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ABSTRACT

PHOTOINDUCED REDUCTIVE ELIMINATION FROM

BINUCLEAR METAL-METAL COMPLEXES

By

Ann Marie Macintosh

A number of important reactions, such as small molecule activation,

involve multielectron processes. As a result, considerable effort has been

devoted to designing photochemical schemes in which the photoreagent effects

a multielectron transformation. Although there are many examples of

multielectron photoreactions, few photochemical systems have been developed

where the photoreagent is regenerated. The multielectron photoproduct

typically resides in deep thermodynamic or kinetic wells that hinder its

conversion back to the photoactive state. However, in some cases it is possible

to overcome these barriers by using the excited state of the photoproduct. This

dissertation examines multielectron photoinduced reductive elimination from

bimetallic complexes. The research focuses on the classes of bimetallic complexes

that are known to possess excited states capable of undergoing multielectron

transformations.

The quadruply bonded M02C12(6-mhp)2(PR3)2 (mhp = 2-hydroxy-6-

methylpyridinato; PR3 = tertiary phosphine) possess a cis conformation of

bridging ligands, which may engender a W-frame structure upon two-electron



oxidation to a MomMoIII complex. The W-frame geometry is important because

the bridging halides are in close proximity to each other and may be predisposed

to undergo concerted reductive elimination. However, well defined photoredox

chemistry is obscured by facile photoinduced redistribution of mhp ligands to

give M02C13(6-mhp)(PR3)3 and M02C1(6-mhp)3(PR3) as major photoproducts.

The photoinduced two-electron reductive elimination of halide has been

realized for two different classes of bimetallic complexes. Photolysis of the

dimolybdenum(IlI) edge-sharing bioctahedral complexes, M02X5(dppm)2 (X: Cl,

Br, I; dppm = bis(diphenylphosphino)methane), results in the photolytic

cleavage of two metal-halide bonds to give the quadruply bonded

M02X4(dppm)2 complexes. This is an important result because it represents the

first time a quadruply bonded metal-metal complex has been regenerated from a

two-electron oxidized product with bioctahedral geometry.

The dirhodium singly bonded metal-metal complex Rh2(dfpma)3Br2(n1-

dfpma) (dfpma = bis(difluorophosphinomethylamine) undergoes two-electron

photoreductive elimination to yield a RhORh0 product. This reaction is

significant because a metal—halide bond usually represents a kinetic and/or

thermodynamic sink in a photochemical cycle. The dc. excited state of the two-

electron mixed-valence complex can overcome such barriers and drive the

photoinduced elimination of bromine.
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CHAPTER 1

INTRODUCTION

The energy crises of the 19705 generated considerable interest in finding

alternative sources of energy. This search has focused primarily on developing

ways to harness and efficiently use the enormous amount of energy available

directly from the sun."5 The advantage of using solar energy is that it is

abundant, environmentally sound and nDt subject to embargo.

Nature uses the process of photosynthesis6 to convert solar energy into

the chemical fuels that sustain life on this planet. The net result of

photosynthesis is the conversion of water and carbon dioxide into molecular

oxygen and carbohydrates. The photosynthetic reaction center is remarkably

efficient, harnessing between 98 and 100 percent of the energy from the

photons that it absorbs.7 Photosynthetic organisms are able to store about fifty

percent of the energy of incident photons in the form of the stored, separated

charges that is used for the small molecule activation chemistry. The remainder of

the energy is sacrificed in driving the charge separation of the holes and

electrons.

Oxygen-evolving organisms contain two coupled photosynthetic

systems, Photosystems I and II (PS I and PS 11). Photosynthesis in all green plants

utilizes the solar energy collected and funneled to the reaction center, P630 (a

1



2

specialized chlorophyll a molecule) by the light-harvesting complex (LHC-II)

associated with PS H. The unique structure of LHC-II8 results in energy transfer

into the reaction center on a sub-picosecond timescale. Within a few

picoseconds of the excitation of the P530, electron transfer results in a reduced

pheophytin and the radical cation of the reaction center, P6230“. The pheophytin

radical anion reduces a bound plastoquinone QA, which transfers the electron

further to a second plastoquinone Q3. The reduction of Q; by a second electron

results in the production of plastoquinol which then leaves the binding site.

Plastoquinol is reoxidized by cytochrome b4; delivering its electrons to

PhotosystemI via plastocyanin. P680“ is reduced by a nearby tyrosine residue,

Yz. The tyrosine radical returns to the diarnagnetic state by oxidizing a cluster of

four manganese ions in the oxygen evolving complex (OEC).9 The Z-scheme,

pictured in Figure 1.1, shows the pathway of electron flow in oxygen-evolving

photosynthetic organisms. The OEC goes through a cycle of five oxidation

states, the most oxidized of which results in the evolution of molecular oxygen.

The Mn cluster serves as an electron hole accumulator that enables 02 to be

formed without generating partially oxidized intermediates that would be

deleterious to the biological milieu. Photoexcitation and charge separation in

Photosystem I produces NADPH, which is used to reduce carbon dioxide to

carbohydrates in the Calvin cycle.

The above discussion highlights three major challenges for the design of

artificial solar energy conversion schemes based on molecular transition metal

complexes. The photosensitizer/catalyst (1) must efficiently absorb visible light,

(2) effect multielectron reactions such as the endergonic four-electron oxidation
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of water to molecular oxygen and protons, and (3) be capable of undergoing

many turnovers without any significant degradation of the system. These

requirements for energy conversion cycles, as they pertain to transition metal

chemistry, are discussed below.

A. Visible Absorption Characteristics

In order to be practical, any proposed energy conversion scheme must be

capable of operating over a significant portion of the solar spectrum. Figure 1.2

shows the spectral distribution of sunlight at normal incidence to the Earth's

surface (AM = 1).10 The sunlight reaching the earth’s surface is most intense in

the visible region of the spectrum. The short-wavelength cutoff is due to

absorption by O, N, 02, N2 and 03, while the long-wavelength cutoff is the result

of absorption by water vapor and C02. The requirement that the

photosensitizer/catalyst absorb efficiently in the visible region has limited the

utility of several otherwise promising systems. ‘

An example of a system limited by its absorption characteristics is the

conversion of norbornadiene, NBD, to its metastable valence isomer

quadricyclene, Q.2'll The irradiation of a 1:1 complex of CuCl and NBD with UV

light affords Q with high quantum efficiency. The addition of an appropriate

catalyst facilitates the reversion of Q to NBD, which results in the release of the

stored energy as heat. The high quantum efficiency, large storage capacity,

capability for long term storage and the ability to control the reverse reaction

make this system exceedingly attractive as a model for photochemical energy
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storage. However, since the reaction cannot be driven with wavelengths longer

than 450 run, the system is capable of storing only a small fraction of the

available solar energy.2

The inability to efficiently absorb a large portion of the solar spectrum is

also a major constraint in the development of semiconductor based solar energy

conversion devices. Semiconductors possess a definite threshold for light

absorption known as the band gap energy. Therefore, large band gap materials

such as TiOz (band gap 3.2 eV) are only able to capture a small percentage of the

sunlight striking it.12 The problem of the poor light harvesting ability of T102

semiconductor devices has been addressed by developing dye-sensitized

photovoltaic cells. These cells differ from the conventional semiconductor

devices in that they separate the function of light absorption from charge carrier

transport.

O’Regan and Griitzell3 have developed a solar cell based on a thin, high

surface area TiOz film coated with a monolayer of the charge transfer dye,

RuL2(u-(CN)Ru(CN)L’2)2 (L’ = 2,2’-bipyridine, 4,4’-dicarboxylic acid; L = 2,2’-

bipyridine). Figure 1.3 shows the structure of the dye as well as a schematic

representation of the photovoltaic device. The two ‘antenna’ bis(bipyridyl)

ruthenium moieties of this trimeric dye complex, serve to funnel excitation

energy to the bis(dicarboxybipyridyl) sensitizer. The dye complex system

harvests 46% of the incident solar flux. The excited sensitizer injects an electron

into the conduction band of the Ti02 fihn. The conduction band electrons travel

very rapidly across the film and are directed through a charge collector into the

external circuit where electrical work is done. The electrons are subsequently



  

 
 

 
  

Figure 1.3 Structure of the charge transfer dye and a schematic

representation of the principle of the dye-sensitized photovoltaic cell.

8, sensitizer; 8*, electronically excited sensitizer; S"', oxidized

sensitizer; (R/R‘), redox couple. (ref. 13)
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returned to the cell via a counter electrode. The sensitizer is regenerated by

electron transfer from a redox active species in solution, which is in turn reduced

at the counter electrode, to complete the circuit. The overall light-to-electrical

energy conversion yield is 7.1-7.9% in simulated sunlight, which surpasses the

performance of natural photosynthesis.

B. Multielectron Reactivity by Coupling One-Electron Steps

Photointiated electron transfer, which transforms excitation energy into

chemical potential in the form of long-lived transmembrane charge separation, is

at the heart of photosynthetic energy conversion. These one-electron charge

separating events are then stored in catalytic bookends (e.g. OEC) that effect

the overall multielectron process. Accordingly, photoinduced electron transfer is

a primary process in the design of many chemical solar energy storage systems.

An electronically excited state, induced in a molecule by the absorption of a

photon, possesses excess energy that can promote reactions that are either

kinetically or thermodynamically unfavorable in the ground state. The increased

internal energy of the excited state complex makes it both a better oxidant and a

better reductant than its ground state parent complex. Electronically excited

states can participate in intermolecular electron transfer reactions if they live

long enough, in solution, to encounter a molecule of another solute.

The main challenge in these systems is to control the kinetics of the

energy wasting back electron transfer. The primary photoproducts are often so

reactive that they recombine before productive photochemistry can occur.
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Natural photosynthetic systems prevent charge recombination by spatially

separating the electron far enough away from its hole that even though

recombination is still thermodynamically favorable, it is kinetically slow. A

common strategy for suppressing the back reaction in artificial systems is the use

4 or sacrificial acceptor15 to rapidly scavenge one of thea sacrificial donor1

photoproducts. However, the consumption of a sacrificial reagent limits both the

economic and environmental benefits of these reactions.3 Another method for

slowing the back electron transfer process is the use of microscopic assemblies

7 or vesicles.18 An especially importantsuch as ionic micelles,16 microemulsionsl

characteristic of these aggregates is the presence of a charged lipid-water

interface that can be exploited to control the kinetics of the electron transfer

process.19 In yet another approach, pigments, electron donors and acceptors

similar to those found in natural photosynthetic systems are used but covalent

bonds replace the protein as the organizing precept. The molecular pentads of

20 exemplify this approach. At the center of these pentads areGust and Moore

two covalently linked synthetic porphyrin moieties (P—P). One of these

porphyrins serves as a model for chlorophyll and is attached to a carotenoid

polyene (C) whereas the other is linked to a rigid diquinone (Q—Q).

Photoinitated electron transfer ultimately leads to the C"—P—P—Q—Q"

charge separated state. The charge separated states can be formed with quantum

yields of up to 0.83, have lifetimes as long as 0.5 ms and store about one-half of

the energy of the excited singlet state.

Because most research has focused on single electron/hole charge

separation, efforts have been directed toward coupling the primary one-electron
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events to effect multielectron transformations?"23 Ingenious schemes have been

designed to couple successive excited state one-electron transfers via relay

catalysts or by photochemically generating reactive intermediates that can

undergo subsequent multielectron oxidation-reduction reactions.1’22’23’24 One

popular example of this approach is predicated on the chemistry of d8- - -d8

complexes. The lowest energy do* —) p0 transition of dfimd8 complexes yields

an “associative diradical” pair75, as shown in Figure 1.4 (a), wherein the

electrons of this triplet-configured lowest-energy excited state are localized

formally on the metal atoms. The associative nature of the diradical allows 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.

A classic example of substrate activation by dgmd8 binuclear complexes

is the photoinduced catalytic conversion of isopropyl alcohol to acetone and

hydrogen by Pt2(P205H2)44', Pt2(pop)44‘.25'26 In the initial step of this

transformation the 3(do*po) excited state of Pt2(pop)44‘ abstracts the methine

hydrogen from isopropyl alcohol, yielding Pt2(pop)4H4' and a (CH3)2COH

radical. Subsequently, (CH3)2COH reacts with a second equivalent of

Pt2(pop)44' leading to the production of acetone and the Pt(II)Pt(III) mixed-

valent Pt2(pop)4H4' intermediate, which undergoes disproportionation to give

Pt2(pop)44' and Pt2(pop)4H24'. The photocatalytic cycle is completed by

reductive elimination of hydrogen from Pt2(pop)4H24'. This reactivity is

summarized in eqs. 1.1 to 1.4.
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(b) dissociative diradical in d7 binuclear complexes.
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Pt2(pop)44‘+(CH3)zCHOH ——> Pt2(pop)4H4’+ (CH3)2COH (1.1)

Pt2(POP)44_+ (CH3)2C0H ——> Pt2<pop>4H4-+ (CH3>2CO (1.2)

Pt2(p0p>4H4— —» Pt2<pop>44-+Pt2(p0p>4H24- (1.3)

Pt2(p0p)4H24' ——> Pt2<pop>44-+H2 (1.4)

The photoinduced reductive elimination of H2 from Pt2(pop)4H24‘was

investigated by Gray and co-workers.27 Irradiation into the 0' —-) do* absorption

band of Pt2(pop)4H24‘ (A = 313 nm) results in the quantitative production of H2

and Pt2(pop)44‘. The dihydride species, Pt2(pop)4H24', is also formed by atom

transfer reactions of the 3(do""po') excited state of Pt2(pop)44" with H-atom

donors such as alcohols with oc(C—H) bonds, triorganosilanes, -germanes and -

stannanes.28'3O

C. Regeneration of the Photocatalyst

The ability to regenerate the photocatalyst is essential to the development

of an artificial solar energy conversion systems. In the Pt2(pop)44' H-atom

chemistry, the photocatalyst is regenerated by H2 elimination, which can be a

facile process. This process is typical to organometallic chemistry, where it

generally proceeds via a non-polar, non-radical, three centered transition state.

The reaction follows a concerted pathway where the formal oxidation state and

coordination number of the metal are both reduced by two. Concerted

photoinduced reductive elimination reactions are common for mononuclear di-

and polyhydride complexes of V, Mo, W, Re, Fe, Ru, Co and Ir that contain a
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diverse array of ligands}1 A specific example of the photochemistry of transition

metal hydride complexes is the elimination H2 from IrClI-12(PPh3)3. The reaction

occurs upon irradiation with light A < 400 nm, and has a quantum yield of 0.56

at 254 nm.32 The elimination of Hz was unambiguously shown to occur in a

concerted fashion by irradiating a mixture of IrClI-12(PPh3)3 and IrClD2(PPh3)3,

only H2 and D2 were produced with no evidence for 111).32 This experiment

clearly eliminates the possibility of stepwise loss of one hydrogen as either H”,

H" or H', since substantial amounts of HD should have been produced if these

mechanisms were operative. The process is readily reversed by the addition of

H2.

