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FOREWORD

The ADVANCES 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 ADVANCES 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 NICK SERPONE
University of Georgia Concordia University
Athens, GA 30602 Montreal, Quebec

Canada H3G 1M8

May 1993
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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.

METAL-CATALYZED REACTIONS 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:

o5 P M

where O and P denote the organic reactant and product, respectively, and

0065—-2393/93/0238—0001$07.50/0
© 1993 American Chemical Society
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2 PHOTOSENSITIVE METAL-ORGANIC 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 O 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.

o) -:13? 2

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
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4 PHOTOSENSITIVE METAL-ORGANIC 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-A radius) or macroparticulate
(>1000-A 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 O (eq 4). In one or more
subsequent reactions, C catalyzes the conversion of organic substrate to
product (eq 5).
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M c 3)
M+o02 c @)
C+0— C+P )

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 O in
catalyst formation. Schemes 3 and 4, which feature the transformation of
a catalyst—substrate complex, C-O, to a catalyst—product complex, C-P,
differ in the mode of regenerating C.

M M+0
1hv lhv
c C
P 0 P 0
Scheme 1. Scheme 2.
M
hv
M C
- 5
C C-0
P \/ ) P
C-P Cc-0 (0]
“~— C-P

Scheme 3. Scheme 4.
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6 PHOTOSENSITIVE METAL-ORGANIC 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 O (replace C by I in eqs 3 and 4). Unlike catalyst C,
which is continuously regenerated (eq S), I is consumed while initiating a
chain reaction (eq 6).

I+ 0 — P> P25 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, @, will be the product of the true quantum efficiency
of the photochemical step (eq 3 or 4) and the turnover number (ie.,
number of catalytic events) or the average chain length. Values of ®_,
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).

MZ M*25 P + M Q)
o o+ Py M 8)
M+ 0= MO M-0)* — P + M ©)

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, ® , 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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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).

M
P
hv
O =
M

Scheme 5.
M M
P »
hv oY, o P
(0]
¢ M-0"
Scheme 6. Scheme 7.
M M o
P
0 & 0'— R P Y \(
MO® MO
M-R \IT/
v
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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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-

ENERGY

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: (Q), ligand field; (3), ligand-to-metal charge
transfer (LMCT); and (9), 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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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 o;, m;, and «; * are local-
ized predominantly on the ligands, whereas dx, do*, so*, and po* are
mainly metal in character (when part of an orbital label, an asterisk
denotes antibonding character; the letters d, s, and p 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 (D in Figure 1). Typ-
ically, the metal causes a relatively minor (<1000 cm™!) 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 dmr — do* tran-
sition () in Figure 1) involves the promotion of an electron from a d
orbital that undergoes a w-bonding interaction with the ligands to a higher
lying d orbital that is strongly o-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 m; — do* 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 do* — m * 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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(IPCT) excited state (4). All 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.

=——r— LUMO

LUMO —— . LLCT IL

I —UUI Homo

Homo—L-

ligand 1 ligand 2

ENERGY

Figure 2. Orbital representation of a ligand-to-ligand 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-a_ excited states arise in complexes containing a filled metal-E
o-bonding orbital (E denotes an element) and an empty, ligand-based anti-
bonding orbital of x origin (denoted a ). In the example depicted in Fig-
ure 3, the excitation of an electron from a metal—P o orbital to an a_ orbi-
tal situated on a phenyl ring affords a o—a_ state. Although the net effect
of the excitation process could be viewed as a kind of metal-to-ligand
charge transfer, the o—a_label is more explicit in identifying the key orbi-

M

A

I

c-a,

Figure 3.  Pictorial representation of the o—a, (transition in
metal—arylphosphine complexes.
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tal components involved. This type of excited state has been observed in
arylphosphine complexes of d° metals (18) and in complexes containing a
Re—Ge, Re—Sn, or Rh—Si bond and a w-acceptor ligand such as 1,10-
phenanthroline (19, 20). Little is presently known about the photochemis-
try of o—a__ excited states, although it seems reasonable to expect labiliza-
tion of the metal-E bond resulting from loss of an electron from the
corresponding o 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 Mn,(CO),, in Figure 4
(21), mutual overlap of the d,» orbital on each metal yields a stable o-
bonding orbital, o,, occupied by two electrons, and a higher-energy empty
o-antibonding orbital, ¢,*. This model predicts that the identical halves of
the complex are held together by a single metal-metal bond. The o, —
o,* transition effectively destroys this bond and thereby facilitates the for-
mation of separated Mn(CO); fragments. A less pronounced bond-
weakening effect should result from the dr — o,* transition.

(0C) Mn' (OC) Mn—Mn(CO) *Mn(CO)

oo
- .
3 S
. -~
- ~
g S
. ~
.~
-
~
.~
~
~
.~
~

s
.
-

3
.
-

.~
~
~
.~
-~
.~
~
~
~
~
~
~
-~
~
.~
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~
~
.~
~

dn [ 1*:1%—*# dr 4 dn

Figure 4. Simplified representation of the metal-metal bonding in
Mny(CO),y (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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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 AE (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)
—_ 4

hv

/— e (reduction)
4t 1o

ground state excited state

Figure 5. Alteration of the redox properties of a coordination compound
upon photoexcitation. The 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 N lithium atoms, each contributing a 2s orbital
to the bonding of the assembly. As depicted in Figure 6, these N atomic
orbitals combine to form N molecular orbitals that extend over the entire
structure. The N = 2 system yields bonding and antibonding orbitals; for
N = 3, a third orbital having nonbonding character is added. Energy
differences between the molecular orbitals decrease as N increases until, at
large N values, the collection of orbitals essentially forms a continuous
energy band. Each lithium atom contributes one valence electron, and
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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

NRRRRRN

Most bonding
1 2 3 4 5 6 7 8 9 10 11 12+ 20 -

Figure 6. Molecular orbitals formed upon combining the 2s atomic orbitals
of N lithium atoms arranged in a linear array. As N approaches oo, the
orbitals are so closely spaced energetically that they form a continuous
band. (Reproduced with permission 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 TiO,, 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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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 €~ by an electron acceptor A prevents unproductive ¢™—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.

empty
conduction band

partially
filled

band gap

ENERGY

filled
valence band

(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 reduction
of electron acceptor A or oxidation of electron donor D.
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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,, O,, and CO,) 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), and Fe(CO)4 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, hydrogenation, hydrosilation,
hydroformylation, and cycloaddition. For example, irradiation of Fe(CO),
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); precursor produces the
active thermal catalyst, Fe(CO),(pentene), which then undergoes a
sequence of well-precedented organometallic reactions to form product.
Comparable chemistry occurs when Fe(CO); is replaced by Fe,(CO),, or
Ru,(CO),, (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(n®-arene)* complexes (Cp is n°>-C5H,) has been shown (29, 30) to
produce an initiator for the cationic polymerization of epoxides. The pro-
posed mechanism (31), summarized in Scheme 11, involves photolabiliza-
tion of the arene group to yield the ring-slipped intermediate, I, which
then undergoes substitution of the n*arene by epoxide to form
FeCp(epoxide),*. Subsequent thermal activation of FeCp(epoxide),*
causes ring opening of a coordinated epoxide to produce II, the active ini-
tiator for polymerization.
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Fe(CO)s + 7N

hvl-CO
,/(\/\
Fe(CO),
th -CO
N
Fe(CO)3
AN
Fe(CO)3 lFe(CO)g
</\/ H
NN
/7\\/\
Fe(CO)3
Scheme 10.
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—_— Fe —m— Fe'X" —_—
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X = PFG-; CF3SOa-; SbFs.
Scheme 11.
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Scheme 12 depicts a novel example of photoinitiated anionic poly-
merization that occurs upon irradiating frans-Cr(NH,),(NCS),~ (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.

N
T
c=C N
H C0,CoH ¥ e
R hv NCS" 2baolls NCS-Q-(')' monomer polymer
H CO,CyH;

Scheme 12.

Photolysis of dinuclear metal carbonyl complexes such as Mn,(CO),,
and Re,(CO),, 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 o,—0,* or dr—o,* excited
state (Figure 4) and produces two 17-electron metal-centered radicals.

~ Mn,(CO)g + CO (10a)
Mn,(CO);0 12

2'Mn(CO)s o5 2Mn(CO)sCl + 2'CCly (10b)

These reactive species either recombine or, in the presence of a halo-
genated compound such as CCl,, 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(IIT) and iron(IIl), for example, undergo efficient intramolecular
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redox chemistry from LMCT excited states to yield the corresponding
divalent metal complex and an oxalate radical anion (eq 11).

Fe(C104)5>™ =2 Fe(C:04)%” + 04~ (or CO,~ + COp)  (11)

The oxalate radical anion species, or its *CO,” 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).

Co(NH3)sBr?+ 225 Co?* + 5NH3 + Br’ (12)

Any one or combination of these species could catalyze or initiate useful
chemistry in a suitably designed system. Thus Co®™" 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 PdCIZ(r;“-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 102 (eq 13) (43, 44).

7

/
Fe
c’ a
hV / (13)
PdCly(n*-NBD)
Q NBD

This behavior results from an intermolecular redox process in which Q
reductively quenches a MLCT excited state of the palladium complex. As
summarized in Scheme 13, the resulting quadricyclene radical cation rear-
ranges to the more stable isomer, NBD"", which then oxidizes another Q
molecule to restart the cycle.
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PdCl n*NBD) + Q

hv
decomp. <— PdCL(NBD)-
Q" N\
NBD( >
+
Q NBD®

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 cis- and trans-piperylene (eq 14), for example, can be
photosensitized with high quantum efficiency by Cu(diphos)BH, (diphos is
1,2-bis(diphenylphosphino)ethane) and Cu(prophos)BH, (prophos is 1,3-
bis(diphenylphosphino)propane) (45).

e 4
/\) - NN a4
cis-pip trans -pip

Sensitization is accompanied by quenching of the emissive 3(‘7_3«) 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(c~a_) to the lowest 3(r—=*) state of the diene has been
assigned as the mechanism of sensitization.

trans -pip <—cis-pip Cu(prophos)BH 4
hv

G PP 3Cu(prophos)BH 4'

Scheme 14.
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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(blpy)_,)2+ (bipy is 2,2’-bipyridine) populates a MLCT
excited state, which then undergoes reductive quenching by 1-benzyl-1,4-
dihydronicotinamide, BNAH. One of the primary photoproducts,
BNAH'", loses a proton to yleld the BNA® radical. Oxidation of the
other photoproduct, Ru(blpy) , 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 BNA®, followed by protonation, affords the
fully reduced product. Overall, this complicated sequence of events
corresponds to the Ru(blpy)32+-photosensmzed two-electron reduction of
an olefin by BNAH.

Ru(blpy)s BN
CONH,
N O
N

Ru(blpy)g Ru(bipy);” CHzPh (BNA®)
N / -1 H' .
/C=C\ /C=C\ —_— C —C-H
(BNA)q
H+
AN /
H-C—C~-H
/ \
Scheme 15.

Scheme 16 depicts the proposed mechanism for the oxidation of
methanol to formaldehyde and hydrogen peroxide in the presence of O,,
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 Mo—OCH, bond. In subsequent
thermal reactions, the methoxy radical affords formaldehyde, and the
reduced metalloporphyrin undergoes oxidation by O, to produce H,O,
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,O, per mol of complex. The active (reduced) form of
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the complex must be regenerated in each cycle; thus Scheme 16 constitutes
an example of photoassistance (cf. Scheme 6).

<N< | I\\r
Hy05 ~
OCH,4

hv

CH30H + Oy Mo“’
N
N

+ 'OCH; — CH,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 Cu?t
catalyzed photooxidation of a,f-unsaturated ketones to dimeric lactones
(eq 15; Ar is phenyl, p-tolyl, or p-bromophenyl) (49).

Ar H H Ar
Arsgee v =9 =7
CHy” “C—Ar CuS0,/0, ¢ C—

o 7NN\ /NN

0 O Ar Ar O O

The key role played by the metal ion in this transformation is underscored
by the observation that irradiating the ketone in the absence of Ccu?*
leads to completely different chemistry, that of cis—trans isomerization
about the carbon—carbon double bond. The lack of new spectral features
upon mixing Cu?* and the ketone argues against ground-state complex
formation between these components; in fact, absorption by added Cu?*
acts as an inner filter that retards the photooxidation reaction. Collec-
tively, these observations support a mechanism in which the metal ion and
O, interact with an excited state (e.g., Scheme 7) or a primary photopro-
duct (e.g., Scheme 8) of the organic substrate.



Published on May 5, 1993 on http://pubs.acs.org | doi: 10.1021/ba-1993-0238.ch001

22 PHOTOSENSITIVE METAL-ORGANIC 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, 51). 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 MLCT 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 (~1072) does not, by 1tself rule out the
operation of a photogenerated catalytic cycle involving Q°* and NBD"*
(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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Figure 9. Spectral manifestation of complex formation between CuCl and
NBD in ethanol. (Reproduced from reference 50. Copyright 1977 Ameri-
can Chemical Society.)

ClCu + [/

!

ClCu

hv

Scheme 17.

23



Published on May 5, 1993 on http://pubs.acs.org | doi: 10.1021/ba-1993-0238.ch001

24

PHOTOSENSITIVE METAL-ORGANIC SYSTEMS

Acknowledgment

I thank the National Science Foundation (Grant No. DMR—8715635) for
financial support of my recent work in the area of photosensitive
metal—organic systems.

References

NownkwN=

®

10.

1

12.

13.
14.

15.

16.
17.

18.
19.

21.
22.

J. Chem. Educ. 1986, 63, 188—225.

Salomon, R. G. Tetrahedron 1983, 39, 485.

Wubbels, G. G. Acc. Chem. Res. 1983, 16, 285.

Hennig, H.; Rehorek, D.; Archer, R. D. Coord. Chem. Rev. 1985, 61, 1.
Kutal, C. Coord. Chem. Rev. 1985, 64, 191.

Albini, A. J. Chem. Educ. 1986, 63, 383.

Chanon, M.; Eberson, L. In Photoinduced Electron Transfer; Fox, M. A,;
Chanon, M., Eds.; Elsevier: Amsterdam, 1988; Vol. A, Chapter 1.11.

Kisch, H. In Photocatalysis; Serpone, N.; Pelizzetti, E., Eds.; Wiley: New
York, 1989; Chapter 1.

Chanon, F.; Chanon, M. In Photocatalysis; Serpone, N.; Pelizzetti, E., Eds,;
Wiley: New York, 1989; Chapter 15.

Yang, D. B.; Kutal, C. In Radiation Curing: Science and Technology; Pappas,
S. P, Ed; Plenum: New York, 1992; Chapter 2.

Reichmanis, E.; Houlihan, F. M.; Nalamasu, O.; Neenan, T. X. Chem. Mater.
1991, 3, 394.

Balzani, V.; Bolletta, F.; Ciano, M.; Maestri, M. J. Chem. Educ. 1983, 60,
447,

Scandola, F.; Balzani, V. J. Chem. Educ. 1983, 60, 814.

Balzani, V.; Carassiti, V. Photochemistry of Coordination Compounds;
Academic Press: New York, 1970; Chapter 5.

Forster, L. S. In Concepts of Inorganic Photochemistry; Adamson, A. W.;
Fleischauer, P., Eds.; Wiley-Interscience: New York, 1975; Chapter 1.
Crosby, G. A. J. Chem. Educ. 1983, 60, 791.

Scandola, F.; Balzani, V. In Photocatalysis; Serpone, N.; Pelizzetti, E., Eds.;
Wiley: New York, 1989; Chapter 2.

Kutal, C. Coord. Chem. Rev. 1990, 99, 213.

Luong, J. C,; Faltynek, R. A.; Wrighton, M. S. J. Am. Chem. Soc. 1980, 102,
7892.

Djurovich, P. L; Safir, A.,; Keder, N.; Watts, R. J. Coord. Chem. Rev. 1991,
111, 201.

Levenson, R. A,; Gray, H. B. J. Am. Chem. Soc. 1975, 97, 6042.

Shriver, D. F.; Atkins, P. W.; Langford, C. H. Inorganic Chemistry; W. H.
Freeman: New York, 1990; Chapter 3.

. Photocatalysis; Serpone, N.; Pelizzetti, E., Eds.; Wiley: New York, 1989.

Geoffroy, G. L.; Wrighton, M. S. Organometallic Photochemistry; Academic
Press: New York, 1979; Chapter 2.



Published on May 5, 1993 on http://pubs.acs.org | doi: 10.1021/ba-1993-0238.ch001

BIRE

29.
30.
31.
32.
33.

34,

35.

36.

37.

38.
39.

40.
41.

42,
43.
44.
45.
46.

47.

48.
49.

50.
51
52.

KUTAL  Photosensitive Metal—Organic Systems: An Overview 25

. Schroeder, M. A.; Wrighton, M. S. J. Am. Chem. Soc. 1976, 98, 551.

. Whetten, R. L.; Fu, K.-J; Grant, E. R. J. Am. Chem. Soc. 1982, 104, 4270.

. Miller, M. E,; Grant, E. R. J. Am. Chem. Soc. 1987, 109, 7951.

. Austin, R. G.; Paonessa, R. S.; Giordano, P. J.; Wrighton, M. S. In Inorganic

and Organometallic Photochemistry; Wrighton, M. S., Ed.; ACS Advances in
Chemistry Series No. 168; American Chemical Society: Washington, DC,
1978; Chapter 12.

