7) 
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19. SYKORA ET AL. Photoredox Reactivity of Cu Complexes 385 

Secondary pair formation 

{ [Cuc i 3 ] 2 - - c r —> [Cuci 3 ] 2 - + c r (8) 

Secondary recombination 

[CuCl 3] 2~ -h C l # —» [CuCl 4 ] 2 " (9) 

Reactive scavenging 

[CuCl 3 ] 2 " + Cl* + Q ^ > [CuCl 3 ] 2 " + products (10) 

When plotting the dependence of ® C n ( Y ) (defined as moles of Cu(I) 
photochemically produced per mole of photons adsorbed) versus the 
square root of scavenger concentration according to the Noyes equation 
( eq l l ) 

- 2 . W ( Π ) 

where a is the diffusion parameter (29) (a = 1.6 χ 10~6 s1/2) and cQ is 
concentration of scavenger, the scavenging rate constant kQ can be 
evaluated from the slopes of equation 11 as given by equation 12: 

b2 

kQ = ~~7~i (12) 

where 

dScu(i) 
( I C Q 1 / 2 ( > 

The values of c s a t (the lowest concentration of c Q for which # C u (^ = 
Φ Π 1 3 Χ ) , 6, and experimentally obtained are summarized in Table I. 

The experimentally obtained linear dependence of the quantum yield 
for Cu(I) formation on the square root of scavenger concentration within 
the range where the scavenging reaction competes with the secondary 
recombination supports the Noyes mechanism. The estimated values for 
scavenging rate constants (32, 33) are in good agreement with those previ
ously reported and obtained by using different experimental methods. 

The typical electronic absorption spectral changes during irradiation 
are shown in Figure 5 (the Cu(II) concentration decrease and the Cu(I) 
concentration increase as a product of photolysis are reflected in the 
appearance of the isosbestic point at 41,670 cm - 1 ) . 
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386 PHOTOSENSITIVE M E T A L - O R G A N I C SYSTEMS 

Table I. Characteristics of the Φ versus c s a t Plots and 
Estimated Rate Constants for Scavenging of Chlorine Radicals 

Scavenger 
°sat 
(M) 

b 
(1(T2 Ml,i) (70 s AT1*-1) Ref. 

Benzene 0.59 2.06 0.13 33 
Ethanol 0.12 8.57 2.3 31 
1-Propanol 0.068 10.9 3.7 31 
Methanol 0.40 11.14 3.86 33 
1-Butanol 0.048 12.4 4.8 31 
1-Octanol 0.048 13.1 5.3 31 
2-Propanol 0.49 16.63 8.60 33 
Acetone 0.54 16.99 8.98 33 

NOTE: In acetonitrile; Xin is 451 nm for benzene, methanol, 2-
propanol, and acetone and 313 nm for the other scavengers. 

40 34 28 22 
*\ix10 3cm"' 

Figure 5. Electronic absorption spectral changes of the system 
Cu(II)-Cl~-butanol (10% v/v)-ACN during irradiation. [Cu(II)]:[Cl~] 
= 1:8; [Cu(II)] = I χ 10~3 mol/dm3; Xirr = 313 nm; and irradiation 
periods of 0—1, 2-25, 3—33, 4—39, and 5-51 min. (Reproduced with per
mission from reference 25. Copyright 1982.) 
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19. SYKORA ET AL. Photoredox Reactivity of Cu Complexes 387 

The yield of oxidation products was strongly dependent on the com
position of the chlorocopper(II) complexes present in the system (25). 
Apparently the reason was in the different photoredox reactivity of indivi
dual kinetically labile chlorocopper(II) species whose concentration distri
bution depends on the molar ratio of C P to Cu(II) in A C N . Thus, con
sidering both kinetic and thermodynamic aspects (Table II) of the redox 
reactivity of individual CuCl^. species [the $QI(T) v a l u e s calculated (34, 35) 
from Φο ,φ o v e r a H (I?) quantum yields and Ey2* (excited-state half-wave 
oxidation potential) (35) from Ey (ground-state half-wave oxidation 
potential) values (36) using a published procedure (37, 38) and known 
spectral characteristics of individual Cu(II) complex particles], we con
cluded that the oxidation driving force decreases with the increasing 
number of chloro ligands in the coordination sphere both in the ground 
and excited states. The same trend is observed also for the photoredox 
efficiency (Φο,™ decrease obtained). 

Finally, i f the OS oxidation depends on the ability of the Cu(II) 
metal center to be photoreduced, this relationship might be of great 
importance in tailoring the most efficient system suitable for photooxida
tion of various organic substrates. 

Table II. Dependence of Oxidation Efficiency 
of Chlorocopper Complexes (CuCl^) 

on Composition of Coordination Sphere 

Complex 
Particle E1/2 (V) E1/2*a (V) *Cu(I) 
C u C l 2 0.418 3.4 0.25 
[ C u C y - 0.342 2.8 0.09 
[CuCl 4 ] 2 - 0.208 2.6 0.05 

^Calculated according to refs. 34, 35, 37, and 38. 
fe3>Cum = φ ί = 0 values at X-m = 471 nm (extrapolated 
t o ^ = 0 ) . -

Aerobic Systems. Alcohols. The rate of Cu(II) photoreduc
tion is also markedly influenced by the content of oxygen in the system 
(Figure 6). Spectrophotometric investigations showed that photoproduced 
Cu(I) is reoxidized by oxygen, and, in fact (Figure 6), the actual rate of 
Cu(II) photoreduction is lowered. This observation, often regarded as a 
drawback in photochemical studies, is of importance in possibly raising the 
yield of oxidation products and led us to the suggestion of a photoassisted 
Cu(II)-Cu(I) redox cycle (14). We were able, indeed, to realize several 
cycles (Figure 7) and to raise the yield of alcohol oxidation products. 
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Figure 6. The influence of oxygen on the photoreduction ofCu(II) to Cu(I) 
in the system Cu(II)-Cr-methanol (10% v/v)-ACN; [Cu(II)]:[Cl~] = 
1:8; [Cu(II)J = 1 χ 10~3 mol/dm3; Xirr = 313 nm (absorbance changes at 
305 and 452 nm); and (1) 15 min bubbled with argon, (2) 60 min closed, 
and (3) 90 min opened to air. 
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< ~ t [ m i n ) 

Figure 7. The influence of oxygen and irradiation on the redox changes in 
the system Cu(Il)-Cl~-ClOf-propanol (15% v/v)-ACN, where 
[Cu(II)]:[Cl-]:[ClOf] = 1:8:4; [Cu(II)] = 1 x 10~3 mol/dm3; \ n = 
313 nm (absorbance changes at 305 nm). 

Primary and secondary alcohols can be converted to the correspond
ing aldehydes or ketones without overoxidation to the carboxylic acids by 
using visible light in the presence of H 2 PtCl 6 , CuCl 2 , and dioxygen (39, 
40). Interestingly, neither C u C l 2 - 0 2 alone nor [P tCl 6 ] 2 ~-0 2 alone pro
duces a catalytic photooxidation of alcohols. The requirement that CuCl 2 

be present is explained (40) in terms of its dual role as an oxidant of 
Pt(III) and a radical trap for RRHCO* radicals. A binuclear (possibly 
chloro-bridged) platinum copper complex is thought to be the active 
catalyst. 

Phenols. Copper complexes are certainly among the most thoroughly 
studied and most versatile redox catalysts, and they are useful, for exam-

Pu
bl

is
he

d 
on

 M
ay

 5
, 1

99
3 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
ba

-1
99

3-
02

38
.c

h0
19
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pie, in the oxidation of organic substrates by molecular oxygen in both 
biological and nonbiological systems. In addition to considerable interest 
in the development of chemical copper model systems mimicking the bio
logical oxygenases, great efforts can be seen also in the development of 
some commercially interesting products obtainable by oxidative coupling 
of phenols catalyzed by copper complexes. 

The oxidation of substituted phenols to quinones by dioxygen in the 
presence of copper complexes as catalysts has been the object of several 
studies. The reagents most extensively employed are morpholine-Cu(II) 
(41) and ammine-Cu(I) (42) complexes, CuCl 2 in pyridine (43), copper 
salts in dimethylformamide (44), Cu(II) nitrate (45), copper halides (46), 
carboxylates, phenoxides (47), sulfate (48), and acetate (49). These 
reagents usually give a mixture of quinones, dimers, and polymers (e.g., 
polyphenylene oxides). 

The influence of various factors (e.g., solvent and experimental condi
tions) and the role of the 4-1 and +2 oxidation states of copper toward 
dioxygen reactivity have been discussed (50). The detailed investigation 
on the reactivity of the copper(O) oxidation state (metallic copper) with 
0 2 in the presence of various organic substrates (e.g., phenol, methanol, 
nitromethane, and benzoic acid) started only recently (51, 52). Various 
types of heterogeneous copper catalysts for the oxidation of phenols like 
C u - A l 2 0 3 , C u - C r 2 0 3 (51), or combination of Cu(0) with catalytic 
amounts of CuCl (53) instead of the homogeneous Cu(II) systems were 
used. The interaction of phenol with oxygen in the presence of metallic 
copper has been indicated (51) to be very similar to that observed in the 
presence of homogeneous Cu(I) and Cu(II) catalysts. 

The majority of such systems have been studied only thermally (in 
the dark), and only in some cases has the effect of light also been esta
blished (54). Similarly, no attention has been paid to the photochemistry 
of phenol oxidations in the presence of copper catalysts. 

In one study (55) p-benzoquinone (pbq) was obtained as a product of 
the liquid-phase oxidation of phenol catalyzed by CuCl 2 in dimethylfor
mamide (DMF), dimethyl sulfoxide (DMSO), 1,4-dioxane, and ethylene 
glycol. By investigating the influence of solvent on the overall conversion 
and selectivity of phenol ( 0 2 at 35 kg/cm2, 50-110 °C), solvents of dipolar 
aprotic character, particularly DMF, were found to be convenient. Copper 
halides in acetonitrile were claimed (56) to be particularly effective for 
pbq production from phenol in good yields, but only at pressures greater 
than 10,100 kPa (100 atm) of dioxygen (57) or elevated temperatures (55). 

In seeking to extend the application of copper complexes (58) as 
catalysts in oxidations of organic substrates (11), we undertook a study of 
a novel route to phenol oxidation by dioxygen as concerns the copper 
catalytic (26) system used: Cu(I), X , phenol, 0 2 , and acetonitrile (typical 
experimental conditions were [Cu(I)] = 1 χ 10~3 mol/dm3, phenol in 
large excess, medium-pressure Hg lamp, and cutoff λ >315 nm). The vari-
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19. SYKORA ET AL. Photoredox Reactivity of Cu Complexes 391 

ous effects on the pbq yield in the system just described (composition of 
the catalytically active copper complexes; presence of various anions as X 
= Cl~ , Br", Γ , N O 3 - ; addition of H 2 0 2 and solvents like H 2 0 , C H 3 O H , 

and CC1 4; and dark reactivity or irradiation with visible light) were also 
reported (59). 

In line with the redox properties of the anions, a decrease of pbq 
yield was observed according to the sequence C P > Br~ > I". The 
increase of oxidation ability in the presence of N 0 3 ~ (higher pbq yield 
found) corresponds well to the known redox potentials in A C N (60). The 
addition of H 2 0 2 (10%) shortens the induction period of the pbq forma
tion and causes a decrease of the pbq yield, as was the case in similar 
copper-pyridine-0 2 systems (61) (ascribed to the effect of peroxide-like 
species formed during oxidation). The presence of other solvents (10% 
v/v) in the ACN-copper system led to the decrease (CC14 had no influ
ence) of pbq yield, probably due to the destructive effect toward the 
catalytically active copper species of particular composition. 

Light enhanced the pbq yield markedly, an effect that is strongly 
dependent on the composition of the system, and there is a possibility of 
useful control and tailoring of copper catalyst properties. The overall 
reaction scheme suggested (Figure 8) is very similar to that of an analo
gous phen and bpy systems (Figure 9) and will be discussed later. 

Although the importance of the presence of chloride in the copper 
catalyst (25, 26) as well as in the chlorination mechanism [via chlorination 
of phenol, which is known to occur in D M F in the absence of oxygen (62)] 
was emphasized, formation of pbq from phenol has also been observed in 

Figure 8. (Photo)transformation of phenol in the presence of chlorocopper 
complexes; \ i r r > 315 nm (F = phenol). 
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PBQ 

cud ) 

Cu(ll) 

Figure 9. Phenol-to- p-benzoquinone (phototransformation in the presence 
of CuL2 complexes; \ i n > 315 nm (F is phenol, Fox is phenoxy radical, 
PBQ is parabenzoquinone, and L is phen or bpy). 

the absence of chloride using, for example, Cu(II) sulfate or bpy or phen 
copper complexes (63—65). 

Continuous irradiation of a mixture of cuprous bpy (or phen) com
plex and phenol in A C N solution in the presence of dioxygen with visible 
light led to the formation of pbq according to equation 14: 

The amount of pbq formed was estimated to be some 10 times higher than 
the corresponding stoichiometric concentration of the Cu(I) catalyst used 
even under dark or photolysis conditions. The enhancement of pbq for
mation (66, 67) under photolysis (with respect to dark conditions) was 
found to be 161% and 214% when using [Cu^py)^* and [Cuiphen)^4" 
complexes, respectively. The mechanism of phenol-to-quinone aerobic 
oxidation catalyzed by Cu(I) bpy and phen complexes involves dioxygen 
activation, phenoxy radical formation, and at least one photochemical step 
(Figure 9). 