The IrCle(PPh3)3/IrCl(PPh3)3 system serves as a model for hydrogen and

energy storage. The complex IrCl(PPh3)3 readily takes up Hz to store it as

IrCle(PPh3)3 and then releases it on demand by irradiating it with UV light or

sunlight. Furthermore, when hydrogen adds to IrCl(PPh3)3 approximately 15-20

kcal/mol of energy is released.32 The system is limited not only by the high cost

of iridium but also by the requirement of UV light to drive the reverse reaction,

meaning only a small portion of the solar spectrum can be utilized. The

photochemistry of Ir monomers is not limited to the reductive elimination of H2.

Irradiation of solutions of HClIrClCO(PPh3)2 under purge with an inert gas‘

induces the loss HC133 and the production of IrClCO(PPh3)2. Photolysis of air

saturated benzene solutions of OzIrClCO(PPh3)2 induces the loss of oxygen33

and regeneration of the square planar species, IrClCO(PPh3)2.

The photoinduced reductive elimination of H2 from transition metal

hydride complexes is a significant reaction because it can yield highly reactive
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organometallic species, many of which cannot be obtained thermally. The work

1.34 and Bergman et al.35 illustrates the synthetic utility ofof Green et a

intermediates generated by photochemical H2 elimination. The highly reactive

tungstenocene W(n5-C5H5)2 intermediate is produced upon photolysis of W015-

C5H5)H2. The tungstenocene complex is very reactive and is ‘carbene-like’ in its

ability to insert into the C—H bond of both aromatic and aliphatic complexes.34

The irradiation of (nS-C5H5)(PR3)IrH2 in saturated hydrocarbons, R’——H, leads to

the production of (ns-C5H5)(PR3)Ir(R’)GI). The mechanism of the formation of

(T's-C5H5)(PR3)IT(R’)(H) is believed to involve the concerted loss of hydrogen to

form (nS-C5H5)(PR3)Ir followed by oxidative addition across the C—H bond of

the hydrocarbon. The oxidative addition step is also thought to proceed in a

concerted fashion via a 3-centered transition state.

In view of the facile H2 elimination from metal complexes, the challenge in

designing a photocatalytic cycle is not the generation of hydrogen but rather

the generation of the complementary energy storing constituent. Specifically,

most important cycles (e.g. 2 H20 —) H2 and Oz; 2 I-lX —) H2 + X2) involve the

formation of metal-halide or metal—oxo bonds in addition to the metal-hydride

bond. Because these bonds often represent kinetic and/or thermodynamic sinks,

photocatalytic reactivity is typically circumvented upon their formation. For

instance, the problems posed by metal-halide bond formation in the design of

energy conversion chemistry is best exemplified by the dirhodium isocyanide

work of Gray and co-workers in the 19708 and 80s.36 In this work, the role of

the metal-halide bond in circumventing the photochemical splitting of

hydrochloric acid (2 HCl —> H2 + C12), a highly desirable reaction because of the
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substantial amount of energy stored by the transformation, is readily apparent.”

Gray and co-workers have shown that protons are reduced to hydrogen when

aqueous HCl solutions of Rh2(bridge)42+ (bridge = 1,3-disocyanopropane) are

irradiated with 546 mn light.36 As shown in Figure 1.5, the reaction proceeds in

two stages. In the first step Rh2(bridge)42+ reacts thermally with HCl to generate

the tetrameric Rh4(bridge)3C124+ and one-half an equivalent of hydrogen.

Subsequently, R114(bridge)3Clz4+ reacts photochemically with HCl .resulting in

the production of an additional one-half an equivalent of hydrogen and

Rh2(bridge)4C122+. This reaction is noteworthy because it achieves the desired

two electron transformation of protons to hydrogen and because it can be

driven with visible light. However, due to the fact that Rh2(bridge)4C122+ does

not undergo reductive elimination to regenerate Rh2(bridge)42+ this reaction

cannot form the basis for an energy conversion chemistry.

The barriers imposed by the metal-halide bond are present in the

multielectron photochemistry of other transition metal systems. The two-electron

photoreduction of dichloroethane to ethylene by [Ir(u-pz)(COD)]2 (COD = 1,5-

cyclooctadiene and pz = pyrazoyl)37 is not catalytic owing to the formation of

the Ir(II)—C1 bond. The initial step in this reaction is the abstraction of a chlorine

atom by an electronically excited [Ir(u-pz)(COD)]2 to yield the a mixed valence

complex and the alkyl radical. The mixed valence complex then abstracts a

second chlorine atom from the alkyl radical producing ethylene and [Ir(COD)(u-

pz)Cl]2. The absence of radical recombination or disproportionation products

indicates that the organic radical intermediates are effectively trapped within the
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be regenerated from [Ir(COD)(u-pz)Cl]2. The process can be summarized by the

following equations:

11'2(C0D)2(l.l-pz)2 + ClCHzCHzCl —-) II2(COD)2(Il-pz)2Cl + 'CHzCHzCl (1.5)

Ir2(COD)2(jJ.-pz)2Cl + 'CHzCHzCl -—-> Ir2(COD)2(p.-pz)2C12 + C2H4 (1.6)

The photochemistry of Rh2(bridge)42+ and [Ir(u-pz)(COD)]2 emphasizes

the need to develop methods of regenerating the photocatalyst from metal-

halide complexes. Photocatalysts have been successfully regenerated by using

the energy of an excited state to overcome metal-halide dissociation barriers. An

example of this is the regeneration of Pt2(pop)44' from Pt2(pop)4X24' (Xz = C12,

Br2,12, SCN, CH3I, Imz (ImH= imidazole).38 Irradiation of methanolic solutions of

Pt2(pop)4X24' leads to reduction to Pt2(pop)44’. Two isobestic points are

maintained during the photolysis of Pt2(pop)4X24‘, except in the case of X =

SCN, which indicates that no intermediate is formed in appreciable quantity

during the course of the reaction. The conversion of Pt2(pop)4X24' to

Pt2(pop)44' is essentially quantitative. Thermal reactions were generally

insignificant under the conditions that the photochemical experiments were run.

The results of flash photolysis experiments strongly suggest that the primary

photochemical process for Pt2(pop)4X24’ complexes is the homolytic cleavage

of the Pt—X bond resulting in the formation of PtHPtm(pop)4X4' and X'. The

quantum yields, (1),, for the photoreduction of Pt2(pop)4X24' complexes are-

highest when the excitation wavelengths are coincident with the o -—) (10* (0'

refers to a combination of ox and do orbitals). The higher (1), values observed

upon a -> do'* excitation are due primarily to the X —) Pt(III) charge-transfer
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character of the (o')1(do*)l state, which should promote redox reactions leading

to the production of X—Pt(III)—Pt(II) and X'. species. The photolytic cleavage

of the platinum-chloride bond was also observed with PtCl62‘. The

transformation of PtC152’ to PtCl42‘ has been shown to occur via a radical

pathway. Flash photolysis39 into the LMCT band of aqueous solutions of

PtC162‘ resulted in the formation of PtC152‘ and a chlorine atom. The PtC152’ ion

subsequently underwent disproportionation to PtC162' and PtCl42‘ with a

second-order rate constant of 4.6 x 106 M‘ls‘l.

Photoinduced reductive elimination of halogen from metal centers has

also been observed in the photochemistry of coordination compounds of main

group metals.”45 The elimination of C12 from PbCl4 has been postulated, on the

basis of flash photolysis studies,41 to occur via a radical mechanism. The primary

products of the flash photolysis of PbCl4 are PbC13 and Cl'. LMCT excitation of

the octahedral anion, PbClaz", likewise leads to the elimination of €12.42

However, the PbCl42' product is unstable and reacts further to produce Pble

and C1“. The UV-vis spectral changes that occur during photolysis indicate that

the reaction is clean and can be driven to completion. Although no attempt was

made to detect the intermediates of this reaction, the results of flash photolysis

studies of PbCl4 suggest that the primary photochemical step yields a Pb(Ill)

species. Other examples of X2 photoelimination from main group metal

complexes include the production of 12 from Sn(IV)I4,43 C12 from Sb(V)C15" 44

and TlCl4‘,42 and X2 from TeX5'. 42’“ The mechanisms of these reactions have

not been elucidated but it is likely that these reactions also proceed via a

halogen atom intermediate.
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D. The Discrete Multielectron Approach

Over the past decade, the Nocera group has tackled the issue of energy

conversion from a conceptually new direction. As opposed to coupling one-

electron pathways to drive a multielectron process, excited states have been

designed that undergo discrete multielectron reactivity. The two approaches are

contrasted schematically in Figure 1.6. The motivation for designing

multielectron reactivity, in the context of the above discussion, is many-fold. If

more than one electron can be moved from a discrete excited state, then the

structural complexity required for charge separation may be eased. Moreover,

multielectron reaction from an electronically excited core obviates the necessity

for charge storage coupled to catalytic redox centers.

Because of the diradical character of the excited states of d7—d7 and

d8- - -d8 binuclear complexes, multielectron transformations of substrates by these

systems, is limited to the coupling sequential one-electron reactions.“46 This

diradical chemistry is summarized in Figure 1.4. Nevertheless, the photochemistry

of d7—d7 and d8- - ~d8 binuclear complexes is instructive, suggesting a correlation

between diradical excited states and one-electron chemistry. This discovery

raised the question - can multielectron excited state reactions be emphasized

when two metal-localized electrons are singlet coupled within a bimetallic core?

The approach taken by the Nocera group to the design of multielectron

chemistry is based on two-electron mixed valence excited states,47 is summarized

in Figure 1.7. Two-electron mixed-valence complexes can be generated from two

distinctly different classes of binuclear complexes. If electrons are weakly
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coupled within a binuclear complex, a multielectron excited state may be

prepared by exciting a metal-to-metal charge transfer (MMCT) transition. In this

case, electrons that are localized on individual metal centers of a bimetallic core

in the ground state are paired upon the absorption of a photon to produce an

excited state that is zwitterionic, M+—M‘ in nature. The result is that a two-

electron mixed valence, MMl—Mn'l, excited state is photogenerated from a

M“—Mn ground state. The other approach to obtaining two-electron mixed-

valence excited states, centers on building the two-electron mixed-valence

character into the corresponding ground state.47 This can be accomplished by

synthesizing complexes where the formal oxidation states of the metals within a

bimetallic core differ by two. Utilizing this approach, the absorption of a photon

produces a more energetic excited state that is predisposed to react in two-

electron steps at the individual metal centers of the bimetallic core.

1. Quadruply Bond Metal-Metal Complexes

Ironically, one place to find two electrons in weakly coupled metal

orbitals is in complexes that feature the shortest distances between metal atoms,

quadruply bonded metal-metal complexes. The quadruple bond is formed by the

overlap of the dzz, (dmdyz) and d,‘y orbitals of two d4 metals, which results in a

0216462 ground state electronic configuration, as shown in Figure 1.8.48 The

spectroscopy of these complexes is dominated by metal-localized transitions

with the lowest energy excited states arising from the promotion of electrons

from the 5 to the 5* orbital.49 Theoretical studies carried out on the
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octachlorodirhenate ion Re2C132‘(D4h) establish that the cl,‘y orbitals on adjacent

metal centers of the bimetallic core have poor overlap owing to their parallel

disposition to each other, and consequently the electrons residing in these

orbitals are weakly coupled.50

The two-electron character of the excited state can be trapped by

intramolecular distortions within the ligation sphere. In the M+—M‘ excited

state, one metal of the binuclear core is oxidized. Oxidation of quadruply

bonded metal-metal complexes results in the rearrangement of the ligating sphere

to either face or edge sharing bioctahedral geometries.43'51'52 Transient

absorption spectroscopy of M2X4(PP)2 (M = Mo or W; X: halide; and PP =

bridging phosphine) complexes indicates that a bioctahedral intermediate is

indeed produced in the excited state. These complexes exhibit long-lived

transients53 whose absorption spectra are similar to those of M2Cl6(PP)2 edge-

sharing bioctahedral complexes“:55 As Figure 1.9 illustrates, the absorption of a

photon, by a M2X4(PP)2 complex, produces a charge-separated state of singlet

character and simultaneously provides an open coordination site at the reduced

metal center. The oxidative additions"”57 and atom transfersshemistry of this

reactive intermediate has been elaborated by the Nocera group. The

photochemistry of the M2C14(dppm)2 (M: Mo, W; dppm =

bis(diphenylphosphino)methane) is consistent with classic oxidative-addition

reactivity. Excitation of solutions of M2Cl4(dppm)2 and alkyl halides“:57 or aryl

disulfides,55 with wavelengths that are energetically coincident with those

required for the production of the long-lived transient yield MmMIII edge-

sharing bioctahedral photoproducts.
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2. Singly Bonded Metal-Metal Complexes

The series of dirhodium complexes Rh2(dfpma)3X2L (X = Cl, Br, I; dfpma

)59'61 contain singly= bis(difluorophosphino)methylamine; L = PF3 or Til-dfpma

bonded metals whose oxidation states differ by. two. The two-electron mixed-

valence RhoRhII core is established by the coordination sphere about each of

the dirhodium centers. Low temperature glasses and solids of RhoRhnxz

complexes exhibit red luminescence that is strongly temperature dependent.

Spectroscopic and photophysical studies are consistent with the luminescence

arising from a do’“ excited state.61 The do” excited state of RhoRhnxz complex

can be synthetically tailored into a homologous four-electron series.60 The

RhORhnXZ complex can be oxidized to the symmetrical XthnRhnxz complex.

Alternatively, the two-electron reduction of the mixed-valence complex yields

the RhORh0 species. Because the (10* excited state presents the possibility for

interconverting among the RhORhO, RhORhnXZ and XthnRhnxz complexes in

two-electron steps, the series provides a foundation for the design of four-

electron photocatalytic schemes.

E. Dissertation outline

As the two-electron oxidation pathways have emerged for bimetallic

complexes in the Nocera group, attention has turned to developing elimination

pathways that effect overall multielectron transformations. Specifically, the

elimination of halides from bimetallic excited states has become a central issue of
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inquiry. The goal of the research described in this dissertation is to study

concerted and radical photoinduced reductive elimination chemistry from

bimetallic complexes. The research focuses on the types of multielectron electron

photoreagents already developed in Nocera group.