Roloff, A.; Meier, K.; Riediker, M. Pure Appl. Chem. 1986, 58, 1267.

Meier, K.; Zweifel, H. J. Imaging Sci. 1986, 30, 174.

Park, K. M,; Schuster, G. B. J. Organomet. Chem. 1991, 402, 355.

Kutal, C; Grutsch, P. A.; Yang, D. B. Macromolecules 1991, 24, 6872.
Yasufuku, K.; Noda, H.; Iwai, J.-I.; Ohtani, H.; Hoshino, M.; Kobayashi, T.
Organometallics 1985, 4, 2174.

Kobayashi, T.; Ohtani, H.; Noda, H.; Teratani, S.; Yamazaki, H.; Yasufuku,
K. Organometallics 1986, 5, 110.

Sahul, K.; Natarajan, L. V.; Anwaruddin, Q. J. Polym. Sci.,, Part B, Polym.
Lett. Ed. 19717, 15, 605.

Mahaboob, S.; Natarajan, L. V.; Anwaruddin, Q. J. Macromol. Sci,, Chem.
1978, 12, 971.

Endicott, J. F. In Concepts of Inorganic Photochemistry; Adamson, A. W.;
Fleischauer, P., Eds.; Wiley-Interscience: New York, 1975; Chapter 3.

Weit, S. K.; Kutal, C. Inorg. Chem. 1990, 29, 1455.

Varfolomeev, S. D.; Zaitsev, S. V.; Vasil’eva, T. E.; Berezin, I. V. Dokl
Akad. Nauk SSSR 1974, 219, 895.

Kutal, C,; Willson, C. G. J. Electrochem. Soc. 1987, 134, 2280.

Kutal, C; Weit, S. K.; MacDonald, S. A.; Willson, C. G. J. Coat. Technol.
1990, 62, 63.

Weit, S. K.; Kutal, C; Allen, R. D. Chem. Mater. 1992, 4, 453.

Borsub, N.; Kutal, C. J. Am. Chem. Soc. 1984, 106, 4826.

Kelley, C. K.; Kutal, C. Organometallics 1985, 4, 1351.

Liaw, B,; Orchard, S. W.; Kutal, C. Inorg. Chem. 1988, 27, 1311.

Pac, C,; Ihama, M.; Yasuda, M.; Miyauchi, Y.; Sakurai, H. J. Am. Chem. Soc.
1981, 103, 6495.

Pac, C.; Miyauchi, Y.; Ishitani, O.; Thama, M.; Yasuda, M.; Sakurai, H. J
Org. Chem. 1984, 49, 26.

Ledon, H. J.; Bonnet, M. J. Am. Chem. Soc. 1981, 103, 6209.

Sato, T.; Tamura, K.; Maruyama, K.; Ogawa, O. Tetrahedron Lett. 1973, 43,
4221.

Schwendiman, D. P.; Kutal, C. Inorg. Chem. 1977, 16, 719.

Schwendiman, D. P.; Kutal, C. J. Am. Chem. Soc. 1977, 99, 56717.

Ikezawa, H.; Kutal, C. J. Org. Chem. 1987, 52, 3299.

RECEIVED for review February 10, 1992. ACCEPTED revised manuscript May 15,
1992.



Published on May 5, 1993 on http://pubs.acs.org | doi: 10.1021/ba-1993-0238.ch002

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(COCH;) (Cp is
175-C5H s» L is CO or phosphine) and Mn(CO)4(COCHj). 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)(s0l)(COCHy) (sol is solvent) undergoes methyl migra-
tion at a rate (k; = 5.6 x 10* M~! s7!) several orders of magni-
tude faster than does the remarkably slow manganese analog (k,
= 6.0 M1 571). Comparisons are also made to the reactivity of
the unsaturated intermediate Mn(CO) ,(sol)(CH;) formed by CO
Photodissociation from Mn(CO)(CHj).

A THOROUGH UNDERSTANDING OF THE MECHANISMS of the
photoreactions of organometallic compounds requires far more than the
measurements of quantum yields and the determinations of photoproduct
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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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hv

v
A

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 (15), e.g.,

/
_ 1
LM-C 1)

Migratory insertion mechanisms have been extensively investigated for the
model compounds Mn(CO),(CH,) and CpFe(CO)L(CH,) (Cp is nS-CSHS,
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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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),(COCH,;) (see eq 3) and Mn(CO);-
(COCH,) (see eq 4).
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These experiments provide both spectroscopic and Kinetic parameters
relevant to the identity and reactivity of key intermediates in the thermal
migratory insertion mechanisms of thc 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)4(CH,).
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The TRIR Spectroscopy Method: Flash Photolysis
of Ru 3 ( CO)I 2

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~l) 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

DIODE
LASER
SYSTEM '3 DIGITAL
e OSCILLOSCOPE 1BM
Y AT
| =
. gg
7 1183
LI FARADAY
CAGE
DIODE DETECTOR
LASER
CONTROLLERS

Figure 2. Diagram of TRIR apparatus. (Reproduced from reference 12.
Copyright 1989 American Chemical Society.)
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apparatus that allowed for multiple-pulse data collection and averaging
experiments. The photolysis cell consisted of a modified McCarthy IR cell
with CaF, 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 Ru,(CO),;, the type of intermediate proposed for photoassisted
hydrogenation of alkenes by metal carbonyl clusters (). A key observa-
tion (I2) in this case is that short-wavelength photoexcitation of
Ru,(CO),, 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 x
101° M1 s71) in the isooctane medium (12). These rates are somewhat
surprising given the observation that certain mononuclear coordinatively
unsaturated species such as Cr(CO); form much stronger adducts with

——— 200 ns after excimer pulse
= = = - subsequent absorbance at 2 us intervals
1.00 ’
-.000+
w
M -1.00-
3
-2.00
-3.00+
\J T v v v T J Ll \J
2065 2055 2045 2035 2025
cm™!

Figure 3. IR difference spectrum (2-cm™ resolution) of the transients
formed by 308-nm flash photolysis of Ru3(CO),, in isooctane solution at
ambient temperature 200 ns after flash. Subsequent curves are recorded at
regular intervals of 2.0 us. (Reproduced from reference 12. Copyright
1989 American Chemical Society.)
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hydrocarbon solvents, hence are considerably less reactive (27—33). The
adduct Ru,(CO),, 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)12]* -CO
A

ke=6.1x10° M'ls?

+THF ,
"RufCO)y;" === RuCO),(THF)
. k,=2x10°% s?
+CO
keo=2.4x10°Ms?!
Solvent = isooctane
Ruy(CO),,

Scheme 1. Reactions of the coordinatively unsaturated cluster Ru(CO); ;.

Pentacarbonyl(methyl) manganese

Flash photolysis studies of Mn(CO)¢(CH,) 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 (A;, = 308 nm) of Mn(CO)4(CH,) in cyclohexane or
isooctane solution resulted in a 100-us TRIR spectrum in which the
depletion of starting material is evident with the negative absorbance
changes (Aabs) corresponding to the v, modes at 2014 and 1991 cm™!
(v is frequency) and the formation of a transient species (J) is evidenced
by new absorptions at v, 1986, 1974, and 1940 cm~! (34). These TRIR
properties and a transient A . at 410 nm in the UV—visible spectrum are
close to those attributed to cis-Mn(CO),(CH,)-CH, formed by CO
photodissociation from Mn(CO)4(CH,) in a methane matrix (eq 5) (35).

CHy CH;,
Oc., .0 o - CO Cc., ) .-Sol
‘i LQY v, - o L 5
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We did not observe transients resulting from either frans-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,(CO),,.

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)s(CH,)
(eq 6) are accelerated and follow pseudo-first-order kinetics (Figure 4).

CHg CH;
| oSO o K o, | ~c°
Mn‘“\ + , ko 4 Mn\\\ (6)
v
oC | \CO OC/ | \C
c o]
o o}
CHy CHy
oc.,, ln“\wSol +co oc.,,, In\\\‘.-co
L ———
oc? | NCo 0.1 atm oc? | Sveo
T co co
2014 cm™!
(0]
(3]
[ =4
S
2 W
2
o
,: M A AP Aty
1976 cm™!
1 ] 1 1 |
(0} 400 800 1200 1600
Time, us

Figure 4. Kinetic traces showing the decay of cis-Mn(CO) ,(CHj)sol (sol is
cyclohexane) at 1976 cm™! and the re-formation of Mn(CO)s(CH3) at
2014 cm™! following laser flash photolysis of Mn(CO)4(CH;) in
cyclohexane under 0.1 atm CO. IR changes are shown in transmittance
mode. (Reproduced from reference 34. Copyright 1990 American Chemi-
cal Society.)
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The second-order rate constant for the reaction with CO (2.1 & 0.1 x 106
M~ s71) 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)4sol
(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 (k, = 1.4 x 10> M~! s71), consistent with
the increased donor strength of THF. Preliminary flash photolysis studies
with the analogous metal-alkyl complexes Mn(CO)4(CF;) and
Re(CO)4(CH,) in cyclohexane demonstrated that the back reaction of the
respective intermediates Mn(CO),(CF;)sol and Re(CO),(CHy)sol (sol is
cyclohexane) with CO displayed second-order rate constants (k, = 1.4 X
107 and 1.3 x 10° M1 s71 respectively, at 298 K) (36), similar to that
observed for J in cyclohexane.

Pentacarbonyl(acetyl) manganese

Laser flash photolysis (A\;, = 308 nm) of the acyl complex
Mn(CO)4(CH,CO) in cyclohexane causes CO photodissociation to give a
transient X that displays the TRIR difference absorption spectrum at 100
ps displayed in Figure 5 (36). The spectrum of the new transient species

.080- Cyclohexane Solution under Argon
Airr 308 nm, 100 ps delay

. 0404

.000 —t " A —+

AAbs

-.040 Q\\C/CH’

e
4 gy | o hy - CO i
7N

~.080- o¢ (l Co

o
2020 ’ 2000 ’ 1980 ¥ 1960 ’ 1840
cm" Spectrum agrees with matrix study

concluding labilization of cis CO

Figure 5. TRIR difference spectrum (100 us) resulting from the 308-nin
flash photolysis of Mn(CO)s(CH3CO) in cyclohexane solution.
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is quite close to that seen for the product of CO photodissociation from
Mn(CO)4(CH,;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.

\ / CO CHg
" ’ hv (- CO) K, OC ' °°
AN, = X —— M (M
oC (L Co ks [COJ oC c|: \Co
o} o}

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

—g-d[?:l = kobs[X] = (kl + kZ[CO])[)q

and have determined values for k; and k, in cyclohexane as 6.0 s~ and 5.6
x 103 M‘1 ~1, respectively, and in THE solution 7 x 1072 51 and 3 x
102 M1 571 respectlvely The remarkable feature of these results is the
relative unreacuv1ty 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 k, in
THF solution for X and J are comparable.

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

CH HiC CH o
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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 (37). On the other hand, the
chelated intermediate C, with an n2-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),(CH,CO) in the absence of solvent interactions. An
alternative bidentate acetyl structure would be B 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 v, frequen-
cies to differ for X in cyclohexane (1951 cm™!) 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 v, 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 B 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)4(CH;CO) and related manganese acyls.

Photodecarbonylation of CpFe(CO ),(COCH;)

Laser flash photolysis (308 nm) of CpFe(CO),(COCH,) in cyclohexane
(103 mol/L) under Ar was shown (4]) 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™! and the acetyl Vo at
1669 cm~l. Within 100 us a new species was observed to grow in;
maximum absorbance changes of this new species appeared at 2012 and
1959 cm“l, indicative of the formation of the final product,
CpFe(CO),CH, (Figure 6a). On a shorter time scale (1 ps), the TRIR
difference spectrum showed only the transient metal carbonyl absorbance
at 1949 cm™! (Figure 6b) and none of the absorptions attributable to the
final product. The position of the 1949-cm™! band is in close agreement
with that found for the purported intermediate CpFe(CO)(COCH,) (vq
= 1948 cm™1) produced by photolysis of CpFe(CO),(COCH,) in a
methane matrix at 12 K (42, 43).

At 1949 cm™! the decay of this transient (M) followed first-order
kinetics (k. = 5.7 X 10* s71) identical to those for formation of
CpFe(CO),CH; as measured at either 2010 or 1958 cm™! (41). The rate
of decay proved to be independent of CO pressure (Pp), in agreement
with the behavior of overall quantum yields for the photodecarbonylation
(® = 064 = 0.02 mol/einstein, independent of P, 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),(COCHy) in
cyclohexane taken 100 us after a 308-nm laser puilse. Part b: Transient
difference spectrum of CpFe(CO),(COCH;) in cyclohexane taken 1 ps
after a 308-nm laser pulse.

Hy



Published on May 5, 1993 on http://pubs.acs.org | doi: 10.1021/ba-1993-0238.ch002

2. FORD ET AL.  Carbonylation of Metal—Alkyl Bonds 39

In contrast, when photolyses of CpFe(CO),(COCH,) were carried
out in the presence of added PPh;, the phosphine complex
CpFe(CO)PPhy(COCH,) (v = 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 k,  versus [PPh,] proved to be linear (slope = 2.4 x 10° L/mol-s)
with a nonzero intercept (5.6 x 10% s71) 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.
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Scheme II. Reactions of transient(s) formed by the laser flash photolysis of
CpFe(CO),(COCHj,).

Photolysis of CpFe(CO),(COCH,) leads to CO photodissociation
and the formation of an intermediate, M, that undergoes first-order
methyl migration to give CpFe(CO),(CH;) in competition with second-
order trapping by PPh; or (in principle) by CO. The failure to observe
kinetic effects of CO on k_ implies that k., would have an upper limit
of ~6 x 10° M~! s7! given a CO concentration of ~0.01 M in
such solutions.
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Laser flash photolysis of CpFe(CO),(COCH,) in n-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 v, for M was observed at
1921 cm™}, and the first-order decay was somewhat slower (k; = 1.3 x 104
s71). Once again, the decay of this intermediate was accompanied by the
formation of CpFe(CO),CH,, as shown by v, maxima at 2010 and 1952
cm~l. When CH,CN was used as solvent, the intermediate that was
formed has a broad v, mode centered at 1926 cm~! 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),(CH,), as observed in all other solvents.

In none of these solvents were we able to observe for the intermedi-
ate M the acyl v, mode, which occurs at 1669 cm~1 in the IR spectrum
of CpFe(CO),(COCH,). Two possible explanations come to mind: a
shift of this band in M to frequencies below the 1550-cm™! 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)(PPhy)-
(COCH,) and CpFe(CO)(Xe)(COCH,) 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™! despite clear observation of the terminal
Voo mode. Therefore, preliminary experiments were carried out (45) to
examine the IR spectra of intermediates in the analogous flash photolysis
of CpFe(CO),(COCH,) in liquid Xe (193 K). A weak acyl band at 1582
cm™ was detected using FTIR methods (the terminal carbonyl v, was
detected at 1938 cm™!). Spectral and rate data obtained in different sol-
vents are summarized in Table L

Again four possibilities analogous to the structures U, C, S, and B
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
k, by only a factor of ~4, although the effect of using CH,CN 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 v, of M (Table I). For S, the fre-
quency of the metal carbonyl v, 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 v, 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 CpFe(CO),(COCH,) in Various Solvents

co (parent) Nco (transient)

Solvent (cm™) (cm™) 3,5 kP (s71)
Cyclohexane 2018, 1963, 1669 1949 064 +0.02 5.7 x 10*
Isooctane 2018, 1962, 1670 1949 0.64 + 0.02 4.0 x 10*
Hexane 2020, 1965, 1670 1949 0.64 +0.02 4.0 x 10*
THF 2015, 1955, 1658 1921 0.62 +0.04 13 x 10*
CH,CN 2018, 1958, 1650 1926 062 x 0.04 <10

Xe (1)" 2025, 2019, 1965, 1673 1938, 1582

“Quantum yield for continuous wave photolysis at 313 nm. Experimental
uncertainties are calculated for five or more duplicate runs.

bFirst-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~! to lower frequency (from 1949 to 1923 cm™!). Shifts from the
alkane solution values were also seen for CH,CN 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 n'-acyl configuration is more consistent with the
observations. One of the chelated configurations similar to C or B 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 (v) 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 ps 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 n 2-carbonyl functlonahty (e.g., C) may be competitive
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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 Chemlstry of Surface-Confined
Derivatives of (17 -C;H-)Mn(CO),

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

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

Derivatives of (nS-CSHS)Mn(CO)3 attached to Si02, 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 (°-CsHg)Mn(CO); can be patterned pho-
tochemically, because no thermal CO substitution occurs.