The continuous irradiation of the acetonitrile solution of cuprous 
(68, 69) chloro complexes in the presence of o-cresol, m-cresol, />-eresol, 
2,4-dimethylphenol, and 2,5-dimethylphenol led to the very effective (98% 
yield, 98% selectivity, and 100% conversion) phototransformation of 
phenol to monomeric quinones (eq 15): 

(14) 

HO 
R* Δ/hy? 0 2 

C u X - A C N 
m o n o m e r i c 
b e n z o q u i n o n e s 

(15) 

where X is CI and R 1 and R 2 are H or C H 3 . 
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19. SYKORA ET AL. Photoredox Reactivity of Cu Complexes 393 

The overall reaction scheme covers first of all the phenoxy radical 
formation due to Cu(II)-phenol bond breaking [Cu(II) being reduced to 
Cu(I)] followed by interaction of this radical with "activated dioxygen" 
[coming probably from the Cu(I ) -0 2 moiety, as observed in analogous 
cobalt systems (70)] and reoxidation of the Cu(I) metal center by molecu
lar dioxygen, thus closing the cycle. The observed enhancement of 
phenol-to-quinone photooxidation under irradiation (by factor of 4 with 
respect to the dark reaction) is explained by the enhanced rate of Cu(II) 
to Cu(I) photoreduction and at the same time by the photoformation of 
phenoxy radical as a consequence of the photoredox reaction of an excited 
Cu(II)-phenolate complex. The second possible influence of such photo
chemical behavior is expected to be the CI radical formation from CuCl x 

cupric species (pure photochemical step), which, in turn, abstracts the 
hydrogen H atom from a phenol molecule outside the coordination sphere 
and thus leads to the phenoxy radical concentration increase needed for 
increasing quinone production. 

A very elegant quantitative structure-activity relationship (QSAR) 
study (71) of phenol oxidation by singlet oxygen in the model system con
taining rose bengal as sensitizer revealed that the observed second-order 
rate constant of phenol disappearance correlates with the Ey2 and σ-
constant of both the undissociated phenols and the phenolate anion. 
Although electron transfer with 102 is thermodynamically favorable for 
undissociated phenols with electron-donating substituents in aqueous solu
tion, this electron transfer is not likely to be competitive with other 
environmental transformation pathways for undissociated phenols with 
electron-withdrawing substituents. Unfortunately, the estimated QSARs 
were relevant only to note all possible reaction pathways, the so-called 
environmental fate of phenols (i.e., oxidation of phenols by 1 0 2 ) , and the 
actual product formed (e.g., quinones, coupling products, or polymers) was 
not specified. The observed yields and selectivity of substituted quinones 
formed (68, 69) do not correlate with the redox potentials of substituted 
phenols (72). 

The reactivity of phenols toward oxidation governed by a copper 
complex catalyst might therefore be profoundly influenced by steric and 
electronic factors. Moreover, when taking into consideration that there 
exists more than one phenol oxidation mode (e.g., various oxidants), the 
observed failure of redox potential versus yield and selectivity correlations 
is not so surprising. 

Future Prospects 

The role of copper ions (salts and complexes) seems to be quite interest
ing in many processes connected with phototransformation, sometimes 
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decomposition of various organic substrates, and very often pollutants. 
For example, the complete oxidation of phenol using sulfite oxidant was 
observed (73) in the presence of copper sulfate. On the photochemical 
level, the rate of acetic acid (74) and formic acid (75) photooxidation in 
the presence of U V light, with T i 0 2 , and dissolved copper ions as 
catalysts, was considerably enhanced (76, 77) by the copper ions. Due to 
the richness of the photoredox pathways, interest in copper photoreactivity 
will no doubt remain high. In particular, photooxidations based on the 
photoredox reactivity of copper complexes will likely play a very important 
and promising role in nonbiological as well as biological systems. 
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Light-Sensitive Organometallic 
Compounds in Photopolymerization 

Achim Roloff 

Polymer Division, Ciba-Geigy AG Research Center Marly, C H 1701 
Fribourg, Switzerland 

Photopolymerization processes initiated by organometallic com
pounds have found industrial applications recently. Titanium
-and iron-based compounds have been found suitable for the ini
tiation of radical as well as cationic polymerization reactions. 
The basic processes, industrial applications, and the underlying 
photochemistry of these compounds are discussed.

A H E INTERACTION OF LIGHT WITH P O L Y M E R I C MATERIALS was 
regarded as highly undesirable for many years. U V absorbers and light 
stabilizers were put into polymers to stabilize these materials. It has not 
been until fairly recently that the curing of polymers using light has been 
technically considered. Today radiation curing has applications in surface 
coating, lithography, the manufacture of three-dimensional objects, and 
adhesives as well as the manufacture of integrated circuits (I). 

Industrial Applications 

Areas in which photopolymerization is used on a commercial scale today 
are the following: 

• surface coatings 
• printing inks 
• photoresist materials 
• solder mask resists 

0065-2393/93/0238-0399$06.00/0 
© 1993 American Chemical Society 
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400 PHOTOSENSITIVE M E T A L - O R G A N I C SYSTEMS 

• protective coatings of electronic parts 
• adhesives 
• holography 
• stereolithography 
• contact lenses 
• high solid coatings 
• can coatings 
• binders for abrasives 

The principal technique for imagewise photopolymerization as it is used 
with photoresist materials is still irradiation of a polymerizable material 
through a mask. Upon contact with light, the material polymerizes in the 
area not covered by the mask, and in a development step the unpolymer-
ized material can be removed; the result is a relief image (Figure 1). 
These photopolymerization processes can be carried out with polymers 
that are either cationically or radically initiated. The first report of 
anionic photopolymerization has only recently appeared (2). 

A photopolymerization reaction can be achieved by two fundamen
tally different processes. Direct photopolymerization applies to cases in 
which one photon is absorbed per bond formed (5). The other, more effi
cient process is photoinitiated polymerization, which requires the absorp
tion of a photon only for the production of an active initiating species. 
Polymerization reactions occurring via this second process therefore 
require at least two components: a photoinitiator and a polymerizable 
material. Photoinitiators are compounds that, upon interaction with light, 
liberate a radical, a cation, or an anion to start the polymerization reac
tion, which then proceeds thermally. 

Organometallic Photoinitiators 

Organometallics are known to form radicals or cations when interacting 
with light (4, 5). If they absorb the desired wavelength they can be used as 
photoinitiators, provided they meet a number of additional requirements 
(!)• 

1. adequate thermal stability of the compounds as such, as well as their 
mixtures with the polymerizable material 

2. suitable absorption characteristics in the UV—visible region 
3. efficient pathways to yield radicals or cations 

We found (I, 7) organometallic photoinitiators for cationic polymerization 
based on iron arene chemistry (structure 1), and we carried out (1, 24) 
radical polymerization using titanocene compounds (structure 2). 
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Irradiation 

Mask 

Resin 

Support 

Development 

Relief-image 

Figure 1. Relief image prepared by irradiation of a polymerizable material 
through a mash 

1 2 

Iron Arene Compounds. The chemistry and application of the 
cationic iron arene complexes as initiators for cationic polymerization 
were described in a number of papers (6-11) and in Chapter 21 by Hen-
drickson and Palazzotto in this volume. Iron arene complexes were syn
thesized by Nesmeyanov et al. (12), who also studied their photochemistry 
(13). Gi l l and Mann (14) described photochemical ligand-exchange reac
tions, substituting the arene ligand by three monodentate ligands like CO, 
phosphines, or isonitriles. 

The primary photochemical reaction, however is still unclear. Meier 
and Zweifel (10, 11) formulated a Lewis acid as the active intermediate in 
photopolymerization of epoxides. Kutal and co-workers (15) proposed a 
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402 PHOTOSENSITIVE M E T A L - O R G A N I C SYSTEMS 

CpFeO + intermediate (Cp is cyclopentadienyl) on the basis of observa
tions in the gas phase. 

Titanocene Photoinitiators. Titanium(IV) compounds have 
been proposed as photoinitiators for the polymerization of acrylic mono
mers as well as in some cases styrene, ethylene, and vinyl chloride (16—18). 
The photochemistry was investigated for the dimethyl (19) and the 
diphenyl (20-22) derivatives, but these compounds proved to be too 
unstable for technical application (23), in which thermal as well as oxida
tive stability are required. The dimethyl derivative (structure 3) decom
posed in acetic acid and above -30 °C autocatalytically and was oxygen-
sensitive; the diphenyl derivative (structure 4) decomposed in acetic acid 
and above 146 °C and was also oxygen-sensitive. 

Thermal and oxidative stability were greatly increased when a fluori
nated aryl ligand was introduced. Perfluorodiphenyltitanocene (structure 
5) is sufficiently stable thermally (decomposition at 230 °C) as well as 
toward oxygen and acetic acid and was therefore suitable as a photoinitia-
tor for radical photopolymerization (24). 

F 

3 4 5 

Mechanistic Aspects. We wished to have as much knowledge as 
possible about the primary photochemical steps in this initiation process. 
With radical scavenger experiments we wanted to establish the photo
chemical behavior of all three types of titanocene complexes. For the 
dimethyl derivative the literature described the formation of methyl radi
cals (19), and we were able to isolate and identify the scavenger adduct 
(Scheme I). 

For the phenyl derivative Rausch (22) and Brubaker and co-workers 
(20, 21) postulated the formation of benzene and diphenyl (Scheme II). 
We trapped the phenyl radical with tetramethylpiperidine JV-oxide 
(TEMPO). In trapping experiments with TEMPO as a radical scavenger 
we found, surprisingly, that in the perfluorinated compound, the cyclopen
tadienyl and perfluorophenyl ligands were replaced upon irradiation. No 
organic radicals were trapped by TEMPO in this experiment (25) (Scheme 
III). 

The question was now whether this ligand-coupling process was inter-
or intramolecular. To clarify this question, we synthesized two titanium 
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404 PHOTOSENSITIVE M E T A L - O R G A N I C SYSTEMS 

Scheme II. Photochemical behavior of the phenyl derivative of the titano
cene complex. 

Scheme III. Trapping experiment of the perfluorinated phenyl derivative of 
the titanocene complex with TEMPO. 

complexes having similar absorption characteristics and decay rates 
(Scheme IV). A methyl-substituted cyclopentadienyl ligand in the first 
compound and a methoxy substituent on the aryl ligand allowed easy 
detection spectroscopically. As no cross-coupling products were identi
fied, the ligand-coupling reaction was established to be a purely 
intramolecular decay (Scheme V). 
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Laser flash photolysis experiments established that the primary pho
toreaction was purely first order. Therefore, the reaction product and the 
starting material had to be isomers (26). The primary photoisomerization 
is tentatively ascribed to a cyclopentadienyl ring slippage from η5 to a 
lower coordination number, a process that allows coordinative unsatura-
tion (Scheme VI). On the basis of IR spectroscopic information we 
showed that the primary photoproduct reacts with a number of potential 
ligands (26) (Scheme VII). 

Scheme VI. Cyclopentadienyl ring slippage in the titanium complex. 

Photobleaching. The organometallic photoinitiators have two 
unique features. The first is their ability to absorb in the visible range of 
the spectrum. For the titanocene compound the absorption extends up to 
560 nm with pronounced absorption bands in the visible region at 405 and 
480 nm. The second unique feature is the fact that they undergo photo-
bleaching (23). When using conventional photoinitiators of the aromatic 
ketone type, the optical density of the formulation before and after irradi
ation stays more or less the same. When incorporating initiators that 
bleach, the optical density of the formulation containing the photoinitiator 
decreases with increasing exposure time. This phenomenon allows the 
curing of extremely thick coatings. 

In order to study the extent of curing thick layers, we evaluated the 
dependence of the polymerization depth at a constant-volume cross sec
tion on irradiation and photoinitiator concentration. 

An opaque tube sealed with a foil to form a base was filled with a 
formulation containing one part of an epoxyacrylate and one part of 
trimethylolpropane triacrylate (TMPTA) and various concentrations of 
our bis(pentafluorophenyl)titanocene. The tube was covered with a tran
sparent polyester foil and placed in the irradiation unit. The tube axis was 
aligned with the projection axis of a U V lamp, and the upper tube surface 
was positioned at a distance of 75 cm from the lamp. Different exposure 
times were applied. After exposure the tube was removed from the unit 
and set on its hardened end, the base foil was peeled off, and the polymer
ization depth was measured with a calibrated ruler. 
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20. ROLOFF Light-Sensitive Organometallic Compounds 407 

F 

Scheme VIL Reaction of primary photoproduct of titanium complex. X 
is water, methanol, acetone, acetonitrile, nitromethane, 1,4-butanediol 
bisacrylate, molecular oxygen, molecular nitrogen, TEMPO, or carbon 
monoxide. 

Figure 2 shows the dependence of curing depth on irradiation time 
for a series of initiator concentrations. The two main features shown in 
the general behavior of this model system are as follows: 

1. At a constant photoinitiator concentration, the curing depth rapidly 
increases in the beginning and slows down with extended exposure 
times. 

2. At a given length of exposure, the curing depth goes through a max
imum with increasing photoinitiator concentrations. 

The best result that we achieved in our model formulation was a cur
ing depth of 18 mm after 16-min exposure time using a concentration of 
0.18% photoinitiator. The efficiency of the curing process of course also 
depends on the resin formulation and the irradiation source used. 
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16 

Figure 2. The dependence of curing depth on irradiation time for a series 
of titanocene initiator concentrations. 

Laser Direct Imaging 

Since lasers have become important tools in structured curing of photopo-
lymers, maskless structuring such as laser direct imaging has been intro
duced (27). In this process the patterns are directly formed by scanning 
the laser beam over the photoresist layer; this process makes the trouble
some image transfer by masks obsolete. Quick prototyping and fast design 
by link to a computer-aided design and manufacturing ( C A D / C A M ) sys
tem thus have been made possible. The sensitivity of the titanocenes to 
the argon laser emission lines makes them highly promising candidates for 
maskless photostructuring and for holographic experiments (23, 28). 