Chapter 3 describes the photophysics and photochemistry of M02C12(6-

mhp)2(PR3)2. These complexes were chosen because of the cis conformation of

bridging mhp ligands and the presence of a long-lived 56* state which, in

principle, permits the excited state oxidation chemistry of this series of

complexes to be studied. The cis conformation of bridging ligands may engender

a W-frame structure upon two-electron oxidation to MomMom. This W-frame

geometry is highly desirable because, the bridging halide ligands in these

structures are in close proximity to each other and therefore may be predisposed

to undergo photoinduced reductive elimination via a concerted mechanism. The

photoinduced redistribution of mhp ligands, which prevents the formation of the

desired W-frame complex, is discussed in detail.

Chapter 4 details the photoreductive elimination of halide ligands from

the edge-sharing bioctahedral MomMoIII complexes, M02X6(dppm)2 (X = halide;

dppm = bis-(diphenylphosphino)methane). These complexes were studied

because the edge—sharing bioctahedron is a common geometry for the two- '

electron oxidation products of quadruply bonded metal-metal complexes. From

the standpoint of photocatalysis, it would be desirable to develop oxidative

addition and reductive elimination photochemistry for a complementary class of

metal-metal complexes.
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The photochemistry of Rh2(dfpma)3Br2(nl- dfpma) is described in

Chapter 5. A two-electron mixed-valence excited state of these complexes is

produced upon excitation of the RhORhII ground state. The do* excited state

engenders the two-elecan reduction of the RhORhnBrz species. The effect of

excitation wavelength, solvent and reaction conditions on the photochemistry is

discussed in detail.



CHAPTER 2

EXPERIMENTAL

A. Synthetic Procedures

1. General Procedures

All manipulations, unless otherwise noted, were canied out under an

atmosphere of dry argon by using standard Schlenk-line techniques. All solvents

were refluxed under N2 for no less than 8 hours prior to use. Benzene, toluene,

tetrahydrofuran and diethyl ether were refluxed over sodium. Benzophenone

was added to all of the above solvents, except diethyl ether, as an indicator of

water content. Hexane, pentane and dichlorometlrane were refluxed over P205;

methylcyclohexane and acetonitrile were refluxed over calcium hydride.

Methanol was refluxed over Mg(OMe)2,_ prepared by initially refluxing 50 mL of

methanol containing 5.0 g of magnesium turnings and 0.5 g iodine. Once the

color of 12 disappeared, an additional 1 liter of methanol was added.

29
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2. Synthesis of MozCl.,(6-mhp)4..,(PR3)n Complexes

The syntheses of MozC12(6-mhp)2(PEt3)2, M02C12(6-mhp)2(PMe2Ph2)2,

M02C12(6-mhp)2(PMePh2)2, M02C13(6-mhp)(PMe2Ph)3 were carried out by

using literature methods,62 which are described below. The previously unknown

complexes M02C12(6-mhp)2(PMe3)2 and M02Cl(6-mhp)3(PMe2Ph) were

prepared by modifying existing procedures.

a. Precursors. Trimetlrylsilyl chloride and 2-hydroxy-6—methylpyridine

(I-Imhp) were purchased from Aldrich Chemical Co. and used without further

purification. Tertiary phosphines were obtained from Strem Chemicals Inc. and

stored under argon. The complexes MozCl4(PMe2Ph)463, M02C14(PMePh2)463

and MozCl4(PEt3)4(’4 were prepared by published procedures as was

Moz(mhp)4.65

b. MozClz(6-mhp)2(PMe3)2. The complex M02C12(6-mhp)2(PMe3)2 was

obtained by refluxing a mixture of 0.5 g (0.82 mmol) of Moz(mhp)4, 0.2 mL (1.6

nrrnol) of trimethylsilyl chloride and 0.15 mL (1.4 rmnol) of PMe3 in THF for 3

hours, as described for the synthesis of M02C12(6-mhp)2(PEt3)2.‘56 The THF was

removed under reduced pressure at the conclusion of the reaction. The resulting

dark red product was chromatographed twice on silica gel with CH2C12 as an

eluant. The 1H NMR spectrum of the product is consistent with the proposed

stoichiometry, and the presence of a singlet at — 6.99 ppm, CDCl3, in the 31NH}

NMR is consistent with the results obtained for the complex PR3 = PEt3.‘52’66
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c. MozClz(6-mhp)2(PR3)z (PR3 = PEt3, PMezPh). A solution that

contained an equirnolar mixture of MozCl4(PR3)4 and M02(mhp)4 in 25 mL of

toluene was refluxed for 6 hours and then stirred while still warm (50 - 70 °C)

for 12 hours. The reaction mixture was evaporated to dryness under reduced

pressure and then purified by column chromatography as described above. The

spectroscopic properties are consistent with those reported in the literature“:66

d. MozClz(6-mhp)z(PMeth)2. This complex was synthesized by

refluxing 0.9 g (0.79 mmols) of M02C14(PMePh2)4 in 25 mL of toluene for 4

hours in the presence of excess Hmhp (0.35 g, 3.2 mmol). The solution was kept

warm for an additional 12 hours with stirring, evaporated to dryness under

reduced pressure and purified by column chromatography, as described above.

The spectroscopic properties are consistent with those previously reported in the

literature.62

e. M02Cl3(6-mhp)(PMe2Ph)3. The complex was prepared upon

refluxing a solution of M02C14(PMe2Ph)4 (0.23 g, 0.29 mmol) and M02C12(6-

mhp)2(PMe2Ph)2 in 25 mL of toluene for 4 hours. The suspension was stirred

while warm for an additional 12 hours. The product was evaporated to dryness

under reduced pressure. The residue was then chromatographed twice, silica

gel/CHzClz. The 31NH} NMR and UV-vis spectra were identical those reported

by Walton et al..62
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f. MozCl(6-mhp)3(PMezPh). The literature procedure for the

preparation of MozCl(6-mhp)3(PMePh2)62 was modified by refluxing M02C12(6-

mhp)2(PMe2Ph)2 (0.126 g, mmol) and 1 equiv of Hmhp in toluene. The red-

orange product was collected bysuction filtration in air, washed with 3 x 10 mL

of methanol and then vacuum dried. The UV-vis spectrum displayed maxirna at

528 and 417 nm in THF. The 31NH} NMR spectrum consists of a singlet at 3.2

ppm, CDC13.

3- M02Xo(dPPm)2

The syntheses of MozC15(dppm)2,‘57 MozBr¢5(dppm)268 and

Mozl(5(dppm)268 were carried out using published procedures; a brief description

of their preparation is given below.

a. Precursors. Bis(diphenylphosphino)methane (dppm) and chlorine

were purchased from Aldrich Chemical Co. and used without further

purification. Bromine was obtained from Fisher and used as received. The iodine

was purchased from Mallinkrodt and purified by sublimation prior to use. The

complexes M02C14(dppm)2,69 MozBr4(dppm)27o and Mozl4(dppm)27l were

prepared according to literature methods.

b. M02C15(dppm)2. To a dichloromethane solution (25 mL) of

M02C14(dppm)2 (0.21 g, 0.18 mmol) was added 5 mL of chlorine via a gas tight

syringe. The color of the solution immediately changed from blue-green to bright

red. The solution volume was then reduced to 5 mL under reduced pressure. The
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product was collected by filtration and washed with 4 x 8 mL of diethyl ether

and dried. The absorption spectrum is consistent with the one reported in the

literature.67

c. MozBr5(dppm)2. A sample of MozBr4(dppm)2 (0.4 g, 0.312 mmol) was

dissolved in CHzClz (30 mL) and treated with liquid bromine (1 equiv, 18 IL).

The solution was stirred at room temperature for 18 hours. The pine green solid

was collected by filtration and dried in vacuo. The UV-vis spectrum is identical

to the one previously reported by Cotton and co--workers.68

d. M0215(dppm)2. A dichloromethane solution (10 mL) of M0214(dppm)2

(0.20 g, 0.136 mmol) was treated with 1 equiv (0.035 g) of elemental iodine. The

solution color immediately changed from olive to an orange-brown. The reaction

mixture was stirred at room temperature for 3 hours and filtered through Celite.

The filtrate was refrigerated at -10 °C for 2 days after the addition of 15 mL of

toluene. The brown solid was collected by filtration, washed with cold toluene

and dried. The IR and electronic spectra are virtually identical to the previously

published spectra.68

4. Rh2(dfpma)3(nl-dfma)Br261

The bis(difluorophosphino)methylamine ligand was synthesized

according to the method of Nixon72 and characterized by 1H and 31P{1H} NMR

spectroscopy. The complex Rh2C12(PF3)473 was prepared using a previously

published procedure. The starting material haBr2(PF3)473 was obtained by

reacting Rh2C12(PF3)4 with excess LiBr. To a toluene solution (15 mL) of
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haBr2(PF3)4 (0.2 g, 0.28 mmol) was added 0.18 mL of CH3N(PF2)2. The yellow

solution instantaneously darkened and began to evolve PF3 gas. The solution

color lightened again in a few seconds. The reaction mixture was then allowed

to stir at room temperature for three hours. The red-orange precipitate was then

collected by filtration, washed with toluene and dried in vacuo. The absorption

spectrum is identical to the one reported in the literature. The 31NH} NMR and

1H NMR are consistent with those obtained previously.74

B. Spectroscopic Instrumentation and Methods

1. Electronic Absorption Spectroscopy

Electronic absorption spectra were recorded on either an OLIS-modified

Cary l7-D or a Cary 2300 UV-Vis-near-IR spectrometer. Extinction coefficients

were calculated from Beer-Lambert plots composed of at least seven points.

2. Steady State Emission Spectroscopy

The steady-state emission spectra were obtained by exciting samples with -

the 200 W Hg/Xe lamp of a high resolution emission spectrometer designed and

constructed at Michigan State University.75 Emission quantum yields of

M02C12(6—mhp)2(PMe2Ph)2 were measured on the instrument featuring National

Instruments hardware and LabVIEW software upgrades of the instrument

control and interfacing. These changes will be described elsewhere.76 These

modifications did not alter the optical path or the detection system. The
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excitation wavelength (546 nm) was selected using a double monochromator in

conjunction with an Oriel 546 nm interference filter. The emitted light from the

sample was directed through a single monochromator and onto a dry ice cooled

PMT (Hamamatsu R-1104). A 570 nm longpass filter was placed in front of the

emission monochromator. For solution samples slit widths were 2.5 mm/2.5 run

and 3 rmnB run for excitation and emission monochromators, respectively. For

low temperature spectra, 1 run slit widths were used for the emission

monochromator. Temperature-dependent emission spectra were obtained by

controlling the temperature of microcrystalline solids with an Air Products

cryogenic system. Absolute emission quantum yields were measured for optically

dilute samples (A < 0.1 at excitation wavelength) using Ru(bpy)3C12 in water as

the quantum yield standard (<I>e = 0.042 at 300 K).77 The quantum yields were

calculated by using the following equation:78

.2. D.

n. D.

 

(2.1)

where x and r designate the unknown and standard solutions, respectively, A is

the absorbance at the exciting wavelength, n is the average refractive index of

the solution and D is the integrated area under the corrected emission spectrum.
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3. Fluorescence Excitation Spectroscopy

Unpolarized fluorescence excitation spectra were recorded on the high-

resolution emission spectrometer with the following modifications: a quartz beam

splitter was placed in the excitation path to direct a portion of the excitation

light from a 150 W Xe lamp to a photodiode, which was used to monitor the

intensity profile of the excitation source thereby permitting excitation intensity

to be normalized; the phase-modulated intensifies of the excitation and emission

light were detected with individual lock-in amplifiers. The outputs of the lock-in

amplifiers and the photodiode were fed to a microcomputer, which permitted the

emission intensity to be simultaneously corrected for excitation intensity and

photodiode responses.

4. Time-Resolved Spectroscopy

Luminescence lifetime measurements were made utilizing a previously

described time-correlated single-photon-counting instrument,79 housed in the

LASER Laboratory at Michigan State. Fluorescence decays were obtained with

exciting and detecting wavelengths of 580 and 640 nm, respectively.

5. Nuclear Magnetic Resonance Spectroscopy

The NMR spectra were recorded at the Max T. Rogers NMR Facility at

Michigan State University. Both 31P and 1H NMR spectra were recorded on a
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Varian VXR-BOOS spectrometer at 121 and 300 MHz, respectively. 1H NMR

spectra were referenced to the residual protons of incompletely deuterated

solvents and 31P{1H} NMR spectra were referenced to an external sample of

85 % aqueous H3PO4.

6. Infrared Spectroscopy

Infrared spectra were obtained as Nujol mulls on a Nicolet IR/42

spectrometer.

7. Electrospray Mass Spectrometry

Electrospray mass spectrometric analyses were performed on a Finnegan

mat (San Jose, CA) quadrupole mass spectrometer, housed in the

Macromolecular Structure Facility at Michigan State University, by using a

CH3CN mobile phase. Arr acetonitrile solution of the sample was infused directly

into the vaporization nozzle of the electrospray ion source at a flow rate of 3 mL

min". Nitrogen was used as the nebulizing gas at a pressure of 35 psi.

C. Photochemistry

Sample irradiations were performed using an Oriel 1000 W Hg/Xe high

pressure lamp, powered by an Oriel 1 kW power supply. The beam was

collimated and passed through a circulating water bath and wavelengths were
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selected with Schott high-energy cutoff filters. The experimental apparatus is

described in further detail elsewhere.80 Photolysis experiments were performed

in two-ann evacuable cells equipped with Kontes quick release Teflon valves.

The sample temperatures were therrnostatted using a Neslab Ex 211 water

circulator/heater in conjunction with a Neslab En 850 chiller. Absolute

photochemical quantum yields were determined by using an identical setup

except that Oriel interference filters were used in place of cutoff filters. The

intensity of the lamp was determined by using a fenioxylate actinometer.“82

Measurements were made under optically dense conditions, A > 2 at the exciting

wavelengths. Photoproduct concentrations were limited to less than 10 % to

avoid inner filter effects and competing product absorption. The quantum yields

were determined by monitoring the disappearance of the 8 —) 8* (hum = 548

nm) or d1t*—) do* (Am, = 417 nm) for MozC12(6-mhp)2(PR3)2 and

Rh2(dfpma)3(n1-dfpma)Br2 respectively. The procedure for calculating

photochemical quantum yields is described in detail in the dissertation of Dr. I-Jy

Chang.” The overall chemical yields for M02C12(6-mhp)2(PMe2Ph)2 were

determined from electronic absorption spectra of photolyzed solutions by

simultaneously solving Beer’s law at three wavelengths.