THE PHOTOCHEMISTRY OF METAL CARBONYLS 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 UV photolysis of adsorbed Fe(CO); and the assembly of a reversi-
ble photoimaging system based on poly[(vbpy)Re(CO),], (vbpy is 4-
methyl-4’-vinyl-2,2’-bipyridine) (3). These systems exploit photoinduced
CO loss from Fe(CO)y and metal-metal bond cleavage in the photoex-
cited Re dimer.
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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 (I—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 2¢™ donor L (24-26):

M(CO), == M(CO),.1 —> M(CO), L ¢y

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 (n°-
CsH)Mn(CO), covalently bound to high-surface-area SiO,, 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 (r;5-C5H5)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 SiO,, single-crystal Si, and Au 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 Et,0, washed with aqueous NaHCOj, and dried over MgSO,. The
residue obtained upon removal of solvent was chromatographed on silica gel with
hexane to give pure 1l-bromoundecylferrocene in 62% yield. IH NMR (250
MHz, CDCly): 6§ 4.09 (s, SH), 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
(6) in parts per million downfield from tetramethylsilane. Abbreviations used are
s, singlet; m, multiplet; and t, triplet.)
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LiPPh, was generated by addition of one equivalent of »-BuLi to a solution
of PPh,H (Aldrlch 04 g, 2.4 mmol) in 17 mL of dry tetrahydrofuran ('I'HF)
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,CI was added to the reaction mixture. The organic layer was collected and
dried over MgSO,. The crude material obtained upon solvent evaporation was
chromatographed on silica gel with 9:1 hexar1e—CH2C12 to give pure 11-diphenyl-
phosphinoundecylferrocene as a red—orange oil in 60% yield. 'H NMR (300
MHz, CDCly): § 7.29-7.48 (m, 10H), 4.09 (s, 5H), 4.05 (m, 4H), 2.32 (t, 2H), 2.05
(, 2H), and 1.17-1.52 (m, 18H) ppm.

Preparation of Modified Au Electrodes. Au electrodes were made
from 2000 A of Au (99.999%) evaporated onto 100-mm Si wafers with a 100-A
adhesion layer of Cr. The Au-coated wafers were cut into pieces approximately
0.5 x 1.0 cm. The pieces were rinsed with hexane and then functionalized by
immersing in a 1 mM solution of HS(CHQu(n -CsH,)Mn(CO); 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 BD 91 XY recorder. Linear sweep
cyclic voltammetry was performed in CH;CN-0.1 M [n-Bu,N]PF, at 298 K under
Ar. Pt gauze was the counterelectrode, and oxidized Ag wire was the quasi-
reference.

Studies of Derivatives of ( n5-C5H 5)Mn(CO) ; in Solution

(CH3)381(n -CsH,)Mn(CO), and HS(CHQu(r;5 CsH )Mn(CO), exhlbn
electronic absorption 5pectra similar to those reported for (-
CsHy)Mn(CO); and (n°-C;H CH3)Mn(CO)3 (Table I). The 330-nm
bands are assigned to Mn -—» o -C;H,R) charge-transfer (CT) transitions,
which obscure ligand-field (LF) transmons also present in the same energy
region (24). The 330-nm absorption is reported to have some Mn —
COx* CT character as well 24).

The complexes (7’ -CsH,R)Mn(CO), (where R = (CHy);Si— or
—(CH,),,SH) undergo efficient photoinduced CO substitution at 298 K
upon near-UV irradiation in the presence of excess free phosphine L in
alkane solution under Ar. Figures 1A, 2, and 3A show IR difference spec-
tra recorded during irradiations of these molecules in solutions containing
L = PPhy(n-octyl), PPh,(CH,),;Fc, or PPh,Fc (Fc is ferrocenyl).

Upon irradiation of the trlcarbonyl complexes, initially only

American Cl
Saciety Library
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Figure 1. Part A: IR difference spectra accompanying photoreactions of (CHj);Si-
(m-CsH )Mn(CO) 5 at 2029 and 1947 cm™, with L = PPhy(n-octyl) in n-hexane
at 25 °C to give (CH )3Si(n5-C5H4)Mn(CO)2L (absorptions at 1938 and 1877
em™1) and (CH,) ;Si(n’>-C3H )Mn(CO)L , (absorption at 1837 cm™). Part B: IR
difference spectra accompanying photoreaction of (CHy) 3Si(n5-C5H )Mn(CO), at
1938 and 1877 ecm™., with L = PPhyn-octyl) in n-hexane at 25 °C to give
(CHy) ;Si(n’-CsH )Mn(CO)L , (absorption at 1837 cm™).
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Figure 2. IR difference spectrum accompanying photoreaction of
HS(CH,)y,(-CsH )Mn(CO); at 2022 and 1942 cm L with L =
PPhy(CH,),Fc in methylcyclohexane (MCH) at 25 °C to give
HS(CHZ) 1(" -CsH )Mn(CO),L (absorptions at 1932 and 1873 cm -1)
and HS(CH,) ;,(n*-CH )Mn(CO)L., (absorption at 1830 cm™).

monosubstituted products & -C;H,R)Mn(CO),L, form. These result
from CO loss from (n° -C;H R)Mn(CO)3

(n°-CsH4R)Mn(CO), -":"+ (7’-CsHyR)Mn(CO),L + CO  (2)

Further irradiation of (r° -CsH,R)Mn(CO),L, where L is PPhy(n-octyl) or
PPh,(CH,),,Fc, leads to the formation of disubstituted products, (n>-
CH R)Mn(CO)L2 formed from substitution of L for CO:

(n°-CsHR)Mn(CO),L. =55 (n-CsHsR)Mn(CO)L, + CO  (3)

No IR spectral features indicating the formation of & -C,H,R)-
Mn(CO)L,, where L is PPh,Fc, were observed. The formauon of
(CHy), Sl(r[ -C;H )Mn(CO)L upon irradiation of pure (CH3)381(r, -
C H4)Mn(CO)2L in an alkane solution containing L was also observed
(Figure 1B).
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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 = (CH,),Si—
and L = PPhy(n-octyl). For L = PPh,(CH,),,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),L f—:> Cp’Mn(CO), > Cp'Mn(CO),L"  (4)

where Cp’ is (CH3)3Si(n5-C5H4), L is PPhy(n-octyl), and L’ is THF.
Cp'Mn(CO),L irradiated in THF yields Cp'Mn(CO),(THF), and (-
C;H;)Mn(CO),PPh, irradiated in alkane solution containing CO forms

T l T 1] T ] T
(Me); Sitn™ CoHIMN(CONs+ PFCH CHgly — ™ o
i : ﬂ ;:5 e 3 Ceflsl pentane, benzene 1873 4
(MelSi( - CgHy IM(CO,(P(FCHCg Hy)p)

0.00

-1.00 - 2024

[Si051-SilMelyln3-CHgIMn(CO) 3+ PIFENCeHg), — Y o
[ (SI0,1-SilMely (™ CgHMA(COL, (PFe)(CHgly) o 1!

/A Absorbance

1922
0.00

-0.20

l 1 l L
1940 1860 1780

Wave number (cm™)

1
2100 2040

Figure 3. Part A: IR spectrum accompanying photoreaction of
(CH;) 3Si(n5-C5H JMn(CO); at 2024 and 1943 em™, with L = PPh,Fc in
pentane—benzene at 25 °C to give (CH3)3Si(n5-C5H JMn(CO),L (absorp-
tion at 1934 and 1873 cm™). Part B: IR spectrum accompanying pho-
toreaction of [SiO,]—(CH,),Si(n’-CsH, )Mn(CO); with L = PPhyFc in
MCH=-Nujol to give [SiO,]—(CH;),Si(n’-CsH,)Mn(CO),L (absorptions at
1922 and 1870 cm™).
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(r;5-C5H5)Mn(CO)3. Interestingly, however, irradiation of (n°-
CH,CH;)Mn(CO),PPh, in the presence of CO fails to yield the tricar-
bonyl (29).

These results show that the CO photosubstltunon chemistry of the
complexes (n° -C;H,R)Mn(CO); (R is (CH,), Sl— or HS(CHQ11
analogous to that observed upon irradiation of (- sHs)Mn(CO), in the
presence of phosphines (24—26).

Photochemistry of Modified Surfaces

Modified surfaces studied were
. [SiOz]—OSi(CH3)2(r,5-C5H4)Mn(CO)3
» high-surface-area SiO, treated with CH OSi(CH3)2(775-C H,)Mn(CO),

« [Si]-OSi(7*-C H4)Mn(CO)3, single crystal Si (n- or p-type, 100 face)
treated with Cl Sl(n -CsH,)Mn(CO),

« [Au]-S(CH,) 1(17 -CsH, )Mn(CO),, Au-coated Si wafers treated with
HS(CH,),,(n’-CsH,)Mn(CO),

Preparation of these functionalized surfaces follows chemistry previously
used in the modification of oxide and Au surfaces with organometallic
reagents (Scheme I). In the modification of the oxide surfaces, the
molecules with —Si(CH,),(OCH;) and —SiCl, 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

~ RSH ~
Au A Au o
v

;—— OH  RsiCl,
Si -

~

Scheme I. Modification of a Au surface with a thiol and a Si surface with
a trichlorosilane.
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of a thiol RSH onto Au is believed to be a thiolate (RSTAu(I)) (35).
Coverages from the silane and thiol reagents are typically in the range of
one monolayer.

[SiOz]—OSi(CH3)2(r,5-CSH4)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 X
10711 mol/cm?.

Irradiation of [SiOZ]—OSi(CH3)2(r,5-CSH4)Mn(CO)3 (at 2023 and
1938 cm™!) in a Nujol mull containing excess L = PPh,(n-octyl) yields the
monosubstituted product [SiOz]—OSi(CH3)2(r75-CSH »)Mn(CO),L (absorp-
tions at 1931 and 1861 cm™!). Figure 4B shows the IR difference spec-
trum accompanying the irradiation. The band at 2023 cm™! is associated
with [SiOﬂ—OSi(CH3)2(r,5-CSH4)Mn(CO)3, and the band at 1946 cm™!
results from the disappearance of the 1938-cm™! band of [SiO,]—
OSi(CH3)2(n5-C5H4)Mn(CO)3 and the growth of the lower energy band of
[SiOZ]—OSi(CH3)2(r;5-C5H4)Mn(CO)2L. The actual position of the lower
energy IR band of the photosubstitution product is ~1931 cm™! and was
obtained from an absorption spectrum recorded after nearly all of [SiO,]—
OSi(CH,),(7°-CsH,)Mn(CO), was converted to [SiO,]—OSi(CH,),(n’-
CH,)Mn(CO),L.. The band at 1861 cm™! is assigned to [SiO,]-OSi-
(CH3)2(n5-CSH4)Mn(CO)2L. Similar photochemistry occurs with L is
PPh,Fc (Figure 3B).

[Si]—OSi(nS-C5H4)Mn(CO)3 can also be characterized by transmis-
sion FTIR spectroscopy. Irradiation of [Si]—OSi(nS-C5H4)Mn(CO)3 (at
2025 and 1939 cm™!) 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;SiR reagents yield about one monolayer of the functional
group R attached to a Si—SiO_ surface.

Irradiation of [Si]—OSi(r;s-CSH4)Mn(CO)3 (at 2025 and 1939 cm™1)
in neat PPh,(n-octyl) results in the loss of the tricarbonyl and formation
of [Si]—OSi(nS-C5H4)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.
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Figure 4. Part A: IR spectrum of [SiO, —OSi(CH3)2(n5-C5H4)Mn(CO) 3
(absorptions at 2023 and 1938 cm™) in a Nujol mull at 25 °C. Part B: IR
spectral changes accompanying photoreaction of [SiOz]—OSi(CH3)2(n5-C5H -
Mn(CO); with L = PPhy(n-octyl) at 25 °C to give [SiO,]—OSi(CHy),(n’-
CsH )Mn(CO),L. Bands at 2023 and 1861 cm™L are assigned to [SiO,]—OSi-
(CHy),(n*-CsH)Mn(CO);  and  [SiO,]—OSi(CHy),(n’-CsH )Mn(CO),L,
respectively. The band at 1946 cm™! is a result of the disappearance of starting
material and the formation of [SiO,]—OSi(CH. 3)2(n5-C5H JMn(CO),L.
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panying photoreaction of [Si]-OSi(n’- C5H4)Mn(CO)35 at 25 °C in the
presence of L = PPhy(n-octyl) to give [Si]-OSi(n’-CsH )Mn(CO),L
(absorptions at 1939 and 1867 cm™).
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The thiol-modified Au thin film (~100 A) on Si—[Au]—S(CH7)11(n5-
CsH,)Mn(CO)j, has the transmission IR spectrum shown in Figure 6A. In
contrast to the Sl confined species, successful CO photosubstitution in
[Au] S(CHz)u(r, -CsH,)Mn(CO); can be effected w1th lower concentra-
tions of phosphine. Irradxatlon of [Au] S(CH7)H(77 -C H“)Mn(CO)3 (at
2015 and 1925 cm‘l) in 0.05-0.1 M L = PPh,(n-octyl) in dry hexane
under Ar results in loss of tricarbonyl and formation of [1Au]—S-
(CHz)n(ﬂ -CsH,)Mn(CO),L (absorptions at 1922 and 1852 cm™"). The
difference spectrum for this process is shown in Flgure 6B. Similar results
are obtained upon irradiation of [Au]—S(CHQH(n -CsH,)Mn(CO); in a
solution containing 0.05 M PPh,(CH,),,Fc in hexane under Ar (Figure 7).

These results show that these derivatives of (1°-C sHs)Mn(CO),
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 PPh,-n-octyl) are required for efficient CO photosubstitu-
tion in [Sl]—OSl(n52 -CsH )Mn(CO),. 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 (-

C;H)Mn(CO), in hexane containing 0.01 M PPh,(n-octyl) gives efficient
formation of substitution products.

One possibility is that silanol groups present on the SiO, 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(HPO,), + H,O (42). Likewise, irradiation
of W(CO)6 adsorbed on porous Vycor glass yields a W(CO);L complex,
where L is chemisorbed water or a surface silanol group (14). Although
successful photosubstitution of phosphine for CO in [Au]—S(CH2)11(r7 -
CH,)Mn(CO), at lower phosphine concentrations would support thls
contentlon no IR bands that could be assigned to [Sl]—OSl(r[ -
CsH,)Mn(CO),(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 6. Part A: Initial IR spectrum (1) of [Au]-S(CH,), 1(n5-
CsH )Mn(CO); (absorptions at 2015 and 1925 em™) at 25 °C in air and
final IR spectrum (2) after photoreaction with L = PPh,(n-octyl) to give
[Au]—S(CHz)”(n5-C5H4)Mn(CO)2L (absorptions at 1922 and 1852
cm™1). Part B: Difference IR spectrum of 1 and 2.
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[Au];S(CHZ)u(n -CsH )Mn(CO),L (absorptions at 1920 and 1850
cm™).

tuted species are formed on the surface. Prolonged irradiation only leads
to decomposition of the monosubstituted product. Because the Mn center
in the SiO, 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(CHZ)H(') -CsH,)Mn(CO); in the pres-
ence of PPh,Fc indicates that steric crowding near the metal center ma 5y
be greater for the molecule in the adsorbed monolayer than for free (n°-

CsH5)Mn(CO)j, in solution, where substitution of PPh,Fc occurs readily.

If close packmg does exist, the metal carbonyl head group of
[Au]—S(CH2)u(r, -CsH )Mn(CO) L could behave in the monolayer as it
would in a solid matrlx. (n°-C HS)Mn(CO)ZPPh irradiated in methylcy-
clohexane, 3-methylpentane, or 2-methyl-THF matrices at 110 K fails to
undergo ligand loss (CO or PPh,), as no IR spectral changes can be
observed. In contrast, irradiation of (CH3)381(n -CsH,)Mn(CO), in a
methylcyclohexane matrix induces CO loss to give the 16e™ species
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(CH3)381(r7 -CsH,)Mn(CO),, analogous to results for related complexes
(n-C MeS)Mn(CO)3 and (n°-C sCls)Mn(CO), (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 ﬂu1d solution. The manganese carbonyl centers of [Au]
—S(CHz)u(n -CsH,)Mn(CO),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,Fc.

Photochemical Patterning of Flat Substrates

Photopatterning of the Si and Au surfaces at relatively low resolution is
readily accomplished by immersing ~16- x 32-mm pieces of Si derlvauzed
with CL,Si(n’-C;H,)Mn(CO), and Au derivatized with HS(CHZ)u(r, -
C H“)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 havin g unique functional groups. For
example, irradiation of [Au]-S(CH,),,(n’-CsH,)Mn(CO); in the presence
of L = PPh,(CH,),,Fc introduces the redox active ferrocenyl group intact
onto the surfaoe of Au by formation of the substitution product
[Au] S(CH2)11(17 -CsH )Mn(CO),L. A cyclic voltammogram of the irra-
diated electrode shows the presence of redox active centers (Figure 8B).
The waves at E;, 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 Au electrodes modified with HS(CH,),; (n°-C sHy)-
Mn(CO),L (L = PPh,(CH,),,Fc or PPh,(n-octyl), Figure 9) synthesued
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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Figure 8. Part A: Cyclic voltammetry (CH;CN-0.1 M [ n-Bu,,N]PF & 200
mVJs) of a Au electrode derivatized with HS(CHZ)“(n -C5H4)Mn(CO)3
and treated first with 0.05 M PPh (CH );1Fc in hexane under Ar in the
dark and then 20% benzyl bromzde in EtOH in the dark. Part B: Cyclzc
voltammetry of a Au electrode derivatized with HS(CH,), 1(" -
CsH )Mn(CO), irradiated in 0.05 M PPh,(CH,),,Fc 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.
Photopattermng of the electrodes can be accomplished, because no
[Au]- S(CH2)11(17 -CsH,)Mn(CO),PPh,(CH,),,Fc forms on nonirradiated
portions of the electrode treated with the phosphine, as determined by
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Figure 9. Part A: Cyclic voltammetry (CH;CN—0.1 M [n-Bu,N]PF,, 200
mV]s) of a Au electrode derivatized in a 05 mM solution of
HS(CHZ)u(n5 -CsH,)Mn(CO),PPh,(CH,),,Fc in hexane under Ar over-
night. Part B: Cyclic voltammetry (CH;CN-0.1 M [n-Bu,NJFPF, 300
mVis) of a Au electrode derivatized in a 1 mM solution of HS(CH,), 1('1 -
CsH )Mn(CO),PPhy(n-octyl) in hexane under Ar overnight.
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cyclic voltammetry. Residual PPh,(CH,);;Fc remaining on surfaces
treated in the dark can be removed by treatment with 20% benzyl bromide
in EtOH at 25 °C for 20 min. A cyclic voltammogram of a modified Au
electrode [Au]—S(CHz)n(r,S-CSH HMn(CO), treated in the dark with
PPh,(CH,),,Fc and then benzyl bromide is shown in Figure 8A.