Summary 

Organometallic photoinitiators allow for the first time the possibility of 
curing thick layers because of their bleaching effect. Furthermore the cur
ing of non-UV-transparent monomer formulations has become possible. 
The absorption bands of the iron-based as well as the titanium-based com
pounds extend into the visible region of the spectrum, and hence they are 
suitable initiators for laser-imaging processes. 
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Photoinitiator Activity, Electrochemistry, 
and Spectroscopy of Cationic 
Organometallic Compounds 

W. A. Hendrickson and M. C. Palazzotto 

Corporate Research Laboratories, 3M Company, St. Paul, M N 55144 

Of particular interest as photoinitiators of cationic polymenzation 
are the (n5-cyclopentadienyl)(n6-arene)iron(+) compounds. In 
an effort to produce compounds with longer wavelength sensitivity, 
we prepared a series of (n6-fluorenyl)(η5-cyclopentadienyl)iron(+) 
compounds along with the corresponding free fluorenyl ligands. 
The iron complexes of these ligands have transitions that are 
much more intense than the parent simple arene derivatives and 
electrochemistry more characteristic of the free ligand A com
parison of the electrochemical and spectroscopic data for metal 
complex and free ligand showed that the electronic transitions in 
the metal complex are intraligand in origin, yet still give rise to 
metal-centered photochemistry. The metal complexes of the 
fluorenyl ligands provide a route to easily prepare variable-
wavelength photoinitiators. 

V ^ A T O N I C O R G A N O M E T A L L I C COMPOUNDS OF M A N Y TYPES are 
efficient photoinitiators of cationic polymerization. The activity of these 
compounds is primarily dependent on the nature of the counterion and to 
a lesser degree on the identity of the ancillary ligands remaining in the 
coordination sphere of the metal. The (^-cyclopentadienyl) (n 6-
arene)iron(+) compounds are attractive for industrial applications 
because of their ease of preparation, efficiency of initiating polymeriza
tion, and visible light sensitivity. One of the most important industrial 
applications is in the solvent and coatings industry. 

0065-2393/93/0238-041l$06.00/0 
© 1993 American Chemical Society 
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412 PHOTOSENSITIVE M E T A L - O R G A N I C SYSTEMS 

Solvents and Coatings 

The coatings industry is a major user of solvents (consuming 33% of an 
estimated 12 billion tons in 1987) (2). Related industries consume an 
additional 15% of the U.S. solvent market. The trend is toward decreas
ing the use of solvent-borne systems (see Figure 1), but solvents still will 
represent a major fraction in the year 2010 (1). 

9 
W e i g h t o f S h i p m e n t s i n 1 0 l b . 

1 0 η 

1 9 8 7 1 9 9 2 1 9 9 7 2 0 1 0 

Year 

ϋ ϋ Solventborne H H Waterborne J i l l Powder 

H Radiation Curable High Solids-Liquid 

Figure 1. Trends in shipments of industrial coatings in the United States. 

Continued use of solvents in the coatings and related industries 
(sealants, printing inks, electronics, and magnetic media) has led to some 
critical energy and environmental concerns. First, solvent-based manufac
turing is energy intensive because of the high energy content of 
petroleum-based solvents and the energy required for processing and sol
vent emission control. Second, lower emission limits for volatile organic 
compounds (VOC) are forcing the coatings industry to invest in expensive 
solvent emissions control equipment with the added cost of disposal of 
recovered solvents. 

In addition to these important economic and environmental issues, 
the coatings and related industries must meet these demands while main
taining or improving product standards. The ideal solution is to convert 
coating processes to 100% reactive systems. This conversion would elim
inate both the energy and emission control requirements of solvent-based 
systems, but this must be done without sacrificing product quality. 

Solventless coatings can be produced in many ways, but the focus of 
the work presented here is to develop methods based on radiation pro-
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21. HENDRICKSON & PALAZZOTTO Cationic Organometallic Compounds 413 

cessing. This work is built around a new series of photocatalysts based on 
cationic organometallic compounds. The photochemical-thermal behav
ior of these catalysts combined with resultant physical properties of the 
cured compositions should make the production of 100% reactive systems 
more likely. 

Description of the Photocatalyst Systems 

For photoinitiated cationic polymerization, the technology that has 
received the most attention in recent years has been based on the onium 
salt systems (diazonium, iodonium, and sulfonium). These onium salts, 
when exposed to light, will decompose to generate both protonic acid and 
free radicals. A general mechanism for iodonium salt photochemistry is 
shown in Scheme I (2). 

[Ph2n χ " [ P h 2 f ] V 

[ P h 2 l V P h - I : + Ph-

P h - ! ! + S - H P h - i ~ H + + S 

P h - I - H * > P h - ! + H + 

Scheme I. General mechanism for onium salt photochemistry. 

The protonic acid generated can be used to initiate the cationic poly
merization of monomers such as epoxies. The counterion X"" plays a role 
in the propagation of the polymerization reaction, and for epoxies, the 
trend for the relative rate of polymerization is B F 4 ~ < PF6"~ < AsF 6 ~ < 
SbF 6~ (J). The free radicals generated in these systems can be used to ini
tiate the free radical polymerization of acrylates, for example. 

Cationic organometallic compounds are capable of generating a 
species that can also initiate cationic polymerization (4). The compounds 
can be selected from a wide variety of complexes (Figure 2), a number of 
which are relatively easy to synthesize and are air-stable. These last two 
factors are important when considering the application of such catalysts to 
industrial processes. The focus of this chapter will be the iron-containing 
compounds. 

Some of the characteristics of the compounds themselves will be 
described along with some of their curing chemistry, with a focus on epoxy 
compositions. A major portion of the chapter will be devoted to describ-
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414 PHOTOSENSITIVE M E T A L - O R G A N I C SYSTEMS 

ing a particular series of iron-containing cationic organometallics and the 
effort expended to modify their absorption properties and understand the 
electronic and electrochemical behavior. 

0 

Figure 2. Cationic organometallic compounds useful as photoinitiators of 
cationic polymerization. 
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Photochemistry of the Catalyst Systems 

In order to appreciate the capabilities of these organometallic-based pho
tocatalysts, it is important to have some understanding of the photochemi
cal reactions involved in the generation of the active catalysts. The action 
of light upon these compounds generates a Lewis acid. No evidence has 
been found for the initial generation of protonic acid. This property dif
ferentiates these compounds from the onium salts described. The Lewis 
acid can be used to initiate cationic polymerization. The Lewis acid is a 
thermally active catalyst. Cationic polymerization is generally slower than 
free radical, but it can continue after irradiation has ceased. 

The two general types of cationic organometallic compounds that are 
active as photoinitiators of cationic polymerization are 

1. arene-ring-only metal complexes 
2. carbonyl-containing metal complexes 

Some discussion of the photochemistry and curing chemistry of a 
representative example of each type of complex will be presented. 

The basic photochemistry of the type 1 compounds can be under
stood by examining the activity of iron(+) (CpFeArene+) upon exposure 
to light. An absorption spectrum characteristic of this compound is shown 
in Figure 3. The spectrum shows the long wavelength and low extinction 
coefficient ligand field absorption bands typical of 3d transition metal 
complexes. 

300 350 400 450 500 
Wavelength (nm) 

Figure 3. Absorption spectrum of a typical cyclopentadienylareneiron 
cationic organometallic compound. 
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416 PHOTOSENSITIVE M E T A L - O R G A N I C SYSTEMS 

Whether the compound is irradiated in the ultraviolet or visible 
region, the first action upon absorption of a photon is loss of the arene 
ligand (Scheme II) (5). This loss generates a coordinatively unsaturated 
metal center with potentially three sites available to bond ligands or reac
tive monomers. This initially generated species still has the cyclopenta
dienyl moiety attached (this fact has been verified by ligand-exchange stu
dies). Subsequent thermal or photochemical steps may generate a free 
F e 2 + species. The actual active Lewis acid may be the CpFe + or the F e 2 + 

species. Free radicals are generated from the photochemistry of these 
compounds, although not very efficiently. The source of the free radicals 
is most likely a product of thermal reactions of the Cp~ moiety. If no 
suitable ligand is present, the intermediates go on to form ferrocene and 
F e 2 + . 

Scheme IL Irradiation of CpFeArene*. 

These CpFeArene4" catalysts can be used to photoinitiate the cure of 
epoxy-containing monomers. The compositions can be made to cure quite 
rapidly in air, and the speed of polymerization can be controlled by the 
identity of the counterion, as the following table shows: 

Counterion Time to Cure (s) 

SbF 6 - 30 
A s F 6 - 45 
P F 6 " 120 
B F 4 " >1800 
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21. HENDRICKSON & PALAZZOTTO Cationic Organometallic Compounds 417 

This order of counterion dependence follows that of the onium salts. 
fj-Cyclopentadienyl)dicarbonyltriphenylphosphineiron(+) is a typical 

example of compounds of type 2. The absorption spectrum of 
CpFe(CO) 2L +PF 6"~ is shown in Figure 4. When this compound is 
exposed to light, it loses a carbonyl (Scheme III). This is the typical reac
tion of a metal carbonyl-containing complex. This process has been veri
fied by infrared studies, because the loss of the carbonyl group is easily 
detected. The coordinatively unsaturated species generated in this step is 
the active Lewis acid. 

This series of carbonyl-containing compounds allows for subtle con
trol of reactivity because of the ease of which ancillary ligands can be 
introduced into the coordination sphere of the metal (Table I). The same 
counterion dependence is seen in these compounds, but there is also a 

300 350 400 450 500 
Wavelength (nm) 

Figure 4. Absorption spectrum of a typical cyclopentadienyldicarbonyliron 
ligand cationic organometallic compound L is triphenylphosphine and X~ 
isPFf. 

C O 

Scheme III Irradiation of CpFe(CO)2L+PFf. 
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418 PHOTOSENSITIVE M E T A L - O R G A N I C SYSTEMS 

Table I. Effect of Counterion and Ligand 
on Epoxy Cure Rate 

for CpFe(CO)2L+ Compounds 

Counterion PPh3 SbPh3 

SbF 6 " 45 <5 
A s F 6 " 45 10 
P F 6 - 240 45 
B F 4 " <3600 <3600 

A l l values are tack-free time in seconds. 

marked dependence on the identity of L, the ligand remaining attached to 
the metal after photolysis. The Lewis acidity at the metal center can be 
tuned by these ancillary ligands. 

The photogenerated thermally active species has been shown to 
activate reactive monomers such as epoxies. In the type 1 arene-only com
plexes, the identity of this species is. not certain. The action of the active 
species in the epoxy case is believed to be as described in Scheme IV. The 
active species activates an epoxy to subsequent nucleophilic attack by 
another epoxy, following a typical acid-catalyzed scheme. The propagation 
efficiency or activity of the catalyst is strongly dependent on the coun
terion, with less coordinating anions being more active. With the same 
counterion, the efficiency in initiating polymerization can be controlled by 
varying the ligands on the metal center (Table I). The two effects can be 
combined, ligand and counterion, to achieve a wide range of activity from 
essentially the same compound (Table I). 

M * X " — M * • Χ" 

Scheme TV. Activation of reactive monomers in photogenerated thermally 
active epoxy species. 
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21. HENDRICKSON & PALAZZOTTO Cationic Organometallic Compounds 419 

The Design and Synthesis of Long-Wavelength-Absorbing 
Cationic Complexes 

The new photocatalysts are active in the U V and visible regions of the 
spectrum, but they do not extend into the visible region, and those that do 
have relatively weak (low extinction coefficients) transitions in the visible 
region. For other potential industrial uses, such as imaging applications, 
it would be useful to have greater flexibility in tuning a compound's spec
tral response and absorptivity. Specifically, it would be useful to have 
compounds with high extinction coefficients at long wavelengths. 

For the purpose of studying compounds that are highly absorbing at 
long wavelengths, the series represented by structures I and II, where R is 
a phenyl or substituted phenyl group, were prepared. They were examined 
by spectroscopic and electrochemical techniques. This information will be 
used to design compounds of the desired absorption characteristics. 

I II 

The purpose of preparing series II was to examine the effect of 
changes in the absorption maximum and absorptivity on the photochemi
cal activity of these compounds. The series of free ligands I was prepared 
to help understand the spectroscopy and electrochemistry for series II. 

Spectroscopic and electrochemical techniques can be combined to 
yield information about the energy levels in a related series of compounds 
(6). The basis for the relationship between the electrochemistry and 
absorption spectrum of a compound can be understood when Figure 5 is 
examined. The values for the lowest unoccupied molecular orbital 
(LUMO) and highest occupied molecular orbital (HOMO) are related to 
£ r e d , reduction potential, and Εοχ9 oxidation potential. Their difference is 
related to Ehu> the energy of the optical transition, by the simple expres
sion 

£hu = Eox - Ered + COnSt (1) 

where the terms are as just defined and const contains terms to account 
for the reorganization energy upon addition or removal of an electron. 
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-1 

L U M O / E . . , t 

hv 

-1 

HOMO - j - j j ' Î . _ j 

Figure 5. Equivalence of redox properties and the absorption process. 

This type of correlation has been used extensively in the area of silver-film 
sensitization to select the best dye to use in a particular spectral region 
(7). Studies have investigated this relationship in organic (8) and inor
ganic (9) systems. We felt that such a study of series I and II would lead 
to a better understanding and would develop a predictive ability of the 
photochemical activity of II. 

Experimental Details 

Absorption Measurements. Absorption spectra were obtained from 
spectral grade acetonitrile solutions using a Perkin-Elmer model 330 UV-visible 
or an HP 8452A diode array spectrometer. Measurements of the iron compounds 
were done under subdued lights to eliminate any photochemical bleaching in 
solution. 

Thin-Fi lm Curing Studies. Cure times were measured on thin-film 
coatings. The compositions consisted of a 1:1 (w/w) vinylcyclohexene dioxide and 
3,4-epoxycyclohexanemethylenecarboxylate-3,4-epoxycyclohexane. The coating 
compositions were prepared under red safelights. A solution containing 1% pho
tocatalyst was prepared by weighing out the desired amount of photocatalyst, 
adding acetonitrile to dissolve it completely, and then adding the mixture of the 
epoxies. Coatings were made onto 3-mil polyvinylidene subbed polyester using a 
No. 3 coating rod from R.D. Associates. The samples were then exposed at 10 cm 
to a 275-W lamp from General Electric. The time to produce a nontacky surface 
was recorded. 