CHAPTER 3

PHOTOINDUCED LIGAND REDISTRIBUTION CHEMISTRY

OF QUADRUPLY BONDED MozClz(6-mhp)2(PR3)2 .

COMPLEXES

A. Background

The multielectron photochemistry of quadruply bonded metal-metal

complexes is intimately related to the coordination environment of the bimetallic

core. A case in point is the two-electron photooxidative chemistry of M—5—M

complexes previously elaborated in the Nocera group.”84 The different

geometries enforced in the photoproducts, shown in Figure 3.1, are determined

by the coordination geometry of the parent M-A-M complex. The two-electron

photooxidative addition of substrate to M—LM complexes featuring two

bridging phosphines trans to each other (D2).) is promoted by the terminal halide

ligands folding into edge-bridging positions to form edge-sharing bioctahedral

photoproducts (ESBOs). For example, trans-M2X4(PP)2 (PP = bridging

phosphine, M = Mo(11), W(II), X = halide) complexes photooxidatively add a

variety of substrates (YZ) to yield M2X4YZ(PP)2 ESBOs.55'56 Conversely, the

absence of bridging ligands in M2X4P4 (Dzd) complexes (X = halide, P = tertiary

39
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phosphine) allows three terminal halides to move into bridging positions about

the photooxidized bimetallic core to afford face-sharing bioctahedral products

(FSBOs).85 This observation raised the question of whether different

photoproduct coordination geometries might be important in promoting

photoreductive elimination reactions. Specifically, is the coordination geometry

of Mo(III)—Mo(III) multiply bonded complexes important for photochemical

conversions to Mo(II)-—Mo(II) quadruply bonded complexes? The discovery of

complexes that are predisposed to undergo concerted elimination reactions is of

particular interest in this study.

One important consideration in the design of complexes predisposed to

undergo reductive elimination is the internuclear distance between leaving

groups, this is especially true if the elimination reaction is to occur via a

concerted process. In the case of a concerted mechanism, the leaving groups

must be sufficiently close to each other to allow coupling to take place. The

crucial role internuclear distance plays in achieving concerted reductive

elimination reactions led to a search for a structure type that places two ligands

in the closest proximity to each other. The class of complexes that have the

shortest nonbonded ligand-ligand distances are W-frame or cradle type

structures. In the W-frame structure type, two metals are supported by two'

bidentate ligands, which span the metal centers in a cis,cis conformation, and

four additional ligands, two of which occupy bridging sites. Figure 3.2 shows

several examples of W—frarne complexes. The two bridging chloride ligands in

the singly bonded metal-metal dirhodium W-frame complex, Rh2C14(dppm)2

(Figure 3.2a) are 3.14A apart,86 which is shorter than the internuclear distance
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Figure 3.2 Three examples of metal-metal complexes With a W-frame

geometry: (a) Rh2C14(dppm)2 (ref. 86) (b) Re2(u-SH)2C12(dppm)2 (ref.

87) and (c) The Lewis acid induced coupling of bridging isocyanide

ligands in Irz(u-CNR)2(CNR)2(dmpm)2 to form

Ir2(Tlz-CNR)2A1Et2)(CNR)2(dmpm)2 (ref. 88).



 

(a) Rh

(b) Cl\ fix /CI

 

FlNC\ //\\ /CNR
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between adjacent ligands in other oxidized metal-metal bonded complexes such

as ESBOs and FSBOs. Typical internuclear distances, between ligands, in ESBO

and FSBO complexes are shown in Figure 3.3. W—frame structures are observed

not only for singly bonded metal-metal complexes, but for multiply bonded

metal-metal complexes as well. The nonredox reaction of Re2(O2CR)2Cl2(dppm)2

with gaseous H28 in the presence of a strong acid results in the formation of the

W—frarne complex Re2(u-SH)2C12(dppm)2,87 Figure 3.2b. The Re—Re bond

distance in Re2(u-SH)2C12(dppm)2 is consistent with the presence of a Re—Re

triple bond.

The importance of a W-frame structure in promoting elimination reaction

chemistry is demonstrated in the Lewis. acid induced reductive coupling of the

two u-isocyanide ligands in h2(u-CNR)2(CNR)2(dmpm)2 (R: 2,6-Me2-C6H3)88

to form Ir2(n2-(CNR)2AlEt2)(CNR)2(dmpm)2, Figure 3.2c. The carbon atoms of

the u-isocyanide ligands in Ir2(u-CNR)2(CNR)2(dmpm)2 have a very short

nonbonded contact of 2.37 A. The isocyanide coupled product, Ir2(n2-

(CNR)2AlEt2)(CNR)2(dmpm)2, contains a new carbon-carbon bond between the

two bridging isocyanide ligands of 1.48 A. An important issue is whether such

factors could be exploited in photochemical reactions of W-frames. However, to

date there has been no report of a triply bonded W-frame metal complex, that

correlates to a MA-M species.

Because a trans arrangement of two bridging ligands typically leads to

ESBO photoproducts, vide supra, a logical starting point for the development of

W-frames is M-‘I-M complexes with a cis arrangement of bridging ligands. The

possible correlation between MiM complexes with two bridging ligands cis to
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each other and W-frame structures is illustrated in Figure 3.4. Within this

context, the quadruply bonded Mo2Cl2(6-mhp)2(PR3)2 (mhp = 2-hydroxy-6-

methylpyridinato; PR3 tertiary phosphine) complexes were attractive

candidates for study because they were potentially photoactive MJ—M

complexes possessing bidentate ligands in a cis conformation. The complexes

with PR3 = PEt3, PMe2Ph, PMePh2,‘52'66 have been previously reported and the

crystal structure of the PEt3 complex reveals that the mhp ligands assume a cis

conformation with the methyl groups of the pyridinato ligand in a head-to-tail

arrangement.66 Low-temperature spectroscopy is consistent with a 6 —> 6*

assignment for the lowest-energy absorption band,66 arising from a 6-HOMO and

a SI-LUMO of a 0%“? ground state electronic configuration.49 The presence of

a long-lived 56* excited state (1'0 = 34 us for the PEt3 complex“) in principle

permits the excited state oxidation chemistry for this series of complexes to be

elaborated. However, as this Chapter describes the cis-Mo2Cl2(6-mhp)2(PR3)2

series of complexes, which has been extended to include the complex with PR3

= PMe3, well-defined photoredox chemistry is obscured by facile photoinduced

redistribution of the mhp ligands.

B. Photophysical Properties

Dichloromethane solutions of cis-Mo2Cl2(6-mhp)2(PR3)2 exhibit

characteristic absorption profiles dominated by a lowest energy absorption in

the ~550 nm spectral range. With the exception of the PMe3 complex, the

absorption spectra of cis-Mo2Cl2(6-mhp)2(PR3)2 complexes have previously
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been investigated.“66 The prominent low-energy feature is consistent with a

5—9 8" transition. Deconvolution of the electronic absorption spectrum of the

PEt3 complex suggests the presence of at least five other bands,“ and tentative

assignments for some of these transitions have been made by comparison to the

assigned spectra of Mo2(mhp)4 and Mo2Cl4(PR3)4. Important to the studies

discussed in this Chapter, the intense absorption bands at 300 and 280 nm have

been assigned“ to ligand-to—metal charge transfer (LMCT) and mhp-localized

7t-—) 7? transitions.

Figure 3.5 shows the absorption, fluorescence excitation, and emission

spectra for the PMe2Ph complex. Excitation into the 35—) 6* transition of room

temperature solutions and solids of the complexes produces bright luminescence

that is easily observed, even in ambient light. As the wavelength of excitation is

decreased, the overall emission emanating from the complex is severely

attenuated. This is most easily observed by comparing the excitation and

absorption spectra. Using the 6-9 6* transition to standardize intensities, the

intensity of the excitation profile is attenuated significantly in the 325 -425 nm

spectral region and disappears almost completely when the excitation

wavelength is coincident with the near-UV charge transfer transitions (JI<3 25

nm).

Upon cooling to 10 K, the emission of the PMe2Ph, and PEt3 complexes

blue-shifts and sharpens with the fwhm of the emission band changing from

~1500 to ~990 cm'l. These data suggest that the emission profile is

inhomogeneously broadened owing to luminescence from different conformers

of the complex. With cooling, the conformer contributing the higher energy
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Figure 3.5 (a) Absorption, (b) fluorescence excitation and (c) emission

spectra of cis-M02Cl2(6-mhp)2(PMe2Ph)2 in deoxygenated 2-

methylpentane at room temperature. The absorption and excitation spectra

are normalized to each other based on the intensity of the 5 —> 8"

transition. The open circles are the quantum yields for the photoreaction

of cis-M02Cl2(6-mhp)2(PMe2Ph)2 in benzene at the specified wavelengths.
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luminescence to the overall emission profile is favored. Interestingly, the

emission profile of the PMePh2 complex shows very little temperature

dependence, suggesting that emission profile is not broadened by contributions

from different conformers. The Stokes shifts between the absorption and

emission profiles of room temperature solution spectra are modest, ranging from

1850 cm-1 for PR3 : PMe3 to 2010 cm-1 for PR3 : PMe2Ph, and smaller than

those observed in the Mo2Cl4(PR3)4 series (2210 cm“1 for PR3 = PMe3,89 2210

cm‘1 for PR3 = PBu3,90 and 2250 cm’1 for PR3 = PEt3”). This result suggests

less distortion in cis-Mo2Cl2(6-mhp)2(PR3)2 excited states owing to more

hindered elongation of the metal-metal bond when it is spanned by the rigid,

bidentate mhp ligands as compared to the M02Cl4(PR3)4 series where the metal-

metal bond is unsupported by bridging ligands. Luminescence spectra feature

sharp vibrational fine structure when solid samples of cis-Mo2Cl2(mhp)2(PR3)2

are cooled to T< 50 K. The emission spectrum for cis-MO2C12(6-mhp)2(PEt3)2 at

10 K (Figure 3.6) is representative of the data obtained for the cis-Mo2Cl2(6-

mhp)2(PR3)2 series of complexes. The 6—> 5* absorption band is a mirror image

of the emission band and the 00 components of the two profiles overlap,

L92 These results are consistentindicating the absence of a Duschinsky effec

with emission originating from the 66* excited state in which distortion occurs

along a coordinate common to both excited and ground states; the prominent

vibrational progression is a signature of distortion along the metal-metal bond.

The frequency of the progression for cis-Mo2Cl2(6-mhp)2(PR3)2 (389 :l: 4, 387 i

4, 383 i 15 cm"1 for PR3 = PEt3, PMe2Ph and PMePh2, respectively) reasonably

lies between the 358 and 425 cm‘1 frequencies of the Va1(Mo—Mo) symmetric
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Figure 3.6 Corrected emission spectrum of a solid sample of

cis-M02C12(6—mhp)2(PEt3)2 at 10 K.



53

stretch of M02C14(PMe3)4 and M02(mhp)4, respectively.”93 Low-temperature

absorption spectra of the 5—) 8* transition of the PEt3 complex place Va1’(Mo—

Mo) at 370 cm‘l. A 19 cm“1 reduction of the metal-metal frequency in the 66*

excited state of cis—M02Cl2(6-mhp)2(PEt3)2 is in good agreement with the 22

cm“1 decrease of va1(Mo—Mo) in electronically excited Mo2Cl4(PMe3)4, and is

within the 10 -50 cm‘1 range typically observed for M-‘I—M complexes.48 The

Mo—Mo bond distances in the ground and excited states can be calculated

from the vibronic progressions of the low temperature emission and absorption

spectra, respectively, by using Woodruff’ s modification of Badger’s relation.94

The 389 cm"1 progression in the emission spectrum of the PEt3 complex

corresponds to a ground state Mo—Mo bond distance of 2.10 A, which is in

excellent agreement with the 2.103 A distance obtained from the crystal

structure.“ Moreover a 0.048 A increase of the Mo—Mo bond distance in the

excited state, as determined from the 370 cm”1 progression in the low

temperature absorption spectrum, results from the elimination of the weak 5 bond

upon 6—> 6* excitation. This elongation coincides with the ~0.025-0.050 A

increase in M—M bond length when the 6 bond is weakened or eliminated by

chemical redox 95:96

The luminescence quantum yields ((1)6) of cis-Mo2Cl2(6-mhp)2(PR3)2 in

CH2C12 are listed in Table 3.1. Generally they are greater than those observed for

the corresponding Mo2Cl4(PR3)4 complexes. Similarly, the lifetimes of cis-

M02Cl2(6-mhp)2(PR3)2 complexes are also longer than their M02Cl4(PR3)4

congeners. Although solutions of the complexes exhibit clean monoexponential

luminescence decays, the lifetimes of solid samples at room temperature and at
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77 K show a second component. The lifetimes of the solid samples of cis-

Mo2Cl2(6-mhp)2(PR3)2 and the relative contribution of each component are

listed in Table 3.2. In view of the monoexponential behavior of these solids

when dissolved in solution, the second component does not appear to arise from

an impurity but is a consequence of localized heating of the lattice or some other

crystal lattice effect. In addition to CH2C12, luminescence lifetimes and emission

quantum yields, listed in Table 3.3, were measured in the solvents in which

photochemical studies were performed. These data reveal no discernible trend

with respect to solvent properties.

C. Photochemistry

The irradiation of solutions of cis-Mo2Cl2(6-mhp)2(PR3)2 complexes with

visible and near-UV light results in a prompt reaction. In the absence of light, no

reaction is observed, although a thermal reaction does occur for DMF solutions

at elevated temperatures (> 60 °C). Because all members of this series photoreact

in a similar manner, this Chapter will focus on the photochemistry of only one of

these complexes, cis-Mo2Cl2(6-mhp)2(PMe2Ph)2. Irradiation of the benzene

solutions of cis-MO2C12(6-mhp)2(PMe2Ph)2 with visible light (11. > 435 um)

causes the bright red solution to turn plum. The spectral changes associated with

this photochemistry are displayed in Figure 3.7. The disappearance of the 5—) 6*

absorption at 548 nm is accompanied by the appearance of an absorption band

at slightly longer wavelengths. Photolyzed solutions eluted on silica gel with



56

Table 3.2 Fluoresence lifetimes for solid samples of cis-

M02C12(6-mhp)2(PMezPh)2

 

 

R3 T/ns 298 K T/ns 77 K

Et3 2.9, 5.9 (25.2 %) 2.9, 12.5 (41.7 %)

Me2Ph 35.6, 117.8 (35.8 %) 37.3, 67.1 (54.9 %)

MePh2 4.1, 5.5 (35.0) % 3.9, 18.2 (23.6 %)
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Table 3.3 Solvent Dependence of Selected Photophysical Data

and Photolysis Quantum Yields for cis-M02Cl2(6-mhp)2(PMe2Ph)2

 

 

solvent (Dem tins 104d>pa

DMF 0.064 23 9.7

THF 0. 18 60 6.4

C6H6 0.20 55 4.2

 

a Photolysis Quantum Yields for disappearance of cis-

M02C12(6-mhp)2(PMe2Ph)2 with 405-nm irradiation.
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Figure 3.7 Electronic absorption spectral changes during the photolysis

(11exc > 435 nm) of cis-Mo2Cl2(6-mhp)2(PMe2Ph)2 in deoxygenated

benzene at 10 °C. Spectra were recorded at 0, 10, 30, 70, 170, 300 and

390 min.
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CH2C12 yield major components that are red and purple, and minor components

that are blue and orange.