Because the surface-confined derivatives of (r;5-C5H5)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 (n5-
CsH)Mn(CO), confined to Au 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) on Ag (110) dissociated upon irradi-
ation at 337 nm with approximately the same yield as on AL, O, (19). The
rate constant for quenching by energy transfer to the surface was
estimated to be ~10'? s™1. The lower limit placed on the rate of photo-
dissociation of Fe(CO)4 was ~3 x 1012571,

Because Si surfaces modified with Clssi(175-C5H4)Mn(CO)3 and Au
surfaces modified with HS(CH2)11(n5-05H4)Mn(CO)3 are inert toward
thermal CO substitution, they can be patterned with respect to their pho-
toproducts with PPh,(n-octyl) or PPh,(CH,),,;Fc. Substitution of PPh,-
(CH,),;Fcyields 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)4 leads to CH, evolution, but photolysis of Ruy(CO),,
yields a surface-grafted oxidative-addition product, (u-H)Rus
(CO),y(p-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) 4 leads to WO;, and WO; photocatalyzes the conversion of
1 3C02 to 3CH 4~ 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 (u-H)Ru3(CO),,(p-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.

THE 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-
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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 (3). 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 Corning’s code 7930
porous Vycor glass (PVG) (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 PVG as a reaction medium does not stem from a specific
advantage with respect to catalysis. Rather, PVG and porous glasses in
general offer a unique combination of rigidity, transparency, and porosity.
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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
PVG and the photocatalytic activity of W(CO), Fe(CO)s, and Ru,(CO),,
physisorbed onto this glass.

Porous Vycor Glass (PVG)

PVG (8-11) is a 96% SiO,, 3% B,0,, and 1% Na,O and Al,O, 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 A are currently avail-
able, but larger pore sizes reduce optical transparency. The ilass used in
our experiments has an average pore diameter of 100 + 10 A and a sur-
face area of 183 % 15 m%/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 A (I2). 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 A (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~! 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 A? with the highest density
within the pores (15, 16). Trace amounts of chemisorbed water are also
present in calcined (650 °C) samples (I7). PVG is often likened to silica
gel, but the two materials are not chemically equivalent. In addition to
the silanol groups, which function as weak Brgnsted acids, PVG also
possesses B203 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 B
present in the first 50 A 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 CO,

W(CO), physisorbs on PVG 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
CH, evolution (I7). Similar results occur in the thermal activation of
W(CO), physisorbed onto silica gel (19, 20). As noted, PVG 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
hydrogenation of the coordinated CO (19, 20). However, stoichiometric
measurements and 13C-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),, CH, evolution
accompanies metal oxidation. CH, is the sole hydrocarbon evolved, and
the amount evolved falls within known impurity levels; therefore, CH4 is
attributed to the hydrogenation of a carbonaceous impurity thought to be
a C, oxide within the glass matrix (7).

Second, the photoactivated system becomes catalytic, whereas ther-
mal activation yields a stoichiometric reaction. Although photoinduced
CH, evolution initially occurs with concurrent oxidation of the tungsten,
photoactivation of the resultant oxide continues CH, evolution (I7),
whereas thermally activated CH, evolution is limited to a stoichiometric
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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, CH, evolution does not occur
in the absence of the metal. UV-—visible spectra indicate that the resul-
tant oxide is WO,, 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(CO),—PVG systems examined (17).

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

When a sample of PVG containing 10~ mol of W(CO)(ads)/g (ads
denotes an adsorbed species) is exposed to 25 torr (3332 Pa) of ! CO, (2
x 107* mol), the gas rapidly equilibrates between the adsorbed and gas
Yhases. However, a 254-nm photolysis does not result in immediate

3CH, evolution. Instead, 12CH, initially accompanies 12CO evolution,
but as the photolysis proceeds, the rate of 2CH, evolution declines and is
replaced by 13CH,, and 13CO evolution. The 1986-cm™! band of the hexa-
carbonyl disappears during 12CH, evolution, and when 13CH, evolution
occurs, the electronic spectrum of the adsorbate consists of a strong UV
absorbance (50% transmission (T) at 232 nm) with a weak shoulder at 330
nm. As noted, the spectrum of the adsorbate is essentially equivalent to
the spectrum of PVG impregnated with WO, (17), and repeating the
experiments with WO,-impregnated samples (Table I) yields similar
results. A 254-nm photolysis of a PVG sample containing 2 x 107¢ mol
of WO,/g under 25 torr (3332 Pa) of 1*CO, leads to 12CH, and 12CO evo-
lution followed by 1*CH, and 13CO evolution.

These results implicate WO,, or a species derived from it, as the pho-
tocatalytic reagent. At low loadings (<15% by weight) on Al,O,;, WO,
exists as the tetrahedral ion WO42‘ (21). WO, is less dispersed on SiO,,
and at monolayer coverage exists as a mixture of bulk WO, and a
tetrahedral species bound to SiO, through W—O-Si bonds (22—24), the
latter being suggested by a corresponding reduction in the intensity of the
SiO—H proton resonance (24). Although the WO, 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
PVG. When WO, is adsorbed onto PVG, 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 WO, is the dominant light-adsorbing species present dur-
ing the photocatalyzed evolution of 1>CH,.



PHOTOSENSITIVE METAL-ORGANIC SYSTEMS

72

"4 ST 10§ (Bd ¢ 01 X €E°€EL) ;,—01> J PUB O 0S9 18 UOIIendead £q pajeIpAyap A[QAISu9IXH,

-1odea Iotem ylm pateiqijinbo sem (ed 00T X €E'ET 10 1101 ¢ 01> d) ddwes pajendesd,

*(1x91 225) UOIIN[OAD qﬁoﬁ Jo)Je pappe sem NOUm?

*Spu02as [2201d10a1 Ul UOIIN[OAD qﬁo.& Jog,

‘DA Jo weid 1ad paqiospe sojowW JO JoquINU Y3 e sasayjualed ur s1aquinu ‘pagiospe sajow [BIOL,

0€0 €20 rAll} S0 0€0 91 (61) 2T Som 9
61T 8T 8'€ 0Z0 €T 91 (61) 9T 2~ OM S
T€ €€ 8P 8T €T 91 (61) 8¢ ‘fom %
0°€ 91 (1321 1 T'E 91 a1 Sfom €
€1 81 oL 09 68 0T Loy (0om r4

€0 €0 $8°0 ST 9¢ 07T (61)8C (0o)m 1

9-0I X g0l X o O0IX , 0% gO0IX ,0IX o QI%x awulodwy dxg

gowmbag e 00 PHO; 00y C00¢  oPPqiosPY
L2a0ung

(yf1ow) a1y (jowt) unowy
(spe)* oM pue (spe)®(0D)M Jo sishjojoyd Surmp uonnjoay "HY pue QD Jo sajey 3Beray ] 3lqeL

#00U0"8E20-E66T80/TZ0T 0T :10p | Bio'se'sgnd)/:dny uo €66T ‘G A8 N Lo paus!iand



Published on May 5, 1993 on http://pubs.acs.org | doi: 10.1021/ba-1993-0238.ch004

4. XU & GAFNEY  Behavior of W, Fe, & Ru Carbonyls on Porous Glass 73

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 2CH, in all experiments with both
W(CO), and WO,, regardless of the initial 3CO, pressure, implies that
the carbonaceous impurity is more easily hydrogenated than 13CO,. Com-
parisons of individual reaction rates of hybrid systems are tenuous, but in
all experiments (Table I), the rate of 13CH4 is smaller than the rate of
12CH4 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 WO,
the first events are the conversion of the C, oxide impurity to 1gCH 4 As
the impurity sites are depleted, 13CO, begins to adsorb onto the vacated
sites, and continued photolysis of WO, leads to 13CH4 evolution. In fact,
if the impurity sites are depleted prior to exposure to 13C02, photolysis
leads to immediate '3CH, evolution. For example, sample 2 (Table I) was
photolyzed until the rate of 12CH 4 evolution was below that detectable by
gas chromatography. At that point, the sample was evacuated [pressure P
<1075 torr (133.3 x 10> Pa)], charged with 25 torr (3332 Pa) of >CO,,
and photolyzed. Periodic gas chromatographic—mass spectrometric
(GC-MS) analyses of the surrounding gas phase confirmed immediate
13CH, formation.

Photolyses on partially deuterated PVG indicate that the hydrogen
source is either the silanol group or chemisorbed water (I7). In these
experiments, calcined powdered or plate samples of the glass were refluxed
in neat D,O (299%) for 812 h. After drying under vacuum at room
temperature, the reduced intensities of the 3744- and 3655-cm™! SiO—H
bands and corresponding growth of the 2760- and 2641-cm™! SiO-D
bands indicated that 33—50% of the Si—OH groups were converted to
Si—OD. A 310- or 254-nm photolysis of W(CO), adsorbed onto deu-
terated PVG results in the evolution of CH,, CH,D, and small amounts of
CH,D,. The amount of deuterated products increases with the extent of
deuteration, but never exceeds 25% of the total amount of CH4 evolved.
This finding might be taken as prima facie evidence that the glass acts as
the hydrogen source, but water is tenaciously held on PVG. 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™! band
indicates the presence of small amounts of D,O 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 x 10~ mol of WO,/g under vacuum [P
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<6 x 1073 torr (799.8 x 105 Pa)] at 650 °C (Table I, sample 6) reduces
the rate of 13CH4 evolution by an order of magnitude during subsequent
photolysis under 25 torr (3332 mPa) of 13CO,. On the other hand,
increasing the water content by exposing a sample containing 2.6 x 107°
mol of WO,/g to water vapor (Table I, sample 5) also decreases the rate
of 13CH, evolution relative to an unexposed sample. Consistent with it
acting as the source of the reducing equivalents, O, is detected as a reac-
tion product, although further experiments are needed to establish the
stoichiometrly of the reaction. In excess, however, water may reduce the
amount of 3CO, adsorbed onto the glass or compete with 13CO, for
adsorption onto the active site.

Exposing PVG samples containing WO, to CO, does not result in IR
bands indicative of an interaction between the surface oxide and CO,.
Consistent with a WO, surface coverage of <0.4%, the spectral changes
are dominated by those observed when unimpregnated PVG is exposed to
CO,. The intense, sharp, SiOH band at 3744 cm™! is replaced by a series
of bands at 3730, 3632, and 3599 cm™! and bands indicative of physisorbed
CO, at 2360, 2236, and 671 cm™L, However, a series of weak bands also
appear in the 1700—-1200-cm~! region and have been assigned to car-
bonate and bicarbonate (25, 26). The intensities of these bands are
independent of the pressure of CO, and do not disappear on evacuation,
whereas the bands indicative of physisorbed CO2 and the 3730-, 3632-, and
3599-cm~! silanol bands disappear immediately. This behavior suggests a
limited number of adsorption sites, and on adsorption onto these sites,
CO, is converted to species similar to carbonate and bicarbonate. On
irradiation, the bands in the 3730—3599- and 1700—1200-cm™! regions
disappear concurrent with CH, evolution.

Of the bands that appear in the 1700—1200-cm™! region, however,
only the weak band at 1655 cm™! agrees with the bands observed when
CO, is adsorbed onto SiO,. The other bands, which appear at 1704, 1516,
1467, and 1293 cm™!, are similar to bands that appear when CO, is
adsorbed onto Al,O, (2I). In addition to SiOH Br¢nsted acid sites, PVG
also possesses electron-deficient Lewis acid sites in the form of surface
B203 sites. The amount of B present in the glass, 2.6 + 0.1% in the first
50 A (12), is consistent with a limited number of active sites, and the spec-
trum CO, adsorbed onto these sites would be more analogous to that
adsorbed onto A1203 than that adsorbed onto SiO,. Furthermore,
adsorption onto a Lewis acid site would be expected to increase the sus-
ceptibility of CO, to reduction, and recent experiments show that tying up
the Lewis acid sites through a reaction with NH, (27) reduces the rate of
CH, evolution substantially.

Further experiments are in progress, but the data gathered to date
clearly show that this hybrid system photocatalyzes the conversion of CO,
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to CH,. The data point to an active site composed of either a surface-
bound tetrahedral tungsten oxide or agglomerated WO, and a B,O, Lewis
acid site.

Photocatalyzed Isomerization of 1-Pentene

Fe(CO)s. Fe(CO), physisorbs onto PVG without disruption of its
primary coordination sphere. IR and electronic spectra of the adsorbed
complex are essentially equivalent to fluid solution spectra. UV 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),—OSi and H-Fe(CO),OH (18). Photolysis of Fe(CO) under
a 1-pentene atmosphere, however, leads to quantitative formation of
Fe(CO),(1-CsH, j)(ads), which is then photochemically converted to the
shorter-lived Fe(CO),(1-CsH, j)(ads) and HFe(CO),(1-CsHy)(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), 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 #rans—cis product ratio varies with irradiation time and
differs from the thermodynamic ratio, 4.82.

Rus(CO)lz. Ruthenium complexes, in general, catalyze a number
of transformations, and thermal activation of Ru,(CO),, on high-surface-
area supports yields catalysts of enhanced activity and selectivity.
Ru,(CO),, physisorbs onto PVG 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, UV photolysis of Ru,(CO),, physisorbed onto PVG yields the
surface-grafted, oxidative-addition product (u-H)Ru,(CO),,(u-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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Exposing (u-H)Ru4(CO),,(u-OSi) to 400 torr (5332 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.
(u-H)Ru4(CO),,(p-OSi) exhibits a weak band at 2109 cm~l, relatively
intense bands at 2078 and 2068 cm™!, and a broad band at 2035 cm™! with
shoulders at 2017 and 1999 cm™!. On exposure to 1-pentene (Figure 1),
the bands at 2109 and 2078 cm™! decline, the 2068-cm™! band declines
slightly and shifts to 2066 cm™, and the 2035-cm™! band shifts to 2028
cm~. Concurrent with these changes, new bands appear at 2102 and 1830
cm .
Evacuating the cell to a pressure of 4 x 10~ 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 (u-H)Ru,(CO),,(4-OSi), and GC 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,(CO),,(ads) in >90% yield when (u-H)Ru;(CO),o(u-OSi) 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 Ru—O bond
(I), an Ru—H bond (II), or both (IIT). Basset and co-workers (36) pro-
posed a structure analogous to I in Os,(CO),,SiO,-catalyzed olefin
hydrogenation. Although IR spectra recorded in our experiments do not
exhibit a distinct absorption in the 1960—2060-cm™! region that could be
assigned to a terminal Ru—H vibration (37), we tentatively assign the pro-
duct to III. This assignment is based solely on the stability of the (u-
H)Ru,4(CO),,(u-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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Figure 1. Diffuse reflectance FTIR spectra of (a) (u-H)Ru3(CO),,(u-OSi)
and (b) (p-H)Ru3(CO),,(p-OSi) under 400 torr (53.32 kPa) of 1-pentene.

quently, the bands at 2109, 2078, 2066, 2028, and 2102 cm~1 are assigned
to IIL. Although shifted, the band at 1830 cm™! is assigned to 1-pentene
adsorbed on the glass, because 1-pentene adsorbed onto calcined PVG
exhibits a relatively intense band at 1850 cm™! (28), and the 1830-cm™!
band disappears under vacuum more rapidly than those assigned to IIL
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Electronic and DRIFT spectra recorded during UV photolysis of III
under 400 torr (53.32 kPa) of 1-pentene show relatively little change. A
slight decline in the 2102-cm™! band, characteristic of III, is accompanied
by a corresponding increase in the 2078-cm~! band characteristic of (u-
H)Ru,(CO),,(u-OSi). Nevertheless, periodic CG analyses of the sur-
rounding vapor phase indicate the conversion of 1-pentene to cis- and
trans-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),(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,
into the reactor neither increases the rate of isomerization nor results in
hydrogenation of the olefin. However, generating (u-D)Ruy(CO), (k-
OSi) by photolysis of Ru,(CO),, adsorbed onto deuterated PVG (6) and
using the deuterated analog yields deuterated olefins. Of the total deu-
terium incorporated, GC-MS indicates that ~90% is present in the 2-

80

100

60

40

% conversion

20

e . o o

T v - *

v T T T T
100 200 300 400 500 600

T (min)

Figure 2. Distribution of cis-2-pentene (0O) and trans-2-pentene (@ ) dur-
ing 300-nm photolysis of (u-H)Ru3(CO),,(u-OSi) under 400 torr (53.32
kPa) of 1-pentene (m).
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pentenes, and the remainder is present principally as 1-D-1-pentene with
trace amounts of 1-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.