Solution-Curing Studies. Photosensitive solutions were prepared as 
1% by weight photocatalyst in cyclohexene oxide. For each of these solutions, a 
3-mL aliquot was placed in a Pyrex test tube 5 cm from a 300-W quartz halogen 
source and irradiated for 5 min. After irradiation, the solution was quenched in 
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21. HENDRICKSON & PALAZZOTTO Cationic Organometallic Compounds 421 

methanol, and this quenching precipitated any polymer formed. The isolated 
polymer was dried in a vacuum oven. The percent conversion was calculated 
from the yield of isolated polymer. Three such runs were made for each solution. 
For irradiation at 440 nm or greater, a 440-nm cutoff filter was used. 

Preparation of Cationic Organometallics for Curing Studies. 
The compounds used in the curing studies were prepared as described in U.S. 
Patent No. 5,089,536. 

Preparation of 9-Substituted Fluorenyl Compounds. Stoichio
metric amounts of the aldehyde and fluorene were refluxed in ethanol or 
ethanol-water in the presence of a catalytic amount of potassium hydroxide. The 
desired product precipitated from solution and often did not require further 
purification. The compounds could be recrystallized from methylene chloride-
heptane as desired. Yields were typically in the 50-90% range. The compounds 
were identified by melting point, N M R and IR spectra, and elemental analysis. 

Preparation of 0?6-9'-Substituted Fluorenyl) (rç5-eyclopenta-
dienyl) iron (+) I Iexafhi oro phosphate Compounds. Stoichiometric 
amounts of the (rç6-fluorenyl)(i?5-eyclopentadienyl)iron(+) hexafluorophosphate 
and the aldehyde were stirred overnight at room temperature in ethanol-water 
(75:25 mL) under nitrogen in the presence of a catalytic amount of potassium 
hydroxide. Upon completion of the reaction, a green product was present. This 
product could be eliminated by the addition of aqueous hydrogen hexafluoro
phosphate. The product could be filtered off and purified by recrystallization 
from acetone-ether or acetonitrile-ether. Yields were typically in the 50-75% 
range, and all compounds were characterized by melting point, N M R and IR 
spectra, and elemental analysis. For spectroscopic and electrochemical studies, 
the compounds were further purified by chromatography on silica gel. 

Electrochemical Measurements. Electrochemical measurements were 
made with a Princeton Applied Research model 177/178 programmer, a model 
179 potentiostat-galvanostat, and a Houston Instruments model 2000 x-y 
recorder. The cell was of the standard three-electrode configuration. The work
ing electrode was a platinum wire 3 mm in diameter epoxied into the end of a 
glass capillary, the auxiliary electrode was a large platinum wire encircling the 
working electrode, and the reference electrode was 0.01 M AgN0 3— 
acetonitrile—Ag wire in a ceramic frit electrode from Sargent Welch. Ferrocene 
was used as an internal standard and appeared at +0.09 V versus this reference 
electrode. The working electrode was polished manually with 3- then 0.5-μπι 
alumina before each scan. This polishing is especially important for the oxidation 
scans, which tend to leave a deposit on the electrode surface that distorts subse
quent scans. 

The supporting electrolyte was tetraethylammonium hexafluorophosphate 
from Southwest Analytical that had been dried thoroughly before use. Solvent 
was acetonitrile from M C B OmniSolv. Solvent was transferred under argon, and 
the cell was purged with argon before and during the measurements. This pro
cedure produced an operating window of 4.5 V . 
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Results and Discussion 

The series I compounds that were prepared are described and their 
absorption maxima (A m a x ) and extinction coefficients (e) are listed in 
Table II. The compounds all have relatively strong absorptions and 
extinction coefficients of 104 in the U V and visible portion of the spec
trum. A l l of the compounds are electroactive; the position of EQX is 
strongly dependent on the nature of R and the value of E r e d is less so. 

Table II. Absorption Spectra of the Free Ligands and Metal Complexes 

Compound No. Phenyl Substituent Free Ligand Metal Complex 

1 4-nitro 354 (14.0) 338 (13.8) 
2 4-cyano 333 (16.5) 325 (14.5) 
3 4-chloro 330 (16.1) 328 (13.7) 
4 3-nitro 322 (14.8) 316 (12.7) 
5 3-chloro 324 (14.1) 316 (13.7) 
6 - H 324 (14.5) 323 (13.4) 
7 4-methyl 332 (16.6) 345 (14.1) 
8 4-methoxy 344 (18.2) 368 (17.4) 
9 3,4-dimethoxy 354 (17.4) 379 (17.0) 
10 2.4-dimethoxy 353 (17.8) 378 (18.3) 
11 2,3,4-trimethoxy 343 (12.9) 368 (14.0) 
12 2,4,5-trimethoxy 375 (12.6) 402 (14.2) 
13 4-dimethylamino 401 (23.6) 440 (21.5) 
14 4-diethylamino 414 (28.6) 457 (25.7) 

NOTE: Al l values for free ligands and metal complexes are X m a x in 
nanometers, and the numbers in parentheses are β χ 10~3. 

The shift to longer wavelength (lower energy) as R becomes more 
electron-donating can be understood when the molecular orbital calcula
tion performed on this type of compound is examined (10). The calcula
tions show that the excited states of compounds of type I have increased 
electron density on the fluorene portion of the molecule (Scheme V). 
This increased electron density indicates that the optical transition has 
charge-transfer character, from R to the fluorene portion of the molecule. 
As R becomes more electron-donating, this transfer becomes more facile, 
lowering the energy of the transition. 

The electrochemistry of a series of type I compounds with electron-
withdrawing groups was examined previously (11), and a correlation made 
between £ r e d and the Hammett sigma constants. Neither oxidation poten
tials nor absorption spectra were reported. A reasonably good correlation 
(r = 0.976) exists between Eh and Ε - £ r e d , as can be seen in Figure 6. 
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21. HENDRICKSON & PALAZZOTTO Cationic Organometallic Compounds 423 

Scheme V. Increased electron density of the fluorene portion of the 
molecule. 

2.8 1 1 • 1 « • 1 

2.5 2.8 3.0 3.3 3.5 

EL Free Ligand hp 9 

Figure 6. The correlation for the free ligand of the energy of the absorption 
maximum vs. E ^ - Eyed. The + indicates the 3-nitrophenyl derivative. 

The absorption maxima and extinction coefficients for the com
pounds of type II are listed in Table II. The absorption spectra of these 
compounds are characterized by relatively intense transitions (extinction 
coefficients ~ 1 0 4 ) in the U V and visible regions. (This feature compares 
to the relatively weak transitions, extinction coefficients ~ 1 0 2 , for the η6~ 
arene compounds). These transitions are, for the most part, red-shifted 
with respect to the corresponding free ligand absorption, and their posi
tion depends on the nature of R. A l l of the compounds are electroactive; 
the value of EQX is strongly dependent on the nature of R, and Erea is gen
erally less so. As with the type I compounds, a correlation between Ehu 

and EQX - Ered was made and is shown in Figure 7. Two lines are present, 
with a reasonably good correlation for electron-donating substituents (r = 
0.975) and a much poored correlation for electron-withdrawing substi
tuents (r = 0.642). 
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424 PHOTOSENSITIVE M E T A L - O R G A N I C SYSTEMS 

The electrochemistry and spectroscopy of compounds related to 
series II were investigated in some detail (12). The arene ligand in these 
studies has generally been a benzene ring with simple alkyl group substitu
tion. The lowest energy absorptions in these compounds are weak (extinc
tion coefficient ~100) and have been attributed to metal-centered d-d 
transitions (12b). The observed electrochemical activity has been assigned 
to reversible reduction at the metal center, and the oxidation of these 
compounds has not been reported except to say that they are difficult to 
oxidize (12c, 12d). 

The optical transitions and electrochemical behavior of the rç6-arene 
complexes can be understood from the simple molecular orbital diagram 
presented in Figure 8 (13). Figure 8 shows the highest occupied and 
lowest unoccupied orbitals associated with the metal center and the ligand. 

* 
L 

M LUMO 

_|_|_ M HOMO 

4f L 

Figure 8. Simple molecular orbital representation for arene metal com
plexes. 
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21. HENDRICKSON & PALAZZOTTO Cationic Organometallic Compounds 425 

The lowest energy transitions are between the metal orbitals with the 
metal-to-ligand charge-transfer transition being the next higher energy 
transition. The reduction behavior of these compounds can be understood 
as adding an electron to the lowest unoccupied metal-centered orbital. 

Some major differences are seen between data for typical arene metal 
complexes and the related values for series II. The most obvious differ
ence is in the optical spectrum. The simple arene complexes are charac
terized by relatively weak transitions whose position is not very dependent 
on the identity of the arene. The complexes of series II have intense tran
sitions whose position is strongly dependent on the arene. The electro
chemical behavior also shows major differences. The simple arene com
plexes exhibit reversible reduction and are quite difficult to oxidize, but 
series II shows irreversible reduction behavior and are reasonably easy to 
oxidize. This difference suggests that the energy levels in II are not ade
quately described by the orbital ordering in Figure 8. 

An indication of the origin of the electrochemical and spectroscopic 
behavior of II can be obtained from a closer examination of the data 
presented in Table II. The absorptions for the metal complexes follow 
closely the pattern for the free ligand, only slightly red-shifted. The 
extinction coefficients for the related metal complex and free ligand are 
almost identical. This feature implies that the ligand orbitals play some 
role in the optical transitions of the metal complex and should be involved 
with their electrochemical behavior as well. 

For both I and II a correlation exists between their electrochemical 
activity and absorption behavior. If the ligands play some role in the opti
cal transitions of the metal complex, then there should be some relation
ship between the electrochemistry of the free ligand and that of the 
corresponding metal complex (14). 

If a plot is made of Ered ligand versus 2? R E D metal (Figure 9) , a rea
sonably good correlation is obtained (r = 0.995). This correlation sug
gests that the reduction of the metal complex is really an addition of an 
electron to an orbital of mainly ligand character. 

If a plot is made of EQX ligand versus EQX metal (Figure 10), the 
interpretation of the correlation is not as straightforward. A good correla
tion (r = 0.996) with straight-line behavior is seen for those compounds 
with electron-donating substituents. The compounds with electron-
withdrawing substituents do not follow the behavior of the other com
pounds and level off at some upper limit. For the electron-donating sub
stituents, the straight-line correlation suggests that oxidation in these com
pounds is from a mainly ligand-centered orbital. 

If a plot is made of Ehj/ ligand versus Ehy metal (Figure 11), two 
groups of compounds are found. Straight-line correlations are seen for 
the compounds with electron-donating and electron-withdrawing substi
tuents. The correlation is good (r = 0.998) for compounds with electron-

Pu
bl

is
he

d 
on

 M
ay

 5
, 1

99
3 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
ba

-1
99

3-
02

38
.c

h0
21



426 PHOTOSENSITIVE M E T A L - O R G A N I C SYSTEMS 

XI 
ο 

Œ .2.0 ' 1 ' 1 1 1 1 1 

-2.4 -2.2 -2.0 -1.8 -1.6 -1.4 -1.2 -1.0 

Reduction Potential Free Ligand 

Figure 9. The correlation of the reduction potential of the free ligand vs. 
the metal complex. The + indicates the 3-nitrophenyl derivative. 

donating substituents and comparable (r = 0.956) for electron-
withdrawing substituents. 

If a plot is made of EQX - £ r e d ligand versus EQX - Ered metal (Figure 
12), again two different correlations are found for the two types of substi
tuents. The correlation is good for electron-donating (r = 0.990) but poor 
for electron-withdrawing (r = 0.883) substituents. 

The electrochemical and spectroscopic data for the compounds of 
series II with electron-donating substituents suggests a new orbital order
ing for these compounds (Figure 13). The electrochemical data suggest 
that the L U M O and H O M O are composed of predominately ligand-
centered orbitals. 
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Figure 11. The correlation of the absorption maximum of the free ligand 
vs. the metal complex 

3.5 

~*~ Electron Donating 

+ Electron Withdrawing 

2.5 2.7 2.9 3.1 3.3 

Eox " Ered F r e e U9*nd 
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Figure 12. The correlation of Εοχ - Bredfor the free ligand vs. the metal 
complex 

4f 
4f 

M 

* 

L 

L 

M 

LUMO 

HOMO 

Figure 13. Simple molecular orbital representation of complexes with 
electron-donating substituents. 
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For compounds with electron-withdrawing substituents, the highest 
filled ligand orbital has moved beneath the highest filled metal-centered 
orbital. An ordering such as this would also explain the leveling off of the 
oxidation potentials of the metal complexes seen in Figure 10. As the 
ligand-based orbital moves lower in energy due to electron-withdrawing 
substituents, it moves lower than the metal-centered orbital. Oxidation 
now takes an electron out of a metal-centered orbital. This metal-
centered orbital is relatively unaffected by changes in the ligand, and its 
position remains constant. Further lowering of the ligand-centered orbital 
makes no change in this level, so that the oxidation potential of the com
plex changes very little. The molecular orbital ordering in these com
pounds has been changed to something approximated by Figure 14. 

M* 

L LUMO 

1 Ι M HOMO 

4f L 

Figure 14. Simple molecular orbital representation of complexes with 
electron-withdrawing substituents. 

The origin of the red shift for the series II relative to I can now be 
understood. The transition in II is mainly intraligand in character, so the 
electron density shift in the excited state can still be roughly described by 
Scheme V. Attaching the positive metal center to the fluorene portion of 
the molecule increases its electron-accepting ability. This increased ability 
will facilitate the transfer of electron density as per Scheme V, and thereby 
lower (red-shift) the energy of the transition. 

Conclusion 

The result of this study indicates that the most intense absorption in the 
metal complexes II is due to an intraligand transition for electron-
donating substituents and M L C T for electron-withdrawing substituents. 
This finding is compared to the usual weak d—d absorptions found in this 
type of compound. Compounds II are known to photodissociate at least 
one ligand efficiently because they are active photoinitiators of cationic 
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21. HENDRICKSON & PALAZZOTTO Cationic Organometallic Compounds 429 

polymerization. In this case, intraligand or charge-transfer excitation 
readily produces metal-centered substitution. 