All the components observed by column chromatography have been

identified. The red component is unreacted starting material, identified on the

basis of its 31P{1H} NMR and electronic absorption spectra. The UV-vis

spectrum of the purple product exhibits maxima at 573 and 329 nm, with

shoulders observed at 417 and 367 nm. The 31P{1H} NMR spectrum of the

purple component exhibits two resonances, a doublet at 1.35 and a triplet at

0.88 ppm (J(P-P) = 12.8 Hz; ratio of doubletztriplet is 2:1). These UV-vis and

31NH} NMR spectra identically match the corresponding spectra of the

independently prepared complex, Mo2Cl3(6-mhp)(PMe2Ph)3.‘52 This complex

was first observed as an impurity in the synthesis of cis-Mo2Cl2(6-

mhp)2(PMe2Ph)2 and can be directly synthesized by reacting cis-Mo2Cl2(6-

mhp)2(PMe2Ph)2 with Mo2Cl4(PMe2Ph)4 in refluxing toluene. The blue, minor

product is also readily identified from its spectroscopic signatures; the electronic

absorption and NMR spectral features are identical to those of

M02Cl4(PMe2Ph)4. The orange product was present in smaller amounts and

decomposed before eluting from the column. Nevertheless the product was

determined to be Mo2Cl(6-mhp)3(PMe2Ph) on the basis of TLC, using an

independently prepared sample as a standard.

The disappearance quantum yield of the photolysis reaction of cis-

M02Cl2(6-mhp)2(PMe2Ph)2 in benzene was measured at several wavelengths;

these are shown overlaid on the absorption spectrum in Figure 3.5. The quantum

yield changes only slightly over the excitation wavelength range from 546 to
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405 nm and increases dramatically for Aexc < 366 nm. In the presence of a 20-fold

excess of Hmhp, the quantum yield decreases from 2.2 x10'3 to 4.7 x10‘4 at 11

= 366 nm. Interestingly, the photoreaction is accelerated by C1‘ (the quantum

yield increased by almost a factor of 10). The addition of excess chloride not

only markedly increases the rate of the reaction but also the extent to which the

photoreaction occurs. The spectral changes due to the photolysis of cis-

Mo2Cl2(6-mhp)2(PMe2Ph)2 (11 > 435 nm) with excess Cl" in benzene are shown

in Figure 3.8. The addition of excess PMe2Ph does not have a noticeable effect

on the photochemistry. Similar photoreaction quantum yields are observed for

the other complexes in this series. For instance, (1)9366 = 7.8 ><10‘4 for cis-

Mo2Cl2(6-mhp)2(PEt3)2 in benzene. Photochemical substitution of mhp in

benzene is also observed for cis-M02Cl2(6-mhp)2(PMePh2)2. However, its low

solubility precludes an accurate quantum yield determination.

The photolysis reaction of cis-M02Cl2(6-mhp)2(PMe2Ph)2 is strongly

solvent dependent. As opposed to the plum-colored benzene-photolyzed

solutions, irradiation in DMF (llexc > 435 nm) leads to bright orange solutions, the

spectral changes for which are displayed in Figure 3.9. The reaction, to produce

a photoproduct whose absorption spectrum compares well with that of

Mo2Cl(6-mhp)3(PMe2Ph) is complete within a day. If the irradiation is continued

for several more hours, the peak at 528 nm shifts to 514 nm and the 417-um band

grows in intensity but is energetically invariant. This secondary photoreaction is

identical to the one that occurs when solutions of the independently

synthesized MO2C1(6-mhp)3(PMe2Ph) are irradiated (A > 435 nm) in DMF.

Photolysis of cis-M02Cl2(6-mhp)2(PMe2Ph)2 in THF (lac > 435 nm)
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Figure 3.8 Electronic absorption spectral changes during the photolysis

(Aexc > 435 nm) of cis-M02Cl2(6-mhp)2(PMe2Ph)2 with excess chloride

in deoxygenated benzene at 10 °C. Spectra were recorded at 0, 5, 10, 15,

25, 35, and 60 min.
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Figure 3.9 Electronic absorption spectral changes during the photolysis

(34,“ > 435 nm) of cis-M02Cl2(6-mhp)2(PMe2Ph)2 in deoxygenated DMF

at 10 °C. Spectra were recorded at O, 15, 45, 90, 180, 315, 435 and 1110

mm.
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yields a blue-gray solution, and as Figure 3.10 shows, the low energy tail of the

6—> 5* absorption increases in intensity and a broad prominent absorption

appears at 403 am. An isosbestic point is maintained at low energy; however, the

absence of an isosbestic point in the near-ultraviolet spectral region indicates the

presence of a minor impurity. The two major photoproducts were separated by

column chromatography as described above. The purple and red-orange

photoproducts, Mo2Cl3(6-mhp)(PMe2Ph)3 and Mo2Cl(6-mhp)3(PMe2Ph), were

obtained in nearly equal yields in addition to unreacted starting material.

The photoproducts exhibit different stabilities in the various solvents

used to carry out the photochemistry. In THF both the Mo2Cl3(6-

mhp)(PMe2Ph)3 and Mo2Cl(6-mhp)3(PMe2Ph) photoproducts are stable. When

solutions are allowed to stand at room temperature, protected from light, the

absorption spectrum of the starting complex reappears over hours. As indicated

by electronic absorption spectra in Figure 3.11, this back reaction to give cis-

Mo2Cl2(6-mhp)2(PMe2Ph)2 appears to be clean and is reproduced by mixing

equirnolar amounts of Mo2Cl3(6-mhp)(PMe2Ph)3 and Mo2Cl(6-mhp)3(PMe2Ph)

in the presence of free ligand. The reaction is accelerated when the conjugate

base of the ligand is generated by the addition of 1,8-

bis(dimethy1amino)naphthalene to solution. Similarly, the reaction is accelerated

when the tetrabutylammonium salt of the mhp anion is added to solution. No

thermal reaction is observed in the absence of free ligand or its conjugate base.

In benzene, the back reaction only partially occurs because Mo2Cl(6-

mhp)3(PMe2Ph) is depleted by a competing, albeit slow, secondary

photochemical reaction. A secondary photoreaction of Mo2Cl(6-mhp)3(PMe2Ph)
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Figure 3.10 Electronic absorption spectral changes during the

photolysis (Rem > 435 nm) of cis-M02Cl2(6-mhp)2(PMe2Ph)2 in

deoxygenated THF at 10 °C. Spectra were recorded at 0, 10, 30, 120 and

180 min.
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Figure 3.1 1 Electronic absorption spectral changes recorded 30, 110,

210, 340, and 1260 min after the conclusion of the photolysis shown in

Figure 3.10. The sample was stored in the dark at room temperature.
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was verified by photolyzing benzene solutions of the independently prepared

complex. Conversely in DMF, whereas MD2C1(6-mhp)3(PMe2Ph) is stable,

Mo2Cl3(6-mhp)(PMe2Ph)3 is not. DMF solutions of independently prepared

Mo2Cl3(6-mhp)(PMe2Ph)3 undergo slow thermal and rapid photochemical

decomposition thereby explaining the complete absence of a thermal back

reaction for DMF-photolyzed solutions.

In addition to the three solvents studied in detail the photochemistry of

cis-M02Cl2(6-mhp)2(PMe2Ph)2 (11 > 435 nm) was examined in a number of other

solvents. The photochemistry of cis-Mo2Cl2(6-mhp)2(PMe2Ph)2 in toluene is

identical to that observed in benzene. Photolysis in pyridine results in spectral

changes that are very similar to those observed for DMF. The photochemical

behavior of cis-M02Cl2(6-mhp)2(PMe2Ph)2 in acetone, acetonitrile and

benzonitrile is closely related that found in THF. Dichloromethane solutions of

the complex photoreact much slower than any of the other solvents studied.

The photochemistry of cis-M02C12(6-mhp)2(PR3)2 complexes in

homogeneous solution is ligand redistribution to give Mo2Cl3(6-mhp)(PR3)3 and

M02Cl(6-mhp)3(PR3) as major photoproducts. Depending on the solvent, the

overall photochemistry of the system varies owing to different stabilities of the

mono- and tri-substituted mhp species. Figure 3.12 summarizes the overall

photoreactivity. The mono- and tri-substituted photoproducts are stable in THF

solutions and they back react in the dark over hours to produce the red parent

complex of cis-Mo2Cl2(6-mhp)2(PR3)2. The overall chemical yield for each of the

photoproducts in THF is 45(i10)%. This is not the case in DMF solutions where

the monosubstituted mhp product is thermally and photochemically unstable.



s
l
o
w
l
y
r
e
a
c
t
s

b
e
n
z
e
n
e

h
v

h

M
0
2
0
|
2
(
6
-
m
h
p
)
2
(
P
M
e
z
P
h
)
2
fl
?

M
0
2
0
I
3
(
6
-
m
h
p
)
(
P
M
e
z
P
h
)
3

+
M
0
2
0
l
(
6
-
m
h
p
)
3
(
P
M
e
2
P
h
)

D
M
F

h
v
o
r
A

d
e
c
o
m
p
o
s
i
t
i
o
n

F
i
g
u
r
e
3
.
1
2
S
u
m
m
a
r
y
o
f
t
h
e
o
v
e
r
a
l
l
p
h
o
t
o
r
e
a
c
t
i
v
i
t
y
o
f
c
i
s
-
M
0
2
C
1
2
(
6
-
m
h
p
)
2
(
P
M
e
2
P
h
)
2

i
n
b
e
n
z
e
n
e
,

T
H
F
a
n
d
D
M
F
.

67



68

Thus only the orange solution of MO2C1(6-mhp)3(PR3) is obtained for

photolysis reactions performed in DMF. The facile decomposition of the mono-

substituted complex circumvents its reaction with the tri-substituted complex to

regenerate starting complex. Conversely, in benzene, the tri-substituted product

undergoes a secondary photoreaction and only the purple solution of MO2C13(6-

mhp)(PR3)3 is obtained. Because the ensuing photoreaction of Mo2Cl(6:

mhp)3(PR3) is slow, a partial back reaction to cis-Mo2Cl2(6-mhp)2(PR3)2 is

observed over days. The determination of chemical yields from the photolysis

spectra of DMF and benzene solutions are compromised by the presence of

absorption contributions from the decomposition products.

The wavelength dependence of the quantum yield shows that the

reaction is efficiently promoted by Rem < 366 nm. Specifically, (Pp appears to

track the absorption profile of the 300 nm absorption band, which is in the

region for GM? —> 6* LMCI’ transitions of molybdenum-halide M-LM

complexes.97 The photochemistry is appreciably maintained at 366 nm because

the excitation wavelength clearly lies within the low energy tail of this intense

near-UV transition. Photoreactivity from the LMCT excited state is also

consistent with the excitation spectrum of cis-M02Cl2(6-mhp)2(PMe2Ph)2 in

hydrocarbon solvent. The intensity of the excitation profile is attenuated in the

325 —400 nm range and is negligible at wavelengths coincident with the

oMp—) 6* LMCT transition. The higher energy transition centered at 280 nm is

consistent with a mhp-localized it —-> W“ transition for cis-M02Cl2(6-mhp)2(PR3)2,

as it is energetically coincident with this transition in the Mo2(mhp)4 complex.93

The photochemical studies discussed in this Chapter did not include this spectral
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region. This type of behavior implies that a unimolecular photoreaction is a

significant process for the high energy excited states of these complexes. It is

noteworthy that the luminescence excitation and absorption spectra are

identical for excitation wavelengths as short as 220 nm for hydrocarbon

solutions of M02X4L4 complexes,98 which are photoinert under these

conditions. The photochemistry reported here is consistent with a LMCT

parentage to the extent that a O'Mp-) 6* excitation would lead to a weakening

of the metal-ligand bonds as the formal oxidation state of the metal is reduced.

The photoreaction quantum yield decreases significantly as the excitation

wavelength is moved into the visible spectral region. A low photoreaction

quantum yield is observed for wavelengths coincident with the 6 —-) 8*

transition. Presumably, the photoreaction proceeds inefficiently with excitation

of the metal-localized excited states.

The loss of mhp fiom the metal core is reflected in the solvent dependence

of the photolysis quantum yields. Dissociation of mhp leads to ionic

intermediates that will be stabilized by increasingly polar solvents. This is born

out by the monotonic increase of (hp at a given wavelength along the series

C6H5 < THF < DMF (see Table 3.3). Interestingly, the emission quantum yields

and lifetimes do not show a parallel trend. Inasmuch as photodissociation of a

mhp ligand is a single contributing factor to the overall nonradiative decay

pathway for cis-Mo2Cl2(6-mhp)2(PR3)2 complexes, the inability to correlate <I>p

with (be (or to) indicates that the overall nonradiative decay is influenced by

other factors in addition to ligand dissociation from the excited state. Moreover,

mhp loss may be more complicated than direct excited state dissociation, as
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evidenced by the Cl“ enhancement of the observed photoreactivity. A primary

photoprocess involving Cl‘ dissociation can in principle catalyze the

dissociation of the mhp ligand.

D. Conclusions

The results described here suggest that any potential photochemistry of

these complexes to yield new products such as Mom2 W—frarne complexes will

be circumvented by photosubstitution of the bidentate mhp ligands. This

obstacle might be overcome by the substitution of the mhp ligands with

tetradentate ligands that enforce the same cis conformation. Several examples of

’ quadruply bonded dirnolybdenum complexes that contain tetradentate ligands

in the desired cis conformation have been reported recently in the literature.”