UV photolysis of 1-pentene physisorbed onto PVG 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 frans-2-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); on PVG, that is, 3.7 + 0.2. In this case,
the photochemical reaction generates a thermally activated ground-state
catalyst, whereas in the Ru—PVG 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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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 (i.e., 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 (I—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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A ':T"> T -5 products 1)

where a short-lived intermediate, T, is generated with a quantum yield, ®,
by flash irradiation of a photolyte, A. Assume that a mathematical func-
tion, I, (¢), of the time, ¢, gives the intensity of the flash absorbed by the
sample at any instant of the irradiation. If the photogeneration of T 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 T, [T], takes the form of equation 2:

[T] = Cexp—kt + exp —kt [I,() exp ke dt Q)

where C is an integration constant. Because the second term in equation
2 couples the dependence on time of the absorbed light, I (¢), to the
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 ¢ = 7, (i.., before the factor exp k¢ has
undergone any significant change from unity). In these experimental con-
ditions, equation 3 expresses the concentration of intermediate at any
time, t > 7, ., longer than the brief flash irradiation.

[T] = ¢nu, exp —kt £ > Tiash 3

where n, , is the number of photons per unit volume absorbed from the
flash. The product, ¢n,, , gives the concentration of T 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 T and inves-
tigate the kinetics of the chemical reaction. A flash fall time, Tilash> TUS
be, therefore, shorter than the transient T lifetime, 1/k, for its unob-
structed observation in flash photolysis. In this regard, 7;,, < 0.1/ 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 T 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, OMA, 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 Nd:YAG laser, A = 1062 nm, is
delayed with respect to another flash with light of a higher harmonic, A =
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,O and H,O or
CS,, Raman scatter or dielectric breakdown results in the generation of an
intense, picosecond-lived, flash of white light, A > 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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Figure 2. Typical optical arrangements for flash photolysis with picosecond
time resolution. A pulse from the mode-locked YAG laser (top figure)
composed of the fundamental, X, and a higher harmonic, X,, are optically
separated in a high-power resistant dielectric mirror, DM. A prism, P, and
a high-power resistant mirror, M, are combined in an optical delay line. A
cell with a dielectric medium, D,0, 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, TRRR or TR3 (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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Picosecond-through-Millisecond 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 Cu—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.c., the copper complex) does not absorb light from the flash
and functions as a radical scavenger in these reactions. A number of
Co(IIT)-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 Co(NH3)SOCOCH32+ were used for the generation of CH;-
radicals with Cu?*(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 CuCH32+ according to the mechanism in equations 4—8:

02—
- 84 -{\\
100
a s00,
nsec
A= -

| | ]
350 400 450

Wavelength , nm

Figure 3. Transient spectra (AOD is the optical density change) observed
in reactions of methyl radicals and Cu®*(aq) ions. The spectrum was
recorded 500 ms after the flash irradiation, A, = 240 nm, of 2 X 100*M
Co(NH3);OCOCH?* and 0.1 M Cu?*(aq) in 1072 M HCIO, (26). The
inset shows time-resolved optical changes at A a 370 nm; T is transmit-
tance.
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Co(NH3)s OCOCH;2* "_“;i; Co?* + 5NH,* + CO, + CH,* (4)

CH3+ + CH3» — C,Hg )

Co(NH3)sOCOCH;** + CH,:
— Co** + 4NH,* + CH3CO,H + CH, + NH, (6)
CH;+ + Cu?*(aq) — CuCH;%* Q)
CuCH** ™% cut(aq) + CH;OH + H* ®)

The spectroscopic detection of CuCH_,,2+ was successful in flash photolysis
because two experimental conditions were fulfilled. Optical absorptions of
Co(NH,);OCOCH,?* and Cu?*(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
CuCH32+ reactions. These conditions are not repeated in the formation
and decomposition of CuCH3+ with a similar time resolution. The
CuCH3+ species can be prepared by using Cu*(aq) as a scavenger of
CH,- radicals from the Co(NH;);OCOCH,>* photolysis:

CHj;: + Cu+(aq) — CUCH3+ &)

or in flash irradiations of CuOCOCH_,,+ at wavelengths of the charge-
transfer absorption band (26). In the photodecarboxylation of
CuOCOCH3+, equations 5 and 10-16 summarize the events leading to
the formation and decay of CuCH,*.

hv

CuOCOCH;* % [Cu*, CHy] + CO; (10)
CuOCOCH;* 2> [Cu¥, OCOCH;] (11)
[Cu*, OCOCH;] — CuOCOCH;* (12)
[Cu*, OCOCH;] — CuCHzt + CO, (13)
[Cut, CHs:] — CuCHj;* (14)
CuCH;t — Cu?t + CH, (15)
CH30H + CH3CO,H
CHj* + CuOCOCH;t — Cut + and/or (16)

CH;0COCH;
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Flash photochemical results in Figure 4 show the spectrum of the
CuCH3+ 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

AOD

1 1 1
350 400 450
Wavelength, nm

Figure 4. Absorptions (AOD is the optical density change) of transients
generated in (1) flash photolysis of CuOCOCH; (ie., [Cu,] = 10~ I M,
[CH,CO,] = 5.0 x 1073 M, and [CH;CO,H] = 5.0 x 10 M) and (2)
Co(NH,;) s OCOCH 32+ in the presence of Cu*(aq) (26). The inset shows a
typical trace recorded in under the conditions indicated for curve 1 with

A, = 240 nm; T is transmittance.

in the solvent cage (i.e., species shown inside square brackets in equations
10-14) lead to the formation of CuCH,* (egs 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 Cu2*(aq) is coordinated to polyacrylate the
resulting complex undergoes a photodecarboxylation (eqs 17-21) similar
to that just described for CuOCOCH,™* (31).
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CO;Cu* (CT)CO,Cu*
v : ‘
+es| ~CH-CHa— |»++ =% — «-«CH-CH,—| - a7
(CTCO,Cu* CO,-Cut
| wdu-cHa-|... ", (18)
CH-CH, —> —|***CH-CH;—|:--
CO,Cu*
|
«Cu?t JR N — -
—|++:CH-CH,—|-++ ——
\____> Cut
R S )
Cu* Cu*
. |
-e+|~CH-CH,—|[+++ — +++|—CH—CH,y—|+-- (21)

Investigation of the processes shown in equations 17—-21 by flash
photolysis reveals that the spectrum of the alkyl—copper product,
---CH(Cu)*—CHZ-u, 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
7 < 15 ps) by comparison to the decarboxylation of the CH,CO,+ radical,
7 ~ 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-(CH,) 4-[14]1,3,8,10-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(TIM)?*)... (Figure 5) (32). Therefore, excess Cu(ll)
complex reacted with carbon-centered radicals within the flash, (eqs
22-24).

CO,Cul! (’I‘IM)’*] * [ (CT)(l:OQCu(TIM)*' ] +

|

-++ |-CH-CH,: - - +«:CH-CHj-+- |— (22)

(CT)CO,Cu(TIM)*]* Cu/(TIM)+ 1+

| .
-| +-«CH-CHz'**+ |~ — +++|-CH—-CH,— } (23)
-0,

1 + Cu(TIM 2+
?u (TIM) ~Cul' Tyt |u( : 24
«es| =CH-CH,— |s-- ~oimy¥> ++* |~CH—CHp—|-* (24)
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Figure 5. Spectra recorded 15 ps after the 266-nm irradiations of (a) 10~°
M Cu(TIM)** and (b) 103 M Cu?*(aq); each of them in 6.0 x 105 M
of a 2.0 x 10° 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).

(|3u(TIM)2+ cul(TIM)*

I
e [_CH_CHz_] ese j:_i) XX [_CH—CHz—] oo + eaq.- (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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Figure 6. Transient spectra recorded in flash irradiations of 10° M
Cu(TIM)** in 6.0 x 10~3 M polyacrylate 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. An 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).

Cut Cu?t

| v I
---[—CH—CHz—}"' vy ---[—CH—CHZ—}"' + €y (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

I
L 1 t_; L 1 1 1 1
200 us
s T CH M P
O-EW-—5— e
‘D CL.}:S' a cL
'\ B s
X| eese ....%..... ..... -
b .
‘-‘ B

XZ ..-..-......Z’........................---y

Figure 7. Diagram of an apparatus (bottom figure) for sequential, two-
color, double-pulse flash photolysis experiments. Two synchronously fired
lasers generate pulses of light with wavelengths A; and ),. 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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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:

hv

s
{HC|:—C02‘Cul(TIM)} = {HC'CWI(L)} —
{H(:Z—CuI(TIM)} —> 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-

0.030
L'
o.oi8} Pl b
L™
.": ..f
R oy
0.006 - (@)
'/ :
¢
-0.006 - .
o .
o LA ! 1 1 1 1
” L
0.004} °

-0.004

(b)
-0.012

-0.020 . . L L L
O 165 33.0 495 66.0 825 99.0

Time (usec)

-

Figure 8. Transient optical changes generated by a 760-nm flash irradia-
tion of Cu(TIM)* in (a) 6.0 x 10~ 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)?*. (Reproduced from
reference 32. Copyright 1990 American 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, CIRe(CO),(4-phenylpyridine),
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 l
otof W NN
. - \ L .
< 0.05 ™~ 3 . .
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O e : 1 o 1 " 1 2 PO | 2 1 2 1 4
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Figure 9. Traces for the time-resolved 560-nm absorption (top left) and
350-nm emission (bottom left) from the MLCT state generated with 337-
nm flash irradiations of fac-CIRe(CO) ;(4-phenylpyridine),. 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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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(HZC=CH2)+, in methanolic solutions saturated with ethylene
catalyzes the formation of hexane and formaldehyde (eq 28 and Figure 10)
(38).

2.0

1.6}
w oI t=0
S 1.2
< -
&
T 0.8}
(2}
@ N
< 0.4

| ]

250

350

WAVELENGTH ,nm

Figure 10. Spectral changes determined at 180-s intervals in 254-nm con-
tinuous photolysis of an argon-saturated methanolic solution of
Cu(C2H4)+. (Reproduced with permission from reference 38. Copyright
1985.)

3H,C=CH, + CH;OH -% C¢Hy + CH,O (28)

Because the polymerization of ethylene (eq 28) involves the oxidation
of the solvent, CH,OH, several intermediates, detected in flash photoijysis.
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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Figure 11. Transient difference spectra recorded at three different instants
following the flash irradiation of Cu(C2H4)+ in ethylene-saturated
methanol. (Reproduced with permission from reference 38. Copyright
1985.)
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— [ cD]+ (32)

. +
[ {CH3CH, ] (X max= 500nm)

Cu
4 +
CH (CH,) g CH
2 [ c‘{ 2'5 2] (33)

. +
[(]CH2)5CH2]+ + CH;OH 55 cu?t + CgHy + CH,OH (34)

Cu
Cu** + CH,OH — Cu* + CH,0 + Ht (35)
2CH,0H —s (CH,OH), (36)
2CH,0H — CH;0H + CH,O G7)
Cut + CHy=CH, = Cu(CH,=CH,)* (38)

The criteria followed for the assignment of the intermediates in equa-
tions 2938 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, A = 320 nm, has a spectrum and a lifetime
similar to those of the Cull-alkyl intermediates in reactions between radi-
cals and Cu(I) complexes. Equilibration between this diradical and the
cuprocyclopentane, A . = 500 nm, in equation 32, was proposed to be a
process parallel to the generation of a solvent-scavengeable species shown
in equation 31, A . = 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 Cu(CH2=CH7)+ spec-
trum. This experimental observation, indicative of the catalytic recycling
of Cu(l), was associated with the known diffusion-controlled reaction of
solvent radicals with Cu(Il) 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
cis,cis-cyclooctadiene (¢,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, Amax = 280 nm, and a copper—olefin complex, A . =

320 nm.
c ' ) +
u hy
@h r Cu% (39)

(X max=280nm)

+
/C"%—- Culc,c -COD)} (40)
s
+
S/C“/\DE —=Cu(c,c ~COD)(c,t-COD)* (41)

The lifetime of the cuprodiradical, A .. = 280 nm, is too short for
any appreciable reaction with solvent methanol or trace concentrations of
the free ¢,c-COD ligand; the only reaction path is, therefore, isomerization
into species, A .. = 320 nm, that eventually form the terminal products.
An 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-



Published on May 5, 1993 on http://pubs.acs.org | doi: 10.1021/ba-1993-0238.ch005

S. FERRAUDI  Millisecond-to-Picosecond Time Domain 101

PE T S
20 40 60

—0.3
—0.2

:lg [

'ABSORBANCE

ABSORBANCE

250 300 350 400
WAVELENGTH, nm

Cu (cis,cis~CoD)} p

Cu (cis, cis- COD)(cis,trans—COD)*

cis,cis = COD cis,trans— COD

Figure 12. Spectral changes, determined at 180-s intervals in 254-nm con-
tinuous photolysis of Cu(c,c-COD)?* in argon-saturated methanol, were
associated with a photoisomerization process shown on the bottom of the
figure (38). The inset shows changes in the 290-nm optical density as a
function of the irradiation time for various concentrations of the copper
complex: 2.0 x 1072 M (a), 5.0 x 1073 M (b), and 1073 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
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Figure 13. Transient difference spectra of the two intermediates detected in
flash irradiations of Cu(c,c-COD)?** in Ar-saturated methanol. (Repro-
duced with permission from reference 38. Copyright 1985.)

(i.e., 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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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 TRRR 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. Wacholtz!, 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(Il) 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(Il) 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.

MANY TRANSITION METAL COMPLEXES having metal-to-ligand
charge-transfer (MLCT) excited states have been extensively used as sensi-
tizers in energy- and electron-transfer reactions (I—I18). In particular,
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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
us, 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 MLCT excited states (1), the complex can be used either as
an eclectron 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(Il) complex sensitizer is reduced by a
reversible electron donor (for example, N,N,N’,N’-tetramethylphen-
ylenediamine, TMPD) following excitation of the complex. The reduced
complex, [Ru]*, can then either react with the TMPD™ to regenerate
starting materials (with rate constant k) or reduce the substrate S (k.,).

[Ru?"]
k,,,]thv
+ ¥
Sreq (Ru?" TMPD
kred kq e
s [Ru'" T™MPD'
Ky
[Ru?"] T™PD

Scheme I.
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In the presence of an external source of electrons (e.g., an electrode), the
TMPD™ can be reduced, and the scheme will be catalytic in [Ru]?>* and
TMPD, otherwise TMPD™ 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 (E ) is determined by the excited-state
energy of the sensitizer (E ), the one-electron potentials of the sensitizer
(Eru(2+/+)) and electron donor (Etmpp(+/0)) and the work required to
bring the two reactants together in solution (Wry(2+)rmpD) (31, 32):

Epy = Eqo — Etwpp(+/0) + Erue/y + Wruepmvep (1)

The substrate reduction (E, ;) 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).

Erwa = Esis,, — Erey/s + WRu@)/S 03
Ey = EtmMpp(+/0) — ERu@+/9 T WRu+)/TMPD(+H) 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(Il) 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 (ksep):

Ru]** =% [Ru]*** ™3 {[Ru’** TMPD} (4a)
{[Ru*** TMPD} Z% {[Ru]*, TMPD*'} (4b)
{[Ru]*, TMPD*} 22 [Ru]* + TMPD* (4c)

{[Ru]*, TMPD*} “*% [Ru]** + TMPD (4d)
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The reactive MLCT state of Ru(Il) diimine complexes has triplet
spin multiplicity (24—28), and the efficiency of forming this state is the
intersystem crossing efficiency, n, . Figure 1 shows a state diagram typical
of Ru(Il) diimine sensitizers; in addition to the SMLCT state, many com-
plexes have metal-centered (*MC) excited states that are close in energy to
the 3MLCT state. For Ru(ll) diimine complexes, 7;sc €an be estimated
from limiting quantum yields for 82082‘ reduction in aqueous acid (30,
33). In the limit in which each excited complex reacts with S,04%, 2 mol
of oxidized sensitizer is produced (the intermediate SO, radical is a
powerful oxidant). Provided only the triplet excited state reacts with
82082‘, the limiting quantum yield is a direct measure of the intersystem
crossing efficiency (2n,, ). This efficiency has been shown to be close to
unity for several Ru(II) complexes (26, 30 33-35).

1
MLCT X,
1sC 3
\ = Me
E MLCT
k
nr
GS

Figure 1. General state diagram for [ (diimine)jRu(II)]2+ complexes.
Rate constant abbreviations are isc, intersystem crossing; ic, internal
conversion; and nr, nonradiative—radiative. GS is ground state.

The quenching efficiency, 7, is a function of the relative values of k
(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):

_ __k[TMPD]
" = Y + ko[TMPD]

®)

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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quenching the sensitizer (E__, > 0) and adjusting the concentration of
quencher (vide infra) (14).

The efficiency of charge separation, 5, 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).

ksep
Moy = —— 6
& = o + kg ©)

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*):

kreaS]
krea[S] + ky[TMPD?]

™

Mred =

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—I8). 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:

Drea = Pabs Misc 7q Mes Mred ®)

where @, is the absolute yield reflecting the fraction of incident light
absorbed by the sample. The n, , n g Mes terms of equation 8 are associ-
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ated with generation of a strong reducing agent in solution, and the n_,
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 (kq), back reac-
tion (kb), and substrate reduction (kred). The latter two reactions are in
competition (eq 7), and high quantum yields for product formation are
possible only when k_[S] >> kb[TMPD+]. Each of these reactions
involves association of the reduced complex with the reactant followed by
electron transfer (eqs 9 and 10).