That these compounds function as active photoinitiators of cationic 
polymerization can be seen in Table III. The series based on the η6-
fluorene compounds are very efficient initiators, more active than sensi
tized sulfonium salts in the near-UV and visible ranges. 

Table III. Comparison of Photoinitiator Activity 
in Epoxy Polymerization 

Photoinitiator No Filter 440-nm Filter 

15 14 

11 13 

1 <1 

NOTE: Al l values are yield of isolated polymer in percent. 
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reactions induced by photooxidation of 
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Back electron transfer 
retarded to improve photoreduction 
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Ru(II) diimine sensitizers, 108-112 
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synthesis, 365 
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by copper-catalyzed photobicycliza
tion, 326, 328, 329 
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complexes, 153 
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Ν,Ν'-Bis(3-propanoic acid)-4,4'-bipyridinium, 
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metal-organic photochemistry, 153-159 
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reactivities, 252, 254 
AF-ie/i-Butyl-a-phenylnitrone, 

spin-trap, 379 

C 

Cadmium benzenethiolate clusters, optical 
and electrochemical properties, 
236-239 

Cadmium sulfide stabilized by different 
host media, 262—271 

Carbon-centered radicals, reactions with 
coordination complexes, 97 

Carbon dioxide, photocatalyzed 
methanation, 70 

Carbon monoxide, homogeneous catalysis, 29 
Carbonyl dissociation, mononuclear metal 

carbonyls, 15 
Carbonyl loss, as primary photoprocess, 

mononuclear metal carbonyls, 46 
Carbonyl substitution chemistry of 

surface-confined derivatives of 
(r^-C 5H 5)Mn(CO) 3 , 45-63 

Carbonylation of alkanes, 
rhenium-catalyzed terminal, 318 

Carbonylation of metal-alkyl bonds, 
reactive intermediates, 27-42 

Carboxymethylamylose polymers to stabilize 
semiconductor particles, 263 

Catalytic anaerobic photochemical 
oxidation of cyclooctane and 
tetrahydrofuran, 253* 

Catalytic conversion of organic and 
inorganic substrates, role of 
coordination compounds, 370 

Catalytic cycles, photochemically derived 
reduction of nitrate to ammonia, 192 

Catalytic modification of hydrocarbons, 
246 

Catalytic oxidation 
organic substrates, 138 
R e C l 6

2 - studied by 
spectroelectrochemistry, 136—138 
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Catalytic photochemical dehalogenation of 
halocarbons, 250 

Catalytic photochemical oxidation of 
organic materials by polyoxometalates, 
245 

Catalyzed photolysis 
category of photochemical reaction, 

315-318 
distinguished from photogenerated 

catalysis, 22 
examples, 19—22 
mechanism, 6 

Cationic organometallic compounds, 
photoinitiators of cationic 
polymerization, 411-429 

Cationic polymerization, organometallic 
photoinitiators, 400 

Chain processes initiated by photochemical 
electron transfer, 337 

Charge-separation efficiency 
photoreduction of vicinal 

dibromides, 115 
Ru(II) diimine sensitizers, 111 

Charge-transfer complexes formed by Zn and 
Cd benzenethiolate clusters, 238 

Charge-transfer excited states in 
coordination compounds, 9 

Charge-transfer-to-solvent (CTTS) excited 
state in coordination compounds, 9 

Chemical modification 
lysine residues of enzyme, 202/ 
proteins with redox relay components, 

electrically wired enzymes, 200-206 
Chemical oxidation, metal carbynes, 

338-340 
Chlorine evolution, catalyzed by ReCl 6

2 ~, 
135 

Chlorocopper complexes 
composition related to yield of 

oxidation products, 387 
in acetonitrile, photocatalytic system, 

379 
Chromium carbyne complex, chemical 

oxidation, 338, 339 
Clusters, inorganic anionic, optical and 

electrochemical properties, 233-239 
Coatings, major use of solvents, 412 
Cobalt—stilbenecarboxylate complexes, 

photoredox reactions in microhetero
geneous and homogeneous media, 
272-277 

Complex formation, CuCl and NBD in 
ethanol, 23/ 

Conduction band, energetic position and 
electron trapping, 234 

Confined semiconductor microcrystallites 
as photooxidants for fragmentable 
amines, 262-271 

Coordination compounds 
copper, types of redox reactions, 378 
excited state properties, 8-12 
light-sensitive, induced photocatalysis, 

351-372 
reactions with carbon-centered radicals, 

97 
Coordination sphere, chlorocopper 

complexes, composition related to 
oxidation efficiency, 387 

Copper-ammine complex, formation and 
decay, 88 

Copper—carbon bonds, formation and 
dissociation, 88—100 

Copper-catalyzed 2ττ + 2τ 
photocycloadditions, synthetic 
applications, 322 

Copper-catalyzed photobicyclization 
diallyl ethers, 322, 324 
N,iV-diallylcarbamates, 323, 325 
hydroxy-1, 6-heptadienes, 326, 327, 328 
myrcene, 326, 327 
various allyl dienyl ethers, 322, 324 

Copper-catalyzed photodimerization, allyl 
alcohol, 322, 324 

Copper-catalyzed photopolymerization, 
THF, 322, 323 

Copper complexes 
catalysts for photooxidation of phenols 

in aerobic systems, 389-393 
involved in DNA-binding interactions, 

luminescence probes, 211—229 
photoredox reactivity, 377—394 

Copper coordination compounds, essential 
for photooxidation of organic 
substrates, 380 

Copper-olefin complexes, photochemistry, 
97 

Copper phenanthrolines 
binding to DNA, 217 
luminescence methods, 219—224 

Copper porphyrins, electron structure and 
luminescence properties, 225 

Copper-promoted photoactivation of C - O 
bonds, 322-323 

Counterion, effect on epoxy cure rate for 
cyclopentadienyliron complexes, 418* 

Cresols, photooxidation, 293-296 
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Cuprodiradical formed in 
photoisomerization of 
cw,cw-cyclooctadiene-Cu complex, 100 

Cuprous chloro complexes, continuous 
irradiation, 392 

Curing, epoxy-containing monomers by 
CpFeArene catalysts, 416-418 

Curing depth, dependence on irradiation 
time for series of titanocene 
initiator concentrations, 408 

Cyclic organic substrates, oxidation by 
tert-butoxy radical and excited 
state of decatungstate, 252, 254 

Cyclic voltammetry 
dehalogenation of Ru-halopyridine 

complexes, 123-124 
irradiated gold-cyclopen tadienyl-

manganese complexes, 60-62 
W 2Cl 4(dppm) 2, 156-158 

Cyclization of alkynes, photocatalysis, 
356- 365 

Cyclobutylcarbynes, photolysis, 346, 347 
Cyclooctane, simultaneous photooxidation, 

253, 256 
Cyclopentadienyl ring slippage in the 

titanium complex, 406/ 
Cyclopentadienylareneiron, irradiation and 

photoinitiation of curing, 415-418 
Cyclopentadienyliron complexes 

decarbonylation, 30 
photodecarbonylation, 37-41 
visible-light irradiation, 16 

Cyclopentadienylmanganese derivatives, 
photochemistry, 45-63 

Cyclopentadienylmolybdenum complexes 
photolysis, 340, 341 
reaction with oxidants, 338, 339 

Cyclopentenones, formation from 
substituted cyclopropylcarbyne 
complexes, 346 

2-Cyclopenten-l-ones, synthesis, 331 
Çyclopropylcarbynes, photolysis, 345-348 
Cyclotrimerization of acetylene induced by 

photochemically generated 
electron-rich metallofragments, 
357- 359, 364 

D 

d 4 bimetallic systems, photoredox 
chemistry, 147-160 

Decarbonylation, metal-acetyls, 
mechanism, 30 

Decatungstate, catalytic photochemical 
hydrocarbon functionalization and 
photomicrolithography, 243-257 

Decay transient, polymer-bound 
bipyridinium radical cation, 199/ 200 

Decomposition, 2-fluorophenol, 296—298 
Degradation 

cresols, 293-296 
phenol, 291 

Dehalogenation 
catalytic photochemical, hydrocarbons, 

250 
rate assessed with cyclic voltammetry, 

123-124 
Dehydrogenation in presence of copper 

complexes, 381 
Detoxification processes, possibilities 

for photooxidation, 282 
Diallyl ethers, copper-catalyzed 

photobicyclization, 322, 324-325 
Λί,ΛΓ-DialIyIcarbamates, copper-catalyzed 

photobicyclization, 323, 325 
Dibromides, vicinal, photoreduction, 

114-122 
1,2-Dibromo-l ,2-diphenylethane, 

photoreduction, 114-122 
α,/7-Dibromoethylbenzene, photo

reduction, 114—122 
1,2-Dichloroethane, photochemical reduction, 

151 
Difference spectra, flash photolysis of Pt 

mixed-ligand complex, 361 
Diffuse reflectance FTIR spectra, 

ruthenium-carbonyl-silane complexes, 
77/ 

Difluorophenols, photooxidation, 298-299 
Dihalocarbons, photoreduction, 152 
Dimethylcyclopropylcarbyne, 

photooxidation, 345, 346 
Dimolybdenum dialkyl and diaryl 

phosphates, photoactivation chemistry 
of organic reactants, 150 

Dinuclear metal carbonyls, photolysis, 17 
Dioctyl sodium sulfosuccinate, structure 

and reversed micelles, 263 
Diols, metal-catalyzed oxidative cleavage, 

320-321 
Dioxygen, oxidation of substituted phenols 

to quinones, 390 
Diradical nature, binuclear d 7 and d 8 

intermediates, 149 
Disproportionation mechanism, 

W 2Cl 4(dppm) 2, 156 
Dissociation, Cu—C bonds, 88 
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D N A 
in ordinary Β conformation, 214/ 
interactions with porphyrins, 224 
local structure defined by two 

successive base pairs, 215/ 
structural components, 212/ 

DNA-binding interactions 
involving Cu complexes, luminescence 

probes, 211-229 
types and mechanisms, 216-219 

Dodecacarbonylruthenium 
flash photolysis, 32-33 
physisorption onto porous glass, 75 

Ε 

Edge-sharing bioctahedron, intermediate 
responsible for nonluminescent 
transient spectra, 155 

Electrically wired enzymes by chemical 
modification of proteins with redox 
relay components, 200-206 

Electrochemistry 
cadmium benzenethiolate clusters, 237 
cationic organometallic compounds, 

411-429 
W 2Cl 4(dppm) 2, 156-158 
zinc benzenethiolate clusters, 237 

Electrolysis, ReQ 6

2 ~ catalyzed oxidation 
of Cl~ to C l 2 , 136 

Electron acceptors, reduction by 
photogenerated [Pd(CNMe) 3 ] , + radicals, 
169 

Electron carriers coupled to enzymes, 
186-187 

Electron donors 
EDTA, in photoreduction of nitrate in 

immobilized assembly, 194 
fragmentable, photooxidation by 

semiconductor microcrystallites, 267 
oxidized by palladium complex radicals, 

ferrocenes, 170-175 
Electron-hole pairs 

generated by band-gap excitation, 234 
generated by illuminated semiconductor 

particles, 286 
Electron paramagnetic resonance spectrum, 

spin adduct of ligand radical 
generated by photolysis of Ni mixed-
ligand complex, 363/ 

Electron-rich metallofragments, 
photogeneration, 356 

Electron spin resonance spectra, PBN*C1 
spin adduct, 383/ 

Electron transfer 
between excited transition metal 

complexes and redox sites in enzymes, 
photoinduced, 185-208 

for photodeposition of Pd and Pt films, 
177 

in photooxidation of organometallic 
complexes, 336 

to and from [Pd(CNMe) 3] e + , 168-175 
to and from photogenerated 

organometallic radicals, 165-182 
Electron-transfer communication, proteins 

coupled to excited species, 200-206 
Electron-transfer dynamics, reduction of 

Ru(II) complex sensitizer, 112 
Electron-transfer rate constants, free 

energy dependence, 113 
Electron trapping, valence and conduction 

bands, 234 
Electronic absorption spectra 

bimetallic halide bridging phosphine 
complexes, 154/ 

derivatives of (r7 S-C 5H 5)Mn(CO) 3 in 
solution, 47-49 

irradiation of butanol in presence of 
copper complex, 386 

oxo-d 1 system, 142,144 
oxo-d 2 system, 140, 141/ 
Pt 2 (CNMe) 6 (BF 4 ) 2 , 176 

Electronic properties, semiconductor 
cluster, 234 

Electronic structure 
copper porphyrins, 225 
d 4 bimetallic systems, 150 
for formation of model cyclopentadienyl 

Mo complex, 343, 344 
metal carbynes, 341—344 

Electronic transitions, octahedral 
coordination compound, 8-9 

Electronically excited binuclear cores, 
photoreactivity, 149 

Eley-Rideal pathway, heterogeneously 
photocatalyzed oxidations, 303 

Emission, excited state of decatungstate, 257 
Emission spectra 

cadmium benzenethiolate clusters, 237 
copper complex bound to DNA, 222/ 
copper porphyrin bound to DNA, 227/ 
zinc benzenethiolate clusters, 237 

1,2-Enediols, photoinduced catalytic 
formation, 354-355 
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INDEX 437 

Energy diagram, metal—oxo and tams-dioxo 
complexes, 134/ 

Energy level diagram, qualitative, 
molecular orbitals and electronic 
transitions in octahedral coordination 
compound, 8/ 

Environmental toxins, photochemical 
transformation, 282 

Enzymes 
coupling to artificial electron 

carriers, 186 
immobilization in artificial 

photosynthetic systems, 193 
Epoxy-containing monomers, curing 

photoinitiated by arene catalysts, 
416-418 

Epoxy polymerization, comparison of 
photoinitiator activity, 429* 

Ethers, various, photobicyclization, 
322, 324-325 

Ethyl iodide versus methyl iodide, 
photochemical reactivity of 
W 2CI 4(dppm) 2, 159 