101 Cotton and coworkers reported that the complex Mo2Cl4(eLTTP) (eLT'I'P =

Et2PCH2CH2P(Ph)CH2P(Ph)CH2CH2PEt2) is formed upon reaction of

MD2(O2CCF3)4 with 1 equiv of meso-eLTI'P and excess Me3SiCl. The

spectroscopic data are consistent with the structure shown in Figure 3.13a. This

complex possesses the desired arrangement of ligands however, oxidation by

CH2C12 results in the production of Mo2C15(eLTI‘P) which has an ESBO

structure rather than the desired W-frame geometry.99 The flexibility of this

bischelating/single-bridging ligand apparently permits rearrangement upon

oxidation. The flexibility of the tetradentate ligand should not be a problem in

the case of the Schiff base complex M02(N4)(O2CCH3)2 where N4 is 5,7,12,14-

tetramethyldibenzo-[b.i][1,4,8,11]tetraazocyclotetradecine,100 the structure of this



  (a)

It» Nfl’N’ /I

 

Figure 3.13 Two examples of quadruply bonded dimolybdenum

complexes with tetradentate ligands that enforce a cis conformation

of bridging ligands: (a) M02C14(eLTTP) (ref. 99) and (b)

M02(N4)(02CCH3)2 (I'Cf. 100).
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complex is shown in Figure 3.13b. Several unsuccessful attempts were made to

synthesize M02(N4)Cl2(PR3)2. The treatment of M02(N4)(O2CCH3)2 with

trimethylsiyl chloride and excess tertiary phosphine in an effort to replace the

two acetate ligands with two chloride and two phosphine ligands resulted

instead in the decomposition of M02(N4)(O2CCH3)2. The reaction of

Mo2X4(PMe3)4 (X: Cl, Br) with N4 in the presence of the noncoordinating base

DBU (DBU = 1,8-diazabicyclo[5.4.0]undec-7-ene) did not produce any reaction.

The addition of one equivalent of doubly deprotonated N4, two equiv of Br"

and two equiv of PMe3 to M02(CH3CN)10 produced mainly Mo2Br4(PMe3)4 and

unreacted N4. Despite the failure of initial attempts to synthesize

MD2(N4)C12(PR3)2, the idea of producing complexes with a W-frame geometry

by the two-electron oxidation of MA-M complexes that contain a tetradentate

ligand enforcing a cis conformation of bridging ligands is still, in principle, a

good one.

Alternatively, the desired Mom2 W-frame complex might be obtained by

thermally oxidizing cis-Mo2Cl2(6—mhp)2(PR3)2 with X2. However, as the

photochemical studies described in this Chapter suggest, the photochemistry of

the oxidized products of these species would likely be complicated by ligand

subsituion chemistry. In fact, attempts to thermally oxidize cis-Mo2Cl2(6-

mhp)2(PMe2Ph)2 with iodobenzene dichloride, under ambient lighting

conditions, resulted in the production significant quantities of ligand substitution

products. The next two chapters describe successful strategies for engendering

photoinduced reductive elimination from bimetallic complexes.



CHAPTER 4

PHOTOINDUCED REDUCTIVE ELIMINATION FROM EDGE-

SHARING BIOCTAHEDRAL COMPLEXES M02X6(dppm)2

A. Background

The results described in Chapter 3 suggest that any potential

photochemical oxidation of cis-Mo2Cl2(6-mhp)2(PR3)2 complexes to produce

M02III W-frame products will be circumvented by the photolability of the

bidentate mhp ligands. The difficulties experienced in obtaining

dimolybdenum(III) W—frames led to a search for multiply bonded

dimolybdenum(III) complexes with other structure types that might engender

photoinduced reductive elimination. As mentioned in Chapter 3, an important

consideration in photoinduced reductive elimination chemistry is the ligand-

ligand distances. The two most common geometries for dimolybdenumCIII)

complexes are ESBO and FSBO. Figure 3.3 shows representative internuclear

distances for ligands in ESBO and FSBO complexes. The internuclear distances

in FSBOs are relatively large, therefore, it is difficult to imagine reductive

elimination from these complexes occurring via a concerted process. ESBOs are

more promising candidates because the internuclear distance between adjacent

73
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terminal ligands is significantly shorter in ESBOs than it is in FSBOs. Specifically,

the internuclear distances between adjacent terminal X ligands in the

Mo2X6(dppm)2 ESBO complexes (C1---Cl : 3.22 A, Br- . -Br : 3.37 A and I---I :

3.66 A)“:102 are all significantly smaller than the sum of van der Waals radii for

two X atoms (C1 = 3.62 A, Br = 3.90 A and I: 4.30 A).103 These internuclear

distances are sufficiently short that reductive elimination from MD2X6(dppm)2

complexes could, in principle, occur.

The metal-metal bonding in ESBO complexes has been the subject of

several studies. The simplest picture of the metal-metal bonding in these

”2:104 is provided by noting that within each of the two localcomplexes

octahedra that combine to form the ESBO there are three (1 orbitals (t2g orbitals)

that do not possess suitable lobal structure for participation in metal—ligand o

bonding. These three d-orbitals have the proper symmetry to form one 6 bond,

one 7: bond, and one 5 bond. Purely on the basis of the differing extents of

overlap, the relative energies of the orbitals are expected to increase in the

following order 6 << 1: < 6 < 8* < 1I:* < 0*, as shown in Figure 4.1. If this simple .

picture were reliable, a bond order of three would be predicted for d3—d3

dimolybdenum ESBOs on the basis of the 621C252 electronic configuration.

However, as Hoffrnann105 et a1 first reported, interactions between the pure metal

orbitals and ligand based orbitals may render such a simple picture, and hence

the predictions made fiom it, incorrect. The 6-bonding combination of metal

orbitals and the b3g 1t orbitals on the u-Cl ligands of M2C16(PP)2 (M = Nb, Ta,

Mo, Re and Ru; PP = dppm and dmpm; dmpm = dimethylphosphinomethane)

complexes, are of pr0per symmetry to interact. Because there is no combination
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Figure 4.1 Qualitative molecular orbital diagram for ESBO complexes.
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of ligand orbitals that has the same symmetry as the 6* anti-bonding orbital (an),

the energy of the 6 orbital may be raised above that on the 6* orbital to give an

energy ordering of: 0 << 1: < 6* < 6 < 16' << 6'. Cotton and coworkers have

addressed the question of the 6/6‘ ordering experimentallyloz'106 by examining

how the M—M distance changes with the d-electron count on the metal centers

of a homologous series of compounds. The M—M distance in the M2C16(PP)2

complexes varies with the number of d electrons contributed by each metal in a

manner that is consistent with 6 > 6*. The results of Fenske-Hall calculationslo‘I

carried out on Mo2(p.-SH)2(SH2)4 for a range of Mo-Mo distances show that the

two levels are close together and that at longer Mo—Mo distances 6* lies below

6. An SCF-Xa-SW calculation104 carried out on the same molecule Using an M0-

Mo distance of 2.68 A also places the two levels close together, however, 6 is

below 6". The two levels are so close in energy that it is unlikely that either

calculation can be trusted to provide the correct ordering. Regardless of the

exact ordering, both the 6 and 6* orbitals are virtually nonbonding and the Mo-

Mo bond order in the d3—d3 ESBOs is essentially two. Temperature dependent

magnetic susceptibility measurements confirm that the energy difference

between 6" and 6 is relatively small. The singlet—triplet (07196'2/0'2196'6)

separations range from 1100-1400 cm'1 for the Mo2X(,(dppm)2 complexes.“

Unfortunately, there have been few spectroscopic studies to complement

the theoretical model developed for ESBO complexes. The UV-vis spectra of

Mo2X6(dppm)2 complexes“ were reported by Cotton and coworkers. Yet, the

spectra are complicated and no effort was made to assign the transitions. On the
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basis of the qualitative molecular orbital diagram, electronic transitions such as it

—) 6*, 1t —) 6 and 6* —> 1t* are predicted for ESBO complexes.

ESBO complexes are formed upon either therlnal68’104'l“'1°7 or

photochemical“:56 oxidative addition to quadruply bonded metal-metal

complexes with D2}I symmetry, M2X4(PP)2 (M: Mo, W, X: halide, and PP =

bridging phosphine). The photochemical oxidative addition of a substrate (YZ)

to a MA-M complex, with D21. symmetry, to yield an ESBO product is illustrated

in Figure 3.1a. The reduction of Mo2X5(dppm)2 complexes“ is consistent with

formation of simple quadruply bonded species. Each of the three complexes

displays one or more redox process(es), but the majority are irreversible,

presumably because they lead to qualitative changes in structure. The only

electrochemical process observed for Mo2Cl5(dppm)2 is an irreversible one-

electron reduction. In contrast, Mo215(dppm)2 has four irreversible processes,

two oxidation and two reduction. The only complex in the series to show

reversible electrochemical behavior is Mo2Br6(dppm)2; the one-electron

reduction process is reversible, however, the second reduction is irreversible. On

this basis, if the reduction of the metal core can be photochemically initiated by

MMCT or LMCT excitation, then the potential exists for reductive elimination of

halide. Accordingly, this Chapter focuses on photoinduced reductive elimination

from Mo2X6(dppm)2 ESBO complexes.

The selection of Mo2X5(dppm)2 (X = Cl, Br, I) complexes for

photochemical study was based on several factors. Whereas, oxidative addition

to both quadruply bonded dimolybdenum and ditungsten (Dzh) complexes

results in ESBO products, the dimolybdenum congeners should be more
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favorable toward reductive elimination because Mo is more easily reduced than

W. In addition, a homologous series, M02X6(dppm)2, can be complexes

synthesized by oxidative addition of the appropriate halogen to

Mo2X4(dppm)2.“'102 Finally, the expected products of two-electron reductive

elimination, Mo2X4(dppm)2, are well characterized,“71 providing a solid

foundation on which to build a photochemical investigation. One major

limitation of the Mo2X6(dppm)2 complexes is their low solubility in most

common solvents.

B. Photochemistry

1- M0215(dppm)2

The first member of the ‘Mo2X6(dppm)2 series studied photochemically

was Mo216(dppm)2. Mo215(dppm)2 was chosen on the basis of Mo—X bond

strengths. The weakest bond, Mo—I, should be the easiest to cleave. Benzene

solutions of MO216(dppm)2 and the radical trap 2,3-dimethyl-1,3-butadiene

(DMB), are indefinitely stable at 45 °C, a slow decomposition reaction occurs at

60 °C, in the absence of light. Irradiation with A. > 435 rim, of benzene solutions

of Mo215(dppm)2 and DMB, as monitored by UV-vis spectroscopy, resulted in a

decrease in the intensity of bands due to the starting material, Am, = 550(sh),

525(sh), 460 and 420 nm, and a concomitant increase in the intensity of a band

at 440 nm. The lowest energy transition, ~ 710 mn, exhibits very little change

during the course of photolysis. Isobestic points were not maintained during the



79

reaction. The photochemistry goes to completion in approximately 2 days. No

appreciable photochemical reaction is observed if the inadiation is carried out in

the absence of DMB. Photolysis of benzene solutions of M0215(dppm)2 and

DMB with A > 530 nm resulted in a slow partial conversion; no photochemistry

occurs when irradiation is carried out using a 630 nm high energy cutoff filter.

There were no changes observed in the absorption spectrum of photolyzed

solutions stored at room temperature, in the dark indicating that the

photoproduct does not undergo a thermal back reaction. The photoproduct was

identified by the preparation of the authentic complex. The absorption spectrum

of the photoproduct (31,,” = 713, 440 nm) is identical to that of M0214(dppm)2,

which was prepared by literature methods (hum = 713, 440 nm).71 The 31P{1H}

NMR spectrum of the isolated photoproduct, 6 = 13.11 (8) ppm, is consistent

with that of M0214(dppm)2 (12.70 ppm, CDC13). Figure 4.2 shows the absorption

spectra of the starting material, the photoproduct and independently prepared

M0214(dppm)2.

The photoreaction was also studied in THF. Irradiation of THF solutions

of Mo215(dppm)2 and DMB A. > 335 nm, also resulted in the production of

M0214(dppm)2. However, the low solubility of Mo215(dppm)2 in THF precluded

further photochemical study in this solvent.
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Figure 4.2 Electronic absorption spectra of (a) M0216(dppm)2, (- - -)

(b) product from the irradiation (ken > 435 nm) of benzene solutions of

M0216(dppm)2 with DMB (—) and (c) independently prepared

Mo2l4(dppm)2, (----)-
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2. Mo2Br6(dppm)2

In the absence of light, DMF solutions of Mo2Br5(dppm)2 and DMB are

indefinitely stable at room temperature, however, heating these solutions to 80

°C produced decomposition products that were not characterized. Photolysis, as

followed by absorption spectroscopy, of DMF solutions of Mo28r6(dppm)2 and

DMB, A. > 335 nm, resulted in the disappearance of bands due to the starting

material (Am...x = 590, 427, 326 nm) and the growth of bands at 457 nm and 612

am. There were no further changes in the absorption spectra after 26 h of

photolysis. Irradiation of solutions of Mo2Br5(dppm)2 and DMB with

wavelengths higher than 435 nm does, not result in a photochemical reaction.

The disappearance quantum yield (A. = 366 nm) is small, an upper limit for the

value is 1 x 10'“. The photoreduction of Mo2Br5(dppm)2 in DMF proceeds at

approximately the same rate in the absence of the trap. The identity of the

photoproduct was established by comparison of its spectral features with those

of a genuine sample of M02Br4(dppm)2.70 The 31NH} NMR spectrum of the

isolated photoproduct, 6 = 14.47 (s) ppm, is virtually identical to that of

MO2Br4(dppm)2, 14.45 ppm in CDC13. The absorption spectrum of the

photoproduct, when the reaction was carried out in the absence of DMB, (Am,

= 463, 619 nm) is virtually identical to that of Mo2Br4(dppm)2 (3am = 465, 620

nm). Figure 4.3 shows the spectral changes associated with the photolysis of

DMF solutions of Mo28r6(dppm)2, A > 335 nm, in the absence of DMB and the

absorption spectrum of independently prepared Mo23r4(dppm)2.
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Figure 4.3 Electronic absorption spectral changes during the photolysis

(Lac > 335 nm) of Mo2Br6(dppm)2 in deoxygenated DMF at 20 °C.

Spectra were recorded after 90 m, 3, 6, 16 h. The absorption spectrum of

independently prepared Mo2Br4(dppm)2 is shown as a dashed line for

comparison.
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The photoreductive elimination chemistry was also investigated in THF.