[Ru]t + § == {[Ru]t, S} Kassoc ®
{[Ru]*, S} — {[RuJ?*t, 7} ket (10)

The rate constant for the reaction, ko (either k__, or k), is given by

- + 1)

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

e = 4xNo> _w(o) (12)
3000 RT

where o is the sum of the radii of the reactants and w(o) is the work
required to bring the reactants together (32), R is the gas constant, T is
absolute temperature, and N is Avogadro’s number. When one of the
reactants is uncharged w(o) is zero; thus for association of [Ru]* (radius r
~ 7 A) and an alkyl halide of radius 5 A, K, .~ 5 M~ The association
equilibrium constant and k. 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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quencher, and substrate (vide infra). The electron-transfer rate constant,
k. (eq 11), can be evaluated by using classical electron-transfer theory
(2-5, 31, 32). Equation 13 gives the classical expression

_ (- AGY?

ket = ko exp 4\RT

(13)

where k, is the nuclear frequency factor, A 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 A = AG; Figure 2 illustrates
the free energy dependence of k. given by equation 13. The so-called
Marcus inverted region occurs when AG is greater than A 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 bimolez-
ular reactions because few reactions exist for which K, k., < kg when
A << —AG and the observed rate constant equals the diffusion limited
value (k) (1, 14).

For the competing reactions of the photoreduction (k, and k_.,, 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, Ep, .,y Which is required for determination of AG for both
reactions. Thermal reduction of the substrate by the quencher (TMPD) is

In(K,,)

I ! 1

AG, V

Figure 2. Free energy dependence of electron-transfer rate constants as
described by eq 13. Activationless electron transfer occurs at the point
where A = AG.
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endoergic (Es(p-) < E1mpPD(+/0)), and therefore the free energy for sub-
strate reduction %y [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, k, will necessarily be greater than or equal to k.4 The photoreduc-
tion should be most efficient when k, << k .4 hence, reactants should be
chosen for which the reorganizational barrier for back electron transfer is
very large (A, >> A ) 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 1,2-dibromo-1,2-diphenylethane (DBDPE) and «,f-
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 (OIBr,) to the olefin (O, eq 14) and is thus a
two-electron process (19-23, 30):

up2t
2TMPD + OIBr, “;—’> 2TMPD* + 2Br~ + Ol (14)

v

Quantum yields (®,) were measured for formation of TMPD*, 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 CH,CN. 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 TMPD*
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
TMPD? 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 CH,CN, and rate
constants for back electron transfer, k.

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),Ru]?** and [(dmb);Ru]** (30, 33-35).
Approximate values of the excited-state energies of the complexes, E_ ,
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R R
bpy R=R'=H

O O dmb R=R'=CHj
decb R=R'=CO,Et

dcab R=R'=CON(Et),

phen all H
tmphen 3,4,7,8 — tetramethyl

S—Cl—-phen S5-—chloro

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, ERU(2+,+),
and Eqvpp(+y = 0.15 V versus SSCE (52), the quenching process is
found to be exoergic (Epel > 0) for all the complexes of the series (eq 1).
Luminescence uenching rate constants, k_, not reported in Table I, are
greater than 10° M~! s7! in each case; for solutions containing 0.05 M
TMPD observed quenching efficiencies (r, ) 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, #.° bs,
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0.8

0.6+

0.4+

Abs.

0.2+

0.0 + + + + +
400 450 500 550 600 650 700

Wavelength, nm

Figure 3. Absorption spectral changes observed at different times during
photolysis of [ (dmb)3Ru]2+ (2 x 107 M), TMPD (0.05 M), and DBDPE
(0.005 M) in deaerated CH,CN.

includes the efficiency for populating the reactive (*MLCT) excited state,
7;s and the fraction of excited states quenched, g

k
N6 = fisc 1l [——ﬁ’———] (15)

In measurements made for the complexes of this series, 7, is assumed to
be unity and n_ 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 (’7isc’7q)'
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, MLCT state (53) and the radical
ions (determined by spectroelectrochemistry). Values of 5 obtained by
this approach were 0.66 for [(bpy);Ru]** and 0.72 for [(dmb),Ru]**;
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, 14

Qred kred[S ]
Mrea = = = ; (16)
D,ps s kreda[S] + ko[TMPD™]
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Evaluation of n_, requires knowledge of the rate constants for back elec-
tron transfer and substrate reduction and the concentrations of TMPD*
and substrate in solution. In any steady-state photolysis the concentra-
tions of both TMPD™ 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)éRu]2+ (10~* M) and TMPD (0.05 M) in CH,CN. The
spectra of TMPD™ and [(dmb)sRu]+ 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, Ae, is known at the wavelength used for
kinetic analysis (Table I). Although only five of the complexes were exam-
ined in detail, k, is greater than 10'® M~! s in each case.

‘.x10"

cm

Ae), M
4
a

400 450 500 550 600 650

Wavelength, nm

Figure 4. Transient difference spectrum obtained 1 us after pulsed laser
(532 nm, Nd:YAG, <10 mJ/pulse) photolysis of [(dmb) 3Ru]2+ and TMPD
(0.05 M) in deaerated CH,CN. The solid line represents the difference
spectrum calculated from the spectra of [(dmb) 3Ru]2+, [(dmb);Ru]*, and
TMPD* (Ae = €TMPD(+) + €Ru(+) — eRu(2+))' (€ is the molar abso;ptivity
of each species.)

These results suggest that values for 5, g and k, 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:



Published on May 5, 1993 on http://pubs.acs.org | doi: 10.1021/ba-1993-0238.ch006

6. WACHOLTZ ET AL. Photosensitized Reduction of Alkyl & Aryl Halides 119

1] _ oy, [#e[TMPDF]
In [ﬂred 1] = In [ kalS] (17a)
ky[TMPD™] ky[TMPD™] (A — Erea)?
" [_fc,:[s_]_ =In [ ko[S] 4RT (170)

By assuming that n, = n q = 1 and that n = 0.75 for all the complexes
of the series, values of 5, can be approximated. Figure 5 shows In(1/n_.4
— 1) for reduction of DBEB versus Egy(z+/+) for the series of complexes.
The solid line represents a fit to the data using equation 17b with A = 0.6
Vand Eg, y = —1.1 V (vs. SSCE). The logarithmic term on the right
side of equation 17b represents a minimum in the parabolic plot (when A

=E red)'

Int(1/9..,0-11

-2 —— :
-1.6 -1.4 -1.2 -1.0
Equczeser» Y VvS. SSCE

Figure 5. Variation of In(l/n,,; — 1) with mediator reduction potential,
ER“(2 ) for DBEB reduction in CH;CN. Fits to the data using eq 17b
are shown for 0.4V (— — =), 0.6 V (—), and 0.8V (—+ —+). ES(O/—) =
—1.1V, and In(k,[TMPD* J/k,[S]) = 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 TMPD* 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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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., kg is smaller). When the positive charge on one or
both of the ions of the geminate pair (Ru+ and TMPD™) is increased by
synthetic modification, the magnitude of K, and k. 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),Ru](b—b)} * and {[(dmb),-
Ru(b—b)]S}Rus‘* 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 MLCT luminescence of each of the complexes
by TMPD in CH,CN, 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)ZRu(b—b)]2+ and {[(dmb)zRu](b—b)}‘” are nearly the
same; this result is not surprising because 7 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 TMPD* forma-
tion when absorbance-matched solutions of [(dmb)zRu(b—b)]z’“,
{[(dmb),Ru](b—b)}**, and {[(dmb),Ru(b—b)],}Rud* are irradiated ()
> 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 E!(dmb)zRu(b—b)]z*“, {[(dmb),Ru](b-b)}**, and
{[(dmb),Ru(b—b)],}Ru®*, respectively.

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

L _ 1 k[TMPDY
Dreq D, 1s7cs By Mcsk red [S ]

(18)

When k, 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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Figure 6. Absorbance changes observed at 612 nm upon photolysis of solu-
tions containing TMPD (0.05 M), DBDPE (0.0017 M), and one of the fol-
lowing sensitizers: [(dmb )zaRu(b—b )?* (), {[(dmb),Ruj(-b)}** (A),
or {[(dmb),Ru(b-b) /3}Ru + (0). 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 k, is
reflected in @ .. However, the further increase in charge of the reducing
complex to +7 has little effect on the observed quantum yield, even
though k, decreases significantly relative to the +3 complex (factor of
3.2). Given that n = 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 k, 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 MLCT complex mediator and a halopyridine
substrate coordinated to the metal center (29), is shown in Scheme IL
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[RutPyXx), 1**

A
hv

l:f SH

[RutPyX), ———NRu(PyX)(SH))" + PyX
' ><
[RutPyx), 1* j’_‘l——'lRu(PyX)(PyHH' + Se
TMPD ><{ RutPyX),

The excited complex, [Ru(PyX)2]2+*, has an additional decay pathway:
substitution of the coordinated halopyridine (shown as a solvation reac-
tion). Quenching by TMPD leads to formation of TMPD* 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 MLCT 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 MC 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, k. 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(Il) com-

Scheme II.
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plexes having coordinated halopyridines: [(dmb)ZRu(3BrPy)2]2+,
[(decb)zRu(3BrPy)2]2+ (decb is 4,4’-diethylcarboxy-2,2’-bipyridine), and
[(dmb),Ru(3CIPy),]**. Reduction of [(dmb),Ru(3BrPy),]** 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),Ru(3Br )2]2+ at —1.5 V versus the SSCE in CH,CN yields
[(dmb),Ru(Py),] + as the principal product. If, however, the spectator
ligands of the complex have 7* levels significantly lower in energy than the
halopyridine #* levels, one-electron reduction of the complex will not
result in facile dehalogenation.

[(dmb)  Ru(3BrPy) ]2+

Figure 7. Reductive cyclic voltammograms of [(dmb),Ru(3BrPy) 2]2+,
[(decb )ZRu(3BrPy)2]2+, and [(dmb )2Ru(3Cle)2]2+ in CH;CN 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 [(d<=,cb)2Ru(3BrPy)2]2+ and [(dmb),-
Ru(3CIPy),]?* illustrate this effect. In [(decb),Ru(3BrPy),]?*, 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)zRu(3Cle)2]2+ in CH,CN result in two
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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
MLCT excited state. Figure 8 shows the temperature dependence of the
luminescence lifetime of [(dmb)zRu(3BrPy)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 MC excited state.
The efficiency for internal conversion to the MC state can be approxi-
mated by eq 19 (24-27)

T :
e = 1 — [;1-;] (19

where 7,5 is the lifetime of the complex in solution at the low-
temperature limit (where n,, = 0) and ~ is the lifetime at a given tem-
perature. The temperature at which 50% of the MLCT state decay results
in population of a MC state is approximately 165 K for [(dmb),-
Ru(3BrPy)2]2+. Ligand loss from the MC 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 »,_ is much higher than 0.5.

3000
2+
[(dmb), Ru(3Brpy), ]

2000+
(2]
C

1000+

0 + + + 1
125 150 175 200 225

Temperature , K

Figure 8. Temperature dependence of the luminescence lifetime of
[(dmb),Ru (3BrPy),J?* in 4:1 ethanol:methanol.
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Spectral changes observed upon photolysis of 4:1 ethanol:methanol
solutions containing [(dmb)zRu(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)zRu(3BrPy)(ROH)]2+ based on the
observed change of the MLCT maximum and the absorption spectrum of
the monoalcohol complex prepared independently. At 150 K formation of
TMPD™ is observed, and only a slight change in the MLCT 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 K does not result in
TMPD™ formation.

0.0t T=150K !

0.70

0.50+

0.301

Absorbance

0.10+

-0.10
1.40+

0.804

Absorbance

0.50 +

0.20+

-0.10 + + + t + +
375 425 475 525 575 625 675

Wavelength

Figure 9. Spectral changes observed upon photolysis of mixtures of
[ (dn1b)2Ru(3Br1"y)2]2+ and TMPD (0.05 M) in 4:1 ethanol:methanol
at 150 K and 298 K. Spectra were taken at 30-s intervals.

These observations for [(dmb)ZRu(SBrPy)Z]Z"' 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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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(Il) diimine complexes as homogeneous photosensitiz-
ers 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(IIl), 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 CI~ to Cl, and
organic oxidations such as the conversion of toluene to benzal-
dehyde in aqueous HCI solution. The rhenium(V) complex
ReCl;~ appears to be an important intermediate in the catalytic
reactions. The fluorescences of the oxo-d! complexes Mo"OX, AL
(X is Cl or Br and L is H,0 or CH;CN) and ReVIOCl5‘ are
surprisingly long-lived (lifetimes to ~100 ns in solution at room
temperature), and these species are photoredox-active as well.

EARLY TRANSITION METAL COMPLEXES are stable in oxidation
states with the photophysically attractive d> 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 d3 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+ A2 MY+ A 1)
Mt + A — M* + A~ )
MY — M* + M 3)

Mt + A 25 M 4+ A @)

Previous transition metal photoredox experiments have concentrated on
systems such as Ru(II) and Cr(IIl) 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),>* (bpy is 2,2'-bipyridine), Cr(phen),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)z(HzO)Ru]Z(u-O)“, catalyzes the oxi-
dation of CI™ to Cl, (2, 3) and H,O to O, (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),2* is photooxidized to [VI(phen),],(u-O)** (5), which is oxi-
dized spontaneously to VIVO(phen)z2+ in basic solution (6). 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 Mo!V(NCS),2~ following initial photooxidation of Mo((NCS) >~
(7). More recently, we also observed (8) disproportionation following
photooxidation of the 1,4,7-trimethyl-1,4,7-triazacyclononane complexes
(Me;[9]aneN;)MoX, ([9]ane is 1,4,7-triazacyclononane and X is Br or I).
Finally, our interest in the photoredox reactions of ReCl62‘ 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 ReCl62‘ and its photoinitiated three-electron oxidation is
reviewed. Exploration of the mechanism of this photooxidation led
directly to the second topic, the discovery that ReCl62' has the surprising
ability to catalyze the oxidation of CI™ to Cl,. We conclude with a discus-
sion of the solution photophysics and photochemistry of metal—oxo com-
plexes with the d and d? configurations.
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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 MVCIS(OR)‘ (M is Mo or W) thermally or photochemically elim-
inate the appropriate alkyl halides:

Aorhv

MYCI5(OR)™ _Z*"% RCI(g) + MYOCy,~ 6))

This work is an excellent example of a photosensitive metal—organic sys-
tem. The reaction also produces the oxo complexes MVOC14‘, 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 previous}gr an.

The ReCl,7“~ potential in 1 M HCl was estimated from cyclic voltammetry
(half-wave potential E,, at 20 V/s in order to minimize competing reactions of
ReClg™). Our estimate of the potential for the second oxidation of ReCl62‘ (to
make ReClg) in aqueous HCl was derived from the work of Heath et al. in
CH,Cl, (12).

We used a chemical method to estimate the CelY—Ce!ll potential in 1 M
HCI because the original value of 1.28 V versus the normal hydrogen electrode
(NHE) (I3) (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); Ce!V—Celll electron-transfer reactions, on the other hand,
are often quite slow. Second, solutions of Cel¥ in HCl(aq) are unstable with
respect to Cl, 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 CelV—Ce!ll cou-
ple.) We estimated the value by using the known Cl,—Cl~ potential and the
equilibrium constant for the reaction Ce!V + CI= 2 Celll + 1,Cl,(g). The
equilibrium constant was measured spectrophotometrically, by mixing solutions of
Ce!V and Ce!!! separately with 1 M HCI under 1 atm (1013 kPa) of Cl, and show-
ing that both mixtures yielded the same final [Ce!V] to [Ce!] ratio (18).

Electrocatalysis and Spectroelectrochemistry. Our best results for
electrocatalysis with ReCl62‘ 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 Cl, and O, most efficiently at highly oxidized glassy carbon elec-
trodes (19).

Our spectroelectrochemical experiments utilized (Bu,N),ReCl¢ in CH,CN,
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 CH,CN
(ReClg7=: E,, 0.77 V vs. Fc*[Fe (11); Fc is ferrocene) because the gold mini-
grid electrode is easily corroded under oxidizing conditions in aqueous HCI.

Photochemistry of ReCl 62 -

We were originally interested in this area because an oxorhenium(V) com-
plex, if it could be generated photochemically from ReC162', might itself
be photoactive. For example, dioxorhenium(V) complexes such as
ReO,(py) 4"' (py is pyridine) are diamagnetic, with the 1Alg ((),) ground
state (see Scheme I):

z2 (al)

-y by

— xz,)z (e)
— 1y (by

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

The lowest-lying 3Eg ((9)'(z, y2)!) excited states of these complexes are
long-lived (20—22). In contrast to the octahedral ReCl,~ ion, ReOCISZ‘
is diamagnetic (23). Thus, it is likely to be electronically similar to
ReO,(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.

ReClg2™ + A =% ReClg™ + A (6)
ReCls™ + H,0 — ReYOCI*~ + 2HY + CI” )

ReVOCI2™ + A 2% ReVOC™ + A~ 8)
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Thus, ReCl62‘ 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)63‘ (7) and (Me,[9]aneN;)MoX,; (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)_,,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-1,4-benzoquinone (DDQ) photooxidize ReCl62' reversibly.
Tetranitromethane, on the other hand, functions as an irreversible oxidant.
Irradiation of ReCI62‘ in the presence of C(NO,), yields ReO,™ as the
final product, along with reduction products from C(NO,), (I1). This
reaction represents an unusual example of a photoinitiated three-electron
oxidation.