Ethylene polymerization, intermediates 
formed, 97 

Exciplex formation, DNA-binding studies, 
220-221 

Excited species and redox site in 
proteins, communication, 200-206 

Excited-state chemistry, difference from 
ground-state, 67 

Excited-state lifetimes and subsequent 
thermal processes involving W 1 0 O 3 2

4 ~ , 
243-257 

Excited-state properties of coordination 
compounds and semiconductors, 8—14 

Excited-state reactivity, bimetallic 
halide bridging phosphine complexes, 
155-159 

Excited states 
decatungstate, relative reactivities, 

252, 254 
giving rise to electron transfer, 336 

Excited transition metal complexes, 
reactions with redox sites in enzymes, 
185-208 

F 

Fast-atom bombardment mass spectra, 
W 2Cl 4(dppm) 2, 156 

Ferrocenes, electron donors oxidized by 
palladium complex radicals, 170-175 

Flash illumination, artificial 
photosynthetic system, 198—199 

Flash photochemical techniques, general 
discussion, 83-87 

Flash photolysis 
apparatus for sequential, two-color, 

double-pulse experiments, 94/ 
copper complexes, U V spectra of 

transients, 90-95 
CpFe(CO) 2(COCH 3), 37-41 
limitations in study of photosensitive 

metal-organic systems, 100 
mixed-ligand complexes of Pd and Pt, 360 
organometallic species, 28 
P c y C N M e ^ P F ^ , 168 
pentacarbonyl(acetyl)manganese, 35 
pentacarbonyl(methyl)manganese, 33 
picosecond laser, decatungstate systems, 

254, 255, 257 
Ru 3 (CO) 1 2 , 32-33 
ruthenium bipyridine complex, 114-118 
titanocene photoinitiators, 406 

Flat substrates, photochemical patterning, 
60-63 

Fluorescence spectra, oxo—d1 system, 
142, 144 

Fluorophenols, photooxidation, 296-302 
Fragmentable electron donors, 

photooxidation by semiconductor 
microcrystallites, 267 

Free energy dependence, electron-transfer 
rate constants, 113 

Functionalization of alkanes by 
polyoxometalates, 248 

Functionalized redox copolymer, synthesis, 
195/ 

G 

Glasses, porous, morphology, 68 
Glutathione reductase, incorporated in 

electrically active copolymer, 200-206 
Gold-cyclopentadienylmanganese complexes, 

photochemistry of modified surfaces, 
57-60 

Gold surface, modification with thiol, 53 
(±)-Grandisol, total synthesis, 327, 329 
Ground-state reduction potential, effect 

on overall quantum yield, 114 
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438 PHOTOSENSITIVE M E T A L - O R G A N I C SYSTEMS 

H 

Hairpin loop, RNA, 213/ 
Halocarbons, catalytic photochemical 

dehalogenation, 250 
Halogen-atom abstraction, reactions 

induced by photooxidation of metal 
complexes, 336 

Heterocyclic aldehydes, formation of 
1,2-enediols, 354-355 

Heterogeneous photocatalysis, significance 
in photooxidations, 283 

Heterogeneous photocatalyzed oxidation of 
phenol, cresols, and fluorophenols in T i 0 2 

aqueous suspensions, 281-309 
Hexacarbonyltungsten, photocatalytic 

behavior physisorbed on porous glass, 
70 

High-energy reactive intermediate formed 
by flash photolysis, 28-29 

Homogeneous media compared to 
microheterogeneous media, photoredox 
reactions of stilbenecarboxylate-Co 
complexes, 272-277 

Homogeneous metal-catalyzed photochem
istry in organic synthesis, 315-332 

Homogeneous photocatalysis induced by 
transition metal complexes and 
organometallic compounds, 352-356 

Hydrocarbons, catalytic modification, 246 
Hydrogen source, photolyses on partially 

deuterated PVG, 73 
Hydroxy-1,6-heptadienes, copper-catalyzed 

photobicyclization, 326, 327, 328 
Hydroxy radical, major oxidizing species 

in photooxidation of organic 
compounds, 285-289, 306 

ex»-2-Hydroxyl photobicyclization 
product, preferential generation, 
326, 328 

I 

Illuminated semiconductor particle, 
photochemistry, 13-14 

Illumination time related to N 0 2 and N H 4 

formation, photosystem, 190-191 
Immobilization of enzymes in artificial 

photosynthetic systems, 193 
Industrial applications of photo

polymerization, 399 
Industrial coatings, trends in shipments, 

412/ 

Inner-sphere reductants, M L C T complexes 
bound to substrate, 122-127 

Inorganic anionic clusters, optical and 
electrochemical properties, 233-239 

Inorganic reactivity, photooxidation of 
metal carbynes, 340 

Intermediates 
binuclear d 7 and d 8, diradical nature, 

149 
generated on porous glass versus 

solution, 68 
high-energy reactive, formed by flash 

photolysis, 28-29 
in ethylene polymerization, 97 
in photooxidation of phenols, 298 
reactive, carbonylation of metal—alkyl 

bonds, 27-42 
responsible for nonluminescent transient 

spectra, edge-sharing bioctahedron, 
155 

Intermolecular electron transfer, 
photoenhancement, 12 

Intraligand excited states, in 
coordination compounds, 9 

Intramolecular dehalogenation, MLCT 
complexes as sensitizers, 122—127 

Iodide, trapping of W 2 Cl 4 (dppm) 2

+ , 157 
Iodonium salt photochemistry, general 

mechanism, 413 
Ion-pair charge-transfer (IPCT) excited 

state, in coordination compounds, 9 
IR difference spectra 

cyclopentadienylmanganese complexes, 
50-52 

flash photolysis of Ru 3 (CO) 1 2 , 32/ 
IR spectra 

cyclopentadienyl—silane complexes, 55—56 
photocatalyzed methanation of C 0 2 , 73 
photolysis of CpFe(CO) 2(COCH 3), 41* 
thiol-modified Au thin film, 57, 58/ 

Iron-arene compounds 
as initiators for cationic 

polymerization, 401 
irradiation and photoinitiation of 

curing, 415—418 
Iron—carbonyl complexes, physisorption 

onto porous glass, 75 
Iron-catalyzed oxidative cleavage, vicinal 

diols, 320-321 
Iron-cyclopentadienyl complex, 

photodecarbonylation, 37—41 
Iron-tetraphenylporphyrin-catalyzed 

thermal reactions, 371 
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I NDEX 439 

Irradiation 
air-equilibrated aqueous phenolic-Ti02 

suspension, 291 
aqueous solutions of cresols, 293 
cyclopentadienylareneiron, 416 
influence on redox changes in Cu(II) 

photoreduction, 389 
microparticulate CdS, 269 
semiconductor particles, 286 
typical cyclopentadienyldicarbonyliron, 

417/ 
with U V or visible light, 

metal-catalyzed reactions, 2 
Isobutane, catalytic modification with 

polytungstates, 247 
Isocyanide ligands, dissociation from 

complexes in solution, 175 
Isomerization, photocatalyzed, 1-pentene, 

75-80 
Isopolyoxometalates, See Polyoxometalates 

J 

Jablonski diagram illustrating 
photoinduced catalytic and 
photoassisted conversions, 353/ 

Κ 

Keggin heteropolytungstates, alkane 
functionalization via radical 
generation and oxidation, 247 

Kinetics 
electron transfer to and from 

P d ^ C N M e ^ P F ^ , 168 
involving excited state of decatungstate 

and ie/t-butoxy radical, 254 

L 

Langmuir-Blodgett assemblies, containing 
surfactant stilbenes, photoreactivity, 
273-277 

Langmuir-Hinshelwood pathway, 
heterogeneously photocatalyzed 
oxidations, 303 

Laser direct imaging, 408 
Laser flash photolysis, See Flash 

photolysis 

Laser writing, fine metal lines, 177 
Ligand-coupling reaction, titanium 

complexes, 405/ 
Ligand-exchange reactions induced by 

photooxidation of metal complexes, 336 
Ligand-field excited states in 

coordination compounds, 9 
Ligand orbitals, octahedral coordination 

compound, 8-9 
Ligand-to-ligand charge-transfer (LLCT) 

excited state in coordination 
compounds, 9 

Ligand-to-ligand charge-transfer (LLCT) 
transition, orbital representation, 
10/ 

Ligand-to-metal charge-transfer (LMCT) 
excited state in coordination 
compounds, 9 

Ligands 
addition in presence of copper 

complexes, 381 
effect on epoxy cure rate for 

cyclopentadienyliron complexes, 418i 
metal radicals, reactions within, 

337-338 
Light, effect on catalytic behavior, 2 
Light-induced catalytic reactions, two 

limiting cases, 353 
Light-sensitive coordination compounds, 

induced photocatalysis, 351—372 
Light-sensitive metal acetylacetonate in 

photocatalytic oxygenation—oxidation 
reactions of olefins, 365—370 

Light-sensitive organometallic compounds 
in photopolymerization, 399-408 

Lithographic process, general scheme, 
249-250 

Long-wavelength absorbing cationic 
complexes, design and synthesis, 
419-420 

Luminescence lifetime of Ru—halopyridine 
complex, temperature dependence, 125/ 

Luminescence methods and copper 
phenanthrolines, 219—224 

Luminescence probes of DNA-binding 
interactions involving Cu complexes, 
211-229 

Luminescence properties, copper 
porphyrins, 225 

Luminescence spectra 
cadmium benzenethiolate clusters, 237 
oxo—d2 system, 140—141 
zinc benzenethiolate clusters, 237 
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440 PHOTOSENSITIVE M E T A L - O R G A N I C SYSTEMS 

Luminescence studies 
CdS stabilized by different host media, 

263-267 
Cu(TMpyP 4) in presence of DNA, 226 
several inorganic anionic clusters, 

233-239 
Lysine residues of enzyme, chemical 

modification, 202/ 

M 

Manganese—carbonyl complexes 
decarbonylation, 30 
flash photolysis, 33-37 
metal-metal bonding, 11 
photolysis, 17 

Manganese-carbonyl-cyclopentadienyl 
derivatives, photochemistry, 45-63 

Marcus—Agmon—Levine theory, dependence 
electron-transfer rate on driving 
force, 170 

Mechanisms 
amine fragmentation by semiconductor 

microcrystallites, 268 
electron transfer to and from 

Pd 2 (CNMe) 6 (PF 6 ) 2 > 168 
Noyes geminate-pair-scavenging, 

anaerobic photooxidation system, 384 
photochemical functionalization of 

alkanes by polyoxometalates, 248/ 
photochemical reactions of mixed-ligand 

azido complexes of Pt and Pd, 361 
photooxidation, 302-308 
photosensitized substrate reduction via 

outer-sphere process, 108 
titanocene photoinitiators for cationic 

polymerization, 402 
transition metal catalyzed oxygenation, 

366 
Mediators 

M L C T complexes bound to substrate, 
122-127 

M L C T complexes in substrate reduction, 
108-114 

Metal acetylacetonates, light-sensitive, 
and photocatalytic oxygenation-
oxidation reactions of olefins, 365-370 

Metal-alkyl bonds, reactive intermediates 
formed in carbonylation, 27-42 

Metal carbonyls 
dinuclear, photolysis, 17 
mononuclear, catalytic cycle, 15—16 
on surfaces, photochemistry, 45 

Metal carbynes 
chemical oxidation, 338-340 
electronic structure and spectroscopy, 

341-344 
photooxidation, 335-348 

Metal-catalyzed photochemical reaction 
types, 315-318 

Metal-catalyzed photochemistry in organic 
synthesis, homogeneous, 315-332 

Metal-catalyzed photolytic oxidative 
cleavage of vicinal diols, 320-321 

Metal-catalyzed reactions, represented 
genetically, 1 

Metal complexes in microheterogeneous 
media, photoredox chemistry, 261-277 

Metal-containing binding agents, 
DNA-binding interactions, 216 

Metal films 
patterned imaging, 165-182 

of photodeposition onto semiconductor 
substrates, 179-181 

Metal ion, key role in photolysis, 21 
Metal-metal bonding, Mn 2 (CO) 1 0 , 11/ 
Metal orbitals, octahedral coordination 

compound, 8—9 
Metal-organic photochemistry 

d 4 bimetallic phosphates, 150 
in millisecond-to-picosecond time 

domain, 83-103 
M2Cl4(diphenylphosphinomethane)2 

systems, 153-159 
Metal—organic systems, photosensitive, 

overview, 1—23 
Metal-to-ligand charge-transfer complexes 

as sensitizers and inner-sphere 
reductants, 122-127 

as sensitizers and mediators in 
substrate reduction, 108—114 

Metal-to-ligand charge-transfer excited 
state, in coordination compounds, 9 

Metallofragments, electron-rich 
photogeneration, 357 

Metalloporphyrins 
interactions with DNA, 224 
photocatalytic oxygenation—oxidation 

reactions of olefins, 365-370 
photophysics, 225 

Metals, band structure, 13—14 
Methanation of C 0 2 , photocatalyzed, 70 
Methane produced by photolysis of W(CO) 6 

physisorbed on porous glass, 70 
Methanol 

oxidation to HCHO and H 2 0 2 , 20 
photoinduced catalytic oxidation, 355—356 
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INDEX 441 

Methyl derivative of titanocene complex, 
photochemical behavior, 403/ 

Methyl iodide versus ethyl iodide, 
photochemical reactivity of 
W 2Cl 4(dppm) 2, 159 

Microcrystallites, confined semiconductor, 
as photooxidants for fragmentable 
amines, 262-271 

Microheterogeneous media compared to 
homogeneous media, photoredox 
reactions of stilbenecarboxylate-Co 
complexes, 272-277 