The Irradiation, A > 335 nm, of THF solutions of Mo2Br6(dppm)2 and DMB

results in similar photochemistry to that observed in DMF, however, the low

solubility of Mo2Br6(dppm)2 in THF makes any further studies in this solvent

impossible.

3- M02CIo(dPPm)2

Although solutions of Mo2Cl5(dppm)2 and DMB are indefinitely stable at

room temperature and below (decomposition is observed when these solutions

are heated to 80 °C) in the absence of light, excitation with A > 335 .nm results in

the spectral changes shown in Figure 4.4. The UV-vis spectrum of

Mo2Cl4(dppm)2 is shown, for comparison, as a dashed line overlaid on the

spectra of the photoreaction. The 31P{1H} NMR spectrum of the isolated

product consisted of a singlet at 15.27 ppm which is in excellent agreement with

that of the independently prepared Mo2Cl4(dppm)2 15.29 ppm (CDC13).69 The

A1mm of the lowest energy band in the photoproduct, 602 nm, is not coincident

with the maximum for the 6 —> 6* peak of Mo2Cl4(dppm)2, 611 nm. In the

absence of DMB, the photoreduction of Mo2Cl5(dppm)2 (A > 335 um, DMF)

proceeds at a slower rate and has a lower chemical yield.
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Figure 4.4 Electronic Absorption spectral changes during the photolysis

(Aexc > 335 nm) of M02C16(dppm)2 with DMB in deoxygenated DMF at

20 °C. Spectra were recorded after 0, 4, 8, 13 and 19 h. The absorption

spectrum of independently prepared M02C14(dppm)2 is shown as a dashed

line for comparison.
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C. Discussion and Conclusions

The photochemistry of Mo2X5(dppm)2 complexes, in the presence of

DMB trap, is two-electron reductive elimination to give the quadruply bonded

Mo2X4(dppm)2 complexes. The formation of a quadruply bonded metal-metal

complex via photoinduced reductive elinrination, while extremely rare is not

without precedent. Chisholm and coworkers have previously reported the

photoinduced reductive elimination of R' from the axial positions of

W2R2(O2CH)4 to form the quadruply bonded ditungsten complex W2(O2CH)4

(R = neopentyl, benzyl).108 The photoinduced two-electron reductive

elimination chemistry reported here is significant in that it represents the first time

a quadruply bonded metal-metal complex has been regenerated from a two-

electron oxidation product with bioctahedral geometry. This result is important

since the overwhelming majority. of the MA-M two-electron oxidation products

possess bioctahedral geometry.

This photochemistry is also noteworthy because two metal—halide bonds

are broken in the reaction. As discussed previously, the strength of the metal-

halide bond represents a significant obstacle to achieving two-electron reductive

elimination. In this case, the energy of a photon was used to overcome the

barrier to metal-halide elimination. Experimental109 and theoretical110 studies

place Mo—Cl bond energy at approximately 75 kcal/mol. The fact that the

photoreduction of M02C15(dppm)2 and Mo2Br6(dppm)2 requires higher energy

light than the photoreduction of MD215(dppm)2 is in agreement with the fact that

Mo—Cl and Mo—Br bonds are harder to break than a Mo—I bond. The
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absorption spectra of Mo2Cl6(dppm)2 photoreaction indicate that the reaction

does not proceed to completion. The failure of the photoinduced reductive

elimination reaction to go to completion in the case of MO2C16(dppm)2 may be

due to the greater strength of the Mo-Cl bond, relative to Mo—Br and Mo—I. The

product of M0216(dppm)2 photolysis has an absorption spectrum identical to that

of M0214(dppm)2, while the spectrum of M02Br4(dppm)2 and the photoproduct

of the M023r6(dppm)2 reaction, in the absence of DMB, differ only slightly. The

determination of chemical yields from photolysis spectra of MO2X6(dppm)2 is

compromised by the low solubility of these complexes and possibly by

absorption contributions from the products of secondary reactions.

The absence of isobestic points in the absorption spectra of the

photoreactions is likely due to one of several reasons. The inefficient trapping of

X2/X' could have resulted in a secondary reaction involving the untrapped

X2/X‘. Alternatively, the MD2X4(dppm)2 photoproducts might have undergone

subsequent thermal or photochemical decomposition. The photoeliminated I2/I° is

the most difficult of the halogens to trap with unsaturated hydrocarbons, such as

DMB. The iodination of double bonds is slower than either chlorination or

bromination.111 Under free radical conditions iodination occurs more easily.112

The change in free energy for the iodination of alkenes is usually small.

Consequently, an equilibrium is established and incomplete conversion to the

diiodide is typically observed.113 The observation that the photoreaction of

MO216(dppm)2 is the slowest of the three reactions, despite the fact that the Mo—

1 bond is the weakest, and that the M0215(dppm)2 photoreduction does not

appear to proceed as cleanly as the other two reactions is consistent with the
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trapping of I2/I' being less efficient than Br2/Br' or Cl2/Cl'. The poor solubility of

M02X6(dppm)2 might also have contributed to the lack of isobestic points.

This study leaves several unanswered questions. The fust is whether or

not the elimination of X2 occurs via a concerted mechanism. The adjacent

terminal halide ligands in the Mo2X5(dppm)2 ESBOs are close enough to each

other that a concerted mechanism is theoretically possible. However, no

evidence has been obtained that either supports or refutes a concerted

mechanism. The nature of the excited state(s) responsible for the photochemistry

is also unknown. The absence of assignments for transitions in the absorption

spectra of Mo2X6(dppm)2 make exact determination of the photoactive state

impossible. The lowest energy band can ruled out as the photoactive state

because no reaction is observed when solutions of the complexes are irradiated

with wavelengths coincident with this transition. An excited state with

significant halide to metal charge transfer character would be favorable toward

reductive elimination of halide ligands. As discussed previously, the photolytic

cleavage of Pt-X in Pt2(pop)4X24‘ is promoted by the X —> Pt(III) charge

transfer character of its (6)1(d0'I‘)l state.38 LMCI‘ excitation of PtC162' likewise

results in the cleavage of the Pt—Cl bond.39 Another question yet to be

answered definitely is from which positions on the ESBO are the two X ligands

eliminated. This question could, in principle, be addressed by examining the

products of photoinduced reductive elimination from a series of MO2X4Y2 (Y:

halide different fi'om X) complexes synthesized by Cotton and coworkers.“

However, X-ray structural analysis of Mo2Cl412(dppm)2 was unable to

differentiate between C1 and I in the two crystallographically independent



88

terminal halogen positions. The refinement suggested that each of two

crystallographically independent positions are occupied by both Cl and I (each

atom is assigned 0.5 occupancy).

Transient absorption spectroscopic studies of the Mo2X6(dppm)2

complexes will be essential to the further study of this photochemistry. (Initial

attempts to obtain the transient absorption spectra of these complexes (Am; =

532 nm) yielded spectra with very poor signal—to-noise ratios.) Indeed, transient

absorption spectroscopy has provided some clues about the converse reaction

pathway, photooxidative addition to M2X4(PP)4 complexes. The M2X4(PP)4

complexes exhibit long-lived, non-luminescent transients whose absorption

spectra are similar to those of M2X5(PP)2 ESBO complexes.” This led to the

proposal that the transient arises from chemical distortion to an edge-sharing

intermediate like the one shown in Figure 1.9. Two-electron photooxidative

addition of substrate occurs at the open coordination site on the reduced metal

site. The photoinduced reductive elimination may initially result in a similar

structure which subsequently rearranges to form the quadruply bonded metal-

metal complex.

In spite of these unanswered questions, the two-electron photoinduced

reductive elimination from Mo2X5(dppm)2 represents an important step in the

development of a photocatayltic system based on MA-M complexes. The next

step is to try to generalize this reaction by attempting to eliminate different types

of ligands from a variety of ESBOs. One possible choice of leaving group is an

alkyl halide (RX). Photochemical oxidation of RX to W2Cl4(dppm)2 (R = CH3,

CH3CH2; X = I) has been reported.“ However, photooxidative addition of RX
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to Mo2Cl4(dppm)2 has not been observed. Therefore, it will be necessary to first

synthesize a dimolybdenum ESBO complex, MD2X4(R)(X), that contains an alkyl

ligand. It may be possible to synthesize Mo2X5CH3(dppm)2 by reacting

Mo2X5(dppm)2 with a methylating agent such as methyl lithium, methyl

magnesium bromide or dimethyl zinc. The ultimate achievement would be to

oxidatively add one species and reductively eliminate a different product. This

capability would have important implications for both synthetic, it would lead to

the formation of bonds between carbon and other elements, and energy

conversion applications.

Although the internuclear distances between ligands in FSBOs are almost

certainly too long to permit reductive elimination to occur via a concerted

mechanism, it may be possible for these complexes to undergo reductive

elimination reactions by a radical mechanism. A series of FSBOs, Mo2X5(PR3)3

(X = Cl, Br, 1; R3: Et3 or Me2Ph)“‘I'117 have been. synthesized and structurally

characterized. As was the case with the ESBOs described in this Chapter, one of

the biggest obstacles in carrying out photochemical studies on these FSBOs is

there low solubility in most common solvents. Another significant limitation is

lack of detailed spectroscopic studies of these complexes. Nevertheless, it would

be interesting to see if FSBOs display photochemistry similar to that observed for

their ESBO counterparts. The variances in metal-metal bonding between FSBOs

and ESBOs may result in FSBOs having significantly different photochemistry.



CHAPTER 5

PHOTOINDUCED TWO-ELECTRON REDUCTIVE

ELIMINATION OF HALOGEN FROM A SINGLY BONDED

DIRHODIUM COMPLEX

A. Background

The occurrence of authentic two-electron mixed-valence complexes is

rare. 1 18 The preparation of multielectron mixed valence species require that a

ligand system stabilize metals in high and low oxidation states of different

coordination geometries. The work of King and co-workers in the mid-19708

indicated that the bis(difluorophosphino)methylamine (dfpma) ligand was

capable of stabilizing binuclear metal cores with formal oxidation states differing

by two. The ability of the dfpma ligand to stabilize metal centers in a variety of

oxidation states and coordination geometries is probably best exemplified by the

dicobalt complex Co2(dfpma)3(CO)2, which can be oxidized with Br2 to the

C02(II,II) complex, Co2(dfpma)3Br4 or reduced electrochemically to the C02(—1,—

l) anion, C02(dfpma)3(CO)22'.119 In this system, the dfpma ligand has stabilized

the metal core through an overall six-electron change in the formal oxidation

state .

90
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Joel Dulebohn in the Nocera group was the first to show that the dfpma

ligand could lead to the preparation of authentic two-electron complexes.59'60

The RhORhII complexes, Rh2X2(dfpma)2L (X = Cl, Br, I; L = PF3, Til-dfpma), are

obtained upon addition of dfpma to [RhX(PF3)2]2.59'61 The overall reaction

corresponds to an intramolecular disproportionation of the RhIRhI starting

material to yield a RhORhII mixed-valence complex. The two-electron mixed-

valence character of the RhORhII core is established unequivocally by the

coordination geometry about the individual metal centers within the dirhodium

complex. The inner coordination sphere of Rh2Br2(dfpma)3(n l~dfpma) is

represented in Figure 5.1b. Pseudooctahedral and trigonal-bipyramidal

geometries are structural benchmarks for metal-metal bonded rhodium in divalent

and zero oxidation states, respectively.120 The RhO center, of the RhoRhnX2,

complex can be oxidized by two electrons with X2 to give the symmetrical

X2RhnRhnX2 complex, Rh2(dfpma)3X4. Pseudooctahedral geometry is observed

about both rhodium centers in Rh2(dfpma)3X4, the inner coordination sphere of

Rh2(dfpma)3Br4 is shown in Figure 5.1c. Conversely, the RhII center in

RhORhnX2 can be reduced by two electrons with cobaltacene, under a PF3

atmosphere to produce the RhORh0 complex, Rh2(dfpma)3(PF3)2. Figure 5.1a

shows the inner coordination sphere of Rh2(dfpma)3(PF3)2, which has a trigonal

bipyramidal arrangement about both rhodium centers.

The ability of the ligand to stabilize two:electron mixed valence cores

results from both electronic and structural origins. The remarkable flexibility of

the dfpma ligand enables it to accommodate the coordination asymmetry that

must exist for metals in formal oxidation states that differ by greater than 1. The
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electronic properties of the ligand also play a crucial role in the stabilization of

RhORhII rrrixed-valence complex. Although the dfpma ligand is itself symmetrical,

upon coordination to the dirhodium core, the lone pair electrons on the bridging

nitrogen atom allow the ligand to function asymmetrically. The asymmetric

behavior of dfpma ligand is manifested as disparate N—P bond lengths.

Specifically, the three N—P bonds adjacent to P—Rhn are 0.03 A shorter than

the N—P bonds adjacent to the P—Rho. This asymmetry in the ligand backbone

can be explained in terms of differences in N rtp donation to the P dtt orbitals.

The shorter N—P(Rhn) distances are consistent with the donation of N lone pair

electrons to the dlt orbitals of P, thereby decreasing the n-withdrawing ability of

the PF2 groups bonded to the Rb”. This feature serves to stabilize the high

oxidation state of the RhII center. The channeling away of N lone pair electron

density from the PF2 groups bonded to the Rh0 center helps to maintain the

strong dtt accepting properties of the PF2 group and hence stabilize the RhO

center.

The qualitative molecular orbital diagrams for the series of dirhodium

fluorophosphine complexes, shown in Figure 5.2, provide insight into the

structural and spectroscopic properties of these complexes. The central panel of

Figure 5.2 shows the qualitative molecular orbital diagram for RhORhnX2

complex, which is constructed by interacting a C3V Rh0P4 fragment with a C4v

Rth3X2 fragment. Molecular orbital treatments121 suggest that in the d9 Rh°P4

fragment eight electrons reside in 1t(dxz, dyz) and 6(dxy,dx2.y2) orbitals while the

odd electron occupies the o(d22) orbital. In the case of the d7 Rth3X2 fragment,

the dx2-y2 level is displaced to very high energy owing to the destabilizing 6*
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interactions of the metal with the ligands in the equatorial plane. Accordingly,

six electrons occupy the lower energy 1t(dxz, dyz) and 6(dxy) orbitals and the odd

electron, as was the case for the Rh°P4 fragment, resides in the 0(d22) orbital. The

Rh—Rh single bond is formed by the pairing of the electrons contained in the

spatially directed dzz orbitals of the individual fragments. Therefore, the d-

electron count of the RhORhnX2 complex is best represented as (d6)d1—dl(d8).