We have not yet determined the mechanism of the photooxidation of
ReCl62‘ to ReO,~ using C(NO,),. In order to study possible rhenium-
containing intermediates in the absence of the strongly absorbing
C(NO,);™, we treated ReCI62‘ with the powerfully oxidizing cerium(IV)
in aqueous HCI solution. However, this experiment is made more compli-
cated by the fact that Ce!V oxidizes chloride ion:

CelV (ag) + CI™(ag) — Ce™(aq) + 3Chy(g) ©)

This reaction occurs slowly under ordinary conditions (16, 17), but we
found that it is in fact catalyzed by ReCl62‘. (For example, a mixture that
initially contains a 100-fold excess of Ce!V, after evolution of chlorine is
complete, still shows essentially quantitative recovery of ReC162‘.) In
separate experiments without cerium(IV) (24), ReCl62‘ also catalyzes the
electrochemical oxidation of ClI™ to Cl, at a glassy-carbon electrode.

Mechanism of ReCl 62_-Catalyzed Cl, 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 Cl, generation:
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Re'VClg2~ — ReVClg™ + e (10)

ReVClg™ + H,0 — ReYOCI2™ + 2HY + CI” (11)
ReVOCIs2~ — ReVOCIs™ + e~ (12)
Re'OCIs~ + CI- — [ClsRe(OCH?T] (13a)
HEeY ReVCl> + HOCI (13b)

HOCl + Ht + CI” — Cl, + H,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)z(HZO)Ru]Z(p-O)“+-catalyzed Cl, evolution.
The latter mechanism also involved two one-electron oxidations followed
by direct attack of CI~ to form an intermediate containing coordinated
hypochlorite (OCI™) (see eqs 13a and 13b). The final step, the reaction of
hypochlorous acid with HCl(aq) to form Cl,, is rapid.

To test this mechanism, we prepared K,ReVOCl; (23) and
KReVIOCIy (25) separately. We found that solutions of K,ReOCl; in
concentrated HCI are stable indefinitely (in agreement with the results of
Casey and Murmann (26)); even in 1 M HCI, the ion persists for a short
period of time. The al complex KReOCly, on the other hand, is highly
moisture-sensitive, reacting rapidly with aqueous HCI of any concentration
to produce ReYOCL2~ and chlorine gas (27). None of the solutions
prepared from K ReOCly; or KReOCl showed measurable catalytic
activity for Cl, formation. Thus, neither of these species is likely to be a
part of the catalytic mechanism.

We next studied the direct oxidation of ReC162‘ by spectroelectro-
chemistry in CH,CN. The yellow-orange ReV product in this case showed
an absorption spectrum (Figure 1) very different from that of ReVOClsz‘
(26); we assign the new bands to the non-oxo complex ReVCl6‘.
(Although previous reports on the synthesis of ReVCl6‘ (28, 29) did not
discuss its spectral properties, the bands are similar to those of the
isoelectronic OsF, (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 ReYOCLZ~ occurs;
instead, the spectral features of ReVCl6' persist for several seconds, to be
replaced by those of ReC162‘. In contrast to the results obtained with
oxorhenium complexes, the electrooxidized complex does show catalytic
activity in 1 M HCL. Therefore, the singly oxidized species ReVCI6' is
likely to be an active member of the catalytic cycle.
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Figure 1. Portions of electronic absorption spectra recorded (a) before and
(b) after one-electron electrooxidation (1.35 V vs. Fc*[Fc; gold minigrid
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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 ReVCl,~ and ReVICl; as the active

oxidants for CI~, are outlined in Scheme II. Following initial one-electron

oxidation (eq 15), ReCl,~ may react with CI~ to form ReCl,>~ and a CL,~
radical anion (eq 16). Then, CL,~ could either disproportionate (eq 17)
(31) or be oxidized directly (eq 18) either by the external oxidant or at the
electrode, to produce Cl,. An alternative route (reactions 19 and 20)
involves further oxidation of ReCl™ t0 ReCly, which could react with CI™
to produce ReC162" and CL,. Our results, however, indicate that the one-
electron route of reactions 15—18 is the more reasonable.
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ReClg2~ — ReClg™ + €~ (15)
ReClg~™ + 2CI- — ReClg>™ + Clp~ (16)
2Cl,~ — Cl, + 2CI- 17

Clhbm — Cl, + e (18)

ReClg™ —> ReClg + €~ 19)

ReClg + 2CI- — ReClg>™ + Cl, (20

Scheme II. Possible mechanisms for ReCIGZ'-catalyzed
oxidation of CI” to Cl,.

Electrode potentials for the Ce!V/!! and ReCl, ">~ couples in 1 M
HCI are ~1.46 and 1.70 V vs. NHE, respectively (see Experimental Sec-
tion); estimates are available for the Cl,~ to CI” ratio (~2.2 V) (32 33)
and ReC1 "~ (>2.5 V) (12). Generation of CL,” (reaction 16) is consider-
ably more favorable than oxidation of ReCl,~ by CelV (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 ReC162‘
in aqueous HCI. 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 [CI7]. The less reversible nature of the process at low scan rates
and high [CI7] is consistent with a model involving scavenging of electro-
generated ReCl,~ by CI™ (eq 16).

Surprisingly, we also observed weak luminescence (Amax = 1500 nm;
lifetime about 100 ns) in the CH,CN solutions containing electrogen-
erated ReCl,~. This discovery suggests that even simple non-oxo d? com-
plexes may be useful for photochemical reactions. In particular, because
ReCl,™ 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 CI™ to Cl, 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 RuO, as the active catalyst, has
become increasingly popular (34).
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Both because of the success of the DSA in chlorine production and
because of forecasts that the demand for Cl, is expected to decrease over
the next few decades (35), 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 HCI, 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,Cl, and CH,CN (which
are ordinarily considered to be resistant to oxidation), decolorized the
Ce!V test solution at least slowly, even in the absence of ReCl>~. How-
ever, with several substrates, oxidation was markedly accelerated when
ReCl62' was added. Toluene, for example, was oxidized ~60 times faster
in the presence of ReCl>~ (8 x 10~* M); under similar conditions,
isopropyl alcohol was oxidized about 5 times faster when ReCl62‘ 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 >~ 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 Cl,-evolution mechanism function as
rapid oxidants in the oxidation of organic substrates as well. However,
clearly, the simple complex ReCl62‘ 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” (VIVO?*) and “molybdenyl” (MoYO>") 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? configuration (such
as ReO,(py) 4+ and ReO,(CN) 43‘) phosphoresce in solution and undergo
efficient excited-state redox reactions (20—22). An 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! and d? species are both found with one oxo ligand, as MOL,
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or MOLg; the d? species are also found as trans-MO,L,. All of these
complexes can be treated with the qualitative energy diagram of Scheme 1.
The lowest-energy absorption band in both cases is assigned to the b, — ¢
(xy — xz, yz) transition. (The orbital designations used here are those for
C,, symmetry.) In the d! complexes there is only one such transition, and
luminescence from the lowest-energy excited state is always fluorescence
(’E — ?B,). The d? 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, 14, — E; phosphorescence is observed from *E
(20-22).

Oxo-d? Systems

Among the most promising d? systems reported so far is ReO,(py) 4+,
whose phosphorescence occurs with a maximum at 640 nm and a lifetime
of 10 ps in CH,CN at room temperature. This complex can be photooxi-
dized to the powerful oxidant ReO,(py) 42+, which is in turn capable of
attacking organic substrates, apparently by H-atom abstraction (22). More
recent experiments have dealt with nitridorhenium(V) complexes, whose
electronic spectral features are similar to those of the Re02+ species (40).

We have now also observed luminescence and photoredox reactions
for the monooxo complex ReVOC14(CH3CN)" in acetonitrile solution.
(The absorption spectrum of this ion, shown in Figure 2, is similar to that
reported for ReVOCl4(HZO)‘ in concentrated HCl(aq) (26).) We assign
the two lowest-energy absorption bands to transitions from "4, to “E and
1E. (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™); the lifetime of the
emitting state is about 100 ns.

Cyclic voltammetry performed on ReVOC14(CH3CN)‘ reveals a
quasi-reversible oxidation wave, with half-wave potential E,,2 ~1.0 V vs.
Ag—AgCl. Accordingly, we have also carried out photochemical electron-
transfer experiments with the complex. Irradiation (A >650 nm) in the
presence of DDQ (2,3-dichloro-5,6-dicyano-1,4-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:

ReOCI,(CH;CN)~ + DDQ =% ReOCl(CH3CN) + DDQ~  (21)
ReOCl4(CH;CN) + DDQ~ - ReOCL(CH;CN)~ + DDQ  (22)
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Figure 2. Electronic absorption (—) and luminescence (M) spectra for
(Buﬂ)[ReVOCl4(CH3CN)] in CH,CN at room temperature. The emis-
sion spectrum was recorded by using a 5 x 1072 M solution, with 436-nm
excitation and emission bandpass of ~30 nm.

Kinetic analysis indicates a value of 3 x 10° M~! s7! for k,. 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(Ill) complexes, we attempted to prepare HB(Me,pz);Mo!'Br,~
(Me,pzH = 3,5-dimethylpyrazole), for comparison with the previously
reported HB(Me,pz),MollIC1,~ (4I). Reaction of HB(Me,pz);Mo(CO),;~
with concentrated HBr(aq) yields MoOBr(H,O)™ instead of the desired
complex; however, solutions prepared from this Mo(V) product are
luminescent! ‘

Electronic absorption and emission spectra of MoYOBr,(CH,CN)™,
obtained by dissolving (Bu,N)[MoOBr,(H,0)] in CH,CN, are illustrated
in Figure 3. Absorption (36—38) and solid-state luminescence (39) studies
of these oxo-d! species have established that the lowest-energy absorption
and emission bands are associated with the 2B, « 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 (R) spec-
tra for (Bu 4N)[M0VOBr4(CH3CN)] in CH;CN at room temperature. The
emission spectrum was recorded by using a1 x 10~5 M solution, with 436-
nm excitation and emission bandpass of ~15 nm.

room temperature. (The fluorescence quantum yields for MoVOC14-
(CH,CN)™ and MoYOBr,(CH,CN)™ are ~44 x 107* and 14 x 107*
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,(CH,CN)™ and MoOBr,(CH,CN)™ undergo photooxidation
in the presence of acceptors such as tetracyanoethylene (42). Second, the
aqua complexes MoOX,(H,0)™ are also fluorescent in CH,Cl,. 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 MoOCl,~
(in which the axial ligand mrans to the oxo group is absent) did not
fluoresce measurably in solution. We repeated Winkler’s work, and we
found that the fluorescence of MoOCIl,~ in CH,Cl, solution, although
present, is indeed much weaker than that of the solvated species
MoOCIl,(L)". Fourth, and again unexpectedly, complexes with chelating
ligands such as Me,[9]aneN, (see Table I) are also poorer emitters than
MoOCl,(L)". And finally, other d! oxo complexes, such as those of
Re(VI) (data for ReOCly~ 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! species will prove to be effective photoredox agents.
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Figure 4. Electronic absorption (—) and fluorescence (M) spectra for
KReVIOCls in HOAc—Ac,O at room temperature (300—-830 nm, 5 x 1 o
M; 830-1000 nm, 4 x 103 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> 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, ReCl,“™ is an unusual example of a simple complex, without
specially designed ligands, that shows high catalytic activity for oxidation
of CI™ and organic substrates. Second, oxo-d! complexes, as well as oxo
and non-oxo d? 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! and d? oxo
complexes.
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BINUCLEAR METAL COMPLEXES continue to assume a prominent

Excited states of quadruply bonded metal-metal complexes exhi-
bit a rich oxidation—reduction chemistry with organic substrates.
Irradiation of the Moy(ILIl) diarylphosphate, Mo,[O,P-
(OC4Hy),],, in the presence of dihalocarbons yields olefin and
the one-electron oxidized mixed-valence complex, Mo,[O,P-
(OC4Hy),],*. Photodehalogenation proceeds from the (56%)
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 W,Cl,(dppm),
(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
Pphotochemistry of this complex. The photoreactivity of W,Cl,
(dppm), provides an excited-state complement to the oxidative-
addition chemistry of Vaska’s complex.

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’—d’ and
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d8...d® complexes (d’ binuclear complexes feature a formal single
metal-metal bond in the ground state (1), which is indicated by a line; the
d® 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, 3) 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’ and d® binuclear
complexes produces similar reactive intermediates. For the d’ complexes,
irradiation of metal-localized o — o* and = — o* transitions typically
results in the cleavage of the metal-metal bond to produce a “dissociative
diradical” pair (-M, M., Figure 1a) (5—9). Conversely, excitation of the
lowest energy do* — o transition of d®.--d® complexes (10-12) yields an
“associative diradical” pair (-M—M., Figure 1b) 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® com-
pounds may be described chemically as a diradical tethered by a
metal—-metal bond, as compared to the dissociated diradical formed upon
d’—d’ photoexcitation.

Inasmuch as the d’—d” and d8...d® systems produce singly occupied
metal-centered orbitals upon excitation, their activation chemistry is simi-
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Figure 1. Photooxidation mechanisms for the reaction of an organic_sub-
strate. (RX) with the photogenerated (a) “dissociative diradical” of d’” and
(b) “associative diradical” of d® binuclear complexes. Part c: The possible
reaction of RX with a photogenerated charge-separated state of a binuclear
complex.
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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’ and d® bimetallic systems. The electronic energy of
d’—d’ excited states is nonradiatively dissipated by metal-metal bond
cleavage to produce reactive primary photo7products. The facility of the
dissociative decay channel renders the d’—d” excited state too short-lived
(I7) to permit its direct participation in substrate activation. On the
other hand, the photogenerated associative diradical of d8.--d® complexes
represents a discrete excited state that is long-lived and capable of direct
bimolecular reaction with substrate (I8). 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® 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’ and d® 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’ 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 a8
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 d%..-d® dimers Pt,(P,O.H,),* (14
22-24), Ir,(2,5-diisocyano-2,5-dimethylhexane) 42+ (25), and [Ir(pyrazole)-
1,5-cyclooctadiene], (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(do*po) excited state
to give a mixed valence d’—d® intermediate and the corresponding organic
radical. Subsequent trapping of the radical by the d’—d® intermediate
effects the overall two-electron reduction of the substrate. This mechan-
ism successfully explains the photocatalytic conversion of 2-propanol to
acetone by Ptz(P205H2)44‘ (14) and the dehydrogenation of selected
hydrocarbon substrates by Ir,(2,5-diisocyano-2,5-dimethylhexane) 42+ (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 1c). 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™—MT excited state may be generated from a symmetric
binuclear complex when charge is transferred from one metal to the other
upon excitation (Figure 1c). 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 :tM——M* photoreagents.

Electronic Structure of d 4 Bimetallic Systems

The d* electron count of the metals comprising the quadruply bonded
bimetallic complexes (D, symmetry) renders a o?n*6> ground-state elec-
tronic configuration with a -HOMO (highest occupied molecular orbital)
and a 6*-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 HOMO and LUMO
levels such as § — 6*, * — §*, and § — =* are predicted to exhibit MMCT
character (31). Experimental studies (30) have shown this to be the case
for the spin and dipole-allowed 6 — 6* (1A2u — 1A1 ) transition. Winkler
and co-workers (32) determined a dipole moment of 4.0 D for the 66*
excited state of Mo,Cl,(PMe,), (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 66* 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 4 Bimetallic Phosphates

The photoactivation chemistry of organic reactants by Mo=Mo dialkyl and
diaryl phosphates, Mo,[O,P(OR),], (R = C;Hs, C,H,, or C,H,), 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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focused on the diphenylphosphate complex Mo,[O,P(OC.Hs),],, which
displays weak luminescence (¢, ~5 X 10~*) in nonaqueous solutions and
a sufficiently long lifetime (7, = 68 ns) to permit excited-state reaction
upon § — §* excitation (34, 35). For example, the two-electron conversion
of 1,2-dichloroethane (DCE) to ethylene and the mixed-valence
Mo, (ILIII) complex is promoted by visible light according to the reaction

2Mo,[0,P(OCsHs),]s + CICH,CH,Cl 225
2Mo,[0,P(OC6Hs)]sCl + CHCH, (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 1. An
estimated electronic origin E;, (Mo,[O,P(OC.Hy),],*) = 23 eV and a
measured half-wave potential El,z [Mo,(ILIT)/Mo,(ILIII)] = —0.1 V versus
the saturated calomel electrode (SCE) reveals that the electronically
excited Mo,[O,P(OCHy),], is sufficiently energetic to directly react with
DCE to yield -CH,CH,CI and Mo,[O,P(OC.Hg),],Cl. Subsequent reac-
tion of the radical with another equivalent of Mo,(ILII) 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 Mo,(IILIII) complex is produced.
The energetics of the Mo,(ILIVILIIT) and Mo, (ILIII/IILIIY) couples are
such that comproportionation of Mo,(IILIII) and unreacted Mo,(ILII)

CH,=CH, Mo"Mo"'Cl CH,=CH,
+ + +
Mo'"Mo"'Cl ~——— CICH,CH,+ =—,—= CIMo""Mo"'Cl ——= Mo''Mo"'CI
Mo"Mo" MO"MO"

CICH,CH,* Mo''Mo'"'CI
CICH,CH,Cl

Mo'"Mo'" *

hv (A > 530 nm)

MO"MO"

Scheme 1. Proposed mechanism for the photochemical reduction of 1,2-
dichloroethane by Mo,[O,P(OCH),] .
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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 Mo,[O,P(OCHy),], 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 §
— & transition of Mo,[O,P(OC¢Hy),], at 515 nm and the concomitant
appearance of the § — 6* absorption band for Mo,[O,P(OC(Hj,),],Cl 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 Mo,(ILII) 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 DCE by Mo,[O,P-
(OC¢Hy),l, 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,[O,P-

Table 1. Quantum-Yield Data for the Reaction
of Mo, [0,P(OC(Hy),], and Dichlorocarbon
in Various Nonaqueous Solvents

Dichlorocarbon Solvent <I>p”
1,2-Dichloroethane CH 0.031
1,2-Dichloroethane THF? 0.014
1,2-Dichloroethane CH,CN®  0.0012
1,2-Dichlorocyclohexane ~ C.H(* 0.040
1,2-Dichloroethylene CHS  <5x 10~
o-Dichlorobenzene CH¢’ NR

“Quantum yield for the reaction of Mo,[O,P-
(OC¢Hs),], with dichlorocarbon as determined by
using a ferrioxalate actinometer.

bConcentration of chlorocarbon is 9 M.
“Concentration of chlorocarbon is 7 M.
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(OC¢Hs),], + 2THF shows the solvent to completely block the metal—
metal core from substrate. Not surprisingly, the photoreduction of DCE
by Mo,[O,P(OC.Hs),], in this solvent is severely impeded.