Microlithographic applications, 
polyoxometalate derivatives, 249 

Microlithography, general scheme, 249-250 
Mineralization, phenol, 292 
Mixed-ligand azido metal complexes, 

photochemical reactions, 358 
Molecular arrangement, multilayer 

assemblies of stilbenes, 276-277/ 
Molecular models for semiconductor 

particles, 233-239 
Molecular orbital diagram for formation of 

cyclopentadienyl-Mo complex, 343, 344 
Molecular orbital representation 

arene metal complexes, 424/ 
complexes with electron-donating 

substituents, 427/ 
complexes with electron-withdrawing 

substituents, 428/ 
Molecular orbitals 

formed upon combining the 2s atomic 
orbitals of metal atoms, 13/ 

octahedral coordination compound, 8-9 
Molecular oxygen, photocatalytic 

oxygenation reactions, 365 
Molybdenum bimetallic diphenylphosphate 

complex, photochemical reduction of 
1,2-dichloroethane, 151 

Molybdenum complexes, photochemistry, 
139, 141-144 

Molybdenum(V) oxo complexes, photophysical 
properties, 142-143 

Monofluorophenols, photooxidation, 296-298 
Mononuclear metal carbonyls, catalytic 

cycle, 15-16 
Mutual influence of ligands and redox 

process, 378 
Myrcene, copper-catalyzed 

photobicyclization, 326, 327 

Ν 

Nickel mixed-ligand complexes, 359-364 

Nitrate 
photoreduction in redox 

polymer-biocatalyst immobilized 
assembly, 193-200 

photosystem for reduction to N H 3 , 
189-193 

Noyes geminate-pair-scavenging mechanism, 
anaerobic photooxidation system, 384 

Ο 

Octahedral coordination compounds, See 
Coordination compounds 

Octylbenzaldehyde formed by irradiation of 
Co-stilbenecarboxylate complexes, 273 

Olefin photocatalytic 
oxygenation—oxidation reactions 
induced by light-sensitive metal 
acetylacetonates and metalloporphyrins, 
365-370 

Olefins 
coordinated to carbonyl complexes, 

photoisomerization, 99 
photocatalysis in oxygenation-oxidation 

reactions, 356—365 
Oligomerization products, photocatalytic 

trimerization of acetylene to benzene, 
364, 365 

One-electron photooxidation 
organometallic species, 336 
transition metal complexes, 131 

Onium salt photochemistry, general 
mechanism, 413 

Optical arrangements, flash photolysis 
experiment, 84-87 

Optical properties, cadmium and zinc 
benzenethiolate clusters, 236 

Optical spectra, transients formed in 
flash photolysis, 88-100 

Optical transient events, requirements for 
detection, 86 

Orbital mixing diagram for formation of 
model cyclopentadienyl Mo complex, 
343, 344 

Orbital representation, ligand-to-ligand 
charge-transfer (LLCT) transition, 10/ 

Orbitals, octahedral coordination 
compound, 8—9 

Organic radicals, susceptibility to 
high-efficiency trapping, oxidation, 
or reduction, 246 

Organic rearrangements, photooxidation of 
metal carbynes, 344-348 
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442 PHOTOSENSITIVE M E T A L - O R G A N I C SYSTEMS 

Organic substrates 
attack by excited state of 

polyoxotungstates, 245, 254 
photooxidations in presence of copper 

complexes, 380-393 
reaction with binuclear complexes, 

147-150 
Organic synthesis, value of 

Cu(l)-catalyzed photobicyclizations, 
330 

Organized biocatalytic assembly, capable 
of interacting directly with 
light-excited species, 188/ 

Organized photosynthetic assembly, pulse 
illumination, 199/ 

Organometallic compounds 
in homogeneous photocatalysis, 355-356 
light-sensitive, in photopolymerization, 

399-408 
photooxidation, 336-337 

Organometallic molecules on surfaces, 
photochemical reactions, 45—63 

Organometallic photoinitiators, 400-407 
Organometallic radicals, electron transfer 

to and from, 168-175 
Outer-sphere electron-transfer reactions, 

reduction of Ru(II) complex 
sensitizer, 112 

Outer-sphere reduction, photosensitized 
substrate, 108 

Oxidation 
heterogeneous photocatalyzed, of phenol, 

cresols, and fluorophenols in T i 0 2 

aqueous suspensions, 281-309 
in presence of copper complexes, 382 
methanol to formaldehyde and hydrogen 

peroxide, proposed mechanism, 20 
organic materials by polyoxometalates, 

catalytic photochemical, 245 
organic substrates by tert-butoxy 

radical and excited state of 
decatungstate, 252, 254 

phenol in irradiated T i 0 2 suspensions, 
290-293, 306 

phenols in aerobic systems, 389-393 
ReCl 6

2 ~ studied by 
spectroelectrochemistry, 136-138 

Oxidation-decarbonylation of primary 
alcohols, rhenium-catalyzed, 318 

Oxidation efficiency, dependence of 
chlorocopper complexes on composition 
of coordination sphere, 387 

Oxidation potential, free ligand vs. metal 
complex, 426/ 

Oxidative addition in presence of copper 
complexes, 381 

Oxidative cleavage, metal-catalyzed, 
vicinal diols, 320-321 

Oxidative electron transfer, 
organometallic radical, 166 

Oxidative photodecarboxylation in presence 
of copper complexes, 382 

Oxidized glutathione, reduction by G R and 
biocatalysts, 200-206 

Oxo complexes, photophysics and 
photochemistry, 139—144 

Oxo-d1 systems, luminescence and 
photoredox reactions, 141 

Oxo-d2 systems, luminescence and 
photoredox reactions, 140 

Oxorhenium(V) complexes, photochemistry, 
134 

Oxygen 
influence on photoreduction of Cu(II) to 

Cu(I), 388/ 
influence on redox changes in Cu(II) 

photoreduction, 389/ 
Oxygenation—oxidation reactions of 

olefins, photocatalysis, 356-365 

Ρ 

Palladium complex radicals, electron 
transfer to and from, 168—175 

Palladium films, patterned imaging, 
165-182 

Palladium mixed-ligand complexes, 
photochemistry, 359-364 

Palladium—norbornadiene complexes, 
irradiation, 18 

Panasinsene sesquiterpenes, total 
synthesis, 326, 328 

Particle size correlated with absorption 
wavelength, 264 

Patterned imaging of palladium and 
platinum films, 165-182 

Pentacarbonyl(acetyl)manganese, flash 
photolysis, 35 

Pentacarbonyliron, physisorption onto 
porous glass, 75 

Pentacarbonyl(methyl)manganese, flash 
photolysis, 33 

1-Pentene isomerization, photocatalyzed, 
75-80 

Phenacyl chloride, silver-promoted 
addition to alkenes, 320, 322 

Phenanthroline ligand, binding to DNA, 217 
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INDEX 443 

Phenols 
photooxidation in aerobic systems, 

389-393 
photooxidation in irradiated T i 0 2 

suspensions, 290-293, 306 
Phenyl derivative of titanocene complex, 

photochemical behavior, 404/ 
Phosphates, bimetallic, photoactivation 

chemistry of organic reactants, 150 
Photoactivation 

copper-promoted, C - O bonds, 322-323 
metal-catalyzed reactions, 2 

Photoassisted photooxidation in presence 
of copper complexes, 381 

Photoassisted reactions, category of 
photochemical reaction, 354 

Photoassisted reduction of selected Fe, 
Co, and Cu complexes, 355 

Photobicyclization 
diallyl ethers, copper-catalyzed, 

322, 324-325 
Λ^,ΛΓ-diallylcarbamates, copper-catalyzed, 

323, 325 
hydroxy-1,6-heptadienes, 

copper-catalyzed, 326, 327, 328 
myrcene, copper-catalyzed, 326, 327 
various allyl dienyl ethers, 

copper-catalyzed, 322, 324 
Photobleaching, 406 
Photocatalysis 

cyclization of alkynes and 
oxygenation—oxidation reactions 
of olefins, 356-365 

definition and classification, 4 
distinguished from photosensitization, 

284-285 
heterogeneous, significance in 

photooxidations, 283 
induced by light-sensitive coordination 

compounds, 351-372 
Photocatalyst systems, cationic 

organometallic compounds, 413 
Photocatalysts, metals classed according 

to products, 368 
Photocatalytic behavior of W, Fe, and Ru 

carbonyls on porous glass, 67—80 
Photocatalytic oxygenation of α-pinene 

in presence of metalloporphyrins, 368* 
with transition metal acetylacetonato 

complexes, 367* 
Photocatalytic oxygenation—oxidation 

reactions of olefins induced by 
light-sensitive metal acetylacetonates 
and metalloporphyrins, 365-370 

Photocatalytic process, apparent kinetics, 
298-302 

Photocatalytic trimerization of acetylene 
to benzene, oligomerization products, 
364, 365 

Photocatalyzed heterogeneous oxidation of 
phenol, cresols, and fluorophenols in 
T i G 2 aqueous suspensions, 281-309 

Photocatalyzed isomerization of 1-pentene, 
75-80 

Photocatalyzed methanation of C 0 2 , 70 
Photocatalyzed oxidation process, 

mechanisms, 302-308 
Photochemical activation of organic 

substrates, binuclear metal complexes, 
147-150 

Photochemical cross coupling, catalyzed by 
decatungstate, 253, 256 

Photochemical dehalogenation of 
halocarbons, catalytic, 250 

Photochemical functionalization of alkanes 
by polyoxometalates, mechanism, 248/ 

Photochemical oxidation of organic 
materials by polyoxometalates, 
catalytic, 245 

Photochemical patterning of flat 
substrates, 60—63 

Photochemical reaction types 
transition metal catalyzed, 353-354 
metal-catalyzed, 315—318 

Photochemical reactions 
mixed-ligand azido metal complexes, 358 
organometallic molecules on surfaces, 

45-63 
Photochemical reactivity 

copper complexes, 378 
W 2Cl 4(dppm) 2, 155-159 

Photochemistry 
comparison in solution and 

surface-confined species, 57, 59—60 
modified surfaces, cyclopentadienyl-

manganese complexes, 53 
oxo complexes, 139-144 
Pt, Pd, and Ni mixed-ligand complexes, 

359-364 
Pt 2 (CNMe) 6 (BF 4 ) 2 , 175 
ReCl 6

2 " , 134 
using Rh and Mo complexes, 131—144 

Photocycloaddition, diallyl ether, 322 
Photodecarbonylation, CpFe(CO) 2(COCH 3), 

37-41 
Photodecomposition 

2,4-difluorophenol, 298-299 
2-fluorophenol, 296-298 
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444 PHOTOSENSITIVE M E T A L - O R G A N I C SYSTEMS 

Photodegradation 
air-equilibrated solution of phenol in 

presence of irradiated Ή 0 2 , 291/ 
cresols, 293-296 

Photodeposition 
metal films onto semiconductor 

substrates, 179-181 
Pd and Pt films by electron transfer, 

177-178 
Photodimerization of allyl alcohol, 

copper-catalyzed, 322, 324 
Photogenerated catalysis 

category of photochemical reaction, 
315-318 

compared to catalyzed photolysis, 22 
examples, 15—18 
generalized mechanisms, 4-5 

Photogenerated electron-rich 
metallofragments in cyclotrimerization 
of acetylene, 357-359, 364 

Photogenerated organometallic radicals, 
electron transfers to and from, 
165-182 

Photogenerated [Pd(CNMe) 3]*+ radicals, 
chemistry, 174-176 

Photogeneration 
electron-rich metallofragments, 356 
enzyme cofactors, 187 

Photoinduced catalytic dimerization of 
heterocyclic aldehydes to 
1,2-enediols, 354, 355 

Photoinduced catalytic reactions, category 
of photochemical reaction, 354 

Photoinduced electron-transfer reactions 
between excited transition metal 
complexes and redox sites in enzymes, 
185-208 

Photoinduced ligand loss, from 
ligand-field excited state, 15-16 

Photoinduced reduction of GSSG, 204/ 
Photoinitiated anionic polymerization, 17 
Photoinitiation 

examples, 15-18 
mechanism, 6 

Photoinitiator activity, cationic 
organometallic compounds, 411-429 

Photoinitiators, organometallic, 400 
Photoisomerization 

c«,os-cyclooctadiene-Cu(I) complex, 
100-102 

olefins coordinated to carbonyl 
complexes, 99 

Photolysis 
adsorbed W(CO) 6 and W 0 3 , 71-73 
W 2Cl 4(dppm) 2,156 

Photolytic oxidative cleavage of vicinal 
diols, metal-catalyzed, 320-321 

Photomicrolithography, general scheme, 
249-250 

Photooxidation 
cresols, 293-296 
desirability in environmental 

detoxification, 282 
electron-rich classes of organic 

materials by polyoxometalates, 246 
fluorophenols, 296-302 
hydroxy radical as major oxidizing 

species, 285-289, 306 
mechanisms, 302-308 
metal carbynes, 335-348 
Mo(IV) to Mo(V), 355, 356 
one- and two-electron, transition metal 

complexes, 131—132 
organic substrates in presence of copper 

complexes, 377-394 
organic substrates with binuclear 

complexes, 148-150 
organometallic complexes, 336—337 
phenol in irradiated T i 0 2 suspensions, 

290-293, 306 
phenols in aerobic systems, 389-393 
ReCl 6

2 ~ to Re0 4 " , 135 
Photooxidation reactions within the 

ligands of metal radicals, 337—338 
Photophysical properties, Mo(V) and Re(VI) 

oxo complexes, 143* 
Photophysics 

metalloporphyrins, 225 
oxo complexes, 139—144 

Photopolymerization 
industrial applications, 399 
initiated by organometallic compounds, 

399-408 
THF, copper-catalyzed, 322, 323 

Photoproducts, coordination to surface 
functionality, 68 

Photoreactivity 
electronically excited binuclear cores, 149 
microcrystallite particles, involving 

fragmentable electron donors, 267 
Photoredox chemistry 

d 4 bimetallic systems, 147—160 
metal complexes in microheterogeneous 

media, 261-277 
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I N D E X 445 