The lowest energy excited states in RhORhHX2 complexes result from the

promotion of an electron to the do* orbital. The electronic consequences of the

two-electron oxidation or reduction of RhORhnX2 are also illustrated in Figure

5.2. The dx2-y2 orbital is emptied and destabilized upon the oxidation of the Rb0

center of the mixed-valence complex, to give the X2RhnRhnX2 product.

Conversely, upon the reduction of the RhII center, to form the RhoRh0 complex,

the dxzyz orbital is occupied and stabilized. Consequently, the electronic

structures of the d7—d7 [(d6)d1—dl(d6)] and d9—d9 [(d8)d1—dl(d8)] complexes

differ only slightly from that of the d7—d9 [(d6)d1—dl(d8)] complex, with lowest

energy transitions arising from the population of the do" orbital.

The absorption and luminescence spectroscopy of the dirhodium

fluorophosphine complexes are in accordance with this simple electronic

structure model. The band shapes and energy trends of the absorption profile

observed for the dirhodium fluorophosphine complexes are characteristic of

complexes possessing an electronic structure dominated by excited states with

, do’I‘ parentage. The absorption and luminescence spectra vary little across the

RhORhO, RhoRhnX2 and RhnRhnX4 series. As suggested by the molecular orbital

diagram in Figure 5.2, the higher energy absorption bands correlate to states
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arising from promotion of an electron to the do* level from configurationally

mixed do and X6 levels; the lowest energy transition is consistent with a d1c* —-)

do* assignment. Kadis and Nocera have shown that excitation into this

absorption manifold produces a long-lived red luminescence61 from crystalline

solids (lemma = 760-850 nm across the RhORhO, RhORhnX2 and RhnRhnX4

series) with spectral features characteristic of a do* parentage. In all cases, the

luminescence lifetime is 100’ s of microseconds at low temperatures. The lifetime

is temperature independent up to 80-120 K, followed by a sharp monotonic

decrease with increasing temperatures. This behavior is characteristic of excited

states of do'* parentage.

Previous work by Kadis and Nocera79 showed that the do'* excited state

is photoactive. Irradiation (A > 375 nm) of THF solutions of RhoRhnCl2 in the

presence of the Cl' trap, 2,3-dimethyl-1,3-butadiene (DMB) resulted in the

appearance and subsequent disappearance of a band at 570 nm in the UV-vis

spectrum.79 It was postulated, based on the results of studies carried out on the

photoreactivity of Rh2(bridge)..2+,36 that the 570 nm band is indicative of

dimerization of one-electron mixed-valence binuclear species, though the

products were not equivocally identified. These results led us to consider

whether the do“ excited state could be used to interconvert among the two-

electron bimetallic cores of this series of compounds. Because the RhoRhnBrz

should undergo reductive elimination of halogen more readily than RhORhnCl2,

owing to the weaker metal-halide bond, the photochemistry of the former dimer

was investigated. This Chapter describes the photoinduced reductive elimination

of bromine from RhORhnBr2 to give a RhORh0 photoproduct.
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B. Photochemistry

The absorption spectrum of Rh2Br2(dfpma)3(nI-dfpma) in THF, shown in

Figure 5.3, is dominated by three bands (Amu/nm(£/M'1cm'1)= 300 (12,300), 358

(9800) and 415 (8600). Definitive assignments for the electronic transitions in

this and other dirhodium fluor0phosphine complexes, based on the spectral

trends of previously assigned D411 M—M complexes are tenuous61 because

configuration interaction between metal- and ligand based orbitals is more

extensive in the lower symmetry dirhodium complexes. Nevertheless, the energy

trends of the halide series led to the assignment of the higher energy bands at

300 and 358 nm to configurationally mixed do -> do'* and X0 -> do*

transitions. The lowest energy transition at 415 nm is characteristic of a d1t* -—)

do’I‘ assignment. Excitation into at any wavelength encompassed by this

absorption manifold produces a long-lived red luminescence (Acmm = 760 nm)

from of crystalline solids; the luminescence spectrum is shown in Figure 5.3.61 As

discussed above, the spectral trends of this luminescence is consistent with a

do* parentage. The luminescence lifetime of 190(10) us is temperature

independent up to 90 K, which is followed by a sharp monotonic decrease with

increasing temperatures. In conuast, luminescence is not detected fiom solutions

at temperatures equivalent to those at which crystalline solids emit. Moreover,

luminescence is promptly lost from solutions at temperatures above glassing

transitions. These results suggest a dominant nonradiative decay pathway for

the do* excited state that involves bond dissociation.
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The spectral changes associated with the irradiation of THF solutions (A >

305 um, T = 0 °C) of Rh2Br2(dfpma)3(n1-dfpma) in the presence of a large

excess of dfpma are shown in Figure 5.4. Under the same conditions as those

used for photolysis, solutions are thermally stable; as solutions are warmed (T >

30 °C) however, a slow thermal reaction occurs to yield an unidentified product

(Amax = 340 nm). Initially two isobestic points are maintained but are lost with

continued photolysis, indicating the presence of a secondary photochemical

reaction, which becomes important at long times. The photoproduct has an

absorption spectrum that matches that of Rh2(dfpma)3L2, which has been

structurally characterized for L = PF3. The absorption spectrum of

Rh2(dfpma)3(PF3)2 displays an intense band at 305 nm attributable to the

allowed do -) do" and a broader, much less intense band at lower energy

consistent with d1t* -) do’ promotion. The dfpma ligand was used in place PF3

for the photochemical studies discussed in this Chapter because the former is a

liquid and can be more readily purified and rigorously deoxygenated prior to

use. The photoproduct was isolated and characterized by electrospray mass

spectrometry (ES/MS), shown in Figure 5.5. Molecular ion peaks observed at

MH” 1er = 974 and 906 amu correspond to Rh2(dfpma)3(n1-

dfpma)(F2PCH3NH) and Rh2(dfpma)3(F2PCH3NH)2, respectively. Efforts to

obtain crystals of the photoproduct that were suitable for x-ray crystallographic

analysis were unsuccessful.

These results are in good agreement with previous studies79 in which a

THF solution of Rh2Br2(dfpma)3('r|1-dfpma) was photolyzed in the presence of

both excess dfpma and DMB. The fast-atom-bombardment mass spectrum of the
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Figure 5.4 Electronic absorption spectral changes during the photolysis

(Aexc > 305 nm) of Rh2(dfpma)3Br2(n1-dfpma) in THF with excess

dfpma. Spectra were recorded after 0, 5, 20, 50, 85, 210, 420, 1260 min.

The spectrum of independently prepared Rh2(dfpma)3(PF3)2 is shown as a

dashed line. The open circles are quantum yields for the photoreaction at

the specified wavelengths.
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photoproduct contains the molecular ion peak for Rh2(dfpma)3(n1-

dfpma)(F2PCH3NH) at 976 amu and fragmentation peaks from

Rh2(dfpma)3(F2PCH3NH)2 and the RhORhnBr2 starting material. The FAB mass

spectrum of the products from the photolysis of THF solutions of

Rh2Br2(dfpma)3(n1-dfpma) in the presence of DMB but without excess dfpma

does not show any evidence of Rh2(dfpma)3(n l-dfpma)(F2PCH3NH), no product

with a mass higher than 905 amu was observed. Molecular ion peaks were

detected for Rh2(dfpma)3(F2PCH3NH)2 and Rh2(dfpma)3(F2PCH3NH)(F2PH) at

905 and 874 amu, respectively. A comparison of these FABMS results clearly

shows that photoproducts with unhydrolyzed nl—dfpma ligands are only

obtained when irradiation is carried out in the presence of excess dfpma. The

occurrence of photoproducts where the N—P bond of the unligated PF2 has

been hydrolyzed could be the result of a secondary reaction between

photogenerated HBr and til-dfpma.

PF2N(CH3)PF2 + HBr ——> PF2N(CH3)H (5.1)

The I-IBr, which subsequently hydrolyzes the Til-dfpma ligand, could be

generated by the reaction of photoeliminated bromine atoms with THF. The

homolysis of the N—P bond in F2PNR2. to form [R2NH2]Br is known to be

readily promoted by I-IBr.121

F2PNR2 + 2HBr —-) [R2NH2]Br (5.2)
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The quantum yield for photolyses carried out in the presence of excess

dfpma, shown as open circles in Figure 5.4, is invariant with wavelength in the

UV but slowly decreases as the excitation wavelength is extended into the

visible region ((0,311 = 0.0032, c366 : 0.0038, 6,405 : 0.0020, 45,436 : 0.0014).

The photochemical action spectrum is consistent with the photoreaction

occurring from the two higher energy transitions, which involve the promotion

of an electron from configurationally mixed Xo and do orbitals to do'. A

common theme in the photochemistry of d7—d7 and dSI—d9 bimetallic

complexes is that population of the do* orbital leads to significant weakening of

o framework and bond homolysis. In the case of RhORhnBr2, bond homolysis is

further promoted by a ligand-to-metal charge transfer (Xo —> do‘) contribution,

which results in the depopulation of the Rh—Br(o) orbitals. The lowest-energy

transition in RhORhHX2 is consistent with a d1t*do* transition. The loss of charge

transfer character, in this transition, is reflected in the lower quantum yields as

the excitation wavelength is shifted to the red. The quantum yield for the photo-

reductive elimination of halogen from Pt2(pop)4X24' displays a similar

wavelength dependence.38 Specifically, the quantum yields are highest when

excitation wavelengths are coincident with the o —> do' transition (o refers to a

A combination of ox and do orbitals).

At a given wavelength (A = 366 nm), the quantum yield decreases

dramatically when photolysis is carried out in the absence of excess dfpma

((1).,THF = 0.00058, (bpxs‘lfpma = 0.0038). This observation is consistent with the

coordination chemisuy of the dirhodium fluorophosphine series, which shows

that the dfpma ligand is a good monodentate ligand for the reduced rhodium
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center. In the photoreaction, the dfpma ligation of the rhodium center can

impede the back reaction of eliminated bromine atoms at the site from which

they were produced thereby allowing them to be chemically trapped. In contrast,

the addition of DMB as a bromine atom trap has relatively little affect on the

quantum yield (chMB : 0.00048, cpxsdfpma’DMB : 0.0019). These data suggest

that photoeliminated bromine atoms are readily trapped by THF at neat solvent

concentrations and DMB is not required to promote the photochemistry. The

product of the trapping reaction is HBr, which in turn undergoes facile reaction

with the noncoordinated end of the dangling dfpma ligand to yield the observed

RhoRhO photoproduct. This argument is bolstered by previous studies,79 which

showed that no significant thermal back reaction occurred, over a period of 10

days, in THF solutions of RhoRhnBr2 that had been photolyzed without DMB or

excess dfpma. The work reported here confirms this result; no thermal back

reaction was observed when samples of RhORhHBr2 that had been photolyzed in

THF with excess dfpma were heated to 40 °C, protected from room light, for one

week. Solvent dependent photochemical studies are also in accordance with the

contention that THF is acting as a bromine radical trap. No photoreaction is

observed when photolysis is carried out in either neat CH2C12 or neat CH3CN.

The photoelimination reaction does occur, however, when dichloromethane

solutions are irradiated in the presence of the halogen trap DMB. The reaction in

dichloromethane, shown in Figure 5.6, does not appear to proceed as cleanly.

The addition of excess dfpma accelerates the reaction but does not resUlt in a

clean reaction. DMB is insufficiently soluble in CH3CN to carryout

photochemical experiments. Transient absorption spectroscopy may be able to
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Figure 5.6 Electronic absorption spectral changes during the photolysis

(Aexc > 305 nm) of Rh2(dfpma)3Br2(111-dfpma) in CH2C12 in the presence

of DMB. Spectra were recorded after 0, 10, 90, 180 and 240 min.
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provide even further insight into the mechanism of the photoelimination of

bromine from RhORhnBr2 . However, initial attempts at obtaining transient

absorption spectra (Am.c = 355 nm) of RhORhHBr2 were throated by fluorescence

from the spectroscopic cells.

C. Conclusion

The two-electron photoinduced reductive elimination of bromine from

RhORhnBr2 is noteworthy because a metal-halide bond usually represents a

kinetic and/or thermodynamic sink in energy conversion cycle. It probably does

in this case too, but the reactive do* excited state permits us to overcome the

barrier to halide elimination. Unlike previous studies of transition metal systems,

photo-reductive elimination of halogen is prompted from a do‘ excited state

with two-electron mixed-valence character.

The photoactivity of the do’ excited state and the fact that it is preserved

across a four-electron series, offers the possibility of interconverting among the

RhORhO, RhORhnX2 and X2RhnRhnX2 cores via two-electron steps. The work

described herein clearly demonstrates that the do' excited state permits the

photochemical conversion of RhORhnX2 to RhORho. The lowest-energy do.

excited state, which is preserved across the four-electron series, also offers the

possibility of photochemically converting the X2RhnRhnX2 complex to

RhoRhnX2. The next logical step, therefore, is to study the photochemistry of

Rh2(dfpma)3Br4. This reaction would represent the realization of a four-electron
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series, in which the do" excited state allows photo-reductive elimination to occur

in two-electron steps.

The ultimate goal, in the photochemistry of dirhodium fluorophosphine

complexes is to replace X2 with HX. This goal could, in principle, be attained by

adding two equivalents of HX to the RhoRh0 complex to produce a

(H)(X)RhnRhn(H)(X) hydrido-halide species and use the do* excited state of

RhORhnX2 and RhnRhnX4 complexes to reductively eliminate H2 and x2. The

splitting of HX is a highly endergonic reaction and would therefore be a useful

energy storage system. The first significant challenge in the development of such

a system is the synthesis of (I-I)(X)RhnRhn(H)(X). The next major obstacle is to

ensure that reductive elimination leads to H2 and X2 and not HX. While the

research described in this dissertation initially focused achieving reductive

elimination via concerted pathways, the ability to produce halogen by free

radical photoelimination may be advantageous in the elaboration of energy

conversion cycles. According to the principle of microscopic reversibility,

oxidative addition of I-D( to metal followed by concerted reductive elimination

will likely lead to HX again, which is an energetically trivial reaction. A system

where HX oxidative addition is followed by radical elimination may be required

for the successful development of H2 and X2 cycles. The photochemistry

observed here for RhORhnBr2 is consistent with bromine atom dissociation,

which is what is expected from a do'“ excited state. However, it still must be

determined whether the same holds true for the RhnRhn hydrido-halide

complexes. Therefore, once synthesized, photophysical studies of the
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(H)(X)RhHRhn(H)(X) species will be necessary in order to determine the nature

of its excited states, prior to undertaking any photochemical studies.
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