Metal—Organic Photochemistry
of M ,Cl ,(diphenylphosphinomethane) , Systems

Although the net photoreduction of dihalocarbons is promoted by
Mo,[O,P(OC(Hj),],, two-electron reaction of the binuclear core is hin-
dered by the fact that oxidation to Mo,(IILIII) diphenylphosphate is a
thermodynamically unfavorable process (E;;, [Mo,(IILII/ILIID] = 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 D,, “lantern” structure, 3, the rigid tetrakis ligation geometry of the
bidentate phosphate ligands cannot accommodate such a bioctahedral
rearrangement. For these reasons we turned our attention to M,X,(P P),
complexes (P P 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.

Transient Absorption Spectroscopy. The importance of bioc-
tahedral geometries in the photochemistry of M,X,(P P), complexes is
evident from their transient absorption spectroscopy. Figure 2 displays
the time-resolved absorption spectrum of a deoxygenated C;H solution of
W,Cl,(dppm), (dppm is diphenylphosphinomethane) collected 100 ns
after a 532-nm excitation pulse of a Nd: YAG laser. The transient absorp-
tion spectrum features prominent maxima at 390 and 470 nm and decays
to ground state within 46 us. Although not identified, long-lived absorp-



Published on May 5, 1993 on http://pubs.acs.org | doi: 10.1021/ba-1993-0238.ch008

154 PIOTOSENSITIVE METAL-ORGANIC SYSTEMS

0.15
] (a)
[ ]
C_J
0.10} o®
q L ]
O .
< *°
° LY
0.051 e* ‘e
o0
LN J
......
0.00 ] ! ] 1 1 1

Absorbance

A/nm

Figure 2. Part a: Transient difference spectrum of a deoxygenated benzene
solution of W,Cl,(dppm), (2 x 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,CI(PEt;),) (—) and W Cly(dppm), (- - -) in
toluene and CH,Cl,, respectively, at room temperature.

tion profiles of nonluminescent 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, Cly(dppm),: A .. = 387 and 486 nm (55); W,Cl(pyridine),:
abs,max = 379 and 481 nm (58); W,Cl,(PEt,),: 380 and 470 nm).

The spectral profiles of the W,Cl,(dppm), transient and edge-sharing

bioctahedral complexes exhibit common features despite the differences in
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d-electron counts for the two systems. Such similarities may be accounted
for by the prediction of a small gap in the HOMO-LUMO 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 HOMO-LUMO paren-
tage. Notwithstanding, the similarities between W,Cl,(P P), 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,X,(P P), species is an
edge-sharing bioctahedron (eq 2).

I 1 1
P PCI P P
1 hlA*‘\CI “hlllr\ hv CI/'L"J/I"\\CI”"'P\LI (2)
4 l 4 CI', o v I
Cl Ci
P P P P

An 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 66* excitation, but rather is observed only
when the higher energy mé* or éx* transitions are excited. These states
not only possess charge-transfer character, but their population should
also lead to a diminished metal-metal wx-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
dyz (or d,) orbitals with those of ligands in the equatorial plane of an
edge-bridging bioctahedron occur at the expense of M—M  interactions.

Excited-State Reactivity. The photochemistry of the W,Cl,-
(dppm), binuclear complex is consistent with transient spectroscopic
results. Although CH,I (Mel) solutions of W,Cl,(dppm), are indefinitely
stable at room temperature in the absence of light, excitation with fre-
quencies energetically coincident with the metal-localized ér* and mé*
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,Cl,(dppm),(CH,)(I) (62). Although the unequivocal determination of
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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 1photoproduct is similar
to that of edge-sharing bioctahedral species, and 13C NMR 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
CH,CH,I (EtI) solutions of W,Cl,(dppm), yields two products, one of
which displays the spectral properties of independently prepared W,Cl,-
(dppm),L,. 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,Cl(dppm),I at 1441 amu is also observed in the FABMS of the
photoproduct. This pentachloro product is a signature of the free radical
photoreactions of M,Cl,(P P), complexes. We have accounted for the
formati(?n of M,Cls(P P),X and_M,Cl,(P P),X, products with a radical
mechanism wherein the M,Cl,(P P), complex photoreacts with substrate
to produce a mixed-valence M,Cl (P P),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,Cly(dppm), + EtI 2% W,Cl,(dppm),X + -Et 3)
2W,Cly(dppm),X — 3[W,Cls(dppm)X + WClsX(dppm);] (4)

2W,Cly(dppm);X —> 5[W,Cls(dppm),X + WoCly(dppm)y]  (5)

This reaction sequence is supported by the electrochemistry of
W,Cl,(dppm), in the presence of I~, which permits the mixed-valence
W,Cl,(dppm),] intermediate to be accessed independently of a photo-
chemical reaction pathway. Cyclic voltammograms of toluene—Mel solu-
tions of W,Cl,(dppm), show the reversible one-electron W2C14(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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Figure 3. Fast-atom bombardment mass spectra of photolyzed (A, > 436
nm) solutions of (a) (dppm), and Mel and (b) (dppm), and Etl in
CH.CI,. Selected peak assignments are shown with [W] = Wy(dppm),.
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 W,Cl,(dppm),L,. (Unfortunately, we have not been able to
prepare and cleanly isolate W,Cl(dppm),], and thus its cyclic voltammo-
gram is not available for comparison. However the potential for
W,Cl,(dppm), is only 0.13 V greater than that of W,Cl,(dppm),l,, and
thus the wave at —0.82 V may very well reflect the reduction of both
W,Cl(dppm),I and W,Cl,(dppm),l,). These data are consistent with the
disproportionation mechanism shown in reactions 3 and 4. The efficient
trapping of W2Cl4(dppm)2+ by I” is in accordance with the absence of the
cathodic component of the W2C14(dppm)2+/0 redox wave when I™ is
present, and the disproportionation of the W,Cl,(dppm),I is suggested by
the appearance of the reduction wave of W,Cl,(dppm),L,.

The observations of simple photoaddition of Mel to terminal coordi-
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Figure 4. Cyclic voltammograms of toluene—Mel solutions containing (a)
W,Cl,(dppm), (1 mM) and (b) W,Cl(dppm), (1 mM) plus tetrahexylam-
monium (THA) iodide (5 mM) (—) and independently prepared
W,Cl (dppm),1, (- - -). The supporting electrolyte is 0.1 M THAPFy.

nation sites of the ditungsten core, coupled with the absence of radical
photoproducts including ethane, W,Cl;(dppm),l, and W,Cl,(dppm),I,
(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,Cl,(dppm),. 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,Cl,(dppm), 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 ML, center to yield
a saturated octahedral geometry about the active site. Additionally,
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activation of substrate by photoexcited quadruply bonded complexes and
ground-state d® square-planar metal complexes exhibit parallel reactivity
trends.

The variation in photochemical reactivity of W,Cl,(dppm), 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,
trans-IrCl(CO)(PR,), (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 Mel is the reactant. The solvent dependence and
large negative activation entropy with Mel as the oxidative—addition sub-
strate are consistent with a nucleophilic Sy2 mechanism that entails the
addition of the electropositive H3C"+ 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,Cl,(dppm),. 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’—d’ complexes with benzyl chloride
(PhCH,C1), and d3.+-d® and d*=d* complexes with Mel is evocative of the
primary photoprocesses of these bimetallic cores. Isolation of Mn(CO);Cl
from irradiated solutions of Mn,(CO),, and PhCH,Cl (68) is in accor-
dance with metal-metal-bond homolysis to produce a mononuclear frag-
ment with a hole in a do orbital, which is rendered inactive upon abstrac-
tion of an chloride atom from PhCH,CI to produce a coordinatively
saturated primary photoproduct. Consequently subsequent interaction of
the metal center with the benzyl radical is obviated.

This is not the case for d%.--d® systems. The addition of substrate to
the axial sites of the bimetallic core (69) is consistent with the diradical
nature of d8...d® 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*=d* photoactivation chemistry. In the
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M=M photochemistry, 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* binuclear complexes. Our current stu-
dies are centered on further enhancing the MMCT character of MEM
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=EW 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 Mo, and W,, 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),;”—CpM(CO),X
(M = Mo or W; X = Cl, 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*=d* compounds
further expands upon the coupled electron transfer and X- atom transfer
multielectron activation chemistry offered by the d’—d’ and d®.--d® 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 o,0* homolysis
of the M—M bond of My(CNR)(PF ), (M = Pd or P;; R = CHj
or tert-C Hy), 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)_,] radicals were exammed 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 5L 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, k, exhibit
Marcus—Agmon—Levine dependence on reduction potential E°
(ferricinium—ferrocene), modulated by preequtltbnum loss of one
isocyanide ltgand. 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.

LASER DIRECT WRITING of conducting metal features has received
considerable attention as a means of defining and wiring a micrometer-
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scale circuit in a single step (I—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 o-bonds has been an area of considerable interest over the
past several years (5). The o,0* or dmo* excited states of M—M bonded
species generally are dissociative with respect to the formation of reactive
organometallic free radicals. We first reported the o,0* photochemistry of
the d°,d° hexakis(isocyanide) binuclear palladium and platinum complexes,
M,(CNR)((PFy), (6), in 1985 (7). Photogenerated [M(CNR)3]'+ 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(CNR)_,,]’+ (M = Pd or Pt) radicals (9, 10). The reactivity of
photogenerated [M(CNR)_,,]’+ 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 M—M o-
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(CNR)_,,]’+ radicals, the resulting o and o* energy levels of
[M,(CNR)(]**, and the representative structure of [Pd,(CNMe)]J** are
shown in Figure 1.

The [M(CNR)3]'+ (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).

= f - R R

? ? ?
RuC—A === mc—@ - RiC—A 1)

C C C

R H H

dl dﬂ dao

The electron transfers are examined within the context of the
Marcus—Agmon—Levine (I1—18) theoretical framework for electron
transfer in order to elucidate (1) the energetics of electron transfers, and
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Figure 1. Interaction diagram for two d° ML 3°+ fragments and the struc-
ture of [Pdy(CNMe)],,.

(2) the relative importance of structural and solvent reorganizational bar-
riers for electron transfers. Furthermore, the same highly energetic
[Pd(CNMe):,)]’+ radical ion that can be prepared by photochemical o,0*
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),] *. 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(CNR)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,(CNMe),(PFj), produces an intense transient
absorbance at A __ = 405 nm in acetonitrile, a wavelength at which there
is no interference from the parent dimer (A, = 307 nm). The transient
absorbance decays by second-order kinetics, corresponding to the recombi-
nation of [Pd(CNMe),]** radicals (eq 2).

&Ae Me_l 2 ge -_l+
¢ c
- hv |
MeNC—Pd———Pd—CiNMe = 2 G>Pc|1—CzNMe @
G me ¢
N N
Me Me

The transient absorbance instrumentation in use in our laboratories
was described elsewhere (10, 20). An unusual characteristic of
[PdgCNMe):J'+ radicals is their intense molar absorptivity, ¢ = 50,000
M~! cm™! 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° electronic configuration of a metal with a relatively small d,g
energy gap. A similar assignment was reported by Caspar (21) for al
Pd(0) diphosphine complexes. The recombination rate constant, kr, was
determined to be 1 x 10° M~! 571, 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 Pd,(CNMe),(PF), in
the presence of one of the electron acceptors, A [A = N,N’-propylene-
1,10-phenanthrolinium (PPQ?*), benzyl viologen (BV2*), methyl viologen
(MV4%), and 2,5-dichlorobenzoquinone (DCBQ)] leads to rapid electron
transfer from [Pd(CNMe)_,)]'+ to the acceptor. The disappearance of
[Pd(CNMe)s]'+ absorbance at 405 nm is observed together with the syn-
chronous appearance of the reduced form of the acceptor (PPQ’+, BV'Y,
MV**, etc.) at a different wavelength. Electron-transfer rate constants
from [Pd(CNMe):,)]”,L radicals to the different electron acceptors, A, are
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Table 1. Electron-Transfer Rate Constants
for the Reduction of Electron Acceptors
by Photogenerated [Pd(CNMe)3]'+ Radicals in CH,CN

Electron Acceptor (A) E° (A/A"") vs. SCE  k, (M1571)
4 ) ~0.13 2 x 108

\ /
- : > <"': . 7
Me+ Wal ,N+Me —0.45 3x 10

(o]

cl
-0.18 3 x 107

Bz:N: />—<\ N+-Bz -036 1x 108
cl

o

presented in Table I. These rate constants, ranging from 3 x 107 to 2 x
108 M1 571, show that electron transfers are rapid for electron acceptors
as difficult to reduce as methyl viologen, E® (MV2*/*) = —0.45 versus the
saturated calomel electrode (SCE). These results also indicate that photo-
generated [Pd(CNMe):,)]'+ radicals are sufficiently potent reagents for the
reduction of other metal ions, including Ag* and Au(CN),” 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(CNR)3]+/°, of photogenerated [M(CNR)3]'+ M =
Pd or Pt) radicals.

Irradiation (A = 313 nm) of Pd,(CNMe)(PF), 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(CNMe),], (22, 23). The oligomeric Pd(0) species
[Pd(CNR),], (R = isopropyl, C(H,;, Ph, p-MeCH,, or p-MeOC.H,)
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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]+/°, 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*/), the barrier to self-exchange (eq 3)
can be considered to be comparable throughout the series,

D+ Dt — Dt 4+ D 3)

and the rate constants that describe the formation and breakup of the
activated complex, kd, k_g4 and k_ 4 » are also comparable (eq 4).

kg ket

+ o+ 0 pt
PA(CNMe)s™ + D £% [PACNMe);™, D] £ [PA(CNMe);", DY)
4. PA(CNMe),® + D+ )

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,
k., is given by equation 5 (27).

k
ke = — )
1 + —d —d —et

+
ket k-d' ket

where k, and k__ are the unimolecular forward and reverse electron-
transfer rate constants, respectively, within the activated complex. For
electron transfer between a singly charged ([Pd(CNMe)s]'+) 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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Kk _et AG
=t 26 6
ke = P \RT ©)
_AG*
kg = keto exp RT @)
kq

ky = @)

1+ k_q exp | AG* + k_q exp | A8

k0 P | RT Ky P |RT

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 T 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+%lln 1 + exp

AG In 2
AG*(0) ” ©)

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 (k., >> k_,). The model then predicts that at large driving force
ke >> k_ et), the overall electron-transfer rate, &, will saturate at k, =
kd. The rate constant for formation of the activated complex, k,, 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
x 101 M~! 571 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 [Pd(CNMe)a] 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 1,1°-dichloroferrocene, the ferrocene most stable
to oxidation (half-wave potential E; h= +0.77 V vs. SCE), was t00 slow to
measure. Figure 2 presents the ’data as a plot of log(k.,) vs. Ey,
(ferrocene—ferricinium). A surprising result of these studies is that the
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measured electron-transfer rate constants, k_, 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 k, < k_g 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)S]"L) undergoes changes governed by a
preequilibrium constant, P,* (19). In this case, the overall observed rate
constant for electron transfer, ke°bs, will consist of the actual electron
transfer, k_, modulated by the preequilibrium constant, P, *.

Table II. Electron-Transfer Rate Constants
for the Oxidation of Electron Donors, D, by Photogenerated [Pd(CNMe)3]'+
and [Pd(CN-tert-Bu)3]°+ Radicals in CH,CN

k, (M1s7])
E° (D/D"Y)

D vs. SCE  Pd,(CNMe)*  Pd,(CN-t-Bu)S*
FeCp,* -0.09 9 x 107 1.5 x 108
FeCpCp* 0.13 6 x 10’ -
Fe(CpMe), 0.31 3 x 107 2.5 x 107
FeCp(CpCH,OH) 0.38 3 x 10° 9.0 x 10°
FeCp, 0.42 2 x 108 6.4 x 10°
FeCp(Cpl) 0.54 5 x 10* 1.5 x 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 AG*(0) was only 1.3 kcal/mol. The Marcus—Agmon—Levine
theory predicts that AG*(0) is the average of the two-component self-
exchange free energies (eq 10).

AG*(0) = TAG*(PALs*0) + TAG*(FcH’) (10)

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)_,,]‘“/0 were zero, it would be impossible to satisfy equation
10. Hence, we reject the nonadiabaticity hypothesis and turn instead to
the possibility of a preequilibrium.
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