Photoredox reactions 
amphophilic stilbenecarboxylate—Co(III) 

complexes in microheterogeneous and 
homogeneous media, 272-277 

oxo-d 1 and oxo-d 2 systems, 140-143 
Photoredox reactivity, copper complexes, 

377-394 
Photoreduction 

Cu(II) metal center to Cu(I), 379 
1,2-dichloroethane, 151 
decatungstate, 248 
nitrate, redox polymer—biocatalyst 

immobilized assembly, 193-200 
vicinal dibromides, 114-122 
yields improved by retarding back 

electron transfer, 120 
Photosensitive metal-organic systems, 

overview, 1-23 
Photosensitivity 

derivatives of (»7 5-C 5H 5)Mn(CO) 3 bound 
to Si or Au surfaces, 58 

zinc and cadmium benzenethiolate 
clusters, 238 

Photosensitization 
distinguished from photocatalysis, 

284-285 
mechanism, 7 

Photosensitized photooxidations in 
presence of copper complexes, 381 

Photosensitized reduction of alkyl and 
aryl halides using Ru(II) diimine 
complexes, 107-127 

Photosubstitution, phosphine for CO, 
53-59 

Photosubstitution chemistry, 
surface-confined species, 57, 59-60 

Photosynthetic device, artificial, basic 
configuration, 186/ 

Photosynthetic reduction, nitrate to 
ammonia, biocatalyzed, 192 

Photosystem for reduction of nitrate to 
ammonia, 189-193 

Phototransformation, phenols in aerobic 
systems, 389-393 

Photovoltaic device using photosynthetic 
reaction center as light-harnessing 
compound, 208/ 

Photovoltammetric instrumentation used in 
photodeposition of Pd and Pt films on 
metallic and semiconducting electrode 
surfaces, 179/ 

Physisorbed species, W, Fe, and Ru on 
porous glass, photocatalytic behavior, 
67-80 

Picosecond laser flash photolysis, 
decatungstate systems, 254, 255, 257 

Picosecond-through-millisecond formation 
and dissociation of Cu—C bonds, 88-100 

α-Pinene, as substrate for the thermal 
oxygenation reactions, 366 

Piperylene, photosensitization, 19 
Platinum films, patterned imaging, 165-182 
Platinum mixed-ligand complexes, 

photochemistry, 359—364 
Polymer, redox, in artificial 

photosynthetic systems, 193 
Polymer assembly, for photoreduction of 

nitrate, 194-197 
Polymeric materials, interaction with 

light, 399 
Polymerization, ethylene, intermediates 

formed, 97 
ejto-l,2-Polymethylene-7-hydroxynorbornanes, 

synthesis, 331 
Polynucleotides, overview, 212-215 
Polyoxometalates, catalytic photochemical 

hydrocarbon functionalization and 
photomicrolithography, 243-257 

Porous glasses, morphology, 68 
Porous Vycor glass (PVG), properties, 69 
Porphyrins, interactions with DNA, 224 
Primary alcohols, rhenium-catalyzed 

oxidation-decarbonylation, 318 
Probes of DNA-binding interactions 

involving Cu complexes, luminescence, 
211-229 

Product distribution 
excited state of decatungstate and 

rm-butoxy radical, 254 
light-activated vs. thermally activated 

reactions, 2 
Protein backbone, enzyme, chemically 

modified by ET mediators, 201/ 
Proteins and excited species, 

communication, 200—206 
Protonation, alteration of ground- and 

excited-state redox potentials, 248 

Q 

Qualitative energy level diagram, 
molecular orbitals and electronic 
transitions in octahedral coordination 
compound, 8/ 

Quantum yields 
amine fragmentation by semiconductor 

microcrystallites, 268, 270 
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446 PHOTOSENSITIVE M E T A L - O R G A N I C SYSTEMS 

Quantum yields—Continued 
ammonia production from nitrate, 191 
ammonia production from nitrite, 190 
improved by binding substrate to 

sensitizer, 122 
improved by retarding back electron 

transfer, 120 
nitrite production from nitrate by 

photosystem, 189 
one-electron substrate reduction, 111 
photooxidation of alcohols, 384 
photoreduction of dichlorocarbons, 152* 
photoreduction of vicinal dibromides, 

114, 116 
two cases of light-induced catalytic 

reactions, 353 
Quenching 

CdS luminescence, 269 
CI* - transient, photoreduction of 

Cu(II), 379, 382/ 
photoreduction of Ru-bipyridine 

complexes, 121* 
Quenching efficiency, Ru(II) diimine 

sensitizers, 110 
Quinones, monomeric, product of phenol 

phototransformation, 392 

R 

Reaction products, photocatalyzed 
isomerization of 1-pentene, 76 

Reactive intermediates 
carbonylation of metal-alkyl bonds, 

27-42 
See also Intermediates 

Redox active centers, introduction onto Au 
in complexes, 60-63 

Redox catalysis using rhenium and 
molybdenum complexes, 131-144 

Redox polymer, for electrical 
communication between excited species 
and redox site in proteins, 200 

Redox polymer-biocatalyst immobilized 
assembly, photoreduction of nitrate, 
193-200 

Redox properties 
coordination compounds, 12 
equivalence to absorption process, 420/ 

Redox sites in enzymes, reactions with 
excited transition metal complexes, 
185-208 

Reduction 
alkyl and aryl halides using Ru(II) 

diimine complexes, 107-127 
electron acceptors by photogenerated 

[Pd(CNMe)3]'+ radicals, 169 
nitrate to ammonia, photosystem, 189—193 
substrate, Ru(II) diimine sensitizers, 

108-112 
Reduction potential 

free ligand vs. metal complex, 426/ 
ground-state, effect on overall quantum 

yield, 114 
Reductive electron transfer, 

organometallic radical, 166 
Relief image prepared by irradiation of 

polymerizable material through mask, 401 
Reversed micelles, dioctyl sodium 

sulfosuccinate to stabilize 
semiconductor particles, 263 

Rhenium-catalyzed oxidation-
decarbonylation of primary alcohols, 318 

Rhenium-catalyzed terminal carbonylation 
of alkanes, 318 

Rhenium complex 
photochemistry, 134 
rapid oxidant and catalyst in C l 2 

evolution, 135-138 
Rhenium(VI) oxo complexes, photophysical 

properties, 142—143 
RNA, hairpin loop, 213/ 
(i)-Robustadial sesquiterpene phenols, total 

synthesis, 326, 329 
Ruthenium bipyridine complex 

photolysis, 114-118 
sensitizer in photoreduction of nitrate 

in immobilized assembly, 194 
Ruthenium-2, 2'-bipyridine complex, 

visible-light irradiation, 20 
Ruthenium-carbonyl complexes 

flash photolysis, 31-33 
physisorption onto porous glass, 75 

Ruthenium-diimine complexes, for 
photosensitized reduction of alkyl and 
aryl halides, 107-127 

Ruthenium-halopyridine complexes, 
reductive dehalogenation, 123 

S 

Scavenging of chlorine radicals, 
photooxidation of alcohols, 386 

Pu
bl

is
he

d 
on

 M
ay

 5
, 1

99
3 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
ba

-1
99

3-
02

38
.ix

00
2



I N D E X 447 

Semiconductor clusters, electronic 
properties, preparation, and particle 
size, 233-236 

Semiconductor microcrystallites, confined, 
as photooxidants for fragmentable 
amines, 262-271 

Semiconductor particles 
irradiation and redox reactions, 286-287 
molecular models, 233-239 
stabilized by different host media, 

262-271 
Semiconductor substrates, photodeposition 

of metal films, 179-181 
Semiconductors 

band structure, 13—14 
excited-state properties, 12—14 

Sensitization, organic substrate via 
energy-transfer or electron-transfer 
pathways, 19-20 

Sensitizers 
M L C T complexes bound to substrate, 

122-127 
M L C T complexes in substrate reduction, 

108-114 
Ru(II) diimine complexes as reductants 

of alkyl and aryl halides, 107-127 
Sigma—απ excited states, in 

coordination compounds, 10 
Silane—cyclopentadienylmanganese 

complexes, photochemistry of modified 
surfaces, 53—56 

Silicon surface, modification with 
trichlorosilane, 53 

Silver-promoted addition of phenacyl 
chloride to alkenes, 320-322 

Singlet lifetimes, cadmium and zinc 
benzenethiolate clusters, 237 

Size-quantized particles, semiconductors, 
preparation, 235 

Solar photolysis, inconveniences and 
detrimental factors, 282 

Solution and surface-confined species, 
comparison of photochemistry, 
57, 59-60 

Solvents, major use in coatings, 412 
Spectral changes 

photolysis of Ru-halopyridine complexes, 
126/ 

See also Transient difference spectra, 
Transient spectra 

Spectroelectrochemistry, ReCl 6

2 ~-
catalyzed oxidation of Cl~ to C l 2 , 136 

Spectroscopic and electromechanical 
techniques to yield information about 
energy levels, 419 

Spectroscopic data, derivatives of 
(f/ 5-C 5H 5)Mn(CO) 3 in solution, 47-49 

Spectroscopy 
Cd and Zn benzenethiolate clusters, 236 
cationic organometallic compounds, 

411-429 
metal carbynes, 341—344 

State diagram 
four-coordinate vs. five-coordinate 

Cu(TMpyP 4), 228/ 
Ru(II) diimine sensitizers, 110 

Stilbenecarboxylate—Co(III) complexes in 
microheterogeneous and homogeneous 
media, photoredox reactions, 272—277 

Structural components, D N A and RNA, 
212-215 

Substrate reduction 
M L C T complexes as sensitizers, 122-127 
Ru(II) diimine sensitizers, 108—112 

Surface-confined and solution species, 
comparison of photochemistry, 
57, 59-60 

Surface-confined metal carbonyls, 
photochemistry, 45—63 

Surface functionality, coordination of 
primary photoproduct, 68 

Surface morphology, influence on 
reactivity, 68 

Surface properties, photochemical 
tailoring, 60 

Synthesis, compounds having 
bicyclo[3.2.0]heptane moiety, by 
copper-catalyzed photobicyclization, 
326-331 

Τ 

Temperature dependence, luminescence 
lifetime of Ru-halopyridine complex, 
125/ 

Tetrahydrofuran 
catalytic anaerobic photochemical 

oxidation, 253i 
Cu-catalyzed photopolymerization, 

322, 323 
simultaneous photooxidation, 253, 256 

Thermal activation, metal-catalyzed 
reactions, 2 
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448 PHOTOSENSITIVE M E T A L - O R G A N I C SYSTEMS 

Thermal processes involving decatungstate, 
243-257 

Thermal reactivity, copper complexes, 378 
Thiol-modified Au thin film, IR spectrum, 

57, 58/ 
Time-resolved IR spectral techniques, 

reactive intermediates in 
carbonylation of metal—alkyl bonds, 
27-42 

Time-resolved IR spectroscopy method, 
description, 31-33 

Titanium-catalyzed oxidative cleavage of 
vicinal diols, 320-321 

Titanium complexes with similar absorption 
characteristics, photochemical 
behavior, 405/ 

Titanium dioxide, and photooxidation of 
phenols, 290-309 

Titanocene photoinitiators, for cationic 
polymerization, 402 

Toxins, environmental, photochemical 
transformation, 282 

Transformations, valuable, bicyclo[3.2.0] 
ring system, 330 

Transient absorption spectroscopy, 
bimetallic halide bridging phosphine 
complexes, 153-155 

Transient decay curve, CI* - , 
photoreduction of Cu(II), 379, 382/ 

Transient difference spectra 
bimetallic halide bridging phosphine 

complexes, 154/ 
CpFe(CO) 2(COCH 3), 38/ 
flash photolysis of Ru-bipyridine 

complexes, 118/ 
Transient spectra 

flash irradiations of /<zc-(CIRe(CO)3-
(4-phenylpyridine)2, 96/ 

flash photolysis of alkyl-copper 
complexes, 90 

irradiation of Cu-TIM complexes, 92-95 
photoisomerization of cis,cis-

cyclooctadiene-Cu complex, 101 
photolysis of copper-ethylene complex, 

97-98 
reactions of methyl radicals and C u 2 + 

ions, 88/ 
Transition metal acetylacetonates or 

porphyrinates, photocatalytic 
oxygenation reactions with molecular 
oxygen, 366 

Transition metal catalyzed oxygenation, 
classes, 366 

Transition metal complexes 
excited, reactions with redox sites in 

enzymes, 185-208 
photoassisted catalytic reduction, 355 

Transition metal-oxygen anion clusters, 
See Polyoxometalates 

Trapping experiment, perfluorinated phenyl 
derivative of titanocene complex with 
TEMPO, 404/ 

Trichlorosilane to modify silicon 
surfaces, 53 

Tungsten-earbonyl complexes, 
photocatalytic behavior physisorbed on 
porous glass, 70 

Tungsten oxides as photocatalytic 
reagents, 71 

Turnover numbers, components involved in 
photosensitized reduction of N 0 3 ~ and 
N 0 2 to ammonia, 193/ 

Two-electron photooxidation, transition 
metal complexes, 132 

u 

U V circular dichroism spectra, salmon 
testis DNA, 221/ 

U V irradiation, cobalt-ammine complex, 88 
U V photolysis 

carbonyl-ruthenium-silane complex, 78 
1-pentene physisorbed onto PVG, 79 

UV-visible spectra 
cyclopentadienyl Mo complexes, 341-343 
photolysis of Pt mixed-ligand complex, 

359, 360 
transients formed in flash photolysis, 

88-101 

V 

Valence band, energetic position and 
electron trapping, 234 

Vicinal dibromides, photoreduction, 
114-122 

Vicinal diols, metal-catalyzed photolytic 
oxidative cleavage, 320-321 

Viscosity ratios, copper complex bound to 
DNA, 223/ 

Pu
bl

is
he

d 
on

 M
ay

 5
, 1

99
3 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
ba

-1
99

3-
02

38
.ix

00
2



I NDEX 449 

W 

Water, functions in photolysis on porous 
glass, 73 

Water pool size, correlated with particle 
size, 265* 

X 

X-ray photoelectron spectra, palladium 
metal film and platinum oxide, 180—181 

Ζ 

Zinc benzenethiolate clusters, optical and 
electrochemical properties, 236-239 
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